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Teil | Kurzfassung

.1  Aufgabenstellung

Bei der Endlagerung radioaktiver Abfalle in tiefen Gesteinsschichten sind Bentonite als Barriere
vorgesehen, um den Zutritt von Wasser sowie die Ausbreitung radioaktiver Stoffe einzudammen. Um
ihr Verhalten Uiber lange Zeit sowie die Sicherheit der Barrieren zu beurteilen ist die Kenntnis ihrer
chemischen Wechselwirkung mit dem Wirtsgestein, mit Baustoffen und Behéaltermaterialien wie Stahl
notwendig. Bentonite bestehen im Wesentlichen aus Smektiten wie Montmorillonit, deren Quellfahigkeit,
lonenaustauschkapazitat und Sorptionsfahigkeit ihnen ihre typischen Eigenschaften geben. Smektite
zeigen eine sehr variable Zusammensetzung und komplexe Struktur. Der Zusammenhang zwischen
Struktur, Zusammensetzung und anderen Eigenschaften, wie etwa insbesondere ihrer Redox-
reaktionsfahigkeit, ist darum erst teilweise geklart.

Ziel des Projektes war die rechnerische Untersuchung der Redoxreaktion des Eisengehalts in Smektiten
mit quantenchemischen Methoden als Beitrag zur Charakterisierung von Bentoniten und ihren
Umwandlungsprozessen. Sowohl die Verteilung von Eisensubstitutionen in Smektiten, insbesondere in
der reduzierten Form Fe(ll), wie auch deren Redoxpotentiale, sind bisher nur unzureichend bekannt.
Aufgabe des Projektes war deshalb die Verteilung von strukturellen Eisensubstitutionen in Smektien zu
bestimmen, um aus deren Energien die Variation ihrer Redoxpotentiale zu erhalten. Dabei waren die
Abhéngigkeit vom Abstand von anderen typischen Substitutionen und vom Typ des Substitutionsplatzes
und des Kristallgitters zu beriicksichtigen sowie der Einfluss der Schichtladung der Smektite. Weiterhin
spielt die Position von Zwischenschichtionen und der Wassergehalt eine mdgliche Rolle. Als Beitrag
zum Verstandnis der Eisenkorrosion in Kontakt mit Bentonit, bei der noch viele Fragen offen sind, war
auch die Reduktion von Eisen in Smektiten durch Wasserstoff zu untersuchen.

.2  Wissenschaftlicher und technischer Stand zu Beginn des Vorhabens

Die Reduzierbarkeit von Eisen in Smektiten und anderen Tonmineralen ist trotz ihres Einflusses auf
viele andere Eigenschaften dieser Minerale bisher nur teilweise beschrieben und verstanden. Dies ist
zum einen auf deren variable Struktur und Zusammensetzung, zum anderen auf experimentelle
Schwierigkeiten zurtickzufuhren. Elektrochemische Experimente haben gezeigt, dass die
Redoxreaktion von Smektiten Uber einen gewissen Spannungsbereich hinweg erfolgt und eine
Hysterese aufweist. Weiterhin wurden diese Experimente als teilweise irreversibel interpretiert. Dies
wurde auf Eisenzentren mit unterschiedlichen Reduktionspotentialen sowie auf strukturelle
Veranderungen der Minerale zurtickgeftihrt. Eine kirzlich erfolgte Modellierung und Messungen Uber
langere ZeitrAume stellen diese Befunde wieder in Frage.

Modellvorstellungen der Reduktion von Fe(lll) in Smektiten gehen davon aus, dass die erhdhte
Schichtladung durch entstehende Fe(ll)-Substitutionen teils durch Na* aus der Lésung oder durch H*
kompensiert wird. H* wird dabei an OH-Gruppen des Smektits koordiniert, was durch Dehydroxylierung
zu teils irreversiblen strukturellen Veréanderungen wie trioktaedrischen Doméanen fuhren kann. Dieses
Modell wird qualitativ durch Ergebnisse von infrarot- und rontgenspektroskopischen Experimenten
gestiutzt. Die meisten Ergebnisse zur Reduktion von Fe(lll) in Smektiten wurden an eisenreichen
Smektiten, wie etwa Nontronit, gewonnen. Es wird angenommen, dass die Eisenredoxreaktion in
eisenarmen Smektiten wie Montmorillonit vor allem mit einer Ladungskompensation durch Na*
stattfindet und reversibel ist. Reduktionspotentiale konnten bisher noch nicht definitiv mit der
spezifischen strukturellen Umgebung von Eisensubstitutionen und deren Anordnung im Smektitgitter
verknupft werden. Damit ist eine Abschatzung der Variation des Redoxpotentials und der
Reduzierbarkeit eines Smektits bei bekannter Struktur und Zusammensetzung noch nicht méglich. Dies
gilt insbesondere auch fur die Reduktion von Eisen in Smektiten durch H: als Teilprozess der
anoxischen Eisenkorrosion in Kontakt mit Ton.

Bisherige quantenchemische Studien zu Fe(ll) in Smektiten zeigen, dass oktaedrisches Fe(ll) als
Substituent mdglich ist und seine Ladung durch Na* kompensiert werden kann. Berechnete
Rontgenspektren von Fe(lll) und Fe(ll) in Smektiten zeigten im Vergleich mit dem Experiment, dass
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Eisen als Fe(lll) vorliegt und seine Verteilung, zufallig oder als Cluster, konnte nicht eindeutig bestimmt
werden. Relative Energien von Fe(ll) in Abhéangigkeit von Gittertyp und benachbarten anderen
Substituenten als Grundlage einer Abschéatzung von deren Redoxpotential fehlten damit weitgehend.

1.3  Wesentliche Ergebnisse im Uberblick

Die Verteilung von Fe(lll)- und Fe(ll)-Substitutionen in Smektiten und ihre Redoxpotentiale wurden mit
der quantenchemischen Dichtefunktionalmethode rechnerisch untersucht. Die Methode wurde um
Korrekturen erganzt, um Dispersionswechselwirkungen einzuschlieBen und Selbstwechselwirkungs-
artefakte zu begrenzen. Mit diesem Ansatz wurden genaue Strukturen fir Smektite und die richtigen
Spinzustande fir Eisenionen erhalten. Fur verschiedene Smektitemodelle wurden periodische Modelle
und eine Basis ebener Wellen zur Darstellung der Bandstruktur verwendet.

Fur oktaedrisches Fe(ll) in verschiedenen Smektitmodellen wurde unerwartet festgestellt, dass zwei
sehr ahnliche Strukturen unterschiedlicher Energie in Geometrieoptimierungen erhalten werden. Diese
unterscheiden sich um 10-14 kJ/mol und durch eine Abweichung des mittleren Fe-O-Abstandes um
wenige pm bei ansonsten gleicher Struktur. Auch wenn gezeigt wurde, dass die Struktur héherer
Energie vermutlich metastabil ist, wurden fir alle untersuchten Fe(ll)-Substitutionen die stabilere
Struktur ermittelt und fir Abschatzungen von Reduktionspotentialen verwendet.

Fir einzelne Eisen- und andere Substitutionen wurden geringe Energieunterschiede fir trans- und
cisvakante Schichtgitter in Ubereinstimmung mit bekannten Trends berechnet. Fe(lll) und beidellitische
Substitutionen stabilisieren das transvakante Gitter und Mg(ll) das cisvakante Gitter (Montmorillonit).
Fir oktaedrisches Fe(ll) sind beide Gitter &hnlich stabil. Die Optimierung von oktaedrischen Fe(lll)-
Substitutionen in Abhangigkeit vom Abstand zu anderen Substitutionen in Pyrophyllit und Montmorillonit
ergab fur eine weitere Fe(lll)-Substitution, Mg(ll) und Fe(ll) ansteigende Energien mit sinkendem
Abstand zwischen 5 und 14 kJ/mol, wobei die niedrigsten Werte fiur benachbartes Fe(lll) und die
hoéchsten fur benachbartes Fe(ll) erreicht werden. Deutlich hdhere relative Energien von bis zu 47
kJ/mol in Abhangigkeit vom Abstand werden fir Fe(ll) und benachbarte Fe(ll) und Mg(ll)-Substitutionen
aufgrund der elektrostatischen Absto3ung dieser geladenen Substitutionen berechnet. Abweichende
stabilste Positionen wurden fir Eisen und tetraedrisches Al(lll) (Beidellit) berechnet. Fe(lll) ist neben
der tetraedrischen Substitution am stabilsten und Fe(ll) als Gbernéchster Nachbar anstatt auf entfernten
Platzen, wie bezlglich anderer Substitutionen.

Aus den berechneten Energien der Eisensubstitutionen in Abh&angigkeit vom Kristallgitter, des Typs des
Substitutionsplatzes und des Abstandes von anderen Substitutionen wurden relative Redoxpotentiale
abgeleitet, die die Variationsbreite des Redoxpotentials von Fe(ll)/Fe(lll) in typischen Smektiten
wiedergeben. Der Vergleich verschiedener Modelle ergab eine maximale Variation des Redoxpotentials
von etwa 400 mV in guter Ubereinstimmung mit aus Messungen abgeschéatzen Variationen. Die
Gitterstruktur und die Art der Substitutionsplatze fiihren zu Variationen von bis zu 100 mV. Etwa die
gleichen Unterschiede ergeben sich bei Variation des Abstandes zu einer weiteren Fe(lll)-Substitution.
Die berechneten groReren Unterschiede gehen im Wesentlichen auf den Abstand zu geladenen
Substitutionen zurtick. Die tiefsten relativen Redoxpotentiale werden fir Fe(lll) neben einer geladenen
Substitution erhalten, wobei der Einfluss von oktaedrischem Fe(ll) und Mg(ll) &hnlich ist und fur
tetraedrisches Al(lll) geringer. Im Vergleich neutraler Smektitmodelle mit Modellen mit negativer
Schichtladung zeigte sich unerwartet, dass die Reduktion von Eisen in den geladenen Modellen leichter
ist und nur fir Platze nah an geladenen Substitutionen negativere Reduktionspotentiale erhalten
werden.

Um den kontraintuitiven Einfluss der Schichtladung auf das Eisenreduktionspotential besser zu
charakterisieren wurde in groReren Montmorillonitmodellen mit variabler Schichtladung der Abstand von
Fe(ll) und Fe(lll) von den verteilt angenommenen Mg(ll)-Substitutionen variiert. Fir verschiedene
Abstande und Substitutionsplatze wurden mit wachsender Schichtladung sowohl leicht ansteigende als
auch abfallende Reduktionspotentiale erhalten. Dabei bleiben die niedrigsten Reduktionspotentiale fur
Eisen neben Mg(ll) nahezu konstant, was die Ergebnisse kleinerer Modelle bestatigt. Da mit
wachsender Schichtladung die Zahl schwer zu reduzierender Platze zunimmt ergibt sich bei zufalliger
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Verteilung der Eisensubstitutionen ein Anstieg des mittleren Reduktionspotentials mit der
Schichtladung. Dies ist jedoch ein indirekter Effekt der Verteilung der geladenen Substitutionen und
nicht ein direkter der Schichtladung.

Der Einfluss von Kantenflachen auf die Verteilung von Substitutionen und das Redoxpotential von Eisen
in Smectiten wurde fir das Beispiel der (010)-Oberflache untersucht. Sowohl Fe(lll) als auch Fe(ll) und
Mg(ll) werden an der Oberflache stabilisiert. Ein einfaches Modell der Oberflachensolvatisierung ergibt
einen positiven Effekt auf das Redoxpotential. Verbesserte Modelle durch Aquilibrierung der
Solvensschicht sowie Berucksichtigung verschiedener Oberflachenspezies geladener Substitutionen
legen jedoch einen geringen Effekt der Oberflache von etwa +50 mV nahe. An der Oberflache kénnen
geladene Substitutionen durch Na* als auch durch H* ladungskompensiert werden.

Die Reduktion von Fe(lll) in Smektitmodellen durch H2 wurde modelliert, da sie einen Einfluss auf die
Eisenkorrosion unter anoxischen Bedingungen und in Kontakt mit Ton hat. Es wurde gezeigt, dass H:
leicht endotherm in der Zwischenschicht sorbiert und eine Absorption im Smektitgitter ungtinstiger ist.
H* koordiniert bevorzugt an OH-Gruppen neben den geladenen Substituenten Mg(ll) und Fe(ll). Die
Reduktionsreaktion von Fe(lll) durch Hz wurde als endotherm berechnet. Der Vergleich von
Montmorillonit und Pyrophyllit bestatigt eine unerwartet leichtere Reduzierbarkeit im Montmorillonit, in
Ubereinstimmung mit den Ergebnissen zur generischen Reaktion.

Abschliel3end wurde untersucht, ob die im Projekt an Na-Smektiten gewonnenen Ergebnisse auf andere
Zwischenschichtionen Ubertragbar sind. Am Beispiel zweier Mg(Il)-Substitutionen, die entweder durch
zwei Nat*- oder ein Ca?*-lon kompensiert werden, konnte gezeigt werden, dass die Stabilitat der
Anordnung der Substitutionen nur fur Na* mit ihrem Abstand korreliert. Wéhrend benachbarte Mg(ll)-
Substitutionen fiir Na* unginstig sind gehoren spezifische derartige Paare fiir Ca2* zu den bevorzugten
Anordnungen. Dies zeigt, dass auch die Trends des Redoxpotentials von der Ladung des
Zwischenschichtions abhangen werden und damit weiterer Untersuchungen bedurfen.
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Teil 1l Detailed description

.1 Motivation and project definition

Bentonites are foreseen to be used in geological repositories as barrier materials to prevent the
mobilization of radionuclides by ground and pore waters. For this purpose their swelling ability in contact
with water as well as their cation exchange capability, their sorption potential for radionuclides, and their
redox ability is of importance. The essential mineral component of bentonites responsible for these
properties are smectites, mainly the dioctahedral smectite mineral montmorillonite. These belong to the
class of layered alumo-silicate minerals. Typically the layers are negatively charged due to structural
substitutions, which is compensated by alkali or earth alkaline cations between the layers. To support
the choice of a proper bentonite, the relation between composition, structure and properties of its
smectite content needs to be known and the chemical interaction between bentonite and other
construction materials like steal [kaul5] and cement has to be understood. Besides, the redox capability
of smectites is also of interest for the redox state of soils [stul3] and many applications of clay materials

Until now the redox capabilities of smectites, originating from their structural iron content, are not well
characterized [stull,stul3,neull], especially for the common smectites with low iron content of the
montmorillonite-beidellite series. Most experimental studies of the redox reaction of clay minerals dealt
with nontronites and smectites with high iron content. Electrochemical experiments showed wide curves
of reduced iron in dependence of the potential with a hysteresis [gorl3]. This has been interpreted to be
the results of Fe(lll) sites with varying redox potentials and an at least partially irreducible redox reaction.
In a model of the reduction reaction from Fe(lll) to Fe(ll) [driOQ] it is suggested that the charge of the
electron transferred is compensated by Na* in the interlayer or by protons from solution. This latter
compensation is regarded to be responsible for irreversible changes of the crystal structure via
dehydroxylation, especially in smectites with high iron content [dri00]. This picture of the redox reaction
of smectites has been questioned with respect to its irreversibility towards the end of this project
[pot24].The relation of the iron redox potential to structure, composition, arrangement of structural
substitutions and the type of compensating cations in smectites is only scarcely explored.

As the distribution of iron substitutions is strongly variable in smectites [van03, ker19] and has only been
inspected earlier for Fe(lll) in some detail [krel7,esc13], this motivated the computational study of the
distribution of Fe(ll) in smectites in dependence of the crystal structure, the composition and the position
of other substitutions. Together with results for Fe(lll) an estimate of the variation of the redox potential
can then be calculated. To support experimental work on iron corrosion at anoxic conditions the project
also comprises the reduction of Fe(lll) in smectites by molecular hydrogen as an electron source. The
results of this project will improve the understanding of the redox process in smectite on the atomic level
and be useful to estimate the redox behavior of smectites in dependence of their other properties.

In the consortium UMB Il the investigation of the fundamental question of the reduction of structural iron
in smectites was of general interest to all project partners, as the reduction modifies many other
properties of smectites [stull] and is the essential mineral components of bentonites. In particular this
project supports the interpretation of the experimental investigations of the effect of bentonite on
corrosion of steel (BGR) [kau25]. Also the study of microbiological effects on bentonites (HZDR) and
the surface chemistry of smectites (LUH-IBK) relates to aspects of this project. Finally the
characterization of the iron content of smectites by Méssbauer spectroscopy (LUH-ACI) profits from the
characterization of various Fe(lll) and Fe(ll) species in smectites. The interdisciplinary structure of this
cooperative project was very useful for this project, especially for the continuous exchange of ideas and
results with the project partner BGR.

This projects profited considerably from the experience gained during the first UMB consortium (UMB
1), where the distribution of Fe(lll) in smectites and the influence of the Fe(lll) content on the crystal
structure and overall composition has been characterized. In UMB | a feasibility study with a small and
simplified smectite model on octahedral Fe(ll) substitution demonstrated that electronic convergence
and the correct spin state was achieved, providing support for the practicability of this project. The same
computational approaches have been applied in this project. For the considerable computational
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demand of this project a small Linux cluster of the group as well as a large one at the Leibniz
Supercomputercenter in Garching were necessary and adequately available.

.2 Scientific and technical status at the start of the project

Redox processes of the iron content of smectites are known to affect various properties like layer charge,
cation exchange capacity, specific surface area, swelling, hydration, reactivity, and crystal structure
[stull]. They are an important part of the redox system of soils and clays like bentonite. Nevertheless,
the redox process as well as the redox potentials of smectites in dependence of structure and
composition are only insufficiently known [stull,stul3,neull] and especially the understanding of this
reaction at the atomic level is limited.

The variation of the reduction potential of Fe(lll) in smectites can be estimated to about 400 mV from
electrochemical redox profiles [gor12,gor13], which is rationalized by a varying reducibility of Fe(lll) at
various sites in smectites of varying layer charge and in dependence of the degree of reduction. Partial
irreversibility and a hysteresis of the redox process [gorl2,gorl3] were interpreted to reflect structural
changes, at least partially irreversible, in the smectites due to iron reduction. Besides a compensation
of the negative charge of reduced iron by Na* in the interlayer, also compensation by H* from solution
is invoked, leading to a dehydroxylation and the formation of trioctahedral domains in the smectite lattice,
which is regarded as irreversible [dri00]. This latter mechanism has been suggested for nontronites and
other iron-rich transvacant smectites. For iron-poor and cisvacant smectites Na* charge compensation
without essential structural changes is suggested to be the main mechanism [dri00]. This interpretation
is supported by infrared spectroscopy results [fia02].

A very recent electrochemical study showed for iron rich smectites and nontronites a strong degree of
reversibility and vanishing hysteresis of the Fe(lll)/Fe(ll) redox reaction for longer equilibration times
[pot24], suggesting that the degree of structural changes and the accompanying irreversibility might
have been overestimated in earlier experiments. The width of the potential energy steps measured can
be interpreted as the variation of the reduction potential of Fe(lll) at different sites relative to other
substitutions in the smectites. In agreement with these considerations, the variation of the fitted effective
redox potentials of various smectites was tentatively attributed to varying abundancies of Fe(lll) sites
close or distant to other substitutions [pot24].

As a prerequisite to understand and estimate redox potentials of iron in smectites more thoroughly, the
distribution of iron in the crystal lattice and relative to other substitutions needs to be characterized. X-
ray absorption experiments show that Fe(lll) in smectites can be distributed nearly random or may show
ordering [van03, ker19]. Thus, the redox behavior of smectites should vary with the type and composition
of a smectite and there seems to be no clear preference.

To the best of our knowledge there are no computational results available on the distribution of
octahedral Fe(ll) substitutions and iron redox potentials of smectites. While the distribution of Fe(lll) in
smectites and their preferences for the lattice type has been studied earlier [tun07,esc13] and also in
the previous project UMB | [krel7] in relation to other properties of smectites, the information on Fe(ll)
substitutions, which form the reduced state, is rather limited. A computational study on iron reduction in
nontronite [geal2] demonstrated that neutral sodium in the interlayer leads to the expected reduction of
octahedral Fe(lll). Density functional studies for various substitutions in a Na-Montmorillonite found that
when Mg is replaced by Fe besides Fe(lll) also Fe(ll) may be a substituent in Montmorillonite [fer19].
Otherwise this study concentrated on the electronic structure showing that reasonable band gaps can
be calculated with hybrid functionals. A density functional based force field study on octahedral Fe(lll)
and Fe(ll) substitutions in a single layer pyrophyllite model for montmorillonite [kerl7] successfully
simulated measured X-ray absorption spectra and claimed that cis-and transvacant sites for both
substitutions are isoenergetic. Single octahedral Fe(lll) and Fe(ll) substitutions as well as pairs have
been calculated in single sheet pyrophyllitic models of smectites to obtain reference X-ray absorption
spectra for distributed as well as clustered iron substitutions [ker19]. No clear preferences for various
distributions of the iron substitutions or with respect to the lattice type have been derived from these
models.
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Smectite reduction plays also a role for the iron corrosion in contact with bentonite under anoxic
conditions, which is an important process with respect to the durability of steel canisters for radioactive
waste in a final repository [kaul5]. Na-smectites have been found to be somewhat less corrosive than
Ca-smectites and the corrosivity decreases with an increasing smectite layer charge [kaul5]. The iron
content of smectite seems to have no relation to the corrosivity. One of the fundamental reactions in this
context is the reduction of structural Fe(lll) in smectites by H2 produced by the iron corrosion under
anoxic conditions. This reaction acts as a sink for Hz and thus tends to increase the corrosion rate. As
an accurate understanding of this reaction on the atomic level and in dependence of composition and
structure of smectites is missing, also here computational studies are needed. A computational study
on H* coordination as charge compensating species for Mg(ll) in Fe(lll) substituted montmorillonite,
assuming that H* coordinates to OH groups neighboring Mg, confirmed a sizeable effect of the
distribution of the substitutions on the binding energy of H*, without a systematic determination of
preferred sites [li19]. This work shows that further studies are useful to characterize favorable sites of
H* coordination and the mechanism of reduction of structural iron in smectites by hydrogen.

Thus, to improve the understanding of the redox reaction of Fe(lll)/Fe(ll) in smectites, a thorough
characterization of the distribution of Fe(ll) substitutions in relation to other octaheral and tetrahedral
substitutions, lattice and site type is necessary on the atomic scale. From corresponding energies the
variation of the reduction potential of iron can be determined and relations to other properties, like crystal
structure, composition, layer charge, and type of the counter ions can be established. Explicit inclusion
of hydrogen in the calculated models allows in addition to characterize the reduction of iron by hydrogen
as a reaction in course of the corrosion of bulk iron under anoxic conditions. This motivated our project,
which approached these all these topics for the bulk as well as an exemplary edge surface of smectites
by a first principles quantum chemical computational approach.

.3 Planning and implementation of the project

To estimate the variation of the Fe(lll)/Fe(ll) redox potential of smectites relative energies of Fe(lll)
and Fe(ll) substitutions in dependence of crystal structure, composition, layer charge, and
distribution of various substitutions needed to be determined. Besides the characterization of the
redox potential itself these data allow also an explanation of the results and to establish relations
between the redox potential and other properties of the smectites. To achieve at least good
gualitative results various factors affecting their quality (technical parameters, model features,
method variant) needed to be tested and their influence on the results to be characterized. For Na-
smectite models of pyrophyllitic, montmorillonitic and beidellitic type the distribution of Fe(lll) and
Fe(ll) had to be consistently characterized including the optimization of the position of the Na*
counter ions. In this way relative reduction potentials for Fe(lIl) can be determined for bulk systems.
Besides the generic reduction also the reduction by hydrogen was planned to be modelled, which
appears as a result of iron corrosion under anoxic conditions. In addition the effect of edge surfaces
on the reduction potential needs to be inspected, as smectites appear as small particles of about
micrometer size and show a correspondingly large surface to volume ratio. This project has been
rounded up by an explorative study on the differences between Na- and Ca-montmorillonite to
inspect if the type of the charge compensating cation matters and results on Na-smectites can be
transferred to other variants.

Based on the experience of the previous project UMB | the computational resources needed have
been estimated in advance. Unexpected problems with Fe(ll) substitutions (see below) lead to
additional computational efforts, which were balanced by targeted approximations of the
integration in the reciprocal space to increase the efficiency.

The implementation of the project suffered from several problems. Unexpectedly for octahedral
Fe(Il) two structures at each substitution site were found, which implied additional computational
effort. Also the modeling of iron at an edge surface uncovered an unexpectedly rich chemistry. In
the beginning the project was slowed down by pandemic restrictions and problems to find qualified
personnel. Later again a shortage of personnel and an extended outage of important computational
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resources impeded the work. Nevertheless, also due to the extension of the project period, all
essential goals have been reached and most of the working plan has been carried out. Only a
small work package on the characterization of iron silicates was missed, also because there was
no direct need of the corresponding project partner.

The funding of the project was mainly used for personnel. Qualified coworkers were very necessary
for the success of this project taking into account that unforeseen problems had to be solved and
that a large number of systems had to be treated in a systematic, consistent and constructive way
to solve the questions posed successfully.

1.4 Results

.41 Method

In this project we used quantum chemistry density functional methods to characterize various smectite
models without and with iron substitutions aiming mainly at the determination of the variation of the
redox potential of the octahedral Fe(lll) substitutions. Standard electronic density functional theory (DFT)
has been applied to determine electronic structures of bulk and surfaces of solid state systems models
(band structures). The generalized gradient approximation representation (variant PBE [pe96]) of the
exchange and correlation interactions of electrons has been used in all calculations. For system
including iron substitutions and thus open electronic shells the spin-polarized variant of the method is
applied. Since DFT tends to delocalize highly correlated electrons like the d electrons of iron due to self-
interaction errors, a correction is needed. In this project we employed the DFT+U approach [du98] for
this purpose, leading to correct spin states for Fe(ll) and Fe(lll) with multiplicities of 5 and 6, respectively.
Also dispersion interactions are not correctly represented by the DF approach. To improve the
computational procedure we applied the D3 method, which adds a corrective potential [gri10] to the
energy operator (Hamiltonian). Dispersion interaction corrections have been shown earlier to be
important to achieve good unit cell parameters for clay minerals [tunl2], as confirmed by our test
calculations in the preceding project UMB I.

For the determination of the electronic structures of the clay mineral models the established software
VASP, version 5 [kre96], is used. Core electrons are treated as frozen with the potential augmented
wave approach (PAW) [kre99], including relativistic effects, and the bands of valence electrons are
represented by a linear combinations of plane waves. This approach implies periodic boundary
conditions, resulting in crystalline periodic structural models. For surface models stacks of slabs in two
dimension, exposing in the third dimension surfaces which are separated by empty space (gas phase)
or a water layer (solution phase) from the next periodic slab are, employed. Also atoms and molecules,
which are needed as reference species, are calculated in this way, using a cubic supercell large enough
to isolate the repeated images.

Reziprocal space (k-space) integration has been carried out for all calculations using the T" point only.
Test calculations for cisvacant pyrophyllite without and with one or two Fe(lll) or Fe(ll) octahedral
substitutions with Na* as compensating ion for Fe(ll) in a 2x1x1 unit cell showed that relative energies
vary only slightly in dependence of the substitution. Total energies change by about 20 kJ/mol using a
k-grid of 2x2x1 and by about 2 kJ/mol in addition when also a second k-point in ¢ direction (k-grid 2x2x2)
is considered. The relevant absolute energies of Fe(lll) reduction for various arrangements of the
octahedral substitutions decrease by up to 5 kJ/mol, corresponding to an increase of the reduction
potential by up to 50 mV. As this effect is independent of the number and arrangement of the Fe
substitutions, the effect on the variation of the redox potential (relative reduction potentials) for various
configurations of Fe substitutions is smaller and the efficient k-space integration using the I" point can
be safely considered as sufficient for the purposes of this project.

For systems with more than a single iron substitution an antiferromagnetic coupling of spins has been
adopted in agreement with the non-magnetic properties of smectites. Test calculations for almost all
systems showed that a parallel, ferromagnetic spin ordering leads to essentially degenerate or
marginally higher energies. In the special case of two or more Fe(ll) and Fe(lll) substitutions in the same
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system, parallel spin ordering sometimes resulted in seemingly lower states, albeit with an indefinite
oxidation state of the iron substitutions and a corresponding spin distribution. These results are regarded
as artificially symmetric in the electronic structure and need further investigations.

All structures have been optimized without restrictions and including the unit cell parameters. For Fe(ll)
substitutions due to two possible stable structures of different energy at all sites in addition to the
straight-forward geometry optimization an additional geometry analysis and control optimizations were
necessary for most systems (see 11.4.3). Surface models have been optimized with unit cell parameters
parallel to the surface fixed at bulk values and perpendicular to the surface adapted to an approximate
density of water of 1 kg/l. The structure of the water layer covering surface models has been dynamically
equilibrated for up to 50 ps to achieve a relaxed structure of the hydrogen bonding network. To achieve
reliable and comparable energies of iron substitutions in the surface a combination of quantum
mechanical dynamical simulations and static structure optimizations has been applied, similar to the one
earlier developed for actinide adsorption on clay minerals surfaces [krel6]. Alternating steps of 1 ps
dynamics at room temperature and structure optimization have been carried out until the energies of the
optimizations stabilized. In this way interpretable energies are obtained without a fully dynamic
treatment, which is computationally rather demanding and would restrict considerably the number of
systems treatable [kre16].

In this project electronic energies at 0 K have been calculated. The effect of thermodynamic corrections
to achieve Gibbs free energies has been probed for octahedral Fe(ll) and Fe(lll) substitutions in
transvacant montmorillonite. The thermodynamic corrections have been calculated from the energies of
vibrational modes in the unit cell in the harmonic approximation. Frustrated rotations of the unit cell have
been omitted in these calculations as these modes depend on the choice of the unit cell. The results for
various arrangements of the iron substitutions showed that mainly absolute energies are affected by a
nearly constant contribution to the Gibbs free energy of about 800 kJ/mol. The important relative
energies changed by up to 6 kJ/mol for the largest ones only, without affecting qualitative trends. For
octahedral Fe(lll) substitutions in montmorillonite we found a slight tendency of decreasing relative
energies, while the ones of Fe(ll) increased by up to 6 kJ/mol. These effects lead to slightly larger relative
reduction potentials by up to 70 mV (~15 %) of the values obtained from electronic energies only. Thus,
taking into account the exploratory character of this project and the large variety of structures to be
treated, thermodynamic corrections are regarded as less important. Overall the test calculations have
shown that the results for T = 0 K are slightly underestimating relative redox potentials at room
temperature, but are in good qualitative agreement with the more accurate values obtained from Gibbs
free energies.

I1.4.2 Smectite models

Bulk models of smectites have been constructed o )~ " )&
. . L . b
starting with from pyrophyllite with the formula unit (f.u.) é,\
oy

Al2Sis010(OH)2. This layered phyllosilicate belongs to
the group of dioctahedral clay minerals and is
composed of a central AlO4(OH)2 aluminum oxide layer Nt

with an octahedral coordination of the AI¥* ions ]

between two SiO4 silicate layers with a tetrahedral “ :
coordination of the Si#* ions. The monoclinic variant of ~ Fig. 1: Trans- (left) and cisvacant (right)
pyrophyllite (2M1) with two f.u. per unit cell has been variant of the smectite_ lattice. For clarity only
chosen, as this structure corresponds to the one of the octahedral sheet is shown.

typical smectites like montmorillonite and nontronite. Both known lattice types, the trans- and the
cisvacant lattice (Fig. 1), have been considered. While in the transvacant lattice all octahedral sites are
equivalent, in the cisvacant lattice trans- (M1) and cisvacant (M2) sites are distinguished by the
arrangement of the OH groups. Octahedral substitution of AI** by Mg2* leads from pyrophyllite to
montmorillonite. Tetrahedral substitution of Si** by AI®* characterizes beidellite. One substitution per
formula unit defines a negative layer charge of -1/f.u.. Smectites show layer charges between -0.2 and
-0.6/f.u. [emmO09]. This permanent layer charge is compensated mainly by Na* or Ca?* ions in the
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interlayer between the smectite layers. In this project mainly Na* has been considered. Typical iron poor
dioctahedral smectites of the solid solution series between ideal montmorillonite and beidellite show
also neutral Fe(lll) substitutions of up to about 10 % Fe20s weight equivalents [wol09,emm09] and
considerably less octahedral Fe(ll) substitutions. With these smectite models the generic Fe(lll)
reduction and also the reduction by molecular hydrogen (11.4.6) has been investigated.

For most of the model calculations a 2x1x1 unit cell, comprising 8 aluminum ions, has been chosen. Its
8 octahedral sites allow some variation of the arrangement of octahedral substitutions, representing the
variability of composition and structure of smectites. In the 2x1x1 supercell a single charged substitution
leads to a layer charge of -0.25/f.u.. Thus, up to two of these substitutions are possible in the range of
typical layer charges of smectites. To allow a better inspection of effects of the layer charge on relative
energies and redox potentials of iron substitutions, the larger 2x2x1 supercell has been used, allowing
a variation of the layer charge in steps of -0.125/f.u (see 11.4.3).

Na*ions in the interlayer are considered to be mobile and thus the optimal site has to be determined for
each arrangement of charged substitutions to achieve comparable energies. Favorable sites are in the
guasi-hexagonal rings of the silicate layers. While for a single charged substitution the ring above the
substitution is obviously the preferred site, a more complex situation arises for several substitutions,
especially when they are close. For two charged substitutions in the 2x1x1 unit cell there are 28
arrangements of the Na*ions. Most of them vary by less than 20 kJ/mol, which still hampers a straight-
forward choice by qualitative electrostatic considerations. Thus, several Na positions have to be
compared for each arrangement of charged substitutions. This discrete optimization problem also
appears for the 2x2x1 unit cell, but with a larger number of unfavorable sites for Na*. In all our model
calculations the Na* positions have been optimized by screening of a set
of sites close to the charged substitutions.

To inspect the effect of interlayer water on the distribution of iron and the
variation of its redox potential, a montmorillonite model with two water
molecules per 2x1x1 unit cell in the interlayer was set up. According to
earlier calculations (UMB ) this corresponds to a water density sufficient
to increase the interlayer width to a value in agreement with measured
distances [ber95] corresponding to a single water layer in the interlayer.
This distance had been calculated with similar values for 2-9 water
molecules per unit cell in the interlayer. The rather low water density has
been chosen to allow geometry optimization without the need to equilibrate
dynamically a complex network of hydrogen bonding in the interlayer. Cis-
and transvacant lattice variants of montmorillonite with a charge of -
0.25/f.u. have been inspected for all arrangements of octahedral Fe(lll)
and Fe(ll) substitutions relative to the Mg?* substitution.

To investigate the effect of edge surfaces on the distribution and redox
potential of iron substitutions in smectites, we chose the (010) surface as
an example. Experimental and computational results suggest that the
(110) surface is the most common edge surfaces of smectites and the
(010) orientation is the second most common one (about 25 % ratio)
[lav15,kra20]. We favored for a first inspection the (010) surface due toits  Fig. 2: Periodic slab
more compact and thus simpler structure. For easier relation of surface  model of the (010) edge
effects to the bulk we extended a previous surface slab model (UMB |  surface of pyrophyllite
project) from four to five cation layers (Al3* and Si%*) parallel to the surface ~ comprising five  cation
(Fig.2). The space in the supercell between the repeated surface slabs !aye(rjs_ in b direction. View
was filled with 20 water molecules to account approximately for surface In ¢ direction.

solvation. This number has been chosen to achieve a water density of about 1 kg/l. The surface was
terminated ideally by tetrahedral SiOH and octahedral AIOH(H20) groups. This model was equilibrated
by a dynamic simulation at room temperature to achieve a reliable structure of the hydrogen bonding
network between the surface and the water layer. For the variation of iron substitutions a structure with
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low energy and ideal termination, as obtained after 31 ps of equilibration, was chosen. During the
dynamical equilibration surface Al3* cations with the lower coordination of 5, forming an AIOH surface
group, have been observed. Thus, such lower coordinated surface Al species cannot be excluded, as
they have been found frequently in the dynamic simulations and an optimization of such surface
structures lead only to small energy differences compared to the ideal one. For iron substitutions below
the (010) surface only geometry optimizations have been carried out. For substitutions at the surface
dynamical equilibration was considered to allow a rearrangement of the surface solvation around the
substitution, which involves for Mg?* and Fe?* also a Na* ion for charge equilibration in analogy to the
bulk systems.

1.4.3 Iron reduction in bulk smectites

To inspect the variation of the reduction potential of Fe(lll) in smectites with low iron content in
dependence of lattice type, composition, and substitution sites, we compared for a series of models
various sites of octahedral Fe(lll) substitution. Tetrahedral Fe(lll) substitution has been shown already
in a previous project to be less favorable than octahedral substitution and the reduction of a tetrahedral
Fe(lll) substitution would lead to a rather unfavorable Fe(ll) substitution in the tetrahedral sheet with a
formal charge of -2 e. 2x1x1 unit cells of pyrophyllite, montmorillonite and beidellite, the latter two with
a single charged substitution, octahedral Mg?+ and tetrahedral A3+, respectively, have been chosen as
smectite models. Pyrophyllite serves as a local model of a smectite with low layer charge, allowing to
inspect iron substitutions far from other types of substitutions. For this model one or two iron substitutions
are considered. Reduction of two Fe(lll) substitutions to Fe(ll) leads to an increase of the layer charge
from 0 to -0.5/f.u., which still is in the typical range of smectites [emmQ09]. Thus, this model allows to
characterize the mutual effect of two iron substitutions on each other as well as the layer charge
dependence of the iron reduction potential in a limited way. For montmorillonitic and beidellitic models,
exhibiting a layer charge of -0.25/f.u. only a single iron substitution can be reduced without exceeding
the layer charge of typical smectites.

States of octahedral Fe(ll) During early calculations on octahedral Fe(ll) substitutions in model
smectites irregular energy variations were noticed, independent of the type of smectite or the site of
substitution. A detailed analysis of cisvacant and tranvacant pyrophyllite, montmorillonite as well as
beidellite models revealed the unexpected result of two different states for Fe(ll) for the same
arrangement of octahedral substitutions. Higher and lower energy states were obtained arbitrarily in the
geometry optimizations of various arrangements of octahedral and tetrahedral substitutions. The higher
energy state was calculated to be 10-14 kJ/mol above the lower one. Geometrically no obvious
differences between the two states are found. A characteristic difference is a slightly shorter average
Fe(11)-O(H) bond length, by 1.5 to 4 pm only, of the high-energy state compared to the lower one. The
analysis of a variety of arrangements of one or two octahedral Fe(ll) substitutions in pyrophyllite and of
a single Fe(ll) in montmorillonite and beidellite revealed an inverse linear relationship between the
average Fe(Il)-O(H) bond length contraction and the energy difference of the high energy state
compared to the lower one. For the special case of pyrophyllite with two Fe(ll) substitutions the same
characteristics of the high- and low energy states are found, irrespective if a single or both of the Fe
substitutions are in the high or low energy state. The high energy state of Fe(ll) was found to be stable
against small structure distortions, spin reversal, and lattice contraction or expansion as well as in short-
time dynamic simulations at room temperature. Only a specific and strong geometry distortion of the
Fe(ll) ion in the lattice allowed to generate the desired low energy state from the high energy state by
structure optimization. To inspect the stability of this seemingly metastable high energy state of
octahedral Fe(ll) substitutions, a long dynamic simulation at formally room temperature was carried out
for 50 ps with fixed lattice parameters and slightly reduced accuracy for octahedral Fe(ll) in transvacant
pyrophyllite. Geometry optimizations of the structures obtained every 0.5 ps after an equilibration time
of 10 ps showed that the high-energy state does not relax to the low energy one during the simulation.
About 62 % of the snapshot geometry optimizations revealed the high-energy structure, most other ones
the low energy or indefinite results (~ 7%) with respect to energy or geometry. This result gives some
support to the assumption that at room temperature octahedral Fe(ll) may occupy both states, with a
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preference for the high energy state. As a consequence, absolute reduction potentials of Fe(lll) may
assume by 100-150 mV different values with a sizeable probability and relative values may show a by
about 50 mV wider variation than obtained for the low energy configuration of Fe(lll) (see below).

Trans- and cisvacant lattice From smectite models with a single substitution in the unit cell one gets
information on the preferences for the lattice type and the site of these substitutions. For pyrophyllite we
find a slight preference of 4 kd/mol per unit cell for the transvacant lattice. With a single Mg?* substitution
(montmorillonite) a weak preference for the cisvacant lattice is obtained, in agreement with experimental
evidence, and Mg?* at the cisvacant site is marginally preferred compared to the transvacant one.
Compared to the pure pyrophyllite a single octahedral Fe(lll) substitution strengthens the preference for
the transvacant lattice [kaul7]. For an Fe(ll) substitution both lattice types are of about the same energy
and Fe(Il) very weakly prefers the transvacant site in the cisvacant lattice. A relatively strong preference
of the transvacant lattice of about 7 kJ/mol is calculated for a single tetrahedral Al3* substitution. The
small energy differences between cis- and transvacant lattice types for the same composition of smectite
models explains the variability of the lattice type in natural clay minerals and also partially deviating or
interpreted as indefinite results in earlier computational studies [tun07, esc13].

Neighborhood relations of substitutions In the smectite lattice the position of two octahedral
substitutions in the 2x1x1 unit cell can be a neighboring position at the next lattice site, at a second next
site or at a third next one. An arrangement of two octahedral substitutions with more than two lattice
sites between them is not possible in this unit cell due to periodicity. In the following we label these three
types of neighborhood relations as ortho, meta and para, respectively, in analogy to the naming of
substituents positions at aromatic rings in organic chemistry. The 2x1x1 unit cell comprises relative to a
given octahedral substitution three ortho sites, three meta sites and a single para site for a second
octahedral substitution. The three ortho or meta arrangements are not all equivalent due to their
positions relative to the bridging hydroxyl groups between octahedral cations.

Redox reaction To determine the preferred sites of octahedral iron substitutions and their relative redox
potentials in smectites we evaluated all distinct arrangements of iron relative to other substitution for the
trans- and cisvacant lattices of smectite models for Fe(lll) and Fe(ll). The reduction potential of iron is
than derived from the energy of the formal reaction

Sme(Fe®*) + Nat + e~ —» Sme(Fe?*,Na*) Q)

where Sme indicates a model smectite. The electron is assumed to originate from an arbitrary oxidating
source, e.g. from Fe?* in solution, H2, or microbial metabolism. Reaction (1) includes the charge
compensation of the negatively charged Fe(ll) substitution by a Na*ion, which migrates from the solution
to the interlayer of the smectite. In this way charge neutral smectite models are obtained at both sides
of the reaction equation. This reaction reduces the calculation of a redox potential essentially to the
energy difference between charge neutral smectite models including Fe(lll) and Fe(ll), as long as only
relative redox potentials are of interest.

Iron in pyrophyllite For two octahedral Fe(lll) substitutions in the pyrophyllite unit cell only small energy
differences for the various arrangements are calculated. The distribution of Fe(lll) para to each other is
the most stable one. Neighboring Fe(lll) substitutions are by 3-6 kJ/mol per unit cell less favorable. The
least favorable configuration is determined for the transvacant lattice with the two Fe(lll) substitution
connected by two bridging oxygens. For the cisvacant lattice with the Fe(lll) substitutions in meta
position an energy difference of 4-6 kd/mol is calculated in favor of the pair of substitutions occupying
cisvacant sites compared to transvacant ones. Thus, besides the type of lattice and the distance
between the substitutions, also the type of site in the cisvacant lattice leads to comparable energy
variations. Depending on the distribution of the Fe(lll) substitutions, the transvacant lattice is more stable
than the cisvacant one by up to 9 kJ/mol. These results show that the variation of the energy between
various positions of the iron substitutions and the two lattice types is comparable. Both these factors will
have a weak effect on the redox potential.

An octahedral Fe(ll) substitution in pyrophyllite is most stable when positioned distant from a Fe(lll)
substitution (para). When these two substitutions are neighboring the energy increases by 5-14 kJ/mol
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compared to the distant arrangement. As for two Fe(lll) substitutions the highest energy for an ortho
arrangement is calculated for these substitutions in the transvacant lattice with a connection by two
bridging oxygens. A bridging of these neighboring substitutions by OH groups is more favorable. This
latter bridging type between two octahedral cations is more flexible compared to the threefold
coordinated O bridges and thus allows easier structure relaxation around the substitutions. In general
for pyrophyllite with an Fe(ll) and an Fe(lll) octahedral substitution the transvacant lattice is preferred,
but not for all relative positions, in agreement with the nearly vanishing preference for the lattice type for
an octahedral Fe(ll) substitution (see above). Also with respect to the trans- and cisvacant sites in the
cisvacant lattice there is no clear preference in this system.

Strong effects of the relative positions of octahedral substitutions are observed for two octahedral Fe(ll)
substitutions in pyrophyllite because these are both negatively charged. In this system the most distant
para arrangement is clearly preferred. Already in meta relation two Fe(ll) repel each other by up to about
20 kJ/mol and when neighboring each other by more than 40 kJ/mol. Despite the small difference noted
for a single Fe(ll) substitution, for two Fe(ll) substitutions commonly the transvacant lattice is clearly
more stable. Also the stabilizing influence of a connection of the iron substitutions by OH bridging groups
is again present in the trans- as well as in the cisvacant lattice.

Reduction potentials of octahedral Fe(lll) substitutions in pyrophyllite are calculated according to
equation (1). A reliable determination of absolute potentials is difficult as the reduction reaction involves
the charge compensation by a sodium ion from solution. On the other hand, relative reduction potentials
can be calculated rather accurately and allow the determination of the variation of iron reduction
potentials in smectites. For a single octahedral Fe(lll) substitution in pyrophyllite only small differences
between the reduction potentials for different lattice types and sites are calculated. For the cisvacant
lattice slightly higher reduction potentials are determined than for the transvacant one by 30 and 60 mV
for Fe(lll) occupying the cis- and the transvacant site. A little stronger effects on the reduction potential
result from neighboring octahedral Fe(lll) substitutions. With decreasing distance between two Fe(lll)
substitutions the reduction potential of Fe(lll) is decreasing by up to 80 mV for the cis- as well as the
transvacant lattice. The strongest effect on the reduction potential is found for the transvacant lattice
when both Fe(lll) substitutions are neighboring and connected by oxygen bridges. Already the
differences between the variants of two Fe(lll) substitutions in meta positions affect the reduction
potential by up to 30 mV and thus have a similar influence as the lattice type and the specific site in the
cisvacant lattice. As for a single iron substitution in the unit cell, the reduction of Fe(lll) in the pyrophyllite
model with two Fe(lll) substitutions is a little easier in the cisvacant compared to the transvacant lattice.
Surprisingly, the reduction of Fe(lll) in presence of a distant Fe(lll) substitution is facilitated by up to 90
mV compared to the pyrophyllite model with a single iron substitution due to the increased iron content.
The presence of a Fe(ll) substitution near an Fe(lll) substitution has the largest effect on the reduction
potential. It decreases the reduction potential by up to 350 mV compared to a para arrangement. Already
when Fe(ll) is a meta to Fe(lll), a decrease of up to 150 mV is calculated. Thus, as expected, in the
environment of a charged octahedral substitution the reduction of Fe(lll) is hindered. For the cisvacant
lattice higher reduction potentials are obtained compared to the transvacant lattice, by up to 10 mV only
for all distributions of the two iron substitutions. Differences between the cis- and transvacant sites in
the cisvacant lattice are smaller. Compared to a single Fe(lll) substitution in the unit cell the presence
of a Fe(ll) substitution, leading to a layer charge of -0.25/f.u., facilitates the reduction, even for the meta
arrangement. Only for neighboring Fe(ll) and Fe(lll) substitutions a lower reduction potential by up to
140 mV is observed. This unexpected result reflects the local nature of a compensated charged
octahedral substitution in the smectite lattice, in contrast to the intuitive expectation of a decreasing
reduction potential in a negatively charged crystal layer. On the other hand, already at a layer charge of
-0.25/f.u. reduction is noticeably hindered for about half of the possible Fe(lll) substitution sites by the
neighborhood of the charged substitution.

Iron in montmorillonite reduction of Fe(lll) in a montmorillonite model with a single octahedral Mg(ll)
substitution per unit cell is expected to be similar to the case of pyrophyllite with a single Fe(ll)
substitution. For a Fe(lll) substitution the energy increases by up to 8 kJ/mol only when it is close to the
Mg substitution. Already in meta position this effect amounts to 1-7 kJ/mol compared to the para
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arrangement. For the transvacant lattice for most structures somewhat lower values than for the
cisvancant one are calculated. In the cisvacant lattice cisvacant sites tend to be more favorable, but not
always. Again stronger effects of the relative arrangement of the substitutions are found for Fe(ll) in the
montmorillonitic model due to the repulsive interaction of two charged substitutions. Also here the energy
values are similar to the case of two Fe(ll) substitutions in pyrophyllite: The highest relative energy
compared to a para arrangement of 45 kJ/mol is calculated for the two substitutions in the ortho position
bridged by oxygens. For the corresponding bridging by OH 38 kJ/mol are obtained. Both values are
determined for the cisvacant lattice and a little lower ones are obtained for the transvacant lattice. For
meta arrangements of the substitutions 8-17 kJ/mol relative to para are already calculated, also
exceeding the values obtained for a Fe(lll) substitution. There is only a weak tendency in favor of the
transvacant lattice and in the cisvacant lattice the differences between cis- and transvacant sites are
small, with up to 3 kJ/mol. Overall the variation of the distance and site dependent relative energies of
octahedral Fe(lll) and Fe(ll) substitutions in Fe(ll) substituted pyrophyllite and Mg(ll) substituted
pyrophyllite (montmorillonite) and their trends are similar with the exception of the relatively high energy
for Fe(lll) and Fe(ll) in transvacant pyrophyllite in an oxygen bridged ortho position.

The variation of the reduction potential of Fe(lll) in the montmorillonite model is calculated overall a little
larger than due to presence of Fe(ll), by up to 400 mV. Trends with the distance between the
substitutions, for cis- and transvacant lattices and for different types of sites are, as expected, rather
similar to pyrophyllite with an Fe(ll) substitution. With respect to the reduction potential cis- and
transvacant lattices yield similar results for montmorillonite with a stronger tendency for easier reduction
of Fe(lll) in the transvacant lattice than for pyrophyllite with a Fe(ll) substitution. Cisvacant and
transvacant sites in the cisvacant lattice show a difference of the reduction potential of less than 30 mV,
with the exception of a meta configuration, again in agreement with the trends for pyrophyllite with a
Fe(ll) substitution.

As for pyrophyllite with an Fe(ll) substitution in the montmorillonite model reduction is facilitated for
distant substitutions and only for sites neighboring to Mg(ll) negative values are obtained compared to
the reduction of a single Fe(lll) substitution in the neutral pyrophyllite model. Thus, the same unexpected
trend that reduction is somewhat facilitated in a negatively charged model found for iron substituted
pyrophyllite is confirmed for montmorillonite. Overall the calculated relative reduction potentials in the
montmorillonitic model are lower than in the comparable pyrophyllitic model with a Fe(ll) substitution.
This lowering amounts to -60 mV on average but is strongly dependent on the sites, with lower values
for distant substitutions and the higher ones for configurations with neighboring charged substitutions.

Iron in beidellite In analogy to the montmorillonite model, a beidellitic model with a single tetrahedal
Al(l1) substitution in the 2x1x1 unit cell has been inspected. As for octahedral substitutions also Al(ll1)
in the tetrahedral sheet shows only equivalent sites in the transvacant lattice and two inequivalent ones
for the cisvacant lattice. In this beidellite model the eight octahedral sites per unit cell group into two
ortho, 4 meta, and 2 distant para ones. The two nearest neighbor ortho sites are inequivalent due to the
position of the Al(ll) substitution. In contrast to other smectite models for beidellite the ortho site is most
favorable for an octahedral Fe(lll) substitution. This is rationalized by the larger ionic radius of Al3*
compared to Si**, which leads to an extension in the tetrahedral sheet allowing an easier
accommodation of the relatively large Fe3*ion in the octahedral sheet. Meta and even para positions for
Fe(lll) are by up to 6 kJ/mol higher for the transvacant beidellite and by up to 9 kJ/mol higher for the
cisvacant beidellite. Also for an octahedral Fe(ll) substitution the para sites distant from tetrahedral Al(111)
are not the most favorable ones. Instead, several meta sites show the lowest relative energies.
Compared to the most favorable meta sites, para sites are by up to 13 kJ/mol less stable and ortho ones
by up to 24 kJ/mol, reflecting the electrostatic repulsion between the charged tetrahedral and octahedral
substitutions. In agreement with the preference of pure beidellite for the transvacant lattice, also the
Fe(lll) and Fe(ll) substituted models are always more stable for the trans- than for the cisvacant lattice.
Compared to the differences between the inequivalent sites of the cisvacant lattice in the octahedral
sheet the energy differences for given arrangements of the Fe(ll) and Al(Ill) substitutions due to the
inequivalent sites for Al(lll) are somewhat larger, up to about 10 kJ/mol, leading to a sizeable effect on
the reduction potentials.
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Reduction potentials of Fe(lll) in the beidellite model follow essentially the energy variation of the Fe(ll)
substitution, modulated by the smaller variations for Fe(lll). The highest reduction potential is calculated
for Fe(lll) meta to tetrahedral Al(IIl). For para positions by 20 to 130 mV lower reduction potentials are
found. The hardest to reduce is Fe(lll) neighboring to tetrahedral Al(lll), by up to -300 mV. The variation
of the reduction potential in beidellite is thus somewhat smaller than for Fe(ll) substituted pyrophyllite or
montmorillonite.

Comparison of smectite models An overall comparison of absolute values of Fe(lll) reduction
potentials with reference to an arbitrary electron source according to eq. 1 over all systems considered
confirms the unexpected result that the reduction is easier for negatively charged than for neutral
smectite models when Fe(lll) is distant to other substitutions. This comparison includes the reduction of
octahedral Fe(lll) in pyrophyllite with one or two Fe(lll) substitutions (layer charge 0/f.u.) compared with
pyrophyllite with an Fe(ll) substitution, montmorillonite, and beidellite (layer charge -0.25/f.u.). For Fe(lll)
para to other substitutions the reduction potential increases by about 200 mV for charged systems
compared to neutral ones. Only for neighboring charged substitutions (ortho position) a decrease of the
reduction potential for charged systems of about the same size is calculated. This effect is strong for
neighboring octahedral Fe(ll) and Mg(ll) substitutions and weaker for tetrahedral Al(Ill) substitutions.
The lattice type does not affect this trend and plays a smaller role, with differences for cis- and
transvacant structures of less than 100 mV. For neutral smectite layers, cisvacant structures are easier
reduced. Charged smectite layers show an easier reduction for the transvacant lattice, except for
beidellite, where again the cisvacant lattice allows an easier reduction. To inspect this unexpected result
obtained by comparison of neutral and a single type of charged systems, a series of larger models has
been considered (see next section).

The complex variation of reduction potentials of Fe(lll) smectite models depending on the distance to
other substitutions, the lattice and the site type therein can be roughly summarized as low (up to 100
mV) for other Fe(lll) substitutions, lattice and site type and as high (up to 400 mV) for charged
substitutions. The lowest reduction potentials are obtained for neighboring charged substitutions in the
order Mg(ll) < Fe(ll) < Al(lll) and the highest for sites distant to other substitutions for Fe(lll), Fe(ll), and
Mg(Il). Beidellite with its tetrahedral Al(lll) substitutions is an exception, as the highest reduction potential
is calculated of Fe(lll) meta to Al(lll). This results can be traced back to the also exceptional preference
of Fe(lll) for neighboring instead of distant sites with respect to Al(ll).

Interlayer water The results discussed above have been obtained with model systems without interlayer
water to facilitate the optimization of structures and to reduce the structural complexity for the
optimization of favorable positions of Na*ions in the interlayer. To estimate the effect of interlayer water
on the Fe(lll) reduction potential trans- and cisvacant models of Na-Montmorillonit with a 2x1x1 unit cell
comprising two water molecules in the interlayer (11.4.2) have been compared with the corresponding
dry models. The water molecules in the interlayer coordinate to the Na*ion. This can be regarded as an
early stage of known outer-sphere hydration of the Na* interlayer cation [ber95]. Effects of interlayer
water on the relative energies of octahedral Fe(lll) and Fe(ll) substitutions in dependence of the distance
to the Mg substitution are small. For Fe(lll) for most types of sites compared to the most stable para
arrangement an increase of relative energies is calculated. For Fe(ll) slight decreases of the relative
energies are obtained for most relative arrangements of iron and Mg. The resulting changes of reduction
potentials compared to the dry models amount in all but a single case to less than 60 mV and the overall
variation changes by 20 mV only. This demonstrated the relatively small effect of interlayer water on the
distribution of iron substitutions and their redox potentials and supports the reliability of smectite models
without interlayer water.

The overall small effect of water in the interlayer may somewhat increase for more water in the interlayer.
This will also affect the differences for various interlayer cations of same charge, which is a result of
their specific hydration strengths. For an estimate of effects of higher water contents on the iron redox
potentials further investigations are necessary.
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I1.4.4 Iron reduction and smectite layer charge

To further examine the unexpected result that iron in negatively charged smectites is reduced easier
when distant from charged substitutions (see above), a larger transvacant montmorillonite model with a
2x2x1 unit cell has been set up. With 1-4 octahedral Mg substitutions this model represents a series of
smectites with increasing layer charge from -0.125/f.u. to -0.5/f.u. Reduction of an Fe(lll) substitution in
these models increases the layer charge by -0.125/f.u. only, which is in the range of layer charges of
typical smectites [emmO09]. To restrict the variety of arrangements of Mg and Fe substitution the
negatively charged Mg substitutions have been placed as distant as possible, which corresponds to at
least third-nearest neighbor positions. For a single octahedral Fe(lll) or Fe(ll) substitution all symmetry
inequivalent positions relative to the Mg substitutions have been inspected. The type of possible
neighborhood relations between Mg and Fe varies with the number of Mg substitutions. With increasing
number of Mg substitutions 15-12 sites for a Fe substitution are available in the 2x2x1 model, which are
partially symmetry equivalent. With a single Mg substitution, first to fourth nearest neighboring sites
exist. For two and three Mg substitutions the Fe cannot be positioned farther than as a third nearest
neighbor from Mg. When four Mg substitutions are present, only first nearest neighbor sites are
available.

As for the smaller montmorillonite models, Fe(lll) prefers sites distant from Mg. The most favorable sites
are para sites, except for the model with highest negative charge, where they are not available. The
energy variation with respect to the distance to Mg is for Fe(lll) higher as in the smaller models, up to
11 kJ/mol for ortho sites with O bridges. This difference between the sizes of the models is no surprise,
as the larger models exhibit a lower iron content and most of the larger models a deviating Mg content.
Otherwise there are many similarities in energy trends with respect to the distances between the
substitutions and the type of bridging between them. Stronger increasing energies in dependence of
decreasing distance are calculated for Fe(ll) and Mg(ll). The overall variation deviates not more than
20% from the values obtained for the smaller smectite models and the highest values of about 50 kJ/mol
are obtained for higher layer charges. Trends between various sites and distances between the
substitutions are again similar to the finding for the smaller model. For specific sites increasing as well
as decreasing relative energies are found in dependence of the layer charge. These energy trends lead
to relative reduction potentials which are highest for Fe(lll) distant from Mg and by 300 to 400 mV lower
for sites neighboring to Mg, independent of the layer charge. Thus, no clear trend in dependence of the
layer charge has been obtained. Depending on the specific arrangement of Fe and Mg substitutions
slight increasing and decreasing trends of the reduction potential for decreasing layer charge are
observed. These results confirm the observation on smaller smectite models that the reduction potential
of Fe(lll) does not decrease with the layer charge, but is mainly dependent on the distribution of charged
substitutions. This can be rationalized by the local charge compensation of octahedral M(Il) substitutions
in smectites by Na*, leading to a set of local dipoles instead of a negatively charged mineral layer
balanced by positive ions in the interlayer. As a consequence, different trends of the iron reduction
potential in dependence of the layer charge are expected for Na- and Ca-smectite, because M?* ions in
the interlayer are not able to locally compensate octahedral or tetrahedral substitutions of charge -1 e.

Assuming a random distribution of iron substitutions in smectites an increasing negative layer charge
leads to an apparent direct effect on the reduction potential. In our montmorillonite model series with an
increasing number of octahedral Mg substitutions corresponding to a montmorillonite with increasing
layer charge, the number of sites for Fe(lll) distant to Mg decreases and the number of sites close to
Mg increases with increasing layer charge. In this model series the average reduction potential over all
possible sites for Fe(lll) decreases with increasing layer charge from about -200 mV to -430 mv relative
to the value for the site with the highest reduction potential. Thus, the reduction of all Fe(lll) substitutions
will be harder for more negative layer charges due to the decreasing number of easily reducible sites.
Also the degree of reducibility of the iron content of smectites should decrease with increasing layer
charge when applying a specific voltage due to decrease of easier reducible substitution sites.
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.45 Iron reduction on the smectite (010) edge surface

The distribution of octahedral Fe(lll), Fe(ll), and Mg(ll) substitutions has been inspected in a model of
the exemplary (010) surface of transvacant pyrophyllite (see 11.4.2). Crystal chemical considerations,
atomic force microscopy experiments [kra20], force field modeling [kra20] and DFT calculations [lav15]
have shown that (010) is one of the preferred edge surface orientations for smectites with an abundancy
of about 25 %. For an overview of surface effects on the energies of octahedral substitutions in the
pyrophyllite lattice a model with a pre-equilibrated water layer on the surface has been used. Only for
charged substitutions at the surface a dynamic relaxation of the water layer has been done to account
for the disturbing effect of the accompanying Na* counter ion.

Relative energies of octahedral Fe(lll) substitutions with respect to the average value for Fe(lll) in the
bulk like central cation layer of the surface model show that a weak effect of the inhomogeneous surface
solvation extends to the center of the model. An energy variation of about 2 kJ/mol for formally equivalent
sites is calculated for Fe(lll) and a larger one of up to 7 kJ/mol is found for the charged substitutions
Fe(ll) or Mg(ll). This result shows that the solvated surface model implies a lower accuracy of energies
compared to the bulk models, which limits the interpretability of small energy differences.

For Fe(lll) in the crystal layer below the surface a small stabilizing effect of up to 5 kJ/mol was calculated.
This effect is comparable with the one for Fe(lll) in the surface for sites exhibiting bulk coordination.
Larger surface effects are only obtained for substitutions in the surface with broken bonds saturated by
surface groups. For those sites a stabilization compared to the bulk by 20+10 kJ/mol is determined. The
relatively large variation for formally equivalent sites again reflects the inhomogeneous effect of the
surface solvation layer.

For the charged substitutions Fe(ll) and Mg(ll) a qualitative similar albeit stronger stabilizing effect of
the surface is obtained. Also here the effect of the surface is essentially restricted to the first atomic
layer although weak effects of the solvation layer extending deeper. For Fe(ll) an average stabilization
of 35 kJ/mol is calculated, which tends to be somewhat weaker for Mg(ll).

Exploratory calculations with a surface model without ideal termination, including a single AIOH surface
group, showed that this lower coordinated surface species leads to stronger deviations from the bulk
behavior in its close environment, extending also into the subsurface layer. For nearby Fe (1) as well
as Fe(ll) and Fe(lll) substitutions at or just below the surface, this surface group exerts a destabilizing
effect compared to the ideal surface termination with octahedral AIOH(H20) groups.

For the reduction potential of Fe(lll) small an mainly positive relative values are calculated below the
surface compared to the average results for Fe(lll) in the central bulk like layer. These values vary
between -30 mV and +120 mV with an average value of +30 mV. This demonstrates the bulk like
properties of Fe(lll) below the surface. At the surface higher values are obtained, on average +90 mV
for bulk-like coordinated sites and +190 mV for sites with surface groups. This relatively strong surface
effect is questionable as the most stable structures optimized for Fe(lll) and Fe(ll) in the surface lead to
a reduction potential of +70 mV only. To improve the model in a second step also for structures with
Fe(lll) in the surface the solvation layer has been equilibrated. This leads to a sizable lowering of the
reduction potentials for the sites with surface groups to +25 mV on average and to -50 mV for the most
stable structures. These results suggest that the effect of the (010) edge surface on the iron reduction
potential most probably is small compared to other effects like a charged neighboring substitution (see
above), and will be influenced by the dynamics of water on the surface.

A further uncertainty of the determination of the reduction of Fe(lll) on an edge surface of smectites is
the structure and composition of the corresponding Fe(ll) surface species and their charge
compensation. For the (010) edge surface, various types of surface species of Fe(ll) and Mg(ll) have
been equilibrated and compared. The common structural features are four coordinations to the substrate
and one or two surface groups, leading to an overall coordination of 5 or 6. While for Al(lll) surface
species AIOH(H20) and AIOH have been found (see above), only the latter one is found among the
more stable ones for Fe(ll) an Mg(ll), with its compensating Na*ion close by. The most stable species
determined are Fe(H20)2 together with Al(OH)2, where the charge of Fe(ll) is compensated by a proton
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and Na* is close to the negatively charged Al(OH)2 group. Nearly as stable are variants where together
with Fe(H20)2 neutral AIOH and negatively charged SiO or an OH~ ion in the water layer are found. The
same type of species have been obtained for Mg(ll) at the surface with similar stabilities, supporting the
results for Fe(ll). This shows that a variety of surface species are possible for octahedral M(ll)
substitutions at the surface and that charge compensation by Na* as well as H* from other surface
groups may take place. Here further investigations are necessatry, by static as well as dynamic methods,
for a more definite determination of the most probable set of surface species, which should also include
the other common surface orientation (110).

[1.4.6 Iron reduction in smectites by H»

Steel corrosion under anoxic conditions generates hydrogen, which can reduce structural iron in
smectites. This reaction is suggested to increase the corrosion of iron and may also enhance the
solubility of smectites [kauf25]. This and the experiments of the project partner BGR motivated our
computational study of the reduction of octahedral Fe(lll) in smectites by hydrogen.

To inspect the reduction of octahedral Fe(lll) by H2 and H* iron substituted pyrophyllite and
montmorillonite models have been considered to allow a comparison of systems with neutral and
negatively charged smectite layers. 2x1x1 unit cells of trans- and cisvacant lattices have been used.

H2 absorbs in the interlayer of the smectite models weakly endothermic (< 25 kJ/mol). The favorable
position is above the ditrigonal rings of the silica sheet. Energy differences between different ditrigonal
rings in the interlayer are small, except for positions close to Mg, which are less favorable. For
pyrophyllite as well as montmorillonite models hydrogen absorption is more favorable for the trans- than
the cisvacant lattice by about a factor of 2. For transvacant pyrophyllite with iron substitutions it has
been shown that absorption of Hz into the smecite layer is endothermic and thus not favorable.

For dissociated hydrogen H*, which reduces structural Fe(lll) to Fe(ll) in the smectite models, various
coordination sites in the smectite lattice have been compared. For Na-montmorillonite Fe(ll) and Mg(ll)
have been positioned as third-nearest neighbors, which is an energetically favorable arrangement (see
above). For transvacant iron substituted pyrophyllite and montmorillonite H* coordinates favorably to
OH groups instead of O atoms, forming a bridging water species between two octahedral cations. This
type of water might correspond to strongly bound water experimentally detected in reduced smectites
[stull]. The most favorable site are the OH groups coordinated to Fe(ll) because they are closest to
this negative substitution. The same preference is calculated for H* in cisvacant lattices for coordination
close to the structural substitutions Fe(ll) and Mg(ll). Deviating from the transvacant lattice, the less
favorable sites between neighboring octahedral Al in the cisvacant lattice show energies in the order O
aside of OH < OH < O of bridging oxygen pairs. Overall we found the general energy trend that H*
coordinates to oxygens and OH groups between cation pairs in the order FeO(H)AI < MgO(H)AI <
AIO(H)AI < SiOSi. Thus, the least stable coordination of H* is the formation of an OH group at the silica
surfaces of the smectite layers. These results for Hz sorption and H* coordination suggest that the
activation and dissociation of Hz probably takes place in the interlayer, maybe at interlayer cations. This
hypothesis needs further investigations for confirmation.

Reduction potentials of octahedral Fe(lll) by molecular hydrogen were calculated as
% Sme(Fe(ll)) + ¥2 Sme(Fe(lll),H2) — Sme(Fe(ll),H), (2)

where Sme denotes the smectite with its iron substitutions and the type of hydrogen content in
parentheses. For all smectite models inspected, endothermic reduction energies of 45-60 kJ/mol have
been obtained. The reduction is slightly easier for transvacant compared to cisvacant lattices. Including
the electron source Hz in the reaction also confirms the result obtained for Na* compensation of the
reduced iron substitution that the reduction of Fe(lll) is slightly easier in charged than in neutral smectite
models. This supports the finding that for Na-smectites the layer charge does not decrease the reduction
potential (see above).
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To inspect the question of reversibility of structural Fe(lll) reduction in smectites the dehydration of the
reduced smectite has been modeled for cisvacant iron substituted pyrophyllite. The water molecule
generated by reduction by hydrogen has been moved from the octahedral sheet to the interlayer, leaving
fivefold coordinated Fe(ll) behind. The endothermic energy of this reaction amounts to about 100 kJ/mol.
This is a hint that for iron poor smectites structural changes due to reduction are not probable as an
early reaction step and the redox reaction of iron should be reversible. This result is in contrast to
dehydroxylation and formation of trioctahedral domains upon reduction of iron rich smectites
[dri00,fia02,neull].

I1.4.7 Comparison of Na- and Ca-montmorillonite

In this project models of smectites with Na* interlayer cations to compensate charged substitutions have
been considered. As all structural substitutions in smectites introduce a layer charge of -1 e, these
charges can be compensated locally by a Na* ion positioned close to the substitution in the interlayer.
On the other hand, most smectites include Ca?* and Mg?* interlayer cations [emm09], which are not able
to provide a local charge compensation for an arbitrary distribution of charged substitutions. This may
have an effect on the relative energies of distributions of charged structural substitutions and the stability
of smectites as well as on the redox potential of its iron substitutions. For this reason we compared
relative energies of the distribution of charged substitutions for the case of Mg?* substitutions in
montmorillonite for Na* and Ca?* compensating interlayer cations.

Trans- and cisvacant lattice models with a 2x2x1 unit cell have been set up with two octahedral Mg?*
substitutions, corresponding to a layer charge of -0.25 e. This layer charge is either compensated by
two Na* ions or one Ca?* ion in the interlayer without interlayer water. Energy trends for the various
arrangements of the Mg?* substitutions have been calculated and the positions of the corresponding
counter ions in the interlayer have been optimized. As for Na*, Ca?* prefers a position in the ditrigonal
holes of the silicate sheet above the oxygen atoms of the hydroxyl groups of the octahedral sheet.

For the most stable Mg?* arrangements the smectite models show a clear preference for the cisvacant
lattice, independent of the counter ions and in agreement with known trends [tsi84]. For the transvacant
model smectite with two Na* counter ions, neighboring (ortho) Mg?* substitutions as well as one of the
meta arrangements, leading to infinite rows of Mg?* substitutions with same distance, are unfavorable
by up to about 25 kJ/mol. All other arrangements with larger distances between the substitutions differ
by only up to 7 kd/mol in energy and the most favorable structures are determined for para as well as
more distant Mg?* substitutions. This result is in good qualitative agreement with the findings for smaller
smectite models (see above). When Ca?* is used as counter ion, this trend changes strongly.
Unfavorable distributions of the Mg?* substitutions are calculated for all distances between them, from
next to fourth neighborhood relations, with energies of 12-40 kJ/mol. The most stable structures are
determined for specific meta and para arrangements. Remarkable is an energy of only 7 kd/mol higher
for neighboring Mg?* substitutions bridged by OH groups. Thus, in contrast to charge compensation by
Na*, for Ca?* these specific pairs of charged substitutions are among the more favorable distribution
features for charged octahedral substitutions.

For the cisvacant montmorillonite model similar results have been obtained. The model with two Na*
counter ions shows higher energies for neighboring Mg?* substitutions and one of the meta
arrangements. All other distributions of the octahedral substitutions yield similar energies in a range of
up to 10 kJ/mol with a para arrangement being the most favorable. For the models with a Ca?* counter
ion the most favorable structure is calculated with the Mg?* substitutions at cisvacant sites in meta
distance. For all types of relative arrangements of the Mg?* substitutions considerably higher energies
appear with up to about 40 kJ/mol. Also for the cisvacant Ca-montmorillonite model neighboring Mg?*
substitutions bridged by O and OH belong to the more favorable arrangements with a relative energy of
only 8 kJ/mol. This confirms that for ideal Ca-montmorillonite the distance between Mg?* substitutions
does not determine the relative energy of their distribution.

The comparison of relative energies of octahedral Mg?* substitutions in Na- and Ca-montmorillonite
models shows that the energies of their distribution differ and only for Na-montmorillonite correlate with
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the distance between the substitutions. Moreover, the number of energetically favorable arrangements
is higher for Na- than for Ca-montmorillonite. These results suggest that also the variation of iron redox
potentials will be different in Na- and Ca-montmorillonite and needs further investigations.

I.5 Progress on the topic by other institutions during the project period

The only significant progress during the project period is given by repeated electrochemical experiments
and a new modeling of the reduction process in iron rich smectites, showing that the current picture of
only partial reversibility due to structural changes should be questioned [pot24] (see 11.2).

1.6 Expected benefits, in particular the usability of the results

The results of this project comprise mainly energies of various arrangements of substitutions in iron-
poor Na-smectites and especially of octahedral Fe(lll) and Fe(ll) together with the relative reduction
potentials. These data can be used to estimate the relative stability of smectites of varying composition,
their reducibility and the variation of redox potentials in dependence of other parameters. They form also
a valuable basis for further studies aiming at the understanding of the redox process in smectites and
the dependence of smectite composition and properties on the type of interlayer cation. This latter topic
needs further investigations, e.g. because the redox behavior is suggested to be strongly dependent on
the charge of the interlayer cations, M* versus M2*. These aspects of clay mineralogy are important for
the goal to establish useable relations between structure, composition and properties of smectites, which
are until now widely missing or empirical. They form also the basis of an understanding of properties of
bentonites for various applications. The topics treated in this project, especially the redox properties of
smectites are also of general interest in soil science and geochemistry.

The quantum chemical modeling of the reduction of Fe(lll) in smectites by H: relates the work of this
project to the open question of the mechanism of iron corrosion in the presence of clay under anoxic
conditions. The results obtained are a first step to elucidate H2 absorption and the related reduction of
structural iron in smectites by Hz, which form a sink for Hz in the iron corrosion process. Motivated by
the results and the cooperation in this project, a new project devoted to the clarification of the iron
corrosion in contact with clay under anoxic conditions has been designed, including experiments and
further quantum chemical investigations. This new project will profit from the results and experience
gained in the project described here.

1.7 Collaboration with other bodies outside this joint project

Various topics of this project have been discussed with Prof. K. Kohler, Inorganic Chemistry, TUM.
Results of the project have been presented twice at the PhD seminar of the cooperative project GRaZ
Il devoted to actinide interaction with cement and clays. The GRaZ Il consortium worked together
already earlier for several project phases, were two focused on actinide interactions with clays as a key
topic. The participation of the project collaborator Dr. C. Muschielok at this seminar served also to
educate him with respect general and geochemical aspects of the underground storage of radioactive
waste. Results of the project have been presented and discussed at the Mid-European Clay Conference
in September 2025 in Pilsen, Czech Republik.

1.8 Publications and Presentations

Publications:

S. Kaufhold, K. Ufer, R. Dohrmann, F. Renz, R. Lucka, M. S. Kilic, S. Kriiger, Investigation of
iron/bentonite interaction based on powdered mixtures, Clay Minerals 60 (2025) 307.

S. Kruger, C. Muschielok, I. Chiorescu, Distribution of octahedral iron substitutions in pyrophyllite and
montmorillonite and the variation of their redox potential, in preparation.

Further publications planned.
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Presentations:

C. Muschielok, I. Chiorescu, S. Kriiger, Eisensubstitutionen in der Oktaederschicht von Pyrophyllit und
davon abgeleiteten Tonmineralen, GRaZ Il PhD seminar, online, 25. 10. 2021.

C. Muschielok, I. Chiorescu, S. Kriiger, Eisensubstitutionen in Smectiten und ihr Redoxpotential, GRaZ
Il PhD seminar, online, 27. 6. 2022,

C. Muschielok, S. Kriiger, Iron in dioctahedral smectites: A quantum chemical computational view on
distribution, stability and redox behavior, oral presentation, 11th Mid-European Clay Conference, Pilsen,
Czech Republic, 15.-20. 9. 2024.
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