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SUMMARY
Iron is one of the most abundant redox-active elements in soils and
sediments controlling metal and nutrient cycles as well as pollutant
transformations. Within the numerous pools of iron that exist in nature, ferrous
iron species associated with clay minerals play a pivotal role in subsurface
environments. Clay minerals are strong sorbents for heavy metals and
contaminants in natural and engineered environments because of their negative
structural charge and reactive surface hydroxyl groups. Under these circumstances
redox interactions and competitive sorption effects between ferrous iron (Fe(II))
and other metal species are an important issue. An improved knowledge of the
Fe(II) uptake behavior on natural clay minerals is therefore essential for
understanding the biogeochemical cycling of elements and the fate of heavy metals
and radioactive contaminants.
This study explores the uptake processes of Fe(II), the nature of the iron
surface complexes and the competitive sorption effects on synthetic and natural
clay minerals. The uptake mechanisms of Fe(II) onto montmorillonite,
a dioctahedral 2:1 clay mineral, were investigated by combining macroscopic
sorption experiments, geochemical modeling and advanced surface analysis, such
as X-ray absorption and Mössbauer spectroscopy. Batch sorption experiments
were performed under anoxic and controlled reducing conditions in a specifically
designed electrochemical cell.
A synthetic montmorillonite without structural iron and various dithionitereduced clays, in which the structural Fe(III) was reduced to Fe(II), were used to
avoid any redox interaction between sorbed Fe(II) and structural iron. The
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concentration and pH dependent sorption of Fe(II) on both synthetic and
dithionite-reduced montmorillonites followed well the sorption behavior of other
divalent transition metals such as Ni and Zn. A two-site protolysis nonelectrostatic
surface complexation and cation exchange sorption model was applied to
quantitatively describe the uptake of Fe(II) on the synthetic montmorillonite. Two
types of surface binding sites, so-called strong (≡SSOFe+) and weak sites
(≡SWOFe+), were required to reproduce the sorption of Fe(II) on the surface
hydroxyl groups at the clay edge sites. Extended X-ray absorption fine structure
(EXAFS) analysis of Fe sorbed onto the strong and weak sites indicated spectral
differences between the iron surface complexes on both site types.
The influence of Fe(II) on the retention of other divalent metals was
quantified by competitive sorption experiments on the synthetic montmorillonite
using various combinations of Fe(II) and Zn(II). A selectivity in the competitive
sorption behavior between Fe(II) and Zn(II) was found from batch sorption and
EXAFS measurements. The two metals compete with one another for the same
type of sorption edge sites if Fe(II) is present in excess, whereas noncompetitive
sorption between trace Fe(II) (<10-7 M) and Zn(II) was observed if Zn(II) is
present at concentrations between 10-7 and 10-3 M. Mössbauer spectroscopy
measurements performed on clay samples with different Fe loadings indicated that
surface-bound ferric iron (Fe(III)) was formed on the strong edge sites (up to
1.2 mmol kg-1). This finding implies the existence of sorption sites where a surface
oxidation of the sorbed Fe(II) to Fe(III) is taking place, which are not accessible
for Zn(II), and hence, provides an explanation for the noncompetitive sorption
behavior observed.
In the second part of this study, Mössbauer and EXAFS spectroscopy
combined with batch sorption experiments were employed to highlight the surface
chemistry of Fe(II) on natural Fe(III)-bearing clay minerals. On Texas
montmorillonite with a low structural Fe(III) content (0.5 wt %), the sorption of
Fe(II) was consistent with the uptake behavior on the synthetic iron-free
X

montmorillonite and with redox-inactive transition metals such as Ni and Zn. In
contrast,

the

interaction

of

Fe(II)

with

Fe(III)-rich

montmorillonites

(2.9 to 15.4 wt %) yielded considerably higher iron sorption values. Using surface
analytical techniques, different iron surface complexes were identified on
structurally Fe-low and Fe-rich montmorillonites. In the former case, the sorbed
iron was predominantly present as Fe(II), whereas in the latter case nearly all the
sorbed Fe(II) was oxidized to surface-bound Fe(III). The oxidation of the Fe(II)
surface complexes to Fe(III) was coupled with an electron transfer to the
structural Fe(III). A conclusion from these results is that differences in the
availability of structurally redox-active iron sites lead to clay-specific sorption
behaviors of Fe(II).
The complexity of the Fe(II) uptake processes on natural montmorillonites
required us to reassess the current modeling approach and to further develop a
surface complexation model including redox reactions on both the strong and
weak edge sites. Under anoxic conditions (e.g., Eh ~ +0.28 V), the modeling
results could quantitatively describe the increased Fe(II) uptake on Fe(III)-bearing
montmorillonites by considering an oxidation reaction of the sorbed Fe(II) to
Fe(III) surface complexes (≡SS,WOFe2+). On the other hand, under strongly
reducing conditions (Eh = -0.64 V), the sorption of Fe(II) significantly decreased as
predicted by the sorption model and Fe(II) was taken up without a subsequent
oxidation (≡SS,WOFe+). These observations strongly suggest that the retention of
Fe(II) at the clay-water interface is controlled by the formation of Fe(II/III)
surface complexes which in turn depends on the aqueous redox conditions (Eh)
and the redox-active sites available on the montmorillonite.
The sorption results obtained in this thesis provide reliable surface
complexation reactions and associated thermodynamic constants for the uptake of
Fe(II) on natural Fe-bearing montmorillonites exhibiting different structural Fe
contents (up to 15.4 wt %) and redox states. Predictions based on the surface
complexation constants of divalent metals may considerably underscore the
XI
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importance of clay minerals acting as Fe(II) sinks in anoxic environments. Under
strongly reducing conditions, electrochemical sorption experiments and model
predictions indicated a decreased uptake of Fe(II) on natural clays, which is
consistent with other divalent metals. In this study batch sorption investigations
provided clear evidence that in reducing environments where significant amounts
of Fe(II) are present, Fe(II) bound to the clay surface is an important competing
sorbate for divalent heavy metals and radiocontaminants. These findings may have
important consequences for the safety analysis of radioactive waste repositories.
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ZUSAMMENFASSUNG
Eisen ist eines der redoxaktivsten und am weit verbreitetsten Elemente in
Böden und Sedimenten, dessen Vorkommen die natürlichen Metall- und
Nährstoffkreisläufe sowie den Abbau von Umweltschadstoffen entscheidend
beeinflusst. In diesen Untergründen finden sich häufig Schichtsilikate, so dass
deren wichtiger Bestandteil die Tonmineralien und das mit denen assoziierte Eisen
in Fokus rücken. Die negative strukturelle Ladung und die reaktiven
Oberflächengruppen bewirken, dass Tonmineralien wichtige Sorbenten für
Schwermetalle und radioaktive Schadstoffe sind. Aufgrund dieser Eigenschaften
können Redoxreaktionen und kompetitive Sorptionsprozesse zwischen dem
tongebundenen zweiwertigen Eisen (Fe(II)) und anderen Metallspezies deren
Sorptionsverhalten bestimmen. Eine fundierte Kenntnis der Sorptionsprozesse des
Fe(II) an den natürlichen Tonmineralien ist demnach essenziell für ein
verbessertes Verständnis der biogeochemischen Stoffkreisläufe sowie von
Transport und Bioverfügbarkeit der Schwermetalle und radioaktiven Schadstoffe.
Die vorliegende Studie erforscht die Sorptionsprozesse des Fe(II) an
Tonmineralien,

die

chemisch-physikalische

Beschaffenheit

von

dessen

Oberflächenkomplexen und die damit einhergehenden kompetitiven Sorptionseffekte. Das Sorptionsverhalten des Fe(II) an Montmorillonit, einem weit
verbreiteten dioktahedrischen 2:1 Tonmineral, wurde anhand eines kombinierten
makroskopischen und spektroskopischen Ansatzes untersucht. Für eine
Quantifizierung der Eisenaufnahme wurden Batchversuche unter anoxischen und
kontrollierten, reduzierenden Bedingungen in einer dafür eigens entwickelten
elektrochemischen Zelle unternommen.

XIII

Zusammenfassung

Um potentielle Redox-Wechselwirkungen zwischen dem sorbierten Fe(II) und
dem Fe(III) in der Tonstruktur zu verhindern, wurden erste Untersuchungen an
einem synthetischen, eisenfreien Tonmineral sowie an Dithionit-behandelten
Tonen, bei denen das strukturelle Eisen reduziert vorliegt, durchgeführt. In beiden
Fällen war die konzentrations- sowie die pH-abhängige Eisensorption mit der
Aufnahme anderer zweiwertiger Übergangsmetalle konsistent (z.B. Nickel und
Zink).

Unter

Anwendung

eines

nicht

elektrostatischen

Oberflächen-

komplexierungs- und Kationenaustauschmodells konnte die Eisenaufnahme am
synthetischen Tonmineral beschrieben werden, wobei die Berücksichtigung zweier
unterschiedlicher Oberflächenkomplexe am Montmorillonit erforderlich war (d.h.
≡SSOFe+ und ≡SWOFe+). Strukturelle Unterschiede in der Nahordnung der
Eisenspezies, die auf eine Sorption an zwei unterschiedliche Bindungsstellen an der
Tonoberfläche schliessen lassen, konnten anhand röntgenabsorptionsspektroskopischer Messungen (EXAFS) gezeigt werden.
Aufgrund dieser Ergebnisse ist anzunehmen, dass die Sorption von Fe(II)
mit der Aufnahme gleichwertiger Schwermetalle bzw. Radionuklide an
Tonmineralen

konkurriert.

Explizite

Untersuchungen

zum

kompetitiven

Sorptionsverhalten zwischen Fe(II) und Zn(II) bestätigten, dass beide Metalle um
dieselben Sorptionsplätze konkurrieren, sofern das gelöste Fe(II) im Überschuss
vorliegt, wohingegen kein Konkurrenzverhältnis zu beobachten war, falls Fe(II) in
Spurenkonzentrationen (<10-7 M) und Zn(II) im Überfluss (10-7 bis 10-3 M)
vorhanden sind. Mössbauerspektroskopische Messungen an unterschiedlichen mit
Eisen beladenen Tonproben zeigten, dass oberflächenkomplexiertes Fe(III)
gebildet wird (bis zu 1.2 mmol kg-1). Diese spektroskopischen Beobachtungen
liefern eine plausible Erklärung für das nichtkompetitive Sorptionsverhalten.
Demnach kann davon ausgegangen werden, dass an der Tonoberfläche
Bindungsstellen mit einer hohen Affinität für das Fe(III) vorhanden sind, an denen
das sorbierte Fe(II) zu Fe(III) oxidiert wird, welche hingegen für das Zn(II) schwer
zugänglich sind.
XIV

Im zweiten Teil dieser Arbeit veranschaulichen spektroskopische Mössbauer- und
EXAFS-Messungen in Kombination mit nasschemischen Batchversuchen die
Oberflächenchemie des Fe(II) an natürlichen Fe(III)-haltigen Tonmineralien und
die Auswirkungen des strukturellen Fe(III) auf das Sorptionsverhalten von Fe(II).
An Texas-Montmorillonit, der einen tiefen strukturellen Fe(III)-Gehalt aufweist
(0.5 % Gew.), bewirkte das Fe(II) das gleiche Sorptionsverhalten wie am
synthetischen, eisenfreien Tonmineral, was mit demjenigen redoxinaktiver
Übergangsmetalle wie z.B. Nickel und Zink übereinstimmt, wohingegen eine
unerwartet hohe Eisenaufnahme an eisenreichen Montmorilloniten gemessen
wurde (2.9 bis 15.4 % Gew.). Ein Vergleich der gebildeten Oberflächenkomplexe
an den eisenarmen und -reichen Tonmineralien mittels Mössbauer- und EXAFSSpektroskopie

zeigte,

dass

im

ersteren

Fall

Fe(II)

die

dominierende

Oberflächenspezies war, während im letzteren nahezu das ganze tongebundene
Fe(II) zu Fe(III) oxidierte. Die Oxidation des oberflächenkomplexierten Fe(II) war
mit einem Elektronentransfer an das strukturelle Fe(III) gekoppelt. Diese
Beobachtungen lassen darauf schliessen, dass das Sorptionsverhalten des Fe(II)
durch die verfügbare Menge an redoxaktivem, strukturellem Fe(III) in den
Tonmineralien wesentlich beeinflusst wird.
Die Komplexität der Fe(II)-Sorptionsmechanismen an den natürlichen
Tonmineralien erforderte eine Neubewertung der bisherigen Oberflächenkomplexierungsmodelle und deren Weiterentwicklung unter Einbeziehung von
Redoxreaktionen an den spezifischen Bindungsstellen der Tonmineralienkanten.
Unter anoxischen Bedingungen (z.B. Eh ~ +0.28 V) war es möglich, die erhöhte
Fe(II)-Sorption am eisenreichen Montmorillonit durch eine Oxidation des
sorbierten Fe(II) zu Fe(III)-Oberflächenkomplexen (≡SS,WOFe2+) quantitativ zu
beschreiben. Im Gegensatz dazu haben Messungen unter stark reduzierenden
Bedingungen (Eh = -0.65 V) erwiesen, dass die sorbierte Spezies als Fe(II) vorliegt
und die Menge an spezifisch gebundenem Eisen an demselben Tonmineral
deutlich

abnimmt.

Die

experimentellen

Ergebnisse

stimmten

mit

den
XV

Zusammenfassung

Modellvorhersagen überein, was das Sorptionsmodel für die natürlichen
Tonminerale zusätzlich validierte. Diese Beobachtungen führen zum Schluss, dass
die Eisenaufnahme durch die Bildung von Fe(II/III)-Oberflächenkomplexen
bestimmt wird, welche wiederum durch die Redoxbedingungen im System Eh und
das Vorhandensein von redoxaktivem, strukturellem Eisen in den Tonmineralen
kontrolliert werden.
Anhand der in dieser Dissertation vorgelegten Oberflächenreaktionen
und

-komplexierungskonstanten

für

die

Fe(II)-Sorption

an

natürlichen

Tonmineralien mit unterschiedlichen Gewichtsprozenten und Oxidationszuständen des strukturellen Eisens sind Vorhersagen über natürliche und
technische Umweltsysteme möglich. Frühere Abschätzungen, basierend auf den
Oberflächenkomplexierungskonstanten der zweiwertigen Metalle, führten teils zu
einer deutlich unterschätzen Aufnahme des Fe(II) an den natürlichen
Tonmineralien.

Zusammenfassend

kann

aufgrund

der

elektrochemischen

Versuche und der Modellvorhersagen davon ausgegangen werden, dass in
genügend reduzierenden Umgebungen Fe(II) an natürlichen Tonmineralien mit
ähnlichen

Eigenschaften

aufgenommen

wird

wie

andere

gleichwertige

Übergangsmetalle (z.B. Kobalt, Nickel und Zink). Aufgrund dessen ist ein
kompetitives

Sorptionsverhalten

mit

zweiwertigen

Schwermetallen

und

radioaktiven Schadstoffen zu erwarten, was möglicherweise entscheidende
Konsequenzen für die Sicherheitsanalyse der geologischen Tiefenlagerung
radioaktiver Abfälle hätte.
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INTRODUCTION

Chapter 1

1.1

Relevance of Ferrous Iron in Radioactive Waste
Repositories
In the sustainable development of human and natural environments the

safe disposal of radioactive waste in deep geological repositories is a challenging
task. The long-term safety of the repository will be ensured by a multibarrier
system consisting of natural geological and engineered barriers.1
In the Swiss concept for the deep geological disposal of spent fuel (SF) and
vitrified high-level waste (HLW) considerable amounts of carbon steel and other
iron-containing materials are foreseen.2 Before the SF and HLW waste are
emplaced within a system of deep underground parallel tunnels in the potential
argillaceous host rock, the waste will be encapsulated in carbon steel canisters
surrounded by compacted granular bentonite which is forming a buffer around the
canisters.1 Bentonite is predominantly consisting of the montmorillonite clay
mineral (65 to 90 wt %) which largely determines the properties of the clay buffer.3
The unaltered bentonite backfill offers several physical and chemical properties
beneficial for the safety case of the radioactive waste disposal:2
(i)

high swelling pressure

(ii)

low hydraulic conductivity

(iii)

high radionuclide sorption capacity

During the long-term evolution, virtually all radioactive waste repository
designs contain large amounts of ferrous iron (Fe(II)) in the interstitial pore waters
and reducing conditions will prevail in the near and far fields. After 10 000 years
post disposal, the bentonite backfill is assumed to be resaturated and steel canisters
will corrode eventually under the anoxic in situ conditions (i.e., Feo + 2 H2O ↔
Fe2+ + H2 + 2OH-). The corrosion processes at the steel-bentonite interface lead
to the release of hydrogen gas and the formation of various Fe(II) phases through
complex geochemical interactions. The concentration of dissolved Fe(II), in the
2

near field bentonite buffer and the far field clay formation, is controlled by
solubility limiting mineral phases such as magnetite, siderite, green rusts, Fe-rich
calcite in sulphide poor and carbonate rich environments, or by pyrite in sulphide
rich environments.2 In the argillaceous host rock and undisturbed bentonite it is
expected that the dissolved Fe(II) concentrations in the interstitial pore waters are
predominantly controlled by magnetite and siderite.2 The migration of Fe(II) in the
near field will be retarded by the sorption on mineral phases, especially on clay
minerals which are characterized by large specific surface areas, negative structural
charges and reactive surface hydroxyl groups.4-6
The high Fe(II) concentrations, typically lying between 10-6 and 10-5 M,
could have a significant influence on the retention behavior of other radionuclides.
Fe(II) released into the pore waters interacts with the bentonite buffer and might
modify its physical and chemical properties. In this context, any alteration of the
bentonite backfill induced by the corrosion of steel canisters remains an important
issue (e.g., destabilization of montmorillonite and transformation into non-swelling
Fe-rich phyllosilicates).2 Besides the potential mineralogical changes, the following
interactions between dissolved Fe(II) and bentonite are most relevant to its
radionuclide sorption capacity.7 A major process to be considered is the sorption
of Fe(II) on the clay mineral surfaces of the bentonite system. During the temporal
evolution of the SF and HLW in the near field, several radionuclides, inactive
metals and groundwater components are coexisting in the aqueous phase at
various concentration ranges.8 Competitive sorption effects between corrosionderived Fe(II) and radioactive transition metals released from the SF and HLW
waste such as 59Ni(II) or 60Co(II) might occur.8 Another issue worth considering is
whether the redox state of the structural Fe(III) in the montmorillonite changes
under reducing conditions and whether this influences the sorption characteristics
of the bentonite in the radioactive waste repository.2
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1.2

Ferrous Iron Species Associated with Clay Minerals
Clay minerals signify a class of hydrated phyllosilicates which are

characterized by silica tetrahedral and alumina octahedral sheets.9 The clay
minerals addressed in this thesis are 2:1 dioctahedral montmorillonites consisting
of two tetrahedral silicate sheets enclosing one aluminum octahedral sheet
(Figure 1.1). The tetrahedral-octahedral-tetrahedral layers (TOT) are interacting
with water molecules and accumulate to clay platelets.10 Substitutions in the clay
sheets of trivalent Al for tetravalent Si and divalent cations (e.g., Mg and Mn) for
trivalent Al induce a permanent charge which is compensated by the adsorption of
exchangeable cations on the basal planes.11
Iron is one of the most abundant redox-sensitive elements in the earth’s
crust and is ubiquitous in clay soils and sediments.12 In natural and engineered
environments iron associated with clay minerals plays a key role in controlling
metal and nutrient cycles as well the fate of pollutants.13-17 Multiple types of iron
species are coexisting on natural clay minerals:18 (i) structural Fe which is located in
both octahedral or tetrahedral sheets of 1:1 and 2:1 clay minerals,9 (ii) Fe bound to
the basal surface planes by cation exchange (outer-sphere complexation), (iii) Fe
sorbed to the surface hydroxyl groups at the edge sites (inner-sphere
complexation), and (iv) Fe precipitates. With respect to contaminant
transformation reactions, mineral-bound iron species are more reactive than
dissolved iron.19 The reactivity of Fe(II) associated with minerals as a reductant for
environmental pollutants has been studied extensively. In the case of clay minerals,
the predominant reductants are the octahedral Fe(II) in the clay structure and the
Fe(II) sorbed to the surface hydroxyl groups at the edge sites. The structural and
sorbed Fe(II) represent a fundamental source of reduction equivalents for several
classes of contaminants such as pesticides,20 halogenated aliphatics,19, 21 nitramine
explosives,22, 23 heavy metals,17, 24 and radionuclides.25, 26
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Figure 1.1. Sketch of the montmorillonite structure, a 2:1 dioctahedral clay mineral, including
potential uptake sites for Fe(II) which can be complexed to the surface hydroxyl groups at the
edge sites (inner-sphere complexation) or bound to the charged planar sites (outer-sphere
complexation).

In the open literature, the sorption of dissolved Fe(II) on iron (hydr)oxidewater interfaces27-30 has been reported extensively in a classic framework as
described in surface complexation models.31-33 Nevertheless, despite the
importance of clay-bound Fe(II) species to biogeochemical cycles and pollutant
dynamics,34 a molecular-level understanding and description of the Fe(II) uptake
processes on clay minerals is still missing. Previous studies focused on the redox
reactivity of the structural Fe in the clay lattice,35-40 whereas Fe(II) species bound
to the clay surface have rarely been addressed.18, 41-44 This is rather surprising taken
into account the ubiquitous presence of Fe(II) cations and clay minerals in
anaerobic soils and sediments.34, 45 The lack of data, at least in part, results from
the difficulty in carrying out measurements under well-defined and controlled
anoxic conditions which ensures the stability of aqueous Fe(II). Assessing the
Fe(II) uptake mechanisms on natural clay minerals is both a multidisciplinary and
challenging endeavor, and one in which more effort and investigations are
necessary in future research.
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The sorption of Fe(II) onto clay minerals is assumed to be governed by two
uptake mechanisms, namely cation exchange on the permanent charged planar
sites (outer-sphere complexation) and surface complexation at the amphoteric
aluminol and/or silanol group edge sites (inner-sphere complexation). Previous
studies

examining

the

outer-sphere

complexation

of

Fe(II)

on

Na-

montmorillonites found that the cation exchange selectivity coefficient of
Fe2+-Na+ is similar to that of alkaline metals such as Mg2+-Na+ and Ca2+-Na+.46-48
Investigations on the accessibility and reactivity of Fe(II) sorbed to the clay surface
have shown that Fe(II) bound to the cation exchange sites is less reactive with
respect to reduction of contaminants.18
In contrast to the compelling and growing body of studies investigating the
structural and outer-sphere complexed Fe(II), much less is known about the
surface complexation properties of Fe(II) at the clay mineral edge sites (innersphere complexation). Previous studies have focused either on the Fe(II) uptake at
high aqueous Fe(II) concentrations41 or investigated the sorption of Fe(II) on clay
minerals exhibiting high structural Fe contents (e.g., nontronite with 19.2 wt %
Fe).42 The ability of Wyoming montmorillonite and ferruginous smectite to adsorb
Fe(II) at concentrations up to 2.5 mM over a pH range from 4.0 to 8.0 (Fe(II)
loadings up to 500 mmol kg-1) was first reported by Schultz and Grundl.41 The
pH-independent sorption of Fe(II) below pH 7 could be modeled with an
Fe2+-Na+ cation exchange reaction, whereas at higher pH the amount of sorbed
Fe(II) strongly increased and could be attributed to the specific sorption at the clay
edge sites. The sorption of Fe(II) on nontronite was studied as a function of pH
(3–10), Fe(II) concentration (0.01–0.5 mM) and equilibration time.12 Although the
strongly pH dependent sorption of Fe(II) showed an uptake kinetic consistent
with a surface precipitation mechanism, the formation of secondary precipitates
has not been considered. A nonelectrostatic sorption model including aqueous
speciation, surface complexation and cation exchange reactions allowed a
quantitative description of the Fe(II) sorption on nontronite.12 Surface
6

complexation reactions were required to model the rise of the Fe(II) sorption from
pH 3 upward which is in contrast to the sorption behavior of divalent transition
metals where the uptake is dominated by surface complexation in the near neutral
pH range.49, 50
In the end, investigations on the Fe(II) sorption on natural clay minerals
indicated that the pH and concentration dependent uptake of Fe(II) is significantly
higher than predicted for divalent transition metals.12, 41 The predictions result
from well-established linear free energy relationships (LFER) between the
thermodynamic properties of the metals and the free energies of surface
complexation.51, 52 Such systematic dependencies have been successfully applied to
model the sorption of other divalent transition metals, such as Ni and Zn.50
Further, in these previous iron studies the focus was given on macroscopic
sorption experiments while none of these investigations provided molecular-level
information fundamental for understanding the macroscopic sorption data of
Fe(II) on natural clays. For example, electron transfer reactions between sorbed
Fe(II) and structural Fe(III) in the clay lattice may play a pivotal role in the Fe(II)
uptake behavior. In the case of nontronite with a high structural Fe content
(19.2 wt %) it has recently been proven using Mössbauer spectroscopy that an
interfacial electron transfer between sorbed Fe(II) and structural Fe(III)
occurred.44, 53 Similar redox interactions between sorbed Fe(II) and Fe(III)-bearing
minerals have been first reported for iron oxides such as hematite, goethite,
ferrihydrite and magnetite.54-57 However it is currently unknown whether interfacial
Fe(II)-Fe(III) electron transfer reactions occur in clay minerals which are
characterized by lower structural Fe contents and different mineralogies than
nontronite (e.g., Texas and Wyoming montmorillonites). For this reason the ability
of the structural iron to redox interact with surface-bound Fe(II) could be a key
parameter for describing the sorption of Fe(II) at the montmorillonite-water
interface.
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Developing a thorough understanding of the structural iron redox properties has
proven to be challenging.58 The iron in the clay lattice may act, depending on its
redox state, as electron acceptor or donor, and is representing an important redoxactive phase in subsurfaces.59 Investigations on the reduction of organic and
inorganic contaminants by Fe(II) associated with montmorillonites suggested that
the predominant reductant was structural Fe(II), while the contribution of the
Fe(II) surface species was significant lower.18, 26, 37, 60 The fraction of redox-active
structural iron was recently quantified for four natural smectites (i.e., SWa-1,
SWy-2, NAu-1, and NAu-2) using mediated electrochemical reduction (MER) and
oxidation (MEO).58 In the case of SWa-1 and SWy-2, all the structural Fe(II) and
Fe(III) was redox-active under strongly oxidizing and reducing conditions
respectively (Eh = +0.61 to -0.60 V), inducing irreversible changes in the clay
structure.58, 59 Nevertheless, within this Eh range a significant fraction of the Fe in
the clay structure of NAu nontronite was redox-inactive.58

1.3

Research Objectives and Approach

1.3.1 Objectives
The overall objective of this thesis is to investigate the uptake processes of
Fe(II) on 2:1 dioctahedral clay minerals under anoxic and electrochemically
controlled reducing conditions. Although previous studies have investigated the
sorption of Fe(II) in clay systems using macroscopic sorption experiments (batch
equilibrium studies), an understanding of the uptake mechanisms on a molecular
scale was not yet provided. Surface-induced precipitations of Fe(II) and redox
interactions between dissolved Fe(II) and clay mineral sites may strongly affect the
retention of other transition metals and radionuclides. The best suited approach
examining the uptake mechanism of Fe(II) on clay minerals and the influence of
high aqueous Fe(II) concentrations on the sorption of radionuclides is a multi-
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disciplinary one, consisting of macroscopic sorption experiments, geochemical
modeling and advanced spectroscopic techniques. In this thesis, macroscopic
sorption data are combined with extended X-ray absorption fine structure
(EXAFS) and Mössbauer spectroscopy measurements. The spectroscopic
techniques are used to determine the local elemental distribution and the nature of
the iron surface complexes located at the clay edge sites.
Nearly all radioactive waste repository designs contain large amounts of
Fe(II) and reducing conditions will prevail in the long-term. Due to the corrosion
of steel canisters, Fe(II) will be released into the interstitial pore waters of the near
and far fields which might strongly affect the retention behavior of other
radionuclides through competitive sorption effects. To date, it is not
experimentally shown if and to what extent the presence of Fe(II) is competitive
with other heavy metals and radionuclides. The role of Fe(II) in the bentonite near
field represents a large uncertainty in the safety analysis of Swiss deep geological
repositories. Based on the mechanistic understanding of the Fe(II) uptake gained
in the first phase of this study, the second phase aims to evaluate competitive
sorption effects between Fe(II) and other divalent metals on dioctahedral clay
minerals.
Another key question is whether the physical and chemical properties of the
clay mineral change in reducing environments and whether this influences the
sorption characteristics of Fe(II). To investigate the Fe(II) uptake under reducing
conditions, an electrochemical approach to control the redox potential Eh in the
clay/water system is developed in this thesis. The modeling of the sorption data,
collected under anoxic and reducing conditions, will contribute to the further
development of thermodynamic sorption models used in safety analysis, will fill
gaps in the existing sorption data bases and will strengthen the scientific basis for
the safety case. The knowledge gained in this project may provide the basis for
future studies on the sorption of redox-sensitive radionuclides under controlled
reducing conditions.
9
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Therefore, the main objectives of this thesis are the following:
(i)

to quantify and characterize the uptake of Fe(II) on dioctahedral
montmorillonites with the aim of elucidating Fe(II) uptake
mechanisms and the nature of the Fe(II) surface complexes at the
clay mineral edge sites.

(ii)

to assess competitive sorption effects between Fe(II) and other
divalent transition metals on the montmorillonite edge sites.

(iii)

to advance and validate an electrochemical approach that allows
controlling the redox potential Eh in dispersed clay systems and to
perform sorption experiments under controlled reducing conditions.

(iv)

to investigate the influence of strongly reducing conditions and the
redox state of the structural Fe on the Fe(II) sorption characteristics
of the clay mineral.

(v)

to develop an improved sorption model of Fe(II) on natural
montmorillonites based on the mechanistic understanding of the
Fe(II) uptake gained in this thesis.

To this end, Fe(II) sorption investigations were performed on two groups
of clay minerals, i.e. a synthetic Fe-free montmorillonite and natural Fe-bearing
montmorillonites, having structural Fe contents ranging from 0.5 to 15.4 wt % and
different initial structural Fe redox states. The synthetic montmorillonite was used
as a reference clay to avoid potential electron transfer reactions between the
sorbed Fe(II) and the structural Fe(III) and hence, to simplify the Fe-clay system.

10

1.3.2 Outline
In the study presented in Chapter 2 the uptake mechanism of Fe(II) on the
synthetic dioctahedral iron-free montmorillonite was investigated under anoxic
conditions (O2 < 0.1 ppm) combining batch sorption experiments with EXAFS
and Mössbauer spectroscopy. The modeling of the sorption edges and isotherms
using a two-site protolysis nonelectrostatic surface complexation and cation
exchange sorption model as well as the nature of the iron surface complexes are
discussed.
In Chapter 3 macroscopic sorption experiments combined with surface
complexation modeling and EXAFS spectroscopy measurements were used to
elucidate competitive sorption processes between divalent metals. Sorption
measurements were performed on the synthetic montmorillonite for the
combinations of Zn(II)/Fe(II) and Fe(II)/Zn(II), where the former metal in each
pair represents the trace metal and the latter the competing metal.
Chapter 4 focuses on the parameters controlling the Fe(II) uptake on
natural Fe-bearing montmorillonites exhibiting structural Fe(III) contents of 0.5 to
15.4 wt %. Insights into the iron surface speciation and potential electron transfer
reactions between sorbed Fe(II) and structural Fe(III) are gained by Mössbauer
and EXAFS spectroscopy.
Based on the mechanistic understanding of the Fe(II) uptake obtained in
Chapter 4, a detailed surface complexation model including surface oxidation
reactions to quantify the Fe(II) sorption on natural Fe-bearing clay minerals has
been developed in Chapter 5. To investigate the influence of the redox potential
Eh in the clay/water system on the uptake of Fe(II), sorption measurements were
performed under electrochemically controlled reducing conditions.
The last Chapter 6 presents the overall conclusions from this thesis
including an outlook on the open research questions.
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1.3.3 Developed electrochemical cells
Even though classical batch sorption experiments are widely used to study
the interaction of sorbates with Fe-bearing minerals,41, 43, 61 the common methods
have some limitations in the cases where the sorption of redox-sensitive elements
are investigated. Firstly, in this type of experiments the redox potential Eh remains
uncontrolled and resulting changes in the potential during the equilibrations
cannot be monitored. Secondly, electrons transferred to or withdrawn from the
aqueous solutions are usually not quantified in the water/clay systems.62 Last but
not least, to combine batch sorption measurements with advanced surface
analytical techniques, an electrochemical equipment which allows for redoxcontrolled investigations at synchrotron radiation facilities is beneficial.
In this thesis, novel electrochemical cells were developed to study
Fe(II)/clay interactions inside a glovebox (macroscopic batch experiments), and at
synchrotron radiation facilities (spectroscopic techniques). The two types of
electrochemical equipment which allow us to adjust the redox potential in iron
solutions and dispersed clay systems are presented below. In both cases, the bulk
electrolysis cell is based on the electrochemical method of Aeschbacher et al.62
The electrochemical equipment designed to perform batch sorption
experiments under controlled reducing conditions in the glovebox (O2 < 0.1 ppm)
is illustrated in Figure 1.2a. The electrochemical cell comprises two compartments,
namely the bulk and sampling compartment. The former is equipped with an
electrolysis cell consisting of an Ag/AgCl reference electrode, a coiled wire
platinum auxiliary electrode (CE) separated from the working compartment by a
glass frit (Bioanalytical Inc., West Lafayette) and a glassy carbon working electrode
(WE, Sigradur G, HTW, Germany).58, 62 To increase the surface area and to
accelerate elctron transfer reactions at the working electrode a reticulated vitreous
carbon electrode (RVC, Bioanalytical Inc., West Lafayette) can be installed.
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Figure 1.2. (a) The bulk compartment of the electrochemical cell consists of a platinum wire
counter electrode (CE), an Ag/AgCl reference electrode and a cylindrical glassy carbon working
electrode (WE)58, 62 and is separated from the sampling compartment by a Milipore filter (0.4 μm
pore size). (b) Sketch of the electrochemical reduction of the aqueous Fe(III) to Fe(II) at the
working electrode in the electrochemical cell (applied potential Eh versus SHE).

The bulk compartment is based on a well-established electrochemical
approach as described in Aeschbacher et al.62 The sampling compartment is
separated from the bulk compartment by a 47 mm diameter filter (Milipore,
0.4 μm pore size) to achieve a complete phase separation of the solid and liquid
phase. The experimental difficulty to carry out the sampling under controlled
reducing conditions has been solved with this equipment. The additional sampling
compartment allows maintaining the redox conditions during phase separation. By
contrast a sampling under controlled redox conditions is problematic with the
commonly used centrifugation method. A detailed description of Fe(II) sorption
experiments on natural montmorillonites performed in the electrochemical cell is
given in Chapter 5.
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The second electrochemical equipment has been developed for in situ
measurements at synchrotron light facilities. Basically, the electrochemical system
described above was enlarged by a beam window in the bulk compartment
(Figure 1.3). The stability of the redox conditions is ensured by a system of
combined oxygen barriers. To avoid an oxidation of the redox-sensitive Fe(II)
reducing conditions were controlled by the electrochemical cell. On the other
hand, special precautions were taken to prevent any access of oxygen to the
electrochemical cell. The bulk electrolysis cell was therefore enclosed by a mini
glovebox continuously flushed with Argon. XAS measurements in the
electrochemical

cell

have

been

successfully

applied

to

Fe(III)-bearing

montmorillonites. In this approach, the Fe(III) in the clay structure could be
reduced to Fe(II), using one-electron-transfer mediating compounds (i.e.,
1,1´-ethylene 2,2´-bipyridil dibromide, DQ) to facilitate the electron transfer from
the working electrode to the clay lattice (e.g., SWa-1).58, 63 The amount of
transferred electrons was quantified by an integration of the measured currents I
over time t as described in Gorski et al.58, 62 The oxidation of the structural Fe(III)
to Fe(II) was verified by changes in the edge position of the Fe K-edge X-ray
absorption near edge structure (XANES) spectra. It should be noted that the
electrochemical cell developed for XAS measurements was not further used in the
studies presented in Chapter 2 to 5.
The combination of the two types of electrochemical equipment has
particular features which are beneficial for examining interactions between redoxsensitive elements and clay mineral phases:
(i)

batch sorption experiments are performed under well-controlled Eh
conditions.62

(ii)

the amount of transferred electrons in the system is directly
monitored without the addition of reducing agents (e.g. dithionite or
hydrazine).58
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(iii)

the redox state of the sorbed metal and the type of neighboring
atoms can be investigated by XANES spectroscopy at applied Eh.

(iv)

the electrochemical cell allows in situ measurements, thus changes in
the redox state and the structural environment of the metals could
be followed up.

The objective of this thesis was to evaluate the applicability of the
electrochemical equipment to Fe(II)/clay systems and to determine the Fe(II)
sorption behavior under reducing conditions similar to those induced by corroding
steel canisters in spent fuel and high-level radioactive waste repositories.

Figure 1.3. (a) Sectional drawing of the electrochemical equipment developed for in situ XAS
measurements. (b) The bulk electrolysis cell consisting of a platinum wire counter electrode (CE),
an Ag/AgCl reference electrode and a cylindrical glassy carbon working electrode (WE) was
expanded by a window for the X-ray beam (below).
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Abstract
Extended X-ray absorption fine structure (EXAFS) and Mössbauer
spectroscopy combined with macroscopic sorption experiments were employed to
investigate the sorption mechanism of Fe(II) on an iron-free synthetic
montmorillonite (Na-IFM). Batch sorption experiments were performed to
measure the Fe(II) uptake on Na-IFM at trace concentrations as a function of pH
and as a function of sorbate concentration at pH 6.2 and 6.7 under anoxic
conditions (O2 < 0.1 ppm). A two-site protolysis nonelectrostatic surface
complexation and cation exchange sorption model was used to quantitatively
describe the uptake of Fe(II) on Na-IFM. Two types of clay surface binding sites
were required to model the Fe(II) sorption, the so-called strong (≡SSOH) and
weak (≡SWOH) sites. EXAFS data show spectroscopic differences between Fe
sorbed at low and medium absorber concentrations that were chosen to be
characteristic for sorption on strong and weak sites, respectively. Data analysis
indicates that Fe is located in the continuity of the octahedral sheet at transsymmetric sites. Mössbauer spectroscopy measurements confirmed that iron
sorbed on the weak edge sites is predominantly present as Fe(II), whereas a
significant part of surface-bound Fe(III) was produced on the strong sites (~12%
vs ~37% Fe(III) species to total sorbed Fe).

2.1

Introduction
Ferrous iron (Fe(II)) is one of the most abundant redox-active species in

anaerobic soils and sediments, controlling metal and nutrient cycles, bacterial
respiration and the fate of contaminants.1-3 With respect to pollutant
transformation reactions, Fe(II) bound to solid phases is much more reactive than
dissolved Fe(II).4 Previous studies have mainly addressed the reactivity of Fe(II)
associated with (hydr)oxides, green rust, and iron-containing minerals such as
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magnetite, goethite, and lepidocrocite.4-6 Much less attention has been given to the
effect of sorbed Fe(II) on clay minerals, although a large proportion of the iron
pool in soils is thought to be present as sorbed or structural Fe associated with clay
minerals.7-11
Since clay minerals also provide an effective physical and chemical barrier
to the migration of dissolved radionuclides, argillaceous rocks are foreseen as
potential host formations for high level radioactive waste repositories (e.g., in
Switzerland, Belgium, France, and Japan).12-15 In the radioactive waste disposal
concept of Switzerland, the waste will be encapsulated in steel canisters
surrounded by bentonite. During a long period of time post disposal (i.e., in excess
of 10 000 years), the steel will be corroding under the anoxic in situ conditions,
releasing dissolved Fe(II), and forming various Fe(II) mineral phases.12 Therefore,
assessing the sorption behavior of Fe(II) on clay minerals, and its effect on their
sorbent properties, is an important consideration for the safety assessment of deep
geological repositories. The presence of relatively high concentrations of Fe(II) in
the interstitial porewaters (i.e., 10-6 to 10-5 M) in the near- and far-fields could have
a significant influence on the sorption behavior of certain radionuclides through
sorption competition effects.
Once released, dissolved Fe(II) can either bind to the cation exchange sites
on the basal clay surfaces, complex to surface hydroxyl groups at the edge surfaces,
or precipitate as newly formed phases on the clay surface.7, 8 Despite the
recognized importance to environmental processes, only a few studies have
focused on the specific uptake of Fe(II) on clay mineral edge sites and therefore,
no reliable surface complexation and structural data are available.10, 16, 17 Fe(II)
sorption experiments on different clay minerals (e.g., NAu-1 nontronite,16 SWa-1,
and MX80 montmorillonite)17, 18 have shown that the pH and concentration
dependent uptake of Fe is significantly higher than predicted for divalent transition
metals. The predictions are based on sorption models and linear free energy
relationships, which have been successfully applied to model the sorption behavior
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of other transition metals such as Zn, Ni, and Co.19 The reason for the increased
sorption is still not clear, but current evidence suggests that an electron transfer
between sorbed Fe(II) and Fe(III) in the clay structure might lead to the high
sorption values.7 Thus, to avoid any redox processes of sorbed Fe(II) with iron in
the clay lattice, a synthetic montmorillonite without structural Fe was used as a
reference clay to assess the sorption behavior of Fe(II).
The aims in this study were to quantify and to characterize the uptake of
Fe(II) on montmorillonite under anoxic conditions by combining macroscopic
sorption experiments, surface complexation modeling, and advanced spectroscopic
techniques, such as X-ray absorption and Mössbauer spectroscopy.

2.2

Materials and Methods

2.2.1 Clay mineral
Natural montmorillonites contain structural ferric iron (Fe(III)) in their
lattice, which can potentially interact with sorbed ferrous iron (Fe(II)). To avoid
this, a synthetic iron-free montmorillonite (Na-IFM) was used in this study. The
Na-IFM with isomorphically substituted Mg in the octahedral sheet was
synthesized in an acidic fluoride medium following an established method.20, 21 The
unit-cell formula calculated from ICP-MS analysis is Na0.28[(Si7.91Al0.09)(Al3.13Mg0.87)O20(OH,F)4], and the ideal space group is c2/m (trans-vacant).22 The
2:1 dioctahedral montmorillonite character of Na-IFM was verified by X-ray
diffraction (Figure S2.1 in the Supporting Information, SI).20 The cation exchange
capacity (CEC) of 811.0 ± 10.2 meq kg-1 was determined using the

134Cs

isotopic

dilution method23 and is in good agreement with the CEC of natural
montmorillonites, for example, Texas or Wyoming montmorillonite.24
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2.2.2 Fe(II) sorption experiments
Sorption measurements were carried out on Na-IFM in 0.1 M NaClO4
background electrolyte. Additionally, sorption measurements were carried out on
Na-IFM samples after a reducing treatment to check whether any O2 was present
in the nontreated Na-IFM, which could lead to the oxidation of sorbed ferrous
iron. For this, the Na-IFM was treated with sodium dithionite (Na2S2O4) following
the standard method of Stucki et al.25
All sorption experiments were conducted in an inert N2 atmosphere
glovebox (O2 < 0.1 ppm) at 25 ± 1 °C. Aqueous solutions were purged with argon
for at least two hours at 60–100 °C followed by an additional hour at room
temperature. Fe(II) stock solutions of anhydrous ferrous chloride (FeCl2, ≥99%,
Merck) were prepared in the glovebox and diluted in 0.1 M NaClO4. To remove
any traces of Fe(III), the 10-3 M FeCl2 stock solutions, as well as the 55Fe labeled
Fe(II) solutions (Eckert and Ziegler Isotope Products), were reduced in a bulk
electrolysis cell (Eh = -0.44 V vs SHE) at pH ~ 3 prior to use.
The electrochemical cell comprises of a three electrode compartment with
(i) a glassy carbon working electrode (Sigradur G, HTW, Tierhaupten, Germany),
(ii) an Ag/AgCl reference electrode, and (iii) a coiled platinum wire auxiliary
electrode (both from Bioanalytical Systems Inc., West Lafayette, IN).26 A VMP3
Multichannel Potentiostat (Bio-Logic SAS, Grenoble, France) was used to measure
currents I(A) and to control potentials at the working electrode. The purity of the
Fe(II) oxidation state in all stock solutions was confirmed by UV/vis
spectrophotometry (Cary 6000i UV/vis NIR Spectrophotometer, Varian Inc., Palo
Alto, CA) using the 1,10 phenanthroline method at 510 nm.27
Batch sorption experiments were designed to measure the Fe(II) uptake as a
function of sorbate concentration at a fixed pH and ionic strength (sorption
isotherms) and at trace concentration as function of pH at constant ionic strength
(sorption edges). Both types of experiments were performed in 25 ml
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polycarbonate centrifuge tubes. Isotherm measurements were carried out at
various initial aqueous Fe(II) concentrations (10-7 M to 10-3 M) at solid-to-liquid
ratios of 1 g L-1 and at fixed ionic strengths of 0.1 or 0.3 M NaClO4. MES (2-(Nmorpholino)ethanesulfonic acid) and MOPS (3-(N-morpholino)propanesulfonic
acid) buffers were used at concentrations of 2·10-3 M to control the pH values at
6.2 and 6.7, respectively. After labeling with the

55Fe(II)

tracer, Fe(II)/clay

suspensions were shaken end-over-end for at least three days. Kinetic experiments
showed that equilibrium was reached within this reaction time. After this period,
phase separation was carried out by centrifugation inside the glovebox at
105 000 gmax for 1 h using an Optima L-100 XP Ultracentrifuge (Beckman Coulter,
Krefeld, Germany). Radio assay of 55Fe in the supernatant solution was carried out
on 5 ml aliquots using a Tri-Carb 2750 TR/LL liquid scintillation analyzer
(Canberra Packard, Schwadorf, Austria). The oxidation state of Fe(II) in the
supernatant at concentrations above 10-5 M was confirmed by UV/vis
spectroscopy.
The same experimental procedure was used for sorption edge
measurements at trace Fe(II) concentrations of 10-7 to 10-6 M in 0.1 M NaClO4
background electrolyte in the pH range 3 to 10. The pH values were buffered with
sodium acetate, MES, MOPS, TRIS (tris(hydroxymethyl)aminomethane), or CHES
(N-cyclohexyl-2-aminoethanesulfonic acid) at the same concentrations as in the
sorption isotherms. Previous experiments have shown that there is essentially no
metal ion complexation with the used buffers.28, 29 The quantity of iron sorbed was
expressed by the solid liquid distribution ratio (Rd) defined as:

Rd 

cin  ceq V

ceq
m

(L kg-1)

(2.1)

where cin is the total initial active plus inactive aqueous Fe(II) concentration,
ceq is the corresponding equilibrium concentration, V is the volume of liquid phase,
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and m is the mass of the solid phase.30 In all Fe(II) sorption edge and isotherm
experiments the Fe concentration in the stock solutions was determined by
ICP-OES.
Extended X-ray absorption fine structure (EXAFS) samples were prepared
in a similar manner to that described, except that the solid-to-liquid ratio was
increased to 7.5 g L-1 and the Fe(II)/clay suspension was not labeled with 55Fe(II).
The suspensions were centrifuged, and the wet pastes were filled into polyethylene
sample holders and sealed with Kapton tape in the glovebox. Special precautions
were taken to avoid oxygen contamination. Samples were taken out of the
glovebox in N2 filled flasks, shock frozen with liquid N2 and transported in a
Dewar filled with liquid N2 (Voyager 12, Air Liquid, DMC, France) to the
synchrotron facility.

2.2.3 Fe(II) sorption modeling
The experimental data were modeled using the two-site protolysis
nonelectrostatic surface complexation and cation exchange (2SPNE SC/CE)
sorption model.31-33 This model describes sorption at the clay surface in terms of
electrostatic binding at cation exchange sites and surface complexation at aluminol
and/or silanol group edge sites. Since the 2SPNE SC/CE model has been
described in a number of previous studies, only a short outline is given below.34-36
The first type of sorption sites are the permanently charged planar sites
where the uptake is governed by cation exchange (CE). The sorption is
characterized by an outer-sphere complex, which is dominant at low pH and/or
high sorbate concentrations.34 This uptake process is described in the model in
terms of a selectivity coefficient. The second category of reactive sites includes two
types of surface hydroxyl groups (strong sites, ≡SSOH ~ 2 mmol kg-1 and weak
sites, ≡SWOH ~ 40 mmol kg-1) at the “broken bonds” or clay mineral edge. The
uptake of Fe on these sites is ascribed to inner-sphere surface complexation. The
≡SSOH sites have a considerably stronger sorption affinity than the ≡SWOH sites
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and dominate the sorption at trace concentrations. The nonadjustable fit
parameters in the 2SPNE SC/CE sorption model are summarized in Table S2.2,
Supporting Information.

2.2.4 Fe K-edge EXAFS analysis
The Fe K-edge spectra were recorded at the ANKA XAS beamline
(Karlsruhe, Germany) and DUBBLE beamline at the ESRF (Grenoble, France).
All spectra were collected in fluorescence mode across the Fe K-edge with a
Si(111) double crystal monochromator and a multi element Ge-detector. EXAFS
measurements of the frozen samples were carried out in a closed sample holder
under a continuous flow of N2.
Data reduction and analysis were performed using the Athena/Artemis
interface of the IFFEFIT software.37, 38 Radial structure functions (RSF) were
obtained by Fourier transforming k3-weighted spectra between k = 2–10 Å-1 using
a Kaiser-Bessel window function ( = 1).39, 40 The EXAFS data fitting was
performed on the inverse Fourier Transform (FT-1). The theoretical scattering
paths used for the fitting were calculated with FEFF 8.2041, 42 using the
montmorillonite structure given by Tsipursky and Drits.43 The amplitude reduction
factor (S02) was fixed to 0.85 as determined in previous studies.40, 44, 45 Throughout
the data analysis, the interatomic distances (R) and coordination numbers (CN)
were allowed to vary. To reduce the number of fit parameters, the Debye-Waller
factor (σj) of the O1 shell was allowed to vary but was correlated with the O2 shell.
Correspondingly, the σj of the Al and Si1/2 shell were correlated but allowed to vary
(13 variables were fitted out of 17 independent parameters according to the
Nyquist theorem).46 X-ray absorption near edge structure (XANES) spectra
showed no indication for beam induced Fe(II) oxidation.
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2.2.5 Mössbauer analysis
The isotopic specificity of

57Fe

Mössbauer spectroscopy was used to

determine the oxidation state of sorbed Fe. Mössbauer samples were prepared in
the same manner as the EXAFS samples except that the Fe stock solution was
isotopically enriched with 57Fe(II).7 Special precautions were taken to avoid oxygen
contamination of the wet paste samples. A hermetically sealed sample holder of
polymethylmethacrylate flushed with Ar was used to transfer samples from the
Dewar filled with N2 to the cryostat. Mössbauer spectra were recorded on a
constant acceleration spectrometer in transmission geometry at 77 K using a 57Co
source in a rhodium matrix.

2.3

Results and Discussion

2.3.1 Fe(II) batch sorption experiments
The sorption behavior of Fe(II) was investigated on a synthetic iron-free
dioctahedral montmorillonite (Na-IFM). To check the sorption properties of the
Na-IFM, a sorption edge of Zn(II) was measured and compared with data
obtained on Wyoming Na-SWy-2 montmorillonite (Figure S2.2, SI).19, 34 The
sorption behavior of Zn(II) on Na-IFM and on Na-SWy-2 was, within an
experimental error of log Rd ±0.3 L kg-1, in very good agreement, indicating that
the sorption properties are similar for the two montmorillonites. Therefore, it can
reasonably be expected that Fe(II) sorption complexation constants obtained in
this study are applicable to other montmorillonites.
The uptake of Fe(II) at trace concentration (~10-7 M) on Na-IFM as a
function of pH (Figure 2.1a) shows a strong pH dependency in the pH range 4 to
8, which is typical for sorption of divalent transition metals.19, 34 In contrast to
previous Fe(II) edge studies at higher initial Fe concentrations (~10-4 to 10-3 M),
the rise of the edge begins at a lower pH (pH ~ 4, log Rd = 2.2 ± 0.3 L kg-1) before
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leveling off at the sorption plateau at pH ~ 8 (log Rd = 6.0 ± 0.3 L kg-1).10, 17 The
experimental data on the reductively treated Na-IFM are consistent with those on
the untreated Na-IFM (Figure 2.1a) indicating that any traces of oxygen attached
to the surface of the latter were efficiently removed under the employed anoxic
conditions. The sorption isotherms measured on Na-IFM at pH 6.2 and 6.7 in 0.1
and 0.3 M NaClO4 background electrolyte, respectively (Figure 2.1b/c), both
exhibit a nonlinear behavior.
The three sets of measurements (i.e., one sorption edge and two isotherms)
were modeled with the 2SPNE SC/CE model in a stepwise manner. The aqueous
ferrous iron hydrolysis data used to model the data are given in Table 2.1. The first
and third hydrolysis constant of log OHK1 = -9.1 and log OHK3 = -34.6, respectively,
were taken from previous studies.47, 48 The thermodynamic data for the formation
of the second hydrolysis species (Fe(OH)20) indicates that this species is not
forming until pH 10 and therefore was not considered in the model.47
In the stepwise modeling procedure, the cation exchange selectivity
coefficient Kc was fitted first to the sorption edge followed by the surface
complexation constants on the strong sites. The cation exchange selectivity
coefficient Kc was derived from the edge data at low pH, giving a log Kc of
0.8 ± 0.3, which is similar to the findings in previous studies.49-51 The pH
dependent Fe(II) uptake above pH 4 was fitted in terms of Fe(II) bound on strong
surface hydroxyl groups at clay edges (SSOFe+) using log SK = 1.9 ± 0.3. To fit
the sorption isotherms, one additional surface complex on the weak edge sites,
SWOFe+, with a log

W1K

= -2.0 ± 0.3 was required. The results of the modeling

are presented in Figures 2.1a-c showing the overall sorption (continuous lines) and
the individual contributions on the different sorption sites (broken lines). The
model curves shown in Figure 2.1b/c indicate that at Fe(II) equilibrium
concentrations below 10-6 M, the sorption is linear, and dominated by the uptake
on strong sites. With increasing Fe(II) equilibrium concentration the uptake by
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weak sites and cation exchange sites becomes more pronounced. In 0.3 M
NaClO4, the contribution of cation exchange is one order of magnitude below the
overall sorption (Figure 2.1c). It should be noted that the same set of surface
complexation reactions and constants

S,W1K,

Kc could be used to reproduce the

sorption edge and isotherm data successfully over the whole range of experimental
conditions employed, generally to within ±0.3 log units (Table 2.1).
The ability of the calculations to reproduce all of the experimental data
argues for the quality of the modeled surface complexation and selectivity
constants. The Fe(II) sorption behavior on the synthetic clay is in good agreement
with the sorption of other divalent transition metals on montmorillonite as for
example Zn(II) and is consistent with the hypothesis that ferrous iron is the
sorbing species (Figure 2.1 and SI Figure S2.2).19 The sorption model parameters
obtained for Fe(II) were used to define the experimental conditions for the
preparation of EXAFS and Mössbauer samples in which the Fe(II) was sorbed
predominantly either onto the “strong” or onto the “weak” sites. The analytical
results from ICP-OES analyses for both the EXAFS and Mössbauer samples are
plotted on the Fe(II) sorption isotherm measured at pH 6.7 given in Figure 2.1c.
The experimental data for the spectroscopic samples are, within the expected error
(±0.3 log units), consistent with the modeled Fe(II) sorption isotherm.
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Figure 2.1. (a) Sorption edge data of Fe(II) on synthetic Na-IFM (black circles) and dithionite reduced Na-IFM (open circles) in 0.1 M NaClO4 (S/L ratio = 1 g L-1).
Fe(II) sorption isotherm data on Na-IFM at (b) pH 6.2 in 0.1 M NaClO4 and (c) at pH 6.7 in 0.3 M NaClO4 (S/L ratio = 1 g L-1). EXAFS and Mössbauer samples
are indicated by open circles. The continuous lines are the best fitted curves obtained using the 2SPNE SC/CE model and the parameters given in Table 2.1. The
contributions of the Fe surface species to the overall sorption are illustrated by different curves (broken lines).

Table 2.1. Aqueous hydrolysis constants for Fe(II) used in the modeling and a summary of the surface complexation constants and selectivity coefficients obtained
with the 2SPNE SC/CE sorption model.

Aqueous iron hydrolysis constants
log OHK

Surface complexation constants
and selectivity coefficient

log S,W1K, Kc

Fe2+ + H2O ↔ Fe(OH)+ + H+

-9.1 ± 0.4

SSOH + Fe2+ ↔ SSOFe+ + H+

fitted
1.9 ± 0.3

Fe2+ + 2H2O ↔ Fe(OH)20 + 2H+
Fe2+ + 3H2O ↔ Fe(OH)3- + 3H+

-20.6 ± 1.0
-34.6 ± 0.4

SWOH + Fe2+ ↔ SWOFe+ + H+
2Na+-clay + Fe2+ ↔ Fe2+-clay + 2Na+

-2.0 ± 0.3
0.8 ± 0.3

LFERa
-0.1 ± 0.8
-2.7 ± 2.0

LFERb
0.8 ± 1.4

Section 2.1 of the Supporting Information (SI) contains details of the aqueous Fe(II) hydrolysis constants used in this study. The surface complexation constants for the strong and
weak sites on synthetic Na-IFM resulting from the linear free energy relationships (LFER) were taken from Figure 2.2, S2.3 and S2.4 in SI.
a

LFER from Bradbury and Baeyens.19

b

LFER for divalent metals on Na-montmorillonite.
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2.3.2 Linear free energy relationship
In the area of solution thermodynamics, and more recently in surface
chemistry, systematic dependencies (commonly termed linear free energy
relationships, LFER) have been found between the free energies of formation of
aqueous or surface metal complexes and thermodynamic properties of the metal
ions or ligands.19, 52, 53 Figure 2.2 shows the LFER between the surface
complexation constants on montmorillonite and the associated hydrolysis
constants for a large number of metals with oxidation states from II to VI.19 The
fitted surface complexation constant for Fe(II) on the strong sites has been
included on this plot (log SK = 1.9 ± 0.3). The calculated constant using the
regression equation is log SKLFER = -0.1 ± 0.8, which is below the experimentally
determined value. However, if only the sorption data for the divalent metals on
Na-montmorillonite are considered, the Fe(II) is in good agreement with the
LFER value of log SKLFER = 0.8 ± 1.4 and corroborates the assumption that Fe(II)
is the sorbing species (Figure S2.3, SI). A similar exercise was carried out for the
weak sites binding constant. Despite the fact that the pool of suitable data for the
LFER for weak site surface complexation constants is considerably smaller, an
acceptable correlation for the Fe(II) weak site surface complexation constant and
the first hydrolysis constant was found (Table 2.1 and SI Figure S2.4).
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Figure 2.2. Correlation of the aqueous hydrolysis constants with the corresponding surface
complexation constants for metals sorbing on the strong sites of montmorillonite (LFER). Data
for divalent Mn, Co, Cd, Ni, Zn, trivalent Eu, Am, tetravalent Sn, Th, pentavalent Np, and
hexavalent U were taken from Bradbury and Baeyens,19 whereas the surface complexation
constant for Fe(II) was derived in this study (green circle).

2.3.3 EXAFS and Mössbauer analyses of sorbed Fe
The k3-weighted EXAFS spectra of the Fe loaded Na-IFM samples show a
multifrequency wave shape indicating that Fe atoms are surrounded by more than
one neighbouring shell and, consequently, that outer-sphere complexation (cation
exchange) is not the predominant uptake mode (Figure 2.3). The EXAFS spectra
of the samples at low (1.7 and 2.7 mmol kg-1) and high (12.3 and 17.0 mmol kg-1)
Fe loadings exhibit a similar shape.
In the corresponding radial structure functions (RSFs), there is a
backscattering peak (Fe-O contribution) at R + ΔR = 1.54 Å, which is essentially
invariant with increasing Fe loading (Figure 2.3b). Beyond the first shell further
RSF peaks in the R + ΔR range between 2 and 4.5 Å are present, which can be
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attributed to Fe-Al, Fe-Si, long Fe-O, and long Fe-Si-tetrahedral backscattering
pairs.40, 44, 54, 55 These peaks in the RSFs are less pronounced in the spectra for
higher Fe loadings, suggesting either a higher disorder or a decrease in
coordination numbers. The FT-1 data in the range of R + ΔR from 1 to 4.5 Å
show a splitting of the EXAFS oscillation at ~8 Å-1 at low metal loading,
indicating slight structural differences between the samples (Figure 2.3c). With
increasing loading extent of this feature decreases.
Data analysis indicates that the structural environment of the sample with
lowest metal loading consists of 4.0 ± 0.6 O at 2.01 ± 0.01 Å, 2.3 ± 1.0 Al at 3.04
± 0.05 Å and 3.4 ± 1.4 Si at 3.20 ± 0.03 Å (Table 2.2). Fe-Fe backscattering pairs
were not observed, confirming that no Fe solid phase (e.g., ferrous hydroxide)
precipitated. The obtained structural parameters are characteristic for divalent
metals located in the octahedral sheets of a 2:1 phyllosilicate.40, 54 The Fe-O
coordination number of 4.0 ± 0.6 seems to indicate that Fe is tetrahedrally
coordinated.55, 56 Given the greater uncertainty associated with the values of
coordination numbers (CN), which is partly caused by a strong correlation with the
Debye-Waller factors (σj), as compared to that of the interatomic distance (R), R
can be used to classify adsorption complexes as either octahedral, tetrahedral, or
some combination of both. The Fe-O distance for tetrahedrally coordinated Fe is
~1.8 Å,57 which is significantly lower than the 2.01 ± 0.01 Å obtained in this study.
The Fe-O distance obtained is characteristic of octahedrally coordinated Fe (2.01
to 2.10 Å).58 Any fit using two oxygen distances assuming a mixture of
tetrahedrally and octahedrally coordinated Fe failed. Fixing the Fe-O coordination
number at 6 resulted in a σ2Fe-O of ~0.01 Å2. The increased σ2Fe-O may arise from a
distortion of the Fe coordination polyhedron, which can be caused by the
substitution of oxygen by fluoride atoms in the synthetic clay, and by their
corresponding differences in atomic radii. (In the synthetic montmorillonite, some
hydroxyl groups are substituted by fluoride ions).59
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Figure 2.3. (a) k3-weighted Fe K-edge EXAFS spectra obtained for Fe sorbed on synthetic NaIFM, (b) the corresponding RSFs. The dashed lines represent the simulation of the amplitude and
imaginary parts and (c) the least-squares fit of FT-1 EXAFS data (dashed line). Examples of low
and high iron loadings on Na-IFM are illustrated. The analytical results from ICP-OES analyses
for the EXAFS samples are plotted on the Fe(II) sorption isotherm measured at pH 6.7 (Figure
2.1c).
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Table 2.2. Structural parameters for Fe sorbed on synthetic montmorillonite (Na-IFM) samples derived from the EXAFS analysis.

1 Fe Na-IFM
2 Fe Na-IFM
3 Fe Na-IFM
4 Fe Na-IFM

Fe sorbed
mmol kg-1

Fe – O1
CN

R (Å)

σ2

Fe – Al
CN

R (Å)

σ2

1.7
2.7
12.3
17.0

4.0(0.6)
4.1(0.7)
4.1(0.6)
4.2(0.6)

2.01(0.01)
2.01(0.01)
2.01(0.01)
2.00(0.01)

0.006(0.002)
0.007(0.003)
0.008(0.002)
0.007(0.002)

2.3(1.0)
2.6(1.0)
2.7(1.0)
2.4(1.0)

3.04(0.05)
3.05(0.05)
3.06(0.04)
3.09(0.05)

0.008(0.006)
0.007(0.006)
0.011(0.006)
0.008(0.007)

R (Å)

σ2 (Å2)

4.41(0.03)
4.42(0.03)
4.43(0.04)
4.41(0.04)

0.008(0.006)
0.007(0.006)
0.011(0.006)
0.008(0.007)

(Å2)

Fe – O2
CN

R (Å)

σ2 (Å2)

Fe – Si2
CN

2.4(0.9)
2.5(1.0)
2.0(0.8)
1.9(1.1)

3.79(0.03)
3.80(0.04)
3.81(0.04)
3.82(0.04)

0.006(0.002)
0.007(0.003)
0.008(0.002)
0.007(0.002)

3.0(1.5)
2.6(1.4)
2.7(1.3)
1.9(1.1)

(Å2)

Fe – Si1
CN

R (Å)

σ2 (Å2)

3.4(1.4)
3.5(1.5)
3.3(1.4)
2.8(1.3)

3.20(0.03)
3.21(0.03)
3.23(0.04)
3.25(0.04)

0.008(0.006)
0.007(0.006)
0.011(0.006)
0.008(0.007)

ΔE0

red χ2

R-factor

0.9
-0.5
-0.5
1.1

2100
1772
1049
1219

0.02
0.03
0.02
0.02

CN, R, σ2, ΔE0 (eV) and R-factor: coordination number, interatomic distance, Debye-Waller factor, shift of the threshold energy, and goodness of the fit as
defined in IFFEFIT. S02 was fixed to 0.85. All fits were performed in FT-1 between 1 and 4.5 Å. Reduced χ2 and the R-factor are defined in IFFEFIT.37, 38

Results and Discussion

Based on the edge position of the XANES spectra, a partial oxidation of sorbed
Fe(II) on the Na-IFM surface was observed (Figure S2.5 and Table S2.1, SI). To
quantify the oxidation state of sorbed Fe, Mössbauer spectroscopy was performed
on selected low and high loaded Na-IFM samples (numbers 5 and 6, respectively,
in Figure 2.1c). According to the fitted hyperfine parameters, the paramagnetic
doublets with larger quadrupole splitting D1-D3 are assigned to

57Fe(II)

surface

species, while the doublets with weak quadrupole splitting D4-D5 are consistent

Relative absorption
absorption (arbit
rary units)
Relative
(arbitrary

with 57Fe(III) surface species (Figure 2.4).

Fe3+

5 Fe Na‐IFM
1.2 mmolkg‐1

Fe2+

D1
D2
D3

D4
D5

6 Fe Na‐IFM
10.3 mmolkg‐1
-5

-4

-3

-2

Data
77 K
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Figure 2.4. Mössbauer spectra at 77 K of 57Fe sorbed on synthetic Na-IFM at low and high Fe
loadings. The analytical results of the Mössbauer samples using ICP-OES measurements are
plotted in the Fe(II) sorption isotherm (Figure 2.1c). Hyperfine parameters of the spectra are
given in Table S2.3, SI.
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The quantity of Fe(III) species to total sorbed Fe appears to decrease with
increasing Fe loadings (“Na-IFM low” ~ 37% and “Na-IFM high” ~ 12%, Table
S2.3 in SI). This partial oxidation of Fe is consistent with the findings of Géhin et
al.10 The authors observed an Fe(II) oxidation at the surface of the synthetic ironfree clay of up to 44% at pH 7.08 using Mössbauer spectroscopy.10
For incorporated iron in oxidized and reduced garfield nontronite
characteristic Fe-O distances of ~2.01 Å and ~2.10 Å were observed.55, 58 Given
the Fe3+/∑Fe ratios obtained from the Mössbauer spectroscopy, theoretical Fe-O
distances of ~2.06 Å and 2.09 Å for low and high loadings, respectively, would be
expected. However, such long Fe-O distances were not observed in the Fe-IFM
system (Table 2.2). Based on the wet chemistry, Mössbauer, and XANES results, a
complete oxidation of the samples to Fe(III) can be ruled out. Therefore, the
observed Fe-O distances indicate that slight modifications of the sorbed Fe(II)
complexes occur, which affect the local structural environment.
The Fe-Al coordination number of 2.3 ± 1.0 obtained by EXAFS analysis is
characteristic for the formation of Fe complexes at clay edge sites. However,
within the error of the coordination number, the substitution of Al atoms by Fe in
the octahedral sheets cannot be excluded (Fe-Al, CN ~ 3). The observed Fe-Al
and Fe-Si distances are consistent with Fe located in the structural continuity of
the octahedral sheet of montmorillonite.40, 45, 56, 58 The obtained coordination
numbers and distances for the Fe-Si backscattering pairs agree well with the
structural parameters derived for Zn sorbed on the edge sites of Texas
montmorillonite,45 except that in the case of the Zn study an additional short
Zn-Si distance at ~3.1 Å was observed. This difference can be attributed to the
different symmetries of the synthetic and the natural montmorillonite. Whereas
most of natural montmorillonites are cis-vacant (c2 symmetry), the synthetic
montmorillonite used in this study is trans-vacant (c2/m symmetry). The
c2/m symmetry has a much more regular crystal structure, whereas the
c2 montmorillonite structure is corrugated, causing a greater difference in
40
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Si-distances. The observed Fe-Si distance of 3.20 Å is close to the distance of
trans-symmetric octahedral positions to the next nearest Si atoms of 3.22 Å.43
Cis-symmetric octahedra would exhibit distances to the Si atoms between
3.12-3.18 Å.43 It seems, therefore, that sorption to trans-symmetric octahedral
positions prevail, although small amounts of sorption complexes at cis-symmetric
edge sites cannot be completely excluded taking into account the errors associated
with the Fe-Si distances. The observed Fe-O and Fe-Si distances at ~3.8 Å and
~4.4 Å, respectively, are consistent with Fe located in the structural continuity of
the octahedral sheets of montmorillonite.45, 55, 56
With increasing Fe loading, the Fe-Al and Fe-Si distances are increasing,
that is, RFe-Al from 3.04 Å to 3.09 Å and RFe-Si from 3.20 Å to 3.25 Å. In addition,
the coordination numbers for Fe-Al and Fe-Si backscattering pairs are slightly
decreasing with increasing loading. In a study investigating the uptake of Zn by
montmorillonite, a similar behavior (i.e., the increase of RZn-Al and RZn-Si and the
decrease of CNZn-Al and CNZn-Si with increasing metal loading) was observed.40
The authors concluded that at low metal loadings the sorption on well-defined
crystallographic positions is the predominant uptake mode, whereas at higher
metal loadings, the structural disorder of these complexes is increasing and the
uptake to less crystallographically well-defined edge sites is prevailing.40

2.3.4 Redox processes at the clay surface
From the wet chemistry investigations, several arguments suggest that there
was no significant oxidation of aqueous Fe(II) by trace oxygen. The Fe(II)
equilibrium concentrations of selected samples measured by the phenanthroline
method were consistent with the total aqueous Fe concentrations determined by
ICP-OES or liquid scintillation counting of the 55Fe labeled supernatant solution.27
Furthermore, the solubility of Fe(III) is very low ([Fe(III)]aq ~ 10-11 M at pH 6);
that is, under the experimental conditions, traces of oxygen would result in a
precipitation of ferric hydroxides.47 Since no Fe-Fe backscattering pairs in the
41

Chapter 2

EXAFS spectra were observed in any of the samples, the precipitation of Fe
phases can be excluded. However, XANES and Mössbauer analysis indicated that
Fe(III) is bound to the clay surface. The surface complexation constants log S,W1K
found in this study suggest that Fe sorbs in the reduced state, followed by an
oxidation of sorbed Fe(II) at the clay surface.
The initial Fe(II) uptake process can be modeled by the 2SPNE SC/CE
sorption model, but a following induced oxidation process cannot be taken into
account with the present model. Since no structural Fe(III) is present as an
electron donor in the clay lattice of Na-IFM, other reactive surface sites on NaIFM might induce an electron transfer between sorbed Fe(II) and the clay
particles, as first reported by Géhin et al.10 Nevertheless, the FT-1 EXAFS spectra
of the Fe(II)/Fe(III) mixture on the clay mineral surface were successfully fitted
(R-factor ≤ 0.3) assuming one surface species. There are two possible hypotheses:
First, Fe(II) and Fe(III) atoms bound to the montmorillonite surface preferentially
occupy the same octahedral positions. The distances obtained for the uptake of
Fe(II) by Na-IFM agree well with values obtained for incorporated Fe(III) species
in various natural montmorillonites (RFe-O = 2.00–2.02 Å, RFe-Al = 3.01–3.06 Å,
RFe-Si = 3.20–3.26 Å), suggesting that both Fe(II) and Fe(III) occupy octahedral
positions in the clay lattice.60 Second, the sorbed Fe(II) remains in the Na-IFM
lattice and within its structural environment upon oxidation.

2.3.5 Environmental significance
The Fe(II) sorption on synthetic montmorillonite follows well the uptake
behavior of other divalent transition metals such as Zn, Mn, and Ni on Namontmorillonites (Figure S2.3, SI).19 Experimental evidence for two distinct
groups of edge surface complexation sites, so-called strong and weak binding sites,
was found by the modeling of the sorption data and the FT-1 EXAFS spectra of
Na-IFM samples at different Fe loadings. EXAFS data analysis indicated that Fe
formed surface complexes in the continuity of the Al-octahedral sheets at the clay
42
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edge sites. These findings support the hypothesis that Fe(II) is competitive with
other divalent transition metals taken up by clay minerals. In conclusion, it is clear
that a more dynamic description incorporating Fe(II)/clay redox cycling is required
for future, more complete, descriptions of Fe(II) uptake mechanisms on
montmorillonite.
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Supporting Information
SI 2.1 Aqueous hydrolysis constants of Fe(II)
Relatively few studies reported the hydrolysis of Fe(II) compared to those
studying the Fe(III) hydrolysis, mainly due to the experimental uncertainties of
maintaining reducing conditions.
For the first hydrolysis constant of Fe(II) illustrated in Table 2.1, the
recommended value by the NEA Chemical Thermodynamic Database,61 based on
the data of Baes and Mesmer47 (i.e., log10 ß0 = -9.50 ± 0.10) and Johnson and
Baumann Jr.48 (i.e., log10 ß0 = -9.49 ± 0.16 and -8.84 ± 0.10), was used. The second
hydrolysis species (Fe(OH)20) is not significantly forming until pH 10 and
therefore its contribution to the iron uptake was not considered in the sorption
model (i.e., log10 ß0 = -20.60 ± 1.0).47
The third aqueous hydrolysis constant of Fe(II), log10 ß0 = -34.68 ± 0.40,
was calculated through a combination of the first hydrolysis constant (Eq. SI 2.1)
and the hydrolysis constant for the equilibrium shown in Eq. SI 2.2, as proposed
by Ehrenfreund and Leibenguth.62
Fe2+ + H2O ↔ Fe(OH)+ + H+

log10 ß0 = -9.10 ± 0.40

(SI 2.1)

Fe(OH)+ + 2H2O ↔ Fe(OH)3- + 2H+

log10 ß0 = -25.58 ± 0.03

(SI 2.2)

Fe2+ + 3H2O ↔ Fe(OH)3- + 3H+

log10 ß0 = -34.68 ± 0.40

(SI 2.3)
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Figure S2.1. The diffractogram exhibits the characteristic hk bands of montmorillonite: (110;
020), (130; 200) and (060) with periodicities close to 4.45–4.48 Å (d110, d020), 2.25–2.58 Å (d130, d200)
and 1.49 Å (d060). This later value indicates the dioctahedral nature of the clay sample. Beside this,
the d 001 value equals 14.06 Å.
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SI 2.3 Zn sorption edge on SWy and synthetic montmorillonite
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Figure S2.2. Zn sorption edge measurements onto synthetic montmorillonite Na-IFM (open
circles) and Wyoming montmorillonite Na-SWy-2 (black circles) in 0.1 M NaClO4 (sorbent
concentration ~ 1 g L-1). The dashed curve is the best fit to the Na-SWy-2 data using the two-site
protolysis nonelectrostatic surface complexation and cation exchange (2SPNE SC/CE) sorption
model.34-36

SI 2.4 Linear free energy relationship for the strong/weak edge sites
The surface complexation constant of Fe(II) sorbing on the strong sites,
derived from the sorption edge measurements, lies at the upper limit of the LFER
(Figure 2.2). The discrepancy may be attributed to the fact that the LFER of
Bradbury and Baeyens19 includes not only divalent metals, but also elements with
oxidation states between II and VI on Na- and Ca-montmorillonites. If only the
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sorption data for the divalent metals on Na-montmorillonites in 0.1 M NaClO4 are
considered, a good correlation between the logarithm of the strong site binding
constants (log SKx-1) and the aqueous hydrolysis constants (log

OHKx)

was found.

The log SKLFER value of 0.8 ± 1.4 derived from the LFER overlaps with the log
SKFe(II)

value of 1.9 ± 0.3 obtained from the batch sorption data.

5

log SKx‐1 = 9.545 ± 0.678 + (0.966 ± 0.037) log OHKx

0

R = 0.994

log SKx‐1

-5

-10

Ni(II)
Zn(II)
Mn(II)
Cd(II)
Fe(II)

-15

-20

-25
-30

-25

-20
log OHKx
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Figure S2.3. Correlation of the aqueous hydrolysis constants with the corresponding surface
complexation constants for divalent transition metals sorbing on the strong sites of Namontmorillonite (LFER). Data for Mn(II), Ni(II), Cd(II), and Zn(II) were taken from Bradbury
and Baeyens,19 whereas the surface complexation constant of log SKFe(II) = 1.9 ± 0.3 for Fe(II) was
defined in this study (green circle).
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log W1Kx‐1 = 6.212 ± 0.780 + (0.981 ± 0.087) log OHKx
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Figure S2.4. Correlation of hydrolysis constants with the corresponding surface complexation
constants of species sorbing on the weak sites of montmorillonite (LFER). Data for Ni(II), Zn(II),
Eu(III), and U(VI) were taken from Bradbury and Baeyens,19 whereas the surface complexation
constant of log W1KFe(II) = -2.0 ± 0.3 for Fe(II) was obtained in this study (green circle).
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SI 2.5 Fe K-edge XANES data analysis
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Figure S2.5. Fe K-edge XANES spectra of Fe sorbed on the synthetic montmorillonite (1–4 Fe
Na-IFM, black lines) as well as Fe2+ and Fe3+ references as end-members (FeO and Texas
montmorillonite (Na-STx) illustrated by green and red dashed lines, respectively). In order to
determine the Fe3+/∑Fe ratios of sorbed Fe (Table S2.1), the zero ionization energy (E0) was
defined at the midpoint of the adsorption edge for all spectra.63

In order to estimate the redox state of sorbed Fe, the normalized XANES
spectra of the synthetic montmorillonite (Na-IFM) were compared with the
spectra of reference compounds, i.e. FeO and Texas montmorillonite (Na-STx)
(Figure S2.5), using a method proposed by Manceau et al.63 In this approach, for
each sample and reference the E0 is defined separately at the position where the
absorption, with pre-edge substracted, is half the edge jump.
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Table S2.1. Fe loadings (mmol kg-1) and zero ionization energies (E0) defined
at the midpoint of the adsorption edge in the Fe K-edge XANES spectra for
references and samples (Figure S2.5). The Fe3+/ΣFe ratios were defined by a
linear combination of the end-members, i.e. FeO and Na-STx.
Fe sorbed
mmol kg-1

E0
eV

Fe3+/∑Fe
(-)

FeO

-

7119.5

-

Na-STx

-

7125.1

-

1 Fe Na-IFM

1.7

7122.5

0.52

2 Fe Na-IFM

2.7

7123.0

0.62

3 Fe Na-IFM

12.3

7123.1

0.63

4 Fe Na-IFM

17.0

7122.6

0.54

SI 2.6 Nonadjustable fit parameters in the 2SPNE SC/CE sorption
model
Table S2.2. Summary of the nonadjustable fit parameters used in the two-site
protolyis nonelectrostatic surface complexation and cation exchange (2SPNE
SC/CE) sorption model.24, 34 Cation exchange capacity (CE), surface hydroxyl
group capacities and protolysis constants.
Site types
SSOH
SW1OH
CEC
Protolysis reactions
SS,W1OH + H+ ↔ SS,W1OH2+
SS,W1OH ↔ SS,W1O- + H+

Site capacities
2.0·10-3 mol kg-1
4.0·10-2 mol kg-1
8.1·10-1 eq kg-1
log Kprotolysis
4.5
-7.9
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SI 2.7 Mössbauer fit parameters
Table S2.3. Mössbauer fitted parameters obtained for 57Fe sorbed on synthetic montmorillonite
(Na-IFM) at 77 K. CS, QS, and LW denote the center shift, the quadrupole splitting and the line
width, respectively. Center shifts are given relative to room temperature α-Fe standard
(* constrained parameters).

CS
mm s-1

5 Fe Na-IFM
1.2 mmol kg-1

6 Fe Na-IFM
10.3 mmol kg-1

QS
mm s-1

LW
mm s-1

contribution
%

Fe3+ 1 0.54 ± 0.07

1.69 ± 0.19

0.50 ± *

16 ± 5

Fe3+ 2 0.53 ± 0.07

0.59 ± 0.14

0.50 ± *

21 ± 5

Fe2+ 1 1.26 ± 0.03

3.19 ± 0.09

0.32 ± 0.07

16 ± 5

Fe2+ 2 1.25 ± 0.03

2.75 ± 0.07

0.32 ± 0.07

25 ± 6

Fe2+ 3 1.24 ± 0.03

2.34 ± 0.06

0.32 ± 0.07

21 ± 5

Fe3+ 1 0.51 ± 0.25

1.45 ± 0.52

0.45 ± 0.11

3 ± *

Fe3+ 2 0.51 ± 0.03

0.56 ± 0.07

0.45 ± 0.11

9 ± 2

Fe2+ 1 1.30 ± 0.02

3.24 ± 0.04

0.40 ± 0.02

27 ± 3

Fe2+ 2 1.29 ± 0.01

2.79 ± 0.03

0.40 ± 0.02

44 ± 3

Fe2+

2.37 ± 0.06

0.40 ± 0.02

18 ± 4

3 1.28 ± 0.01

total
%

7

63

12

88

The results of the Fe3+/∑Fe ratios determined by XANES and Mössbauer
spectroscopy are equivocal. Similar discrepancies between these two methods were
found by Berry et al.64 investigating the redox states of iron in silicate glasses.
Furthermore, the XAS experiments were performed using a Si(111) double crystal
monochromator, with a typical energy resolution of ~0.5 eV at the Fe-K-edge. In
addition the energy resolution at the edge is mainly limited by the finite core-hole
width of the absorbing element, i.e. ~1.15 eV for Fe, which leads to an energy
resolution of ~1.4 eV.65 Therefore, Mössbauer measurements are a much more
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precise method to determine the Fe3+/∑Fe ratio. Many studies investigating the
chemistry of sorbed/structural Fe in clay minerals have employed Mössbauer
spectroscopy to resolve valence states with greater precision and accuracy than any
other method.64, 66
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Abstract
The interaction of Fe(II) with clay minerals is of particular relevance in
global geochemical processes controlling metal and nutrient cycles and the fate of
contaminants. In this context, the influence of competitive sorption effects
between Fe(II) and other relevant transition metals on their uptake characteristics
and mobility remains an important issue. Macroscopic sorption experiments
combined with surface complexation modeling and extended X-ray absorption
fine structure (EXAFS) spectroscopy were applied to elucidate competitive
sorption processes between divalent Fe and Zn at the clay mineral-water interface.
Sorption isotherms were measured on a synthetic iron-free montmorillonite (IFM)
under anoxic conditions (O2 < 0.1 ppm) for the combinations of Zn(II)/Fe(II)
and Fe(II)/Zn(II), where the former metal in each pair represents the trace metal
(<10-7 M) and the latter the competing metal at higher concentrations (10-7 to
10-3 M). Results of the batch sorption and EXAFS measurements indicated that
Fe(II) is competing with trace Zn(II) for the same type of strong sites if Fe(II) is
present in excess, whereas no competition between trace Fe(II) and Zn(II) was
observed if Zn(II) is present at high concentrations. The noncompetitive behavior
suggests the existence of sorption sites which have a higher affinity for Fe(III),
where surface-induced oxidation of the sorbed Fe(II) to Fe(III) occurred, and
which are not accessible for Zn(II). The understanding of this competitive uptake
mechanism between Fe(II) and Zn(II) is of great importance to assess the
bioavailability and mobility of transition metals in the natural environment.

3.1

Introduction
In soils and sediments the bioavailability and migration of trace metals is

predominantly controlled by the uptake at mineral surfaces.1 Because of their
reactive amphoteric hydroxyl groups, negative structural charge and large specific
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surface area, clay minerals are important sorbents for metals and radioactive
contaminants in natural environments.2-5 In numerous biogeochemical systems
aqueous ferrous iron (Fe(II)) and metal contaminants are coexisting at different
concentrations.6, 7 Under such circumstances competitive interaction effects on
clay mineral surfaces may be an important issue.6 Nevertheless, the influence of
competitive sorption between Fe(II) and other transition metals on their individual
uptake characteristics and the effects this may have on their mobility and
bioavailability in the environment has not, as yet, been investigated by wet
chemistry and spectroscopic methods.
The sorption of aqueous metal species on dioctahedral clay minerals is
generally controlled by a combination of two uptake processes; cation exchange at
the permanent negatively charged planar sites and surface complexation at the
amphoteric surface hydroxyl groups situated at clay platelet edges.3, 4 At trace
concentrations the sorption of divalent transition metals in the near neutral pH
range is strongly dominated by surface complexation on the clay edge sites,
especially on the so-called strong sites which have a low sorption capacity
(~2 mmol kg-1).8, 9 Thus, any competitive sorption on these sites will be the most
significant for the mobility of cations.6 Extended X-ray absorption fine structure
(EXAFS) spectroscopy and batch sorption measurements have indicated that the
sorption sites for transition metals are different at low and medium loadings, that
is, on strong (≡SSOH) and weak (≡SWOH) edge sites, respectively.10-12
In a previous study combining wet chemistry, sorption modeling and
advanced spectroscopic techniques, it was demonstrated that the uptake
characteristics of Fe(II) are similar to that of other divalent transition metals on a
synthetic iron-free montmorillonite (IFM).12 Modeling the data with the two-site
protolysis nonelectrostatic surface complexation and cation exchange sorption
model (2SPNE SC/CE)8 enabled surface complexation constants and a selectivity
coefficient for Fe(II) to be derived. Fe K-edge EXAFS analysis indicated that Fe
surface complexes were formed in the continuity of the Al-octahedral sheet at edge
61
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sites. Mössbauer spectroscopy performed on low (1.2 mmol kg-1) and medium
(10.3 mmol kg-1) Fe loaded IFM samples showed that up to 1.2 mmol kg-1 of the
surface bound Fe(II) was oxidized on the clay surface to Fe(III) as also observed
by Géhin et al.12, 13 EXAFS measurements on the same Fe loaded Na-IFM samples
provided no direct evidence for structurally different Fe(II) and Fe(III) binding
edge sites.12, 14
In the present work, the understanding of this uptake process has been
applied to assess possible competitive sorption effects between Fe(II) and Zn(II)
at the clay edge sites. Although batch sorption investigations have been used to
describe and model the competitive sorption of Cu, Pb, Co, Ni, Cd, and Zn on
oxides and some clay minerals using various metal combinations and
concentrations,5, 15-17 none of these experimental studies investigated the
competitiveness of Fe(II) on the uptake of other divalent metals on clay minerals.
In order to identify and understand the competing processes at a molecular-level it
is essential to forge much closer links between macroscopic experiments and
spectroscopic techniques. The aim of this study was to determine the influence of
competitive sorption effects by combining EXAFS spectroscopy, wet chemistry
and surface complexation modeling. The focus is given on the competitive effects
between divalent Fe and Zn on the edge sites of montmorillonite at low metal
loadings. Considering that the thermodynamic and sorption properties of divalent
Fe and Zn on montmorillonite are essentially similar,9, 12 it might be expected that
the two transition metals would be mutually competitive.

3.2

Materials and Methods
The synthesis and clay material characterization of the 2:1 dioctahedral,

homoionic sodium iron-free montmorillonite (Na-IFM) with the unit cell formula
of

Na0.28[(Si7.91Al0.09)(Al3.13Mg0.87)O20(OH,F)4]

were

described

in

previous

studies.18, 19 The sorption experiments were conducted in an inert N2 atmosphere
62

Materials and Methods

glovebox (O2 < 0.1 ppm) at 25 ± 1 °C. Aqueous solutions and clay suspensions
were purged with Ar gas for 3 h at 60–100 °C prior to transferring them into the
glovebox. Fe(II) stock solutions of anhydrous ferrous chloride (FeCl2, ≥99%,
Merck) were prepared with 0.1 M NaClO4 in the glovebox at pH ~ 3. The aqueous
Fe(II) concentration of the 10-3 M FeCl2 stock solution was verified using a
photochemical method with 1,10 phenanthroline.20 The source radiotracer
solutions of 55Fe and 65Zn were obtained from Eckert & Ziegler Isotope Products,
Valencia, CA. Since the radionuclide

55Fe

was purchased as oxidized Fe(III)

species, radioactive labeled solutions were first reduced in a bulk electrolysis cell
(Eh = -0.44 V vs SHE) containing a glassy carbon working electrode (Sigradur G,
HTW, Germany), an Ag/AgCl reference electrode and a coiled wire platinum
auxiliary electrode (Bioanalytical In., West Lafayette, IN).12, 21, 22

3.2.1 Competitive sorption
In these experiments the competitive sorption behavior of Zn(II) and
Fe(II) on a synthetic montmorillonite was investigated. The sorption of one
element, denoted as “trace metal”, was measured at low concentration in the
presence of a second element, denoted as “competing metal”, whose
concentration varied from trace to relatively high concentrations. The sorption of
the competing metal was determined first as a function of its concentration
(sorption isotherm) at fixed pH and ionic strength in the absence of the trace
element. In a second experiment, the sorption isotherm of the competing metal
was measured simultaneously with the trace metal. Thus the sorption of the trace
metal at a fixed initial concentration was determined as a function of the increasing
competing metal concentration. The experiments were carried out in batch mode
in 0.1 M NaClO4 at pH 6.2. Aliquots of anoxic synthetic montmorillonite
suspensions and MES (2-(N-morpholino)ethanesulfonic acid) buffer at a
concentration of 2·10-3 M were pipetted into 25 mL polycarbonate centrifuge
tubes. The experiments were carried out at a sorbent concentration of ~1 g L-1.
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A series of solutions of the competing metal covering a concentration range from
~10-7 to 10-3 M were added to the clay suspensions and, subsequently, within
30 min labeled with the trace metal (<10-7 M) and shaken end-over-end for at least
three days. Phase separation was achieved by centrifugation for 1 h at 105 000 gmax
using an Optima L-100 XP Ultracentrifuge (Beckman Coulter, Krefeld, Germany)
integrated in the glovebox. The pH was measured and samples of the supernatant
solution were taken for radioassay using a Tri-Carb 2750 TR/LL liquid scintillation
analyzer for
65Zn

55Fe

and a Canberra Packard Cobra Quantum gamma counter for

(Canberra Packard, Schwadorf, Austria). In all of the sorption experiments

the concentrations of the Zn and Fe stock solutions were determined using
inductively coupled plasma optical emission spectroscopy (ICP-OES). In addition,
Fe(II)

equilibrium

concentrations

(>10-5 M)

were

measured

using

the

1,10 phenanthroline method.20
Competitive sorption experiments were performed for the combinations
Zn(II)/Fe(II) and Fe(II)/Zn(II), where the former element in each pair represents
the “trace metal” and the latter the “competing metal”. The sorption isotherms for
Zn(II) and Fe(II) in the absence of the trace metal were measured separately.
Results from the sorption measurements are expressed in terms of the solid-toliquid distribution ratio (Rd) defined as:

Rd 

cin  ceq V

ceq
m

(L kg-1)

(3.1)

where cin is the total initial aqueous concentration of the metal, ceq is the
equilibrium concentration, V is the volume of the liquid phase, and m is the mass
of the solid phase.
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3.2.2 Sorption modeling
The two-site protolysis nonelectrostatic surface complexation and cation
exchange (2SPNE SC/CE) sorption model has been used to model the sorption
isotherms of Fe(II) and Zn(II) on Na-IFM.8 In these calculations it is assumed that
the uptake of aqueous metal species is dominated by either cation exchange or
surface complexation. Sorption by cation exchange is taking place on the planar
sites with a capacity of 0.81 eq kg-1, whereas surface complexation is considered to
take place on the amphoteric surface hydroxyl groups on two types of edge sites
termed “strong and weak sites” (≡SSOH and ≡SW1OH) with capacities of
~2 mmol kg-1 and ~40 mmol kg-1, respectively.8, 23 The nonadjustable fit
parameters in the 2SPNE SC/CE sorption model are summarized in Table S3.1 in
the Supporting Information (SI). The experiments were designed to ensure that
the concentration of the competing element was sufficiently high to completely
saturate the capacity of the strong sites (>2 mmol kg-1). In the cases where
competition is occurring, that is, both metals are sorbing on the same sites, the
sorption of the trace metal is supposed to behave essentially the same as the
competing metal and to follow the sorption isotherm of the competing metal
closely. However, if the Rd values of the trace metal remain constant, the metals
are noncompetitive, that is, the sorption of the trace metal is not affected by the
presence of the competing metal and they are sorbing on different sorption sites.6

3.2.3 EXAFS samples
A series of competitive batch sorption experiments of Zn and Fe on NaIFM were carried out in an inert N2 atmosphere glovebox from which EXAFS
samples were prepared (sorbent concentration ~7.5 g L-1 in 0.1 M NaClO4 at
pH 6.7). A summary of the EXAFS samples and their metal loadings are given in
Table 3.1. Strong-site-samples, Zn IFM low and Fe IFM low (~2 mmol kg-1), and
weak-site-samples,

Zn IFM med and Fe IFM med

(>10 mmol kg-1),

without
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competing metal were compared with samples having similar metal loadings but in
the presence of the competing metal, for example, Zn/Fe IFM low (the former
denotes the trace metal and the latter the competing metal). The supernatant
solutions of the EXAFS samples were analyzed for Fe and Zn by ICP-OES. The
analytical results from ICP-OES analysis for the EXAFS samples agree with the
sorption data determined in the competitive batch experiments. Wet pastes were
prepared in polyethylene sample holders and sealed with Kapton tape. To prevent
any oxygen contamination, the samples were transferred to the synchrotron facility
in a Dewar (Voyager 12, Air Liquid, DMC, France) filled with liquid N2.

3.2.4 EXAFS analysis
EXAFS measurements were conducted at the XAS beamline at ANKA
(Karlsruhe, Germany), DUBBLE beamline at the ESRF (Grenoble, France) and
beamline 11–2 at the SSRL (Menlo Park, CA). All spectra were recorded at room
temperature using either a Si(111) or Si(220) double crystal monochromator and a
multi element Ge-detector. The frozen samples were transferred to a closed
sample holder flushed with N2 and measured in fluorescence mode at the Fe and
Zn K-edge. EXAFS spectra were extracted from the raw data using the
Athena/Artemis

interface

of

the

IFEFFIT

software.24, 25

The

Fourier

transformation was performed on k3-weighted spectra between k = 2–10 Å-1 using
a Kaiser-Bessel window function (τ = 1).10, 26 EXAFS data were fitted in the
inverse Fourier Transform (FT-1) using theoretical phase and amplitude functions
calculated with FEFF 8.20.27, 28 The montmorillonite structure given by Tsipursky
and Drits29 was used in which one Al atom was replaced by either Fe or Zn. The
amplitude reduction factor (S02) for the Fe and Zn EXAFS data was fixed at 0.85
in agreement with previous studies.10, 12, 30 The interatomic distances (R) and
coordination numbers (CN) were allowed to vary throughout the EXAFS data
fitting. In agreement with a recent Fe(II) EXAFS study on Na-IFM, the DebyeWaller factor (σ) of the O1 shell was allowed to vary but was correlated with the σ
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of the O2 shell.12 For both the Fe and Zn EXAFS analysis the σ of the Al, the first
Si1, and second Si2 shell were correlated. Although the σ of the Al and Si1/2 shell
could be released in all of the samples, the σ was only allowed to vary in Fe IFM low
and Zn IFM low. In the analysis of the residual samples the σ was fixed to the value
deduced in these lowest loaded samples. Since the coordination number CN is
correlated to the Debye-Waller factor σ, a better comparison of the spectra
obtained in the absence and presence of the competing metal could be achieved.
Detailed structural information derived from the EXAFS fit approach are given in
Table S3.2 and S3.3 in SI.

3.3

Results and Discussion

3.3.1 Competitive sorption between Fe and Zn
The sorption results (log Rd) of the trace Zn(II) (open squares) in the
presence of competing Fe(II) (closed circles) are shown in Figure 3.1a. Clearly, the
sorption of Zn(II) does not remain constant as a function of increasing Fe(II)
equilibrium concentrations but rather follows the nonlinear sorption isotherm of
Fe(II), within an experimental error of ±0.3 log units on the Rd values. The
decreasing log Rd values of Zn(II) with increasing competing metal concentration
suggest that under the given experimental conditions the two metals compete with
one another for the uptake on the strong sites.
The Fe(II) sorption isotherm (solid line, Figure 3.1a) was calculated with
the 2SPNE SC/CE sorption model and the parameters given in Soltermann et al.12
(Table S3.4 in the SI). Figure 3.1a also shows the contribution of the different
surface species to the total sorption as function of the Fe(II) equilibrium
concentration. Assuming the two metals are mutually competitive, trace Zn(II) is
sorbing on the weak sites when the Fe(II) equilibrium concentrations are ≥10-5 M
(broken lines). At the highest Fe(II) equilibrium concentration of ~10-3 M, Zn(II)
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Figure 3.1. (a) Fe sorption isotherm (closed circles) and the sorption of trace Zn (open squares; Zntot = 3·10-8 M) in the presence of increasing Fe(II) concentrations
and (b) Zn sorption isotherm (closed squares) and the sorption of trace Fe (open circles; Fetot = 6·10-8 M) in the presence of increasing Zn(II) concentrations on
Na-IFM in 0.1 M NaClO4 at pH 6.2 (sorbent concentration ~ 1 g L-1). Solid lines represent the calculated sorption isotherms of the competing metal using the
2SPNE SC/CE sorption model. The contributions of the surface species on the strong edge sites (≡SSOH), the weak edge sites (≡SW1OH) and the cation exchange
sites (CE) to the overall metal sorption are illustrated by different broken lines. The nonadjustable parameters and constants used in the 2SPNE SC/CE sorption
model are given in Table S3.1 and S3.4 in the SI.
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is predominantly sorbing on the planar sites. In order to check the consistency of
the competitive sorption between Fe(II) and Zn(II), the experiments were carried
out in the reverse manner where the sorption of trace Fe(II) was determined in the
presence of Zn(II) as competing metal (Figure 3.1b). In contrast to the trace
Zn(II) sorption behavior described above, the sorption of trace Fe(II) remains
high (log Rd ~ 4.8 ± 0.4 L kg-1) and independent of the Zn(II) concentration
ranging from ~10-6 M to 10-3 M. Thus Fe(II) is not competing with Zn(II) under
the experimental conditions chosen. The log Rd values for Fe(II) in Figure 3.1b are
consistent with the sorption edge data at pH 6.2 (log Rd ~ 4.7 ± 0.3 L kg-1)
determined in a previous study.12 The Zn(II) sorption isotherm (solid line,
Figure 3.1b) was modeled in a similar way as the Fe(II) isotherm and the fitted
surface complexation constants and selectivity coefficient are given in Table S3.4
in the SI. Clearly, in the Zn(II) equilibrium concentration range where Zn(II) is
sorbing on the weak and planar sites Fe(II) is sorbing on the strong sites. The
presence of sorbed Zn(II) has no influence on the uptake of trace Fe(II) which
means that Fe(II) at trace concentrations does not appear to be sorbing on the
same strong sites as Zn(II). A plausible explanation for this behavior could be the
oxidation of part of Fe(II) to Fe(III) on the edge sites of Na-IFM. This oxidation
process at the clay surface has been previously confirmed by Mössbauer
measurements.12,

13

The noncompetitiveness between the surface-bound Fe(III)

with competing Zn(II) suggests that within the octahedral sites there might be a
subset of strong sites where a surface-induced oxidation of sorbed Fe(II) occurs
and which are not accessible for Zn(II). For the part of sorbed Fe(II) which is not
oxidized on the surface it is assumed that the same set of strong sites are involved
in the uptake of Zn(II) and Fe(II) as shown in the sorption experiment with trace
Zn(II) in the presence of competing Fe(II) (Figure 3.1a). In these experiments the
concentration of Fe(II) was more than sufficient to compete on the strong sites
with the trace metal Zn(II) even though traces of sorbed Fe(II) might be oxidized
to Fe(III).12
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3.3.2 Zn EXAFS analysis in the absence of Fe
EXAFS spectroscopy at the Zn K-edge was employed to investigate
whether spectral differences between different Zn loadings can be observed in the
Zn-montmorillonite uptake system (Figure 3.2a-c). The k3-weighted EXAFS
spectra of Zn IFM low (strong-site-sample) and Zn IFM med (weak-site-sample)
exhibit a similar wave shape except that the splitting of the oscillation at ~3.8 Å-1 is
more pronounced for the sample at low Zn loadings (Figure 3.2a). The splitting of
the first oscillation has been observed in samples where Zn is situated in
octahedral positions of 2:1 clay minerals, either as incorporated or sorbed
complex.10, 31-34 The subsequent decrease of the splitting in the EXAFS oscillation
at ~3.8 Å-1 with increasing metal loading, was previously shown in a study
investigating the uptake of Zn on natural montmorillonite.10 The authors
attributed the decrease of the splitting with the increasingly formation of less well
ordered inner-sphere complexes at the montmorillonite surface, which are not
anymore situated at well-defined octahedral positions.
The local structural environment of the strong-site-sample (Zn IFM low,
Table 3.1) consists of 5.3 ± 0.8 O at 2.04 ± 0.01 Å, 2.0 ± 0.8 Al at 3.03 ± 0.03 Å
and 1.9 ± 0.8 Si1 at 3.20 ± 0.03 Å which is characteristic of octahedrally located
Zn.10, 18, 33, 35 Further peaks in the radial structure function (RSF) between 3.5 and
4.5 Å in Figure 3.2b were successfully fitted with distant O2 and Si3 shells (~3.80 Å
and 4.41 Å, Table S3.2, SI).35 Any attempts to fit the second peak in the RSF
including an additional short Zn-Si backscattering pair ~3.12 Å failed, which is in
accordance with Zn occupying trans-like edge sites where only one Si shell at
RZn-Si1 ~3.22 Å is expected.10-12 Nevertheless, small amount of cis-complexes
cannot be completely ruled out. The structural parameters of the Zn IFM med
sample differ only slightly from the Zn IFM low sample (Table 3.1). Taken into
account the error associated with the obtained structural parameters, these changes
are not significant enough to draw firm conclusions out of it.
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Figure 3.2. k3-weighted Zn K-edge EXAFS spectra obtained for Zn sorbed on synthetic Na-IFM
(a) in absence of competing Fe (Zn IFM low and med) or (d) in presence of ~50 mmol kg-1
competing Fe (Zn/Fe IFM low and med). (b) and (e) the corresponding FT. Dashed lines represent
the simulation of the amplitude and imaginary parts. (c) and (f) FT-1 EXAFS data and the leastsquares fit (dashed line).
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Table 3.1. Results from the EXAFS analysis of Zn and Fe, respectively, sorbed on synthetic montmorillonite (Na-IFM) in the absence and presence of competing
metal.
Zn

Fe

mmol kg-1
Zn IFM low
Zn IFM med
Zn/Fe IFM low
Zn/Fe IFM med

2.3
28.8
1.1
26.9

46.8
51.3

Fe
Zn
mmol kg-1
Fe IFM low
Fe IFM med
Fe/Zn IFM low
Fe/Zn IFM med

1.7
17.0
1.8
10.7

67.6
66.1

Zn – O

Zn – Al

CN

R (Å)

σ2 (Å2)

5.3(0.8)
5.5(0.7)
4.9(0.4)
5.6(0.8)

2.04(0.01)
2.06(0.01)
2.05(0.01)
2.05(0.01)

0.010(0.002)
0.010(0.002)
0.008(0.002)
0.010(0.002)

Fe – O
CN

R (Å)

σ2 (Å2)

4.0(0.6)
4.2(0.5)
4.3(0.6)
4.2(0.5)

2.01(0.01)
2.00(0.01)
2.01(0.01)
2.01(0.01)

0.006(0.002)
0.007(0.002)
0.007(0.002)
0.007(0.002)

CN
2.0(0.8)
1.2(0.5)
1.6(0.4)
1.0(0.6)
Fe – Al
CN
2.3(1.0)
2.4(0.8)
2.6(0.9)
1.9(0.8)

Zn – Si1
R (Å)

σ2 (Å2)

3.03(0.03)
3.04(0.04)
3.08(0.02)
3.05(0.05)

0.005(0.006)
0.005(-)a
0.005(-)a
0.005(-)a

R (Å)

σ2 (Å2)

3.04(0.05)
3.09(0.05)
3.04(0.04)
3.07(0.04)

0.008(0.006)
0.008(-)b
0.008(-)b
0.008(-)b

CN
1.9(0.8)
1.3(0.5)
1.4(0.5)
0.9(0.6)
Fe – Si1
CN
3.4(1.4)
2.8(0.8)
3.7(0.9)
2.6(0.8)

R (Å)

σ2 (Å2)

ΔE

R-fact.

3.20(0.03)
3.22(0.03)
3.31(0.03)
3.24(0.03)

0.005(0.006)
0.005(-)a
0.005(-)a
0.005(-)a

6.8
7.6
8.0
7.3

0.01
0.01
0.01
0.01

R (Å)

σ2 (Å2)

ΔE

R-fact.

3.20(0.03)
3.25(0.04)
3.21(0.02)
3.25(0.03)

0.008(0.006)
0.008(-)b
0.008(-)b
0.008(-)b

0.9
1.2
0.9
2.1

0.02
0.02
0.02
0.02

CN, R, σ2, ΔE0 (eV) and R-factor: coordination number, interatomic distance, Debye-Waller factor, shift of the threshold energy, and goodness of the fit as defined in IFEFFIT. S02
was fixed to 0.85. All fits were performed in FT-1 between 1 and 4.4 Å. The R-factor is defined in IFEFFIT.24, 25
a

Fixed to the value determined for the Zn IFM low sample.

b

Fixed to the value determined for the Fe IFM low sample.
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However, a similar trend, for example, that the Zn-Al and Zn-Si distances are
increasing with increasing metal loading, has been observed in other samples with
metal loadings in between the 2.3 and 28.8 mmol kg-1 (not shown). This finding
might suggest that relative errors of the distances between the investigated samples
are smaller than the absolute errors obtained in the fitting process (Table 3.1). The
observed differences between the Zn-Al and Zn-Si distances at different loadings
(~2 vs 30 mmol kg-1) are much smaller than the one in a previous study of Dähn
et al.10 in which Zn-Al and Zn-Si distances increased from 3.02 Å and 3.26 Å, to
3.04 Å and 3.33 Å, respectively. The discrepancy between the two studies can be
caused by the fact that Dähn et al.10 investigated the uptake of Zn by a natural
montmorillonite (STx-1) using polarized EXAFS (P-EXAFS). Comparing the
obtained structural parameters, especially the Zn-Si backscattering pairs, there are
significant differences between synthetic and natural montmorillonites. In the
latter case the observed Zn inner-sphere complexes exhibit two Zn-Si distances
(at 3.10 and 3.26 Å), whereas in the synthetic montmorillonite used in this study
only one Zn-Si distance was observed. This could be attributed to different
symmetries, for example, a cis-vacant symmetry in the case of most of the natural
montmorillonites29 compared to a trans-vacant symmetry for the synthetic
montmorillonite. Furthermore, P-EXAFS measurements are much more sensitive
in distinguishing between sorption complexes on clay mineral surfaces, making the
determination of structural parameters more accurate.30

3.3.3 Zn EXAFS analysis in the presence of Fe
The spectroscopic features obtained for Zn IFM low and Zn IFM med were
used to determine whether the surface speciation of Zn differs between the
samples described above and the “Zn competition samples” in the presence of
~50 mmol kg-1 sorbed Fe(II) (Figure 3.2d-f). The feature at ~3.8 Å-1 in the
k3-weighted EXAFS spectra is less pronounced in the low loaded Zn sample with
competing Fe(II) (Zn/Fe IFM low) compared to the sample without Fe(II)
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(Zn IFM low). Since it is based on the modeling of the wet chemistry data assumed
that the strong sites (ss) are saturated by Fe, Zn can predominantly sorb as either a
surface complex on the weak sites (ws) or as outer-sphere complex on cation
exchange (ce) sites, or a mixture of both (Table S3.5 in the SI, (ws+ce)/ss ~ 7–25).
Indeed, the attenuation of the fingerprint at ~3.8 Å-1 in the k3-weighted EXAFS
spectra (Figure 3.2d, Zn/Fe IFM low) suggests that the sample exhibits a “weaksite” character and supports the hypothesis that all the strong sites are occupied by
Fe. In the FT spectra (Figure 3.2e) the amplitudes of the peaks seem not to be
affected by the addition of the competing metal which is indicating that a
significant formation of Zn outer-sphere complexes can be ruled out.
Similar to the EXAFS results without any competing metal, changes in the
structural parameters of the competition samples well above the error margins
could not be observed. However, taking also into account samples with
intermediate loadings, the data indicate some trends, for example, that the Zn-Al
distances are increasing from 3.03 ± 0.03 Å in the strong-site-sample (Zn IFM low)
to 3.08 ± 0.02 Å in the competitive sample (Zn/Fe IFM low) and, the Zn-Si1
distances from 3.20 ± 0.03 to 3.31 ± 0.03 Å (Table 3.1). The distances of the
medium loaded “competition sample” (Zn/Fe IFM med) are within the error
margins comparable to the Zn/Fe IFM low sample (RZn-Al ~ 3.05 ± 0.05 Å and
RZn-Si1 ~ 3.24 ± 0.03 Å). A similar increase of the Zn-Al and Zn-Si1 distances with
increasing loading was previously observed in a Zn-montmorillonite system.10 This
was attributed to a subsequent formation of weak site complexes with increasing
Zn loading. This finding supports the earlier hypothesis of an enhanced weak-site
character for Zn/Fe IFM low, which is consistent with the competitive uptake of
Zn(II) and Fe(II) on the same strong site types.
Finally, EXAFS spectra collected at the Fe K-edge for the competing Fe(II)
at high Fe loading, showed no indication for the formation of Fe-precipitates in
these samples (Figure S3.1 and Table S3.6, SI). Therefore significant amounts of
trace Fe(III) in solution due to an oxygen contamination could be excluded, since
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the solubility of Fe(III) is very low (~10-11 M at pH 6.0).36 The competing metal
seems to occur predominantly on the weak sites. The coordination numbers and
distances are consistent with the ones obtained in a previous work for Fe(II)
sorbed at medium loadings.12

3.3.4 Redox state of sorbed Fe
In order to validate the Fe(II)/Zn(II) competitive sorption results
(Figure 3.1b), EXAFS measurements were performed on Fe loaded Na-IFM
samples in the absence and presence of Zn(II) as competing metal. Based on the
Fe K-edge positions in the X-ray absorption near edge structure (XANES) spectra,
a significant part of surface-bound Fe(III) species was found in all of the
“Fe loaded samples” (Figure S3.2 and Table S3.7 in SI). According to the XANES
spectra, the ratio of oxidized Fe in the “competition samples” is consistent with
that in the low and medium loaded Fe samples without competing Zn (Fe IFM low
and med). For the Fe IFM low and Fe IFM med samples up to 1.2 mmol kg-1 of
sorbed Fe present as Fe(III) has been determined in previous studies using
Mössbauer spectroscopy.12, 13 The redox ratio determined by XANES analysis is
within the errors similar to the Mössbauer measurements. However, it has been
shown that Mössbauer spectroscopy resolves Fe oxidation states with greater
precision and accuracy than any other method.37, 38

3.3.5 Fe EXAFS analysis in the absence of Zn
Differences in the EXAFS spectra at low and medium Fe loadings on NaIFM (e.g., under “strong” and “weak” sites conditions) were found in a previous
study12 (Figure 3.3a-c). These spectra were used as a basis for the interpretation of
the Fe data in presence of competing Zn (Figure 3.3d-f).
In contrast to the EXAFS spectra of Zn, the spectral feature at 3.8 Å-1 is
missing in the k3-weighted EXAFS spectra of the low loaded Fe sample
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Fe IFM low (Figure 3.3a).12 However, as shown by Soltermann et al.,12 the splitting
of the oscillation at ~8.0 Å-1 in the FT-1 EXAFS spectra (Figure 3.3c) has been
observed in samples where Fe is sorbed on the strong sites (<2 mmol kg-1). This
feature gradually disappears with increasing Fe loading for the weak-site-samples
(Fe IFM med).12 EXAFS data analysis resulted in a local structural environment for
Fe sorbed on the strong sites of 4.0 ± 0.6 O at 2.01 ± 0.01 Å, 2.3 ± 1.0 Al at 3.04
± 0.05 Å and 3.4 ± 1.4 Si1 at 3.20 ± 0.03 Å (Fe IFM low, Table 3.1). The structural
parameters obtained are comparable with the local Zn environment at low
loadings, except that for Fe the coordination number and distance to the O1 shell
are smaller compared to Zn. The coordination number of ~4.0 is rather low for an
octahedral coordination (theoretical CNFe-O = 6.0),29 and could therefore suggest a
tetrahedral environment (theoretical CNFe-O = 4.0). However, any attempt to fit
the spectra with a tetrahedral environment or a mixture of tetra- and octahedral
coordinated Fe failed,12 indicating that significant amounts of tetrahedral
coordinated Fe can be ruled out. In addition, fits of EXAFS spectra obtained from
“as received” montmorillonites (STx-1 and SWy-2), in which the incorporated Fe
is octahedral coordinated,39 resulted in coordination numbers of 4.2 to 4.7 when
the CNFe-O was allowed to vary (data not shown). Previously observed Fe-O
distances characteristic for 6-fold coordinated Fe incorporated in clay minerals,
vary depending on the oxidation state from ~2.10 Å for Fe(II) to ~2.01 Å for
Fe(III).14,

40

Given the Fe3+/ΣFe ratio determined by Mössbauer spectroscopy

(Fe IFM low: 0.37, Fe IFM med: 0.12) a theoretical Fe-O distance of ~2.06 and
2.09 Å would have been expected for Fe IFM low and Fe IFM med, respectively.
The obtained Fe-O distance of 2.00–2.01 Å indicate that slight structural
modifications between binding sites of the sorbed and the structural Fe are
occurring.12 The structural parameters for further backscattering pairs differ only
slightly and within the experimental errors. Typical distances for RFe-Al and RFe-Si1
increased from 3.04 ± 0.05 Å and 3.20 ± 0.03 Å to 3.09 ± 0.05 Å and
3.25 ± 0.04 Å with increasing loading, respectively.
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Figure 3.3. k3-weighted Fe K-edge EXAFS spectra obtained for Fe sorbed on synthetic Na-IFM
(a) in absence of competing Zn (Fe IFM low and med) or (d) in presence of ~68 mmol kg-1
competing Zn (Fe/Zn IFM low and med). (b) and (e) the corresponding FT. Dashed lines represent
the simulation of the amplitude and imaginary parts. (c) and (f) FT-1 EXAFS data and the leastsquares fit (dashed line).

77

Chapter 3

3.3.6 Fe EXAFS analysis in the presence of Zn
The FT-1 EXAFS spectra of the low Fe loaded Na-IFM samples in the
absence or presence of Zn(II) are similar (Fe IFM low and Fe/Zn IFM low in
Figure 3.3c and f, respectively), indicating that the presence of Zn(II) is not having
an influence on the Fe(II) uptake mechanism at low Fe loadings (<1.8 mmol kg-1).
The structural parameters obtained from the Fe K-edge EXAFS analysis for
Fe/Zn IFM low agree well with the coordination numbers and distances obtained
for the strong-site-sample Fe IFM low without competing Zn(II) (Table 3.1),
suggesting that the local structural environment of Fe in both samples is identical.
This indicates that competitive effects in the Fe/Zn montmorillonite system where
Zn(II) is the competing element can be ruled out. The finding that trace Fe(II) and
Zn(II) are not competing with one another is further corroborated by the wet
chemistry results (Figure 3.1b).

3.3.7 Implications of the sorption and EXAFS results
In the present study, the application of combined batch sorption
experiments and EXAFS measurements demonstrated that competitive effects
between Fe(II) and Zn(II) are selective. In those cases where trace Zn(II) coexists
in the presence of Fe(II), competitive sorption effects on the clay edge sites were
observed. However, for the combination of trace Fe(II) with Zn(II), no
competition is taking place on the strong edge sites. For both combinations, trace
Zn(II)/competing Fe(II) and trace Fe(II)/competing Zn(II), EXAFS spectroscopy
measurements were performed. The K-edge spectra obtained for Fe(II) and Zn(II)
were compared with the ones at similar metal loadings in the absence of any
competing element. The wet chemistry and spectroscopic approaches yielded
consistent results, indicating that competitive effects between Fe(II) and Zn(II) are
to be expected when Fe(II) is sorbed in excess (i.e., at least more than
2 mmol kg-1). A general conclusion about the reasons for the observed
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noncompetitiveness between trace Fe(II) and Zn(II) cannot be deduced from the
present study alone. However, experimental evidence from the spectroscopic
measurements suggests that the selective competition of Fe(II) results from a
partial oxidation of sorbed Fe(II) to Fe(III) on the clay surface. The findings from
the competitive sorption experiments imply that there exists a subset of similar
crystallographic strong sites which are energetically more favored for Fe(III),
resulting in the oxidation of sorbed Fe(II), and which are not accessible for Zn(II).
These surface-induced Fe(III) complexes at highly reactive sites are essential for
the Fe-clay interaction and, its competitive sorption behavior. However, in anoxic
environments where significant amounts of aqueous Fe(II) might be expected, the
results obtained indicate that the Fe(II) associated with montmorillonite clay
minerals may represent an important competing sorbate for divalent transition and
heavy metal contaminants.6, 7
In this study the competitive uptake behavior of a synthetic iron-free
montmorillonite was investigated. An important step towards a geochemical
understanding of competitive uptake processes on clay minerals would consist of
future studies on natural montmorillonite, to elucidate to what extend the findings
of this study can be extrapolated to natural systems.
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Supporting Information
SI 3.1 Nonadjustable fit parameters in the 2SPNE SC/CE sorption
model
Table S3.1. Summary of the nonadjustable fit parameters used in
the two-site protolyis nonelectrostatic surface complexation and
cation exchange (2SPNE SC/CE) sorption model.23 Cation
exchange capacity (CE), surface hydroxyl group capacities and
protolysis constants.
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Site types

Site capacities

SSOH

2.0·10-3 mol kg-1

SW1OH
CEC

4.0·10-2 mol kg-1

Protolysis reactions

log Kprotolysis

8.1·10-1 eq kg-1

SS,W1OH + H+ ↔ SS,W1OH2+

4.5

SS,W1OH ↔ SS, W1O- + H+

-7.9

SI 3.2 Zn K-edge EXAFS data analysis
Table S3.2. Structural parameters for Zn sorbed on the synthetic montmorillonite (Na-IFM) in the presence of Fe as competing metal derived from the
EXAFS analysis. Fe loadings for the Zn/Fe IFM low and Zn/Fe IFM med samples are 46.8 mmol kg-1 and 51.3 mmol kg-1, respectively.

Zn IFM low
Zn IFM med
Zn/Fe IFM low
Zn/Fe IFM med
Zn – O2
CN

R (Å)

2.9(1.2)
2.8(1.0)
3.0(0.7)
2.1(1.1)

3.91(0.05)
3.91(0.04)
3.90(0.03)
3.86(0.06)

Zn sorbed
mmolkg-1

Zn – O1
CN

R (Å)

σ2

Zn – Al
CN

R (Å)

σ2

2.3
28.8
1.1
26.9

5.3(0.8)
5.5(0.7)
4.9(0.4)
5.6(0.8)

2.04(0.01)
2.06(0.01)
2.05(0.01)
2.05(0.01)

0.010(0.002)
0.010(0.002)
0.008(0.002)
0.010(0.002)

2.0(0.8)
1.2(0.5)
1.6(0.4)
1.0(0.6)

3.03(0.03)
3.04(0.04)
3.08(0.02)
3.05(0.05)

0.005(0.006)
0.005(-)a
0.005(-)a
0.005(-)a

R (Å)

σ2 (Å2)

4.76(0.04)
4.80(0.04)
4.80(0.06)
4.77(0.05)

0.005(0.006)
0.005(-)a
0.005(-)a
0.005(-)a

(Å2)

σ2 (Å2)

Zn – Si2
CN

R (Å)

σ2 (Å2)

Zn – O3
CN

0.010(0.002)
0.010(0.002)
0.008(0.002)
0.010(0.002)

3.3(1.3)
2.7(0.6)
2.8(0.8)
2.5(0.7)

4.40(0.03)
4.44(0.03)
4.47(0.06)
4.41(0.03)

0.005(0.006)
0.005(-)a
0.005(-)a
0.005(-)a

7.1(1.8)
5.1(1.2)
3.8(1.0)
4.8(1.3)

(Å2)

Zn – Si1
CN

R (Å)

σ2 (Å2)

1.9(0.8)
1.3(0.5)
1.4(0.5)
0.9(0.6)

3.20(0.03)
3.22(0.03)
3.31(0.03)
3.24(0.03)

0.005(0.006)
0.005(-)a
0.005(-)a
0.005(-)a

ΔE0

red χ2

R-factor

6.8
7.6
8.0
7.3

945
2016
156
2113

0.01
0.01
0.01
0.01

CN, R, σ2, ΔE0 (eV) and R-factor: coordination number, inter-atomic distance, Debye-Waller factor, shift of the threshold energy, and goodness of the fit as defined in
IFEFFIT. S02 was fixed to 0.85. All fits were performed in FT-1 between 1 and 4.5 Å. Reduced χ2 and the R-factor are defined in IFEFFIT.24, 25
a

Fixed to the value determined for the Zn IFM low sample.

SI 3.3 Fe K-edge EXAFS data analysis
Table S3.3. Structural parameters for Fe sorbed on the synthetic montmorillonite (Na-IFM) in the presence of Zn as competing metal derived from the
EXAFS analysis. Zn loadings for the Fe/Zn IFM low and Fe/Zn IFM med samples are 67.6 mmol kg-1 and 66.1 mmol kg-1, respectively.

Fe IFM low
Fe IFM med
Fe/Zn IFM low
Fe/Zn IFM med

Fe sorbed
mmolkg-1

Fe – O1
CN

R (Å)

σ2

Fe – Al
CN

R (Å)

σ2

1.7
17.0
1.8
10.7

4.0(0.6)
4.2(0.5)
4.3(0.6)
4.2(0.5)

2.01(0.01)
2.00(0.01)
2.01(0.01)
2.01(0.01)

0.006(0.002)
0.007(0.002)
0.007(0.002)
0.007(0.002)

2.3(1.0)
2.4(0.8)
2.6(0.9)
1.9(0.8)

3.04(0.05)
3.09(0.05)
3.04(0.04)
3.07(0.04)

0.008(0.006)
0.008(-)a
0.008(-)a
0.008(-)a

Fe – O2
CN

R (Å)

σ2

Fe – Si2
CN

R (Å)

σ2 (Å2)

2.4(0.9)
1.8(0.7)
2.6(0.9)
2.1(0.7)

3.79(0.04)
3.82(0.04)
3.80(0.03)
3.82(0.04)

0.006(0.002)
0.007(0.002)
0.007(0.002)
0.007(0.002)

3.0(1.5)
1.9(0.7)
3.2(0.8)
1.9(0.7)

4.41(0.03)
4.41(0.04)
4.41(0.03)
4.41(0.04)

0.008(0.006)
0.008(-)a
0.008(-)a
0.008(-)a

(Å2)

(Å2)

(Å2)

Fe – Si1
CN

R (Å)

σ2 (Å2)

3.4(1.4)
2.8(0.8)
3.7(0.9)
2.6(0.8)

3.20(0.03)
3.25(0.04)
3.21(0.02)
3.25(0.03)

0.008(0.006)
0.008(-)a
0.008(-)a
0.008(-)a

ΔE0

red χ2

R-factor

0.9
1.2
0.9
2.1

2100
1029
1065
1227

0.02
0.02
0.02
0.02

CN, R, σ2, ΔE0 (eV) and R-factor: coordination number, inter-atomic distance, Debye-Waller factor, shift of the threshold energy, and goodness of the fit as defined in
IFEFFIT. S02 was fixed to 0.85. All fits were performed in FT-1 between 1 and 4.5 Å. Reduced χ2 and the R-factor are defined in IFEFFIT.24, 25
a

Fixed to the value determined for the Fe IFM low sample.

SI 3.4 Aqueous hydrolysis constants used and surface complexation constants/selectivity coefficients obtained with
the 2SPNE SC/CE sorption model
Table S3.4. Summary of the aqueous hydrolysis constants and fit parameters used in the two-site protolysis nonelectrostatic surface complexation and cation
exchange (2SPNE SC/CE) sorption model for divalent Fe2+ and Zn2+.23
Aqueous hydrolysis constantsa
Fe2+
Fe2+ + H2O ↔ Fe(OH)+ + H+
Fe2+ + 2H2O ↔ Fe(OH)20 + 2H+
Fe2+ + 3H2O ↔ Fe(OH)3- + 3H+

Surface complexation constants
log OHK
-9.1
-20.6
-34.6

Fe2+
SSOH + Fe2+ ↔ SSOFe+ + H+
SW1OH + Fe2+ ↔ SW1OFe+ + H+

Selectivity coefficients
log S,W1K

Fe2+

log Kc

2.1
-1.0

2Na+-clay + Fe2+ ↔ Fe2+-clay + 2Na+

1.1

Zn2+

log OHK

Zn2+

log S,W1K

Zn2+

log Kc

Zn2+ + H2O ↔ Zn(OH)+ + H+
Zn2+ + 2H2O ↔ Zn(OH)20 + 2H+
Zn2+ + 3H2O ↔ Zn(OH)3- + 3H+
Zn2+ + 4H2O ↔ Zn(OH)42- + 4H+

-9.0
-16.9
-28.4
-41.2

SSOH + Zn2+ ↔ SSOZn+ + H+
SW1OH + Zn2+ ↔ SW1OZn+ + H+
SSOH + Zn2+ + H2O ↔ SSOZn(OH)0 + 2H+
SSOH + Zn2+ + 2H2O ↔ SSOZn(OH)2- + 3H+

2.1
-1.8
-7.4
-17.0

2Na+-clay + Zn2+ ↔ Zn2+-clay + 2Na+

0.9

Hydrolysis constants were taken from Baes and Mesmer.36 For the first aqueous hydrolysis constant of Fe2+ a recommended value by the NEA Chemical Thermodynamic
Database41 was used, and for the third value a combination of the first and the hydrolysis constant for the equilibrium: Fe(OH)+ + 2H2O(l) ↔ Fe(OH)3- + 2H+ at 298.15 K, log10 ß0
= -25.58 ± 0.03.42 Errors on the fitted surface complexation constants and selectivity coefficients are log S,W1Kc ±0.3.
a

SI 3.5 Zn and Fe occupancy ratios between the different site types
Table S3.5. Zn and Fe occupancy ratios between the different site types on the synthetic montmorillonite (Na-IFM) calculated at the corresponding trace metal and
competing metal loadings for the EXAFS samples.
Trace metal

Zn/Fe IFM low
Zn/Fe IFM med
Fe/Zn IFM low
Fe/Zn IFM med

Competing metal

metal

mmol kg-1

metal

mmol kg-1

Zn
Zn
Fe
Fe

1.1
26.9
1.8
10.7

Fe
Fe
Zn
Zn

46.8
51.3
67.6
66.1

Sorption modeling

Exp.

≡SSOH

≡SW1OH

mmol kg-1

mmol kg-1

CE
mmol kg-1

Mews/Mess

Mews+CE/Mess

log Rd
L kg-1

log Rd
L kg-1

0.13
1.01
0.01
0.09

0.44
5.55
1.64
9.26

0.56
20.15
0.16
1.31

3
5
118
99

7
25
130
113

1.7
1.4
1.7
1.6

2.3
2.5
2.2
2.1

Further details on the nonadjustable fit parameters, aqueous hydrolysis constants, surface complexation constants and selectivity coefficients used in the 2SPNE SC/CE sorption
model are given in Table S3.1 and S3.4. The experimental solid liquid distribution ratios (Rd) are calculated from the results of the batch sorption experiments assuming complete
competition between Zn and Fe.

The values in Table S3.5 are the calculated uptake ratios of the trace metal Zn and Fe on the different sorption sites of the EXAFS
samples, i.e. strong (≡SSOH, ss) and weak edge (≡SW1OH, ws) sites as well as cation exchange sites (CE), using the 2SPNE SC/CE
sorption model.23 One of the assumptions made in the model is that the two metals Fe and Zn are competing on all the sorption site types
simultaneously. If competitive sorption effects are taking place, the two metals compete each other on the strong edge sites resulting in an
increase of the weak and outer-sphere occupancy ratio of the trace index metal, in any case, whether Fe or Zn is the competing metal.
However, based on the sorption modeling the weak site or outer-sphere character is much more pronounced for the Fe loaded Na-IFM
samples where Zn is used as the competing metal (Mws/Mss ~ 99–118).
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SI 3.6 K-edge EXAFS spectra of Fe and Zn sorbed as competing metal
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Figure S3.1. (a) k3-weighted Fe K-edge EXAFS spectra, (b) FT and (c) FT-1 EXAFS data
obtained for Fe sorbed as competing metal on low and medium Zn loaded Na-IFM samples
(Zn/Fe IFM low, 5.1 mmol kg-1 and Zn/Fe IFM med, 26.9 mmol kg-1). (d) k3-weighted Zn K-edge
EXAFS spectra, (e) FT and (f) FT-1 EXAFS data obtained for Zn as competing metal on low and
medium Fe loaded Na-IFM samples (Fe/Zn IFM low, 1.8 mmol kg-1 and Fe/Zn IFM med, 10.7
mmol kg-1) at pH 6.7 in 0.1 M NaClO4. Dashed lines represent the least-squares fit of the FT 1
EXAFS data. Structural parameters resulting from the EXAFS analysis are shown in Table S3.6.
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Table S3.6. Structural parameters for Zn and Fe sorbed as competing metal on the synthetic montmorillonite (Na-IFM) derived from the EXAFS analysis.
Corresponding k3-weighted EXAFS spectra and FT-1 EXAFS data are shown in Figure S3.1.

Zn/Fe IFM low
Zn/Fe IFM med

Fe competing

Fe – O1
CN

R (Å)

σ2

56.2 mmolkg-1
51.3 mmolkg-1

4.6(0.7)
4.4(0.6)

2.03(0.01)
2.03(0.01)

0.010(0.003)
0.009(0.002)

ΔE0

red χ2

-1.5
-0.2

Zn competing

ΔE0

red χ2

R-factor

5.6(0.9)
5.6(0.9)
Zn – O2
CN

8.7
8.8

2499
2047

0.02
0.02

2.2(1.3)
2.3(1.4)

Fe/Zn IFM low
Fe/Zn IFM med

67.6 mmolkg-1
66.1 mmolkg-1

Zn – O1
CN

(Å2)

Fe – Al
CN

R (Å)

σ2

(Å2)

Fe – Si1
CN

R (Å)

σ2 (Å2)

3.23(0.03)
3.26(0.03)

0.008(-)a
0.008(-)a

R (Å)

σ2 (Å2)

3.04(0.04)
3.06(0.04)

0.008(-)a
0.008(-)a

R-factor

1.8(0.8)
1.5(0.7)
Fe – O2
CN

R (Å)

σ2 (Å2)

2.8(0.7)
2.2(0.7)
Fe – Si2
CN

1133
1331

0.03
0.02

1.8(0.8)
1.8(0.7)

3.77(0.05)
3.78(0.05)

0.010(0.003)
0.009(0.002)

1.4(0.6)
1.4(0.6)

4.37(0.05)
4.41(0.04)

0.008(-)a
0.008(-)a

R (Å)

σ2

Zn – Al
CN

R (Å)

σ2

Zn – Si1
CN

R (Å)

σ2 (Å2)

(Å2)

2.06(0.01)
2.06(0.01)

0.009(0.002)
0.009(0.003)

R (Å)
3.91(0.06)
3.90(0.07)

(Å2)

3.07(0.19)
3.07(0.26)

0.005(-)b
0.005(-)b

σ2 (Å2)

0.5(0.7)
0.4(0.8)
Zn – Si2
CN

3.22(0.18)
3.24(0.20)

0.005(-)b
0.005(-)b

σ2 (Å2)

0.4(0.8)
0.5(0.8)
Zn – O3
CN

R (Å)

R (Å)

σ2 (Å2)

0.009(0.002)
0.009(0.003)

1.8(0.8)
2.3(1.0)

4.44(0.05)
4.44(0.05)

0.005(-)b
0.005(-)b

4.4(1.6)
3.9(1.7)

4.77(0.06)
4.80(0.07)

0.005(-)b
0.005(-)b

CN, R, σ2, ΔE0 (eV) and R-factor: coordination number, inter-atomic distance, Debye-Waller factor, shift of the threshold energy, and goodness of the fit as defined in IFEFFIT. S02
was fixed to 0.85. All fits were performed in FT-1 between 1 and 4.5 Å. Reduced χ2 and the R-factor are defined in IFEFFIT. σ2 of the O1 and O2 shell were allowed to vary but
released, as well the σ2 of the Al, Si1 and Si2 shell were released and correlated.24, 25
a

Fixed to the value determined for the Fe IFM low sample (Table S3.3).

b Fixed

to the value determined for the Zn IFM low sample (Table S3.2).

Supporting Information

Competitive EXAFS experiments were performed to investigate the uptake of the
trace metal in the presence of a competing metal at higher concentrations.
However, the initial high aqueous concentrations (up to 10-3 M) required for the
competing metal might lead to the precipitation of Fe or Zn solid phases on the
montmorillonite surface. For this reason, it was essential to perform EXAFS
measurements on the competing metals with the corresponding trace metal
loadings shown in Figure 3.2d-f and 3.3d-f.
Any attempt to fit the Fe K-edge EXAFS data of the competing Fe with
Fe-Fe backscattering pairs failed (Figure S3.1b). This finding indicates that no
precipitation of the competing metal occurred on the montmorillonite surface.
Further, the splitting of the oscillation at 8 Å-1 in the FT-1 spectra, which is
characteristic for the strong-site sample, is missing in both spectra (Figure S3.1c).
These observations suggest that the competing metal Fe predominantly occupied
weak edge and outer-sphere sites. However, considering the fitting errors of the
structural parameters, a strong-site character of the competing metal cannot be
ruled out. As shown in Table S3.6, the FT-1 spectra could be well fitted (R-factor ≤
0.03) including long Fe-Al and Fe-Si distances from 3.04 to 3.06 Å and 3.23 to
3.26 Å, similar to the measured distances for medium loaded Fe samples without
any competing metal (RFe-Al = 3.09 Å and RFe-Si = 3.25 Å, Fe IFM med in Table 3.1).
A similar behavior was found for the competing metal Zn. In the EXAFS analysis
at the Zn K-edge, no Zn-Zn contribution was observed and therefore
precipitations of Zn phases can be excluded. The absence of a splitting at 3.8 Å-1
in the k3-weighted spectra (Figure S3.1d) could indicate that Zn taken up by NaIFM is either bound to the weak edge or outer-sphere sites. According to the FT-1
simulations, the Zn is surrounded by ~5.6 O at 2.06 Å, ~0.5 Al at 3.07 Å and
~0.4 Si at 3.22–3.24 Å. The increased Fe-Al and Fe-Si distances and decreased
coordination numbers confirm that Zn is predominantly bound to the weak and
outer-sphere sites.
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SI 3.8 Fe K-edge XANES data analysis

FeCl2
Fe IFM low
Fe IFM med
Fe/Zn IFM low
Fe/Zn IFM med
Na‐STx

Normalized absorbance

1.5

1.0

0.75

0.5
0.50

0.25

0.0

7116

7100

7150

7120

7200

7124

7250

7128

7300

Energy (eV)

Figure S3.2. (a) Fe K-edge XANES spectra of Fe sorbed on Na-IFM in the absence and
presence of competing Zn (black lines) as well as Fe2+ and Fe3+ references as end-members (FeCl2
and Texas montmorillonite (Na-STx) illustrated by green and red dashed lines, respectively). In
order to determine the Fe3+/∑Fe ratios of sorbed Fe (Table S3.7), the zero ionization energy (E0)
was defined for all XANES spectra at the midpoint of the adsorption edge.43

To estimate the redox state of sorbed Fe, the normalized XANES spectra
of the Fe loaded Na-IFM samples in absence and presence of competing Zn(II)
were compared with the spectra of reference compounds, i.e. FeCl2 and Texas
montmorillonite (Na-STx) in Figure S3.2, using a method proposed by Manceau et
al.43 In this approach, the E0 is defined for each sample and reference separately at
the position where the absorption, with pre-edge substracted, is half the edge jump
(E0 values are shown in Table S3.7).
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Table S3.7. Fe loadings (mmol kg-1) and zero ionization energies (E0) defined
at the midpoint of the adsorption edge in the Fe K-edge XANES spectra for
references and samples (Figure S3.2). The Fe3+/ΣFe ratios were defined by a
linear combination of the end-members, i.e. FeCl2 and Na-STx.

FeCl2
Na-STx
Fe IFM low
Fe IFM med
Fe/Zn IFM low
Fe/Zn IFM med

Fe sorbed
mmol kg-1

E0
eV

Fe3+/∑Fe
(-)

1.7
17.0
1.8
10.7

7119.6
7125.1
7122.5
7122.6
7122.4
7122.7

0.51
0.54
0.50
0.55

93

FE(II) UPTAKE ON NATURAL
MONTMORILLONITES.
I. MACROSCOPIC AND SPECTROSCOPIC
CHARACTERIZATION

THIS CHAPTER HAS BEEN PUBLISHED AS SOLTERMANN, D; MARQUES FERNANDES, M.;
BAEYENS, B.; DÄHN, R.; JOSHI, P. A.; SCHEINOST, A. C.; GORSKI, C. A. FE(II) UPTAKE ON
NATURAL MONTMORILLONITES.

I. MACROSCOPIC AND SPECTROSCOPIC CHARACTERIZATION.

ENVIRON. SCI. TECHNOL. 2014, 48 (15), 8688–8697.

Chapter 4

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 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 two
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.
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4.1

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 or oxidant for metal- and sulphate 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
much 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) spectroscopy, 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 To date, evidence for this mechanism is
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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 enhance sorption
models for describing the fate of Fe(II) in natural and engineered environments.

4.2

Materials 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
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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 S4.1 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.

4.2.1 Dithionite-reduced montmorillonite
A completely dithionite-reduced SWy (red SWy) was prepared following the
standard procedure of Stucki et al.30 75 mL of the clay suspension (sorbent
concentration of 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.

4.2.2 Fe(II) batch sorption experiments
All sorption experiments were carried out in a glovebox under controlled
N2 atmosphere (O2 < 0.1 ppm) at 25 ± 1 ºC. To avoid any oxygen contamination,
sampling materials and polycarbonate centrifuge 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

99

Chapter 4

60-100 ºC 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-(Nmorpholino)ethanesulfonic acid,
propanesulfonic acid,

pH 5.5–6.5),

pH 7.0–7.5),

TRIS

MOPS

(3-(N-morpholino)-

(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 IFM argues against
potential effects of the buffers on the Fe(II) uptake.26 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 three days followed by phase separation by centrifugation using a
Beckman-Coulter Ultracentrifuge (Beckman Coulter, Krefeld, Germany) inside the
glovebox at 105 000 gmax. 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:
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Rd 

cin  ceq V

ceq
m

(L kg-1)

(4.1)

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
(mmol kg-1) was plotted against the Fe equilibrium concentrations (M).

4.2.3 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
NaClO4 at pH 6.2 (Table 4.1). 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%

signal resulting from the structural

57Fe

56Fe).

The fraction of the total

is summarized in Table 4.1. EXAFS

samples were prepared under identical conditions as for the Mössbauer
measurements (Table 4.1, Fe STx c and Fe SWy c). However, in contrast to the
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Table 4.1. Fe analysis of Texas (STx) and Wyoming (SWy) montmorillonite samples
investigated by 57Fe Mössbauer and EXAFS spectroscopy.
structural Fe
wt %
mmol kg-1

sorbed Fe
mmol kg-1

structural Fe
% of total Fe
Mössbauera EXAFS
57Fe
Fe

red SWy
57Fe

red SWy

57Fe(II)

reactedb

2.8(0.1)

496.6

40.7

18.4

56Fe

red SWy

56Fe(II)

reactedb

2.8(0.1)

496.6

64.6

98.4

STx
57Fe

STx a

57Fe(II)

reactedb

0.5(0.1)

96.4

9.5

15.7

57Fe

STx b

57Fe(II)

reactedb

0.5(0.1)

96.4

39.8

4.2

56Fe

STx b

56Fe(II)

reactedb

0.5(0.1)

96.4

44.7

99.9

0.5(0.1)

96.4

114.8

Fe STx c

Fe(II) reactedc

45.6

SWy
57Fe

SWy a

57Fe(II)

reactedb

2.9(0.1)

520.6

49.0

16.4

57Fe

SWy b

57Fe(II)

reactedb

2.9(0.1)

520.6

128.8

6.9

56Fe

SWy b

56Fe(II)

reactedb

2.9(0.1)

520.6

125.9

99.9

2.9(0.1)

520.6

195.0

Fe SWy c

Fe(II) reactedc

72.6

a Fraction

of the total spectroscopic signal resulting from the structural 57Fe or total structural Fe for
Mössbauer and EXAFS measurements, respectively.
b 57Fe
c

Mössbauer spectroscopy.

EXAFS spectroscopy.

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
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(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 were performed with the Athena/Artemis interface of
IFEFFIT software35, 36 following standard procedures. Details about the EXAFS
fit approach are given in Section 4.2 and 4.3 of the Supporting Information (SI).

4.3

Results and Discussion
Two lines of experiments were used to investigate whether the 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 exhibiting
different structural Fe(III) contents. The latter was investigated using oxidized and
dithionite-reduced clays.

4.3.1 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 4.1a). 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 4.1b). 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
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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 one order of magnitude stronger than for STx
and IFM (open squares in Figure 4.1a). 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 the Fe(II) sorption on SWy
is more pronounced (Figure 4.1b). 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 on 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 smectite
(SWa) having an Fe content of 15.4 wt % (Figure S4.1 in 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.
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Figure 4.1. (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 ~ 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. 4.1. EXAFS and Mössbauer samples and their corresponding Fe loadings are encircled.
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4.3.2 Fe(II) uptake on dithionite-reduced montmorillonites
The sorption data obtained clearly show that there are significant
differences in the Fe(II) uptake behavior between the natural Fe-low (STx) and Ferich (SWy and SWa) montmorillonites. In the latter, the Fe(II) sorption is much
more pronounced. If these high sorption values are induced by an interfacial
electron transfer between sorbed Fe(II) and structural Fe(III) in the clay,2, 19 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 4.2a, 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 S4.2 in SI). A similar Fe(II) uptake behavior has been observed for the
dithionite-reduced SWa (~84.2 ± 2.4% structural Fe(II), Figure S4.3 in SI).

4.3.3 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
4.2a). The spectra collected on red SWy with a 57Fe(II) loading of ~41 mmol kg-1 is
shown at the top of Figure 4.2b. After Fe(II) sorption, the Mössbauer spectrum
reveals a doublet peak characteristic of mineral-bound Fe(II) (CS: 1.37 mm s-1 and
QS: 3.27 mm s-1 shown in Table 4.2).39 To check whether the structural Fe(II)
remains unaffected, sorption experiments were carried out with Mössbauer
invisible 56Fe(II) (Figure 4.2b, 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 4.2).
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
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Figure 4.2. (a) Fe(II) sorption isotherm on natural SWy (open squares) and dithionite-reduced
SWy (red SWy, about 100% structural Fe(II), semi-squares) at pH 6.2 in 0.1 M NaClO4 (sorbent
concentration ~ 1 g L-1). (b) Mössbauer spectra of red SWy reacted with 57Fe(II) (40.7 mmol kg-1
sorbed 57Fe, spectra above) or with invisible 56Fe(II) (64.6 mmol kg-1 sorbed 56Fe, spectra below).
56Fe is transparent to the 57Fe Mössbauer spectroscopy and was used to monitor changes in the
oxidation state of 57Fe present in the clay structure.

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 4.1a).

4.3.4 Mössbauer analysis of STx
STx samples were equilibrated 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 4.3a 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
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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 4.2) 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 4.1). 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 4.3b) resembles
the spectra of the 57Fe STx a sample. 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 4.2). 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 4.3b). 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.
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Table 4.2. Mössbauer parameters for untreated montmorillonite references and
montmorillonites reacted with 57Fe(II) and 56Fe(II), respectively.
sorbed Fe
mmol kg-1

mineral

CSa
mm s-1

QSb
mm s-1

area
%

contribution
%

-

Fe2+

1.26

2.98

100

red SWy
reference
57Fe

red SWy

40.7

Fe2+

1.37

3.27

100

56Fe

red SWy

64.6

Fe2+

1.26

2.98

100

-

Fe3+

0.45

0.93

100

STx
reference
57Fe

STx a

9.5

Fe2+
Fe3+

1.38
0.48

3.22
0.86

40.2(2.3)
59.8(2.3)

40.2
59.8

57Fe

STx b

39.8

Fe2+
Fe3+
magnetite

1.38
0.51
0.47

3.44
0.74
-0.01

68.8(3.3)
12.2(3.6)
18.9(3.6)

68.8

44.7

Fe2+
Fe3+

1.51
0.34

2.70
0.98

26.8(5.9)
73.2(5.9)

-

Fe3+

0.45

0.93

49.0

Fe2+
Fe3+
magnetite
magnetite

1.23
0.47
0.52
0.43

3.06
0.74
-0.09
0.02

2.0(4.2)
17.7(1.5)
24.2(3.3)
56.1(3.1)

Fe2+
Fe3+
lepidocrocite

1.36
0.53
0.48

3.21
0.78
-0.03

9.3(2.2)
10.7(2.0)
79.9(2.7)

Fe2+
Fe3+

1.26
0.40

3.02
2.31

25.5(2.4)
74.5(2.4)

56Fe

STx b

31.1
26.8
73.2

SWy
reference
57Fe

57Fe

56Fe

SWy a

SWy b

SWy b

a Center

128.8

125.9

100
2.0
98.0
9.3
90.6
25.5
74.5

shift relative to α-Fe(0). b Quadrupole splitting.
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4.3.5 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). At
medium loadings (57Fe SWy a), features reminiscent of clay-bound Fe(III) phases
are overlaid by two six-line patterns (Figure 4.3c). 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 4.3d), 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-2
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 4.2). 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).
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Figure 4.3. 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 figure (e) and (f) below
(56Fe STx b and 56Fe SWy b).
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4.3.6 Interfacial Fe(II)-Fe(III) electron transfer
To investigate 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 4.3e) 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 4.2). This result was confirmed by

56Fe(II)

sorption

measurements on SWy (Figure 4.3f). 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 4.2) 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 (Table 4.2 and
4.1). This study shows that only up to 32 mmol kg-1 (~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 of ~710 mmol kg-1 were significantly higher than in this study (up to
195 mmol kg-1).
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4.3.7 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 4.4a).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 4.4a, 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 contrary
to Vantelon et al.,44 Fe-Fe backscattering pairs were not necessary to successfully
fit the data of STx. Detailed structural informations about the EXAFS fit approach
are given in Table S4.2 and S4.3 in SI.
Surface bound Fe. The EXAFS spectra illustrated in Figure 4.4b results from
two iron species, that is, structural and sorbed iron. The structural iron contributes
to approximately 45.6% of the total EXAFS signal for the STx sample,
respectively, 72.6% for the SWy sample (Table 4.1). In comparison to SWy, the
splitting at 8 Å-1 is more pronounced in the k3-weighted spectra of the STx sample
(Figure 4.4b). A similar trend was previously shown in a study investigating
structural Fe in natural montmorillonites. 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 neighbour.44 However, taken into account the
contribution of the structural Fe to the EXAFS signal, it is impossible to draw firm
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conclusions. For this reason, the overall signal of the total Fe (Figure 4.4b) was
subtracted by the contribution of the structural Fe (Figure 4.4a) in order to analyze
the signal of the Fe surface complexes separately as shown in Figure 4.4c (e.g.,
χ(k)surface = (χ(k)total – 0.456·χ(k)structural)/0.544, where χ(k) is the EXAFS signal of
the STx samples, see also Table 4.1).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 4.2).
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 S4.2,
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 Å 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 4.4c,
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 4.4c, below). The radial structure function was
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Figure 4.4. 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 4.1) 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.

successfully fitted using only Fe-O and Fe-Fe backscattering pairs (Table S4.3, 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 ± 0.02 Å. The coordination environment is
comparable with the local structure of Fe oxide precipitates which is in agreement
with the Mössbauer spectroscopy measurements.53, 54 Although the obtained Fe-O
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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. Nevertheless, the calculated χ(k)
spectra of the Fe surface complexes on SWy is too noisy to draw firm conclusions
out of the fit results.

4.3.8 Structural Fe properties and implications on the Fe(II) uptake
In 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
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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 claytype specific description including Fe(II)/clay redox cycling is required for future
modeling approaches.
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Supporting Information
SI 4.1 Cation exchange capacity of the clay minerals used
Table S4.1. Summary of the structural Fe content and the cation exchange capacity (CEC) of the
clay minerals used in this study.

Clay minerals
Synthetic Fe-free montmorillonite
Texas montmorillonite
Wyoming montmorillonite
Ferruginous smectite
Dithionite-reduced Wyoming montmorillonite
Dithionite-reduced ferruginous smectite

IFM
STx-1
SWy-2
SWa-1
red SWy-2
red SWa-1

Fe content
wt %

CEC
meq kg-1

0.0 ± 0.1
0.5 ± 0.1
2.9 ± 0.1
15.4 ± 0.5
2.8 ± 0.1
15.4 ± 1.0

811 ± 10
912 ± 8
856 ± 4
971 ± 9
1113 ± 6
1033 ± 27

Chemical analyses of the elemental inventories (e.g., Fe2O3, SiO2, Al2O3, MgO, MnO, and Zn) of the native
and dithionite-reduced clay samples were carried out using inductively coupled plasma mass spectrometry
(ICP-MS) analysis.55 Cation exchange capacities (CEC) were determined using the 134Cs isotopic dilution
method as described in Baeyens and Bradbury.29

In comparison to the native non-treated montmorillonites, slightly lower
iron contents may result for the dithionite-reduced clays, because of a partial
reductive dissolution of the structural Fe upon dithionite treatment.56-58 Changes in
the redox state of the structural Fe in both red SWy-2 and red SWa-1 following the
reductive treatment were determined using Mössbauer spectroscopy (Table 4.2 and
S4.4). Evidence for an increased cation exchange capacity (CEC) in correlation
with the structural Fe(II) content was found in previous studies.30, 56, 59, 60 Upon
reduction, the CEC of SWy-2 and SWa-1 increased from 856 and 971 meq kg-1, to
1113 and 1033 meq kg-1, respectively. The values obtained in this study are
consistent with the calculated CEC of other fully reduced montmorillonites (e.g.,
about 1050 meq kg-1 for dithionite-reduced SWa-1, as reported by Kostka et al.56).
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SI 4.2 Fe K-edge EXAFS data analysis of STx
Table S4.2. EXAFS parameters for structural Fe in Texas montmorillonite (STx ref), for both structural and sorbed Fe on Texas montmorillonite
(Fe STx c), as well as the parameters for only the surface bound Fe (Fe STx c sorbed) derived from the mean EXAFS signal of Fe STx c substracted by
the contribution of the structural Fe (STx ref). The EXAFS fit approach used is in agreement with recent Fe(II) EXAFS studies on synthetic
montmorillonite (IFM).26, 61

STx ref
Fe STx c
Fe STx c sorbed

Fe sorbed
mmol kg-1

Fe – O1
CN

R (Å)

114.8
114.8

5.8(1.2)
5.4(1.1)
3.5(0.2)

2.00(0.02)
2.03(0.02)
2.13(0.01)

σ2 (Å2)

Fe – Al
CN

R (Å)

0.002(0.003)
0.007(0.003)
0.002(-)a

2.3(1.6)
1.5(1.0)
0.8(0.5)

Fe – O2
CN

R (Å)

σ2 (Å2)

Fe – Si2
CN

4.3(2.1)
2.4(1.4)
1.9(0.8)

3.82(0.04)
3.77(0.04)
4.15(0.04)

0.002(0.005)
0.002(0.005)
0.002(0.004)

3.8(2.1)
1.9(1.2)
1.9(0.9)

σ2 (Å2)

Fe – Si1
CN

R (Å)

σ2 (Å2)

2.99(0.05)
3.00(0.04)
2.96(0.04)

0.005(-)
0.005(-)
0.005(-)

4.0(1.7)
2.6(1.0)
1.1(0.5)

3.20(0.03)
3.20(0.03)
3.23(0.03)

0.005(-)
0.005(-)
0.005(-)

R (Å)

σ2 (Å2)

ΔE0

red χ2

R-factor

4.40(0.03)
4.37(0.03)
4.72(0.03)

0.002(0.005)
0.002(0.005)
0.002(0.004)

1.1
-1.1
4.5

5506
4105
746

0.03
0.03
0.03

CN, R, σ2, ΔE0 (eV) and R-factor: coordination number, inter-atomic distance, Debye-Waller factor, shift of the threshold energy, and goodness of the fit as defined in
IFEFFIT. S02 was fixed to 0.85. All fits were performed in FT-1 between 1 and 4.4 Å. Reduced χ2 and the R-factor are defined in IFEFFIT.35, 36 Throughout the data
analysis, the interatomic distances (R) and coordination numbers (CN) were allowed to vary. To reduce the number of fit parameters, the Debye-Waller factor (σ) of
the O2 was allowed to vary, but was correlated with the Si2 shell. The σ of the Al shell was determined in the reference sample and fixed for the residual samples.
a Fixed to the value determined for the STx ref sample.

SI 4.3 Fe K-edge EXAFS data analysis of SWy
Table S4.3.1. EXAFS parameters for structural Fe in Wyoming montmorillonite (SWy ref) as well as for the structural and sorbed Fe on Wyoming
montmorillonite (Fe SWy c).

SWy ref
Fe SWy c

Fe sorbed
mmol kg-1

Fe – O1
CN

R (Å)

σ2 (Å2)

Fe – Al
CN

R (Å)

σ2 (Å2)

Fe – Si1
CN

R (Å)

σ2 (Å2)

195.0

4.9(1.3)
4.6(1.0)

1.99(0.02)
2.00(0.01)

0.001(0.003)
0.004(0.003)

2.1(2.2)
2.3(1.2)

3.03(0.11)
3.00(0.03)

0.005(-)
0.005(-)

3.0(2.1)
3.7(1.2)

3.20(0.08)
3.21(0.02)

0.005(-)
0.005(-)

R (Å)

σ2 (Å2)

ΔE0

red χ2

R-factor

4.39(0.04)
4.39(0.03)

0.003(0.009)
0.005(0.008)

0.2
-1.6

18409
8686

0.04
0.03

Fe – O2
CN

R (Å)

σ2 (Å2)

Fe – Si2
CN

4.9(2.1)
4.3(1.5)

3.78(0.04)
3.78(0.03)

0.001(0.003)
0.004(0.003)

4.3(3.7)
3.3(2.5)

CN, R, σ2, ΔE0 (eV) and R-factor: coordination number, inter-atomic distance, Debye-Waller factor, shift of the threshold energy, and goodness of the fit as defined in
IFEFFIT. S02 was fixed to 0.85. All fits were performed in FT-1 between 1 and 4.4 Å. Reduced χ2 and the R-factor are defined in IFEFFIT.35, 36 Throughout the data
analysis, the interatomic distances (R) and coordination numbers (CN) were allowed to vary. To reduce the number of fit parameters, the Debye-Waller factor (σ) of
the O1 shell was allowed to vary, but was correlated with the O2 shell. The σ of the Al shell was determined in the STx reference sample and was fixed to 0.005.

Table S4.3.2. EXAFS parameters for the surface bound Fe (Fe SWy c sorbed) derived from the mean EXAFS signal of Fe SWy c subtracted by the
contribution of the structural Fe (SWy ref).

Fe SWy c sorbed

Fe sorbed
mmol kg-1

Fe – O1
CN

σ2 (Å2)

Fe – Fe1
CN

R (Å)

195.0

3.2(0.3)

σ2 (Å2)

Fe – O2
CN

R (Å)

R (Å)

σ2 (Å2)

2.15(0.01)

0.001(0.001)

6.6(1.0)

3.12(0.01)

0.012(-)

4.2(0.7)

3.32(0.02)

0.001(0.001)

Fe – Fe2
CN

R (Å)

σ2 (Å2)

ΔE0

red χ2

R-factor

2.5(0.8)

3.57(0.03)

0.012(-)

2.3

639

0.02

CN, R, σ2, ΔE0 (eV) and R-factor: coordination number, inter-atomic distance, Debye-Waller factor, shift of the threshold energy, and goodness of the fit as defined
in IFEFFIT. S02 was fixed to 0.85. The fit was performed in FT-1 between 1 and 3.4 Å. Reduced χ2 and the R-factor are defined in IFEFFIT.35, 36 Throughout the data
analysis, the interatomic distances (R) and coordination numbers (CN) were allowed to vary. The Debye-Waller factor (σ) of the O1 shell was allowed to vary, but
was correlated with the σ of the O2 shell. To reduce the number of fit parameters, the Debye-Waller factor (σ) of the Fe1 and Fe2 shell was fixed to 0.012.
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SI 4.4 Fe(II) sorption isotherm on native SWa
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Figure S4.1. Sorption isotherm of Fe(II) on ferruginous smectite (SWa) in comparison to the
isotherm on synthetic (IFM), Texas (STx), and Wyoming (SWy) montmorillonite at pH 6.2 in
0.1 M NaClO4 (sorbent concentration ~ 1 g L-1).
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SI 4.5 Fe(II) sorption isotherm on native and dithionite-reduced SWy
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Figure S4.2. Sorption isotherm of Fe(II) on native Wyoming montmorillonite (SWy) in
comparison to the isotherm on the dithionite-reduced clay mineral at pH 7.2 in 0.1 M NaClO4
(sorbent concentration ~ 1 g L-1). According to Mössbauer spectroscopy measurements about
100% of the structural Fe is reduced in the dithionite-treated SWy (as shown in Table 4.2).
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SI 4.6 Fe(II) sorption isotherm on native and dithionite-reduced SWa
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Figure S4.3. Sorption isotherm of Fe(II) on native Wyoming montmorillonite (SWy) and
ferruginous smectite (SWa) in comparison to the isotherm on the ditihionite-reduced clay
minerals at pH 6.2 in 0.1 M NaClO4 (sorbent concentration ~ 1 g L-1). According to Mössbauer
spectroscopy measurements about 100% of the structural Fe is reduced in the dithionite-treated
SWy (Table 4.2), respectively 84.2 ± 2.4% in the reduced SWa (Figure S4.4).

SI 4.7 Mössbauer analysis of dithionite-reduced SWa
The Mössbauer spectra at 77 K of ferruginous smectite (SWa) is shown
together with the modeled hyperfine contributions of the structural 57Fe(II) and
57Fe(III)

species. Mössbauer fit parameters and relative areas are provided in Table

S4.4. According to the fitted hyperfine parameters, the paramagnetic doublets with
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larger quadrupole splitting are assigned to 57Fe(II) surface species while the doublet

Normalized absorpon (arb. units)

with weak quadrupole splitting are consistent with 57Fe(III) surface species.

reduced SWa
15.4 wt % Fe
Fe(II) ﬁt
Fe(III) ﬁt
Data
Total ﬁt
-10

-5

77 K
0

5
-1
Velocity (mm s )

10

Figure S4.4. Mössbauer spectra of the dithionite-treated ferruginous smectite (SWa) at 77 K. The
corresponding hyperfine parameters indicate that approximately 84 ± 2.4% of the structural
Fe(III) is reduced to Fe(II).
Table S4.4. Mössbauer fitted parameters obtained for dithionite-treated
ferruginous smectite (Figure S4.4) at 77 K. CS and QS denote the center shift
and the quadrupole splitting, respectively. Center shifts are given relative to
room temperature α-Fe standard.

reduced SWa

Fe2+
Fe3+

CS
mm s-1

QS
mm s-1

contribution
%

1.27 ± 0.04
0.44 ± 0.24

2.95 ± 0.07
0.54 ± 0.03

84.2 ± 2.4
15.8 ± 10.4
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Chapter 5

Abstract
Fe(II) sorption edges and isotherms have been measured on low structural
Fe-content montmorillonite (STx) and high structural Fe-content montmorillonite
(SWy)

under

anoxic

(O2 < 0.1 ppm)

and

strongly

reducing

conditions

(Eh = -0.64 V). Under anoxic conditions Fe(II) sorption on SWy was significantly
higher than on STx, whereas the sorption under reducing conditions was
essentially the same. The uptake behavior of Fe(II) on STx under all redox
conditions (Eh = +0.28 to -0.64 V) and SWy under reducing conditions
(Eh = -0.64 V) was consistent with previous measurements made on other divalent
transition metals. All of the sorption data could be modeled with the two-site
protolysis

nonelectrostatic

surface

complexation

and

cation

exchange

(2SPNE SC/CE) sorption model including an additional surface complexation
reaction for Fe(II) which involved the surface oxidation of ferrous iron surface
complexes (≡SS,WOFe+) to ferric iron surface complexes (≡SS,WOFe2+) on both the
strong and weak sites. The electron acceptor sites on the montmorillonite are
postulated to be the structural Fe(III).

5.1

Introduction
In recent years, an increasing number of laboratory and field studies have

demonstrated the importance of clay minerals in controlling iron and contaminant
cycles in natural systems.1-3 Iron sorbed on clay minerals may influence the
migration of other metal species through competitive sorption.4-6 Part I of this
study,7 combining wet chemistry and advanced spectroscopic techniques,
illustrated the complexity of the uptake behavior of Fe(II) on natural clay minerals
under anoxic conditions. For clay minerals in which the structural Fe content was
≤0.5 wt % (e.g., STx), the sorption of Fe(II) was consistent with the uptake
behavior of other divalent transition metals,8, 9 whereas the sorption on Fe-rich
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montmorillonites (e.g., SWy) was considerably higher.7 Based on Mössbauer and
extended X-ray absorption fine structure (EXAFS) spectroscopy measurements it
was shown that the Fe sorbed on STx montmorillonite was predominantly Fe(II),
whereas on SWy montmorillonite nearly all of the sorbed Fe was oxidized to
Fe(III). In the isotherm measurements at pH 6.2 secondary Fe(III) precipitates
were formed on both STx and SWy (Fe(II)eq > 10-4 M and 10-6 M respectively).
Tournassat10 has previously suggested that high Fe sorption on natural clay
minerals measured under anoxic conditions could be explained by the surfaceinduced oxidation of the sorbed Fe(II) to Fe(III) through electron transfer
reaction. However, Fe(II) retention measurements on synthetic and natural clay
minerals are only sparsely reported in the open literature.11-14
In this study iron sorption edge and isotherm data for STx and SWy under
anoxic conditions (O2 < 0.1 ppm), and isotherm data under controlled Eh
conditions, were measured. The latter data were collected in a specially designed
electrochemical cell. One of the main aims of these investigations was to develop
and apply a modeling approach taking into account surface-induced redox
reactions which could be applied to a wide range of Fe-bearing clay minerals under
different experimental conditions (i.e., pH, initial metal concentration, redox
potential Eh). In the sorption model presented, the precipitation features observed
at high Fe loadings were not modeled. A key question was whether a surfaceinduced oxidation of the sorbed Fe(II) is occurring under strongly reducing Eh and
whether the Fe(II) uptake behavior under these conditions can be predicted by the
sorption model. To test the model under reducing conditions, sorption
experiments were carried out in the electrochemical cell at a controlled redox
potential of Eh = -0.64 V.
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5.2

Materials and Methods
Texas montmorillonite (STx-1) and Wyoming montmorillonite (SWy-2)

were obtained from the Source Clay Repository of the Clay Minerals Society
(Purdue University, West Lafayette, IN). Methods describing the purification and
size fractionation of STx and SWy montmorillonites,15-17 and details regarding the
anoxic conditions have been provided in previous publications.5, 13

5.2.1 Fe(II) sorption experiments under anoxic conditions
All experiments were performed under anoxic conditions in a glovebox
with a N2 atmosphere (O2 < 0.1 ppm) at 25 ± 1 °C. Since the experimental details
on the Fe(II) sorption experiments have been described in earlier studies, only a
short outline is given below.5, 13 In a first set of experiments the pH dependent
Fe(II) uptake was measured at trace concentrations (sorption edge). In a second
set of experiments sorption as a function of the Fe(II) equilibrium concentration at
fixed pH and ionic strength was determined (sorption isotherm). Aliquots of clay
suspensions were pipetted into 25 mL polycarbonate centrifuge tubes containing
2·10-3 M of a pH buffer solution (e.g., MES, MOPS, TRIS or CHES) and 0.1 M
NaClO4 background electrolyte.13 All of these solutions were then labeled with
55Fe(II)

(<10-7 M). In the case of the sorption isotherm, a series of FeCl2 solutions

covering a concentration range from 10-7 to 10-3 M were added to the clay
suspensions. The clay content in all of the experiments was ~1 g L-1. The samples
were shaken end-over-end for at least three days, centrifuged at 105 000 gmax for
1 h using a Optima L-100 XP Ultracentrifuge (Beckman Coulter, Krefeld,
Germany) before sampling the supernatant solution for radio-assay on a Tri-Carb
2750 TR/LL liquid scintillation counter (Canberra Packard, Schwadorf, Austria).
The distribution ratio, Rd, was determined from the relation:
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Rd 

cin  ceq V

ceq
m

(L kg-1)

(5.1)

where cin is the total initial aqueous Fe(II) concentration, ceq is the
equilibrium concentration, V is the volume of the liquid phase, and m is the mass
of montmorillonite.

5.2.2 Fe(II) sorption experiments in the electrochemical cell
An electrochemical cell located inside a glovebox with a N2 atmosphere
(O2 < 0.1 ppm) was used to measure Fe(II) sorption isotherms on STx and SWy
montmorillonites under controlled reducing conditions (Eh = -0.64 V vs SHE) at
pH 6.2. The applied potential is reported versus the standard hydrogen electrode
(SHE), but was measured against a Ag/AgCl reference electrode. The potential of
Eh = -0.64 V was chosen to ensure strongly reducing conditions without
significant H2 generation by proton reduction in the solution.18 A sketch of the
electrochemical equipment is provided in Figure S5.1 of the Supporting
Information (SI). The electrochemical cell consisted of a sampling and a bulk
compartment. The sampling compartment was separated by a 47 mm diameter
filter (Millipore, 0.4 µm pore size) from the bulk compartment which contained
~100 mL of 0.1 M NaClO4 buffered at pH 6.2 (MES). The bulk compartment was
equipped with a glassy carbon working electrode (Sigradur G, HTW, Germany), an
Ag/AgCl reference electrode and a coiled wire platinum auxiliary electrode
(Bioanalytical Inc., West Lafayette, IN).18 A VMP3 Multipotentiostat (Bio-Logic,
Claix, France) was used to monitor the current I (A) during the sorption
experiments and to control the reducing potential at the working electrode.
In the sorption experiments, the electrolyte of the bulk compartment was
equilibrated to the desired Eh, indicated by the current I reaching a plateau.
Subsequently, an 55Fe(III) tracer was introduced into the bulk compartment and
reduced to

55Fe(II)

at the working electrode (Eh = -0.64 V) which resulted in a
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reductive current peak. To ensure a complete reduction of 55Fe(III) to 55Fe(II), the
quantity of electrons transferred from the working electrode was determined by
integration of the current I (A) over time t (s). When the background current was
re-established, aliquots of a montmorillonite suspension were sequentially added to
the bulk compartment until a sorbent concentration of 1 g L-1 was obtained.
Kinetic experiments showed that equilibrium was attained between the bulk and
the sampling compartments within three hours. The clay suspensions were stirred
for at least one day before duplicate 1 mL aliquots were taken from the sampling
compartment and radio-assayed by liquid scintillation counting. Stable FeCl2
solutions were then added to the bulk compartment in a stepwise manner,
equilibrated for at least one day and sampled until an equilibrium Fe(II)
concentration of ~10-4 M was reached. At each sampling time point the pH was
monitored and remained constant at 6.2 ± 0.13. In addition, Fe(II) equilibrium
concentrations (>10-5 M) of selected samples were checked by a photochemical
analysis method using 1,10 phenanthroline.19

5.2.3 Sorption model
The computer code MINSORB,8 which is based on the geochemical
speciation code MINEQL20 incorporating the two-site protolysis nonelectrostatic
surface complexation and cation exchange (2SPNE SC/CE) sorption model for
montmorillonite,8 was used to model the Fe(II) sorption data on natural
montmorillonites. In this approach the sorption of metal species by surface
complexation is characterized in terms of the uptake on two types of surface
hydroxyl groups at the clay mineral edges, the so-called strong and weak sites
(≡SSOH ~ 2 mmol kg-1 and ≡SW1OH ~ 40 mmol kg-1), and cation exchange (CE)
on the permanently charged planar sites.13 The protonation/deprotonation
constants of the amphoteric edge sites and their site capacities were obtained by
analyzing titration data on Na-montmorillonite (Table 5.1).15
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5.3

Results and Discussion

5.3.1 Fe(II) sorption modeling on STx montmorillonite
The Fe(II) sorption results on STx montmorillonite, which is characterized
by a low structural Fe content (0.5 wt %), are given in Figure 5.1. The Fe(II)
sorption data on STx were modeled using the 2SPNE SC/CE sorption model8, 9 in
which the site types and capacities, protolysis reactions, and aqueous hydrolysis
constants used, are nonadjustable parameters and were fixed in all of the
calculations (Table 5.1).9, 13 A stepwise iterative fitting procedure was applied. In
the pH dependent sorption (Figure 5.1a), the Fe(II) uptake below pH 4 is
dominated by outer-sphere complexes at the planar sites13, 21, 22 and was modeled
with a cation exchange reaction and a corresponding selectivity coefficient defined
using the Gaines and Thomas23 convention as follows:

+

2+

2+

+

2Na -clay + Fe ↔ Fe -clay + 2Na

Fe 2 
Na 

Kc 

Na 

 Fe 
 2

N Fe

N Na

2

2

(5.2)

where NFe and NNa are equivalent fractional occupancies, defined as the
equivalents of Fe (or Na) sorbed per kilogram of montmorillonite divided by the
cation exchange capacity CEC (eq kg-1), and { } are the activities of the cations.
The cation exchange selectivity coefficient of log Kc = 0.8 ± 0.3 was fitted first. In
a second step sorption by surface complexation was described using

≡SS,WOH + Fe2+ ↔ ≡SS,WOFe+ + H+

S ,W

K Fe 2 

S
S

 
 

OFe   H 
S ,W
OH  Fe 2

S ,W

(5.3)

where { } represent the activities of the aqueous species and ( ) the
concentrations of the surface complexes and hydroxyl groups at the strong and
weak edge sites.
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Figure 5.1. (a) Sorption edge data of Fe(II) on low Fe-content STx montmorillonite (filled circles) in 0.1 M NaClO4 at a sorbent concentration of 1 g L-1 (Fetot =
3·10-8 M). Rd denotes the solid liquid distribution ratio as defined in Eq. 5.1. (b) Fe(II) sorption isotherm data on STx at pH 6.2 in 0.1 M NaClO4. The continuous
lines are the best-fit curves obtained using the 2SPNE SC/CE model and the parameters given in Table 5.1. The contributions of the Fe(II) surface species to the
overall sorption are illustrated by the different broken curves: dot-dashed line: ≡SSOFe+; dashed line: ≡SWOFe+; dotted line: CE-Fe2+. The shaded area in Figure
5.1b indicates a region of probable precipitation. The Fe(II) sorption edge and isotherm data were taken from Part I of this study.7
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The pH dependent Fe(II) uptake was then fitted in terms of Fe(II) bound to the
strong edge sites using log SKFe2+ = 1.9 ± 0.3 (Figure 5.1a). Modeling of the
sorption isotherm in Figure 5.1b, using the surface complexation reaction given in
Eq. 5.3 for the weak edge sites, yielded a surface complexation constant of log
WKFe2+

= -1.7 ± 0.3. The three sorption parameters summarized in Table 5.1 were

sufficient to model the uptake of Fe(II) over the whole concentration range
measured and were consistent with the Fe(II) surface complexation constants
obtained previously for a synthetic Fe-free montmorillonite (log SKFe2+ = 1.9 ± 0.3,
log WKFe2+ = -2.0 ± 0.3 and log Kc = 0.8 ± 0.3).13 The discrepancy between the
sorption data and the modeled curve at high iron loadings is probably caused by
the formation of Fe(III) precipitates (shaded area, Figure 5.1b). Ferric (hydr)oxides
on the montmorillonite surface were identified by Mössbauer spectroscopy at
loadings of approximately 40 mmol kg-1 (see Part I).7 Further, the surface
complexation constants describing the uptake of Fe(II) on this low Fe-content
montmorillonite were also consistent with those of other divalent transition metals
for montmorillonite modeled with the 2SPNE SC/CE sorption model.9, 13

5.3.2 Fe(II) sorption modeling on SWy montmorillonite
In a first modeling attempt the same sorption reactions and parameters
obtained for STx (Table 5.1) were used to calculate the edge and isotherms data on
SWy (2.9 wt % structural Fe). In both cases the modeled curves significantly
underestimated the measured data (Figure S5.2 in SI, see also Part I7). A possible
hypothesis explaining this discrepancy is that electron transfer reactions are
occurring between the sorbed Fe(II) and redox-active clay sites.10-12 Thus, in order
to test this hypothesis on the data presented in Figure 5.2, the 2SPNE SC/CE
sorption model was further developed to include redox reactions at the
montmorillonite surface.
Surface redox reactions. Since the electron transfer mechanism, as well as the
resulting Fe(III) surface complexes are unclear, the simplest reaction representing
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the oxidation of Fe(II) sorbed on the edge sites was considered in the sorption
model.7 The process envisaged is the initial sorption of Fe(II) on the amphoteric
edge sites (strong and weak), followed by the oxidation to Fe(III). The overall
surface complexation reaction with the corresponding surface complexation
constant for this process is given in Eq. 5.4.

≡SS,WOH + Fe2+ ↔ ≡SS,WOFe2+ + H+ + e-

S ,W

K Fe3 

S OFe H  e 
S OH  Fe 
2

S ,W

S ,W





2

(5.4)

To perform redox calculations and account for the redox state of the
solutions, the common convention of the electron activity, pe = -log{e-}, was used
in MINSORB.
The postulated mechanism is that Fe(II) is first sorbed as a surface complex
on the edge sites of SWy. This may be followed by a redox reaction between the
Fe(II) surface complex and the structural Fe(III) in which the ferrous iron surface
complex is oxidized to ferric iron and the structural Fe(III) is reduced to Fe(II). In
Part I of this study7 Mössbauer spectroscopy measurements on SWy demonstrated
that nearly all of the sorbed Fe(II) at the edge sites was oxidized to Fe(III) through
an electron transfer to the structural Fe(III). Neumann et al.24 presented
spectroscopic evidence indicating that electron transfer reactions may occur from
basal plane-sorbed Fe(II) to structural Fe(III), but to a much lesser extent.
Therefore, redox reactions taking place on the cation exchange sites were not
included in the sorption model.
It should be noted that besides the uptake of Fe(II) followed by a surface
oxidation reaction (Eq. 5.4), the model also includes Fe(II) sorption without
electron transfer reactions (Eq. 5.3). The assumption is made that the surface
complexation constants describing the uptake of Fe(II) on SWy to form ferrous
surface complexes are the same as those determined for STx. (This hypothesis is
supported later by the information given in Figure 5.4b and Figure S5.3 in SI.)
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Modeling of the Fe(II) sorption isotherms under anoxic conditions. In the sorption isotherm
measurements, the redox potential Eh in the solution was determined using a
Pt-ring redox electrode at Fe(II) equilibrium concentrations of >10-5 M. The
measured Eh values of +0.31 ± 0.03 V (pH 5.2) and +0.28 ± 0.02 V (pH 6.2) were
converted to electron activities, {e-}, using the relation:
pe = 16.9·Eh(V)

at 25 °C

(5.5)

In the sorption isotherm modeling, the electron activity, {e-}, was then
taken as a nonadjustable parameter in Eq. 5.4 for a fixed pH. In a first step the
uptake of Fe(II) on the strong sites in the isotherm at pH 5.2 (linear sorption part)
was fitted using Eqs. 5.3 and 5.4 simultaneously. The parameters in Eq. 5.3 were
set to the values obtained for STx (Table 5.1) and the fitting was carried out by
adjusting the strong site complexation constant in Eq. 5.4 using the measured Eh
value of +0.31 V. The strong site surface complexation constant obtained was
then fixed, and a similar procedure was followed for the weak sites until the whole
isotherm was satisfactorily modeled. Using the surface complexation constants for
the strong and weak sites derived for the isotherm at pH 5.2, the sorption isotherm
at pH 6.2 was calculated at the fixed Eh value of +0.28 V. The constants were
optimized through iterative modeling until both isotherms were successfully
reproduced (see Table 5.1 and continuous lines in Figure 5.2a/b).
As shown in Figure 5.2a, when the Fe(II) equilibrium concentrations are
below 10-8 M, the uptake of Fe(II) is dominated by the strong edge sites
(≡SSOFe2+), whereas at higher equilibrium concentrations the sorption of Fe(II)
on the weak edge sites (≡SWOFe2+) and the cation exchange sites (CE-Fe2+)
becomes increasingly important. Under the anoxic conditions used in the
experiment, the calculations indicate that the sorption is dominated by ferric iron
complexes (≡SS,WOFe2+), that is the reaction given in Eq. 5.4 determines the
sorption. The contribution to the overall sorption of the ferrous surface complexes
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Figure 5.2. Fe(II) sorption isotherm data on structurally Fe-rich SWy montmorillonite at pH 5.2 (a) and pH 6.2 (b) in 0.1 M NaClO4 at a sorbent concentration of
1 g L-1. The continuous lines are the best-fit curves obtained using the 2SPNE SC/CE model and the parameters given in Table 5.1. The contributions of the iron
surface species to the overall sorption are illustrated by different broken curves: dot-dashed lines: ≡SSOFe2+ (red) and ≡SSOFe+ (blue); dashed lines: ≡SWOFe2+ (red)
and ≡SWOFe+ (blue); dotted lines: CE-Fe2+. Fe(II) surface species are indicated by the blue lines. The shaded area in Figure 5.2b indicates a region of probable
precipitation. The Fe(II) sorption isotherm data were taken from Part I of this study.7
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Table 5.1. Nonadjustable parameters and aqueous hydrolysis constants
(log OHK) used in the 2SPNE SC/CE sorption model for Na-montmorillonite,
as well as the fitted surface complexation constants for the strong/weak edge
sites (log S,WK) and the selectivity coefficients (log Kc).
Site typesa

Site capacities

≡SSOH
≡SW1OH
CEC

2.0·10-3 mol kg-1
4.0·10-2 mol kg-1
8.7·10-1 eq kg-1

Protolysis reactionsa

log Kprotolysis

SS, W1OH + H+ ↔ SS, W1OH2+
SS, W1OH ↔ SS, W1O- + H+

4.5
-7.9

Aqueous hydrolysis reactionsa
Fe2+ + H2O ↔ Fe(OH)+ + H+
Fe2+ + 2H2O ↔ Fe(OH)20 + 2H+
Fe2+ + 3H2O ↔ Fe(OH)3- + 3H+

log OHK
-9.1 ± 0.4
-20.6 ± 1.0
-34.6 ± 0.4
log S,WK

Surface complexation reactions
SSOH + Fe2+ ↔ SSOFe+ + H+
SWOH + Fe2+ ↔ SWOFe+ + H+

STx-1

SWy-2

1.9 ± 0.3
-1.7 ± 0.3

1.9 ± 0.3b
-1.7 ± 0.3b

SSOH + Fe2+ ↔ SSOFe2+ + H+ + eSWOH + Fe2+ ↔ SWOFe2+ + H++ e-

-1.4 ± 0.3
-3.8 ± 0.3
log Kc

Cation exchange reactions
2Na+-clay + Fe2+ ↔ Fe2+-clay + 2Na+

STx-1

SWy-2

0.8 ± 0.3

0.8 ± 0.3

a Nonadjustable

parameters. Site types and protolysis reactions are taken from the
work of Bradbury and Baeyens.8 The aqueous hydrolysis reactions and constants of
Fe(II) are given in Soltermann et al.13

b Fixed

to the value determined for STx.
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(≡SS,WOFe+) is over one order of magnitude less at Fe(II) equilibrium
concentrations below 10-4 M. At higher equilibrium concentrations the Fe(II)
sorbed on the planar sites becomes dominant.
The isotherm modeling at pH 6.2 reproduces the measured data well up to
Fe(II) equilibrium concentrations of 5·10-6 M, but underpredicts the sorption at
higher concentrations (Figure 5.2b). As mentioned before, the reason for this
discrepancy at high Fe loadings is the formation of ferric (hydr)oxides on the clay
surface as demonstrated by spectroscopic measurements in Part I.7 Samples of
SWy with Fe loadings of 49 and 130 mmol kg-1 were prepared for investigations
using Mössbauer spectroscopy.7 The sorbed Fe(II) determined spectroscopically
was, within experimental error, consistent with the total amount of Fe(II) surface
complexes calculated using the sorption model (see Section 5.4 in SI). A similar
agreement was found between the calculated and measured quantities of surfacecomplexed Fe(III) (i.e., ≡SWOFe2+). The additional Fe present on the
montmorillonite surface (shaded area) is attributed to newly formed Fe(III)
oxides.7
Modeling of the Fe(II) sorption edge under anoxic conditions. For the sorption edge
measurements at trace Fe(II) concentrations, Figure 5.3a, the redox potential Eh is
assumed to be different for each pH value. However, in contrast to the isotherms
the Fe(II) equilibrium concentrations of <10-7 M are too low to allow accurate Eh
measurements in the solutions using a Pt-ring redox electrode.25 For this reason,
the procedure adopted to model the sorption edge was as follows. The surface
complexation constants derived from the sorption isotherm modeling (Table 5.1)
were fixed, and for each pH the Eh value was adjusted ({e-} values in Eq. 5.4) in
order to reproduce the corresponding Rd value (±0.05 log units). The empirical
relation between the Eh values calculated in this manner and the pH was expressed
in the form of an Eh-pH diagram which indicated a linear correlation between the
two parameters (Figure 5.3b). A least squares linear regression analysis of the data
given in Figure 5.3b yielded the following equation:
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Eh (V) = -(0.031 ± 0.002)pH + (0.483 ± 0.009)

R2 = 0.93

(5.6)

To test the Eh-pH dependency given in Eq. 5.6, an acid titration was carried
out on SWy suspensions under similar conditions to those used in the sorption
edge experiments. In order to facilitate Eh measurements, small amounts of an
electron transfer mediator (K3Fe(CN)6) were added to the clay suspension (see
Section 5.5 in SI).26 Within the pH range 4 to 6, the measured Eh-pH titration
followed the predicted correlation well. At pH values around the montmorillonite
zero net proton charge (PZC), reproducible acid-base titration measurements were
difficult to achieve.27, 28 The agreement between the fitted and measured Eh-pH
relationship observed in the lower pH range (Figure S5.5 in SI) supports the
validity of the Eh-pH correlation and the surface complexation constants used.
The slope of 0.031 V in the Eh-pH relationship is only half of the expected
Nernst-fraction of 0.059 V for a proton coupled electron transfer. However, any
general conclusions about the reasons for the observed 2:1 relationship between
{e-} and {H+} cannot be drawn from the present study.
The Eh-pH relation (Eq. 5.6) was included in the sorption model and used
to calculate the sorption edge in Figure 5.3a (continuous line). The rise in the edge
starts at considerably lower pH values and the Rd values are approximately two
orders of magnitude higher than the corresponding sorption edge for STx
(Figure 5.1a). The difference is attributed to the oxidation of the sorbed Fe(II) on
the strong edge sites of SWy, resulting in a pronounced contribution of the ferric
surface species (≡SSOFe2+).
The modeled curve for the formation of ferrous surface complexes (blue
curves), which was calculated simultaneously with the ferric surface complexation
(red curves), is given here for comparison and is in fact identical with the curve for
STx (Figure 5.1a). The reason for this is that the calculations were made at trace
concentrations far away from strong and weak site saturation.8, 15

145

0.40

(b)

(a) Anoxic SWy

7

Eh (V) = ‐0.031 pH + 0.483

0.36

R2 = 0.93

≡ SsOFe2+

0.32

Eh (V)

log Rd (L kg‐1)

6

5

0.28

4
≡ SsOFe+

≡ SwOFe+

0.24

CE

0.20

3

modelled Eh‐pH titration

≡ SwOFe2+
0.16

2
1

3

5

7

pH

9

4

5

6

7

8

9

10

pH

Figure 5.3. (a) Fe(II) sorption edge data on natural SWy montmorillonite in 0.1 M NaClO4 at a sorbent concentration of 1 g L-1 (Fetot = 3·10-8 M). Rd denotes the
solid liquid distribution ratio as defined in Eq. 5.1. The continuous line is the best-fit curve obtained using the 2SPNE SC/CE model and the parameters given in
Table 5.1. The contributions of the iron surface species to the overall sorption are illustrated by different broken curves: dot-dashed lines: ≡SSOFe2+ (red) and
≡SSOFe+ (blue); dashed lines: ≡SWOFe2+ (red) and ≡SWOFe+ (blue); dotted lines: CE-Fe2+. Fe(II) surface species are indicated by the blue lines. The Fe(II) sorption
edge data were taken from Part I of this study.7 (b) Eh-pH relationship derived from the modeling of the sorption edge data.
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In summary, both Fe(II) sorption isotherms at pH 5.2 and 6.2, and an Fe(II)
sorption edge measured on SWy could be successfully modeled over the whole
range of experimental conditions using the same set of surface complexation
reactions and constants (Table 5.1) and the Eh-pH relationship given in Eq. 5.6.
Whether one or both of the reactions given in Eqs. 5.3 and 5.4 occur
depends on the montmorillonite itself and the redox conditions. If there are
insufficient redox-active sites in the clay, then only the former reaction in Eq. 5.3
determines the sorption. This appears to be the case for STx montmorillonite
(0.5 wt % structural Fe). Where there are sufficient redox-active sites available
(e.g., SWy with 2.9 wt % structural Fe) both reactions (Eqs. 5.3 and 5.4) may occur
simultaneously and the extent to which one or the other determines the sorption
depends on the aqueous redox conditions Eh.

5.3.3 Electrochemically controlled uptake of Fe(II)
A test of the validity of the model is its ability to predict sorption data
measured outside the range of Eh conditions for which the model parameters were
derived. The anoxic sorption measurements presented before covered an Eh range
from +0.20 to 0.36 V. Therefore, Fe(II) sorption isotherms were measured in an
electrochemical cell under controlled reducing conditions at Eh = -0.64 V. Based
on the modeling results, the uptake of Fe(II) on STx would be expected to be
independent of the reducing Eh (low structural Fe(III) content and minor electron
transfer), whereas the sorption on SWy should be strongly dependent on the redox
potential Eh (higher structural Fe(III) content and electron transfer, see also
Eq. 5.4).7
Sorption measurements on STx at pH 6.2, carried out under reducing
conditions (i.e., Eh = -0.64 V), are given in Figure 5.4a (open circles) and clearly
show that the isotherm obtained in the electrochemical cell is practically identical
with the anoxic sorption data (filled circles, data taken from Figure 5.1b). Thus,
this modeling approach describes the results obtained for the experimental
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conditions used and provides a good description of the uptake of Fe(II) on low
Fe-content montmorillonites. In the case of SWy, measurements made at several
initial Fe(II) concentrations, ranging from 8·10-7 to 5·10-4 M, in the
electrochemical cell without controlling the Eh potential (anoxic conditions, red
crosses), corresponded very well with those measured previously under anoxic
conditions (open red squares, see Figure 5.2b). As mentioned in the previous
section, the high sorption values arise because of an oxidation of the sorbed Fe(II)
resulting in the predominance of ≡SS,WOFe2+ surface species. When a reducing
potential of Eh = -0.64 V was applied, the sorption of Fe(II) gradually decreased
until equilibrium was reached after approximately 30 days. In Figure 5.4b this is
illustrated by the movement of the red crosses (anoxic, no Eh applied) to the blue
crosses (Eh = -0.64 V). In each of the experiments, the amount of sorbed Fe
decreased when electrochemically reducing conditions were applied, accompanied
by a corresponding increase in the Fe(II) equilibrium concentration. As can be
readily seen, the sorption data measured in the electrochemical cell under reducing
conditions (blue crosses) lie very close to the sorption isotherm modeled for a
fixed Eh of -0.64 V (continuous line), in which only Fe(II) surface complexes are
present. The results confirm the previously given expectation that under reducing
conditions the surface oxidation of Fe(II) to Fe(III) is inhibited, and the uptake is
dominated by the Fe(II) surface species. In addition, the data indicate that the
formation of ferrous/ferric iron surface complexes on the montmorillonite surface
is reversible and is controlled by the aqueous redox conditions when redox-active
sites are available on the montmorillonite.
Further experimental evidence for the reversibility of the ferrous/ferric
surface complexes as well as for an enhanced reduction of the structural Fe(III) in
SWy following the electrochemical sorption experiments is provided in SI (see
Section 5.6), using mediated electrochemical oxidation (MEO).18, 29 These results
provide good supporting evidence for the general applicability of the sorption
model in describing Fe(II) uptake processes on natural montmorillonites.
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Figure 5.4. (a) Fe(II) sorption isotherm on STx montmorillonite under anoxic conditions, i.e. O2 < 0.1 ppm (filled circles, data from Figure 5.1b), and under
electrochemically controlled reducing conditions, i.e. Eh = -0.64 V and O2 < 0.1 ppm (open circles), at pH 6.2 in 0.1 M NaClO4. (b) Fe(II) sorption isotherm on
SWy under anoxic conditions (open squares, data from Figure 5.2b, and red crossed squares) and under electrochemically controlled reducing conditions, i.e.
Eh = -0.64 V and O2 < 0.1 ppm (blue crossed squares), at pH 6.2 in 0.1 M NaClO4. Red crossed squares and blue crossed squares connected by an arrow indicate
the direction of movement of the sorption data measured in the electrochemical cell under anoxic conditions (no Eh applied) and after the potential of Eh = -0.64 V
has been applied for about 30 days. The continuous line is the predicted curve obtained using the 2SPNE SC/CE sorption model including electron transfer
reactions for a potential Eh of -0.64 V.

Chapter 5

5.3.4 Methodological implications
A clear conclusion from the experimental measurements and modeling is
that surface redox reactions may play an important role in the uptake of Fe(II)
from solution onto montmorillonite. These in turn depend on the montmorillonite
itself, through the concentration of redox-active sites, and the aqueous redox
conditions. On montmorillonites with low structural iron contents (<0.5 wt %) it
was observed that Fe(II) surface complexes were formed under redox conditions
ranging from anoxic (Eh ~ +0.28 V) to reducing (Eh = -0.64 V) potentials at
pH 6.2. This finding implies that the uptake of Fe(II) from solution was redox
independent over this Eh range and the sorption behavior was similar to that of
other divalent transition metals.8, 9 In contrast, on montmorillonites with higher
structural iron contents (e.g., SWy; 2.9 wt %) under anoxic conditions, the sorption
was significantly increased, and predominantly Fe(III) surface complexes were
formed. However, under strongly reducing conditions (Eh = -0.64 V, pH 6.2) the
sorption of SWy was determined by the uptake of Fe(II) without a subsequent
oxidation to Fe(III). The measurements indicated that the formation of
ferrous/ferric surface complexes on the montmorillonite is reversible and is
controlled by the aqueous redox conditions when redox-active sites are available
on the montmorillonite. Relationships between the redox-active structural Fe and
the reducing potential Eh have been developed recently for different Fe-bearing
montmorillonites (e.g., SWy).26, 29, 30 In future research it will be important to
establish for different montmorillonites exactly what combination of redox
conditions and structural Fe contents (redox-active sites) determines when an
interfacial electron transfer occurs between the sorbed Fe(II) and the structural
Fe(III), and thus whether the uptake is dominated by Fe(II) or Fe(III) complexes.
For example, in the case of SWy with 2.9 wt % structural Fe(III) at pH 6.2, model
predictions indicate that 50% of the total surface-bound Fe(II) undergoes electron
transfer reactions when an Eh in the system of about +0.22 V is reached
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(i.e., +0.10 V for the weak edge sites). In this study, all of the experimental data
from wet chemistry and spectroscopic measurements could be quantitatively
described with the 2SPNE SC/CE sorption model using two equations for each of
the strong and weak sites which described the uptake of Fe(II) to form ≡SS,WOFe+
surface complexes, and ≡SS,WOFe2+ surface complexes via surface redox reactions.
Evidence for two distinct groups of surface complexes on the edges sites
(≡SS,WOFe+ and ≡SS,WOFe2+) was found from Mössbauer spectroscopy
measurements described in Part I.7 Further, strong evidence is provided in this
work for the general applicability of the sorption model and sorption parameters
for describing Fe(II) uptake processes on natural montmorillonites under different
redox conditions. As an example of its application the sorption model presented
here was applied to the bentonite near-field concept of a Swiss high-level
radioactive waste repository. The near field is reducing (Eh ~ -0.20 V at pH 7.8)
and the porewater contains relatively high Fe(II) concentrations, circa 10-5 M
(saturation with siderite, FeCO3).31 Because of potential competitive sorption
effects, it is important to understand what the dominant iron surface complexes
are. The sorption model predicted that the iron sorbed on the montmorillonite
surface will be predominantly present as Fe(II) and therefore competitive sorption
with divalent radionuclides in the radioactive waste repository is to be expected.
Clearly, similar calculations can be applied to natural and other engineered
environmental systems to assess the influence of competitive sorption effects
between iron and divalent transition metals on their mobility and bioavailability.

Acknowledgments
Urs Berner is thanked for his helpful contribution to the modeling
approach. We acknowledge Michael Sander for helpful discussions on the
electrochemical equipment. Financial support was provided by the Swiss National
Science Foundation.
151

Chapter 5

References
1.

Stumm, W.; Sulzberger, B. The cycling of iron in natural environments - Considerations
based on laboratory studies of heterogeneous redox processes. Geochim. Cosmochim. Acta
1992, 56 (8), 3233–3257.

2.

Wehrli, B. Redox reactions of metal ions at mineral surfaces. In Aquatic Chemical Kinetics:
Reaction Rates of Processes in Natural Waters; Stumm, W., Ed. Wiley: New York 1990; pp
311–366.

3.

Hofstetter, T. B.; Heijman, C. G.; Haderlein, S. B.; Holliger, C.; Schwarzenbach, R. P.
Complete reduction of TNT and other (poly)nitroaromatic compounds under iron
reducing subsurface conditions. Environ. Sci. Technol. 1999, 33 (9), 1479–1487.

4.

Heidmann, I.; Christl, I.; Leu, C.; Kretzschmar, R. Competitive sorption of protons and
metal cations onto kaolinite: experiments and modeling. J. Colloid Interf. Sci. 2005, 282 (2),
270–282.

5.

Soltermann, D.; Marques Fernandes, M.; Baeyens, B.; Miehé-Brendlé, J.; Dähn, R.
Competitive Fe(II)-Zn(II) uptake on a synthetic montmorillonite. Environ. Sci. Technol.
2014, 48 (1), 190–198.

6.

Pfingsten, W.; Bradbury, M.; Baeyens, B. The influence of Fe(II) competition on the
sorption and migration of Ni(II) in MX-80 bentonite. Appl. Geochem. 2011, 26 (8), 1414–
1422.

7.

Soltermann, D.; Marques Fernandes, M.; Baeyens, B.; Dähn, R.; Joshi P. A.; Scheinost, A.
C.; Gorski, C. A. Fe(II) uptake on natural montmorillonites. I. Macroscopic and
spectrosocpic characterization. Environ. Sci. Technol. 2014, 48 (15), 8688–8697.

8.

Bradbury, M. H.; Baeyens, B. A mechanistic description of Ni and Zn sorption on Namontmorillonite 0.2. Modelling. J. Contam. Hydrol. 1997, 27 (3–4), 223–248.

9.

Bradbury, M. H.; Baeyens, B. Modelling the sorption of Mn(II), Co(II), Ni(II), Zn(II),
Cd(II), Eu(III), Am(III), Sn(IV), Th(IV), Np(V) and U(VI) on montmorillonite: Linear
free energy relationships and estimates of surface binding constants for some selected
heavy metals and actinides. Geochim. Cosmochim. Acta 2005, 69 (4), 875–892.

10.

Tournassat, C. Cations-clays interactions: The Fe(II) case. Application to the problematic
of the French deep nuclear repository field concept. Ph.D. Dissertation, University of
Grenoble, Grenoble, 2003.

11.

Jaisi, D. P.; Liu, C.; Dong, H.; Blake, R. E.; Fein, J. B. Fe2+ sorption onto nontronite
(NAu-2). Geochim. Cosmochim. Acta 2008, 72 (22), 5361–5371.

12.

Géhin, A.; Greneche, J. M.; Tournassat, C.; Brendle, J.; Rancourt, D. G.; Charlet, L.
Reversible surface-sorption-induced electron-transfer oxidation of Fe(II) at reactive sites
on a synthetic clay mineral. Geochim. Cosmochim. Acta 2007, 71 (4), 863–876.

13.

Soltermann, D.; Marques Fernandes, M.; Baeyens, B.; Dähn, R.; Miehé-Brendlé, J.;
Wehrli, B.; Bradbury, M. H. Fe(II) sorption on a synthetic montmorillonite. A combined
macroscopic and spectroscopic study. Environ. Sci. Technol. 2013, 47 (13), 6978–6986.

14.

Schultz, C.; Grundl, T. pH dependence of ferrous sorption onto two smectite clays.
Chemosphere 2004, 57 (10), 1301–1306.

152

References
15.

Baeyens, B.; Bradbury, M. H. A mechanistic description of Ni and Zn sorption on Namontmorillonite 0.1. Titration and sorption measurements. J. Contam. Hydrol. 1997, 27 (3–
4), 199–222.

16.

Bradbury, M. H.; Baeyens, B. Experimental measurements and modeling of sorption
competition on montmorillonite. Geochim. Cosmochim. Acta 2005, 69 (17), 4187–4197.

17.

Dähn, R.; Baeyens, B.; Bradbury, M. H. Investigation of the different binding edge sites
for Zn on montmorillonite using P-EXAFS - The strong/weak site concept in the
2SPNE SC/CE sorption model. Geochim. Cosmochim. Acta 2011, 75 (18), 5154–5168.

18.

Aeschbacher, M.; Sander, M.; Schwarzenbach, R. P. Novel electrochemical approach to
assess the redox properties of humic substances. Environ. Sci. Technol. 2010, 44 (1), 87–93.

19.

Schilt, A. A. Analytical applications of 1,10-phenanthroline and related compounds, 1st ed.;
Permagon Press: Oxford, 1969.

20.

Westall, J.; Zachary, J. L.; Morel, F. MINEQL: A computer prgram for the calculation of
chemical equilibrium composition of aqueous systems; Technical Note 18, Dept. of Civil
Eng., Massachusetts Institute of Technology, Cambridge, Massachusetts, 1976.

21.

Charlet, L.; Tournassat, C. Fe(II)-Na(I)-Ca(II) cation exchange on montmorillonite in
chloride medium: Evidence for preferential clay adsorption of chloride - metal ion pairs
in seawater. Aquatic Geochem. 2005, 11 (2), 115–137.

22.

Kamei, G.; Oda, C.; Mitsui, S.; Shibata, M.; Shinozaki, T. Fe(II)-Na ion exchange at
interlayers of smectite: Adsorption-desorption experiments and a natural analogue. Eng.
Geol. 1999, 54 (1–2), 15–20.

23.

Gaines, G. L.; Thomas, H. C. Adsorption studies on clay mineral. 2. A formulation of the
thermodynamics of exchange adsorption. J. Chem. Phys. 1953, 21 (4), 714–718.

24.

Neumann, A.; Olson, T. L.; Scherer, M. M. Spectroscopic evidence for Fe(II)-Fe(III)
electron transfer at clay mineral edge and basal sites. Environ. Sci. Technol. 2013, 47 (13),
6969–6977.

25.

Aeschbacher, M.; Vergari, D.; Schwarzenbach, R. P.; Sander, M. Electrochemical analysis
of proton and electron transfer equilibria of the reducible moieties in humic acids.
Environ. Sci. Technol. 2011, 45 (19), 8385–8394.

26.

Gorski, C. A.; Kluepfel, L. E.; Voegelin, A.; Sander, M.; Hofstetter, T. B. Redox
properties of structural Fe in clay minerals: 3. Relationships between smectite redox and
structural properties. Environ. Sci. Technol. 2013, 47 (23), 13477–13485.

27.

Bradbury, M. H.; Baeyens, B. Experimental and modelling studies on the pH buffering of
MX-80 bentonite porewater. Appl. Geochem. 2009, 24 (3), 419–425.

28.

Dzombak, D. A.; Morel, F. M. M. Surface Complexation Modeling: Hydrous Ferric Oxides;
Wiley-Interscience: New York, 1990.

29.

Gorski, C. A.; Aeschbacher, M.; Soltermann, D.; Voegelin, A.; Baeyens, B.; Marques
Fernandes, M.; Hofstetter, T. B.; Sander, M. Redox properties of structural Fe in clay
minerals. 1. Electrochemical quantification of electron-donating and -accepting capacities
of smectites. Environ. Sci. Technol. 2012, 46 (17), 9360–9368.

30.

Gorski, C. A.; Kluepfel, L.; Voegelin, A.; Sander, M.; Hofstetter, T. B. Redox properties
of structural Fe in clay minerals. 2. Electrochemical and spectroscopic characterization of

153

Chapter 5
electron transfer irreversibility in ferruginous smectite, SWa-1. Environ. Sci. Technol. 2012,
46 (17), 9369–9377.
31.

Nagra Technical Report; NTB 02-05; Nagra: Wettingen, Switzerland, 2002.

32.

Anastacio, A. S.; Aouad, A.; Sellin, P.; Fabris, J. D.; Bergaya, F.; Stucki, J. W.
Characterization of a redox-modified clay mineral with respect to its suitability as a barrier
in radioactive waste confinement. Appl. Clay Sci. 2008, 39 (3–4), 172–179.

33.

Russell, J. D.; Goodman, B. A.; Fraser, A. R. Infrared and Mössbauer studies of reduced
nontronites. Clays Clay Miner. 1979, 27 (1), 63–71.

34.

Rozenson, I.; Hellerkallai, L. Reduction and oxidation of Fe3+ in dioctahedral smectites.
1. Reduction with hydrazine and dithionite. Clays Clay Miner. 1976, 24 (6), 271–282.

35.

Kostka, J. E.; Wu, J.; Nealson, K. H.; Stucki, J. W. The impact of structural Fe(III)
reduction by bacteria on the surface chemistry of smectite clay minerals. Geochim.
Cosmochim. Acta 1999, 63 (22), 3705–3713.

36.

Manceau, A.; Drits, V. A.; Lanson, B.; Chateigner, D.; Wu, J.; Huo, D.; Gates, W. P.;
Stucki, J. W. Oxidation-reduction mechanism of iron in dioctahedral smectites: II. Crystal
chemistry of reduced Garfield nontronite. Am. Mineral. 2000, 85 (1), 153–172.

37.

Fialips, C. I.; Huo, D.; Yan, L. B.; Wu, J.; Stucki, J. W. Infrared study of reduced and
reduced-reoxidized ferruginous smectite. Clays Clay Miner. 2002, 50 (4), 455–469.

38.

Kostka, J. E.; Haefele, E.; Viehweger, R.; Stucki, J. W. Respiration and dissolution of
iron(III) containing clay minerals by bacteria. Environ. Sci. Technol. 1999, 33 (18), 3127–
3133.

39.

Jaisi, D. P.; Kukkadapu, R. K.; Eberl, D. D.; Dong, H. L. Control of Fe(III) site
occupancy on the rate and extent of microbial reduction of Fe(III) in nontronite. Geochim.
Cosmochim. Acta 2005, 69 (23), 5429–5440.

40.

Dong, H. L.; Kostka, J. E.; Kim, J. Microscopic evidence for microbial dissolution of
smectite. Clays Clay Miner. 2003, 51 (5), 502–512.

154

Supporting Information

Supporting Information
SI 5.1 Sketch of the electrochemical cell

S5.1.1 Lateral view

S5.1.2. Exploded view

S5.1.3 Sectional view

Figure S5.1. Sketch of the electrochemical equipment designed to perform sorption experiments
under controlled redox conditions (Eh). The electrochemical cell consists of a bulk compartment
(light brown part) and a sampling compartment (dark brown part). The bulk compartment is
separated from the sampling compartment by a 47 mm diameter filter (Milipore, 0.4 µm pore size)
as shown in Figure S5.1.2 and S5.1.3. According to the electrochemical approach described in
Aeschbacher et al.,18 the bulk cell is equipped with a glassy carbon working electrode (Sigradur G,
HTW, Germany), an Ag/AgCl reference electrode and a coiled wire platinum auxiliary electrode
(Bioanalytical Inc., West Lafayette, IN).18 A detailed description of the electrochemical equipment
is given in Chapter 1.3.3.
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SI 5.2 Fe(II) sorption on SWy modeled with the 2SPNE SC/CE sorption model and the parameters obtained for STx
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Figure S5.2. Fe(II) sorption edge data on SWy montmorillonite (a) and Fe(II) sorption isotherm data on SWy at pH 5.2 (b) and pH 6.2 (c) in 0.1 M NaClO4 at the
sorbent concentration of 1 g L-1. The continuous lines are the calculated curves using the two-site protolysis nonelectrostatic surface complexation and cation
exchange sorption model (2SPNE SC/CE)8 without including an additional surface complexation constant for surface-induced oxidation processes and using the
surface complexation constants obtained on STx montmorillonite (i.e., log SKFe2+ = 1.9 ± 0.3, log WKFe2+ = -1.7 ± 0.3, and log Kc = 0.8 ± 0.3).
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SI 5.3 Fe(II) sorption isotherm and edge on dithionite-reduced SWy
In the sorption model for SWy montmorillonite the surface complexation
constants of the Fe(II) uptake without a subsequent oxidation (log

S,WKFe2+)

were

fixed to the values determined on STx. To test the assumption made, Fe(II)
sorption isotherm data were measured on dithionite-reduced SWy where the
structural Fe(III) is completely reduced to Fe(II). Mössbauer spectroscopy
measurements revealed that none of the sorbed Fe(II) is oxidized on the surface of
the dithionite-treated clay.7 Therefore, it is reasonably expected that the sorption
data can be modeled without including surface redox reactions (Figures S5.3 in SI).
The fitted parameters are consistent with the Fe(II) surface complexation
constant and selectivity coefficient derived for the natural STx montmorillonite
(i.e., log WKFe2+ = -1.7 ± 0.3 and log Kc = 0.8 ± 0.3), except that the complexation
constant for the strong edge sites (log SKFe2+) was not necessary to fit the sorption
data. The modeled sorption isotherm in Figure S5.3a illustrates that Fe(II) is not
taken up by the strong edge sites (≡SSOH) at equilibrium concentrations below
10-6 M. In a similar manner, the sorption edge of Fe(II) could be successfully fitted
by including only weak edge sites (Figure S5.3b). The observed differences suggest
that either the strong edge sites altered during the reduction step32-37 or the
dithionite treatment led to a dissolution of Fe(II) species38-40 into the aqueous
phase which permanently occupy the strong edge sites. A general conclusion about
the reasons for the reduced uptake on the strong edge sites cannot be deduced
from this study alone. However, experimental evidence is given to support the
assumption that the F(II) surface species on natural SWy montmorillonite are built
with the same sorption parameters as for STx montmorillonite.
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SI 5.4 Model predictions and spectroscopic speciation results
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Figure S5.4. Sorption isotherm data of Fe(II) on natural Wyoming montmorillonite (SWy) in
0.1 M NaClO4 (sorbent concentration ~ 1 g L-1). The continuous line is the best-fit curve
obtained using the 2SPNE SC/CE model and the parameters given in Table 5.1. Mössbauer
samples and their corresponding Fe loadings are encircled (i.e., 57Fe SWy a and 57Fe SWy b).
Table S5.1. Summary of the different Fe surface species resulting from the Mössbauer
measurements in Part I7 and predicted by the 2SPNE SC/CE sorption model in Part II.

Fe loadings

Surface species

mmol kg-1

Mössbauer
spectroscopy
area %
mmol kg-1

Model
predictions
mmol kg-1

57Fe

SWy a

49.0

≡SS,WOFe+
≡SS,WOFe2+
Fe3+ oxides

2.0(4.2)
17.7(1.5)
80.3(6.4)

1.0(2.0)
8.7(0.7)
39.3(3.2)

0.6(0.7)
26.3(15.4)
20.2(11.8)

57Fe

SWy b

128.8

≡SS,WOFe+
≡SS,WOFe2+
Fe3+ oxides

9.3(2.2)
10.7(2.0)
79.9(2.7)

12.0(5.5)
13.8(2.6)
102.9(3.5)

6.8(6.9)
39.8(23.3)
75.5(43.3)
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SI 5.5 Modeled and measured Eh-pH relationship
Eh-pH titration measurements were conducted in 50 mL glass vessels
employing identical conditions as for the sorption edge measurements except that
the solution was unbuffered (sorbent concentration ~ 1 g L-1 in 0.1 M NaClO4).
To facilitate redox potential measurements small amounts of the electron transfer
mediator ferri/ferrocyanide (K3Fe(CN)6, E0h = +0.43V)26 were added to the clay
suspension (~10-5 M). In each acid addition step after reaching equilibrium, the
potential Eh was monitored using a Pt-ring redox electrode connected to a
Metrohm 827 pH lab instrument (Metrohm, Zofingen, Switzerland).
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Figure S5.5. Eh-pH relationship modeled in the sorption edge in comparison with the measured
Eh-pH titration data employing similar conditions as for the sorption edge measurements.
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SI 5.6 Mediated electrochemical oxidation (MEO)
In this well-established method, suitable mediators are used to facilitate the
electron transfer between the working electrode and redox-active natural organics
at applied Eh (e.g., humic substances).18 Recently the applicability of MEO to
Fe-bearing clay minerals has been demonstrated.26, 29, 30 When dithionite-reduced
clay suspensions were spiked to the electrochemical cell pre-equilibrated with an
electron transfer mediator, fast reductive current peaks were monitored. An
integration of the peak response yielded the number of electrons transferred from
the structural Fe(II) in the clay lattice to the working electrode.29 In this study,
MEO was employed to quantify the number of electrons (QEDC) which can be
withdrawn from the Fe(II) treated clay suspensions at oxidizing potentials
(i.e., Eh = +0.61 V).
MEO was performed by spiking the mediator ABTS2- into an
electrochemical cell polarized to Eh = +0.61 V (Figure S5.6). Subsequently, clay
samples treated with Fe(II) under either anoxic or electrochemical reduced
conditions were added to the cell. The resulting oxidative current peaks indicated
that ABTS·- facilitated the electron transfer from the sorbed and/or structural
Fe(II) of SWy to the working electrode. Peak integration yielded to the amount of
electrons which could be withdrawn from the Fe(II) loaded clay suspension under
anoxic and electrochemical reduced conditions (i.e., 0.12 for the anoxic clay sample
and 0.25 mmole- gSWy-1 for the electrochemical sample). When these values were
corrected for the redox-active Fe(II) in the equilibrium solution, the calculated
percentage of reduced structural Fe(II) was 22.2% for the anoxic sample and
44.64% for the electrochemical sample. It should be noted that for the
electrochemical sample about 16.1% of the total MEO signal may result from
redox-active Fe(II) surface complexes. MEO is in excellent agreement with
previous spectroscopic results.7 Based on Mössbauer spectroscopy measurements,
25.5% of the structural Fe was reduced in the anoxic SWy sample.7 The results

161

Chapter 5

may indicate that in the electrochemical sorption experiments aqueous Fe(II)
facilitated electron transfer from the working electrode to the structural Fe. In fact,
additional structural Fe(III) reduction due to H2 generation cannot be ruled out.
However, MEO clearly demonstrated that the amount of redox-active Fe(II)
associated to SWy increased under reducing conditions (Eh = -0.64 V) which
provides further evidence that the sorption of the Fe(III) surface complexes is
reversible.

Mediated Electrochemical Oxidation (MEO)
Eh = + 0.61 V
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Figure S5.6. Mediated electrochemical oxidation (MEO) of Fe(II) treated clay samples under
either anoxic (O2 < 0.1 ppm, sample 1) or electrochemically reduced conditions (Eh = -0.65 V,
sample 2) using ABTS to mediate electron transfer between the working electrode and the clay
samples at Eh = +0.61 V (inlet Figure S5.6). Current responses to the spikes of anoxic and
electrochemically treated samples were integrated to receive the amount of transferred electrons at
Eh = +0.61 V. The corresponding iron loadings of the anoxic and electrochemical sample are
indicated in the sorption isotherm of Fe(II).
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6.1

Conclusions
A

multi-disciplinary

approach

combining

macroscopic

sorption

experiments, geochemical modeling and advanced spectroscopic techniques was
applied in this thesis to investigate the sorption of Fe(II) on montmorillonite
under various experimental conditions. The methodological work resulted in the
development of a novel electrochemical approach to perform sorption
experiments under controlled reducing conditions.
The uptake of Fe(II) on the synthetic iron-free montmorillonite (0.0 wt %
structural Fe) was measured by batch sorption experiments under anoxic
conditions (O2 < 0.1 ppm) in the absence of any competing metal. A two-site
protolysis nonelectrostatic surface complexation and cation exchange sorption
model was applied to quantitatively describe the Fe(II) uptake on montmorillonite.
Two types of sites at the clay mineral edges, the so-called strong (≡SSOFe+) and
weak edge sites (≡SWOFe+), were required to model the Fe(II) surface
complexation. Spectroscopic evidence for two groups of edge surface binding sites
was found by EXAFS spectroscopy which is consistent with the multi-site
sorption model applied. Based on the spectroscopic results the sorbed Fe is
located in the continuity of the octahedral sheet at the montmorillonite edges.
The role of Fe(II) as sorbate competing with radionuclides for clay sites was
investigated by competitive sorption experiments between divalent Fe and Zn.
Sorption isotherms were measured for the combinations of Zn(II)/Fe(II) and
Fe(II)/Zn(II) where the former metal in each pair represents the trace metal
(<10-7 M) and the latter the competing metal at higher equilibrium concentrations
(up to 10-3 M). The combined batch sorption and EXAFS results indicated that the
two metals compete with one another if Fe(II) is available in excess. In contrast, a
noncompetitive sorption between trace Fe(II) and Zn(II) was observed if Zn(II) is
present at high concentrations. The latter noncompetitive behavior could be
explained by the availability of strong edge sites where a surface oxidation of the
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sorbed Fe(II) to Fe(III) occurs and which are not accessible for Zn(II). These
findings on the synthetic montmorillonite have major implications for assessing
competitive sorption effects between Fe(II) in clay soils and sediments and
radiocontaminants released from a radioactive waste repository. First, Fe(II) may
represent an important competing sorbate for divalent heavy metals and
radionuclides in anoxic environments where dissolved Fe(II) concentrations above
10-7 M might be expected. On the other hand, a selective uptake of trace Fe(II)
due to surface-induced Fe(II/III) redox processes is essential for determining the
influence of iron on the uptake characteristics of other relevant metals.
Further, this study highlights the complexity of the Fe(II) uptake processes
on natural Fe-bearing montmorillonites. In the case of low Fe-content
montmorillonite (STx with 0.5 wt % structural Fe(III)) the sorption behavior of
Fe(II) was consistent with other divalent metals, whereas the Fe(II) uptake
increased by up to two orders of magnitude on structurally Fe-rich
montmorillonites (e.g., SWy with 2.9 wt % and SWa with 15.4 wt %). EXAFS and
Mössbauer spectroscopy measurements demonstrated that nearly all the sorbed
Fe(II) was oxidized to surface-bound Fe(III) on the Fe-rich montmorillonite, while
the iron sorbed on the low Fe-content montmorillonite was predominantly present
as Fe(II). Isotopic-specific

57Fe

Mössbauer spectroscopy allowed characterizing

redox interactions between surface-bound Fe(II) and clay mineral sites. In both
Fe-low and Fe-rich montmorillonites, the oxidation of the sorbed Fe(II) to Fe(III)
was coupled with an electron transfer to the structural Fe(III).
The results in this thesis have clearly shown that the amount of sorbed
Fe(II) on Fe-rich montmorillonites significantly decreased when sorption
experiments were performed either on dithionite-treated clays, where the structural
Fe(III) is completely reduced to Fe(II), or under electrochemically reduced
conditions (i.e., Eh = -0.65 V). These findings support the assumption that in
reducing environments the surface oxidation of Fe(II) to Fe(III) is inhibited and
predominantly Fe(II) surface complexes were formed. Under these conditions the
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sorption of Fe(II) is similar on structurally Fe-rich and Fe-low montmorillonites
(<0.5 wt %) and Fe(II) becomes competitive with other divalent metals such as
Co, Ni and Zn.
A clear conclusion drawn from these results is that the extent of Fe(II)
uptake on montmorillonite is depending on two master variables, i.e. the
availability and redox activity of the structural Fe(III) as well as the redox
conditions in the clay/water system.
Because redox interactions between sorbed and structural iron are taking
place on the clay surface, especially on Fe-rich clay minerals, the applicability of
previous sorption models needed to be reassessed. The multi-site sorption model
described for the synthetic iron-free montmorillonite was viewed as forming the
basis for developing a surface complexation model on natural Fe-bearing
montmorillonites including surface redox reactions. The modeling of the sorption
data indicated that an increased uptake of Fe(II) on Fe-rich montmorillonites
arises because of an interfacial electron transfer between sorbed Fe(II) and redoxactive clay sites, resulting in the predominance of Fe(III) surface species
(i.e., ≡SS,WOFe2+). Measurements in the electrochemical cell revealed that the
formation of ferrous/ferric surface complexes is reversible and controlled by the
reducing potential Eh in the clay suspension.
The modeling approach and surface complexation constants presented
describe quantitatively well a whole set of experimental conditions including the
sorption of Fe(II) under highly reducing conditions (Eh = -0.65 V). Furthermore,
with the knowledge of the clay-specific redox activity as well as the reducing
conditions in the clay system, the sorption model can be applied to predict the
uptake behavior of Fe(II) on natural montmorillonites. Using this approach
enhances our ability to assess the influence of competitive sorption effects
between Fe(II) and relevant transition metals on their mobility in natural and
engineered environments. As an example of its application, calculations performed
in Chapter 5 for the argillaceous Opalinus Clay rock in the bentonite near field of
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the Swiss high-level radioactive waste repository demonstrated that the iron sorbed
on the clay surface will be present as Fe(II) and therefore competitive sorption
with divalent radionuclides is to be expected. The model including redox processes
developed in this thesis is relevant for future studies investigating the uptake of
redox-sensitive elements on clay minerals and will contribute to the further
development of thermodynamic models used in safety analysis.
Besides identifying the redox-active structural iron and redox conditions in
the water/clay system, investigations on the nature of the iron surface complexes
are essential for understanding the role of clay minerals as sorbent and reductant
for heavy metals and radiocontaminants. To date, several field and laboratory
studies have demonstrated that Fe(II) species associated with Fe-bearing minerals
are more reactive than dissolved Fe(II) with respect to both organic and inorganic
contaminant transformations.1-4 As shown in this work, the presence of
ferrous/ferric surface complexes as well as the formation of iron (hydr)oxide
precipitates on natural Fe-bearing montmorillonites may have considerable
implications on the sorption properties of clay minerals. In future studies a more
dynamic description including the Fe(II)/clay interface chemistry is required to
assess the fate of contaminants in the safety case for radioactive waste repositories.
The outcome of this study contributes to an improved molecular scale
understanding of the ferrous iron uptake mechanisms at the montmorillonitewater interface under anoxic and reducing conditions in the absence and presence
of other divalent metals.
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6.2

Outlook
The insights of the Fe(II) uptake processes at the montmorillonite-water

interface gained in this study require further investigations for understanding and
predicting the sorption of Fe(II) in complex natural systems.
Describing the interaction of Fe(II) with natural clay minerals has been
challenging due to the influence of the clay-specific redox activity and in situ redox
conditions (Eh) on the Fe(II) sorption behavior. One of the governing questions is
whether the sorbed Fe(II) is a strong enough reductant to reduce structural Fe(III)
in the clay lattice. Future studies on the redox activity of the structural Fe(III) over
a wide range of Eh values are strongly recommended as they are viewed as master
variables for assessing the extent of Fe(II) sorption.
The two-site protolysis nonelectrostatic surface complexation and cation
exchange sorption model extended for both Fe-low and Fe-rich montmorillonite
has proven to be an efficient surface complexation model in reproducing Fe(II)
sorption data in terms of simplicity and accuracy. In the model presented, a
minimal set of parameters describing both the pH and concentration dependent
sorption of Fe(II) under different experimental conditions was required. However,
based on the data in this thesis it can be assumed that the extent of Fe(II) sorption
is strongly correlated with the clay-specific redox properties. A correlation between
the redox properties of the structural iron (i.e., structural Fe2+/Fetot-Eh
relationships) and molecular-scale parameters, for example, the total iron content,
layer charge, and quadrupole splitting, has been demonstrated recently.5 In future
studies, an improved Fe(II) sorption modeling approach for various natural
montmorillonites needs to be developed by including clay-specific redox
parameters into the surface complexation model.
The initial Fe(II) uptake processes and subsequent oxidation to Fe(III)
surface complexes could be reproduced by the 2SPNE SC/CE sorption model.
However, precipitation features observed at high Fe loadings were not taken into

168

Outlook

account with the modeling approach presented. To sustain progress in the current
application, the 2SPNE SC/CE sorption model has to be developed further to
consider the formation of iron precipitates on the clay surface. Last but not least,
long-term measurements are essential to provide sorption databases in the
performance assessment of radioactive waste repositories. Despite the short
equilibration time in the batch sorption experiments, the model is based on the
assumption that selected data are representative of thermodynamic equilibriums at
the clay-water interface.6
One of the key questions regarding strongly reducing conditions is whether
the redox state of the structural Fe(III) changes and to what extent this influences
the physical and chemical properties of the montmorillonite. The charge deficit
resulting from the reduction of structural Fe(III) is counterbalanced by the
sorption of cations at the planar sites and the deyhdroxylation of surface hydroxyl
groups. The latter process may play a pivotal role in transforming the clay mineral
into non-swelling Fe-rich phyllosilicates. In the study in Chapter 4 the focus was
given on the initial redox state of the structural iron and its effect on the sorption
behavior of Fe(II). However, mineralogical alterations of the montmorillonite by
long-term interactions with Fe(II) were not addressed in this thesis and need to be
assessed in future research.
The electrochemical method described provides the basis for further
investigations on iron-containing minerals and redox-sensitive elements. In most
previous studies XAS investigations on clay minerals have been performed under
ex situ conditions in simple dispersed clay systems without controlling redox
conditions. The novel electrochemical cell allows in situ XAS measurements under
electrochemically reduced conditions with the additional advantage to follow up
redox kinetics on a short term. The electrochemical cell is applicable to
characterize interactions between contaminants and redox-active phases such as
iron (hydr)oxides, goethite, magnetite, green rust, and manganese oxides which
play an important role in biogeochemical processes and pollutant dynamics.1, 4, 7, 8
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A critical issue within the safety analysis of radioactive waste repositories is for
example the release and mobility of redox-active 79Se into the bio- and geosphere.
In radioactive waste repository designs, the expected high Fe(II) concentrations in
the interstitial pore waters of the near and far fields might have a significant
influence on the sorption behavior of

79Se

through redox interactions. The

electrochemical equipment developed for batch sorption experiments and XAS
measurements under controlled reducing conditions may be directly applied to
explore these open research questions.
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