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Abstract

Abstract

Ironis abundant in natural sediments, and tRe(Il}Fe(lll) redox couple is crucial in

the cycling of nutrients and for the environmental fate of contaminants. Clay
mineralscontain structuraFethought to be resistant to reductivdissolution, and

which after reductioncanreductively degrade a range of orgacimmpounds. In the
natural environment, clay mineral Fe can be reduced via different pathways, most
importantly direct reduction by microrganisms and interactions with dislved
reductants such as Fe(IBlthough sedimentand soilsare likely to
experiencenaturalfluctuations in redox chemistry over timmost research has
focusedon exploringclay minerakedox reactivityupon initial Fe

reduction,disregarding how muiple reductionoxidation cycles might impact the
longterm efficacyof Fe-bearingclay minerals. This project investigated how reduction
oxidation cycling via various reduction pathways impacts the structure and reactivity of
Febearing clay minerals. Redtiibn pathways included dithionite, Fegll)and electron
shuttles (as bioreduction proxy), and hydrogren peroxide as oxidant. Effects of redox
cycling on mineral structure were monitored with techniques includititssbauer
spectroscopy, scanning electron microscopy asrdy<diffraction analysis. Redox
reactivity was assessed by measuring the reductive transformation of probe compound
and model contaminant,-8hloronitrobenzene. Results showed that redox cycling
using dithonite did not affect reactivity, but caused structural alterations at high
reduction extents. Using electreshuttles as reductants was largely sustainable, with
negligible impact on structure and reactivity. Using aqueous Fe(ll) as reductant led to
irreversible structural changes, formation of secondary minerals, and significant

increases to system reactivity
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Chapter 1: Introduction

Contaminated land is an internationally significant issue that poses a severe threat to
populations and natural resources (Panagos et al. 2013). Unsustainable commercial
activity and industrial malpractice have produceglethora of contaminated sites

across the planet, with high concentrations of harmful substances polluting land and
water resources. In Europe alone, a report by the European Environment Agency (EEA)
suggests there could be up to 2.5 million contaminaged sites within their

jurisdiction (EEA 2014). Hazardous contaminants such as heavy metals, radioactive
waste products, and organic contaminants such as petrochemicals, chlorinated
solvents, and nitroaromatics can infiltrate and persist in soil and n@taderlein and
Schwarzenbach 1995, Fruchter 2002, Lewis et al. 2004, Hashim et al. 2011, Yu et al.
2015). The toxicity and carcinogenicity of these compounds make land contamination
a significant threat to human health, and cause substantial damage#b éwosystems
(Chapman 2000, Dayan and Paine 2001, Hou afid@#aa 2014). Environmental
protection and the remediation of contaminated sites is a growing priority for
governments and international organizations (Brombal et al. 2015, Rizzo et al. 8016) t
protect the health and welfare of local populations. Indeed, protection and prevention
against land and water contamination is crucial to the success of multiple United
Nations Sustainable Development Goals including promoting good health, clean water

and benefiting life on land.

However, contaminated land and groundwater sites can be difficult and costly to fix,
and organisations are more frequently investigating remediation techniques that are
both effective and environmentally sustainable (Barth etlP4, Rizzo et al. 2016,

Hou et al. 2020). Iron (Fe) minerals have shown significant promise as potentially
sustainablan-situ and ex-situ remediation techniques for contaminated land and

water resources (Cundy et al. 2008, Braunschweig et al. 2013, ar2€14). Iron is
abundant in soils and sediments, and Fe minerals can be easily sourced or produced.
Fe minerals are useful for contaminant control due to their sorptive properties, and
the variable oxidation state of Fe as a transition metal allowsi$eful reductive and
oxidative capabilities (Cundy et al. 2008). Fe typically exists as two possible valence

states in natural systems; firstly as the more soluble Fe(ll) in its reduced state, and
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secondly as Fe(lll) in its oxidised state which tengséaipitate as a solid (Cundy et al.
2008). The Fe(ll)/Fe(lll) redox couple plays a major role in the biology, mineralogy, and
chemistry of the environment{uang et al. 202XKappler et al. 2021). As an electron
acceptor, Fe(lll) can facilitate a meangesdpiration for microbes in anoxic systems
(Roden et al. 2012, Melton et al. 2014). As an electron donor, Fe(ll) can control the
cycling of vital nutrients, as well as transform or degrade multiple environmental
contaminants in the subsurface (Hofstettetral. 2006, Yu and Kuzyakov 2021).
However, the variable oxidation state can also make Fe a difficult material to utilise
sustainably. When valency of solid Fe is altered to Fe(ll) (by microbial activity for
instance), minerals such as-Beides can be dsolved into solution (Dong et al. 2003).
The fluctuation of solubility can make Fe highly mobile, and when unchecked and in
high concentrations Fe can itself become an environmental contaminant (Burke and

Banwart 2002).

Clay minerals could provide onetpatial solution to this issue. Fe can be incorporated
into the structure of clay minerals (Sposito et al. 1999), offering similar reductive /
oxidative capacity but with reduced risk of mineral dissolution and leaching.
Considering the prevalence and aldlamce of Febearing clay minerals (Newman 1984,
Stucki 1988), their potential as a naturally occurring, sustainable engineering material
could prove highly valuable. Clay minerals in both natural and engineering systems
may face large and frequent changed-e oxidation state. For instance, the redox

state of the subsurface can incur dramatic shifts due to factors such as porewater
chemistry variations and microbial ecology (Meng et al. 2021, Calabrese and Porporato
2019). Understanding whether clay mineraan persist through such chemical
changes, can help determine the extent to which they can be used sustainably and

renewably.

To achieve this, this project has investigated how multiple cycles of reduction and
oxidation affect both the structure of Heearing clay minerals, and their potential to
reductively transform contaminants. Heearing clay minerals can be reduced through
several potential reduction pathways, and this research investigated three different

pathways, including those relevant inglenvironment.
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The research results are presented in the following chapters:
Chapter 2 provides a literature review of the current state of knowledge and research
into this field, and highlights the gaps in literature on the impacts of redox cycling of

Febearing clay minerals.

Chapter 3 assesses how chemical reduction (using dithionite as the electron donor) to
both high and low extents of structural Fe reduction (Fe(ll)/Fe(total) impacts the

structure and reactivity of Fach smectite clay minerals.

Chapter 4 investigates how redegycling of clay minerals via electrshuttling
organic compounds impacts structure and reactivity. Elecslouttles are typically
utilised and exuded by microbes, and this chapter aims to assess whether these

compoundscan act as suitable abiotic substitutes for microbial reduction.

Chapter 5 examines the interaction and electrdransfer between aqueous Fe(ll) and
clay mineral structural Fe. This chapter investigates how the interplay between the two
pools of Fe affes overall observable reactivity towards contaminants. A specific focus
of this chapter is the assessment of the formation of secondary Fe minerals during the

process.

Finally, the project will conclude with an assessment of the different effects adioss a
three reduction pathways investigated. We will discuss the environmental implications
and attempt to determine whether Fech clay minerals can be considered sustainable

materials for application in engineered or natural systems.
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Chapter 2: Literature review

2.1 Introduction to clay mineralogy, and electron transfer processes
of clay mineral structural Fe

Clay minerals are a group of crystalline, aluminosilicate minerals found ubiquitously in
the environment and natural sediments. Clay minerals are classed as phyllosilicates
due to their structure of layered sheets consisting of silica tetrahedra and metal
octahedra (commonly aluminiumiphyllosilicates can be classed as eithdror 2:1

silicate structure dependant on the ratio of tetrahedral to octahedral she@ss;
mineralsclassed as 1:(e.g.kaolinite) have one octahedraheetfor every tetrahedral
sheet (TO)Whereas2:1 type clay minerals (such élge andsmectites) are composed

of one octahedral sheet betweewo tetrahedra (TOT(Bergaya and Lagaly 2006)

Figure 2.1 shows a typical structure for 2:1 clay minerals.

Although clay minerals agenerally classed as alluminosilicatestal cations such as
Mg or Fecan be incorporated intthe octahedral sheet of the crystal structure
Isomorphic substitutionsan create a net negative chargéthe clay structure. The
negative chargés balancedy exchangeable catiorigcated in the interlayer space
The interchangeability of clay mineral componeptsvides the mineral several
interactive properties including adsorption, the ability to exchange cations with the
environment, and in smectites theapacity to swell with hydration (Sposito et al.
1999).Combined with a large surface argthhese properties make clay minerals
crucial componenin many natural processesletermining the fate okey nutrients
trace metals, and contaminanis soils ad sediments (Kome et al. 2019jhesame
properties make clay minerals a highly useful and valued material for numerous
industrial sectorsClay minerals haweide-reaching application across a plethora of
industries, ranging from pharmaceuticals, battegmponents, construction,
cosmetics, paintsas well as plapg key roles in oil and gas productiand
environmental engineering (Murray 1993andi et al. 2008Bergaya and Lagaly 2006,

SilvaValenzuela et al. 20)9
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Figure 21: 3-Dimensional represetation of a 2:1 smectite clay mineral structure. The tetrahedral silica sheet is
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octahedral incorporation of Fe is common and a large proportion of crustal Fe is held

in phyllosilicates (Kostka et al. 2002, Stucki et al. 2006, Neumann2&Qd). The

weight percentage (wt%) of clay mineral structural Fe can vary widely between

samples and different minerals. The smectite nontronite for instance can possess an
octahedral sheet almost entirely comprised of Fe (Keeling et al. 2000). Addlitiana

some cases Fe can be incorporated into the tetrahedral sheet (Gates et al. 2002).

While many minerals can incorporate Fe into their structure, clay midmrahd Fe
poses many advantages over other naturabcurring Fe mineraldhe most notable
advantagebeinga potentialresistance to dissolutiahe prevailing chemistry abils

and porewatersinfluencethe oxidation state oenvironmentalFe,andreduction
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potential (Eh) and pldanvary widelyin natural systemgHusson et al. 2016)ow pH
values, and more negativehEvalues lead to more reducing environments, while
increased pkand more positive Eh lead to more oxidising environments.bbundary
determining wheher Fe presents aBe(ll)or Fe(lll)can be found around circumneutral
Eh and pH valug8everskog and Puigdomenech 199&(ll) is typically more soluble,
whereas Fell) is typically insoluble, which means tliltctuations in soiand redox
chemistry can severely impact solubility of mineral€andy et al. 2008)Jnlike, many
naturally-occurring Fe mineralsuch as Fexides and oxyhydroxideslay mineral Fe
arethought to participate in a variety of electron transfer reactionghout dissolution
of the mineralstructureunder reducing condition@Neumannet al. 2008) The
resistance to dissolution under reducing conditions makes clay minerals a more
sustainablematerial, and may allow for the Fe(ll)/Fe(lll) redox couple to be utilised

renewably in natural environment&ialips et al. 2002)

Clay mineral structural Fe can be reduced by electron transfer via multiple different
pathways. Firstly, chemical reductican occur by reaction with reductive compounds
such as hydrazine, sodium sulphide, or commonly dithionite (Rozenson and Heller
Kallai 1976a, 1976b, Stucki et al. 1984b). Secondly, structural Fe can be used as an
electron acceptor for anaerobic respiratitny metalreducing microbes, such as the
generaShewanellaand Geobacte(Kostka et al. 1996, 1999, Dong et al. 2003, 2009,
Melton et al. 2014). Clay minerals can also be reduced by electron transfer from
aqueous Fe(ll) released into aqueous phase dueeadiuctive dissolution of other

Fe minerals (Schaeffer et al. 2011, Neumann et al. 2013). This has been described as
biologicallymediated abiotic reduction, as the electron transfer is from an abiotic

source but is driven by biological activity.

Once ina reduced state, clay mineral structural Fe(ll) can subsequently be used to
reductivelyalter a vari¢y of environmental contaminants, such as radionuclides,
chlorinated solvents, heavy metals, nitrates, as well as nitroaromatics (Hofstetter et al.
2006,Neumann et al. 2009, Yang et al. 2012, Zhao et al. 2015, Tsarev et al. 2016).
Figure 2.2 illustrates the reductiesxidation process of clay mineral structural Fe,

from reduction pathway through to contaminant transformation.
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Figure 2.2: Diagram illustres the redox cycling behaviour of clay mineral structural (octahedral) Fe. Structural
Fe(lll) (yellow hexagon) is reduced by electron donors / reducing agent, to structural Fe(ll) (blue hexagon).
Contaminants are reduced by electron transfer from clay emal structural Fe(ll), and transformed to products.
Reduction of environmental contaminants oxidises the structural Fe(ll) back to Fe(lll). Figure adapted from
Neumann et al. in Tratnyek (2011)

Changes in the oxidation state of clay mineral structuratdreaffect several
physicochemical properties including ion exchange and fixation capacity, surface
hydration, and mineral swelling (Stucki et al. 1977, 1984a, 1987, 2000, 2002, Gates et
al. 1993, Kostka et al. 1999, Gorski et al. 2012). Unlike many [e¢heinerals, clay
minerals are thought to be more resistant to reductive dissolution. The ability to
donate and accept electrons without incurring reductive dissolution makdsegeng

clay minerals a potentially renewable source of environmental redocguivalents
(Komadel 1990, 1995, Ernstsen et al. 1998, Fialips et al. 2002). Consequently, Fe
bearing clay minerals could be valuable materials for sustainable transformation of
environmental contaminants-situ. However, there is also evidence to susfgiat
subjecting clay minerals to multiple cycles of reduction and oxidation can incur
irreversible alterationsdg.g.Ribeiro et al. 2009, Yang et al. 2012, Gorski et al. 2012,
2013). The extent to which redox cycling of clay mineral structural Fe caonkeicted
sustainably has not yet been sufficiently understood. Chemical reduction, microbial
reduction, and reduction via aqueous Fe(ll) (biologieakgdiated, abiotic reduction)

have all produced conflicting results indicating each produces diffeféatts on the

clay mineral€.g.Ribeiro et al. 2009, Yang et al. 2012, Zhao et al. 2015, Tsarev et al.
2016). There is a significant knowledge gap on exactly how effects of redox cycling by
each reduction pathway impacts the clay mineral, and the impbtoatof these effects

on the resulting clay minerals Fe(ll) reactivity.
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Hence, this literature review will highlight:

1 Impact of redox cycling on clay mineral structure, and observed differences
between reduction pathway

1 Extent of reversibility of clay mimn&l structural changes during redox cycling

1 Impact of structural changes during redox cycling on the reactivity of clay

mineral Fe(ll) towards environmental contaminants

2.2 A comparison of different reduction pathways to achieve
structural Fe(ll) in clay min erals

2.2.1 Effects on clay minerals due to chemical reduction by dithionite

There are multiple methods to chemically reduce clay mineral structural Fe, and
research has achieved reduction using several different reductive compounds including
sodium sulfide anthydrazine (Rozenson and Helleallai 1976a, 1976b). However,
dithionite reduction conducted in a citraticarbonate buffer is by far the most

effective method (Stucki et al. 1984b). In unbuffered solutions, dithier@tkiction

can cause major shifts pH, and ultimately has been thought to cause significant
release of structural Fe from the clay mineral (Rozensen and Hkl&i 1976, Stucki

et al. 1984b). Unlike other methods, dithioniteduction can achieve up to 100%
reduction of structural Fe()Ito Fe(ll)Although dithionite and hydrazine have a similar
electrode reduction potential, dithionite is a far more effective reductant due to the

way in which it reduces structural Fe. The molecule separates into two sulfoxylate free
radicals, whichgleif @ Ay ONBIaS AdQa St SOUNRY | OGACL
(Stucki et al. 2002). An additional benefit of dithionite is that is also the easiest to

remove from solution (Stucki et al. 1984Db).

Dithionite-reduction of structural Fe has been described to occur via electron transfer
through the clay mineral basal planes. Foiried clay minerals such as nontronite with
KAIK 200FKSRNIf CS 02yl Sy (-Eandbm dtonedé®y {1 NI
YSAIKO2dzN) SEOf dzaA2y ¢ LI GUGSNY 2F NBRAzOGA 2
For partially reduced minerals, this means that octahedral Fe(ll) is randomly

distributed across the octahedral layer, separated by neighbouring Fe(lll) domains. No
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Fe(1BO-Fe(ll) pairs will form until all Fe¢D-Fe(lll) pairs have been filled (Lear and
Stucki 1987), as illustrated in Figure 2.3A.

Legend:

Octahedral Fe(lll)
O Vacancy
‘Octahedral Fe(ll)

CA3dzZNB HdoY 5AF 3INFY I-NIRSRZW:E (LNI (GISSENI KeSFecamafgQudtioe2 Ol | KSR
rich clay mineral octahedral sheets, produced after partial reduction by dithionite. Orange hexagons represent

Fe(lll), green hexagons represent Fe(ll), white hexagons represent octahedral vacancies. lllustration adapted from
Ribeiro & al. (2009), and Stucki et al. (2011)

Evidence for this mechanism of electron transfer has been provided by results from
multiple studies including results gathered throudgWiéssbauey ultraviolet (UV) and
infrared (IR) absorption spectroscofs/g.Lee ¢ al. 2006, Ribeiro et al. 200Fhe
Fe(IBO-Fe(lll) pairs formed by partial reductienableintervalence electron transfer
between the neighbouring atoms. This mobile electron transferring between the two
Fe atomsabsorbs light at 730 nm armhuses \isible change itthe colour of clay
minerals. UV adsorption spectroscopy for partially dithionite reducedroiagrak
showed that adsorptionat 730 nm wavelengthvas highest around 40%lay mineral
Fereductionextent. Thisvalue coincides witlvhere the maximurmumberof Fe(1DO-
Fe(llpairswould be produced (Komadel et al. 199B)beiro et al (2009) used
Mdssbauerspectroscopy to examine clay mineral structural Fe after partial reduction
with dithionite, and results sygested that Fe(ll) entities were not distinctly separate
from Fe(lll). This combined evidence supports the hypothesis of reduction following a

pseuderandom electron transfer mechanism.

While dithionite does not typically occur naturally in the enviromtjeising dithionite

to achieve a low extent of clay mineral Fe reduction could be an effective surrogate for
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chemical reduction caused by fluctuating porewater chemistry. Clay minerals in natural
systems will inevitably face changing redox conditionstduictuations in porewater
chemistry é.g.Parsons et al. 2017, Winkler et al. 2018, Meng et al. 2021), and this
might impact the capacity of land and sedimetdshaturally attenuatecontamination.
Previous research has also discussed the possibilityeafting the compoundh-situ

to artificially manipulate the subsurface redox state for contaminant control
(Nzengung et al. 2001, Fruchter et al. 2002, Szecsody et al. 2004). Indeed, dithionite
reduction of contaminated soils has been shown to be swafaés remediating
pollutants when tested on small to intermediate laboratory scalg.(stok et al. 1999,
Boparai et al. 2008). Using dithioniteduction to achieve different extents of clay
mineral Fe(ll) has produced different resuktsg(Ribeiroet al. 2009, Stucki et al. 2011,
Gorski et al. 2013). It is unclear whether dithioniggluction to low and high structural
Fe(ll) extents will produce different outcomes for sustainablase, and for reactivity

towards contaminants.

Research so far ha®t adequately determined whether clay mineral Fe can be used
sustainably in the face of multiple chemical reductmxidation cycles. Does the
structure of the clay mineral persist, and is the reactivity towards environmental

contaminants impacted by suessive redox cycles?

2.2.2 Microbial clay mineral Fe reduction, and electron shuttling
compounds

Microbes are found abundantly in crustal sediments, and mainly drive the redox state
of soils, sediments, and other natural systems. There are a wide range ofibabtgr
utilise mineral Fe in the subsurface for respiration and metabolic processes. Some
bacterial species oxidise dissolved Fe(ll) as a means to allow denitrification or anoxic
photosynthesis, producing solid &yhydroxides in the process (Miot et 2009).

There are also several Fe{t#ducing bacteria that rely on mineral Fe as an electron
acceptor to allow anaerobic respiration, notable examples inclikdewanellaand
Geobacter (Kostka et al. 1996, Coates et al. 1%@ne species such @sobater
metallireducenshave been shown to demonstrate both Fe(lll) reduction, or Fe(ll)
oxidation dependant on the prevailing conditions of the sediment (Weber et al. 2006,
Coby et al. 2011).
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Metal-reducing bacteria employ a wide range of methods to transfectrons to

mineral Fe (Weber et al. 2006). Electron transfer can be achieved through direct
contact, via conductive nanaires or pili, by producing Fehelating agents to

solubilise Fe(lll), or finally via electron shuttling organic compounds (Mettah

2014). Microbes can utilise natural organic compounds such as humic substances or
fulvic acids, or may secreting electrshuttling compounds like flavins, or quinones
e.g.anthraquinone2,6-disulfonate (AQDS) (Lovley et al. 1996, Stucki et al.,200&t

al. 2013, Piepenbrock and Kappler 2013, Melton et al. 2014, Zuo et al. 2020).

While it has been demonstrated that ffeducing bacteria use clay mineral structural
Fe(lll) as a means of anaerobic respiration (Stucki et al. 1987), studies inlkatetes
effects of bacterial reduction of clay minerals differ from those observed for chemical
reduction. Firstly, multiple studies have demonstrated microbial reduction cannot
access all structural Fe in-Fieh smectites. For Fech clayminerals, micobial

reduction typicallyachieves a maximum of between-#0% Fe(ll)/Fe:dependant on

the chosen mineral, contact time, and the presence or absence of electron shuttling
compounds €.g.Lee et al. 2006, Jaisi et al. 2007a, Ribeiro et al. 2009, Yahg61.2,
Zhao et al. 2015, Shi et al. 2021). There are a number of proposed explanations for this
limit in achievable reduction extent, including: (1) energetic / thermodynamic
limitations of the system (Jaisi et al. 2007a, Luan et al. 2014), (2) iahibii

secondary reaction products, or by surfas@bed Fe released from the mineral due to
reduction (Kostka et al. 1996, Jaisi et al. 2007a, Zhao et al. 2015), and (3) an inherent
maximum of bioreducible Fe in the mineral structure (Shi et al. 2016)eMenvwhen
microbial reduction is conducted in the presence of electsbuttling compounds

such as AQDS, the extent of structural Fe(ll) reduction is significantly increaged (
Dong et al. 2003, 2009, Jaisi et al. 2007a).

Studies have inferred that nmgbial reduction of structural Fe follows a different
mechanism of electron transfer than that observed using dithionitésshauer
spectroscopy results measuring microbiakygluced smectites indicate that Fe(ll) and
Fe(lll) octahedra are separated inted distinct domains (Ribeiro et al. 2009). It has

thus been hypothesised that electron transfer from microbial reduction is believed to
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occur as a moving front of Fe(ll) from the edge Fe sites towards the interior (Komadel
et al. 2006), as illustrated indure 2.4.

Legend:
Octahedral Fe(lll)

O Vacancy
‘Octahedral Fe(ll)

CATdzNB HdnY 5Ail 3 NIAYY Al NRIZE NS (IS QIENRIK Si Ni-SREFTSS NI YSOKIE yA &Y
hexagons represent Fe(lll), green hexagons represent Fe(ll), white hexagons represent octalze@dnaties.
lllustration adapted from Komadel et al. (2006), Ribeiro et al. (2009).

Electronshuttling compounds such as AQDS can increase the accessibility of structural
Fe to microbes by allowing electron transfer over greater distances out of reach to the
microbe. By increasing the quantities of Fe accessible to microbial reduction, electron
shuttles can facilitate a large fraction of mineral bioreduction (Lovley et al. 1996, Dong
et al. 2003, Melton et al. 2014). While some bacteria utilise organic congsou

present in solution, others can produce their own electsinttling compounds for
reduction of mineral Fe from a distanced.Lovley et al. 1996, 1998, Melton et al.
2014). The mechanism by which electron shuttles react with clay minerals is dyrrent
uncertain, with some studies suggesting it follows the ethyeards path of microbes
(e.g.Ribeiro et al. 2009), and others suggesting it follows a pseaddom pattern as

with dithionite (Zhao et al. 2015). Studies have demonstrated that isolatedrefec
shuttles (in the absence of microbes) can effectively reduce clay minerals (Luan et al.
2014). However, so far studies have only examined a single reduction and have not

determined if this reduction pathway is sustainably repeatable.

By using electno-shuttling compounds in their reduced state as the electron donor, it

may be possible to imitate bacterial reduction without the presence of living
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organisms. The effects of microbial redox cycling on clay minerals in the absence of
microbes is yet to benderstood. This project will investigate the effects of redox
cycling with electrorshuttles and will attempt to determine whether they are an

appropriate surrogate for microbial reduction in the absence of living organisms.

2.2.3 Biologically -mediated, abioti ¢ reduction with aqueous Fe(ll)
The fluctuations in subsurface redox state are thought to be a result of primarily

microbial activity (Stucki et al. 1987, Kostka et al. 1996, Lee et al. 2006). The microbial
ecology of soils and sediments can utilisebeéering minerals as electron acceptors,
allowing a means for anaerobic respiration. Microbial reduction of naturally forming Fe
minerals such as Faxides andoxyhydroxides leads to mineral dissolution (Dong et al.
2003), and subsequently can result in acréased concentration of aqueous Fe(ll) in
solution (Zachara et al. 2002). Recently, electron transfer from aqueous Fe(ll) to clay
mineral structural Fe(lll) has been demonstrated (Schaefer et al. 2011, Neuman et al.
2013). The interfacial electron transf’om the aqueous phase to the solid clay

mineral is a form obiologicallymediated abiotic reduction.

Studies have demonstrated that electron transfer from aqueou#i)Re(both Ferich,
and Fepoor clay mineral structural Fe can proceed via either the basal plane, or by
edgesites (Neumann et al. 2013, Latta et al. 2017). The process is highly pH
dependant, with Fe(ll) sorbing primarily to the basal plane at low pitsd.e. below

pH 6), and dramatic increases in eesjte sorption at pH values at 7.5 and above. The
extents of clay mineral structural Fe(ll) achievable by reduction via aqueous Fe(ll) can
range between 20% of the total mineral Fe, dependant on tHaycminerals used
(Schaefer et al. 2011, Neumann et al. 2013, Jones et al. 2017, Entwistle 2021). It is
unknown exactly how this mechanism of electron transfer impacts the clay mineral
structure and Fe speciation, or whether the impacts resemble thosélubdite or
microbial reductionlsotope tracer experiments have also demonstrated that
interactions between structural Fe and aqueous Fe(ll) results in significant atom

exchange between the clay mineral and the aqueous phase (Neumann et al. 2015).

In naural systems Fe minerals are abundant, and over time clay minerals will have
frequent interactions with aqueous Fe(ll). While several notable phenomena have

been observed, a comprehensive understanding of the interactions between aqueous
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Fe(ll) and clay merals in natural systems is yet to be produced. Furthermore, studies
so far have only examined a single reduction, and it is currently unknown whether
repeated reduction via this pathway significantly will significantly alter the clay
mineral. This projet aims to understand how multiple cycles of reduction via aqueous
Fe(ll) and oxidation affects the structure and reactivity cbEaring clay minerals, and

whether this impacts their reactivity towards environmental contaminants.

Additionally, the partihoxidation of aqueous Fe(ll) and the interaction with clay
minerals can cause the formation of secondary Fe precipitate minerals (Schaefer et al.
2011, Soltermann et al. 2014, Tsarev et al. 2016). In some cases, the secondary
minerals have been describéd be mixedvalent species such as green rugg(

Jones et al. 2017), and previous work has indicated that the minerals may be highly
reactive in contaminant transformation (Rothwell 2018, Entwistle et al. 2019). The
nature and identity of the secondaninerals varies with pH and aqueous Fe(ll)
concentration, and so far the minerals have not been conclusively characterised
(Entwistle 2021). Research so far has examined the formation of secondary Fe minerals
as a result of a single Fei®duction, howeer no work has been done to understand
how these secondary minerals are altered as the reduction is successively repeated.
This project will also further investigate the nature of these secondary minerals and
their role in contaminant transformation in ghpresence of Fe smectite. Furthermore,

the project will attempt to understand how these secondary minerals are altered

through multiple cycles of fluctuating redox conditions.

2.3 Understanding structural impacts of redox cycling Fe -bearing clay
minerals, and extent of reversibility

2.3.1 lIrreversible structural alterations caused by clay mineral reduction
Reductionof structural Féhas been shown to cause irreversible alterations to the clay
mineral structure, observable across a variety of different analystdse clay mineral

is irreversibly altered by reductieoxidation cycling, this could impact the longevity

and sustainability of the mineral as an engineering material.

At low clay mineral Fe reduction extent, predominantly cation uptake balances the
increased negative excess charge of the clay mineral, whereas proton uptake increases

with increasing structural Fe(ll) concentrations in order to compensate for the
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increasingly negative charge (Stucki and Roth 1977, Stucki et al. 1984a, Drits and
Manceau 200Q)This protonation occurs at hydroxyl groups, which can subsequently
become expelled from the clay mineral structure (Drits and Manceau 2000). High
reduction extents (typically only achievable with dithionite) can cause major structural
rearrangements oflte octahedral layer. Infrared spectrometry revealed that
octahedral Fe transitioned from dioctahedral to trioctahedral coordination after
reduction (Manceau et al. 2000a, 2000b, Lee et al. 2006). ARay>Diffraction (XRD)
and Extended Xay Absorption Fae Structure(EXAFS) analyses showed that
octahedral Fe migrated fromis to trans- octahedral domains, leaving behind
structural voids in the octahedral layer (Manceau et al. 2000a, 20@@uillustrated in
Figure 25. The shift to trioctahedral domagand the formation of voids occur

simultaneously with dehydroxylation.

Legend: -

Octahedral Fe(lll)
O Vacancy
Octahedral Fe(ll)

Figure 2.5: Diagram illustrating the rearrangement of structural Fe from dioctahedral to trioctahedral
configuration due to reduction, and the correspding formation of structural voids. Adapted from Manceau et
al. 2000b, and Ribeiro et al. 2009

Research has also investigated the impact of microbial redox cyclingrochfetay
minerals, and have observed different structural impacts to those of dithienite
reduction. Some papers have indicated that microbial reduction leads to major
alterations d the clay mineral, including complete transformation of smectites to illite

(e.g.Kim et al. 2004, Dong et al. 2009). lllitization could cause the irreversible loss of
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some clay mineral properties such as swelling capacity (Stucki and Kostka 2006).
Multiple papers have described significant dissolution of smaller, less crystalline
mineral particles due to microbial reduction (Yang et al. 2012, Zhao et al. 2015, Shi et
al. 2021).

However, it is unclear whether these effects are truly a result of micreteatron

transfer, or rather the unintended results caused by the sum of all microbial metabolic
processes. Microbes can exude a plethora of organic substances that might drastically
alter the chemistry of the porespace, and possibly interact with clayrala in ways

that are difficult to quantify. The proposed edgeavard mechanism of electron

transfer (Ribeiro et al. 2009) would theoretically lead to smaller structural impacts

than those inflicted by dithionite. Are the effects observed on clay minstalgly an

effect of clay mineral reduction, or are these observable phenomena that occur when

clay minerals are placed in the presence of living organisms?

2.3.2 Degrees of irreversibility
Reduction of Féearing clay minerals has been inferred to causadewange of

structural alterations, including dissolution, octahedral Fe rearrangement, mineral
transformation and illitization, dehydroxylation, and more (Dong et al.3280m et al.
2004, Lee et al. 2006, Ribeiro et al. 2009, Yang et al. 2012, $H2@2H). Some of
these effects are thought to be at least partially reversible, and the degree of

reversibility depends on the following factors:

Firstly, a major determining variable on the degree of reversibility is the extent of
reduction, or the strutural Fe(ll)/Feqt ratio. Multiple papers have suggested that for
Ferich clay minerals, many effects of reduction are largely reversible when reduction
extent is low (Fialips et al. 2002, Ribeiro et al. 2009, Neumann et al. 2011). For
instance, Neumann etl. 2011 found that when reduction extent was limited to 50%

or below, many of the changes to the structure were found to be largely reversible.
high reduction extents, it is likely that significant crystallographic rearrangements must
take place to compensate for the negative charge. Studies have suggested that the
dehydroxylation caused by dithionite reduction is only partially restored after
reoxidation (Komadel et al. 1995), and might lead to structural instability and leaching

of octahedral Fe (Kt et al. 1999). Other studies have also demonstrated that at
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high reduction extents, irreversible changes such as transition from dioctahedral to
trioctahedral configuration and dehydroxylation are more likely to oceug.Stucki et
al. 2011). Similayl Ribeiro et al. (2009) found that 100% dithioriezluced and
reoxidised nontronite produced a very differentdgsbauer spectrum than nontronite

that had been only partially dithioniteeduced and reoxidised.

From these reportspne might conclude thateduction pathways that can achieve the
greatest extent of structural Fe reductione( dithionite) would therefore produce the
greatest degree of irreversible alteration. However, clay minerals have also been
described to be irreversibly altered by micrabreduction €.g.Kim et al. 2004, Yang et
al. 2012, Shi et al. 2021), where extent of structural Fe(ll) is limited. Clearly, the
reduction pathway also plays a key role in the extent of irreversible alteration and
there is a knowledge gap on how bothtpavay and reduction extent affect the

sustainability of the mineral.

Another key factor affecting the degree of reversibility is the Fe content of the clay
mineral. Reduction of clay minerals with low Fe content tends to produce largely
reversible effectaipon reoxidation, whereas clay minerals with high Fe contents are
altered more irreversibly by the effects of redox cycling (Neumann et al. 2011, Gorski
et al. 2013). Gorski et al. (2013) observed lowétent clay minerals such as
Wyoming montmorillorte SWy2 (2.3 wt % Fe) displaying almost entirely reversible
electron transfer, and the colour of the mineral was unchanged. In contrast, clay
minerals such as nontronite NAluwith comparatively high Fe content (21.2 wt % Fe)
displayed a significant cologhange alongside an irreversibly altered redox profile

upon reoxidation.

Althoughmany of the most dramatic effects of clay mineral redox cyckng, (
dissolution and transformation) are cited as a result of microbial redugganKostka
et al. 1999, Dong et al. 2003, Yang et al. 20dtRgr research has also indicated that
microbial reduction incurred largely reversible impacts on the struc(Gaes et al.
1993,Stucki et al. 2011). Lee et al. (2006) demonstrated thaidaing smectite were
alteredduring microbial reductionput the effectswere largely reversible upon
reoxidation.This is likely due to the lower achievable reduction extenerent with

microbial reductionA comparison of partially reduced clay minerals by either
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dithionite or microbes showed that at low reduction extents both reduction pathways
lead toMOssbauerspectra that were near indistinguishable, and the effects were
largely reversible upon reoxidation (Ribeiro et al. 2009). Further work is required to
understand whether these effects are truly reversible, and whether the minerals can

sustain the effects multiple reduction and oxidation cycles over time.

2.3.3 Introductiont o Mdssbauer spectroscopy
Previous research on structural changes oftdearing clay minerals utilised Méssbauer

spectroscopy and produced compelling evidencd-erspeciation effects caused by
reduction,that other techniques could not provid@he Missbawer effect, discovered
by RudoltMéssbauelin 1958, relies on the recoilless resonant absorption of nuclear
gamma rays b$’Fe atoms held within a rigid, solid matrixifi&h et al. 2011).
Maossbaueispectroscopy allows investigation of properties suchasence state,
speciation, and binding environment / coordination of Fe atoms within solid mineral
samples. Mdssbauer spectroscopy has several advantages over other analytical
techniques. For instanc&)6ssbauer analysis can be applied to a wide rangerapsa
sizes, as the technique allows measurement of atomic scale properties and
interactions. Additionally, all atoms and elements other tR&fe are completely
invisible to the measurement makit§~e-specificMdssbauer free from issues such as
matrix effects(Murad and Cashion 2004).

The Mbssbauereffect can be simply described as follows: Gamma rays are emitted
from a radioactive source. If the gamma radiation is released without the emitting
atom recoiling, then the emission can be entirely absorbedhait recoil by a

receiving Fe atom as no energy is lost. The emitter is moved towards and away from
the receiver to apply the doppler effect, this allows for small variations in energy
between atoms to be accounted for. The absorption of the gamma radiatm be

recorded as a spectrum.

A Mdssbauer spectrum can be described using several key parameterlGBsbauer
parameters are effects of hyperfine interactions between Fe atom nuclei and their
surrounding electrons, leading to changes to the nuclewr @ectronic energy levels
(Figure 2.6). The parameters can be derived from least square fitting of the data to a

theoretical model and subsequently used to interpret the nature of the host material.
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Figure 2.6: Figure demonstrates the effectshyfperfine interactions (Isomer shift, Quadrupole splitting, Hyperfine
splitting) on a typicalMdssbauerspectrum. Isomer shift (IS) is shown in blue, Quadrupole splitting (QS) is shown
in red, Hyperfine splitting (H) is shown in green. Black arrows represhe energy difference between the ground
and excited nuclear states. Fractions describe the nuclear spin quantum number of the levels. lllustration is taken
from Dyar et al. (2006)

The three main parameters relevant to this study to note are desdrésefollows
(Murad and Cashion 2004, Dyar et al. 2006):

9 Isomer shift also known as Chemical Shift, or Centre Shift, (will be referred to
as CS in later chapters). A shift up or down of nuclear levels, caused by overlap
of nuclear and ®lectron charge ditributions. Presents as a shift of the
absorption peak off centre from the zeqmint (calibrated against alpkige(0)).

This parameter provides information useful for determining the valence state,
and ligand bonding state of an Fe atom.

1 Quadrupole spliting, also known as Electric Quadrupole Interaction (QS
hereafter). Orientation of the nuclear quadrupole moment, caused by
asymmetric electric field gradient, leading to a splitting of nuclear levels.

Presents in a spectrum as the distance between sepdrpgaks. This
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parameter is useful for determining properties such as spin state, valence state,
bonding properties, and local coordination of an Fe atom. For sextets and
octets, QS will become quadrupole shift (for sextets) or the electric quadrupole
interaction parameter (in Fulitatic Hamiltonian fit analysis).

1 Hyperfine splitting also known as Magnetic Hyperfine Interaction (H
hereafter). This parameter describes orientation of a nuclear magnetic moment
in the presence of an externally applied magnetic field, or magnetic ordering
occurring across interacting Fe atoms within thenple. Presents in a spectrum
as full splitting of nuclear levels. This parameter is used to identify magnetic

ordering of Fe within a sample.

Mossbauerspectroscopy will be used throughout this thesis for both quantitative and
qualitative analysis of Heearing mineral samples. Manipulation of measurement
temperature can provide different useases and insights. At higher temperatures

(here: 77 K), Feach clay minerals will not present magnetic ordering, and the
Mossbauer spectrum can be used as a mezrguantifying Fe(ll)/Fe(lll) stoichiometric
ratios from the Fe doublets observed. By decreasing the measurement temperature to
liquid helium temperature (4 Ki\, is possible tanduce magnetic ordering in Fe species
where it was previously absent. Once magneticenitly occurred, the Mdssbauer
spectrum becomes more complex and provides a basis for interpretation of Fe binding
environments and speciation within the mineral samples. This approach allow us to
probe the impact of reduction on the structure of the clayneral, the coordination of
octahedral Fe, as well as the nature of secondary precipitate minerals formed by the

reaction of Fe(ll) with clay minerals.

2.4 Effects of redox cycling on clay mineral reactivity towards
environmental contaminants

The scope of tlsi project is ultimately to determine the suitability of clay minerals for

use in sustainable contaminant remediation. While it has been shown thbe&eng

clay minerals can be used for transformation of environmentally hazardous substances
(e.g.Neumannet al. 2008, Bishop et al. 2011), can clay minerals be used sustainably
over multiple cycles of reduction and oxidation? There is evidence to indicate that the

clay mineral structure is altered by redox cycliagy(Komadel et al. 1995, Gorksi et al.
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2013), and irreversible structural changes might impact the v efficacy of the

minerals as materials for contaminant control.

Research into the effects of microbial reductioxidation cycling has produced
inconclusive results. One study suggested tiegiox cycling usin§hewanelldacteria
increased the reactivity of Feéch smectites towards contaminant Tc(VII) (Yang et al.
2012). The work found that although the extent of reduction was not changed, the
rate of transformation increased after multiptedox cycles. Similarly, another study
(Bishop et al. 2019) found that the initial rate of Cr(VI) transformation Hydaging
sediments increased with successive redox cycles. However, another study
investigating redox cycling feh smectite withShewaellaproduced no significant
changes towards the reduction of nitrates (Zhao et al. 2015). In each research, the
transformation of a different environmental contaminant was measured, and did not
include controls for the effects of other minerals (suctFa®xide species) that may
KIFIgS 06SSy LINBaASyd FyR AyFfdzsSYyOSR GKS aeai
Gorski et al. (2012,2013) used mediator compounds to measure how the redox profile
of Febearing clay minerals was impacted by chemical reduction (with dithionite) and
oxidation. The study observed a dramatic shift in the redox profile eidFeminerals

after one cycle of reduction and oxidation. An irreversible shift in redox profile could
significantly impact the capacity for the mineral to give and receive electembthis
might call in to question the lortgrm sustainability of clay minerals for contaminant
control. However, this study measured the effects of 100% structural Fe reduction, but
the effects of dithionitereduction redox cycling to lower reduction exits are still
unknown. Additionally, unlike studies using microbial reduction that observed
successive increases in rate of reactivity each cgatpYang et al. 2012, Bishop et al.
2019), other research (Gorski et al. 2013) has found that subsequénttiens did

not alter the profile any further. Importantly, the research conducted by Gorski et al.
(2012, 2013) highlighted relationships between redox profile and characteristics of the
structure and mineralogy. This would indicate that irreversiblacttire is linked to
reactivity, and irreversible structural alterations could impact the sustainability of clay

minerals as reactive materials for contaminant transformation.
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The effects of redox cycling with aqueous Fei(B) Ijiologicallymediated abotic

reduction) are yet to be confirmed, and studies so far have only investigated the
reactivity after a single reduction. It is accepted that the interaction of aqueous Fe(ll)
and Ferich smectites leads to the formation of secondary precipitate minerals
(Schaefer et al. 2011). However, the impact of these secondary minerals on reactivity is
inconclusive. Some studies have found that the Fe(ll) held in secondary minerals
dominates contaminant transformatiore(g.Jones et al. 2017, Entwistle et al. 2019),
while other studies have found secondary minerals have less effect than clay mineral
Fe(ll) and reactivity more closely resembles dithiongduced samples (Tsarev et al.
2016). More work is required to understand how multiple cycles of reduction with

F€gIl) and reoxidation impacts the reactivity of clay minerals, and the role of secondary

precipitates in contaminant transformation.

The range of results observed indicate that the effects of multiple redox cycles on the
reactivity of Febearing clay minerals are yet to be conclusively understood. The extent
of contaminant reduction might vary dependant on the reduction pathway,

contamnant chosen, and minerals present.

2.4.1 Introduction to nitroaromatic compounds as contaminants
Reduced clay minerals have been shown effective at transforming a wide variety of

environmental contaminantse(g.Nzengung et al. 2001, Elsner et al. 2004, ligeai.e
2017, Neumann et al. 2008, 2009, Bishop et al. 2011, 2019). This project however will
focus on the reductive transformation of nitroaromatic compounds as model

contaminants and probe compounds.

Nitroaromatic compounds (NACs) are a group of orgamepounds featuring a nitro

group bound to an aromatic ring. NACs are used ubiquitously as agrochemicals, dyes,
explosives, and chemical intermediates and solvents (Klausen et al. 1995, Hofstetter et
al. 1999, 2006, Boparai et al. 2008, Ju et al. 2010 riTewval. 2019). The use of NACs

has also led to widespread contamination of soil and water resources as remnants of
many industrial activities (Hofstetter et al. 1999, Boparai et al. 2008). NACs are
persistent under oxic conditions and are of particulancern due to being highly

carcinogenic and toxic (Haderlein and Schwarzenbach 1995).
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Figure 2.7: Schematic illustrating thedectron reduction process transforming kinetic probe compound 3
chloronitrobenzene to product compoundéhloroaniline. Adaped from Hartenbach et al. (2006)

Nitroaromatics can be readily reduced by&aring minerals (Rugget al. 1998), and
reduction of NACs produces corresponding aniline compounds that are often more
easily biodegradable than the parent substance (Neumaral. 2008, Luan et al.

2015b). Hofstetter et al. (2006) investigated the utility of clay mineral Fe towards NAC
transformation, and outlined three possible reactive sites ofbEaring clay minerals

that were capable of reductively transforming NACs. Sqbeat papers have
demonstrated that structural Fe is primarily responsible for NAC transformation

(Neumann et al. 2008).

This project will focus on the transformation of model contaminant 3
chloronitrobenzene as a kinetic probe compound, and model comtanti NAC
compounds make ideal kinetic probes as they are rapidly reduced by mineral Fe(ll) and
can be transformed into easily detectable products (Klausen et al. 1995). Using 3
chloronitrobenzene as a kinetic probe will allow the quantification of howoxed

cycling affects the intrinsic reactivity of clay minerals. Nitroaromatics with substituted
functional groups such as chloer@cetyt, methyl are useful as kinetic probe
compounds as substitutions on the aromatic ring allow for analysis of a wide cénge
reduction potentials and thermodynamic dependencies. The location of the functional
group on the aromatic ring will determine the sorptive properties, allowing
measurement of various affinities of compounds to mineral surfaces (Neumann et al.
2008, Luaret al. 2015b). In this experiment;chloronitrobenzene was chosen ahés
been demonstrated to show negligible adsorptimnclaymineralparticles Haderlein

and Schwarzenbach 1993ird and Fleming 1999, Klausen et al. 1985)
Chloronitrobenzene des not strongly sorb to clay mineral surfaces becahse
negatively charged chlorine substitutionnsither electronwithdrawing or electron
delocalizingmeaning there is little interaction between the compound and the

negativelycharged clay mineral siace (Haderlein and Schwarzenbach 1993, Laird and
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Fleming 1999)Additionally,3-chloronitrobenzene also makes a suitable probe
becausethe transformation of3-chloronitrobenzendo its corresponding aniline {3
chloroaniline) can be measured easily witlgiPressure Liquid Chromatography
(HPLCpe.g.Neumann et al. 2008)

2.5 Environmental implications of evaluating the effects of multiple
reduction -oxidation cycles on the structure and reactivity of Fe -
bearing clay minerals

The review has outlined sevelay points regarding the use ofBearing clay
minerals as sustainable materials for control of environmental contaminants. In
particular,it has beerhighlightedthat the followingare accepted views on redox

interactions between clay minerals and contaminants:

1. Fe abms are commonly incorporated into clay mineral structures, and the
variable valence state of structural Fe plays a key role in many subsurface
physicochemical processes (Sposito et al. 1999, Kappler et al. 2021). Clay
mineral Fe can be reducedh a multple reduction pathways, and can
subsequently reductively transform a wide rangesaf’/ironmental
contaminants €.g.Neumann et al. 2008, Tsarev et al. 2016, Bishop et al. 2019).
Clay minerals are thought to be more resistant to dissolution than other Fe
minerals, and therefore could provide a renewable source of environmental
reduction equivalents (Ernstsen et al. 1998, Fialips et al. 2002). Clay minerals
will likely face fluctuating redox condition over time due to changes in
porewater chemistry and micradl activity (Dong et al. 2003, Roden et al.

2012, Meng et al. 2021).

2. Electron transfer pathways can include microbial reduction as a means of
anaerobic respiration, and chemical / abiotic reduction by compounds such as
dithionite (Kostka et al. 1999, Skicet al. 1984a), or by dissolved Fe(ll) atoms
(Schaefer et al. 2011, Neumann et al. 2013). Different pathways of reduction
lead to different effects on the clay mineral structure, many of which appear to
be at least partially irreversible (g.Kostka etal. 2002, Dong et al. 2003,

Ribeiro et al. 2009, Stucki et al. 2011, Tsarev et al. 2016, Jones et al. 2017, Shi et
al. 2021).
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3.

Irreversible alterations of the clay mineral include significant structural impacts
such as dehydroxylation, octahedral rearrangmnts, and even possibly
complete mineral transformatiore(g.Manceau et al. 2000a and b, Dong et al.
2003, Kim et al. 2004, Lee et al. 2006, Neumann et al. in TraR®jely.

Changes to structure incurred by reduction are dependant on factors such as
structural Fe reduction extent and structural Fe content, and might infer
unsustainability of clay minerals as environmental reductants.

There is evidence to indicate thegdox cycling can impact the reactivity of clay

mineral Fe(ll) towards contaminants.

Although clay minerals have demonstrated their resilience relative to other Fe

minerals as useful materials for contaminant transformation, there is also notable

researt to indicate that this utility may not be sustainable. Further research is

necessary to address the following knowledge gaps in the current understanding:

1.

Chemical and microbial reduction have been suggested to affect clay mineral
structure and reactivityifferently €.g.Lee et al. 2006, Ribeiro et al. 2009).
Research has produced conflicting and contradictory results regarding the
effects of each pathway on the clay mineralg.Gates et al. 1993, Stucki et al.
2011, Yang et al. 2012, Zhao et al. 20B&)comparable reduction extents, the
effects of redox cycling for each reduction pathway have not been addressed or
adequately compared. Furthermore, research has yet concluded whether the
observed irreversible alterations scale as the mineral is sudjeitt multiple
reductionoxidation cycles. Understanding this is crucial to determine whether
the minerals can be used as a sustainable form of contaminant transformation.
Microbial redox cycling of clay minerals has produced mixed, and sometimes
dramaticresults €.9.Kim et al. 2004, Yang et al. 2012, Zhao et al. 2015, Shi et
al. 2021). However it has not been established whether the observed effects of
microbial interaction with clay minerals are a result of bioreduction of the
structural Fe, or other ntabolic processes. Is it possible to subject clay
minerals to multiple cycles of reduction and oxidation using organic electron

shuttling compounds as surrogate for living bacteria? Do the effects of using
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shuttle compounds as electron donor differ frometleffects of microbial redox
cycling?

3. Interactions between aqueous Fe(ll) and clay mineral Fe can lead to electron
transfer, atom exchange, and precipitation of secondary reactive Fe minerals
(Schaefer et al. 2011, Jones et al. 2017, Entwistle et al. 28b9) does abiotic
reduction of clay minerals by agueous Fe(ll) impact the structure and reactivity
of the clay minerals over multiple redox cycles? What is the nature of the
secondary Fe intermediate species, and how do they affect the reactivity of the

system towards transformation of contaminants?

The knowledge gaps discussed highlight a need for further reseapriolte how
multiple cycles of reduction and oxidation alter clay minerals. Can clay minerals be
used consistently and renewably as a means for transforming harmful environmental

contaminant?
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2.6 Aims and Objectives

This project aims to assea$ether Febearng clay minerals can be used sustainably
and renewably as materials for the control and degradation of environmental
contaminants. The project wilinderstandnow multiple cycles of reduction via various
environmentally relevant pathways, and oxidation piact both the reactivity and the
structure of Ferich clay mineralsThe project will determine whether Heearing clay
minerals can be utilized consistently for environmental electiamsfer reactions, and
will ultimately outline their potential as matels for longterm control of organic

contaminants.
To successfully achieve these aims, the project will:

1 Subject Feich clay minerals to multiple cycles of reduction, and subsequent
oxidation. Reduction of clay mineral structural Fe will be achievedjubree
environmentally relevant reduction pathways: Chemical Reduction with
dithionite, Microbial proxy reduction using reduced electron shuttling
compound (anthraquinon®,6-disulfonate), and finally via biologically
mediated abiotic reduction with acous Fe(ll).

1 Measure the impact of multiple cycles of reduction and oxidation on the
reactivity of clay mineral structural Fe towards model contaminant and probe
compound 3chloronitrobenzene.

1 Monitor effects ofmultiple reduction and oxidatiorcycleson the structure and
morphology of theclayminerals anddetermine the degree of reversibility for

structural alterations.
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Chapter 3: Effects of chemically -induced reduction -
oxidation cycling on the structure and reactivity of
nontronite

3.1 Introduction

The Fe(IHe(ll) redox couple plays a major role in the cycling of nutrients and fate of
environmental contaminants in the stgurface. Fe can be easily incorporated into the
structure of clay minerals, and fbearing clay minerals can be found ubiquitously in
sedimerns and soils worldwide (Sposito et al. 1999). Structural Fe can be reduced to
Fe(ll) by various reduction pathways including microbial activity or by chemical
reductants. In natural systems, the redox state of soils and sediments can be
dramatically alterd by changes in porewater chemistry, often due to seasonality and
fluctuations of the water tableg.g.Deng et al. 2014, Calabrese and Porporato 2019).
Work has even been conducted to investigate the potential for artificially chemically
manipulating theredox state of subsurface sediments for use of contaminant control
(Fruchter et al. 2002, Szeczody et al. 2004). In their reduced stabedfimg clay
minerals have been shown capable of reductively transforming a wide range of
hazardous environmental obtaminants €.g.Neumann et al. 2008, 2009, Bishop et al.
2011, 2019). Unlike many other Fe minerals such as naturally occurrmqgdes, clay
minerals are thought to be more resistant to reductigissolution, and could be a
potentially renewable source of reduction gigalents in the environment (Fialips et al.
2002). This would mean clay minerals could be a valuable and sustainable tool for
engineered pollutant transformation, or a solution for letegm natural attenuation of
contaminated land. However, other work sidemonstrated that chemical reduction of
clay mineral structural Fe can lead to irreversible alterations of the minerals that might

call into question their supposed longevity and sustainability.

Dithionite is a common method of chemically reducing oayeral structural Fe.

Dithionite has also been shown to be the most effective reductant, and is capable of
accessing almost 100% of structural Fe imi€le clay minerals (1984b). While the use

of dithionite as arnin-situ reductant has been previously disssed (Nzengung et al.

2001), it can also serve as a useful proxy for the effects other chemical reductants that
may occur naturally. Previous research has demonstrated that chemical reduction

might differ from microbial reduction, and as such producdfed?nt effects on the
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clay mineral (Lee et al. 2006, Ribeiro et al. 2009). Complete reduction of structural Fe
to Fe(ll) by dithionite has been shown to leave irreversible alterations to the clay
mineral structure, as well as irreversible shifts to theemnal redox potential (Gorski et

al. 2013). However, research has also indicated that the degree of irreversibility of clay
mineral alterations scale with increasing reduction extent, and at low reduction extent
the effects appear indistinguishable fromarobial reduction (Ribeiro et al. 2009). Do

the irreversible alterations of clay minerals due to chemical reduction impact the
sustainability, and can clay minerals persist through successive cycles of chemical

reduction and oxidation?

This chapter aims tmvestigate how multiple cycles of dithioniteduction and
oxidation impact the structure and reactivity of-Fieh smectite NAtL. NA4l samples
are subjected to three cycles of dithioniteduction, and subsequent reoxidation by
hydrogen peroxide (¥D.). The effects of redox cycling are measured at both a high
reduction extent (75% structural Fe(ll)) and a low extent (20% structural Fe(ll)).
Experiments conducted at a low reduction extent are relevant for comparison with
other electron transfer pathwaysuch as bioreduction. High reduction extent
experiments provide an insight to the compounding effects of redox cycling when
degree of reversibility is lowest, and will be relevant for artificrakitu reduction
techniques. The reactivity of reduced glainerals for the transformation of kinetic
probe compound gZhloronitrobenzene is measured to assess how reactivity is
affected by multiple successive redox cycles. We also measure the effects of redox
cycling on clay mineral structure, using varietgpéctroscopic analyses including
Scanning Electron Microscopy, particle size measurements, é@sdbduer
spectroscopy. Overall, we aim to understand whether the alterations caused by
chemical reduction will impact the longevity and sustainability eb&aing clay

minerals as materials for contaminant control.

3.2 Methods

3.2.1 Mineral Preparation

Nontronite NAul (M*1.09Sk.osAh.02[Alo.29F€3.68MJ0.04 O200H;, 21.5 wt% Fe) was

LJdzNOKF aSR FNRBY (KS /fl& aAySNIrfa {20AS0e&
(https://www.clays.ag/sourceclaysh @ a A Y SNIF f LINBLI NF GAzy F2
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standard operating procedure, published previouglyg(Neumann et al. 2011). In
short, the mineral was ovedried before being crushed to fine powder using a ball
mill. The mineral was then susp@ed in deionised water, size fractionated to a range
of 0.20.5 pum and finally Nahomo-ionised with 1 M NaCl solution. The mineral
sample was then purified to remove any remaining admixed minerals including
kaolinite and Feoxides. Mineral purity was céirmed using Fourieffransform Infrared
(FFIR) spectroscopy. The final product was freeze dried, ground with a pestle and

mortar and then passed through a 150 um sieve before being stored prior to use.

3.2.2 Mineral Fe reduction and oxidation
All mineral reduction was undertaken in an anaerobic chamber (GS Glovebox

Systemtechnik GmbH, Germany) underza Ni Y 2 & LIK S NJB). Medkygenailal™ h
of all solutions and suspensions wasried outby bubbling Nfor 1 hour.Previous
research has demofrsited that this deoxygenation methochn removel00% of
dissolved oxygen (Adamou 2024) dithionite reductions of clay mineral Fe were
completed following a modified version (Neumann et al. 2011) of the citrate
bicarbonatedithionite methods describedybStucki et al. (1984b). Two batches of
NAu1 were subjected to chemical reduction of its structural Fe, one to an intended
high (75%) Fe reduction extent and another to an intended low (20%) reduction
extent. This waachievedby adding the stoichiometradly equivalent mass of

dithionite to reduce 75% and 20% of structural Fe respectively. Samples were left to
stir overnight, then homeonised with deoxygenated 1 M NaCl solution and
subsequently washed with deoxygenated deionised water to remove any némgai
dithionite residue. Clay mineral Fe reduction extent was confirmed by kidgissbauer
spectroscopy, and with a modified method of hydrofluoric acid (HF) mineral digestion
and phenanthroline assay (see Section 3.2.6 for details). Reduced minerals were then
suspended in a buffer solution of 10 n34N-morpholino)propanesulfonic acid

(MOPS) ad 50 mM NacCl, creating, nominally, a 20 g/L stock suspension. The
suspension pH was adjusted to pH 7.5 using aliquots of 1 M NaOH or HCI.

For clay mineral Fe +exidation, an aliquot of stock suspension was removed from the
glovebox and 1 M hydrogen peirde (HO,) was added in stoichiometric excess to the

concentration of Fe(ll), this was left to stir overnight open to the room atmosphere.
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The following day, the mineral was washed with 1 M NaCl and deionised water twice in
the same manner as with the redtion to remove any possible remaining®J. Clay
mineral was then resuspended, deoxygenated, and moved back into the glovebox

ready for the next cycle of reduction.

In total, 3 cycles of reductieaxidation of NAtl were conducted for each reduction
extent (75% and 20%). Samples of mineral suspensions were separated from the bulk
suspension at each stage of the process before reaction wai@onitro benzene, to

be used later in the various solid sample analyses conducted.

Samples and data are categaed by the following naming system, for ease of future

reference:

Cycle Igenerally refers to NAG samples that have been reduced once with

dithionite.

Cycle Zyenerally refers to NAQ samples that have been reduced with dithionite,

reoxidised with HO,, and subsequently reeduced with dithionite a second time.

Cycle 3yenerally refers to NAGQ samples that have been reduced for a third time with

dithionite, after two preceding reducticoxidation cycles.

ForMdssbauemanalysis, each cycle-RlalsoK & A 1 Q& NBALISOGADS NB
C2NJ SECyeINBZEARA&ASRE g2dzf R NBFSNI (2 YSI a
described irCycle lafter reoxidation with HO,, and all structural Fe(ll) has been

oxidised.

3.2.3 Nitroaromatic compound transformation experi ments
Transformation experiments involvingcBloronitrobenzene were only conducted with

samples in their reduced stages. after reduction via dithioniteControl experiments
using native (i.e nomeduced) clay minerals were also conductledt have notbeen
included. There is a significant body of literatprevious experimentdemonstrating
that clay minerals absent of Fe(ll) do meact with nitroaromaticainder these
conditions and thatvolatilisation does not occur in the solution (Schulz andn@iru

2000, Hofstetter et al. 2003, Hofstetter et al. 2006, Entwistle 2021).
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All transformation experiments were completed and the batch reactors stored inside
the anaerobic glovebox, to minimise unintended oxidation. All experiments were
conducted in triplcate. For each batch reactor, 1.5 mL of the 20 g/L clay mineral stock
suspension and 13.5 mL of buffer solution containing 10 mM MOPS and 50 mM NacCl
were added to 20 mL glass vials. The pH of each reactor was adjusted to 7.5 using
NaOH or HCI. Reactors mesealed with butylene rubber stoppers, crimp capped to
hermetically seal the contents, wrapped in foil or PTFE tape to prevent any risk of

unintended photeoxidation, and then finally placed on an ender-end rotator.

Probe compound degradation reaati® were initiated by injecting 30L of methanolic
3-chloronitrobenzene stock solution to give an initial concentration of g0 using a
Hamilton gadight, PTFE luer lock, 0.25 mL glass syringe to achieve a starting
concentration of ~5QM in the reacts. A 500uL sample was taken immediately after
spiking using a Hamilton gaght, PTFE luer lock, 0.5 mL glass pipette and filtered
using a luer lock, 0.22m nylon filter (sourced from Thames Restek Ltd) to remove any
mineral / solids. The sample was thstored in a clear, 2 mL sealed glass HPLC vial
(sourced from VWR) with conical glass inserts (from Sigma Aldrich) until analysis. For
each reactor, more samples were taken in the same method atlptermined time

steps until the transformation of-8hloronitrobenzene to &hloroanaline had reached
completion (.e.all 3-chloronitrobenzene has been transformed tecBloroaniline). All

samples were stored in the fridge at 4 °C prior to HPLC analysis.

3.2.4 Organic contaminant quantification
The first sample teen from the reactor immediately after spiking with contaminant

was used as measurement for initial concentration.

Samples measured via HPLC were measured against a setmrepared calibration
standards containing both methylated contaminant and prog@nd diluted with
DIW, at 5 specific concentrations|{M/L, 12.5uM/L, 25uM/L, 37.5uM/L, and 50

MM/L) in glass HPLC vials (same as used for reactor samples).

Analysis of samples and concentrations of model contamiBaftioronitrobenzene
(3CNB) and the degradation produetBloroanaline (3CAN) were measured using the
Agilent 1260 Infinity Il HPLC equipped with DAD detector, using-&8 t@umn
(XBridge C18 3.5 pum).
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Samples were measured with a custom HPLC metrmdguweionized water and
methanol in varying proportions as eluefigure Sl 3.1 demonstrates the precision
and accuracy of the HPLC meth&tjure Sl 3.8hows the custom concentration / time

eluent gradient used for each sample.

HPLC methodtO minute ptal run time per sample. 1mL / min flow rate, column
temperature of 30°C. 20 mL of sample injected. Measured absorption at wavelengths
214 nm and 252 nm.

3.2.5 Data evaluation and kinetic modelling
The transformation of model probe contaminancBloronitrobenzene to product

compound 3chloroaniline was measured using the measured concentration values of
both reactant and product across a time series. The data was modelled applying a
second order kinetic rate law to account for two implicit reactive Fe sitéh (

distinctive reactivities) in the clay mineral, and rate constants were calculated via
differential equations as described by Neumann et al. (2008). Equations used to

calculate the rate constant values are as follows in Equations 3.1, 3.2, and 3.3.
Equation 3.1; second order kinetic rate law:
T 0060
I
Where kand kRS A ONA G S GKS AYUNAYAaAO NBIFOGAGAGAS
NEII OGAGS aA0S aG. ¢é¢d wb! / 6 idnafprode Sontyhinand dzZNB R

compound 3chloronitrobenzene, and [Fe(d])and [Fe(lB] are the concentration of

E "O0000066 E "OC00 (006

each reactive site (A and B).

Equation 3.2; boundary condition [Fef#f), included in mathematical model:
"0000 ‘0000 0000

For comparison, the measured kinetic data was also fit with a pséitatamrder model

describing a single reactive site, shown in Equation 3.3. This was a simplified version of

the two-site model described in Equation 3.1.
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Equation 3.3; boundargondition [Fe(lhog, included in mathematical model:
T 0060

T E "00Q00 00O

Equations were solved numerically using Matlab routine ODE15s as described by
Neumann et al. (2008T.he statistics underlying the best fit model are goed by the
following process. The model takes data from 3 replicate reactors and fits all three
datasets simultaneously to create a single set of parameters (rate constaatsl ke,

as well as initial concentration &e comprising thaighly reactivesitesd ¢ The&
mathematical fitting procedure minimized the sum of the squared differences
between simulated and measured concentrations based on the Néted simplex
method, resulting irthe estimated values fork ks and initial [Fe(lk] produced in the
model output Standard deviation values were calculated via linear error propagation.

This is done by varying parameter values by 10% calculating the resulting error yielded.

The previously mentioned model included an interconversion leefweach reactive
site to account for respiking during experiments. Howevasthe methoddoesnot
includere-spikng the reactors this interconversion step was omitted from our
calculations and the model was updatexa statesimilar to a later studyNeumann et
al. 2009).
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3.2.6 Elemental analysis
Solid phase concentrations of Fe(ll) ane.feere measured following HF mineral

digestion using a modified 1,34ghenanthroline method (Stucki 1981, Amonette and
Templeton 1998) as described in Neumann et all{30Absorbance was measured
using UWIS spectrophotometer at a wavelength of 5. This method was used to
confirm reduction extents of dithioniteeduced minerals, and concentrations of clay
mineral Fe(ll) were incorporated into kinetic calculatioesdribed in Section 3.2.5.
Clay mineral loading was backlculated from the measured total Fe concentration,

based on the wt % of Fe in NAutaken to be 22.4% (Neumann et al. 2013).

Clay mineral suspensions were measured for evidence of mineral dissodlute to
reduction via dithionite. Samples were taken from supernatant after reducfitiared
with 0.2um nylon filter,and measured with a Varian VistéP X InductivelCoupled
Plasma Optical Emission Spectrometer {TIEFS) for dissolved traces ofmary

smectite elemental components (Si, Al, Mg, PRecuracy is expected to vary within
10% of concentration readinyleasured concentrations were compared to the

mineral loading values as a percentage, based on the respective fraction each major
elementin NAul.

Values for wt% of NAl elemental constituents were approximately calculated to be
Fe = 22.4% (Neumann et al. 2013), and Al = 8.2%, Mg = 4.2%, Si = 51.5% (Keeling et al.
2000).

3.2.7 Morphological analysis (particle size and SEM / EDX)
Particle morphadgy was examined using a combination of Scanning Electron

Microscopy (SEM) with Energy Dispersivayanalysis (EDX), as well as particle size

analysis.

Samples for SEX / EDX analysis were prepared undgmisphere. Samples of

mineral suspensions wef@st diluted to 0.2 g/L mineral loading, and then a drop of

the suspension was placed on some carbon tape on an aluminium SEM stub via pipette
and allowed to dry overnight. Once all fluid had evaporated, sample stubs were sealed
in an airtight containefor transport to the SEM. Each sample was guidted to

improve resolution and minimise risk of oxidation. Samples were analysed using a
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Tescan Vega 3LMU scanning electron microscope, fitted vtluleer XFlash® 6 | 30
for EDX analysis.

EDX analysis wasnducted using Imagej softwarElemental mapping imagegere
filtered to show only Fe, Si, and, Ahd therelativeintensity of each element was
measured overepresentativeareaswhere the mineral was determined to be present
3 images were taken ofaeh sample, and a minimum of 3 measurements was taken

for each image, and mean values were calculated for each sample.

Particle size analysis was conducted as follows: Samples were taken of clay mineral
suspensions and diluted to 0.05 g/L using deoxygeshadeionised water. Samples
were measured in a sealed scr@ap (to prevent any unintended oxidation), 10 mm X
10 mm (internal width) quartz cuvette sourced from Hellma UK ltd. Sample particle

size was measured using Malvern Panalytical Zetasizer Nano.

3.2.8 Mdssbauer analysis
Samples were separated and prepared from the NAsiock suspension before

contaminants were added. Solids were separated from supernatant withram,30.2
UM nylon filter under anaerobic atmosphere. The sample solids were sealed inrfKapto

tape to prevent oxidation during transfer to tihddssbauerspectrometer.

Samples were analysed using and S4 Méssbauer spectrometer (SEE Co., Edina, MN,

L p{ d!l d0 AY GNIyavYAaairzy Ye® i TegiperatOre f A 6 NI
during spectra acgsition was controlled with a closed cycle cryostat {854, Janis

Research Co., Wilmington, MA, U.S.A)) at either 4 K, 13 K, or 77 K temperature to allow

for quantifying Fe oxidation state and the Fe speciation of the clay mineral.

Spectra were analysed using the software Recoil, using-Wasgd fitting routine for
spectra measured at 77 K and 13 K temperature, aneskatic Hamiltonian fitting

routine for samples measured at 4 K temperature.

3.2.9 Contributions
Dr Jim Entwistle andrXatherine Rothwell both assisted with the preparation and

measurements of HF digestion experiments. Dr Katherine RothwelDr Rachael

Dack provided advice arassistancdor developing the HPLC methd®loss Laws
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provided operating assistance for SHivaging.Dr Henriette Christensen conducted

measurements with IGBES

3.3 Results and discussion

3.3.1 Dithionite -reduced kinetics

To assess how reductiayxidation cycling using dithionite and®} affects the

reactivity of clay mineral Fe(ll), we reacted model contaminachl8ronitrobenzene

with nontronite NAul reduced to low (20%) and high extent (75%) of clay mineral Fe
reduction (Fe(ll):R&). We monitored the concentrations of both therdgaminant

and its transformation product-8hloroaniline. Figure 3.1 shows the changes-in 3
chloronitrobenzene concentration over the course of the reaction with 20% dithionite
reduced (left) and 75% dithioniteeduced NAEL (right), respectively. Data was
converted to values relative to initial measured concentratiaf) ifdmediately after

spiking reactor with contaminant (3CNB) to allow visual comparison.

10 20% Dithionite-reduced i 75% Dithionite-reduced
A Cycle 1 B Cycle 1
M Cycle2 B Cycle2
- 0.8 B Cycle3 0.8 ® B Cycle3
S — 2-site Modelled fit = — 2-site Modelled fit
-~ O Measured values 13} O Measured values
% 0.6+ 0 0.6-
.0 c
8 %
= 0.4 = 04
(5] [0)]
= o
S :
o 0.24 O 0.21
o)
%)
0.0~ T T T T T T T T 0.0- T T T \ T T T
0 100 200 300 0 5 10 15 20 25 30
Time (h) Time (h)

Figure3.1: Typical time course concentration measurements (circles)-oh®ronitrobenzene durig reaction with
NAuW1 that has been reduced with dithionite to (A) 20% Fe(ll)/Fe(total) and (B) 75% Fe(ll)/Fe(total). Results were
obtained in the presence of reduced NAuCycle }, reducedreoxidisedrereduced NAtL (Cycle 2 and reduced
reoxidisedrereducedrereoxidisedrerereduced NAtl (Cycle 3, asdescribedn Section 3.2.2. Coloured lines show
the fit to the two-site kinetic model (defined in Equation 3.1).

In all experiments: NAC concentration decreased to below detection over the
monitoring peria; aniline concentrations increased and were equivalent or even
higher at the end than initial NAC concentration as showrigure Si 3.3This
demonstrates a complete mass balance and indicates that the transformation reaction

has reached completion.
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Figure 3.1 shows a significant difference between Subfigures A aRdrBIAu-1

exhibiting thelow Fe reduction extent (20%, blue), the transformation of contaminant
reached completion after approximately 300 h, whereas NAaf a high Fe reduction
extent (7%%) transformed &hloronitrobenzene completely to the corresponding

aniline after only 24 hA faster speed of reaction for the high reduction extent (75%)
NAu1 relative to the low reduction extent (20%) NAus expected, as the former
contains a far grater concentration of reactive structural Fe(ll). However, the time
taken to reach completion for the 75% reduction extent experiments is 10x faster than
the 20% reduction extent experiments, whilst Fe(ll) content has only increased
approximately 2xThissuggests that theelationship between speed of reaction and
Fe(ll) content is notinear, and reactivity appears to increase at a rate greater than the
increase in Fe(ll) content. This might indicate that the incr@aseduction extent has
impacted theintrinsic reactivity of the clay mineral, rather than just a quantitative

increase in reactive material.

Contaminant degradation by NAuof both high and low Fe reduction extents
followed a similar overall pattern. There is an initial phase of fast reaction where
roughly 50% of the contaminant was transformed within the first few hotinen the
reactionslowed,and the remaining contaminantastransformed more slowly over

the following days (20% reduced NAuor hours (75% reduced NAL. This distinct
biphasic contaminant degradation has been observed previously fackelay

minerals reduced to bothigh (Neumann et al2008 2009) and low Fe reduction
extents (Rothwell 2018)t was interpreted to suggest that there are twygpes of
reactive sites in the clay mineral structure capable of reducing and transforming the
contaminant: a highly reactivetsiand a second less reactive gideumann et al.
2008,Rothwell 2018. Indeed, fitting the data from all experiments to a model that
includes a single reactive Fe site in the clay mineral, produced poor agreement
between model fit and the datd~{gure SB8.3). The data was instead fit with a model
including two reactive Fe sites in the clay mineral, resulting in excellent agreement
between data and model fit (Figure 3.1). The data indicates a presence of two reactive
Fe sites, and conforms well with preus research (Hofstetter et al. 2006, Neumann et
al. 2008, 2009, Rothwell 2018). This differs from some studies such as Luan et al.

(2015b) which despite observing biphasic kinetics, fitted the transformation ef bio
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reduced NAHL with a singlesite, seconebrder rate law. This finding might be
explained by the fact thatioreduction follows a different electron transfer pathway

than reduction via dithionite (Rothwell 2018).

For the experiments reduced to a high reduction extent (75%), the kinetic model
indicatedthe rate of contaminant transformatiowas faster orCycle Zhan observed
for Cycle 1butCycle 3vas slower to react than bot8ycle Jand 2. For the
experiments reduced to a low reduction extent (20%), the data suggestCirae 1
and 2 are lagely similar but byCycle 3he reaction speed had increased. Oa#grthe
shape of the reaction curve and the time taken to reach completion was similar for
each cycle on both experiments. This would indicate that redox cycling does not

significantly alte the observed redox reactivity.

Thesmall variatiorobserved between each curesuld be due to sample variations
between cyclesAfter conducting the kinetics experiment HF mineral digestion and
phenanthroline assay was conducted to confirm the reduction extent of the mineral
suspension, and measure the mineral loading of each clay mineral suspension (see
Table 3.2. The results showed thatsignificant fraction of the mineral had been lost
during the process, and mineral loading concentration was far below the expected
value (20 g/L) bZycle 3The unexpected loss of mineral meant that the experiments
were reducel with a greater stoichiometric concentration of dithionite than would be
required to achieve the desired reduction extentg (75% and 20%). The cause of the

decrease in mineral loading was further investigated.

ICROES was used to analyse the supeanabf claymineral suspensions immediately
after reduction, to measure for argvidence ofeductive dissolution of the mineral.
ICROES data (Table Sl 3.1) shows negligible concentrations ef Hi&mental
components immediately after reduction with dibnite, confirming that the loss of
mineral loading was not due to reductive dissolution. It was concluded in retrospect
that quantities of clay mineral were being lost unintentionally from suspension during
the comprehensive washing procedure (detailSection 3.2.2) to remove remnant
dithionite and hydrogen peroxide from the samples between phases of reduction and

oxidation.
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Variations in mineral loading and reduction extevitl haveimpacted the observed
contaminant transformation. This demonstratésat comparing degradation kinetics
qualitatively {.e.using shape of curve and time to completion) maybe insufficient,
particularly as variables such aslBefontent and clay mineral loading might vary
between sets of reactor. Hence, analysis using a mathematical model will allow a more
accurate comparison as the model accounts for variation of variables. The kinetic
model takes into account the measurednoentration of Fe(ll) present in the system
provided by the phenanthroline assay, in order to produce rate constant values to

describe the intrinsic reactivity.

@ 6] —~2]

z A <" B

5 L] ] 3

= . =

(7)) 41 i | i 1§ [0} -3+

2 >

= =

2, o =

& = @ 8 47 n L |

o < ‘ s = :

8o * ” 5

@ O -5

= O Reactive site A (highly reactive) S

[ 2 & Reactive site B (less reactive) o B50% difioriereduced NAGT

x | @ 75 % Dithionite-reduced NAu-1 e nAIDRNeraduces NAL:

2 @ 20 % Dithionite-reduced NAu-1 ~ _c_|@75% dithionite-reduced NAu-1

— T T T T T T
1 2 3 1 2 3

Reduction Cycle Reduction Cycle

Figure3.1: Kinetic parameterdor 3-chloronitrobenzene transfanation obtained from all data to the second
order rate model (Equation 3.1): second order rate constant k (Subfigure A), and initial concentration of highly
reactive Fe(ll) (Subfigure B). Parameter values are plotted as logarithms, showing values fadggm in the
presence of bott20%reduction extent(blue) and 75%eduction extent(green) dithionite-reduced NAwuL. Error
bars are defined by 1 standard devation. All parameter values can be found in Table SI 3.2.

Figure 3.2Ahows thesecondorder rate constant (kjog valuesfor the transformation

of 3-chloronitrobenzene in the presence of NAueduced with dithionite to a high
reduction extent (75%, green) and a low reduction extent (20%, blue). Includes log k
values for both highly reactive anesks reactive Fe(ll) sites. The data indicates that
NAu1 reducedwith dithionite to a high reduction extenhas increasedate constant
valuescompared toNAu1 reducedwith dithionite to low reduction extentsThe
measured increase is consisteatross thee cycles of reduction and oxidation. The
kinetic model calculates intrinsic reactivity of the clay mineral, and takes account of

the concentration of Fe(ll) in the system (as measured by HF digestion). The greater k

Harry Brooksbank 2022 Pageb0



Assessing the sustainability of Feearing clay mineral redox reactions
Chapter 3Chemicallyinducedredox cycling with dithionite

values measured for 75% reduced NAsuggest that the clay mineral is intrinsically
more reactive at high reduction extents compared to low reduction extents. Previous
work (Rothwell 2018highlightedthe relation betweerclay mineral Feeduction

extent andobserved redoxeactivitytowardscontaminantsand foundthat reactivity
increases significantly with increasing reduction extent. The study also found that rate
constants plateaued once the mineral had reached a specific reduction extent of
around approximately 3@0% Fe(ll)/Fe. The 2% Fe(ll) NAQ data is typically below
this threshold, whereas the 75% Fe(ll) NlAis above the threshold, so these results
are consistent with previous work. In addition, the rate constant values for both
reactive sites are highly comparable to thoseasered previously for the reaction of
high reduction extent, Feich clay minerals with-8hloronitrobenzene (Neumann et al.

2008).

Bothexperiments (75% and 20% reduction extent) do not indieaue significant
change(i.e. values withinranges of error) in rate constant values across 3 redox cycles,
for either reactive site. This finding reflects the modelled fit data presented previously
in Figure 3.1, and suggests that redox cycling with dithionite does not significantly

impact the reactivity of the mmeral.

There has been little previous research into the effects of dithionite reduetion
oxidation cycling on the reactivity of nontronites. Gorski et al. (2012, 2013)
investigated the effects of cycling on Ferruginous smectite-3\12.1 wt% Fe) and
observed aignificant, irreversible shift in redox profile leading to a more positive E
after one reduction. A more positive;Eould have a detrimental impact on the
reductive capacity of the mineral towardsantaminant. However, the effect was
observed after thdirst reduction but did not accumulate with further cycling. If similar
shift in redox profile has occurred in this case with NAany effects on reactivity
would be in place before reaction withéhloronitrobenzene. In this respect the

results from Geski et al. may confer well as we do not see any changes past the first

reduction.

The kinetic model can also be used to calculate the initial concentration of highly
reactive sites. The calculated concentrations suggest that highly reactive sites comprise
0.851.5%, and 0-0.5% of the total structural Fe(ll) in 20% and 75% reducedINAu
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samples respectively. It has been previously demonstrated that although the highly
reactive sites comprise of only a minute fraction of the total Fe(ll), they are respensi
for a significant volume of contaminant transformation (Neumann et al. 2008).

data presentsio significant change over three reductioridation cycles to the
concentration of initial highly reactive sites for either high or low reduction ex{Enis
further confirms that reactivity of the clay mineral is not significantly affected by
reductionoxidation cycling with dithionite. Most interestingijie data suggests that

there is no difference in the initial concentration of the highly reactive Fe sites

between the high Fe reduction extent and low Fe reduction extent samples. This would
imply that despite more than twice the relative percentage of Fe(ll) in the structure,
increased reduction extent did not lead to the formation of significantly more highly
reactive sites. Previous research (Rothwell 2018) observed the relation between Fe(ll)
content and concentration of highly reactive sites (CA0), and found that CAO increased
with increasing reduction extent up to a maximum at around 48% Fe(@hefore
decreasing as reduction extent increased further. Rothwells data suggest that NAu
reduced to ~20% and ~75% reduction extent should have largely equivalent
concentration of highly reactive sites, which would subsequently meanttieatesults

align wellwith previous studies.

3.3.2 Effects of redox cycling on clay mineral morphology and size
Repeated reduction and oxidation of clay mineral structural Fe is thought to incur a

wide range of effects on the morphology and structure of clay minerals (Stucki et al
2011). Research so far has lardgelyusedon the effects of microbial reductien

oxidation cycling. Studies have discussed how redox cycling with microbes can cause
dissolution of fine particles, aggregation, dissolution pits, mineral transformation, and
various other effects that significantly alter the shape or size of the clay mineral
particles (Dong et al. 200Bjm et al. 2004, Dong et al. 2005, Jaisi et al. 2007b, Yang et
al. 2012, Shi et al. 2016)here has however bedass work examining the

morphological impacts of chemical cycling. To understand the extent to which
reduction-oxidation cycling with dithionite impacts the morphology of the clay
minerals, a series of structural analyses were conducted using particle size
measurements, and scannietectron microscopy (SEM) combined with energy

dispersive Xay spectroscopy.
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Figure 3.3 shows collated particle size measurements for dithivadaced NAeL at

both high and low reduction extent, showing change in reduced clay mineral particle
size over 3 cycles of reduction and oxidation. The mean particle size ef WAk

structural Fe reduced to 20% (blue) ranged from 0.424; 0.705um, which is well

within the size fraction isolated during the mineral preparation (Section 3.2.1).

Samples retrieved after each reductioidation cycle and exhibiting 75% Fe

reduction extents varied more in mean particle size (0.4%& 1.177um), yet all

particle size distributions had significant overlap in standard deviations. A preliminary
inspection of the data shows that there is some variation between each cycle, with the
greatest differences apparent in the high reduction extent samples. There axes n
appear to be any prevailing trend of direction over the three cycles. Interestingly, the
high reduction extent and the low reduction extent samples do not follow the same

pattern of size change.
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A statistical singléactor ANOVA was conducted on bottet20%, and 75% dithionie
reduced NAtL particle size distribution sets to determine whether variation between
reduction cycles are statistically significant. The analysis for the values fet NAu
reduced to 20% reduction extent producegbaalue of 0.38, and the 75% dithionite
reduced samples returned@value of 0.183. ThB-values for both experiments were
greater than a significance level of 0.05. Similarly, 20% dithionite reduced distribution
sets returned ari~value of 0.955, while 75% dithioniteduced sets returned ak

value of 1.714. Botk-values were below thé&-critical value of 3.039. The results from

the ANOVA analysis confirm that for both experiments, variation in particle size across

reduction cycles is not statistically significant.

This finding contradicts previous studiesq. Yang et al. 2012) which state that
reductionoxidation cycling causes the dissolution of smaller-tggstalline mineral
particles, and the preservation and recrystallisation of larger more crystallineciesrt
However, the Yang et al (2012) study used bioreduction with living microbes present in
the system which may have caused the observed dissolution. If dissolution was
occurring in our experimentenewould expect a significant increase in particlesiz
which was absent. Similarly, clay mineral dissolution would be accompanied by the
release of structural cations (Al, Mg, Fe, Si) into solution. As discussed, (Section 3.3.1,
and Table Sl 3.1) the concentrations of relevant atoms were measured in the
supernatant during the reduction via IGPES, and the analysis did not measure any
significant concentrations that would indicate any notable dissolution. Our combined
results suggest that dithionite reduction of clay mineral Fe, irrespective of Fe reduction
extent and repeated cycles of reduction and reoxidation, caused minimal mineral
dissolutionand align well with previous studies (Stucki et al 1%8gthwell 2018,

Entwistle 2021).

However, particle size analysis alone is insufficient to determine whether morphology
of the clay mineral is impacted in other ways. Some papers have cited morphological
effects due to redox cycling such as dissolution pits that are visible with SEMetYang

al. 2012, Zhao et al. 2015), and the preferential dissolution of Fe from the structure
(Russel et al. 1979). To examine the samples for any visible traces of dissolution, SEM

analysis was conducted, and to measure whether Fe is preferentially dissglved
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reductionEDXvasemployedto measure the relative intensity of relevant structural
atoms (Fe, Si, Al).

A collection of SEM images was taken of NAaamples reduced to both high (75%)

and low (20%) reduction extent with dithionitEigure S| 3)4 Due to tle submicron

scale of the clay minerals, the SEM microscope was incapable of capturing images of
individual clay mineral particles at sufficient resolution. In addition, it was difficult to
determine exactly which visible features were representative @ ahineral. EDX

scans were utilised in tandem with SEM images to highlight clay mineral structures
based on their elemental emissioRigure S| 3)6 The pink features iRigure SI 3B

and E demonstrate how some structures visible in the SEM image oeulatégorized

as NaCl crystals formed during sample drying based on their colour in the EDX scan.
When EDX scans were filterdéiqure S| 3.€ and F) to show only Fe, Si, and Al

(primary elemental constituents of NAL), it became apparent that clay mirads

formed a largely homogenous film across the carbon tape of the SEM stub. The images
taken show little distinguishable features that could be indicate distinct variation
between samples due to cycling or Fe(ll) content. The SEM analysis did not provide
sufficient evidence to indicate that the clay mineral is affected morphologically by
reductionoxidation cycling. The issue of insufficient resolution to appropriately image
clay mineral particles is inherent to SEM imagery. For this reason, previous @am
Yang et al. 2012) of visible evidence of dissolution pitting may be inaccurate.
Microscopy techniques with greater resolution such as atomic force microscopy should

be considered in future studies for adequate morphological imaging.
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Figure3.3: EDX elemental intensity data dfey smectite structural elements (Fe, Si, Al) for dithioriegluced
NAuw1 samples, taken as average over multiple scans. Figure A shows the % elemental intensity for 20%
dithionite-reduced NAtL over three reduction cycles, and Figure B shows the % elemental intensity of 75%
dithionite-reduced NAtL over 3 reduction cycles. Red = Fe, Blue = Si, Green = Al. Error bars determined by 1
standard deviation.

Figure 3.4 presents theverage elemental % intensity measured with EDX of Si, Fe, and
Al for NAul samples reduced with dithionite to a high (75%) and low (20%) reduction
extent. The ratio of Fe : Si intensity remains at a ratio of approximately 1 : 2.5, a ratio
that matches natral NAul elemental composition perfectly. The intensity of Al is
greater than would be expecteavhien consideringhe compositional percentage it
encompasses in NAL) (Keeling et al. 2000), this may be an unintended effect
produced by the aluminium SE8fubs used for the analysis. The values indicate that
there is the same relative proportion of each of the three structural elements at both
reduction extents (75% and 20%), and across all three reduction cycles. The ratio
between the elements does not sigicantly change (within error). This data is further

evidence that composition is not significantly affected by redox cycling with dithionite.

Furthermore, the values would indicate that if any dissolution occurred, it was
congruent.The results of this studyowevershowno evidence for congruent

dissolution either with IG®DES (Table S| 3.1). The EDX data also further demonstrates
that there was no preferential dissolution, or loss, of Fe from the mineras&h

findings do not align witlprevious studiesq.g.Russelkt al., 1979, Kostka et al. 1999,
Jaisi et al. 2008b) which indicated incongruent Fe dissolution from clay minerals upon

reduction. Rusdeet al. (1979) found that the degree of Fe loss increased with
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increasing extent of tetrahedral Fe in the nontrons@mple, and it was this
tetrahedral species of structural Fe that was preferentially dissolved. Considering
this studythat NAu1 nontronitewas chosentetrahedral Fe content should be
minimal to none. This might offer an explanation as to wig/samples showtlie

evidence of preferential Fe dissolution.

The analysis with SEM and EDX does not suggest any significant alterations to the clay
mineral, but these analyses are limited to structural effects at a microscopic scale. It is
possible that Fe redox cyayins causing structural rearrangements within the clay

mineral at an atomic scale. Previous research has discussed how reduction of
structural Fe can cause octahedral rearrangement, resulting in the transition of Fe
configuration from dioctahedral to tridahedral €.g.Manceau et al. 2000a and 2000Db,
Ribeiro et al. 2009). To further probe the structural impacts of dithionite reduction, a

comprehensivéMissbaueranalysis was conducted.

3.3.3 Effects of redox cycling on clay mineral structure and Fe speciation

For a more accurate understanding of the effects of redox cycling on the clay mineral
Fe binding environment, a comprehensMé@ssbauemnalysis was conducted on
dithionite-reduced NAwL samplesFigure 3.5 shows thiddssbauerspectra of samples
measured al temperature of 77 K. Within Figure 3.5, Subfigures A, C, and E, show the
spectra of samples reduced to a high extent (75% Fe(lIl)/Fe(total)) for reduction cycles
1, 2, and 3 respectively. Subfigures B, D, F, show the spectra of samples reduced to a
low extent (20% Fe(ll)/Fe(total)), for cycles 1, 2, and 3 respectively. The spectra
confirm successful electron transfer from the reducing agent (dithionite) to the clay
mineral structural Fe as indicated by the presence of an Fe(ll) doublet species (blue),
which is absent in native NAU(Figure 3.7A). Consistent with the presence of only
Fe(lll) in native NA, the central doublet (orange) represents clay miné&(lll) in all
spectra. Table 3.4hows the measured hyperfine parameters and relative areas of

each Fe species. The different spectra are largely similar across all three cycles.

One observation is the presence of the poorly resolved species (shown in purple)
creating a wide base in Figu3.5A. This feature is only present in this spectrum and

has a high centre shift (CS) value of 1.204 mm/s. This value is within the range
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expected for Fe(ll) species (Murad and Cashion 2004), and aldjnwvith that of the
Fe(ll) doublet species (1.2Q2.206 mm/s). This feature could thus be an indication
for the presence of an additional Fe(ll) or Fegtiitaining species. Previous research
also observed a poorly resolved feature at the bakthe Mdssbauerspectra of NAtlL
dithionite-reduced to >30 % Fe(ll)/Re: (Rothwellet al. 2018) which were interpreted
as Fe(ll) material in the onset of magnetic ordering. However, the feature was
observed at a lower temperature (13 K), and many Fe speciations will begin to
magnetically order at lower tempetares (Murad and Cashid2004). The presence of
this purple species in the first reduction cycle combined with its absence after
subsequent reoxidatiomeduction cycles could be the result of structural
rearrangements in the clay mineral. When roughly timied of structural Fe was
reduced, the nontronite octahedral sheet has been seen to begin transitioning from
dioctahedral to trioctahedral (Manceau et al. 2000). More recent studies have further
shown that Febearing clay minerals reduced to a high extentlerwent significant
structural alterations during the first reduction process and remained largely

unchanged in subsequent-aidation and reduction (Gorski et al. 2013).
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Figure 33.4: Mdssbauerspecta measured at 77 K of dithioniteeduced NAwL over 3 cycles of reductien
oxidation. Left side shows NAlI reduced to a high reduction extent (75 %) and right side shows-{iAeduced to
a lower reduction extent (20 %). Spectra were fitted with Volmased fitting technique
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Based on our evidence, the poorly resolved feature is an Fe(ll) species, and hence the
reduction extents indicated by thelossbaued LISOG NI F2NJ 0KS arT1 psé
reduced NAHL samples are 83%, 79% and 81% Fe(IJyote 12, and Jespectively.

¢ KS NBRAOGAZ2Y SEGSYy (& Y Sédicdd\WNBER sam@eNioli KS &
were equal to 15%, 36%, and 35% Fe(ll) for cycles 1, 2, and 3 respectively. These
Fe(ll)/Fe(total) values measured bssbauerlign well with those measuredtar

mineral digestion (see Table 3.2).

For the high reduction extent samples dithionite achieved largely consistent reduction
extent after each cycle around the intended extent (75%). The low reduction extent
samples were less consistent with each cyate] displayed a marked increase in
reduction extent after the first cycle. This is due to the unintended loss of mineral
during the washing process between each reduction cycle. This was confirmed by the
mineral loading data presented in Table 3.2, anel ldck of evidence for reductive
dissolution as shown by IGBES data in Table Sl 3.1. As previously discussed in Section
3.3.1 (in tandem with the HF mineral digestion data presented in TablgtBe2)
unintended loss of mineral caused a stoichiometribaance where more dithionite

was added than necessary to achieve the desired reduction extent, leading to an over
reduction of the mineral. For the low reduction extent (20%) experiment, this led to a
doubling of reduction extent o€ycle 2coinciding wh a loss of half the mineral

loading concentration (Table 3.2). The high reduction extent experiment was
conducted after, and while stoichiometry was controlled for during the reduction

process, mineral loss during washes still occurred (most eviden@lydle 3.

Although the reduction extent achieved differs from the intended concentratioas (

20% and 75%), the reduction extents achieved in both experiments do not suggest that
the reduceability or achievable reduction extent is impacted by cycBmygilarly, the

hyperfine parametes (i.e. centre shift and quadrupole splitting) values remain

unchanged for both the Fe(ll) doublet and Fe(lll) doublet species (Table 3.1) across

both high and low reduction extent samples, and across 3 cycles of redacttbn

oxidation. This does not indicate any compounding structural effects caused by
successive reductions. Previous papers have suggested chemical redox cycling can lead

to irreversible changes, including a shift in redox profile of clay minerals (Goedki e
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2012) which might impact the thermodynamics of electron transfer into and out of the
structural Fe. The Gorski study found that the shift of redox profile occurred in the first
redox cycle, and subsequent cycles were largely identical. This ig sorihe trend
observed in theMiéssbauerdata (Figure 3.5) where cycles 2 and 3 are almost
indistinguishable but differ fronCycle 1 The Gorski study howevéacusedon

ferruginous smectite SWh with 12.6 wt% Fe, which makes direct comparisons

difficult due to differences in mineralogy. A later study (Gorski et al. 2013) found that
there was less notable a shift of redox profile when MAuas reduced. The presence

of the poorly resolved base feature in the high reduction ex@ytle Ispectrum

(Figure 3BA) might be evidence of irreversible structural changes occurring at high

reduction extents, however this is yet to be confirmed.

In comparison, other research has observed a decrease in reduction extent of clay
minerals after multiple redox cycles.¢ Zhao et al., Yang et al 2012). Unlike this
experiment, the papers employed live microbes as reductants and biological reduction
has been well documented to enact different effects on the clay mineral structure than

those observed with chemical reducti¢e.g.Ribeiro et al. 2009).

Table 3.1: Hypefine parameters derived from spectra fitting of Méssbauer spectra of dithieneitieiced NAeL
exibiting high and low Fe reduction extents. Spectra were measured at 77 K. Centre shift (CS) relatife(0).
Voigt-based fitting was used to establish the Mdssbauer parameters.{% error based on uncertainty

CS(mm/s) QS (mm/s) o (mm/s) A/A* % Area (*)
T DEm 126 2.93 038 127 64.60 (0.846)
Cycle 1 Fe(lll) 0.50 0.47 031 1 15.75 (0.781)
I @44 B 0.01 3.92 1 19.64 (1.599)
High reduction CS(mm/s) QS (mm/s) o (mm/s) A/A % Area (*)
(75 %) NAu-1 _— PEI 125 2.96 027 128 78.90 (0.344)
. Fe(lll) 0.49 0.52 0.24 1 21.09 (0.284)
CS(mm/s) QS (mm/s) o (mm/s) A/AY % Area (*)
D 1 2.93 0.28 168  82.99 (1.366)
Cycle 3
Fe(lll) 0.51 0.46 0.18 1 17.00 (0.994)
CS(mm/s) QS (mm/s) o (mm/s) A/A* % Area (*)
I 20 2.90 0.28 1 15.05 (0.574)
Cyclel1
Fe(lll) 0.46 0.49 032 1 84.94 (0.479)
CS(mm/s) QS (mm/s) o (mm/s) A/A* % Area (*)
Low reduction extent (20
T ( E 12 2.96 035 119 3651 (1.106)
%) NAu-1 Cycle 2
Fe(lll) 0.49 0.49 0.26 1 63.48 (0.970)
CS(mm/s) QS (mm/s) o (mm/s) A/A* % Area (*)
. T 1 2.91 036 133 35.63 (0.573)
Cycle 3
Fe(lll) 0.48 0.48 0.30 1 64.36 (0.822)
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Table 3.2: Data taken from HF mineral digestion and phenanthroline assay (Section 3.2.6) showing measured

reduction extent ag~e(ll)/Feqtand calculated mineraloading of initial stock suspension.
()£ standard deviation

High reduction extent NAu-1 Low reduction extent NAu-1
Stock suspension mineral Stock suspension mineral
Fe(ll)/Fere: (%) . Fe(ll)/Fere: (%) ”
loading (g/L) loading (g/L)
Cycle 1 82.61 (3.549) 18.88 (0.770) 15.42 (0.400) 16.06 (0.799)
Cycle 2 79.22 (2.163) 16.23 (0.249) 37.95 (1.651) 9.34 (0.195)
Cycle 3 86.65 (0.393) 7.61 (0.050) 35.11 (1.651) 6.22 (0.197)

The hyperfingparameters of thd=e components are similar across the three
reductionre-oxidation cycles, with the exception of one parameter. The resshbw a
visible, gradual increase in asymmetry of the Fe(ll) doublet peakss the three
reduction-oxidation cyclesrom A = 1.278 to A = 1.681 for NAwsamples reduced to a
high extent, and from A = 1.000 to A = 1.337 for NAsamples reduced to aw

reduction extent (2@6).Without implementing an asymmetry &! 5 r M0 F2 NJ {
doublet, the spectra could not breasonably fit Figure S1 34). There are several
possible effects that can cause a doublet to display variations in line symmetrnasu

the GoldanskiKaryagin effect, and effects caused by sampled orientation and
texturing. The Goldanskiaryagin effect is a caused by lattice vibrational anisotropy,
where the vibrational amplitude of atoms is different in different directions (Mura

and Cashion 2004). The effect is very rarely observetFespectra. However, while
often mistaken for the rare Goldanskiaryagin effect (Murad and Cashion 2003),
asymmetry in the Fe(ll) doublet is most commonly due to the texturing effect often
seenwith fine needle or thin plateshaped minerals. The thin plate shape of the clay
minerals have might lead to a preferred orientation once settled out of suspension.
This might be partially evidenced by the SEM results which indicated the minerals tend
to settle out of suspension to form a film over the sample stub. Similary, multiple
washes of the suspension with 1 M NaCL solution will lead to continued delamination
of the clay mineral particles, this combined with centrifugation could lead to a
preferredorientation of minerals once solids are separated from solution (as described
for sample preparation processes in Sections 3.2.1, and 3.2.2). Over time, the sample
orientation might become increasingly less random. This causes an anisotropic effect

on gamna absorption leading to asymmetry in line intensities. Pfannes and Gonser
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(1972) demonstrated that small deviations from mineral particle orientation
randomness can lead to exaggerated asymmetry in line intensities, whereas the
occurrence of the Goldansk{aryagin effect would require largely unrealistic levels of
lattice vibrational anisotropy. The extent of asymmetry in the dithionite reduced
samples further suggests the effect is more likely due to texturing rather than the
aforementioned GoldanskKayagin effect. Texturing effects are best accounted for in
sample preparation by assuring irregular and heterogeneous orientation of sample
before analysis (Murad and Cashion 2004), sometimes with additives such as activated
charcoal to prevent settling doy adjusting the angle of the gamma beam. However,
the addition of supplementary additives to the suspension to improve the orientation
poses a large risk of introducing species that might lead to unintentional oxidation or
solutes that may coat the minal and leave them unsatisfactory for analysis (Stucki et
al. 1984). In this instance it was opted that no external additions to the system was

preferrable to any risk of sample oxidation.

TheMo6ssbaueispectral data acquired at 77 K temperature provid@ariant insight

into the redox state of the clay mineral Fe, however a more comprehensive analysis of
the structure requires Mossbauer spectra measurement at a lower temperature.
Reducing the temperature to 4 K causes many Fe species to magneticallyMudad

and Cashion 2004) and allows us to examine the binding environment and speciation
of Fe within the clay mineral structure. A further analysis was conducted at 4 K
temperature to probe how Fe speciation is altered by multiple cycles of dithionite
reduction and oxidation with 0. The analysi®ocusedon NAul samples dithionite
reduced to high reduction extentsd. 75%). This is because many previous papers
have highlighted howthe degree of irreversibility increasavith reduction extent

(Kostka et al. 1999, Fialips et al. 2002, Neumann et al. 2011, Gorski et al. 2012,2013),
and reduction to high extents is therefore most likely to cause significant alterations

that might impact the longevity and sustainability offieh clay minerals.
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High reduction extent — 4 K spectra
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Figure3.5: Mdssbauerspectra of NAul dithionite-reduced to a high extent (75 %), and measured a 4 K
temperature. Subfigures A, B and C show the spectra for reduction cycles 1, & aaspectively. Spectra were fit
using a variable line width fitting technique (Fuditatic Hamiltonian). Figure D shows the change in relative area
of each Fe speciation over the 3 reductiowidation cycles.

Figure 3.6A, B, and C shows tMéssbaueispectra of the NAtL dithionite-reduced to

a high reductiorextentover threecyclesof reduction. Figure 3.6D shows the change in
relative area of Fe species over the 3 cycktgkingly, all three spectra look very
similar andthus all spectracan be fitwith the same five Fepecies: a large ordered
octet (dark blue), a sextet species (green), a broad collapsed feature (purple), and 2

doublets (orange and light blue). The parameters defining each species are listed in
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Table 3.3Thelight blue doubletcomponent has a high CS value (1.222 mm/s) and

a wide quadrupole split (QS) value of 3385 mm/s. This species characterised as
Fe(ll) as these parameters are higher than would be considered possible for Fe(lll)
(Murad and Cashion, 2003). The lack of maigrardering suggests the doublet
represents Fe(ll) atoms with limited interaction with neighbouring Fe, and therefore
likely represents Fe such as sorbed / surface bound Fe(ll) or Fe(ll) bound to other
octahedral cations such as Al and M@e dark bluectet specieswith a CSvalueof
~1418¢ 1.466mm/s and QS values ranging from 2.92051 mm/s anduggestshe
presence of magneticallyrdered Fe(ll). Thisomponentholds the largest fraction of
reduced structural Fe anithis species has been observiegfore in previous research
(Rothwell 2018, Entwistle 2021) with equivalent parameters. The ability for this species
to magnetically order suggests it is material with higkHeanteractions, this is

possible with clay minerals with very high Fe conterdisas nontronites due to
multiple neighbouring octahedral Fe atonTheorange doublethas a CS of 0.5 mm/s
and a QS of 1 mm/s, values which indicate thimisordered Fe(llljMurad and
Cashion 2004)The green species also has a CS of 0.5, and formafta sextetlso
indicates this is Fe(lll) but with increasedReeinteractionsThe purple phase is a
collapsed octet witha relatively high CS (~0.8 mm/s), but lower than that of the other
Fe(ll)components. This species is potentially a mixed vaenmagnetically
incompletely ordered Fe component. Examining the relative area of each species in
comparison with the HF digestion data (Table 3.2) suggests that the combined total
area of both the blue doublet and blue octet (total area is ~67%) ishessthe
measured reduction extent (~82%). The difference betwibese two values indicates
that this species should be largely Feii¥hen combining both the confirmed Fe(ll)
species and the collapsed purple species, the total arequssalent to the expected
reduction extent (~82%). Therefqrthis species is potentially a mixed valeridae to

the relatively low CS valuapagnetically incompletelgrdered Fecomponent
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Table 3.3:Mdssbaueryperfine parameters for NAWU reduced tchigh reduction extent by dithionite, measured

at 4 K temperature using a variable line width fitting method (Full Static Hamiltonian). Fe species are eolour
coded to match the species present in the spectra of Figure 3.6

CS (mm/s) H(T) e’qQ/2 (mm/s)  n(-) w (mm/s) 0(-)  Area(%)

1.466 17.034 -2.955 0 0.768 90 61.278

Fe(Ill) sextet 0.519 54.016 0 0 0.299 0 11.130

Cycle 1 1.212 0 3.579 0 0.455 0 5.797
Fe(lll) doublet 0.520 0 1.052 0 0.511 0 7.655

0.802 22.992 -0.061 0 0.561 0 13.898

1.464 16.943 2.990 0 0.650 90 55.210

Fe(Ill) sextet 0.514 53.881 0 0 0.297 0 11.581

Cycle 2 1.220 0 3.584 0 0.368 0 5.214
Fe(lll) doublet 0.509 0 1.044 0 0.554 0 8.691

0.811 23.011 0 0 0.663 0 19.304

1.418 16.720 3.151 0 0.541 90 52.545

Fe(lll) sextet 0.570 53.570 0 0 0.222 0 7.377

Cycle 3 1.216 0 3.755 0 0.454 0 11.302
Fe(lll) doublet 0.510 0 1.033 0 0.527 0 9.522

0.820 21.783 0 0 0.565 0 19.254

The Hyperfine parameters (Table83show little change with clay mineral Fe redox
cycling. TheMéssbaueffittings for NAul dithionite-reduced to a high extent all show
species with similar parameters, and in somewhat consistently similar proportions. The
most notable impact of successiveduction cycles appears to be a visible decrease
(shown in Figure 3.6D) in the relative area the magnetically ordered Fe species (dark
blue octet, and green sextet), coinciding with an increase in the more poorly ordered
Fe(ll) species (purple and lighitie species). This could suggest redox cycling is causing
structural alteration that leagtowards more Fe binding environments with less

and/or weaker Fé~e interactions. Previous studies have shown how different Fe(ll)
speciations in relation to clayinerals can have vastly differing intrinsic reactivities
(Hofstetter et al. 2003). Hofstetter found that some poeosdered species such as
surfacebound or sorbed Fe(ll) had significantly greater reactivity than some structural
Fe species. Whilshis studydid not observe a significant effect on clay mineral

reaction kinetics over three reductieoxidation cycles (Section 3.3.1), if the observed
structural effects are leaving irreversible alterations this could affect the sustainability

of redox cycling clay merals over greater time scales.

To examine whether the successive reduction and oxidation ofNikads to
significant alterations to thelay mineral Fstructure, a comparison was conducted of
the spectrum ofunaltered, nativeNAu1 with those ofreoxidisedsamplesafter each
cycleor reduction and reoxidation Hgure 37). It has been shown that the extent of

irreversibility ofalterationscaused by structurdfereduction increasgwith reduction
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extent, and that at low reduction extents effects omet structure are largely reversible
(Russel et al. 1978leumann et al. 2011, Gorski et al. 2012 and 2013, Zhao et al.
2015). For this reason, this experimdatusedon the high reduction extent (>75%)
samples as these could offer improved insight inte sustainability of redox cycling

clay minerals at greater scales.

Harry Brooksbank 2022 Page67



Assessing the sustainability of Feearing clay mineral redox reactions
Chapter 3Chemicallyinducedredox cycling with dithionite

s A . B

g g

< Qo

2 P

:

& &
‘Native | 13K
-6 -4 -2 0 2 4 6

s s

g =

o (o]

2 2

<< <

L Q

2 2

5 5

L D

14 14

§ $

g :

1% (%]

< E

2 2

s s

D Q

o o

§ s

e g

< <

2 2

s s i

& 2 SRR A
Cycle3 VY 13K Cycle3 : - K
6 4 2 0 2 4 &8 12 8 4 0 4 8 1

Velocity (mm/s) Velocity (mm/s)
Legend:

Fe(lll) doublet
I Poorly-resolved feature
B Fe(lll) sextets

Observed values
— Calculated fit

Figure3.6: Figure shows spectrum for native sampBubfigures A and BandMdssbauerspectra of NAeL
dithionite-reduced to high reduction extent (>75%) and subsequently reoxidised wit Hfter 3 cycles of

reduction and oxidation Subfigures C, E, and G show the spectra of the reoxidised samples for cycles 1, 2, and 3
(respectively) wien measured at 13 K, fitted using Voitased fitting technique. Subfigures D, F, and H show the
spectra of reoxidised samples for cycles 1, 2, and 3 (respectively) when measured at 4 K temperature, fitted using
variable line width fitting technique (Fulktatic Hamiltonian).
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Figure 3.7 shows thelossbauerspectra measured at 4 K and 13 K temperature for

both the unaltered native sample, as well as the spectra for-lAithionite-reduced

to a high reduction extent and subsequently reoxidised wi@tbver 3 redox cycles.

All hyperfine fitting parameters can be found in Table Sl 3.3Mdssbauerspectra of

the native mineral at both temperatures (Subfigures A and B) is dominated by an Fe(lll)
doublet. The central doublet (orange) of the native sanmggectra at 13 K has a CS of
0.48 mm/s and a QS of 0.44 mm/s, the doublet at 4 K has a CS of 0.50 mm/s and a QS
of 0.45 mm/s. These are values typically expected for natbreronites (Murad and
Cashion 2004). A visual comparison of the native spectrathgtiheoxidised sample
spectra after the following reduction cycling would suggest that cycling caused
changes to the binding environment of Fe in NAUFor the 13 K data (Figure 3.7 left
column), after the first reduction and oxidation (Figure 3.7 C)sihectrum presents a
larger QS value of 0.85 mm/s. Increased quadrupole split values upon reoxidation have
been observed previouslg.@.Ribeiro et al. 2009, Zhao et al. 2015). Ribeiro et al.

(2009) described this as a distortion of the electric fieldiemment caused by the
reduction, perhaps dues to the structural rearrangement fromito trans-octahedral

Fe sites. The distortion of the electric environment suggests that the structural Fe is in
a more distorted environment after reoxidation (Stuckild), this is strong evidence

to suggest that the first reduction causes an irreversible alteration to the structure.
Irreversible changes upon the initial reduction cyate not unexpected at such high
reduction extents. Gorski et al. (2012, 2013) sirilabserved increased quadrupole
splitting after reoxidation when compared with the native sample, this structural

rearrangement occurred in tandem with a shift in the minerals redox profile.

The Gorski et al. (2012,2013) study found no significant asaog the second cycle
which was interpreted to indicate that the irreversible changes occurred after only the
initial cycle. Similarly, our results indicate little difference between the reoxidised
spectra of the $and 29 redox cycle (Figure 3.7 C aB)l The Gorski et al. (2012, 2013)
studies however did not investigate beyond 2 cycles of reduatixidation. In the 3

cycle of this experiment, the there is a clear visible difference in the spectrum

measured at 13 K compared to the spectra of cyclasdL2. Unlike the spectra for
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cycles 1 and 2 at 13 Kycle hows the appearance of a broad, but poorly resolved
feature at the base. This could indicate that there has been a change in speciation after
3 cycles. While a poorly resolved species canitheult to interpret, measuring the

sample at a lower temperature can provide a greater insight into the speciation of

structural Fe.

The right column of Figure 3.7 shows the spectra of both native and reoxidised NAu
samples over 3 cycles of reduction and oxidation when measured at 4 K temperature.
Analysis of the sample spectra measured at 4 K provides more detailed insights into
the structural transitions taking place, and the speciations of structural ke.spectra

of reoxidised Mu-1 after both 1 and 2 redox cyclésigure 3.7 D and Kok similar at

4 K to the spectrum of the native, but with some key differen@eswith the ntve,

the reoxidised samples present a prominent Fe(lll) doublet (orange) with a centre shift
of ~ 0.5 mm/s, but once again show an increased QS value at 0.7 mm/s. However, the
reoxidised sample spectra for cycles 1 and 2 (Figure 3.7 D and F) specty aspl
exaggerated base, which requires the inclusion of a poorly resolved species. The
spectral area of this base feature remains similar fl©ycle 1o Cycle ATable SI 3.3).

The sample after a thd cycle of reductioroxidation however produced aentirely

different spectrum, with almost all Fe(lll) showing magnetic ordering. The spectrum for
NAu1 after 3 cycles includes 3 magnetically ordered sextet species, the largest with a
CS of 0.48 mm/s, a hyperfine field width of 47.44 T. The smallest sestet G& of

0.57 mm/s and a hyperfine field width of 27.0 mm/s. The spectra of reoxidisedlNAu
after 3 redox cycles indicates that reductioridation cycling indeed caused significant
irreversible alterations, as repeated cycling led td@ssbaueispectrun significantly

dissimilar to the original native.

For comparisonkigure Sl 3B shows Mdssbauerspectrum measured at 4 K of NAu
after 3 reductionoxidation cycles when the sample is dithionreduced to a low
reduction extent (20%). The spectrumpegars essentially unchanged from the native
spectrum, with a single Fe(lll) doublet. This finding aligns well with previous data that
found the reversibility of structural Fe reduction impacts is decreased with increasing
reduction extent €.g.Fialips et al. 2002, Neumann et al. 2011), however this also

demonstrates that the effect is consistent across multiple redox cycles.
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TheMo6ssbauedata shows without doubt that repeated clay mineral Fe reduction to a
high extent, followed immediately byomplete and rapid reoxidation caused
rearrangement of the structural Fe. In the reduced samplgsdual shift from
magnetically ordered material towards more poorly orderecckr be observé This

may represent a shift of Fe atoms within the octahedralettieom a wellordered

lattice to more labile configuration. The spectra of NAgamples after reoxidation
showed a trend towards increased magnetic ordering. This observation implies that
during the reduction structural Fe is-tedered within the octahdral sheet, and upon
reoxidation the Fe then transitions towards binding environments with highd-e
interactions that allow for magnetic ordering. Studies have discussed structural
rearrangement caused by clay mineral Fe reduction, and effects such as
dehydroxylation and the transition from dioctahedral to trioctahedral configuration
have been well documented (Manceau et al. 2000, Stucki et al. 2011, Neumann et al.
2011). Structural alterations of the clay mineral occur to compensate for the excess
negative charge caused by the change in Fe oxidation state (Tratnyek et al. 2011). It is
possible that further structural movement could be possible. Ribeiro et al. (2009)
investigated dithionite reduction and reoxidation of Garfield nontronite. After

complete {.e.100%) reduction with dithionite and reoxidation, the spectrum of the
reoxidised samples showed significant magnetic ordering in the form of large sextet
species (which were not present at lower reduction extents). The sextet species had a
mean hyperfne field of 44 T, similar to the results seen here in cycles 3 (Figure 3.7H).
The Ribeiro study later confirmed that the magnetically ordered Fe material was
internal to the clay mineral, and was not a secondanpkide mineral, indicating a

major irrevesible structural rearrangement. It is possible that while the reduction was
leaving measurable impacts on the Fe speciation (such as increased QS, and the broad
base feature), the quantity of structural Fe impacted by reduction did not breach a
negative clarge threshold that was structurally unstable. The spectrui@afle 3

(Figure 3.7H) could be evidence that a sufficient quantity of octahedral Fe was affected
by reduction to require a major structural shift beyond reversibility to maintain
structural inegrity. It is possible that the rearrangement of Fe speciation se@yate

3 may be connected to the shift in redox profile after complete (100%) structural Fe

reduction described by Gorski et al. (2012,2013). This is bethissesearch fidsno
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evidence that thantrinsic reactivity of the structural Fe is affected by multiple cycles
before the change occurs that could indicate a change in redox properties.
Simultaneously, all previous cycleg (Cycle land 2) reoxidation reverts the
Mossbauerspectrum to a stie reminiscent of the native without magnetic ordering,

and a prominent central doublet.

3.3.4 Connecting structural changes and observable clay mineral Fe redox
reactivity towards contaminants (Environmental Impact/Conclusions)

The data collected from both thidnetic experiments and structural mineral analysis
indicate that redox cycling of NAuwith dithionite can be conducted sustainably.
Multiple cycles of dithionitereduction and oxidation with #D, were shown to have

little impact on the reactivity of thelay minerals, even when reduced to a very high
reduction extent. At a low reduction extengsults show naliscernible impact on
intrinsic reactivity, particle size, morphology, or Fe speciation that was not reversible
upon reoxidation. At a high reduoti extent howeversome irreversible changes occur
to the speciation of structural Fe, but the changes did not relate to a change in
reaction kinetics during the experiment. The most notable impiaetthe transition of
the Mdssbauerspectum after Cycle Jeoxidationg Figure 3.7H) only occurred after 3
O2YLX SGS OeodtSa 2F NBRdzOGAZ2Y |yR 2EARIF (GA;
reactivity was not measured. Future work should investigate whether this major

speciation transition does deed impact the reaction kinetics.

The results of this study have important implications for natural systems as they
demonstrate that chemically altering the oxidation state of clay minerals could provide
a renewable and sustainable source of reductionigglents towards environmental
contaminants. Although there were some irreversible mineral alterations, these were
only present at exceptionally high reduction extents. While there are multiple
pathways that can reduce clay mineral structural &g.Roznson and HelleKallai

1976a and 1976b, Stucki et al. 1984a, Stucki and Kostka 2006, Schaeffer et al. 2011), to
0KS 0Sail 2Rhowledgs thdredaie KEnitiraly occurring reductants that

can successfully achieve nontronite reduction extents eajaivt to those of dithionite.
This would imply that the reduction extents required to cause irreversible or
unsustainable alterations are difficult to reproduce in natural systems. The data from

the experiments involving clay minerals reduced to low regturcextent could be
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considered more environmentally relevant, and the results in that experiment
demonstrate that chemical reduction cycling is sustainable. Although dithionite would
not be expected to occur naturally in high concentrations, previous esudave

proposed that it could be injecteid-situto promote abiotic mineral reduction and
improve land remediation (Amonette et al. 1998, Istok et al. 1999 Fruchter et al. 2000).
Even in these circumstances where dithionite is employed to artificiatiyae
unnaturallyhigh reduction extents of mineraltyis researctas also shown that the
minerals would be renewable for consistent contaminant transformation over at least

three reductioroxidation cycles.

3.4 Supporting information

600 Standard series R’ Slope ,};ﬁ
Series 1 0.9995 12.368 ) /,//’/
Series 2 0.9997 12.572 o
Series 3 0.9992  12.27 .
500 — Series 4 0.9996  12.421 P
Series 5 0.9993 12.342 » //////
- Series 6 0.9998  12.351 ,,/%{
9 Series 7 0.999  12.529 Pt
£ A= st.dev 0.00029 0.108 ////
2
g
s
S 300 //3’8
= /7
S Va
2
0O 200 — D
< 27 X Series 1
%’ Series 2
P Series 3
100 - et Series 4
7 X Series 5
P Series 6
nd X Series 7
b4 — — Linear regressions
[ [ | | |
10 20 30 40 50

Measured concentration of standard (uM)

Figure SB.1: Graph plotting the absorption values of 7 sets of reference standards at 5 concentrafibn&2.5,

Hp Z

o T ® psInegsured using the described HPLC method (see Section. D2i#d lines show the linear

regressions of each standard serieRableshows the Rvalue for each series of standards, the slope of each
regression, and the standard deviations of bothigure demonstrates a high level of precision and accuracy for

the HPLC method.

Harry Brooksbank 2022 Page73



Assessing the sustainability of Feearing clay mineral redox reactions
Chapter 3Chemicallyinducedredox cycling with dithionite

100
e
S 804
(e
0
2 60
Q — D| Water
g — Methanol
O 40+
=
e
T 20
0_| 1 I I 1

4 6 8 10
Time elapsed (mins)

o
N

Figure SB.2: Diagram shows the composition of the eluent used in the HPLC method for each samgkscribed
in Section 3.2.4Total run time 10 minuteper sample. Red line represents % Methanol, and Blue line represents
% deionised water.
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Figure Sl 3.3Complete kinetic data across 3 reduction cycles for both NAdithionite reduced to 20% and 75%
Fe(ll). Figures include measured concentrationvalfes3-chloronitrobenzene and corresponding aniline product,
and both Lsite and 2site modelled fittings.
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Figure Sl 3.4Collection of SEM images captured of dithioniteduced NAtL samples across 3 cycles of reduction
oxidation. Left column shows B% dithionitereduced NAtL images, and right column shows 20% dithionite

reduced NAHL images.
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Relative Absorption
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B Fe(l) doublet

— Calculated fit

Figure SI 3.5Figure A show$/1dssbauerspectrum measured at 77 K temperature of dithioniteduced NAtL in
the third reduction cyclei(e. re-re-reduced) to a high reduction extent (>75%). Spectrum ‘isied without any
change to the asymmetry parameter (A+{A 1). Demonstrates how the spectrum cannot be appropriately fit
without altering the asymmetry of the Fe(ll) doubleEigure B shows the spectrum of NAueduced with
dithionite to a low reductian extent (20%Jor 3 succeessive redox cycles and oxidised wig@Hmeasured at 4 K

temperature. Both pectra A and Bwere fitted with Voigt-based fitting technique
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20r2350
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20r 2381
MAG:4284x HV: 20KV WD: 16.0 mm
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Figure Sl 3.6Comparison of SEM images with EDX scan images. Image A sho®EM image of 75% dithioniteduced NAtL, Image B shows the same image partially overlain by EDX scan
with full suit of relevant elements (O, Al, Si, Fe, Cl), Image C shows the EDX scan when filtered to show only nonttariteaslements (Fe = red\l = green, Si = blue). Image D shows an SEM
image of 20% dithionitereduced NAHL, Image E shows the same image partially overlain by EDX scan with full suit of relevant elements (O, Al, Si, Fe, ChH,dhoagethe EDX scan when
filtered to show onlynontronite structural elements (Fe = red, Al = green, Si = blue). Note that for images B and E, pink colours represenNa and
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Table Sl 3.1: IGBES measurements for Fe, Al, Si, and Mg, for supernatant samples taken froni IdAspensions after redion with dithionite to achieve 20% and 75% Fe(ll){keover 3 cycles
of reductionroxidation. Data shows measured concentration of each respective element, and how much as a percentage that concentraties teethe content of NAtL present in the

suspension.

Fe Al Mg Si
Conc. (g/L) % of clay mineral Conc. (g/L) % of clay mineral Conc. (g/L) % of clay mineral Conc. (g/L) % of clay mineral

) ) Cycle 1 0.00327 0.0773 0.00116 0.0753 0.000576 0.0728 0.00898 0.0921

High reduction extent
(75%) NAu-1 Cycle 2 0.00432 0.119 0.00222 0.167 0.00162 0.238 0.00516 0.0617
Cycle 3 0.00170 0.0993 0.000808 0.130 0.000304 0.0952 0.00355 0.0903
) Cycle 1 0.00114 0.0333 0.00100 0.0805 0.00025801 0.0403 0.00135 0.0172

Low reduction extent
(20%) NAu-1 Cycle 2 0.00324 0.155 0.00108 0.142 0.000318781 0.0815 0.00276 0.0573

A &
Cycle 3 0.000693 0.0497 0.000316 0.0624 0.000264553 0.102 0.000988 0.0308
Harry Brooksbank 2022
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Table Sl 3.2: All kinetic parameters for 20% and 75% dithioretguced NAul over 3 cycles of reduction and oxidation, parameters are displayed in Figurdd@t includes the log k rate
constant values for both highly reactive sites (log k A) and lesactive sites (log k B), as well as initial log concentration of highly reactive sites (CAQ). Standard deviation for eaofepar( ) in

included.

logk A 6 logk B 6 log CAO 6
e Cycle1 3.748 0.193 0.244 0.137 -4.121 0.0621
20% dithionite-reduced
NAU-1 Cycle 2 3.318 0.13/7 0.587 0.274 -3.937 0.0956
u_
Cycle 3 3.798 0.185 0.338 0.160 -4.017 0.0722
et Cycle 1 4.458 0.249 0.863 0.222 -4,115 0.146
75% dithionite-reduced
NAU-1 Cycle 2 4,925 0.258 0.985 0.241 -3.977 0.0888
u_
Cycle 3 4,756 0.170 1.255 0.072 -4.108 0.0702
Harry Brooksbank 2022
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Table Sl 3.3u6ssbauerhyperfine parameters foboth native, unalteredNAW-1, as well as NAd reduced to high reduction extent by dithioniteand subsequently reoxidised by.€ over 3
reduction-oxidation cycles. Top table shows fitting parameters for NAsamples measured at 13 K temperature, fitted using Vdigised fitting technique. Bottom table shes fitting parameters
for NAu-1 samplegneasured at 4 K temperature using a variable line width fitting method (Full Static Hamiltonian). Fe species are-colted to match the species present in the spectra of
Figure 37

T(K) Species CS (mm/s) QS (mm/s) o (mm/s) Area (%)
Native 13 Fe(lll) 0.48 0.44 0.34 100
(cycle 1) 13 Fe(lll) 0.499 0.851 0.609 100
(cycle 2) 13 Fe(lll) 0.498 0.824 0.559 100
- 13 Fe(lll) 0.497 0.971 0.667 73.031
{eycies) [ Fem) | 0.499 0.181 3.771 26.969
T(K) CS (mm/s) H (T) e’qQ/2 (mm/s) w(mm/s) 0(-) Area(%)
) Fe(lll) 0.502 0 0.425 0.352 0 74.777
Native 4
0.448 0 0 2.282 0 25.223
T (K) CS (mm/s) H(T) e’qQ/2 (mm/s) w(mm/s)  6() Area(%)
Fe(lll) 0.510 0 0.661 0.431 0 28.279
Cycle 1 4
0.497 0 0 3.152 0 71.721
T(K) CS (mm/s) H (T) e’qQ/2 (mm/s) w(mm/s) 0(-) Area(%)
Fe(lll) 0.508 0 0.639 0.418 0 26.186
Cycle 2 4
0.681 0 0 2.144 0 73.8608
T (K) CS (mm/s) H(T) e’qQ/2 (mm/s) w(mm/s)  6() Area(%)
Fe(lll) 0.509 0 1.103 0.701 0 8.567
0.571 27.083 0 0.830 0 19.770
Cycle 3 4
0.483 41.912 -0.140 0.489 0 30.429
0.478 47.446 -0.140 0.437 0 41.234
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Chapter 4. Effects of Fe redox cycling by electron shuttles
on the reactivity and structure of clay minerals

4.1 Introduction
In the previous chapter (Chapter &g impact of chemical reductieaxidation cycling

on the structure and reactivity of Féch smectitesvas assessed he results
demonstrated that redox cycling was sustainable over at least three reduction cycles.
We ompared results at a high reduction extent, as well as the effects at a low
reduction extent. The low reduction extent data was conducted to be comparatively

relevant to the effects of other reduction pathways, such as microbial reduction.

In natural sednents, the primary natural influence on fluctuating redox states is the
activity of microbes (Stucki et al. 1987). Microbes have been shown capable of
reducing structural Fe in clay minera¢sq..Kostka et al. 1996, Dong et al. 2003).

Unlike dithionite eduction, microbial reduction cannot achieve 100% extent Fe(ll) in
Ferich clay minerals (Lee et al. 2006). Although microbes reduce a much smaller
extent of structural Fe reduction than dithionite, studies have observed a wide range
of irreversible impad supposedly caused by microbial reduction. The structural
effects of microbial reduction can range from dissolutierg(.Dong et al. 2003, Yang

et al. 2012, Shi et al. 2021), to complete mineral transformation / illitization of
smectitic mineralsd.g.Kim et al. 2004, Zhang et al. 2007). Research into the impact of
microbial redox cycling on the reactivity of clay minerals has also produced mixed
results. Some studies have suggested that microbial redox cycling can increase initial
rates of reactiond.g.. Yang et al. 2012), while other papers have cited no significant

change to reactivityg.g.Zhao et al. 2015).

The use of microbes as reductants forld&aring clay minerals introduces additional
levels of complexity to experiments. Firstly, living nolies require additives and
solutes such as trace metals and nutrients to encourage metaboligyK(stka et al.
1996) which may complicate system chemistry. Additionally, microbial metabolism
results in the production of a multitude of poorbategorise organic byproducts such
as extracellular polymeric substances and electron shuttling compounds (Gao et al.

2019). The impact of these substasom the clay mineral is unclear. In natural
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systems, extracellular organic compounds such as humic acidsiarmbral exudates

are used by bacteria as a means of increasing accessibility of Fe for respiration (Lovely
et al. 1996, Melton et al. 2014). Electron transfer via shuttling compounds accounts for
a high percentage of microbial reduction, and electron featsuch asinthraquinone
2,6-disulfonate(AQD$are often added in laboratory conditions to improve mineral
reduction €.g.Dong et al. 2003, Jaisi et al. 2005). Using reduced electron shuttles as
reductant, it might be possible to simulate microbial vetion without the presence of
living microbes. This will allow the measurement of redox cycling effects, without the

ambiguity inherent with microbial metabolic processes

In this experiment we subject Fech clay mineral NAQ to multiple cycles of
reduction and oxidation, using a reduced electrsinuttle as the reductant. Electren
shuttling compound anthraquinon2,6-disulfonate (AQDS) is electrochemically
reduced, and then reacted with NAusmectite for three successive cycles of
reduction, and oxidaon by hydrogen peroxide. We measure the effects of redox
cycling on the reactivity of the minerals towards transformation-of 3
chloronitrobenzene, as well as monitor structural alterations using particle size
analysis and Nssbauer spectroscopy. The chapwill investigate whether redox
cycling with reduced electron shuttles produces effects more similar to pure microbial
reduction, or more similar to chemical reduction by dithionite. Ultimat#lg aimisto
determine whether electron shuttles alone cart as appropriate abiotic surrogates

for microbial reduction, in the absence of-Ferlucing bacteria.

4.2 Methods

4.2.1 Mineral preparation

Nontronite NAul (M*1.09Sk.ogAk.02[Alo.2oF€3.68V100.04 O200Hs, 21.5 wlb Fe) was
purchased from the Clay Mineral Repository. The samples were suspended in
deionised water, size fractionated via centrifuge to a range ofihz; 0.5pum and

then Na-homo-ionised with 1 M NaCl solution. The mineral sample was then purified
to remove any additional unwanted minerals including kaolinite andX¥des. Mineral
purity was confirmed using Fouri@iransform Infrared spectroscopy ¢(R). The final
product was freeze dried, ground with a pestle and mortar and then passed through a

150um sieve before being stored prior to use.
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4.2.2 Electrochemical reduction of anthraquinone -2,6-disulfonate
Anthraquinone2,6-disulfonate (AQDS) was used as a representative electron shuttling

compound (Curtis and Reinhard 1994, Lovley et al. 1996) and elecinozzdky

reduced to Anthrahydroquinon&,6-disulfonate (AEDS) to act as reducing agent.

AQDS was sourced from Santa Cruz Biotech as a dry powder. The reduction of AQDS to
AHDS was achieved within the anaerobic glovebox (GS Glovebox Systemtechnik
GS040113)using an electrochemical cell with the following-aetdescribed in Figure

4.1. A photograph of the experimental setup is also available in the S| (Figure S| 4.1).

Power pack

~___—pH probe

Graphite anode - Graphite cathode

Oxidation \ Reduction

/

7.16 mM AQDS,’+ buffer Catio\n Exchange Membrane

Figure 41: Diagram describing the experimental setup of electrochemical cell usectiuce AQDS to
AHDS

An electrochemical cell was created using a bureeHconsisting of two identical
half-cells clamped together, connected by a central tube. Each side was filled with 200
mL of 7.16 mM AQDS (calculated to be stoichiometrically capdlbbriucing 200% of
NAu1 structural Fe), dissolved in buffer solution (10 mM MOPS, 50 mM NaCl in
deoxygenated deionized water). The two hedlls were separated along the

connected tube by a fabrieinforced, Nafion cation exchange membrane, this vas t
prevent unintended oxidation of ABS by the anode during electrolysis. Each side of
the cell was connected to a partially submerged graphite electrode, both of which
were connected to a powerpack supplying 15 V to the system to drive the
electrochemicateduction. pH was monitored using a pH meter with glass electrode
from Thermofisher Ltd submerged in the half cell containing the cathode. Aliquots of 1

M HCI and NaOH were added to the cathode-half when necessary to maintain a
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constant pH of7.0° 0.05. 14 yL samples were taken at regular intervals, diluted with
DIW, and analysed with ultravioletsible spectrophotometry (UVIS) to monitor the
transformation from AQDS to ABIS and establish the time required to reach
complete reduction. UWIS samies were analysed in a sealed screap (to prevent
any unintended oxidation), 10 mm x 10 mm (internal width) quartz cuvette sourced

from Hellma UK Itd.

~ — AQDS
7 3- —— AH.DS
8 Peak 326nm
Q (AQDS)
e 2-
© Peak 386 nm
e (AH,DS)
(@]
(/)]
@)
<€ 14
O_

200 250 300 350 400 450 500
Wavelength (nm)

Figure 42: The absorption spectra for AQDS and2B3 measured with UVIS spectrphotometer.
Purplerepresents AQDS and pink represents the reduced fornDSH

The changes in concentration of AQDS angD@Hwvere calculated by measuring
absorbance at wavelengths of 326 and 386 nm, using the following equations

~

(Equation 4.1, and 4.2) derived versionoSB¢ & f I ¢ & RS&AONROGSR
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Equation 4.1; Concentration of AQDS (M):

Equation 4.2; Concentration of ABIS (M):

0 - ' 1$30
- 0

Where MA is the molar absorptivity (molar extinction coefficieAk)is the measured
absorbance at the corresponding wavelength anglthe path length used in the
spectrometer.The value for MA of ABS is 650 and 67 wavelenghs 326 and 386
respectivelyThe value for MA of AQDS is 5200 and 270 at 326 and 386 nm,
respectively (Jaisi et al. 2007a). The transformation was gradual and reached
completion (100% reduction of AQDS) after 10 hours (see Figdr2 sBlowing the
transformation of the spectrum). Figu#3 (and Figure SI 4.2lpmonstrates that
AQDS was successfully reduced from AQDS iD3\Has it aligns well with UV spectra

observed in previous studies (Shi et al. 2012).

4.2.3 Reduction -oxidation cycling of NAu -1
Once the réluction of AQDS was complete, and the-\UNé spectra showed a complete

transformation from AQDS to ABS (see Figui®l 4.2 the reduced solution was
added to powdered NAd and left overnight to stir. The following morning the
solution was centrifuged teeparate solids from solution, and a sample of the
supernatant was taken to measure the change in concentration of AébbSand
AQDS. By measuring the concentration of AQD#»SHIsIing the method described in
Sectiond.2.2, it is possible to calculate ¢hconcentration of electrons transferred from
reductant to the clay mineral. The supernatant was added once again to the
electrochemical cell, and the solution was recycled ancerkiced. The reduced NAL
was washed with deoxygenated 1 M NaCl solutiord #hen DIW to assure that all
AQDS solution was removed from the mineral. Finally, reducedIN#as
resuspended in 10 mM MOPS, 50 mM NaCl buffer solution at a concentration of 20

g/L, and pH was adjustad 7.5° 0.02 using 1 M NaOH. Reactors were made using 1.5
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mL of NAuL stock suspension diluted to 15 mL with buffer solution to create a

concentration of 2 g/L.

The remaining stock suspension wasoxidised with 1 M hydrogen peroxide in
stoichiometric excess, arldft stirring overnight to aerate in the room atmosphere, as
described in Sectiod.2.2.

For rereduction, clay mineral suspensions were again centrifuged to separate solids
from supernatant. Solid material was then brought into #reaerobic Rchamber and
washed with deoxygenated 1 M NaCl solution and DIW before restarting the reduction
process. The process was repeated for 3 cycles of reductionAiiDSand oxidation

with HOp.

4.2.4 Kinetic batch experiments
All kinetic experiments were completed and stdrovernight inside anNatmosphere

(<1ppm Oy) anaerobic glovebox, to minimise all unintended oxidation. All experiments
were conducted in triplicate. For each batch reactor, 1.5 mL of the 20 g/L clay mineral
stock suspension and 13.5 mL of 10 mM MOP®MBONaCI buffer solution were

added to 20 mL glass vials. The pH of each reactor was adjusted to 7.5 using small
increments of NaOH or HCI. Reactors were sealed with butylene rubber stopper, crimp

capped to hermetically seal the contents, and then placeaaotator.

Kinetic reactions were initiated by injecting 30aflmethanolic 3chloronitrobenzene

stock solution using a gdght glass syringe to achieve a concentration of gsDin

the reactor. A 500 uL sample was taken immediately after spiking and filtered via a
0.22pm nylon filter to remove any excess miner&he sample was then stored in a

sealed glass HPLC vial ready for analysis. This initial sample was taken as measurement
for initial concentration. For each reactor, more samples were taken in the same

method at incremental time steps until the reactioadhreached completion. All

al YL S& 6SNB ai2NBR Ay (GKS FNAR3IS Fd n
Analysis of samples and concentrations of model contaminariti@onitrobenzene

(3CNB) and the degradation productBloroanaline (3CAN) were measured using the

Agilent 1260 Infinity 1l HPLC equipped with DAD detector, using-48 t@umn
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(XBridge C18 3.5 um). Analysis used same technique as described in Section 3.2.2.

Figure Sl 3.8hows the eluent compositional gradient / method.

Contaminant transformation exgiments were conducted, measured, and modelled
following the same methodology as described previously in Sections 3.2.3, 3.2.4, and
3.2.5.

4.2.5 Particle size analysis
Samples were taken of clay mineral suspensions and diluted to 0.05 g/L using

deoxygenated, denised water. Samples were measured in a sealed scegw(to
prevent any unintended oxidation), 10 mm x 10 mm (internal width) quartz cuvette
sourced from Hellma UK Itd. Sample particle size was measured using Malvern

Panalytical Zetasizer Nano.

4.2.6 Mossbauer Spectrometry
Samples were separated and prepared from the NAsiock suspension before

contaminants were added. Solids were separated from supernatant withpenl3
nylon filter under anaerobic atmosphere. The sample solids were sealed in Kapton

tape toprevent oxidation during transfer to thiRlossbauerspectrometer.

Samples were analysed using and S4 Méssbauer spectrometer (SEE Co., Edina, MN,

L d{ ®! ®0 AY UGUNIyaYAaarzy YKe® i TesperatOre f A 0 NI
during spectra acquisition veacontrolled with a closed cycle cryostat (880, Janis

Research Co., Wilmington, MA, U.S.A.) at either 4 K or 77 K to allow for quantifying the

Fe speciation of the clay mineral.

Spectra were analysed using the software Recoil, using-Wasgd fittingroutine for
spectra measured at 77 K, and Failitic Hamiltonian fitting routine for samples

measured at 4 K.

4.2.7 Fe analysis
Aqueous Fe(ll) and Fe(total) concentrations were measured using the 1,10

phenanthroline method (Schilt 1969). Solid phase Fe canagons were measured
following HF digestion using a modified J-dflenanthroline method (Stucki 1981,

Amonette and Templeton 1998), as described previously (Neumann et al. 2011).
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4.2.8 Contributions
MSc student Shaikha Almesblaglped with the development of the AQDS reduction

processMaggie White assisted with the preparation and measurements of HF

digestion experiments

4.3 Results and Discussion

4.3.1 Clay mineral Fe reduction with AH 2DS

Examining the UYIS spectra of the AQDS soluatisefore and after reaction with

NAu1 shows a change from reduced state §BH) to oxidised state (AQDS) as shown

in Figure 4.3. The figure demonstrates that the peak at 386 nm representative of
AHDS has decreased and the peak at 326 nm representatix@0bfS has increased

(Jaisi et al. 2007a, Shi et al. 2012). This indicatesAtHES was oxidised after reaction
with the clay mineral and suggests electron transfer has occurred into the clay mineral.
It was also noted a change in colour of the NIAllomlight green / orange to a dark

green / blue. The change of colour from light green to dark green / blue inlN&ee

Figure Sl 4.3has been widely described asidence of reduction of octahedral Fe(lll)

to Fe(ll) €.g.Komadel et al. 1990). Using tkquations 4.1and 4.2, it was calculated

that the oxidation of ALDS was the electron molar equivalent of 9.7 %, 10.8 %, and
10.6% reduction (see Table Sl 4.1) of the clay mineral structural Fe present for cycles 1,
2, and 3 respectively. A separate phettanline assay measured the reduction extent

of NAu1l to be 7.2 %, 8.5 %, and 9.8 % for cycles 1, 2, and 3 respectively (also see Table
S| 4.1 for comparison). The calculated values for both reduction extent and electrons
transferred align very well. Otheesearch investigating reduction of NAuwith

ARDS achieved a similar result in the first 24 hours (Jaisi et al. 2005, Shi et al. 2021),
but achieved a greater reduction extent when left to react for much longer time

periods (Jaisi et al. 2007a). Ipisssible that over longer time periods a higher

reduction extent would be achievable, however it is unclear whether the study (Jaisi et
al. 2007a) replenished the reductant over that time with newly producesDSHwhich

could have impacted the reductivemacity of the solution.

To investigate whether the reaction had reached equilibrium at the point of
measurementjt is possible tacalculate the overall, nestandard reduction potential
(E4). TheE4 for the reduction of NAtl with ARDSwascalculated using Equatioh3,

consisting of two reaction hatfell equations. The reduction potential of NAu
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structural Fe was calculated using a modified version of the Nernst equation (Equation
4.4) taken from Gorski et al. (2013). This is used to account for the broaderiifig of
values unique for each smectite, which lead to wider range than expected for a typical
Fe(Il)/Fe(lll) redox couple (Luan et al. 2014). The oxidation potentiabbfSAld AQDS

was calculated using the Nernst equation (Equadds).
Equation 4.3; caldating the overall, norstandardEs:
0O 0O 0O
Equation 4.4; Modified Nernst Equation to calculate NAwduction half equation:

‘ ‘ p Y'Y _"0OQ00O
@) @) o

o} b 00000

Equation 4.5; NerndEquation used to calculate reduction potential of2BiS3 hakcell
reaction:

P

000"
000"y

_—

o o X
a

WhereB4is the standard reduction potential and values for both the NAu

Fe(ll)/Fe(lll), and the ABS/AQDS redox couples were taken from published literature.

TheBx for the oxidation reaction of AHDS to AQDS was taken to 018 V (Luan et

al. 2014). Th& value for NAul Fe reduction was taken to be.45 V (Gorski et al.

HAaMoU® I Aada GKS RAYSyaazyftSaa Fl OG2NJ dza$s

Envalues, and for NAd is 0.56 (Gorski et al. 2013). R is the universal gas constant

(8.314 tmolPl), T is the temperature in Kelvin (298 K, z is the ion charge / moles of

electrons transferred per unit (2 electrons per mole o,BB oxidised, 1 electron per

mole of Fe(lll) reduced), F is the Faraday cons&$g5.3365 C mdl). The

equationsuse the Molar concentrations of both redox couples after reaction, arigd [H

is included for the AQDS/ABIS redox pair.

The overall, norstandardEqvalues for the reaction of ABS with NAtlL are 0.011 V,
0.016 V, and 0.019 V for cycles 1, 2 and 3 respectively. These values are sufficiently

close to 0 suggesting that the reaction did indeed reach equilibrium.

Harry Brooksbank 2022 Page90



Assessing the sustainability of Feearing clay mineral redox reactions
Chapter 4: Redox cycling with reduced elecsbuttling compounds

—— AH2DS before NAu-1 reduction
—— AH2DS after NAu-1 reduction
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Figure 4.3: UWIS spectim of the reduced AQDS solution (ABS) bedre (pink) and after reaction with NAL
(purple) forCycle 1

The results from the spectrophotometrically determined AQDS / AH2DS
concentrations show that the reduction extent achieved remained constant across the
three cycles of reduction and{@xidation. In each reaction, the reductant was not

fully oxidised and there was adequate A& remaining in solution for further

reduction. This would suggest that unlike dithionite,-BB is incapable of completely

reducing the structural Fe of the clayineral

Luan et al. (2014)sed AHDS to reduce Nontronite NA2, and also found that the
achievable reduction extent was consistently capped regardless of initial concentration
of ARDS. The study determined that ABS alone was insufficient to completely

reducethe available structural Fe due to thermodynamic limitations.

4.3.2 Contaminant transformation kinetics of AQDS -reduced NAu-1
AH,DSreducedNAuW1 was reacted with -8hloronitrobenzene and its transformation

to the corresponding aniline was measured using HPh€ 3chloronitrobenzene
concentration data for all threeycles(Figure 4.45hows that contaminant

transformation occurred in two distinct phases. First, an initial rapid decrease in
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concentration occurred, resulting in approximately 50% of theh®ronitrobenzene

being transformed in less than 3 hours. After, the remaining contantinas more

slowly transformed, with the reaction reaching completion at approximately 900 hours
after the initial spiking. Figure Sl4.4 shows the complete kinetic data set including the
corresponding aniline product concentration. The same biphasic cantar
transformation behaviour was observed previously for dithiomgduced NAtL

(section 3.3.1), however the time required to reach complete contaminant
transformation is much longer for the ABISreduced NAwL. This is likely due to the
lower reduction extent, meaning there is half as much reactive Fe(ll) accessible for
contaminant transformation. There is little difference between the 3 cycles, however
the reaction was quickened slightly aft€ycle 1but Cycle 2andCycle 3how very

similar results First examination of the reaction kinetics suggests that reduetion
oxidation cycling usingHDS as reductant did not cause any significant changes to the
clay mineral Fe(ll) reactivity, similar to what was previously observed when dithionite

was used athe reductant (see Figure 3.1).

109 Bl Cycle1
B Cycle2
. M Cycle3
0.8 — Modelled fit
= Measured values
S
L 0.6
C
.0
©
S 04-
(&)
c
(@]
(@)
0.2
0.0

I I | I
0 200 400 600 800 1000
Time (h)

Figure 4.4Typical oncentration data of 3chloronitrobenzene in the presence of NAuhat was subjected to one
(pink circles), two (purple circles), or three (dark purple circles) cycles of reduction witB@dnd reoxidation
with H,O,. Lines show the fit obtained using the twsite kinetic model (eq ).
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To better understand the effects afiultiple cyclesof reduction and oxidation on
reactivity, the transformation kinetics were fit with both a singiée and a twesite

model as described in Chapter 3.2.5. As previously observed with the dithionite
reduced NAtL, the onesite model was not able to correctly fit the data (Figure Sl 4.4)
whereas the twesite model more accurately described the measured values (Figure
4.4). The conformity with the twite model would indicate the presence of two
distinct reactive sites, as has been described feri€fe minerals in various papers.g.
Hofstetter et al. 2006, Neumann et al. 2008, Rothwell d0B&hasic kinetics have

also been observed in bieeduced nontronite samples (Yang et al. 2012), who
suggested the rapid transformation phase was due to highly reactive clay mineral Fe
edgesites. This howevediffers from one study that modelled kinetics using a single
reactive #e, second order rate law for nitroaromatic reduction by femluced NAR2
(Luan et al. 2015b). The differing results proposed in Luan et al. (2015b) could indicate
that ABDS reduction and biereduction follow different reduction pathways

(Rothwell 2018 From the kinetic model fits, rate constant values and the initial

concentration of highly reactive sites were obtained (Figure 4.5).

Figure 4.5(A) shows that the rate of reaction does not change significantly over 3 cycles
of reduction and oxidationThe log k values fa@ycle Jare 2.9 and0.4 for the highly
reactive sites and the less reactive sites respectively. There is a small, but statistically
significant increase i@ycle Zor the log k value of the highly reactive sites to 3.3. This
might bedue to the slight increase in reduction extent measured in multiple analyses
(possibly as great an increase asl9%6 depending on which analysis of Fe(Ihfe
referenced (see Section 4.3.1). It has been demonstrated that even small increases in
Fe(l) content can reflect significant increases in reactivity in {4Axhen the reduction
extent is below 30 % Fe(ll)icgRothwell 2018), which might have caused this

increase in rate constant values.

There is no statistically significant difference betwebe measured log k values of
Cycle 2and 3. The calculated rate constargtlues of AEDSreduced NAtL align well
with the observations made on the kinetic model (Figure 4.4); there is a small increase

in the speed of reaction oGycle 2followed by lagely equivalent reaction faCycle 3
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Figure4.5: Log of rate constants of-8hloronitrobenzene transformation by AdSreduced NAtL shown in purple versus 20% dithioniteduced NAeL shown in grey. Figure shows for both
highly reactive sites (square), and less reactive sites (kedrwith diamonds) of the clay mineral (left). Right figure (B) shows log of initial concentration of highly reactive aiteéscompares both
AQDsSreduced (purple) and dithioniteeduced (grey); values as calculated by the twsite kinetic modelError kars show 1 standard deviation.
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Figure 4.5 also shows the values achieved using dithionite as reductant to achieve a
low reduction extent (taken from previous chapter, Section 3.3.1réonparisonThe
ARDSreducedlogk valuesare similar to those of thdithionite-reduced NAed, but
marginally (but statistically significant) smaller. This difference most likely due to the
lower Fe reduction extent obtained with ABIS (~9%) compared to dithionite (~15

36%, refer to Section 3.3 for exact dithioniteduction extent values).

Previous work by Rothwell (2018) measured the effects of dithionite reduction on
NAuU1 on rate constants over a range of reduction extents. The study demonstrated
that rate constants for NAQ increased with increasing reduction exteaftil

reaching approximately 30% Fe(ll){k@vhere rate constants began to plateau. The
results by Rothwell show that dithionteeduced minerals produce log k values that
are highly comparable to the ABISreduced mineral log k values produced in this
study, when reduced to equivalent reduction extents. However,AkeDSreduced
mineral log k values for less reactive sites are lower than those for dithiogckeced
minerals. It is possible that ABISreduced NAtL is less reactive thagithionite-
reduced NAHL. AHDS is intended to act as a suitable abiotic proxy for microbial
reduction, and it has been suggested that microbiadigiuced clay minerals react less
quickly than dithionitereduced clay minerals (Luan et al. 2BL53A\nother factor to

take into account is that th&othwell study used a different probe compound (2
acetylnitrobenzene)which makes direct comparison of rate constant values-non
viable. The study (Rothwell 2018) did not investigate the effects of multiple redox
cycks. There has currently been no previous research investigating the effects of
multiple reduction cycles using electron shuttling compounds as the sole reducing

agent.

The model also yields, as one of its fit parameters, the initial concentration of highly
reactive sites within the clay mineral structure. Tdeta in Figure 4 @)highlight that
the initial concentration of highly reactive sites did m@monstrateany significant
change over 3 cycles of reduction oxidat{ar. values within range of errar)rhe

Hgure alsgpresentsdata from the dithionitereduced samples, and the values are
generally equivalent with no statistically significant differeicased on alculated

error) in initial concentration of highly reactive sites.

Harry Brooksbank 2022 Page95



Assessing the sustainability of Feearing clay mineral redox reactions
Chapter 4: Redox cycling with reduced elecsbuttling compounds

Overall, it appearthat reductionoxidation cycling with A#DS doesot cause

significant changes to the reactivity. It is unknown whether reduct®itlation cycling

of NAul using AEDS as reductant should more closely emulate the effects biological
or chemical reduction. ABS is intended in this experiment to act as an abiotic proxy
for microbial / biological reduction. Biological reduction cycling of 8Aas shown

mixed results, fom dissolution and significantly increased kinetias. {fang et al.

2012), to largely sustainable and reversible effects with negligible impact on reaction
kinetics (Zhao et al. 2015). Our kinetics results so far more closely align with the latter
study,but the studyhas not yet measured how the structure and morphology is
affected. Zhao et al. (2015) however also suggested that the presence of AQDS during
bioreduction (used as an electron mediator) allows the reduction of interior structural
Fe, which was ireessible to bioreduction when AQDS is absent. This would indicate
that using AEDS as the sole electron donor could follow a psetatalom pattern of
electron transfer into the clay mineral octahedral sheet, more typically associated with
chemical (dithimite) reduction (Ribeiro et al. 2009). Indeed, the measured kinetics
results of this experiment indicate little discernible difference between the results
achieved using dithionite versus AbS.

Overall, itappears that reductioroxidation cycling with AQSand HO; does not case
significant changes to the reactivity. The results do not however highlight whether
reduction with AHDS impacts the structure / morphology of the clay mineral, or
whether AHDS is an appropriate substitute for microbial reducti® comprehensive
assessment of the physicochemical effects on the clay mineral was conducted to
further understand how the electron transfer from electron shuttling compounds

interact with structural Fe.

4.3.3 Impacts of reduction -oxidation cycling with AH 2DSand H202 on clay
mineral s truct ure

To better understand whether reductienxidation cycling with reduced AQDS leads to
structural changes or alterations of the clay mineral particles, a number of analyses
were conducted. An assessment of electron transfer and Fe speciation using
Mossbauerspectroscopy, and particle size analysis was used to measure

morphological changes.
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Figure 4.6 presents particleze measurements for ABISreduced NAEL suspensions
over 3 cycles of reduction. The distribution of particles is spread over a wider range
than initially sizdractionated for via centrifugation.e.0.2um ¢ 0.5um). However

the mean patrticle size is well withihe expeced range. There appears to be almost
no change in particle size between each cycle foiD8fieduced NAEL. A statistical
ANOVA was conducted on the A¥sreduced NAtL particle size distribution sets. The
analysis produced prvalue of 0.778 above a significance level of 0.05, angatue

of 0.251 below thd~critical value of 3.039. These statistical parameters confinat t
the variation between the three reduction cycles is not statistically significant. This

indicates that redox cycling with ABIS does not significantly impact particle size.

A consistent particle size distribution across 3 cycles of reduction andtioxids also
strong evidence that smaller particles are not dissolved preferentially in favour of
larger more crystalline particles during the process. This finding is contrary to what has
been suggested by some research to occur during biological redemtidation

cycling (Yang et al. 2012). However, Yang et al. (2012) achieved bioreduction of
structural Fe with live microbes present in the system, which may have had a more
intrusive impact on the minerals than the electron transfer process alone. Ty st

also used nontronite NA@ rather than NAtL, and a previous paper (Jaisi et al. 2005)
found that biological reduction led to a change in particle thickness forABuwt not

for NAul.

Figure 4.6 also shows the measured particle size distributiorAofINchemically
reduced with dithionite to a low reduction extent. The particle size distribution of
dithionite-reduced NAtL is very similar to the ABSreduced values, and the
difference is also not considered statistically significant. This wouldaitedibat both

reduction pathways produce similare. negligide) effect on particle size.
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Figure4.6: Graph shows the changes in particle sizes measured foDSireduced NAtL over 3 cycles (shown in
purple), data are also comparedith dithionite-reduced NAtL to low reduction extent (blue). Figure shows the
range of sizes, marked with +, the mean, and 1 standard deviation above and below (marked by the coloured
column).

However, although results suggest that reductimxidation cycling is not significantly
impacting the morphology / size of the clay mineral suspension, this does not provide
insight into alterations to the mineral structure. A comprehensive analysis was
conducted usingviéssbauerspectroscopy to probe the binding environments of
structural Fe at atomic resolution. Figure 4.7 showsNtissbauerspectra of ALDS
reduced NAtL over 3 redox cycles. Samples were measured at both 77 K to examine

the reduction exént, and at 4 K to understand how cycling impacts Fe speciation.
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Figure4.7: Mossbauerspectra for NAdl reduced with AEDS, measured at both 77 t€mperature (Figures A, C,
E) and 4 Kemperature (Figures B, D,)For cycles 1, 2, ah3 (respectively) Spectra measured at 77 K were fitted
with Voigt-based fitting technique. Spectra measured at 4 K were fitted using variable-ith (Full Static
Hamiltonian) fitting technique.
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The left side of Figure 4.7 (Stigures A, C, E) showe spectra for AkEDSreduced

NAu1 over 3 reduction cycles, measured at 77 K temperature (all fitting parameters
are shown in Table 4.1). The spectra measured at 77 K of tsi2Sketduced NAtL for

all 3 cycles look very similar, andthliee spectradisplay 2 doublets. The first doublet
present in each spectrum has a CS of 0.48 mm/s and a QS of 0.47, values typical for
Fe(ll) and rep. The blue doublets have CS values betweerl 2P20nm/s and QS

values of 2.782.81 mm/s, which are within ranges typi¢at Fe(ll) (Murad and

Cashion 2004). For comparison the spectrum of the native, unalterediNan be
viewed in Figure 4.8, and does not contain this blue doublet species. The blue Fe(ll)
doublets comprise 9.1%, 9.3%, and 10.1% of total absorption &te<{, 2, and 3
respectively (see Table Sl 4.1). These values align very closely with the reduction extent
values measured in both the HF digestion (#2%%, Table Sl 4.1), and those
calculated by the oxidised ABIS concentrations (9.7%9.8% Table SIH). The
Mossbauerspectra for AEDSreduced NAUL measured at 77 K temperature are

further evidence that electron transfer has occurred from theB§, and that

reduction extent remained stable over 3 cycles of reduction and oxidation.

The parameters mesaured for the Fe(ll) doublet are very similar to those measured
previously for the dithioniteeduced NAtL (CS = 1.201.26 mm/s, QS = 2.902.95

mm/s, see Table 3.1) albeit with a marginally smaller QS value, and are within the
range for dithionitereduced NAUL as measured in previous work (Rothwell 2018). The
values also align well with the values measured for clay mineral Fe after microbial
reduction in the presence of live organisms. Previous studies investigating biological
reduction of nontroniteby Shewanellaneasured highly comparable parameters for

the achieved Fe(ll) doublet. Ribeiro et al. (2009) measured a doublet species with CS
and QS values of CS = 1.26 mm/s, QS = 2.69 mm/s whereas Yang et al. (2012) observed
an Fe(ll) doublet with paramets CS = 1.22 mm/s, QS = 2.69 mm/s using VBF fitting.
These results are distinctly similar to the parameters achieved in this experiment,
however both studies used NAurather than NAtL which could complicate

comparison.

The spectra measured at 77 K tpenature indicate that the Fe(ll) content is similar to

both dithionite and biologically reduced samples of previous studigssbauer
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measurements at 77 K alone are insufficient to appropriately determine whether
reduction via AEDS more closely resemigl®iological or chemical reduction. Spectra
collected at 4 K can offer a more accurate insight into how reduction via this pathway
impacts the binding environment of Fe within the mineral structure. Previous studies
have shown that Mossbauer spectra cotit at 4 K present different patterns,
depending on whether biological reduction or reduction with dithionite was applied

(Ribeiro et al. 2009).

Figure 4.7 (right side) also shows the spectra collected feD&Hduced NAEL

provides insight into the speciation of Fe within the system. Again, all three cycles
produced spectra that are virtually indistinguishable from each other. The spectra
comprise 4 species, including the central doublet (yellow) typicae@il) within NAu

1, a small Fe(ll) doublet (blue), a large collapsed feature at the base (purple), and a

small sextet species (red).

The sextet phase is unexpected as a sextet of this width has not been observed in
comparable samples of dithionieeduaed or biologicallyreduced NAtL at similar
reduction extents€.g.Ribeiro et al. 2009). After franalysing the batch of native NAu

1 used for this experiment, thelossbauerspectrum of the unalteredNAu1 sample

used in this batch of experiments (Figyr®),it wasfound that the native sample also
contains this sextet species with equivalent parameters (Table Bhi)relative

spectral area of the sextet is 4% in the spectrum of native-NAnd all three spectra

of reduced NAtL. It is most likely that this séet species represents anJegide

impurity that were not removed during the sigactionation and extensive cleaup
procedure (see Section 4.2.1) filtered out during the precipitation stage. As the sextet
area and Mossbauer parameters are unaffectedh®/reaction with AEDS, this
component is most likely not redox active and will be disregarded for the remainder of

the analysis.
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Table 4.1: Missbauer spectra parameters for ABISreduced NAwL, over 3 cycles of reduction and oxidan. Top table shows fit parameters for spectra measured at 4 K temperature using full

static hamiltonian technique. Bottom table shows fit parameters for spectra measured at 77 K temperature using from-hasgd fitting technique. Fe species are colaaded as displayed in
Figure 4.7. CS = Centre shift, H = magnetic hyperfine field, QS = quadrupole splitting

T (K) Species CS (mm/s) H(T) Qs (mm/s) n(-) w(mm/s) 8(-) Area (%)
, B 00 993 0.14 0 0.4 0  3.89
Native NAu-1
Fe(lll) doublet 0.49 0 0.46 0 0.45 0 96.11
B o2 o 0.01 0 033 0 4.62
AH,DS-reduced Fe(ll1) doublet 0.48 0 0.49 0 0.43 0 46.25
(cycle 1) 1.19 0 3.18 0 030 O 3.74
0.57 17.82 -0.44 0 2.00 0 45.40
0.47 49.61 -0.15 0 0.23 0 3.27
AH,DS-reduced,
I Fe(lll) doublet  0.48 0 0.47 0 044 0 4701
Lhn g i 1.25 0 3.11 0O 035 0 481
(oyele2) 0.53 18.47 -0.05 0 200 0 4491
AH,DS-reduced, 0.46 49.40 -0.19 0 0.32 0 5.03
reoxidised, reduced, Fe(l“) doublet 0.48 0 0.51 0 0.54 0 43.31
reoxidised, reduced 1.26 0 3.10 0 0.30 0 4.86
(cycle 3) 0.51 22.48 0 0 1.86 0  46.79
T (K) Species CS(mm/s) QS (mm/s) o(mm/s) Area (%)
Native NAu-1 77 Fe(lll) 0.48 0.44 0.34 100
B 0 27 o0 oo
(cycle 1) 77
Fe(ll) 0.48 0.46 0.30 90.94
D 2.75 036 932
(cycle 2) 77
Fe(ll) 0.48 0.47 0.30 90.68
- BERY 2.81 033  10.11
(cycle 3) 77
Fe(lll) 0.48 0.47 0.28 89.89
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For a more accurate comparison, a sample of the native-NA@as reduced with

dithionite to 9 % reduction extdrusing the methods described in section 3.1.2. Once
again, the Missbauer spectrum measured at 4 K (see Figure Sl 4.5) shows a sextet with
a hyperfine field of 50 T is present in the spectrum and exhibits a similar spectral area
as in native NAU and NAtL after reduction with AEDS. il appears that this species is

not dissolved by dithionite reduction as might be expected for mostee species,
however this may be due to the relatively low concentration of dithionite used to
achieve this low reductioextent (9%). While we cannot characterise or determine the
nature of this sextet species, it does not appear to be influenced by reduction or play a

significant role in the cycling process.

Aside from the sextet, the remaining species observed in thddSkeduced NAEL at

4 K temperature align very closely with the NAgspectrum reduced to an equivalent
reduction extent with dithionite at 4 K (Figure SlI)4Both dithionitereduced and
AQDSeduced NAtL produce almost identical spectra and all show fame species
with equivalent parameters. Ultimately this indicates that the effects of reduction by

these two pathways lead to similar effects on Fe speciation within the clay mineral.

To determine whether the effects of ABISreduction on NAtL are reersible requires
examination of the sample after reoxidation. After reoxidation wit®OFl samples
were again measured with 8sbauer at 4 K temperature to examine whether the

effects of reduction alter the mineral to a state different from the native.

Fgure 4.8 demonstratedhe differences between the native, unaltered sample of NAu
1 and a sample of NALithat had been reduced with ABS and then reoxidisealith
hydrogen peroxide. The left column of spectra in the figure compidiesative,
unaltered NAudl (Figure 4.8 A and B) with the AYsreducedreoxidised NAwL

samples over 3 reductioroxidation cycles (Figure 4.8 C,EaGJ7 Ktemperature
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AHZDS-reduced reoxidised NAu-1 spectra

Relative Absorption
Relative Absorption

Relative Absorption
Relative Absorption

Cyclel |y 77K ‘Cycle 1 4 K

-6 -4 -2 0 2 4 6 -12 12

Cycle2 |y 77K Cycle2 | |

-6 -4 -2 0 2 R 6 4 12

Relative Absorption
Relative Absorption

oS v

G H

Relative Absorption
Relative Absorption

Cycle3 || 77K Cycle3
6 4 2 0 2 4 6
Velocity (mm/s) Velocutv ( mm/s)

Legend:

Fe(lll) doublet
| Poorly-resolved feature
B Fe(lll) sextet

i Observed values
— Calculated fit

Figure4.8: Figure shows the Kissbauer spectra of native NAlI (unaltered) vs AbDSreduced, reoxidised NA.
The top row(figures A and Byhows the native sample, and below are the-ogidised samples over 3 cycles. Left
column shows samples measured at 77 K temperature, and right shows samples measured at 4 K temperature

Harry Brooksbank 2022 Pagel04



Assessing the sustaindliy of Febearing clay mineral redox reactions
Chapter 4: Redox cycling with reduced electron shuttling compounds

Both spectra (native and reoxidised) have equal parameters, and were fit with a CS of
0.48 mm/s and a QS of 0.44 mm/s. The right side of Figure 4.8 comnipareative
(Figure 4.8 B) and the reoxidised samples over 3 reductkashation cycles (Figure 4.8
D,F,H) measured at 4 K temperature. Again, there is little difference between the
native and the subsequent reoxidised cycles, with each spectrum shovergfial
doublet with a CS of 0.49 mm/s and a QS of 0.43 mm/s. The reoxidised spectra do
however have a wider base, which has been fitted with an additional poorly resolved
feature (brown). Ribeiret al. (2009also noted a wider, flared base of the ceritra
Fe(llldoublet after both biological and abiotic reduction of Fe in a structurally similar
nontronite (Garfield). The spectrum for the reoxidised NIAsample highly resembles
the spectrum produced previously by NAueduced with dithionite to a low duction

extent Figure 4.9).
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Figure4.9: M6ssbauerspectra taken at 77 K temperaturecomparison of 20% dithioniteeduced, reoxidised
NAU1 (left) versus NAd ABDSreduced, reoxidised NA (right)

When overlayed, the two spectra of Figure 4.9 are virtually identical. Both have a CS
value of 0.49 mm/showever the dithionite reduced spectrum has a slightly higher QS
value of 0.52 mm/s. It is likely that the greater QS is caused by the greater extent of
reduction achieved. Results from Chapter 3 (see Section 3.3.3) also indicated more
significant struatiral impacts at higher reduction extents. This also aligns well with

previous research which has demonstrated how the extent of irreversible alterations
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to the structure increases with increasing reduction exteng(Neumann et al. 2011,
Gorski et al. 202, 2013).

TheMo6ssbaueispectra for the second and third cycles of.B8reduced, reoxidised
NAu1l werealmost identical tdirst cycle, and did not show any changes at either
temperature measured (77 k or 4 k). This means that the impacts to the steuatere
caused by the first reduction, and did not increase with multiple cycles. This result is
not unexpected, as the reduction extent was low and remained constant across all
three cycles. As stated, the impacts to structure caused by reduction grdw wit
increasing reduction extent, and at low reduction extents the effects are largely
reversible (Fialips et al. 2002, Neumann et al. 2011). Previous research has also
described how large structural transitions from a dioctahedral to trioctahedral
configuraton occur once reduction extent reaches a threshold of roughly 1/3 of the
clay mineral octahedral Fe(lll) being reduced to Fe(ll) (Manceau et al. 2000). The
reduction extent achieved with ABS in this experiment was too low to reach this
threshold, meanig the reduction is not extensive enough to cause significant

structural rearrangements.

4.3.4 Is AH2DS a feasible and appropriate surrogate for biological reduction
of clay mineral Fe?

How similar are the results produced using:BB as reductant to those obsed

when live microbes are present? The achievable reduction extent appears limited to
roughly 10% Fe(ll)/Fre, which is similar to the limits observed when using biological
reduction with NAudl (Jaisi et al. 2005, Shi et al. 2016). The inability to eetdie

reduction extent above 10% despite stoichiometric excess could be evidence for the
limited fraction (10%) of biaccessible structural Fe as suggested by Shi et al. (2016). If
this were confirmed it might indicate that electron transfer frékxibDSocaurs from

the edge inwards as is the case with biological reduction (Ribeiro et al. 2009).

Other studies (Zhao et al. 2015) have suggested thaD&Han transfer electrons

across the clay mineral basal plane in a psetad@lom manner to reduce interior
structural Fe. This would potentially produce an effect on the clay mineral more closely
resembling dithionite reduction, which has been wadicumented to be capable of
reducing >99% structural Fe.§.Manceau 2000b, Lee et al. 2006, Ribeiro et al. 2009).

The studyhasdemonstrated in ouEs calculations (see section 4.3.1) that the reaction
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of ARDSand NAul did reach an equilibrium state confirming that the reaction
reached completion. This would indicate that reduction byB&lis
thermodynamically incapable of reaching 100% reduction of the-NAather than
being limited by a limited accessible pool of structural Fe(ll). However, this finding

alone does not confirnthe electron transfermechanism oRAHDS.

Previous researchas suggested that multiple reductiaxidation cycles with live

microbes leads to a progressively smaller achievable clay mineral reduction (Yang et al.
2012, Shi et al. 2021). In contrastis study foundhat achievable reduction extent

was unaffected by muilble cycles oAHDSreductionand oxidation. Previous studies

also suggest that redox cycling can lead to the preferential reductive dissolution of
smaller, less crystalline clay mineral particles; an effect which may contribute to the
changes in achievédreduction extent (Dong et al. 2003, Yang et al. 2012, Zhao et al.
2015, Shi et al. 2021)Ve observed no evidence of preferential dissolution, as particle
size was demonstrated to show no significant change (Figure 4.6). In this instance,
there are fewsimilarities between the effects of redox cycling with,B8, and the

effects described for microbial redox cycling.

When examining the structural effects of reductioridation cycling with A#DS,
Mossbauemanalysis indicated there was little observadiéference between the
spectra produced by ABSreduced NAwl and dithionitereduced NAtL at either 77

K or 4 K temperature. Results showed tkaftcle lead to a widening of the base of the
Fe(lll) doublet upon reoxidation, an effect which has been dwed for both
biological and chemical reductios..Ribeiro et al. 2009). Similarly, other research
(Lee et al. 2006) has demonstrated that biological reduction produces effects on
smectite structure that are largely indistinguishable from dithionéeluced smectites
at comparable extents of Fe(ll). We also observed that successive cycles of reduction
and oxidation did not cause any further changes to speciation &fyete 1 This aligns
well with previous researclhe(g.Gorski et al. 2012) which fodrthat structural effects
of chemical reductioroxidation cycling on smectites were most pronounced on the
first cycle and negligible on subsequent cycles. Nlbesbauerdata suggests that
redox cycling with A¥DS is has minimal impact on structure, ankhigely reversible

after the Tt cycles. A review by Stucki (2011) concluded that redugiiadation
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cycling with bacteria led to the greatest degree of reversibility which reflects the
results presented here. The review also found that reduction withialite to the

high reduction extents led to the greatest degree of irreversible changes. We postulate
that the reversibility of biologicaleduction as quoted by Stucki (2011), might be an
effect of the limited achievable reduction extent, and not thelwetion pathway.

Although, ourMéssbauerspectra of ALDSreduced NAuL resemble those of
dithionite-reducedNAuU1, this does not imply that they are dissimilar to biologically
reduced NAuL reduced.

The biphasic kinetics observed align well with previstuslies using microbes for
bioreduction of nontronite ¢.g.Yang et al. 2012, Luan et al. 2015b). However, our data
alsoaligns well with a model depicting two reactive Fe sites as has been demonstrated
in multiple studies using dithionite as reductaetd. Hofstetter et al. 2006, Neumann

et al. 2008, 2009, Rothwell 2018). In contrast, Luan et al. (2015b) fitted the kioktics
nitroaromatic transformation by bioreduced clay mineratsng a singksite, second

order rate law, in contrast to our twsite model. The inference of a single reactive site
has been suggested to possibly reflect the difference in electron transfer pathway
(Rothwell 2018) between bioreduction and dithioniteduction. Bioreduction has

been suggested to follow an edgmvards migréon of electron transfer (Ribeiro et al.
2009), but other papers have suggested thabB8reduction is capable of pseuedo
random transfer across the clay mineral basal plane (Zhao et al. 2015). This might
mean that more reactive Fe sites are accessibieguslectron shuttling compounds.

| 26 SOSNE GKS GSNY G0oA2NBRAzOGA2Yy e Sy O2YLI
pathways including transfer via direct contact, nanwes, biofilms, chelating agents

and electronshuttling compounds (Melton et al. 2014, Regaiet al. 2020). In the
absence of living organisms, differences between the effects of a single pathway of
electron transfer (in this case electron shuttling) versus the multiple electron transfer
mechanisms available to microbes do not necessarily inelitett AHDS is an
inappropriate surrogate. This is especially true when considering the significant degree
of increased reduction extent achieved when using AQDS in combination with bacteria
(e.g.Jaisi et al. 2005, Bishop et al. 2011, Yang et al. 2012), and the prevalence /
abundance of shuttling compounds that are used and produced by microbes (Lovley et

al. 1996, Melton et al. 2014).
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In summary, our results demonstrate that reductioridationcycling with AEDS is
sustainable and does notusesignificant irreversible alterations to the structure or
kinetic reactivity of NAtL. The results of this expenent differ from studies which

have employed live microbes present in the systenreaslts showno dissolution,

mineral transformation, or change in reduction extent (Dong et al. 2003, Kim et al.
2004, Zhang et al. 2007, Yang et al. 2012, Shi et al. 2021), but simultaneously there is
little to categorically distinguish the effects of A¥&reduction from either biologal

or chemical reduction. Previous studies have demonstrated that biological reduction of
Ferich clay minerals is limited to low reduction extents (Kostka et al. 1999, Dong et al.
2003, Yang et al. 2012), that effects of a low reduction extent on tinenal are

largely reversible (Fialips et al. 2002, Neumann et al. 2011), and that at low reduction
extents both biological and chemical reduction lead to similar effects on the mineral
(Lee et al. 2006, Ribeiro et al. 2009)s proposel that many of the moe notable

results €.g.mineral transformation, dissolution) described in previous studies, are a
product of the complex range of reactions and organic waste products associated with
microbial metabolism, but are not effects of electron transfer to the enath. Mineral
dissolution and transformation may occur in tandem with anaerobic respiratien (
mineral reduction), but the former is not a product of the latter. By this reasoning,
ARDSreduction is an appropriate surrogate for bacterial reduction, ot an

appropriate substitute for the presence of bacteria..Bi$ is limited in that it cannot

emulate the effects of all biochemical processes associated with living organisms.
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4.4 Supporting information
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Figure Sl 4.1: Image taken showing the electredfical cell seup, used in the reduction of AQDS to A¥5.
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Figure Sl 4.2: The transformation of AQDS to,BH over time. Samples were taken at various stages during the
reduction process, and measured with XS spectrometry. Colours change from lighihk to dark red as time

progresses, showing the measured WS spectrum of AQDS solution as it is reduced teDsH
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-

Native (unaltered) NAu-1 AH,DS-reduced NAu-1

| 9

Figure Sl 4.3: Images demonstrating the change in colour of MAw suspension after reaction with ABS. Left
image showsaunaltered, native sample of NAd in suspension of DIW, right image shows B$reduced NAwl
suspended in DIW.
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Figure Sl 4.4: All kinetic data collected for reaction of RiSreduced NAuL with 3-chloronitrobenzene over 3
cycles of reductionMeasured data is large rings,-8ite modeled fit is unbroken line,-dite modeled fit is dashed
line, measured values for-8hloroaniline product are small coloured dots.
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Figure SI 4.9Mdssbauerspectrum of Naul dithionite-reduced to 9% Fe(ll)/rg, measured at 4k temperature,
fitted with full -static Hamiltonian technique. Orange is Fe(lll) doublet, Blue is Fe(ll) doublet, purple is poorly
resolved feature, red is Fe(lll) sextet species
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Table Sl 4.1: Electron balance to calculate electron transfetrduoxidation of AHDS and reduction of NA.
Includes calculated reduction extent expected based off electron balance, and includes medsAreti reduction
extent values from HF mineral digestion amddssbauerspectroscopy.

Cycle 1 Cycle 2 Cycle 3
AQDS calculated before reaction
0.000167 0.0000284 0.0000606
with NAu-1 (M)
AQDS calculated after reaction
0.000516 0.000349 0.000307
with NAu-1 (M)
AH,DS calculated before reaction 0.000549 0.000562 0.000397
with NAu-1 (M)
AH,DS calculated after reaction 0.000200 0.000241 0.000151
with NAu-1 (M)
ARLDS exdied fo AQDS by 0.000349 0.000321 0.000246
reaction with NAu-1 (M)
Electrons transferred to NAu-1 (M) 0.000698 0.000642 0.000492
Total structura.l Fe present in 0.00716 0.00590 0.00464
suspension (M)
Equivalent structural Fe reduced to
9.7 10.8 10.6
Fe(ll) (%)
Reduction extent measured via HF
digestion and phenanthroline assay 7.2 8.5 9.8
(%)
Reduction extent measured with 9.1 93 101
Mossbauer Spectrometry (%)
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Chapter 5: Effects of redox cycling via biologically -
mediated , abiotic reduction z impact on clay
mineral structure and secondary precipitates

5.1 Introduction

In the preceding chapter (Chapter&yperimentsdemonstrated that redox cycling clay
minerals using electron shuttle AQDS (electrochemically redtecédbDS) as

reductant was sustainable. The results indicated that reduction by the electron shuttle
had little effect on either structure or reactivity, and any changes were reversible upon
reoxidation. The reversibility of electreshuttle reduction cold suggest that it is not
microbialreductionthat causes irreversible transformations of clay minerals, but
perhaps instead the various other biogenic processes and products resulting from
microbial metabolism. Microbes have a substantial impact on ttesrostry of natural
systems, and there are a plethora of ways in which microbial activity can impact clay

minerals.

The value of clay minerals with regards to redox reactions is that clay minerals are
believed to be more resistant to reductive dissolutibian other Fe minerals. Naturally
occurring Feoxide and-oxyhydroxide minerals such as goethite, lepidocrocite, and
hematite are readily dissolved by microbial reduction (Arnold et al. 1988, Bonneville et
al. 2004). The dissolution of Fe minerals by nb@breduction leads to increased
concentrations of agueous Fe(ll) within sediments and porewaters (Zachara et al.
2002). Aqueous Fe(ll) atoms can interact with clay mineral surfaces. Studies have
demonstrated interfacial electron transfer from Fe(ll) amsorbed to clay mineral
surfaces (Schaefer et al. 2011, Neumann et al. 2013). In the environment, the
reduction by aqueous Fe(ll) is an indirect result of microbial activitynfineral
dissolution) within the system, and as such is described as ialggnediated,

abiotic reduction. A study by Latta et al. (2017) demonstrated that electron transfer
from Fe(ll) can occur by either edgies or via the basal plane. Additionally, further
work has demonstrated that electron transfer from sorbed Fedh) cause significant
atom exchange between the aqueous and mineral phase (Neumann et al. 2015).
Research has not yet understood how this reduction pathway might impact the

sustainability of clay minerals over multiple reductioxidation cycles.
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Furthermoee, the oxidation of aqueous Fe(ll) by electron transfer to structural Fe(lll)
also results in the formation of secondary precipitate minerals including Fe
oxyhdroxides, and mixed valent minerals similar to green rusts (Schaefer et al. 2011,
Tsarev et al. @16, Jones et al. 2017). Previous work has indicated that the formation of
these secondary minerals can influence the reactivity of system towards contaminants

(Rothwell 2018, Entwistle et al. 2019).

This chapter investigates how subjectingried clay nnerals to multiple cycles of
reduction by Fe(ll) and reoxidation with hydrogen peroxide impacts both the structure
and reactivity of the clay mineral. Fe{i@duced clay minerals are reacted with probe
contaminant 3chloronitrobenzene to measure the effts of redox cycling on
transformation kinetics. Solid sample analyses are conducted usiag Biffraction

(XRD) and lksbauer spectroscopy to study changes in structure and Fe speciation
caused by Fe(ll) redox cycling. Additionally, we attempt to chenige the secondary

Fe minerals formed during the process. Isotope spelftissbauerllows the

precision measurement of both clay mineral structural Fe, and the secondary minerals
separately. This chapter aims to answer the following questions:

Do multple cycles of reduction by Fe(ll) impact the sustainability of the clay mineral?
What secondary Fe minerals form, and how do they impact the system reactivity?

How are the secondary minerals altered during the redox cycling process?

5.2 Methods

5.2.1 Reduction -oxid ation cycling of NAu -1 with aqueous Fe(ll)
All reductionoxidation, and contaminant transformation experiments were conducted
in an anaerobic chamber (GS Glovebox Systemtechnik GmbH, Germany) uader a N
I Y2 a LK S NB) udlesastated diienkiseDeoxgenation of all solutions and

suspensions wasarried outby bubbling Mfor 1 hour.

5.2.1.1 Mineral preparation
Native NAudl clay mineral samples were prepared for experiments following the

procedures described in Chapter 3 (Section 3.2.1.)
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5.2.1.2 Stock solution preparéon
A 100mM stock solution of Fe(HQwas prepared to be used as reductant for the NAu

1 in contaminant transformation experimentdletal FeQ) powder at natural isotopic
abundance was dissolved in 1 M HCI by mixing with magnetic stirrer for 3 hours at 60
°C. The solution was then diluted with deoxygenated, deionized water (DIW) to a final
concentration of 100mM, and finally, filtered using luer lock, 0.22um nylon filter

(sourced from Thames Restek Ltd) to remove any remaining solids

Additional Fe(ll) stock solutions were also prepared via the same method, but instead
using Fe(0) metallic powder that has been isotopically enridhekle *Fe(sourced

from Trace Sciences International Irfeurity = 99.92 %Fe) or the °’Fe isotope

(Isoflex, San Francisco. Purity = 95.02P¢) These isotopically enriched stock

solutions were used in later experimerits Mdssbauer analysis.

A pH and ioit strength buffer solution was prepared in excess consistiri@) ohM 3-
(N-morpholino)propanesulfonic acidMOPS) and 50 mM NacCl, dissolved in
deoxygenated DIW.

5.2.2 Transformation of contaminant 3 -chlornitrobenzene and
reaction kinetics experiments

This expement investigated how redox cycling nontronite NAwsing Fe(l) as the
reductant impacted the reaction kinetics towards the reductive transformation of

model nitroaromatic contaminant, and kinetic probe compoundtBoronitrobenzene.

NAu1 clay minerasamples were subjected to three successive cycles of reduction,

using Fe(lk) as reducing agent, and oxidation vigA

Samples and data are categorized by the following naming system, for ease of future

reference:
Cycle Igenerally refers to NAG samples that have been reduced once Wat(l1)q.

Cycle Zyenerally refers to NAGQ samples that have been reduced witb(11}q,

reoxidised withH>Op, and subsequently reeduced withFe(ll}qa second time.

Cycle 3yenerallyrefers to NAul samples that have been reduced for a third time with

Fe(ll)q, after two preceding reducticxidation cycles.
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to measurements of the sample describeddyicle lafter reoxidation with HO,, and

all structural Fe(ll) has been oxidised to Fe(lll).

5.2.2.1 Reductionoxidation cycling of NAtL, using Fe(ll}q as reductant and HO;
as oxidant

Initial reduction Cycle ) of NAul with Fe(l3qwas conducted by the faliving

procedure:

Fe stock solution with natural isotopic abundance (Section 5.2.1.2) was added to the
deoxygenated buffer solution to achieve a desired concentration of 3.5 mM Re. 10
samples of buffer + stock solution were taken aside to measure iodiaentrations

of Fe(ll}gand Feqt via colourimetric 1,1phenanthroline assay (following method
described in Schilt (1969)). Powdered NAnontronite was added to the buffer + Fe
stock solution to achieve a desired mineral loading concentration ¢f.2Tgpe pH was

then adjusted to 7.5 with aliquots of 1 M HCI or NaCl, and the mixture was left
overnight to stir via a magnetic stirrer. The following morning, batch reactors were
produced from the stock suspension by removing 3 x 15 mL samples and &m@ing
separate 20 mL glass vials. Each batch reactor (15 mL of 2 g/L clay mineral suspension
in 20 mL glass vial) was {aldjusted to 7.5 with 1QuL aliquots of 1 M NaOH or HCI (as
necessary). Reactors were sealed with a butylene rubber stopper, -cappedto
hermetically seal the contents, then wrapped in aluminium foil to prevent any risk of
photo-oxidation. Batch reactors were set aside for contaminant transformation
(described later in Section 5.2.2.2), and stored in the anaerobic chamber on an end
over-end rotator. The remaining clay mineral stock suspension was then centrifuged to
separate solid material from supernatant and remaining kg(lDentrifugation was

carried outin centrifuge tubes, sealed and wrapped with PTFE tape to prevent any risk
of oxidation. Once solids were separated from supernatantglll@amples were taken

of the supernatant for 1,1phenanthroline analysis (Schilt 1969) to measure the
change in concentration of Fegjand Feot of solution after reaction with NAQ. The
separated solids were then washed to remove remnant Rgéihd resuspended in

buffer solution at 2 g/L mineral concentration using a magnetic stirrer and left until

adequately mixed. Once solid material wagqdately resuspended and mixed, the
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suspension was removed from the anaerobic chambe@Mas added in molar
excess in order to assure all Fe(ll) present in the suspension was able to be oxidised to
Fe(lll). The suspension was left exposed to the naatrabsphere overnight, mixing

with magnetic stirrer to allow for complete oxidation.

The following day, the oxidised material was washed carefully multiple times with DIW
to remove any remnant #D,, and solids were resuspended in DIW at an equivalent
mineral loading concentration (2 g/L). A 20 mL sample was taken from the suspension

and set aside for later solid sample analyses.

The bulk, oxidised clay mineral suspension was deoxygenated for 1 hour by bubbling
with N, and the solution was brought back anthe anoxic, Blatmosphere anaerobic
chamber. The solution was then centrifuged to separate solid material from
supernatant, and the reduction process would bstegted (with some adjustment$o

concentration$ to initiate Cycle 2

Using the data colleed by 1,10phenanthroline assay i@ycle ffor samples of
supernatant taken before and after NAureduction, the difference between the
values can be used to calculate the concentration of &gifiidt was removed from
the solution after reaction with Nu-1 to become soligassociated. The concentration
of solidassociated Fe(ll) was combined with the total clay mineral present in
suspension, to give a molar concentration of total solid Fe present afteCyiote 1

reoxidation.

For the second reductiorC{ycle 2, Fe stock solution was added to the deoxygenated
buffer solution to achieve a desired concentration of 3.5 mM Feul18amples of

buffer + stock solution were taken aside to measure initial concentrations ofage(ll)
and Feotvia colourimetric 110-phenanthroline assay. Solid material fra@ycle was
added to the buffer + Fetock solution and mixed to achieve a suspension with a
desired mineral loading concentration of 2 g/L. The pH was then adjusted to 7.5 with
aliquots of 1 M HCI or NaCl atite mixture was left overnight to stir via a magnetic
stirrer. The following morning, the suspension was then diluted with buffer solution to
achieve a total Fe molar concentration (combined solid, structural, and agueous)
equivalent to that of the react@ of Cycle 1 Three 15 mL batch reactors were

produced (as described above) from the stock suspension and set aside for

Harry Brooksbank 2022 Pagel20



Assessing the sustainability of Feearing clay mineral redoxeactions
Chapter 5: Redox cycling with agueous Fe(ll). Biologroalliyated, abiotic reduction

contaminant transformation experiments. The remaining suspension was centrifuged
to separate solids from supernatant, and supernatanswaaalysed via 1,10
phenanthroline assay to measure the change in Fe(ll) angd Belids were

resuspended at B/L in buffer solution and removed from anaerobic chamber for
oxidation via HO» (as described fo€ycle ). After 24 hours of oxidation, sodvere
washed to remove remnantJ,, resuspended in DIW, and a 20 mL sample was taken

for later solid sample analyses.

The clay mineral suspension was deoxygenated for 1 hour by bubbling yémdNthe
solution was brought back into the anaerobic chambghe solution was then
centrifuged to separate solid material from supernatant, and the reduction process
would be prepared foCycle 3 Again, the concentration of total solid Fe present was
calculated using the values measured before and after reactdte(ll) with NAW by

1,10phenanthroline assay.

Cycle JFollowed the same reduction procedure as described@gcle 2and again the
suspension was diluted after reaction with the aqueous phase to achieve an equivalent
total Fe molar concentration ggesent inCycle Teactors. Three 15 mL batch reactors
were prepared as described above and set aside for contaminant transformation.
Remaining solid material was separated from supernatant and reoxidised as described
in Cycle 2A 20 mL sample of the reidlised suspension was set aside for solid sample

analyses.

5.2.2.2 Nitroaromatic compound transformation experiments
Probe compound degradation reactions were initiated by injectingl30f methanolic

3-chloronitrobenzene stock solution to give an initial concentration of 80 using a
Hamilton gadight, PTFE luer lock, 0.25 mL glass syringe to achieve a starting
concentration of ~5QuM in the reactor. A 50QlL sample was taken immexdely after
spiking using a Hamilton géght, PTFE luer lock, 0.5 mL glass pipette and filtered
using a luer lock, 0.22m nylon filter (sourced from Thames Restek Ltd) to remove any
mineral / solids. The sample was then stored in a clear, 2 mL seaksiHPLC vial
(sourced from VWR) with conical glass inserts (from Sigma Aldrich) until analysis. For
each reactor, more samples were taken in the same method atiptermined time

steps until the transformation of-8hloronitrobenzene to &hloroanalinehad reached
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completion (.e.all 3-chloronitrobenzene has been transformed tecBloroaniline). All

samples were stored in the fridge at 4 °C prior to HPLC analysis.

5.2.2.3 Organic contaminant quantification
The first sample taken from the reactor immediatelyeafspiking with contaminant

was used as measurement for initial concentration. Samples measured via HPLC were
measured against a set of ppgepared calibration standards containing both

methylated contaminant and product, and diluted with DIW, at 5 djpeci

concentrations (JM/L, 12.5uM/L, 25uM/L, 37.5uM/L, and 50uM/L) in glass HPLC

vials (same as used for reactor samples).

Analysis of samples and concentrations of model contaminariti@onitrobenzene
(3CNB) and the degradation produetBloroandine (3CAN) were measured using the
Agilent 1260 Infinity Il HPLC equipped with DAD detector, using-48 t@umn
(XBridge C18 3.5 um).

Samples were measured with a custom HPLC method, using deionized water and
methanol in varying proportions as elueifigure Sl 3.8hows the custom

concentration / time eluent gradient used for each sample.

TheHPLC methodias conducted as follow40 minute total run time per sample.
Flow rate wad mL / min,and column temperaturevas kept a30 °C. 20 mL of sample
was injected per analysigbsorption was measureat wavelengths 214 nm and 252

nm.

5.2.2.4 Data evaluation and kinetic modelling
All measured contaminant transformation were fitted with kinetic models to calculate

the intrinsic reactivity of the system. Kinetionelling followed the methods and

equations described previously in Chapter 3 (Section 3.2.5)

5.2.2.5 Solid sample analyses with-pay diffraction (XRD)
Mineral samples were analysed for characterisation via XRD. Reoxidised XRD samples

were produced by centrifuggreoxidised mineral suspensions to separate solid
material from the supernatant. The solids were then freezied overnight to remove
excess moisture, leaving a solid powder. The dry mineral powders were placed on a

zero-background sample holder, and sotbhed over with a silicon slide.
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The dry mineral samples were measuredwitha b | £ @ G A OFf - Qt SNII g A

detectorusing the following setup:

Optics:Sollerslit = 0.04 rad, Divergence slit = 0.5 °, Beam mask = 20 mnscatter
slit=1°
2theta range’5¢100 °, step size = 0.0334 °, 1 s step

5.2.3 Madssbauer analysis with Fe isotopes
As well as understanding the effects of Fg{fBdox cycling on the reacttyiof the

system, a secondary experiment was conducted in tandem. This experiment applied
isotope-specific Mossbauer analysis to measure how kg(d)lox cycling impacts the
structural Fe coordination within the clay minerals, and to quantify the reduacti

extent (.e.% Fe(ll) content) of clay mineral structural Fe, as well as the Fagtljafie

of the whole reactor system. The experiment also investigated whether secondary Fe
minerals are formed during the process, how these are altered by suceessiles,

and what role these might play in the transformation of nitroaromatics.

Using isotopically enriched Fe{dlolutions allows isolated measurement and
characterisation of different pools of Fe present in the system. Using Mdssbauer
visible f’Fe) or Méssbaueinvisible>®Fe allows the measurement of either clay
mineral structural Fe, or of the added Fe(ll) reductant separately. A mategth

explanation, and labelling regime is available later in Section 5.3.3.1.

For the Méssbauer analysis, lgr2 reduction oxidation cycles were examined. Samples

and data are categorized by the following naming system, for ease of future reference:
Cycle Igenerally refers to NAG samples that have been reduced once with Rg(ll)

Cycle Zyenerally refers ttNAu1 samples that have been reduced with Fe{ll)

reoxidised with HO,, and subsequently reeduced with Fe(li) a second time.

C2NJ y2GSY SIOK 0OeofsS Ffaz2 KIFa Al THcleNS d LIS
NE2EARA&ASRE 4 2 dzfeis ol Beinple desribat@ycle tizmel Y

reoxidation with HOp, and all structural Fe(ll) has been oxidised.
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5.2.3.1 Redox cycling process used to create samples for Mossbauer analysis

The following section describes the redox cycling process forINgample to be used

for Mossbauer analysis. Unlike the kinetic experiments (Section 5.2.2), samples

measured by Mdssbauer were not ssamples separated from a bulk suspension.

Instead, new samples were processed each time, and redox cycling was ceased at the
desred stage of examination. For instance, for a Méssbauer spectrui@yafié 2

reoxidised NAm ¢ £ | ySg al YLX S 62dzf R 6S LINBLI NBR
stopped after the second reoxidation. The sample would then be analysed by

Mossbauer.

The redox cgling process is as followd) mg of powdered, nativBlAu-1 was added to
a 20ml glass vial (wrapped in foil to prevent dayer unintentional photeoxidation)
and brought into theN. atmosphereanaerobicchamber 100 mM Fe(l4) stock
solutionenrichedwith required isotope Feor °’Fe) was added to deoxygenated
buffer stock solutior{Section 5.2.1.2n a separate 50 mL glass beaker to achieve a
concentration of 3 mM Fe(ll}q. The stock solution mixture was adjusted to pH 7.5 by
adding minute increrants of1 M NaOH or HGls required and al0 pL sample was
taken and stored for a later 1,3ghenanthroline assafSchilt 1969) to measure the
initial concentration of Fe(ll) and fe The stock solution buffemixture was then
added into thealuminium foitwrappedglass vial containing th&0 mg of powdered
NAuw1, to a mineral loading concentration of 2 glfhe vialvas thensealedwith a
butylene rubber stopper, crimpapped to hermetically seal the contentaixedusing

a vortex mixer follO seconds to allow particle dispersal, and left to stir overnight on
an endover-endrotator. The following day, the reactor vial was decrimped and the
contents were added to centrifuge tubes, sealed with PTFE tape and centrifuged at
11000 rpm for 15 mines to separate solid minerals from supernatant. The
centrifuged tubes wer¢hen returned to theanaerobic chambeand the supernatant
poured into a separate vessel; a sample of supernatant was taken for a later 1,10

phenanthroline assay

Samples to undgo further second and third reductions were resuspended in DIW and
removed from theanaerobic chambefor subsequent oxidation via:B» oxidation.

Oxidation followed the same procedure as described in Section 5.2.2.1, but no sub
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samples were separated feplid analysis. After washing with DIW and deoxygenation
solid samples were transferred back to the anaerobic chamberCyrte 2vould

repeat the process to the oxidised solid mineral material.

Mossbauer spectra were fitted using the commercial softwReeoil (Ottawa, Canada)
using Full Static Hamiltonian site analysis for samples displaying magnetic ordering and
Voigt based fittings for samples where magnetic ordering was not visible. Reduction

extent was the principal analysis objective.

5.2.3.2 Mdéssbauer anbysis
Solids were separated from supernatant via either prolonged centrifugation or with a

0.2um nylon filter under anaerobic atmosphere. The sample solids were sealed in

Kapton tape to prevent oxidation during transfer to the Mdssbauer spectrometer.

Sampes were analysed using an S4 Mdssbauer spectrometer (SEE Co., Edina, MN,

P o{ ®! d0 AY GNIYAaAYAAdaAzy Ye® i TegiperatOre £ A 6 NI
during spectra acquisition was controlled with a closed cycle cryosta8&HUanis

Research CpWilmington, MA, U.S.A.) at either 77 K or 4 K temperature to allow for

guantifying Fe oxidation state and the Fe speciation of the clay mineral.

Spectra were analysed using the software Recoil, using-Wasgd fitting routine for
spectra measured at 7K temperature, and Fufitatic Hamiltonian fitting routine for

samples measured at 4 K temperature.

5.2.4 Contributions
Dr Jamie Gould provided technigplidanceand operational assistance for XRD

measurements.

5.3 Results and Discussion

5.3.1 Contaminant transformation with Fe(ll) -reduced NAu-1
To understand how multiple cycles of reduction via Rg@hd reoxidation (with
hydrogen peroxide) impacts the reactivity of the minerals, reduced-Naas used to
reductively degrade a probe compouniée(lhreduced NAtL was reacted with 3
chloronitrobenzene and the concentration of both the model contaminant and
product (3chloroaniline) were measured in time course experiments. The

concentrations of these reactants and products were measured with®] and
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transformation curves were fitted using the kinetic model defined by the equations
described in Chapter 3 (Section 3.2.5).

1.0
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Figure5.1: Typical time course concentration measurements (circles-ofiloronitrobenzene during reaction with
NAu1 that has been reduced with Fe@d) Results were obtained in the presence of reduced NAGycle },
reducedreoxidisedrereduced NAtL (Cycle 2 and reduceereoxidisedrereducedrereoxidisedrerereduced NA-1
(Cycle 3 as described isection 52.2. Coloured lines show the fit to the tweite kinetic model (defined in
Equation 3.1).

Figure5.1shows the measured concentrations atBloronitrobenzene (3CNB) during
reaction with NAul reduced by3.5 mMagueousFe(ll)over 3 successive reduction
cyclesandthe correspondingnodelled fits of kinetic degradationnCycle ihe
concentration of 3CNB decreases gradually over time, and the reaction reaches
completion after roughly 200 hours. The degradationfpeds confirmed to reach
completion in the measured accumulation of the product compousah®roaniline
(as shown in Figure Sl 5.1), whérere isan increase until the concentration of the

product equals that of the initial spike of 3CNB.
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The measred concentration data was initially fitted with a oisée reactive model to
conform to a first order rate law (see Figure Sl 5.1). However, it is evident that the
measured values and the orsite model do not agree, and that the first order rate

model was insufficient to appropriately describe the data.

When examining the first reduction cycle, the 3CNB transformation appears to follow
two distinct phases. First, an initial stage of rapid transformation where around 50% of
the contaminant was transformeit the first 12 hours of reaction. Then, the reaction
changed to a more gradual change with the concentration declining over the following
few days. The measured data was then fitteith a kinetic model comprising two

reactive sites for contaminant degiation, which was developeagreviouslyfor highly
reduced Feich clay mineral§Neumann et al. 2008This models the sameasused
previously inboth of the previous Chapters 3 andahd wasdescribedn detail
previously(see Section 3.2.5). It is dent from visual inspection of the modelled

curves that this twesite modelproduces dar moreaccuratedescriptionof the

measured data. The good agreement between experimental data and model fit implies
the existence of two distinct reactiviee(ll)sitespresent in the system that determine

the transformation rate and curve shape. A first highly reactive site thatidates
transformation during the initial stages, and a second less reactive site which gradually
becomes the prevailing influence over time. The adherence to asiteareactive

model is typical for reduced, Fech clay mineralse(g.Neumann et al. 2008\eumann

et al. 2009).

When compared with other experiments, the contaminant transformatio@péle 1
observed in isolation produces results comparable to those of other reduction
pathways. For instance, the first cycle degradation fitting looks simaildre fittings
produced in the dithioniteeeduced and AQD&duced NAtL of Chapters 3 and 4 (see
Section 3.3.1Section 4.3.2). This fitting pattern has also been demonstrated in
previous research. Rothwell (2018) investigated the transformation of 2
acetylnitrobenzene in the presence of Fe(Bjluced NAtL, and observed a similar
rate and profile of degradation. This study also demonstrated that thedit®model

is applicable to Fe(iteduced, Feich clay minerals, and that rates are comparable

with those of dithionitereduced minerals. The study however did not investigate
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beyond the initial reduction for any potential effects of multiple cycles. Previous
experiments demonstrated that three successive reductardation cycles using

either dithionite or AQDS as reductants did not lead to any significant changes to the
rate of reaction (Figures 3.1, 3.2, and Figures 4.4, 4.5). In contrast, Figure 5.1 shows
that for Fe(Ilreduced NAwL the rate of reaction rapidly increased after the first cycle,
and inCycle Zhe reaction reached completion in under 24 hours. This rapid
degradation is also reflected in the corresponding aniline concentrations (see Figure SI
5.1). BothCycle Zand 3 were also tested with a orste model, and as with the first
cyck in both cases the onsite model was insufficient to appropriately describe the
measured data values (see Figure Sl 5.1). Cycles 2 and 3 both also show the same
biphasic pattern of the initial rapid decrease in concentration followed by a more
gradual deline afterwards, although the reaction takes place on a much shorter time
scale.Cycle Jappears similar t&€ycle 2and there is no increase to the speed of
transformation to the extent seen in the previous cycle. The transformation curves
displayed in igure 5.1 appear to indicate that reactivity is dramatically improved after

Cycle 1but then remains consistent aft€ycle 2

Assessing the impact of redox cycling to the rate of contaminant transformation
qualitatively is limiting. However, the kineticodel can also provide quantitative

analysis of the observed changes to reactivity seen &tele 1

5.3.2 Analysis of contaminant degradation kinetics
The kinetic model takes into account the concentration of Fe(ll) present in the system,

andthis can be usetb quantitively assess the intrinsic reactivity of the systd&ime
kinetic fitcanyield the rate constanvalues for the contaminant transformatioas
well ascalculate the concentrations of both highly reactive and less reactive sites on
the clay surfae, implicit in the adherence to the tw&ite model. The two reactive sites

will bereferred to hereafter asite A(highly reactivg and site B (less reactive).
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Figure5.2: Figure A shows the logarithm of rate constangs) for 3CNB degradation with 3.5 mM Fe¢hgduced
NAu1 (red markers) and low (20 %) extent dithioniteduced NAwL (grey markers, data from chapter 3)
resulting from each of the 3 reductienxidation cycles. Squares mark highly reactive site logalues,and
diamonds represent less reactive site l@yalues. Figure B shows the logarithms of the initial concentrations of
highly reactive sites (A) in 3.5 mM Fe{téduced NAtL (red) and dithionitereduced NAtL to high (75 % dark
grey) and low (20 % ligt grey) extent Error bars are defined by 1 standard deviation.

Figure 5.2 shows the calculated kinetic parameters for Fredi)ced NAtL over 3
reduction-oxidation cycles. In Figure 5.2 (A) the changes in the log of the kinetic rate
constant (k) are gible. The kinetic rate constant in this instance is describebeas
intrinsic reactivity of a defined electron donor speciEsrCycle 1t is evident that the
rate constant values for site A (highly reactive) are two orders of magnitude greater
than those of site B (less reactive). Rate constant values for both reactive sites
significantly increase over an order of magnitude@ycle 2with the log k value for

site A rising from 3.8 to 4.9, and the log k value for site B rising from 1.8 to 3.1. This
increase in reactivity reflects the modelled fittings where there was a clear increase in
the rate of reaction betweeCycle land 2. The rate constant values@ycle 3

decrease slightly in comparison @ycle 2however the change is not significantly
different after accounting for error (based on 1 standard deviation). This result also
aligns with the modelled fitting wher€ycle 2and 3 are largely similar. The difference
between the rate constant values for site A versus site B remains similar across all
three cycles (a difference of roughly 2 orders of magnitude), which suggests cycling

does not impact one reactive site to a greater extent than the other.

Figure 5.2 also features kinetic parameters calculated for 20 % dithioedieced NAu

1 (taken fromFigure 3.2) for comparison. The site A rate constant for both Fe(ll)
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reduced and dithionitereduced NAwL are almost identical, with a log k of 3.8 and 3.4
respectively. However, the rate constant value of site B for the FeflJced sample is
1.5 ordes of magnitude greater than the value for the dithionteduced sample. This
result aligns well with previous researdRothwell(2018) investigated the effect of one
reduction with Fe(ll) on the reactivity of NAutowards the transformation of-2
acetylrtrobenzene. The study compared the results with NlAxteduced with

dithionite to equivalent reduction extents and observed that the rate constant values
for the highly reactive sites did not differ significantly, whereas the less reactive sites
were sigrficantly increased. The different choice of probe compounds (2
acetylnitrobenzene vs-8hloronitrobenzene) in each study means the log k values
determined are not directly comparable, because different nitroaromatic
contaminants have different orelectronreduction potentials (' fvalues and

therefore will react with the minerals at different rates (Klausen et al. 1995). However,
it is reasonable to expect similar trends of transformation. The log k values measured
by Rothwell were lower than those ackid in this study despite equal conditions (pH,
mineral loading, and concentrations of contaminant and Fe). This result might be due
to 3-chloronitrobenzene having a more positive¢” EThis could mean that it possesses

a greater tendency to be reduced th&-acetylnitrobenzene. Indeed, Klausen et al.
(1995) also measured increased rate constant values-tri@onitrobenzene

reduction by Faninerals, compared to-Acetylnitrobenzene.

While the specific rate constant values may differ between the twoistjdhe

findings and conclusions proposed by Rothwell are consistent with the data of this
experiment. The increased log k values in the less reactive site B were determined by
Rothwell as evidence for the formation of new reactive Fe(ll) sites in themny$he
differing reaction kinetics between dithionteduced and Fe(leduced nontronite

(at equalstructuralFe(ll):Fey) is likely to be due to the differintgtal Fe(ll) content
within the systemWhile it has been shown that aqueous Fe(ll) alone cannot reduce
nitroaromatics €.g.Klausen et al. 1995), the Rothwell styztpposed a number of
possible explanations to the effects of Fe(ll) reduction on the kinetics. Firstly, the
increased Fe(ll) mayake allowed a recharging effect of the NAstructural Fe,
providing improved reactivity for site B. Secondly, the stndied a significant fraction

of aqueous Fe(ll) was removed from solutaord became solidssociated. This effect
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was also observed ihis study (see table 5.1), where@ycle 185% of aqueous Fe(ll)
was removed from solution after contact with NAult is possible that the sold

associated Fe formed additional reactive Fe sites in secondary solid phases.

Table 5.1: Concentration vaes for the added Fe stock solution before and after reaction with NAwalescribing

the volume of Fe removed from solution to become solid associated, and as a percentage of the initial aqueous
Fe(ll) added. Table also displays the as the Fe(liyfatio of the reactor at the moment before kinetic
experiments commence

Aq Fe(ll) Aq (1) Aqueous Fe(ll) conc. _ . . Solid-associated Fe(ll)
. Solid-associated Fe(ll) .

2 conc. before Nau- conc. post Nau-1 post Nau-1 reduction post reduction .
Reduction cycle ) | L conc. post NAu-1 e Fe(ll)/Fe;, ratio
1 reduction reduction (% of intial stock . (% of intial stock

reduction (mM/L)
(mM/L) (mM/L) solution) solution)
1 35 0.54 15.40 2.96 84.60 0.33
2 35 0.20 5.80 3.29 94.20 0.30
3 3.5 0.16 4.60 333 95.40 0.25

The study by Rothwell however only measured the first cycle, and did not measure the
effects of subsequent rexidation and rereduction of the mineral with Fe(ll). Our
modelled fittingdata shows that the second cycle of reduction has a severe impact on
the rate of reaction, an effect previously unseen by prior research. As with the
modelled fit (Figure 5.1), reductid@ycle Zhows notably increased reactivity with
significant rise ifK values when compared wiycle land with dithionitereduced

values. Both reactive sites increased by over an order of magnitude, with ttke log
values for the highly reactive sites changing from 3.83 to 4.94, while the less reactive
sites increased fim 1.76 to 3.12. The cause of this increase on the second cycle must

be investigated.

In the second reductiorsamples were reduced with the same concentration of Fe(ll)
(3.5mM) and Table 5.1 shows that a greater percentage (94%) of aqueous Fe(ll)
concentration was removed from solution into the solid phase tGawcle 1(85%).
However, inCycle 2he concentration of reduction equivalents in the systeam.(
concentration of E(ll)) cannot explain the observed effects on kinetics for the
following reasons. After the clay mineral reduction with aqueouslyele Zand Cycle
3reactors were diluted to ensure an equal concentration of total Fe taGiele 1
reaction, before contminant transformation occurred. Table 5.1 shows the Fe(H)Fe
ratio within the reactor for each cycle, and shows that the ratio remains relatively
unchanged albeit with a minor decreasing trend due to the increased Fe(lll) from the

reoxidation. This mess thatCycle 2achieved over an order of magnitude greater

Harry Brooksbank 2022 Pagel3l



Assessing the sustainability of Feearing clay mineral redoxeactions
Chapter 5: Redox cycling with agueous Fe(ll). Biologroalliyated, abiotic reduction

reactivity towards the probe compound th&ycle ldespite an equal concentration of

total Fe, and an equal or smaller Fe(ll):Fe(lll) ratio in the system.

ForCycle 3rate constant values aremsilar to those oifCycle 2ut both reactive sites

show a minor decrease. The decrease in rate constants is within error and therefore is
not considered significant. This result is comparable to the modelled fittings of Figure
5.1, where there were very sitar results between cycles 2 and 3, with a slight
decrease in speed of reaction on the latter. This result indicates that the most
significant effect on the reactivity of the system occurs after the first cycle has been
oxidized. Additionally, afte€ycle2 has been reoxidized, any further redox cycling

causes negligible impact on the system reactivity.

The kinetic model can also be used to calculate the initial concentration of highly
reactive sites (CAO hereafter) present in the clay mineral. Interestingly, the results
(Figure 5.2B) suggest that reductioridation cycling causes no measured changes to
the initial concentration of initial highly reactive sites over 3 cycles. In addition, the
concentration values calculated for Fe(Bluced nontronite are equivalent to the
values resulting from the analysis of the kinetics of 3CNB degradation by dihion
reduced NAtL. The Rothwell study (2018) also found Fe@dlucedNAu1 produced

highly comparable CAO values to dithionrezluced experiments.

Rothwell(2018)also investigated the nature of the intrinsic reactive sites described by
the fitting inNAu1 reduced with aqueous Fe(ll). The study concluded that when
reduction extent of the mineral is below 30%, the highly reactive sitessite A) are

most likely to bea dioctahedral Fe(ll) atom bound to an Fe(lll). At greater reduction
extents, incrased Fe(l4fe(ll) interaction led tatrioctahedral configuration, however

the study did not achieve such reduction extents when using Fe(ll) as the reducing
agent. The study also found that the highly reactive sites showed similarities, and were
highlycomparable in nature for both dithionite and Feféduced NAtL. The less
reactive sitesi(e. site B) did not show the same similarities between the two reduction
pathways and were very different in nature. The study suggested that the less reactive
Fesites were comprised of different species for both dithionite and Feftijiced

NAuw1, and that in the latter case the sites were new Fe(ll) species associated with

phases formed by the electron transfer reaction between aqueous and structural Fe.
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The olserved rise in rate constant values foycle 2but negligible difference in initial
concentration of highly reactive sites suggests that reactivity is increased despite no
change in relative abundance of highly reactive sites. One explanation for figxs isf

that cycling with Fe(ll) causes impacts to the clay mineral structure that make
octahedral Fe substantially more reactive than when reduced with dithionite.

However, there are many arguments as to why this is unlikely. Firstly, if this were the
cag it would be expected that these alterations would be observe@yiole 1or that
onemight see an additive effect with each subsequent cycle. We would expect to see
the changes begin on the first reduction cycle, with similar or cumulative effects on the
second. When exactly repeating the same reduction process there is no logical reason
why this would cause significant changes on the second cycle but not the first.
Similarly, if the changes to reactivity measured are intrinsic to the clay mineral it does
not follow thatCycle land Cycle 2vould each cause different effects. Rothw@018)

has shown that reduction with either Fe(ll) or dithionite produces the same species of
highly reactive sites on the first reduction cycle. As the electron transfehamesm
produces the same reactive sites foycle 1it does not follow that a different

mechanism would occur on the second cycle under the same conditions.

Secondly, previous research has shown that reducingegeing clay minerals to a low

% of structiral Fe(ll)/ Fex (reduction extent) tends to produce results that are largely
indistinguishable, regardless of reduction pathway (Ribeiro.&(f9). In addition,
previous studies have shown that electron transfer from Rgt)Ferich clay

mineralsonly tends to achieve low reduction extentsd.Schaefer et al. 2011,

Neumann et al. 2013, Rothwell 2018, Entwistle 2021). The experiments of the previous
chapters similarly demonstrated that at low reduction extents there was little

difference betweerthe kinetic effects of reduction via dithionite versus electron

shuttles such as AQDIS(Section 4.3.4). There is therefore little evidence to suggest
that changing the source of the electron donated should impact the kinetics to the

extent observed with Fe(ll).

Another explanation for the rise in reactivity aft€ycle ds that rather thanan
increase in the intrinsic activity of the reactive sites, the results instead reflect the

formation of new reactive species. The kinetic model was designed to describe the
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kinetics of the reactive Fe within the system, and initially it was assumedtisat

reactive Fe was within the clay mineral. The model takes into account the total
concentration of Fe(ll) and allocates this reactive Fe into two pools, one with high rate
constant values and one with a low rate constant value. While it was designed fo
discriminating the presence of variability in clay mineral structural Fe, the model itself
cannot determine exactly what Fe species the two pools represent. It is clear that the
model works well to describe this system, which has been demonstrated sepss
increased soliehssociated Fe(ll). It is therefore possible that the model is describing

new reactive sites external to the clay mineral.

There are multiple points of evidence that could suggest the formation of new reactive
Fe species. Firstly, prieus research (Rothwell 2018) concluded that the increased
reactivity of the less reactive sites observed in Feddlced NAtL was caused by
formation of additional reactive sites. It was determined that these additional reactive
sites were formed by th electron transfer reaction between the aqueous Fe ion and
the structural Fe on the initial reduction, but the exact nature of the sites was largely

undefined.

Secondly, it has been well documented that the oxidation of aqueous Fe by solid
minerals candad to the formation of secondary minerals such as magnetite, surface
sorbed / complexed Fe(ll), or green rust specgeg.Misawa et al. 1974, Genin et al.
2005, Tsarev et al. 2016, Jones et al. 2017). It is possible that the secondary minerals
are alsareactive towards nitroaromatice(g.Klausen et al. 1995, Hostetter et al.

2006) which might explain the newly formed reactive sites described by Rothwell
(2018). Concomitant to this, the complete reoxidation of the system @tale 1

means thatCycle Zeactors contained a new previously absent pool of solid Fe formed
by the oxidation of the added Fe fro@ycle 1Previous studies have shown that the
reaction of aqueous Fe(ll) with 6&ides andoxyhydroxides can promote
transformation to reactive mixe valent speciese(g. Tamaura et al. 1984, Pedersen et
al. 2005, Cdin et al. 2006, Gorski et al. 2009). The interaction between the residual
oxidized Fe fronCycle 1and the new agueous Fe Gfcle 2nay lead to the further

transformation and formatiorof new highly reactive Fe sites absenOycle 1
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Considering the changes in reactivity are possibly due to the formation of secondary Fe
species, a further spectroscopic analysis was conducted to characterize the solid

associated Fe present within thgsiem.

5.3.3 Characterisation of Fe species, and impacts of Fe(ll) redox
cycling on mineralogy

To understand the cause of the observed increase in reactivity towards nitroaromatic
contaminantsthe studyanaly®dthe effects of reduction oxidation cycling on tke
speciationof the systemTheexpeaiment involveda combination of wethemical
analyses, isotopspecificc’FeMdssbauer spectroscopy and XRD analysis to identify
and monitor different solieassociated pools of Fe in our system, specifically: (1) Fe
bound in the structureof clay minerals and; (2) solassociated Fe that resulted from
the removal from solution / precipitation of aqueous Fe(ll) in the presence of added
solids Cycle 1NAul/ cycles 2+3: NA plus Fe oxidation product).

5.3.3.1 Characterisation of clayassociated~e species and mineralogy with
Mdossbauer spectroscopy

Mossbauer spectroscopy allows ulinggh-resolution analysis of the binding
environment of Fe atoms, allowing a deeper insight into how dwdidnd Fe is

organised within the system.

A combination of Mssbauetvisible and Mdssbauenvisible Fe isotopes were used to
allow targeted measurement of each specific pool ofifee¢lay mineral structural Fe,
and added Fe(ll) ). Solutions enriched wffe are Mossbauenvisible, meaning using
this isotopeas the reductant allows us to study the impacts of Fe(ll) reduction on the
clay mineral structural Fe alone. Alternativeél{Fe isotope is highly Mossbaueisible.
Clay minerals naturally have a very low abundanc®fs, which means using
solutions eniched with®>Fe as the reducing agent can produce a Mossbauer reading
for the aqueous phase orders of magnitude greater than the clay mineral structural Fe
content. This produces a spectrum where the reading of the enri€hes{l) reductant
masks the absorption of the structural Fe, making the reading of the structural Fe
essentially invisible. Isotopgpecific Mossbauer allows the precision observation of
specific pools of Fe within the system, allowing us to examine how betlclay

mineral and the added Fe(ll) are altered by the reaction.

Harry Brooksbank 2022 Pagel35



Assessing the sustainability of Feearing clay mineral redoxeactions
Chapter 5: Redox cycling with aqueous Fe(ll). Biologiallijated, abiotic reduction

To simplify the description of the analysis conducted, a visual symbol system was
produced to help label each spectrufigure5.3describes the labelling procetsat

has beerapplied to ourMéssbaueranalysis.

56Fe = Mossbauer invisible

REdUCEd 5’Fe = Md&ssbauer visible
+Fe? o \ +H,0, [+Fe? \,\+ H,0,
@ .? & _we
Clay Mineral Oxidised .@ﬂ&v -l I

Figure5.3: diagram describing the process of redox cycling with Fe(ll) (left), where the hexagon represents the
clay mineral structural Fe, and the cluster shapes represent the added Fe(ll) reductant. Blue symbidiste

Fe pool is in a reduced stated. contains F&") andMdssbauelvisible, orange indicates an oxidised state and
Mdossbauervisible, grey indicates the Fe pooliddssbauerinvisible. (right) demonstrates which Fe pookre

visible / invisible per experiment.

To begin®Fe {.e. Mossbaueiinvisible) was used as reductant in order to examine the
effects of redox cycling on the clay mineral structural Fe. This experiment was
conducted to provide an insight into whether ingation of NAdl with Fe(llgqcauses
any alterations to the clay mineral structure that might be responsible for the
observed kinetics. Preliminary Mossbauer measurements were conducted at 77 K
temperature, allowing a quantitative assessment of sampleatiod state. As the

most significant kinetic alterations occurred betwe€ycle landCycle 2the

Mossbauer analysis focused primarily on onby@es of reduction and oxidation.
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Figureb5.4: Mdssbauerdata measuredat 77 Ktemperature showing effect of Fe(ll) reduction on clay mineral
@ (i NHzO (i alsP dycle€ & @ducticnxidation. A) Native Spectra, BjFereduced NAul, Cf¢Fereduced
reoxidised NAtL at 77 K, DjFereducedreoxidisedreduced NAwL, EySFereducedreoxidisedreduced
reoxidised NAuL. Fit using Voighased fitting technique.

Figure5.4 shows theMossbauerspectra of NAwl reduced by aqueol$Fe(ll) 77 KA
complete set of MOssbauer parameters daafound in Table 5.2. Figure 5.4 A shows
the spectrum for native, untreated NAL produces a single doublet (shown in yellow)

with a center shift (CS) parameter of 0.48 mm/s, and quadrupole splitting (QS) value of
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0.44 mm/s. These are expected parametinsuntreated NAuUl typical for many
nontronite samples, as have been previously documengeg.Neumann et al. 2013,
Murad and Cashion 2003). A single peak with a low CS and QS suggests that the native
mineral contains no Fe(ll). A single species alggests that there are no admixtures
or mineral contaminants such as-Brides present. In comparison, Figures B and D
represent the spectra for the samples after the additiort®#e(Il)q. Both show the
presence of a doublet (shown in light blue) witighh CS and a high QS values (~ 1.23
mm/s and 2.85 mm/s respectively) indicative of structural Fé[Hgpresence of the
doublet in these figuresonfirms thatFe(ll) is now present, and since the added Reg(ll)
isFe and Mossbauenvisible, the sourcef this doublet must be clay mineral Fe that
has become reduced within the clay structure due to electron transfer from the
aqueous Fe(ll)Theparameters of the Fe(ll) doublet agredth those measured in
previous studiesnvestigating electron transfdsetween Fe(lky and clay mineral Fe

(i.,e.Neumann et al. 2013).

Table 5.2: Table describing the fitting parameters used for #ée(Il}reduced NAuL 77 K, over 2 cycles of
reduction and oxidation. Table also includes the parameters used to fittaéve, unaltered NAdl sample.

CS(mm/s) QS (mm/s) o(mm/s) % Area

Native NAu-1 Fe(lll) doublet 0.48 0.44 0.34 100
T Fe(lll) doublet 0.48 0.48 0.31 92.95
a-renucs 1.22 2.88 0.23 7.05
*Fe-reduced, reoxidised ~ Fe(lll) doublet 0.48 0.47 0.37 100
*°Fe-reduced, reoxidised, = Fe(lll) doublet 0.47 0.51 0.29 83.14

i T - | Fe(ll) doublet \  1.24 2.83 023  16.86

56Fe-reduced, reoxidised,
Fe(lll) doublet 0.47 0.47 0.34 100

56Fe-reduced, reoxidised

In the first cycle, the doublaiccupiedarelative spectrabrea of7 %,indicatinga clay
mineral Fereduction extent(Fe(ll)/Feq) of 7 %.The achieved reduction extent agrees
well with previous research where reduati of NAul with aqueous Fe at pH 7.5
typically achieved a Fe(ll)/Rebetween 510% Neumann et al. 200)3Previous work
by Rothwell achieved a marginally higher reduction extent of 8 % FefldEthe

same concentration of aqueous Fe(ll). The déifere between these two values is
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negligibleandwithin error, which is $% of spectral area in Mdssbauer spectroscopy
Interestingly, the Fe(ll) doublet area ipextrum D indicatesa Fereduction extent of
16%,suggesingthat twice as much structural Fie the clay mineral wasusceptible to
redudion after reoxidation(i.e.. inCycle 2 Although the increase in electron transfer
in the second cycle results in higher clay mineral Fe(ll) concentration, we suggest that
this cannot explain the measured differences in reactivity, as observed as reduction
kinetics of the probe compound (Figuse2). Comparison with the dithioniteeduced
data (see Figure 5.2) shows that the second cycle fedlliced kinetics achieved 1.5
orders of magnitude greater than dithion#®duced samples even with a lower
reduction extent. For this reason, the kinethanges observed @ycle Zannot

simply be explained by increased structural Fe(ll) content, and instead must imply

there has been a qualitative change to the intrinsic reactivity of the system.

Both spectraof reoxidisedNAu1 (Figure 5.4C and Edevert to a form similar to the
native,showing a large central Fe(ll) doublet with largely equivalent parameters. The
Fe(ll) doublets of spectra B and D are no longer present in the spectra after reoxidation
which suggests that all the structural Felis beerre-oxidised by hydrogen peroxide.
Previous research into reductieyxidation cycling via dithionite and microbes to low
reduction extents has found similar effects, withagidation of the mineral reverting

the Mdssbauer spectrum to resemble thative (Ribeiro et al. 2009, Stucki 2011).
Various studies have shown that the effects of reduction on nontronite are largely
reversible, and the degree of reversibility decreases with increasing reduction extent
(Lee et al. 2006). In bothycle land Cycle2, the extent of reduction is relatively low
meaning that any effects on structure due to are reduction would be largely reversible
after re-oxidation. Research has not yet investigated the structural impacts of

reoxidation after reduction with Fe(ll).

The 77 K Méssbauer data indicates that there is electron transfer from the agqueous Fe
to the Fe originating in the clay mineral. It appears that the fraction of reducible Fe
originating in the clay mineral is increased on the second cycle. Although treere is
greater degree of electron transfer in the second cycle, the increase in Fe(ll) is
relatively small and cannot alone explain the measured effects on reactivity. The

questions that need to be addressed are: how is reactive Fe(ll) allocated within the
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Figureb5.5: Mdssbauer spectra collected at 4 K of clay mineral structural Fe @wycles of reduction using
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system and; how does redox cycling impact the speciation of reactive species? A
further analysis was conducted on the samples at 4 K temperature to further probe the

nature of the clay mineral Fe.

To better understand the binding emanments of the clay mineral Fi|ossbauer
analysis of the system dtKtemperaturewas conductedand the spectra arshown

in Figures.5. Lowering the temperature of measurement from 77 K to 4 K produces a
different spectrum, and magnetic interactiobgtween structural Fe atoms begin to
occur. The magnetic interactions provide insight into the speciation of Fe within the
clay mineral, allowing a more detailed observation of the atomic conditions of

structural Fe, and the nature of Fe binding environitsen

To allow effective comparison, a spectrum of the unaltered sample was taken (Figure
5.5 A) at 4 K temperature. Like the spectrum taken at 77 K temperature (Figure 5.4 A)

it primarily shows only one large doublet. The doublet was fitted with a CS eflue

0.50 mm/s and a QS of 0.43 mm/s. NRAabsorption spectra typically only shows the
presence of Fe(lll) doublets.¢g.Murad and Cashion 2004) with low quadrupole

splitting values (0-40.5 mm/s). The spectrum also features a sextet species with a CS
value of 0.48 mm/s, and a hyperfine field of 50 T comprising 5.4 %. This sextet was also
seen in the previous chaptee.g.see Section 4.3.3) and is likely andxele

contaminant that was not removed during purification.

There are a number of visible diffarces between the native NAuspectrum (Fig. 5.5
A), and the spectrum &fF¢g(ll)q reacted with NAuL (Fig. 5.5 B), suggestititat

reaction withaqueous F@l) has affected the structural Rgnding environmentAs

with the data measured at 77 K temperature (Figure 5.4), the spectrum ofINAu
reacted with Fe(I), features an additional doublet (blue) with a high CS and QS
parameters (1.2 mm/s and 3 mm/s respectively), indicative of Fe(ll). The presence of
Fe(lin spectrum B is further confirmation that electron transfer has occurred from
the aqueous phasd&he blue doublet has an area®f7 %,similar but slightly less than
the Fe (lldoublet area from the spectruroollectedat 77 K This would suggest that

the majority of theclay mineraFe(ll) in the systens present ashis Fe(ll)doublet

species.
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In spectrum Bthe base of the spectrum is even broader and has been fitted with a
large collapsed feature (shown in purple) with a relaspectial area around 30 %.

This collapsed feature has a centre shift (CS) of 0.56 mm/s, which would be typically
considered too low to be Fe(ll) (Murad and Cashion 2004} feature has slightly
higher CS value than other Fe(lll) species measured, howevealine still fits within

the expected range for Fe(lllj is possible that this is the culmination of multiple
species that when overlain are not highlighted individually by the fitting.ificreased
presence of this species in the reduced stadative tothe native and oxidised state)
implies that thismay berelated to or contain some fraction of Fe(ll). By these
observations it is reasonabte suggest that this species represents structural Fe(lll)

that has been influenced by the presence of nedreyll).

Thereremainsa small sextet displayed (shown in rechmprising 6% ahe spectral
area.The sextet parameters obtained were CS of 0.48 mm/s (indicating ferric iron),
anda hyperfine field value of 50. This implies that the reduction has hkttle effect

on the Feoxide contaminant species.

Upon reoxidation the Mdssbauerabsorption spectrunfFigure 5.5 Aargely
resembleghat of the native mineralThe central Fe(lll) doublet remains and has
essentially equivalent parameters to the natsggectrum (CS = 0.49 mm/s, QS = 0.44
mm/s). The base of the doublet is however notably wider than in the native spectrum,
and has been fitted with an additional poorly resolved feature (browhg sextetas

the same CS and hyperfine field values as tlsess in the reduced spectrum and
occupies the same relative percentage area. Thexidised spectrum suggests that
some changes have occurred due to the first Fegdction (notably the poorly
resolved feature), however the changes appear to be nijgigand the spectrum

looks largely very similar to the native state. The low reduction extent achieved after
the reaction with Fe(li) means that this result is largely expected as studies have
shown that low reduction extent tends to produce largelyeesible impacts on the

clay mineral structureg(.g.Gorski et al. 2012). The Fe¢duced, reoxidised spectrum
looks similar to the reoxidisespectra produced after reduction by both AQDS and
dithionite (see Section 3.3.3, and Section 4.3.3).
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In the second reduction cycle with Fe{(JFFigure 5.5 D), the structural impacts of
reduction appear far more pronounceResults shova growth in relaive area of alFe
specieqrelative to the central Fe(lll) doublet) during theredluced phase. The

spectrum showshe re-appearance of the blue doublet, purple collapsed feature and
sextet species exceptach representa largerrelative % arealhe spetrum has also

been fitted with an additional poorly resolved feature (brown) with an H value of
around 8 T. The low CS value (0.48 mm/s) suggests this species is largely Fe(lll). This
species could represent Fe material in the onset of magnetic ordéerimgFe(ll)

doublet maintains a relative area of 6 %, which is equivalent to the first cycle but lower
than what was observed in the Kispectrum which showed 16 % Fe(ll). This indicates
that the doublet is only a fraction of the total Fe(ll) in tH€ &rcle. The peak of the

sextet area (shown in red) has equivalent parameters to the sextet of toickzed

Cycle 1e.g.CS = 0.5 mm/®S = 0.1 mm/s and hyperfine field = 50 T). The spectrum
has also been fitted with other sextet species, including orik &iH value of 45.5

mm/s. The total % area of Fe that is organized as a sextet has increased from ~6 to ~21
%. The increasing area of sextets with each reduction suggests that structural Fe is
being rearranged to form new species with highHeeinteractbns allowing the

material to magnetically order.

The second cycle spectrum of the Fe@Bcted NAuL again presents wide collapsed
feature (purple) with a relative area of 40 of the total Fe. Interestingly, the collapsed
species now has a high€Svalue (0.8 mm/s) than that of the ¥ cycle. The higkS
valueindicates thisspecieds more associated with Fe(ll) than previousIZytle 1As
the Fe(ll)doublet (blue)consists of less % area than the doublet of the&KBpectrum,
some Fe(ll) is uraounted for and the collapsed feature is the most liketyspecieto
contain these additional electrortsased on the high CS valdée collapsed feature
has very similar parameters to the purple collapsed feature observed previously in
dithionite-reduced NAuUl (see Section 3.3.3). In the previous experiments the
collapsed feature was described as a mixatent species, and it was also seen to
increase with multiple cycles as appears to be the case in this experiment. The
collapsed feature occupies 40¢fthe spectrum, and mathematically must contain the
remaining 10 % of the Fe(ll) (implicit in the 77 K spectrum). This means that although

containing Fe(ll) the species will be largely Fe(lll), and therefore like the collapsed
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feature fromCycle 1likely highlights that structural Fe(ll) is impacting neighbouring
Fe(lll). Another possible explanation is that the collapsed feature is the culmination of
multiple Fe species, formed from material that has been dissolved from the clay
mineral and mixed exteml secondary minerals. If clay mineral Fe has been dissolved
and redistributed into secondary minerals, this might lead to a miaddnt

Mossbauer reading with poor resolution. This dissolution and redistribution might also
explain why the reducible Feirscreased on the second cycle, as structural Fe has
been redistributed to secondary minerals which are more accessible to reduction.
Previous research has investigated the extent of atom exchange between aqueous
Fe(ll) and NAQ at pH 7.5 (Neumann et &015) and noted that less than 5 % was
exchanged within the first 24 hours. If the sextet species alone are evidence for
preferential Fe dissolution and 4@recipitation, the potential extent of atom exchange
could be much greater than 5 %. However, grsvious study only examined the

initial reaction of NAtL with Fe(llyq (i.e. Cycle }, and did not account for a system
where other Feminerals were present as may well be the case in this sample. Overall,
the second reduction of NAL with Fe(lljqappears to produce more exaggerated
effects on the structure of the clay mineral than tfiest reduction, and it is possible

this might relate to the increased kinetics.

TheCycle Zeoxidized spectrum (Figure 5.5 E) looks highly similar t€gede 1
spectrum (Figure 5.5 C), and all Fe(ll) species such as the blue doublet have
disappeared Wwich indicates that all Fe(ll) has been successfully oxidized. The central
Fe(lll) doublet is fit with similar parameters to those of both the native andyae 1
re-oxidized spectra, but there is a significamtreasen relative aredor the

magneti@lly orderedsextetspeciesThe sextet component present after reaction of
NAuw1 with aqueous®Fe(ll) was preserved into oxidation (21% total spectral area),
and the additional distinct sextet is confirmed in the spectrum (orange) rdthsextet
(50 T)hasan area ofL0%(almost double the area of the sextet@ycle }, andthe
additional sexte{orange)compo®san area of 11 %dhe orange sextet has been fitted
with hyperfine parameters typically indicative of lepidocrocite (specifically, H of.46 T)
This is significant ey species visible tddssbauemust be produced with Fe

originally within the clay minerallhis result is strong evidence to suggest that
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structural Fe has been dissolved out of the clay mineral, and has been incorporated

into the external secondary Fexide minerals.

Both the wide collapsed feature, and the narrow poorly resolved species have
disappeared, which suggests that these alterations were largely reverSlixde.
disappearance of the large collapsed feature of the redwstate (purple) upon
reoxidation strengthens thaypothesishat thisfeatureis an effect of reductiothe

clay mineral octahedraather than the formation of a separate mineral phase

100H‘ﬁ H P -
o 80 M Fe(lll) Sextet area -
L =1 Fe(lll) Doublet area
© M Mixed valent collapsed feature area
o = Fe(ll) Doublet area
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Reduction Cycle

Figure5.6: Relative areas of Feomponents resulting from Fulitatic Hamiltonian fits of Mdssbauer spectra of
samples across cycles 1 angd. Mdssbauer spectra were collected at 4 K

Figure 5.6hows how the relative proportions of each Fe binding environment change
over the two cyclesf reduction with Fe(lk and reoxidationThe figure demonstrates
the gradual transformation of the native spectrum from a single (orange) doublet to a
mixture of speciations, over the 2 cycles.

The combined evidence froMossbaueranalysiof the claymineral Fandicatesthat
reduction-oxidation cycling with aqueous Fe(ll) does cause some irreversible
alterations to the clay mineral structure. Firstly, the increasing extent of reduced Fe
suggests that changes to the structure create more Fe that essadile to receive
electrors from the added Fe(i In addition, thancreased areaf the Fe(lll) sextets
indicates that a portion of the structural Fe isaogganized into structures with greater
magnetic ordering, and similar binding environmentstie external Fexides

produced by oxidation. This is strong evidence to indicate that octahedral Fe is

dissolved out and reincorporated into the secondary intermediate minerfaks.
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greater relative %f the purple collapsed featurdetweenCycle landCyde 2
suggessthat reduction is causing rearrangements of the structurahithin the
octahedral sheet that accumulate with each cydldtimately, the area of the original
Fe(lll) doublet decreases on each cyolbe replaced by other distinct component
(such as the sextsjimplyingthat Fe(IQreduction cycling causeseversiblestructural

alterations, despite only achieving a low reduction extent

While the evidence implies that the clay mineral structure is impacted by reaction with
the Fe(ll}q, the observed changes alone do not provide a clear explanation for the
effects on kinetics. New Fe speciations that arise in the feftted NAUL spectra
(Figure 5.5 B and D) are either Fe(8ly {he sextets) and therefore unreactive, or are
species that have been previously observed in the dithiomgduced NAeL

experiments such as the purple collapsed feature. The reduction extent does increase
from Cycle 1o Cycle 2but the extent is still far smaller than that achieved with
dithionite. Futhermore, many of the structural effects appeared reversible upon
oxidation, whereas the kinetics suggest that a major and permanent change occurred
on the second reduction (evidenced by the negligible difference in reactivity between
Cycle 2and 3). Thes observations further the hypothesis that clay mineral structural
Fe alone cannot be primarily responsible for over an order of magnitude increase in
reactivity measured on reductio@ycle ZFigure 5.2 A). If the clay mineral Fe does not
provide a cleaexplanation, then the remaining added Fe(ll) must play a significant

role in the observed kinetics.

5.3.3.2 X-ray Diffraction Spectroscopy Results
It is possible that reducticoxidation cycling with Fe(ll) and® leads to the

formation of secondary minerals thin the systemVisual examination of the oxidised
samples showed that the colour changed to a light orange colour (shown in Figure Sl
5.2), this colour is typical for Fexyhydroxides such as lepidocrocite, which strongly
suggests that secondary ¥e@ideminerals have formedxray diffraction (XRD) can

provide an accurate assessment of the various crystalline minerals present in a sample.
Samples were taken from the bulk suspension for XRD analysis during the previous
kinetics experiments (Sections 5.3513.2), providing solid mineral samples for 3

successive reductieoxidation cycles.
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A series of XRD scans were conducted on samples taken during the experiment to
understand the bulk mineralogical changes of crystalline phases within the system, and
to investigate whether redox cycling causes the formation of any secondasras.

Initial scangocusedon the reoxidised samples from each stage of the cycle, as these
could be examined outside the anaerobic chamber without any risk of accidental
oxidation. Reduced samples required the use of an anaerobic dome holder to preven
oxidation, yet the geometry of this holder produced a large background between 12
and 35° 2that impaired phase identification (see Figure S| 5.4). Figure 5.7 shows the
XRD spectrum for the native, untreated NAas well as the rexidized samples from
cycles 1, 2 and 3. The native spectrum (orange) presents several large peaks, which

remain vsible across the 3 cycles of reduction and oxidation, but diminish in intensity.
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The loss of intensity in the peaks is uniform across all the Npeaks, which could
suggest that there the NAL crystals are becoming less crystalline with each
reduction-oxidation cycle (McCusker et al. 1999). While the peaks decrease in relative
intensity, the 2theta value of each peak stays consistent suggesting that despite a
trend towards becoming less crystalline, there are no significant changes in
composition occuling. The native spectrum also contains an unintended
contamination of NaCl crystals highlighted in the figure, which are absent in the other
spectra due to removal by dissolution. When comparing thexieized spectra with

the native, it is clear severaécondary peaks appear which were previously absent in
the native spectrum. A diffraction pattern closely aligned with lepidocrocite was
present in all 3 cycles, and small traces of what appeared to be goethite was also
present (most noticeably i@ycle 3 This information is strong evidence to indicate

that lepidocrocite is the primary oxidation product after addition @k The results

also confirm that solid Fexide minerals were present in the system during the
reduction phase of Cycles 2 and 3. loer, lepidocrocite is a typically expected
product for the rapid oxidation of solid mixedlent Fe minerals (such as green rusts),
as well as aqueous Fe(ll) (Misawa et al. 1974). Subsequently, the XRD data alone
cannot provide an insight into the natuced the solidassociated Fe in the reduced
phase, or any oxidation product of aqueous Fe(ll) after reaction with the clay mineral.
Mossbauer spectroscopy can provide more insight to the state of the Fe precipitates

before oxidation.

5.3.3.3 Formation ofsecondary mineralg effects of cycling on precipitates
It is evident that the clay mineral structural Fe alone cannot be responsible for the

significant increase in reaction kinetics observed for NAaductioroxidation cycled
with Fe(ll}q. The experimenhas demonstrated that the system also contains another
pool of solidassociated Fe(ll) that could potentially be the source of the increased

reactivity.
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The results from the preliminary XRD scans highlight the mineralogy prafent
oxidationwith H.O;, but do not provide insight into thenature of solidassociated Fe in
the reduced phase. Understanding the oxidised mineral content alone also cannot
explain the changes in reaction kinetics measured, particularly the significant increase

in reactivity measurechireductionCycle 2

Previous research (Entwistle 2021) noted that the reaction of kefith NAu1 can
lead to the formation of secondary reactive intermediate minerals which can play a
crucial role in the transformation of organic contaminants. Altgb the study
monitored the transformation of a different contaminant and at a higher pH, the
research concluded that the reactors containing secondary Fe materials were more
effective at contaminant transformation than reactors containing reduced-lAu
alone. The studyconducted a furtheP’Fe isotopespecific Mossbauer analysis to
interpret how the nature and speciation of the sebdsociated Fe(ll) added as a

reductant is altered over multiple cycles of reduction and oxidation.

To monitor the fate of the addkaqueous Fe(ll) and changes in its binding
environment over the first two reductione-oxidation cycles, we collected Méssbauer
spectra at 77 K of samples that were reacted with Mossbaigble®’Fe(ll) as the
reducing agent. Using aqueous Fe(ll) ereitin the®>’Fe isotope allows observation of
the impact to the Fe(l4) upon reaction with the clay mineral. TRé-e isotope is
Mossbauesvisible but comprises only 2.2 % of natural abundance. By enriching the
reducing Fe(l4) solution with>"Fe,it is possibleo diminish the relative reading of the
clay mineral Fe to less than 3 % of the total spectral absorption. This allows us to focus
on the spectra produced by the reducing agent, and therefore understand how this
pool of Fe is impacted during the rediom-oxidation cycling. It is also possible to
understand how the added Fegypf one cycle is affected in another cycle. By
repeating the experiment and precisely choosing eithi€e or*’Fe as the reducing
agent,it is possibldo visualise the changes speciation of the added FegHjor both

the 15tor 29 reduction and across multiple cycles.
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Figureb5.8: Mossbauerfitting spectra of the>’Fereduced NAtL at 77 Ktemperature. Figure includes the first
reduction cyclé’Fereduced (A) and rexidized (B)?"Fereducedreoxidized>6Fereduced (C) and subsequent-re
oxidised (D), and als&fFereducedreoxidised >’Fereduced (E), and subsequent reoxidised spectrum (F). All
specta fitted with voight-based fitting technique
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Figure 5.8 shows the Mdssbauer spectra for the added kgé@tuctant after reaction

with NAu1 over 2 cycles of reduction and oxidation withCl The fitting parameters

are outlined in Table S| 5.2. Init@servation shows that the spectra differ

significantly from the clay mineral spectra (see figure 5.5). As the samples were filtered
and washed sufficiently to remove all traces of the supernatant before measurement,
the presence of spectra dissimilar8Au1 confirms that a large fraction of the added
Fe(ll}g has been removed from solution to become seadgkociated. This is consistent
with previous research that has shown that the reaction of Rg(ith NAu1 at pH

7.5 leads to nearly complete remalof Fe(ll) from solution (Neumann et al. 2013,
Rothwell 2018). From the results collected in Section 5.3e¢&dltshave determined

that electron transfer occurs from the added Fegltp the clay mineral structural Fe.
Electron transfer from the aqueous abe causes partial oxidation of the added Fg(ll)

and so far results haveonfirmed the presence of the oxidised product. Figu&/A.

shows the spectrum of’Fe(ll)q with NAu1, and shows 4 distinct doublet species. The
orange doublet has a relative arealsf % of the spectrum and was fitted with a CS

value of 0.47 mm/s and a QS of 0.44 mm/s, which are consistent parameters typically
expected for Fe(lll) (Murad and Cashion 2003). The presence of the orange doublet is
further evidence that oxidation of thedaled Fe(IlgyK + & 2 OOdzZNNBRZ | y R A
the product Fe(lll).

Figure 5.8 A also shows two doublets (light and dark blue) with high CS and QS values,
typical for Fe(ll) (Murad and Cashion 2003). It is expected that the remainder of
spectral area woldl be Fe(ll), as almost all Fe(ll) was removed from solution but only a
small fraction was oxidised by the clay mineral. The larger doublet (dark blue)
comprises 61% of the spectral area and was fitted with two components and has a CS
of 1.29 mm/s, and thaverage QS of the two components is 2.81 mm/s. The smaller
doublet (light blue) has a CS of 1.40 mm/s and a QS of 3.40 mm/s. A study by Neumann
et al. (2013) investigated the adsorption of Fe{l) smectitic clay minerals over a

range of pH values. Thstudy highlighted the differing Méssbauer parameters of

sorbed Fe(ll) to different clay mineral sites. The parameters of the large dark blue
doublet of Fig. 5.8 align very closely with the parameters of either 4dged Fe(ll) at

pH 7.5, or is also sirail to the Fe(ll) doublet parameters of octahedral Fe(ll) as

observed in the dithioniteeduce NAtL (see section 3.3.3). The parameters of the
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smaller light blue doublet align well the parameters of Fe(ll) sorbed to the basal plane.

The ratio of small doubt : large doublet is 1:6

The spectrum has also been fitted with a rounded single peak (purple) comprising 14.5
% of the area, with a CS of 0.68 mm/s, and a QS of 0.3 mm/s. Parameters for this
species are lower than the range typically expected for )&t similarly the CS value

is higher than most other Fe(lll) species observed thus far which might indicate it is an
Fe(lll) species affected by the neighbouring presence of Fe(ll). This species was also

observed in the results of Entwistle (2019) whérwas also characterised as Fe(lll).

In total, the relative percentages of oxidation statelicates that approximately 29 %

of the solidassociated Fe(ll) was oxidised after reaction with the clay mineral which
equates to 0.26 mM of Fe. In contrastethlay mineral spectrum (see Figure 5.5 B) had
a reduction extent of approximately 7 %, which would equate to 0.12 mM of Fe. This
discrepancy in the results suggests there is a disconformity, and 0.1 mM of Fe
(approximately 1613 % of the reductant) has be oxidised, for which the electrons

are unaccounted for. This discrepancy might be due to heterogeneities between
samples, and accounting for the margin of error inherent with Mossbauer fittings.
Nevertheless, the presence of Fe(lll) in the sample isaeilthat the aqueous phase
has been oxidised by the clay mineral. Fe(lll) is much less soluble than Fe(ll) so most at
pH 7.5 would be expected to have precipitated out of solution. Previous studies have
reported that the interaction between aqueous Feéhd clay minerals can lead to the
formation of secondary solid Fe species including ferrihydrite, and mixed valent Fe
2E@KRNREARSA & daxyScHaeler et a.IRB B Ysarblttali2als, Janes
et al. 2017). From this information it is reast&to suggest that secondary Fe

precipitate minerals are formed after the reaction of Fe{MWith NAu1.

Upon reoxidation (Figure 5.8 B), the spectrum changes to show 2 ferric doublets, with
similar CS but differing QS values. Most notably, spectrstill Bontains a ferrous

Fe(ll) doublet suggesting that a fraction of Fe(ll) is not reoxidised, despite addition of
hydrogen peroxide and prolonged exposure to the oxic atmosphere. The doublet fits
the same parameters as the smaller light blue doubldtigf5.8 A, which suggests it
might represent Fe(ll) sorbed to the basal plane (Neumann et al. 2013). The source of

this Fe(ll) doublet is uncertain. One explanation might be that subjecting the solid
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associated Fe(ll) fraction to rapid oxidation vi®kproduced a layer of Fe(Hbxide
minerals that isolated pockets of Fe(ll), armouring or occluding fractions from
oxidation. Howeverif this was the casenewould expect to see a fraction of
unoxidized Fe(ll) in the second cycle too. Another explanatitivaisafter reaction

with the clay mineral, the oxidation of Feg§lgauses precipitation of Fe and the
formation of secondary minerals where a fraction of Fe(ll) is inaccessible to oxidation
at the surface. The 77 K spectrum does not offer sufficientmé&bion to conclusively

determine the nature of this doublet.

While 77 K Méssbauer alone cannot accurately characterise mineral coittisnt,
possibleto compare thaeresults with parameters that might be expected based on

the contents of the reoxidised sangIXRD data suggested that the primary mineral
component of in the reoxidised sample was lepidocrocite. Lepidocrocite is a typically
expected Feoxide mineral that forms when Fe(ll) is rapidly oxidised (Misawa et al.
1974), as is the case here. The Mosdrapectrum parameters of lepidocrocite gt

77 K can produce a broad distribution of values defining potential doublets, dependant
on multiple factors such as crystallinity, water content and surface effects (Murad and
Schwertmanrii984, De Grave et al. 1986). The Fe(lll) doublets in Figure 5.8 (B) are

fitted with parameters within the expected range for lepidocrocite.

Figure 5.8 C and E represent the spectra from the reduced pha3gctd 2 Figure 5.8

C shows the spectrum of tiéFe(ll)qadded inCycle 1after being rereduced with

new (Mossbauer invisiblé$Fe(ll) inCycle 2 This allows us to view what happens to
the oxidized precipitatei.. mostly lepidocrocite) once more Fe(ll) has been added to
the system, and furtherlectron transfer into the clay mineral occurs. In contrast,
Figure 5.8 E represents the reductant Fe(llCpéle 2made visible wit&’Fe(ll) while

the Fe(ll) added ikycle Iis now invisibleFe). This allows us to view how in the
second cycle the atkd Fe(ll) is altered after interacting with the clay mineral and

oxidized precipitates.

Examination of Figure 5.8 C shows the presence of Fe(ll) doublet species (blue),
comprising approximately 40 % of the spectrum. When compared with the oxidised
samplespectra forCycle 1(Fig 5.8 B), it is apparent that the Fe(ll) doublets are

significantly larger. This means thatGycle Zhere has been significant electron
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transfer from the added Fe(ih)into the oxidized precipitate minerals leading to a 40 %
reduction extent. The smaller, light blue doublet is has decreased in relative area
compared to both the first NAQ reduction {.e. Figure 5.8 A) as well as the previous
spectra of the reoxidised sample (Fig 5.8 B). This would suggest that addition of new
Fedll)ag has affected this portion of Fe(ll) even though oxidation vi@Ildould not. The
ratio of small doublet to large doublet has decreased to 1 : 9. This is evidence to
indicate a shift in the binding environment of Fe(ll) betwé&yrcle Jand 2, as one

Fe(ll) species partially transitions to another after reaction with kg(ll)

The reduction of Fexyhydroxides such as lepidocrocite can lead to the formation of
mixed valent minerals. OAdguema et al. (2002) used microbes to bioreduce
lepidocrocite ad documented the fomation of green rust minerals with doublet
species fitted with a CS of 1.27 mm/s and QS values of 2.89 mm/s and 2.51 mm/s.
Green rust species are mixed valent layered double hydroxide species, and have can
also be produced by the oxidah of ferrous solutions (Misawa et al. 1974). Multiple
quadrupolesplit doublets are also typical to the Méssbauer effect produced by green
rusts (Trolard et al. 1996, Genin et al. 2005).

The remaining species are Fe(lll) and encompass 60% of the spettray include

the typical doublet (orange) with a CS of OmBi/s (present in both Fig 5.8 A and B),

and the secondary doublet (purple). The second Fe(lll) species (purple) comprises an
almost exactly equivalent relative area to that@ycle 1(Fig 5.87A) at 14.6%, and also
shows an increased centre shift value to 0.75 mm/s. As it has been hypothesised that
this species represents Fe(lll) affected by neighbouring Fe(ll), an increase in CS towards
values more associated with Fe(ll) is of interest. Witleereasing relative fraction of

Fe(ll) (40 % Fe(Il) compared to 70 %yucle }, it could be expected thainewould

also observe a decreasing effect of the Fe(ll) on the remaining Fe(lll). One explanation
for this observation might be connected to the clgg in ratio between the two

different Fe(ll) species. The relative decrease of the smaller Fe(ll) doublet, (and
subsequent relative increase in the large Fe(ll) doublet) could highlight that Fe(ll) is
preferentially reorganised to one type of binding elaviment. This could perhaps

suggest that the system is trending towards a pool of Fe(ll) that is more distinctly

separate from the remaining Fe(lll), rather than a more homogenous and disorderly
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mixture of Fe atoms. This might mean that the effects of dmssinct Fe(ll) fraction are
increased on the neighbouring Fe(lll), despite there being fewer interactions between

atoms of each oxidation state.

Figure 5.8 E highlights the effects on tHé Re(ll)q added to the system after reacting
with both the clay mineral and the oxidized Fe precipitate minerals. Boyhle 2

spectra measured before total oxidatioAdure 5.8 C and E) appear almost identical to
each other, and parameters show almost no variation between each sample. In
addition, the reduction exnt of both the preexisting Feoxide precipitates fronCycle

1, and the solieassociated Fe(ll) @ycle Zare approximately equal. The precipitate

from Cycle 1Fig 5.8 C) has roughly 40 % reduction extent, and the newly added Fe(ll)
(Fig 5.8 E) has gpoximately 47 % reduction extent. It was calculated that a total of
0.35 mM of electrons are present in the solid phase (sum of both clay mineral and
oxidised precipitates) based on the reduction extent (see Figures 5.4 D, and 5.8 C). The
second reductanFe(ll) is 53% oxidized, which is calculated to be 0.4 mM of electrons
transferred to the oxidant. These values align well and show a complete electron
balance within the reasonable range of error associated with Mdssbauer fittings. This
finding is signitiant as it appears that the electron concentration is shared equally
between both pools of Fe, and shows that the oxidation of the aqueous phase leads to
a product with a similar binding environment to the (now) reduced solid phase.
Electron transfer betwen sorbed Fe(ll) and fexyhdroxides has been previously
observed (Williams and Scherer 2004). The study investigated Fe(ll) sorption to
goethite, hematite, and ferrihydrite and also noted the reaction resulted in the
formation of a distinct solidbound F€ll) species that was structurally similar to the

bulk Feoxide material.

The remaining two spectra of Figure 5.8 (D and F) show the state of the system after
the second reoxidation with peroxide. Both spectra are similar toGgele Ispectrum

and are primarily composed of ferric doublets, similar in parameters to thoSyde

1. One clear difference between the-cxidised spectrum ofycle 1s that there is
remnant fraction of Fe(ll) (seen in Figure 5.8B) persisting beyond @xidati HO;.

Fe(ll) that was previously occluded to oxidatioiCycle 1is now no longer protected.

This could suggest that the structure of the external Fe precipitate minerals undergo
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rearrangements during the cyclitigat makes the previously resistaie(ll) in the
precipitate now accessible to4@xidation. This may be because the first cycle was
oxidised by the clay mineral only, and therefore was limited by the extent to which the
Fe(Il}q could interact with oxidising species. In contrast, @ycé 2the Fe(llyqis able

to interact with the preexisting Feoxide precipitates from the previous oxidation. This
would offer a greater scope for oxidation (due to more accessible Fe), and in doing so
might also incur significant atom exchange as has lisgnonstrated in previous
researchi(e. Pedersen et al. 2005). The greater interactions between the aqueous and
solid phase ifCycle Zould have led to formation of structurally different precipitate
minerals toCycle 1where Fe(ll) is more accessibdeaxidation. Although we cannot
precisely determine any feature which might have prevented complete oxidation in

Cycle 1itis clear that all Fe(ll) is now accessible to oxidation y.H

Another key difference is that in Figure 5.8 F there is now tleegnce of what

appears to be a small sextet (shown in orange). The sextet has a hyperfine field of 46 T,
and therefore resembles the sextet of lepidocrocite. One possible explanation is that
this is the formation of small quantities of an-Beyhydroxidespecies that is

magnetically ordered at temperatures above 77 K such as goethite. Our XRD data
showed that there could be trace quantities of goethite present in the latter cycles,
and this was most evident i@ycle 3However, a pure goethite would typibapresent

a sextet with a wider hyperfine field parameter (Fysh and Clark 1982). Another
possible explanation for the appearance of this sextet is that the Neel temperature for
lepidocrocite lies on or around 77 K. The onset of ordering is not immeadiateboth

the doublet and the sextet can coexist over a range of around 10 K (Johnson 1969).
Any fluctuations between samples or over this temperature boundary could lead to
magnetic ordering of the lepidocrocite present. This has been demonstrated in
previous papers such as Guyodo et al. (2016), which demonstrated magnetic ordering
of a lepidocrocite sextet with comparable hyperfine field parameters at 77 K. We
conclude that the latter explanation is the most likely scenario, due to the pronounced

presenceof lepidocrocite confirmed in previous spectral analyses Figure 5.7).

Previous research has shown that the reaction of aqueous Fe(ll) with clay minerals can

lead to the formation of mixedralent secondary minerale.g.Schaefer et al. 2011,
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Entwigdle 2021).Results have alreadshownthat Fe(ll) that is reacted with clay
minerals becomes sohldssociated, and this Méssbauer data demonstrates the Fe is
speciated. In all reduced states of this experiment, it was noted that the colour of the
solids visiblyhanged to a dark blue / green. The change of calounue/green

indicates the presence of Fe{@}Fe(lll) bonds (Komadel et al. 1990). Howevas, it
unclearwhether thischangewould bedue to the formation of new mixed valent
minerals such as greensts, or due to the reduction of the clay mineral octahedral
sheet. It is possible thdioth the oxidation of Fe(ld), and the reduction of solid ferric
precipitatesin this experiment led to the formation of mixed valent species similar to
green rustsJdones et al. (2017) suggested that the reduction of clay minerals with
agueous Fe(ldoes indeed leatb the formation of green rustddowever, previous
research conducted by Entwistle (2021) under directly comparable conditions
contested the conclusiond the Jones et al. study, and determined that both the
Mossbauer parameters and XRD spectra of these secondary minerals were dissimilar
to green rusts, but the exact nature of the solid precipitates was undetermined.
Conducting Méssbauer analysis at 4 Kiperature on the precipitates can offer

further insight into the Fe speciation of the sebdund Fe(ll) precipitate species.
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Figure5.9: MOssbauer spectra at 4 K temperature when usi#ige(ll)q as the reducing agent, showing speciation
of secondary precipitate minerals formed over two cycles of reduction and oxidation. Figure includes First cycle
precipitate (A), First cycle rexidised precipitate (B), First precipitate after4eduction (C)First precipitate after
second reoxidation (D), Second precipitate formed (E), Second precipitate aftemidation (F). Each spectrum
was fit using variable line width fitting technique (Full static Hamiltonian).
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