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Abstract

Abstract

The interaction between iron oxides and aqueous sulfide is an important biogeochemical
process under anoxic water conditions. The main reaction products are elemental sulfur and
ferrous iron with the formation of metastable iron sulfide minerals, which may transform to
thermodynamically stable pyrite. Thus, these reactions play a significant role in the cycling of
iron and sulfur in natural system. In anoxic aquatic systems, Fe(ll) and natural organic matter
(NOM) are ubiquitously present and likely interfere with the reaction of iron oxides and sulfide.
Little is known, however, how and to what extent Fe(ll) and NOM affect the interactions
between iron oxides and aqueous sulfide. Therefore, the role of Fe(1l) and NOM on the redox
reactions between iron oxides and sulfide was investigated in this dissertation. Considering that
mineral adsorbed Fe(ll) (Fe(Il)sorb) exhibits a high reducing power and elemental sulfur is a
main product in the oxidation of sulfide, it was also investigated if and under which conditions
elemental sulfur can be reduced by Fe(ll) adsorbed at iron mineral surfaces. Wet chemical
analysis was used to determine the main sulfur and iron species. In addition, Msbauer

spectroscopy was used to check the formation of potential secondary iron mineral.

The presence and speciation of Fe(ll) strongly affected the pathways, rates and products of
reactions between goethite and aqueous sulfide. In the absence of Fe(ll) the redox reaction
between structural Fe(lll) of goethite and sulfide was significant and gave high yields of
elemental sulfur. When suspended goethite completely adsorbed aqueous Fe(Il) (Fe(ll)ag) SO
that no detectable Fe(ll)aq was present, the oxidation of sulfide was severely inhibited. In the
presence of significant concentrations of both Fe(I1)sors and Fe(l1)ag, however, the oxidation of
sulfide to elemental sulfur occurred. It is proposed that under such conditions, sulfide reacted
with Fe(lll) surface species that dynamically formed. The presence of Fe(ll)sq is required to
renew Fe(ll)sorb Species that partially inject electrons into bulk goethite thereby being
transiently oxidized to reactive Fe(lll) at the goethite surface. Thus, the significant reaction
between sulfide and goethite in the presence of Fe(ll)aq was attributed to the continuous
regeneration of reactive Fe(lll) species at goethite surface. No secondary iron mineral was

detectable by M&ssbauer spectroscopy.

The presence of Aldrich humic acid (AHA) inhibited the redox reaction between sulfide with
goethite in the presence of Fe(ll) due to its sorption at goethite surface, leading to a lower
amount of transformation products (thiosulfate and sulfate were nor detected). Within the range
of applied AHA concentrations (10 mg C/L — 40 mg C/L), the coating effect of AHA played
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the major role in the whole reaction process, while, the redox state of AHA was insignificant.
Furthermore, a small fraction of sulfide was incorporated into the AHA structure, which also

contributed to the inhibition of the reaction of sulfide with goethite.

Finally the reduction of elemental sulfur by Fe(ll)sor» at goethite surface was investigated at
neutral pH under anoxic conditions. It was found that parallel to the reduction of S° to sulfide
by Fe(I1)sorb and subsequent formation of FeS and polysulfides, S° also was oxidized to sulfate.
The occurrence of sulfur oxidation suggested the presence of reactive surface Fe(lll) species.
Due to scavenging effect of goethite and Fe(ll), the buildup of polysulfides was inhibited as

they readily decomposed to sulfide and elemental sulfur.

The results of this thesis revealed new and significant insights in the interactions of goethite
with sulfide in the presence of Fe(ll) and NOM. Furthermore, the disproportionation of sulfur
in goethite/Fe(ll) suspension not only demonstrated the high reducing potential of Fe(ll)sor,
but also the oxidation capability of Fe(lll) surface species under reducing anoxic conditions.
Therefore the findings of this dissertation can help us to improve our understanding of the
geochemical interactions in natural anoxic waters, thus eventually enabling us to apply these
findings to develop techniques of pollutant transformation in anoxic groundwater systems.

Vi



Zusammenfassung

Zusammenfassung

Die Wechselwirkung zwischen Eisenoxiden und gel&Gtem Sulfid ist ein wichtiger
biogeochemischer Prozess in anoxischen Wa&ssern. Die Hauptprodukte dieser Reaktion sind
elementarer Schwefel und zweiwertiges Eisen, sowie gebildete metastabile Eisensulfid-

Minerale, welche zu thermodynamisch stabilem Pyrit umgewandelt werden k&anen.

Daher spielen diese Reaktionen eine wichtige Rolle im Eisen- und Schwefelkreislauf in
natrlichen System. In anoxischen aquatischen Systemen sind Fe(ll) und natUrliches
organisches Material (NOM) stets vorhanden und es ist wahrscheinlich, dass diese die Reaktion
zwischen Eisenoxiden und Sulfid beeinflussen. Jedoch ist wenig dariber bekannt, wie und in
welchem Ausmaf3dies der Fall ist. Deshalb wurde in dieser Arbeit die Rolle von Fe(ll) und
NOM auf die Wechselwirkung von Eisenoxiden und Sulfid untersucht. In Anbetracht der
Tatsache, dass an Minerale adsorbiertes Fe(ll) (Fe(Il)sob) ein hohes Reduktionspotential
aufweist und elementarer Schwefel das Hauptprodukt der Oxidation von Sulfid ist, wurde
ebenfalls untersucht, ob und unter welchen Bedingungen elementarer Schwefel durch Fe(ll)
reduziert werden kann, welches an Eisenmineralen adsorbiert ist. Die Hauptspezies von
Schwefel und Eisen wurden mittels nasschemischer Analyse bestimmt. Zusé&zlich wurde
M&ssbauer-Spektroskopie angewendet, um die mcgliche Bildung sekund&er Eisenminerale zu

untersuchen.

Die Anwesenheit und Speziierung von Fe(ll) hatte einen grof®n Einfluss auf den
Reaktionsverlauf, und Rate, sowie die Produkte der Reaktion zwischen Goethit und gelGtem
Sulfid. In der Abwesenheit von Fe(ll) war die Reaktion zwischen strukturellem Fe(lll) in
Goethit und Sulfid ausgepr&ygt und hatte die Bildung hoher Konzentrationen an elementarem
Schwefel zur Folge. Im Falle kompletter Adsorption von gel&stem Fe(l1) (Fe(I1)aq) an Goethit
wurde die Oxidation von Sulfid merklich gehemmt. Jedoch fand die Oxidation von Sulfid zu
elementarem Schwefel statt, wenn signifikante Mengen an Fe(Il)soro und Fe(I1)ag vorhanden
waren. FUr dieses System wurde eine Reaktion von Sulfid mit dynamisch gebildeten Fe(ll1)-
Oberfl&henspezies hypothesiert. Hierbei ist die Anwesenheit von Fe(ll)aq ncig, um erneut
Fe(IDsorb-Spezies zu bilden, welche partiell Elektronen in das Goethit Cberfthren und dadurch
zu Fe(lll) oxidiert wurden. Somit wurde die Reaktion von Sulfid mit Goethit in der
Anwesenheit von Fe(ll)aq auf die kontinuierliche Regeneration von reaktiven Fe(l11)-Spezies
auf der Goethit-Oberfl&che zurick gefihrt. Hierbei konnten keine sekund&en Eisenminerale

mittels M&sbauer-Spektroskopie nachgewiesen werden.

vii



Zusammenfassung

Die Anwesenheit von Aldrich Humins&re (AHA) verhinderte die Redoxreaktion zwischen
Sulfid und Goethit in der Anwesenheit von Fe(ll) aufgrund der Adsorption der Humins&ure an
die  Goethit-Oberfl&che.  Dies  fihrte  zu  geringeren  Konzentrationen  an
Transformationsprodukten (Thiosulfat und Sulfat wurden nicht nachgewiesen). Im
untersuchten AHA-Konzentrationsbereich (10 mgC/L — 40 mgC/L) spielte die Bildung einer
Humins&aureschicht auf der Mineraloberfl&he eine ausschlaggebende Rolle fUr den gesamten
Reaktionsprozess, wohingegen der Einfluss des Redoxzustands unerheblich war. Zudem wurde
ein kleiner Teil des Sulfids in die AHA-Struktur eingebaut, was zus&zlich zu der Hemmung

der Reaktion zwischen Sulfid und Goethit beitrug.

Schlussendlich wurde die Reduktion von elementarem Schwefel durch Fe(ll)sors auf Goehtit
unter anoxischen Bedingungen und im neutralen pH-Bereich untersucht. Neben der Reduktion
von S zu Sulfid durch Fe(I1)sor, und der darauf folgenden Bildung von FeS und Polysulfiden,
wurde zudem die Oxidation von S° zu Sulfat gezeigt. Diese Oxidation deutete auf die
Anwesenheit reaktiver Fe(lll)-Spezies auf der Goethit-Oberfl&he hin. Goethit und Fe(ll)
hemmten die Bildung von Polysulfiden, da diese schnell zu Sulfid und elementarem Schwefel

zerfielen.

Die Ergebnisse dieser Arbeit geben neue und wichtige Einblicke in die Wechselwirkung
zwischen Goethit und Sulfid in der Anwesenheit von Fe(Il) und NOM. Zudem, konnte anhand
der Disproportionierung von Schwefel im Goethit/Fe(ll)-System nicht nur das hohe
Reduktionspotential von Fe(Il)sors, sondern auch das Oxidationspotential von Fe(ll)-
Oberfl&henspezies unter anoxischen Bedingungen gezeigt werden. Somit helfen die
Ergebnisse der vorgestellten Arbeit, das Versténdnis Uber geochemische Prozesse zu
verbessern und somit mdglicherweise Techniken fUr den Schadstoffabbau in anoxischen

Grundwassersystemen zu entwickeln.
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Chapter 1

1 Introduction

1.1 The significance of Fe(l1) and iron (hydr)oxides

1.1.1 Cycling of iron in natural system

Oxygen and iron are the most and the fourth most abundant elements by mass in the earth's
crust, in which their respective proportions amount to 46.6 % and 5.0 %. It is therefore not
surprising that compounds made up of these two elements are common in natural system
(Murad and Cashion, 2004). They can form iron oxides, iron oxyhydroxides and iron
hydroxides, which are often grounded under the general term "iron oxides". So iron oxides are
one of the most common compounds in the earth and readily synthesized in laboratory. They
can be found in almost all of the different compartments of the global system (Cornell and
Schwertmann, 2003). These iron oxides profoundly influence the quality of our water, air and
soil through the biologically-driven redox cycling between ferric iron (Fe(l11)) and ferrous iron

(Fe(l1)).

The biogeochemical interactions play a vital role in the cycling of elements and behavior of
inorganic and organic contaminants. They can reduce iron oxides to Fe(ll) and reduce sulfur
containing compounds to hydrogen sulfide (Cline and Richards, 1972; Fonselius et al., 2007),
thus conserving energy to support growth by completely oxidizing organic compounds to
carbon dioxide. The redox cycling of organic compounds and nitrogen through biogeochemical
interaction not only influence the micro- and macro-biological environment, but also exert
implications for global balances and climate change. For example, the emission of methane
and carbon dioxide contributes significantly to the overall greenhouse gas budget on Earth
(Borch et al., 2009; Lovley, 1997; Schmidt et al., 2010). Microbial oxidation of organic
contaminants coupled to Fe(lll) reduction removes significant amounts of pollutants from
many contaminated waters (Lovley, 1997). Thus, Lovley proposed that the metabolism can be
useful for the remediation of metal-contaminated subsurface environment and the subsequent
insoluble Fe(Il) products of Fe(lll) reduction can reductively dechlorinate chlorinated
contaminants, which lead to a lot of investigations on this aspect. Therefore, the cycling of iron
oxides is of great importance for the environment, and the investigations related to iron redox

reaction obtained mass interest.
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1.1.2 Reactivity of Fe(ll) species associated with iron oxides

In anoxic aqueous environments Fe(ll) can be produced through microbial reduction of iron
oxides. The Fe(ll) released into the groundwater is a main groundwater quality problem in
many waters. Fe(ll) is also an important reductant in natural environment, particularly when it
is associated with iron oxides. Numerous lab-based experiments and field studies have
demonstrated the high reactivity of surface sorbed Fe(ll) (Fe(ll)sob) towards reducible
compounds (Elsner et al., 2004; Glass, 1972; Haderlein and Pecher, 1998; Hofstetter et al.,
2006; Hofstetter et al., 2003). Several studies found that the rates of contaminants degradation
could be expressed as a linear function of the concentration of Fe(ll)sors (Amonette et al., 2000;
Cui and Eriksen, 1996; Gregory et al., 2004; Klausen et al., 1995). A general scheme for

reduction of pollutants by reactive Fe(ll)soro Was proposed by Haderlein and Pecher (1998) as

follows:
P “Surface sorbed”
% Fe(ll)
. = Adsorption of Fe(ll)
;:‘2;;2?] from solution
= [ronreducing
bacteria

Pred Fe(lll)

“Surface bound”

Figure 1.1: General scheme for reduction of pollutants by reactive Fe(ll) surface sites

and processes that regenerate such reductants.

Previous researches have demonstrated that the Fe(Il)son is reactive towards reducible organic
pollutants such as dichlorodiphenyltrichloroethane(DDT), 4-chloronitrobenzene (4-CI-NB)
and nitrobenzenes (NBs) (Glass, 1972; Heijman et al., 1995; Heijman et al., 1993; Klausen et
al., 1995). The reduction was surface mediated and the reduction rate increased with the loading
of Fe(ll)sorb. NO reaction occurred when only Fe(ll) was present and iron oxides were absent.
The contaminants degradation had a second-order reaction rate with respect with the density

of Fe(I)sorb. Similar observations have also been found by Elsner et al. (2004) and Shao (2007).
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Regarding the contaminant metals and metalloids such as uranium, technetium, cobalt,
chromium and selenium, a significant amount of investigations have also been conducted. The
reduction of U(VI) by Fe(ll) sorbed at iron oxides surface has been widely observed
(Chakraborty et al., 2010; Fox et al., 2013; Liger et al., 1999). Williams and Scherer (2001)
observed that the heterogeneous reduction by Fe(ll) associated with the carbonate green rust
appears to be the dominant pathway controlling Cr(\V1) loss from solution. Huang and Zhang

(2016) observed the nitrate reduction by magnetite associated Fe(ll) at near-neutral pH.

In summary, the Fe(Il) can not only contribute to the degradation of organic pollutants, but also
is useful for remediation of heavy metals pollutions. Due to the significant characteristic of
Fe(I1), researches related to the reaction between Fe(I1) with iron oxides and their reaction (iron

oxides/ Fe(l1)) with other reactant have always been hot research targets.

1.1.3 Sorption of Fe(ll) on iron oxides

The sorption of Fe(ll) at iron oxides surface is a complicated process between Fe(ll) and iron
oxides, comprising sorption, electron transfer, atom exchange and in some cases reductive

dissolution and transformation to secondary minerals.

The increased reactivity of Fe(ll)sorn relative to aqueous Fe(ll) (Fe(ll)aq) was attributed to
hydroxyl ligands (-OH) at the iron oxides surface acting as sigma donor ligands, which
increased the electron density of the Fe(Il) atoms (Stumm, 1987; Stumm and Sulzberger, 1992).
It was proposed that the specific surface species =Fe"OFe"OH was responsible for
contaminant reduction, allowing more Fe(ll) adsorption (Liger et al., 1999). A reaction of Fe(ll)
sorption at Fe minerals surface is provided by Elsner et al. (2004), which can be represented

as:
= Fe"'OH +Fe(ll),, + H,O—— =Fe"'OFe"OH +2H" (1.1)

Where = Fe''OH refers to as a surface adsorption site. The surface complex of Fe(ll) on
mineral surface is = Fe"'OFe"OH , which is neutral charged, rather than surface-Fe(ll),
suggesting that further adsorption of Fe(ll) from solution is not prevented by electrostatic

repulsion.

The electron transfer reaction between sorbed Fe(Il) and the underlying iron oxides occurs as
following (Coughlin and Stone, 1995):

= Fe'""OFe"OH —— = Fe"OFe"' OH (electron transfer) (1.2)
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Larese-Casanova and Scherer (2007) investigated the interaction of >'Fe(ll) with *hematite
using M&sbauer spectroscopy. Their finding demonstrated that at low Fe(ll) concentrations,
sorbed Fe(ll) species were transient and quickly underwent electron transfer with structural
Fe(Ill) in hematite. Other researches using M&sbauer spectroscopy revealed that electron
transfer took place between sorbed >’Fe(ll) and structural Fe(I11) (e.g. goethite, hematite and
magnetite), and that the °’Fe(I1) was oxidized to form similar underlying minerals (Gorski and
Scherer, 2009; Larese-Casanova and Scherer, 2007; Williams and Scherer, 2004). Due to
electron transfer between Fe(lI1)sor, and structural Fe(ll1) in iron oxides, the electron migrates
from Fe(11)sorb to the oxide structure, reducing structure Fe(111) to structural Fe(l1). The reduced
Fe(Il) may be released into solution as an Fe(Il) atoms (Gorski and Scherer, 2011; Pedersen et
al., 2005). Pedersen et al. (2005) investigated isotopic exchange between aqueous Fe(ll) (0 —
1.0 mM) with *°Fe enriched oxides with different crystalinities (e.g. ferrihydrite, lepidocrocite,
goethite, hematite) at 25 ‘C and pH 6.5, and observed the continuous release of *°Fe from the
investigated minerals into solution with time, and the rate and extent of atom exchange varies
significantly due to different crystallinities. Handler et al. (2009) demonstrated a complete
atom exchange between enriched °’Fe(ll)aq with natural abundant nano-goethite through
measuring 5°"*°Fe values in both Fe(Il)aq and goethite. Electron transfer and atom exchange
lead to the reductive dissolution of iron oxides and growth of an Fe(lll) layer at the oxide
surface that is similar to the bulk oxides (Pedersen et al., 2005; Williams and Scherer, 2004).

The resulting surface sorbed Fe(ll) species is capable of reducing organic contaminants.

Previous literatures have proved that electron transfer and atom exchange are the main
interactions between Fe(Il)aq and iron oxides, thus playing a vital role regarding the reactivity
of Fe(Il)sory and subsequent reactions related to Fe(ll) and Fe(lll). In natural anoxic water
systems, Fe(ll) along with many other components are present. Fe(ll) sorbs at mineral surface
as coating, preventing the direct reaction between iron oxides with the adjacent components
(e.g sulfide, metal ion or organic matter). On the other hand, sorbed Fe(ll) can also react with
them or act as an electron transfer mediator to stimulate the reaction between these adjacent
components with iron oxides. While the overall effect of Fe(ll) on the reaction between iron
oxides and other component is not clear. Thus it is necessary to investigate the interaction

between iron oxides with other reactants in the presence of Fe(ll).
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1.2 Aqueous sulfide

1.2.1 Origin of sulfide species

Hydrogen sulfide is an important reductant in anoxic waters and sediments, it can be produced
in groundwater through sulfate reduction by microorganisms, which requires the presence of
both sulfate and organic matter in the absence of oxygen and other oxides in groundwater (see
Eq 1.3) (Fonselius et al., 2007; Kamyshny Jr et al., 2008).

2CH,O(org) + H,S0, —> 2CO, + 2H,0 + H,S (1.3)

The speciation of sulfide is strong pH dependent. Sulfide exists mainly in two forms in water:
undissociated hydrogen sulfide (H2S) and bisulfide ion (HS), the form of S% is never a

dominating aqueous speciation (Duranceau and Faborode, 2012).

HZS <> H"+HS™ pKal =6.99 (14)

HS™ «<>H"+S* pK_, =12.92 (1.5)

At pH 8.0 (typical of seawater), about 9 % of sulfide is in the form of H,S, whereas at pH 6.0,
approximate 91 % of sulfide is in the form of H>S. At pH 7.0, both H,S and HS-are present at
the same amount (Wang and Chapman, 1999).

1.2.2 The interactions between sulfide and iron oxides

The presence of sulfide species can significantly interfere with the redox chemistry of iron
oxides and the composition of the mineral-water interface. Thus the investigations on the
kinetic and mechanisms of the reaction between aqueous sulfide and iron oxides have been
widely conducted (Dos Santos Afonso and Stumm, 1992; Peiffer et al., 2015; Peiffer et al.,
1992; Poulton, 2003; Wan et al., 2014).

Hydrogen sulfide can reductively dissolve iron oxides, which is of great importance in the
cycling of electrons and sulfur element, as well as the diagenesis in water-sediment systems
and in soil systems. Since the main redox products from reaction between sulfide and iron
oxides are elemental sulfur and Fe(ll), the Fe(ll) would precipitate sulfide to form FeS. While
FeS is a metastable iron monosulfide mineral, which can react with elemental sulfur and
transform to thermodynamically stable pyrite (Hunger and Benning, 2007; Pyzik and Sommer,
1981; Wan et al., 2014).
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The interactions between sulfide and iron oxides have been proposed to proceed via the

following reaction sequences (Dos Santos Afonso and Stumm, 1992):

= FeOH + HS" «——=FeS" + H,O (surface complexation) (1.6)
=FeS" «—=Fe"S"® (electron transfer between S(-11) and Fe(l11)) a7
=Fe"S° +H,0«——=Fe"OH," +S* (release of oxidized product) (1.8)
= Fe"OH," «— newsurfacesite + Fe(ll),, (renewal of new sorption site) (1.9)

The surface complex between bisulfide and reactive surface sites can form an inner sphere
complex, which is expected to result in the fast transfer of electrons (Poulton, 2003). The
reaction between hydrogen sulfide and lepidocrocite exhibits a strong pH dependence with a

maximum rate at pH 7 (Peiffer et al., 1992). The overall reaction follows the stochiometry:
2FeOOH + HS™ + H,O0— > 2Fe®" +S° + 50H - (1.10)

Fe* +HS —>FeS+H" (1.11)

The yield of iron monosulfide (FeS) depends on the initial sulfide concentration and reactive
mineral surface sites concentrations (Hellige et al., 2012; Peiffer et al., 2015). Hellige and
Peiffer proposed that under conditions where the initial sulfide concentration is relatively lower
compared to the amount of reactive sites, the oxidation of sulfide is fast and thus the association
of sulfide with generated Fe(ll) is slow, leading to low FeS concentration but high S°
concentration. Meanwhile, the generated Fe(I1) would bind at mineral surface forming Fe(I1)sorb.
While under conditions where the sulfide concentration is very high, the detachment rate of
Fe(I1) is high enough to channel Fe(ll) into FeS formation. The precipitated FeS is supposed
to sorb at iron oxides surface and to transfer electrons to structural Fe(lll) in a similar way as
adsorbed sulfide does (Hellige et al., 2012). Peiffer et al. (2015) observed the yield of pyrite
was high in experiments in which high concentrations of Fe(Il)sors was intermediately formed.
It is believed that Fe(Il)sor can trigger transformation of mineral and accelerate the formation
of pyrite via Eq 1.12 (Hellige et al., 2012; Peiffer et al., 2015).

FeS +S° + Fe(ll),,,, + 2FeOOH —> FeS, + Fe,0, +2H " (1.12)

In summary, the main reaction products between aqueous sulfide and iron oxides are elemental
sulfur and Fe(ll). The rate and extent of iron sulfide minerals transformation varies

significantly with the crystalinities of iron oxides and the concentration of sulfide. As a main
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product of the interaction, Fe(ll) plays a vital role in the subsequent reactions, affecting the
reactions between sulfide and iron oxides and the formation of pyrite. Due to the wide presence
of Fe(ll) in natural anoxic water system, apart from the reaction between sulfide with iron
oxides, the interaction of sulfide with Fe(ll)aq or Fe(ll)sor is inevitable. However how Fe(ll)
affect the overall reactions is not clear yet. To this end, we investigated the effect of Fe(ll) on
the interaction between aqueous sulfide and goethite in this PhD research work, and to identify

the role of Fe(Il) in natural water systems.

1.3 Natural Organic Matter
1.3.1 General information

Natural organic matter (NOM) is a ubiquitous component of the lithosphere and hydrosphere,
it can be found in soils, sediments, surface water and groundwater, and is known to influence
groundwater quality and geochemical reactions taking place in these environments. NOM is
one of the largest reservoirs of the carbon in the environment (Kosobucki and Buszewski, 2014).
It is a highly heterogeneous mixture, since it is formed in soils by degradation/ decomposition
of biomass consisting degradation products of plant and animal tissues as well as substances
resulting from biochemical changes of plant and animal origin substrates and their transitional
products (Kosobucki and Buszewski, 2014; Tan, 2014). Thus, it fulfills a wide range of

important functions in environment.

Humic substances (HS) are one of the major fractions of NOM which are enriched in carbon
and largely contribute to the organic carbon content on the earth’s surface playing a significant
ecological role in the natural environment (Kosobucki and Buszewski, 2014; Tan, 2014). They
are highly resistant to the biodegradation, so they are found in almost all components of the
natural terrestrial and marine environment. HS are redox-active compounds. Their major
functional groups are carboxylic acids, phenolic and alcoholic hydroxyls, ketone and quinone
groups. Quinone groups are usually considered as the main redox-active moieties of HS
(Kappler and Haderlein, 2003). HS can be further divided in three main fractions based on their

behavior in the acid-alkaline environment;

(O Fulvic acids (lowest in molecular weight, lightest in brownish color and soluble in
acids and alkalis).

@ Humic acids (HA) (medium in molecular weight, medium in color and soluble in
alkali only).
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@ Humins (highest in molecular weight, darkest in color, insoluble in both).
Evidence has accumulated that HS play an important role as an electron shuttle to iron oxides
in microbial redox processes and in the biodegradation of priority pollutants (Kappler and
Haderlein, 2003). While the capacities of electron transfer vary significantly with different HS.
This is not surprising since the chemical structure of HS is strongly dependent upon its source
materials and the environmental conditions under which they were produced (Ratasuk and
Nanny, 2007).

As we have already described above, HS contain a variety of different functional moieties,
these moieties are very important elements of the HS structure that determine a wide range of
properties of HS. Most moieties are chemically connected with the aromatic part, some of them
are also connected with the alkyl group (Kosobucki and Buszewski, 2014). An example of

schematic structure of HS is presented in Figure 1.2.

o2

OH HO
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OH
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Figure 1.2: A model structure of humic acid (Schulten, 1995)
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HS can accelerate reduction kinetics of Fe(l111) minerals by acting as electron shuttle (Jiang and
Kappler, 2008). They can serve as a terminal acceptor, which means they can be reduced by
Fe(ll) or sulfide (Heitmann and Blodau, 2006). On the other hand, HS can also decrease the
reduction rate of organic pollutants at mineral surface due to competitive sorption and
complexation of Fe(ll)sorb (Coln et al., 2008). As an important fraction of HS, HA are
ubiquitous in the subsurface and aquifers where they undergo a variety of electron transfer
reactions with their adjacent elements, thus HA have potential effects on surface catalyzed
transformation processes in iron mineral redox systems (Kappler and Haderlein, 2003;
Tratnyek et al., 2001).

1.3.2 The role of NOM in degradation of pollutants

HS can significantly influence oxidation and hydrolysis rate of organic contaminants by
minerals. They compete with contaminants for adsorption sites on mineral surfaces and
participate in or accelerate mineral dissolution. Thus these processes can affect the fate and
environmental behavior of organic or inorganic contaminants (Polubesova and Chefetz, 2014).
The impacts of HS on the transformation of contaminants by minerals manifest in three major
processes: (a) competition for surface active sites on mineral surface, (b) dissolution of
minerals and exposing new surface sites on the minerals, and (c) electron shuttling (Polubesova
and Chefetz, 2014).

Stimulating role: Due to a wide range of functional moieties, HS can act as electron
accepting/donating agents, which can contribute to redox reactions of redox-active inorganic
contaminants (Polubesova and Chefetz, 2014), thus promoting the transformation of pollutants
(Curtis and Reinhard, 1994; Dunnivant et al., 1992; O'Loughlin et al., 1999). Kappler and
Haderlein (2003) investigated the potential of HA as reductant for chlorinated aliphatic
pollutants, revealing that not only the electrochemically reduced HA but also the HA of natural
redox-state can reduce hexachloroethane, indicating a wide range of redox-active moieties
contained in HA even under oxic conditions. Guo and Jans (2006) investigated the influence
of NOM on the degradation of methyl parathion in the presence of hydrogen, finding that the

observed pseudo-first-order reaction rate constants were proportional to NOM concentration.

Inhibitory role: The inhibitory effect of HS on the decomposition of organic contaminants by
mineral has been amply demonstrated. In most cases the inhibitory role is attributed to their
sorption at mineral surface (Klausen et al., 1997; Zhang and Huang, 2003). Feitosa-Felizzola



Introduction

et al. (2009) demonstrated that the presence of dissolved Aldrich humic acid (AHA) (10 mg/L)
decreased the transformation rate of macrolide antibacterial agents by a factor of 10 to 15 by
Fe(I1l) and Mn(1V) oxides, suggesting that the dissolved AHA molecules compete with the
studied compounds for the reactive mineral surface sites. Vindedahl et al. (2016) investigated
the influence of HS on the goethite nanoparticle reactivity and aggregation, demonstrating that
fulvic-like substances more strongly inhibited goethite nanoparticle aggregation and reactivity
than did humic-like substances, and the reactivity decreased with increasing HS concentration
from 0 — 50 mg/L. The loss of reactivity can be attributed to the loss of Fe(Il) due to either
complexation with HS or oxidation to Fe(lll) by the HS, as well as the blockage or change of

the surface reactive sites by HS.

1.3.3 The interactions of NOM with iron oxides/ aqueous sulfide

Interactions of NOM with iron oxides: Adsorption of NOM on mineral oxides, which is
usually coupled with the redox reaction between NOM and iron oxides, plays an important role
in the environment (Feng et al., 2005; Saito et al., 2004). Col& et al. (2008) investigated the
role of Suwannee river humic acid (SRHA) in the reduction of chemicals in anoxic
environment. Their work showed that the presence of SRHA can reduce the reactivity of
goethite/Fe(ll) towards the reduction of p-substituted nitrobenzene due to oxidizing or
complexing the Fe(Il)sorb, Which is the main reactive element to reduce chemical under anoxic
conditions. The SRHA can also act as coating to hindering the access of nitrobenzene to
Fe(Il)sorb. Piepenbrock et al. (2014) quantified the rate and extent of electron transfer from
reduced and nonreduced Pahokee Peat humic acids (PPHA) and the fresh soil organic matter
(SOM) extracts to different iron oxides. They found that SOM has a lower capacity of electron
transfer with iron minerals compared to PPHA, indicating a difference in redox potential
distribution of the redox-active functional groups in SOM and PPHA.. Their study demonstrated
that HS electron shuttling can contribute to iron redox processes in environments where

biogenic Fe(111) mineral are present.

Interactions of NOM with sulfide: The interactions of NOM with sulfide have been
investigated during the last decades. Apart from the inorganic transformation products of
elemental sulfur and thiosulfate, the incorporation of sulfide into organic matter has been
previously amply demonstrated (Casagrande et al., 1980; Henneke et al., 1997). Heitmann and
Blodau (2006) investigated the reaction of hydrogen sulfide with peat HA at pH 6, finding that

10
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small fraction of sulfide got oxidized with the main oxidation product of thiosulfate and large
fraction (61 %) was incorporated into the organic structure. Yu et al. (2015) investigated the
transformation of aqueous sulfide with both chemically reduced AHA and nonreduced AHA
at pH 6 under anoxic condition, revealing that apart from the incorporation of sulfide into NOM
structure, inorganic transformation products (elemental sulfur and thiosulfate) was detected in
the reaction with non-reduced AHA solution, while in the reaction with reduced AHA, no
inorganic transformation products were observed. Yu et al. (2016) also investigated the
reactivities of Hz/Pd reduced AHA and electrochemical reduced AHA towards sulfide. Their
results revealed that compared to electrochemical reduction, Ho/Pd reduced AHA alters redox
properties and reactivity of organic matter and may therefore lead to results that cannot be
transferred in natural systems. Therefore, the electrochemical reduced NOM can be more
representative of the natural NOM.

In summary, NOM plays a vital role in regulating the interactions between iron oxides with
other reactants. As a ubiquitous and reactive component in anoxic waters, NOM can sorb at
mineral surface to inhibit the reaction with the adjacent components (e.g. inhibiting the
degradation of organic pollutants). On the other hand, some reactive NOM can react with iron
oxides to generate Fe(ll), which can contribute to the degradation of organic pollutants. Thus
the overall effect of NOM is complicated. Furthermore, NOM can react with iron oxides and
hydrogen sulfide, respectively. Therefore, the presence of NOM will affect the reaction
between sulfide with iron oxides, altering the behavior of sulfide in natural environment,
affecting the cycle of sulfur. So understanding the effect of NOM on interactions between iron

mineral with sulfide is of significant importance.

1.4 Scope of this dissertation

So far, the interaction between sulfide and iron oxides has been extensively studied in the lab.
While the influence of other components, e.g. Fe(11) and NOM, which are ubiquitous in anoxic
groundwater remains unclear. Therefore, the goals of this study are to investigate the influence
of Fe(1l)/ NOM on the reaction between sulfide and goethite under anoxic condition (Figure
1.3), to track the fate of sulfide in the system, mimicking the interactions in groundwater.
Answering these questions will help us to understand the geochemical interactions and the
pollutants degradation in groundwater.

11
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Figure 1.3: Influence of Fe(l11) and NOM on the interaction between sulfide with iron
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To this end, the pre-equilibrated goethite/Fe(ll) suspension and goethite/Fe(I1)/NOM
suspension were prepared, followed by spiking of sulfide solution. After titrating pH to 7,
samples were sacrificed at certain intervals for analysis. Wet chemical analysis were applied
to determine the concentrations of Fe(11) and sulfur species and pH during the reaction process.
The expected secondary sulfide iron minerals were characterized by using Md&sbauer

Spectroscopy.
This dissertation comprises the following chapters:

Chapter 1 presents a general introduction and research gap about the background of this study,

and describes the objectives and structures of the dissertation.

In Chapter 2, the influence of Fe(ll) on the interaction between sulfide with goethite is
investigated at pH 7 under anoxic conditions. Different initial concentrations of Fe(ll) (0 mM,
0.5 mM, 1.5 mM) were selected to check the role of Fe(ll) in the reaction. Wet chemical
analysis was applied to track the concentrations of Fe(ll) species and sulfur species during the

reaction process, M&sbauer spectroscopy was used to identify mineral products.

In Chapter 3, the influence of NOM on the reaction between sulfide with goethite/Fe(ll) is
investigated. AHA was selected as model NOM. We focused on the reaction at mineral surface,
thus the investigations were conducted at conditions where the concentration of aqueous AHA
was as low as possible. Since we investigated the reactions in anoxic conditions, the
electrochemically reduced AHA (refers to as AHA(.q) was used as well to check the effect of
the redox state of NOM on the reactions. The influences of AHA concentration and redox state

on the interaction between sulfide and goethite/Fe(l1) are discussed.

12



Chapter 1

It is confirmed that elemental sulfur is the main oxidation product of reaction between sulfide
and iron oxides, and the yield of elemental sulfur also plays a role in the subsequent reactions
as well. Hellige et al. (2012) proposed that the reactive Fe(ll)sorn has the potential of reducing
elemental sulfur to polysulfides. However, there is no direct experimental evidence to prove it.
Therefore, in Chapter 4 we studied the interaction between elemental sulfur and goethite/Fe(ll)
under anoxic conditions. The objectives of this study are to identify whether Fe(ll)sorn Can

reduce elemental sulfur and if there are any polysulfides formed in the reaction.

Finally, the conclusions and outlooks of this study are presented in Chapter 5.

13
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Chapter 2

2 Effect of Fe(ll) on geochemical interactions of iron minerals and

aqueous sulfide in anoxic waters

2.1 Introduction

The interaction between iron oxides and aqueous sulfide is closely linked to the cycling of iron
and sulfur elements in natural systems, thus has been intensively studied (Dos Santos Afonso
and Stumm, 1992; Hellige et al., 2012; Peiffer et al., 2015; Peiffer et al., 1992; Poulton, 2003;
Wan et al., 2014). As an important parameter controlling reactions, the pH can affect the
reaction significantly (Tratnyek et al., 2011), therefore most studies focus on the reaction at
neutral pH. There are several reasons accounting for this selectivity: i) the pH of most natural

waters are neutral, around pH 7 (Ben - Yaakov, 1973; Stumm and Morgan, 2012); ii) pH

affects the reaction rate. Peiffer et al. (1992) investigated the initial reaction between hydrogen
sulfide and lepidocrocide in the pH range between 4 — 8.6, revealing that the rate of sulfide
oxidation was of a strong pH dependence with a maximum value at pH 7; iii) the adsorption of
Fe(I) at mineral surface and its reactivity vary significantly with different pH values, thus it is
necessary to conduct the experiment at fixed pH (Buchholz, 2009). So in many researches pH
buffer is used to maintain the pH constant. It has been confirmed that at neutral pH elemental
sulfur (S% and Fe(ll) are the major redox products of the reaction, and iron monosulfide (FeS)
would precipitate immediately and transforms to other iron sulfide minerals with the reaction

proceeding.

To deeper understand the interaction between iron oxides and aqueous sulfide, in particular in
the mineral transformation under the influence of Fe(Il)son, Hellige et al. (2012) and Peiffer et
al. (2015) investigated the reaction between different iron oxides (e.g. lepidocrocite,
ferrihydrite, goethite) and aqueous sulfide with varying concentrations at pH 7 and room
temperature. They observed that the extent of FeS formation and yield of excess-Fe(Il) which
sorbs at mineral surface referred to as Fe(Il)sor, Strongly depend on the ratio between aqueous
sulfide and surface sites of iron oxides (SS), as well as the characteristics of iron oxides. In the
case of high ratios of sulfide: SS, the yield of FeS is significant, while Fe(Il)son is negligible.
In the case of low ratios of sulfide: SS, the results are the opposite: the yield of Fe(I1)sorb eXCeeds
the yield of FeS. Peiffer et al. (2015) also observed that in the reaction between sulfide and
ferrihydrite, where the fraction of Fe(ll)sorb Was higher, pyrite formed faster. In reaction of

sulfide and goethite, while, the concentration of Fe(ll)sorr Was negligible, the formation of
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pyrite was slow. This is in line with Wan’s research (2017), they proposed that the ratios of
sulfide : SS is an import indicator for pyrite formation, and Fe(I)sory plays a significant driving

role in the process of mineral transformation and cycling of sulfur.

Iron oxides are ubiquitous in natural system. Through iron oxides form when iron is exposed
to oxygen, they are also present in anoxic environments, e.g. lake sediment, marine sediment,
peatland, groundwaters (Cornell and Schwertmann, 2003). In anoxic aqueous systems, the Fe
respiring bacteria, such as Geobacter spp. and Shewanella app., can reduce iron oxides to Fe(ll)
to obtain energy, providing a continuous flux of Fe(ll) ions (Glasauer et al., 2002; Lovley,
1997). Due to the high surface area and sorptive capacities, iron oxides are dominant sorbents
for cations (e.g. Mn?*, Cu?*, Cr®*, and Fe?*) in natural environments (Gorski and Scherer, 2011).
Therefore in anoxic aqueous systems, the presence of Fe(ll) and their sorption at mineral
surface are inevitable. The Fe(ll)sory exhibits a strong reducing capability towards organic
pollutants and some toxic metal ions (already shown in Chapter 1), and it thus arised extensive
and intensive researches about the interaction between aqueous Fe(ll) and iron oxides,
demonstrating electron transfer and atom exchange between Fe(Il)sorb and underlying iron

oxides.

Despite the numerous published reports about the reactions of iron oxides and aqueous sulfide,
the influence of Fe(ll) on the interaction has not been investigated so far. Therefore, in this
study we choose goethite as model iron oxides and investigated the interaction between
goethite and aqueous sulfide under the influence of various amounts of Fe(ll) at pH 7 under
anoxic conditions. It can be envisioned that the sulfide can undergo two competitive reaction
pathways: one is the reaction with Fe(ll) to form FeS precipitate, another is the redox reaction
with goethite with the formation of oxidation products of sulfide. Mineral transformation, e.g.,
the transformation of FeS to FesSs4 or FeS; may also take place with reaction proceeding. The
extent of these reactions and the fate of sulfide, however, are not clear. Thus the main objectives

of this study are to (O check the extent of these geochemical reactions under the influence of
Fe(l1) and to @ identify the fate of aqueous sulfide. The pH, concentrations of iron species and

sulfur species were monitored during the reaction process. The formation of secondary iron
sulfide minerals was estimated via acid volatile sulfide (AVS) analysis, combined with

application of Msbauer Spectroscopy.
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2.2 Materials and methods

2.2.1 Materials

Goethite: a-FeO(OH) occurs in rocks and throughout the various compartments of the global
system. It is one of the most thermodynamically stable iron oxides at ambient temperature. In
massive crystal aggregates goethite is dark brown or black, whereas the powder is yellow and
responsible for the color of many rocks, soils and ochre deposits (Cornell and Schwertmann,
2003). Furthermore, goethite has an orthorhombic crystallographic system and is
antiferromagnetic (Cornell and Schwertmann, 2003). The goethite structure, with the

octahedral double chains, is shown in Figure 2.1.
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Figure 2.1: The crystal structure of goethite, a-FeO(OH). O atoms are drawn with
anisotropic displacement ellipsoids at the 90% probability level and H atoms with
arbitrary radii. Hydrogen bonding is indicated with green lines (Yang et al., 2006).

The specific surface area of goethite is one of the most important properties, determining its
reactivity, particularly its dissolution and dehydroxylation behavior, interaction with sorbents,
phase transformation and also thermodynamic stability. The goethite used in this study was
purchased from Lanxess Germany GmbH, Leverkusen. Its specific surface area is about 9 m?/g,

PHpzc (PH at point of zero charge) after washing is about 6.5 (Buchholz, 2009).

Fe(ll) stock solution: The Fe(ll) stock solution was prepared by adding 1.4 g of metal iron

powder (=99%, Alfa Aesar) into a 50 mL of 1 M deoxygenated HCI solution under constant
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gentle stirring in the glovebox (Braun, Germany,0.< 1 ppm). After the iron powder dissolved
in acid, Fe(ll) solution was filtered with 0.45 um filter (with Hydrophobic
Polytetrafluoroethylene (PTFE) Membrane, BGB Analytik) to remove the non-dissolved iron
particles. The exact concentration of Fe(ll) was determined using ferrozine assay (Stookey,
1970).

Sulfide solution: A sodium sulfide nonahydrate (NazS « 9H20) crystal (= 98 %, Sigma-
Aldrich) was rinsed with N2-purged Millipore water to remove the surface contaminants,
followed by dissolving in N2-purged Millipore water under the flow of nitrogen gas. The exact
concentration of sulfide solution was determined using iodometric method (Lawrence et al.,
2000; Siegel, 1965).

2.2.2 Experimental setups

Goethite suspension with surface area concentration of 50 m?/L (Fe atom concentration was
about 60.1 mM) was prepared by adding 5.43 g goethite powder in Schott bottle with 1 L
Millipore water and washed twice to remove the residual ions sorbed at goethite surface, then
N2-purged before transferring into glovebox. In the glovebox, 250 mL of the prepared goethite
suspension was transferred into Schott bottles, followed by addition of Fe(lIl) stock solution.
The bottle with initial Fe(Il) concentration of 0.4 mM was referred to as Fe(l1)iow Setup and the
one with 1.5 mM Fe(I1) was referred to as Fe(ll)nigh Setup. The setup without addition of Fe(ll)
was referred to as Fe(l)no setup.

For both Fe(Il)iow and Fe(IDnigh Setups, the Fe(ll) stock solution was added in three steps to
prevent Fe(OH). precipitation and after each step the pH was titrated to 7.0 +0.1 by dropwise
addition of 0.2 mM NaOH solution or 0.1 mM HCI solution. During the equilibration period
of > 72 hours under constant stirring condition, the pH was titrated to 7.0 0.1 regularly.
After reaching pH equilibrium, both aqueous Fe(1l) (Fe(ll)ag) and total acid extractable Fe(ll)
(Fe(INxot, including Fe(11)aq, surface associated Fe(ll) extractable in 1 M HCI) concentrations
were determined prior to addition of sulfide (see Table 2.1). In the glovebox anoxic sulfide
stock solution was spiked slowly into suspension under constant stirring condition to achieve
a concentration of 0.3 mM. After stirring for 30 minutes, suspensions were titrated to pH 7.0 &+

0.1. After 5 hours samples were taken for analysis.
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Table 2.1: Initial experimental conditions

Setups Goethite Fe(11) concentration S(-1initial
concentration concentration
Fe(I)no 50 m%/L No Fe(l1) 0.3 mM

Initially added Fe(ll): 0.4 mM;
After equilibration:

Fe(“)low 50 mZ/L 0.3 mM
Fe()tot, 377.6 = 9.5 uM;

Fe(Il)aq, 3.4 + 0.4 uM

Initially added Fe(ll): 1.5 mM;
After equilibration:

Fe(1)nigh 50 m%/L 0.3mM
Fe(tot, 1391.6 £136.2 uM;

Fe(1)aq, 883.3 £24.2 uM

2.2.3 Sampling and analytical methods

There are several species needed to be sampled and analyzed. The details are shown in the

following.
Iron species

Fe(ll)ag concentration was determined after filtration (0.45 pm, with Hydrophobic
Polytetrafluoroethylene (PTFE) Membrane, BGB Analytik) using ferrozine method (Stookey,
1970). Fe(I)wt concentration was determined after mixing 0.1 mL of unfiltered sample with
0.9 mL of 1 M HCI first. After incubation for 24 h, the suspension was centrifuged and the
supernatant was analyzed. The difference between Fe(I1)wt and Fe(ll)sq is the concentration of
Fe(ll) in solid phase, including mineral surface bound Fe(Il) (Fe(Isob) and the Fe(ll)

associated with sulfide which is extractable in 1 M HCI.
Sulfur species

Aqueous sulfide: Aqueous sulfide (S(-11)aq) was determined photometrically by methylene
blue method after filtration (0.45 pum, with Hydrophobic PTFE Membrane, BGB Analytik)
(Cline, 1969).
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Elemental sulfur: Elemental sulfur (S°) was extracted after treatment of 0.3 mL unfiltered
suspension sample with 0.15 mL of zinc acetate (10 wt%) to precipitate free sulfide following
a procedure modified after Kamyshny et al. (2009). After 15 minutes, 1.6 mL methanol was
added into the suspension. After shaken for 3 hours, the suspension was centrifuged and the
supernatant was measured by HPLC combined with Diode array detector after separation on a
C18 column (Ultrasphere ODS 5 pum, 250 by 4.6 mm) and isocratic elution by 98 % methanol

with a flow rate of 0.8 mL/min. The detection was performed at a wavelength of 265 nm.

Thiosulfate: For thiosulfate samples, 0.1 mL zinc acetate (10 wt%) solution was added into
2.5 mL unfiltered samples to precipitate the residual sulfide. The filtered sample was measured
by HPLC with a modification of the protocol published by Steudel et al. (1989) and Lohmayer
et al. (2014). A reversed-phase C18 column (Ultrasphere ODS, 5 um, 250 by 4.6 mm) was
used for separation. Elution was performed with eluent compositions with 2 mM
tetrabutylammonium chloride ([CH3(CH2)3]sNCI) and 1 mM sodium carbonate (Na2COg) in
77 % Millipore water and 23 % acetonitrile (CH3CN), with the pH adjusted to 7.7 by the
addition of 1 M HCI. Following parameters were used: a flow rate of 0.8 mL/min, the injection
volume of 15 pL, and the detection wavelength of 215 nm.

Sulfate: The sulfate concentration in samples was determined via ion chromatography (1C)
(Metrohm AG). Since the Fe(ll) present in the sample would block the IC column during
measuring process, thus it is necessary to remove it prior to analysis. For this purpose, 5 mL of
filtered sample was treated with adding 0.16 mL of 0.2 M NaOH solution to attain alkaline pH
to stimulate Fe(ll) oxidation as Fe(lll) precipitate in the air. After approximately 30 min when
all Fe(ll) ion got oxidized to Fe(lll), pH was lowered back to 7 — 8 by adding 0.44 mL of 0.1
M HCI to decrease the solubility of Fe(OH)s. Then the resulting sample was centrifuged to
remove Fe(OH)s precipitate and the supernatant was separated for further analysis.

Acid volatile sulfide(AVS)

The addition of HCI can release H>S from sulfide-containing species including the metastable
iron sulfide minerals. These substances can be divided into two groups: (1) dissolved iron and
sulfur species and their complexes and (2) solid iron sulfides precipitate (e.g. FeS, FesSs, FeS»)

(see Figure 2.2).
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AVS species

(from iron oxides+ S(-1I) system)

Aqueous phase Solid phase
| Dissolved S(-11) species: [ Mackinawite,
H,S, HS-, S?-, FeHS* Amorphous FeS

— FeS clusters

| lronsulfide

[ Greigite (Fe;S,)

— Pyrite (FeS,)

nanoprecipitates
Figure 2.2: The potential sources of AVS (Rickard and Morse, 2005)

Although acid volatile sulfide (AVS) method has been proposed many years ago, many
investigations have been conducted to develop this method, there is still no common method
to be established as AVS extraction standard (Cornwell and Morse, 1987; Meysman and
Middelburg, 2005; Rickard and Morse, 2005; Ulrich et al., 1997). This method suffers from a
lack of absolute specificity in mineral phase separation. There are overlaps between different
extraction reagents, operations, and the overlaps may not be constant between different studied

samples (Cornwell and Morse, 1987).

Morse et al. (1987) summarized that the amorphous FeS can be completely dissolved in 1 M
HCI and recovered, greigite (FesSs) does not entirely dissolve in simple HCI treatment and
pyrite (FeSz) does not dissolved in HCI (see Table 2.2). The different solubilities of iron sulfide

minerals in acidic solution could be used experimentally to separate them from each other.

Table 2.2: The sulfide recovery from different minerals (Morse et al., 1987)

Amorphous (FeS)  Mackinawite  Greigite  Synthetic pyrite  Pyrite
% % % % %

1.0 MHCI 100 90 40-67 O 0

6.0 M HCI 100 98 — 102 60-69 O 0
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Extraction method: In glovebox 5 mL unfiltered suspension sample was transferred in 100
mL serum bottle, and a tube containing 2 mL of 10 wt% zinc acetate solution was placed in the
bottle as trapping solution and the bottle was sealed with rubber stopper. Outside the glovebox,
5 mL of anoxic HCI with concentration of 2 M or 12 M was injected via syringe. The trapping
solution can precipitate the liberated H.S as ZnS. After shaking gently on a horizontal shaker
for 24 hours, the trapping tubes were removed from the serum bottles. A homogeneous ZnS
suspension was ensured by treatment in sonication water bath for 5 minutes. The sulfide was

measured with methylene blue method (Cline, 1969).

10 % ZnAc trapping

/ solution

Anoxic HCI

Suspension sample

X

>

Figure 2.3: Scheme of AVS Extraction

Mdssbauer Spectroscopy

Md&ssbauer spectroscopy is a useful analytical tool to estimate the type and fraction of iron
minerals in research. Since only °’Fe is visible in Mdssbauer spectroscopy, samples of very
low concentration can be detected by enriching the content of >’Fe in target samples. M &ssbauer
uses °’Co as radiation source to emit gamma-ray and is equipped with a constant acceleration
drive system in transmission mode. Spectra are calibrated against a spectrum of alpha-Fe(0)
foil at room temperature (Hellige et al., 2012). Data acquisition times are usually 12—-20 h per
spectrum. Spectral fitting is performed using Recoil software (University of Ottawa, Canada)
and Voigt-based spectral lines. Since Mdssbauer only detects *>’Fe in sample, we used pure
%"Fe(11) solution in a pretest experiment to increase the signal of >’Fe-containing products.
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Approximately 30 mL of suspension was filtered through a membrane filter in the glovebox.
The solid sample clinging on the membrane was sealed between two layers of Kapton tape for
Md&ssbauer spectroscopy analysis. The Mdssbauer spectra were collected at different
temperatures (77 and 4.2 K). Obtained spectra were calibrated against a spectrum of alpha Fe(0)
foil at 297 K.

2.3 Results and discussion
2.3.1 pH changes during the studied reactions

After spiking of sulfide solution, the color of goethite suspension changed immediately from
yellow to black. The pH values in all setups increased: the pH value were > 9.8 for the Fe(l1)no
setup, > 9.5 for the Fe(Il)iow setup, > 9.5 for the Fe(ll)nigh Setup, respectively. The alkaline
sulfide stock solution contributed to the pH increase. The color change was attributed to the
formation of FeS precipitate. Since the sulfide solution was of high pH, sulfide ion (5%) is the
dominating sulfide species in the solution (Broderius and Smith, 1977; Olson, 2005). The
formation of FeS can be presented as follows (see Eq 2.1):

Fe* +5* — »>FeS (2.1)

Although there was not initial Fe(ll) present in the Fe(ll)no Setup, the spiked sulfide reduced
goethite rapidly to release Fe(ll), followed by precipitation with remaining sulfide. Considering
that in the goethite suspension, the pH was titrated to 7, bisulfide ion (HS") and sulfide ion (S%)
would be the main species (Broderius and Smith, 1977; Olson, 2005). Thus, the reduction of
goethite by sulfide occur like the following reaction (Eq 2.2) (Dos Santos Afonso and Stumm,
1992; Peiffer and Gade, 2007).

2FeOOH +S% +2H,0——2Fe* +S° +60H " (2.2)

It seems that the alkaline sulfide solution and the redox reaction between goethite and sulfide

contributed to the increase in pH.

To maintain the pH constant at 7 during the reaction process, suspensions were titrated to pH
7.0 = 0.1 using 0.1 M HClI solution. The amounts were around 1.16 mL for the Fe(I1)no setup,
0.87 mL for the Fe(Il)iow Setup and 0.13 mL for the Fe(Inigh Setup, respectively. Thereafter,

the pH values in all setups were quite stable during the whole reaction process.
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In all setups, aqueous sulfide was consumed within 6 hours, but the yield of S° continuously
increased (shown later). It is proposed that after aqueous sulfide was consumed, FeS reacted
with goethite with formation of S° and Fe(ll) (Eq 2.3).

2FeOOH + FeS +2H,0—>3Fe(OH)* +30H ~+S° (2.3)

The generated Fe(ll) was supposed to sorb at the goethite surface. Because the increasing
formation of S° indicated the continuous generation of Fe(ll). However, no increase in the
Fe(I1)aq concentration was observed (shown in Figure 2.7), therefore it was concluded that the
generated Fe(ll) sorbed at goethite surface. Sorption of Fe(ll)aq at goethite surface can also
decrease the pH (Elsner et al., 2004).

=Fe"OH + Fe(OH)* ——>=Fe""OFe"OH + H* (2.4)

The sorption of Fe(ll) generate H*, which can compensate the generated OH" from the redox
reaction. Therefore after pH titration to 7, the reaction in the suspensions did not produce

significant amounts of OH or H* ions to change pH.
2.3.2 Evaluation of sulfur species during the reaction

Concentrations of aqueous sulfide and oxidation products of sulfide were monitored during the
reaction process. In all setups, aqueous sulfide was consumed within 6 hours and cannot be
detected afterwards. Thiosulfate and sulfate were not detected with detection limits of 6.0 uM
and 7.6 uM respectively.

In the Fe(I)no setup the reaction between sulfide and bare goethite was very fast (see Figure
2.4), consistent with previous findings (Hellige et al., 2012; Peiffer et al., 2015; Peiffer et al.,
1992; Wan et al., 2014). The S° concentration was already high (around 64 pM) after 7 hours
and increased slowly to 75 — 80 uM towards the end of the experiment. In the Fe(I1)nigh Setup,
the S concentration was only 24 pM after 7 hours, but increased steadily to 65 — 70 uM after
4 days, which was only slightly lower than that in the Fe(I1)no setup. In the Fe(Il)1ow Setup, there
was no S° detected in the early phase (7 — 24 hours). While after 24 hours, S° was detected and
the concentration remained at 15 — 20 uM, accounting for 3.3 % — 6.6 % of initially added

sulfide.
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Figure 2.4: The evolution of S° concentration in reactions between goethite and aqueous
sulfide at pH 7 under anoxic condition. The symbols represent: m for Fe(ll)no setup
(without initially added Fe(ll)); A for Fe(IDiw setup (with initially added Fe(ll)
concentration of 0.4 mM); e for Fe(l1)nigh setup (with initially added Fe(ll) concentration
of 1.5 mM).

In the Fe(INnigh Setup, even in the case of aqueous sulfide was completed, concentration of S°
still increased. The continuous generation of S° suggested that in the early phase with presence
of aqueous sulfide, the reaction took place between aqueous sulfide and the bare goethite
surface with fast formation of S°. While after the surface bound sulfide was consumed, the
reaction took place between FeS and goethite. However, compared to FeS, aqueous sulfide
transfer electrons to iron oxides faster (Hellige et al., 2012), so after consumption of aqueous

sulfide the formation slowed down.

Regarding why the yield of S® in the Fe(I1)iow Setup was much less than that in the Fe(Il)nigh
setup, it is proposed that in the Fe(Il)iow Setup the reaction between FeS and goethite was slow.
Because goethite is one of the most crystalline iron oxides in natural environment, the tendency
of electron transfer of structure Fe(l1l) in goethite is slower compared to other less crystalline
iron oxides, e.g. ferrinydrite, lepidocrocite (Cornell and Schwertmann, 2003; Wan et al., 2014),
thus the interaction between FeS and goethite was not significant. However, this explanation
is not convincing enough to interpret the high yield of S° in the Fe(11)nigh setup. Therefore the

reaction mechanism for S° formation may be different in the Fe(I)nigh Setup. Previous studies
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demonstrated that an un-identified surface Fe(lll) species forms during the reaction of Fe(ll)
sorption at iron oxides surface. Electron transfer and atom exchange between Fe(ll)sorn and
structural Fe(l11) in iron oxides leads to the formation of Fe(l11) species (Boland et al., 2014;
Coughlin and Stone, 1995; Handler et al., 2009; Larese-Casanova and Scherer, 2007).
Amstaetter et al. (2009) reported the oxidation of As(l1l) to As(V) in Fe(ll) treated goethite
suspension, and proposed that this surface Fe(l11) species contributed to the oxidation of As(I11)
to As(V). Accordingly, it is also possible that this Fe(lll) species can oxidize FeS in
goethite/Fe(11) suspension. In the Fe(Il)nigh Setup due to the presence of Fe(ll)aq, the reactive
Fe(111) species can be continuously regenerated. Because the continuous re-sorption of Fe(Il)aq
can generate the fresh reactive Fe(ll)sort at goethite surface. Then electron transfer between
Fe(Isort with structural Fe(l11) leads to formation of reactive Fe(lll) species, thus allowing the
oxidation of FeS at goethite surface. Thus, it is proposed that the presence of Fe(ll)aq allows
for the continuous regeneration of reactive Fe(ll1) species at goethite surface, which stimulates

the oxidation of FeS.

To test the above hypothesis, an additional experiment was performed. Two goethite
suspensions were prepared at neutral pH under anoxic condition, one was with the addition of
Fe(Il), the other was not. In both two setups, the goethite surface area concentration were 50
m?/L, the initial added FeS concentration was around 0.3 mM. In the setup with Fe(ll), the
initially added Fe(ll) concentration was 1.5 mM. After sorption equilibrium, the Fe(11)sorn and
Fe(I1)aqg were around 0.5 mM and 1.0 mM respectively, which was the same as the conditions
in the Fe(1nigh setup. After addition of FeS, in the Fe(ll)-containing setup, the S° concentration
was higher than that in the setup without addition of Fe(ll) (see Figure 2.5), which further
demonstrated that the presence of both Fe(Il)sorn and Fe(ll)aq could stimulate the reaction
between FeS and goethite.
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Figure 2.5: The evolution of S° concentration in the reactions between FeS and goethite

at pH 7 under anoxic condition.

2.3.3 Evaluation of Fe(l1) species during the reaction

The Fe(I1) species undergo various and complicated pathways in this experimental system (see
Figure 2.6). Fe(ll) can be consumed by precipitation with sulfide (see a and b in Figure 2.6),
and can also be generated from Fe(l1l) reduction by sulfide (see c in Figure 2.6), Fe(Il)sorn
participates in the transformation of iron sulfide minerals as well (Hellige et al., 2012; Peiffer
etal., 2015). Apart from these reactions, dynamic sorption between Fe(l1)aq and goethite/Fe(ll)

occurs at goethite surface (see d in Figure 2.6).
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Figure 2.6: Interactions between goethite and sulfide in the presence of Fe(ll) at pH 7
under anoxic conditions. Pathways of a) and b) represent the FeS precipitation reaction
between aqueous sulfide and Fe(ll). Pathway of c) is the redox reaction between sulfide
and goethite with formation of Fe(I1) and S°. Pathway of d) shows the dynamic sorption
between Fe(l1)ag and goethite leading to the regeneration of reactive Fe(I1)sorb.

Figure 2.7 shows the evolution of Fe(Il) concentration in reactions between goethite and sulfide
at pH 7 under anoxic conditions. We can see that after sulfide spiking, in the Fe(Il)nigh setup
Fe(Il)ag concentration decreased by 140 uM immediately due to precipitation with sulfide
(there were no Fe(ll)aq present in the other two setups). Afterwards, the Fe(ll)aq concentration

remained constant.

Fe(Iwt concentration increased fast due to goethite reduction by sulfide in all the three setups,
then it started to decrease slowly with the reaction proceeding. In the Fe(IDnigh setup, Fe(I1tot
rapidly increased by 160 uM within 7 hours and remained almost unchanged in the early phase
of the reaction (within 4 days) but decreased slightly thereafter. In the Fe(ll)no setup, 300 uM
of Fe(I1)wt were formed after 7 hours of reaction, and decreased slowly to 200 uM after 10 days.
In the Fe(I)iow Setup, Fe(l)wt increased up to 568 uM after 7 hours and decreased slightly
thereafter to remain at approximately 500 uM after 10 days.
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Figure 2.7: The evolution of aqueous and total Fe(ll) concentrations in reactions between

goethite and sulfide at pH 7 under anoxic conditions. The symbols represent: ll and [1:

Fe(I)no setup (without initially added Fe(ll)); A and A: Fe(ll)iow setup (with initially
added Fe(l1) of 0.5 mM); e and o: Fe(ll)nigh setup (with initially added Fe(l1) of 1.5 mM).
Dashed line with open symbols represent Fe(l1)aq, solid line with filled symbols represent
Fe(I1)tot.

The observed decrease in Fe(Il)wt concentration is in agreement with the finding by Hellige et
al. (2012), who observed a decrease in Fe(ll)ot in the reaction between aqueous sulfide and
lepidocrocite under similar experimental conditions. Since they also observed a consumption

of S° and the formation of pyrite and magnetite, they proposed the following reaction

mechanism:
FeS+S°%+ Fez*Sorb +2FeOOH —— FeS, + Fe,0, +2H" (2.5)

In our research Fe(ll)w: decreased during the course of the reaction whereas S° accumulated.
Thus, overall the rate of S° formation processes exceeded the rate of S consuming processes.
The decrease in Fe(I)twt can be rationalized by two processes. During the course of the reaction,
especially in the Fe(ll)nigh setup, Fe(ll)wt may have transformed via Eq 2.5 into a more
crystalline Fe(ll) mineral (e.g. FesOs, FeS, or some other FeSp), which cannot completely
dissolve in 1 M HCI. Alternatively, the electrons donated by Fe(Il)som to structural Fe(lll) of
goethite migrated into goethite structure, leading to incomplete recovery of Fe(Il)tot.
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2.3.4 M&sbauer spectroscopy

The formation of secondary iron phase was identified by M&sbauer spectroscopy. In a test
experiment with addition of 0.5 mM >'Fe(ll) solution, the reaction was conducted under the
same conditions of the Fe(ll)iow Setup as we described in this experiment, the only difference
was that pure >’Fe(I1) solution was used in this experiment to increase the Méssbauer signal.
According to the AVS analysis, the FeS concentration was estimated to be 151 uM after one
week of reaction. Compared with the total goethite->’Fe concentration of 1266.3 uM (the
goethite concentration was 60.3 mM, abundance of *>'Fe in goethite was 2.1 % (Handler et al.,
2009)) and initial added ®"Fe(11)sorb concentration of 500 M in the system, the fraction of °’FeS
was 8.5 % (Eq 2.6) which was higher than the Msbauer detection limit of 2 — 5 %. The
fractions of other secondary minerals such as FeS, were even lower, which is unlikely

detectable.

_ C(*"FeS)
60.3mM *2.1% + 500 M

(2.6)

Where f is the estimated fraction of >'FeS in sample and C(°>’FeS) is the estimated FeS
concentration of 151 uM.

Goethite/* Fe(11)+S(-11); after 1 week, T=4.2 K

Relative Absoption

— T T T~ T " T " T T T T T
-f0o 8 6 4 -2 O 2 4 6 8 10

Velocity (mm/s)

Figure 2.8: Md&sbauer spectrum of goethite/°’Fe(ll) reacted with sulfide after 1 week,

measured at 4.2 K.
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Table 2.3: Model parameters for M&sbauer spectrum of goethite/ >’Fe(ll) reacted with

sulfide after 1 week. Spectrum was collected at 4.2 K.

|2 <CS>¢ <QS>?  <H>® Hp?
r2 #of comp. P
(mm/s) (mm/s) (mm/s) T T
Goethite 0.097 3.1 048 -0.13 49.9 1 50.6

& Lorenztian half-width at half-maximum.

b Reduced chi-squared goodness of fit value.

¢ Average center shift.

d Average quadrupole splitting.

¢ Average hyperfine magnetic field.

" Number of Voigt-based fitting used to model the hyperfine magnetic field.

9 Most probable hyperfine magnetic field value.

The results showed that there were no secondary iron mineral phases except goethite observed
by M&shauer spectrum measured at 4.2 K (see Figure 2.8 and Table 2.3). This could be
interpreted by the low fraction of secondary iron (°’Fe) mineral compared to the underlying
goethite, which was caused by the atom exchange between >"Fe(11)sors and %6Fe(111) in goethite
crystalline structure during the equilibration period of >’Fe(l1) sorption at goethite surface. Due
to atom exchange, the *'Fe in Fe(ll)sons transferred into goethite and *Fe(111) contained in
goethite structure released out to be Fe(Il)sorb, Which reduced the content of >Fe in Fe(ll)sor
(Handler et al., 2009; Neumann et al., 2015; Williams and Scherer, 2004). Another reason
contributing to the lower fraction of >’Fe(ll) mineral was that sulfide reduced the goethite-
structural >®Fe(I11) to >®Fe(ll), and this sort of >°Fe(ll) was subsequently released to mineral
surface, binding with sulfide in the form of iron sulfide minerals. Fe atom exchange and
reductive dissolution of Fe(l11) by sulfide reduced the content of ®'Fe in secondary mineral,
leading to its invisibility. Furthermore, from the viewpoint of crystallinity, the poor crystallinity
of secondary mineral can also cause the invisibility. Although M&sbauer spectroscopy can
detect nonstructured and amorphous mineral phase, it is possible only in the case of sufficient

concentration of target mineral (Hunger and Benning, 2007; Larese-Casanova and Scherer,
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2007; Murad, 2010). So if the material is less crystalline and the amount is not sufficient to

produce a detectable signal, it still could not be observed in M&sbauer spectra.

In the Fe(ll)-containing setups we used normal Fe(ll) solution, therefore it is not likely to
observe secondary iron mineral in studied setups using M&ssbauer spectroscopy, so it was not

applied.

2.3.5 Evaluation of acid volatile sulfide and S distribution

According to previous studies (Cornwell and Morse, 1987; Kang et al., 2014; Rickard and
Morse, 2005; Williams and Scherer, 2001), we conclude that even pyrite may form in this
experiment, it does not dissolve and thus does not contribute to AVS data. While, some other
less crystalline iron sulfide minerals which can dissolve in 6 M HCI, contributed to the AVSgm
data. Therefore, we assumed that the AVS released from 1 M HCI is FeS precipitate and
dissolved S(-11) species, in 6 M HCI sulfide contained in less crystalline polysulfide minerals
is released and trapped as well. To simplify the evaluation of concentration and fractions of
iron sulfide minerals dissolving in different HCI concentrations, we account pyrite together
with less crystalline polysulfide minerals (which do not dissolve in 1 M HCI but in 6 M HCI)
as FeSn. Considering in this way, pyrite is included in the term of FeS,. The calculations are

shown as below:
In 1 M HCI,
FeS +2H" —> Fe** + H,S T, C(FeS) = AVS,,, —C(S(~11),,) (2.7)
In6 M HCI,
FeS, + 2H* —> Fe* +(n—1)S° + H,S T, C(FeS,) = AVS,,, — AVS,,, (2.8)

Where C(FeS), C(S(-11)ag) and C(FeSn) are concentrations of FeS, S(-1l),q and FeSp,
respectively. AVSim and AVSewm are sulfide concentration extracted in 1M HCl and 6 M HCI,

respectively.

Considering that S(-11)ag was not detected in all setups, AVSim was equal to the FeS
concentration, thus it was assigned to correspond to FeS concentration. The difference of
AVSem and AVSim was assumed to be the concentration of FeSy. So the concentration of FeS
and FeSy can be obtained through the above calculations. The stoichiometric factor (n value)
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of FeSy can be calculated through a sulfur mass balance. Since dissolved sulfide, sulfate and
thiosulfate were not detected, the concentrations of these sulfur species can be neglected. The

calculation of n is presented as follows:
C(S(—1),4a) = C(8°) + C(FeS) + n*C(FeS,) (2.9)

Where C(S(-)initiar) is the initially spiked sulfide concentration of 300 uM. C(S°) is the
methanol extractable S° concentration. C(FeS) and C(FeSn) are concentrations of FeS and FeSp,

respectively.

After 10 days of reaction, samples for AVS measurement were taken and analyzed. All samples
were measured in triplicate. In the Fe(ll)no setup, the AVS extracted in 1 M HCI was below
detection limit (6 pM) and AVS in 6 M HCI was 27.6 5.6 uM; In the Fe(Il)iow Setup, the
results were 62.1 +10.2 uM for AVSim and 140.1 £43.5 uM for AV Sem; In the Fe(I1)nigh Setup,
the results were 159.8 + 55.8 uM for AVSim and 229.2 + 30.8 uM for AV Sem (see Figure 2.9).

300

201 mzaAvs,,

ijz 1 SYAvVS,,

_ 220 4
3 200 -
‘= 180
160
140
120
100
80 -
60 -
40 -
20 4

0

\

\

Fe(l1)n, Fe(1iow Fe(IDnign

_

-

AVS concentration

Figure 2.9: The AVS extracted in 1 M HCl and 6 M HCI solutions in the reaction between
goethite and sulfide at pH 7 under anoxic condition, extracted at 240 h.

According to the assumptions that AVSim was assigned to correspond to FeS concentration,
the difference between AVSem and AVSim was assigned to FeS, concentration, the
concentrations of FeS and FeS could be obtained through calculation (Eqgs 2.7 and 2.8). So in

the Fe(I1)no setup, the concentrations of FeS and FeS, were 0 and 27 uM, respectively. In the
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Fe(I1)1ow Setup, the concentrations of FeS and FeS, were 62 uM and 78 uM, respectively. In the
Fe(INnigh setup, the concentrations of FeS and FeS, were 160 uM and 70 pM, respectively.
Correspondingly, the S(-11) concentration contained in FeSy are 27 uM in the Fe(l1)no Setup, 78
uM in the Fe(I)iow setup, 70 uM in the Fe(ll)nigh Setup. The other S atoms contained in FeSy
are assumed to be zero-valent sulfur (S(0)), and their concentration can be calculated via Eq
2.10.

C(S(0)) =C(FeS,)*(n—1) (2.10)

Based on S mass balance and the proposed calculation of Eq 2.9, the calculated n values of
FeSnh were 8.2 for the Fe(ll)no setup, 2.8 for the Fe(ll)ow Setup, and 1.0 for the Fe(11)nigh Setup,
respectively. To differentiate the fractions of FeS from two different HCI extraction in the
Fe(Ilnigh setup, we refer the FeS extracted in 1 M HCI to amorphous FeS (FeS,), the FeS
extracted 6 M HCI to crystalline FeS (FeSc). Being calculated via Eq 2.10, the zero-valent S
atoms contained in FeS, were 194.4 uM in the Fe(ll)no setup, 140.4 uM in the Fe(Il)iow Setup.
In the Fe(I)nigh Setup, there was no zero-valent S binding with FeS.. The S distributions in three

different setups are presented in Figure 2.10.
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Figure 2.10: Sulfur atoms distribution in the reactions of sulfide with goethite under the
influence of Fe(ll) at pH 7 under anoxic conditions. The individual fraction represents
the S atoms from their corresponding sulfur species, e.g the S(-11)[FeSs2] fraction
represents the S atoms with redox state of -2 contained in FeSs2, S(0)[FeSs2] fraction
represents the S atoms with redox state of zero contained in FeSs.2. FeSa is the amorphous
FeS extractable in 1 M HCI, FeSc is the crystalline FeS extractable in 6 M HCI. The other
sulfur species such as aqueous sulfide and thiosulfate were not detected, therefore they

were not shown in this graph.

From Figure 2.10, we can see that S° was the main redox product in the interaction between
goethite and aqueous sulfide, the presence of Fe(ll) affected the yield of S°. In the absence of
Fe(Il) and in the presence of high concentration of Fe(ll) where the generation of reactive
surface Fe(111) species was allowed, the yield of S° was high. While in the case of only Fe(ll)sor
present and Fe(ll)aq absent, goethite was covered by Fe(ll) and subsequent FeS precipitate,
once reactive surface Fe(lll) species was consumed, the redox reaction between FeS and
goethite ceased as well. The formation of iron sulfide minerals was also affected by Fe(l1).
During the whole reaction process, the AVS concentration in the Fe(ll)no setup was always

very low: not detectable in 1 M HCI, less than 10 % of the initially added amount of sulfide in
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6 M HCI. This is in the line with the previous literatures (Hellige et al., 2012; Peiffer et al.,
2015; Wan et al., 2014). They observed that under experimental conditions of low ratios of
sulfide : mineral surface sites (the Fe(ll)no setup matched this condition), the yield of FeS was
negligible and most sulfide transferred to zero-valent sulfur associated with solid phase. In the
Fe(Il)iow and the Fe(ll)nigh Setups, due to the pre-existence of Fe(ll), large fraction of spiked
sulfide immediately precipitated as FeS with concentrations of 62 uM in the Fe(Il)iow Setup and
160 uM in the Fe(I)nigh Setup.

The amount of zero-valent sulfur binding FeSn decreased in the order of Fe(ll)no setup >
Fe(I1)iow setup> Fe(I)nigh Setup. In the Fe(ll)no Setup, the calculated n value of FeSy is 8.2. In
the absence of Fe(ll) the spiked sulfide bound to bare goethite surface and reduced goethite
through an inner-sphere coordination of sulfide to Fe(lll) followed by fast electron transfer
(Dos Santos Afonso and Stumm, 1992). This is a faster reaction than an out-sphere process
alone, so Fe(11) and S° were produced immediately after sulfide spiking. However, a significant
fraction of this S° was supposedly still bound firmly to the FeS precipitate at the goethite
surface, and was not extracted in methanol. In the Fe(ll) containing setups, however, due to the
presence of Fe(ll) at goethite surface, the adhesion of the formed elemental sulfur bound at

goethite apparently was weaker, so the it was extractable by methanol.

2.4 Conclusions

In this chapter, we investigated the effect of Fe(ll) on the reaction between aqueous sulfide and
goethite at pH 7 under anoxic conditions. Results indicated that S° and Fe(l1) are still the main
redox reaction products in all setups. The presence of Fe(ll) affected the reaction and the
products of the subsequent reactions of sulfide with goethite. When there is only Fe(I1)sor, but
in the absence of Fe(ll)aq, the reactivity and amount of reactive surface Fe(lll) species was
limited due to the consumption by reaction with sulfide. So in the case of low Fe(ll)
concentration, Fe(I1)sorn acted more as passivating coating at the goethite surface, inhibiting the
reaction between sulfide/FeS and goethite. While under conditions where both Fe(I1)sorn and
Fe(Il)aq are present, a dynamic sorption between Fe(ll)aq and Fe(ll)sorb OcCcurs during the
reaction process, keeping the Fe(ll)sor fresh and reactive. Then electron transfer and atom
exchange between reactive Fe(ll)soro and structural Fe(ll) leaded to the formation of reactive
Fe(I11) species at goethite surface, which subsequently reacted with FeS. Therefore, compared

to conditions where there is only Fe(Il)sorb, under conditions where Fe(11)qq is present as well,
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Fe(I)sorb can remain fresh and act more as a stimulating role in the reaction between goethite
and FeS.

Apart from methanol extractable S° most spiked sulfide exist in the form of iron sulfide
minerals. In the Fe(I1)no Setup in which there was no interference of Fe(l1), one quarter of spiked
sulfide (77 uM) was methanol extractable S°. The other S atoms combined with iron sulfide
minerals, which cannot be released as acid volatile sulfide in 1 M HCI. In the Fe(ll)nigh Setup
in which Fe(Il)ag and Fe(ll)sorn are present, the distribution of S are similar with that in the
Fe(Ino setup, but among the S binding to iron sulfide minerals, a large fraction of S (160 uM)
are FeS, which can be released in 1 M HCI, another quarter of sulfide (70 uM) was strongly
bound with iron sulfide mineral neither can be recovered in methanol nor be released in 1 M
HCI. Under conditions where there was only Fe(ll)sorb but no Fe(ll)aq, the formation of
methanol extractable S° took up only 6.7 % of the initially spiked sulfide. The other S existed

in the form of iron sulfide minerals.

As main reaction products between sulfide and iron oxides, Fe(ll) and S° are commonly present
in natural system. Hellige (2012) proposed the reduction of S° by Fe(ll)sorb at lepidocrocite
surface, however, there is no direct lab experiment available to support this hypothesis, the
mechanism of interaction between Fe(I1)sory and S° is missing. In later chapter, this question
will be addressed by investigating the reaction between goethite/Fe(I1) and S° at pH 7 under

anoxic condition.
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3 Reaction of aqueous sulfide with goethite/Fe(l1) in the presence

of natural organic matter at neutral pH under anoxic conditions

3.1 Introduction

The interaction between iron oxides and aqueous sulfide plays an important role in the cycling
of iron and sulfur elements in natural systems and thus has been intensively studied (Dos Santos
Afonso and Stumm, 1992; Hellige et al., 2012; Peiffer et al., 2015; Peiffer et al., 1992; Poulton,
2003; Wan et al., 2014). In natural anoxic water environments, Fe(ll) is ubiquitously present
(Glasauer et al., 2002; Lovley, 1997) and it would sorb at iron oxides surface altering their
surface reactivity by complexation and transformation into secondary mineral phases (Handler
et al., 2009; Handler et al., 2014).

Natural organic matter (NOM) is abundant in natural waters and plays important roles in both
sorption and electron transfer processes. NOM can sorb at iron oxides surface, reduce iron
oxides, complex with Fe(ll), oxidize sulfide and incorporate sulfur, therefore exerting a
significant influence on the degradation of organic pollutants at iron oxides, controlling the S
cycle and supporting the growth of bacteria (see section of natural organic matter in chapter 1).
Although interaction between NOM, iron oxides and sulfide have been extensively studied, the
influence of NOM on the interaction between iron oxides and sulfide under environmentally
relevant conditions remains enigmatic. It is not yet clear if NOM would act potentially as
coating or electron transfer mediator in the reactions, and the extent of coating or electron
transfer is also a mystery. Hence, the goal of this study is to investigate the influence of NOM
on the interaction between iron oxides and aqueous sulfide under anoxic conditions at neutral
pH, and how it affects the reaction while keeping track of sulfur species. Considering that in
anoxic aquatic systems dominated by iron or sulfate reducing conditions, organic matter can
be reduced by a variety of microorganisms (e.g., G. metallireducers) and geochemical-reducing
species (e.g., sulfide) (Benz et al., 1998), thus aside from the natural-state of NOM, reduced
redox state is present as well. Electrochemical reduction of NOM is a novel method to evaluate
reversible electron transfer from and to NOM, which would reversibly reduce quinone moieties
to hydroguinone moieties, resulting in less molecular alternation of NOM structure and its
redox moieties, such as cleavage of quinones (Aeschbacher et al., 2009; Yu et al., 2016).

Therefore, in this study electrochemically reduced NOM was used as well.
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To complete these tasks, we studied the interactions between sulfide and goethite/Fe(ll)
suspension in the presence of Aldrich humic acid (AHA) (as representative of NOM of various
concentrations and redox states). All the related experiments were performed at pH 7 under

anoxic conditions. Geochemical evolutions were monitored by using wet chemical analysis.

3.2 Materials and Methods

All solutions were prepared with Millipore water and purged with N2 to remove oxygen. The
oxygen-sensitive procedures were conducted in anoxic glovebox. All chemical reagents were

of analytical grade.
3.2.1 Materials

Fe(Il) stock solution: The Fe(ll) stock solution was prepared by adding 1.4 g of metal iron
powder (= 99%, Alfa Aesar) into a 50 mL of 1 M deoxygenated HCI with constant gentle

stirring in the glovebox. After the iron powder dissolved in HCI solution, Fe(Il) solution was
filtered with 0.45 pm filter (with Hydrophobic PTFE Membrane, BGB Analytik) to remove the
non-dissolved iron particles. The final exact concentration was measured using ferrozine assay
(Stookey, 1970).

Goethite/Fe(l1) stock solution: Goethite suspension with surface area concentration of 100
m?/L was prepared by adding 10.86 g goethite powder (9.2 m?/g) into 1 L Millipore water and
washed twice with Millipore water to remove the residual ions sorbed at mineral surface. Then,
goethite suspension was N-purged before transferring into a glovebox. In the glovebox, Fe(ll)
stock solution was spiked into goethite suspension thrice to reach an initial total concentration
of 3.0 mM whereby pH was adjusted to7.0 0.1 after each step by using 0.1 M HCl or 0.2 M
NaOH solution. The pH was titrated regularly until the sorption of Fe(ll) at goethite attained
an equilibrium and there was no further change in pH.

Sulfide solution: A sodium sulfide nonahydrate crystal (Na.S « 9H.O) (= 98 %, Sigma-
Aldrich) was rinsed with N2-purged water to remove the surface contaminants, followed by
dissolving in Nz-purged Millipore water under the flow of nitrogen gas. The exact
concentration of sulfide solution was determined using iodometric method (Lawrence et al.,
2000; Siegel, 1965).
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Aldrich Humic Acid solution

AHAnat: The Sigma Aldrich humic acid (AHA) with natural redox state was used as received
and referred to as AHAnat. AHAna Stock solution was prepared by dissolving approximate 1g
AHA powder in 1 L Millipore water at pH of around 7 with constant stirring. After 3 days until
most solid dissolved, the AHA suspension was filtered through 0.45 pum filter (Whatman Sterile
Mixed Cellulose Ester Membranes), and the filtrate was collected for future experiment. The
AHA~at stock solution was purged with N2 (99.99 %) to remove oxygen and kept inside the

glovebox for further experiment.

AHAVed: The electrochemical reduction of AHAnat was conducted in the glovebox. The reduced
AHA is referred to as AHA(ed. Since the most widely accepted group of redox-active moieties
in NOM are quinones or quinone-like moieties, the quinone in AHAns transforms via
semiquinone intermediate to fully reduced hydroquinone. To prepare AHArq solution, the
AHA\: stock solution was transferred into a 200 mL bulk electrolysis cell and
electrochemically reduced at pH 7. The reduction of AHA solution was performed in 0.1 M
KCI solution with the applied potential at -0.8 V by using potentiostat (Metrohm, Herisau,
Switzerland ) in the anoxic glovebox following Aeschbacher et al. (2009). The redox potential
of HS mostly ranges between -0.3 V to +0.4 V (Aeschbacher et al., 2011; Kappler et al., 2004),
thus under the applied potential of -0.8 V the AHAna is supposed to be completely reduced.
The DOC concentrations in all AHA solutions were measured by High TOC analyzer
(Elementar, Hanau, Germany).

3.2.2 Experimental setups

Concentration and redox states of NOM are two important factors affecting the interaction of
NOM with other components (e.g. iron oxides and aqueous sulfide). To investigate the effect
of NOM on the interaction between iron oxides and aqueous sulfide, initial total concentrations
of 10 mg C/L and 40 mg C/L of AHA with different redox states were selected. Here the AHA
concentrations of 10 mg DOC/L and 40 mg DOC/L were selected, because we focus on the
reaction at the mineral surface, it is necessary to minimize the effect of aqueous AHA on the
overall reactions. Based on Xue’s (2018) results, under the similar conditions of goethite
loading of 5.43 g/L (surface area concentration 50 m?/L ), initial Fe(Il) concentration of 1.5
mM and pH 7, when the initial AHA concentration was 40 mg DOC/L, regardless of the redox
state, almost all AHA sorbs at goethite/Fe(1l) mineral surface with only 5 — 9 mg C/L AHA
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remaining in aqueous phase (see Figure 3.1). The points of L and H in Figure 3.1 are
corresponding to low AHA concentrations of 10 mg C/L and high AHA concentration of 40
mg C/L conducted in this experiment (see Table 3.1). At point L (point of low AHA
concentration), the sorbed AHA concentration was around 1.8 mg C/g with the goethite loading
of 5.43 g/L, all AHA sorbs at goethite/Fe(ll) surface, the corresponding sorbed AHA
concentration was 9.8 mg C/L. At point H (point of high AHA concentration), in which the
sorbed AHA concentration was around 7.1 mg C/g and aqueous AHA concentration was
around 6 mg C/L, the sorption maintained a high level for both AHAns and AHAred. Under this
condition, the corresponding initial total AHA concentration is 40 mg C/L. Therefore, initial
concentrations of 10 mg C/L AHA and 40 mg C/L AHA were chosen to achieve low and high
AHA sorption, respectively.

For AHA containing setups, the prepared AHA solution was diluted to 20 mg C/L and 80 mg
C/L first, and then 100 mL of the diluted AHA solutions was mixed with 100 mL of
goethite/Fe(11) suspension (goethite surface area 100 m?/L, initial Fe(ll) concentration of 3.0
mM) in 200 mL serum bottles (see Figure 3.2). The conditions of final suspensions are goethite
surface concentration of 50 m%/L, Fe(ll)w: of 1.5 mM, AHA concentration of 10 mg C/L
(referring to as AHA1o setup) or 40 mg C/L (referring to as AHA0 setup), respectively. Finally
the pH was checked again and kept constant at 7.0 £0.1 by dropwise of 0.1 M HCI solution or
0.2 M NaOH solution until the pH reached a stable phase. For setups without addition of AHA
(referred to as AHA, setup), 100 mL goethite/Fe(ll) suspension was mixed with 100 mL

Millipore water in 200 mL serum bottle.
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12 T T T T T T T T T
™ GT.Fe(”)+AHAnat

® G|T-F9(II)+AHAred

10+ E |

[AHA]_ . (mgDOC/g)
[«2]

(I 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100
[AHA]aq (mgDOC/L)

Figure 3.1: Sorption isotherm of AHA to goethite-Fe(ll) with goethite loading of 5.43g/L
and initial Fe(l1) concentration of 1.5 mM at pH 7 under anoxic conditions (Xue, 2018).

Table 3.1: The selected AHA concentration in this experiment

Point in Figure Sorbed AHA at Aqgueous AHA Total AHA
3.1 goethite, concentration, concentration,
mg C/g ? mg C/L mg C/L®
L 1.8 0 9.8
H 7.1 6 445

2 Goethite loading: 5.43 g/L; Specific surface area of goethite (N2-BET): 9.2 m?/L.

b The total AHA concentration is the sum amount of sorbed AHA and the aqueous AHA.
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Goethite: 2 AHA solution:
100 m?/L 80 or20mg C/L
Fe(l),:
3.0mM

S

100 mL l 100 mL

Final suspension:
Goethite: 50 m?/L
Fe(1Diniiag: 1.5 MM
AHA:400r10mg C/L

After 24 hours ,
Spikesulfideto 0.3 mM.

Figure 3.2: The procedure of experimental setups

When equilibrium of AHA solution (or water for AHAg setup) with goethite/Fe(ll) suspension
was built up, Fe(ll)aq and Fe(ll)wt concentrations were determined before spiking of sulfide.
Then stock sulfide solution was spiked to reach an initial concentration of 0.3 mM, and pH was
titrated to 7.0 0.1 within 3 hours. The overview of the experiment of different setups is shown

in Table 3.2. Samples were taken for analysis at intervals.
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Table 3.2: Overview of the experiments conducted at neutral pH under anoxic

conditions
Goethite, Fe(ll), Initial AHA, Sulfide,
Setups
m?/L mM mg DOC/L mM
AHA, 0
AHAnat_lO 10
Fe(1Dinitiai: 1.5 mM;
AHAnat 40 50 40 0.3
Fe(ll)ag: =1.0 mM
AHAed 10 10
AHAed 40 40
Note:

Both AHAnat 10 setup and AHAed 10 Setup were referred to as AHA1o setups; Both AHARat 40
setup and AHAeq 40 setup were referred to as AHA4o setups.

3.2.3 Sampling and analytical methods

There are several species needed to be sampled and analyzed. The details are shown in the

following.

Iron species: Fe(ll)ag was determined after filtration (0.45 pum, with Hydrophobic PTFE
Membrane, BGB Analytik) using ferrozine method (Stookey, 1970). Fe(Il)wt was determined
after mixing 0.1 mL of unfiltered sample with 0.9 mL of 1 M HCI first. After incubation for 24
h, the suspension was centrifuged and supernatant was analyzed. The difference between
Fe(IDwt and Fe(ll)aq is the concentration of Fe(ll) in solid phase, including mineral surface
bound Fe(Il) (Fe(I1)so) and the Fe(I1) associated with sulfide which is extractable in 1 M HCI.

Sulfur species

Aqueous sulfide: Aqueous sulfide (S(-11)aq) was determined photometrically by methylene
blue method after filtration (0.45 um) (Cline, 1969).
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Elemental sulfur: Elemental sulfur (S° was extracted after treatment of 0.3 mL unfiltered
suspension sample with 0.15 mL of zinc acetate (10 wt %) to precipitate residual sulfide
following a procedure modified after Kamyshny et al. (2009). After 15 minutes, 1.6 mL
methanol was added into the suspension. After shaken for 3 hours, the suspension was
centrifuged and the supernatant was measured by HPLC combined with Diode array detector
after separation on a C18 column (Ultrasphere ODS 5 um, 250 by 4.6 mm) and isocratic elution
by 98 % methanol with a flow rate of 0.8 mL/min. The detection was performed at a wavelength
of 265 nm.

Thiosulfate: 0.1 mL zinc acetate solution was added into unfiltered 2.5 mL samples to
precipitate the residual sulfide. After filtration the same was measured by HPLC with a
modification of the protocol published by Lohmayer et al. (2014). A reversed-phase C18
column (Ultrasphere ODS, 5 um, 250 by 4.6 mm) was used for separation. Elution was
performed with eluent composed with 2 mM tetrabutylammonium chloride ([CH3(CH2)3]aNClI)
and 1 mM sodium carbonate (Na2COs3) in 77 % Millipore water and 23 % acetonitrile (CH3zCN),
and the pH was adjusted to 7.7 by the addition of 1 MHCI. Following parameters were used: a
flow rate of 0.8 mL/min, the injection volume of 15 pL, and the detection wavelength of 215

nm.

Sulfate: The sulfate concentration in samples was determined via ion chromatography (1C)
(Metrohm AG). Since the Fe(ll) present in the sample would block the IC column during
measuring process, thus it is necessary to remove it prior to analysis. For this purpose, 5 mL of
filtered sample was treated with adding 0.16 mL of 0.2 M NaOH solution to attain alkaline pH
to stimulate Fe(ll) oxidation as Fe(ll1) precipitate in the air. After approximately 30 min until
all Fe(ll) ion got oxidized to Fe(l1l), pH was lowered back to 7 — 8 by adding 0.44 mL of 0.1
M HCI (to decrease the solubility of Fe(OH)3). Then the resulting sample was centrifuged to

remove Fe(OH)s precipitate and the supernatant was separated for further analysis.

Acid volatile sulfide (AVS)

The addition of HCI can release H2S from sulfide-containing species including the metastable
iron sulfide minerals and some organic sulfur (Rickard and Morse, 2005). In general, these
substances can be divided into two groups: (1) dissolved iron and sulfur species and their

complexes and (2) solid iron sulfides precipitate (e.g. FeS, FesS4, FeS2) (see Figure 3.3). In
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addition, in the presence of organic matter, aqueous sulfide can be incorporated into organic
matter (S(-11)org), Which can also contribute to AVS (Rickard and Morse, 2005).

AVS species
(from iron oxides/NOM+ S(-I1) system)

Aqueous phase Solid phase

Dissolved S(-11) species:

H,S, HS", S, FeHS* Mackinawite,
o Amorphous FeS

—— FeS clusters

— Greigite (Fe;S,)
Iron sulfide
nanoprecipitates

Organic sulfide L pyri
e yrite (FeS,)
(SC-1)ore) ’

Figure 3.3: The potential sources of AVS modified after Rickard and Morse (2005)

Although AVS extraction method was proposed many years ago, and many investigations have
been conducted to develop this method, there is still no common standard method established
as AVS extraction method (Cornwell and Morse, 1987; Meysman and Middelburg, 2005;
Rickard and Morse, 2005; Ulrich et al., 1997). Since this method suffers from a lack of absolute
specificity in mineral phase separation, there are overlaps between different extraction reagents,
operations, and the overlaps may not be constant between different studied samples (Cornwell
and Morse, 1987). Morse et al. (1987) summarized that the amorphous FeS can be completely
dissolved in 1 M HCI and recovered, greigite (FesS4) does not entirely dissolve in simple HCI
treatment and pyrite (FeS) does not dissolved in HCI (see Table 3.3). The different solubility
of iron sulfide minerals in acidic solution could be used experimentally to separate them from

each other.
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Table 3.3:The sulfide recovery from different minerals (Morse et al., 1987)

Amorphous (FeS) Mackinawite Greigite  Syntheticpyrite  Pyrite

% % % % %
1.0 M HCI 100 90 40 - 67 0 0
6.0 M HCI 100 98 — 102 60 — 69 0 0

Extraction method: The extraction of AVS was operated like the following: In glovebox 5
mL unfiltered suspension sample was transferred in 100 mL serum bottle, and a tube already
containing 2 mL of 10 wt% zinc acetate solution was placed in the bottle as trapping solution
and the bottle was sealed with rubber stopper. Outside the glovebox, 5 mL of anoxic HCI with
concentration of 2 M or 12 M was injected via syringe. The trapping solution can precipitate
the liberated H.S as ZnS. After shaking gently on a horizontal shaker for 24 hours, the trapping
tubes were removed from the serum bottles. A homogeneous ZnS suspension was ensured by
treatment in sonication water bath for 5 minutes. The sulfide was measured by using methylene
blue method (Cline, 1969).

10 % ZnAc trapping

/ solution

Anoxic HCI

[ Suspension sample

<

Figure 3.4: Scheme of AVS Extraction

|\\
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3.3 Results and discussion

All the measured terms mentioned in previous sections are summarized and discussed

separately in the following.
3.3.1 pH changes during the reaction

Upon the sulfide spiking, black precipitate, which was FeS precipitate, formed immediately in

all setups. The intensity of black color increased in the order of:

AHA setups < AHA1o setups << AHA, setup (goethite/Fe(l1) + sulfide). No matter the AHA

were reduced or non-reduced.

Aside from the color changes, the pH increased to > 9.2 in all setups after sulfide spiking. The
increase can be caused by two ways. First the sulfide stock solution was very alkaline with high
pH value of > 12.8, thus the addition of sulfide solution increased the pH of suspension. The

reaction between sulfide and goethite can produce OH™ as well (Eq 3.1) (Hellige et al., 2012;
Peiffer et al., 1992).

2FeOOH + HS +H,0— > 2Fe?" +S° + 50H (3.1)

The reaction between aqueous sulfide and iron oxides is a fast reaction (Peiffer et al., 1992;
Wan et al., 2014), thus the pH increased immediately with the addition of sulfide. To maintain
the reaction taking place at constant pH of 7, the pH was titrated back to 7 with dropwise of
0.1 M HCI solution. The titration process was finished in 3 hours. During the process of pH
titration, the complementary amount of HCI added in the suspension ranged from 5 — 20 uM.
After titration the pH values in all setups were quite stable (ranging between 6.8 — 7.0). This is
in agreement with the observation in Chapter 2, where the interaction between goethite and
aqueous sulfide was investigated in the presence of Fe(ll). Even under conditions where
aqueous sulfide was consumed but oxidation of sulfide to S° was continuing, the pH remained
stable. This scenario could be attributed to the sorption of newly generated Fe(ll) at goethite
surface. Because with the increasing formation of S°, no increase of Fe(ll)aq concentration was
observed in all setups (shown in later section). Therefore, it could be inferred that the generated
Fe(Il) from Eq 3.1 sorbed at goethite surface (Eq 3.2) (Elsner et al., 2004).

= Fe"OH + Fe* + H,0—>=Fe""OFe"OH +2H" (3.2)
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The sorption of Fe(ll) at goethite surface released H*, which can compensate the generated OH"
from the redox reaction. Therefore after pH titration to 7, the reaction in the suspensions did

not produce significant amounts of OH™ or H* ions to change pH.

3.3.2 Evaluation of sulfur species during the reaction

Sulfide reacts with iron oxides and NOM rapidly. In this study, after 7 hours of reaction, there
was no aqueous sulfide detected with detection limit of 6 uM. During the whole reaction
process thiosulfate and sulfate were not detected with detection limits of 6 uM and 7.6 uM,

respectively. The formation of elemental sulfur continued towards the end of reaction process.

The concentration of methanol extractable S° is highest in the AHA, setup, followed by setups
with AHA concentration of 10 mg C/L, the setups with AHA concentration of 40 mg C/L had
the lowest S° concentration (Figure 3.5). These results indicated that the presence of AHA

significantly inhibited the formation of S°.

100 ~

Methanol extractable S° [JM]

0 +——————1——

— T T T T T T T T T 1
0 24 48 72 96 120 144 168 192 216 240

Reaction time [h]

Figure 3.5: The evaluation of S° concentration during the reaction between aqueous
sulfide and Fe(l1) treated goethite suspension under the influence of AHA. The symbols
represent: A for the AHAo setup (in the absence of AHA); o for the AHAnat_10 setup (10

50



Chapter 3

mg C/L AHA with natural state); o for the AHAred 10 Setup (10 mg C/L AHA with reduced
state); m for the AHAnat_40 setup (40 mg C/L AHA with natural state); e for the AHA red_40
setup (40 mg C/L AHA with reduced state).

In the AHA, setup, 20 uM of S° formed after 7 hours of sulfide addition. The S° concentration
increased to 70 — 75 uM towards the end of experiment even in the case of all aqueous sulfide
had been completely consumed. It is believed that the reaction between aqueous sulfide and
iron mineral proceeds by the first adsorption step of sulfide at mineral surface (Dos Santos
Afonso and Stumm, 1992; Wan et al., 2014). In the presence of Fe(ll) both in agueous phase
and at goethite surface, the initially added aqueous sulfide can also be precipitated by Fe(ll) to
form FeS. Therefore, it can be inferred that after consumption of aqueous sulfide it was FeS
that reacted with goethite to generate S° in a similar way as sulfide did (Eq 3.3).

2FeOOH -+ FeS + 2H,0—>3Fe(OH)" +30H ~ + S° (3.3)

In AHA setups, regardless the redox state of AHA, the formation of S° was much lower than
that in other setups with low AHA concentration, suggesting that sorption of AHA at
goethite/Fe(l1) surface significantly inhibited the interaction of FeS with goethite. Furthermore,
the S° concentration was similar (20 — 25 uM) in the AHAred 40 setup and AHAnat 40 Setup,
indicating that the redox state of AHA played insignificant role in the formation of S at high
AHA concentration. Figure 3.1 and Table 3.1 show that under studied conditions (50 m?/L
goethite surface concentration, 1.5 mM initial Fe(ll) concentration and pH 7), when the initially
added AHA concentration was 40 mg C/L, almost all AHA sorbed at goethite surface,
approaching the saturation of AHA under these conditions. It is reasonable to conclude that
40mg C/L AHA covered the surface of goethite/Fe(ll) significantly, regardless of the redox
state. Therefore, it is likely that the sorption of AHA at goethite surface prevented the reaction

of S(-11) with goethite, leading to low yield of S°.

In the setups with AHA concentration of 10 mg C/L, all AHA sorbed at goethite/Fe(l1) surface,
but goethite were not fully covered, so the coating effect of AHA at goethite/Fe(l1) surface was
limited. Therefore, the yield of S° was slightly lower than that in the AHA setups. Under
conditions of such low AHA concentration, the effect of redox state of AHA started to be
observable. The S° concentration in the AHA 10 was approximately 10 uM higher than that
in the AHAed_10 Setup. It is likely that in the AHAnat 10 setup the AHAna: oxidized Fe(I1)sorb tO
Fe(lll) at goethite surface, the generated Fe(lll) subsequently oxidized S(-1) to S° This
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assumption is in agreement with the measured electron accepting capability (EAC) of AHA in
its natural redox state. The measured EAC in this study is 2.74 +0.36 umol e (mg C)*. In the
AHAnat 10 setup, 27.4 uM Fe(Il) could be oxidized to Fe(lll) by AHAna then this Fe(lll)
subsequently oxidized approximately 14 pM S(-11) to S°. While in the AHAd 10 Setup, there
was no electron transfer between AHA and goethite/Fe(ll) (Xue, 2018), the amount of reactive
Fe(111) at goethite surface did not increase. In the AHAnat_40 setup, although more Fe(l11) might
be formed due to oxidation of Fe(11) by AHAna, they were significantly covered by AHA which
prevented the access of sulfide to reactive Fe(lll) at goethite surface. Therefore, the yields of

SY in the AHAn 40 Setup and the AHAeq_s0 Setup were almost the same.

In summary, AHA sorbs at goethite/Fe(ll) surface, exerting an inhibitory effect on the
interaction between aqueous sulfide and goethite. Although it has been reported that NOM can
act as electron transfer mediator between microorganism/ organic pollutants and iron oxides
(Jiang and Kappler, 2008), in the case of high sorption (40 mg C/L) the inhibitory effect
dominates among the overall effects and the redox state of AHA played an negligible role.
Likewise, under conditions of low sorption (10 mg C/L) the inhibitory effect of AHA is
correspondingly lower. The redox-active moieties in AHA cannot be regenerated under the
studied experimental conditions, therefore, the redox state of AHA play negligible role in the
whole reaction. While, at low AHA concentration AHA sorbed at goethite at low level, AHAat
can oxidized Fe(I1)sorb to Fe(111), enhancing the S° formation. Since the effect of redox state of
AHA only exhibits at low concentration, the overall effect of AHA is limited when it is of low

concentration.

3.3.3 Evaluation of Fe(l1) species during the reaction

The evaluations on Fe(ll) species can be divided into two phases. The first is the reactions
between goethite/Fe(ll) with AHA, prior to spiking of sulfide. Second phase is after spiking of

sulfide, in which sulfide got oxidized to S° with formation of Fe(ll).

Reactions of goethite/Fe(ll) with AHA. After mixing with AHA solution, Fe(ll)aq decreased
with increasing AHA concentration (Figure 3.6). Moreover, in setups with same AHA
concentration, Fe(ll)ag concentration decreased more in the AHAa setups than in the AHA eq
setups. It can be explained by that AHAnt oxidized Fe(ll)sors to Fe(l11), which provided new
surface sites for Fe(l1)aq sorption, thus the Fe(l1)aq in AHAna sSetups were lower than that in the
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AHAeq setups (Xue, 2018). Regarding the decrease in Fe(l1)aq concentration in AHAeq Setups,
although it is reported that there is no electron transfer between AHArq4 and goethite/Fe(ll)
complex under similar conditions (Xue, 2018), it is likely that Fe(ll)aq formed complex with
AHA, followed by the adsorption of AHA-Fe(ll) complex at goethite surface (Luan et al.,
2013). The AHAeq-Fe(ll) complex is less positive charged than AHAn-Fe(ll) complex, so it

can sorb at goethite/Fe(l1) surface due to electron attraction.

No obvious effect of AHA was observed on Fe(ll)wt concentration, suggesting significant
electron transfer did not occur between AHA and goethite/Fe(ll) complex, even at high AHA

concentrations (will be interpreted later).
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Figure 3.6: The evaluation of Fe(ll) concentration during reactions between aqueous
sulfide and Fe(l1) treated goethite suspension under the influence of AHA at pH 7 under
anoxic conditions. Sampling point at -48 h represents the initial Fe(ll) concentration
before mixing with AHA solution; at -24 h represent the concentration after equilibrium

with AHA. Zero h is the point of adding aqueous sulfide.

Dashed line with Y% and solid line with % are for Fe(l1)aqg and Fe(11)wt in the AHA setup;
Dashed line with o and solid line with m for Fe(Il)aqg and Fe(ll)wt in the AHAnRat 10 setup;
Dashed line with o and solid line with e are for Fe(Il)ag and Fe(Itwt in the AHAnRat 40
setup; Dashed line with A and solid line with A for Fe(Il)aqg and Fe(ll)wt in the AHAred 10
setup; Dashed line with <& and solid line with € are for Fe(ll)aqg and Fe(ll)wt in the
AHAVed_s0 Setup.
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Reactions of Fe(l1)/AHA treated goethite with aqueous sulfide. After spiking of 300 uM
sulfide solution, Fe(ll)aq decreased rapidly by 160 — 210 uM due to formation of FeS in all

setups (see Figure 3.6). There was no significant difference among different setups.

Fe(I)wt concentration increased in all setups due to reduction of Fe(lll) by sulfide (see Eq 3.1
and Eq 3.3), but the difference between different setups was not significant, regardless of the
amount of AHA and the redox state of AHA. This was surprising, because based on the yield
of S in different setups, such as in the AHA, and AHA setups, in which the yield of S° were
high, were supposed to show a high increase in Fe(ll) concentration (see Eq 3.3). Likewise, in
the AHA4o setups, the yield of S° was very low, the increase of Fe(ll) were supposed to be
small. However, the measured difference in Fe(Il)wt concentrations between different setups
were not significant due to relatively large measuring uncertainties. This is likely due to the
presence of AHA, which made the Fe(l1)wt measuring more challenging due to electron transfer
and complexation between goethite/Fe(ll) and AHA. Xue (2018) investigated the electron
transfer between goethite/Fe(11) and AHA with different redox state under similar experimental
conditions, revealing the reduction of AHAna by Fe(Il)sorb. Orsetti et al. (2013) observed that
in goethite/Fe(ll) suspension, more Fe(ll) was determined in the presence reduced
anthraquinone-2,6-disulphonate (AQDS) during process of acidic extraction. The backward

reaction can be expressed as in Eq 3.4.

Fe(111) + AQDS,,, — "' 5 Fe(l11) + AQDS,, (3.4)

red

Since the main redox functional groups in AQDS and AHA are quinone moieties (Aeschbacher
et al., 2011; Tan, 2014), more Fe(ll) formed in AHA-containing setups during the measuring
of Fe(I)t during process of acidic extraction. Therefore, the measuring of Fe(l1)«t was affected
by AHA, the Fe(ll)wt thus contained uncertainty.

3.3.4 Acid volatile sulfide

As have been explained in the section of 3.2.3, the AVSim and AVSem are assigned to
correspond to the concentrations of sulfide which can be released and recovered after
acidification in 1 M HCl and 6 M HCI, respectively. Here due to the presence of NOM sulfide
would be incorporated in NOM structure to form organic sulfur, referring to as S(-11)org Which
can contribute to AVS as well (Rickard and Morse, 2005). The constituents of AVS are
different from that have been stated in Chapter 2, in which the AVS constitute only sulfide

released from iron sulfide minerals. In this study, no dissolved sulfide was detected, so AVSim
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is the S(-I1) concentration of FeS and weakly NOM-bound sulfide (S(-11)org w) (Eq 3.5); in
AVSem the sulfide of more crystalline iron sulfide minerals (FeSy) and strongly NOM-bound

sulfide (S(-11)org_s) which were not released in 1 M HCI are released as well (Eq 3.6).

AVS,, =C(S(—11)gs) +C(S (1o w) (3.5)
AVS,,, = C(S(=11)es) +C(S(—1) gy w) +C(S(—11) s ) +C(S(=1)0 &) (3:6)

Thus the difference between AVSem and AVSywm is the concentration of sulfide released from
FeSnh and S(-11)org_ s (Eq 3.7). Substracted the S(-11)org_s concentration from the difference, the
concentration of FeS, can be obtained by Eq 3.8.

AVSgy, — AVS,,, =C(S(—1 ) ) +C(S(—1)yg s) 3.7)

C(S(—11)es, )=AVS,,, -AVS,,, -C(S(—11)0y o) (3.8)

After 10 days of reaction between aqueous sulfide and Fe(11)/AHA covered goethite suspension,
until the main oxidation products (S° and Fe(ll)) reached to a stable phase, the AVS
concentrations in each setup were determined (see Figure 3.7). However, the AVS data
contains a high level of uncertainty in setups of AHA, and AHAnat 10, and there was overlap
between AVSim and AVSem. Nevertheless, the AVSim and AVSem in AHA10 setups were very
close to the data of the AHAq setup. While in AHA4o setups, both AVSim and AV Sem decreased,
implying that some sulfide incorporated in AHA structure, which was not easy to be extracted
in 1 M HCl and 6 M HCI. In the setups with same AHA concentration (no matter 10 mg C/L
or 40 mg C/L), the data from AHAna and AHAreq Setups were close to each other, which is in
agreement with the previous conclusion that redox state of AHA plays an insignificant role in
the reaction between sulfide and goethite. It is likely that under conditions of high sorption, the
sorption effect overwhelmingly exceeded the effect of redox state. At low concentrations the
content of functional moieties in AHA was correspondingly low. Therefore, the redox of AHA

does not play significant role under this studied condition.
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Figure 3.7: Acid volatile sulfide concentration in goethite/Fe(l1) suspension reacted with
aqueous sulfide under the influence of AHA with various concentrations and redox states.

3.3.5 Sulfur atoms mass balance

AVS method is a good way to estimate the sulfide concentration released from S(-I1)-
containing species, but from Figure 3.7 alone, it is impossible to estimate the exact individual
fractions of FeS and S(-11)org w in AVSawm, the fractions of FeS, and S(-1)org s iN AVSem. TO
evaluate this distribution of organic sulfur, investigation on the reaction between agqueous
sulfide (initial concentration 150 uM) and electrochemical-reduced AHA (57.7 mg CI/L,
reduction potential applied at -0.8 V) solution was conducted at pH 7 under anoxic conditions.
Results revealed that thiosulfate and S° were not detected with the detection limit of 6 uM. The
sulfide remaining in aqueous phase was 18.2 uM (12.2 %), the S(-11)org_w recovered in 1 M HCI
is 3.4 uM (2.3%), S(-11)org_s recovered in 6 M HCI was 31.1 uM (20.7%), unrecovered sulfide
was 97.2 uM (64.8%). Based on these datasets, the fractions of different organic sulfur species
in the reaction of sulfide with different AHA solution can be roughly assessed. In 10 mg C/L
AHA solution the S(-11)org w 1S 0.6 uM, S(-11)org_s 1S 5.4 uM, unrecovered S is 16.8 uM. In 40
mg C/L AHA solution, S(-11org w, S(-11)org s and uncovered S are 2.4 uM, 21.5 uM, and 68.1
uM, respectively.
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However, there existed competitive reactions of sulfide with goethite/Fe(ll) and with AHA at
goethite surface (in AHA40 setups dissolved AHA was around 6 mg C/L, therefore the reaction
of sulfide with AHA in aqueous phase was negligible). The functional moieties in AHA, such
as carboxyl or phenolic groups, have already been altered or occupied at goethite surface. The
reaction of sulfide with goethite/Fe(ll) is faster than the reaction of sulfide with NOM
(Heitmann and Blodau, 2006), so it can be inferred that the fraction of sulfide reacted with

AHA would be much lower than the amount reacted with goethite/Fe(l1).

In the AHA, setup the S° concentration was around 73 uM, the yield of S° in AHA1o setups
were 56 uM — 63uM, while in AHA4o setups the yield of S° were only 22 uM — 25 uM.
Regarding the AVS data, a similar trend was observed that AVS data from AHA4o setups were
lower than that from AHAo and AHA10 setups. Compared to the AVAem in the AHA setup, it
were 15 uM — 20 uM lower for AHA1o setups and 70 uM — 110 puM lower for AHA40 setups.
Therefore, it is reasonable to conclude that due to the sorption of AHA at goethite surface,
some S(-11) reacted with AHA, leading to lower S° formation. Based on the differences of S°
concentration in the AHA setup and the other AHA-containing setups, we can roughly assess
the amount of sulfide which reacted with AHA. Considering that the redox state of AHA
exerted an unimportant influence on the interaction between sulfide and goethite/Fe(ll), the
effect of redox state of AHA on the reactions between sulfide and goethite/Fe(Il) was ignored.
We assumed that 10 pM sulfide reacted with AHA to form S(-1l)org in AHA10 setups, 60 pM
sulfide reacted with AHA to form S(-11)org in AHA40 setups. Here the S(-11)org in AHA10 Setups
was less than one quarter of that in AHA4 setups. Because in AHA1o setups goethite was
slightly covered by AHA, it was much easier for sulfide to react with goethite. Based on the
estimated S(-11)org distribution in the reaction of sulfide with AHA in the pretest experiment,
we assumed that in AHA1o setups the AVSim and AVSem were negligible, all 10 uM sulfide
were strongly combined with AHA and cannot be recovered. While in AHA4o setups, the
AVAm was negligible, around 15 puM sulfide was strongly bound to AHA (recovered in 6 M
HCI), 45 uM was not recovered. With these assumptions, the concentrations of FeS and FeSn
in different setups can be calculated via Eq 3.5 and Eq 3.6. The obtained concentrations of
different sulfur species in all setup are shown in Table 3.3. Based on sulfur mass balance, the

n values of FeS, can be calculated via Eq 3.9.

n= C(S(_”)initial)_(C(SO)+C(S(_II)FeS)+C(S(_”)org)

C(FeS,) (3.9)
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Where C(S(-1)initiar) is the initially spiked sulfide concentration of 300 uM. C(S°) is the
methanol extractable S° concentration. C(FeS) and C(FeSn) are concentrations of FeS and FeSp,

respectively. C(S(-11)org) is estimated concentration of organic sulfide.

The calculated n values in FeS, are 1.0 for AHAg setup, 0.7 for AHAnat 10 Setup, 1.4 for
AHAeq 10 setup, 1.5 for AHAna 40 setup, 1.8 for AHAeq 40 Setup (Table 3.3). There was no
clear correlation shown up with different setups. It is likely that there is high uncertainty within
AVS extraction method, therefore, it is a challenge to draw a general conclusion about the
effect of NOM on the exact formation of AVS.

Table 3.3: Overview of concentrations of different sulfur species in all setups

S0, S(-1Morg, pM FeS, FeS, Calculated
Setups
EM o SCogw  S(-Morgs SCMue #WM M n
AHA, 73.6 0 0 0 159.8 69.4 1.0
AHAnt 10 624 0 0 10 192.3 495 0.7
AHArd 10 55.7 0 0 10 160.4 54.6 14
AHAnt 40 215 0 15 45 128.8 58.4 15
AHArqd 40 254 0 15 45 82.6 74.0 1.8

In summary, the interactions among goethite/Fe(Il), AHA and sulfide are complicated. Each
component can react with the other one. AHA sorbed at the mineral surface to a large extent,
and complexed with Fe(ll) sorbing at goethite surface, electron transfer occurred between
AHAat and goethite/Fe(ll) complex, leading to re-sorption of Fe(Il). With respect to AHAed,
complexation with Fe(ll)aq and the subsequent sorption of AHArq-Fe(ll) resulted to the
decreasing in Fe(ll)aq concentration. The AHA also affected the distribution of sulfide. The
sorption of AHA prevented the access of sulfide to goethite, especially at high concentration
of AHA (40 mg C/L), thus significantly inhibited the reaction. Due to the uncertainty coherent

in AVS extraction, identifying the exact fraction of iron sulfide mineral is of high challenge.
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3.4 Conclusions and outlook

This effect of NOM on the reaction between goethite/Fe(ll) and aqueous sulfide was
investigated in this chapter. The data analysis demonstrated that AHA inhibited the redox
reaction between sulfide with goethite due to sorption at goethite surface, leading to a lower
amount of transformation products (thiosulfate and sulfate were nor detected). Within the range
of applied AHA concentration (10 mg C/L — 40 mg C/L), the coating effect of AHA played the
major role in the whole reaction, while redox state of AHA played unimportant role especially
under conditions of high sorption. Furthermore, a fraction of sulfide incorporated into AHA

structure, which further decreased the reaction of sulfide with goethite.

Although some studies reported that NOM acts as electron transfer mediator between organic
pollutants and the bulk electron acceptor like iron minerals, but all these studies were conducted
in the presence of bacteria (Amstaetter et al., 2012; Jiang and Kappler, 2008; Kl(pfel et al.,
2014), where reduction of NOM by bacteria and re-oxidation of NOM by iron oxides took
place. While, this presented study was performed in the absence of bacteria and thus the
regeneration of functional moieties in AHA was not allowed, therefore, AHA cannot act as
electron transfer mediator to stimulate the reaction between goethite and sulfide. To better
understand the role of AHA in natural environment, some NOM-reduction bacteria can be
introduced into the system in future for further insights into the geochemical reactions in anoxic

aqueous system.
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4 The abiotic sulfur cycle revisited — Disproportionation of

elemental sulfur by surface-bound Fe(ll) at goethite

4.1 Introduction

The interactions of iron oxides with sulfide have been widely studied as key processes in anoxic
aqueous environments (e.g. marine sediments, aquifers, underground waters) in controlling the
cycling of sulfur and iron (Dos Santos Afonso and Stumm, 1992; Peiffer et al., 1992; Poulton,
2003; Wan et al., 2014). Main products are elemental sulfur (S° and dissolved ferrous iron
(Fe(Il)ag) (Dos Santos Afonso and Stumm, 1992; Hellige et al., 2012; Peiffer et al., 2015;
Peiffer and Gade, 2007). The generated Fe(ll)aq binds with sulfide to form a FeS precipitate
which further evolves into more stable minerals like pyrite (Hellige et al., 2012; Peiffer et al.,
2015; Wan et al., 2017). The reaction of FeS with polysulfides (S»*) recently were identified
as a key process in one of several routes of pyrite formation (Eq 4.1) (Luther, 1991; Rickard
and Luther, 2007):

FeS+S, > — >[FeS —S, > —>FeS, +S, 2 (4.1)

However, the formation pathway of polysulfides during the reaction of iron oxides with
aqueous S(-11) and their contribution to pyrite formation remains enigmatic. Hellige et al. (2012)
studied the reaction between lepidocrocite and elevated concentrations of aqueous sulfide at
neutral pH under anoxic conditions. They found S° as a major sulfur product followed by the
formation of pyrite and magnetite at the cost of FeS, sorbed Fe(ll) (Fe(I)sorb) and S°. The
concurrent disappearance of Fe(11)so and S° suggested that Fe(I1)sorb has the potential to reduce
S% to polysulfides (Eq 4.2). The resulting polysulfides subsequently participate in the formation
of pyrite according to Eq 4.1.

2Fe(ll),,, +S, +4H,0 <> 2FeOOH +S 2 +6H" (4.2)

Wan (2014) further investigated sulfur oxidation products during reaction of iron oxides
(goethite and lepidocrocite) with aqueous sulfide under anoxic conditions at neutral pH. They
demonstrated the formation of surface associated polysulfides as main oxidation product using
cryogenic X-ray Photoelectron Spectroscopy. In Hellige’s (2012) and Wan’s (2014) studies, it
was found that S° participated in the formation of polysulfides as a product of the reaction

between iron oxides and sulfide and not as a starting reactant. Since a specific experimental
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study directly addressing the interactions between S° and Fe(Il)sor is lacking, the major
objective of this study is to fill this gap and evaluate the products of abiotic elemental sulfur
transformation at iron reducing conditions. For this purpose, we investigated the reaction
between S° and Fe(l1)sors by adding S to goethite/Fe(11) suspensions. We focused on the role
of S as an initial reactant and not as a reaction product of interactions between iron oxides and
sulfide. We stress on investigating whether Fe(I1)son can reduce S° at appreciable rates, and to
experimentally prove if there are any polysulfides formed during reaction. The concentrations

of various Fe(Il) and sulfur species were monitored during this reaction.

4.2 Materials and methods
4.2.1 Materials

Fe(l1) stock solution: The Fe(ll) stock solution was prepared by adding 1.4 g of metal iron
powder (= 99%, Alfa Aesar) into a 50 mL of 1 M deoxygenated HCI solution under constant
gentle stirring in the glovebox (Braun, Germany, O.< 1 ppm). This solution was then filtered
with 0.45 pm filter (with Hydrophobic PTFE membrane, BGB Analytik) to remove the non-
dissolved iron particles. The exact concentration of Fe(Il) was determined using ferrozine assay
(Stookey, 1970).

Goethite/Fe(l1) suspension: Goethite suspension with surface area concentration of 100 m?/L
was prepared by adding 10.86 g goethite powder (N2-BET surface is 9.2 m?/g, from Lanxess)
into 1 L Millipore water and washed twice with Millipore water to remove the residual ions
sorbed at mineral surface. The goethite solution was N»-purged and then transferring into
glovebox. In the glovebox, Fe(ll) stock solution was spiked into goethite suspension thrice to
obtain total concentration of 3.0 mM, and after each step titrated the suspension pH to 7.0 +
0.1 by dropwise addition of 0.1 M HCI or 0.2 M NaOH solution. The pH was titrated regularly
until the sorption of Fe(ll) at goethite attained an equilibrium and there was no further change
in the pH. Once equilibrium was attained, the concentrations of aqueous Fe(Il) (Fe(ll)aq) and

total acid extractable Fe(ll) (Fe(I1)wt) were measured again prior to reaction with S°.

Elemental sulfur solution: Approximately 100 mg of sulfur powder (Purity = 99.5%, Fluka)

was dissolved in 100 mL methanol (HPLC analysis grade, VWR Chemicals). After one day,
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obtained solution was filter through 0.45 um PTFE filter (BGB Analytik) to remove
undissolved sulfur powder. The determined S° concentration was 6.45 + 0.36 mM (determined
via a Shimadzu HPLC with Diode Array Detector as per Kamyshny et al. (2009), and

transferred in glovebox after N2-purge.

4.2.2 Experimental setup

All air sensitive experiments were conducted in anoxic glovebox. In 250 mL serum bottle, 100
mL of prepared goethite/Fe(ll) suspension was added, followed by addition of 90 mL of
Millipore water, then 10 mL of methanol S° solution was added to reach a final volume of 200
mL with concentrations of 50 m?/L goethite (Fe atom concentration was around 60.1 mM), 1.5
mM total Fe(11) and 322 uM S°. The final suspensions were titrated to pH 7 +0.1 within 0.5

hour and stirred with a Teflon-coated stirring bar at a constant rate.

The pH value was kept constant at pH 7 by adding deoxygenated NaOH (0.01 M) with an
automated pH-stat device (Titrando, Metrohm) during the whole reaction process. Based on
pretest experiment of goethite/Fe(11)+S° system, the pH would decrease significantly.

Therefore, to maintain the pH at 7, acidic titrant was not needed.

4.2.3 Analytical methods

There are several species needed to be sampled and analyzed. The details are shown in the

following.

Iron species: Fe(ll)aq concentration was determined after filtration (0.45 um, with
Hydrophobic Polytetrafluoroethylene (PTFE) Membrane, BGB Analytik) using ferrozine
method (Stookey, 1970). Fe(Il)twt (including Fe(I1)ag, Fe(11)sorb, and the Fe(11) associated with
sulfide as FeS which were extracted in 1 M HCI) concentration was determined after mixing
0.1 mL of unfiltered sample with 0.9 mL of 1 M HCI first. After incubation for 24 h, the
suspension was centrifuged and the supernatant was analyzed. The difference between
Fe(IDwt and Fe(ll)aq is the concentration of Fe(ll) in solid phase, including Fe(I1)sor and FeS.

Aqueous sulfide: Aqueous sulfide (S(-11)aq) was determined photometrically by methylene
blue method after filtration (0.45 um) (Cline, 1969).

Elemental sulfur: Elemental sulfur (S°) was extracted after treatment of 0.3 mL unfiltered

suspension sample with 0.15 mL of zinc acetate (10 wt %) to precipitate free sulfide following
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a procedure modified after Kamyshny et al. (2009). After 15 minutes, 1.6 mL methanol was
added into the suspension. After shaken for 3 hours, the suspension was centrifuged and the
supernatant was measured by HPLC combined with Diode array detector after separation on a
C18 column (Ultrasphere ODS 5 pum, 250 by 4.6 mm) and isocratic elution by 98 % methanol
with a flow rate of 0.8 mL/ min. The detection was performed at a wavelength of 265 nm.

Therefore, the measured S° concentration in this study is methanol extractable sulfur.

Thiosulfate: For thiosulfate samples, 0.1 mL zinc acetate (10 wt %) solution was added into
unfiltered 2.5 mL samples to precipitate the residual sulfide. The filtered sample was measured
by HPLC with a modification of the protocol published by Steudel et al. (1989) and Lohmayer
et al. (2014). A reversed-phase C18 column (Ultrasphere ODS, 5 um, 250 by 4.6 mm) was
used for separation. Elution was performed with eluent compositions with 2 mM
tetrabutylammonium chloride ([CH3(CH2)3]4aNCI) and 1 mM sodium carbonate (Na2CO3) in
77 % Millipore water and 23 % acetonitrile (CH3CN), with the pH adjusted to 7.7 by the
addition of 1 M HCI. Following parameters were used: a flow rate of 0.8 mL/min, the injection

volume of 15 pL, and the detection wavelength of 215 nm.

Sulfate: The sulfate concentration in samples was determined via ion chromatography (IC)
(Metrohm AG). Since the Fe(ll) present in the sample would block the IC column during
measuring process, thus it is necessary to remove it prior to analysis. For this purpose, 5 mL of
filtered sample was treated with adding 0.16 mL of 0.2 M NaOH solution to attain alkaline pH
to stimulate Fe(ll) oxidation as Fe(ll1) precipitate in the air. After approximately 30 min until
all Fe(ll) ion got oxidized to Fe(lll), pH was lowered back to 7 — 8 by adding 0.44 mL of 0.1
M HCI (to decrease the solubility of Fe(OH)s). Then the resulting sample was centrifuged to
remove Fe(OH)s precipitate and the supernatant was separated for further analysis.

Polysulfides: Since polysulfide is an unstable component, we converted it into more stable

dimethylpolysulfanes ( (CH3)2Sn ) for analysis following (see Eq 4.3) (Lohmayer et al., 2014).

S,%" + 2CF,SO,CH, —> (CH.), S, + 2CF,SO," (4.3)

n

The conversion was achieved by treatment with methyl trifluoromethanesulfane (methyl
triflate; CF3SO>OCHz3) in a water-methanol solution, since methyl triflate is immiscible in
water. For the unfiltered samples, the derivatization was performed by adding 1600 pL of
methanol in a 2.5 mL HPLC vial, then one hand added 400 uL of unfiltered sample and the
other hand added 12 puL of methyl triflate simultaneously. The ratio of volume of sample
solution and methanol volume was set to be 1: 4. After derivatization of approximate 20
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seconds these solutions were filtered (0.45 um, with PTFE filter, BGB Analytik) into 1.5 mL
HPLC vials. The samples were kept frozenat -20 °C before analysis by HPLC-DAD.

Acid volatile sulfide(AVS)

The addition of HCI can release H>S from sulfide-containing species including the metastable
iron sulfide minerals. These substances can be divided into two groups: (1) dissolved iron and
sulfur species and their complexes and (2) solid iron sulfides precipitate (e.g. FeS, FesSas, FeS»)

(see Figure 4.1).

Although AVS method was proposed many years ago, many investigations have been
conducted to develop this method, still there is no common method to be established as AVS
extraction standard (Cornwell and Morse, 1987; Meysman and Middelburg, 2005; Rickard and
Morse, 2005; Ulrich et al., 1997). Since this method suffers from a lack of absolute specificity
in mineral phase separation, there are overlaps between different extraction reagents,
operations, and the overlaps may not be constant between different studied samples (Cornwell
and Morse, 1987).

Sulfur species
(from iron oxides + S(-II) system)
Aqueous Phase Solid Phase
| Dssolved S(-II) species | Mackinawite,
H,S, HS", S*, FeHS™ amorphous FeS (FeS)
— FeS clusters — Greigite (FesSa)
| TIron suflide

nanoprecipitates — Pyrite (FeSy)

Figure 4.1: The potential sources of AVS (Rickard and Morse, 2005)
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Morse et al. (1987) summarized that the amorphous FeS can be completely dissolved in 1 M
HCI and recovered, greigite (FesSs) does not entirely dissolve in simple HCI treatment and
pyrite (FeS2) does not dissolved in HCI (see Table 4.1). The different solubility of iron sulfide
minerals in acidic solution could be used experimentally to separate them from each other.

Table 4.1: The sulfide recovery from different minerals (Morse et al., 1987)

Amorphous (FeS) Mackinawite Greigite Synthetic pyrite Pyrite

% % % % %
1.0 M HCI 100 90 40 - 67 0 0
6.0 M HCI 100 98 — 102 60 — 69 0 0

Extraction method: In glovebox 5 mL unfiltered suspension sample was transferred in 100
mL serum bottle, and a tube already containing 2 mL of 10 wt % zinc acetate solution was
placed in the bottle as trapping solution and the bottle was sealed with rubber stopper. Outside
the glovebox, 5 mL of anoxic HCI with concentration of 2 M or 12 M was injected via syringe.
The trapping solution can precipitate the liberated H>S as ZnS. After shaking gently on a
horizontal shaker for 24 hours, the trapping tubes were removed from the serum bottles. A
homogeneous ZnS suspension was ensured by treatment in sonication water bath for 5 minutes.

The sulfide was measured by using methylene blue method (Cline, 1969).

10 % ZnAc trapping

/ solution

/ Anoxic HCI

—H

=

Figure 4.2: Scheme of AVS Extraction

|\

Suspension sample
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4.3 Results and discussion
4.3.1 Changes in pH, S° and Fe(ll) in suspension

In our preliminary experiment, in which the reaction between goethite/Fe(11) and S° was carried
out without application of pH buffer solution nor automated pH-stat device, we observed a
significant pH decrease due to the reaction between goethite/Fe(11) and S°. In order to prevent
a pH drop with concomitant desorption of Fe(ll) from goethite surface and a decrease of the
reaction rate, automated titration with 0.01 M NaOH solution was used to keep the pH constant
during the reaction process. Thus, changes in concentrations of Fe(l1) and S° are directly related
to the interaction between Fe(I1)sors and S°, not affected by the changes in pH. For this purpose,
OH- was rapidly consumed after addition of S° into goethite/Fe(11) suspension to maintain the
pH constant at 7 (Figure 4.3). The consumption of OH" was observed within 3 days. No further
consumption of OH™ was recorded beyond that. Concentration of S° also decreased rapidly
(from initial 322 uM to 105 puM) after 2 days of reaction (Figure 4.4) and only 23 uM of S°
was left in the suspension by the end of reaction. Thus, approximately 300 uM of S° was
transformed into other species during the reaction between Fe(I1)sor and S°.

Fe(I1)wt along with Fe(11)aq as main reactants followed the similar trend of S° concentration and
OH" consumption as it decreased fast within the first 3 days (Figure 4.4). After 10 days, both
Fe(IDwt and Fe(ll)aq decreased to the similar extent (657 uM and 688 uM for Fe(ll)wt and
Fe(I)aq, respectively). The observed difference between Fe(ll)w: and Fe(ll)aq values is linked
to the concentration of Fe(ll) in the solid phase ((Fe(Il)sorb and FeS ). Therefore, concentration
of Fe(ll) in solid phase remained almost unchanged. The Fe(ll)soy concentration can be

calculated via Eq 4.4.
C(Fe(ll),,,,) = C(Fe(ll),,) —C(Fe(ll),,) —C(FeS) (4.4)

Where C(Fe(Il)sorb), C(Fe(Il)twt) and C(Fe(ll)aq) are the Fe(l1) contents of Fe(l1)sorb, Fe(11)tor and
Fe(Il)aq, respectively. C(FeS) is the Fe(ll) concentration in the form of FeS, which was
appointed to AVSim. The values of AVSiv were measured twice during the reaction process
and were 131 = 6 pM and 147 = 16 uM at 24 h and 240 h, respectively. Since the
concentrations of Fe(Il)w: and Fe(I1)aq Were determined prior to the addition of S° solution.
Therefore, three Fe(ll)sors cOncentrations were obtained: 565 pM, 615uM and 450 uM at O h,
48 h and 240 h, respectively (Figure 4.4). During the whole reaction process, the amount of
Fe(I)sorb ranged 450 uM — 615 pM which allowed continuity of the reaction.
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Figure 4.4: Time course of Fe(l1) concentration (left axis) and S° concenrtaion (right axis)
during the reaction of S° with surface bound Fe(ll) at goethite surface at pH 7.
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The fast co-consumption of Fe(ll) and S°, together with the OH", suggested the occurrence of
the reaction between these components as reported in Eq 4.2. During the reaction process,
Fe(Isorb got oxidized to Fe(lll) at goethite surface, providing new surface sites for Fe(ll)aq
sorption. The re-sorption of Fe(ll)aq at goethite surface, on one hand, allowed the regeneration
of new reactive surface Fe(ll) complex and the proceeding of reaction (Amonette et al., 2000;
Klausen et al., 1995).

4.3.2 Formation of reduced sulfur species (polysulfides, FeS, FeSn)

The expected products of reaction among Fe(l1)sorn, S° and OH- are polysulfides, which can be
decomposed to S° and H,S after treatment with acid (Eq 4.5) or with zinc salt solution (Eq 4.6)
(Kamyshny et al., 2009). The released sulfide from Eq 4.5 contributes to AVS (Kamyshny et
al., 2009; Rickard and Morse, 2005). Eq 4.6 is the pretreatment for S° sample measuring
(Kamyshny et al., 2009; Wan et al., 2014).

S,2 +2H" —>H,S + (N—1)S° (4.5)

S,% +2Zn* —>7nS +(n—1)S° (4.6)

The measured concentrations of polysulfides at different sampling times were very low,
ranging from 9 — 20 uM [S] (Figure 4.5). Most polysulfide species were S42— S7% in this study.
Some of the individual polysulfides concentrations were even below detection limits, therefore,
the obtained polysulfides concentration might bear some uncertainty. The detection limits of
So%, S5% and S4% are 5 M, 7.5 UM and 4.2 M, respectively. For polysulfides with 5 — 8 S
atoms, the detection limits were around 2.5 M. Towards the end of reaction (10 days), the
total polysulfides concentration (18 uM [S]) was very close to the determined methanol
extractable S° concentration of 23 uM (Figure 4.4). During the process of sample processing
for S measuring, the sample was treated by addition of zinc acetate solution to discompose
polysulfides to ZnS and elemental sulfur (Eq 4.6), followed by extraction in methanol. Wan et
al. (2014) compared the S° concentration determined from HPLC (via extraction in methanol
via ZnAc pretreatment) and the S° concentration derived from XPS measurement, found that
the zero-valent sulfur in polysulfides was a significant fraction of methanol extractable sulfur.
Therefore, it could be concluded that the 23 pM S° which remained in the suspension was
probably from the polysulfides, which suggests that that all elemental sulfur transformed to

other sulfur species under the studied conditions.
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Figure 4.5: Concentrations of polysulfides with different chain-length (number of S atoms)
measured at different sampling time. Note that the concentrations refer to S atoms
present in the various polysulfide species, not to the concentration of molecular

polysulfides species of different chain-lengths.

Regarding the low polysulfides concentration, it is likely due to the lack of aqueous sulfide
which is essential for the formation of polysulfide (Kamyshny et al., 2009; Steudel, 2003).
Although it was expected that the reduction of S° by Fe(I1) occurred to a significant extent with
the formation of S(-I1), the resulting S(-11) was subsequently scavenged by excess of Fe(ll)aq
as FeS. This is in agreement with research by Poser et al. (2013). Poser et al. (2013) investigated
the bio-disproportionation of elemental sulfur under the influence of iron oxides at pH 10 under
anoxic conditions. Poser et al. (2013) reported a polysulfides concentration of only 0.85 mM
in cultures supplemented with goethite, while a higher concentration (3 mM) in cultures
without goethite. Therefore, Poser et al. (2013) proposed that iron oxides can precipitate sulfide
to inhibit the formation of polysulfides. The inhibitory effect of goethite/Fe(Il) on the yield of
polysulfides can be interpreted by that Fe(1l) decomposed polysulfides to S(-11) and elemental
sulfur (Eq 4.7) in a similar way as Eq 4.6 did (Kamyshny et al., 2009; Poser et al., 2013).

S,> +Fe(ll)—>FeS + (n—1)S° 4.7)
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Since polysulfides can release hydrogen sulfide after acidification (see Eq 4.5), the AVSim
fraction comprised sulfide contained in FeS and polysulfides. The AVS measured in 6 M HCI
(AVSewm) is the sum concentration of AVSim and FeSy. Thus, the difference between AVSem
and AVSiw is associated to be the concentration of FeS,. We obtained values of 147 +£16 uM
for AVSim and 237 =3 puM for AVSem after 10 days of reaction. While polysulfides
concentration was 18 uM. We assumed an average chain length of such polysulfides to be 5,
the amount of S(-11) released from polysulfides was only 3.6 uM (estimated using Eq 4.5) and
thus was neglected for the calculation of S mass balance. Therefore, the concentrations of FeS

and FeS;, were estimated to be 147 uM and 90 uM, respectively.

The AVSewm data indicated that most of the initially added S° was reduced to S(-11) by Fe(Il)sor
at goethite surface. Reaction of reduced sulfide with S° resulted in the formation of polysulfides.
However, due to the excess of Fe(ll) in the suspension, the formation of polysulfides was
inhibited and the generated polysulfides might also be decomposed to iron sulfide mineral and

elemental sulfur.

4.3.3 Formation of oxidized sulfur species (sulfate and thiosulfate)

Addition of S° in goethite/Fe(ll) suspension resulted in the formation of sulfate whose
concentration increased slowly to 50 uM towards the end of reaction (Figure 4.6). However,
no thiosulfate was detected (the detection limit of 6 uM) in reaction medium. Since thiosulfate
is reactive towards iron oxides, it might exist as an transient intermediate product but was
consumed due to reaction with goethite (Elsgaard and Jergensen, 1992), and thus it was not
detected.
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Figure 4.6: Time course of sulfate concentrations during the reaction of S° with surface

sorbed Fe(ll) at goethite surface

In previous studies on reactions between sulfide and iron oxides (in the absence of initial Fe(I1))
at neutral pH (Hellige et al., 2012; Poulton, 2003; Poulton et al., 2004; Wan et al., 2017; Wan
et al., 2014), neither sulfate nor thiosulfate were detectable. Only in the reactions between
NOM and sulfide, trace amounts of sulfate and thiosulfate were detected (Heitmann and Blodau,
2006; Yu et al., 2015). Whereas in present study, 50 uM sulfate was formed in the suspension
of goethite/Fe(l1) after addition of elemental sulfur. On the other hand, no sulfate was detected
in goethite suspension in the absence of Fe(ll) under similar experimental conditions. Therefore,
possibility of sulfur oxidation to sulfate by goethite alone can be ruled out in our system.
Moreover, artifact of sulfate concentration during the IC analysis can also be excluded. Because
the sulfate samples were treated after filtration in the glovebox, sulfur species of lower redox
state (e.g. S° polysulfide, iron sulfide minerals) existing in solid phase have already been
removed from the sample and thus preventing their contribution in sulfate concentration by
their oxidation to sulfate during analysis. So, it can be excluded that the sulfur species of lower
redox state were oxidized to sulfate during the analysis. Therefore, it is reasonable to conclude
that oxidation of elemental sulfur to sulfate observed in this study was caused by a reactive
Fe(I11) reactive species that were formed in goethite/Fe(l1) suspension. The formation of sulfate
is in line with the finding of a study conducted by Amstaetter et al. (2009), where As(l11) was
oxidized to As(V) in anoxic goethite/Fe(ll) suspension. Since it has been observed that in

goethite/Fe(ll) suspension, a new intermediate Fe(l11)-mineral phase or Fe(l11)-Fe(1l) mixed
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mineral (usually magnetite) is formed due to electron transfer and atom exchange between
surface bound Fe(Il) and underlying goethite (Boland et al., 2014; Coughlin and Stone, 1995;
Handler et al., 2009; Larese-Casanova and Scherer, 2007; Usman et al., 2018). Amstaetter et
al. (2009) reported that newly formed intermediate Fe(l1l) species formed upon addition of
Fe(Il) and this unidentified Fe(l1l) species contributed to the oxidation of As(lll) to As(V).
This freshly formed surface-bound Fe(l11) species is reactive and can also be responsible for
the oxidation of S° to sulfate. Hellige et al. (2012) reported the formation of magnetite as a
transient mineral phase in the reaction between sulfide and lepidocrocite, and they proposed
that the magnetite served as electron mediator between lepidocrocite and FeS, promoting the
oxidation of FeS to pyrite. Therefore, it can be interpreted that the transient magnetite sorbed
at lepidocrocite oxidized FeS. Similar to previous studies (Amstaetter et al., 2009; Hellige et
al., 2012), we propose that the transient Fe(I11)-containing mineral oxidized S° to sulfate in our

study. However, the exact nature of this oxidizing mineral could not be identified.

In Chapter 2, during the reaction of aqueous sulfide with goethite/Fe(ll) suspension, significant
amount of S° was yielded while no SO4* was detected (detection limit of 7.6 uM). There are
two possible explanations for this. Firstly, it could be the absence of elemental sulfur as initial
substrate that ultimately transforms into sulfate. Other possible explanation could be that the
reaction between goethite/Fe(11) complex with sulfide was faster and more favorable compared
to the reaction between goethite/Fe(ll) and S° So goethite/Fe(ll) complex got altered
immediately upon the addition of sulfide with the formation of FeS and S°. Therefore, the
oxidation of S° to sulfate by goethite/Fe(ll) was significantly suppressed by the reaction of
sulfide with goethite/Fe(Il) complex. The alternation of goethite/Fe(ll) complex can also
explain the observed inhibition of sulfur oxidation to sulfate. The precipitates of FeS at goethite
surface affect the oxidation capability of Fe(Ill) which is responsible for formation of sulfate.
With the reaction proceeding and the formation of sulfate, the electron transfer between

Fe(I)sorb and goethite reached to saturation phase (Amstaetter et al., 2009).

4.3.4 Sulfur-mass balance

Since the zero-valent sulfur contained in polysulfides can be captured by the methanol
extractable sulfur analysis (Wan et al., 2014), there is no need to be accounted for as separate
S-species to calculate sulfur balance. After 10 days of reaction, the concentrations of different
sulfur species were 147 uM FeS, 90 uM FeSy, 23 uM S° and 50 uM SO42". Taken the initial S°
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concentration of 322 uM into consideration, the n value of FeSy can be calculated through Eq
4.8 and is 1.13. Therefore, the concentrations of S atoms in FeS.13 is 102 uM (90 uM of S(-11)
and 12 uM of zero-valent sulfur).

n= C(S 0ini) — (C(Soresidual ) + C(SO427) +C(FES)) (4 8)
C(FeS,) '
c(s°,) and c(s°,..) aretheinitially added S° concentration (322 pM) and the residual S°

concentration (23 pM) after reaction, respectively; C(FeS) and c(Fes,_) are the FeS

concentration (147 uM) and FeS concentration (90 uM) estimated from the AVS measurement.

The distribution of different sulfur species are shown in Figure 4.7. We can see that most S°
transformed to S(-11) which can be extracted after acidification. Fifty uM of S° was oxidized
to SO4%". The AVS results demonstrated that the reduction of S° by Fe(I1)sor at goethite surface

occurred at neutral pH under anoxic conditions.

Since we classified the mixture of these iron sulfide minerals as FeSy, the small n value of FeS,
indicates the low concentration of zero-valent sulfur that binds with FeS in the form of FeSp.
We proposed that due to the presence of Fe(ll)aq, the regeneration of reactive reducing Fe(I1)sor
species continued and thus continuously reduced S° to sulfide. Simultaneously, the surface
reactive Fe(ll) species oxidized S° to sulfate. All S° transformed into other sulfur species,
including reduced sulfur species (e.g. iron sulfide minerals) and oxidized sulfur species (e.g.
sulfate). Even the 23 uM of S° remaining in the suspension has been originated from
polysulfides. Therefore, it can be inferred that all the initially added elemental sulfur

transformed to other species.
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Figure 4.7: The S atom distribution of different sulfur species (23 uM for S°, 147 pM for
FeS, 102 uM [S] for FeS1.13, 50 pM for SO4%). Note that the S in fraction of FeS1.13 is the

S atoms contained in FeSi.13, not the concentration of FeSi 13.

4.3.5 Reaction mechanisms and electron balance

In the suspension of goethite/Fe(11) at neutral pH under anoxic conditions, S° disproportionated
into S(-11) and SO4%. Fe(I1)sorb reduced S° to S* (Figure 4.8 (a)). In the presence of S° S? can
react with S° to form Sy?". The generated sulfide can readily bind with Fe(I1)sor to form FeS,
therefore, the extent of Sy> formation was limited. The scavenging of resulting sulfide by Fe(I1)
kept the sulfide concentration low and made the disproportionation energetically favorable
(Wasmund et al., 2017). Furthermore, polysulfides can decompose to elemental sulfur and
sulfide due to reaction with Fe(ll), therefore the yield of polysulfide is not significant. On the
other hand, due to electron transfer between Fe(Il)sors and structural Fe(l11) in goethite (Figure
4.8 (b)), intermediate reactive Fe(lll) surface species formed, and oxidized S° to SO4> (see
Figure 4.8 (¢) ).
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Figure 4.8: The reaction mechanisms between goethite/Fe(l1) and S°: (a) Fe(11)sorb reduce
S to S(-11); (b) Due to electron transfer between Fe(Il)sorb and structural Fe(l11) in
goethite, (c) Fe(l11) surface complex oxidizes S° to SO4?%, (d) the electron moves from
Fe(I1)sorb into goethite structure,(e) Fe(ll)sorb transforms to Fe(l11) minerals at goethite

surface.

Since the measured S(-11) (AVSem data) and SO* concentrations are 237 pM and 50 pM,
respectively, the ratio of S(-11) : SO4> are approximately 5 : 1 in this system, the proposed

reaction is obtained as follows:
6S° + 4Fe(I11)+80H —>5S(—I1)+ SO, +4Fe(Ill) +4H,0 (4.9)

In summary, Fe(ll) was invloved in different reaction pathways in this study. It acted as reactant
to reduce S° to S(-11), but also was generated as product in S° oxidation by Fe(lll) surface
species, playing a vital role (Figure 4.8). The generation and consumption of Fe(ll) in the

reaction of S° with goethite/Fe(I1) complex is presented in Figure 4.9.
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Fe(lll)g, Species

S(-11) Goethite
1) Migration into goethite structure;
Fe(I1)g, FeS, i) Fe(l1l) surface species

Figure 4.9: A simple “black box” model for Fe(ll) species during reaction of S goethite/

Fe(ll) at pH 7 under anoxic condition.

In the reduction of S° by Fe(I1)sory (Figure 4.9 a), the generated sulfide concentration was 237
1M (AVSewm), indicating S° accepted around 474 uM electrons, which were maily from Fe(11).
Accordingly, theoretically 474 pM of Fe(Il) was consumed due to oxidation to Fe(lll) (Figure
4.9 a). In addition, Fe(l1) can also precipitate with S(-11) to form FeS and further evolve to more
stable iron sulfide minerals, such as FesSs and FeS, which are not extractable in 1 M HCI,
leading to the unrecovery of Fe(ll) (Figure 4.9 b). In this study, the estimated concentration of

FeSa .13, which can be expressed in the form of Fe's . s ., is 90 pM. Accordingly, the amount

a3’?

of Fe(ll) contained in FeS1.13 is 90 uM. However, this fraction of Fe(ll) is assumed not to be
extractable in 1 M HCI. These consumed Fe(ll) represented the output of Fe(ll) in Figure 4.9,
they were referred to as Fe(ll)out. While on the side of oxidation of S° to SO4> by Fe(lIl), 50
uM sulfate formed, theoretically 300 uM electron moved from S° to Fe(l11) with formation of
300 uM Fe(ll), representing the generated fraction of Fe(ll) (Figure 4.9 d). Likewise, this newly
generated Fe(ll) represented the input of Fe(ll) in Figure 4.9, they were referred to as Fe(Il)in.

According to the Fe(ll) measuring at 10 days of reaction, Fe(Il)«wt concentration decreased by
approximately 657 uM. While the calculated Fe(ll) above, accounting for the decrease in Fe(ll),
is not enough to account the decrease in Fe(ll)wt concentration of 657 pM. There must be

another output to meet the Fe(l1) balance.
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C(Fe(I1)4,) —C(Fe(l1),,) = C(Fe(I) yecrease) (4.10)

C(Fe(l)out) and C(Fe(Il)in) are the amounts of Fe(ll) consuemd and generated in the system.
C(Fe(Il)decrease) is the decrement of Fe(ll)wt during the whole reaction process, which is 657
uM. According to Eq 4.10, there was approximately 390 uM Fe(11) representing another output
of Fe(ll) in Figure 4.9. This fraction of Fe(ll)out was unrecovered in 1 M HCI, and was assumed
to migrate into goethite structure due to electron transfer between Fe(l1)sorn and structural Fe(l11)
in goethite (Figure 4.9 c). Compared to the background concentration (60.1 mM) of structure
Fe(I11) in goethite, this fraction of Fe(ll)out accounted for 0.6 % of total Fe. During the whole
reaction process, both Fe(ll)ag and Fe(ll)wt continuously consumed, while the Fe(ll)sorb
remained almost unchanged (Figure 4.4), indicating the continuous regeneration of Fe(ll)sor.
It has been widely observed that the sorption of Fe(ll) at iron oxides surface resulted in electron
transfer betweenFe(Il)soro and structural Fe(lll), in which electron would migrate into iron
oxides structure and reduce a structural Fe(lll) inside iron oxides, thus leading to recovery of
Fe(I) in mild acid extraction (in 1 M HCI) (Gorski and Scherer, 2011; Jeon et al., 2001; Orsetti
et al., 2013). We propose that during the reation between Fe(Il)/Fe(l11) surface complex and
elemental sulfur, electron transfer between Fe(ll)soro and structural Fe(lll) in goethite was
continuously occuring in this process, more electron migrated to bulk goethite, leading to
incomplete recovery of Fe(ll) in 1 M HCI. Another explanation for the incomplete recovery of
Fe(Il) is that Fe(ll) strongly adsorbed at goethite surface and transformed to more crystalline
iron mineral (e.g. magnetite ) in the case of high Fe(ll)aq concentration (Boland et al., 2014;
Jeon et al., 2003). Jeon et al. (2003) investigated the reaction between Fe(ll) and hematite at
pH 6.8 under anoxic condition, revealing the oxidation of Fe(ll)sors and formation of secondary
iron oxide (e.g. magnetite) due to electron transfer from Fe(ll)sorn and structural Fe(lll) in
hematite. Boland et al. (2014) investigated the Fe(ll)-accelerated transformation of ferrinydrite
to goethite and found that the sorbed Fe(ll) is immediately oxidized to Fe(lll) at ferrihydrite
surface. Boland et al. (2014) observed that this freshly formed Fe(l11) species transformed to
secondary mineral and facilitated the continuous sorption of Fe(ll) from solution by creating
new surface sorption sites. Williams and Scherer (2004) had the similar finding thatelectron
transfer between Fe(I1)sorb and underlying Fe(l11) induces growth of an Fe(ll1) layer on oxides
surface that was similar to bulk oxides. Therefore, an explanation can be put forward to
accounting for incomplete recovery of Fe(ll) that electrons moved inside goethite and a new
Fe(lll) precipitate formed at goethite surface, preventing the recovery of Fe(ll) in acidic

extraction. However, considering that goethite is a thermodynamically stable mineral, question
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arises how many electrons the bulk goethite can accommodate from Fe(ll)sory and to which
extent the recrystallization of goethite occur under the studied conditions. Therefore, further

investigation needs to be conducted to address this question.

4.5 Environmental implications

The disproportionation of elemental sulfur to sulfide and sulfate plays important role in the
sulfur cycling in natural system which obtained considerable interest during the last decades
(Belkin et al., 1985; Canfield and Thamdrup, 1996; Poser et al., 2013; Slobodkin et al., 2013;
Thamdrup et al., 1993). In natural environments where iron oxides are ubiquitous, reduced
sulfide can bind with Fe(ll) to form FeS(s), which further transforms to thermodynamicly
stable pyrite, contributing to the cycling of Fe and S (Canfield and Thamdrup, 1996). However,
so far, most studies about sulfur disproportionation were conducted in biotic systems (Bak and
Cypionka, 1987; Finster, 2008; Frederiksen and Finster, 2004; Slobodkin et al., 2013;
Thamdrup et al., 1993). The abiotic disproportionation of elemental sulfur at iron oxides
surface has not been reported in literature. This research is the first study to demonstrate the
abiotic disproportionation of elemental sulfur at iron oxides surface under environmentally
relevant condition. In natural system, formation of sulfate and especially the disproportionation
of S derived by reactive Fe(lll) species should also be taken into consideration to discuss the S

cycle.
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5 Conclusions and Outlook

5.1 Conclusions

The main goal of this study is to investigate the interaction between aqueous sulfide and iron
oxides under the influence of Fe(ll) and NOM at neutral pH under anoxic conditions. We
observed that the main oxidation product of sulfide was elemental sulfur. The interaction
between elemental sulfur and goethite/Fe(ll) was also investigated under similar experimental
conditions. We focused on the influence of Fe(ll) and NOM on the oxidation of sulfide, and
the reaction mechanism of S° with surface sorbed Fe(ll). Therefore, the main sulfur species
were monitored during the whole reaction process. The main conclusions are summarized as

follows:

Firstly, during the reaction of aqueous sulfide and goethite, S° and Fe(I1) were the main redox
reaction products. The pre-existing of Fe(l1) sorbing at goethite surface would affect the redox
reaction. In the presence of Fe(ll)aq, a dynamic equilibrium between Fe(Il)aq and Fe(ll)sorb
occurred during the reaction process, allowing Fe(ll)sorh keep fresh and reactive. The
continuous regeneration of reactive Fe(ll)sorb enabled electron transfer between Fe(ll)sor and
structural Fe(l11) in goethite, followed by the formation of unidentified reactive Fe(l1l) species
at goethite surface, which contributed to the oxidation of FeS. While in the case of only
Fe(IDsorb present (without Fe(ll)ag), once the reactive Fe(lll) species was consumed, the
reaction between FeS and goethite stopped. Therefore in this case Fe(ll)sorb acted more as a
coating, preventing the reaction between FeS and goethite. It is proposed that when Fe(l1)aq is
present, Fe(ll)aq can re-sorb at mineral surface forming new Fe(ll)sorv Sites, allowing the
Fe(Isorb keep reactive, thus plays a more influential role in the interaction. Therefore Fe(Il)sorn
acts more as a stimulating role in the reaction between goethite and FeS in the presence of
Fe(I1)ag. Apart from oxidation of S(-11) to S°, most spiked sulfide existed in the form of iron
sulfide minerals. In the Fe(ll)no Setup where there was no interference of Fe(ll), one quarter of
spiked sulfide (77 uM) was methanol extractable S°. The other S atoms combined with iron
sulfide minerals, which cannot be released as acid volatile sulfide in 1 M HCI. In the Fe(Il)nigh
setup where Fe(ll)aq and Fe(ll)sors Were present, the yield of S° was similar with that in the
Fe(I1)no setup, but among the S binding to iron sulfide minerals, a large fraction of S (160 uM)
were FeS, which was released in 1 M HCI, another quarter of sulfide (75 pM) was strongly
bound to iron sulfide mineral neither can be released in methanol nor in 1 M HCI. Under
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conditions where there was only Fe(Il)sos but no Fe(Il)aq, the formation of S° took up small
fraction of the initially spiked sulfide. Most S existed in the form of iron sulfide minerals: 62

uM was in the form of FeS, 218 uM was in the form of iron sulfide mineral.

Secondly, in goethite/Fe(lI1) suspension at neutral pH under anoxic conditions, AHA sorbed at
goethite surface significantly and inhibited the redox reaction between sulfide with goethite,
leading to a lower transformation products (thiosulfate and sulfate were not detected). In the
case of high AHA concentration (40 mg C/L), the redox state played a minor role in the reaction
between goethite and sulfide due to significant sorption of AHA at goethite surface. While in
the case of low AHA concentration (10 mg C/L), the effect of redox state of AHA is very
limited due to low concentration. Sulfide incorporated in AHA structure, regardless of the

redox state. The S(-11)org cannot be completely recovered by acid treatment.

Thirdly, in goethite/Fe(Il) suspension, elemental sulfur abioticly dispropornated to sulfide and
sulfate at the goethite surface. The reduced sulfur species were sulfide and polysulfides. Due
to the scavenging effect of goethite/Fe(ll), the concentration of polysulfides stayed at 9 — 20
uM. The reduced sulfide precipitated with Fe(Il) to form iron sulfide mineral. Simultaneously,
the reactive surface Fe(lll) species oxidized elemental sulfur to sulfate, highlighting the

importance of abiotic disproportionation of elemental sulfur in natural system.

5.2 Outlook

In this study we added Fe(ll) to goethite suspension first, followed by the addition of NOM.
While, the sequence of addition of Fe(ll) and NOM would affect the sorption of Fe(ll) and
NOM at mineral surface, thus alter the surface characteristic of iron oxides and subsequently
affect the interaction of sulfide with iron oxides. In the future we can reverse the order to see
how the interactions can be affected. We can also investigate the interaction of goethite/NOM
with sulfide in the absence of Fe(ll) to see how the presence of NOM affect the interaction of

sulfide with iron oxides.

In this dissertation, all researches were conducted under well defined experimental conditions.
However, in natural systems there are a variety of other inorganic and organic components, e.g.
phosphate, metal ion and pesticide. All these components can sorb at mineral surface,
completing with sorption of Fe(Il) and NOM, thus altering the surface characteristics (Ali and
Dzombak, 1996; Antelo et al., 2007; Weng et al., 2005). Therefore these components can affect

the role of NOM in electron transfer at mineral surface in natural system. Thus the effect of
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other sorbates on electron transfer at iron mineral surface can be further studied. Another
important species are bacteria, which are ubiquitous in natural system. They can not only
reduce iron oxides and sulfate to gain energy for growth, but also reduce NOM. In the presence
of NOM-reducing bacteria, the reduced NOM can get oxidized by iron mineral, the resulting
re-oxidized NOM can subsequently be reduced by bacteria again (Kl(pfel et al., 2014). Under
anoxic conditions, NOM can act as a regenerable electron acceptor in the presence of bacteria.
To know more about the role of bacteria in reactions of electron transfer in natural environment,

it is necessary to introduce bacteria into the future experiments.

In order to apply this research in field project for environmental remediation, the environmental
pollutants (e.g. CCls and toxic metal ions) can be added into future experiment to see their fate
under the environment-like experimental conditions, in seek of establishing an efficient

technology for environmental remediation.
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