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Abstract

This thesis was created with the motivation to increase the knowledge about the possible
impact of iron sulfides on the prebiotic chemistry. The long-known reactivity of elemental
iron and elemental sulfur was used to synthesize the metastable iron sulfide mackinawite
with remarkable purity. This work is the first to investigate the reactivity between transi-
tion metals and sulfur under mild conditions as a means for metal sulfide formation so far
and maybe mark the beginning of an increasing interest in transition metal sulfides on the
early earth’s surface. Experiments with nickel, copper but first and foremost iron gave
additional information on the course of this reaction and the solid phases that are acces-
sible. This new approach offered the possibility to investigate the influence of different
salts on the mackinawite formation and a new behavior of mackinawite nanoparticles in
aqueous suspension was observed. If mackinawite is synthesized in a saline solution, iron
ions are released as the sodium ions are able to replace them on the particle’s surface.
Deeper investigations of this phenomenon led to the development of a new model for the
mackinawite-solution-interaction which is able to explain some inconsistent observations
reported in the literature. This model not only explains how sodium ions can replace iron
ions in mackinawite particles, but also some controversial issues regarding its interlayer
spacing and surface charge. The evaluation of the scientific literature regarding the com-
position of the early earth’s surface led to the conclusion that the formation of transition
metal sulfides from elemental metals and elemental sulfur far off from deep sea vents is
prebiotically plausible and could have been significant. As great amounts of different
transition metals have been delivered by cosmic impacts, a broad spectrum of transition
metal sulfides could have been available on the early earth’s surface to an extent, that is
much greater than assumed so far. The characteristics of the mackinawite particles resem-
ble those of precipitated mackinawite which has been vastly discussed in regard of hy-
drothermal vents. The dried mackinawite powder is highly pyrophoric but cautious oxi-
dation of its surface is a suitable way to deactivate it and preserve its structure. The freshly
formed and carefully oxidized mackinawite still shows a very small fraction of Fe** in

MoBbauer analysis.

As reported multiple times over the last 30 years, iron sulfides and especially mackinawite
are expected to have played a role in prebiotic carbon fixation. This view is mainly sup-

ported by the frequent appearance of iron sulfide clusters in active sites of modern redox-
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enzymes like nitrogenases. Mackinawite has not been studied for the activation and/or
reduction of CO». Our experiments show that the reduction of adsorbed carbonate was
coupled to the oxidation of mackinawite that occurred at a temperature around 160 °C.
The oxidation products are mainly greigite accompanied by small amounts of magnetite
and sulfur. Volatile reduction products were determined by GC-MS analysis and mostly

contain methane thiol but also C-C-coupled sulfur-containing compounds.

Tochilinite is a layered hybrid form of mackinawite that also contains layers of hydrox-
ides with a brucite-like structure. Mixed layer sulfides like tochilinite may have also been
much more abundant on the early earth than today. Nowadays, tochilinite is mainly found
in meteorites and rarely occurs at sulfide ore deposits. This work shows, that tochilinite
forms from nanoparticulate mackinawite in basic environments rich in di- and trivalent
metal ions like Mg?* and AI**. To investigate their catalytic potential, three different well
defined tochilinite analogues were synthesized that differ in their structure, composition
and stability. Novel tochilinite syntheses were established that use hydrothermal condi-
tions and carefully chosen starting materials to kinetically control the concentrations of
the involved solutes. The proper characterization of theses misfit layered materials is
challenging, which is why the syntheses had to be optimized to lead to pure tochilinite
samples. In this regard, the side products of the reaction systems used were investigated
thoroughly and conditions/methods established for their suppression or removal.
MoBbauer and compositional data show that the compositions of the obtained materials
fit well to natural tochilinite. Powder diffraction and TEM/SEM data also support a
tochilinite-like structure. As tochilinite is much more stable than mackinawite, high tem-
perature Fischer-Tropsch-type reactions were carried out with the most stable tochilinite
analogue for CO; reduction. These experiments show that the material is able to activate
CO: and H: and catalyze the formation of typical Fischer-Tropsch products like alcohols
and long chain alkanes at temperatures above 200 °C. The material used partially decom-
posed at these temperatures leading to the formation of magnetite, magnesioferrite and
pyrrhotite. This work underlines the potential role of iron sulfides for prebiotic carbon
fixation and reduction reactions in general. Even if the formation of iron sulfides from

elemental iron and sulfur may be rare, it still could have been significant in local areas.
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Zusammenfassung

In dieser Arbeit wurde der mogliche Einfluss von Eisensulfiden auf die priabiotische Che-
mie und die Entstehung des Lebens untersucht. Die bereits seit mehreren Hundert Jahren
bekannte Reaktion zwischen Eisen und Schwefel wurde weiter erforscht, was zur Etab-
lierung der Synthese von Mackinawit-Nanopartikeln aus den Elementen fiihrte. Damit ist
diese Arbeit die erste, die die Mackinawitsynthese aus den Elementen ausfiihrlich be-
schreibt. Die Charakteristika der Partikel dhneln denen von gefilltem Eisensulfid in Be-
zug auf GroBe und Struktur. Unter Ausschluss von Sauerstoff getrockneter Mackinawit
ist sehr pyrophor und es konnte gezeigt werden, dass die vorsichtige Oxidation der Ober-
fliche zur Stabilisierung der Partikel fiihrt und dennoch der Anteil an Fe*" in den Partikeln
relativ klein bleibt. Die Synthese von Mackinawit aus den Elementen ermdglichte die
Untersuchung des Einflusses der umgebenden Losung auf die entstehenden Partikel.
Diese zeigte, dass die Zugabe von NaCl zu einer Mackinawitsuspension zum Anstieg der
Konzentration an freien Eisenionen fiihrt. Eingehendere Untersuchungen dieses Phéno-
mens filihrten zur Entwicklung eines neuen Modells zur Beschreibung der Wechselwir-
kungen zwischen Mackinawit und der umgebenden Losung das in der Lage ist, Unstim-
migkeiten in bisherigen Verdffentlichungen beziiglich der Partikeleigenschaften von ge-
félltem Mackinawit zu erkldren. Untersuchungen der Reaktivitdt anderer Metalle gegen-
iiber Schwefel unter den gleichen Bedingungen haben gezeigt, dass weitere Sulfide wie
beispielsweise CuS, NiS und CuFeS; aus den Elementen herstellbar sind. Die Evaluie-
rung der Fachliteratur zur Zusammensetzung der Oberflidche der frithen Erde und dem
Eintrag von elementaren Metallen durch Meteorite ldsst den Schluss zu, dass die Bildung
von Ubergangsmetallsulfiden auf der Erdoberfliche sehr wahrscheinlich ist. Im Kontext
der pribiotischen Chemie wurde die Reaktivitit von Eisen- und Nickelsulfiden bisher
hauptséchlich fiir hydrothermale Umgebungen diskutiert. Es ist zu erwarten, dass das
Vorhandensein signifikanter Mengen dieser Sulfide auf der Erdoberfldche in kommenden
Arbeiten zur prébiotischen Kohlenstofffixierung berticksichtigt wird. Eisensulfide wur-
den innerhalb der letzten 30 Jahre hdufiger als potentielle prabiotische Katalysatoren dis-
kutiert, da Eisensulfidcluster in den aktiven Zentren von redox-aktiven Enzymen wie der
Nitrogenase vorkommen. Reduktionsexperimente mit Mackinawit wurden jedoch bisher
nicht mit dem Ziel der Kohlenstofffixierung durchgefiihrt. Die Experimente in dieser Ar-

beit zeigen, dass CO2 Gas bzw. geloste Carbonate ohne Zusatz eines Elektronendonors
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an Mackinawit reduziert werden konnen. Die Reduktion adsorbierter Carbonate fand bei
einer Temperatur von ca. 160 °C statt, wobei sich Greigit, Magnetit und Spuren von ele-
mentarem Schwefel bildeten. Die leichtfliichtigen Reaktionsprodukte wurden mittels GC-
MS analysiert und es stellte sich heraus, dass Methanthiol mit Abstand am héufigsten

auftrat, aber es wurden auch C-C-verkniipfte Produkte gefunden.

Tochilinit ist ein Schichtmineral, dass neben mackinawitartigen auch brucitartige Schich-
ten enthdlt. Komplexe Schichtminerale wie Tochilinit waren auf der frithen Erdoberflache
wahrscheinlich hdufiger anzutreffen, als es heutzutage der Fall ist, denn sie kommen vor-
rangig in Meteoriten und selten in Sulfiderzlagerstitten vor. Die Ergebnisse in dieser Ar-
beit zeigen, dass sich Tochilinit aus Mackinawit-Nanopartikeln in basischer Umgebung
bilden kann, wobei die Zusammensetzung von den vorhandenen Konzentrationen ver-
schiedener Metallionen wie Mg?" und AI’* abhingt. Zur Untersuchung des katalytischen
Potentials dieser Minerale, wurden Proben mit verschiedenen Zusammensetzungen und
Reaktivitdten hergestellt und charakterisiert. Fiir die Charakterisierung sind verldssliche
Ergebnisse aus der Elementaranalyse und der MoBbauerspektroskopie von entscheiden-
der Bedeutung. Dazu mussten zundchst Methoden entwickelt werden, die die Synthese
von Tochilinit ohne signifikante Mengen von Verunreinigungen ermoglichen. Durch die
Kontrolle der Konzentrationen der geldsten Ionen und dem nachtriglichen Entfernen von
magnetischem Material konnten sehr saubere Proben erhalten werden. Die ermittelten
Zusammensetzungen entsprechen den zu erwarteten Werten bei Annahme einer Tochili-
nitstruktur. TEM- und REM-Aufnahmen der synthetisierten Tochilinitproben zeigen sehr
groBe Ahnlichkeiten zu Aufnahmen fritherer synthetischer Arbeiten. Da Tochilinit ther-
misch stabiler als Mackinawit ist und als Katalysator fungieren konnte, wurden Redukti-
onsexperimente bei hoheren Temperaturen durchgefiihrt. In einer Atmosphédre aus CO>
Gas und H> Gas konnten oberhalb von 200 °C Produkte wie Methanol, Ethanol und lang-
kettige Alkane gefunden werden, wie sie auch aus Fischer-Tropsch-Reaktionen erhalten
werden. Die Tochilinitproben zersetzten sich bei den verwendeten Temperaturen teil-
weise wobei die zu erwartenden Zerfallsprodukte Magnetit bzw. Magnesioferrit und
Pyhrrotin gefunden wurden. Diese Arbeit unterstreicht die pribiotische Relevanz von Ei-
sensulfidmineralen, in dem sie einen bisher unbeachteten Bildungsweg beschreibt und

das Potential zur Kohlenstofffixierung aufzeigt.
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1 Introduction to iron sulfides and carbon fixation

1.1 Iron sulfide minerals — an overview

The mineral class of iron sulfides is very diverse, and many different crystal structures
and morphologies are known. In this chapter a short introduction on each iron sulfide
mineral including their formation conditions will be given. Iron sulfides are a significant
group of minerals that play key roles in biogeochemical processes, especially in marine
systems.! They are a part of the global sulfur cycle and act as a sink for sulfide species

due to their low solubility in water.>

Pyrite (FeSz) is the most abundant iron sulfide on the earth’s surface. Compared to the
other iron sulfide minerals, it has a remarkable stability and is the only one that does not
dissolve in diluted mineral acids.!* The structure of pyrite has been solved as one of the
first in the history of X-ray structure determination.* It consists of Fe?" and disulfide ions
that are arranged in a NaCl-structure. Pyrite is widespread in marine sediments and forms
in the oxic-anoxic transition zone. The formation mechanism of pyrite has been a topic
of continuous debate as the poor reproducibility of experimental findings causes uncer-
tanties.! Precipitated iron sulfide is very sensitive to oxidation and varies in its properties
with the conditions of precipitation and aging procedures. As a result, multiple formation
mechanisms are proposed and there is still doubt whether an additional oxidizing agent is
needed for the formation of pyrite from precipitated FeS and H»S.*>”7 In the context of
prebiotic and origin of life chemistry, pyrite is mainly mentioned in the context of the

iron-sulfur-world theory by Glinther Wéchtershiuser that will be covered later in detail.

Marecasite (FeSy) is a polymorph of pyrite. It has the same composition but a different
structure and does not play a significant role in earth’s biogeochemistry. Marcasite only

forms at pH values below 3 and is less stable than pyrite.’

Greigite (Fe3S4) belongs to the thiospinel group. It crystallizes in a cubic cell with the
space group Fd3m. The sulfide ions form a cubic close packed lattice in which tetrahedral
and octahedral sites are occupied by iron ions. It is a mixed valence compound with Fe**

and Fe*" in a ratio of 1:2. Greigite forms from mackinawite upon oxidation. Lennie et al.



described in their work from 1997 that the transformation from mackinawite to greigite
is a topotactic process. The iron ions rearrange in the sulfide structure without the need
for dissolution and reprecipitation.® Greigite can be found in recent and relicts of ancient
marine sediments. It is considered to be an intermediate in the oxidative transformation
from mackinawite to pyrite.” !! The structure of greigite resembles the structure of certain
iron-sulfur clusters that are found in modern biochemistry. Therefore, some attention was
paid to the investigation of the electrochemistry of greigite surfaces and the incorporation
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of greigite particles into biomolecules and it has been used as catalyst for CO, fixa-

tion.'>:1

Pyrrhetite (Fe;.xS) is rather uncommon in marine environments but acts as a rock form-
ing mineral. It can be found as a major constituent in sulfide ore deposits and in meteor-
ites.!”!® It is a non-stoichiometric compound with iron vacancies that are distributed in
an ordered way leading to a series of possible superstructures. Several polytypes are
known with compositions ranging from Fe;Ss to Fe11S12. Pyrrhotite can have a hexagonal
or a monoclinic symmetry.!>?® As pyrrhotite is the most stable iron sulfide under reduced

conditions, it may have been more abundant than pyrite on the early earth.

Troilite (Fe1xS) can be regarded as the endmember of the pyrrhotite series with a com-
position very close to FeS. The troilite structure has hexagonal symmetry. It is a constit-

uent of meteorites and in rare cases of terrestrial rocks.?!*

Mackinawite (FeS) and tochilinite (Fei..S*x(Mg,Al,Fe)(OH),) are the major topics of
this work and the next chapters will give detailed information on their structures and

properties.

1.2 Mackinawite — a versatile iron sulfide

1.2.1 General information

Mackinawite crystallizes with tetragonal symmetry in the space group P 4/nmm and
therefore is often called tetragonal iron sulfide. The cell parameters are a = 3.66 A and
¢ =5.03 A.?? The sulfide ions form a distorted cubic close packed lattice with iron ions
occupying one-half of the tetrahedral sites with a Fe-Fe distance very close to the one in

the a-iron crystal structure. Mackinawite has a layered structure as filled and empty layers



alternate. The interlayer space in natural mackinawite is nonpolar and interlayer attraction

is mainly caused by Van der Waals forces.?**

Fe©® SO

Figure 1: Unit cell of mackinawite.

Mackinawite is the least stable iron sulfide that crystallizes first from solution following
Ostwald’s step rule. Under most natural conditions, it is metastable and rapidly transforms
into other iron sulfides although under anoxic low temperature conditions it can be stable
for months. Upon heating without an oxidizing agent, it transforms to troilite or pyrrho-
tite. This transformation has not been studied exhaustively compared to the formation of
greigite or pyrite but has been shown to occur in solution as well as in the dry state at
moderate temperatures.'® At more oxidizing conditions greigite forms within days even
at room temperature and slowly converts to pyrite. In marine sediments mackinawite
forms by precipitation of Fe’" in hydrogen sulfide bearing solutions that primarily origi-
nates from sulfate reducing bacteria.!® It is also the first corrosion product of iron or steel

in anoxic sulfide or sulfur containing solutions.?®

The formation and characteristics of mackinawite have been studied from different points
of view. Earth scientists have been investigating the mackinawite formation in laboratory
and field studies to explore its role in natural biogeochemical processes. Their focus has
been led on the solubility and the transformations of precipitated mackinawite,!->810.2427-

30 Related to these studies are the investigations on the pronounced adsorption capabilities



i.e. for heavy and rare earth metals that are of interest from environmental and economical
points of view.>!* Organic chemists have studied the reducing power towards organic
nitro and chlorinated compounds what may be used in organic syntheses and waste water
treatment.> 3¢ The intrinsic physical properties like electrical conductivity and supercon-
ductivity have been investigated by material scientists. With this, the intercalation chem-
istry of mackinawite received some attention and experiments have been carried out to
modify the interlayer space and to tune its electrical properties.>’*! Examinations of cor-
rosion processes of iron metal in sulfide and sulfur containing solutions led to the discov-
ery of mackinawite formation on metal surfaces. Corrosion scientists were nonetheless
more interested in the fate of the corroding metal than in the sulfides produced.?®**#
From these accounts it is apparent that the chemistry of iron sulfides with mackinawite
structure is a very interesting topic with much potential for various applications and
doubtless many more features to discover. In prebiotic chemistry, mackinawite has not

attracted much attention but this work will give good reasons to consider it for future

studies.

1.2.2 Redox activity

Mackinawite is composed of Fe?" and S* ions, which both can be oxidized, and act as a
reducing agent. The standard redox potential for the Fe**/Fe** redox couple has been de-
termined to be E°yn=o (Fe**/Fe*") = 0,771 V (SHE). The standard potential for the oxida-
tion of sulfide ions is hard to be determined because the oxidation in basic solutions leads
to a complex mixture of polysulfide species. Therefore, the redox potential of sulfide ions
depends on the concentrations of several species and especially on the pH value. Still,
values for the standard redox potentials for sulfide ions in acidic as well as basic solutions
are given in “Standard potentials in aqueous solution” from 1985: E°n-o (H2S/S%) =
0,144 V (SHE) and E°n-14 (S*/8°) = - 0,52 V (SHE).*° Sulfide ions in solution can be
oxidized to variable extents leading to the formation of different sulfur species depending
on the oxidizing agent and the pH value of the solution. Polysulfides, sulfites/SO2, thio-

sulfates and sulfates/SO3 occur in sulfide oxidation processes.



Fe?" - Fe’' +¢ (1)

Fe?’" + 2 Fe** + 4 HO — Fe;04 | + 8 H' ()
nS* — S+ (n-2) € (3)
Fe*'+2S8* »FeSy | +2¢ 4)

The formation of insoluble products increases the reducing power of mackinawite by
changing the equilibrium concentrations of Fe** and S*. Pyrite, greigite, iron oxides or
hydroxides and elemental sulfur have small solubilities and can form upon oxidation.
Moreover, Mackinawite particles can be oxidized without changing their structure imme-
diately. Mullet et al. reported, that mackinawite particles can have up to 20 % of their
Fe?" oxidized to Fe*" and remain stable for at least 24 hours at room temperature open to
the atmosphere.?’ The oxidation of mackinawite is favorable in basic solutions what
should be taken into account when evaluating mackinawite oxidation reactions in a prebi-

otic scenario.

1.2.3 Adsorption

The adsorption capability of nanoparticulate mackinawite has been the focus of many
studies over the last 30 years.3! 331755 The removal of toxic metal ions like Cr**, Pb*" and
Cd*" is a crucial step in waste water treatment and investigations of mackinawite have
been carried out in this regard. The adsorption of transition metals and their incorporation
into the mackinawite structure offer effective routes for the capture of these metal ions
from solution. Bebie et al. explored the behavior of the iron sulfide surface groups in an
aqueous environment in 1997. The iron ions on the surface are Lewis acids and are coor-
dinated by hydroxide ions. The sulfide ions act as bases and can be protonated. As the SH
surface groups are more acidic than the OH surface groups, the SH groups are mainly
deprotonated at basic conditions and the OH groups get protonated first upon the addition
of acid. In neutral solutions, the major part of the sulfide ions is deprotonated and nega-
tively charged. In acidic solutions, the hydroxide groups can get partially protonated. At
the point of zero charge, the number of deprotonated and protonated surface groups is

similar and the particles become uncharged. The points of zero charge of pyrite,



pyrrhotite, greigite, natural mackinawite and other transition metal sulfides have been

determined to be at pH values around pHp,c = 3.%°

*Fe-(S-Fe)p-S™ + H,0 = HO-Fe-(S-Fe),-SH (5)
HO-Fe~(S-Fe),-SH + H,0 = HO-Fe-(S-Fe),-S™ + H;0" (6)

In contrast to this value, the point of zero charge of freshly precipitated nano-mackinawite
in has been determined to be at pHp,c = 7.5 — 8.57% The discrepancy compared to the
pHpzc of natural mackinawite has not been resolved yet. Wolthers argues that oxidation
of the surface or undiscovered surface reactions like the intercalation of protons or hy-
droxide ions could lead to higher pHy,c values. The different pHp,. for nano-mackinawite
and greater mackinawite particles will be addressed in the surface model covered later.
The addition of divalent metal ions like Fe** or Ni** leads to an increased number of metal
surface sites and thus of hydroxide surface sites, whereas additional sulfide ions can re-

place coordinated hydroxide groups.>

HO-Fe-(S-Fe)s-S™ + Fe** & HO-Fe-(S-Fe)n-S-Fe* (7)
HO-Fe-(S-Fe)s-S-Fe™ + OH™ = HO-Fe-(S-Fe),-S-Fe-OH (8)
HO-Fe-(S-Fe)s-S™ + S?* = "S-Fe-(S-Fe)s-S™ + OH" 9)

As mentioned above, there are two different ways reported to retain metal ions by mack-
inawite. They can be incorporated into the mackinawite structure and they can be ad-
sorbed onto the mackinawite surface. The incorporation of metal ions into the macki-
nawite structure keeps them firmly bound and prevents them from being released again
into the solution. This is valid for metals whose sulfides are less soluble than mackinawite
like NiS or CdS but not for the more soluble MnS. The increasing insolubility of some
metal sulfides follows MnS < mackinawite < NiS < CoS < ZnS < CdS < PbS < CuS.>*¥
The adsorption energies of metal cations depend on many factors like the charge, size and
the affinity towards sulfide ions. It is suggested by the Pearson acid-base concept, that

“soft” metal ions like Cd** and Pb** should bind stronger than “hard” ones like Na*.

The adsorption properties of mackinawite towards organic molecules have not been in-
vestigated extensively. In 2008, Hatton and Rickard investigated the adsorption behavior

of different transition metal sulfides. Their “study demonstrates that double and single
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stranded nucleic acid polymers as well as adenine and the nucleoside and nucleotide de-
rived from it bind to copper, iron and zinc sulfides”’. A very recent publication by Picard
et al. covers the adsorption of unspecified organic compounds by freshly precipitated
mackinawite particles.®' Organic molecules have been adsorbed during the formation of
mackinawite in the presence of living sulfate reducing bacteria and this association per-
sisted for at least two years. Amino acids, carbohydrates and lipids were especially bound
by the mackinawite particles. They conclude that “biogenic iron sulfide minerals there-
fore represent a potential strong protectant for proteinaceous organic carbon as long as
anoxic conditions are preserved in low temperature surface environments”. This is a very
crucial statement for the potential role of mackinawite in prebiotic chemistry and maybe
for the chemistry that led to the origin of life. There is also a publication by Dzade et al.
concerning the theoretical interactions of methylamine and the mackinawite surface stud-
ied by DFT calculations that support the role of iron containing minerals for adsorption
processes. They report that methylamine binds strongly to the (011) and (111) surfaces
through the interaction of the lone pair of the nitrogen atom and the iron surface sites.®?
As mackinawite can offer not only very acidic but also very basic surface sites depending
on the surrounding solution, a versatile adsorption chemistry of organics is expected. As
low concentrations of the organic feedstock are a major obstacle for the origin of life,
pronounced selective adsorption on mineral surfaces may be a crucial mechanism to pro-

vide higher concentrations especially for condensation reactions.

1.2.4 Intercalation

Clays like montmorillonite have attracted much attention in the prebiotic chemistry. As
an example, Horrowitz et al. have studied the intercalation as a means to suppress cy-
clization and promote polymerization of base-pairing oligonucleotides in a prebiotic
world.®* Intercalation chemistry is one of the most important features of clays and makes
them a very interesting mineral class. Mackinawite also has a layered structure and is able
to intercalate ions or molecular species into its interlayer space. Thus, intercalation chem-
istry may similarly be a very important feature of mackinawite but has not yet been ex-
tensively investigated. Only a few investigations are concerned with the requirements and
possibilities of mackinawite intercalation reactions. To tune the critical temperature at
which a material gets super conductive, intercalation is a tool that is used for a lot of
different systems. As superconductivity has been observed in certain mackinawite
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samples, intercalation compounds were synthesized and characterized to tune the elec-
tronic and magnetic properties. The obtained intercalation compounds are related to the
mineral tochilinite whose structure and characteristics will be discussed in more detail in
the following chapter. It has been shown that alkali metal hydroxides like NaOH and
LiOH can be intercalated between the iron sulfide layers.3®64 It is also possible to sta-
bilize neutral molecules like dimethylhydrazine in the interlayer space.” In an experi-
mental study on the preparation of mackinawite intercalation compounds, Peng et al. were
able to intercalate cationic iron complexes of bipyridine, phenanthroline and other amino
bases. These investigations one the mackinawite intercalation chemistry show, that it can
intercalate cations and neutral molecules, which may be of relevance for the origin of life
as the intercalation of organic molecules and their cationic complexes can increase their
local concentrations and offer new reactivities. The prebiotic plausible formation of por-
phyrin may act as an example. A porphyrin ring can be formed by condensation of pyrrole
and aldehydes as described by Almog et al. in 1975.°® The synthesis of porphyrin affords
high concentrations as four equivalents of pyrrole and four equivalents of a suitable alde-
hyde are needed to form one equivalent of porphyrin. Pyrrole may act as a ligand for iron
ions in a cationic complex that can enter the interlayer space of mackinawite and bring
pyrrole molecules in close contact. The addition of the aldehydes may lead to the for-
mation of porphyrin rings without the risk of pyrrole polycondensation. This hypothesis

is investigated in our laboratory but could not be confirmed yet.

1.2.5 Summary

In summary, mackinawite offers a high reducing potential that could have led to the re-
duction of C1 species like CO2, CO or HCN to provide an organic feedstock for the for-
mation of the molecules necessary for the origin of life. Reduction reactions were also
important regarding organics with multiple carbon atoms like the reductive amination of
a-ketoacids that may have led to the formation of amino acids as has been shown by

Huber et al.®®

Moreover, mackinawite is a very effective adsorbent for most metal ions
and organics. It offers a negatively charged surface in a wide pH region and surface areas
up to 400 m%/g.”%”! Toxic metal cations can replace iron ions in the mackinawite structure
or be adsorbed onto the surface. The point of zero charge of mackinawite is around
pHpze = 3 and many sulfide groups are deprotonated at neutral pH what supports the sur-
face complexation of metal cations. In a prebiotic context the adsorption of heavy metals
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is important because the absence of soluble toxic heavy metals is one of nine key require-
ments for the origin of life as stated in a recent publication by Maruyama et al.”*> The
adsorption of organic molecules is strong if they contain basic nitrogen atoms like pep-
tides and nucleobases. This could lead to high local concentrations of these organics to
promote condensation reactions and peptide or RNA/DNA formation. The adsorption
could have stabilized these polymers and the iron sulfide core may have functioned as the
active site as known from modern enzymes. The intercalation chemistry of mackinawite
offers additional abilities for concentrating organics and polymerization reactions that

still need to be explored.

1.3 Tochilinite — a mixed layered mineral

Tochilinite is a very rare mineral that occasionally occurs in areas associated with ultra-
mafic rock. More important is its occurrence in carbonaceous chondrites where it often
acts as a major constituent. It is regarded as a product of aqueous alteration of other iron
sulfides and iron oxides.”>” It is named after M. Tochilin who was a professor for min-

eralogy at the Voronezh University in Russia and occurs in aggregates of cylindrical

Figure 2: Tochilinite on calcite found at the Otamo dolomite quarry,

Siikainen, Sataku. © mindat.org.

acicular crystals and as thin coatings as shown in the picture above. Tochilinite was first
discovered in 1970 by Harris ef al. and its structure was determined by Organova et al.
only a few years later.”®’8 Tochilinite is a complex hybrid mineral composed of macki-
nawite-like and brucite-like layers. Both layers are slightly distorted compared to the nat-

ural minerals. The hydroxide ions in the brucite substructure do not form regular



octahedra and the distance between the iron ions in the mackinawite substructure is longer
compared to natural mackinawite. The different layers are reported to alternate in an A-
B-A-B fashion. Organova describes two varieties of tochilinite, an isometric and an acic-
ular one based on their morphology and crystal structure. An investigation of the crystal
structures of both varieties by electron diffraction experiments leads to the conclusion,
that the crystal structure of the isometric variety differs only in the distribution of the iron
vacancies of the mackinawite-like substructure compared to the acicular one. The solution
of structures of misfit-layered materials is a difficult and time-consuming task, which is
why the structures for the different layers are often given independently. Consequently,
Organova did determine a supercell for the combined mackinawite-like and brucite-like
lattices for the isometric variety but not for the acicular one. Hence, the structure of the
isometric tochilinite shall be used as the reference in this work and will be described
below. The structure of the isometric variety was determined to have triclinic symmetry
with monoclinic lattice constants. The space group is P1 with a =537 A, b=15.65 A,
c=10.72 A; 0= B =90° and y = 95°.

SO 00 Mg®@ Fe©

Figure 3: Unit cell of the isometric tochilinite variety as described by Organova ef al.
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Figure 4: Unit cell of brucite.

The structure of isometric tochilinite as described by Organova is shown in figure 3 and
the structures of mackinawite and brucite are shown in figure 1 and 4, respectively. Mack-
inawite crystallizes with tetragonal symmetry in the space group P 4/nmm with cell pa-
rameters of a =3.66 A and ¢ = 5.03 A.? Brucite, Mg(OH)z, is the mineral form of mag-
nesium hydroxide that can be described as a hexagonal close packing of hydroxide ions
with the magnesium ions occupying one half of the octahedral sites. It has trigonal sym-
metry with space group P-3m1 and lattice parameters of a = 3.15 A and ¢ =4.77 A
(Z=1).” The tetragonal lattice of mackinawite and the trigonal lattice of brucite cannot
easily be aligned and multiples of the lattice parameters are needed to find a common set

of lattice parameters for tochilinite.

To show how the structure of tochilinite corresponds to the mackinawite and brucite struc-
tures it is convenient to only consider the cation arrangements in the a-b-plane. The mack-
inawite and brucite structures in the a-b-plane and the corresponding unit cells are shown
in figures 5 and 7. In mackinawite, the a and the b parameters are the same but the mack-
inawite substructure in tochilinite has lattice parameters of a; = 2.68 A and by =2.60 A.
The distance between two Mg?" in the brucite substructure of tochilinite is slightly in-
creased from 3.15 A to 3.21 A in the b-direction and slightly decreased in a-direction
from 5.43 A to 5.37 A compared to the brucite crystal structure.
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Figure 6: Mg*" arrangement of the brucite substructure of tochilinite in the a-b-plane

and the tochilinite unit cell.

a=3.66A

Figure 7: Fe?" arrangement of mackinawite in the a-b-plane with the original unit cell.
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Figure 8: Fe?" arrangement of the mackinawite sub-structure of tochilinite in the a-b-
g g

plane.
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Figure 9: Fe?" arrangement of the mackinawite substructure of tochilinite in the a-b-

plane.

The lattice parameters of the brucite and the mackinawite substructures correspond with

the lattice parameters of the tochilinite crystal structure by the following equations:

a¢ (brucite) = 2 a; (mackinawite) = a (tochilinite)

5 b (brucite) = 6 b (mackinawite) = b (tochilinite)

The composition of tochilinite is very versatile. Organova ef al. determined the composi-
tion to be 6 (Feo.oS) * 5 [Mgo.71Feo20(OH)2] after correction for gibbsite impurities. The
ideal composition as expected from structural analysis is 6 (Feo.94S) * [MgxFey(OH)z]
what fits well to the one obtained. This formula shows that there are iron vacancies in the
mackinawite substructure and that iron ions occupy magnesium positions in the brucite

substructure. Some of these iron ions are Fe*" to balance the negative charge of the
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mackinawite substructure. A great diversity of different compositions for tochilinite sam-

ples has been reported and some representative examples are shown in table 1.

Table 1: Compositions reported for natural tochilinite samples.

Formula Reference

Organova et al.

6 (FeosS) * 5 [Mgo.71Fe0.20(0OH):] (1974)76

Harris and Vaughan

6 (FeosS) * 4.47 [Mgo.s3Feo.47(OH)] (1972)%°

Harris and Vaughan

6 (FeosS) * 4.92 [Mgo23Feo.71(OH):] (1972)%°

Organova et al.

6 (Feo.7sS) * 4.71 [Mg,Fe(OH):] (1974)77

Jambor

6 (Feos1S) * 5.37 [Mgo.79Alo21(OH):] (1976)8!

Muramatsu and Nambu

6 (Feo.63Cu0.24S) * 4.95 [Mgo.78Alo.29Ca0.01(OH)2] (1980)

Pekov et al.

There are some more tochilinite-like minerals that do not have the same structure or com-
position as the Organova isometric tochilinite but may be also mentioned here to give a
deeper insight into this mineral class. Valleriite is the most prominent layered hybrid min-
eral composed of sulfide and hydroxide layers. The main difference to the tochilinite
structure is the arrangement of the sulfide tetrahedra and that it contains a significant
amount of copper ions. Its composition is reported by Evans to be (Fei.07Cuo.93S2) * 1,526
[Mgo.6sAlo32(OH)2]**. The structure requires a large superlattice like tochilinite but has
been defined in terms of two separate sublattices: a rhombohedral one corresponding to
the sulfide layers and a hexagonal one corresponding to the hydroxide layers. The iron
and copper ions are distributed randomly within the sulfide layers.3* Yushkinite is a mixed
layered mineral with a brucite-like hydroxide layer alternating with a berndtite-type sul-
fide layer. It has a composition of (VS2) * [Mgo.71Al036V0.03(OH)2.1500.02].%> Haapalaite is
a mineral with the composition of (Fei.36Nio.74S2) * 1.610 [Feo.16Mgo.s4(OH):2]. The struc-

ture still needs to be determined in detail but preliminary analyses indicate that is related
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to the valleriite structure.®® A calcium rich example is vyalsovite containing Ca(OH), and
AI(OH); in the hydroxide layers. Ekplexite [(Nb,Mo0)Sz] * [MgixAlx(OH)2+«], kaskasite
[(Nb,Mo0)S2] * [MgixAlx(OH)2+x] and the manganese rich equivalent manganokaskasite
[(Nb,Mo0)S2] * [Mni1+xAlx(OH)2+x] are three quite new valleriite-group minerals described
by Pekov et al. in 2014.%7

This list shows how diverse the group of layered hybrid sulfides is and that the structures
and compositions can differ within a great range. Therefore, the crystal structure of any
natural or synthetic tochilinite-like sample needs to be evaluated thoroughly what may
prove as a very tough task. Many of these minerals are quite rare and do not form massive
aggregates what makes high-resolution crystal structure solution impossible.
Consequently, investigations on chemical reactivities and further properties of these hy-

brid minerals have not been carried out yet and offer a huge field for future studies.

1.4 Activation and hydrogenation of CO;

1.4.1 Overview

COgz is one of the simplest carbon compounds and universally available but also insignif-
icant for laboratory and industrial chemical synthesis. Indeed, the use of CO> as chemical
feedstock is limited to a few industrial processes like the synthesis of urea and its deriva-
tives, salicylic acid and carbonates.®® The reason is that CO» is inert and intrinsically sta-
ble with AGm = —394.4 kJ'mol ! and thus a great amount of energy is required for its ac-
tivation. Heterogeneous and homogenous catalysts are used to reduce the activation bar-
rier and promote any further reaction.? Several tools that can lead to the activation of
COz have been reported that include bending or stretching of the linear CO2 molecule and
charge transfer processes altering the electronic states.”>®! Widespread heterogeneous
catalyst systems use pure metals like Cu, Co and Fe that are coupled with promoters like
Ce, Mn, Na and K and prepared on oxide supports like Al,O3, SiO2, CeO; or TiO». Iron
and cobalt initially form carbides with CO; that act as the main active phases. The pro-
moters enhance the resistance towards deactivation / poisoning and improve the reaction
rates and selectivity. The different oxide supports also offer multiple features that pro-
mote the reduction of CO». For example, MgO and Al,O3 exhibit surface OH-groups,

which favor the adsorption of reaction intermediates and enhance the reduction kinetics.
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Their great surface areas help to disperse the metal particles and to prevent their agglom-
eration.® The mechanism of CO; reduction on heterogenous catalysts is a highly topical
issue and still under extensive debate. The activation energy and the product selectivity
for the reduction of CO; and carbonates depend on many aspects especially the adsorption

on the catalyst surface but also on the influence of the surrounding solution.”>%

The reduction of CO> needs to be coupled to a suitable oxidation reaction that offers
enough reducing power. In a heterogeneous system this is usually done catalytically with-
out permanently changing the state of the solid catalyst. For catalysis, the use of hydrogen
gas as reducing agent has attracted much attention as it acts as a source of electrons and
protons at the same time. In Fischer-Tropsch-type reactions, the reduction of CO> by H»
is considered to be a multi-step process with CO as the key intermediate formed by a

reversed water gas shift reaction. The formed CO is further reduced yielding different

carbohydrates depending on the reaction conditions.®>*°
CO»+Hs = CO + H0 (10)
CO +H, = CH0 11
CO +2 H, = CH;OH (12)
CO +3 Hy = CH; + H20 (13)
n CO + (2n + 1) Hy & CoHon+2 + n H20 (14)
n CO +2n Hs = CyHan + n H20 (15)
n CO +2n Hy = CoHaniOH + (n — 1) H20 (16)

A direct reduction without the formation of CO has been also proposed, but could not be
verified so far.”* Like CO>, hydrogen also needs to be activated due to its intrinsic stabil-
ity. Metals have been known for many years to activate elemental hydrogen by chemi-
sorption. Particularly palladium, ruthenium and copper show high activities and are there-
fore the major materials used for modern heterogeneous hydrogen activation.®*> Cat-
alytic activity is also observed for some semiconductor oxides like Cr203 and NiO and a

number of sulfides including MoS>, WS and CoS but not for FeS, CuS or NiS.”%¢ A
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recent publication shows that ZnxCdi.xS based materials show great catalytic activity to-

wards the activation of hydrogen.””

In the case of a non-catalytic heterogeneous reduction reaction using iron sulfides, the
particles themselves are oxidized and sufficient amounts of H" need to be available for
protonation. As already outlined in the previous chapter, iron sulfides can be oxidized in
different ways e.g. by oxidation of the Fe*" or S* depending on the reaction conditions.
The protonation of the reduced carbon species may be possible by the presence of water
alone and can be increased by the addition of acids. Several reports show that the pH-
value of the reaction solution in CO;-reduction reactions defines the reaction mechanism

and in consequence the required redox potential and the product selectivity.?>%?

1.4.2 Carbon fixation under hydrothermal conditions

Today, iron sulfides are highly abundant in certain marine sediments. Therefore, origin-
of-life-theories considering iron sulfides as key participants are located at the bottom of
the ocean. In Wichtershiuser’s theory, only pyrite and its characteristics are important
and the other iron sulfides do not contribute more than being a sole source for pyrite
formation and H>S oxidation. The catalytic potential and the redox chemistry of macki-
nawite, pyrrhotite and greigite were considered in other theories and most important at
hydrothermal vents. Russel, Martin and many more contributed much to the prominence
of this theory and explained the geological and thermodynamic background. Until now,
only little experimental support was given for the hydrothermal vent chemistry of iron

sulfides what also applies to the iron-sulfur-world theory by Wichtershiuser, !3:16:100-102

Origin of life theories in a hydrothermal setting gained increasing attention after the dis-
covery of submarine hydrothermal vents that release sulfide rich exhalations. The re-
leased sulfide ions precipitate with metal ions in the surrounding acidic seawater and form
black sulfides that accumulate in chimney-like structures. Thus, these hydrothermal vents
are called “black smokers” and are the trigger for the rise of prebiotic hydrothermal vent
theories. Hydrothermal vents exhibit a great variety of dissolved species and pH and tem-
perature ranges, but they are only the “tip of the iceberg”. The underlying hydrothermal
systems offer an even more versatile and complex chemistry.'® Ancient hydrothermal

fluids are expected to be highly reduced and carry great amounts of hydrogen gas with
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them. The hydrogen gas is produced by serpentinization, an alteration process that gen-

erates serpentinites from minerals like olivine and pyroxene. %410

olivine + pyroxene + H,O — serpentine + brucite + magnetite + H» (17)
CO2 +4 H, = CH4 + 2H20 (18)

Any carbon species like CO2, CO or HCN can be reduced in this environment and the
major product found in hydrothermal environments is methane. Longer carbon chains are
rather rare as they would probably form by Fischer-Tropsch-type reactions requiring ap-
propriate catalysts and conditions. The investigation of hydrothermal CO> reduction with
elemental iron by Deng et al.!®® showed that methane is the major product and longer
carbohydrates are found only up to butane. These findings are supported by the later
works of Hardy and Gillham!?” as well as McCollom and Seewald'®®. Elemental iron is
used as a catalyst in Fischer-Tropsch reactions and may be found under strongly reduced

hydrothermal conditions as shown by Chamberlain et al. and Schwarzenbach et al.!%!!°

In current reports on theories and setting for the origin of life, the reduction of C1 species
is thought to deliver small reactive water-soluble molecules like formic and acetic acid,
aldehydes, pyruvate and amino acids that can later form more complex molecules under
the appropriate conditions.!!!'"!13 Preiner et al. very recently showed, that greigite, mag-
netite and awaruite can catalyze the reduction of CO; by H> under hydrothermal condi-
tions mainly forming formate and acetate.'® The formation of long chain hydrocarbons is
not in the focus of many origin-of-life theories, although the appearance of long chain
fatty acids is crucial for the formation of membranes and vesicles. The chain lengths of

hydrocarbons at hydrothermal conditions is limited and has not reached Cj,.!!'3114

A second basic feature of hydrothermal models is the contact of hot water from the earth’s
mantle and the colder seawater that leads to steep pH, redox and temperature gradients.
After the discovery of stable iron sulfide formations that looked like bubbles, Russel and
Hall proposed the idea of iron sulfide membranes that separate the two regimes in hydro-
thermal vents. These conducting membranes should have enabled the emergence of a
proton motive force offering additional redox potential. It has been proposed, that mack-
inawite and greigite that mainly constitute this membrane could have acted as the catalytic
surfaces for CO» reduction as they share a similar structure with the active centers of

modern enzymes.'> A major problem of deep sea carbon fixation is the available

18



concentration of the carbon feedstock like CO and CO». If iron sulfides would have been

present on the earth’s surface, the access to these gases would have been much easier.

1.4.3 The iron sulfur world by G. Wichtershiuser

In this chapter, a brief summary of the most relevant features of the iron sulfur world by
G. Wichtershéuser is presented. He published a theory on the autotrophic origin of life in
the 1980’s and early 1990’s. Wichtershauser divides the metabolic character of the first
living organism into two possibilities: a heterotrophic organism dependent on the carbon
nutrients in its surrounding and an autotrophic organism capable of synthesizing all its
carbon nutrients from C1 substrates. In his theory, the only plausible scenario is the origin
of a chemoautotrophic organism utilizing a chemical source of reducing power. His the-
ory focuses on the reduction of carbon species like CO2, CO or HCN and the origin of a
surface bound metabolism. The power to reduce these carbon species is provided by the

oxidation of hydrogen sulfide and the formation of pyrite.!'

FeS + H,S — FeS; +2 H + 2¢” (19)
ArG® = -38.4 kJ/mol

In this reaction the Fe*" ions are not oxidized while two sulfide ions form a disulfide ion
and release two electrons or hydrogen gas, respectively.” This reaction only takes place
in acidic solutions following the pH dependency of the redox potential of sulfide ions.''¢
The generation of hydrogen gas is kinetically hindered and shows a very small rate even
at 100 °C.% This kinetic barrier is a key feature for the iron-sulfur-world theory. A reduc-
tion reaction with a small activation barrier would rapidly consume all nutrients without
the ability to develop a self-sustaining reaction network. The continuous flow of H»S,
CO> and Fe** towards the pyrite surface leads to the growth of the pyrite crystal and the
constant production of organic molecules. Bound to the pyrite surface, these organic spe-
cies react with each other forming more and more complex species. These increasingly
complex molecules at some point become catalytically active towards the pyrite pulled
formation of them and implement the first autocatalytic cycle. In the chemical equation
below “A”, “B” and “C” represent organic molecules that are formed by pyrite pulled

COs reduction. “A” and “B” react on the pyrite surface to form a catalytically active
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species “Cat”. This species is able to influence the pyrite pulled reduction to increase the

formation of itself.
CO;+FeS+HoS - FeS; +A+B+C+ ... +Cat (20)

Cat + CO2 + FeS + H2S — FeS; + 2 Cat + side products (21)

This process would be the origin of the first self-sustaining cycle or network that features
chemical evolution. The next step Wichtershiduser describes is the formation of long
chain fatty acids that could lead to self-compartmentation of pyrite particles. If a nitrogen
source like ammonia is present, amino acids and peptides could form and mark the origin
of enzymes. These enzymes may offer completely new reactivities and could kick off the
formation of nucleotides and start the RNA/DNA chemistry. This would mark the begin-
ning of the modern biochemistry. The matured and very topical RNA world theory can
give insights into the next steps towards the origin of a real Last Universal Common An-
cestor (LUCA). There is much more detail in Wichtershiusers theory to be presented but
that would exceed the scope of this chapter. Experimental findings regarding the pyrite

pulled carbon fixation are presented below.

In 1995 and 1997, Heinen and Lauwers published two studies on the pyrite pulled reduc-
tion of COz. They found that in an aqueous H>S environment iron sulfide converts to

pyrite and COz is reduced to thiols.

For the reaction sequence they give following equations:

FeS +2 HCl — FeClz + HaS (22)
FeS + H>S — FeS> + Ha (23)
CO2 + H2S = COS + H20 (24)

COS + 3 H, — CH3-SH + H2O (25)

Regarding the C-C bond formation, they do not go into mechanistic detail. Other products
of this system are CS», dimethyl disulfide and hydrogen gas. They also showed that CO>
reacts with H> and H»S to form thiols without iron sulfide but in the presence of elemental
iron. In summary, they report the formation of thiols with low yields that stagnate already

after a couple of days: “At temperatures below 25 °C, thiol formation never proceeded
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for more than 7 days at low level, after this it collapsed totally”. These findings were

hardly promising and have not been pursued by any further investigation.

Regarding all the features of iron sulfide chemistry, these investigations can only be
viewed as a first step towards an understanding of the pyrite pulled carbon fixation. Hei-
nen and Lauwers did not look for other products than sulfur containing nonpolar volatiles.
Any products that are highly soluble in aqueous solution would have been overlooked
like carbonic acids that are key compounds for Wéchtershausers theory. The use of com-
mercial iron sulfide with pyrrhotite structure may lack reactivity and freshly precipitated

mackinawite should be much more reactive.

1.4.4 Iron-sulfur centers in modern enzymes

Modern organisms use specific enzymatic systems that allow for an effective conversion
of different substrates to specific products. Many of these utilize active sites containing
metal ions like Fe* and Ni*" and a ligand sphere incorporated into a complex protein
scaffold. Regarding carbon and nitrogen fixation, the most interesting enzymes are nitro-

genases, hydrogenases and the carbon monoxide dehydrogenase.
Nitrogenases catalyze the reversible reduction of nitrogen:

N2+ 6 H +6¢ = 2 NH; (26)

Hydrogenases catalyze the reversible oxidation of hydrogen:

Ho=22H +2¢ 27)

The carbon oxide monoxide dehydrogenase catalyzes the reversible reduction of COx:

CO,+2H +2¢ = CO+H0 (28)

Hydrogenases are divided into three different types based on the active site metal ions.
There are iron-iron hydrogenases and nickel-iron hydrogenases with very similar active
sites and iron hydrogenases with only a mononuclear active site and no iron-sulfur clus-
ters. The hydrogenases with binuclear active sites catalyze the oxidation of H, whereas

the iron hydrogenases catalyze the heterolytically cleavage of molecular hydrogen.
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H,=H' +H (29)

Common to the iron-iron and the nickel-iron hydrogenases are iron-sulfur clusters that
act as electron mediators. [4Fe-4S] and [3Fe-4S] clusters are active in electron transfer
from and to the active sites.!!” The coordination environment of the iron ions in these
clusters is comparable to the one found in greigite. The active site of carbon monoxide
dehydrogenase is also composed of analogous metal-sulfur clusters. It contains three
[4Fe-4S] clusters, of which two are connected to nickel ions. It catalyzes the formation
of acetyl-coenzyme A from CO bound to iron and a CH3- group bound to nickel. Similar
abiotic reactions have been proposed to take place on the surfaces of iron-nickel sul-
fides.!'®!"® Moreover, the mackinawite structure shows similarities to the active site of
[FeFe]-hydrogenases. It has been determined that nitrogenases are two-component sys-
tems composed of a molybdenum-iron protein and an iron-containing electron-transfer
protein. The coordination environment of the iron and molybdenum ions in these sub-
structures also shows similarities to iron sulfide minerals. All these similarities make iron
sulfides the most probable candidates as predecessors of crucial parts of modern enzymes

that catalyze reduction reactions.!?%!?!

Zhang et al. investigated the catalytic activity of different iron and nickel containing sul-
fides towards electrochemical CO; reduction. They found that: “Although Fe3S4 ineffi-
ciently reduces COz, the efficiency of CO and CH4 production was substantially improved
by the substitution of Fe with Ni to form violarite (FeNi2S4). Ni-containing greigite
(NiFesSs), and violarite (FeNi»S4) share structural similarity to nickel-iron hydrogenases,
the C-cluster in carbon monoxide dehydrogenases and the Acetyl-coenzyme A synthetase
active site A-cluster, respectively”.!?? A study of Roldan ef al. has shown that greigite is
able to catalyze the electrochemical reduction of CO; under ambient conditions into meth-
anol, formic acetic and pyruvic acid. They found that a pH value of 6.5 is the optimum

pH for the reduction experiments.'>

1.4.5 Potential role of mackinawite and tochilinite

To examine the potential role of mackinawite and tochilinite for prebiotic carbon fixation,
reduction reactions need to be done to show their reactivity and selectivity. It has to be
clarified if the mackinawite structure supports the activation of CO; as the most crucial

step for prebiotic carbon fixation. A theoretical investigation by Dzade et al. shows that

22



COz can be activated on the mackinawite surface. The adsorption energies differ between
the (001), (011) and (111) surfaces and are greatest on the (111) surface. Their calcula-
tions even show that the dissociation of the CO> molecule on the (011) and the (111)
surface into a surface bound CO and an oxide anion while oxidizing Fe?" can be energet-
ically favorable. The (001) surface is the most stable one and chemically inert compared
to the other surfaces.!?*"'%5 As mackinawite has a layered structure and forms thin plate-
lets, the (001) surface is much more pronounced than the (011) and the (111) surfaces,

but the use of freshly prepared nanoparticulate mackinawite may circumvent this issue.

Additionally, mackinawite offers the possibility to incorporate other transition metal ions
into its structure. It has been shown that, among others, Ni**, Cu?>" and Co?" can replace
Fe?" ions in mackinawite to a certain degree without changing its structure.’>!2 As the
interatomic distances and the electronic structure of the surface sites strongly affect the
catalytic activity, there is a lot of potential for optimization. Russel and Martin have re-
ported that iron ions at the iron sulfide surface are suited to bind C-O species and that
nickel ions are better at binding CHs-groups.!? Different carbon species on the surface
can react and form molecules that are more complex. Thus, the products of carbon fixa-
tion reactions strongly depend on the composition of the mackinawite surface. In general,
the catalytic activity of heterogeneous catalysts depends on various factors. Surface area,
active site concentration and chemical stability are very important factors. Regarding
mackinawite, chemical stability is the main problem. As described in previous chapters it
1s very sensitive to oxidation and phase transformations at higher temperatures. Still, the
catalytic activity of mackinawite is an interesting and promising topic that is still rather
unexplored. In this regard, tochilinite also offers very interesting catalytic potential for
the activation and reduction of CO». For one part, it contains mackinawite-like layers that
theoretically are able to activate CO, but it should be much more stable than macki-
nawite. That is why it could be suited for reactions at higher temperatures to overcome
crucial activation barriers. In modern systems for CO2 reduction with H> multiple phases
are used simultaneously that fulfill different tasks. When using tochilinite analogues, the
reduction of CO> and the oxidation of H» can take place on similar surface sites but it is
also possible, to have reduction and oxidation separated from one another. This has not
been examined for tochilinite, but for other layered misfit structures it was reported, that

a charge transfer between the different layers is possible.'?’ As tochilinite contains sulfide
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surface groups as well as hydroxide surface groups, a more versatile acid-base chemistry
can be expected than for mackinawite or brucite alone. The close contact of the different
layers can promote CO» adsorption and proton, electron, or CO transfer. The possibility
to incorporate different transition metal ions in the sulfide layers like Ni**, Co*" or Cu**
gives additional potential to increase the catalytic activity. The acidity and the redox be-
havior of the hydroxide layers may be adjusted by the content of AI**, Mg?*, Ca**, Fe**
and Fe*". Therefore, tochilinite like solids may be able to catalyze a broad range of redox

reactions and offer a high degree of adaptability.

The main questions that were investigated during this work regarding the reduction of
CO> consequently are: Can mackinawite and/or tochilinite activate CO> as predicted by
Dzade ef al. and is there an activation of hydrogen at any of them to form reduced hydro-
carbon species? What is the influence of the tochilinite composition on its stability and
activity? The reduction of CO> can lead to the formation of various products that differ
significantly in their physical and chemical properties. Therefore, it is necessary to estab-
lish an analytical method for any class of product that is of interest. As has been shown
by Heinen and Lauwers'23, thiols are a class of compounds that is expected in CO; reduc-
tion experiments using iron sulfides. As the low temperature reduction of CO; usually
leads to the formation of small organic molecules like carbon monoxide, methane, meth-
anol and formic acid, these are to be expected as well. To show that CO; can be reduced
on mackinawite surfaces, gas chromatography coupled with mass spectrometry (GC-MS)
was the method of choice for this work as it can separate any gaseous products and offer
well established ways for their identification. A shortcoming of GC-MS is that H> and
highly water-soluble products like carbonic acids, short chain alcohols or amino acids
may be overlooked. Therefore, it is helpful to analyze the iron sulfides used after the

reactions to investigate the formation of oxidized solid phases.
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2 Materials and methods

2.1 Materials

2.1.1 Miscellaneous

Any salts used in this work were bought from Sigma-Aldrich in high purity and used as
obtained. The same applies to organic solvents like EtOH and acetone. For GC-MS anal-
ysis, the solvents were bought in GC-MS grade and additionally distilled twice. Deionized
water was provided by our in-house supply. In some reactions, ultra-pure water (HPLC
grade) was used which was bought from Thermo Fisher Scientific. To deaerate the water
before the syntheses, it was filled into a 250 ml 3-neck flask and purged with nitrogen gas
for at least 12 hours. If the water additionally needed to be free of dissolved carbonates,

all dissolved gases were removed by the freeze-pump-thaw technique.

2.1.2 Iron sulfide synthesis

For the sulfide syntheses, powders of elemental metals (iron, magnesium, aluminum, cop-
per, nickel, zinc, manganese, chromium, cobalt, molybdenum and tungsten) were used as
received. They were bought from Sigma-Aldrich. Purity for every metal was at least

99.5 % and the elemental iron was additionally investigated for impurity phases.

Elemental sulfur was bought from Sigma-Aldrich with a purity of 99.998 % and used as

received.

2.1.3 Carbon fixation experiments

For carbon fixation experiments, iron sulfides were prepared from elemental iron and

elemental sulfur as described above.

The carbon sources used are '*C sodium carbonate bought from Merck or Eurisotope or
gaseous COz bought from Linde and used as received. When working with enriched gas-
eous 3CO,, the carbonates were weighed into a 25 ml microwave vial and charged with
concentrated phosphorous or hydrochloric acid after setting the vial under reduced pres-

sure. The released '*CO, was transferred into the reaction vial/flask using a syringe.
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The water used for carbon fixation experiments was ultra-pure water (HPLC grade) that
was bought from Thermo Fisher Scientific. Before the use in carbon fixation experiments,
it was either deaerated by purging with nitrogen gas or all dissolved gases were removed

by the freeze-pump-thaw technique.

Fischer-Tropsch-type (FTT) reactions were carried out in the group of Prof. Dr. Trapp at
the LMU Munich by Sophia Peters and Christoph Seifert. All gas bottles used in these
experiments were bought from Linde with a purity of at least 99.5 %. The DCM used for

extraction was purified in a rotary condenser prior to the experiments.

2.2 Methods

2.2.1 Syntheses

2.2.1.1 Synthesis of metal sulfides

Metal sulfides were mainly synthesized from the elements. The elemental metals and sul-
fur were weighed into a beaker in the desired ratio and transferred into an automated
mortar (Fritsch “Pulverisette”, made in Germany) and ground thoroughly for one hour.

The obtained homogenously colored powders were stored in powder bottles.

The desired amount of metal-sulfur-mixture and any additional salts were filled into 25 ml
microwave vials and sealed with aluminum caps with a polypropylene septum. The vials
were repeatedly evacuated and filled with nitrogen gas using a Schlenk line connected
via a canulla. Then, between 0.5 and 25 ml of deaerated water were added with a syringe.

The reaction times and temperatures were set depending on the actual experiment.

After the reactions had finished, the product suspensions were further processed depend-
ing on their further use. If they were to be dried and analyzed, a standard procedure was
established as follows. As many metal sulfides are pyrophoric at air contact, they need to
be deactivated cautiously. Therefore, the lid was removed from the vials and the metal
sulfide suspensions were quickly transferred into a glass frit. A funnel was used to direct
nitrogen gas into the frit and to exclude air contact. The water was then removed through
the frit and the wet metal sulfide particles were either dried overnight in this setup or

previously washed successively with ethanol, acetone and diethyl ether to increase the
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drying speed. When the particles were dry, the nitrogen flow was reduced to let air get
into the frit and allow cautious oxidation. Thereby, the frit in most cases got warm, as the
oxidation reactions are exothermic. To prevent a thermal runaway, the sulfides were im-
mediately cooled again by increasing the nitrogen flow until they reached room temper-

ature. This procedure was repeated until they did not heat up again upon air contact.

To check if this procedure has an influence on the detectable phases by PXRD, macki-
nawite was synthesized from iron and sulfur as described above and transferred as a wet
paste onto a PXRD sample holder and frozen with liquid nitrogen. The frozen sample was
allowed to melt slightly on the top and was then transferred into the instrument for meas-
urement. No differences were observed in the PXRD patterns between deactivated and

non-oxidized samples.

If the metal sulfides were used for the syntheses of tochilinite analogues without previous
oxidation, the wet samples were transferred directly into steel autoclaves with Teflon in-

lets together with their surrounding solution as described below.

If the metal sulfides were to be used for carbon reduction experiments, air contact was
thoroughly prevented and they were either used together with the surrounding solution or

dried in their vial under reduced pressure for 12 to 48 hours.

2.2.1.2 Synthesis of tochilinite analogues

Tochilinite-like sulfides were prepared at temperatures above 100 °C under autogenous
pressure in steel autoclaves. These autoclaves contained a 50 ml Teflon inlet with a Teflon
lid and are safe to be used up to 180 °C. All solid starting materials were ground thor-
oughly in an automated mortar (Fritsch “Pulverisette”, made in Germany) for one hour.
The solids were then weighed into the Teflon inlet and charged with 20 ml of water. This

procedure was carried out open to the atmosphere.

If freshly prepared mackinawite was used, it was prepared previously either by precipita-
tion or from the elements. The other reagents were weighed into the Teflon inlet and
charged with the mackinawite suspension and additional water to reach a total volume of
20 ml. The solids were mixed with a glass rod until a homogenous mixture was obtained.

Afterwards, the reactors were sealed and placed in an oven at the desired temperature.
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2.2.2 Carbon fixation experiments with mackinawite

The carbon fixation experiments that were carried out during this work can be divided in

high (above 100 °C), medium (80 °C) and low temperature (room temperature) runs.

The low and medium temperature runs were carried out in 25 ml microwave vials. The
mackinawite intended for reduction experiments was prepared following the standard
procedure and then used as synthesized in the initial vials. Deaerated solutions of the
carbon source and any additional salts were added via a syringe to minimize the contam-
ination with oxygen. If gaseous carbon sources were used, the atmosphere in the vials
was removed under reduced pressure and the desired gas added through a canulla. After
the reactions had finished, the solid, the solution and the gas phase were analyzed sepa-

rately.

The high temperature runs were carried out in a distillation apparatus. A 20 ml flask was
connected via a distillation bridge to a 10 ml flask using Teflon connectors. The former
one was heated in an oil bath and the latter cooled in a DCM/liquid nitrogen cooling bath.
Mackinawite with adsorbed carbonates was transferred into the 20 ml flask and 1 ml of
DCM was transferred into the 10 ml flask. The reaction mixture was heated for several

hours in which all nonpolar volatiles dissolved in the cooled liquid DCM phase.

2.2.3 Carbon fixation experiments with tochilinite

Fischer-Tropsch-type (FTT) reactions were carried out in a high-pressure stainless-steel
autoclave with a 200 mL glass insert with digital pressure gauges, a fine throttling valve,
and a temperature sensor. The autoclaves were tightened with silver gasket. The temper-
ature was adjusted by a heating jacket. The autoclaves were purchased from Carl Roth,
Karlsruhe, Germany. The autoclaves could be connected via a valve to a pipe system
connecting a vacuum pump and gas bottles of N>, H> and CO;. The atmosphere in the
autoclaves was removed to a pressure of at least 10~ bar and filled according to the ex-
periments with the desired gases. The autoclaves were heated in heating jackets and after
cooling down cooled to around -180 °C. The frozen solid material was transferred into a
flask connected to the glass distillation apparatus which was evacuated 3 times at 102
mbar. Then, the flask of the distillation apparatus was heated to the reaction temperature
and the evaporated compounds were condensed into a flask cooled with liquid nitrogen.

After completion of the distillation process the apparatus was opened and the condensed
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compounds were collected by adding dichloromethane (0.3 ml or 0.5 ml). All blank meas-
urements showed no contamination, so it can be assumed that there are none of the tar-

geted compounds present without the iron sulfides or without COa.

2.3 Elemental analysis via ICP-AES

To determine the sulfide and metal content in the iron sulfide samples, they needed to be
dissolved completely. As the acidic dissolution of iron sulfides leads to the formation of
H>S that would be lost in an open system, a method had to be developed for how to deal
with the HoS gas. Additionally, H>S in oxidizing acidic solutions quickly forms insoluble
elemental sulfur that also has to be dealt with. To circumvent these issues, several ap-
proaches may be suitable. Rickard et al. published their extensive work on this topic in
2006 using a specially designed apparatus. They dissolved an iron sulfide sample in cold
hydrochloric acid with an additional reducing agent and quantitatively released H>S from
the solution and dissolved it again in a Cu®" containing solution whereby CuS precipi-
tated. The remaining Cu®" in the solution was determined by back titration and the amount

of released H»S could be calculated.

FeS +2 H* = Fe* + HoSt (30)
H,S + Cu*' = CuS| +2 H' (31)

As the apparatus was not available, a different approach was developed using the oxidiz-

ing power of aqua regia that leads reproducibly to complete oxidation and dissolution of

the sample.
8 FeS + 8 Clo — Sg + 8 FeCla (ag) (32)
Sg+16 Cl2 + 16 H2O — 8 SOz + 32 HCI (33)
SOz + Cl2 + H20 = SO3 + 2 HCI (34)
SO3 + H20 = H2SO4 (35)

To ensure the complete oxidation of the sulfide ions, high temperatures and high pressures
would be beneficial. However, the use of high-pressure autoclaves for acidic digestion

that are widely used for dissolution is difficult, as they cannot be charged with the FeS
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sample and the acids without the loss of H2S before they can be closed. To circumvent
this problem, the FeS samples were loaded into steel autoclaves with Teflon inlets and a
Teflon lid and were charged with 10 ml of water to cover the sample completely. The
water was frozen carefully with liquid nitrogen so that the FeS sample was protected by
a cover of ice. On top of the ice surface, 10 ml of aqua regia was added and the autoclave
sealed before the ice starts to melt. No smell of H>S was to be perceived in this process.
The autoclaves were then heated to 130 °C overnight to obtain clear and deep orange
solutions after they cooled down to room temperature. The solutions were transferred into
a 250 ml volumetric flask and filled to the mark with distilled water. The obtained solu-
tions were immediately transferred into polyethylene vials to reduce any contamination

from the glass walls.

2.4 Powder X-ray diffraction (PXRD)

Powder X-Ray diffraction patterns were collected at two different devices. Our in-house
device is a STOE STADI P diffractometer equipped with a copper anode X-ray source
and a Mythen 1K detector. As no additional monochromators are equipped, the patterns
had a rather bad signal-to-noise ratio. Nevertheless, this device offers the possibility to
analyze very small amounts of sample and was used occasionally. The other one is a
tabletop Rigaku Mini-Flex 600 equipped with a copper anode with 0.6 kW and an energy

dispersive detector to minimize effects of X-ray fluorescence.

2.5 Rietveld refinement of PXRD patterns

Any Rietveld refinement was carried out with the software “Topas 5 by Bruker. The
PXRD patterns for the refinements were collected at the Rigaku diffractometer. The in-
strumental parameters were determined with a LaB¢ standard by the fundamental param-
eters approach.'” The background curve was also determined with this standard. The
structures used for the refinements were taken from the American Mineralogist Crystal

Structure Database.
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2.6 MobBbauer spectroscopy

Mossbauer spectra were obtained on a homemade spectrometer based on a RCPTM MS-
96 Mossbauer spectrometer equipped with a Ritverc Co57 in a Rh-matrix source, a
YAP:Ce scintillating crystal detector, and a Janis SVT-400 helium-bath cryostat. The
samples (roughly 30 mg) were filled into weighing paper that was folded to squares, and
parafilm was wrapped tightly around it. The sample was inserted into an Al sample
holder, which was then inserted into the Mdssbauer spectrometer. Spectra were calibrated

against a-iron at room temperature or 80 K and fitted using the MossWinn 4.01 program.

2.7 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) imaging was performed with a Sigma VP Field
Emission Scanning Electron Microscope (Carl-Zeiss AG, Germany) using the InLens de-

tector with an accelerating voltage of 6 kV.

2.8 Energy-dispersive X-ray spectroscopy (EDX)

EDX was performed with an Oxford EDX system in combination with a Sigma VP Field

Emission Scanning Electron Microscope (Carl-Zeiss AG, Germany).

2.9 High resolution transmission electron microscopy (TEM)

TEM measurements were conducted with a FEI Tecnai G? 20 Transmission Electron Mi-
croscope. 15 pL of the sample solution was blotted onto lacey carbon grids (Plano). Im-

ages were acquired at an acceleration voltage of 200 kV.

2.10 Gas chromatography coupled to mass
spectrometry (GC-MYS)

GC-MS analyses of the reduction experiments on mackinawite were carried out on a Shi-
madzu GCMS-QP2010 SE equipped with an auto sampler for head-space and solution
analysis. Gaseous samples were separated with a 30 m RT-Q-Bond column. The follow-
ing temperature program was applied: Increasing the temperature from 35 °C to 200 °C

with 10 °C/min and holding this temperature for 5 min. After this time, the temperature
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was again increased with 10 °C/min to 250 °C and held for 20 min. The separation was

performed under isobar conditions at 45 kPa using He gas as carrier.

Liquid samples were separated with a 60 m SH Rxi 624 SILMS column. The following
temperature program was applied: Increasing the temperature from 40 °C to 250 °C with
7 °C/min and holding this temperature for 11 minutes. The separation was performed un-

der isobar conditions at 100 kPa using He gas as carrier.

GC-MS analysis of the reduction experiments on tochilinite was carried out on a 25 m
GE-SE-30 separation column. The following temperature program was applied: 4 min at
40 °C, heating to 180 °C at 4 °C / min staying at this temperature for 10 min. The sepa-

ration was performed under isobar conditions at 80 kPa using He gas as carrier.

The products were identified using EI (70 eV) mass spectrometry. The EI mass spectra
were measured by quadrupole ion trap (PolarisQ MS) or quadrupole (ISQ single quadru-
pole MS) MS. The compounds were identified by comparison of the fragmentation pat-
terns of mass spectra in the NIST Database, based on retention times and measurements
of reference compounds. These reference measurements were also used for quantifica-
tion. Quantification was achieved by calibration with dilution series of (iso)alkanes and

alcohols using FID detection.

2.11 BET surface area

BET surface areas of mackinawite were determined with a Quantachrome ASiQwin.
Mackinawite samples were pre-treated by outgassing under high vacuum at 0 °C for six

hours. Sorption isotherms were then acquired at - 195.5 °C using N as adsorbate.

Tochilinite samples were pretreated by outgassing under high vacuum at 130 °C for six
hours. Sorption isotherms were then acquired at 87K using Ar as adsorbate on a

Quantachrome 1QSorb device.

2.12 TGA/DSC analysis

TGA / DSC analyses were carried out with a Jupiter STA 449 F1 by Netsch. The device

was equipped with a SiC oven, a high-performance Heat-Flux DSC with a nanogram-
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resolution thermobalance and a Netsch Typ S sensor for measurements in corrosive at-
mospheres. The atmosphere in the device could be set to nitrogen gas, argon gas or gase-

ous CO; supplied from gas bottles bought from Linde.
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3  Synthesis and characterization of mackinawite

3.1 Synthesis of mackinawite

3.1.1 Mechanism

The synthesis of mackinawite is usually carried out by precipitation. It has been repeat-
edly reported that an amorphous phase precipitates first and transforms into a more crys-
talline form upon aging.'!** Matamoros-Veloza et al. lately described a nanoparticulate
precursor to the conventionally assumed initial precipitate in the iron sulfide system. This
precursor contains Fe?’ tetrahedrally coordinated by sulfide and polysulfide species.!®!
During further aging, it forms nano-sized mackinawite particles that grow following an
aggregation-growth mechanism.!3>!13% The crystallinity of freshly prepared mackinawite
differs significantly depending on the conditions during the formation. In the early stages,
the formed particles can appear amorphous in X-ray diffraction'**!* but also show dif-
fraction peaks’! matching the d-values of highly ordered mackinawite. A yet undescribed
way to make the formation conditions more controlled, is the reaction examined in this
work. The reaction forming iron sulfides from wet elemental iron and elemental sulfur
under very mild conditions has been known for over 300 years'*® but this knowledge has
not yet found its way into the inorganic chemistry textbooks. In 1926, Alsen mentioned
in a short notice, that iron sulfides can be synthesized from a wet homogenous mixture of
iron and sulfur without going into any detail.'*’

Fe(s) + Sis) — FeSgs) (36)

The reactivity between iron and sulfur has mainly been studied by corrosion scientists
and has not been used to synthesize mackinawite.?**** The mechanism has been clari-
fied to a certain degree with the most extensive report published by Schmitt in 19912°, It
was further extended by the work of Dowling in the following year.*> The combined

mechanisms propose the following steps:

I) Elemental sulfur in contact to an iron surface is activated and disproportion-
ates into sulfide and sulfate ions. Sulfur alone without the contact to the iron

surface does only disproportionate considerably in hot alkaline solutions.
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Ss+ 8 HoO — 6 HS +2 SO + 10 H' (37)

1) The protons released by this reaction attack the iron surface that is covered by
an oxide layer and promote the dissolution of the metal and the formation of

hydrogen gas.
Fe+2 H' — Fe*' + Hy (38)

III)  The iron and hydrosulfide ions precipitate on the iron surface forming an ini-

tial layer of iron sulfide.
Fe** + HS  — FeS + H" (39)

IV)  The iron sulfide layer prevents the re-passivation of the iron surface and leads
to massively enhanced corrosion termed “sulfur assisted corrosion”. As the
iron sulfide layers form in small areas, pitting corrosion is predominantly ob-
served during this stage. Thereby the released iron ions lower the local pH

value and enhance the metal dissolution speed even more.
Fe?" + 6 H,O — [Fe(H,0)s(OH)]" + H* (40)

For the final step experimental evidence is missing. Dowling suggests that an electrically
conducting layer of iron sulfide is formed between the iron and the sulfur surface. The
dissolution of iron releases Fe** and electrons that move through the iron sulfide and react
with sulfur molecules on the surface. The sulfur molecules on the surface are reduced and
form polysulfide ions. When the released iron ions reach the reduced sulfur species on
the sulfur surface, iron sulfide is formed extending the conducting iron sulfide layer.

Sh+2e — Su* 41)
Fe?" + Sy — FeS + Sa-1) (42)

In order to examine the last step in more detail, the reaction was followed with a video
camera and by SEM imaging. In figure 10 a series of photos extracted from the video is
shown. For the experiment, an iron plate was placed on top of a sand bed in a round
bottom flask. Some sulfur grains were placed on the iron plate and the flask was evacuated
and filled with nitrogen gas for three times. Then, the flask was filled with a 0.001 M
deoxygenated sodium chloride solution to half of the height of the sulfur grains. The
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reaction was carried out under a permanent nitrogen flow to exclude any oxygen contam-

ination. The flask was kept at room temperature for 9 hours.

Figure 10: Extracted pictures from video footage of the reaction between sulfur grains

and an iron plate in 0.001 M sodium chloride solution at room temperature.
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In the images it can be seen that the formation of black iron sulfide starts at the interface
between the iron plate and the sulfur grains. With time, the iron sulfide spreads over the
surface of the sulfur particles. No iron sulfide is formed on the iron plates and new sulfide
only forms as an extension of previously formed sulfide. This behavior corresponds to
the electron transport from the metal surface through the already formed iron sulfide to
the reaction front to reach the elemental sulfur. The iron sulfide formation stopped at the
line, where the water covers the sulfur grains because the iron ions need to travel through

the solution to reach the reaction front.
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Figure 11: SEM image of the iron plate after the reaction between sulfur grains and the
iron plate in 0.001 M sodium chloride solution at room temperature showing severe pit-

ting corrosion.

After removing the sulfur crystal, the iron plate shows significant signs of pitting corro-

sion as can be seen from the SEM image in figure 11.

In a second SEM/EDX investigation, an iron plate was placed on a sticky SEM sample
holder and molten sulfur was poured around it. The sample holder was placed in deoxy-
genated water on a sand bed for one day with the plate and the sulfur completely covered.
After the reaction, a part of the sulfur was removed to investigate the interface. Some

sand grains stick to the sample holder in front of the iron plate.
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Figure 12: Image of the experimental setup investigated by SEM imaging and EDX.

Images from the interface were taken from different angles and EDX single point spectra
and EDX mappings were recorded. Figure 13 shows the on top view of the interface. The
tip of the sulfur is broken down during the preparation for SEM imaging. In the corre-
sponding EDX mapping in figure 14 it can be seen that there is nearly no sulfur on the
iron plate and that the iron content stretches into the middle of the broken fragment. Sulfur
is an insulator and therefore SEM images can suffer from effects of accumulated charge
and appear very bright. Figure 15 shows the side view of the interface and figure 16 shows
the corresponding EDX mapping. The first feature to be mentioned is, that the sulfur in
contact to the iron plate is cracked up but shows a closed surface at some distance from
the interface. In the EDX mapping it can be seen, that in the cracked area a higher iron
content can be observed, whereas in the smooth part there is only sulfur. This is reasona-
ble because if iron sulfide formed at the interface, it would be wettable by water. During
the drying of the sample the water evaporates and the iron sulfide would contract and
crack. As sulfur is not wettable by water, it stays intact and smooth. The cracks could of
course be only a result of the sample preparation, but the exact agreement with the iron

content points towards a correlation.
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Figure 13: SEM image of the on top view of the interface between the iron plate and

sulfur after the reaction.

Figure 14: EDX mapping of the on top view of the interface between the iron plate and

sulfur after the reaction.
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Figure 15: SEM image of the side view of the interface between the iron plate and sulfur

after the reaction.

Figure 16: EDX mapping of the side view of the interface between the iron plate and

sulfur after the reaction.
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The examinations of the video and the SEM images agree with the proposed mechanism
by Dowling. The electrons move through the conducting iron sulfide towards the sulfur
surface. The reduction of the sulfur surface establishes an electrochemical potential that
attracts the iron ions. Therefore, they follow the electrons through the solution along the

wet iron sulfide surface and form new iron sulfide at the reaction front.

3.1.2 Kinetics

The rate of the corrosion of elemental iron in contact to elemental sulfur has been studied
by several groups.2®4>46:138.139 A]] investigations of the kinetic of the sulfur assisted cor-
rosion report an induction period. During this period, only slow corrosion takes place and
it is assumed, that this is the time needed for the disproportionation of sulfur and the
formation of the initial iron sulfide layer. After this is established, sulfur assisted corro-
sion takes place that is much faster. This behavior was also observed in a kinetic study
tracking the reaction by PXRD. For the investigation of the reaction rate, a fine ground
mixture of iron and sulfur was placed in 25 ml vials and 10 ml deoxygenated water was
added in a nitrogen atmosphere without additional salts. The vials were kept at room tem-
perature for the assigned reaction times. The solids were isolated by filtration, dried in a

nitrogen flow and cautiously deactivated to prevent a thermal runaway.
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Figure 17: Left: Series of PXRD patterns of the reaction between iron and sulfur quenched
and analyzed after different reaction times (experiments FeS k1 to FeS k10). Right: Plot
of the sulfur content of a reaction mixture of iron and sulfur after the reaction in pure
water at different times. The connection between the data points is shown for better visi-

bility.
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In the first PXRD pattern it can be seen that there are only diffraction peaks corresponding
to elemental sulfur. After 21 hours, the signal to noise ratio gets worse and after 24 hours
a broad hump around 5 A d-spacing appears. This diffraction peak corresponds to the 001
diffraction peak of mackinawite. With further reaction time, this diffraction peak gets
bigger but stays very broad. The sulfur diffraction peaks decrease in intensity and most
of them completely disappear. A little amount of residual sulfur remains even after 96
hours. This is due to the separation of a small amount of sulfur from the elemental iron
that floated on the water surface. As the formation of iron sulfide from elemental iron and
sulfur is exothermic, the amount of the starting mixture needed to be small in kinetic

experiments in order to keep the solution temperature constant.

The PXRD patterns were fitted using the mackinawite and the sulfur crystal structures
and the mass fractions were determined. On the right in figure 17 the mass fractions of
sulfur are plotted against the reaction time. The induction period in this setting at room
temperature took around 20 hours. The following formation of mackinawite is relatively
rapid and finished about 8 hours later. To increase the overall reaction rate, it is reasonable
to use an additional electrolyte for a better conductivity of the solution. The addition of
sodium chloride was used in most experiments to accelerate the reaction. Usually a
0.01 M solution was used to carry out the reaction with a yield of 100 % after 12 hours.
The rate enhancement may not only be the result of a higher conductivity, but also of the
influence of chloride ions on the general corrosion rate of elemental iron. To investigate
the influence of different electrolytes, other common salts were used. The accelerating
effect of small concentrations of KCI, NH4Cl, Na>SO4, KCN and NaHCO3 were compa-
rable to NaCl. The pH value of the solution also showed a significant influence on the
reaction speed. The higher the pH value of the solution was, the slower was the overall
reaction and at pH values above 10.5 no reaction occurred at all at room temperature. The
low pH region was not investigated as in acidic systems pronounced hydrogen gas for-
mation takes place, what makes these reactions hardly comparable to the neutral to basic
ones. Higher pH values increase the stability of the passivating oxide layer on the iron
surface what probably prevents the formation of the first iron sulfide and therefore the
onset of sulfur-assisted corrosion. At higher temperatures, the reaction proceeded also at
pH values above 10.5 but these conditions were also not investigated further. A rather

unexpected observation was that upon washing with distilled water the mackinawite
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samples prepared in basic solutions divided into smaller particles that were able to pass
through the glass frits with a mesh of about 10-16 um. The dilution of the alkaline solution
somehow led to a decrease in particle size. When washing with a sodium hydroxide so-
lution with the same concentration as in the original reaction mixture, no such effect was
observed and the particles stayed intact. The same observation could be made when mack-
inawite particles were synthesized at high concentrations of sodium chloride what points
towards an agglomeration process of the particles that depends on the ionic strength of

the solution.

3.2 Characterization of mackinawite

3.2.1 Structure and morphology

The morphological and structural properties of the mackinawite produced from the ele-
ments were determined by PXRD and TEM / SEM imaging. A representative PXRD pat-

tern is shown in figure 18 (experiment FeS 1).
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Figure 18: PXRD pattern of nanoparticulate mackinawite from reaction FeS 1.
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Figure 19: PXRD pattern of a mackinawite sample prepared form iron, sulfur in a
0.01 M sodium chloride solution for 12 h (blue line). Rietveld fit using the iron, sulfur
and mackinawite crystal structures of the obtained pattern (red line). Differential plot

between the pattern and the fitted curve (grey line).

A Rietveld refinement was carried out with the software “Topas 5” by Bruker. First, the
instrument contribution to the PXRD pattern as well as the background function was de-
termined with a LaBe reference sample. Any displacement along the x-axes was corrected
based on the positions of the residual sulfur and iron diffraction peaks. To fit the broad-
ness of the mackinawite diffraction peaks, size and strain parameters were introduced that
are reasonable in regard of the estimated particle size from SEM images and possible
defects within the structure. The size parameter was fitted to a value corresponding to a
particle size of less than 30 nm. Except for remaining iron and sulfur, no other phases
than mackinawite can be identified in the PXRD pattern. The Rietveld-Refinement with
Rwp =0.02815 using the mackinawite crystal structure gives lattice parameters of
a=23.6574 £ 0.0007 A and ¢ =5.2717 £ 0.0011 A. SEM and TEM images show curved
platelets that form micrometer sized aggregates (fig. 20 and 21). The particles have a

diameter of hundreds of nanometers with a thickness of only 5 to 30 nm.
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Figure 20: SEM image of a deactivated mackinawite sample prepared from iron and sul-

fur in a 0.01 M sodium chloride solution for 12 hours (FeS _1).

The spacing of lattice fringes in the TEM images could be determined to be around 0.5 nm

what corresponds to the interlayer spacing of the mackinawite structure.
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Figure 21: TEM images of a deactivated mackinawite sample prepared from iron and

sulfur in a 0.01 M sodium chloride solution for 12 hours (FeS_1).
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Figure 22: TEM investigation of the visible lattice fringes of a deactivated mackinawite
sample prepared from iron and sulfur in a 0.01 M sodium chloride solution for 12 hours

(FeS_1). The lower picture shows the gray value along the line of the red arrow.

The BET surface area was determined by nitrogen gas adsorption to values between

40 m?*/g and 80 m?/g. During the BET analysis additional cycles of loading and unloading
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showed a decreased surface area. This may be caused by strong interactions of the nitro-
gen molecules with the dried mackinawite surface. The c-parameter with ¢ =5.27 A is
slightly higher compared to highly ordered mackinawite with a c-parameter of 5.03 A

what will be addressed in more detail in section 4.3.

The mackinawite particles forming in the reaction between wet elemental iron and ele-
mental sulfur at room temperature are very similar to mackinawite particles obtained by
precipitation. They also consist of irregular curved platelets that are up to ~150 nm large
but only a few nanometers thick. The defects in the mackinawite structure that increase
the broadness of the PXRD peaks may have multiple origins. One part is caused by point
defects within the sheets like iron vacancies and partial oxidation. As the particles are in
the nano regime, the surface structure and its composition have a significant influence on
the interior of the particles. Additionally, misalignment of consecutive layers would also

lead to broadened diffraction peaks.

3.2.2 Composition

The composition of mackinawite samples synthesized from the elements was determined
with ICP-AES. Including the error of the method itself, the iron-sulfur-ratio was deter-
mined to be Fe : S =(1.010 = 0.004) : (1.000 £ 0.003) with no residual elemental iron or
sulfur or any other phase visible in the PXRD pattern. In the applied method of synthesis,
this ratio can only change by dissolution of iron or sulfur species and their loss in the
washing process. Very small residual iron and sulfur particles may not be visible in the
PXRD pattern but still could influence the resulting composition. In this way, the accu-
racy of the composition given is limited more by the PXRD analysis than by the ICP-

AES method and may have greater errors than given.

The water content of the samples was calculated by difference neglecting the sodium
content as not significant. The samples that were dried by purging with cold nitrogen
showed high water contents leading to compositions from FeS without water content to
FeS*1.46 H,O. Heating the samples to 80 °C under reduced pressure led to the release of

water but not to a change in the PXRD patterns.
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3.2.3 Stability and oxidation behavior

The stability of freshly prepared nano-mackinawite was investigated, as mackinawite is
known to be readily oxidized and undergo phase transformations. Before any investiga-
tion of the reactivity or catalytic activity of mackinawite, it is crucial to ensure that the
reaction conditions do not lead to the dissolution, transformation or deactivation of the
mackinawite particles. The scientific literature on this topic gives some information re-

garding the stability of mackinawite in aqueous systems as well as in the dry state.!?%!2!

110,117-119

3.2.3.1 Dry state

Mackinawite transforms into greigite under oxidizing conditions and into pyrrhotite un-
der reducing conditions upon heating in the dry state.®!” For the transformation into pyr-
rhotite, an activation energy of 493 kJ/mol and a frequency factor of 3.7 * 10* min™! have
been determined.!” Rapid transformation into pyrrhotite does not take place at tempera-
tures below 453 K.!° The transformation under oxidizing conditions into greigite is easier
and already very fast at temperatures above 373 K.® Upon further heating, greigite trans-
forms into pyrrhotite and magnetite. Therefore, nano-mackinawite can only be used as a

catalyst in the dry state at low temperatures.

As there are some discrepancies regarding the properties of freshly prepared nano-mack-
inawite in the literature, TGA/DSC experiments were carried out to investigate the be-
havior of mackinawite synthesized from elemental iron and sulfur upon heating. The ox-
idation and transformations of mackinawite in solution are different compared to the dry
state. The most prominent difference is the pyrophoricity of dried mackinawite. If mack-
inawite is prepared from elemental iron and sulfur and dried thoroughly in a stream of
nitrogen gas, it starts to heat up very quickly upon air contact. If a certain temperature is
not exceeded, the mackinawite structure stays intact and no other crystalline phases form,
but if the sample gets too hot, it starts to glow brightly and in a vigorous reaction is oxi-
dized to iron oxides, sulfur and SO». The higher the mass of the mackinawite sample, the
higher the temperature rises during the oxidation. Our investigations show that the initial
oxidation reaction does not lead to the formation of iron oxides but to the oxidation of the

surface of the mackinawite particles further denoted as FeSox. Mullet et al. reported, that
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mackinawite particles can have up to 20 % of their Fe?" oxidized to Fe** without changing

their structure significantly.
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Figure 23: TGA/DSC analysis of a freshly prepared nano-mackinawite sample that was

dried in a stream of air with 50 ml/min (exp. FeS_Ox_1).
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Figure 24: TGA/DSC analysis of a freshly prepared mackinawite sample that was dried

under N> for one hour (exp. FeS_Ox_2). Upon changing from N»-atmosphere to air, an

exothermic oxidation reaction immediately occurs with a detectable rise in temperature.
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The extent of the oxidation depends on the sample mass and on the remaining water con-
tent. This behavior has also been followed by TGA/DSC analysis. A wet sample of freshly
prepared mackinawite was transferred into the sample holder. The sample was dried in a
stream of air with 50 ml/min (exp. FeS_Ox 1). The DSC shows that within the first two
hours, no pronounced exothermic reaction takes place while the mass of the sample de-
creases by the loss of water. As soon as the sample dried to a certain degree, it oxidized
rapidly in an exothermic reaction and the released heat caused a peak in the DSC curve
and the sample mass increased (figure 23). The same behavior was observed when drying

a sample in a stream of nitrogen gas and changing to air after one hour (figure 24).

FeS +n Oz — FeSox (43)
8 FeS + 6 02+ 4 H,O — 8 FeOOH + Sg (44)
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Figure 25: TGA/DSC analysis of a freshly prepared mackinawite sample that was dried
under Nz (exp. FeS_Ox_3). Upon changing from Nz to air, an exothermic oxidation reac-
tion immediately occurs. Increasing the temperature to 550 °C with 1K/min led to multi-
ple oxidation events. The event at 207.7 °C was accompanied with a loss of around 16%

of the sample mass. At higher temperatures, the mass increased again.

The oxidation of dry freshly prepared mackinawite upon air contact leads to the formation

of lepidocrocite (FeEOOH), greigite and elemental sulfur (exp. FeS_Ox_3). Upon further
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heating, a second oxidation event occurs at 207.7 °C, which is accompanied with a mass
loss of approximately 16 %. Two less distinct oxidation events occur at 386.0 °C and
435.9 °C. As the final oxidation products are hematite with only a small fraction of
Fex(S04); with the crystal structure of mikasaite, sulfur has to be removed during the
oxidation process what is expected to be in the form of SOz (exp. FeS Ox_4). Taking
together all the information obtained on iron sulfide oxidation from experiment and liter-

ature®!%, the oxidation process might be described in the following series:

8 FeS + 3 Oy + 2 HoO — 4 FeS, + 4 FeOOH (self-heating) (45)
4 FeS+3 02 +2 H20 — 4 FeOOH + % S8 (self-heating) (46)
14 S8 + 02 — SO21 (207.7 °C) (47)

2 FeOOH — Fe203 + H201 (207.7 °C) (48)

4 FeS2 + 11 02 — 2 Fex(S03); + 2 SO; (386.0 °C) (49)

2 Fex(SO3)s + 3 02 — 2 Fex(SO04)s (435.9 °C) (50)

Some of these reactions also occur when using dried and pre-oxidized mackinawite but
the series of oxidation reactions is different (Fig. 26). The final oxidation products simi-
larly are mikasaite, Fe2(SO4)3, and hematite. In contrast to the freshly prepared macki-
nawite, no FeOOH forms and no events occur where the mass of the sample decreases
(exp. FeS_Ox_5). The sample steadily gets heavier and even at the pronounced exother-
mic reactions at 310.1 °C and 326.4 °C no significant mass change takes place. At the
exothermic event at 392.6 °C the mass gain increases what is most likely caused by the
formation of sulfate ions. Therefore, the series starting with the deactivated mackinawite

FeSox may be expressed like:

12 FeSOx — 3 FesSy + Fes04 (T>120°C) (51)
3 FesSa+2 05 — 6 FeS, + Fes04 (310.1°C)  (52)

4 Fe;04 + 02 — 6 Fex0; (326.4°C)  (53)
2 FeS, + 7 02 — Fex(SO4)s + SO, (392.6°C)  (54)
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Figure 26: TGA/DSC analysis of a pre-oxidized mackinawite sample. Four distinct oxi-

dation events occur when heating the sample under air (exp. FeS _Ox _5).

These experiments show that the oxidation behavior of dry mackinawite depends on the
history of the sample. Freshly prepared mackinawite is oxidized via a different route com-
pared to pre-oxidized mackinawite. The oxidation in both cases proceeds stepwise with
different sulfide and oxide species forming with increasing temperature. The formation
of elemental sulfur in the initial spontaneous oxidation is the key difference in the oxida-
tion behavior. Another very interesting feature in the case of the pre-oxidized macki-
nawite is the section between 120 °C and 250 °C. The mass of the sample increases stead-
ily without significant changes in the DSC curve. In this temperature area, the transfor-
mation from mackinawite to greigite occurs. The reason for the slow and steady oxidation
might be the result of a deactivation-reactivation process of the mackinawite surface. If
the surface of mackinawite is once oxidized, it is quite stable. Mackinawite prepared from
iron and sulfur did not change significantly after the deactivation, but storage open to the
atmosphere at room temperature for one month led to the formation of greigite (exp.
FeS Ox_6). SEM investigations show that the particles get covered with a smooth greig-
ite layer that reduces the available surface area determined by BET from around 80 m?/g

to only 3 m?/g. The reactivation of the mackinawite particles can be achieved by the
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crystallization of the smooth layer forming greigite and magnetite crystals as can be seen

in figures 27 and 28.
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Figure 27: SEM image of a mackinawite sample stored open to the atmosphere for one
month at room temperature. The mackinawite nanoparticles get covered by a smooth

greigite layer.
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Figure 28: SEM images of a deactivated mackinawite sample heated at 80 °C in CO; at-
mosphere for 3 days. Comparable big greigite particles form on top of the mackinawite

aggregates.

These SEM images show that on top of the mackinawite matrix much bigger particles

formed.
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Figure 29: TGA/DSC investigation of a mackinawite sample (exp. FeS_Ox 7). After dry-

ing in a CO» gas flow for 10 hours, the sample was exposed to air.
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Figure 30: TGA/DSC investigation of a mackinawite sample (exp. FeS_Ox_8). After dry-

ing in a Nz gas flow for 10 hours, the sample was exposed to air.

PXRD investigations imply that these particles consist of magnetite and greigite that
formed by crystallization of the amorphous layer. This process uncovers reactive macki-
nawite underneath and leads to pyrophoric behavior again. The reactivation occurs in the

dry state at higher temperatures but already at room temperature in aqueous solution. If
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the cautious oxidation of the mackinawite surface leads to its deactivation, this behavior
may be used as an indicator for the reduction of CO> on the mackinawite surface. As

proposed by Dzade et al. in 2015'%*

, the mackinawite surface may be oxidized by the
chemisorption of CO,. Therefore, two experiments were carried out to investigate the
mackinawite deactivation in CO; (exp. FeS_Ox_7) and N (exp. FeS_Ox_8) atmosphere.
Freshly prepared mackinawite was dried in the corresponding atmospheres before chang-
ing to air. The experiments clearly show that mackinawite dried under CO2 does not react
vigorously upon air contact but the mass of the sample still increases what may be ex-
plained by an incomplete deactivation of the mackinawite surface. Different surface sites

may offer different reactivities and only the most reactive may be able to react with CO>

and the remaining sites are then oxidized upon air contact.

Wet conditions

Under wet and low temperature conditions open to the atmosphere, freshly prepared
mackinawite slowly transforms into greigite and magnetite (exp. FeS Ox_9). The dried
solids were very pyrophoric and could hardly be isolated. Consequently, the formation of
a passivating layer of greigite or iron oxide has to be prevented in aqueous systems and

the material stays pyrophoric despite of its oxidation.

The transformation of mackinawite to troilite or pyrrhotite in solution depends on several
parameters. At room temperature kept in the solution in which it has been prepared from
elemental iron and sulfur, mackinawite stays stable and unchanged for several days. Even
aged at 80 °C for three days mackinawite stays unchanged (FeS_Ox 10). At longer aging
periods under these conditions, a reduction of the interlayer spacing and an increase in
crystallinity can be observed (FeS_Ox_11). Mackinawite prepared from elemental iron
in a basic sodium sulfide solution can be heated to 160 °C for several days and keep its
structure without any signs of pyrrhotite formation (FeS_2) but in neutral to slightly basic

conditions it transforms completely to pyrrhotite at 130 °C within 3 days.

Another transformation of mackinawite is the formation of pyrite that takes place in acidic
sulfide containing solutions or if elemental sulfur is present even at room temperature. As
the oxidation of mackinawite leads to the release of sulfur, pyrite also forms in acidic

solutions without soluble sulfide upon oxidation.'
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FeS + H,S — FeSy +2 H + 2¢” (55)
FeS — Fe*" + S + 3¢ (56)
FeS + S — FeS» (57)

Summary

From the investigations regarding the stability of dry nano-mackinawite it can be con-
cluded that it is very sensitive to oxidation and can only be handled under strictly inert
conditions. The oxidation and deactivation of the surface leads to the formation of a pas-
sivating layer that is not visible with PXRD analysis. Prolonged storage open to the at-
mosphere leads to increased formation of greigite and reduces the BET surface drasti-
cally. The oxidation of mackinawite is a stepwise process leading with increasing tem-
peratures to the formation of greigite, magnetite, sulfur and ultimately to hematite and
iron(Ill)sulfate. A prolonged exposure to a CO> atmosphere suppresses the pyrophoric
behavior what may be a sign for the oxidation of the mackinawite surface by CO,. The
reactivation is possible by the crystallization of the amorphous layer what uncovers new
reactive sites. This process is fast in aqueous solution but relatively slow in the dry state.
The transformation to pyrrhotite without oxidation occurs at temperatures above 200 °C

within hours.

In an aqueous system, nano-mackinawite is relatively stable at room temperature even
under oxidizing conditions and does not change visibly for multiple days. Heating greatly
accelerates its transformations into greigite and magnetite. The transformation to pyrrho-
tite in the wet state occurs at 130 °C under reducing conditions. Experiments on macki-
nawite reactivity should be carried out regarding these findings. If the mackinawite struc-
ture is to be maintained during the reaction, the temperatures need to be very low. If the
mackinawite particles are meant to be oxidized as much as possible, higher temperatures
are needed regarding the stepwise oxidation process. The deactivation of the surface pre-
vents the complete oxidation and needs to be considered in experiments without an aque-

ous phase.

56



3.2.4 Comparison to other syntheses routes

Mackinawite prepared by the reaction of elemental iron and sulfur leads to the formation
of nano-mackinawite that has a slightly increased c-parameter compared to the natural
mineral. It forms very flat curved sheets that are only a few nanometers thick. The crys-
tallites have some defects or dislocations that lead to very broad diffraction peaks in their
PXRD patterns. All of these features also apply to nano-mackinawite prepared by precip-
itation. The very first phase isolated after the precipitation appears amorphous in PXRD
analysis and starts to show the first diffraction peaks after a certain period of aging.'*°
Thus, the mackinawite prepared from the elements is comparable to an aged precipitated

mackinawite sample.
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Figure 31: SEM images of mackinawite particles synthesized from elemental iron in a

5 M sodium sulfide solution at 160 °C for three days (exp. FeS_2).
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Figure 32: PXRD pattern of a mackinawite sample synthesized from elemental iron in a

5 M sodium sulfide solution at 160 °C for three days (exp. FeS 2).

Mackinawite converts to pyrrhotite when prepared at higher temperatures in neutral so-
lutions. However, at high sodium sulfide concentrations, highly ordered mackinawite can
be synthesized at 160 °C from iron without the formation of pyrrhotite.?”*! This synthesis
was carried out for comparison and SEM images and the PRXD pattern are shown above
(exp. FeS_2). It is apparent that the mackinawite obtained at higher temperatures consists
of much bigger sheets compared to the nano-mackinawite and shows much narrower dif-

fraction peaks that correspond to a highly ordered structure.

The synthesis of mackinawite from the elements at low temperatures is an additional way
to obtain nano-mackinawite particles that resemble the characteristics of mackinawite
synthesized by precipitation. The particle structure, size, surface area and morphology are
comparable but the synthesis itself is much more convenient. The advantages of the mack-

inawite synthesis from the elements are the following:

e No use of sensitive chemicals like Fe?" salts or sulfides that are hardly purchased

and stored without any traces of oxidation

e No use of toxic and environmentally harmful sulfur sources like Na,S or H>S
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e Much better control over the reaction conditions as any additional salt can be in-
troduced very precisely prior to the reaction

e The use of solutions under anoxic conditions is very challenging and introduces
higher errors than working with solids

e As the conditions during the precipitation of nanoparticles can have a huge influ-
ence on the structure and morphology, the synthesis of mackinawite from the el-

ements is much more reliable

3.3 “Charged layer” model

3.3.1.1 Basic idea

The literature concerned with mackinawite is full of inconsistencies regarding the com-
position, structure, stability and reactivity. A useful reference for the structure and com-
position is the natural mineral that is listed by the International Mineral Association
(IMA). The composition was determined to be (Fe,Ni)1+xS (x = 0-0.07).!*® This formula
implies, that mackinawite is an iron sulfide with metal excess. Rickard et al. argue, that
the determination of the composition of mackinawite is quite difficult and that most anal-
yses are erroneous.'? In his work he used a synthesized mackinawite sample and found
a composition of Fe:S very close to 1:1. A detailed Rietveld investigation of the structure
of synthetic mackinawite by Lennie et al. does also not support any surplus sulfur or iron
within the structure.?® This means that the Fe:S ratio at least of synthetic highly ordered
mackinawite is very close to unity. These results are in contrast to other reported analyses

of synthetic mackinawite with compositions ranging from Feo 1S to Fe;.15S.!2¢

The structure of mackinawite was determined in a Rietveld investigation of a synthetic
mackinawite sample by Lennie ef al. in 1995. The cell parameters reported in this publi-
cation are commonly used as the reference for synthetic and natural highly ordered mack-
inawite. Mackinawite has a layered structure with cell parameters of a = 3.6735(4) A and
c=5.0328 (7) A. The value of the c-parameter is the same as for the interlayer spacing
and therefore corresponds to the d-value of the 001 diffraction peak of mackinawite. The
mackinawite sample in the work of Lennie ef al. was synthesized in a buffered acetic acid

solution from elemental iron and sodium sulfide at room temperature.
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Below, a new model for the structure and composition of nano-mackinawite shall be de-
scribed that is able to explain some inconsistent observations. The reaction of elemental
iron with elemental sulfur offers completely new opportunities to study the formation and
the characteristics of nano-mackinawite as the influence of the surrounding solution can
be addressed independently. The reaction of elemental iron and sulfur does not require
any additives and proceeds in distilled water in an inert atmosphere at room temperature.
Therefore, the effects of different salts and their concentrations can be investigated. The
elaborated model is called charged layer model as it divides mackinawite particles into
two groups: a charged and a noncharged one. These groups represent two different states
of mackinawite particles. The non-charged mackinawite is characterized by a relatively
sharp 001 diffraction peak in X-ray diffraction that is mainly broadened by size effects
and has an interlayer spacing close to 5.03 A. The charged mackinawite is characterized
by a very broad 001 diffraction peak due to pronounced strain effects and an interlayer

spacing greater than 5.05 A up to values of 5.7 A.

Mackinawite with the characteristics of both states has been described in previous works
on the precipitation of Fe** ions and sulfide ions at very similar conditions. For now, it
has not been investigated which conditions preferably lead to the formation of either state
because there are a lot of parameters to be considered like local concentrations of sulfide
ions, Fe?" ions, pH value, concentrations of counterions like Na*, NH4", NO3~, SO+, CI
, temperature, purity of starting materials, oxygen contamination, mixing speed and any
aging procedures that are often not given in detail. The following table shows the com-
positions of precipitated mackinawite and the determined d-values of the 001 diffraction
peak in some reports on mackinawite.?>"130:147-152 The discrepancies in the literature

may arise, as charged and non-charged mackinawite was not distinguished.

Table 2: Literature data for mackinawite compositions and (001) d-values. n.d. = not de-

termined.

Reference Experiment Fe:S d (001) [A]
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Berner, 1964130 Fe + H2S (RT) 1.05:1 5.03
Rickard, 1969'3 Fe?" + HS™ (RT) 1:1,1 5.03
Lennie, 1995'%° | Fe + HAc + Na,S (RT) 1.008:1 5.03
Mullet, 2002'%° | Fe + HAc + NaxS (RT) 1:1 5.05
Wolhers: Fe2* + NasS (RT) nd. 5.48
Michel, 2005'%° Fe?" + NasS (RT) n.d. 5.0X
Rickard, 2006!3° Fe?" + NaxS (RT) 1:1 n.d.
5.19 (wet)
Ohfuji, 2006'! Fe?* + NaxS (RT) n.d.
5.08 (dried)
Jeong, 20087! Fe?" + NaxS (RT) n.d. 5.20
Bourdoiseau, Fe?* + N d
2008152 € azS (RT) n.d. 5.7
Bourdolseau, Fe2* + NasS (RT) nd. 5.05
Csékberényi_ Fez+ + CZHSNS (RT) nd 588
Malasics,
2012"7 Fe" + CoHsNS (120°C) | n.d. 5.03
Fe +S (RT) 5.26 -5.29
This work 1:1
Fe + S (80 °C) 5.07 -5.29

The charged mackinawite is considered to consist of nano sheets with a mackinawite
structure with iron vacancies. Thus, the layers are negatively charged and repel each other
what leads to an increased interlayer spacing. To balance the charge, the released iron
ions are adsorbed onto the surface of the particles. The vacancies are not distributed
evenly in the sheets what leads to curvature of the particles as can be seen in SEM images
and peak broadening in its PXRD patterns. The iron ions on the charged mackinawite
surfaces are bound quite loosely by electrostatic attraction. Consequently, other cations
can replace these iron ions even those that are not able to enter an iron position of the
mackinawite structure. In this regard, sodium chloride was used to show that sodium ions

can replace iron ions on the mackinawite surface.
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EDX analysis of a so prepared and chloride free washed mackinawite sample shows qual-

itatively that sodium is present without any chloride detectable.
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Figure 33: SEM image and EDX analysis of a mackinawite sample synthesized from

iron and sulfur in a 0.01 M sodium chloride solution.

The carbon content is caused by the adsorption of CO; onto the surface and the oxygen
content corresponds to CO2 and partial oxidation of the mackinawite particles. The
charged mackinawite can get uncharged by refilling the vacancies by Fe?* ions (or suita-
ble other cations like Ni*"). It is expected that the reentering of Fe?" ions into the macki-
nawite structure is kinetically hindered and very slow at low temperatures. But particle
growth with time will inevitably lead to noncharged mackinawite because the difference
of charge on the surface of the particles compared to the interior creates an electrochem-

ical potential. This potential would theoretically rise upon crystallite growth as with every
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new layer more vacancies and corresponding cations are added to the same particle and
more charge is accumulated. The rising potential forces the following layers to have ever
fewer vacancies which is why the charged mackinawite is only expected to exist with
very small particle sizes. It should also be possible to discharge the particles by oxidation,
but that has not been shown experimentally yet. Even under conditions open to the at-
mosphere at room temperature for two days, the PXRD pattern of mackinawite did not

change and only negligible amounts of iron oxides formed.

In summary, the new model proposes that there are two distinct states of nanoparticulate
mackinawite, a charged and a noncharged one. The charged mackinawite particles have
anionic sheets with iron vacancies and cations sitting on the particle surface to balance
the charge. Mackinawite in this state has an increased interlayer spacing and shows broad
diffraction peaks. Mackinawite in the noncharged state only contains few iron vacancies,
if any. It has an interlayer spacing close to 5.03 A and a comparable sharp 001 diffraction
peak. In the following chapter, the assumptions of this model will be explained and ex-

perimental evidence will be presented.

3.3.1.2 Experimental support

It is assumed that mackinawite can have iron vacancies that lead to an anionic charge.
This behavior for the mackinawite structure can be found in publications regarding the
mineral tochilinite and synthetic analogues. The structure and characteristics of tochilinite

have been described in chapter 1 with reference to the corresponding literature.

It was experimentally shown that sodium ions can replace iron ions from mackinawite
particles. Because sodium ions cannot enter the iron sites in the mackinawite crystal struc-
ture, the replaced iron ions are expected to be adsorbed onto the particle surfaces and are
mainly attracted by weak electrostatic forces. The adsorption energy of these Fe?* needs
to be in the same order of magnitude as the adsorption energy of dissolved Na®. As iron
sulfides and hydroxides are hardly soluble but sodium ions do not form any insoluble
salts in the investigated systems, they have to be bound to the surface based on their pos-

itive charge.

Elemental analysis of mackinawite samples synthesized with increasing amounts of so-
dium chloride show an increasing amount of sodium in the final washed and dried sample.

The data can be fitted by linear regression what is reasonable if the surface adsorbed
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Fe?",4s exchange with Na*,q in the solution and this process solely depends on the sodium
chloride concentration (Fig. 34). The released amount of iron ions is too low to be confi-
dently determined by the applied ICP-AES method but the pH value of the solution gives
a simple way to access them indirectly. The addition of increasing amounts of sodium
chloride to mackinawite synthesized from the elements leads to a lower pH at the end of
the reaction which is a consequence of a rising Fe?* ion concentration that act as a weak

Lewis acid and release protons upon hydration.

Fe+S — [FesoSP + X Fe ags (58)
Fez+ads + 2 Na+aq \_—\ 2 Na+ad5 + Fez+aq (59)
Fe*yq + 6 HyO 2 [Fe(H20)s(OH)]* + H* (60)

It was experimentally shown, that the higher the sodium chloride concentration is, the
more iron ions are released into the solution. This can be explained by an equilibrium
process. The sodium ions reversibly replace the surface iron ions whereby the ratio of

replaced to surface bound Fe?" depends on the sodium concentration in solution.
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Figure 34: Na-content in mackinawite samples (ICP-AES) synthesized from iron, sulfur
and sodium chloride in water at room temperature versus the amount of sodium chloride

in the starting mixture.
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Figure 35: Plot of the pH value of the solution of a mackinawite synthesis from iron,

sulfur and sodium chloride versus the sodium chloride concentration.

The model assumes, that the charged mackinawite will transform into the non-charged
state upon aging. A sample of mackinawite aged in a solution with a low sodium chloride
concentration (cnact = 10 mmol/l) at 80 °C for three days shows the appearance of a 001
reflection peak at d = 5.03 A and a change in the shape of the other more intensive reflec-
tion peaks that is caused by the overlap of broad and narrow peaks at nearly the same d-
values. This “tailing” of the diffraction peaks is a direct consequence of the change of the

interlayer space and the transformation of charged into non-charged mackinawite upon

aging.
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Figure 36: PXRD pattern of a mackinawite sample prepared from iron and sulfur which

was aged for one week at 80 °C (exp. FeS_Ox_11).

The aging of freshly precipitated mackinawite leads simultaneously to lower interlayer
distances and smaller widths at half maximum of the 001 diffraction peak. These changes
upon aging also have been reported multiple times in the literature regarding freshly pre-
cipitated mackinawite.*!>® There are no reports on mackinawite samples with large par-
ticles and an increased interlayer spacing. In the frequently quoted work of Wolthers et
al. from 2003, an investigation of nanoparticulate mackinawite with low angle X-ray dif-
fraction (LAXRD) was carried out. The LAXRD patterns showed very broad diffraction
peaks and a d-value for the 001 diffraction peak greater than 5.5 A. The LAXRD patterns
was fitted using two mackinawite structures with different interlayer spacings as the fit
was very poor when using only one set of lattice parameters. They stated that: “The fact
that the patterns could be fitted with a minimum of two peak sets indicates that the mate-
rial is a mixture of at least two disordered mackinawite phases, referred to as MkA and
MKB, with varying d-spacing and crystallinity”.!>* It is apparent, that their sample may
have contained multiple or even a nearly infinite number of different mackinawite
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particles with different interlayer spacings. There is no reason to assume, that there are
only two distinct forms MkA and MkB. This observation may be explained by the charged
layer model because there is expected to be a distribution of different interlayer spacings.
As there is a minimum value of around 5 A, there might be an asymmetric distribution of
interlayer spacings that would lead to “tailing” for the 001 diffraction peak in PXRD ex-
periments. These observations clearly lead to the hypothesis, that in the absence of any
oxidant the first mackinawite formed by precipitation in aqueous solution is always a
charged mackinawite that transforms into a noncharged one upon aging. The charged
mackinawite should be less stable but kinetically favored following Ostwald’s step rule.
More support for this model can be found in the adsorption behavior of nano mackinawite
and the determined points of zero charge. The adsorption of Cd** ions on the mackinawite
surface follows an ion exchange mechanism replacing iron ions from the mackinawite
surface as shown by Mustafa et al. 2010.3! Such an adsorption behavior would be ex-
pected for charged mackinawite particles. As mentioned before, the point of zero charge
of mackinawite was determined to be around pHp. = 3°® on the one hand and around
pHpzc = 7.5 — 8 on the other.’”%1% This discrepancy may arise from the different behav-
iors of charged and noncharged mackinawite. The mackinawite particles in these publi-
cations were not analyzed sufficiently to draw clear correlation between the pHp,c and the
structure. For charged mackinawite it is to be expected nonetheless, that the positively
charged metal ions on the surface lead to a pHp.c above 7 or at least higher than the non-
charged one. The noncharged mackinawite surface is dominated by sulfide groups and

should therefore show a pHyc around 3 like pyrite and pyrrhotite.

3.3.1.3 Implications for the mackinawite chemistry

Some consequences for the mackinawite chemistry that are to be expected from the

charged layer model shall be explained below.

It is to be expected, that the adsorption of cationic species is dependent on the particle
charge and therefore also on the particle size. The smaller the particles the more charge
per particle is expected and relatively more iron ions can be replaced. This is especially
interesting for cations that do not form insoluble sulfides but can nevertheless be bound
to the mackinawite surface. The cationic layers around the particles should support the
attraction of anions to form a double layer as known from metal surfaces. It has been
observed that higher sodium chloride concentrations lead to an increase in the volume of
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dispersed mackinawite in water what may be caused by the formation of a pronounced

double layer that prevents the agglomeration of the nanoparticles.

The reactivity of charged mackinawite should be higher than for noncharged macki-
nawite, as the particles contain more defects and the surface iron ions are more exposed

to the solution and probably get oxidized more easily.

The intercalation chemistry of mackinawite so far seems to be dependent on anionic iron
sulfide layers and the ability to incorporate cations or cationic solid layers. As highly
ordered mackinawite with very little vacancies is relatively stable, it should be difficult
to introduce cationic guests into the interlayer space. It should be much easier to use
charged mackinawite and introduce cationic guest species before the particles get too big.
For noncharged guests it should be easier to use noncharged mackinawite. This prediction
is supported by the fact, that any tochilinite synthesis during this work only succeeded
when nanoparticulate mackinawite was used. When highly ordered mackinawite was

used, the only iron sulfide formed was pyrrhotite.
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4  Synthesis of other metal sulfides from the elements

In order to examine the possible reactivities of other elemental metals towards elemental
sulfur, a series of reactions was carried out. In this series, Mg, Al, Mn, Co, Ni, Cu, Zn,
Mo, Cd and W were mixed equimolar (two equivalents for Mo and W) with elemental
sulfur and used in the same procedure as for the mackinawite synthesis at room tempera-
ture. The product mixtures were analyzed with PXRD and the phases identified using the
Powder Diffraction Files database. Table 3 shows an overview of all experiments and the
corresponding products. To evaluate if the temperature was just not high enough, the re-

actions where no or only little change was observed were repeated at 80 °C.

Table 3: Products of the reactions between different metals and elemental sulfur at room

temperature or 80 °C, respectively.

Experiment Metal Products

MnS 1 Mn Mn, S

CoS 1 Co Co, S

NiS 1 Ni Ni, S

CuS 1 Cu Covellite, Chalcocite
ZnS 1 Zn Zn, S

MosS 1 Mo Mo, S, blue colored solution

CdS 1 Cd orange CdS, no PXRD analysis
WS 1 W Unknown phase

Mg 1 Mg Mg-polysulfide complexes
Al 1 Al Al S

MnS 2 Mn (80 °C) Mn, S

ZnS 2 Zn (80 °C) Zn, S

CoS 2 Co (80 °C) Co, S

NiS_2 Ni (80 °C) Millerite, Heazlewoodite
Al 2 Al (80 °C) AL'S
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Iron, nickel, copper, wolfram, cadmium, magnesium and molybdenum do react with ele-
mental sulfur at a maximum of 80 °C whereas aluminum, manganese, zinc and cobalt do
not. The reactivity towards sulfur depends on several parameters that can be deduced from
the reaction mechanism. Although copper is a noble metal, it is oxidized by sulfur what
is also known for silver jewelry. Manganese and zinc are much more easily oxidized than
these elements but do not react with elemental sulfur, what makes the redox potential of

the metal a minor factor for the reactivity.

The mechanism shows that there is an equilibrium on the metal surface between the for-
mation of a conducting sulfide layer and a passivating hydroxide layer. Therefore, the
difference of the solubility of the metal sulfide to the metal hydroxide is a crucial feature.
If the solubility of the sulfide is not low enough in respect to the solubility of the hydrox-
ide, the formation of the first sulfide layer is very slow or impossible. MnS has a compa-
rable high solubility and the highest in the investigated series. Therefore, it is reasonable
to assume that the formation of an initial MnS layer on the Mn surface is hindered and
the reaction cannot proceed. The same applies in the case of aluminum and magnesium
but the latter forms relatively stable polysulfide complexes that lead to the dissolution of
the metal. For zinc the reason needs to be another one, as ZnS has a much smaller molar
solubility than Zn(OH). ZnS is the only transition metal sulfide that is colorless, as it
possesses a great band gap and a low electrical conductivity. If an initial sulfide layer is
formed on the metal surface, the next step in the mechanism is the transport of electrons
through this sulfide layer towards the sulfur surface. If the conductivity of the sulfide is

too low, the electron transport is hindered, and the reaction stops.

As nickel and copper show a sufficiently high reactivity towards elemental sulfur, these
elements were investigated in more detail. Nickel and copper sulfides are highly interest-
ing for prebiotic scenarios because they are found in the active sites in recent enzymes.
The investigations of the reaction between iron and sulfur show that the addition of so-
dium chloride leads to an enormous increase of the reaction rate. Therefore, reactions
were carried out at different temperatures and sodium chloride concentrations that are
summarized in table 4. Powdered nickel and powdered sulfur were thoroughly mixed in
a molar ratio of Ni:S = 3:2 and 2 g were used for each reaction following the standard

procedure.
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Table 4: Reaction products of a mixture of nickel and sulfur under different reaction

conditions.
Exp. | NaCl/mol * I | Temp./°C | Time / days Products
MB 1 0 25 1 S, Ni
MB 2 0.01 25 1 S, Ni
S, Ni, Millerite,
MB 3 0 80 1
- Heazlewoodite
S, Ni, Millerite,
MB 4 0.01 80 1
- Heazlewoodite
MB 5 0 25 3 S, Ni
MB 6 0.01 25 3 S, Ni
S, Ni, Millerite,
MB 7 0.01 80 3
- Heazlewoodite
MB 8 0.17 25 3 S, Ni

From this reaction series it can be concluded that nickel and sulfur do not react at room
temperature and that millerite and heazlewoodite form at 80 °C. Even higher concentra-
tions of sodium chloride do not lead to a reaction at room temperature but increase the
reaction speed at 80 °C. Sodium chloride only has influence on the latest step in the mech-
anism namely the transport of electrons and metal ions from the metal to the sulfur sur-
face. Therefore, the reason for the lower reactivity of nickel compared to iron must come
from the first steps in the reaction mechanism i.e. the promotion of the sulfur dispropor-
tionation or the formation of the first sulfide layer. SEM images of MB_7 are shown in
figure 37 and 38. The millerite and heazlewoodite particles are in the nano regime like

the mackinawite particles formed from iron and sulfur.
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Figure 37: SEM image of MB_7.
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Figure 38: SEM image of MB_7.

Copper readily reacts with sulfur forming covellite and chalcocite. As there are many
mixed metal sulfides in the System Fe/Cu/S, a series of reactions was carried out to in-

vestigate if these may form or if the sulfides of copper and iron form independently. The
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reactions carried out in this series are summarized in table 5. Powdered copper, powdered
iron and powdered sulfur were thoroughly mixed in two different ratios and 2 g were used
for each reaction following the standard procedure. From a mixture of iron, copper and
sulfur a variety of phases forms. These phases have structures of pure iron sulfides like
mackinawite, pyrrhotite and pyrite and pure copper sulfides like covellite, but the mixed
metal sulfides chalcopyrite and bornite also form. Chalcopyrite seems to be the most sta-
ble phase under the applied conditions and forms as the major product independent of the
ratio of nickel, iron and sulfur in the starting mixture. Elemental iron is consumed much
faster than copper as the formation of mackinawite from iron and sulfur is much faster
than the formation of covellite from copper and sulfur. Mackinawite and covellite are the
first phases to form and transform into more stable sulfides, most of all chalcopyrite. At
higher amounts of iron and sulfur in the starting mixture, relatively more iron sulfides
form as would be expected. The presence of sodium chloride and higher reaction temper-
atures increase the reaction rates but do not alter the product distribution significantly.
Unintended oxidation during the work up most probably was the reason for the formation
of magnetite. As the diffraction peaks of the different phases are hard to be assigned con-
fidently in the PXRD patterns, only these are listed in the table below that were undoubt-

edly identified and more may be present even if not listed.

Table 5: Products of reactions between copper, iron and sulfur at different sodium chlo-

ride concentrations, temperatures, reaction times and starting mixtures.

. Concentra- .
Exp. Stfu‘tlng tion of NaCl/ Te(l)n p./ | Time/ Products
mixture 2 C days
mol * 1
MB 9 | Cu:Fe:2S 0 25 1 S, Cu, Mackinawite
MB 10| Cu:Fe:2S 0.01 25 1 S, Cu, Mackinawite
S, Cu, Chalcopyrite, Covellite,
MB 11 | Cu:Fe:2S 0 80 1
- Mackinawite
S, Cu, Chalcopyrite, Covellite,
MB 12 | Cu:Fe:2S 0.01 80 1
Pyrite, Bornite, Magnetite
S, Cu, Chalcopyrite, Covellite,
MB 13 | Cu:Fe:2S 0 25 3
Mackinawite
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Cu, Covellite, Chalcopyrite,

MB 14 | Cu:Fe:2S 0.01 25 3 Mackinawite, Bornite, Pyrite,
Magnetite
Cu, Covellite, Chalcopyrite,
MB 15| Cu:Fe:2S 0 80 3 Pyrrhotite, Bornite, Pyrite, Mag-
netite
MB 16 | Cu:Fe:2S 0.01 80 3 Cu, Covellite, Chalcopyrite
S, Cu, Chalcopyrite, Covellite,
MB 17| Cu:Fe:2S 0.17 25 3
- Mackinawite
S, Cu, Chalcopyrite, Covellite
MB 18 | Cu: 2Fe: 3S 0.01 25 1
- Mackinawite, Pyrrhotite
S, Cu, Chalcopyrite, Covellite,
MB 19 | Cu: 2Fe: 3S 0.01 25 4
- Mackinawite, Pyrrhotite
Chalcopyrite, Covellite, Pyrite,
MB 20 | Cu: 2Fe: 3S 0.01 25 10
- Pyrrhotite, Magnetite
S, Cu, Covellite,
MB 21 | Cu: 2Fe: 3S 0.01 80 1
- Mackinawite
Cu, Chalcopyrite, Covellite,
MB 22 | Cu: 2Fe: 3S 0.01 80 4 Bornite, Magnetite, Macki-
nawite, Pyrrhotite
Chalcopyrite, Covellite, Pyrite,
MB 23 | Cu: 2Fe: 3S 0.01 80 10

Magnetite

SEM images of the product mixture of reaction MB_23 predominantly show chalcopyrite

particles. These are nanoparticulate and have similar shapes and a narrow size distribu-

tion.
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Figure 39: SEM image of MB_23.
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Figure 40: SEM image of MB_23.

This series shows that the reactions between nickel, copper, iron and sulfur at low tem-
peratures offer the possibility to synthesize metastable nano particulate phases that can

have a variety of structures and compositions depending on the starting mixture and the

75



reaction conditions. Controlling the selectivity of reactions with copper and nickel seems
to be challenging compared to the equimolar reaction between iron and sulfur forming
only mackinawite. This problem may be addressed by first synthesizing CuS, NiS and
FeS independently and mixing the sulfides in a subsequent reaction in appropriate ratios.
For prebiotic chemistry, this feature allows the formation of highly reactive nanoparticu-
late sulfides with compositions and structures depending on the composition of the parent

metal and adds a huge diversity to the possible mineral repertoire.
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5 Carbon fixation with nano-mackinawite

5.1 Activation and reduction of CO;

The activation of CO; and the subsequent reduction are two different independent pro-
cesses. There might be an activation of CO; on the iron sulfide surface e.g. by deformation
of the CO; molecule without any electron transfer. It is also possible for electron transfers
to occur without a previous activation of CO., but this case is very unlikely due to the
high potential that is needed. Therefore, it is reasonable to expect a CO; activation process

if any reduction product is observed.

The standard redox potentials of Fe** and S in solution can be vastly increased by the
formation of stable solids like greigite, pyrite and iron oxides upon oxidation. As different
oxidation reactions for mackinawite are possible, there is a range of potentials accessible
that are depending on the actual oxidation reaction which in turn depends on several con-
ditions especially the reaction temperature and the presence of an aqueous solution. From

TGA/DSC/PXRD analysis the following reactions can be derived for mackinawite oxi-

dation:
4 FeS — FesSs+Fe?" +2 ¢ (61)
12 FeS +4 H,O — 3 FesSs + Fes04 + 8 H + 8 ¢ (62)
3FeS+4HO — % Ss+Fes0s+8H +8¢ (63)
2 FeS — FeSy + Fe* +2 ¢ (64)
3FeS+ 10 HO — 3 SOz + Fe3sO4 +20 H" +20 ¢ (65)
3 FeS + 12 HoO — Fea(SO4)3 + 24 H' + Fe?' + 26 ¢ (66)

At low temperatures, the oxidation of nano-mackinawite predominantly leads to the oxi-
dation of Fe** to Fe*" and the formation of greigite and magnetite. The oxidation of the
sulfide ions occurs at higher temperatures leading to the formation of elemental sulfur,
S0,/S03* and finally SO4*. The redox potential of the mackinawite nanoparticles is es-

sentially unknown and depends on the band structure which in turn depends on many
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parameters like the particle size, the surface groups and any deviations from the theoret-
ical mackinawite crystal structure. Additionally, the redox potential is expected to change
during the oxidation as Fe?" are oxidized to Fe** and other phases form like greigite Fe3S4
and magnetite Fe3O4. The redox potential will also be different for dry mackinawite com-
pared to reactions in aqueous solution. As has been explained in chapter 1, the activation
energy needed for the reduction of CO> depends on many aspects and it is hard to predict,
which conditions would be suited for the activation and reduction on nanoparticulate
mackinawite. In this regard, different conditions were applied for the reduction experi-

ments that are prebiotic plausible as explained in the following chapter.

5.2 Experimental conditions

The conditions of the early earth atmosphere are under permanent debate and the scien-
tific view has changed several times over the last 100 years. Miller et al. for instance
assumed a very reducing atmosphere containing greater amounts of CH4. The faint-
young-sun-problem demanded for an atmosphere containing higher levels of CO> and it
is also proposed that the atmospheric conditions could have changed periodically from
more oxidizing to more reducing and back again.!®*1%? Values for the temperature on the
early earth’s surface that are reported also vary significantly in a range of 26 °C to 85 °C
and may have been much higher at hydrothermal settings.'®*1®* Meteoritic impacts and
volcanic eruptions have been common events and increase the range of possible condi-
tions for prebiotic chemistry even further. Therefore, a set of different conditions was
used to study the reaction between CO, and nano-mackinawite as is summarized in table

6.

Table 6: Reaction conditions of CO> reduction reactions and the assigned codes.

Name Temp. / °C Conditions

78



Tl 40 0.1 M Carbonate containing solution at differ-

M1 80 ent pH values and autogenous CO;-pressure
12 40 ~ 2 atm CO; atmosphere saturated with water
M2 80 without a liquid phase

Carbonate adsorbed onto a mackinawite sam-
H1 160 ' o

ple and heated in a distillation setup

~ 2 atm CO; atmosphere saturated with water

H2 160

without a liquid phase

As outlined before, the temperature is expected to have a high impact on the reactivity
and the course of the reaction between CO> and mackinawite. However, the pH value of
the reaction solutions may be similar important. The higher the pH value, the easier mack-
inawite can be oxidized but the harder it is to protonate reduced species. The main obsta-
cle with high proton concentrations is the pronounced formation of H; and FeS> instead
of reduced carbon species. Therefore, a compromise is required that enables Fe?" and S*
oxidation and CO; reduction without increased H> formation. A nearly neutral pH value
has been reported to be the optimal pH region for the reduction of dissolved CO2 on greig-
ite surfaces.'®

As the initial experiments showed, that the iron powder contained some organic material
on its surface, the mackinawite syntheses were carried out in three different ways. The
first experiments were carried out using the iron powder as received. My colleague Mario
Grosch could show that all the organic material can be removed by washing the iron
powder with diluted hydrochloric acid. Therefore, the second set of experiments was car-
ried out with mackinawite synthesized using pretreated iron powder. In a third set of ex-
periments, mackinawite was synthesized by precipitation from solutions of
(NH4)2Fe(SO4)2 and Na,S to exclude any impact from using elemental iron.

The evaluation of the reduction experiments needs some considerations regarding the
methods of analysis and the results that can be deduced. Two different GC-MS methods
were applied in regard of the experimental conditions. For the low and medium tempera-

ture reactions (T1, T2, M1, M2) and the high temperature reactions H2 the head space of
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the reactions was transferred into a clean GC-MS vial and analyzed in a setup optimized
for gaseous products like CO, CH4, CoHg, COS, CS,, CH3SH and CH3SSCH3. The high
temperature reactions H1 were carried out and analyzed differently. A sample of macki-
nawite was stirred in a solution containing Na,CO3 or NaHCOs3 and the pH value was
adjusted with diluted acids. The carbonate ions adsorbed overnight onto the particles and
the solid phase was isolated by filtration and transferred into a distillation setup. In this
setup, the sample was placed in a 10 ml glass tube that was connected by a distillation
bridge to a 10 ml glass flask which was filled with 1ml of DCM. To keep the DCM gas
pressure during the distillation to a minimum it was cooled with a DCM/liquid nitrogen
bath to around - 95 °C. The tube with the sample was heated for around 3 hours at 160 °C.
Any volatiles that evaporated at these temperatures dissolved in the DCM which was then
dried over Na>SO4 and analyzed by GC-MS in a setup that was optimized for compounds
with slightly higher boiling points like CH3SH and CH3SSCH3, ChHa+2S, carboxylic acids,
higher alkanes and alcohols.

In general, the GC-MS analysis can only give information about compounds that are vol-
atile at the temperatures used. The identification of the formed volatiles was achieved by
reference samples for methane thiol, methane, ethane thiol, ethane, H>S and CO». The
structures of the other species that occurred have not been identified, but the compositions
can be given by comparing the mass distributions with entries in the NIST database'
and a publication by Levy and Stahl.'® Strongly adsorbed or highly water soluble carbo-
naceous material or compounds with high boiling points could not have been detected in
the low and medium temperature reactions. Analyses of the aqueous phases by NMR
spectroscopy did not lead to comprehensive data. HPLC analysis should be viewed as
essential for future investigations. Therefore, it is also important to investigate the solid
phases after the reactions to see if the mackinawite shows any sign of oxidation even if
no carbonaceous products were detected. Greigite occurred in many reactions whereas
magnetite, pyrite, sulfur and siderite occurred occasionally depending on the reaction

conditions.

5.3 Mackinawite from iron and sulfur without pretreatment

The CO: reduction reactions that were carried out with mackinawite synthesized from

untreated iron and sulfur are summarized in table 7. The conditions (T1, T2, M1, M2, H1
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and H2) correspond to table 6. The solid reaction products were isolated by filtration,
dried in nitrogen flow and cautiously exposed to air. Unfortunately, the solids were pyro-
phoric to such an extent, that they oxidized vigorously upon the first air contact. All
PXRD patterns showed greigite and lepidocrocite as the main phases. Magnetite, sulfur
and siderite occurred occasionally, but it is not clear to which extent these phases formed

during the work up which is why the solid phases were not investigated any further.

Table 7: Reaction conditions and products of the reactions between mackinawite and

CO»/carbonate using untreated iron powder.

Sum formulas of
Exp. Conditions
carbonaceous compounds
RED 1 T1, 4 days, pH=7, 13C N.D.
RED 2 T2, 4 days, 13C N.D.
RED 3 T2, 2 months, BC 12CH,4
RED 4 | Ml, 4 days, pH=7, 3C 12CH4
RED 5 M2, 4 days, 3C 12CHy, >CyHa, >CoHs
RED 6 | HI, 3 hours, pH=7, 1*C 12CH;SH, ?C,HsSs, >CoHsSs
RED 7 | Hl, 3 hours, pH=7, 13C BCH3SH
RED 8 | HI, 3 hours, pH=7, 3C 12CH3SH, '2C,HsS», 12C,HsS3
12C3HsS, 2C4Hi08S, 2CsH12S, CeHi20,
RED 9 | HI, 3 hours, pH=7, 1*C
12C6H 148, 12C5HsSa, 2CsHi2S2, 12CH14S2
12CHs4, 2COS, '2C,Ha, '2CoH40, 2C4Hs,
RED 10 H2, 1 hour, °C
12C3H6O

The reactions were carried out first with '2CO/Na'?CO3/NaH!'?COs and if any products
could be detected, they were repeated with '*C starting materials. Reactions RED 1 to
RED 5 were carried out with *CO, but only >C-compounds were detected by GC-MS.
These experiments show, that 3CO, does not form products detectable by GC-MS anal-
ysis in the reaction with mackinawite at 40 °C or 80 °C as well in solution as in the dry

state in the experimental method applied. The '?C-compounds that could be detected need
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to have another origin what will be covered in the following section. In the high temper-
ature reactions RED 6 to RED 9 the distillation procedure (H1) led to the formation of
significant amounts of alkyl thiols and COS. Reaction RED 7 is the only reaction in

which reduced '*C-labeled compounds were identified in a reaction system of macki-

nawite and adsorbed *HCO37/3CO3?.
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Figure 41: Gas chromatogram of RED_6. The inset shows the m/z values of the '3C me-

thane thiol peak at 3.63 minutes.
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Figure 42: Gas chromatogram of RED 7. The inset shows the m/z values of the methane
thiol peak at 3.58 minutes.

The oxidation products are greigite, magnetite and sulfur what leads to the following rea-

sonable equations for methane thiol formation:

9 FeS + CO2 + 2 HoO — 2 Fe3S4 + FesO4 + CH3SH (67)
3 FeS + CO2+ 2 H,O — % Sg + Fe;04 + CH3SH (68)

The ratio of magnetite to greigite after the reactions is very small in the low and medium
temperature runs but increases significantly in the high temperature runs. In addition, el-

emental sulfur only occurred at higher temperatures.

5.4 Mackinawite from pretreated iron and sulfur

In a system of Fe, S, H,O, NaCl and '*CO,, '?C-impurities most probably arise from car-
bonaceous material on the iron powder. The iron powder used was manufactured by a
reduction process using a reduction mixture consisting of coke breeze blended with

ground limestone and a pre-processed magnetite slick. The carbonaceous material in the
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iron powder may consist of carbides, carbon or carbonates that are released during the
mackinawite formation and become adsorbed again onto the mackinawite surface. In a
13CO, atmosphere, these '2C-compounds are reduced and lead to the formation of '>CHa,
12C,He, 12COS, greigite, magnetite and sulfur. The treatment of 5 g of the iron powder in
a 25 ml GC-MS vial with diluted phosphorous acid and analyzing the headspace showed
significant amounts of reduced carbon species namely methane, ethene, ethane, propene
and propane (exp. Fe H3POj4). The iron powder hence was analyzed in detail to see if the
carbonaceous species can be identified. PXRD analysis shows, that there is another crys-
talline phase present but the diffraction peaks could not be assigned, neither to a carbide

phase nor to a carbon or carbonate phase.
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Figure 43: PXRD pattern of the untreated powder of elemental iron.

ICP-AES analysis gives a composition of 100 + 0.01 % iron with no sign of significant
amounts of impurities but EDX shows, that there is a certain amount of carbon present at
least at the particles’ surface. Therefore, it was reasonable to try to remove the carbona-
ceous material by removing the surface of the iron particles with diluted hydrochloric
acid. This treatment was developed by my colleague M. Grosch and he could show that

after the acid treatment nearly no reduced carbon species emerged upon the addition of
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diluted phosphorous acid. Cvetkovi¢ et al. investigated the hydrocarbon formation from
iron prepared from Fe(CO)s in alkaline solutions.'®” They suppose that carbide phases are
present within the particles as they cleaned the particle surfaces by an acid treatment.
They report that alkanes and alkenes, alcohols, aldehydes and carboxylic acids formed
within 30 days at room temperature. The organic material on the surface of our iron pow-
der could not be identified, but it is reasonable to assume it also to be composed of carbide
phases. It could be removed by an acid treatment and no indissoluble part remained what
excludes the presence of graphite. The reactions carried out with mackinawite from pre-

treated iron and sulfur are summarized in table 8.
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Figure 44: SEM images and EDX analysis of the untreated iron powder used for

mackinawite synthesis.
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Table 8: Reaction conditions and products of the reactions between mackinawite and
COy/carbonate using pretreated iron powder. Mak = mackinawite, Gre = greigite,

Mag = magnetite, S = sulfur, Pyr = Pyrite.

Gaseous
Experiment | Conditions Solid phases
products
T1,2
RED 11 N.D. Mak, Gre, Mag, Pyr
weeks, 12C
IZCH3
M1, 4 days, | >CH;SH
RED 12 Mak, Gre, Pyr
pH <3,12C 2Cos
HaS

M1, 4 days, "’CH;
RED 13 Mak, Gre, Pyr
pH <3,B8C 13COS

M2, 2
RED 14 12CH3 Mak, Gre, Mag, S
weeks, 13C

These experiments were carried out to investigate the low temperature conditions and to
look for any '*C reduced carbon species without the influence of carbon impurities from
the iron surface. Furthermore, acidic conditions were applied following the experimental
procedures by Heinen and Lauwers.!?® The low and medium temperature reactions
RED _11and RED_14 did not lead to the formation of volatile reduced carbon compounds
what confirms that this is not possible in this temperature domain. Moreover, no '*C thiols
were detected in RED 12 and RED_13 what is in contrast to the observations by Heinen
and Lauwers. The formation of pyrite in these reactions can be explained by the formation

of H, what is known for iron sulfide in acidic environments.
FeS + H,S — FeS; + Hp (69)

The formation of *COS under acidic conditions is very interesting as this is not expected

at these temperatures from H,S and CO; alone. !
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CO, + H,S = COS + H,0 (70)

It is therefore reasonable to assume a surface mediated formation of COS from CO; and
H>S. COS is much more reactive than CO; and may be converted into organic compounds
more easily. Moreover, it is reported to mediate the polycondensation of amino acids what
is a very crucial step for the origin of life.!®

In order to examine the phase transformations of mackinawite when heated in presence
of carbonate with higher accuracy, an additional small series of experiments was carried
out. Mackinawite was synthesized from pretreated iron and sulfur following the standard
procedure. To the initial solution, 1 ml of a saturated NaHCO3 solution was added and
the solids kept at room temperature for 3 days. The solids were then isolated by filtration,
dried in a stream of N> gas and heated to 140 °C, 180 °C and 250 °C in N2 atmosphere
for 2 hours, respectively (RED 15 to RED 17). The phases identified by PXRD are sum-

marized in table 9.

Table 9: Reaction temperatures and solid products of the reaction of adsorbed carbonate
on freshly prepared mackinawite in a nitrogen atmosphere. Mak = mackinawite,

Gre = greigite, Pyh = pyrrhotite, Mag = magnetite.

Experiment Temperature Solid phases
RED 15 140 °C Mak
RED 16 180 °C Gre
RED 17 250 °C Gre, Pyh, Mag

The temperature is a crucial condition for the reaction between adsorbed carbonates and
mackinawite. Until 140 °C no reaction occurs in this setup and the mackinawite stays
unchanged. At temperatures between 140 °C and 180 °C, an oxidation reaction takes
place transforming the initial mackinawite completely to greigite. Magnetite is also ex-
pected but may be not visible in the PXRD patterns. After the reaction at 250 °C, mag-
netite diffraction peaks can be confidently identified and pyrrhotite forms. As the CO>
reduction mechanism is highly depending on the available H" concentration, this temper-

ature range may differ when changing the pH value during the adsorption process.
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5.5 Mackinawite from (NH4):Fe(SO4): and Na,S

The reduction reactions using a '>C carbon source and pretreated iron in some cases still
showed some '2CH4 from organic material on the iron surface. Therefore, a series of re-
actions was carried out using precipitated iron sulfide to exclude any influence of ad-
sorbed carbonaceous material. A concentrated solution of sodium sulfide was added drop-
wise into an equimolar concentrated solution of ammonium iron sulfate whereby a black
precipitate formed. The resulting suspension was centrifuged and the solution removed
as much as possible. Reactions RED 18 to RED 20 were carried out in a carbonate so-
lution that was added with a syringe and the pH was adjusted with hydrochloric acid. The
precipitated iron sulfides in reactions RED 21 to RED 22 were dried under reduced pres-

sure overnight and the reaction vials filled with CO,.

Table 10: Reaction conditions and products of the reactions between precipitated macki-
nawite and COx/carbonate. Gre = greigite, Sid = siderite, S = sulfur, Lep = lepido-
crocite, Mar = marcasite, The = thenardite, Moh = Mohr’s salt, Pyr = pyrite.

Volatile
Name Conditions Solid phases
products
M1, 2 weeks, Lep, Goe, The,
RED 18 N.D.
pH=7,12C FeCls;, Moh
M1, 2 weeks,
RED 19 N.D. S, Gre, Pyr
pH =3,12C
M1, 2 weeks, 12Cos
RED 20 S, Lep, Goe
pH <3, 12C 2CH;SH
M2, 2 weeks, 2CoS S, Gre, FeCls, The,
RED 21
+ 2 ml conc. HCI, 2C 12CH;SH Moh, Pyr
H2 (110 °C), 2 weeks, Gre, FeCls, The,
RED 22 SO>
no distillation, 12C Sid, Moh

At neutral and moderately acidic conditions, no volatiles have been detected by GC-MS
analysis, although the occurrence of lepidocrocite, goethite, greigite and pyrite in these
reactions show severe mackinawite oxidation. If CO; is not reduced, sulfate ions or
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protons may have acted as the electron acceptor. The oxides can also have been formed
during the workup of the solids. At higher proton and H>S concentrations, COS and me-
thane thiol were detected. These reduced carbon species occur coupled to the formation
of sulfur, greigite and iron oxides. Under dry conditions at 110 °C only SO, was detected
what may be caused by insufficient protonation of adsorbed reduced carbon compounds.
In conclusion, the experiments carried out with precipitated mackinawite show that there
is the possibility of thiol formation under moderate temperatures at least under acidic
conditions. This confirms the results of the experiments of Heinen and Lauwers'?® and
the mackinawite mediated CO; reduction. These experiments also show that using pre-
cipitated mackinawite without a severe pretreatment always involves unnecessary solutes
and precipitated salts that can be excluded by synthesizing mackinawite from elemental

iron and sulfur.

5.6 Conclusions

All experiments carried out to investigate the interaction of CO2 and mackinawite lead to
the conclusion, that mackinawite is able to activate and reduce CO> or carbonate, respec-
tively. *C-labelled methane thiol and COS formed at 160 °C within a few hours from
adsorbed COy/carbonate. The reaction between precipitated mackinawite and CO> also
led to the formation of methane thiol and COS under acidic conditions at 80 °C. C-C-
bond formation has not been observed in the 1*C-labelled experiments, but in some '*C-
experiments like RED 9. The formation of reduced carbon compounds from carbona-
ceous material on the iron surface is a major factor that has to be considered when using
elemental iron as a starting material in carbon fixation experiments. The reduction of CO-
and the formation of reduced carbon compounds is highly temperature and pH dependent.
Adsorbed NaHCOs3 on a the mackinawite surface is not reduced at 140 °C and the mack-
inawite crystal structure stays unchanged. At around 160 °C to 180 °C though, greigite
forms through mackinawite oxidation and reduced carbon compounds can be detected by
GC-MS analysis. At 250 °C, the formed greigite transforms into pyrrhotite in a N> atmos-
phere. The required temperature of 160 °C is necessary to overcome the activation barrier
of CO/carbonate in the experimental setup used. As soon as the activation on the surface
and the higher kinetic energy are sufficient, CO2/carbonate are reduced and the macki-

nawite surface is oxidized leading to the formation of greigite and magnetite. The
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necessary temperature most probably depends on the degree of protonation of the mack-
inawite surface, as the formed intermediates in the CO; reduction depend on the available
protons. The degree of protonation of the mackinawite surface and the availability of HoS
is determined by the pH value of the solution. Under acidic conditions, thiol formation
occurs what may be coupled to pyrite formation but which is no prerequisite as can be
deduced from RED_ 20. At very acidic conditions, proton reduction dominates over CO>
reduction and no reduced carbon compounds could be detected. The difference between
dry and wet systems and the overall role of water is not fully understood. Reactions car-
ried out in solution did not at all lead to volatiles that could be detected by GC-MS as
water may block the reactive surface sites and prevent CO»/carbonate reduction. Any thi-
ols formed may also just dissolve in the solution and may not be found in sufficient con-
centrations in the head space, but without any water present, protonation could not have

occurred.
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6  Synthesis and characterization of tochilinite analogues

6.1 State of the art

The first syntheses of tochilinite analogues were carried out by Kakos et al. in 1994.170 In
their work they used a freshly precipitated Mg-Al-hydroxide gel and freshly precipitated
iron sulfide that were combined and placed in an autoclave. At 2.5 bar of hydrogen gas
pressure they heated this mixture for 2 days at 200 °C. The product contained a mixture
of plates and rolled up multiwall tubes. The disordered nanocrystalline nature of the prod-
ucts posed difficulties both in characterization and adequate description. Nevertheless,
they found, that the material consists of negatively charged mackinawite-like layers al-
ternating in an incommensurate manner with hexagonal positively charged hydrotalcite-

like layers with a layer spacing of 10.4 A.

The composition was estimated by EDX to be 6 (Feo.79S) * 5.76 [Mgo.60Alo31(OH)2] for
the tubes and 6 (Feo.71S) * 4.92 [Mgo.70Alo.30(OH)2] for the plates based on the composi-
tion of previously described natural tochilinites. They did not investigate, if iron ions are

incorporated in the hydroxide layers, but they assumed that this is not the case.

Later syntheses of tochilinite analogues include the works of Kozerenko et al. (1996,
2001)'71172 Chistyakova et al. (2006)'”, Peng et al. (2007, 2009, 2014)**7*1"* and two
recent publications by Zhou et al. (2017) and Vacher et al. (2019)!7°. The syntheses of
Kozerenko et al. and Chistyakov et al. were also carried out with magnesium and iron
salts precipitated with sodium hydroxide and sodium sulfide, respectively. Peng et al.
were the first to use pure elements as starting materials and Zhou ef al. and Vacher ef al.
took up this approach. Because it is more convenient to use elemental iron instead of Fe**
salts and elemental sulfur instead of H>S or sulfide solutions, this approach was also pur-
sued for tochilinite syntheses during this work. All publications on tochilinite syntheses
point out, that proper characterization is a very tough task and suitable methods still need

to be established.

6.2 Determination of structure and composition

The determination of the structure of a tochilinite sample is very challenging because the

tochilinite structure is highly non-symmetrical, varies with its composition and diffraction
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experiments suffer from defects and strain effects within the particles. Synthetic samples
with a tochilinite-like structure have only been obtained in powder form from hydrother-
mal experiments. PXRD analysis can give some information on the structure of tochilinite
analogues but needs to be complemented by other methods. Figure 45 shows a theoretical
PXRD pattern calculated from Organova’s isometric tochilinite with big crystallites and

without any strain effects.
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Figure 45: Calculated PXRD pattern using Organova’s isometric tochilinite crystal

structure without strain or size effects.

It is apparent, that the most intensive diffraction peaks are the 001 and 002 diffraction
peaks caused by the reflections on the a-b-planes. The distance between two similar layers
corresponds to the d-value of the 001 diffraction peak. The d-value can be calculated with
the unit cell ¢ parameter of 10.72 A and B. All other diffraction peaks in the PXRD pattern
are relatively weak with intensities lower than 10% of the 001 diffraction peak due to the
absence of symmetry constraints. Peak broadening effects therefore lead to extensive
overlapping of the smaller diffraction peaks what causes difficulties for indexing and the
determination of their intensities. However, another problem arises from the variability
of the tochilinite structure and its composition. It has multiply been reported that the hy-
drothermal synthesis leads to tochilinite crystallites with slightly different compositions
and structures, what causes additional peak broadening and increases the overlap of the
low intensity diffraction peaks. Defects in the stacking sequence may also be common as
can be deduced from the simultaneous occurrence of nanotubes and flat sheets.
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d = csin(B)

SO 00 Mg® Fe©

Figure 46: View of the unit cell of Organova’s isometric tochilinite along the b axis.

The overlap of the 001 and 002 diffraction peaks is negligible as they are isolated in most
cases. However, these two do not contain much structural information except for the layer
spacings. An important feature of the 001 and the 002 diffraction peaks is, that their in-
tensity ratio varies significantly upon changing the Fe*" occupancy within the sulfide
layer. In theoretical simulations (figures 47 to 51) it was found that the amount of iron
vacancies in the sulfide part (parameter e) has a great influence on the intensity ratio. If
the metal sites in the hydroxide layer are assumed to be fully occupied, the difference in
the PXRD patterns caused by variations in the metal ion content (Fe**, Fe**, Mg?* and
AI*") has no significant influence on the diffraction peak intensities. In all calculated
PXRD patterns, a random distribution of vacancies does not lead to the appearance of
new peaks but an ordering of the vacancies leads to different structures. As an example,
figure 51 shows a calculated PXRD pattern using the tochilinite crystal structure with a

not random distribution of the iron vacancies.
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Figure 47: Calculated PXRD pattern using the structure of the isometric tochilinite variety

described by Organova with a formula of 6 FeS * 5 Mg(OH)..
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Figure 48: Calculated PXRD pattern using the structure of the isometric tochilinite variety

described by Organova with a formula of 6 Feo9S * 5 Mg(OH)..
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Figure 49: Calculated PXRD pattern using the crystal structure of the isometric tochilinite
variety described by Organova with a formula of 6 FeosS * 5 Mg(OH)..
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Figure 50: Calculated PXRD pattern using the crystal structure of the isometric tochilinite
variety described by Organova with a formula of 6 Feo 7S * 5 Mg(OH)..
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Figure 51: Calculated PXRD pattern using the crystal structure of the isometric
tochilinite variety described by Organova with a formula of 6 Feo.s7S * 5 Mg(OH). and
a vacancy distribution as shown in the insert with full circles representing occupied and

empty circles representing unoccupied iron positions.

As can be seen from table 11, the volume ratios of the sulfide and the hydroxide part can

vary over a certain range due the expansion or contraction of the sub structures.

Table 11: Compositions of natural tochilinite analogues.

Formula Reference
6 (FeosS) * 5 [Mgo.71Fe020(OH):] Org(aln 9O7V :)7? al.

6 (FeosS) * 4.47 [Mgo.53Fe0.47(OH)2] Harris and Vaughan

(1972)%°
6 (FeoS) * 4.92 [Mgo23Feo71(OH).] Harris(ellr91c712\)/§)ughan
6 (Feo7sS) * 4.71 [Mg,Fe(OH):] Ofg(alrlg();% etal.
6 (Feos1S) * 5.37 [Mgo.79Alo.21(OH)2] (Jla;r;lg§>;1
6 (Feo.s3Cu0.24S) * 4.95 [Mgo.73Alo20Ca0.01(OH):] Murama(ltlsgf;(l)r)lgzNambu
6 (FeS) * 5 [Fe(OH),] Ptzléc())\lf Stggzl.
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A theoretical formula containing the most prominent elements in natural samples is:
x (Mgd ; Fey's Fel!s; Ali"  OH(aspscraysz) * 6 (Feile * S)

The value of x results from the volume ratio of the brucite to the mackinawite sub struc-
ture and mainly depends on the occupancy of metal sites in both sub structures when
strictly alternating layers are assumed. As Guo et al. showed for mackinawite single crys-
tals, the a-parameter decreases with decreasing iron occupancy in the mackinawite struc-
ture.!”® The volume of the brucite sub structure depends on the relative content of the
different cations as the metal to metal distance varies slightly for Mg, Al, and Fe. There-
fore, many different values for x are reported for natural samples. The volume ratio x
would also change significantly if the layers would not alternate in an A-B-A-B but in an
An-B-Ap-B pattern with n>1. The variables a, b, ¢, d and e are constrained by charge
balancing. Every iron vacancy in the sulfide sub structure gives a charge of -2 if assumed
that there are no Fe** present. This charge needs to be compensated for by two trivalent

metal ions in the hydroxide sub structure.
10x (c +d) = 6e (71)
If e, ¢ and d can be determined, the value of x can be calculated as follows:

6e
X =1 (c+d) (72)

The content of sulfur, aluminum, magnesium and total iron can be obtained by elemental
analysis. The distinction between the iron species is more complicated, but the discrimi-
nation between Fe?" in the sulfide part and Fe?'/Fe*" in the hydroxide part is possible as
their coordination environment is different. Fe?* and Fe®" in the hydroxide layers have
different spin states and can thus also be determined separately. A suitable method to
obtain this data is MoBbauer spectroscopy as it can discriminate quantitatively between
Fe?" in the sulfide part and Fe?*/Fe*" in the hydroxide part. MoBbauer spectroscopy is not
a direct method and cannot give absolute values on the ratio of Fe?" to Fe* as the fits
used for the obtained spectra need reasonable parameters. It is necessary to have a good
estimate on how many iron species a sample contains and in which environment they are
expected. Therefore, the tochilinite syntheses have to be carried out in a way, that the

occurrence of Fe’" and Fe** can realistically be estimated.
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6.3 Reaction conditions and preliminary experiments

6.3.1 Synthesis with precipitated iron sulfide

The initial reactions to synthesize tochilinite analogues were carried out in a nitrogen
atmosphere using freshly precipitated aluminum and magnesium hydroxide and iron sul-
fide following the procedure of Kakos et al. Because Kakos et al. and Kozerenko et al.
reported reaction temperatures in the range of 80 °C to 320 °C, a temperature of 160 °C
was chosen for these reactions. High pressure steel autoclaves with a 50 ml Teflon inlet
were selected for the reactions which have a stability limit of 180 °C. Iron sulfide was
precipitated by adding an ammonium disulfide solution to an ammonium iron sulfate so-
lution in a glove box. Magnesium and aluminum hydroxide were prepared together in a
beaker by adding sodium hydroxide solution to a solution of magnesium and aluminum
nitrate. The hydroxides and the iron sulfide were mixed in the autoclave which was then
filled to 25 ml with distilled oxygen free water. As the autoclaves did not have a gas inlet,
no hydrogen atmosphere could be maintained. The autoclaves were sealed and heated in
an oven for three days at 160 °C. The only products that could be isolated were magnetite
and magnesioferrite, respectively (Toch _1). The absence of oxygen was not sufficient to
prevent the oxidation of Fe*" to Fe** by water at 160 °C. Therefore, the temperature was
lowered and reactions at 95 °C were carried out in a Schlenk flask in a nitrogen atmos-
phere. In two Schlenk flasks, the iron sulfide and the hydroxides were prepared by pre-
cipitation from ammonium iron sulfate and magnesium and aluminum nitrate as before.
The sulfide suspension was then transferred into the hydroxide containing flask with a
syringe and the obtained suspension stirred for one week at 95 °C. This procedure possi-
bly has led to the formation of a tochilinite analogue as there is a strong diffraction peak
that fits to the tochilinite 002 diffraction peak although the 001 diffraction peak is missing
(Toch_2). Additionally, reflections caused by silicate phases appear that are introduced
into the system from the flask itself. Working at low temperatures in Schlenk flasks was
not very promising and therefore no further investigations were carried out in this system.
To be able to work at high temperatures and establish a reducing hydrogen atmosphere in

situ, elemental magnesium and elemental aluminum were used instead.
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Mg + 2 H,O — Mg(OH), + H21 (73)
Al+3 H20 — AI(OH)s + 1% Ha? (74)

The iron sulfide was precipitated like in the previous experiments and transferred together
with magnesium and aluminum in the autoclaves which were then sealed and heated to
160 °C for three days. This approach clearly led to the synthesis of a tochilinite analogue
that was identified by PXRD analysis as it exhibits the strong 001 and 002 diffraction
peaks with d-values comparable to the ones reported in the literature. The diffraction

peaks are sharp with a good signal to noise ratio (Toch_3).
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Figure 52: PXRD pattern of Toch 3.

The only side products that could be identified are magnetite and brucite. Further reac-
tions using this system led to comparable products, but the results were not very repro-

ducible (Toch 3, Toch 4, Toch 5, Toch 6).
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6.3.2 Synthesis with solid starting materials

To circumvent the difficulties of working with iron salts and (NH4)HS-solutions and to
increase the reproducibility, all further tochilinite syntheses should be carried out using
only solid starting materials. Iron sulfide that shows similar characteristics to precipitated
mackinawite could be synthesized from the elements as explained above. The macki-
nawite synthesis was carried out in 25 ml microwave vials from a mixture of elemental
iron and sulfur at room temperature following the standard procedure. The reaction of a
mixture of elemental iron, sulfur, aluminum, magnesium and water in the Teflon lined
steel autoclaves at 160 °C led to the synthesis of a tochilinite analogue (Toch_7). The
same applies to the reaction of a mixture of magnesium and aluminum with pre-synthe-
sized nano-mackinawite from elemental iron and sulfur (Toch_8). The obtained PXRD
patterns of the tochilinite analogues had a good signal to noise ratio and sharp diffraction
peaks what made the investigated systems suitable for further tochilinite syntheses. The
next step was to get more information on structure and composition of the synthesized
tochilinite analogues but it was not possible to do a reliable indexation of the PXRD pat-
terns as the diffraction peaks strongly overlap and only the positions of the 001 and 002
diffraction peaks could be determined. As stated earlier, elemental analysis combined
with MoBbauer spectroscopy can give deeper insights into the structure. The samples
contained a variety of side products that needed to be removed first to ensure a reliable
elemental analysis and MoRBbauer spectroscopy. Therefore, a lot of experimental effort
was directed towards the correlations between the reaction conditions, the composition

of the starting mixture and possible side products.

6.4 Controlled synthesis of tochilinite analogues

6.4.1 Overview

As shown before, there are many natural layered hybrid sulfides that have not attracted
much attention what may be attributed to the difficulties in their controlled synthesis. This
is why a systematic development of reaction conditions that are able to control the com-
positions of the different layers is highly desirable. As tochilinite analogues can contain
different metal ions in the sulfide layers like Fe?", Ni** and Cu** and even more in the

hydroxide layers it was necessary to restrict the syntheses of tochilinite analogues to a
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reasonable selection. Transition metal ions like Cu?", Ni** and Zn?* can replace iron ions
in the hydroxide layers as well as in the sulfide part. This may cause difficulties for the
syntheses because controlling the occupation of the desired metal positions is not easily
achieved. Additionally, most transition metals form stable sulfides like CuS, NiS and ZnS
what leads to massive side product formation as they are less soluble than FeS which has

been observed in a reaction containing Zn** (Toch_9).

Most abundant natural tochilinite contains mainly Fe?* in the sulfide layers and Mg?",
AI**, Fe*" and Fe*" in the hydroxide layers. Therefore, this selection of ions was regarded
to be of most importance and the corresponding metals were used for the controlled syn-
thesis of tochilinite analogues. This leads to four possible tochilinite-like endmembers as

shown in table 12 that should be synthesized during this work.

Table 12: Theoretical compositions of the tochilinite analogues that are the aim of the

syntheses of tochilinite analogues in this work.

Name Composition

Mg-Al-tochilinite x| Mgll; AU  (OH) (q4p)sz] * (Feil, xS)

Mg-Fe-tochilinite x| Mgll; Fel! « (OH)(a1p)y-z] * (Feilo % S)

Fe-Fe-tochilinite x| Fell ;Fel! « (OH)(q1p)e2] * (Feily * S)
Fe-Al-tochilinite x| Fell ; AU « (OH) (q1p)s2] * (Fell, xS)

In summary, the aim of the synthetic work was to develop the syntheses of these four
tochilinite analogues in very pure form to carry out proper characterization. If the synthe-
ses of these four endmembers could be established, all compositions in between these
endmembers should also be realizable. As the exact structures and compositions of the
desired materials are unknown, the first task was to find reasonable starting mixtures and
reaction conditions. To investigate possible reaction conditions, the reactivity of several
starting materials and their ratios, reaction temperatures and some additives were inves-
tigated. The reaction products were determined by PXRD analysis. As all patterns were
obtained with the same measurement parameters, absolute diffraction peak areas of the
least overlapping diffraction peaks were obtained by fitting with the same background

function for comparison.
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A universal reaction in the investigated systems is the oxidation of Fe?" that takes place

at high temperatures independent of the composition of the starting mixture.

2 Fe? +2 H,0 = 2 Fe* +2 OH + Hat (75)

The oxidation of Fe*" to Fe** can lead to the formation of sulfur, pyrrhotite, pyrite and

magnetite that are very stable and not easily removed.

2 Fe** +3 8% - 2FeS| + % Ss| (76)

FeS + % Sg — FeSy| (77)

FeS + H>S — FeS»| + Ha? (78)

2 Fe** + Fe?* + 4 HyO — Fe304) + 8 H (79)

A feasible way to prevent the oxidation is to shift the equilibrium of reaction 75 to the
left side with an appropriate hydrogen gas pressure in the autoclave. Following this, the
total mass of the starting mixture and the corresponding amount of hydrogen gas released

is very important for the products formed.

6.4.2 Mg-Al-tochilinite

The synthesis of Mg-Al-tochilinite was carried out with different starting materials and
different ratios of the reactants, reaction temperatures and reaction times to explore the
reactivity and the formation of side products. An important aim of the Mg-Al-tochilinite
synthesis is the minimization of Fe?*" and Fe** incorporation into the hydroxide layers.
The exclusion of Fe**/Fe*" in the hydroxide layers is a tough task though, as they are
omnipresent in the reaction systems. Proper reaction conditions may minimize their in-
corporation by controlling the concentrations of free iron ions. The variety of starting

mixtures in this system is summarized in table 13.

Table 13: Sources of the necessary elements in different starting mixtures for the Mg-

Al-tochilinite syntheses.

Mixture Fe?* S* Mg?* AP
source source source source
Mg-Al-A Fe S Mg Al
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Mg-Al-B FeS FeS Mg Al

Mg-Al-C FeS FeS MgO Al

Mg-Al-D FeS FeS Mg Al(OH);

In the PXRD patterns from all obtained product mixtures, tochilinite-like diffraction
peaks have been observed (Toch MgAl 1, Toch MgAl 2 Toch MgAl 3,
Toch MgAl 4). In general, no difference was observed between the use of freshly pre-
pared and dry stabilized iron sulfide (Toch 3, Toch MgAl 2). The side products identi-
fied this system of H>O, Fe, S, Mg and Al at 130 °C and 160 °C are listed below with the

corresponding reactions of formation.

I) Elemental iron; Fe
3 Fe +4 H,O = Fe304| +4 Hat (80)
Fe + H2S = FeS| + Ha? (81)
Fe + s Sgs = FeS| (82)

Residual elemental iron can be observed in the product mixture if the oxidation is incom-
plete as it is relatively stable in a hydrogen gas atmosphere. The oxidation of elemental
iron 1s much faster, if it is oxidized by H>S/Sg instead of H>O as can be deduced from the

products of Toch. MgAl 5 and Toch MgAl 6.

1) Magnesium hydroxide; Mg(OH), with brucite structure

Mg + 2 H20 — Mg(OH)2| + Ha? (83)
Mg +Sh = [MgSn]aq (84)
[MgSn]aq + HZO \_—\ HSn- + Mg2+ + OH- (85)

Magnesium is a very reactive compound that is oxidized by H>O already at moderate
temperatures. If it is mixed with elemental sulfur, it even reacts at room temperature form-

ing polysulfide complexes while increasing the pH value of the solution.

Il)  Aluminum hydroxide; Al(OH); with bayerite structure
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2 Al +3 H,0 — 2 AI(OH)3| + 3 Hat (86)

Aluminum is less reactive than magnesium and does not react with sulfur at room tem-
perature in neutral solution. It is very sensitive to pH changes and thus can be oxidized at

room temperature in acidic as well as basic solution.

IV)  Layered double hydroxides [(Mgix, Alx) (OH)]*" * x A°
A= HS-g HSn-, Y SZ-’ v SHZ-; 0<x<04

1-x Mg® + x A"+ x HS" + 2 OH" — [(Mg1.y, Aly) (OH)2] * x HS™| (87)

Layered double hydroxides (LDHs) contain brucite-like layers in which some of the Mg**

13*. To balance the resulting positive charge, anions

are replaced by trivalent cations like A
are intercalated between the sheets. In some tochilinite syntheses, diffraction peaks cor-
responding to layered double hydroxides have been observed. The PXRD patterns show
one strong diffraction peak at d = 7.9 A and a second one at d = 3.95 A. A representative
example is shown in figure 126 (Toch MgAl 7). For comparison, a layered double hy-
droxide composed of magnesium hydroxide, aluminum hydroxide and sulfide interlayer
anions was synthesized and the corresponding PXRD pattern fits well to the side product
in the tochilinite syntheses (Toch_ MgAl 8). Phases with diffraction peak positions in the
same 2theta region have also been observed when using elemental magnesium and alu-
minum without any sulfur present (Toch. MgAl 9, Toch MgAl 10). These phases could

not be identified but could be suppressed by avoiding an excess of magnesium and alu-

minum.
V) Elemental sulfur; S

Elemental sulfur is rarely found as a side product and has only been observed at a reaction

time of one day at 130°C as excess sulfur quantitatively forms pyrite with time.
VI)  Iron sulfide; FeS with pyrrhotite structure

Pyrrhotite occurred in every tochilinite synthesis in the Mg-Al system. Mackinawite is
the first iron sulfide phase that precipitates from aqueous solution and rapidly transforms
to pyrrhotite at high temperatures under reducing conditions. Therefore, the occurrence
of pyrrhotite is a kinetic problem and may only be minimized but never precluded com-

pletely.
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FeS (mackinawite) — FeS (pyrrhotite) (88)

Tochilinite cannot form from pyrrhotite what indicates that the solubility of pyrrhotite is
lower than the solubility of tochilinite. To minimize the amount of pyrrhotite formed, the
formation of tochilinite from mackinawite needs to be faster than its transformation to
pyrrhotite. The formation of tochilinite depends on the simultaneous availability of all
constituents (Mg**, AI**, OH", Fe?*, S¥) and is therefore controlled by several parameters

that will be discussed in more detail below.
VII) [Iron sulfide; FeS> with pyrite structure

Pyrite consists of Fe?" and disulfide ions and forms from the reaction of iron or iron sul-

fide with elemental sulfur or H»S.

FeS + HaS = FeSy| + Hat (89)

S + FeS — FeSz (90)
VIII) Iron oxide; FesO4 with magnetite structure

Magnetite forms from elemental iron upon oxidation with water and has been formed in

every tochilinite synthesis.

3 Fe + 4 H,0 = FesO4) + 4 Hat (91)

These eight side products need to be suppressed during the reaction or removed from the
product mixture afterwards. Additionally, the incorporation of Fe** and Fe** into the hy-
droxide layer has to be prevented to ensure the desired composition of x [(Mgll ; AlJIT) «
(OH)(g+b)s2] * 6 (Fef_, * S). The exclusion of Fe?" and Fe*" seems not to be possible us-
ing pre-prepared mackinawite as was deduced from a MoBbauer investigation of

Toch MgAl 11 which is shown below.
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Figure 53: MoBbauer spectrum of Toch_ MgAl 11. Orange: Fe** in the hydroxide lay-

ers, dark blue: Fe*" in the hydroxide layers, green: Fe?" in the sulfide layers.

The parameters of the fit are summarized in table 14 and show high amounts of Fe*" and

Fe*" in the hydroxide layers.

Table 14: Fitting parameters of the MdBbauer spectrum of Toch MgAl 11. The parame-
ters fitted are the center shift J, the quadrupole splitting AEp, the width at half maximum
I" and the area of the peaks A4.

Site o0 [mm/s] AEp [mm/s] I' [mm/s] A [Y%]
Fe?" Sulfide 0.71(1) - 0.56(1) 43
Fe’" Hydroxide 1.11(1) 2.58(1) 0.37(2) 17
Fe’" Hydroxide 0.03(1) - 0.57(1) 40

The Md6Bbauer analysis clearly shows that the tochilinite syntheses need to be controlled
to achieve the desired distribution of iron ions in the hydroxide layers. Using pre-prepared
mackinawite does not seem to be suited in a system with Mg and Al. A reasonable ap-
proach to exclude Fe?" and Fe** from the hydroxide layers is the use of elemental iron in

a hydrogen rich atmosphere that mainly oxidizes in the reaction with sulfur or hydrogen
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sulfide to form mackinawite what minimizes the concentration of Fe?" and Fe?' in the

solution.

The starting mixture Mg-Al-A is considered to be the most promising in excluding
Fe?*/Fe*" from the hydroxide layers and was thus investigated in more detail. At first, the
influence of the total mass, the reaction time and the reaction temperature were investi-
gated. Four reactions with decreasing amounts of a fine ground mixture of Fe, S, Mg and
Al were carried out at 160 °C for 6 days. The ratios of the elements correspond to the
theoretical ratios of Organova’s isometric tochilinite. The absolute values for the diffrac-

tion peak areas are shown in table 15.

Table 15: Absolute diffraction peak areas from different products in Mg-Al-tochilinite
syntheses with identical PXRD settings. Bru = brucite, Fe = iron, Pyr = pyrite, Toch =
tochilinite, LDH = layered double hydroxide, Mag = magnetite, Pyh = pyrrhotite.

Total Bru Fe Pyr | Toch | LDH | Mag | Pyh

Exp.
P mass/g | (001) | (110) | (200) | (002) | (001) | (311) | (228)

Toch MgAl 7 0.50 30 201 0 100 7 26 0

Toch MgAl 11 0.42 21 32 0 99 13 6 160

Toch MgAl 12 | 0.34 8 51 1 94 0 14 | 28

Toch MgAl 13 | 0.26 6 | 44 2 97 0 12 | 27

From these experiments it can be concluded that:

e Besides tochilinite, residual iron, layered double hydroxides, brucite, pyrite, mag-
netite and pyrrhotite are products of these reactions.

e With less starting mixture, less Mg and Al is oxidized what lowers the partial
pressure of Hz during the reaction and the amount of brucite in the products.

e With less H» in the system, more Fe is oxidized and the amount of residual Fe in
the product mixture gets less but not linearly as it also depends on the sulfur spe-
cies in the system.

e The amount of magnetite is related to the amount of residual iron and probably

only forms on the iron surface and does not precipitate from solution.
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e The lower the amount of starting material the more pyrite and pyrrhotite formed

what may be attributed to increased iron oxidation.

e Pyrrhotite and the LDH are present in the same reaction although mackinawite as

the pyrrhotite precursor can react with the LDH to form tochilinite. This observa-

tion can be explained by kinetic considerations. If the formation of tochilinite from

LDH and mackinawite is not faster than the transformation of mackinawite to

pyrrhotite, both side products appear simultaneously.

e In summary it is obvious, that small changes in the starting mixture can have a

huge influence on the products formed and that it is very hard to predict the exact

outcome of any changes of the starting mixture.

To investigate the influence of the reaction time, a series of reactions with the same

amount of the same starting mixture at 130 °C with different reaction times was carried

out (Toch_ MgAl 14 to Toch MgAl 17). This series also gives some additional mecha-

nistic insights into this reaction system.

Table 16: Absolute diffraction peak areas from different products in Mg-Al-tochilinite

syntheses with identical PXRD settings. Bru = brucite, Fe = iron, Pyr = pyrite, Toch =

tochilinite, LDH = layered double hydroxide, Mag = magnetite, Pyh = pyrrhotite.

Exp. Time/ Bru Fe Pyr | Toch | LDH | Mag | Pyh

days (001) | (110) | (200) | (002) | (001) | (311) | (228)
Toch MgAl 16 1 3 19 3 0 0 0 0
Toch MgAl 17 2 2 14 3 1 1 0 0
Toch MgAl 18 3 1 6 2 1 0 0 0
Toch MgAl 19 4 2 3 3 3 0 0 0

From the information of all reactions in this system it can be concluded that:
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e The first reaction that occurs is the oxidation of magnesium coupled with the for-
mation of a soluble magnesium polysulfide complex. The pH value of the solution

increases significantly.

Mg + Sn = [MgSn]aq (92)
[MgSh]aq + H2O = HS, + Mg?" + OH (93)
Mg +2 OH = Mg(OH),| (94)

e With the rising pH value and temperature, aluminum oxidizes after magnesium
what probably leads to the formations of amorphous layered double hydroxides
consisting of (poly)sulfides, Mg(OH), and AI(OH)s.

e After one day at 130 °C, no aluminum, magnesium or sulfur are present in the
products whereas brucite and pyrite formed.

e Iron reacts with sulfur or polysulfides to form pyrite within the first day. The
amount of pyrite that was present after one day did not change significantly with
further reaction progress.

e With time Fe is oxidized either by sulfur or H>O and iron sulfide is formed which
reacts with dissolved magnesium, aluminum and OH™ to form tochilinite.

e The amounts of LDH and iron in the product mixture decrease upon further reac-
tion. By dissolution of the LDH, AI** and Mg?" are released again into the solution
and additional brucite forms. The oxidation of Fe adds Fe** to the solution and
together with sulfide ions more tochilinite is formed.

e The system of Mg, Al, Fe and S is very complex as some species linearly decrease
or increase but others may form and get consumed again what may be attributed
to changing concentrations of polysulfide species and in pH value.

e Therefore, it is crucial to keep the reaction time and temperature constant when
varying the ratios of the starting materials to obtain reproducible results.

e The concentrations of all soluble species may rise and fall again during the reac-
tion what definitely applies to brucite and LDH. Pyrite, pyrrhotite and tochilinite

do not seem to dissolve again after they have once formed.

A reaction with the same starting mixture as for Toch MgAl 16 was carried out at 160 °C
for three days and showed much fewer side products relative to the tochilinite formed.

Only brucite, iron, magnetite and a small amount of pyrrhotite could be identified besides
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tochilinite (Toch_MgAl 20). As an interplay of the kinetics of the different reactions in-
volved determines the side products formed, the increased reaction temperature has a
huge impact. No pyrite nor LDHs were found in the product mixture as they did not form
or were dissolved again during the reaction. Consequently, all following reactions were
carried out at 160 °C for three days with the same total mass of the starting mixture. The
ratios of Fe, S, Mg and Al seem to be close to an ideal one, but there is still potential to
minimize brucite and pyrrhotite. The decrease of the relative amount of sulfur in the start-

ing mixture led to a decrease in tochilinite formed and a rise in pyrrhotite

(Toch_MgAl 20, Toch MgAl 21).

Table 17: Absolute diffraction peak areas from different products in Mg-Al-tochilinite
syntheses with decreasing relative amounts of sulfur using identical PXRD settings. Bru
= brucite, Fe = iron, Pyr = pyrite, Toch = tochilinite, LDH = layered double hydroxide,
Mag = magnetite, Pyh = pyrrhotite.

Sulfur/ | Bru Fe Pyr | Toch | LDH | Mag | Pyh

Exp.
g (001) | (110) | (200) | (002) | (001) | (311) | (228)

Toch MgAl1 20| 030 | 15 | 22 | 0 [101 | O | 22 | 5

Toch MgAl 21| 028 | 15 | 15 | 0 | 79 | 0 | 17 | 10

The complexity of this reaction system makes it a very time-consuming task to adjust the
starting mixture and it may be impossible to carry out a completely side product free
tochilinite synthesis in a system of Fe, S, Mg and Al. The reaction conditions of
Toch MgAl 20 seem to be very promising though. Instead of adjusting the starting mix-
ture further it was more reasonable to find a way to remove the remaining side products
after the reaction. As all of them are dissolvable in acid, a series of acidic treatments was
carried out involving ammonium ions. Tochilinite is dissolvable in acidic solution as well

and the yield may get lower during the treatment.
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Mg(OH), + 2 HCl = Mg?* + 2 CI' + 2 H,0 (95)

FeS +2 HCl = Fe?" + 2 CI' + HaS (96)

Fe+2 HCl = Fe** + 2 CI' + H; (97)

Fe;0s+ 18 NH3 + 8 H' 2 2 [Fe(NHs)6]*" + [Fe(NH3)6]*" + 4 H20 (98)
FeS + 6 NH; + 2 H = [Fe(NH3)s]*" + HaS (99)

Any contamination by amorphous hydroxides or oxides that may not be visible in the
PXRD pattern would be removed as well what is important for a reliable elemental anal-
ysis. The series includes the treatment with diluted HCl or NH4Cl or the addition of
NH4Cl to the starting mixture. NH4Cl was chosen because NH3 can form stable com-
plexes with Fe?" and Fe** and may dissolve FeS and Fe;O4. Magnetite was not the target

of the acidic treatments as it can be removed with a magnet.

The treatment with HCl and NH4Cl led to similar observations as brucite and iron were
removed in both cases but the amounts of pyrrhotite and magnetite were unchanged. If
the treatments were carried out with high concentrations or increased temperatures pyr-
rhotite and magnetite were still unchanged but tochilinite dissolved instead. The same
was observed if NH4Cl was present in the starting mixture (Toch MgAl 23 to
Toch MgAl 26). In this regard, it was not possible to obtain a pure Mg-Al-tochilinite
analogue without iron ions present in the hydroxide layers and the focus was shifted to-

wards the other compositions that may be accessible more easily.
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6.4.3 Mg-Fe(IlI)-tochilinite

For the synthesis of Mg-Fe(Ill)-tochilinite also different starting materials with different
ratios, reaction temperatures and reaction times were used to explore their reactivity. The

different starting mixtures in this system are summarized in table 18.

Table 18: Sources of the necessary ions in different starting mixtures for the Mg-Fe(I1I)-

tochilinite syntheses.

Mixture Iron Sulfur | Magnesium Fe3* Experiments
name source source source source

Mg-Fe-A Fe S Mg Fe Toch_MgFe 1

Mg-Fe-B K S Mg FeO(OH) | Toch MgFe 2

Mg-Fe-C FeS FeS MgO Fe/FeS Toch MgFe 3/4

Mg-Fe-D FeS FeS Mg FeO(OH) | Toch MgFe 5

In the PXRD patterns of the products from all reactions in this system tochilinite-like
diffraction peaks could be observed. The exclusion of Fe** from the hydroxide layers is
in principle possible by two approaches. Because the oxidation of elemental iron is slower
than the oxidation of Fe?" to Fe**, the concentration of Fe?* should be low under suitable

oxidizing conditions in a system of Fe, S and Mg.

Fe +2 H' — Fe*" + Hat (100)

2 Fe** +2H" = 2 Fe*" + Hat (101)

The second approach is to use FeO(OH) as the Fe*" source what would exclude any Fe**
if tochilinite formation is faster than the reduction of Fe** to Fe** which cannot be ruled

out completely.

From the Mg-Fe-A mixture tochilinite can only form if iron is oxidized to Fe** as no other
trivalent cation is available. This oxidation determines the speed of tochilinite formation
and is the key step using this mixture. In the corresponding reactions the following side
products were identified. If nothing else is said, the same reactions and conditions apply

that are specified in the Mg-Al-tochilinite system.
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I Elemental iron; Fe
1) Magnesium hydroxide Mg(OH), with brucite crystal structure
IIT)  Iron sulfide FeS with pyrrhotite structure

Pyrrhotite occurred in every tochilinite synthesis with the Mg-Fe-4 mixture like in all
reactions towards Mg-Al-tochilinite. These systems are very similar and the occurrence

of pyrrhotite is kinetically controlled and may not be precluded completely.
IV)  Iron sulfide FeS, with pyrite structure

The side products that occur in the Mg-Al-tochilinite reactions are similar to the ones
observed using this mixture, except for the formation of LDHs. Therefore, it is reasonable
to suggest, that the formation of sulfide containing LDHs requires the availability of AI**

and Mg*" and is impossible from Fe?"/Fe’*.

To investigate the influence of the ratio of the three starting materials, two series were
carried out at 160 °C with a reaction time of three days. In the first series the amount of
iron and sulfur were kept constant whereas the amount of magnesium was lowered in
small steps. In the second one, the amount of iron and magnesium were kept constant and
the amount of sulfur was lowered in small steps. The corresponding PRXD patterns for
the first series are shown in the figures 147 and 152 to 154 (Toch MgFe 1,
Toch_MgFe 6, Toch MgFe 7, Toch MgFe 8). The dependence of the product ratios is

not intuitive and needs further explanation:

e With a decreasing amount of magnesium in the starting mixture, the amount of
brucite in the products decreases whereas the amount of residual iron increases.

e The amounts of tochilinite, magnetite, pyrite and pyrrhotite are not proportional
to the amount of magnesium in the starting mixture.

e This behavior may be explained by an interplay of the oxidation rate of iron to

Fe?" and the subsequent oxidation of Fe** to Fe**.
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Mg + Si + H2O — Mg?" + HS," + OH" (102)

Mg?* + 2 OH — Mg(OH),/ (103)
2 H" + Fe — Fe?" + Hat (104)
2H"+2Fe?" =2 2 Fe** + Hy? (105)
HS.+ Fe — FeS + HSu.1” (106)

Table 19: Absolute diffraction peak areas from different products in Mg-Fe(III)-
tochilinite syntheses with identical PXRD settings. Mg = magnesium, Bru = brucite, Fe
= iron, Pyr = pyrite, Toch = tochilinite, Mag = magnetite, Pyh = pyrrhotite.

Mg/ | Bru Fe Pyr | Toch | Mag | Pyh

Exp.
mg | (001) | (110) | (200) | (002) | (311) | (228)

Toch MgFe 1| 50 [ 107 | 36 | 0 | 62 | 9 | 87

Toch MgFe 6| 36 | 40 | 49 | 10 | 81 | 19 | 55

Toch MgFe 7| 20 | 21 | 80 | 6 | 53 | 0 | 60

e The amount of magnesium determines the pH value as it quantitatively reacts with
sulfur forming basic polysulfide anions. The dissolution of elemental Fe is slowed
down at higher pH values but increased at higher polysulfide concentrations.

e Therefore, small amounts of magnesium increase the pH and prevent iron oxida-
tion and magnetite formation, but a higher magnesium content in the starting mix-

ture leads to more polysulfide anions and increases the iron dissolution again.

The second series that was carried out to explore the influence of the sulfur shows a linear
dependence of the system as can be seen from the corresponding PXRD patterns

(Toch_MgFe 8 to Toch MgFe 10) and table 20.
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Table 20: Absolute diffraction peak areas from different products in Mg-Fe(III)-
tochilinite syntheses with identical PXRD settings. Bru = brucite, Fe = iron, Pyr = py-
rite, Toch = tochilinite, Mag = magnetite, Pyh = pyrrhotite.

Sulfur | Bru Fe Pyr | Toch | Mag | Pyh

Exp.
/g (001) | (110) | (200) | (002) | (311) | (228)

Toch MgFe 8 0.12 10 25 9 45 9 57

Toch MgFe 9 | 0.14 | 43 | 23 | 42 | 48 | 0 | 60

Toch MgFe 10| 0.17 | 71 8 | 136 | 15 | 0o | 36

As the amount of sulfur increases, the formation of pyrite is pronounced what leads to a
decrease in tochilinite formation. Less tochilinite formed corresponds to more brucite that
is present in the product mixture. As pyrite is very stable and cannot be removed, the

amount of sulfur should be restricted to a necessary minimum in this system.

Fe-Mg-tochilinite synthesis with a mixture of Fe, S and Mg possibly prevents the incor-
poration of Fe?" into the hydroxide layer but leads to magnetite and especially pyrrhotite
and pyrite that are hard to be removed. The main problem is the control of the oxidation
of elemental iron and the formation of FeS. Therefore, experiments with previously pre-
pared mackinawite (mixture Mg-Fe-D) were carried out using FeO(OH) as the Fe**

source and elemental Mg to maintain a hydrogen atmosphere.

The mixtures Mg-Fe-B and Mg-Fe-C were not investigated further as they also showed
greater amounts of pyrrhotite and pyrite what is likely a consequence of the use of ele-

mental iron.

With the Mg-Fe-D mixture tochilinite can form easily as all necessary ions are present
from the start of the reaction but the solubility of FeO(OH) is very low which slows the
formation of tochilinite down and offers time for side products to form. In the correspond-
ing reactions the following side products were identified (Toch_MgFe 4) and if nothing

else is said, the same reactions apply that are specified in the Mg-Al-tochilinite system.

I) Magnesium hydroxide Mg(OH). with brucite structure
IT) Iron sulfide FeS with pyrrhotite structure

115



Pyrrhotite occurred in some tochilinite synthesis with this mixture but could be sup-

pressed if FeO(OH) was used in excess.
IITI)  Iron oxide hydroxide FeO(OH) with goethite structure

Residual goethite was found in the product mixture if its excess used was too high.
IV)  Iron oxide Fe3O4 with magnetite structure

Magnetite was present in every reaction using the Mg-Fe-D mixture as it forms from Fe**

and FeO(OH).

Fe*" + 2 FeO(OH) — Fe304) +2 H* (107)

As magnetite does not react with FeS and Mg(OH): to form tochilinite, the solubility of
magnetite is expected to be lower than that of tochilinite. This is very beneficial for the
synthesis of Mg-Fe-tochilinite as any surplus Fe?* that is not incorporated into the sulfide
layers can be bound by the formation of magnetite and does not enter the hydroxide part.
The pre-prepared iron sulfide contains equimolar amounts of Fe?" and S* but the
tochilinite formation causes the release of Fe*" into the solution to create a certain amount
of iron vacancies. These Fe** would partly be incorporated into the hydroxide layer what
has to be prevented. The formation of magnetite is a minor problem as it can be removed
completely with a magnet. The use of excess sulfur in the iron sulfide synthesis did not
work well as it led to increased amounts of pyrite in the products (Toch MgFe 11). After
adjusting the ratio of Mg to FeS, a sample was obtained that only contained magnetite as
a side product (Toch_MgFe 12). The removal of the magnetic products with a Teflon
coated neodymium magnet was very successful and led reproducibly to Mg-Fe-tochilinite

samples without any side products identifiable in the PXRD patterns (Toch MgFe 13).

The disadvantage of this method is that much more product is removed than iron and
magnetite are present in the product mixture. This implies, that tochilinite is strongly at-
tached to the magnetite in the mixture and is removed with it. It cannot easily be separated
from the magnetite. Ultrasonication of the reaction mixture for one hour did not increase
the tochilinite yield. The amount of magnetite formed depends on the amount of FeO(OH)
in the starting mixture and decreases by lowering it. Therefore, a series of reactions was

carried out with decreasing amounts of FeO(OH) that is summarized in table 21.
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Table 21: Correlation between the used mass of FeO(OH) and the removed magnetic

material in Mg-Fe(III)-tochilinite syntheses.

Experiment Mass of FeO(OH) / g slil:il:cxt I‘:;‘s";’i/do
Toch_MgFe 14 0.486 20
Toch MgFe 15 0.409 10
Toch_MgFe 16 0.300 1
Toch MgFe 17 0.221 0

The starting mixture of Toch_MgFe 16 is the best one in this series and probably the best
one for the Mg-Fe-tochilinite system. Only a little amount of magnetite had to be removed
and the PXRD pattern shows no signs of pyrrhotite or brucite. Using the starting mixture
of Toch MgFe 17 led to the formation of brucite as not enough Fe** were present in the
reaction system. The reaction is very reproducible and characterization was carried out

with the product of reaction Toch MgFe 18 using 0.31 g FeO(OH).

6.4.4 Fe(Il)-Fe(IlI)-tochilinite (ferrotochilinite)

A synthesis for tochilinite analogues exclusively containing Fe?" as the divalent cation in
the hydroxide layers has not been reported in the literature. Pekov et al. reported on a
natural Fe(II)-Fe(III)-tochilinite in 2012 that they called ferrotochilinite.®* The synthesis
of Fe(Il)-Fe(Ill)-tochilinite was also carried out with different starting materials, ratios
and reaction temperatures to explore their reactivity. The different starting mixtures in

this system are summarized in table 22.
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Table 22: Sources of the necessary ions in different starting mixtures for the Fe(II)-

Fe(III)-tochilinite syntheses.

Mixture Sulfur
Fe?* source Fe3* source Experiments

name source
Fe-Fe-A Fe S FeO(OH) Toch_FeFe 1
Fe-Fe-B Fe FeS FeO(OH) Toch FeFe 2
Fe-Fe-C FeS FeS FeS Toch FeFe 3
Fe-Fe-D Fe S Fe Toch FeFe 4

All reactions with the mixtures Fe-Fe-A to Fe-Fe-C were carried out at 160 °C as this
reaction temperature worked well for Mg-Al-tochilinite and Mg-Fe-tochilinite syntheses

but the only products found were residual iron, magnetite and pyrrhotite.

Fe+S — FeSpyrrhotitel (108)

3 Fe +4 H>O = Fe304| +4 Hp? (109)

After several experiments it turned out, that lowering the reaction temperature is the key
step for this system. An experiment at 130 °C using only a mixture of Fe and S led to the
successful formation of Fe(Il)-Fe(Ill)-tochilinite (Toch FeFe 4). If the same reaction
was carried out at 160 °C, again only pyrrhotite and magnetite were formed. This implies,
that Fe-Fe-tochilinite has a stability limit during the synthesis of 130 °C in the reaction
systems used. Lowering or increasing the total mass of the iron and sulfur starting mixture
did not show significant differences in the products formed (Toch FeFe 5,
Toch_FeFe 6). The only side products found in this reaction were magnetite and traces
of elemental iron. Iron and magnetite could be removed by a strong Teflon coated neo-
dymium magnet. It was possible to attract all magnetite and residual iron to get a pure
Fe(I1)-Fe(IlI)-tochilinite sample (Toch FeFe 7). The removal of the magnetic side prod-
ucts led to an even greater drop in tochilinite yield as observed in the Mg-Fe-tochilinite

system. The yield dropped from approximately 95 % as estimated from the PXRD pattern

to around 10 % after removing the magnetic part.
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Fe+S — FeS| (110)

FeS = Fe?" + S§* (111)
Fe +2 H,O — Fe?' +2 OH" + Hot (112)
2 Fe** +2 H,0 = 2 Fe’" + Hat +2 OH- (113)

As the amount of magnetite should be reducible by increasing the amount of sulfur in the
starting mixture, a series of reactions was carried out to find the optimum Fe to S ratio.
The PXRD patterns of this series are presented in figures 166 and 169 to 172.
(Toch_FeFe 7toToch FeFe 10)and table 23 shows the composition of the starting mix-

ture and the removed magnetic part.

Table 23: Correlation between the used mass of sulfur and the removed magnetic mate-

rial in Fe(II)-Fe(IlI)-tochilinite syntheses.

A . f
Experiment | Mass of Fe/g | Massof S/ g pprox l.nass 0 1:em0ved
magnetic material / %
Toch FeFe 4 3.0 1 95
Toch FeFe 7 3.0 1.1 10
Toch_FeFe 8 3.0 1.2 1
Toch_FeFe 9 3.0 1.3 0
Toch_FeFe 10 3.0 1.4 0

Pyrrhotite formed with increasing amounts of sulfur whereas the proportion of magnetite
decreases. The ratio of Fe : S of 3.0 g : 1.1 g led to a product that does not show any
impurities in its PXRD pattern. The reaction was repeated several times and always

showed the same outcome.

6.4.5 Fe(Il)-Al-tochilinite

The knowledge gained from the previous tochilinite systems made clear, that Fe(Il)-Al-

tochilinite should be synthesized from a mixture of elemental iron, sulfur and aluminum
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to prevent the formation of Fe*" that could enter the hydroxide layers and to maintain an
appropriate hydrogen gas pressure. As residual iron and any magnetite formed can be
removed by a magnet, the use of an excess of elemental iron in this system is reasonable.
The stability limit of 130 °C found for Fe(II)-Fe(IlI)-tochilinite was also expected for this
system and therefore the reaction temperature was chosen in regard. Adopting the ratio
of S to Al form the Mg-Al-System, the first experiments already led to a successful syn-
thesis of very pure Fe(II)-Al-tochilinite (Toch Al 1) after removing the magnetic side
products. A comparatively high total mass of the starting mixture was chosen to ensure a
high hydrogen gas pressure and minimize the concentration of Fe**. The yield was not
lowered as drastically as in the Fe(II)-Fe(IlI)-tochilinite case by the removal of the mag-
netic part and it was suspected that there may be some pyrrhotite still present in the prod-

uct mixture.

Table 24: Overview of the ratio of the starting materials for Fe(II)-Al-tochilinite

syntheses at a constant amount of sulfur.

Name of the reaction | Massof Fe/g | Massof S/g | Massof Al/ g
Toch_Al 2 6.1 2.46 0.61
Toch Al 3 6.2 2.46 0.62
Toch_Al 4 6.3 2.46 0.63
Toch Al 5 6.4 2.46 0.64

Therefore, a reaction series was carried out with increasing amounts of Fe and Al in the
starting mixture to find the optimal conditions. The compositions of the starting mixtures
are summarized in table 24 and the corresponding PXDR patterns are shown in figures
175 to 178 (Toch_Al 2 to Toch Al 5). The PXRD patterns in this series look very sim-
ilar what indicates that the only side products are residual iron and magnetite that have
been removed completely. In ELT 175 cand ELT 175 danew diffraction peak appears
that can be assigned to residual elemental aluminum that is not oxidized due to the high
hydrogen gas pressure in the system. The reaction conditions of Toch Al 2 are very re-
producible and samples of Toch FeAl 6 synthesized accordingly were used for charac-

terization.
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6.5 Characterization of Tochilinite analogues

From all experiments towards tochilinite analogues without side products, one sample for
each variety was analyzed in detail. Table 25 summarizes their formation conditions.
Aside the removal of magnetic material, no further purification was applied to the sam-

ples.

Table 25: Overview of side product free tochilinite analogues for in depth analysis.

Starting materi- | Yield after
Theoretical formula Exp. als and reaction purifica-
conditions tion
x[ Mgl ; Fell' « (OH) (g4 p)s2) FeS, Mg, FeOOH
Toch MgFe 18 ~99 %
* (Feil, * ) 160 °C, 3 days
x[ Fell ; Fell" « (OH) g4 pye] Fe, S
Toch FeFe 11 ~90 %
* (Feil, *S) 130 °C, 3 days
x| Fell ; AU « (OH) (a1p)s2] Fe, S, Al
Toch _FeAl 6 ~85%
* (Feilo xS) 130 °C, 3 day

6.5.1 Particle characteristics

The obtained samples of the tochilinite analogues were investigated by SEM and TEM.
All three samples show nanometer sized platelets and very few nano-tubes as has been

reported for natural tochilinite.!”*!"!
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Figure 56: SEM images of Toch_FeAl 6.

The Toch MgFe 18 and Toch FeAl 6 samples seem to be very homogenous, whereas
the Toch FeFe 11 sample shows signs for oxidation during storage over time. A sample

of Toch MgFe 18 was also investigated by TEM. As the small particles form
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micrometer-sized aggregates and could hardly be separated during TEM sample prepara-

tion, only the edges of these aggregates could be investigated. The images show a mixture
177

of platelets and nano-tubes as has been reported for natural and synthetic tochilinite.

Figure 57: TEM images of Toch MgFe 18 showing a mixture of platelets and nano-

tubes.

The tubes may be a result of misalignment of the different layers that result in a pro-
nounced curvature of the sheets. All analysis that has been carried out can therefore only

give mean values for both tubes and platelets.
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Table 26: BET surface areas and mean pore volumes of the different tochilinite analogues

determined by adsorption isotherms of argon gas at 87 K.

BET surface area/ | Mean pore volume /
Exp. m? * g1 cm’/g
Toch_MgFe 18 40 0.090
Toch FeAl 6 31 0.082
Toch _FeFe 11 23 0.100

BET surface areas were determined using adsorption isotherms of argon gas at 87 K. The
samples were pretreated by outgassing under high vacuum at 130 °C for six hours. The

determined surface areas are summarized in table 26.

6.5.2 Stability

Like for the mackinawite case, the thermal stability of the different tochilinite analogues
was determined to evaluate the maximum temperature for CO> reduction reactions. The

dried samples were heated in N> atmosphere and analyzed by TGA/DSC.
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Figure 58: TGA/DSC analysis of Toch_MgFe 18 in a nitrogen gas atmosphere. The sam-
ple mass decreases from the start even at low temperatures but decreases faster at tem-
peratures higher than 335 °C.

124



DSC /(uVimg)
TG % Temp./°C

| exo

1024
500

300

200

0 50 100 150 200 250
Time /min

Figure 59: TGA/DSC analysis of Toch_FeAl 6 in a nitrogen gas atmosphere. The sample
mass decreases from the start even at low temperatures but decreases faster at tempera-

tures higher than 318 °C.
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Figure 60: TGA/DSC analysis of Toch FeFe 11 in a nitrogen gas atmosphere. The sam-
ple mass decreases from the start even at low temperatures but decreases faster at tem-

peratures higher than 243 °C.

The TGA/DSC analysis shows, that the mass of all samples decreases from the start even
at low temperatures. This may be attributed to a loss of adsorbed water as the samples
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were used shortly after their synthesis without excessive drying. The pronounced loss of
mass at higher temperatures is attributed to the decomposition and the formation of mag-
netite/magnesioferrite and pyrrhotite accompanied by the loss of water. The temperatures
at which the decomposition starts is in the order Toch MgFe 18 (335 °C) >
Toch_FeAl 6 (318 °C) > Toch_FeFe 11 (243 °C). The stability of the tochilinite ana-
logues clearly differs with their composition with the naturally most abundant analogue
containing high amounts of Mg?* and Fe*" having the highest decomposition temperature.
This observation corresponds to the temperatures range during the synthesis as it has been

observed that the Fe-Fe-analogue does not form at temperatures above 130 °C.

6.5.3 Composition and Mof3bauer data

The compositions of the samples were determined by ICP-AES. The samples were dis-
solved following the dissolution procedure described in the methods section. In short,
around 300 mg of the samples were placed in a Teflon lined steel autoclave. The pow-
dered sample was cautiously covered with water and placed in a fridge until the water
was frozen. 10 ml of aqua regia was poured on top of the ice without contact to the sample.

The autoclave was sealed and heated in an oven for more than 12 hours at 130 °C.

Table 27: Compositions of tochilinite analogs obtained by ICP-AES.

Name Fe /mg S /mg Mg/mg | Al/mg | undefined / mg
Toch MgFe 18 57.92 27.50 8.92 0.02 30.03
Toch FeFe 11 63.25 24.25 0.03 0.37 23.20

Toch FeAl 6 58.25 22.92 0.00 5.32 28.99

The sample mass that has not been assigned to the determined elements (undefined) is
attributed to OH™ and O*. As sulfur is only expected in the form of sulfide ions, charge

balancing was used to determine the ratio of these ions.

The MoRBbauer data was obtained by fitting the MdBbauer spectrum for *’Fe with three
different iron species: Fe?" in tetrahedral sulfide environment (Fe?'s) and Fe*" and Fe**

in octahedral hydroxide environment (Fe*'n/Fe**u). The MoBbauer spectra were fitted
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with a singlet for Fe*'s and Fe*'n and a doublet for Fe*'n. The proportions of the iron

species are summarized in table 28.

Toch MgFe 18

Toch FeFe 11

—4 -2 0 2 4
Velocity /mm s™1

Figure 61: Mo6Bbauer spectra at room temperature of different tochilinite analogues with-

out side products. Green area: Fe*'s; Blue area: Fe>'y; Orange area: Fe?'p.

Table 28: MoBbauer data for tochilinite analogues without side products.

Exp. Fe?* (sulfide) / % Fe?" (hydroxide) / % Fe** (hydroxide) %
Toch_FeAl 6 57+5 37+4 6+2
Toch_MgFe 18 69+ 5 342 29 +3
Toch_FeFe 11 53+£5 5+£2 42 +4

The singlets for Fe?'s and Fe*'y overlap to a great extent what makes them interchange-
able to a certain degree without lowering the goodness of the fit. Therefore, reasonable
expected values for Fe?s and Fe*'ny were used for the fit and the fitting parameters were

examined in regard of their plausibility.
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Table 29: Fit parameters for Toch FeAl 6. IS = Internal Shift, QS = Quadrupole Split-
ting, LW = Line width.

{Z(:sl Color IS/ mms! | QS/mms! | LW/ mms!
Fe>'s | ereen 0.49(1) ; 0.89(1)
Fe’’n | orange 1.15(1) 2.51(1) 0.50(1)
Fe'u blue 0.18(1) : 0.32(3)

Table 30: Fit parameters for Toch MgFe 18. IS = Internal Shift, QS = Quadrupole Split-
ting, LW = Line width.

¥r0n Color IS/ mms! | QS/mms! | LW/ mms!
ions

Fe*'s green 0.52(1) - 0.74(2)
Fe*'y orange 1.10(4) 2.70(9) 0.35(1)
Fe*y | blue 0.05(1) ; 0.57(3)

Table 31: Fit parameters for Toch FeFe 11. IS = Internal Shift, QS = Quadrupole Split-
ting, LW = Line width.

¥r0n Color IS / mm s QS/ inm | LB {lmm
ions -
Fe*'s green 0.60(1) - 0.70(1)
Fe*'n | orange 1.05(2) 2.40(4) 0.35(4)
Fe*'n blue 0.10(1) - 0.63(1)

The obtained values for the internal shift are in the same order of magnitude for all three

samples and are not in contradiction to literature values. As there is no MoBbauer inves-

tigation of natural or synthetic tochilinite at room temperature, the values need to be com-

pared to low temperature ones. The internal shift gets lower at higher temperatures, what

makes the obtained values reasonable compared to the shifts obtained by Chistyakova et.

128



al.!” For comparison, my colleague Mario Grosch synthesized a mackinawite sample that

was also analyzed by MoBbauer spectroscopy.

Velocity /mm st

Figure 62: MoBbauer spectrum of deactivated mackinawite prepared from iron and sulfur
following the standard synthetic procedure. The spectra were recorded at room tempera-

ture and at 80 K, respectively and differ only slightly in their center shift.

The MéBbauer spectrum was fitted with a singlet as has been done previously.!*!”® The
fitted center shifts are 0.37(1) mm s™! at room temperature and 0.47(1) mm s™! at 80 K and
are comparable to the obtained shifts for the Fe?" attributed to the iron sulfide layers for
all tochilinite analogues. The shifts in the tochilinite samples are slightly increased what

may be caused by distortion of the sulfide tetrahedra.

The amounts of OH" and O* in the tochilinite analogues can be calculated by comparing

all negative to all positive ions available.

2 Ngp2+ + 3 Npp3+ + 2 Nyg2+ + 3 nyps+ = 2Nng2- + ngy- + 2 ngp2- (114)

Assuming that the undefined mass from the elemental analysis belongs to hydrogen and

oxygen leads to:

Myndefined = Mon- T Mp2- + My,o (115)

Myndefined = NoH™ * Moy- + ngz- * M- + My,o (116)
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The amount of OH™ was calculated by first omitting any oxide ions and water assuming
that the undefined mass is only attributed to OH". In a second step, the amount of OH"
was replaced by O* to achieve charge balancing according to equation 114. As the com-
plete undefined masses could be attributed to OH™ and O*, probably no water is present

in the samples and the resulting compositions are presented in table 32.

Table 32: Final normalized compositions for tochilinite analogues

without side products.

Exp. Composition
Toch MgFe 18 S1.00Fe1.13Mgo.43A10.000H1.6300.00
Toch FeFe 11 S1.00Fe1.50Mgo.00Alo.020H1.2400.24
Toch FeAl 6 S1.00Fe1.46Mgo.00Alo280H1.7600.03

To compare these compositions with the theoretical composition of Organova’s isometric
tochilinite variety it is useful to use similar writing. The parameter e corresponds to the
iron vacancies in the sulfide layers and the parameter x corresponds to the volume ratio

of the sulfide to hydroxide layers.

Table 33: Comparison of the theoretical composition of Organova’s isometric tochilinite

variety and the obtained tochilinite analogues in this work.

Exp. Composition

Theoretical formula Fe(-¢)S * x [Fe* . Fe*"'uMg? . AI**4(OH),]

Organova’s isometric
o ) FeosS * 0.83 [Mgo.71Feo.29(OH)>]
tochilinite variety

Toch MgFe 18 Feo 528 * 0.82 [Fe**o.04Fe* 0.43Mg?0.53A1* 0.00(OH)1.99(0)0.01]

Toch_FeFe 11 Feo.79S * 0.73 [Fe*"0.11Fe® 0.5sMg? 0.00A10.02(OH)1.68(0)0.32]

Toch FeAl 6 Feo.33S * 0.90 [Fez+o,59Fe3+o.09Mg2+0,00A13+0.32(OH)1.96(0)0,04]
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These formulas show that the compositions obtained fit to theoretical compositions of
tochilinite in regard of the amount of iron vacancies, the volume ratio of hydroxide to
sulfide layers and the structures of the sulfide and hydroxide layers. From charge-balanc-
ing calculations it is concluded that a certain amount of oxides needs to be present in the
hydroxide layers, but deprotonation of the hydroxide ions has not been reported so far.
This may be explained by the work-up procedure of the samples, as they are pyrophoric
like mackinawite. The deactivation with air has led to surface oxidation and consequently
to the formation of oxides which results in a higher ratio of Fe*" to Fe**. The tochilinite
analogue containing mainly iron ions was the most pyrophoric sample and contains the
highest amount of oxide ions.

The compositional data clearly show that the controlled synthesis of tochilinite analogues
was successful. The oxidation state of iron ions could be controlled using appropriate
reaction conditions within a small margin of error. Controlling the different ion concen-
trations by the kinetics of their release and consumption is a suitable approach to synthe-
size complex layered hybrid sulfide minerals. This may offer the exploration of synthetic
analogues of other valleriite-group minerals like yushkinite, haapalaite vyalsovite, ek-
plexite and kaskasite. Additionally, the formation conditions described in these syntheses
may offer a deeper insight into natural tochilinite formation in outer space as well as on

the early earth.
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7  Carbon fixation with tochilinite analogues

Tochilinite and mackinawite have comparable structure motives and may therefore be
comparable in their catalytic behavior. As mackinawite is very unstable at higher temper-
atures compared to tochilinite, high temperature Fischer-Tropsch-type (FTT) reactions
were carried out using the most stable tochilinite analogue. The reactions were carried
out at the LMU in Munich at the group of Prof. Dr. Trapp by Sophia Peters and Christoph
Seifert. In stainless steel autoclaves with a 200 ml glass inlet and a valve for gas supply
FTT reactions were carried out at different temperatures with an atmosphere of CO; and
H>. The products were analyzed by GC-MS in DCM solution obtained from a similar
distillation method as used for the reduction experiments with mackinawite. After the
reaction, the autoclaves were connected to a distillation bridge which had a 3 ml flask on
the other side which was cooled in liquid nitrogen. The distillation was carried out at the
same temperature as the reaction for one hour. The volatiles that condensed in the cooled
flask were dissolved in DCM after removing the distillation bridge. The products were
identified by comparing the retention time of reference samples with the retention times
observed from the product solutions. The solid phases were analyzed by PXRD. A quan-
titative analysis was also carried out by comparing the GC peak areas to calibration curves

for the different products formed. The reactions are summarized in table 34.
Table 34: Reaction conditions for FTT reactions carried out with Toch_ MgFe 18.

Temperature / Tochilinite
Exp. pH: / pCO:2
reaction time mass / g

Toch Red 1 | 250°C/4 days | 17.5bar/17.5 bar 0.999

Toch Red 2 | 264 °C/4days | 17.5bar/17.5 bar 0.655

Toch Red 3 | 300°C/4days | 17.5bar/17.5 bar 1.003

Toch Red 4 | 200 °C/ 4 days 0 bar / 25 bar 1.006

Toch Red 5 | 200 °C /4 hours 1 bar N» 1.001
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Table 35: Reduction products obtained from FTT reactions on Toch MgFe 18. C, rep-

resent saturated alkanes, linear and branched, with the corresponding chain length.

MeOH | EtOH Cs C; Cs Gy Cuo Cn Ciz

Exp.
[mg] [mg] | [mg] | [mg] | [mg] | [mg] | [mg] | [mg] [mg]

Toch Red 1| 0.226 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000

Toch Red 2 | 0.251 0.020 | 0.012 | 0.008 | 0.106 | 0.019 | 0.021 | 0.001 0.042

Toch Red 3| 0.485 0.044 | 0.004 | 0.001 | 0.006 | 0.002 | 0.007 | 0.016 0.114

For a better comparison, turn-over-numbers (TON) were calculated in regard of the de-
termined yields of methanol, ethanol and the alkanes. It is obvious that already at 250 °C
COzis reduced on Toch MgFe 18 and MeOH and EtOH form. At 264 °C, the formation
of alkanes in observed. The total TON at 300 °C is less than the one at 264 °C what may

be attributed to increased decomposition of the catalyst.

Table 36: Turn-Over-Numbers (TON) for the formation of alcohols and alkanes for the
different FTT experiments.

N TON MeOH + TON alkanes | TON total
EtOH [g/kg*d] [g/kg*d] [g/kg*d]
Toch Red 1 0.056 0.000 0.056
Toch Red 2 0.103 0.080 0.183
Toch Red 3 0.132 0.037 0.170

This explanation is supported by comparing the amounts of decomposition products as
shown in table 37. In a CO, atmosphere, siderite (FeCQO3) is an additional decomposition
product of tochilinite compared to the decomposition in N> atmosphere. The mass frac-
tions of tochilinite, magnetite, pyrrhotite, pyrite and siderite were estimated by fitting
suitable diffraction peaks and determining the corresponding peak areas. The areas are

rough estimates as the peaks severely overlap and contain different contributions from
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the tochilinite phase that are unknown. Nevertheless, the data is suitable to draw a clear

trend in the decomposition behaviour in the different FTT reactions.

Table 37: Proportions of the decomposition products of Toch MgFe 18 under FTT con-
ditions, without H> gas and under nitrogen atmosphere, respectively. Toch = tochilinite,

Mag = magnetite, Pyrr = pyrrhotite, Sid = siderite, Pyr = pyrite.

Name Toch / % Mag / % Pyrr/ % Sid / % Pyr/ %
Toch Red 3 35 11 52 1 0
Toch Red 4 10 33 18 23 16
Toch Red 5 93 7 0 0 0

The decomposition of Toch_ MgFe 18 is negligible at 200 °C under nitrogen atmosphere
but significant under CO; atmosphere. Only a small fraction of tochilinite is left after the
reaction and pyrite formed due to its oxidation. In the presence of Hz gas, no pyrite formed
and the decomposition is less extensive. The absence of pyrite clearly supports the acti-

vation of hydrogen gas that has not been reported for any iron sulfide phase.

In summary, tochilinite analogues like Toch MgFe 18 are able to catalyze FTT reactions
between CO:2 and Ha. At 250 °C, only methanol and ethanol formed after 4 days but al-
ready at 264 °C long chain alkanes were identified. Tochilinite analogues decompose at
higher temperatures and therefore active material is lost during the reaction. The decom-
position increases with temperature what leads to a decrease of the total TON already at
300 °C compared to 264 °C. Nevertheless, this is the first report of any iron sulfide cata-

lyzing the reaction between CO2 and Hz in a FTT reaction.
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8 A plausible prebiotic scenario

8.1 Introduction

Prebiotic chemistry covers all chemical processes that occurred before the onset of bio-
logical life. The prebiotic chemistry somehow provided all necessary molecules in appro-
priate concentrations under the right conditions to enable the emergence of the first living
entity. There may have been multiple forms of life as life has not necessarily only
emerged once, but the last universal common ancestor (LUCA) of modern life has to be
based on DNA/RNA for information storage and enzymes composed of polypeptides for
metabolic processes. There is a great amount of reports on reactions and chemical systems
that lead to the formation of the building blocks of peptides and DNA / RNA under vari-

ous conditions!!317%:180

and some that lead to sufficient prebiotic plausible polymerization
of these building blocks depending on specific condensation agents.'®! The formation of
the building blocks and their condensation depend on certain conditions that differ sig-
nificantly for amino acids, nucleobases, sugars, nucleosides, nucleotides and membrane
constituents.!!*!” Therefore, it is very hard if not impossible to find the right conditions
in a “one-pot scenario” for the formation of all necessary species in sufficient concentra-
tions. In this regard it is likely that the different building blocks originated in different
“pots” and that their condensation or phosphorylation may have also occurred in a differ-
ent environment than their formation.'8!*2 At some point, all necessary molecules had to
come together in appropriate concentrations and under the right conditions in a “final pot”
that led to the emergence of the first living entity. A suitable geological setting may be
realized by multiple “warm little ponds” on the early earth’s surface, as Charles Darwin
called them, that are interconnected by water channels. This idea has already been pro-
posed and elucidated by several authors.'**18¢ Hydrothermal conditions are mainly dis-
cussed for submarine vents, but may also apply to hydrothermal fields on the earth’s sur-
face.!'>!87 Additionally, the chemistry of impacts, although investigated sparsely yet, of-
fers promising pathways for the synthesis of crucial organics and phosphorylation reac-
tions that may be unique in prebiotic chemistry. Schreibersite, an iron phosphide, that is
abundant in iron meteorites is a very promising candidate to facilitate the phosphorylation

reactions needed to form DNA or RNA. 188190
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Life is expected to have emerged during the Eoarchean era spanning 400 million years
from the end of the Hadean era 4000 million years ago to the beginning of the Paleoar-
chean Era 3600 million years ago. It is the first geological era for which the earth probably
had a solid crust. The earth’s surface likely was covered by liquid water and an atmos-
phere had formed that consisted mainly of CO2 and N> without significant concentrations
of Oz and a pressure between 10 and 100 bar. Volcanic activity was considerably higher
than today, with numerous lava eruptions for example in volcanic island arcs caused by
the onset of plate tectonics.!®?> The first 300 million years of this era are also the time
when the Late Heavy Bombardment (LHB) is expected to have occurred. During this
time, a vast number of meteorites stroke the earth even leading to the partial melting of
the earth’s crust. An unknown part of these meteorites have been iron or stony-iron me-
teorites composed of iron-nickel-alloys together with the lighter elements C, N, O, Si, P
and S.'° Regarding iron meteorite impacts, Bland and Artemieva reported that they “an-
ticipate two 10° kg events at the Earth’s surface every year, a 10° kg event every 100
years, a 107 kg event every 5,400 years, a 10° kg event every 40,000 years, and a 10'! kg
event every 130,000 years”. As these values are averaged over the earth’s whole history,
the impacts have probably been more frequent for the early earth. Compared to stony
meteorites, iron meteorites are less abundant but more likely to survive the way through
the atmosphere as they are much more resistant to ablation and extreme temperatures.
Fragments of iron meteorites can have masses from less than one kilogram to multiple
tons and are spread around the impact area.'®! They are also relative resistant to weather-
ing and can stay intact for long periods of time depending on the atmospheric condi-
tions.!*>19 As these fragments weather from the surface towards the core, a large portion
protected by the surface oxides and carbonates may stay unaltered. Iron carbonates can
act as a passivating layer under the right conditions that were favored by the high CO;
pressure that is assumed on the early earth.!* To form mackinawite from elemental iron,
a sulfur source is needed. Sulfide containing solutions or H>S gas are suitable, but ele-
mental sulfur released by volcanic activity can offer some advantages as discussed in the

next chapter.

136



8.2 Surface “black smokers”

In a geological setting on the early earth’s surface where volcanic activity and elemental
iron come together a unique combination of chemical reaction pathways becomes possi-
ble. Volcanoes offer a source for both very basic as well as very acidic conditions. Mafic
or ultramafic volcanic rock contains basic metal oxides that leads to a basic environment
upon dissolution whereas sour volcanic gases like SO> and SO3 form sulfurous and sul-
furic acid when dissolved in water. In this regard, prebiotic chemistry may benefit from
either of these conditions and all pH regions in between. H>S may also be a volatile re-

leased by volcanic activity and can lead to the formation of elemental sulfur.

SO, +2 HaS — % Sg + 2 H,0 (119)
SOs + 3 HaS — % Ss + 3 HhO (120)

These processes have been examined, among others, in the works of Oppenheimer et al.

regarding the Volcan Poas in Costa Rica.!®

Elemental iron, although little abundant on the present earth’s surface, may have played
a significant role in local areas on the early earth. Assuming an impact of a greater iron
meteorite with multiple tons in weight, the chemistry in its surroundings would have been
altered for a significant period of time. Iron offers catalytic activity for the reduction of
CO» using H», but more interestingly the ability to form freshly precipitated mackinawite.
It is able to react with sulfur in all oxidation states specifically H>S / HS™ / S*, polysul-
fides, sulfur, HoSO3 and H>SO4 forming iron sulfides. The reaction with sulfide ions or
elemental sulfur at low temperatures leads to the formation of mackinawite whereas the
reaction with sulfite or sulfate ions leads to the comparable slow formation of pyrite.
Mackinawite in submarine hydrothermal systems is subject to very fast phase transfor-
mations what leads to diminishing mackinawite equilibrium quantities and pyrite and pyr-
rhotite as the main iron sulfide phases.!*° Iron in contact to sulfur can be considered as a
“surface black smoker” as it continuously releases nano-mackinawite in aqueous systems.
Mackinawite formed form iron and sulfur at low temperatures offers a high surface area
what is advantageous for prebiotic important adsorption and reduction processes. The
adsorption of amino acids, peptides, carbohydrates and lipids as investigated by Picard et

al.®' could lead to increased concentrations on the mackinawite surface and support
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condensation reactions that still remain a rather unsolved problem in prebiotic chemistry.
The continuous release of only small quantities of nano-mackinawite at a time reduces
the extent of agglomeration and preserves high surface areas. Elemental sulfur and iron
can both be very resistant to weathering under the right conditions and could stay intact
over extended periods of time. This makes it possible for iron and sulfur to accumulate in
different areas before they get in contact leading to extensive mackinawite formation for
many years. Therefore, even elemental iron that formed by mineralogical alteration pro-
cesses may have acted as a means for iron sulfide formation. Serpentinization, for exam-
ple, is a mineralogical alteration process that generates serpentinite minerals from olivine
and pyroxene minerals while releasing hydrogen gas. High pressures of hydrogen gas

could have led to the formation of elemental iron under suitable conditions.'**19

Because natural iron can contain significant amounts of nickel and other metals, the re-
sulting mackinawite would incorporate the corresponding ions what alters its reactivity.
As has been shown experimentally, a high nickel content could lead to the formation of
other sulfide minerals like heazlewoodite, chalcopyrite or millerite that offer additional

reactivities.

The investigations of the interaction between mackinawite and COz/carbonates show that
both get adsorbed onto the surface in the dry state and in solution, respectively. Temper-
atures around 160 °C lead to the formation of thiols while oxidizing the mackinawite
particles. The necessary reaction temperature and the resulting reduced carbon species
may be altered by the pH value of the solution and the surface composition in regard of
other metal ions like Ni*" or Cu®". As 160 °C is still a comparable low temperature for
CO: reduction reactions, the activation of CO2 by mackinawite as predicted by Dzade et

al.'** is very reasonable.

Tochilinite analogues may have formed in basic environments where mackinawite is pre-
sent or as aqueous alteration products of sulfide minerals on the earth’s surface as well as
in meteorites. They may have been much more common than today and could have added
to the catalytic inventory of the early earth’s surface. The activation and reduction of CO>
in the presence of nano-particulate mackinawite or tochilinite analogues has never been
investigated experimentally before. The reduction of CO> should be considered as the
first step of carbon fixation leading to a yet undefined pool of reduced carbon species

depending on the actual conditions.
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The subsequent reduction of some of the initial products on mackinawite has been inves-
tigated in previous studies that underline the potential of mackinawite in general. These
reactions cover for example the reduction of CO'7"1%°, aldehydes?®, citric acid*®!, alpha-
keto acids®, nitroarenes>®, ethyne, acetaldehyde, thioglycolic acid, phenylpyruvate?*? and
halogenated compounds®**>. In this regard, CO. should be considered to be only the tip
of the iceberg, although very important and that reduction reactions coupled to macki-
nawite oxidation may have contributed significantly to certain stages during the emer-

gence and evolution of life.
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9  Summary and outlook

Svynthesis of mackinawite and characterization

A convenient and reliable synthesis for mackinawite nanoparticles has been developed
based on the reaction between elemental sulfur and iron. A fine ground mixture of iron
and sulfur converts completely to mackinawite within 12 hours at room temperature in a
0.01 M NaCl solution without any side products. This synthetic method offers multiple
advantages to the common precipitation, as it enables the investigation of any additional
solutes on the mackinawite formation. Moreover, the use of elemental sulfur and iron
reduces unintended oxidation that is hardly excluded in the precipitation method. The
particle characteristics of mackinawite synthesized from the elements resemble those ob-
served for mackinawite synthesized by precipitation. They also consist of irregular curved
platelets that are up to ~150 nm large but only a few nanometers thick. The BET surface
area was determined to be between 40 and 80 m?/g. A Rietveld fit of the obtained PXRD
pattern showed, that the interlayer distance is slightly increased compared to highly crys-
talline mackinawite. The observation that the addition of NaCl to a mackinawite suspen-
sion leads to the release of dissolved Fe?", led to the proposal of a new model concerning
the mackinawite-solution-interactions. This model assumes that nanoparticulate macki-
nawite consists of negatively charged layers due to the presence of iron vacancies within
the mackinawite layers. This negative charge is compensated for by cations that are ad-
sorbed onto the surfaces of the particles. The negative charge of the layers leads to in-
creased interlayer spacings. Upon aging and particle growth, the interlayer distance gets

smaller and approaches the value of around 5 A as reported for natural mackinawite.

Further experimental effort may be directed to an understanding of the influence of dif-
ferent dissolved ions during the mackinawite formation and the influence of the formation

conditions on its reactivity.

Carbon fixation on mackinawite

Iron sulfides may have acted as catalysts for reduction reactions relevant for the origin of
life and it has been proposed that they may be able to activate CO> for its conversion into
organic molecules. In this regard, reduction experiments with CO; and dissolved car-
bonates have been carried out in solution and in the dry state. Reactions at temperatures

below 80°C did not lead to reduction products detectable by the GC-MS methods applied.
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13C-labelled methane thiol and COS formed at 160 °C within a few hours from adsorbed
COy/carbonate. The reaction between precipitated mackinawite and CO> also led to the
formation of methane thiol and COS under acidic conditions at 80 °C. C-C-bond for-
mation has not been observed in the '*C-labelled experiments, but in some *C-experi-
ments. The oxidation products of mackinawite are mainly greigite accompanied by
smaller amounts of magnetite and sulfur. These experiments show, that nanoparticulate
mackinawite is able to activate and reduce CO> not demanding for any additional electron
donor. The oxidation of mackinawite to greigite has not been considered as a significant
source of reducing power on the early earth but these results show, that this should be the
case at least for the reduction of CO>. Future studies should focus on the analysis of the
solution to detect and quantify highly soluble organic molecules like acids and alcohols.
As the pH value of the solution has a huge influence on the reduction of CO; and the
oxidation of mackinawite, this parameter also needs to be investigated in a comprehensive

manner.

Synthesis and characterization of nickel and copper sulfides

Besides iron, many more transition metals may be able to react with sulfur in a similar
manner. Therefore, experiments have been carried out to investigate the reactivity of dif-
ferent metals towards elemental sulfur at room temperature and at 80 °C. It has been found
that iron, nickel, copper, wolfram, cadmium, magnesium and molybdenum do react with
elemental sulfur at a maximum of 80 °C whereas aluminum, manganese, zinc and cobalt
do not. As copper and nickel sulfides have also been proposed as prebiotic catalysts, ex-
periments have been carried out to investigate the phases that form in systems of Ni + S
and Fe + Cu + S. The results show that millerite and heazlewoodite form at 80 °C from
Ni and S. In the ternary system, chalcopyrite is the main product, but a variety of phases
forms. Controlling the selectivity of reactions with copper and nickel seems to be chal-
lenging compared to the equimolar reaction between iron and sulfur forming only mack-
inawite. For prebiotic chemistry, the observed reactivity allows the formation of highly
reactive nanoparticulate sulfides with compositions and structures depending on the com-
position of the parent metal and adds a huge diversity to the possible mineral repertoire.
Future studies should investigate the selectivity control of the reactions between different
sulfides and the reactivity changes that result from the different structures and composi-

tions.
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Svynthesis of tochilinite analogues and characterization

Tochilinite is a complex hybrid mineral composed of mackinawite-like and brucite-like
layers. Tochilinite analogues may have formed in basic environments where mackinawite
was present or as aqueous alteration products of sulfide minerals on the early earth’s sur-
face. The theoretical formula for tochilinite is Fe(1.eS * x [Fe?"aFe* sMg? " Al**4(OH):]
with FeosS * 0.83 [Mgo.71Fe0.29(OH):] as an example for the mineral as described by Or-

1.76 The synthesis of tochilinite has been described before but a proper char-

ganova et a
acterization with an elemental analysis was missing. Moreover, the distribution of the
ions in the hydroxide layers has not been investigated before. In this work, three different
pure tochilinite analogues have been obtained by synthetic methods that allow for the
control of the composition of the hydroxide layers. The determined formulas are shown

below:

T1) Feos2S * 0.82 [Fe**0.04Fe**0.43Mg*0.53A1 0.00(OH)1.99(0)0.01]
T2) Feos3S * 0.90 [Fe**o.s0Fe>*0.00Mg?*0.00A1*0.32(OH)1.96(0)0.04]
T3) Feo.79S * 0.73 [Fe**o.11Fe**0.5sMg?0.02A170.02(OH)1.68(0)0.32]

Elemental analysis and MdBbauer spectroscopy show that the compositions obtained fit
to theoretical compositions of tochilinite in regard of the amount of iron vacancies, the
volume ratio of hydroxide to sulfide layers and the structures of the sulfide and hydroxide
layers. TEM and SEM investigations show that the obtained powders consist of nanopar-
ticles with BET surface areas between 20 and 40 m*/g. The thermal stability was investi-

gated by TGA/DSC analysis which declines from T1 to T3.

To complete this series of tochilinite analogues, future works should find a suitable syn-
thetic method to obtain a Mg?* and A" rich sample what has not been achieved in this
work. Furthermore, there are many complex hybrid sulfide minerals that have not been

synthesized so far and that may be accessible by the synthetic methods elaborated here.

Carbon fixation on tochilinite analogues

Like mackinawite, tochilinite analogues may offer the catalytic potential for the activation
and reduction of CO,. As they are much more stable and therefore suited for reactions at
higher temperatures, Fischer-Tropsch-type reactions have been carried out in an atmos-
phere of CO; and H» above 200°C at 35 bar total pressure. The experiments showed that

tochilinite analogues are able to catalyze FTT reactions between CO> and Hz. At 250 °C,
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only methanol and ethanol formed after 4 days but already at 264 °C long chain alkanes
were identified. The tochilinite analogues decomposed at higher temperatures and there-
fore active material was lost during the reaction. The decomposition increases with tem-
perature what leads to a decrease of the total turnover numbers already at 300 °C com-
pared to 264 °C. Nevertheless, this is the first report of any iron sulfide catalyzing the

reaction between CO> and Hy in a Fischer-Tropsch-type reaction.

Relevance to the prebiotic and origin of life chemistry

The reaction between metals and elemental sulfur may have been a rather unusual reac-
tion on the early earth, but still has the potential to significantly contribute to the inventory
of organic compounds. Impacts of greater iron meteorites have been common during
earth’s history and especially during the time of the Late Heavy Bombardment. Compared
to stony meteorites, iron meteorites are less abundant but more likely to survive the way
through the atmosphere as they are much more resistant to ablation and extreme temper-
atures. Fragments of iron meteorites can have masses from less than one kilogram to mul-
tiple tons and are spread around the impact area.!! Volcanic activity is a common feature
of prebiotic chemistry and can lead to the formation of elemental sulfur. If iron and sulfur
get in contact, nanoparticulate mackinawite and probably tochilinite analogues will form
that would lead to the reduction of CO; under appropriate conditions. The reduction of
CO: should be considered as the first step of carbon fixation leading to a yet undefined
pool of reduced carbon species depending on the actual conditions. The subsequent re-
duction of some of the initial products on mackinawite has been investigated in previous
studies that underline the potential of mackinawite in general. These reactions cover for
example the reduction of CO7 1 aldehydes®®, citric acid®®!, alpha-keto acids®, ni-

troarenes®®, ethyne, acetaldehyde, thioglycolic acid, phenylpyruvate?®>

and halogenated
compounds****. In this regard CO, should only be considered as the tip of the iceberg,
although very important and that reduction reactions coupled to mackinawite oxidation
may have contributed significantly to certain stages during the emergence and evolution

of life.
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10 Experimental section

10.1 Metal sulfide syntheses

10.1.1 Standard procedure

0.88 g of a thoroughly ground mixture of powdered elemental iron (0.56 g, 10.0 mmol),
powdered elemental sulfur (0.32 g, 10.0 mmol) and sodium chloride (0.06 g, 1.0 mmol)
were filled into a 25 ml microwave vial and covered by an aluminum cap with a septum.
The atmosphere was replaced by nitrogen gas for three times and deaerated water was
added using a syringe. The resulting suspension was held at the desired temperature for
the intended reaction time without any disturbance. When the reactions had finished, the
solid phases were separated by filtration through a glass frit and washed either only with
water or successively with water, ethanol, acetone and diethyl ether. The solids were dried
under a stream of nitrogen gas passing through a funnel that completely covered the top
of the frit. After the solids had dried, the funnel was removed very cautiously. If the solids
turned warm upon air contact, the funnel was put back on the frit until it had cooled down

again. This procedure was repeated until the sample stopped to heat up upon air contact.

10.1.2 Iron sulfides
FeS_ 1

Mackinawite was synthesized following the standard procedure overnight at room tem-

perature. The obtained solids were washed only with distilled water.

FeS_2

In a steel autoclave with a Teflon inlet iron (3.5 g, 62.67 mmol) and sodium sulfide no-
nahydrate (11.5 g, 95.8 mmol) were charged with 50 ml deionized water. The autoclave was
sealed and heated to 160 °C for 3 days. After this time, the autoclave was left to cool down
to room temperature. The solids were isolated by filtration through a glass frit and washed

with water. The solids looked metallic and were dried in a stream of nitrogen gas.
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FeS_k 1to FeS_k 10

0.88 g of a mixture of elemental iron (0.56¢g, 10.0 mmol) and elemental sulfur
(0.32 g, 10.0 mmol) were charged with 25 ml of deionized water following the standard
procedure. The resulting suspension was held at room temperature for a certain period as

is listed in table 38.

Table 38: Reaction times for the kinetic investigation of mackinawite formation from

iron and sulfur.

Reaction Reaction time / hours
FeS k 1 0
FeS k 2 4
FeS k 3 7
FeS k 4 12
FeS k 5 18
FeS k 6 21
FeS k 7 24
FeS k 8 26
FeS k 9 28
FeS k 10 96

FeS_NaCl _1 to FeS_NaCl_5§

0.88 g of a thoroughly ground mixture of powdered elemental iron (0.56 g, 10.0 mmol),
powdered elemental sulfur (0.32 g, 10.0 mmol) and sodium chloride as listed in table 39
was charged with 20 ml of deionized water following the standard procedure. The result-
ing suspension was held at room temperature for 1 day. The obtained solids were washed

successively with water, ethanol, acetone and diethyl ether.
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Table 39: Amounts of sodium chloride in the syntheses of mackinawite samples

FeS NaCl 1 to FeS NaCl 5 from iron and sulfur.

Reaction NaCl/ mg
FeS NaCl 1 6
FeS NaCl 2 9
FeS NaCl 3 12
FeS NaCl 4 30
FeS NaCl 5 60

FeS_KCl

0.88 g of a thoroughly ground mixture of powdered elemental iron (0.56 g, 10.0 mmol),
powdered elemental sulfur (0.32 g, 10.0 mmol) and potassium chloride (0.015
g, 0.2 mmol) was charged with 20 ml of deionized water following the standard proce-
dure. The resulting suspension was held at room temperature for 1 day. The obtained

solids were washed successively with water, ethanol, acetone and diethyl ether.

FeS_Na2SO04

0.88 g of a thoroughly ground mixture of powdered elemental iron (0.56 g, 10.0 mmol),
powdered elemental sulfur (0.32 g, 10.0 mmol) and sodium sulfate (0.028 g, 0.2 mmol)
was charged with 20 ml of deionized water following the standard procedure. The result-
ing suspension was held at room temperature for 1 day. The obtained solids were washed

successively with water, ethanol, acetone and diethyl ether.

FeS_NH4Cl

0.88 g of a thoroughly ground mixture of powdered elemental iron (0.56 g, 10.0 mmol),
powdered elemental sulfur (0.32 g, 10.0 mmol) and ammonium chloride (0.020
g, 0.4 mmol) was charged with 20 ml of deionized water following the standard proce-
dure. The resulting suspension was held at room temperature for 1 day. The obtained

solids were washed successively with water, ethanol, acetone and diethyl ether.
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FeS_KCN

0.88 g of a thoroughly ground mixture of powdered elemental iron (0.56 g, 10.0 mmol),
powdered elemental sulfur (0.32 g, 10.0 mmol) and potassium cyanide (0.013
g, 0.2 mmol) was charged with 20 ml of deionized water following the standard proce-
dure. The resulting suspension was held at room temperature for 1 day. The obtained

solids were washed successively with water, ethanol, acetone and diethyl ether.

FeS NaHCOs3

0.88 g of a thoroughly ground mixture of powdered elemental iron (0.56 g, 10.0 mmol),
powdered elemental sulfur (0.32 g, 10.0 mmol) and potassium cyanide (0.017
g, 0.2 mmol) was charged with 20 ml of deionized water following the standard proce-
dure. The resulting suspension was held at room temperature for 1 day. The obtained

solids were washed successively with water, ethanol, acetone and diethyl ether.

FeS_Ox_1

Mackinawite was synthesized following the standard procedure overnight at room tem-
perature. A small sample was taken with a syringe and most of the contained water was
removed with a PET filter. The sample was transferred quickly into a corundum sample
holder and into the TGA device. The sample was dried in a stream of air without any

heating.

FeS_Ox_2

Mackinawite was synthesized following the standard procedure overnight at room tem-
perature. A small sample was taken with a syringe and most of the contained water was
removed with a PET filter. The sample was transferred quickly into a corundum sample
holder and into the TGA device. The sample was dried in a stream of nitrogen gas gas

and then exposed to air without external heating.
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FeS_Ox 3

Mackinawite was synthesized following the standard procedure overnight at room tem-
perature. A small sample was taken with a syringe and most of the contained water was
removed with a PET filter. The sample was transferred quickly into a corundum sample
holder and into the TGA device. The sample was dried in a stream of nitrogen gas gas

and then exposed to air.

FeS_Ox_4

Mackinawite was synthesized following the standard procedure overnight at room tem-
perature. A small sample was taken with a syringe and most of the contained water was
removed with a PET filter. The sample was transferred quickly into a corundum sample
holder and into the TGA device. The sample was dried in a stream of nitrogen gas gas

and then heated with 1 K/min to 500 °C in air.

FeS_Ox_5

Mackinawite was synthesized following the standard procedure overnight at room tem-
perature. The sample was isolated by filtration and washed successively with water, eth-
anol, acetone and diethyl ether. A sample of around 30 mg was transferred into a corun-
dum sample holder and into the TGA device. The sample was heated with 1 K/min to
500 °C in air.

FeS Ox 6

Mackinawite was synthesized following the standard procedure overnight at room tem-
perature. The sample was isolated by filtration and washed successively with water, eth-
anol, acetone and diethyl ether. The deactivated sample was stored in a covered beaker

for one month open to the atmosphere.
FeS_Ox 7
Mackinawite was synthesized following the standard procedure overnight at room tem-

perature. A small sample was taken with a syringe and most of the contained water was
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removed with a PET filter. The sample was transferred quickly into a corundum sample
holder and into the TGA device. The sample was dried in a stream of nitrogen gas gas for

10 hours and then exposed to air for one hour.

FeS Ox 8

Mackinawite was synthesized following the standard procedure overnight at room tem-
perature. A small sample was taken with a syringe and most of the contained water was
removed with a PET filter. The sample was transferred quickly into a corundum sample
holder and into the TGA device. The sample was dried in a stream of nitrogen gas gas for

10 hours and then exposed to air for one hour.

FeS_Ox_9

Mackinawite was synthesized following the standard procedure overnight at room tem-
perature. Afterwards, the cap of the vial was removed and the vial was covered with a
beaker and was left untouched for one week. During this time, iron sulfide attached to the
vial walls above the solution turned brown but the bulk of the sample sitting on the bottom

of the vial remained black.

FeS_Ox_10

Mackinawite was synthesized following the standard procedure but using pretreated ion
powder overnight at room temperature. On the next day, the vial was heated to 80 °C in
the original solution for one day. Afterwards, the solids were removed by filtration,
washed successively with water, ethanol, acetone and diethyl ether and dried and deac-

tivated following the standard procedure.

FeS_Ox_11

Mackinawite was synthesized following the standard procedure but using pretreated ion
powder overnight at room temperature. On the next day, the vial was heated to 80 °C in

the original solution for one week. Afterwards, the solids were removed by filtration,
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washed successively with water, ethanol, acetone and diethyl ether and dried and deac-

tivated following the standard procedure.

MnS_1

0.87 g of a thoroughly ground mixture of powdered elemental manganese (0.55 g, 10.0
mmol) and powdered elemental sulfur (0.32 g, 10.0 mmol) was charged with 20 ml of
deionized water following the standard procedure. The resulting suspension was held at
room temperature for 4 days. The isolated solids were washed only with distilled water.

No change compared to the initial mixture was observed.

MnS_2

0.87 g of a thoroughly ground mixture of powdered elemental manganese (0.55 g, 10.0
mmol) and powdered elemental sulfur (0.32 g, 10.0 mmol) was charged with 20 ml of
deionized water following the standard procedure. The resulting suspension was held at
80 °C for 4 days. The isolated solids were washed only with distilled water. No change

regarding the start of the reaction was observed.

CoS_1

0.91 g of a thoroughly ground mixture of powdered elemental cobalt (0.59 g, 10.0 mmol)
and powdered elemental sulfur (0.32 g, 10.0 mmol) was charged with 20 ml of deionized
water following the standard procedure. The resulting suspension was held at room tem-

perature for 4 days. The black isolated solids were washed only with distilled water.

CoS_2

0.91 g of a thoroughly ground mixture of powdered elemental cobalt (0.59 g, 10.0 mmol)
and powdered elemental sulfur (0.32 g, 10.0 mmol) was charged with 20 ml of deionized
water following the standard procedure. The resulting suspension was held at 80 °C for 4

days. The black isolated solids were washed only with distilled water.
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NiS_1

0.95 g of a thoroughly ground mixture of powdered elemental nickel (0.585 g, 10.0
mmol) and powdered elemental sulfur (0.32 g, 10.0 mmol) was charged with 20 ml of
deionized water following the standard procedure. The resulting suspension was held at
room temperature for 4 days. The black isolated solids were washed only with distilled

water.

NiS 2

0.95 g of a thoroughly ground mixture of powdered elemental nickel (0.585 g, 10.0
mmol) and powdered elemental sulfur (0.32 g, 10.0 mmol) was charged with 20 ml of
deionized water following the standard procedure. The resulting suspension was held at

80 °C for 4 days. The black isolated solids were washed only with distilled water.

CuS_1

0.96 g of a thoroughly ground mixture of powdered elemental copper (0.64 g, 10.0 mmol)
and powdered elemental sulfur (0.32 g, 10.0 mmol) was charged with 20 ml of deionized
water following the standard procedure. The resulting suspension was held at room tem-

perature for 4 days. The black isolated solids were washed only with distilled water.

ZnS 1

0.97 g of a thoroughly ground mixture of powdered elemental zinc (0.65 g, 10.0 mmol)
and powdered elemental sulfur (0.32 g, 10.0 mmol) was charged with 20 ml of deionized
water following the standard procedure. The resulting suspension was held at room tem-
perature for 4 days. The isolated solids were washed only with distilled water. No change

compared to the initial mixture was observed.

ZnS 2

0.97 g of a thoroughly ground mixture of powdered elemental zinc (0.65 g, 10.0 mmol)

and powdered elemental sulfur (0.32 g, 10.0 mmol) was charged with 20 ml of deionized
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water following the standard procedure. The resulting suspension was held at 80 °C for 4
days. The isolated solids were washed only with distilled water. No change compared to

the initial mixture was observed.

MoS_1

1.0 g of a thoroughly ground mixture of powdered elemental molybdenum (0.96 g, 10.0
mmol) and powdered elemental sulfur (0.64 g, 20.0 mmol) was charged with 20 ml of
deionized water following the standard procedure. The resulting suspension was held at
room temperature for 4 days. Overnight, the solution in the vial had turned deep blue. The

isolated solids were washed only with distilled water.

Cds_1

Chips of elemental cadmium (1.12 g, 10.0 mmol) were mixed with elemental sulfur
(0.32 g, 10.0 mmol) in a mortar to ensure close contact between both solids. This mixture
was transferred into a 25 ml microwave vial and charged with 20 ml of deionized water
following the standard procedure. The resulting suspension was held at room temperature
for 4 days. On the surface of the chips bright orange spots appeared overnight that nearly

covered them completely after 4 days.

WS 1

1.0 g of a thoroughly ground mixture of powdered elemental tungsten (2.48 g, 10.0 mmol)
and powdered elemental sulfur (0.64 g, 20.0 mmol) was charged with 20 ml of deionized
water following the standard procedure. The resulting suspension was held at room tem-

perature for 4 days. The dark grey isolated solids were washed only with distilled water.

Mg 1

0.55 g of a thoroughly ground mixture of powdered elemental magnesium (0.23 g, 10.0
mmol) and powdered elemental sulfur (0.32 g, 10.0 mmol) was charged with 20 ml of
deionized water following the standard procedure. The resulting suspension was held at

room temperature for 4 days. The solution quickly turned yellow and the pH increased.
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After 4 days, the elemental sulfur nearly completely dissolved and the amount of magne-

sium had decreased substantially.

Al 1

0.59 g of a thoroughly ground mixture of powdered elemental aluminum (0.270 g, 10.0
mmol) and powdered elemental sulfur (0.32 g, 10.0 mmol) was charged with 20 ml of
deionized water following the standard procedure. The resulting suspension was held at

room temperature for 4 days. No change compared to the initial mixture was observed.

Al 2

0.95 g of a thoroughly ground mixture of powdered elemental nickel (0.585 g, 10.0
mmol) and powdered elemental sulfur (0.32 g, 10.0 mmol) was charged with 20 ml of
deionized water following the standard procedure. The resulting suspension was held at

80 °C for 4 days. No change compared to the initial mixture was observed.

10.2 Binary sulfide synthesis from Fe, Cu, Ni and S

All syntheses towards binary sulfides from Fe, Cu, Ni and S were carried out following
the standard procedure using fine ground mixtures of the starting materials. Reaction
times, temperatures and the amounts of sodium chloride are summarized in tables 40 to
42. In experiments MB_1 to MB_ 8 two grams of a fine ground mixture of nickel (17.55 g,
300 mmol) and sulfur (6.4 g, 200 mmol) were used.

Table 40: Sodium chloride concentration, reaction temperatures and times for experi-

ments MB_1to MB_8.

Concentration of

Exp. NaCl/ Temperature / °C T(;;ne;/
mol * 1! y
MB 1 0 25 1
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MB_2 0.01 25 1
MB 3 0 80 1
MB_4 0.01 80 1
MB_5 0 25 3
MB_6 0.01 25 3
MB_7 0.01 80 3
MB_8 0.17 25 3

In experiments MB_9 to MB_17 two grams of a fine ground mixture of copper (6.35 g,

100 mmol), iron (5.56 g, 100 mmol) and sulfur (6.4 g, 200 mmol) were used.

Table 41: Sodium chloride concentration, reaction temperatures and times for experi-

ments MB_9 to MB_17.

Exp. Concent;lasfznl_?f NaCl/ Temp. / °C T;:;Z /
MB 9 0 25 1
MB 10 0.01 25 1
MB 11 0 80 1
MB_12 0.01 80 1
MB_13 0 25 3
MB_14 0.01 25 3
MB_15 0 80 3
MB 16 0.01 80 3
MB 17 0.17 25 3
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Table 42: Sodium chloride concentration, reaction temperatures and times for experi-

ments MB_18 to MB_23.

Exp. Concentration of NaCl/ mol * 1! | Temp. /°C /T(;:;es
MB_18 0.01 25 |
MB_19 0.01 25 4
MB_20 0.01 25 10
MB 21 0.01 R0 1
MB 22 0.01 ) 4
MB 23 0.01 20 @

In experiments MB_9 to MB 17 two grams of a fine ground mixture of copper (6.35 g,
100 mmol), iron (11.12 g, 200 mmol) and sulfur (9.6 g, 300 mmol) were used.

10.3 CO:/ carbonate reduction experiments
RED 1

1.00 g of mackinawite was prepared following the standard procedure at room tempera-
ture overnight in 10 ml deoxygenated water. '’C-labeled sodium carbonate (0.212 g,
2 mmol) was placed in another vial and the atmosphere was replaced by nitrogen gas. The
carbonate was dissolved in 10 ml deoxygenated water and the obtained solution added to
the mackinawite suspension. The pH value of the resulting suspension was adjusted with
diluted phosphorous acid to a value around 7 and it was held at 40 °C for 4 days. A 25 ml
GC-MS vial was evacuated through a canulla and the headspace of the reaction vial was
transferred by connecting both vials with a double-edged canulla that has been previously
purged with nitrogen gas. After around 5 minutes equilibrium pressure in both vials was
reached and the GC-MS vial was removed. The head-space was analyzed in the GC-MS
using the head-space sampler and subjected to the operation conditions as described in

the materials section.
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RED 2

1.00 g of mackinawite was prepared following the standard procedure at room tempera-
ture overnight in 2 ml deoxygenated water and dried under reduced pressure afterwards.
13C-labeled sodium carbonate (0.5 g, 5 mmol) was placed in another vial which was evac-
uated. The carbonate was charged with 10 ml concentrated phosphorus acid (ca. 30%)
and the forming gas was collected with two 25 ml syringes. The evacuated mackinawite
vial was filled with the '*C-labelled CO> and held at 40 °C for 4 days. A 25 ml GC-MS
vial was evacuated through a canulla and the headspace of the reaction vial was trans-
ferred by connecting both vials with a double-edged canulla that has been previously
purged with nitrogen gas. After around 5 minutes equilibrium pressure in both vials was
reached and the GC-MS vial was removed. The head-space was analyzed in the GC-MS
using the head-space sampler and subjected to the operation conditions as described in

the materials section.

RED 3

1.00 g of mackinawite was prepared following the standard procedure at room tempera-
ture overnight in 2 ml deoxygenated water and dried under reduced pressure afterwards.
13C-labeled sodium carbonate (0.5 g, 5 mmol) was placed in another vial which was evac-
uated. The carbonate was charged with 10 ml concentrated phosphorus acid (ca. 30%)
and the forming gas was collected with two 25 ml syringes. The evacuated mackinawite
vial was filled with the '*C-labelled CO; and held at 40 °C for 2 months. A 25 ml GC-
MS vial was evacuated through a canulla and the headspace of the reaction vial was trans-
ferred by connecting both vials with a double-edged canulla that has been previously
purged with nitrogen gas. After around 5 minutes equilibrium pressure in both vials was
reached and the GC-MS vial was removed. The head-space was analyzed in the GC-MS
using the head-space sampler and subjected to the operation conditions as described in

the materials section.
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RED 4

1.00 g of mackinawite was prepared following the standard procedure at room tempera-
ture overnight in 10 ml deoxygenated water. '*C-labeled sodium carbonate (0.212 g, 2
mmol) was placed in another vial and the atmosphere was replaced by nitrogen gas. The
carbonate was dissolved in 10 ml deoxygenated water and the obtained solution added to
the mackinawite suspension. The pH value of the resulting suspension was adjusted with
diluted phosphorous acid to a value around 7 and it was held at 80 °C for 4 days. A 25 ml
GC-MS vial was evacuated through a canulla and the headspace of the reaction vial was
transferred by connecting both vials with a double-edged canulla that has been previously
purged with nitrogen gas. After around 5 minutes equilibrium pressure in both vials was
reached and the GC-MS vial was removed. The head-space was analyzed in the GC-MS
using the head-space sampler and subjected to the operation conditions as described in

the materials section.

RED 5

1.00 g of mackinawite was prepared following the standard procedure at room tempera-
ture overnight in 2 ml deoxygenated water and dried under reduced pressure afterwards.
13C-labeled sodium carbonate (0.5 g, 5 mmol) was placed in another vial which was evac-
uated. The carbonate was charged with 10 ml concentrated phosphorus acid (ca. 30%)
and the forming gas was collected with two 25 ml syringes. The evacuated mackinawite
vial was filled with the '*C-labelled CO; and held at 80 °C for 4 days. A 25 ml GC-MS
vial was evacuated through a canulla and the headspace of the reaction vial was trans-
ferred by connecting both vials with a double-edged canulla that has been previously
purged with nitrogen gas. After around 5 minutes equilibrium pressure in both vials was
reached and the GC-MS vial was removed. The head-space was analyzed in the GC-MS
using the head-space sampler and subjected to the operation conditions as described in

the materials section.

RED 6

1.00 g of mackinawite was prepared following the standard procedure at room tempera-

ture overnight in 10 ml deoxygenated water. '>C sodium carbonate (0.212 g, 2 mmol) was
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placed in another vial and the atmosphere was replaced by nitrogen gas. The carbonate
was dissolved in 10 ml deoxygenated water and the obtained solution added to the mack-
inawite suspension. The pH value of the resulting suspension was adjusted with diluted
phosphorous acid to a value around 7 and it was held at room temperature for 1 day. A
distillation apparatus was set up composed of a 10 ml oblong flask connected via a distil-
lation to a 5 ml round bottom flask. The 5 ml flask was cooled in a DCM/liquid nitrogen
cooling bath and filled with 1 ml of purified DCM. The mackinawite was isolated by
filtration and quickly transferred into the 10 ml flask which was connected to the distilla-
tion bridge. The single parts were connected by Teflon sleeves. The mackinawite vial was
heated to 160 °C for while all volatiles that were released could dissolve in the liquid
DCM phase in the small vial. During the distillation some droplets of water formed in the
distillation bridge. After three hours, the bridge was removed and the DCM solution trans-
ferred into a 1 ml GC-MS vial. The solution was analyzed in the GC-MS using the solu-
tion auto sampler and subjected to the operation conditions as described in the materials

section.

RED 7

1.00 g of mackinawite was prepared following the standard procedure at room tempera-
ture overnight in 10 ml deoxygenated water. '*C-labeled sodium carbonate (0.212 g, 2
mmol) was placed in another vial and the atmosphere was replaced by nitrogen gas. The
carbonate was dissolved in 10 ml deoxygenated water and the obtained solution added to
the mackinawite suspension. The pH value of the resulting suspension was adjusted with
diluted phosphorous acid to a value around 7 and it was held at room temperature for 1
day. A distillation apparatus was set up composed of a 10 ml oblong flask connected via
a distillation to a 5 ml round bottom flask. The 5 ml flask was cooled in a DCM/liquid
nitrogen cooling bath and filled with 1 ml of purified DCM. The mackinawite was iso-
lated by filtration and quickly transferred into the 10 ml flask which was connected to the
distillation bridge. The single parts were connected by Teflon sleeves. The mackinawite
vial was heated to 160 °C for while all volatiles that were released could dissolve in the
liquid DCM phase in the small vial. During the distillation some droplets of water formed
in the distillation bridge. After three hours, the bridge was removed and the DCM solution
transferred into a 1 ml GC-MS vial. The solution was analyzed in the GC-MS using the
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solution auto sampler and subjected to the operation conditions as described in the mate-

rials section.

RED 8

1.00 g of mackinawite was prepared following the standard procedure at room tempera-
ture overnight in 10 ml deoxygenated water. >C sodium carbonate (0.212 g, 2 mmol) was
placed in another vial and the atmosphere was replaced by nitrogen gas. The carbonate
was dissolved in 10 ml deoxygenated water and the obtained solution added to the mack-
inawite suspension. The pH value of the resulting suspension was adjusted with diluted
phosphorous acid to a value around 7 and it was held at room temperature for 1 day. A
distillation apparatus was set up composed of a 10 ml oblong flask connected via a distil-
lation to a 5 ml round bottom flask. The 5 ml flask was cooled in a DCM/liquid nitrogen
cooling bath and filled with 1 ml of purified DCM. The mackinawite was isolated by
filtration and quickly transferred into the 10 ml flask which was connected to the distilla-
tion bridge. The single parts were connected by Teflon sleeves. The mackinawite vial was
heated to 160 °C for while all volatiles that were released could dissolve in the liquid
DCM phase in the small vial. During the distillation some droplets of water formed in the
distillation bridge. After three hours, the bridge was removed and the DCM solution trans-
ferred into a 1 ml GC-MS vial. The solution was analyzed in the GC-MS using the solu-
tion auto sampler and subjected to the operation conditions as described in the materials

section.

RED 9

1.00 g of mackinawite was prepared following the standard procedure at room tempera-
ture overnight in 2 ml deoxygenated water and dried under reduced pressure afterwards.
13C-labeled sodium carbonate (0.5 g, 5 mmol) was placed in another vial which was evac-
uated. The carbonate was charged with 10 ml concentrated phosphorus acid (ca. 30%)
and the forming gas was collected with two 25 ml syringes. The evacuated mackinawite
vial was filled with the '3C-labelled CO; and held at 160 °C for 1 hour. A 25 ml GC-MS
vial was evacuated through a canulla and the headspace of the reaction vial was trans-

ferred by connecting both vials with a double-edged canulla that has been previously
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purged with nitrogen gas. After around 5 minutes equilibrium pressure in both vials was
reached and the GC-MS vial was removed. The head-space was analyzed in the GC-MS
using the head-space sampler and subjected to the operation conditions as described in

the materials section.
RED 10

Around 10 g of untreated iron powder was placed in a 25 ml microwave vial. The vial
was evacuated and charged with 10 ml of concentrated phosphorous acid. A lot of gas
emerged from the iron dissolution which was captured in two 25 ml syringes. The gas
was transferred into an evacuated 25 ml GC-MS vial. The head-space was analyzed in
the GC-MS using the head-space sampler and subjected to the operation conditions as

described in the materials section.

RED 11

1.00 g of mackinawite was prepared following the standard procedure at room tempera-
ture overnight in 10 ml deoxygenated water. *C-labeled sodium carbonate (0.212 g, 2
mmol) was placed in another vial and the atmosphere was replaced by nitrogen gas. The
carbonate was dissolved in 10 ml deoxygenated water and the obtained solution added to
the mackinawite suspension. The pH value of the resulting suspension was adjusted with
diluted hydrochloric acid to a value around 7 and it was held at 40 °C for 2 weeks. A 25
ml GC-MS vial was evacuated through a canulla and the headspace of the reaction vial
was transferred by connecting both vials with a double-edged canulla that has been pre-
viously purged with nitrogen gas. After around 5 minutes equilibrium pressure in both
vials was reached and the GC-MS vial was removed. The head-space was analyzed in the
GC-MS using the head-space sampler and subjected to the operation conditions as de-

scribed in the materials section.

RED 12

1.00 g of mackinawite was prepared following the standard procedure using pretreated
iron powder at room temperature overnight in 10 ml deoxygenated water. Non-labelled

sodium carbonate (0.212 g, 2 mmol) was placed in another vial and the atmosphere was
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replaced by nitrogen gas. The carbonate was dissolved in 10 ml deoxygenated water and
the obtained solution added to the mackinawite suspension. The pH value of the resulting
suspension was adjusted with diluted hydrochloric acid to a value around 3 and it was
held at 40 °C for 4 days. A 25 ml GC-MS vial was evacuated through a canulla and the
headspace of the reaction vial was transferred by connecting both vials with a double-
edged canulla that has been previously purged with nitrogen gas. After around 5 minutes
equilibrium pressure in both vials was reached and the GC-MS vial was removed. The
head-space was analyzed in the GC-MS using the head-space sampler and subjected to

the operation conditions as described in the materials section.

RED 13

1.00 g of mackinawite was prepared following the standard procedure using pretreated
iron powder at room temperature overnight in 10 ml deoxygenated water. '*C-labelled
sodium carbonate (0.212 g, 2 mmol) was placed in another vial and the atmosphere was
replaced by nitrogen gas. The carbonate was dissolved in 10 ml deoxygenated water and
the obtained solution added to the mackinawite suspension. The pH value of the resulting
suspension was adjusted with diluted hydrochloric acid to a value around 3 and it was
held at 40 °C for 4 days. A 25 ml GC-MS vial was evacuated through a canulla and the
headspace of the reaction vial was transferred by connecting both vials with a double-
edged canulla that has been previously purged with nitrogen gas. After around 5 minutes
equilibrium pressure in both vials was reached and the GC-MS vial was removed. The
head-space was analyzed in the GC-MS using the head-space sampler and subjected to

the operation conditions as described in the materials section.

RED 14

1.00 g of mackinawite was prepared following the standard procedure at room tempera-
ture overnight in 2 ml deoxygenated water and dried under reduced pressure afterwards.
13C-labeled sodium carbonate (0.5 g, 5 mmol) was placed in another vial which was evac-
uated. The carbonate was charged with 10 ml concentrated phosphorus acid (ca. 30%)
and the forming gas was collected with two 25 ml syringes. The evacuated mackinawite

vial was filled with the 13C-labelled CO, and held at 80 °C for 2 weeks. A 25 ml GC-MS
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vial was evacuated through a canulla and the headspace of the reaction vial was trans-
ferred by connecting both vials with a double-edged canulla that has been previously
purged with nitrogen gas. After around 5 minutes equilibrium pressure in both vials was
reached and the GC-MS vial was removed. The head-space was analyzed in the GC-MS
using the head-space sampler and subjected to the operation conditions as described in

the materials section.

RED 15 to RED 17

1.00 g of mackinawite was prepared following the standard procedure using pretreated
iron powder at room temperature overnight in 10 ml deoxygenated water. To the initial
solution, 1 ml of a saturated NaHCO3 solution was added and the solids kept at room
temperature for 3 days. The solids were then isolated by filtration, dried in a stream of N>

gas and heated to 140 °C, 180 °C and 250 °C in N> atmosphere for 2 hours, respectively.

RED 18

Iron sulfide synthesis was carried out by precipitation from (NH4)2Fe(SO4)2 (3.9213 g,10
mmol) and sodium sulfide nonahydrate (2.402 g, 10 mmol) each dissolved in 12 ml de-
aerated water in a 25 ml microwave vial under nitrogen gas atmosphere. The solutions
were combined and a black precipitate formed. The vials were centrifuged and the solu-
tions removed with a syringe and pressure compensation by nitrogen gas. To the solid
iron sulfide phase 20 ml of a 0.1 M deaerated solution of NaHCO3 was added and the
resulting suspension kept at 80 °C for two weeks. A 25 ml GC-MS vial was evacuated
through a canulla and the headspace of the reaction vial was transferred by connecting
both vials with a double-edged canulla that has been previously purged with nitrogen gas.
After around 5 minutes equilibrium pressure in both vials was reached and the GC-MS
vial was removed. The head-space was analyzed in the GC-MS using the head-space

sampler and subjected to the operation conditions as described in the materials section.

RED 19
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Iron sulfide synthesis was carried out by precipitation from (NH4)2Fe(SO4)2 (3.9213 g,10
mmol) and sodium sulfide nonahydrate (2.402 g, 10 mmol) each dissolved in 12 ml de-
aerated water in a 25 ml microwave vial under nitrogen gas atmosphere. The solutions
were combined and a black precipitate formed. The vials were centrifuged and the solu-
tions removed with a syringe and pressure compensation by nitrogen gas. To the solid
iron sulfide phase 20 ml of'a 0.1 M deaerated solution of NaHCO3 was added and the pH
value was adjusted with diluted hydrochloric acid to 3. The resulting suspension kept at
80 °C for two weeks. A 25 ml GC-MS vial was evacuated through a canulla and the
headspace of the reaction vial was transferred by connecting both vials with a double-
edged canulla that has been previously purged with nitrogen gas. After around 5 minutes
equilibrium pressure in both vials was reached and the GC-MS vial was removed. The
head-space was analyzed in the GC-MS using the head-space sampler and subjected to

the operation conditions as described in the materials section.

RED 20

Iron sulfide synthesis was carried out by precipitation from (NH4)2Fe(SO4)2 (3.9213 g,10
mmol) and sodium sulfide nonahydrate (2.402 g, 10 mmol) each dissolved in 12 ml de-
aerated water in a 25 ml microwave vial under nitrogen gas atmosphere. The solutions
were combined and a black precipitate formed. The vials were centrifuged and the solu-
tions removed with a syringe and pressure compensation by nitrogen gas. To the solid
iron sulfide phase 20 ml of a 0.1 M deaerated solution of NaHCO; was added and the pH
value was adjusted with diluted hydrochloric acid to 3 and a little excess was added to
ensure the presence of H>S. The resulting suspension kept at 80 °C for two weeks. A 25
ml GC-MS vial was evacuated through a canulla and the headspace of the reaction vial
was transferred by connecting both vials with a double-edged canulla that has been pre-
viously purged with nitrogen gas. After around 5 minutes equilibrium pressure in both
vials was reached and the GC-MS vial was removed. The head-space was analyzed in the
GC-MS using the head-space sampler and subjected to the operation conditions as de-

scribed in the materials section.

RED 21
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Iron sulfide synthesis was carried out by precipitation from (NH4)2Fe(SO4)2 (3.9213 g,10
mmol) and sodium sulfide nonahydrate (2.402 g, 10 mmol) each dissolved in 12 ml de-
aerated water in a 25 ml microwave vial under nitrogen gas atmosphere. The solutions
were combined and a black precipitate formed. The vials were centrifuged and the solu-
tions removed with a syringe and pressure compensation by nitrogen gas. The solid phase
was dried under reduced pressure afterwards. Non-labeled sodium carbonate (0.5 g,
5 mmol) was placed in another vial which was evacuated. The carbonate was charged
with 5 ml concentrated hydrochloric acid (ca. 15%) and the forming gas was collected
with two 25 ml syringes. The evacuated mackinawite vial was filled with the CO> and
additional 2 ml of concentrated HCI and held at 80 °C for 4 days. A 25 ml GC-MS vial
was evacuated through a canulla and the headspace of the reaction vial was transferred
by connecting both vials with a double-edged canulla that has been previously purged
with nitrogen gas. After around 5 minutes equilibrium pressure in both vials was reached
and the GC-MS vial was removed. The head-space was analyzed in the GC-MS using the
head-space sampler and subjected to the operation conditions as described in the materials

section.

RED 21

Iron sulfide synthesis was carried out by precipitation from (NH4)2Fe(SO4)2 (3.9213 g,10
mmol) and sodium sulfide nonahydrate (2.402 g, 10 mmol) each dissolved in 12 ml de-
aerated water in a 25 ml microwave vial under nitrogen gas atmosphere. The solutions
were combined and a black precipitate formed. The vials were centrifuged and the solu-
tions removed with a syringe and pressure compensation by nitrogen gas. Non-labeled
sodium carbonate (0.5 g, 5 mmol) was placed in another vial which was evacuated. The
carbonate was charged with 5 ml concentrated hydrochloric acid (ca. 15%) and the form-
ing gas was collected with two 25 ml syringes. The evacuated mackinawite vial was filled
with the CO» and held at 110 °C for 2 weeks. A 25 ml GC-MS vial was evacuated through
a canulla and the headspace of the reaction vial was transferred by connecting both vials
with a double-edged canulla that has been previously purged with nitrogen gas. After
around 5 minutes equilibrium pressure in both vials was reached and the GC-MS vial was
removed. The head-space was analyzed in the GC-MS using the head-space sampler and

subjected to the operation conditions as described in the materials section.
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Toch_Red_1 to Toch_Red_5

FTT reactions of CO2 and H; were carried out at the LMU in Munich at the group of Prof.

Dr. Trapp by Sophia Peters and Christoph Seifert. In 400 ml stainless steel autoclaves

with a glass inlet and a valve for gas supply FTT reactions were carried out at different

temperatures with an atmosphere of N>, CO; and H». The products were analyzed by GC-

MS in DCM solution obtained from a similar distillation method as used for the reduction

experiments using mackinawite. After the reaction, the autoclaves were connected to a

distillation bridge which had a 10 ml flask on the other side cooled in liquid nitrogen. The

distillation was carried out at the same temperature as the reaction for one hour. The vol-

atiles that condensed in the cooled flask were dissolved in DCM after removing the dis-

tillation bridge
Temperature /
Name pH2 / pCO: Tochilinite mass / g
reaction time
17.5bar/17.5
Toch Red 1 250 °C/ 4 days 0.999
bar
17.5bar/ 17.5
Toch Red 2 264 °C/ 4 days 0.655
bar
17.5bar/ 17.5
Toch Red 3 300 °C/ 4 days 1.003
bar
Toch Red 4 200 °C/ 4 days 0 bar / 25 bar 1.006
200°C/4
Toch Red 5 1 bar N» 1.001
hours
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10.4 Syntheses of tochilinite analogues

10.4.1 MgAl-tochilinite
Toch_1

All water used in this synthesis has previously been deionized and purged with nitrogen
gas while boiling to remove carbonates and oxygen. Magnesium nitrate hexahydrate (1.00
g, 3.9 mmol) and aluminum nitrate nonahydrate (0.29 g, 0.8 mmol) were dissolved in 20
ml of water to obtain a clear colorless solution. A second solution was prepared by dis-
solving ammonium iron (II) sulfate hexahydrate (1.88 g, 4.8 mmol) in 20 ml of water. To
the first solution 15 ml of an aqueous solution of sodium hydroxide (0.62 mol/l) was
slowly added while stirring and a white precipitate formed. To the iron(II)-solution 1 ml
of an ammonium hydrosulfide solution (5.10 mol/l; pH = 10) was slowly added while
stirring and a black precipitate formed. Both colloidal suspensions were filtered and the
solid residues washed with water. Afterwards these wet solids were transferred into a
stainless-steel autoclave with a Teflon inlet. The autoclave was charged with 20 ml of
water and mixed with a glass rod. The resulting black colloidal suspension was heated in

an oven for one week at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under flowing
nitrogen and the solid residue was washed with ethanol and dried in a stream of nitrogen

gas to obtain a black solid.

Toch_2

All water used in this synthesis has previously been deionized and purged with nitrogen
gas while boiling to remove carbonates and oxygen. In a 50 ml Schlenk flask under ni-
trogen atmosphere magnesium nitrate hexahydrate (1.00 g, 3.9 mmol) and aluminum ni-
trate nonahydrate (0.29 g, 0.8 mmol) were dissolved in 20 ml of deaerated water to obtain
a clear colorless solution. A second solution was prepared in a second Schlenk flask under
a nitrogen atmosphere by dissolving ammonium iron (II) sulfate hexahydrate (1.88 g, 4.8
mmol) in 20 ml of deaerated water. To the first solution 15 ml of an aqueous solution of
sodium hydroxide (0.62 mol/l) was slowly added while stirring and a white precipitate

formed. To the iron(II)-solution 1 ml of an ammonium hydrosulfide solution (5.10 mol/l;
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pH = 10) was slowly added while stirring and a black precipitate formed. Both colloidal
suspensions were filtered and the solid residues washed with water. Afterwards these sol-
ids were transferred into a third Teflon flask that was flushed with nitrogen for at least 30
minutes. 20 ml of deaerated water was added and the resulting black colloidal suspension

was heated for one week at 95 °C while stirred.

After cooling down to room temperature, the black suspension was filtered under flowing
nitrogen and the solid residue was washed with ethanol and dried in a stream of nitrogen

gas.

Toch_3

All water used in this synthesis has previously been deionized and purged with nitrogen
gas while to remove dissolved oxygen. Powder of magnesium (0.1 g, 4.1 mmol) and alu-
minum (0.02 g, 0.8 mmol) were mixed in a steel autoclave with a Teflon inlet. Then a
solution was prepared by dissolving ammonium iron (II) sulfate hexahydrate (1.98 g, 5.0
mmol) in 20 ml of deaerated water in a Schlenk flask in a nitrogen atmosphere. To this
solution 1.1 ml of an ammonium hydrosulfide solution (5.1 mol/l; pH = 10) was quickly
added while stirring and a black precipitate formed. The resulting colloidal suspension
was filtered and the black solid residue was washed with water while under a nitrogen
flow. After drying for a couple of minutes the iron sulfide was added to the magnesium
and aluminum powder in the autoclave and charged with 20 ml of water. The autoclave
was sealed and the resulting black colloidal suspension was heated in an oven for 3 days

at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_4

All water used in this synthesis has previously been deionized and purged with nitrogen
gas while to remove dissolved oxygen. Powder of magnesium (0.1 g, 4.1 mmol) and alu-
minum (0.02 g, 0.8 mmol) were mixed in a steel autoclave with a Teflon inlet. Then a

solution was prepared by dissolving ammonium iron (II) sulfate hexahydrate (1.98 g, 5.0
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mmol) in 20 ml of deaerated water in a Schlenk flask in a nitrogen atmosphere. To this
solution 1.1 ml of an ammonium hydrosulfide solution (5.1 mol/l; pH = 10) was quickly
added while stirring and a black precipitate formed. The resulting colloidal suspension
was filtered and the black solid residue was washed with water while under a nitrogen
flow. After drying for a couple of minutes the iron sulfide was added to the magnesium
and aluminum powder in the autoclave and charged with 20 ml of water. The autoclave
was sealed and the resulting black colloidal suspension was heated in an oven for 4 days

at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_5

All water used in this synthesis has previously been deionized and purged with nitrogen
gas while to remove dissolved oxygen. Powder of magnesium (0.1 g, 4.1 mmol) and alu-
minum (0.02 g, 0.8 mmol) were mixed in a steel autoclave with a Teflon inlet. Then a
solution was prepared by dissolving ammonium iron (II) sulfate hexahydrate (1.98 g, 5.0
mmol) in 20 ml of deaerated water in a Schlenk flask in a nitrogen atmosphere. To this
solution 1.1 ml of an ammonium hydrosulfide solution (5.1 mol/l; pH = 10) was quickly
added while stirring and a black precipitate formed. The resulting colloidal suspension
was filtered and the black solid residue was washed with water while under a nitrogen
flow. After drying for a couple of minutes the iron sulfide was added to the magnesium
and aluminum powder in the autoclave and charged with 20 ml of water. The autoclave
was sealed and the resulting black colloidal suspension was heated in an oven for 4 days

at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_6
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All water used in this synthesis has previously been deionized and purged with nitrogen
gas while to remove dissolved oxygen. Powder of magnesium (0.1 g, 4.1 mmol) and alu-
minum (0.02 g, 0.8 mmol) were mixed in a steel autoclave with a Teflon inlet. Then a
solution was prepared by dissolving ammonium iron (II) sulfate hexahydrate (1.98 g, 5.0
mmol) in 20 ml of deaerated water in a Schlenk flask in a nitrogen atmosphere. To this
solution 1.1 ml of an ammonium hydrosulfide solution (5.1 mol/l; pH = 10) was quickly
added while stirring and a black precipitate formed. The autoclave was sealed and the
resulting black colloidal suspension was heated in an oven for 4 days at 160 °C without

stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_7

Finely powdered magnesium (0.18 g, 7.41 mmol), powdered aluminum
(0.16 g, 1.5 mmol), powdered iron (0.5 g, 8.89 mmol) and powdered sulfur (0.28 g,
8.89 mmol) were mixed in a steel autoclave with a Teflon inlet and charged with 20 ml
of water. The autoclave was sealed and heated in an oven for 5 days at 160 °C without

stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_8

A mixture of iron and sulfur with a molar ratio of 1:1 was grinded thoroughly in a mortar.
0.88 g (10 mmol sulfur, 10 mmol iron) of this mixture was transferred into a 25-ml vial
with a septum. The air was replaced by nitrogen gas to keep the vial oxygen free. To this
mixture 10 ml of degassed water was added and the resulting suspension was kept at room
temperature overnight without stirring. The solids turned black within a couple of hours.
In a steel autoclave with a Teflon inlet magnesium (0.24 g, 9.87 mmol) and aluminum
(0.08 g, 2.96 mmol) were mixed with the iron sulfide suspension. The autoclave was

sealed and heated in an oven for 3 days at 160 °C without stirring.
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After cooling down to room temperature, the black suspension obtained was filtered un-
der air and the solid residue was washed with water and ethanol to obtain a black solid.
This solid was transferred into a Schlenk flask and charged with 20 ml of a nitrogen sat-
urated solution of ammonium sulfate (1g/10 ml) and stirred at 80 °C overnight. The solids
were isolated by filtration through a glass frit and washed successively with water, etha-

nol, acetone and diethyl ether and dried in a stream of nitrogen gas.

Toch 9

All water used in this synthesis has previously been deionized and purged with nitrogen
gas while to remove dissolved oxygen. Powder of zinc (0.27 g, 4.1 mmol) and aluminum
hydroxide (0.06 g, 0.8 mmol) were mixed in a steel autoclave with a Teflon inlet. Then a
solution was prepared by dissolving ammonium iron (II) sulfate hexahydrate (1.98 g, 5.0
mmol) in 20 ml of deaerated water in a Schlenk flask in a nitrogen atmosphere. To this
solution 1.1 ml of an ammonium hydrosulfide solution (5.1 mol/l; pH = 10) was quickly
added while stirring and a black precipitate formed. The resulting colloidal suspension
was filtered and the black solid residue was washed with water while under a stream of
nitrogen. After drying for a couple of minutes the iron sulfide was added to the magne-
sium and aluminum powder in the autoclave and charged with 20 ml of water. The auto-
clave was sealed and the resulting black colloidal suspension was heated in an oven for 3

days at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_MgAl_1

Finely powdered magnesium (0.18 g, 7.41 mmol), powdered aluminum
(0.16 g, 1.5 mmol), powdered iron (0.5 g, 8.89 mmol) and powdered sulfur (0.28 g, 8.89
mmol) were mixed in a steel autoclave with a Teflon inlet and charged with 20 ml of
water. The autoclave was sealed and heated in an oven for 6 days at 160 °C without stir-

ring.
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After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_MgAl 2

Powdered magnesium (0.16 g, 6.67 mmol), powdered aluminum (0.05 g, 1.67 mmol) and
FeS 1 (0.88 g) were mixed in a steel autoclave with a Teflon inlet and charged with 20
ml of water. The autoclave was sealed and the resulting suspension was heated in an oven

for 3 days at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_MgAl 3

All water used in this synthesis has previously been deionized and purged with nitrogen
gas while to remove dissolved oxygen. Magnesium oxide (0.17 g, 4.2 mmol) and alumi-
num (0.02 g, 0.8 mmol) were mixed in a steel autoclave with a Teflon inlet. A solution
was prepared by dissolving ammonium iron (II) sulfate hexahydrate (1.98 g, 5.0 mmol)
in 20 ml of deaerated water in a 50 ml Schlenk flask under a nitrogen atmosphere. To this
solution 1.1 ml of an ammonium hydrosulfide solution (5.1 mol/l; pH = 10) was quickly
added while stirring and a black precipitate formed. The resulting suspension was filtered
and the black solid residue was washed with ethanol while under a nitrogen flow. After
drying for a couple of minutes the iron sulfide was added to the magnesium and aluminum
powder in the autoclave and charged with 20 ml of water. The autoclave was sealed and

the resulting suspension was heated in an oven for 6 days at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_MgAl 4
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All water used in this synthesis has previously been deionized and purged with nitrogen
gas while to remove dissolved oxygen. Powdered magnesium (0.10 g, 4.1 mmol) and
powdered aluminum hydroxide (0.06 g, 0.8 mmol) were mixed in a steel autoclave with
a Teflon inlet. A solution was prepared by dissolving ammonium iron (II) sulfate hexa-
hydrate (1.98 g, 5.0 mmol) in 20 ml of deaerated water in a 50 ml Schlenk flask under a
nitrogen atmosphere. To this solution 1.1 ml of an ammonium hydrosulfide solution (5.1
mol/l; pH = 10) was quickly added while stirring and a black precipitate formed. The
resulting black suspension was filtered and the black solid residue was washed with eth-
anol while under a nitrogen flow. After drying for a couple of minutes the iron sulfide
was added to the magnesium and aluminum powder in the autoclave and charged with 20
ml of water. The autoclave was sealed and the resulting black suspension was heated in

an oven for 6 days at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_MgAl 5§

Powdered magnesium (0.05 g, 2.06 mmol), powdered iron (0.08 g, 1.4 mmol) and pow-
dered sulfur (0.04 g, 1.3 mmol) were mixed in a steel autoclave with a Teflon inlet and
charged with 20 ml of water. The autoclave was sealed and the resulting suspension was

heated in an oven for 6 days at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_MgAl_6

Powdered magnesium (0.05 g, 2.06 mmol), powdered iron (0.08 g, 1.4 mmol) and sodium
hydroxide (0.04 g, 1.03 mmol) were mixed in a steel autoclave with a Teflon inlet and
charged with 20 ml of water. The autoclave was sealed and the resulting suspension was

heated in an oven for 6 days at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.
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Toch_MgAl _7

Powdered magnesium (0.08 g, 3.42 mmol), powdered iron (0.25 g, 4.48 mmol), powdered
aluminum (0.02 g, 0.74 mmol) and powdered sulfur (0.14 g, 4.38 mmol) were mixed in
a steel autoclave with a Teflon inlet and charged with 20 ml of water. The autoclave was
sealed and the resulting suspension was heated in an oven for 3 days at 160 °C without

stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_MgAl 8

In a 100 ml Schlenk flask magnesium nitrate hexahydrate (2.5 g, 10.2 mmol) and alumi-
num nitrate nonahydrate (0.95 g, 2.53 mmol) were charged with 50 ml of deaerated water
in a nitrogen atmosphere. In a second Schlenk flask a solution was prepared from sodium
sulfide nonahydrate (2.4 g, 10.0 mmol) in 20 ml deaerated water. The sulfide solution
was added to the first one drop wise using a syringe. Thereby, a light green precipitate
formed. The obtained suspension was heated at 60 °C and stirred overnight. The solid
phase was isolated by filtration through a glass frit and washed successively with water,

ethanol and acetone and let dry open to the atmosphere.

Toch_MgAl 9

Powdered magnesium (0.16 g, 6.6 mmol) and powdered aluminum (0.04 g, 1.3 mmol)
were mixed in a steel autoclave with a Teflon inlet and charged with 20 ml of water. The
autoclave was sealed and the resulting suspension was heated in an oven for 6 days at 160

°C without stirring.

After cooling down to room temperature, the white suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a white solid.

Toch_MgAl _10
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Powdered magnesium (0.05 g, 2.06 mmol), powdered aluminum (0.06 g, 2.06 mmol) and
sodium hydroxide (0.04 g, 1.03 mmol) were mixed in a steel autoclave with a Teflon inlet
and charged with 20 ml of water. The autoclave was sealed and the resulting suspension

was heated in an oven for 3 days at 160 °C without stirring.

After cooling down to room temperature, the white suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a white solid.

Toch_MgAl 11

Powdered magnesium (0.08 g, 3 mmol), powdered aluminum (0.02 g, I mmol), pow-
dered iron (0.26 g, 4.61 mmol) and powdered sulfur (0.16 g, 4.61 mmol) were mixed in
a steel autoclave with a Teflon inlet the autoclave and charged with 20 ml of water. The
autoclave was sealed and the resulting suspension was heated in an oven for at 160 °C

without stirring for 3 days.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_MgAl_12

Powdered magnesium (0.072 g, 2.96 mmol), powdered aluminum (0.016 g, 0.60 mmol)
powdered iron (0.26 g, 4.70 mmol) and powdered sulfur (0.15 g, 4.68 mmol) were mixed
in a steel autoclave with a Teflon inlet and charged with 20 ml of water. The autoclave
was sealed and the resulting suspension was heated in an oven for at 160 °C without

stirring for 3 days.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_MgAl 13
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Powdered magnesium (0.04 g, 1.65 mmol), powdered aluminum (0.01 g, 0.33 mmol),
powdered iron (0.29 g, 5.14 mmol) and powdered sulfur (0.16 g, 5.13 mmol) were mixed
in a steel autoclave with a Teflon inlet and charged with 20 ml of water. The autoclave
was sealed and the resulting suspension was heated in an oven for at 160 °C without

stirring for 3 days.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and ethanol to obtain a black solid.

Toch_MgAl_14

Powdered magnesium (0.18 g, 7.59 mmol), powdered aluminum (0.04 g, 1.52 mmol),
powdered iron (0.48 g, 8.67 mmol) and powdered sulfur (0.29 g, 9.13 mmol) were mixed
in a steel autoclave with a Teflon inlet and charged with 20 ml of water. The resulting

suspension was heated in an oven for 2 days at 130 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and left to dry open to the atmosphere.

Toch_MgAl 16

Powdered magnesium (0.18 g, 7.59 mmol), powdered aluminum (0.04 g, 1.52 mmol),
powdered iron (0.48 g, 8.67 mmol) and powdered sulfur (0.29 g, 9.13 mmol) were mixed
in a steel autoclave with a Teflon inlet and charged with 20 ml of water. The resulting

suspension was heated in an oven for 4 days at 130 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and left to dry open to the atmosphere.

Toch_MgAl 17

Powdered magnesium (0.18 g, 7.59 mmol), powdered aluminum (0.04 g, 1.52 mmol),
powdered iron (0.48 g, 8.67 mmol) and powdered sulfur (0.29 g, 9.13 mmol) were mixed
in a steel autoclave with a Teflon inlet and charged with 20 ml of water. The resulting

suspension was heated in an oven for 7 days at 130 °C without stirring.
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After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and left to dry open to the atmosphere.

Toch_MgAl 18

Powdered magnesium (0.18 g, 7.59 mmol), powdered aluminum (0.04 g, 1.52 mmol),
powdered iron (0.48 g, 8.67 mmol) and powdered sulfur (0.29 g, 9.13 mmol) were mixed
in a steel autoclave with a Teflon inlet and charged with 20 ml of water. The resulting

suspension was heated in an oven for 9 days at 130 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and left to dry open to the atmosphere.

Toch_MgAl 19

Powdered magnesium (0.18 g, 7.59 mmol), powdered aluminum (0.04 g, 1.52 mmol),
powdered iron (0.48 g, 8.67 mmol) and powdered sulfur (0.24 g, 7.5 mmol) were mixed
in a steel autoclave with a Teflon inlet and charged with 20 ml of water. The resulting

suspension was heated in an oven for 3 days at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and left to dry open to the atmosphere.

Toch_MgAl_20

Powdered magnesium (0.18 g, 7.59 mmol), powdered aluminum (0.04 g, 1.52 mmol),
powdered iron (0.48 g, 8.67 mmol) and powdered sulfur (0.29 g, 9.13 mmol) were mixed
in a steel autoclave with a Teflon inlet and charged with 20 ml of water. The resulting

suspension was heated in an oven for 3 days at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and left to dry open to the atmosphere.

Toch_MgAl_21, Toch_MgAl 22, Toch_MgAl 23
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Samples of Toch MgAl 19 were treated with diluted ammonium chloride solutions.
Therefor 0.5 g of Toch_ MgAl 19 and different amounts of ammonium chloride were
dispersed in 25 ml of water in a two neck round bottom flask. To sustain oxygen free
conditions and keep the particles in motion nitrogen was led through the solution with a
glass tube. The samples were kept in the solutions overnight at room temperature. After
this time, the solids were separated by filtration through a glass frit, washed multiple times

with water and dried in the open air.
Toch MgAl 21: 0.1 g ammonium chloride
Toch MgAl 22: 0.5 g ammonium chloride

Toch_MgAl 23: 1.0 g ammonium chloride

Toch_MgAl 24

Powdered magnesium (0.18 g, 7.41 mmol), powdered aluminum (0.04 g, 1.48 mmol),
ammonium sulfate (1.00 g, 7.5 mmol), powdered iron (0.50 g, 8.89 mmol) and powdered
sulfur (0.28 g, 8.89 mmol) were mixed in a steel autoclave with a Teflon inlet and charged
with 20 ml of water. The resulting suspension was heated in an oven for 6 days at 160 °C

without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and left to dry in the open air.

Toch_MgAl_25

Powdered magnesium (0.18 g, 7.41 mmol), powdered aluminum (0.04 g, 1.48 mmol),
ammonium sulfate (2.00 g, 15 mmol), powdered iron (0.50 g, 8.89 mmol) and powdered
sulfur (0.28 g, 8.89 mmol) were mixed in a steel autoclave with a Teflon inlet and charged
with 20 ml of water. The resulting suspension was heated in an oven for 6 days at 160 °C

without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and left to dry in the open air.
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Toch_MgAl 26

Powdered magnesium (0.18 g, 7.41 mmol), powdered aluminum (0.04 g, 1.48 mmol),
ammonium sulfate (3.00 g, 22.5 mmol), powdered iron (0.50 g, 8.89 mmol) and pow-
dered sulfur (0.28 g, 8.89 mmol) were mixed in a steel autoclave with a Teflon inlet and
charged with 20 ml of water. The resulting suspension was heated in an oven for 6 days

at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and left to dry in the open air.

Toch_MgAl_27

Powdered magnesium (0.18 g, 7.41 mmol), powdered aluminum (0.04 g, 1.48 mmol),
ammonium sulfate (4.00 g, 30 mmol), powdered iron (0.50 g, 8.89 mmol) and powdered
sulfur (0.28 g, 8.89 mmol) were mixed in a steel autoclave with a Teflon inlet and charged
with 20 ml of water. The resulting suspension was heated in an oven for 6 days at 160 °C

without stirring.

After cooling down to room temperature, the black suspension was filtered under air and

the solid residue was washed with water and left to dry in the open air.

10.4.2 MgFe-tochilinite
Toch_MgFe 1

Powdered magnesium (0.050 g, 2 mmol), powdered iron (0.132 g, 3 mmol) and powdered
sulfur (0.09 g, 3 mmol) were mixed in a steel autoclave with a Teflon inlet and charged
with 20 ml of water. The resulting suspension was heated in an oven for 4 days at 160 °C

without stirring.

After cooling down to room temperature, the black suspension was filtered under air and
the solid residue was washed with successively with water and ethanol to obtain a black

solid that was left to dry in the open air.
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Toch_MgFe 2

Powdered magnesium (0.188 g, 8 mmol), powdered iron oxide hydroxide
(0.146 g, 2 mmol), powdered iron (0.480 g, 9 mmol) and powdered sulfur (0.291 g,
9 mmol) were mixed in a steel autoclave with a Teflon inlet and charged with 20 ml of
water. The resulting suspension was heated in an oven for 3 days at 160 °C without stir-

ring.

After cooling down to room temperature, the black suspension was filtered under air and
the solid residue was washed with successively with water and ethanol to obtain a black

solid that was left to dry in the open air.

Toch_MgFe 3

All water used in this synthesis has previously been deionized and purged with nitrogen
gas while to remove dissolved oxygen. Powdered magnesium oxide (0.170 g, 4 mmol)
and powdered iron (0.055 g, 1 mmol) were mixed in a steel autoclave with a Teflon inlet.
A solution was prepared by dissolving ammonium iron (II) sulfate hexahydrate (1.98 g,
5.0 mmol) in 20 ml of deaerated water in a 50 ml Schlenk flask under a nitrogen atmos-
phere. To this solution 1.1 ml of an ammonium hydrosulfide solution (5.1 mol/l; pH =
10) was quickly added while stirring and a black precipitate formed. The resulting sus-
pension was filtered and the black solid residue was washed with ethanol while under a
nitrogen flow. After drying for a couple of minutes the iron sulfide was added to the
magnesium and aluminum powder in the autoclave and charged with 20 ml of water. The
autoclave was sealed and the resulting mixture was heated in an oven for 6 days at 160

°C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and
the solid residue was washed with water and ethanol to obtain a black solid that was left

to dry in the open air.

Toch_MgFe 4
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Powdered magnesium (0.166 g, 6 mmol), powdered iron oxide hydroxide
(0.159 g, 2 mmol) and FeS 1 (0.880 g) were mixed in a steel autoclave with a Teflon
inlet and charged with 20 ml of water. The resulting suspension was heated in an oven

for 3 days at 160 °C without stirring.

After cooling down to room temperature, the black suspension was filtered under air and
the solid residue was washed with successively with water and ethanol to obtain a black

solid that was left to dry in the open air.

Toch_MgFe 5

88 g of a mixture of iron and sulfur with a molar ratio of 1:1 was ground thoroughly in
an automated mortar. 0.88 g of this mixture containing powdered iron (0.560 g, 10 mmol)
and powdered sulfur (0.320 g, 10 mmol) was transferred into a 25-ml microwave vial and
sodium chloride (0.06 g, 1 mmol) was added. The vial was sealed and the air was replaced
by nitrogen following the standard procedure to exclude oxygen. To this mixture 10 ml
of degassed water was added and the resulting suspension was kept at room temperature
overnight without stirring. The solids turned black within a couple of hours and the com-

plete conversion of the starting materials was controlled with a strong magnet.

In a steel autoclave with a Teflon inlet powdered magnesium (0.240 g, 10 mmol) and
powdered iron oxide hydroxide (0.270 g, 3 mmol) were mixed with the iron sulfide sus-
pension. The reactor was sealed and heated in an oven for 3 days at 160 °C without stir-

ring.

After cooling down to room temperature, the black suspension was filtered under a stream
of nitrogen and the solid residue was washed successively with water and ethanol to ob-

tain a black solid that was left to dry in the open air.

The solid products were transferred into a Schlenk flask and the air was replaced by ni-
trogen. 20 ml a deaerated solution of ammonium sulfate (1g/10 ml) was added and the
resulting suspension stirred at 80 °C overnight. After cooling down to room temperature,
the black suspension was filtered under a stream of nitrogen and the solid residue was
washed successively with water, ethanol, acetone and diethyl ether and dried following

the standard procedure
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Toch_MgFe_6

Powdered magnesium (0.036 g, 1 mmol), powdered iron (0.134 g, 3 mmol) and powdered
sulfur (0.09 g, 3 mmol) were mixed in a steel autoclave with a Teflon inlet and charged
with 20 ml of water. The resulting suspension was heated in an oven for 4 days at 160 °C

without stirring.

After cooling down to room temperature, the black suspension was filtered under air and
the solid residue was washed with successively with water and ethanol to obtain a black

solid that was left to dry in the open air.

Toch_MgFe 7

Powdered magnesium (0.020 g, 1 mmol), powdered iron (0.134 g, 3 mmol) and powdered
sulfur (0.09 g, 3 mmol) were mixed in a steel autoclave with a Teflon inlet and charged
with 20 ml of water. The resulting suspension was heated in an oven for 4 days at 160 °C

without stirring.

After cooling down to room temperature, the black suspension was filtered under air and
the solid residue was washed with successively with water and ethanol to obtain a black

solid that was left to dry in the open air.

Toch_MgFe_8

Powdered magnesium (0.053 g, 3 mmol), powdered iron (0.132 g, 3 mmol) and powdered
sulfur (0.120 g, 4 mmol) were mixed in a steel autoclave with a Teflon inlet and charged
with 20 ml of water. The resulting suspension was heated in an oven for 4 days at 160 °C

without stirring.

After cooling down to room temperature, the black suspension was filtered under air and
the solid residue was washed with successively with water and ethanol to obtain a black

solid that was left to dry in the open air.

Toch_MgFe 9
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Powdered magnesium (0.051 g, 3 mmol), powdered iron (0.134 g, 3 mmol) and powdered
sulfur (0.141 g, 4 mmol) were mixed in a steel autoclave with a Teflon inlet and charged
with 20 ml of water. The resulting suspension was heated in an oven for 4 days at 160 °C

without stirring.

After cooling down to room temperature, the black suspension was filtered under air and
the solid residue was washed with successively with water and ethanol to obtain a black

solid that was left to dry in the open air.

Toch_MgFe 10

Powdered magnesium (0.049 g, 3 mmol), powdered iron (0.130 g, 3 mmol) and powdered
sulfur (0.166 g, 5 mmol) were mixed in a steel autoclave with a Teflon inlet and charged
with 20 ml of water. The resulting suspension was heated in an oven for 4 days at 160 °C

without stirring.

After cooling down to room temperature, the black suspension was filtered under air and
the solid residue was washed with successively with water and ethanol to obtain a black

solid that was left to dry in the open air.

Toch_MgFe 11

90 g of a mixture of iron, sulfur and sodium chloride were ground thoroughly in an auto-
mated mortar. 3.00 g of this mixture containing powdered iron (1.550 g, 28 mmol), pow-
dered sulfur (1.066 g, 33 mmol) and powdered sodium chloride (0.383 g, 7 mmol) were
transferred into a 25-ml microwave vial. The vial was sealed and the air was replaced by
nitrogen following the standard procedure to exclude oxygen. To this mixture 10 ml of
deaerated water was added and the resulting suspension was kept at room temperature
overnight without stirring. The solids turned black within a couple of hours and the com-

plete conversion of the starting materials was controlled with a strong magnet.

In a steel autoclave with a Teflon inlet powdered magnesium (0.510 g, 22 mmol) and
powdered iron oxide hydroxide (0.480 g, 5 mmol) were mixed with the iron sulfide sus-
pension and 10 ml of deionized water were added. The reactor was sealed and heated in

an oven for 4 days at 160 °C without stirring.
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After cooling down to room temperature, the black solid residue was isolated by filtration
and washed successively with water and ethanol to obtain a black solid that was left to

dry in the open air.

Toch_MgFe_ 12

88 g of a mixture of iron and sulfur with a molar ratio of 1:1 was ground thoroughly in
an automated mortar. 3.00 g of this mixture containing powdered iron (1.904 g, 34 mmol)
and powdered sulfur (1.096 g, 34 mmol) was transferred into a 25-ml microwave vial and
sodium chloride (0.191 g, 3 mmol) was added. The vial was sealed and the air was re-
placed by nitrogen following the standard procedure to exclude oxygen. To this mixture
10 ml of deaerated water was added and the resulting suspension was kept at room tem-
perature overnight without stirring. The solids turned black within a couple of hours and

the complete conversion of the starting materials was controlled with a strong magnet.

In a steel autoclave with a Teflon inlet powdered magnesium (0.122 g, 22 mmol) and
powdered iron oxide hydroxide (0.302 g, 5 mmol) were mixed with the iron sulfide sus-
pension and 10 ml of deionized water were added. The reactor was sealed and heated in

an oven for 4 days at 160 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and charged with 200 ml deionized water. The suspension was stirred
with a strong magnet for multiple minutes and all magnetic solids were removed. The
residual solid was isolated by filtration and washed successively with water and ethanol

to obtain a black solid that was left to dry in the open air.

Toch_MgFe_ 13

88 g of a mixture of iron and sulfur with a molar ratio of 1:1 was ground thoroughly in
an automated mortar. 3.00 g of this mixture containing powdered iron (1.904 g, 34 mmol)
and powdered sulfur (1.096 g, 34 mmol) was transferred into a 25-ml microwave vial and
sodium chloride (0.188 g, 3 mmol) was added. The vial was sealed and the air was re-
placed by nitrogen following the standard procedure to exclude oxygen. To this mixture

10 ml of deaerated water was added and the resulting suspension was kept at room
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temperature overnight without stirring. The solids turned black within a couple of hours

and the complete conversion of the starting materials was controlled with a strong magnet.

In a steel autoclave with a Teflon inlet powdered magnesium (0.363 g, 16 mmol) and
powdered iron oxide hydroxide (0.300 g, 3 mmol) were mixed with the iron sulfide sus-
pension and 10 ml of deionized water were added. The reactor was sealed and heated in

an oven for 4 days at 160 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and charged with 200 ml deionized water. The suspension was stirred
with a strong magnet for multiple minutes and all magnetic solids were removed. The
residual solid was isolated by filtration, washed successively with water, ethanol, acetone

and diethyl ether and dried under a stream of nitrogen.

Toch_MgFe 14

88 g of a mixture of iron and sulfur with a molar ratio of 1:1 was ground thoroughly in
an automated mortar. 3.00 g of this mixture containing powdered iron (1.904 g, 34 mmol)
and powdered sulfur (1.096 g, 34 mmol) was transferred into a 25-ml microwave vial and
sodium chloride (0.181 g, 3 mmol) was added. The vial was sealed and the air was re-
placed by nitrogen following the standard procedure to exclude oxygen. To this mixture
10 ml of deaerated water was added and the resulting suspension was kept at room tem-
perature overnight without stirring. The solids turned black within a couple of hours and

the complete conversion of the starting materials was controlled with a strong magnet.

In a steel autoclave with a Teflon inlet powdered magnesium (0.36 g, 16 mmol) and pow-
dered iron oxide hydroxide (0.486 g, 6 mmol) were mixed with the iron sulfide suspen-
sion and 10 ml of deionized water were added. The reactor was sealed and heated in an

oven for 4 days at 160 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and charged with 200 ml deionized water. The suspension was stirred
with a strong magnet for multiple minutes and all magnetic solids were removed. The
residual solid was isolated by filtration, washed successively with water, ethanol, acetone

and diethyl ether and dried under a stream of nitrogen.
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Toch_MgFe 15

88 g of a mixture of iron and sulfur with a molar ratio of 1:1 was ground thoroughly in
an automated mortar. 3.00 g of this mixture containing powdered iron (1.904 g, 34 mmol)
and powdered sulfur (1.096 g, 34 mmol) was transferred into a 25-ml microwave vial and
sodium chloride (0.181 g, 3 mmol) was added. The vial was sealed and the air was re-
placed by nitrogen following the standard procedure to exclude oxygen. To this mixture
10 ml of deaerated water was added and the resulting suspension was kept at room tem-
perature overnight without stirring. The solids turned black within a couple of hours and

the complete conversion of the starting materials was controlled with a strong magnet.

In a steel autoclave with a Teflon inlet powdered magnesium (0.36 g, 16 mmol) and pow-
dered iron oxide hydroxide (0.409 g, 5 mmol) were mixed with the iron sulfide suspen-
sion and 10 ml of deionized water were added. The reactor was sealed and heated in an

oven for 4 days at 160 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and charged with 200 ml deionized water. The suspension was stirred
with a strong magnet for multiple minutes and all magnetic solids were removed. The
residual solid was isolated by filtration, washed successively with water, ethanol, acetone

and diethyl ether and dried under a stream of nitrogen.

Toch_MgFe 16

88 g of a mixture of iron and sulfur with a molar ratio of 1:1 was ground thoroughly in
an automated mortar. 3.00 g of this mixture containing powdered iron (1.904 g, 34 mmol)
and powdered sulfur (1.096 g, 34 mmol) was transferred into a 25-ml microwave vial and
sodium chloride (0.181 g, 3 mmol) was added. The vial was sealed and the air was re-
placed by nitrogen following the standard procedure to exclude oxygen. To this mixture
10 ml of deaerated water was added and the resulting suspension was kept at room tem-
perature overnight without stirring. The solids turned black within a couple of hours and

the complete conversion of the starting materials was controlled with a strong magnet.
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In a steel autoclave with a Teflon inlet powdered magnesium (0.36 g, 16 mmol) and pow-
dered iron oxide hydroxide (0.300 g, 3 mmol) were mixed with the iron sulfide suspen-
sion and 10 ml of deionized water were added. The reactor was sealed and heated in an

oven for 4 days at 160 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and charged with 200 ml deionized water. The suspension was stirred
with a strong magnet for multiple minutes and all magnetic solids were removed. The
residual solid was isolated by filtration, washed successively with water, ethanol, acetone

and diethyl ether and dried under a stream of nitrogen.

Toch_MgFe 17

88 g of a mixture of iron and sulfur with a molar ratio of 1:1 was ground thoroughly in
an automated mortar. 3.00 g of this mixture containing powdered iron (1.904 g, 34 mmol)
and powdered sulfur (1.096 g, 34 mmol) was transferred into a 25-ml microwave vial and
sodium chloride (0.181 g, 3 mmol) was added. The vial was sealed and the air was re-
placed by nitrogen following the standard procedure to exclude oxygen. To this mixture
10 ml of deaerated water was added and the resulting suspension was kept at room tem-
perature overnight without stirring. The solids turned black within a couple of hours and

the complete conversion of the starting materials was controlled with a strong magnet.

In a steel autoclave with a Teflon inlet powdered magnesium (0.36 g, 16 mmol) and pow-
dered iron oxide hydroxide (0.221 g, 3 mmol) were mixed with the iron sulfide suspen-
sion and 10 ml of deionized water were added. The reactor was sealed and heated in an

oven for 4 days at 160 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and charged with 200 ml deionized water. The suspension was stirred
with a strong magnet for multiple minutes and all magnetic solids were removed. The
residual solid was isolated by filtration, washed successively with water, ethanol, acetone

and diethyl ether and dried under a stream of nitrogen.

Toch_MgFe 18
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88 g of a mixture of iron and sulfur with a molar ratio of 1:1. was ground thoroughly in
an automated mortar. 3.00 g of this mixture containing powdered iron (1.904 g, 34 mmol)
and powdered sulfur (1.096 g, 34 mmol) was transferred into a 25-ml microwave vial and
sodium chloride (0.181 g, 3 mmol) was added. The vial was sealed and the air was re-
placed by nitrogen following the standard procedure to exclude oxygen. To this mixture
10 ml of deaerated water was added and the resulting suspension was kept at room tem-
perature overnight without stirring. The solids turned black within a couple of hours and

the complete conversion of the starting materials was controlled with a strong magnet.

In a steel autoclave with a Teflon inlet powdered magnesium (0.36 g, 16 mmol) and pow-
dered iron oxide hydroxide (0.30 g, 5 mmol) were mixed with the iron sulfide suspension
and 10 ml of deionized water were added. The reactor was sealed and heated in an oven

for 4 days at 160 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and charged with 200 ml deionized water. The suspension was stirred
with a strong magnet for multiple minutes and all magnetic solids were removed. The
residual solid was isolated by filtration, washed successively with water, ethanol, acetone

and diethyl ether and dried under a stream of nitrogen.

10.4.3 FeFe-tochilinite
Toch_FeFe 1

Powdered iron (0.630 g, 11 mmol), powdered iron oxide hydroxide (0.134 g, 2 mmol)
and powdered sulfur (0.241 g, 8 mmol) were mixed in a steel autoclave with a Teflon
inlet and charged with 20 ml of water. The resulting suspension was heated in an oven
for 5 days at 160 °C without stirring. After cooling down to room temperature, the black
suspension was filtered open to the air and the solid residue was washed with water and

ethanol to obtain a black solid.

Toch_FeFe 2

Powdered iron (0.375 g, 7 mmol), powdered iron oxide hydroxide (0.153 g, 2 mmol) and
FeS 1 (0.88 g) were mixed in a steel autoclave with a Teflon inlet and charged with 20 ml
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of water. The resulting suspension was heated in an oven for 5 days at 160 °C without
stirring. After cooling down to room temperature, the black suspension was filtered open

to the air and the solid residue was washed with water and ethanol to obtain a black solid.

Toch_FeFe 3

Powdered iron (0.307 g, 5 mmol) and FeS_1 (0.882 g) were mixed in a steel reactor with
a Teflon inlet the reactor and charged with 20 ml of water. The resulting suspension was
heated in an oven for 3 days at 160 °C without stirring. After cooling down to room tem-
perature, the black suspension was filtered open to the air and the solid residue was

washed with water and ethanol to obtain a black solid.

Toch_FeFe 4

40 g of a mixture of iron and sulfur was ground thoroughly in an automated mortar. 4.000
g of this mixture containing powdered iron (3.000 g, 54 mmol) and powdered sul-
fur (1.000 g, 31 mmol) was transferred into a steel autoclave with a Teflon inlet and 20
ml of deionized water were added. The reactor was sealed and heated in an oven for 3

days at 130 °C without stirring.

After cooling down to room temperature, the obtained black solid was isolated by filtra-
tion and washed successively with water, ethanol, acetone and diethyl ether. As it got
warm upon air contact, it was dried following the standard procedure to obtain a brownish

dark powder.

Toch_FeFe S

40 g of a mixture of iron and sulfur was ground thoroughly in an automated mortar. 4.00
g of this mixture containing powdered iron (3.000 g, 54 mmol) and powdered sul-
fur (1.000 g, 31 mmol) was transferred into a steel autoclave with a Teflon inlet and 20
ml of deionized water were added. The reactor was sealed and heated in an oven for 5

days at 120 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic
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solids were removed. The solid was isolated by filtration and washed successively with
water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried

following the standard procedure to obtain a brownish dark powder.

Toch_FeFe_6

40 g of a mixture of iron and sulfur was ground thoroughly in an automated mortar. 1.00
g of this mixture containing powdered iron (1.000 g, 17 mmol) and powdered sul-
fur (0.333 g, 10 mmol) was transferred into a steel autoclave with a Teflon inlet and 20
ml of deionized water were added. The reactor was sealed and heated in an oven for 5

days at 120 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic
solids were removed. The solid was isolated by filtration and washed successively with
water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried

following the standard procedure to obtain a brownish dark powder.

Toch_FeFe 7

40 g of a mixture of iron and sulfur was ground thoroughly in an automated mortar. 4.00
g of this mixture containing powdered iron (3.000 g, 54 mmol) and powdered sul-
fur (1.000 g, 31 mmol) and additional powdered sulfur (0.111 g, 3 mmol) were trans-
ferred into a steel autoclave with a Teflon inlet and 20 ml of deionized water were added.

The reactor was sealed and heated in an oven for 3 days at 130 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic
solids were removed. The solid was isolated by filtration and washed successively with
water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried

following the standard procedure to obtain a brownish dark powder.

Toch_FeFe 8
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40 g of a mixture of iron and sulfur was ground thoroughly in an automated mortar. 4.00
g of this mixture containing powdered iron (3.000 g, 54 mmol) and powdered sul-
fur (1.000 g, 31 mmol) and additional powdered sulfur (0.214 g, 6 mmol) were trans-
ferred into a steel autoclave with a Teflon inlet and 20 ml of deionized water were added.

The reactor was sealed and heated in an oven for 3 days at 130 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic
solids were removed. The solid was isolated by filtration and washed successively with
water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried

following the standard procedure to obtain a brownish dark powder.

Toch_FeFe 9

40 g of a mixture of iron and sulfur was ground thoroughly in an automated mortar. 4.00
g of this mixture containing powdered iron (3.000 g, 54 mmol) and powdered sul-
fur (1.000 g, 31 mmol) and additional powdered sulfur (0.309 g, 9 mmol) were trans-
ferred into a steel autoclave with a Teflon inlet and 20 ml of deionized water were added.

The reactor was sealed and heated in an oven for 3 days at 130 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic
solids were removed. The solid was isolated by filtration and washed successively with
water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried

following the standard procedure to obtain a brownish dark powder.

Toch_FeFe 10

40 g of a mixture of iron and sulfur was ground thoroughly in an automated mortar. 4.00
g of this mixture containing powdered iron (3.000 g, 54 mmol) and powdered sul-
fur (1.000 g, 31 mmol) and additional powdered sulfur (0.406 g, 12 mmol) were trans-
ferred into a steel autoclave with a Teflon inlet and 20 ml of deionized water were added.

The reactor was sealed and heated in an oven for 3 days at 130 °C without stirring.
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After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic
solids were removed. The solid was isolated by filtration and washed successively with
water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried

following the standard procedure to obtain a brownish dark powder.

Toch_FeFe 11

40 g of a mixture of iron and sulfur was ground thoroughly in an automated mortar. 4.00
g of this mixture containing powdered iron (3.000 g, 54 mmol) and powdered sul-
fur (1.000 g, 31 mmol) and additional powdered sulfur (0.111 g, 3 mmol) were trans-
ferred into a steel autoclave with a Teflon inlet and 20 ml of deionized water were added.

The reactor was sealed and heated in an oven for 3 days at 130 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic
solids were removed. The solid was isolated by filtration and washed successively with
water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried

following the standard procedure to obtain a brownish dark powder.

10.4.4 FeAl-tochilinite
Toch_FeAl_1

90.6 g of a mixture of iron, sulfur and aluminum was ground thoroughly in an automated
mortar. 9.06 g of this mixture containing powdered iron (6.000 g, 107 mmol), powdered
sulfur (2.460 g, 44 mmol) and powdered aluminum (0.600 g, 22 mmol) were transferred
into a steel autoclave with a Teflon inlet and 20 ml of deionized water were added. The

reactor was sealed and heated in an oven for 3 days at 130 °C without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic
solids were removed. The solid was isolated by filtration and washed successively with
water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried
following the standard procedure to obtain a black powder.
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Toch_FeAl 2

90.6 g of a mixture of iron, sulfur and aluminum was ground thoroughly in an automated
mortar. 9.06 g of this mixture containing powdered iron (6.000 g, 107 mmol), powdered
sulfur (2.460 g, 44 mmol) and powdered aluminum (0.600 g, 22 mmol) were transferred

into a steel autoclave with a Teflon inlet.

Additional iron and aluminum was ground in a mortar and 0.1217 g of this mixture con-
taining powdered iron (0.1106 g, 2.0 mmol) and powdered aluminum (0.0111 g, 0.4
mmol) was added to the steel autoclave. The solids were mixed and 20 ml of deionized
water were added. The reactor was sealed and heated in an oven for 3 days at 130 °C

without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic
solids were removed. The solid was isolated by filtration and washed successively with
water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried

following the standard procedure to obtain a black powder.

Toch_FeAl 3

90.6 g of a mixture of iron, sulfur and aluminum was ground thoroughly in an automated
mortar. 9.06 g of this mixture containing powdered iron (6.000 g, 107 mmol), powdered
sulfur (2.460 g, 44 mmol) and powdered aluminum (0.600 g, 22 mmol) were transferred

into a steel autoclave with a Teflon inlet.

Additional iron and aluminum were ground in a mortar and 0.5603 g of this mixture con-
taining powdered iron (0.5092 g, 9.1 mmol) and powdered aluminum (0.0511 g, 1.89
mmol) was added to the steel autoclave. The solids were mixed and 20 ml of deionized
water were added. The reactor was sealed and heated in an oven for 3 days at 130 °C

without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic

solids were removed. The solid was isolated by filtration and washed successively with
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water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried

following the standard procedure to obtain a black powder.

Toch_FeAl 4

90.6 g of a mixture of iron, sulfur and aluminum was ground thoroughly in an automated
mortar. 9.06 g of this mixture containing powdered iron (6.000 g, 107 mmol), powdered
sulfur (2.460 g, 44 mmol) and powdered aluminum (0.600 g, 22 mmol) were transferred

into a steel autoclave with a Teflon inlet.

Additional iron and aluminum were ground in a mortar and 0.3426 g of this mixture con-
taining powdered iron (0.3113 g, 5.6 mmol) and powdered aluminum (0.0312 g, 1.2
mmol) was added to the steel autoclave. The solids were mixed and 20 ml of deionized
water were added. The reactor was sealed and heated in an oven for 3 days at 130 °C

without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic
solids were removed. The solid was isolated by filtration and washed successively with
water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried

following the standard procedure to obtain a black powder.

Toch_FeAl_5

90.6 g of a mixture of iron, sulfur and aluminum was ground thoroughly in an automated
mortar. 9.06 g of this mixture containing powdered iron (6.000 g, 107 mmol), powdered
sulfur (2.460 g, 44 mmol) and powdered aluminum (0.600 g, 22 mmol) were transferred

into a steel autoclave with a Teflon inlet.

Additional iron and aluminum were ground in a mortar and 0.7652 g of this mixture con-
taining powdered iron (0.6954 g, 12.5 mmol) and powdered aluminum (0.0698 g, 2.6
mmol) was added to the steel autoclave. The solids were mixed and 20 ml of deionized
water were added. The reactor was sealed and heated in an oven for 3 days at 130 °C

without stirring.
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After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic
solids were removed. The solid was isolated by filtration and washed successively with
water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried

following the standard procedure to obtain a black powder.

Toch_FeAl 6

90.6 g of a mixture of iron, sulfur and aluminum was ground thoroughly in an automated
mortar. 9.06 g of this mixture containing powdered iron (6.000 g, 107 mmol), powdered
sulfur (2.460 g, 44 mmol) and powdered aluminum (0.600 g, 22 mmol) were transferred

into a steel autoclave with a Teflon inlet.

Additional iron and aluminum were ground in a mortar and 0.1217 g of this mixture con-
taining powdered iron (0.1106 g, 2.0 mmol) and powdered aluminum (0.0111 g, 0.4
mmol) was added to the steel autoclave. The solids were mixed and 20 ml of deionized
water were added. The reactor was sealed and heated in an oven for 3 days at 130 °C

without stirring.

After cooling down to room temperature, the obtained black suspension was transferred
into a 500 ml beaker and stirred with a strong magnet for 5 minutes and all magnetic
solids were removed. The solid was isolated by filtration and washed successively with
water, ethanol, acetone and diethyl ether. As it got warm upon air contact, it was dried

following the standard procedure to obtain a black powder.
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Figure 63: Powder diffraction pattern of FeS 1.
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Figure 64: Powder diffraction pattern of FeS_2. Mackinawite HKL value are assigned to the diffraction peaks.
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Figure 65: Powder diffraction pattern of FeS NaCl 1. Mak = mackinawite, Fe = iron, S = sulfur.
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Figure 66: Powder diffraction pattern of FeS NaCl 2. Mak = mackinawite.
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Figure 67: Powder diffraction pattern of FeS NaCl 3. Mak = mackinawite, S = sulfur.
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Figure 68: Powder diffraction pattern of FeS NaCl 4. Mak = mackinawite, S = sulfur.
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Figure 69: Powder diffraction pattern of FeS_NaCl 4. Mak = mackinawite, S = sulfur.
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Figure 70: Powder diffraction pattern of FeS _Ox_3. Lep = lepidocrocite, Gre = greigite, S = sulfur.
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Figure 71: Powder diffraction pattern of FeS_Ox_4. Mik = Mikasaite, Hem = Hematite.
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Figure 72: Powder diffraction pattern of FeS_Ox_5. Mik = Mikasaite, Hem = Hematite.
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Figure 73: Powder diffraction pattern of FeS_Ox_6. Mak = mackinawite, Gre = greigite.
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Figure 74: Powder diffraction pattern of FeS_Ox_9. Mak = mackinawite, Gre = greigite.
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Figure 75: Powder diffraction pattern of FeS_Ox_10. Mak = mackinawite, Fe = iron.
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Figure 76: Powder diffraction pattern of FeS Ox 11. Mak = mackinawite.
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Figure 77: Powder diffraction pattern of CoS_1. Co = cobalt. All other peaks can be assigned to elemental sulfur.
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Figure 78: Powder diffraction pattern of CoS_2. Co = cobalt. All other peaks can be assigned to elemental sulfur
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Figure 79: Powder diffraction pattern of CuS_1. Cha = chalcopyrite, Cov = covellite.
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Figure 80: Powder diffraction pattern of MnS_1. Mn = manganese, all other peaks can be assigned to sulfur.
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Figure 81: Powder diffraction pattern of MnS_2. Mn = manganese, all other peaks can be assigned to sulfur.
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Figure 82: Powder diffraction pattern of MoS 1. Mo = molybdenum, all other peaks can be assigned to sulfur.
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Figure 83: Powder diffraction pattern of NiS_1. Ni = nickel, Hea = heazlewoodite.
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Figure 84: Powder diffraction pattern of NiS_1. Ni = nickel, Hea = heazlewoodite.
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Figure 85: Powder diffraction pattern of WS _1. S = sulfur, ? = unidentified.
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Figure 86: Powder diffraction pattern of ZnS 1, Zn = zinc, all other peaks can be assigned to sulfur.
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Figure 87: Powder diffraction pattern of ZnS 2, Zn = zinc, all other peaks can be assigned to sulfur.
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Figure 88: Powder diffraction pattern of MB_1, S = sulfur, Ni = nickel.
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Figure 89: Powder diffraction pattern of MB_2, S = sulfur, Ni = nickel.
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Figure 90: Powder diffraction pattern of MB_3, S = sulfur, Ni = nickel, Mil = millerite, Hea = heazlewoodite.
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Figure 91: Powder diffraction pattern of MB_4, S = sulfur, Ni = nickel, Mil = millerite, Hea = heazlewoodite.
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Figure 92: Powder diffraction pattern of MB_5, S = sulfur, Ni = nickel.
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Figure 93: Powder diffraction pattern of MB_6, S = sulfur, Ni = nickel.
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Figure 94: Powder diffraction pattern of MB_7, S = sulfur, Ni = nickel, Mil = millerite, Hea = heazlewoodite.
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Figure 95: Powder diffraction pattern of MB_8, S = sulfur, Ni = nickel.
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Figure 96: Powder diffraction pattern of MB_9, S = sulfur, Mak = mackinawite, Cu = copper.
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Figure 97: Powder diffraction pattern of MB_10, S = sulfur, Mak = mackinawite, Cu = copper.
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Figure 98: Powder diffraction pattern of MB_11, S = sulfur, Mak = mackinawite, Cu = copper, Cov = covellite, Cha = chalcopyrite, Pyh = pyrrhotite.
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Figure 99: Powder diffraction pattern of MB_12, Cu = copper, Cov = covellite, Cha = chalcopyrite, Pyh = pyrrhotite, bor = bornite, mag = magnetite.
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Figure 100: Powder diffraction pattern of MB_13, S = sulfur, Mak = mackinawite, Cu = copper, Cov = covellite, Cha = chalcopyrite, Pyh = pyrrhotite.
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Figure 101: Powder diffraction pattern of MB 14, S = sulfur, Mak = mackinawite, Cu = copper, Cov = covellite, Cha = chalcopyrite, Pyh = pyrrhotite.
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Figure 102: Powder diffraction pattern of MB_15, S = sulfur, Mak = mackinawite, Cu = copper, Cov = covellite, Cha = chalcopyrite, Pyh = pyrrhotite.
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Figure 103: Powder diffraction pattern of MB_ 16, Mak = mackinawite, Cu = copper, Cov = covellite, Cha = chalcopyrite.
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Figure 104: Powder diffraction pattern of MB_17, Mak = mackinawite, S = sulfur, Cu = copper, Cov = covellite.
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Figure 105: Powder diffraction pattern of MB_18, Mak = mackinawite, S = sulfur, Mag = magnetite,

Cu = copper, Cov = covellite, Cha = chalcopyrite.
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Figure 106: Powder diffraction pattern of MB 19, Cu = copper, Cov = covellite, Cha = chalcopyrite, Pyh = pyrrhotite, bor = bornite.
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Figure 107: Powder diffraction pattern of MB 20, Cu = copper, Cov = covellite, Cha = chalcopyrite, Pyh = pyrrhotite, Mag = magnetite.
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Figure 108: Powder diffraction pattern of MB_21, Mak = mackinawite, Cu = copper, Cov = covellite, Cha = chalcopyrite.
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Figure 109: Powder diffraction pattern of MB_22, Mak = mackinawite, Cu = copper, Cov = covellite,
Cha = chalcopyrite, Mag = magnetite, Pyr = pyrite, Pyh = pyrrhotite.
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Figure 110: Powder diffraction pattern of MB_23, Mak = mackinawite, Cu = copper, Cov = covellite, Cha = chalcopyrite, Mag = magnetite.
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Figure 111: Powder diffraction pattern of Toch 1. Mag = magnetite.
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Figure 112: Powder diffraction pattern of Toch_2. Toc = tochilinite, Si = silicates.
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Figure 113: Powder diffraction pattern of ELT 1. Toc = tochilinite, Mag = magnetite, Bru = brucite.
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Figure 114: Powder diffraction pattern of Toch_4. Toc = tochilinite, Mag = magnetite,
Bru = brucite. Pyh = pyrrhotite, LDH = layered double hydroxide.
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Figure 115: Powder diffraction pattern of Toch_5. Toc = tochilinite, Mag = magnetite,
Bru = brucite. Pyh = pyrrhotite, LDH = layered double hydroxide.
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Figure 116: Powder diffraction pattern of Toch_6. Toc = tochilinite, Mag = magnetite,

Bru = brucite. Pyh = pyrrhotite, LDH = layered double hydroxide.
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Figure 117: Powder diffraction pattern of Toch_7. Toc = tochilinite, Mag = magnetite,
Bru = brucite. Pyh = pyrrhotite, Fe = iron.

249



(counts

)1/2

16.2
Toc

100 —

80 —

60 — 8.1

Toc
40 — 44.7
Fe
18.6 33.8
11.4 43.6
. Bru 30 Pyh 379 pyj
Pyh Bru \ 58.6
B
20 35.5 53 57 ™
- Pyh Ma
Mag y 9 62.1 65
Bru Fe 70.9 82.4
/ Pyh Fe
0 —
T T T T T T T T T T T T T T
10 20 30 40 50 60 70
2Theta / °

Figure 118: Powder diffraction pattern of Toch_8. Toc = tochilinite, Mag = magnetite, Bru = brucite. Pyh = pyrrhotite, Fe = iron.
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Figure 119: Powder diffraction pattern of Toch_9. Toc = tochilinite, Mag = magnetite,
Bru = brucite. Pyh = pyrrhotite, Wur = wurtzite.
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Figure 120: Powder diffraction pattern of TochMgAl 1.
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Figure 121: Powder diffraction pattern of TochMgAl 2. Toc = tochilinite, Mag = magnetite,

Bru = brucite. Pyh = pyrrhotite, Fe = iron.
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Figure 122: Powder diffraction pattern of TochMgAl 3. Toc = tochilinite, Mag = magnetite,

Bru = brucite. Pyh = pyrrhotite, Fe = iron.
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Figure 123: Powder diffraction pattern of TochMgAl 4. Toc = tochilinite, Bru = brucite.
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Figure 124: Powder diffraction pattern of TochMgAl 5. Toc = tochilinite, Mag = magnetite,
Bru = brucite. Pyh = pyrrhotite, Fe = iron.
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Figure 125: Powder diffraction pattern of TochMgAl 6. Mag = magnetite,
Bru = brucite. Pyh = pyrrhotite, Fe = iron.
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Figure 126: Powder diffraction pattern of TochMgAl 7. Toc = tochilinite, Mag = magnetite,

Bru = brucite. Pyh = pyrrhotite, Fe = iron, LDH = layered double hydroxide.
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Figure 127: Powder diffraction pattern of TochMgAl 8.
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Figure 128: Powder diffraction pattern of TochMgAl 9. Bru = brucite.
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Figure 129: Powder diffraction pattern of TochMgAl 10. Bru = brucite.

261



(counts)'?

16.2
100 —| Toc
80 —
60 —11.2
LDH 18.7
Bru
- 38
Bru 43.6
Pyh
40 — 29.9 33.6
Pyh Pyh
44.7
- Fe 50.7
225 35.4 Bru 33
Pyh
20 — Bru Bru
62 g5 71.1
Bru Fe Pyh 721
68.2 / Bru 82.4
T Bru 7/ Fe
0 —
' I ' I ' I ' I ' I ' I ' I ' 1
10 20 30 40 50 60 70 80
2Theta / °

Figure 130: Powder diffraction pattern of TochMgAl 11. Toc = tochilinite, Mag = magnetite,
Bru = brucite. Pyh = pyrrhotite, Fe = iron, LDH = layered double hydroxide.
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Figure 131: Powder diffraction pattern of TochMgAl 12. Toc = tochilinite, Mag = magnetite,

Bru = brucite. Pyh = pyrrhotite, Fe = iron.
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Figure 132: Powder diffraction pattern of TochMgAl 13. Toc = tochilinite, Mag = magnetite,

Bru = brucite. Pyh = pyrrhotite, Fe = iron.

2Theta / °

264



(counts)'?

38
Bru
100 —
18.6
Bru
i 44.7
Fe
80 —
60 —
50.8
] Bru 58.7
33
40 — Pyr
371
Pyr
7 28 40.7
-5 Pyr
Pyr y
20 \
0 —
I v I v I v I v I v 1
10 20 30 40 50

2Theta / °

Figure 133: Powder diffraction pattern of TochMgAl 14. Bru = brucite. Pyh = pyrrhotite, Fe = iron.
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Figure 134: Powder diffraction pattern of TochMgAl 15. Toc = tochilinite,
Bru = brucite. Pyh = pyrrhotite, Fe = iron.
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Figure 135: Powder diffraction pattern of TochMgAl 16. Toc = tochilinite,

Bru = brucite. Pyh = pyrrhotite, Fe = iron, LDH = layered double hydroxide.
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Figure 136: Powder diffraction pattern of TochMgAl 17. Toc = tochilinite,

Bru = brucite. Pyh = pyrrhotite, Fe = iron..

268



(counts)'?

16.2
Toc
100 —
80 =
8.1
60 — Toc
18.6
40 - Bru
50.9
" 33.8 43.6 Bru
Pyh 355 Pyh
29.8 Mag \ 44.7 538'6
20 — Pyh Fe 53 ru
Pyh 62.1 68.3
Bru Bru
0 —
| ' | ' | ' | ' | | ' | '
10 20 30 40 50 60 70

Figure 137: Powder diffraction pattern of TochMgAl 18. Toc = tochilinite, Mag = magnetite,

Bru = brucite. Pyh = pyrrhotite, Fe = iron.
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Figure 138: Powder diffraction pattern of TochMgAl 19. Toc = tochilinite, Mag = magnetite,

Bru = brucite. Pyh = pyrrhotite, Fe = iron.
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Figure 139: Powder diffraction pattern of TochMgAl 20. Toc = tochilinite, Mag = magnetite,
Bru = brucite. Pyh = pyrrhotite, Fe = iron.
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Figure 140: Powder diffraction pattern of TochMgAl 21. Toc = tochilinite, Mag = magnetite,

Bru = brucite. Pyh = pyrrhotite, Fe = iron.
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Figure 141: Powder diffraction pattern of TochMgAl 22. Toc = tochilinite, Mag = magnetite, Pyh = pyrrhotite, Fe = iron.
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Figure 142: Powder diffraction pattern of TochMgAl 23. Toc = tochilinite, Mag = magnetite,
Bru = brucite. Pyh = pyrrhotite, Fe = iron, LDH = layered double hydroxide.
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Figure 143: Powder diffraction pattern of TochMgAl 24. Toc = tochilinite, Mag = magnetite,
Bru = brucite. Pyh = pyrrhotite, Fe = iron, LDH = layered double hydroxide.
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Figure 144: Powder diffraction pattern of TochMgAl 25. Mag = magnetite.
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Figure 145: Powder diffraction pattern of TochMgAl 26. Toc = tochilinite, Mag = magnetite,

Bru = brucite. Pyh = pyrrhotite, Fe = iron, LDH = layered double hydroxide.
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Figure 146: Powder diffraction pattern of TochMgAl 27. Toc = tochilinite.
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Figure 147: Powder diffraction pattern of TochMgFe 1. Toc = tochilinite, pyh = pyrrhotite, mag = magnetite, bru = brucite, Fe = iron.
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Figure 148: Powder diffraction pattern of TochMgFe 2. Toc = tochilinite, pyh = pyrrhotite, mag = magnetite, bru = brucite, Fe = iron.
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Figure 149: Powder diffraction pattern of TochMgFe 3. Toc = tochilinite, pyh = pyrrhotite, mag = magnetite, bru = brucite, Fe = iron.
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Figure 150: Powder diffraction pattern of TochMgFe 4. Toc = tochilinite, pyh = pyrrhotite, mag = magnetite, bru = brucite, Fe = iron.
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Figure 151: Powder diffraction pattern of TochMgFe 5. Toc = tochilinite, pyh = pyrrhotite, mag = magnetite, bru = brucite.
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Figure 152: Powder diffraction pattern of TochMgFe 6. Toc = tochilinite, pyh = pyrrhotite, mag = magnetite, bru = brucite, Fe = iron.
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Figure 153: Powder diffraction pattern of TochMgFe 7. Toc = tochilinite, pyh = pyrrhotite, mag = magnetite, bru = brucite, Fe = iron.

285



(counts

)1/2

16.2
Toc

100 —

80 —

18.6
_ Bru 43.6
Pyh
8.1
- T .
e0 °° 29.8 ?: 38 44.7
- y Bru Fe
Pyh
53
Pyh
40 —
35.5
Mag
20 —
0 —
I ' I ' I ' I ' I ' I ' 1
20 30 40 50 60 70

2Theta / °

Figure 154: Powder diffraction pattern of TochMgFe 8. Toc = tochilinite, pyh = pyrrhotite, mag = magnetite, bru = brucite, Fe = iron.
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Figure 155: Powder diffraction pattern of TochMgFe 9. Toc = tochilinite, pyh = pyrrhotite, mag = magnetite, bru = brucite, Fe = iron.
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Figure 156: Powder diffraction pattern of TochMgFe 10. Toc = tochilinite, pyh = pyrrhotite, mag = magnetite, bru = brucite, Pry = pyrite.
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Figure 157: Powder diffraction pattern of TochMgFe 11. Toc = tochilinite, pyh = pyrrhotite, mag = magnetite, bru = brucite, Fe = iron.
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Figure 158: Powder diffraction pattern of TochMgFe 12. Toc = tochilinite, mag = magnetite.
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Figure 159: Powder diffraction pattern of TochMgFe 13. Toc = tochilinite.
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Figure 160: Powder diffraction pattern of TochMgFe 14. Toc = tochilinite.
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Figure 161: Powder diffraction pattern of TochMgFe 15. Toc = tochilinite, mag = magnetite.
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Figure 162: Powder diffraction pattern of TochMgFe 16. Toc = tochilinite.
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Figure 163: Powder diffraction pattern of TochFeFe 1. Mag = magnetite, Pyh = pyhrrotite.
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Figure 164: Powder diffraction pattern of TochFeFe 2. Mag = magnetite, Pyh = pyhrrotite.
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Figure 165: Powder diffraction pattern of TochFeFe 3. Goe = goethite, Mag = magnetite, Pyh = pyhrrotite.
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Figure 166: Powder diffraction pattern of TochFeFe 4. Toc = tochilinite, Mag = magnetite, Pyh = pyhrrotite.
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Figure 167: Powder diffraction pattern of TochFeFe 5. Toc = tochilinite, Mag = magnetite, Pyh = pyhrrotite.
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Figure 168: Powder diffraction pattern of TochFeFe 6. Toc = tochilinite, Mag = magnetite, Pyh = pyhrrotite.
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Figure 169: Powder diffraction pattern of TochFeFe 7. Toc = tochilinite, Mag = magnetite, Pyh = pyhrrotite.
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Figure 170: Powder diffraction pattern of TochFeFe 8. Toc = tochilinite, Mag = magnetite, Pyh = pyhrrotite.
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Figure 171: Powder diffraction pattern of TochFeFe 9. Toc = tochilinite, Mag = magnetite, Pyh = pyhrrotite.
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Figure 172: Powder diffraction pattern of TochFeFe 10. Toc = tochilinite, Mag = magnetite, Pyh = pyhrrotite.
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Figure 173: Powder diffraction pattern of TochFeFe 11. Toc = tochilinite.
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Figure 174: Powder diffraction pattern of TochFeAl 1. Toc = tochilinite, Pyh = pyrrhotite.
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Figure 175: Powder diffraction pattern of TochFeAl 2. Toc = tochilinite, Pyh = pyrrhotite, Fe = iron.
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Figure 176: Powder diffraction pattern of TochFeAl 3. Toc = tochilinite, Pyh = pyrrhotite, Fe = iron.
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Figure 177: Powder diffraction pattern of TochFeAl 4. Toc = tochilinite, Pyh = pyrrhotite, Fe = iron, Al = aluminum.
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Figure 178: Powder diffraction pattern of TochFeAl 5. Toc = tochilinite, Pyh = pyrrhotite, Fe = iron, Al = aluminum.
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Figure 179: Powder diffraction pattern of TochFeAl 6. Toc = tochilinite.
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Figure 180: Gas chromatogram of RED 1.
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Figure 181: Gas chromatogram of RED 2.
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Figure 182: Gas chromatogram of RED 3.
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Figure 183: Gas chromatogram of RED 4.

315



rel. counts

4.45
1.95 3.59 ethane
methane ethene
100 —
80 —
60 —
40 —
20 — j
0 —
| ! 1 ' 1 ’ | ! 1
2 3 4 5

time / min

Figure 184: Gas chromatogram of RED 5.
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Figure 185: Gas chromatogram of RED_6.
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Figure 186: Gas chromatogram of RED 7.
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Figure 187: Gas chromatogram of RED_8.
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Figure 188: Gas chromatogram of RED 9.
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Figure 189: Gas chromatogram of RED 10.

12

time / min

321



rel.

100

80

60

40

20

counts

Figure 190: Gas chromatogram of RED 11.
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Figure 191: Gas chromatogram of RED 12.
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Figure 192: Gas chromatogram of RED_13.
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Figure 193: Gas chromatogram of RED 14.

325



rel.

100

80

60

40

20

counts

Figure 194: Gas chromatogram of RED 15.
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Figure 195: Gas chromatogram of RED _16.
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Figure 196: Gas chromatogram of RED 17.
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Figure 197: Gas chromatogram of RED _18.
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Figure 198: Gas chromatogram of RED 19.
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Figure 199: Gas chromatogram of Toch Red 1.
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Figure 201: Gas chromatogram of Toch Red 2.

333



time [min]

SO,

h Red 2.

Figure 202: Gas chromatogram of Toc

334



Counts

(W]

10

RS

2.

2
o)
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