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ABSTRACT

Iron (Fe) minerals and ferrous iron (Fe(ll)) playienportant role in the several
natural elemental cycles, including the carboneyautrient cycles, and the cycling of
metals. In this work we have characterized thetnafcstructural Fe(ll) in several Fe
minerals and in natural soil with uranium. We haualied the reactivity of Fe(ll) in
solution with the Fe oxide goethite conditions velet to many natural systems.

Green rusts are widely recognized as an intermegiadse in the Fe cycle. Here
we investigate the reactivity of green rusts comie different structural anions with
uranium’' (UY"). We have also investigated the effect of aquéicerbonate on )
sorption and reduction by green rusts. Our findingscate that green rusts reduc¥ tb
U", and that environmentally relevant carbonate comations have little effect the rate
and extent on this reaction.

We have also investigated’Ureduction by structural Fe(ll) in magnetite.
Magnetite with varying stoichiometrx € F&€*/Fe**) was reacted with . Results from
x-ray absorption spectroscopy indicate that thexgmoperties of magnetite dictate
whether magnetite reduces'Uin addition, magnetite reactivity can be “rectettby
electron transfer from aqueous Fe(ll).

There is little evidence of the reactivity of stural Fe(ll) towards U in natural
materials. We have characterized a naturally redlsoé and found it contains structural
Fe(ll) in clay minerals and a possible green rik&tjhase. When this soil is exposed to
U"" we find that Fe(ll) reduces a portion of the U edldOur work highlights the
potential for abiotic reduction of Uby Fe(ll) in reduced, Fe-rich environments.

We have usedFe Mdssbauer spectroscopy to study redox reactibRs(l1)
with goethite under biogeochemical conditions ratévo natural systems. When Fe(lll)
in goethite is substituted with aluminum or anisnsh as phosphate, silicate, carbonate,

and natural organic matter are sorbed onto theseidf goethite, interfacial electron
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transfer occurs between sorbed Fe(ll) and goefFiitese results indicate that electron
transfer between Fe(ll) and Fe oxides occurs uadeironmentally relevant conditions.
Electron transfer was blocked by phospholipids, éev, suggesting electron transfer

may be inhibited under eutrophic conditions.
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ABSTRACT

Iron (Fe) minerals and ferrous iron (Fe(ll)) playienportant role in the several
natural elemental cycles, including the carboneyautrient cycles, and the cycling of
metals. In this work we have characterized thetnafcstructural Fe(ll) in several Fe
minerals and in natural soil with uranium. We haualied the reactivity of Fe(ll) in
solution with the Fe oxide goethite conditions velet to many natural systems.

Green rusts are widely recognized as an intermegiadse in the Fe cycle. Here
we investigate the reactivity of green rusts comie different structural anions with
uranium’' (UY"). We have also investigated the effect of aquéicerbonate on )
sorption and reduction by green rusts. Our findingicate that green rusts reduc¥ tb
U", and that environmentally relevant carbonate comations have little effect the rate
and extent on this reaction.

We have also investigated’Ureduction by structural Fe(ll) in magnetite.
Magnetite with varying stoichiometrx € F&€*/Fe**) was reacted with . Results from
x-ray absorption spectroscopy indicate that thexgmoperties of magnetite dictate
whether magnetite reduces'Uin addition, magnetite reactivity can be “rectettby
electron transfer from aqueous Fe(ll).

There is little evidence of the reactivity of stural Fe(ll) towards U in natural
materials. We have characterized a naturally redlsoé and found it contains structural
Fe(ll) in clay minerals and a possible green rik&tjhase. When this soil is exposed to
U"" we find that Fe(ll) reduces a portion of the U edldOur work highlights the
potential for abiotic reduction of Uby Fe(ll) in reduced, Fe-rich environments.

We have usedFe Mdssbauer spectroscopy to study redox reactibRs(l1)
with goethite under biogeochemical conditions ratévo natural systems. When Fe(lll)
in goethite is substituted with aluminum or anisnsh as phosphate, silicate, carbonate,

and natural organic matter are sorbed onto theseidf goethite, interfacial electron
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transfer occurs between sorbed Fe(ll) and goefhitese results indicate that electron
transfer between Fe(ll) and Fe oxides occurs uedeironmentally relevant conditions.
Electron transfer was blocked by phospholipids, éev, suggesting electron transfer

may be inhibited under eutrophic conditions.
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CHAPTER 1: INTRODUCTION

Iron Biogeochemistry

Iron is the fourth most abundant element in thetEacrust, and the single most
abundant redox active metal in the terrestrial mmment. Due to this redox activity, iron
plays a significant role in the chemistry of lifiedaof environmentally relevant abiotic
processes. In the geosphere, iron cycles betweearetluced and soluble Fe(ll) oxidation
state and the oxidized and insoluble Fe(lll) oxmlastate. Cycling of iron oxidation
states is linked to the modern cycling of globaityortant elements, such as carbon—
including xenobiotic compound4)nitrogen ), phosphorus3), and the ancient
cycling of oxygen (e.g4). Large quantities of Fe(ll) are produced in thbsurface under
anoxic conditions by the action of dissimilatorytaidor iron) reducing bacteria (DMRB
or DIRB) coupled to oxidation of organic carbdi. (Abiotic mechanisms for the
production of Fe(ll) also exist, including weattmgyiof iron bearing mineral$).
Weathering of iron bearing silicate minerals is pinenary source of iron oxides and
oxyhydroxides—called Fe oxides hereafter for tHeesa# brevity—in the pedosphere,
and is the ultimate source for most iron in theimmment. The production of agueous
Fe(ll) by both abiotic and biotic processes camlteas mobile Fe(ll) in the subsurface
depending on the geochemical conditions (i.e. anoanditions, neutral pH), which can
interact with various mineral surfaces. The presafanineral surfaces catalyzes the
reaction of Fe(ll) with environmental contaminagg.6, 7, §, and may be an
important pathway for transformation of contamirsantthe subsurface.

Interactions of Fe(ll) with a variety of mineralrfaces have been studied and
have typically been described using surface congpiex models (i.9, 10, 1}. Such
methods are based on measurements in the chasgkitdon Fe(ll) concentrations in the
presence of mineral surfaces, and uptake is detedrby the difference between a final

and initial concentration. Surface complexation gledre then used based on the
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formation of assumed surface and Fe complexes depgeon pH. Surface complexation
modeling, however, does not capture the completgeraf reactions that occur between
cations and mineral surfaces. In the case of diwvaations, such as Mg(ll) and Fe(ll),
adsorption onto trivalent metal hydroxides (Fe(lB)(111)) surfaces can induce
transformation of amorphous M(OHrecipitates and oxides to crystalline M(II)-MjllI
hydroxide solids12, 13. Fe(ll) is known to catalyze the recrystallizatiof
thermodynamically unstable Fe oxides such as f@rite and lepidocrocite to goethite,
magnetite, and green rud#16.

In addition, a growing body of research indicatest tomplex redox-driven
dynamics occur when Fe(ll) adsorbs to Fe(lll) ogideecent experiments into secondary
mineralization reactions of Fe(lll) oxides in theegence of Fe(ll) have shown that when
*>Fe radiolabeled iron oxides (goethite, lepidoceaind ferrihydrite) were exposed to
aqueous Fe(ll) thatFe(ll) was released from the underlying oxide iswdution over
time (17). Our research group and others have used Mossbp@&etroscopy to
demonstrate that electron transfer between aguesii$ and solid phase Fe(lll) occurs,
resulting in template growth of the underlying axid8-21). In addition to electron
transfer, recent work has shown a complete rewgréfrcrystal faces of hematite occurs
in the presence of dissolved Fe(ll) due to a pakdifference between (001) and (hkO)
faces, which causes oxidation of Fe(ll) at (OOte&and formation of hematite
overgrowths. Oxidation of Fe(ll) at the (001) fasdollowed by bulk electron transfer
through the hematite crystal, and reductive didswiwof Fe(ll) from spatially separated
(hkO) crystal faces2@, 23.

Further work by our group and others tracking clesrg aqueous Fe(ll) and
solid goethite isotopic composition indicates thaimilar process may be happening in
goethite suspensions exposed to Fe(ll). Handlercalidagues have proposed that a
mechanism termed the “redox-driven conveyor belyrne responsibl@4, 25. These

results suggest that the iron oxide sorbent ismeely a static surface in the adsorption
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reaction, and that Fe(ll) causes time dependemtgesato the Fe(lll) substrate which
may cause an evolution of reactivity through tidech knowledge has necessitated the
incorporation of Fe(ll) to Fe(lll) electron transfato surface complexation modelkly,
and represents a step forward in prediction of-iron interactions in subsurface
environments.

Based on this work, it is now clear that a paradgdpift is well underway in our
understanding of iron oxide reactivity, and a n@maeptual model of iron oxides as
highly dynamic minerals is emerging. It is uncldaywever, whether this conceptual
model of iron oxides can be extended to the compldeu that exists in the geosphere,
as most of the spectroscopic work to date has deee under minimal complexity so
that the interaction between Fe(ll) and Fe(lll) bansolated. For example, it is well
known that iron oxides in the environment can ipooate various cations into their
structure, especially the highly abundant Al(liétion £6-28. Iron oxides can also serve
as an adsorbent for a multitude anions preseratiral environments, such as carbonate,
phosphate, silicate, and natural organic mag@+33, as well as anionic contaminants
such as arsenate (As(V)) and arsenite (As(18%).(Under this new paradigm it is
unclear whether cation and anion sorption canltstilinodeled as a static process under
reducing conditions in the presence of iron oxidiethe static model for iron oxide
surfaces towards sorption is an invalid assumpttmnfate of many inorganic
contaminants, such as arsenate, chromate, anduaravill need to be reevaluated.
Furthermore, little is known about the reactivifyiron oxides with structural cation
substitution and sorbed with anions towards comants in the presence of Fe(ll). The
role of structural Al and sorbed anions in the tieacof Fe(ll) with goethited-FeOOH)

is explored in Chapter 5 of this thesis.
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Uranium Biogeochemistry

Uranium (U) is a radioactive metal that is ubiqugat low levels in all crustal
materials ( e.g. soils ~2 ppr8Y)), however, much higher concentrations at many U.S
Department of Energy sites are a result of therteldgical uranium cycle.
Contamination of the subsurface has resulted froth mining and further processing of
uranium for nuclear technolog$g, 37. Under atmospheric conditions (i.e. oxic and
containing CQ) uranium is oxidized to the hexavalent oxidatitates as the VJO,?*
cation, and is highly mobile in aqueous solutioe ttuits strong complexing affinity for
carbonate dissolved in water (€0 (38, 39. At near neutral pH values and in low
carbonate waters, U8J (hereafter referred to as’{y has been shown to be strongly
sorbed to a variety of minerals, including bothtegtic and natural iron oxides. High
dissolved carbonate concentrations redufesdrption to iron oxides, therefore
increasing its mobility in groundwatet@-42. The variable response of uranium to
changing geochemical conditions has spurred coraitieresearch in the laboratory and
in the field into immobilizing U by reducing it the much less soluble"Uvalance state,
particularly when it is reduced ta{@, (uraninite) 88, 43-49.

Immobilization of U" by reducing it to Y is often thought of as occurring
primarily due to direct enzymatic reduction by dis$atory metal reducing microbes
present in the subsurface. Microbial respiratiorudhoften results in the precipitation of
nano-particulate uraninite (e.g.7, 48; however, more recent research suggests that
microbial metabolism results in a more diverseyaafadJ compounds, including mono-
nuclear sorbed Y, which might be more susceptible to oxidationemobilization 49).
Under similar geochemical conditions, microbialpieastion of Fe(lll) oxides also leads
to the formation of soluble Fe(ll) that can sorlpogcipitate as various minerals
incorporating structural Fe(ll), including greersts) siderite (FeC£), magnetite (F©0,),

vivianite (Fg(PQy),), and Fe(ll) containing clay minerals0-54).
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The similarity in geochemical conditions under whimth dissimilatory U and
Fe reduction occur suggests that abiotic reducifdd”’ by Fe(ll) may be an important
process for the immobilization of U contaminatitndeed, several studies have provided
evidence that aqueous and “sorbed” Fe(ll) in tles@nce of Fe oxides and other
minerals are capable of reducing' b UV (55-60. In addition, structural Fe(ll) in iron
minerals, including both synthetic and biogenicegreusts and magnetite, has been
shown to reduce Lb@, 61, 62. Despite evidence for reduction of U by Fe(ll) in
laboratory synthesized amavitro biologically produced Fe(ll) minerals, the role of
structural and sorbed Fe(ll) matural soils and sediments remains unclear. Several
studies have noted that sediments containing wutfrdes are capable of abiotically
reducing U 44, 63, but a lack of significant abiotic reduction offids been noted in
non-sulfidic natural materials both containing Bedk the result of microbial metabolism
or to which Fe(ll) has been addé&B( 64, 6%. We have explored whether this is true for

a naturally reduced soil containing structural el Chapter 4 of this thesis.

Objectives and Hypotheses

Objectives

This thesis can be divided into two parts basedljactives. In the first part, the
objective was to explore the effect of structur@{lFj in green rust, magnetite, and soil
minerals in a naturally reduced soil from Hedrikya, on the reduction of hexavalent
uranium (U"). The uptake of U from solution was measured wiét chemical methods,
and the extent of uranium reduction was measurieg xsray absorption spectroscopy to
guantify the role of both U sorption and reductimnminerals containing structural
Fe(ll). In addition, Fe valance and speciatioriese systems both with and without
addition of U" has been measured witfre Mssbauer spectroscopy. Méssbauer

spectroscopy provides evidence that structural)Fs(a reductant for V).
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The second objective of this thesis was to evaliegeole of environmentally
relevant structural cation substitution and aniomp8on on goethite on interfacial
electron transfer between sorbed Fe(ll) and Fa(ilboethite. This work uses Mdssbauer
spectroscopy to evaluate whether interfacial Fég¢lFre(lll) electron transfer occurs

under more complex geochemical conditions thanipusly studied.

Hypotheses

1. Structural Fe(ll) in green rust minerals is capaffleeducing U' under a variety
of conditions, including when different anions g@resent in the green rust
structure and when'Uis complexed by carbonate.

2. Reduction of Y' to U" is dependent on the redox properties of magn@es.,),
which are determined by its stoichiometry{#ee’* content). Magnetite
stoichiometry may explain the wide variation in faesiation after reaction with
magnetite reported in previous studies

3. U is reduced in natural soils and sediments bycsiral Fe(ll).

4. Sorption of Fe(ll) onto goethite followed by intacfal electron transfer between
sorbed Fe(ll) and goethite-FeOOH) occurs over a wide variety of
environmentally relevant conditions, including catsubstation of Fe(lll) by Al,
and in the presence of anions (phosphate, carhailidate, and natural organic
matter) sorbed on goethite.

5. Electron transfer and atom exchange between aquexl$ and goethite affect
the fate of metals in the environment, includinduetion of U" to UV, release of

metals from goethite by reductive dissolution, &eeisotope exchange.

Thesis Overview

The above hypotheses provide an outline of thettre of the thesis, which is

organized into 5 main chapters. Each chapter amnsections detailing background
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information and experimental objectives, experimmkeapproach, results and discussion.
The contents of each of the chapters are summabeied.

Chapter 2 addresses hypothesis 1. In this studgngtusts were synthesized with
various anions in their structure along with selverdox inactive analogues. The reaction
of green rusts with uranium was assessed usingaguhemistry and solid state
uranium valence measurements with x-ray absorgp@ctroscopy (XAS) in
collaboration with Ken Kemner, Edward O’LoughlimcaMaxim Boyanov of Argonne
National Laboratory. We have found that all threenfs of green rusts having different
structural anions reduce’lto U". In addition, we have found that uranium
complexation by carbonate at environmentally radézancentrations does not
significantly affect U uptake or reduction by graests. This chapter is in preparation
for submission t@seochemical Transactions.

Chapter 3 addresses hypothesis 2. Magnetites efrkaod varying
stoichiometry (F&/Fe** content o) were reacted with J and the U valence state was
measured using XAS. Care was taken to providedserffi Fe(ll) for reduction of all YJ
added for all magnetite stoichiometries, excepghencase of maghemite-Fe,0Os), which
is fully oxidized. We have found that fae= 0.38 magnetite reducestto UV in
uraninite nanoparticles (Uds)). This work extends the hypothesis that comant
reduction by magnetite is dependent on its redopgties to include U reductiof).

In addition, we used’Fe Mdssbauer spectroscopy to measure the stoictrpofe
biogenic magnetite, and to track Fe(ll) oxidatignd". This chapter is in preparation
for submission t&Environmental Science & Technology.

Chapter 4 addresses hypothesis 3. Here we havdeshsml reduced by natural
processes down gradient from a spring near Hediogka, and used wet chemical
methods as well &&Fe Mdssbauer spectroscopy to determine the spetiatiFe in the
soil. We have concluded that the soil contains ot@yerals and a possible green rust-like

phase which contains structural Fe(ll). We haveteshpasteurized samples of this soil
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with U¥! and found that it is reduced by structural Feftihcomitant with oxidation of
this Fe(ll) to Fe(lll). This paper is in preparatiftor submission té\pplied
Geochemistry.

Chapter 5 addresses hypothesis 4. We have usedsuapic measurements and
the isotopic specificity of Méssbauer spectrosctuptyack the speciation of Fe(ll) that
has been reacted with Al-substituted goethite aredhgte that has been exposed to the
common anions phosphate, silicate, carbonate, atwlat organic matter (humic acid
and phospholipids). We have found that Al-substtuand the presence of sorbed
anions does not significantly change the macroscopiake of Fe(ll). Méssbauer
spectroscopy indicates that interfacial electrangfer occurs between sorbed Fe(ll) and
Al-substituted goethite resulting in oxidation a(F) and formation of goethite. We
observed similar results when anions were sorbegdeéthite prior to addition of Fe(ll),
with oxidation of Fe(ll) at the surface of goethated resulting in the formation of
goethite. Precipitation of Fe(ll) from solution\dsianite partially inhibited electron
transfer by sequestering Fe(ll) from solution. Hpave found that sorption of long-
chain phospholipids to the surface of goethitebniad Fe(ll)-Fe(lll) electron transfer,
which may be an indication that electron transfaswhut down by electron-
donor/acceptor separation. Our findings indicagd ghectron transfer between Fe(ll) and
goethite occurs under a variety of more complexcgemical conditions, but could be
inhibited by high biomass or biofilm growth.

Chapter 6 addresses hypothesis 5. Specificallyctiapter includes preliminary
data on the implications of the redox driven cormreyelt that occurs when Fe oxides are
exposed to Fe(ll). Findings include that mangarieb® is released from Mn-substituted
goethite during exposure to aqueous Fe(ll). Intamtti U is reduced to Uoby Fe(ll)
under conditions studied in Chapter 5, but is nobrporated into goethite during atom
cycling. Finally, we have developed a method thakes use of a newly acquired

guadrupole-ICP-MS at The University of lowa to megassotope exchange between
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highly enriched solutions fFe(ll) with goethite and magnetite having a natural
abundance of Fe isotopes. This new instrumentatiay allow us to measure redox
induced atom cycling in Fe oxides under a varidtgamditions, as well as allowing

measurement of low concentrations of a large numigal contaminants.

°’Fe Mossbauer Spectroscopy

In order to provide context for some of the discusshat appears in later
chapters of this thesis, a brief overview of thekground of’Fe Mdssbauer
spectroscopy is provided here. Mdssbauer specipgdtas become a powerful tool in
environmental and geoscience for determining tleeiggion of iron in various solid
materials. Both the valence state, and in manyscaise phase of iron can be determined
with >’Fe Mossbauer spectroscopy. In addition, the omjyirement for determination of
iron valence and coordination environment using dib@sier spectroscopy is that the iron
be in the solid phase. Because of its high seitgitihe technique allows samples with
relatively low iron content to be analyzed, andidilphases to be quantified in mixtures.
For the work presented here, Méssbauer spectraanatheters derived from fitting the
spectra are used as a fingerprint for the ironispgmresent in samples. The following is
a review of 'Fe Mdssbauer spectroscopy based on several reésrée70).

In the earth’s crust, there are four naturally @dog isotopes (with abundances
of): **Fe (5.84%)>°Fe (91.76%)°'Fe (2.12%), and’Fe (0.28%). Of these isotopes, only
*’Fe is M6ssbauer active. The Méssbauer effect esemant absorption of gamma-ray
photons by the nucleus of a Mdssbauer active neicéidch as’Fe, to measure the
energy of the transition of tH&e nucleus from its ground state with nuclear $pih/2
to an excited state with nuclear spin=8/2. To make this measurement, a gamma-ray
source is required which emits gamma photons atettpgired energy. In the case’Gfe
the gammra-ray source&o, which decays by electron capturé‘fee*. °’Fe* is the

1=3/2 excited state 6fFe which spontaneously undergoes de-excitatiohe@tound
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state ofl=1/2 by emission of a 14.4 keV gamma photon. this 14.4 keV gamma
photon that is utilized iA’Fe Méssbauer spectroscopy, as it can go on toeeatie
nucleus in the ground state to the excited stageaBse of the large energy of the
gamma-rays emitted bYFe*, a nucleus in the gas or liquid phase undergaggnificant
amount of recoil as the gamma ray is either emiteabsorbed. This recoil causes the
gamma photon to lose energy, and due to the qeahtiature of the’Fe nuclear
transition, resonant absorption no longer occumsvéver, if both the gamma source and
the absorber are placed in the solid state, thealtine lattice is able to absorb the recoil
momentum and negligible energy is lost by the gamagaThis is the Mdssbauer effect.

To observe the Mdssbauer effect as described ab3{@p gamma-ray source
and a suitabld’Fe absorber are needed. However, resonant absoiptiependent on
the energy state of the absorbing nucleus beingahe as that of the emitting nucleus.
As such, any nuclear environment for #fiee nucleus absorbing the gamma-ray other
than the environment the source is in will tenglxe the absorber off resonance with
the gamma-ray. This is because the chemical ansigdiyenvironment that the nucleus is
in affects its quantum state, causing slight shfthe nuclear energy level. In order to
modulate the energy such that resonant absorptiour® for different nuclear
environments, the source is moved with a smallemldowards and away from the
sample to impart a Doppler shift to the gamma r&ysce gamma-rays absorbedhye
atoms in the sample are scattered in all direct&tes re-emission, a drop in
transmission of the gamma-rays is measured, leadiagpectrum of transmission (or
absorption) vs. source velocity.

Shifts in the nuclear energy level of the iron ewd occur as a result of varying
chemical environments present in different solatesFe materials. These shifts result in
the three hyperfine interactions that can be measusing Mossbauer spectroscopy: the
center shift§, CS), the quadrupole split or shift,(QS), and the hyperfine field (H). The

first of these parameters, the center shift, coafesit due to the interaction of the
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electrons of the atom with the nucleus. When a $amm@nalyzed, the center shift is
observed as a shift in the energy of absorptiom fiieat of the source relative to a
standardd-Fe). Measured center shifts are a combinatiohefrteraction of electrons
with the nucleus, the isomer shift, and a secom@oDoppler shift due to atomic
vibrations. The isomer shift is influenced by tiaxge density of the atom at the
nucleus, which provides information as to the vedestate, and local bonding
environment of the Fe atoms analyzed. The diffexdretween iron valence states is
readily observed in the difference between thearestiift of Fe(ll) phases:(+1.2 mm/s)
and that of Fe(lll) phases ¢0.4 mm/s), the smaller Fe(lll) center shift ieda the
lower amount of electronic shielding on the nucleus

The second hyperfine parameter that can be detedhfiom &'Fe Méssbauer
spectrum is the quadrupole split or shift. Thisapagter arises from the interaction of the
nuclear quadrupole moment of the3/2 state with the electric field gradient. Tihe3/2
state of the nucleus has an ellipsoidal distribugbcharge. In the simple case of a
perfectly symmetrical electric field, such as timé cubic environment, no quadrupole
split occurs. However, when a non-symmetrical eledield is present around the
nucleus due to the crystal environment,Ith®/2 nuclear state is split into two sublevels.
The splitting of the energy levels leads to a gp@ctthat has two absorption peaks split
by an energy difference. The energy difference betwhese two sublevels is the
guadrupole splitting parameter. Typically, Fe(phases without magnetic order have a
lower quadrupole splitting parameter which is om ¢tihder of 0.3-0.5 mm/s than that of
Fe(ll) phases which ranges from approximately @.3 imm/s.

Finally, the third hyperfine interaction is the leypne field interaction. Since the
*’Fe nucleus has a magnetic moment, the energy lef/#ie nucleus can be changed if a
magnetic field exists in the atomic environmentiram minerals, this magnetic field can
come from magnetic ordering produced by electrdhss internal magnetic field is felt

by the nucleus. Application of a magnetic fieldret nucleus removes the degeneracy of
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the nuclear states, causing a Zeeman splittingeohticlear energy levels. This
phenomenon produces a spectrum with 6 lines, sex@ét’. Many Fe(lll) containing
minerals order magnetically, for example, goetbii#ers antiferromagnetically. In
addition, the quadrupole effect on the nucleudbseoved for magnetically ordered iron
phases, however, it manifests itself as a shifiénenergy levels by a small amount, and
therefore is called the quadrupole shift. The hiyperinteraction can be used together
with the center shift and quadrupole shift paramsetie identify the phases of iron present
in a sample.

Mdossbauer spectra are typically fit using a comjzee algorithm to extract
useful parameters. We have chosen to use the Rwogilam (University of Ottawa,
Ottawa, Canada). Computer fitting is an empiricqalcpdure, and for the most part
Mossbauer spectra are not derived from first ppies; however, there have been recent
attempts to derive Mdssbauer spectra fadmnitio models {1, 73. Furthermore, while
the theoretical MGssbauer line is Lorentzian inpghaynamic fluctuations in the
environment surrounding the absorbing nuclear caaden line shapeg(, 73. This
variation can be treated by assuming a Gaussi#nbdigon of Lorentzian lines, giving
rise to a Voigt line profileq3). We have modeled spectra using Gaussian disuisiof
both the quadrupole splitting or shift parameten( QS) and the hyperfine field

parameter (H).

X-ray Absorption Spectroscopy

We have also made extensive use of x-ray absorppieotroscopy to determine
uranium valence states and coordination environsnentollaboration with Ken
Kemner, Maxim Boyanov, and Edward O’Loughlin at Ange National Laboratory. X-
ray absorption spectroscopy can be used for bd#mga state measurements and to
characterize the structural environment of a uranatiom in liquid solution or in the

solid state, and is typically done with highly baiht and focused x-rays from a
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synchrotron light sourc&’§). Absorption of x-rays in matter occurs througé th
photoelectric effect, such that, as an x-ray i©died by an atom, an electron is excited
from a lower energy level to a higher energy 1€v&), and these electronic transitions
occur at specific energies for different elemelmts-ray absorption spectroscopy, as the
energy of the photons incident upon a sample isrsad an absorption edge is reached
where adsorption goes from zero to a large valubeaenergy required to excite an
electron in the absorbing atom to a higher leveh&d. In x-ray absorption near edge
spectroscopy (XANES), changes in valence stattoogxample, uranium, can be
determined because electrons are more stronglydotoutine positive nucleus in U(VI)
than in U(IV). As the photon energy is increasegadel the edge, oscillations in the
amount of absorption occur as an excited photaeledtom uranium interacts with the
electrons of near-neighbor atoms. This gives ndhe¢ extended x-ray absorption fine
structure spectrum (EXAFS), which provides inforimiatas to the bonding environment

of an atom, e.g. nearby oxygen and metal atatds (
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CHAPTER 2: SORPTION AND REDUCTION OF URANIUM(VI) BY
GREEN RUSTS

Abstract

Green rusts are widely recognized as an importaatmediate phase in iron
biogeochemical cycling. We have investigated thertxand mechanism of uranium(V1)
removal in the presence of synthetic carbonatéatsyland chloride green rust, as well as
pyroaurite, an Mg(ll)-Fe(lll) structural analog cdrbonate green rust. The kinetics of
UY' removal was similar among the three green rusipgroaurite. The majority of U
(> 80%) was removed from solution in about an houratch reactors containing 1.0 g/L
of green rust at pH values of 7.0 and 8.0. Suliat chloride green rusts completely
reduced Y' to U in both TAPs buffer and 4 mM bicarbonate. Comptetiuction was
observed with carbonate green rust in 4 mM bicaab®and in DI water, but only partial
reduction of UY' was observed in pH 8.0 TAPS buffer. No measurageaction of U’
was observed in the presence of pyroaurite. Bicatsoconcentration had little effect on
the rate and extent of'Usorption and reduction at concentrations less 1fftamM. At
higher concentrations ( > 10 mM),Usorption was slower, but reduction was still
observed. Together, these data suggest that gusenmay be an effective sorbent and

reductant for uranium near Fe-rich oxic-anoxic bdames in natural environments.

Introduction
In the near-surface geochemical environment, bheergcolors associated with
gleyed soils and sediments that change to ochre epposure to the air have long been
thought to be due to the presence of structureddisrand ferric iron in green rusib(
77). Green rusts are clay-like, mixed-valent iron enais that belong to the class of
minerals termed layered double hydroxides (LDH)dose they are composed of sheets
of Fe(ll) and Fe(lll) cations between a double fayehydroxide anions7@8). The

layered double hydroxide structure of green ruatshe thought of as an Fe(QRsheet
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where a portion of the Fe(ll) atoms have been ardito Fe(lll) creating a charge
imbalance in the Fe(Okl)ayer. To compensate the charge imbalance, ansoick, as
chloride, sulfate, and carbonate intercalate inéoimterlayer 79). Because the
concentration of Cg is typically higher in soils and freshwater sedisethan the
concentrations of S@ and Cl1 (77) and a preference for GOin the structure of LDH
minerals over Cland SQ* (80), carbonate is the most likely anion to occurrieen
rusts found in soils and freshwater sediments. iGrasts are thermodynamically
unstable and are thought to be highly reactivainégliate phases in processes as diverse
as corrosion§1), microbial Fe redox cycling@), Mars rock formationg§3), evolution
of life (84), and water quality control (e.85, 86-89.

Here we focus on the reaction of green rusts with While green rusts have
only recently been identified in natu@0(92, they are believed to occur widely as an
intermediate species in corrosion proces88s4nd, thus, may have a role in the
migration of uranium from waste repositories. Natgreen rusts have also been shown
to form in soils under mildly reducing conditiort are subject to seasonal fluctuations
in the water table, and represent a dynamic reaatbn species in the environmeh8s).
Identification of green rusts as a common prod@ittaaterial iron metabolisnd8, 94-
98) further suggests that the reactive minerals neagrbsent in iron-reducing subsurface
environments.

Previous studies provide some indication thatmgrests are capable of reducing
U(VI). Chemically synthesized sulfate green rusgt haen shown to reduce uranium(VI)
to uranium(lV) nanoparticles in batch reactors aonng deionized wateB().
Carbonate green rust produced from the bioredudidepidocrocite was found to
reduce ' to UY nanoparticles under similar conditions in DI w&ef). Reduction of
UY has also been noted under anoxic conditions wiresn rust was a corrosion
product due to oxidation of iron metal, but the heasm of reaction between the

UY'/FE/GR is unclear9). In addition, the presence of a potential “greest-like
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precipitate” in well sediments was noted by Wule(48) during a pilot scale in-situ
uranium bioremediation project where significaranium reduction was achieved. The
authors of the bioremediation study speculateddhaint biotic-abiotic uranium removal
mechanism might have occurred.

There is, however, little data on whether the lat@r anion identity, or aqueous
carbonate concentration influences the rate of Jgyptake and extent of Ureduction.
Previous studies with chromate found relatively ikeféects of the interlayer anion on
the kinetics of reduction of by green rust8@), but the strong coordination of the uranyl
cation by anionic ligands such as carbona& (in contrast to the chromate anion)
suggests that the interlayer anions may be of rimgpertance in the interaction of'U
with green rusts. Coordination of ligands to the,&f@ore has also been shown to have a
strong influence on the rate of reduction of uranyhqueous solutioriQl). Here, we
show that the interlayer anion (i.e., carbonatéase) or chloride), as well as presence of
agueous carbonate, has little influence on theatemluof U(VI) by green rusts and that

all three forms result in near-complete reductidbb @/1).

Materials and Methods

Materials Synthesis and Characterization

Sulfate and carbonate green rusts were prepared peaviously described
methods in an anoxic gloveba&9). Briefly, an 0.13 M solution of Feg&#H,O or
FeSQ-7H,0, for carbonate and sulfate green rusts, respgtiwas titrated to pH 7.0
and mixed with 0.025 M Feg6H,0 titrated to pH 7.0, and the mixture was titraied
pH 8.0 for sulfate green rust and pH 8.3 for cadtergreen rust at a maximum rate of 1
mL min™. The titrants were 1.0 M N&O; and 1.0 M NaOH for carbonate and sulfate
green rusts, respectively. Ferric carbonate gresiwas synthesized as above and

quickly oxidized with excess hydrogen peroxid@2). Chloride green rust was

www.manaraa.com



17

synthesized in a similar manner as sulfate andocate green rusts except that the
Fe(lll) concentration was increased to 0.044 Mdor~e(Il)/Fe(lll) ratio of 3.0. Ferrous
and ferric chloride salts were used in additioa &olution concentration of 0.5 M NacCl,
and NaOH was used as the base.

Carbonate green rust was also synthesized in #sepce of phosphate to
stabilize the product from transformation to magaedind ferrous carbonate. The method
outlined in Bocher et al103) was used except that Fe6H,O used in place of
Fe(S0Oy)35H,0. Here a solution of 0.267 M FepTH,0, 0.133 M FeGl6H,0, and 2.1
mM NaH,POy-H,0 in 100 mL of deionized water was mixed with 100 of 0.466 M
NaCOs and 0.8 M NaOH solution under stirring in an acayliovebox. All green rust
solids were vacuum-filtered without washing anasfarred to a sealed vessel for freeze
drying. After freeze drying the solids were growardl sieved through an 0.15 mm sieve.

Pyroaurite was synthesized according to the praeediuFerreira et al104).

Here 70 mL of 0.1 M Mg(Ng)»-6H,O and 0.05 M Fe(N¢);-9H,0O was added dropwise
under stirring to 150 mL of 2.0 M NaOH and 0.1 M,N@&; at 45 °C. After addition of

the metal solution to the base solution was coraptée precipitate was aged at 85 °C for
2 h. To ensure replacement of interlayers\N@ith CO;* the product was centrifuged and
resuspended in 0.1 M NaOs; and stirred overnightLlQ5). This solution was then washed
3 times by centrifugation. The resulting solids ev&eeze dried and sieved through a
0.15 mm sieve.

Freeze dried green rusts, pyroaurite, and Fe(}ijjes and oxyhydroxides were
characterized using powder x-ray diffraction (pXRid)h a Bruker D-5000
diffractometer using monochromatic Cuxkadiation or a Rigaku MiniFlex Il
diffractometer using Co-&radiation and a Fe[Kfilter. Green rust samples were mixed

with glycerol to minimize oxidation during analygi06).
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UV Sorption and Reduction Experiments

Experiments investigating*Usorption and reduction were carried out in an
anoxic glovebox (93% M7% H,) to exclude oxygen and to maintain low atmospheric
CO, concentrations. Sorption experiments were domesalids loading of 1 g/L green
rustin 0.1 M TAPS buffer adjusted to pH 8.0. Ancamt of uranyl acetate
(UO2(CH3COO), - 2H0) stock solution in 0.1 M HCI was added to 75 nilstorred
buffer solution to achieve a nominal uranium cornicion of 400 uM, and an initial
uranium concentration sample was taken. We notdAPS buffer complexes‘Uand
suppresses precipitation of'Uat concentrations greater than the solubilityabfogpite
calculated using the speciation program Visual MBQT(L07). A precipitate was
visually observed after additions of'Uo reactors containing DI water adjusted to a pH
value of 8.0. However, Uis stable at concentrations to 500 pM in pH 8.0PBA
solution over a time frame of at least 1 year.dms experiments, TAPS was replaced
with 0.1 M PIPES buffer and 4 mM NaHG@hich was adjusted to pH 7.0. Finally, the
effect of carbonate in the 0.1 M TAPS/sulfate graest system was investigated by
adding amounts of 1 M NaHG@o TAPS buffer for HC@ concentrations of 0.1 mM, 2
mM, 10 mM and 20 mM. To initiate the reaction, 7§ of solid was added to the
reactor. Aliquots for uranium analysis were remosad filtered through a 0.2 pum
syringe tip filter. Samples were taken at 2, 5,2(,40, 80, 160 minutes and
approximately 20-24 h.

Uranium reduction experiments were done for anslygtih x-ray absorption
spectroscopy and consisted of a 5'gsuspension of solids in 60 mL of solution to
which a nominal uranyl acetate spike of 500 uM a@ded. Various solution conditions
were tested, including 0.1 M TAPS buffer (pH 89mM NaHCQ buffer (pH 7.0), and
DI water alone. The higher solids loading and Idading compared to the sorption
experiment was used to provide sufficient solid$ @mmass for high quality x-ray

absorption spectra. InitialUmeasurements were made on a filtered aliquotlafien
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prior to addition of green rust, and final aqueblYs measurements were made

approximately 24 hours after initiating the reatiasing filtered aliquots of suspension.

Aqueous Uranium Measurements

Analysis of uranium was done in two ways. The méthsed for most
experiments was a colorimetric determination otibld uranium by 2-(2- Thiazolylazo)-
p-Cresol (TAC) at a 588 nni(8, 109. The method of Teixeira et alld8) was modified
such that the sample and reagents for spectropletticrdetermination were contained
within a 1.5 mL micro-centrifuge tube to limit pnaction of uranium containing waste.
Briefly, 300 uL of sample was used, to which 300qflcomplexing solution (0.137 M
CDTA, 0.1 M NaF, and 0.51 M 5-sulfosalicylic acatl 6.5), 60 pL of 0.05 M CTAB
(N-cetyl-N,N,N-trimethylamonium bromide), 60 pL 0f15 M Triton X-100, 300 pL of
1 M triethanolamine buffer at pH 6.5, and 420 plodezed water were added. Color was
allowed to develop over 2 hours and analyzed aldeggandards with 10, 50, 75, 100,
150, and 200 uM Y. The detection limit was 9 uM based on repeatysigbf 11
samples of 10 uM uranyl acetate and calculatedyubie product of the standard
deviation and Student’s t-value@at 0.01. The second method, used for some initial
experiments, was an ion chromatographic methodv@t by post-column
spectrophotometric determination of uranium witlséwazo 11l at a wavelength of 650
nm (110. A Dionex DX-500 ion chromatograph equipped watAS14 column was used
with 0.05 M HSO, and 0.025 M MgS@eluent pumped at 1 mL/min. After
chromatographic separation the eluent stream wabio@d with 0.03 % (by weight)
Arsenazo Il in 1 M acetic acid from a post colureagent system operating at 60
pounds per square inch (psi). Standard solutiome mepared in 0.1 M TAPS at pH 8.0
and had concentrations of 10, 50, 100, 250, andus0®"".
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X-ray Absorption Spectroscopy

The U L-edge XAFS experiments were carried out at the MdseResearch
Collaborative Access Team (MRCAT) ID beamline, sed0 at the Advanced Photon
Source, using a previously described sefiid); Briefly, the beamline undulator was
tapered and fixed, and the incident energy wasrmgzhhy using the Si(111) reflection of
the double-crystal monochromator in quick-scanmiugle (approximately 2 min per
scan for the extended region and 30 s per scahdanear-edge region). The wet paste
samples were mounted in drilled Plexiglas slides sealed inside the anoxic chamber
with Kapton film windows. The sealed slides werp@sed to air for about 1 min while
being transferred from an,@ree transport container to the-Nurged detector housing.
Several Y' and U" standards were used in the XANES and EXAFS arsmlysi acidic
(pH 3) solution of uranyl chloride was used asstamdard for hydratedUand a basic
(pH 11) solution of U:carbonate=1:50 was used assthndard for carbonate-complexed
u¥'. UV standards included a crystalline Yurchased from Alfa Aesar and diluted
1:100 in SiQ (112), biogenic U nanoparticles produced I8hewanella oneidensidR-
1 and characterized in a previous stuif) (and U’ nanoparticles produced abiotically
by reduction with sulfate green rustlj. Linear combination spectral analysis of EXAFS

data were performed using the program SIXpddi3y

Results and Discussion

Sorption of U" to Synthetic Green Rusts

UY' Sorption Kinetics

Uranium” (UY") is rapidly removed from solution in the presenté g/L sulfate,
carbonate, and chloride green rusts as well asdgxrinactive pyroaurite (Mg(ll)-
Fe(ll)-CO; LDH) (Figure 2.1). We observed little influencetbg interlayer anion on

the kinetics of ' sorption to green rusts, and observed similartEorjinetics on
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pyroaurite (same structure as carbonate greenbutskig(ll) ions replace the Fe(ll)
ions). Little difference in the kinetics of'Usorption was observed between pH 8.0
TAPS buffer and pH 7.0 PIPES buffer with 4 mM bloamate (Figure 2.1). Using a
pseudo-first order kinetic model, we estimateddhserved first-order rate coefficients
(Kobg for the initial uptake (< 20 minutes) which relgegate coefficients at pH 7.0 and
8.0 that vary by a factor of 7 between the slowéserved rate (GR(CG{pat pH 8.0) and
the fastest observed rate (GR@p& pH 7.0) (Table 2.1). Over approximately 1 dag,
noted that significant amounts of U remained irugoh (48 uM) in the GR(C¢)
reactors containing pH 8.0 TAPS buffer, but wasaeed to below the 9 uM detection
limit of the TAPS colorimetric method in all pH 7HOPES and 4 mM bicarbonate
buffered reactors.

The kinetics of ' uptake were also explored with carbonate green rus
synthesized in the presence of phosphate. Phospaateeen shown to sorb
preferentially to edge sites on green rust andabil&ze green rust from transforming to
other Fe mineralsl03). We found that phosphate reduced the rate'biiptake from pH
8.0 TAPS buffered solution by a factor of abouvRjch is within the variation in rates
noted between different green rusts. The exteaptdke after 20 hours was the same as
for GR(CQ) without phosphate, with 57 uM U remaining in $mno. Differences in rate
could be due to differences in surface area ord#wtors associated with the difference
in between the two synthesis methods, and for tresgs®ons we cannot attribute any
effect of sorbed phosphate td'$orption to green rust.

Two previous studies evaluated the influence oégmeist interlayer ions on
chromate 100) and nitrate reductior8¥, 114. The rate of Cr(VI) removal from solution
has also been found to vary as a function of grashmass loadin@gg, 100Q.
Extrapolation of the rate data from Bond and FehfiwrCr(VI) uptake on green rusts to
1 g/L yields rate constants on the order of 2 to? s*, which are about two orders of

magnitude larger than what we have observed hend(fdl) (Table 2.1) {00). A study
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investigating sorption of chromate on a redox-iiv&ctalcined hydrotalcite (Mg(ll)-
Al(111)-CO ;3 layered double hydroxide) found first-order rav@stants on the order of 1
x107 s?, potentially indicating that the rate limiting pt&n chromium reaction with green
rusts is also the rate of uptake from solutidbby. In a previous study, we observed
similar rates of Cr(VI) reaction with carbonate gmnaust 85). In contrast to U(VI) and
Cr(VI), the effect of interlayer anion on the rafeuptake of nitrate was found to be
significant with rates varying up to 32-fold (Taldel). Differences in N@ uptake rates
were rationalized based on differences in the atedl Fe(ll)-Fe(lll) hydroxide layer

charge and the ability of NOto replace either Cbr SQ in the interlayer114).

Effect of Bicarbonate

In addition to the green rust interlayer anion,als® investigated the influence of
agueous bicarbonate concentration on the uptakeaafyl from solution by sulfate green
rust (Figure 2.2). Addition of 0.1 mM NaHG® TAPs buffer did not significantly
change the rate of uranyl uptake from solution BR(€0,), but 2 mM bicarbonate
resulted in an 2-fold increase in the rate of uranuptake from solution. At higher
carbonate concentrations (10 mM) the rate of uraniptake was slightly inhibited,
whereas at much higher concentrations ( 20 mMigrafecant decrease in the rate of
uranium uptake was observed. Results were sinmlpHi 8.0 buffer with 2 mM
(bi)carbonate (data not shown) and in pH 7.0 PIB&&r with 4 mM (bi)carbonate. We
note that typical bicarbonate concentrations cagedrom around 1 to 6 mmolé'L
(assuming that all reported alkalinity is bicarbenalkalinity) (16, 117, but
bicarbonate concentrations may be greater duriogfibaulation of microbial activity
where organic matter is oxidized to €O

Potential explanations for the differences in rategranium sorption to green
rusts and pyroaurite in the presence and absermalodnate include differences in green

rust surface charge, uranium speciation, and achange. In the near-neutral to
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slightly alkaline pH range green rusts likely hgasitively charged surfaces. The point
of zero charge for the green rusts have not bgeorted, but the phic for an analogous
Mg(Il)-Fe(lll) chloride layered double hydroxidengported to be in the range of 10.3 -
10.8 depending on exact Mg(ll)-Fe(lll) compositimd lies between the PZC of Fe(lll)
oxyhydroxides and the Mg(ll) hydroxid&X8). This positively charged surface at near-
neutral pH might help explain the facile adsorpd™NO; and CrQ?, but cannot be
used to explain adsorption of the positively chdrge®,?* and UQ-OH species.
However, adsorption of uranyl in the absence db@aate may be made more favorable
by negatively charged green rust moieties in tieeity of structural anions.

The faster removal of U by GR(SQ) from pH 8.0 solution containing 2 mM
NaHCG; (Figure 2.2) and by all green rusts in pH 7 solugontaining 4 mM NaHC{
(Figure 2.1) may be due to the favorable uptakeegfatively charged uranyl carbonate
species by a positively charged green rust surfloe predicted speciation for uranyl in
these solutions was calculated with Visual MINTE®Y) and uranyl species are
predominantly in the form of the negatively charge®,),CO;(OH)s UO,(COs).*, and
UO,(COs)," . At low carbonate concentrations from 0.1 mM andM
(UO,),CO3(OH)3  is the predominant uranyl species. Increasing#nbonate
concentration to 10 and 20 mM results in the foramadf the tris-carbonato uranyl
complex (UQ(COs)5"). In addition, at high carbonate loadings, surfemplexation of
carbonate on the green rust surface might be exghéatgive a negative charge to the
surface. A negatively charged green rust surfatesslikely to sorb the negatively
charged uranyl tris-carbonato complex, which liketgounts for the reduced extent of U
uptake in the 20 mM bicarbonate reactor.

In addition to the carbonate complexation df it these systems, we have found
that TAPS may be complexing’UWe observe that concentrations of up to 500 uM
UO,*" are soluble in pH 8.0 TAPS buffer at a time scdlever a year. These

concentrations of YJ are over the solubility limit of schoepite (4@H,0) expected
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from solubility constraints (pk(schoepite) = 5.994 using the software packageaVisu
MINTEQ (107). Precipitation of Y’ is observed after adding a stock of uranyl acetate
control reactors adjusted to pH 8.0 in the absend&APS. This suggests that TAPS is
forming a stable complex with the uranyl catiorugtthe effect of ¥-TAPS
complexation as well as complexation of the undegyurface by this organic buffer
may also have a role in reducing the extent ofiuraruptake by GR(C¢) in TAPS

buffer relative to the PIPES buffer with 4 mM bicanate. PIPES buffer has been
considered as a non-complexing buffet9). With no carbonate present, soluble uranyl
will likely exist as positively charged hydroxylatspecies or as at4TAPS complex
with unknown characteristics.

In addition to the potential for surface compleaatof carbonate on GR(SCand
GR(CI) when carbonate is added to a suspensidmesetgreen rusts, anion exchange
between the S£ or CI in the interlayer and the aqueous carbonate inrocaur, as
carbonate is favored over sulfate or chloride mititerlayer 120). At low carbonate
loadings, interlayer exchange of sulfate for cadienmay reduce the concentration of
carbonate in solution available for complexatiotud, leading to the observed increase
in the rate of U uptake from solution in the cab2 M bicarbonate relative to the
higher carbonate loadings (Figure 2.2). At low cadte loadings, uptake of GOinto
the interlayer may also help bring YG0O; complexes in contact with the green rust
surface and allow for sorption to occur, a phenameshich may be inhibited at higher
loadings due to increased formation of negativélgrged U'-CO; complexes and
charging of the green rust surface by negativergéd bicarbonate and carbonate

anions.

Uranium Reduction by Green Rusts
To determine whether the sorbed uranium was redogethloride, sulfate, and

carbonate green rusts, we used x-ray absorptiatrsgeopy. Previous work has shown
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that sulfate green rust reduce$ th UV O, uraninite nanoparticles in deionized water
containing no carbonatél). X-ray absorption near edge spectroscopy (XAN&She

U Ls-edge indicates that no reduction of Wccurs in the presence of pyroaurite — the
Mg(Il)-Fe(lll) analogue of GR(Cg) (Figure 2.3). Similar results were also obserfezd
fully ferric green rust, in which all the Fe(ll) fideen oxidized but the LDH structure is
maintained 102).

In contrast to pyroaurite, both sulfate and chlemgeen rusts in TAPs buffer
reduced most of the 500 pM'lUadded within about four days, consistent with the
previous report of reduction of‘Uby sulfate green rust, which occurred in abouayw d
(61). Interestingly, the addition of bicarbonate at®H at concentrations of 2 and 20
mM had no observable effect on the extent of rednaif U"' to U" in 5 g/L GR(CI)
and GR(SQ) suspensions (Table 2.2). It is important to rib&t bicarbonate may have
influenced the rate of reduction, but our XAS meaments were made between 3 and 4
days after sample preparation which appears to beee enough time for nearly
complete reduction to occur in both the absencepagsknce of bicarbonate.

Carbonate green rust in pH 8.0 TAPS buffer, onotther hand, did not fully
reduce U' to UV after 3 to 4 days. The uranium oxidation state ietween that of the
UY" and U" standards (Figure 2.3). The amount of reductisenked in TAPS buffer
ranged from 45 to 70% (note there is a +10-15%abdity in XANES measurements)
based on three samples measured during two diffeeaim runs (45% reduction shown
in Figure 2.3). Addition of 2 mM NaHC£o pH 8.0 TAPS and GR(CG{Psuspension
resulted in an extent of uranium reduction that siaslar to GR(SQ) and GR(CI)
suspensions containing 2 mM bicarbonate (Figure 2.4

Our findings of incomplete reduction of’Uby GR(CQ) are not consistent with
previous work which reported complete reductiotudf by carbonate green rust formed
from reduction of lepidocrocite yhewanella putrefacier@N32 64). To investigate

why, we ran several additional experiments evatggtne effect of freeze-drying,
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phosphate incorporation, and the TAPs buffer. Wehavestigated whether freeze
drying carbonate green rust during preparationexdaschange in its ability to reduce
UY'. We note that other researchers have suggestefigbze drying green rust changes
its reactivity (21). When fresh GR(C¢) was resuspended in TAPS buffer it reduced
35% of the uranium added (Table 2.1). This resutoinsistent with the freeze dried
experiment (within XANES analytical error), suggegtthat freeze drying didn’t have a
measureable effect on U reduction.

Due to our observation that TAPS buffer appeacotaplex U we have also
investigated the role of buffer in U reduction arlmonate green rust. In the absence of
TAPs, in both deionized water alone and 4 mM NaH@®a pH 7.0 buffer, nearly
complete reduction of Uto U" was observed, with > 85% of the U in the prodasts
U" (Figure 2.4). In addition, when both fresh GR¢ Barvested by filtration and
freeze-dried GR(C€) were reacted with U at pH 8.0 in the absence of buffer 85% to
100% UY was observed in the products. Green rust stabidizédy phosphate during
synthesis also had no observable effect ¥nréduction by GR(C€) suspended in
TAPS, as 50% of the Uadded has been reduced t8 (Table2.2, Figure 2.4).

Our observation of partial U reduction by syntb@&R(CQ) in the pH 8.0 TAPS
system and nearly complete reducution in systenes@VhAPS was omitted indicates
that the complexation of Uby TAPS may have an effect on U speciation in the
carbonate green rust system. However, completetiedwf U” to UV was observed in
the GR(CI) and GR(S£)systems in the presence of TAPS. These resulisate that in
comparison to sulfate and chloride green rustsréHuction by carbonate green rust may
be more variable depending on the conditions stlidle caution against the use of
TAPS buffer in uranium work because of its compiepability towards UG, Finally,
we note that freezed dried GR(g)@vas unstable over time in DI water, PIPES, and
bicarbonate buffers, and underwent a visible ti@nsétion to black solid (most likely

magnetite). The same green rust was stable forch honger period of time in TAPS
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buffer. Complexation of ¥J, however, may be applicable to systems with high
concentrations of natural organic matter or undgh bacterial growth conditions with

production of extra-cellular material.

Conclusions

Our study indicates thatUuptake in the presence of green rusts with the
commonly occurring interlayer anions {((3Q, and CQ?) is relatively fast and similar
for the green rusts with different anions. Simikaies of uranium uptake from solution by
redox-active green rusts and redox inactive MgiFggyroaurite indicate that sorption is
likely the rate-limiting step in the reaction of'With these materials. Our results
indicate that solution (bi)carbonate has relatiVittle effect on U' sorption at lower
concentrations, but as concentrations increas8 taM total (bi)carbonate sorption of
UY' from solution is decreased. Our results with sgtithgreen rust confirm those of
previous studies that sulfate green rusts aretéféereductants of ¥, and further shows
that both chloride and carbonate green rusts reducelU" (54, 6]). As carbonate is
present in most natural waters, it is also of digance that we observed reduction of U
-carbonate complexes by all three forms of gresh ru

We caution that use of organic buffers such as T&R$ lead to erroneous
results due to their metal complexing ability, augigest if these organic buffers are to
be used they should be checked for metal complextuildy prior to their use in
experiments. The reduced extent dof teduction by carbonate green rust in the presence
of TAPS may indicate that this material is morecsisible to solution composition
changes that may change it effectiveness as ateedudor U and possibly other oxidized
contaminants. This is potentially important, adoaate green rust will be the most

likely to form under fresh-water conditions witHagvely low sulfate concentrations.
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Table 2.1. Pseudo first-order rate constanyg, (&) for contaminant sorption/reduction
by synthetic green rusts.

U022+
pH 7.0

U022+
pH 8.0°

CrO %
pH 7.0°

NO5
pH 7.5

GR(CI) (9.0 +3) x 1¢
GR(SQ) (15+2)x 10
GR(CO) (10+2)xid
Pyroaurite (7.1 + 2) x 1¢

(8.8 +0.3) x 1d
(8.3+2.7) x 1d
(2.0+0.2) x 1d
(6.7 £0.2) x 1d

(12.6 - 366) x 10°
(6.10 - 181) x 10°
(19.2 - 239) x 10°

(3.08 + 1.04) x 18"
(0.095 + 0.038) x 169

%pH 7.0, 0.1 M PIPES, and 4 mM NaHg@rror term: + 1 standard deviation.

® pH 8.0, 0.1 M TAPS. Error term: + 1 standard déeia

“pH 7.0, 0.005 M MOPS

9pH 7.5, pH Stat

©(100), 0.125 g [* to 0.5 g L* green rust loading

(114
9(87)
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Table 2.2. Uranium redox speciation after reactitth green rusts under several
conditions as determined by x-ray absorption nelgeepectroscopy

(XANES).
Iron Mineral Solution Conditions pH /U0
GR(CI) — freeze dried TAPS buffer 8.0 100 %
TAPS/2 mM NaHCQ® 8.0 93 %
TAPS/20 mM NaHCQ 8.0 100 %
GR(SQ) — freeze dried TAPS buffer 8.0 100 %
TAPS/2 mM NaHCQ 8.0 100 %
TAPS/20 mM NaHC®@ 8.0 100 %
GR(CQ,) — freeze dried TAPS buffer 8.0 4510 700%
TAPS/2 mM NaHCQ 8.0 50 %
4 mM NaHCQ 7.0 95 %
DI water ~8.0 100 %
CR(CQ) +PQ —freeze  1aps pufer 8.0 50 %
GR(CQ) — fresh filtered TAPS buffer 8.0 35 %
precipitate DI water ~8.0 85 %

@ Range of three samples of carbonate green rusamme at two different dates and
analyzed during two beam runs.
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200 A. pH 7.0 PIPES + HCO,
4007 —0— GR(C)
R —O+ GR(S0,)
= 200h —A— GR(CO,)
M —&— pyroaurite
> 200- Py
2007 B. pH 8.0 TAPS
400-
g 300443 —o— GR(CO;) + PO,
=
=

0 40 80 120 160
Time (min)

Figure 2.1. Uranium uptake by sulfate green ruf(&,)), carbonate green rust
(GR(CQy)), chloride green rust (GR(CI)), and pyroauriteg(M)-Fe(lIl)
layered double hydroxide) in the presence of pHPEIS buffer with 4 mM
NaHCG; (A) and pH 8 TAPSR). GR(CQ) + PQ? refers to carbonate green
rust synthesized in the presence of phosphate antooh is sorbed to the
green rust during synthesis. Error bars represemtstandard deviation of
triplicate reactors.
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500 —
—X— buffer alone ~ —%— Fe(ll) alone —#— 2 mM HCO, control
400 — iy ——5— —34
= 300 ..
=
SI_l
= green rust + 20 mM HCO,
200 —
100 —
0— =
I ’ I ' I d | d I
0 40 80 120 160
Time (min)

Figure 2.2. Effect of aqueous carbonate concentrath uptake of J from solution in
the presence of sulfate green rusts. Each reasttaioed 1 g I of sulfate
green rust in 0.1 M TAPS pH 8.0 buffer solutioneTduffer control
represents a reactor with no green rust or bicateo his control highlights
the ability of TAPS to complex U&, as this solution is supersaturated with
respect to solid ¥J. No removal of uranium was seen in a reactor Goimg

0.

5 mM Fe(ll) with 40uM U"" under the experimental conditions tested.
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Figure 2.3. Uranium speciation after reaction vgtaen rusts and pyroaurite. The spectra
are U-L3 XANES spectra of 5 g/L synthetic green rust saspled pyroaurite
reacted with 500 uM ) in pH 8.0 TAPS. Inset: The relative position o th
absorption edge of the uranium reacted with thergrast and pyroaurite
samples. The scale between 0 % &hd 100% U is marked with 20%
increments on a non-linear scale.
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2.0 1 v
—C— U Standard
—e— GR(S0,) + 2 mM HCO,
—m— GR(CO,) + 2 mM HCO,
—A— GR(CO,) + PO,”
15 —&— GR(CO;) + 4 mM HCO, (no TAPS)
' —/— Pyroaurite + 2 mM HCO,
= —— Ferric GR(CO,)
(o]
B ~— U"' standard
S
wv
2
o 1.0 -
@
N
g g 0.75
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2 0.70
<
0.5 — 9
= 0.65
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1 I 1 I 1
L 17.160 17.161 17.162 17.163 17.164
0.0 - Photon Energy (keV)
| | | | | |
17.14 17.16 17.18 17.20 17.22 17.24

Photon Energy (keV)
Figure 2.4. Effect of bicarbonate on the reactibb/8 with green rusts and pyroaurite.
The spectra are UsLXANES spectra of 5 g/L green rusts and pyroauaseted with
500 uM U in pH 8.0 TAPS and 2 mM bicarbonate. Also includeel GR(CQ)
synthesized in the presence of phosphate¥P@nd GR(C®) in 4 mM bicarbonate
buffer without TAPS with a pH value of 7.0 reacteith U"'. Inset: The relative position
of the absorption edge of the uranium reacted thighgreen rust and pyroaurite samples.
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CHAPTER 3: REDOX SPECIATION OF URANIUM REACTED WITH
MAGNETITES OF VARYING STOICHIOMETRY

Abstract

The current DOE strategy for treatment of radioitigchnd heavy metal
contamination in the subsurface relies heavilyrosiiu immobilization and stabilization.
It is well-established that hexavalent uraniun{'fléan be enzymatically reduced by a
variety of microbial species, as well as abiotigadilduced by many reduced iron
minerals. Of the reduced iron minerals, magnesitaf isignificant interest because of its
formation from many PE&minerals as a result of dissimilatory iron reductiMagnetite
is also a significant corrosion product of iron adeh suboxic and anoxic conditions, and
will likely play a significant role in corrosion a@fon waste containers holding uranium-
containing spent nuclear fuel. In previous worlscdepancies exist regarding the extent
of U¥! reduction by magnetite. Here, we demonstratettieaEé" content of magnetite
may explain the observed discrepancies in theatiiee, along with other differences
such as solution composition, pH, and surface &wksobserved that varying the initial
Fe' content in the magnetite significantly influendld extent of Y reduction by
magnetite. Stoichiometric and partially oxidizedgmetites with an F&/Fe’* ratio )
greater than 0.38 reduced'Wo U" in UO, (uraninite) nanoparticles, whereas with more
oxidized magnetitesx(< 0.38) and maghemit& € 0) only sorbed ¥ was observed. We
further show that aqueous'Fis capable of recharging the reducing capacithese
oxidized magnetites, presumably by Fe(ll) reductbthe oxidized magnetite as we
have previously demonstrated. Méssbauer spectrasegults provide direct evidence
that the reduction of U to UV is coupled to oxidation of #én the magnetite. The
stoichiometry of a biogenic magnetite produced ftbmreduction of lepidocrocite was
found to bex = 0.43. Uraninite is formed from reduction of'lih a heat-killed

suspension of the biogenic magnetite, consistetfit eir chemically synthesized
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magnetites. Our results suggest that magnetitetstonetry and the presence of aqueous

Fe' are important when evaluating the potential faluation of U" in the subsurface.

Introduction

Magnetite is expected to play an important roleeweral aspects of the
technological and natural uranium (U) cycle. Thmstation of metal reducing microbial
communities has been considered and implementadtategy to immobilize sub-
surface U contamination resulting from U procesg#®) 45, 122, and plays a key role
in the U.S. Department of Energy’s program to managacy uranium contamination.
Immobilization of U by microbial metal metabolissithought to occur via direct
enzymatic reduction of the more solubl¥ ¥pecies to the less solubl& 0, (e.g.,47,
48) and via indirect reduction of Uto U¥ and U" species by sorbed and structurdl Fe
(58-60. Dissimilatory metal reducing organisms reduoceesa iron oxides (Fe-oxides)
to magnetite 23, 124. Magnetite is also a common iron corrosion pradrgn iron
canisters used to contain uraniferous wastes im $fodrt-term storage and long-term
geological repositoried 25, 126.

Magnetite (FgO,), is a mixed valence mineral containing botA*fead F&*
ideally in a 1:2 ratio (Fé/Fe€*"). Removal of all F& from the structure of magnetite by
oxidation or dissolution results in the formatidrtire FE* only mineral, maghemite{
Fe03) (127). Partially oxidized magnetites can exist betwdenend-members of
magnetite and maghemite, and can be referred todiyFé* content, which we denote

X, wherex is defined as:

x= 2.1)
Magnetite and maghemite crystallize with an inveysi@el structure, with
magnetite having 2 Fe atoms in octahedral cooridingbne F&" and one F& atom) and
one F&" atom in a tetrahedral coordination site. Partiakidized magnetite and

maghemite contain cation vacancies in octahedies sis F€ is removed in order to
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maintain charge balanc#4, 12§. The Fé" content of magnetites has considerable
influence on their properties, such as conductiresistivity, and redox potential. A
slight change in stoichiometry has been found teeleagreat effect on the conductivity
(inversely, resistivity) of magnetite sampld29, 130. Several studies highlight the
significant variation in redox potential with vamg Fé* content 66, 127, 13} It is of
note, however that the variation in redox potensiahore gradual than the change in
resistivity withx. Recent work by our group has highlighted the irtgpace of magnetite
Fe?* content on contaminant reductid6( 133. This work found that the rate of
nitrobenzene reduction can be modeled as a funofitime redox potential difference
between magnetite and several substituted nitreressz66).

Previous reports investigating the reduction &f by magnetite show results
varying from complete reduction of'Uto U to no observed reductioB4, 55, 58, 62,
133-136§. The majority of studies have found that in thesence of magnetite, U added
to solution is reduced to a mix of valence stat£s,(U", and U"). The reduction of U
to a mixture of valence states has been seen wadeus solution conditions and pH
values. One study found that a magnetite synthesizeoxidation of FeSgreduced '
to a mixture of U valence states in both pH 5 aHd/solutions 126). In contrast to the
relatively stable aqueous U concentration over tithhe amount of reduced U associated
with the magnetite increased with time over a getib3 months at the expense of U
suggesting a slow continued redox reaction. Ov@méar time span, the patrtial
reduction of ' (as determined by EXAFS) by a commercially purebdamagnetite at
acidic pH has been reported, although only a sedgl in U 4f XPS binding energies
occurred, indicating reduction of only a portiontlo¢ total U in the sample$35). Time-
dependent Y reduction by sectioned single crystals of magastith near
stoichiometric F& contents under acid conditions has also been wéein that study,
the presence of'¥Jas UQ., was supported with SIMS depth profiling of the metite
(62). Under slightly alkaline conditions (pH ~8.0) metpresence of 1 mM (bi)carbonate,
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magnetite produced by oxidation of FeS@duced about half of the added' tb U"
(55). Finally, a recent study observed reduction 8ftd U” in unbuffered pH 3.2 — 4.7
solutions with XPS and EXAFS. The stoichiometrytted magnetite, produced by
oxidation of FeS®@by nitrate, was measured by XPS and found to be steichiometry
(137).

In contrast to the large number of studies repgmartial U reduction by
magnetite, relatively few works have concluded thagnetite reduces U completely to
U". Instantaneous reduction of'Uby biogenic magnetite is mentioned in a study that
uses bicarbonate extraction as a proxy for U redinichowever, the authors of this study
did not provide data or conduct spectroscopic stith confirm the nature of the reduced
U product §8). Similarly, O’Loughlin et al. provided evidencsing XANES and
EXAFS that microbially produced magnetite reduc&std U in nanoparticulate
uraninite (UQ) (54). The stoichiometry of the biogenic magnetites waismeasured in
either of the two studies. In addition, the origirthe magnetite used in the different
studies varies significantly, with some researclisisg commercially purchased
magnetite and others using laboratory synthesizaghetite produced under various
conditions both in the presence and absence ofesxythe F& content of the magnetite
used has often not been measured.

No reduction of UY' by magnetite has been observed in two studiesg®etlal.
(133 synthesized magnetite in the presence ‘0ftly oxidation of FeS@under normal
atmospheric conditions and in the presence of KMGolution. The valence state of U
was measured with x-ray photoelectron spectros¢8pys) and x-ray absorption near-
edge spectroscopy (XANES) and both were consistéhtU"'. The second study
investigating U interaction with commercially puased magnetite was used in the
presence and absence o¢{dJj. This study was conducted in carbonate comtgini
solution with near-neutral to alkaline pH and naéddck of U reduction in an anoxic

environment in the absence of(H). In the presence of.t)), uranium was reduced,
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although it is unclear whether the Heduced ' directly, or reduced the magnetite
(134).

We have previously found that the’Feontent (stoichiometry) of magnetite
dramatically influences the rate of reduction dfaaromatic compounds¢, 133. The
stoichiometry of magnetite has also been suggestbd an important factor in the
reduction of UY' (137). Here we have evaluated the hypothesis that ntiagre
content is important for ¥ reduction under near neutral pH conditions ingtesence
and absence of the strongly'\¢omplexing (bi)carbonate anion. We show that a
dramatic shift from sorbed*Uto UV in uraninite nanoparticles occurs betweerx af

0.33 and 0.38, both in the presence and abser{t@cdrbonate.

Materials and Methods

Magnetite Synthesis and Characterization

Magnetite was synthesized according to previoushliphed method$6, 132,
138). Briefly, the solids were prepared by precipiigtmagnetite with NaOH from a
solution containing a 1 to 2 ratio of'Fand F&'. Partially oxidized magnetite was made
by adding hydrogen peroxide (approximately 30 9@ to oxidize F&" to Fé&".
Maghemite was produced by oxidation of magnetitaiirat 200 °C. Magnetite
stoichiometry was characterized by acidic dissotutky) in 5 M HCI followed by
measurement of aqueous' F®lorimetrically by 1,10-phenanthroline compleratiwvith
Fe" masking by F(138, 139. Total Fe was measured after reduction df bg
hydroxylamine hydrochloride. The magnetite stoiohébry was also measured by
Mdossbauer spectroscomyg) (138). The specific surface area was obtained yWa N
adsorption BET analysis and was found to be 63 @ which correlated well with

the particle size measured by transmission electieroscopy (TEM) of 20 nm.
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Uranium Uptake and Reduction Experiments

Uranium uptake by magnetites with various stoicletmes was measured in5 g
L suspensions in either 50 mM 3-(N-morpholino)prasaifonic acid buffer (MOPS,
pKa = 7.2) or in 2 mM NaHCg&buffer, with both adjusted to an initial pH of 7.2
Experiments were done inside an anoxic glovebok i®3% N/7% H, atmosphere.
Uranium was added as’lUn the form of uranyl acetate (Y@H;COO), - 2H,0)
dissolved in 0.1 M HCI to a nominal concentratiér560 pM U”. Initial U
concentrations were measured prior to addition ajmetite and final concentration were
measured after 24 hours of reaction time, pridgh&m being sent off for x-ray absorption
spectroscopic measurements. U concentration irtisolwas measured using the TAC

colorimetric method described in Chapter 2.

Fe' Uptake Experiments

Fe' uptake experiments on partially oxidized magnétite 0.28) were done by
adding an aliquot of Fegstock to 60 mL of MOPS buffer. In one experimdrit,mM of
Fe' was added based on the total amount 8frfeeded to bring the partially oxidized
magnetite tox = 0.50. In addition, a second experiment was datte5.7 mM aqueous
Fe' to see if partial restoration of magnetite stadchétry induced U reduction. The
experiment with 11 mM aqueous'Faddition was done with and without removal of the
aqueous Peby decanting the supernatant. The amount bfifreolution was measured
prior to addition of 5 g I* partially oxidized magnetite, and was measuredhaaféer 20
hours prior to addition of ¥J. Aqueous Féwas measured using the 1,10-phenanthroline
method described above. The amount dffeenoved from solution was used to calculate
the stoichiometry of the magnetite prior t8' @ddition, and was based on mass balance

considerations132).
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X-ray Absorption Spectroscopy

The U L-edge XAFS experiments were carried out at the MdseResearch
Collaborative Access Team (MRCAT) ID beamline, sed0 at the Advanced Photon
Source, using a previously described sefiid); Briefly, the beamline undulator was
tapered and fixed, and the incident energy wasrmgthhy using the Si(111) reflection of
the double-crystal monochromator in quick-scanmiugle (approximately 2 min per
scan for the extended region and 30 s per scahdanear-edge region). The wet paste
samples were mounted in drilled Plexiglas slides sealed inside the anoxic chamber
with Kapton film windows. The sealed slides werp@sed to air for about 1 min while
being transferred from an,@ree transport container to the-Nurged detector housing.
Several Y' and U" standards were used in the XANES and EXAFS arsmlysi acidic
(pH 3) solution of uranyl chloride was used asgtamdard for hydrated¥Jand a basic
(pH 11) solution of U:carbonate=1:50 was used assthndard for carbonate-complexed
u¥'. UV standards included a crystalline Yurchased from Alfa Aesar and diluted
1:100 in SiQ (112), biogenic U nanoparticles produced I8hewanella oneidensidR-
1 and characterized in a previous stuif) (and U’ nanoparticles produced abiotically
by reduction with sulfate green rustlf. U"' sorbed to goethite was used as a standard
for Fe-oxide sorbed UJ, this sample contained 250 pM'lin a suspension of 1.5 g'L
of goethite buffered at pH 7.4 with 0.1 M TAPS &hthM NaHCQ. Linear combination

spectral analysis of EXAFS data were performedguthe program SiXpack (3.

Magnetite Oxidation by V) Experiment
We also conducted experiments to link Fexidation in magnetite to the
reduction of UY'. These experiments were conducted in 50 mM pHVIOPS buffer with
a solids loading of 1.5 g"LnearIy—stoichiometric magnetite wikg = 0.49 andys =
0.45. A spike of 500 pM ¥J was added from the uranyl acetate stock, andethears

were re-adjusted to pH of 7.2. After 20 hours,dbkition was filtered to collect the
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solids onto a 0.45 um filter. The solids were thesunted between two pieces of Kapton

tape for the Mdssbauer spectroscopy measurements.

Biogenic Magnetite
Biogenic magnetite was provided by Edward O’Louglati Argonne National
Laboratory and prepared from the bioreduction pidecrocite byShewanella
putrefaciensCN32 as described previously23). The cultures were allowed to reduce
the lepidocrocite for 3 days after inoculation. Huspension was then pasteurized for 1 h
at 70° C. The material was not washed to removealeéris in order to avoid dissolution

of F&* from the magnetite.

Mdossbauer Spectroscopy

Transmission Mdssbauer spectroscopy was used teungete stoichiometry of
biogenic magnetite and synthetic magnetite useddriré* oxidation experiment.
Mdssbauer spectroscopy was done with a variablpdaeature He-cooled system with a
1024 channel detector. ACo source (~ 50 mCi) embedded in Rh was used and was
maintained at room temperature. All center shdfsorted are calibrated relative to@an
Fe foil at room temperature. Samples are kept @imximounting them between pieces
of adhesive Kapton tape, and minimizing the timeytare exposed to air prior to
mounting them in the spectrometer cryostat.

Collected Mossbauer spectra have been fit usinfRéwoil software package
(University of Ottawa, Ottawa, Canada) using exeshdloigt based fitting1(38). The
relative peak areas of the sextets have been eomesdrto the ideal 3:2:1:1:2:3 ratios.
Center shift (CS), quadrupole shift (QS), and hfyperfield (H) parameters have been
allowed to float during the fitting procedure. Setstwere fit with two hyperfine field
components which had individual Gaussian distrdngiof hyperfine field parameters
and relative areas that were allowed to float oleoto achieve the best fit to the

observed spectra.
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Results and Discussion

Uranium Reduction as a Function of Magnetite
Stoichiometry

Based on our previous observations that reducttasrof nitro-aromatic
compounds were dependent on th& E@ntent of magnetite66, 133 we have
investigated the effect of magnetite stoichiometnyuranium reduction. We determined
the oxidation state of U in the solids by x-ray@ipsion near edge spectroscopy
(XANES) (Figure 3.1). The edge position of th& Standard (biogenic nano-uraninite)
lies to the left of the V) standard (' sorbed to goethite) as shown in Figure 3.1. The
resonance feature in the spectra beyond the abmogitge (denoted by the vertical
arrow) is indicative of the axial uranium-oxygembs (Oax) of uranyl. The XANES
results indicates that all of the”Uadded to the 5 g/L magnetite suspension in pHZ7.2,
mM NaHCQ; buffer is reduced by stoichiometric magnetke=(0.50), as well as by
partially oxidized magnetite with= 0.48 and 0.42. In contrast, for oxidized madasti
with x < 0.42, little to no reduction was observed witthia error of the XANES
measurement (which is approximately 10%). The mosidf the absorption edge and the
presence of the resonance feature above the alosoeplge indicate that the majority of
the U in these oxidized magnetite samples remaitisa +6 valence state as the uranyl
cation.

We conducted linear combination (LC) fitting of tKANES spectra using the
U" and U" end-members to determine an estimate of the piiopasf the two U
valence states as a percentage of the total uranitime samples. The percentage of
U"/U+or as a function of initial magnetite stoichiometsyshown in Table 3.1 and
Figure 3.2. A marked shift in the amount of redoietis observed betweer= 0.42 anck
= 0.33, from 84% reduction of the total U is rediioe U" for x = 0.42 to only 13%

reduced fox = 0.33. This abrupt change in reactivity as a fiomcof x occurs in both a 2
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mM bicarbonate buffer and in 50 mM MOPS buffer dt’h2, despite a difference in
starting U" speciation in the two buffer solutions. In thedstlwnate buffer 500 uM
uranium remains in solution, most likely as urargidbonate complexes., whereas in the
50 mM MOPS buffer U precipitation as a colloid of schoepite (42H,0) is expected
based on the solubility product for schoepite {{gChoepite) = 5.994). Indeed, a
precipitate was visually observed after addingoaksof uranyl acetate to 50 mM MOPS
buffer without magnetite. We also note that the amof U"' reduction to Y is
concomitant with an decrease in solution U aftactien with magnetite, consistent with
the difference in solubility of U9and sorbed VY (40, 46, 58, 140

It is unclear whether the marked shift from sorb&to reduced Y products as
a function ofx is thermodynamically or kinetically limited. Therapt shift from mostly
U" to mostly U" as a function ok may be kinetically controlled, as XANES
measurements were made after about a week. Praesuiss for non-stoichiometric
magnetites indicate that reduction of nitrobenzssrapounds is slow for < 0.42, with
half-lives for reduction of 3.8 days far= 0.36and 90 days fax = 0.31, showing the
extent of contaminant reduction by magnetite ofyivay x can be dictated by kinetics
(66). However, it is unlikely that predictions for thetes of reduction of nitroaromatic
compounds can be extended to predict rates’bfdduction by magnetite due to the
significant difference between Yt and the nitro group of nitroaromatic compounds
and differences between the sorptive behavior of2U&nd non-sorptive behavior of the
nitroaromatics studied.

We used thermodynamic parameters to see if thetieduof U by magnetite
with different redox properties can be predictec Néve compared the measured
electrochemical open circuit potentialyfp) for these magnetite§€) with several redox
couples between predicted'pecies in 2 mM bicarbonate solution at pH 7.2 and
UO,(am) (amorphous U£) (Figure 3.3). No clear correlation between thsarbed

amount of reduction and the redox couples for rednof U"' carbonate complexes to
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U" and the magnetitedep exists. The most abundant species predicted & iexi
solution in the bicarbonate buffer (using the VISWANTEQ databasel(07)) is the
(UO,),CO3(OH)3 species (~78%). Reduction of this species is fdleraver all the
redox potentials presented by the magnetites snstiidy. Interestingly, however, the
range of redox potentials for the reduction of gohous UQ to either UQ(am) or
crystalline uraninite (Ugfcr)) encompasses theds of magnetites witkx values near
where the shift from all ¥ to all U"' occurs. We note that such a Y@pe precipitate is
formed in the MOPS buffer system, and that nanstatyne UQ is the product
(discussion below). This appears to suggest tleatrtbhdynamics may play a role in
determining whether magnetite reduces U in theseBys, although it doesn’t explain
why similar results are seen in the two differeufférs, as carbonate would inhibit the
precipitation of ' as a schoepite (U{Dphase.

We have also explored whether aqueodsdaa serve to recharge thé'U
reducing capacity of oxidized magnetite with resped)”' reduction, as we have
previously shown for nitrobenzene reductiaB2). We started with 5 gtofx=0.28
oxidized magnetite and added two different amoohf&ad' (5.7 and 11 mM) to the
oxidized magnetite suspension. In the 5.7 mM anthMLsuspensions, 5.1 mM and 8.0
mM Fé' were removed from solution by reaction with thédized magnetite,
respectively. We have previously shown that ET cxtietween sorbed Fe(ll) and
magnetite, and leads to reduction of octahedrél ifehe magnetite to B&(132). The
Fe' uptakes measured are equivalent to increasinmégmetite stoichiometry from an
of 0.28 tox's of 0.38 and 0.44. The addition of'"to these recharged magnetites results
in nearly complete reduction td'{J with over 95% of the total U as'Ufor the 11 mM
Fe' (Figure 3.2, Table 3.1), and 84% reduction forgtiemM addition. Removal of the
aqueous phase ¥aad no effect on the ability of the magnetiteeduce ', as one
sample with 11 mM added Fevas magnetically separated and resuspended n fres

buffer containing ' and no F&
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Uranium Products

The abrupt shift between"Uproducts for magnetite with> 0.42 and ' for
lesser F& contents is also reflected in the EXAFS spectiguife 3.4). The results for the
magnetites with differing Fé contents are compared with a bulk uraninite stahdad a
maghemite sample with no #eThe coordination of the U in the maghemite sanmle
consistent with a Fe-O-U surface complex similathtwse observed for{Uadsorption
onto hematite and goethité41, 143. Surface complexation of‘Uas the uranyl cation
is evident in the EXAFS spectra with the U-Oax band.4 A, and an equatorial
uranium-oxygen bond (U-Oeq) at 2.0 A. AsFeontent in the magnetite is increased to
anx of 0.33, the EXAFS spectra indicate that U coarton in these samples is similar
to that of the maghemite sample, and indicatestki®asolid phase U in these samples
remains sorbed as'U As with the XANES data, there is a shift fron{' o UY products
in the EXAFS data whexis decreased to 0.42 from 0.33. The peak at 3r6the
samples withx > 0.42 is indicative of U-U bonding amslconsistent with the formation
of the U" product uraninite (Ugs)). The reduction of the intensity of this U-Uafzen
the Fourier transform data is consistent with thesence of nanoparticulate uraninite
(59).

Previous work suggests that a mixedW"' phase can form when magnetite is
reacted with Y' (137). In the previous report, magnetite stoichiometas determined
by fitting x-ray photoelectron spectroscopy speofrthe Fe 2p peak, and taking the ratio
of F&* to total Fe. The reported ratio of#¢o total Fe was between 0.27 and 0.34 with
an average of 0.29 for both unreacted samplesamgles reacted with'{l This range
corresponds to values R{F€&*/Fe*") of approximately 0.37 to 0.52, and an averagé
0.41 close to oux of 0.42.

There are several differences between our studyhengdrevious one observing
the presence of Uare the solution conditions, magnetite specifitasie area/particle

size, and synthesis methods. In our study, the pslbuffered with MOPS or 2 mM
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NaHCG; at a value of 7.2, whereas in the previous sthdyritial pH of the solution
was much lower (pH = 3.2 — 4.7) and rose with tilikely due to dissolution of Fe
from the magnetitel37). Magnetite specific surface areas in our workehan average
of 63 + 7 nfg* (66), and are nearly 5 times higher than the 13.5l4n@.g"* reported by
llton and co-workers. A similar magnitude differens seen in the powder x-ray
diffraction determined crystallite sizes. We alsdenthat the methods of synthesis of the
magnetites are quite different, with the magnetitihis study synthesized by
precipitation of magnetite from an¥end F&* containing solution at pH 10.0 whereas
that of the previous study was prepared by oxidatioFe€* containing solution with
nitrate. However, a hypothesis that the synthegthod changes the properties of the
magnetite, such as inducing a core-shell structite,an enriched Pé layer at the
surface can be discarded on the basis of theté¢otal Fe ratios being near= 0.41 in
XPS measurements, which are inherently surfacetsengl37).

Of the differences between the previous study améstudy, we believe that
solution conditions and surface area loading pmd addition explanation for the
differences. For most of our experiments our magnstirface area loading is
approximately 5 times greater than that in the jores/work, with 320 L™ and 68 m
L, respectively137). Even at our lowest mass loading of 1.5 the surface area
loading is higher than the highest in the previstwsly. In addition, the value &fis
greater in our 1.5 gt suspension resulting in a higher amount of avl&e*.
Solution pH will also greatly affect the redox patel (E,) imposed by magnetite in
suspension, with the potential increasing witheasing pH127). The lower initial pH
of the previous study would likely have poised théox potential of the system at a

higher B, perhaps resulting in conditions wher® teduction to UQis unfavorable.
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Stoichiometric Oxidation of Magnetite by’U

We have used Méssbauer spectroscopy to track ibatmn of Fé" ina 1.5 g [*
suspension of magnetite in 50 mM MOPS (pH 7.2 atilition of 500 uM Y. The
spectrum of unreacted magnetite is shown as thegegtrum in Figure 3.5, and consists
of two magnetically ordered sextets. The outeretecdrresponds to tetrahedrally
coordinated F& and octahedrally coordinated*feot paired with F& (°““™Fe®) in the
magnetite lattice. The inner sextet correspondstahedrally coordinated Feand Fé&*
which appears as &8iFe°* sextet due to fast electron hopping betweét &ed F&*
(132, 138; and references thergiifhe magnetite used hadxafrom dissolution
measurements of 0.49 and th@etermined from Mossbauer fitting was 0.45 (Figure
3.6). The total F& content of the reactor was therefore 6.39 mM &edR&* content
13.0 mM. If the ' is assumed to be completely reduced tq 000 pM eequivalents
are required. Thus, after reaction with' |.5.39 mM F&" and 14.0 mM F¥ should be
present for a finak = 0.39.

The MdOssbauer spectrum indicates that the onlygpeessent after reaction is
magnetite. Visual inspection of the Mdssbauer spectof the reacted magnetite reveals
that some of th8“Fe?>* is lost with concomitant increase of tffé™Fe’* sextet,
confirming that F&" has been oxidized to Eawithin the magnetite. We have fit the
spectrum of the oxidized magnetite to determineatheunt of oxidation of Féin the
magnetite that has occurred during the reducticgh@fdded U (Figure 3.6, Table 3.2).
Using the results from the fitting procedure, thgsshauedfter oxidation of Fe by UY' is
0.38. The measured valuexoflosely matches theof 0.39 we have calculated based on
the amount of added*Uindicating complete reduction'Uto U"'. Our result indicates
that reduction of U occurs as a result of electron transfer from stma¢t=&" in
magnetite. Our observation is consistent with tleipus observation of reduction of

UV to UV coupled to F& oxidation on the surface of freshly cleaved sirajestal
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magnetite with a near-stoichiometric’Héotal Fe ratio but at a much lower pH value of

4.1 62).

Biogenic Magnetite Stoichiometry and Reaction vitfl

We have also investigated the stoichiometry andtingty of magnetite produced
from lepidocrocite reduction byhewanella putrefacierfSN32. In order to examine the
reactivity of the magnetite produced by bioreductiand not the ability of the bacteria to
reduce ', the suspension has been heat-killed by pasttierizan previous studies,
magnetite produced by bacterial reduction of irgitles has been shown to reduc® td
U" (54, 59; however, neither study determined the stoichimynef the solid produced
by bacterial reduction.

Here we have used Méssbauer spectroscopy to deethe F&/Fe*" ratio of
biogenic magnetite (Figure 3.6, Table 3.2). Up@pettion, magnetite is the only phase
present in the sample. In order to determine ttheevaf x of this magnetite, we have used
the same fitting procedure as for the syntheticmeéites and fitted parameters are
reported in Table 3.2. Theof the biogenic magnetite was found to be 0.4@iceting
that it is partially oxidized, most likely due tacomplete reduction at the time the sample
was heat-killed. Our observation of the bioreducednetite stoichiometry is slightly
less than what was observed with the x-ray mageetalar dichroism studies of
bioreduced magnetite stoichiometfyB, 144. We note that care was taken to sample
the reduction process early to avoid the formatibferrous hydroxyl carbonaté45),
which probably resulted in the partially oxidizeature of the magnetite.

We have reacted the= 0.43 biogenic magnetite with 500 pM'UJor
comparison to our continuum of magnetites with iregyr&* content. Analysis of the
XANES spectrum reveals that whet'ls reacted with the biogenic magnetite in 2 mM
bicarbonate buffer the majority of the added Ueiduced to Y (Figure 3.1). However,

data from the linear-combination XANES analysisi¢gates that only 63% of the total U
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was reduced to ¥ by the biogenic magnetite in 2 mM bicarbonate snsjpn, whereas
only 33% of total U was reduced t6"Un the MOPS suspension (Table 3.1). EXAFS
analysis of the biogenic magnetite reacted withibl the bicarbonate buffer indicates
that a portion of the reduced U in the sample h&s ¢bordination at approximately 3.8
A indicative of nanoparticulate uraninite (Figur@)3

We speculate that the difference between the anufustiuction by the biogenic
magnetite relative to the synthetic magnetite mayie to the presence of cell debris in
the suspension, which could act as a secondaryf@inkanium in these samples and
make it unavailable for reduction by the magnetke we have noted above, in the
MOPS suspensionUprecipitation is expected and is observed. Bindifhtpis U"
precipitate to cell debris may have or formatiorudf-biomass complexes may have

occluded a part of the added'Wrom contact with the magnetite and limited reghrct

Conclusions

Magnetite F&" content (stoichiometry) controls whetheY' is reduced to Y
under near-neutral conditions with low bicarbor@aiacentrations. In addition, our work
suggests that biogenic magnetite with a definetl0.43 reduces Uto U", indicating
that biogenic magnetites may follow similar tremdssynthetic magnetites. Much of the
variation in magnetite reactivity in past studiegynbe explained by differences in
magnetite stoichiometry. The fact thaf' Weduction occurs for partially oxidized
magnetite also raises an important question retewasub-surface uranium remediation,
that is: to what extent will magnetite buffe!’Wedoxidation by @ NOsy, NO,, etc?
Work with bioreduced sediments containing reduaahium indicates that exposure to
atmospheric concentrations of @nd to dissolved NOor NG, results in oxidation of
U"Y to U"' (146-148. However, it is not known to what extent solid Fean buffer the
redoxidation of ', though our results suggest that magnetite mag kame ability to

do so.
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The recharge of structural £én magnetite by aqueous'Fés an important
process in mediating its reactivity with contamitsaishown for ' here and
nitroaromatic compounds previousB6( 133. Solid state cycling of structural £eo
Fe** in magnetite may also be an important procesthielectron transfer mechanisms
that have been hypothesized to occur between satlomelling bacteria and inorganic
electron acceptors at a distantdq, 150. This phenomenon, termed the “biogeobattery
model,” is hypothesized to occur over large distanegneter scalel50), and may

ultimately drive the fate of iron and uranium redwyxling in the subsurface.
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Table 3.1. Summary of results from magnetité/ekperiments

in this study.

K=FEUFE Ul (M) Uty oY o
(from XANES)

2 mM NaHCQ buffer
0.50 - Magnetite 405 <9 99
0.48 558 <9 87
0.43 - Biogenit 435 <9 63
0.42 358 <9 84
0.33 512 52 13
0.28 493 46 12
0.22 550 84 12
0.17 541 38 7
0 - Maghemite 522 52 4
50 mM MOPS buffer
0.50 - Magnetite 380 <9 95
0.48 480 <9 86
0.43 - Biogenit 398 24 33
0.42 375 <9 88
0.33 541 <9 9
0.28 554 22 11
0.22 504 <9 3
0 - Maghemite 525 <9 0
0.28 353 <9 17
0.28— 0.44 289 <9 99
0.28— 0.44 343 <9 96
0.28— 0.38 286 <9 84

& = [U)finas Was measured after approximately 24 hours reaction
Samples with [Uha < 9 pmoles/L have final solution
uranium concentrations below the detection limithaf
colorimetric uranium analysis method used in thislg,
which was determined to be 9 pmoles/L.

b= F&*/Fe™ ratio determined by Mossbauer spectroscopy.

51
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Table 3.1—continued

= Non-stoichiometric magnetite with= 0.28 reacted with 11
mM aqueous Pk The magnetite sorbed 1.59 mmolé
The finalx of 0.44 is calculated based on the formulae glven
in the Supporting Information of Gorski and Schef&?),
and is based on the amount of Femoved from solution.

= Same a8above but with the aqueous'Femoved prior to
addition of U". The magnetite sorbed a similar quantity of
Fe' (1.62 mmoles §).

=x = 0.28 magnetite reacted with 5.7 mM aqueod's Fee
magnetite removed 1.03 mM 'From solution. The final
value ofx is 0.38.

F=uV/(UV+U"") ratios are obtained b y linear combingtion
analysis of the U XANES spectra’'lendmember: Y
sorbed to goethite; Y endmember: biogenic nanoparticulate
uraninite.
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Table 3.2. Mdssbauer parameters at 140 K for mégretfore and after reaction with
UY', and for biogenic magnetite.

Octp 2.5+ Oct, Tet 3+
Sample ?n?m/s) ?mm/s) |(_'II' ) ,(B(\J/roe;a E:rr?m/s) ?mm/s) |(_'||') ,(A(\)/roe;a Xniossbaver
l,j,’;rgerf‘ecttlteg 074  -0.02 460 623 038 0001 49377 0.45
2"0%93?\}'“8/7’ 075 001 466 548 038 -0001 49252 0.38
aggﬁ;‘iﬁe 077  -001 463 603 038  -0.003 5039.8 0.43

® Magnetitexg = 0.49.° xus = ¥2 COFe /(%% O“F&>* + O TeFe™)
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109"

1.0 —

[ ¢ —o— U" standard
—a— x = 0.50 Magnetite

—— 0.48

—=— 0.43 - Biogenic Magnetite

—— 0.42

Normalized Absorption
c
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Figure 3.1. XANES spectra indicating reduction df td UV by synthetic magnetites
containing varying F& contents in pH 7.2, 2 mM bicarbonate. The arrows
denote the important features of the spectra andiacussed further in the
text.
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100 —
—O~ 2 mM NaHCO, buffer
-} 50 mM MOPS buffer
—- x = 0.28 magnetite + Fe'
80 —
£ g NaHCO,
>
=1
€
S
S 40—
20 —
0 —

| I | | | I
0.0 0.1 0.2 0.3 0.4 0.5
magnetite x = Fe2+/Fe

Figure 3.2. PercentYJUrqw after reaction of Y with magnetites with varying
stoichiometry. The percent\UUrow Was determlned using linear
combination fitting of U XANES spectra with*Usorbed to goethite and
biogenic nanoparticulate uraninite end-members.
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0.40 - (U"0,),(COyOH); 1UYO, (amy = == == = = = = = -
0.20 H
| U"0,”" (aq) /UV0, (am) = = = = = = = = = = = -
Ll i o u"'0,c0.° (aq) /UV0, (@m)= = = = == = = o = = -
ﬁ 0.00 7 O U"0,c0,),” U0, (am)= = = = s c e c e ca s
2 ]
& i
u -0.20 O
- O O"-._Q
-0.40 —
i u" observed <+«—|—» Y observec;.‘cb

I L] I ) | L) T I Ll 1 1 1 I I Ll 1 L) I L)

0.20 030 040 0.50
x = Fe“'IFe”"

Figure 3.3. lgep Of magnetites with varying compared to severalJu’v O, couples
derived from thermodynamic dat6j. The reduction potential for the'U
species are calculated based on 500 pfViofleach component present, and
with 2 mM bicarbonate buffer at pH 7.2. Y{@m) and UQ(cr) represent end-
members for U@thermodyanmic data. Thermodynamic data are froin Re
(152).
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u-0

UIv as Uo, (s)

FTR(k (k)

0.43 (BioMag)

UVI sorbed on x = 0 (maghemite)

oW

+A[A]

Figure 3.4. Reductlon of (U by near-stoichiometric magnetite results in thenfation of
V' precipitate with a structure like that of uraninfts) with considerable
U U coordination. Transition betweer“Uproducts and more oxidized U
products occurs at stoichiometriesxaf 0.42. The reduced intensity of the 3.5
to 4.2 A feature in the U/magnetite EXAFS is a lesfireduced U-U
coordination at the particle surface suggestinmédion of uraninite
nanoparticles.
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Absorption

I
0
Velocity (mm/s)

Figure 3.5. Oxidation of 1.5 g/L magnetite witlr 0.49 fus = 0.45) by 500 pM Y to
magnetite withxys = 0.38. The value ofys after oxidation agrees well the
value ofx calculated for oxidation of 1 mM of Fein magnetite by ¢ of x =
0.38. If the value ofus = 0.45 is used, the expected value after Fé*
oxidation by U" is calculated to be = 0.35. These values are consistent with
results from XANES and EXAFS that indicate tha! Bxposed to nearly-
stoichiometric magnetite is reduced t U
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Biogenic Magnetite (x,,; = 0.43)

Absorption

O Raw Data
O OctFe2.5+
= Tet, OctFeB+
T =140 K|
| | | | |
-10 -5 0 5 10

Velocity (mm/s)

Figure 3.6. MGssbauer spectrum of unwashed biogeagnetite produced via the
reduction of lepidocrocite b$.putrefaciens CN32. Fitting of the Mossbauer

spectrum indicates that tievalue of this magnetite is 0.43.
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CHAPTER 4: ABIOTIC REDUCTION OF URANIUM BY FE(II)M
SOIL

Abstract

Structural Fe(ll) has been shown to reduce sewidized environmental
contaminants, including nitrate, chlorinated sotgeand hexavalent chromium and
uranium. Studies investigating reduction of hexamtiliranium (U(V1)) by soils and
sediments, however, suggest that abiotic reductidn(V1) by Fe(ll) is not significant,
and that direct enzymatic reduction of U(VI) by aleeducing bacteria is required for
U(VI) immobilization as U(IV). Here we present egitte for abiotic reduction and
immobilization of U(VI) by structural Fe(ll) in a&doximorphic soil collected from a
hillside spring in lowa. We demonstrate oxidatidrie(ll) in the soil after reaction with
U(VI) by Mossbauer spectroscopy and reduction &fIYpy the pasteurized soil using
X-ray absorption spectroscopy (XAS). XAS indicatest both U(1V) and U(VI) or U(V)
in a non-uranyl (UG geometry are present after interaction with t@IfFcontaining
soil. Little U(VI) reduction is observed by soilahhas been exposed to air and oxidation
of Fe(ll) to goethite has occurred. Soil charaetgion based on chemical extractions,
Mdossbauer spectroscopy, and XAS indicate that thjenty of Fe(ll) in the soil is
structural in nature, existing in clay minerals aodsibly a green rust-like phase. These
data provide compelling evidence for abiotic rechrcbf U(VI) by structural Fe(ll) from
soil near Fe-rich oxic-anoxic boundaries in nateralironments. Our work highlights the
potential for abiotic reduction of U(VI) by Fe(lip occur in reduced, Fe-rich

environments.

Introduction
Uranium (V) is a radioactive metal present in theimnment as result of release
from both natural and anthropogenic sources. Algihhoesmall concentrations of U are

ubiquitous in all crustal material (e.g. soil85), the primary source of subsurface U

www.manaraa.com



61

contamination is mining for weapons production andlear power generatioq, 37.
Releases of stored U-containing waste can alsar dicom accidents such as the one that
occurred at the Hanford Site in Washington in 1@b&re approximately eight metric
tons of caustic aqueous sludge containing dissdlveshked from an underground
storage tank1(52). Considerable effort continues both to charazéeeixisting wastes
(153 and to explore methods and mechanisms for sudiseifmmobilization of U43-
45).

The mobility of uranium once it is released inte #mvironment is strongly
dependent on its oxidation state. Under oxidiziogditions, U exists as the hexavalent
uranyl cation (U(VI)Q*"), hereafter referred to as U(VI). Under environmén
conditions, the presence of (bi)carbonate stromglyences the speciation of U,
resulting in formation of U(VI)-carbonate complex88, 39. At low (bi)carbonate
concentrations and near-neutral pH’s values U(5 been found to strongly sorb to the
surfaces of both synthetic and natural iron oxidesincrease in bicarbonate
concentration results in decreased sorption toasades due to both formation of U(VI)-
carbonate complexes and competitive adsorptioneabpproximately pH 6.0, thus
increasing U(VI) mobility 40-42. The variability in U(VI) sorption under changing
environmental conditions has spurred considerasearch into immobilizing U by
reducing it to U(IV) in uraninite (U&Js)) , which is significantly less soluble than UV
species 38, 49

Reduction of U(VI) can occur directly from biologiaeduction by metal and
sulfur reducing bacteria that couple organic cartxdation to U(VI) reduction or
indirectly by Fe(ll) produced from microbial resgiion of Fe(lll) oxides. Direct
microbial respiration of soluble U(VI) results imetformation of nano-particulate
uraninite in both synthetic and natural materialg (47, 43. Under similar geochemical
conditions, microbial respiration of Fe(lll) oxidako leads to the formation of soluble

Fe(ll) that can sorb or precipitate as various malseincorporating structural Fe(ll),
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including green rusts, siderite (FegOmagnetite (F©,), vivianite (Fg(PQy)2), and
Fe(ll) containing clay mineral$0Q-54).

Both sorbed Fe(ll) and Fe(ll)-bearing mineralsénaeen shown to reduce
U(VI). The formation of a surface complex (>S-Fe@H) has been correlated with the
rate of U(VI) reduction at pH 7.5. Diffuse-reflentee FTIR spectroscopy provided
evidence for U products with a valence state Iavan U(VI) (L54). Reduction of U(VI)
by Fe(ll) has been shown spectroscopically in systevith Fe(ll) sorbed on goethite-(
FeOOH), Fe(ll) sorbed to corundumAl,03), and Fe(ll) sorbed to montmorillonite
clay(55-57). Several studies have inferred similar reductbl(VI) by Fe(ll) sorbed on
iron oxides by tracking aqueous and bicarbonateeteble U $8-60.

U(VI) has also been shown to be reduced by stracke(ll) in Fe(ll) bearing
minerals. Complete reduction of U(VI) to uraninit@no-particles has been observed in
the presence of synthetic sulfate green rust, biocgsarbonate green rust, and biogenic
magnetite %4, 61). Similarly, U(VI) is reduced to U(IV) by naturaingle crystal
magnetite §2). Other authors have reported varying degrees\df)Weduction by
synthetic magnetited84, 135, 13) This variation is likely due to varying Fe(ll)
contents of the synthetic magnetites studied, @&#{ll) content of magnetite recently
has been shown to have a strong influence ondtsxrproperties@6, 133. Reduction of
U(VI) to the intermediate valence state of U(V) bagn reported for heterogeneous
reduction of U(VI) on Fe(ll)-bearing mica$g5, 156¢. Structural similarities between
phyllosilicate micas and clay minerals suggest Betl) bearing clay minerals may also
be capable of reducing U(VI). However, a recenbrepuggests that, akin to magnetite,
the redox behavior of clay minerals may dependierstructural Fe(ll) content of the
solids (L57).

Despite extensive experimental evidenceréaluction of uranium by synthetic
and model Fe(ll)-bearing minerals and sorbed Fe(i role of Fe(ll) in U(VI) reduction

in natural soils and sediments remains unclear. A study usaagnents from an aquifer
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contaminated with landfill leachate in Norman, Qidena, saw abiotic U(VI) reduction
by a dark-colored clayey sediment in heat-killdablatory experiments. Sediments from
this aquifer were noted to contain iron sulfidé3)( consistent with the recent
observation that both U(IV) and U(VI) were assaathaivith framboidal pyrites in U
contaminated Rifle, Colorado, sedimefd)( In non-sulfidic natural materials, U(VI)
reduction by Fe(ll) adsorbed to naturally occurrgugthite and hematite in sediment
samples was observed, but was limited to less3b& of the total added U(VIp8).
Despite some evidence for U(VI) reduction by sorbedl) and Fe(ll) containing
minerals, two studies investigating U(VI) reductiarsediments contaminated by
uranium mill tailings (San Juan River, New Mexiend Rifle, Colorado, sediments)
have concluded that despite the presence of Feg(I#) result of microbial Fe(lll)
reduction, samples that were heat-killed to stopabwic processes did not reduce U(VI)
to U(IV). Based on this evidence it was concludett tn situ abiotic U(VI) reduction by
Fe(ll) in natural soils and sediments is unlikedy,(65. Here we present evidence for
abiotic reduction and immobilization of U(VI) byrsttural Fe(ll) in a redoximorphic soil
collected from a hillside spring in lowa. We diss$®il characterization based on
chemical extractions, MOssbauer spectroscopy, amy absorption spectroscopy and
the presence of structural Fe(ll) in clay mineratswell as the potential presence of a
green rust-like phase. Our results indicate thatsairal Fe(ll) may be important for in-

situ reductive uranium immobilization.

Materials and Methods

Soil Sampling and Characterization
Soil samples were obtained approximately 1 m dolvfitbim a perennial hillside
spring located near Hedrick, lowa (41° 15’ N, 92° W/). Generally, the landscape is that
of the Southern lowa Drift Plain, characterizedabgissected glacial till plain forming

numerous hills and interconnected drainages, wiltojps mantled by Late-Pleistocene
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loess depositsl68). The spring is located on the backslope of anevinder
predominantly oak forest adjacent to the South ElRiner, a tributary of the Mississippi
River. The soil at the sampling site is continugissiturated due to the perennial nature
of the spring.

The soil profile sampled near the spring can bemssd as an A-Bg-C soill
profile. The soil profile consists of the followitgprizons: A — 0 to 0.15 m; very dark
grayish brown (Munsell color 10YR 3/2); silty cllpam; massive structure; many fine
roots; common reddish brown (5YR 4/4) iron accurotamottles; wavy, gradual
boundary. Bgl — 0.15 m to 0.25 m; brownish yelld@YR 6/8) to strong brown (7.5YR
5/8); silty clay loam; massive structure; few fro®ts; common reddish brown (10YR
6/8) and grayish green (5G 5/2) mottles; wavy, gahdboundary. Bg2 — 0.25 m to 0.30
m; grayish green (5G 4/2); silty clay loam; masstreicture; few reddish brown (10YR
6/8) mottles; common carbonate pebbles and cobBles).3 m to bottom of sampling
depth (0.5 m); dark grey (N 4/1); silty clay loamassive structure, smooth, gradual
boundary. Groundwater flow was apparent along tibkeesline in the Bg2 horizon and
the water table rose to the level of the land serfahen left undisturbed. We suspect that
the stone line is an erosional lag feature souficed nearby limestone outcrops, and the
soil parent material colluvium and alluvium fromsigpe.

Soil samples were collected with a soil samplingeawand split core soll
sampling tubes driven into the soil horizon of rest. The soil core tubes were sealed
with plastic caps to minimize exposure to air amgrevent drying. After transport, the
soil samples were transferred to an anoxic glovebakstored capped until used for
analysis or experiments. Samples for analysis apdrements were taken from the inside
of the core to minimize sampling of partially oxadd material on the ends during the 4
hours of exposure to air during handling and transp

For characterization of clay minerals, sampleefdoil matrix were size

fractionated to less than 2 um based on calculsfimm Stokes’ law for settling time.
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The less than 2 um fraction was centrifuged, resusgd in deionized water, dropped
onto glass XRD slides, and dried under air. Therded clay mounts were analyzed with
a Rigaku MiniFlexIl diffractometer using Co rad@tiwith a Fe I filter with and

without expansion with ethylene glycol. Semi-quiative powdered x-ray diffraction
analysis of the clay minerals was done accordirtheanethod of Biscayd $9. Based

on this analysis, illite is the dominant clay malan the Hedrick soil, comprising
roughly half of the clay-size fraction; smectite30%) and kaolinite ( ~20%) make up

the remaining half.

Chemical Extractions

Chemical extractions by citrate-bicarbonate (CBJ dithionite-citrate-
bicarbonate (DCB) were performed following the maduare of Feder et al1§0). To
prepare the CB reagent, a solution of 0.267 M sudiitrate and 0.117 M sodium
bicarbonate was prepared from deoxygenated deidmvager. For soil extractions,
several grams of grayish green soil were homogdrmgemixing and 500 mg of soil was
added to 50 mL of citrate-bicarbonate buffer irusewvials. DCB extractions were done
similarly, but 1.0 g of sodium dithionite was added second vial containing the
grayish green soil. Finally, a third reactor wasgared with 500 mg soil in 50 mL of 5 N
HCI. The serum vials were capped, shaken vigoraiashreak up soil aggregates, and
placed on an end-over-end rotator for mixing ingideanoxic glovebox. During initial
experiments samples from the extractions were takd®8 h and 14 days, in a second
experiment samples were taken at 1, 3, 8, 24, d&arh. Soil suspensions were filtered
through a 0.2 um filter before Fe analysis.

For comparison to the soil Fe extractions, we aldoacted carbonate green rust,
ferrihydrite, lepidocrocite, goethite, hematiteptwontronites, an illite clay, and a
bioreduced nontronite with CB, DCB, and 5 N HCle$h extractions were done in

triplicate reactors in which 36 mg of solid weralad to 18 mL of CB, DCB, and 5 N
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HCI, with all other procedures the same as useth®soil. The carbonate green rust and
bioreduced nontronite extractions were done inaidanoxic glovebox, and all others
were done under normal atmosphere. Total Fe ofldyeminerals was determined from
an HF/HCI extraction to dissolve the silicate stawe. Here 3 mL of 70% concentrated
HCI/30 % HF mixture were added to 60 mg of the eldnych was allowed to dissolve for
2 days. After dissolution, the mixture was madeapO0 mL and dissolved Fe was
measured colorimetrically with the 1,10-phenanthemethod at a light wavelength of
510 nm. Ferrous iron was analyzed in the presehEe(dll) with fluoride as a Fe(lll)
masking agentl39. Total Fe was measured in a separate sampladgtien of Fe(lll)

to Fe(ll) by hydroxylamine hydrochloride, and F§(Was calculated by the difference

between total Fe and Fe(ll).

Mineral Synthesis and Characterization

Synthetic carbonate green rust was prepared usawppisly described methods
in an anoxic glovebox8Q). Briefly, an 0.13 M solution of Feg#iH,O was titrated to pH
7.0 and mixed with 0.025 M FegH,0 titrated to pH 7.0, and the mixture was titrated
to pH 8.3 with 1.0 M NgCO; at a maximum rate of 1 mL minThe iron oxides goethite,
hematite, lepidocrocite, and ferrihydrite were $asized according to procedures
provided in Schwertmann and Corndl6Q). Freeze dried green rusts and Fe(lll) oxides
and oxyhydroxides were characterized using powean»diffraction (pXRD) with a
Bruker D-5000 diffractometer using monochromaticKwradiation or a Rigaku
MiniFlex Il diffractometer using Co radiation and~a KB filter. Green rust samples were
mixed with glycerol to minimize oxidation duringalgsis (06).

Nontronites from The Clay Minerals Society Sourday8 Repository
(nontronites NAu-1 and NAu-2) were used as repiiasie Fe-bearing clay mineral
samples for extraction procedures. Nontronites wevend and sieved through an 0.15

mm mesh sieve, but otherwise used as receivedidii@n, an Fe-bearing illite was
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obtained from Ward’s Natural Science and treates nmanner similar to that of the
nontronites. The bioreduced nontronite was provigde&dward O’Loughlin at Argonne
National Laboratory and was prepared by incubatiAg-2 in the presence of
Shewanella putrefacie@N32 (ATCC BAA-453), a dissimilatory Fe(lll)-redung
bacterium. Briefly, suspensions consisting of If §lAu-2 per L of sterile M1 medium
(162 with 20 mM lactate were placed in sterile 60-nelcsn bottles which were then
sealed with rubber septa and aluminum crimp cagsparged with sterile Ar. The
suspensions were inoculated with 1 %&6lls mL* of S. putrefacien€N32, cultured as
described in O’Loughlin et al58), and incubated at 30 °C in the dark until Fe(ll)
production ceased. The bioreduced clays were éaged, washed once, freeze dried,

and stored as a powder.

U(VI) Sorption and Reduction Experiments

Experiments investigating U(VI) sorption and redorctwere carried out in an
anoxic glovebox (93% M7% H,) to exclude oxygen and to maintain low atmospheric
CO, concentrations. Solutions containing 50 g/L satevprepared with 1 mM NaHGO
and the pH was adjusted to 7.6 using 1 M HCI or NADH. The soil samples in
suspension were pasteurized at 70 °C for 1 h iatamvbath. After pasteurization, U(VI)
was added as uranyl acetate in 0.1 M HCI, anddheentration of dissolved U(VI) was
measured in a filtered aliquot. Several soil sasplere also exposed to citrate-
bicarbonate extractant for 72 hours, washed 2 timigsDI water, centrifuged,
resuspended in 1 mM NaHG@t pH 7.6, and pasteurized prior to addition 0¥ i(

Dissolved U(VI) was quantified using colorimetdetermination at 588

nm with the 2-(2- Thiazolylazo)-p-Cresol (TAC) meth(108, 109. Briefly, 300 pL of
sample was mixed with 300 pL of complexing solut{©ri37 M CDTA, 0.1 M NaF, and
0.5 M 5-sulfosalicylic acid, pH 6.5), 60 uL of 0.805CTAB (N-cetyl-N,N,N-
trimethylamonium bromide), 60 pL of 0.15 M Tritor200, 300 puL of 1 M
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triethanolamine buffer at pH 6.5, and 420 pL dezediwater in a 1.5 mL micro-
centrifuge tube. Color was allowed to develop &&ours and analyzed alongside
standards with 10, 50, 75, 100, 150, and 200 uMIJ(Mhe detection limit was 9 uM
based on repeat analysis of 11 samples of 10 uM/usaetate and calculated using the

product of the standard deviation and studentsl¢e atp = 0.01.

X-ray Absorption Spectroscopy

The U Ly-edge XAFS experiments were carried out at the MdseResearch
Collaborative Access Team (MRCAT) beamline, settbat the Advanced Photon
Source, using a previously described sefiid); Briefly, the beamline undulator was
tapered and fixed, and the incident energy wasrmgzhhy using the Si(111) reflection of
the double-crystal monochromator in quick-scanmiugle (approximately 2 min per
scan for the extended region and 30 s per scahdanear-edge region). The wet paste
samples were mounted in drilled Plexiglas slides sealed inside the anoxic chamber
with Kapton film windows. The sealed slides werp@sed to air for about 1 min while
being transferred from an,@ree transport container to the-Nurged detector housing.
Several U(VI) and U(IV) standards were used inXA&ES and EXAFS analysis. An
acidic (pH 3) solution of uranyl chloride was usexithe standard for hydrated U(VI) and
a basic (pH 11) solution of U:carbonate=1:50 wasluss the standard for carbonate-
complexed U(VI). U(IV) standards included a cryst@ UO, purchased from Alfa Aesar
and diluted 1:100 in Si§EX112), biogenic U(IV) nanoparticles produced $ewanella
oneidensiMR-1 and characterized in a previous stulg),(and U(IV) nanoparticles
produced abiotically by reduction with sulfate greast 61). Linear combination

spectral analysis of EXAFS data were performedguthe program SiXpack (3.

Mdéssbauer Spectroscopy
Soil samples were analyzed ustife Méssbauer spectroscopy using the

instrumentation described in Larese-Casanova ahdr&c(9). Mossbauer spectra were
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taken of the untreated grayish green soil extratted the core tubes and a parallel
sample which was allowed to oxidize in air for Javeveeks. Samples for MGssbauer
analysis were mounted in the spectrometer betwesep of Kapton tape to minimize
exposure to oxygen.

Mossbauer analysis of soil samples before and edtation with U(VI) was done
after suspension of 180 mg of homogenized soiBimL of 1 mM NaHCQ adjusted to
a pH value of 7.6. U(VI) acetate was added to tlspension for a nominal U(VI)
concentration of 500 uM. After 2 days reaction,shenples were filtered and the filtered
sample was mounted between pieces of Kapton tapetpranalysis. Fitting of all
samples was done in the Recoil software package asi/oight-based lineshape with a

fixed linewidth (HWHM = 0.97 mm/s)73).

Results and Discussion

Evidence for Abiotic U(VI) Reduction by Hedrick Vi@
Soil

We exposed several soil samples from the Hedrtektgsiagueous U(VI) to
evaluate whether the Fe(ll) containing grayish greal from near Hedrick, lowa, could
reduce U(VI). To minimize microbial U(VI) reductiamhile also minimizing thermal
alteration of the soil Fe(ll) species, we heatddIthe soil samples by pasteurization
(rather than autoclaving). We measured the upték&\l) from solution, as well as the
oxidation state of solid phase U and Fe by x-ragogfition near edge spectroscopy
(XANES) (Figure 4.1 and Table 4.1). Uptake meas@m@sindicated that total uranium
was rapidly lost from solution with complete rembwehserved within 24 hours (data not
shown).

The U Ls-edge XANES spectra in Figure 4.1 can be intergrasing the edge
position (horizontal arrows in Figure 4.1 and Fegdr2) and intensities of spectral

features (vertical arrow). The edge position (hamial arrows) is a measure of the
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average oxidation state of the U atoms in the sejwgth the U(IV) standard (uraninite)
to the left of the edge position of the U(VI) standl (aqueous uranyl ion). The resonance
feature beyond the absorption edge (vertical armokigure4.1) comes from the axial
oxygen coordination (Oax) of the uranyl id¥). Based on the XANES spectra, it is
evident that some reduction of U(VI) by the Hedrsdkl occurred. This can be seen in
the shift in the absorption edge to a lower enéhgyizontal arrows in Figure 4.1 and
Figure 4.2). Edge positions of the Hedrick soiltmewere refined against linear
combinations of spectra collected for U(IV) and UY(standards (Figure 4.2 and Table
4.1). We note that the absolute determination t#nee state in the XANES
measurement is approximately £10 %. The XANES ddgé reacted with the Hedrick
soil falls about midway between the U(VI) and U(Btandards indicating that50% of
the U(VI) has been reduced to an overall valenate stetween U(VI) and U(1V). Further
indication of reduction of U(VI) to a lower valenstate or a change in U(VI)
coordination involving reduced U-Oax bonding is lbss in intensity of the post-edge
resonance feature (vertical arrow) in the Hedrmk sample.

In an attempt to isolate whether the Fe in theighagreen soil was responsible
for the U(VI) reduction, we conducted several colstrFor the first control, we
attempted to remove the reactive Fe from the gnagisen soil by extracting the soil
with citrate-bicarbonate, washing it to remove ¢hieate-bicarbonate, and reacting it with
U(VI). In previous studies, citrate-bicarbonate basn used as a measure of labile Fe in
samples, as well as a method to dissolve grees @&t160Q. The citrate-bicarbonate
extracted soil reduced 30% of the U(VI) which was slightly less than th&0%
reduction observed by the grayish green soil (Hgu2 and Table 4.1or the citrate-
bicarbonate extracted soil sample, we also obseavess in intensity of the post-edge
resonance feature indicative of some loss of U-kmnding, due to reduction or change
in U(VI) coordination (vertical arrow; Figure4.1)ess reduction of U(VI) after some Fe

was extracted by citrate-bicarbonate suggeststirae easily dissolved Fe phase may be
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responsible for a portion of the U(VI) reductiom @e other hand, the continued
reduction of U(VI) reduction after citrate-bicarlada extraction indicates that additional
reductants besides citrate-bicarbonate extractadk), such as unextracted Fe(ll) or
other reductants are present in the soil and cagabkducing U(VI).

For the second control, we allowed the grayishmgseel to oxidize in air for
several weeks before reacting it with U(VI). Foe #ir-oxidized soil, XANES edge-
position measurements indicate that onli0% of the U(VI) was reduced which is
significantly less that the 50% reduction observgdhe untreated soil (Figure 4.2 and
Table 4.1). The XANES specta of the air-oxidized also has a post-edge feature
similar to that of the uranyl standard (Figure 4iddlicating that uranyl U-Oax
coordination is preserved in this sample. Signiftgaless U(VI) reduction by the air-
oxidized soil indicates that Fe(ll) and other raduts have been removed. It is also
interesting to note that about 10% less uptake wfald observed on the air-oxidized soill
than the untreated soil indicating that reductiothie grayish green soil is important in
decreasing the solution concentration of uraniutovie¢he concentration for sorptive
processes.

To evaluate the uranium products formed after redndy the Hedrick soil
samples, we also collected J-&dge EXAFS spectra (Figure 4.3). A two-shell nuoar
analysis of the uranium-oxygen bonding environmetd (V1) spiked soil samples was
done to quantitatively determine the contributiémxial and equatorial U-O bonding (U-
Oax and U-Oeq, respectively). Both the untreatedridk soil and the citrate-bicarbonate
extracted soil sample have similar spectral featureall of the samples, there is no
indication of U-U coordination at 3.6 A, suggestthgt the products of U(VI) reduction
are not uraninite. In the air-oxidized soil sam@acted with U(VI), the EXAFS
spectrum is consistent with Yt complexed to a metal-oxide surface site, such(&$)U

complexed on a goethite surface as shown in Figie
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In both the untreated and citrate-bicarbonate etd¢dasoil samples where
significant U(VI) reduction was observed in XANEg&estra, EXAFS spectra show loss
of the U-Oax component. The fitted U-Oax shellatisie is 1.80 A, consistent with
U(VI) in a uranyl geometry. Using the loss in Ux@ignal as a measure of how much
U(IV) formed, we can estimate the fraction of Ustixig in the U(IV) valence state (i.e.,
U(IV)/U 1ota)) from the EXAFs data (Table 4.1). Interestingherie is a significant
difference between the U(IV)Ada estimated from the EXAFs data compared to the
U(IV)/U 1ota Obtained from linear combination XANES data. If were to allow for the
presence of a U(V) component in the system, tHeréifice between the XANES and
EXAFS U(IV)/Urqa would be even larger because in the XANES anatiisiselative
U(IV) content will be lower.

We speculate that the difference between the XARBSEXAFS determined
U(IV)/U 1otal is due to a portion of the oxidized U present moa-uranyl geometry.
Whereas the presence of a U(IV) compound is requodully explain both the XANES
and EXAFS spectra, several different forms of aedi U can be suggested for the
oxidized non-uranyl phase. The presence of a nanylioxided U phase can result from
the formation of a non-uranyl U(VI) minerd@3) or the stabilization of pentavalent
uranium (U(V)) in a uranium mineral or on the sadaf another minerallb6, 164. We
can discount the formation of a U(V)-carbonate mahan the EXAFS spectrum as there
is no indication of the U-Q component at 1.9 ALg5). The tentative U(V) could be in a
structure such as an U(V)-U(VI) minerded). A lack of a shoulder in the XANES post-
edge was observed for the synthetic U(V)-U(VI) madeThe U-Qx peak in the EXAFS
appears smaller than what would be expected frénear combination of U(V) and
U(VI) in a uranyl geometry. In fact, XRD of the U (VI) compound indicated that the
33% U(V)/(U(V)+U(VI)) fraction has 2 U(V)-@ distances of 2.06 A and 4 U(V)e
distances of 2.41 A. Signals from the 2.06 A shellild likely not contribute to the U-
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Oax peak in the EXAFS spectrum, but would shift thaatqrial shell to smaller distances
which is consistent with what we observe.

Taken together, the XANES and EXAFS data suggestupon addition of U(VI)
to the grayish-green reduced Hedrick soil sampl@4)Us reduced. The reduced U
product is made up of a mixture of U(IV) and eithi¥1) or possibly U(V) in a non-
uranyl phase. The formation of the non-uranyl phvaag not observed in the U(VI)
sorbed onto air-oxidized Hedrick soil, further sagigng that the change in XAS spectra
are result of U(VI) reduction.

To evaluate potential reductants present in theieledoil, we used Méssbauer
spectroscopy to determine whether U(VI) reducti@s woupled to oxidation of Fe(ll) in
the soil. MOssbauer spectra of the soil with antheut addition of U(VI) are shown in
Figure 4.4. After reaction with 500 uM U(VI), a dease in the amount of Fe(ll) present
in the Méssbauer spectra of the soil from 41% % 3%as observed (Fe(ll) doublet B
Table 4.3) with a concomitant increase of the Fefi&ction of the soil from 59% to
65% (Fe(lll) doublet Q— Table 4.3)). The Mossbauer spectra indicate that
approximately 6% of the Fe in the soil was oxidiz@n Fe(ll) to Fe(lll) after reaction
with U(VI). Measurements of the Fe content by disgon in 5 M HCI indicate that 1.2
mM Fe(ll) and 0.7 mM Fe(lll) was present. Thus, 8% oxidation indicated by
Mdossbauer spectroscopy corresponds to oxidatidd@fuM Fe(ll), and a reduction of
an equivalent of 55 uM U(VI) to U(IV), which is 1186 the total U(VI) added. The
lower amount of reduction in the Mdssbauer expenimnelative to the XANES data
shown in Figure 4.And 4.2 is likely due to the decrease in soliddilggto 10 g/L in the
Mossbauer experiment compared to the 50 g/L irKlWRES experiment. The reduced
solids loading was necessary to observe a charitpe iMossbauer spectra collected. At
higher solids loadings, the change in relative @etaveen Fe(ll) and Fe(lll) would not

be detectable with any degree of confidence.
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Our results provide compelling evidence that U@éuction by Hedrick soil was
coupled to Fe(ll) oxidation and suggests that abreduction of U(VI) may be a viable
pathway for in situ uranium immobilization, despiéeent findings that have indicated
that reduction of U(VI) under Fe(lll)-reducing cations is due exclusively to direct
enzymatic reductiorb@, 63, 6%. Reduction of U(VI) was not observed in heatddll
sediment sample$8) or was minimally observed in heat-killed samptest had been
incubated with Fe reducing organisms or amendel Ke(ll) 68). It is unclear why
U(VI) is reduced in our soil samples and was na&eobked in previous experiments. We
can speculate that it may be due to the formatia@hfferent Fe(ll) containing phases,
such as green rust and Fe(ll) containing clay naiiseas opposed to Fe(ll) adsorbed onto
surface sites, but clearly more work is needeceterthine the relative role of abiotic and

biotic reduction of U(VI) under environmentally egant conditions.

Identification of the Structural Fe(ll) in the Hedk, lowa

Soil

Selective extraction with citrate-bicarbonate

We characterized the soil using chemical extrastidfdssbauer spectroscopy,
and XAS in an attempt to identify the soil Fe(Ihnesponent that was responsible for
U(VI) reduction by the grayish green redoximorpéad from Hedrick, lowa. Based on
the color of the soil and recent reports that grests can reduce U(VI) to U(IV) and
form in redoximorphic soilsgl, 97, we hypothesized that fougerite, a naturally-
occurring green rust mineral was present in thiesswl was responsible for the U(VI)
reduction.

We chose a citrate-bicarbonate extraction becausesibeen shown to rapidly
and completely dissolve synthetic green rusts amdmnsidered a measure of the more
labile Fe phases in a soil sam@8,(160, 16K Dithionite-citrate-bicarbonate (DCB)

extraction was selected to estimate the total ataiucrystalline Fe oxide8, 167. In
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addition, we measured the total amount of Fe etadaloy 5 N HCI or concentrated
HF/HCI. The mass of Fe dissolved during each eitmaés summarized in Table 4.2.

The total Fe extracted from the three soils samplés5 N HCI ranged from
13.4 to 23.4 g Fe/kg soil (38.3 to 66.9 g®#kg soil) indicating that the soil has an Fe
content typical for the Coppock series soil typepped by the USDA-NRCSL68). The
amount of citrate-bicarbonate extracted Fe in thiessmples was 4.60, 7.30, and 7.33 g
Fe/kg soil after about one day (18 or 24 hoursg iftass of Fe extracted by citrate-
bicarbonate corresponds to 20, 42, and 55% ofdtfaé Fe present in the grayish green
Hedrick soil samples. The variability of the Fe wmort was likely due to variability in its
distribution through the soil.

To evaluate what phases are likely to be dissabyecitrate-bicarbonate, we
measured the dissolution of several Fe oxides Eydnainerals commonly found in soils.
Of the Fe oxides we tested (hematite, goethiteinfgdrite, lepidocrocite), only
ferrinydrite was significantly dissolved by citradté&carbonate (Table 4.2). The
dissolution of the soil samples, however is mucheiathan the dissolution of
ferrihydrite, suggesting that the extracted phaswet ferrihydrite. Further evidence
indicating citrate-bicarbonate is not extractingifeydrite is that significant Fe(ll) is
measured in the soil extract. At the start of tkieaetion, the ratio of Fe(ll) to Fe(lll) is
2.93 and then decreases to about 0.82 after 8 Kibaide 4.4). Dissolution of ferrihydrite
would result in mostly Fe(lll) and a much lower Fe(o Fe(lll) ratio. Citrate-
bicarbonate extraction of a Hedrick soil sample) (#8s slower than the carbonate green
rust, but still quite rapid with about 39% of tlueéal Fe extracted within three hours. It is
important to note that the soil was added as laehgmks, which were dispersed by
vigorous hand shaking (which likely would act towlthe dissolution rate of the soil
sample), relative to synthetic green rust which a@ded as a fine powder (< 150 pm).

Although it is reasonable to eliminate the Fe ogide a source of the citrate-

bicarbonate extracted Fe, the clay minerals aremificult to rule out. We observed
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negligible dissolution from the Fe(lll) end-memisenectites (nontronites NAu-1 and
NAu-2), as well as an Fe(ll)-bearing illite (despihe presence of Fe(ll) in Mdssbauer
spectra of the illite tested - data not shown)rd@&-bicarbonate could, however,
significantly dissolve both a biologically reducetiectite (bioreduced NAu-2), as well
as smectites reduced by dithionite (Figureah8l Table 4.2). Almost 7.5% of the total Fe
was extracted from the bioreduced smectite withtret proportions of Fe(ll) and Fe(lll)
of 60% and 40% resulting in an Fe(ll) to Fe(lIBioaof 1.5.

Chemical reduction of the nontronite and illite gd@s by dithionite in the citrate-
bicarbonate medium also resulted in significansalistion of Fe (about 25% for NAu-1
and NAu-2 and 5.5% for illite) (Table 4.2). Sometloé dissolved Fe, however is likely
from the presence of up to 10% goethite, whichvident in MOssbauer spectra of both
the illite and the NAu-1 nontronite (data not shpw8ince goethite is dissolved by DCB,
we suspect that little of the Fe dissolved fromitlite (the dominant clay mineral in the
soil) was removed from the structure of the minesaDCB dissolution, but significant
amounts of Fe were dissolved from both nontrorb{e®CB extraction.

Clearly our results indicate that identifying greests in soils by selective
extraction with citrate-bicarbonate alone is naggible. We show here that reduced Fe
clays, such as Fe(ll) bearing smectites can alshdselved by citrate-bicarbonate. In
previous work where citrate-bicarbonate extracti@s used for green rust identification,
there was not a significant amount of silicatedrFne soil, including clay minerals, as
estimated by total Fe minus dithonite-citrate-kicarate extracted F&§0). Up to 65%
of the Fe in the Hedrick soil can be attributeditwate Fe, based on the total Fe minus
DCB Fe estimate. The presence of a significardagi Fe fraction makes it more
difficult to use citrate-bicarbonate extractionaaselective extraction for green rust.
Although we show that citrate-bicarbonate is n@&csic to green rust, it is nonetheless

still useful as a means to distinguish betweentahyse Fe oxides and more labile Fe
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such as green rusts and Fe(ll) bearing clays,qoéatiy if the kinetics of dissolution are

measured, as green rusts dissolve much faster.

Mossbauer spectroscopy.

To further characterize the Fe in Hedrick, soil peanwe collected Mdssbauer
spectra of three soil samples at 77, 13, and 4lkhfee spectra had similar features, and
one is shown in Figure 4.6. At 77 K, the spectaarfithe grayish green soil consisted of
two Fe(ll) doublets and one Fe(lll) doublet. Thé€lFeloublet comprising about 31% of
the spectral area (Dcenter shift, CS = 1.26 mm/s and quadrupoletsmitQS = 2.91
mm/s), as well as the Fe(lll) doublet compromisabgut 66% of the area {DCS = 0.47
mm/s and QS = 0.47 mm/s and 0.68 mm/s), both hted Mdssbauer spectral
parameters that are consistent with literatureegafor synthetic carbonate green rust and
naturally occurring fougeritel 69, 170 (D, and Iy in Figure 4.6 and Table 4.3). The
second, smaller Fe(ll) doublet comprises about B#heospectra and is quite wide with
CS = 1.46 mm/s and QS = 3.30 mm/s. The Fe(ll) a{tlllFdoublets were observed in
all three soil samples analyzed and compromisesdsst 22 and 33% and 59 to 66% of
the total spectra area respectively. One of theetkpil samples had an Fe(lll) sextet
compromising about 14% of the spectral area witlapaters consistent with goethite
(data not shown).

Additional spectra were collected at lower tempees (13 and 4 K) to see if the
Fe in the soil sample would magnetically ordeoatdr temperatures. At 13 K, there was
no indication of magnetic ordering and the spectwas almost identical to the 77 K
spectrum. At 4 K the spectrum of the Hedrick samhgle could not be quantitatively
modeled with a unique set of parameters (collafpsaidire in Figure 4.6). Qualitatively,
however, the spectrum is similar to the 77 and Xp&ctra in that it consists of several

magnetically unordered Fe(ll) and Fe(lll) doubl@@s and ). The 4 K spectrum also
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contains a collapsed feature that is likely dumémnetic ordering of some of the Fe in
the sample.

Based on the Mossbauer spectra at different temypesa we can rule out ferrous
Fe containing minerals, such as siderite, ferrgusdxide, and magnetite. The wide
guadrupole splitting of the Fe(ll) doubletjmbserved in the soil spectra (QS = 2.85
mm/s) eliminates siderite (FeGvhich has quadrupole splitting of QS = 1.80 mat/s
77 K (171). The lack of magnetic ordering (splitting of a®(F) doublet to an octet) at 13
K also excludes siderite since it is expected tieobelow its Néel temperature of 38 K
(171. A similar argument can be used to eliminatediesrhydroxide, since it is expected
to magnetically split to an octet below 34 K7@, 173. Ferrous iron from magnetite is
also not a candidate since at temperatures beso@utie temperature of 850°C, it is a
sextet {74). Vivianite (Fe(P(Oy).-:8H,0) is more difficult to eliminate because it does
indeed have MoOssbauer parameters that are simil@hat we observed for the soil (CS
=1.22 mm/s, QS =2.93 mm/s and CS = 1.17 mm/ss Q87 mm/s)175. Results
from an x-ray photoelectron spectroscopy scan, keweevealed no evidence for any
substantive phosphorus (P 2s, P 2p) suggestingithanite is unlikely (data not shown).

The contribution of frozen, aqueous Fe(ll) to thedgbauer signal at low
temperatures can also be excluded because signiftedll) is present in the room
temperature Moéssbauer spectra of the Hedrick aoijpges (data not shown). The
relatively high citrate-bicarbonate extractablelFe¢ontent of these samples argues
against the majority of the signal coming from Begbrbed onto crystalline oxides as
sorbed metals are extracted by citrate-bicarbai2®e and our results indicate that even
ferrinydrite is poorly dissolved by citrate-bicartate. We also consider it unlikely that
sorbed Fe(Il) would give the soils their grayiskegn color, as this color is due to Fe(ll)-
Fe(lll) intervalance charge transfer in a soli@€). Although we cannot completely rule

out sorbed Fe(ll) on the basis of Mdssbauer speabipy, our Fe K-edge EXAFS results
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indicate that most of the iron in the samplesngctiral in nature, and is discussed in
further detail below.

Although we can reasonably eliminate many of th@lFeontaining iron
minerals, it is much more challenging distinguistoag Fe(ll) in clay minerals and
Fe(ll) in green rust. A comparison of the centeftsind quadrupole splitting parameters
of green rusts, fougerite, and reduced clay misematluding Fe(ll) containing smectites
and illites, is shown in Figure 4.1(6-17§. The center shift of reduced smectites ranges
from 1.2 to 1.3 mm/s and the quadrupole splittmagrf 2.5 to over 3.0 mm/s. These
reduced clay mineral Fe(ll) parameters overlapdhadsioublet B, precluding us from
distinguishing green rust from reduced Fe in clayarals on the basis of MOssbauer
spectroscopy alone. This is especially the casthioHedrick soil which contains
significant amounts of smectitic and illitic clayimarals (based on XRD).

We note that in-situ MOssbauer measurements ofefitéghave a reported center
shift of 1.03 to 1.07 mm/s, which is much lowerrtiae~ 1.21 mm/s typical of synthetic
green rusts and other reports of fouge®e, L60, 17 Others have previously
guestioned these low center shift values and stedéisat they were due to
inappropriate fitting of the spectrad?. We have re-fitted the data from Feder and co-
workers and get similar low values, and we susgettthe discrepancy is more likely
due to the higher temperature of in-situ experinfe@83 K) relative to the 78 K spectra
in previous studies of green rust. Center shiftsveell known to decrease with increasing
temperature due to the second-order Doppler ghift (70), and we have observed shifts
to as low= 1.1 mm/s in room temperature spectra of syntleetibonate green rust. We
have excluded these data from Figure 4.7 due teffbet of temperature on Mdssbauer

parameters.
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Fe K-edge EXAFS

In addition to Méssbauer spectroscopy, we have unedd-e speciation in the
Hedrick soil using Fe K-edge EXAFS (Figure 4.8).quantify the Fe-bearing phases
present we conducted a linear combination fittingcpdure of the soil using several Fe
containing clay minerals, iron oxides, and greestigas reference spectra. The spectrum
of the grayish-green Hedrick soil can be fit widveral different combinations of clay
minerals including a combination of 59% Fe-bearilig, 23% bioreduced NAu-1
nontronite, and 5% each of unaltered and reduced-RlAontronite. The same 60%
contribution of illite to the spectrum can be miked by a combination of kaolinite,
hectorite, and montmorillonite, indicating the EX&M&nalysis cannot be used to
determine the exact nature of the Fe in clay miaeY&e note that although during the
linear-combination fitting of the spectrum we haweluded green rust as a potential
phase, it is rejected during the fitting procedure.

In a previous study, Fe-EXAFS was used to deteritinagresence of a green
rust type Fe(ll)-Fe(lll) precipitate in a naturahsple (79 with an order of magnitude
higher total Fe-content (~200 g Fe/kg for theirisemht vs. ~ 20 g Fe/kg for our soil
samples). Some difference was observed in EXAF&tgpef laboratory synthesized
green rust and that of the natural material, wiigy attributed to the affects of small
size or differences in Fe(ll)/Fe(lll) content. Efences in Fe(ll)/Fe(lll) content may
explain our results, also, as the ratio in our sarhples is approximately 0.5, which is
more oxidized than our green rust standard. To, dat&XAFS analysis has been done
on green rusts with varying Fe(ll)/Fe(lll) rati@dthough green rusts can be synthesized
with variable Fe(ll)/Fe(lll) ratios ranging from13to 0 L02, 180. The wide range of
Fe(ll)/Fe(l) ratios for green rusts affects thsiructure due to the smaller size of the
Fe(lll) cation and deprotonation of Ot O* upon oxidation of Fe(ll). This structural
change is readily apparent in x-ray diffractiontpats of synthetic green rust0@). Due

to structural similarities between octahedral Fgrgen rusts and in the octahedral sheet
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of reduced 2:1 clay minerals, a future study ingesing different valence states of the
two may provide useful information for Fe-phasenttfecation in reduced sediments and

soils.

Goethite forms from air oxidation

One compelling line of evidence to indicate th& $bils contain some green rust
is the visually and spectroscopically observed atkah of the grayish green soil by
oxygen in air. Exposing the soil to air resultainolor change from grayish green (5G
4/2 to 5G 5/2) to light olive brown (2.5Y 5/6) ovegveral days. MOssbauer spectra of the
air-oxidized soil reveals an Fe(ll) and Fe(lll) ddet at room temperature, with a broad
Fe(lll) sextet appearing as the temperature isled& 77 and 13 K (Figure 4.9). The
Fe(lll) sextet comprises about 40% of the speetrah at 77 and 13 K and has Méssbauer
parameters consistent with goethite (CS = 0.49 ng/s0.11 mm/s, and H = 48.1 T).
The Fe(lll) doublet (CS = 0.45 mm/s and QS= 0.51/shrmomprises most of the spectral
area at room temperature (87%), but decreasestd hhlf of the spectral area at the
lower temperatures. The last feature is an Fediljotet comprising 6% of the spectral
area with parameters similar tq [CS = 1.24 mm/s and QS= 2.90 mm/s) (Table 4.3).
Spectral parameters at 77 and 13 K of the Fe@bjet of the oxidized soil (Figure 4.9
and Table 4.3) are consistent with poorly crystallinanometer sized goethife28, 18)
or aluminum-substituted goethitg2).

Slow oxidation of green rust to goethite upon expego air is similar to previous
observations of green rust oxidation in a carbahatedium {69. The amount of
goethite formed via oxidation of green rust phame lne estimated as approximately 44%
(based on relative area of the sextet in the Massbgpectra). The percentage of total Fe
oxidized to goethite is within the range we meaguoe total Fe extracted by citrate-
bicarbonate (20 to 55%). It is unlikely that oxidatof structural Fe(ll) in clay minerals

would result in the formation of goethite. Studikse on Fe-containing smectites
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indicate that structural Fe in these minerals aneduced and reoxidized in a quasi-
reversible process without the formation of secopé@ oxides183). It is also
improbable that large amounts of Fe(ll) from inside clay mineral structure could
diffuse out of the structure to form goethite umodation. We can also exclude
oxidation of sorbed Fe(ll) to form goethite as achreism based on our Fe-EXAFS
results, which indicate that the majority of Fe(i)these samples is structural in nature.
The absence of ferrihydrite in our low temperati@ssbauer spectra (13 K and 4 K)
rules out recrystallization of ferrihydrite to gbe (128). Taken together, these results
are a compelling argument to indicate that thagtethite originated from green rust in
the soil.

Identification of green rust by XRD, Raman speatopg/, and transmission
electron microscopy/selected area electron diffvacfTEM-SAED) was also attempted.
No peaks were detected in the XRD pattern that wieaeacteristic of green rust, most
likely due to the dilute nature of green rust iagl samples (< 1% of the total mass).
Raman spectroscopy of the soil samples was attelhbpieok for the peaks at
approximately 425 and 520 €ndiagnostic for green rust&70). We did observe
shoulders in the Raman spectra against a strorkgtzamd at wave numbers near those
for green rust, however, definitive peaks wereotisterved. Hexagonal shaped particles
were also observed in TEM images of the soil, wiaigha characteristic of green rust
particles, but other minerals present in the soith as kaolinite have hexagonal
morphology 184). Selected area electron diffraction (SAED) regdaliffraction rings
with a similard-spacing as one of green rusts, but i) rings @ = 1.581&) of

carbonate green rust are similar to those to thbgeartz ¢ = 1.542&).

Conclusion
The redox state of soils is expected to be strooglypled to the biogeochemical

cycling of trace elements, nutrients, and imporeantironmental contaminants, such as
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radionuclides. Our work demonstrates that in smid sediments which have conditions
favorable for the formation of structural Fe(llhcapossibly the green rust mineral
fougerite, U(VI) can be removed from solution arduced as a result of abiotic
processes. Reduction of U(VI) is coupled to thedaton of Fe(ll) to Fe(lll) in the soil
sample. Our data suggest that structural Fe(ll) beaynportant for the reduction of
U(VI) in contaminated soils and sediments. Manipataof site conditions favorable for
the production of structural Fe(ll) rather than eous Fe(ll) by microbial metabolism
may be an important remediation strategy.

Characterization of the structural Fe in the saiff Hedrick, lowa, indicates the
presence of several forms of Fe(ll) that coulddsponsible for the abiotic reduction of
U(VI). Based on wet chemical extractions and Moesbapectroscopy, we have
identified the presence of a labile Fe(ll) phasd tixidizes to goethite on exposure to air.
We also identified Fe(ll) in clay minerals mostdii as Fe(ll) in smectite or illite using
Fe-edge EXAFS that is consistent with semi-quantgaclay mineral analysis by pXRD
. Our data are also consistent with a portion efléiibile Fe in the soil being the green
rust mineral, fougerite. Our lines of evidenceffmugerite includeif significant percent
of Fe extracted with citrate-bicarbonate with B&geé(l1l) ratios consistent with green
rusts, (i) Mossbauer spectral parameters consistent withefioie and green rusts, and
(ii1) air oxidation to goethite. Fougerite has beewiptesly found in redox active soils
and sediments and was named for its occurrenaalinesar Fougéres, Francglj.

Green rusts have also been found in deeper subsugfaundwaterl@5), suggesting
their presence may be important for remediatiooooftaminants in aquifer
environments.

Our critical evaluation of both the citrate-bicanlate extraction and use of
Mossbauer spectral parameters as means for idegtiiyugerite confirm that neither are
sufficient for positive identification. We foundatcitrate-bicarbonate extraction is not

specific to green rusts and fougerite as it diss®k small amount of ferrihydrite over
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long time scales and removes both Fe(ll) and Bd(bm a bioreduced clay mineral. It
is, however, useful as a means to distinguish betweystalline Fe oxides and more
labile Fe such as green rusts and Fe(ll) bearigscbarticularly if the kinetics of
dissolution are measured. Analysis of the litetlmta for Mossbauer parameters for
green rusts, fougerite, and Fe(ll) bearing claygssts that Fe(ll) in reduced clays

cannot be distinguished from fougerite based ondidéser alone.
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Table 4.1. Comparison of the percent U(I\péld estimated from Uraniumst
edge XANES and EXAFS results from reduction of Y(by
pasteurized Hedrick soil samples.

Sample ;?ALKI(IIE\Q/ Urota — (é)xl,i(ll\g/ U-otal —
Hedrick grayish green soil 50 80

Extracted grayish green sbil 32 57

Air oxidized grayish green soil 9 0

&= Percent U(IV)/Wq estimated based on U@, content of U Iy -EXAFS
spectra using a two-shell numerical fitting proaedu

b = Extracted with citrate-bicarbonate.
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Table 4.2. Results from chemical extraction of feenf soils and synthetic Fe minerals in g Fe/kgoli

Citrate-Bicarbonate

Time Soil Soil Soil GR Ferri-  Lepido- , , , Bioreduced
(hour) Sample 1 Sample 2 Sample 3 | (CO,) hydrite crocite Goethite Hematite llite  NAu-1  NAU-2 Na-2
1 2.91 466 2.00 0.460 0 0.314 0.050 0.036 0.154 12.7
(21.8) | (106) (0.45) (0.08) (0.00)  (0.04) (0.02) (0.02) (0.08)  (5.11)
3 5.17 3.91 0.891 0 0.341 0.043 0.238 0.208 15.6
(38.8) (0.88) (0.15) (0.00)  (0.04) (0.02) (0.11) (0.10)  (6.27)
8 5.86 4.12 1.12 0 0.361 0.078 0.198 0.198 13.6
(43.9) (0.93) (0.19) (0.00) (0.05) (0.04) (0.09) (0.10)  (5.47)
16 9.50 2.17 0.007
(2.15) (0.37)  (0.00)
4.60 7.30
18 19.6))  (41.8)
24 7.33 0.415 0.208 0.558 0.494 18.5
(54.9) (0.05) (0.10) (0.26) (0.24)  (7.46)
48 6.34 0.474 0.164 0.533 0.558
(47.5) (0.06) (0.08) (0.25) (0.27)
79 5.43 13.0 4.61 0.252 0.272 0.567 0.550
(40.6) (2.94) (0.79)  (0.00) (0.13) (0.26) (0.27)
7 davs 34.2 1.90 0.084 0.302 0.545 0.511
y (7.74)  (0.32)  (0.00) (0.15) (0.25) (0.25)
14 davs 7.59 10.0 58.9 2.80 0.560 0.321 1.02 0.975
y (32.4)  (57.3) (13.3) (0.48) (0.02) (0.16) (0.47) (0.48)
8.10 6.42 446 595 579 730 2.09 61.7 51.7
DCBFE | (316)  (36.8) n.m. M. (101) (102) (826) (94.0) (554) (286) (25.2) M
Total Fé 23.4 17.4 134 438 442 586 701 777 37.6 215 205 8 24
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Table 4.2—continued
#numbers in parantheses are % of Fe extracted loasedal Fe.
b Dithionite-citrate-bicarbonate extractable Fe afi@r 32 hours.

¢ Total Fe is defined as the 5 N HCI extractable iiar the soil samples, GR(Gferrihydrite, goethite, and hematite; and ftiteil
and nontronites total Fe was determined by disswiuh concentrated HCI/HF solution.

n.m = not measured
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Table 4.3. Mdssbauer spectral parameters for thigitkesoil sample, fougerite, and
carbonate green rust.

Sample T (K) Component ?rr?m /s) ?msm%‘cj H (T) Area(%)
Graé/ish green 77 D, - Fe(ll) doublet 1.26 2.91 - 31
Soil Fe(ll) doublet 1.46 3.30 : 3
D; - Fe(lll) doublet 0.47 0.47 - 66
0.47 0.68
13 D, - Fe(ll) doublet 1.26 2.92 - 29
Fe(ll) doublet 1.48 3.34 - 6
D; - Fe(lll) doublet 0.49 0.47 - 58
0.48 0.68 -
Fougerite 77 D, - Fe(ll) doublet 1.25 2.87 - 50.7
ref. (170 D, - Fe(lll) doublet  0.45 0.54 - 49.3
77 D, - Fe(ll) doublet 1.27 2.92 - 49
f;";‘_”(’logg";‘te GR D, - Fe(ll) doublet  1.28 2.69 i 17
D; - Fe(lll) doublet 0.47 0.43 - 34
Air_(b)xidized 298 Fe(ll) doublet 1.19 2.65 - 13
Soil Fe(lll) doublet 0.38 0.51 i 87
77 Fe(ll) doublet 1.24 2.90 - 6
Fe(lll) doublet 0.45 0.51 - 54
Fe(lll) Sextet 0.48 -0.13 48.1 40
13 Fe(ll) doublet 1.20 2.91 - 7
Fe(lll) doublet 0.46 0.49 - 49
Fe(lll) sextet 0.49 -0.11 495 44
77 D, - Fe(ll) doublet 1.27 2.93 41
Unreacted Sail Ds - Fe(lll) doublet 0.47 0.48 - 59
0.47 0.39 -
_ o7 D, - Fe(ll) doublet 1.27 2.95 35
S?Ulg%aded with Ds - Fe(lll) doublet  0.46 0.50 i 65
0.46 0.51 -

& Spectra for the soil sample are shown in Figuse 4.

P Spectra for the air oxidized soil are shown inufég4.6.

¢ Spectra for the comparison between the U(VI1) eghsbil and the unreacted soil are

shown in Figure 4.3.
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Table 4.4. Fe(ll) and Fe(lll) (in g/kg) and Fe(@g(111) ratio
extracted by citrate-bicarbonate for synthetic ksdr
grayish green soil sample 3.

Time (h) Fe(ll), a/kg Fe(lll), g/kg Fe(l)/Fe(lll)
1 2.17 0.74 2.93
3 2.89 2.28 1.26
8 2.65 3.22 0.82
24 2.33 5.00 0.47
48 2.69 3.65 0.74
72 2.49 2.94 0.85
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Normalized X-ray Absorption

— = U(VI) standard

—x— Grayish-green Hedrick soil

—0O— Citrate-bicarbonate extracted soil
Air oxidized soil

— U(IV) standard
0.0 —
I I I I
17160 17180 17200 17220
Photon Energy (eV)

Figure 4.1. Uranium $-edge XANES spectra of pasteurized grayish-greatritlesoil,
citrate-bicarbonate extracted and washed soibxatzed soil, U(VI)
standard (aqueous WE-COs), and U(IV) standard (uraninite). The position
of the absorption edge is indicated by the horialbbatrows. The resonance
feature above the absorption edge is indicatedhéyertical arrow. Reactors
contained 50 g/L soil, 1 mM NaHGG@t pH 7.6, and 500 uM U(VI).

www.manaraa.com



91

0.75 — —
~ 5
> N
= z 43 E
@) Q
e A 5
: = 2/ 4 5
'g_ = M R
= 0.70 — = ~ <
2
<
3 J ‘
9 /
. /
% 0.65 — 80 60 40 20 /
§ /
z /<
I =
/I X
o
0.60 — /
/
[ [ [
17160 17161 17162 17163 17164
Photon Energy (eV)

Figure 4.2. Percentage of U(IV) in pasteurized gtaygreen Hedrick soil, air-oxidized
soil, and citrate-bicarbonate extracted soil esithdrom U Ls-edge XANES
absorption edge positions and linear combinati@taéen the U(IV) and
U(VI) standards.
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intensity bétuntreated grayish-green

soil and the citrate-bicarbonate treated soil iatdis a loss of axial U-O
coordination. This suggests that a portion of tfaiwm is not in an uranyl
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to that of uranyl bound to goethite.
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Fe(1I) doublet (D,)
Fe(III) doublet (D;)
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Figure 4.4. Mdssbauer spectrum of Hedrick Soil efnd after being exposed to 500
UM U(VI). After exposure the relative area of the(IF) doublet (D) is
reduced from 41% of the total area to 35%, confugrthat U(V1) reduction is
coupled to oxidation of Fe(ll) in the soil.
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Figure 4.6. Temperature dependent Mdssbauer spdarayish green Hedrick soll
sample collected from a redoximorphic feature raehitlside spring in lowa.
The 77 and 13 K spectra were collected at a redueledity scale to increase
the signal to noise ratio in the region of interesid the outer peaks of the
sextet are cropped. Méssbauer spectral parametersgorted in Table 4.3.
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Figure 4.7. Comparison of hyperfine interactiongoaeters among Hedrick soil Fe(ll)
doublet (D), fougerite 91), synthetic carbonate green rusd2, 169, 188
and various clay minerald 76-17§.
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Figure 4.8. Fe K-edge EXAFS of the grayish greedrid& soil sample. (A) Sorbed
Fe(ll), (B) carbonate green rust, (C) NAu-1 Nontten(D) NAu-2
Nontronite, (E) lllite, (F) Kaolinite, (G) Montmdlonite, (H) Bioreduced
NAu-1, (1) Bioreduced NAu-2, (J) Hectorite, (K) Haézk soil (open circles)
and linear combination fit (solid line), (L) citexbicarbonate extracted
Hedrick soil. Linear combination fitting of the Haixk soil spectrum with
laboratory prepared standards reveals approxim@@My of the iron in illite
and 25% in reduced NAu-1 smectite, consistent thighclay mineralogy of
the soil. The Fe EXAFS indicates structural Fedhyl Fe(lll) in clay minerals
contribute to the majority of the spectrum.
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Figure 4.9. Temperature dependent Mossbauer spEaraoxidized Hedrick soil from
a grayish green redoximorphic feature. A large propn of the Fe(ll) present
in the unoxidized spectra (Figure 4.5) has beedipad to produce an Fe(lll)
sextet consistent with goethite. Mossbauer spegtia@meters are shown in
Table 4.3.
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CHAPTER 5: EFFECT OF CATION SUBSTITUTION AND ANION
SORPTION ON ELECTRON TRANSFER BETWEEN FE(Il) AND
GOETHITE

Abstract

The reaction of Fe(ll) with Fe(lll) oxides and hgdides is complex and has been
shown to include sorption of Fe(ll) to the oxideatron transfer between sorbed Fe(ll)
and Fe(lll), reductive dissolution, and minerahstrmation. Much of the work
investigating electron transfer between Fe(ll) &jlF) oxides has been done under
relatively simple aqueous conditions in organicférsf to control pH and background
electrolytes to control ionic strength. In naturewever, iron oxides such as goethite are
subjected to a complex biogeochemical milieu whictudes significant amounts of
structural cation substitution by Al(lll) and theegence of sorbed anions such as
phosphate, carbonate, silicate, and natural orgaatter. We usetfFe Méssbauer
spectroscopy to explore whether Al substitution smibed anions (PO, COs*, SiOs*,
humic acid, and phospholipids) inhibit electromsfer between aqueous Fe(ll) and
Fe(lll) goethite. We have found Fe(ll) is oxidizedFe(lll) by goethites with Al-
substitution up to 9.4%, forming goethite, as hesrbpreviously observed for pure
goethite. Electron transfer between aqueous Faft)goethite also occurred in the
presence of sorbed RO COs%, SiO:*, and humic acid. In addition, electron transfer vi
dissolution of vivianite and sorption of Fe(ll) tme surface of goethite also occurs when
vivianite is precipitated in the presence of gaethe(ll) to Fe(lll) electron transfer was
only inhibited after sorbing a long-chain phosppulito the surface of goethite and
found it stops Fe(ll) to Fe(lll) electron transf@ur work indicates that interfacial
electron transfer between Fe(ll) and Fe(lll) intipde is a robust process under a wide
variety of geochemical conditions, but that it nieyinhibited at high biomass

concentrations or in the presence of extracellpddymeric substances and biofilms.
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Introduction

Redox reactions between Fe(ll) and Fe(lll) oxidesimportant drivers of
groundwater geochemistry. Cycling between oxidiaed reduced iron species is
important to several elemental cycles in the emritent, including the carbon cycle,
nutrient cycles, and contaminant transformationg(, 187-189 In the past, Fe(ll)
interactions with minerals, including iron oxidésyve been described using surface
complexation models which do not consider the pgatefor redox reactions to occur
between Fe(ll) and the miner&@-10. Surface complexation models fail to capture the
range of complexity that occurs when Fe(ll) readth iron oxyhydroxides and oxides
(hereafter referred to as Fe oxides). For exanfy@é]) is known to catalyze the
recrystallization of thermodynamically unstabledxedes such as ferrihydrite and
lepidocrocite to goethite, magnetite, and greeh(i16. In addition, several recent
studies have shown Fe(ll) is oxidized to Fe(lll}et surface of goethite, hematite,
ferrihydrite, and non-stoichometric magnetite iemplated oxidation reaction to form a
new layer of the underlying oxide in a reactionalwng no net reduction of Fe(llI}Lg-
23,132, 19n

Based on studies tracking the exchange of Fe isstbptween aqueous solution
and solid Fe oxided{, 24, 2%, in concert with the studies that show Fe(ll)dation by
Fe(lll) oxides, a new conceptual model for the teacbetween aqueous Fe(ll) and Fe
oxides has been propos&®{24). The model suggests that the interaction of agsieo
Fe(ll) with Fe(lll) in iron oxides can be thougHtas “redox driven conveyor belt,”
where sorption of Fe(ll) is followed by electroartsfer to the oxide, producing an
Fe(lll) atom template on the surface of the oxid#na similar character as the
underlying oxide, the electron transferred to tkele is conducted through the oxide,
reduces an Fe(lll) atom elsewhere in the Fe oxigstal to Fe(ll), which is followed by

detachment of this Fe(ll) atom from the oxide istdution.
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Despite the now extensive evidence that interfadedtron transfer occurs
between sorbed Fe(ll) and Fe oxides, there is itidence as to whether this
phenomenon might occur in the complex biogeochdmdaeu found in nature. We
note that these studies have all been done invel\apure systems in electrolyte
solutions with the pH fixed by potentiometry or angc buffers and using pure oxide
materials {8-21, 132, 190) however, in natural systems Fe oxides frequesthtain
other cations that substitute for Fe(lll) in th&iructure 26-28. The most abundant and
frequently studied of the cations that can sulistitor Fe(lll) in iron oxides is aluminum
(as the Al(III) cation) 26, 27. Research on both natural and synthetic aluminum
substituted goethites (Al-goethites), suggestsapptoximately 33% of the Fe(lll) in
goethite can be replaced by Al (Al/(Al+Fe))91). This phenomenon is not entirely
unexpected. In the environment, the release ohigum during mineral weathering is
likely to occur simultaneously with iron releada.addition, the relatively small
difference in cation size for Al(lll) and Fe(llI38 pm vs. 65 pm) and the structural
similarity between diaspore{AIOOH) and goethiteo-FeOOH) can be used to account
for the common substitution of Fe(lll) by Al(llinigoethite.

In addition to the common cation substitution oétiite by Al, Fe oxides are
good sorbents for a variety of anions presentenetvironment including phosphate,
carbonate, silicate, and natural organic maf@r33. Phosphate (P9) has been the
subject of a large number of studies, due to ifgoirtance in determining soil fertility
(32, 33, 192-19¥ Phosphate is known to form inner-sphere cootaina&omplexes with
goethite, but the exact coordination geometrysslgect of debate, with both a
protonated monodentate surface compl5( 196 or a deprotonated bidentate surface
complex proposed3@). The adsorption of the phosphate anion, whichweek acid
properties, changes the surface charging charsiotsrof goethite suspensions and the
point of zero charge shifts (pkt) from pH 8.1 to 5.1 after adsorption of phosphate

(197). The shift in pHzc results in the occurrence of a less protonaters, thore

www.manaraa.com



10z

negative, surface at lower pH’s than pure goethitg extension, this more negative
surface has a greater affinity for cations. Thsuit is seen in work by Stachowicz et al.
(34), where both Cd and Md"* both have lower pH edges of adsorption to goethitae
presence of phosphate than in its absence.

Here we have investigated whether Fe(ll) to Fe(ihf¢rfacial electron transfer
happens between Fe(ll) and goethite under enviratatig relevant conditions of Al-for-
Fe substitution in goethite and in the presencdbed anions (phosphate, silicate,
carbonate, and natural organic matter (humic aettpdospholipids)). We have used the
isotope specificity of’Fe Mdssbauer spectroscopy to track whether adffredl!) is
oxidized by Mossbauer spectroscopy invisiiiee goethite. We have also investigated
macroscopic uptake of Fe(ll) from solution by Abstituted goethites and goethite with
sorbed phosphate to explore whether inferencebeamnawn between the macroscopic

sorption data and spectroscopic data.

Materials and Methods

Goethite Synthesis

For goethite samples synthesis from naturally abohaton with less than 5%
aluminum substitution (samples denoted Gt, 2Al&Bd 4Al-Gt) a solution of AI(Ng)3
was added to a solution of 5 M KOH to create s@wliminate Al(OH) (0.313 M) in
1.88 M KOH. Aliquots of this aluminate solution eeadded to enough 5 M KOH to
make a total final concentration of 0.3 M KOH, &@mL of 1 M Fe(NQ); was added.
A dark reddish brown Fe(lll) precipitate formeddahe solution was dilutedto 1 L. The
1 L bottles were placed in an air oven at 70 °Cfareeks. After 2 weeks, the samples
were removed from the oven and the supernatantiiseaarded. The precipitates were
washed once with 1 M KOH to remove any Al preci$aand centrifuged. The pellet of
goethite was resuspended in DI water and adjustadotd of approximately 9.0 with 1

M HCI to increase flocculation, and washed threees by centrifugation. The pellet was
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dried overnight at the synthesis temperature iovem and ground to a powder with a
mortar and pestle.

For fractions of Al (Al/(Al+Fe)) in solution greatéhan 0.15 in 0.3 M KOH,
hematite was formed along with goethite, and hidfase concentration was needed to
prevent the crystallization of hematite over gaetii98). A similar procedure was
followed for the 10% Al-substituted goethite (dexbtlOAI-Gt) sample, but the final
base concentration of 0.3 M KOH was replaced with KOH and the suspension was
heated at 60 °C for 4 weeks. The lower temperatis@ensured the formation of
goethite instead of hematite. Addition of Fe(ll)@suspension of this 10% Al-substituted
goethite revealed formation of a black precipitékely magnetite, indicating partially
uncrystallized ferrihydrite. Similar results werglicated by dithionite-citrate-bicarbonate
(DCB) dissolution. This uncrystallized material wasoved by dissolving it in 0.5 M
HCI for 2 hours prior to measure Fe(ll) sorptiootierms.

Goethite with and without aluminum substitution vedso synthesized from
Mossbauer spectroscopy invisiBf&e in order to investigate electron transfer dymami
between Méssbauer activée and the underlying goethite. The synthesis petiens
and properties are outlined in Table 5.1. Goethide synthesized by dissolvintFe(0)
powder (Chemgas, Inc., 99.77%) in 25 mL of 1 M HHe resulting 200 mNMPeFe(ll)
containing solution was oxidized t&Fe(l1l) with excess bD,. For°°Fe Al-goethite, an
AICI; solution of the same concentration as used im#terally abundant Al-goethite
synthesis was used instead of Al(N£OH,O to minimize the presence of redox active
nitrate in the reactors. An aliquot of aluminateuson was added to a polypropylene
bottle to set the Al content of the synthesis basdio 0.27 and 0.44 based on the
Al/(Al+Fe) ratio. A solution of 5 M KOH was added bring the final base concentration
to 1 M, while accounting for the neutralizationtb& HCI from the dissolution procedure.
At this point the deionized # was added to bring the total volume of the battl87.5
mL and 12.5 mL 200 mM°Fe(lll) was added for a total of 100 mL of solutidte
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precipitate was aged at 60 °C in an oven for 3 it order to insure complete
conversion of the Fe(lIl)/Al precipitate to goethitThis procedure was done in parallel
with naturally-abundant Fe(0) powder for Mossbaralysis. After 3 months the
goethite was processed by washing once with 1 M Kibeh 3 times with DI water,
dried, and ground to a powder. A similar proceduas followed for Al-fre€®Fe

goethite, but the aluminate solution was omitted thre final KOH concentration was 0.3

M.

Goethite Characterization

Several methods were used to characterize theigpatid Al-goethites
synthesized, including wet chemical methods andl-sthte methods. The wet chemical
methods used to characterize the goethite and éhge were reductive dissolution in
dithionite-citrate-bicarbonate solution and profmomoted dissolution in 8 M HCI. Solid
state methods included scanning electron micros¢®gi), powder x-ray diffraction
(pXRD), and Moéssbauer spectroscopy. The aluminumtecd of Al-goethites was
measured by dissolving it in 8 M HCI overnight 8t°C, and measuring Al and Fe using
ICP-OES or ICP-MS. Al contents as Al/(Al+Fe) of thaturally abundant Fe goethites
used in this study were 2.2% (referred to as 2Al-&#% (4Al-Gt), and 9.9% (10AI-Gt).
The Al contents of th&°Fe Al-goethites used in this study were 5.4% ad&®these are
referred to as “5AP°Gt” and “ 9AI-°Gt”, respectively.

In addition, proton promoted kinetic dissolutiorperments were done at room
temperature (22 °C) and the congruency of Al andissolution were measured using
ICP-MS (Figure 5.1). The reductive dissolutiorerat goethite and Al-goethite was
measured using a dithionite-citrate-bicarbonatatsni (DCB) of 0.27 M sodium citrate,
0.12 M sodium bicarbonate, and 0.12 M sodium dithewith a pH value of 7.3L60,
199). Dissolution kinetics in DCB were measured ugniglicate reactors containing 10

mg solids and 20 mL DCB. Fe(ll) concentration wasasured using the 1,10-
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phenanthroline method 89. Initial rates were determined by fitting thétied linear
portion of the dissolution curve and are shown hiraw data in Figure 5.3.

All of the goethites used in the study have bearadterized with powder x-ray
diffraction (pXRD) to determine if phases otherrtlgoethite were present (Figure 5.2).
All data was collected using a Rigaku Mini Fleditfractometer using Co K-alpha
radiation with a K-beta filter made from Fe. No @edary phases were noted in any of
the goethites used. In order to discuss the geethystal structure, we have chosen to
use the Pbnm space group indexing, as it can lwetaséirectly compare our results to
the majority of the work investigating Al-substitut in goethite. Some more recent work
uses the Pnma space gro@8g). The Pbnm space grough) can be translated to the
Pnma space group with the following transformati@abc — (bcd. Using the pXRD
patterns we measured the full width at half maxin{é&WwHM) of (111) and (110) planes
of the goethite crystal lattice using the Jadefé\swe package (Materials Data,
Incorporated, USA). The FWHM of these planes waslus the Scherrer equation to
calculate the mean crystallite dimension. Thmension of the Al-goethite unit cells
was calculated using the whole-pattern fitting pdhare in the Jade 6 software package,
and used to estimate the aluminum content of thesthites 191).

The goethites used in this study were also imag#dseanning electron
microscopy (SEM) (Hitachi S-4800). This was usegravide images of the morphology
of the goethite particles, and to check for seconghases that may have been missed by
low concentration in pXRD (Figure 5.4). Particlesr&v suspended in deionized water
(D), sonicated briefly with a probe sonicator, alrdpped onto aluminum sample stubs.
Accelerating votages of 1.0 — 5.0 kV gave high fuahnages without the need to sputter
coat with Au or carbon. In experiments where Fe(fi)ake by goethite in the presence of
phosphate was examined for precipitation of vivianaliquots of solution were
centrifuged and the pellet was washed 3 times iw&ter and dropped onto Al sample

stubs without sonication.
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Transmission Mdssbauer spectroscopy was done widhiable temperature He-
cooled system with a 1024 channel detectot’@o source (~ 50 mCi) embedded in Rh
was used and was maintained at room temperatureeAfer shifts reported are
calibrated relative to at-Fe foil at room temperature. Samples are kepkiarixy
mounting them between pieces of adhesive Kaptas & minimizing the time they
are exposed to air prior to mounting them in thecsiometer cryostat. Collected
Mossbauer spectra have been fit using the Recitwae package (University of
Ottawa, Ottawa, Canada) using Voigt based fittiftte relative peak areas of the sextets
have been constrained to the ideal 3:2:1:1:2:83a€enter shift (CS), quadrupole shift
(QS), and hyperfine field (H) parameters have kknwved to float during the fitting
procedure. Moéssbauer spectroscopy was used chidradhe goethites used and check
for Fe containing impurities in samples containiffee. Also,”®Fe goethite and Al-
goethite samples were checked for the presendgrifisant®>’Fe at 15K, and found to

be lacking of measurable quantities of the MOssbactve isotope.

Fe(ll) Uptake Experiments

Fe(ll) uptake experiments on pure goethite andddthites were done in an
anoxic glovebox (93% M7% H,) outfitted with a palladium catalyst to removecta
oxygen. Fe(ll) uptake was measured in triplicateters containing 15 mL of 25 mM 4-
(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid(2NHydroxyethyl)piperazine-N2-
ethanesulfonic acid) (HEPES) buffer adjusted to/pbwith KOH and containing 25
mM KBr as a background electrolyte. Fe(ll) was atiftem a stock of Fe@in 0.1 M
HCI to make nominal solution concentrations of Q.25, 0.5, 1, 2, 4 and 5 mM Fe(ll).
After the intial concentration of Fe(ll) was measir30 mg of pure or Al-goethite was
added for a solids loading of 2 g/L. Reactors waaeed on an end-over-end rotator and
sampled after 20 hours of reaction. Final Fe(lilhgkes were filtered through a 0.22 um

nylon filter and acidified with 5 M HCI prior to afysis with 1,10-phenanthroline.
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Experiments were repeated under similar conditwitls 2 g/L *°Fe goethite and
*%Fe Al-substituted goethite usiigre(ll) to track Fe(ll) sorption and electron trasrsf
with Méssbauer spectroscopy. A stock @fe(ll) was made by dissolving 63.5 mg
*’Fe(0) (Chemgas, Inc., 97.8%%e purity) in 2 mL 1.6 M HCl in a sealed serum leott
at 70 °C for 2 weeks. After all of thé&e(0) was dissolved, 8 mL of DI water was added
inside an anoxic glovebox to bring the final volutaelO0 mL and a final HCI

concentration of approximately 0.1 M.

Fe(ll) Uptake in the Presence of Phosphate

We have measured the uptake of Fe(ll) in the preEsehphosphate anion over a
range of pH values (pH edge). In these experiméstsnL of 10 mM KCI electrolyte
solution was used without an organic buffer. Algadit of 10 or 100 mM KEPO, was
added to the electrolyte solution and the initlagphate concentration was measured
prior to addition of 30 mg goethite. The pH wasustid to the desired value with 0.1 M
KOH and 0.1 M HCI. Phosphate was allowed to soritvéogoethite overnight, the pH of
the solution was remeasured, and the amount ofpgblads sorbed was measured after
filtering the solution through a 0.22 um filter.(Aewas then added from a stock of
FeCl in 0.1 M HCI, and the pH was readjusted back eefuilibrium value after P&
sorption. Since Fe(ll) sorption to goethite is capt near neutral pH, the initial
concentration of Fe(ll) was determined by addireggame volume aliquot of FeQb
reactors without goethite. After 20 more hoursezation, the final aqueous Fe(ll) and
PO,> concentrations were measured after filtratiorhefsamples. In addition, we
measured a phosphate sorption isotherm in the ebsérie(ll) at pH 7.5 in 10 mM KClI
by varying the initial concentration of RO

Phosphate was measured using a reduced volumeicatidih of the Standard
Methods procedure 4500-P.E. Ascorbic Acid Methochdghat 1 mL sample and 0.16

mL of the combined reagent solution were used.cdmbined reagent solution as made
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by adding 2.5 mL of 5 N $80y, 0.25 mL of 4.1 mM potassium antimonyl tartrate
(K(SbO)CGH406:1/2H0), 0.75 mL of 32 mM ammonium molybdate
((NH4)sM07024-4H,0) solution, and 1.5 mL 0.1 M ascorbic acigKigOg), in that order.

Fe(ll) to Fe(lll) Electron Transfer in the Presende
Sorbed Anions

We have investigated the effect of sorbed anionslectron transfer between
Fe(I1) and Fe(Ill) in goethite. The anions studiedude phosphate (R®), bicarbonate
(HCOy), natural organic matter (Aldrich humic acid - N@QMilicate (SiQ*), and a
phospholipid (1,2-dioleoyl-sn-glycero-3-phosphat®®@PA, Avanti Polar Lipids).
Experiments were done using 12.5 mL of 10 mM KQlison and 25 mg°Fe goethite
for a solids loading of 2 g't, except for the DOPA experiment, which was don25n
mM HEPES buffer containing 25 mM KBr to adjustetd 7.5 be comparable with
previous experiments investigating phospholipigpgon on metal oxide200, 20). At
higher phosphate artdFe(ll) concentrations, 6 mL of 10 mM KCI solutiorasvused
with 12 mg°®Fe goethite. This was done to reduce the overabkm& Fe present during
Mdossbauer spectroscophe DOPA suspension was pre-processed by sonigatan
bath sonicator at room temperature for 2 hours.

The speciation of Fe(ll) was tracked with Mdssbaperctroscopy by adding
aliquots of’’Fe(ll) to suspensions containing anions and gaethit had been pre-
equilibrated. Experimental conditions, includingaanconcentrations and Fe(ll)

concentrations are summarized in Table 5.3.

Results and Discussion

Goethite Properties
The goethites used in this study range from hammgluminum substitution to

almost 10 mole% Al substitution on an Al/(Al + AEgsis. The aluminum contents are
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shown in Table 5.1, along with other charactergstie have measured. The goethites are
referred to as Gt when they contain no aluminunsstuion, as 2AI-Gt for 2.2% Al-
substitution, 4Al-Gt for 4.4% Al-substitution, ad@Al-Gt for 9.9% Al-substitution. We
also have synthesized goethite with and withouutlof>°Fe, which is invisible to
Mossbauer spectroscopy in order to track the spesiaf addedFe(ll) in these

systems. Thé&%Fe goethites used in this study that have no alumisubstitution are
referred to ag®Gt (Batches 1 and 2), 5&PGt which contains 5.4% Al-substitution, and
9AI->°Gt which contains 9.4% Al-substitution.

One of the most curious of properties of alumirsuhstituted goethite is the fact
that as aluminum substitution increases, morphotddiie particles changes and the
crystallinity increases for similar synthesis methaising moderate temperatures and
high base concentration. Qualitatively, inspectbscanning electron microscope
(SEM) images indicates at the highest aluminumtstukisn (10Al-Gt) the length of
goethite particles decreased (Figure 5.4). Thegbestalso transition from a lath-like
morphology made up of aggregates of goethite dsygtancreasingly single crystalline
particles with a reduced length to width ratio.

In addition to visual observation of goethite manjagy, the unit cell dimensions
and crystallinity of goethite can be measured bggipowder x-ray diffraction (pXRD)
and the Scherrer equatiaz0@) (Figure 5.2). The difference in cation size betw
Al(111) and Fe(lll) (53 pm vs. 65 pm) causes desiag the unit-cell size of Al-goethite,
which varies directly with increasing aluminum stiiosion (26, 193. We used the-
dimension of the goethite unit cell (Pbnm spaceigydo estimate the Al-content of the
goethites 191). The pXRD determined Al-contents are compareithéodissolution
determined Al-contents in Table 5.1. The pXRD dateed Al content can be used to
differentiate goethites that vary in their Al cami®y 2.6 % {91). In all cases, the pXRD
determined Al-content of the goethites is consistath the trend observed from the acid

dissolution, and within the 2.6% error of the metho
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The breadth of the diffraction peaks in the pXRBadzives information about the
size of coherently diffracting domains in the paes, this size is termed the mean
crystallite dimension (MCRy). These coherently diffracting domains can beigjind of
as small crystallites that make up a larger goetbatrticle. Goethite particles containing
no aluminum (Gt) have sizes measured from SEM imafd24 + 44 nm across (n=15)
(a- and b-direction) and approximately 1 um longliection). The particle sizes from
SEM images are much larger than those estimated thhe pXRD data (MCR10)
derived from the Scherrer equation of 58.3 nm (@&bl). This can be interpreted as
indicating that there are many different crystainens in the a- and b-directions of the
unsubstituted goethite crystal0@). In fact, a recent study using electron microycap
reconstruct the 3-D structure of goethite found #raunsubstituted goethite had a highly
imperfect structure with many internal void&04).

As aluminum substitution increases, the MGBincreases, indicating an
increase in crystallinity and coarsening of domamthe a- and b-directions. For
example, the average width of goethite particlaht wi4% Al-substitution (4Al-Gt) is
125 + 49 nm (n=15), which closely matches the pXfROD110) of 106 nm. This
guantitative change in the pXRD determined cryssahmeters along with less
difference between imaged particle size and pXRDalo size suggests that crystallinity
of the goethite increases as aluminum substitutioreases. In the aluminum goethites
synthesized, a similar comparison for the crystajliof goethites in the c-direction,
which is parallel to the long direction of goethitenot as useful. This is because no
reflections consisting of just the ()(@lane are available from the pXRD data, and

MCDaa1yis influenced greatly by the width of the goetldtamains.

Dissolution of Al-Substituted Goethites
We have studied both the proton-promoted and redudtssolution of the

aluminum substituted goethites used in this stWdy.used 8 M HCI to dissolve the
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goethites to measure the congruency of Fe andl@dse from the solid phase due to
proton-promoted dissolution (Figure 5.1). The dggon of Al from the all of the solids
tested is slightly incongruent, indicating prefarairelease of Al from the Al-substituted
goethites. Several possible mechanisms may caasedbgruency of Al dissolution.
One mechanism is preferential release of Al dutiregdissolution, perhaps due to
zonation of Al incorporation of the goethite towsttie surface or at domain boundaries
or due to faster detachment of Al than Fe fromstindace of the goethite particles. In
addition, a secondary phase with greater Al-contaght also be dissolving at a faster
rate that majority of the Al-goethite. We note, lewer, that lattice parameters of the
studied goethites found using pXRD indicate thatsAhcorporated into the structure,
and that there are no crystalline Al-containingg#sa nor is there evidence from the
pXRD patterns to indicate that there is more tha@ phase of goethite (Figure 5.2).
Reductive dissolution of goethite and Al-substitlg@ethite was measured by
monitoring Fe(ll) release during exposure to ditiie-citrate-bicarbonate solution
(DCB) (Figure 5.3). The overall rate of goethitesilution followed the trend Gt2Al-
Gt > 4AI-Gt > 10AI-Gt. Normalizing the dissolutiaf the Al-goethites to specific
surface area, results in rates within a factor @h8et, Figure 5.3). These rates (3 - 8 x
10*° moles nf s?) are two orders of magnitude slower than thosedqureviously for
dissolution of Al-substituted goethites in DCB dala and by dithionite in pH 5.5 EDTA
solution (~1@ moles nf s?) (205, 206. In the first case, the pH of the DCB solution is
not given, and in the second case the pH of theisalwas 5.5, which may account for
the faster rate of dissolution in that study. eeent study, the rate of wistite (FeO)
dissolution was suggested to be an upper limiE®oxide reductive dissolution, due to
constraints on rate detachment of Fe(ll) from tndage of the oxide207). Our results
are in close agreement with the rate of dissolutiiRe(ll) from FeO when extrapolated
to pH 7.3 (rate ~ 2 x 1 moles nf s%). This suggests that the rate limiting step in

reductive dissolution of Al-goethites in the preseof a ligand (citrate in our study) may
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be detachment of Fe(ll) from the surface of thetlyoeor that Al and Fe(ll) detactment

occur at equivalent rates.

Fe(ll) uptake by Goethite and Al-Goethite

In order to compare the macroscopic Fe(ll) uptaeaior of the Al-substituted
goethite with that of unsubstituted goethite, wheobed Fe(ll) uptake data at a pH value
of 7.5 in 25 mM HEPES/25 mM KBr buffer (Figure 5.8Ye have compared the results
of this study with those previously reported by gtoup for a pure, micron-sized
goethite R0). It is notable that the results from this studydoethite match well (within
1 standard deviation) with the previous report. WhAgis added to the goethite structure,
on a per-gram basis the amount of Fe(ll) takerraim fsolution by the Al-goethite is
slightly less than that of the unsubstituted gdet(frigure 5.5A). When the uptake is
normalized to the specific surface area of thelgtet measured by NBET adsorption,
the Fe(ll) uptake is similar for Gt, 2Al-Gt, and U&t. The uptake of Fe(ll) by the 10Al-
Gt is higher than the lower Al goethites on a stefarea basis. This difference is not
large, with the uptake about 3 times greater ahtgkest Fe(ll) loading. We note that
Fe(ll) recovery by dissolving whole reactors withaddition of concentrated HCI
resulted in 99 * 4% recovery of the added Fe(19) ¥® confidence interval), proving that
there was no net oxidation of Fe(ll).

Initially, we hypothesized that Al-goethite woulike up less Fe(ll) from
solution. This hypothesis was based on severalesgudporting reduced Fe(ll) uptake by
Al-oxide suspensions relative to their isostrudtéieoxide counterparts, (for example,
v-AlOOH (boehmite) ang-FeOOH (lepidocrocite))d, 18, 208. In the case of
lepidocrocite it is important note that Fe(ll) agston onto lepidocrocite can catalyze its
transformation to magnetite and goethit&,(209, which in the case of its
transformation to magnetite would act as a sinkafpreous Fe(ll) uptake and increase its

measured affinity for Fe(ll). Our results, howewdw,not suggest that there is a large
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difference in the uptake of Fe(ll) from solutiortween unsubstituted and Al-substituted
goethite.

Since electron transfer occurs between sorbed)ra(tl Fe(lll) in goethitel@,
21), the uptake of Fe(ll) from solution is not a “gton isotherm” in the classical sense
that it reflects binding of an Fe(ll) cation totatg surface site (e.d.0). Although recent
work has suggested modified sorption models ina@atpay electron transfer can be used
to model this datall). In addition, the majority of Fe(ll) is recoverbg dilution or
extraction by 0.4 M HCI in similar experimen0( 210, which contrasts with hematite
where Fe(ll) cannot be recovered by dilution duged@l) doping in the structurd 9, 22,
190). It is unclear what the nature of this Fe(ll)tlel@m solution is in goethite
suspensions, as Fe(ll) is not observed in Mosskepemtra of ‘Fe(ll) reacted with
goethite at low Fe(ll) loadingd 8, 2Q. We note, however, that Fe(ll) is recovered to 99
+ 4% at the 99% confidence interval, when the wisolgpension is dissolved by 6 M

HCI, suggesting no net oxidation of Fe(ll) by oxyge other oxidants.

Electron transfer between Fe(ll) and Fe(lll) in Al-
Substituted Goethite

We have used the isotope specificity &fe Méssbauer spectroscopy to probe
whether sorbed Fe(ll) is oxidized via electron sfento Fe(lll) in Al-substituted
goethite. Two Al-substituted goethites were syrittessfrom Mossbauer invisibf8Fe in
Al containing solutions and have Al-contents of &l 9.5 mole % Al (Table 5.1) and
are termed 5AP°Gt goethite and 9AI°Gt, respectively. In addition, an Al-free goethite
was synthesized in a similar mann®6t). In order to investigate whether electron
transfer occurred between aqueous Fe(ll) and Fa&glAl-substituted goethite we
reacted 1 mM and 3 mM aquedtiBe(ll) with 2 g L' suspensions 6fFe goethite and
Al-goethite in pH 7.5, 25 mM HEPES, and 25 mM KBiffer. Mossbauer spectra are
shown in Figure 5.6 for 1 mMFe(Il) and Figure 5.7 for 3 mNFe(ll). In these
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suspensions, Fe(ll) uptake was similar to that diokam both micron and nanometer sized
goethite, and was 0.13, 0.14, and 0.11 mmofe®gthe®Gt, 5AI->°Gt, and 9AI->°Gt at

1 mM Fe(ll) loading, respectively (Table 5.2). Atloin of 3 mM Fe(ll) resulted slightly
higher uptake of Fe(ll) for the Al-substituted datgs, and the Fe(ll) uptake was 0.14,
0.23, and 0.16 mmoles'gfor the>®Gt, 5AI-°°Gt, and 9AI*°Gt (Table 5.2). The lack of

an increase in Fe(ll) uptake by &t goethite in the 3 mM'Fe(ll) loading experiment
is likely due to a second batch of goethite beisgdufor that experiment. This second
batch of’°Fe goethite had a slightly higher MGRyand MCDy14indicating it likely has

a reduced surface area.

After reaction with°’Fe(Il), the Mdssbauer spectra consist of mostlyiFe(
indicating that the addedFe(ll) has been oxidized and resides in the sdi@bp. The
spectra unequivocally indicate that for all threetipithes, including the 5.4% and 9.4%
Al-substituted goethite that the sorb@Be(l1) transferred an electron to the underlying
goethite thus becoming oxidized (Figure 5.6 andiFg.7). This electron transfer has
resulted in the formation 8fFe goethite on the surface. The Fe(lll) has a s&ith
overall parameters similar to a goethite sextee dxidation of sorbed Fe(ll) on the
surface of goethite is consistent with the previfindings of our group and others§|
20, 29).

In addition to the sextet, peaks belonging to allstoaiblet are observed, as has
been reported for hematite at high Fe(ll) loadiagd for goethite at similar Fe(ll)
loadings as were used in this stud9,(21). The concentrations of Fe(ll) used in our
Mossbauer isotope study are above where we seedaéhe Fe(ll) sorption isotherms
consistent with the transition from monolayer Pe¢bverage to formation of Fe(ll)
polymers on the surface of the goethite, basedsanface site density of aboufiBoles
sites n¥ (30). Little difference is observed in the spectra whemparing between the 1
and 3 mM*’Fe(ll) loadings. Close inspection of the spectdidate that there may be

more than one sextet present, as peak 6 (the &artiivéhe right) has a shoulder on the

www.manaraa.com



11¢

high velocity side and thé"Jpeak appears as the sharpest peak perhaps rg<$rdtim
overlap of the two sextets here.

In order to determine if there is any evidencetlfiar presence of a stable sorbed
Fe(ll) phase formed on the goethite, we have usésislBlauer spectral fitting to
deconvolute the spectra. Fits of the spectra delteat 77 K of thé®Fe goethites exposed
to 3 mM Fe(ll) are shown in Figure 5.8 and speqieabhmeters derived from the fitting
are reported in Table 5.4. The fits reveal thegumes of two ordered sextets, an Fe(ll)
doublet, and a broad, partially ordered or colldgsature for all three goethite samples.
In the®®Gt, one sextet (Sextet 1) has parameters simildroe of goethite with a center
shift (CS) of approximately 0.47 mrit sa quadrupole shift parameter (QSg} &f -0.25
mm s, and a hyperfine field of 48.9 T. These parameieestypical of magnetically
ordered, antiferromagnetic goethite. The 8%t and 9AI*°Gt exposed to 3 mN'Fe(ll)
have slightly different parameters for this leftgsheextet (Sextet 1), with CS values of
0.47 mm &, but QS values of -0.46 mrit &nd -0.47 mm’§ respectively. The hyperfine
field of Sextet 1 of thé’Fe(ll) sorbed onto and oxidized by these Al-goethis 48.4,
and 48.0 T for the 5A1°Gt and 9AI?°Gt samples, respectively, and is consistent wigh th
reduction of the hyperfine field experienced by fiee nucleus as Al is substituted into
the goethite structur@{2-214. The QS parameters for Sextet 1of the Al-goethate
beyond the range typically reported for goethitd Aisubstituted goethite2(2-214.
The second sextet (Sextet 2) has CS parameteenoDrb mm$, QS parameters on the
order of 0.10 mm’} and a hyperfine field similar to Sextet 1 fortailee goethites
reacted wit’‘Fe(ll) (Table 5.4). These parameters are clos#rase of lepidocrocite,
but lepidocrocite has a Néel temperature neaneeddhan 77 K, which means it is
unlikely to be magnetically ordered at this tempae (128, 215. As such, formation of
lepidocrocite in these experiments can be ruled\t note that such an anomalously
high QS parameter was found for one of three sextaen®'Fe(ll) was sorbed to

goethite with a natural abundance’ e, under conditions where the amount’se
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sorbed was roughly equal to the amourit’Bé in the goethite2q). In that report,
however, these parameters were deemed to be @ntsisth those of goethite.

In addition to the two magnetically ordered sextite spectra of Fe(ll)
oxidized by sorption to th€Fe goethite and Al-goethites contain a doubletis Toublet
is consistent with octahedral Fe(ll) with CS pargerenear 1.3 mmi’sand quadrupole
splitting (QS) parameters approximately 2.5 -2.7 gInil 74), and is similar to the
parameters for Fe(ll) sorbed onto oxide minerats@days that have been previously
reported 18, 19, 216, 21)7 This Fe(ll) doublet is distinct from frozen agus Fe(ll)
which has CS values near 1.4 mtnamd QS values near 3.2 mih and is also different
from that of solid ferrous hydroxide (Fe(Ofat 77 K with a CS and QS of 1.3 and 3.1
mm s, respectivelyZ17, 218. There is apparent loss in the area of this deiubhen
the temperature is lowered from 77 K to 15 K (Fegbir6 & Figure 5.7), but the loss in
area can be attributed to further ordering of therlapping collapsed feature as the
temperature is lowered. Homogeneous ferrous hydeopiecipitation can also be ruled
out on the basis of the solubility of Fe(QHAt pH 7.5 and an ionic strength of 25 mM
the solubility of Fe(OH)is 13.8 mM (pkp = 12.89) (calculated using Visual MINTEQ
(207)). Further evidence that this doublet is due $ol&d-associated Fe(ll) species is the
Mossbauer spectrum of the 3 nFe(ll) sample reacted witliFe goethite and then
exposed to air for a month prior to reanalysis (Fegs.9). This spectrum shows no
evidence of a Fe(ll) doublet similar to those igu¥e 5.6, Figure 5.7, and Figure 5.8,
indicating that the Fe(ll) has been oxidized byasype to air.

As well as the two component sextet and the Fd(@iiblet the spectra contain a
broad, collapsed feature we have fit with a magaéi collapsed sextet. This phase
makes up a significant portion of the area in gmagles (~30%). We cannot attribute this
phase to a specific iron oxide due to its broadehnfype field distribution and lack of
significant features. In addition to oxidation bétsorbed Fe(ll) phase after exposure to

air, the oxidation has removed the collapsed fegbuesent in the goethite + 3 mM Fe(ll)
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sample. We speculate that this phase may be fowaeslectron injection or
delocalization in the goethite newly formed by @tidn of the’’Fe(ll) and exposed to
atom exchange2d).

Larese-Casanova and Scherer concluded that Marisition suppression MFe
hematite exposed t8Fe(ll) was due to delocalization of an electrothie bulk of the
hematite structurel@0). This result was based on work showing Morin $raon
suppression in M(1V) doped hematites, which to rreamcharge balance contain Fe(ll),
and also orab initio modeling of electron transfer in hematite, whidggests that
electron hopping in hematite is on the order diaster than the measurement window of
Mdssbauer spectrosco¥10-221. There is no work published to date usafmginitio
molecular methods to model electron transfer irtlytes as there is for hematit21-
224). We speculate that a similar electron delocabraprocess may be happening for
the newly formed goethite produced fréfie(ll), giving the collapsed feature observed
in Figure 5.9. We further speculate that exposoi@rtwould have removed this phase
due to reduction of &by these electrons.

The electronic properties of goethite and hematiéesimilar. Goethite and
hematite have similar band gaps (2.10 eV for gtetmd 2.20 eV for hematit&Z8)).
Goethite and hematite have been noted to havelystierent electrical conductivities
of ~10° and ~10' Q™ cm* near room temperature, respectivélg3, 229. This
difference might be due to the fact that hematiedeictivity is measured for single
crystals, whereas goethite conductivity has beessomed for powders. A study that
measured conductivity of hematite and goethite powfbound room temperature direct
current conductivities that were much closer thavious found with both on the order
of 107 Q™ cm* (226), perhaps suggesting that the two have more simila
conductivities/resitivities than previously thought

The production of Fe(ll) in the goethite structbyecation doping is less studied

than for hematite. Two isotope Méssbauer studiés #iSn and’Fe indicate that
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Sn(IV) doping did not cause reduction of Fe(llDRe(Il), but rather the charge balance
was maintained by cation vacancies in the goegtiitecture 227). In contrast, the
conductivity of Ti-doped goethite was found to hereased relative to unsubstituted
goethite, and this increased conductivity was ghedaipon exposure to azd5). This
conductivity increase was attributed to productbifre(ll) in the goethite structure by

Ti(1V) doping.

Effect of Phosphate on Fe(ll) Uptake by Goethite

In addition to Al-substituted goethites, we hav&ahvestigated the effect of
sorbed phosphate (referred to as P) on the upfake(b) from solution, and Fe(ll) to
Fe(lll) interfacial electron transfer. We initialhypothesized that a shift in the pH of
Fe(ll) sorption might occur because the point ebasharge (plHzc) has been measured
to be lowered by phosphate sorpti@3)( In addition, the presence of phosphate in
solution has been observed to increase botfi lsigd CA" sorption on the surface of
goethite 84), and a significant change in Fe(ll) sorption with has been noted to occur
in the presence of various carbonate concentra(228. Here we have exposed 2 § L
suspensions of goethite in 10 mM KCI electrolyt®1tb, 0.2 and 0.5 mM phosphate
overnight (20 hours) and then added 0.1 or 0.5 nefflFand measured its uptake at
various pH values (pH edges) (Figure 5.10).

Our results indicate that the presence of sorbedpiiate does not greatly change
the pH edges for Fe(ll) uptake by goethite (Figud®). The pH of 50% Fe(ll) uptake at
a concentration of 0.1 mM is approximately 6.0 vatid without 0.1 and 0.5 mM P
present. The pH of 50% Fe(ll) uptake is higheratiad 7.0 when the Fe(ll) loading is
increased to 0.5 mM in the absence and preser@ ofiM P. We note that this behavior
has been observed in previous reports investig&af) uptake by goethitel Q). It was
also noted in that report that increased As(l1I3Q%") sorption occurred as increased

Fe(ll) was added to the goethite and 1.0 mM As@igtem, but recent work suggests
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that this may be due to the oxidation of As(l1)As(V) in the presence of Fe(ll) and
goethite 211).

Fe(ll) — Fe(lll) Electron Transfer in the Presenténions

Sorbed Phosphate

To investigate whether Fe(ll) to Fe(lll) electroartsfer occurs between sorbed
Fe(ll) and goethite in the presence of sorbed piatepwe have sorbed phosphate to 2 g
L *°Fe goethite and reacted this phosphated goethite’(Fe(ll). We have usetFe
Mdossbauer spectroscopy to determine whether efetrtmasfer occurred between the
*"Fe(ll) and the goethite in the presence of sorliesphate. Figure 5.11 shows a typical
phosphate adsorption isotherm on goethite at pHWéenote that on a surface-area
normalized basis, the goethité'Fe) used to collect this data sorbs about 3 pnies,
similar to the 2.5 pmoles Pfimaximum sorption density reported previoud,(32,

229). This maximum sorption density is a function éf,as phosphate is more strongly
bound to the positively charged goethite surfadevatpH 32).

The first experiment investigatindFe(ll) to*°Fe goethite electron transfer was
done at a phosphate loading of 0.51 mM in the presef 2 g [* *°Fe goethite at a pH
value of 7.5 (denoted Mid P/Low Fe(ll) - detailsTiable 5.3). Prior to addition of
*>"Fe(ll), 0.18 mM P was sorbed (0.34 mM P remainesbintion). This corresponds to
surface saturation of the goethite by phosphateshie Figure 5.11. In order to reduce
the possibility of vivianite (F#PQOy),-8H:0) precipitation only 0.125 mNFe(Il) was
added. At these concentrations of Fe(ll) and Psthebility of vivianite (pksp, = 33.04) is
exceeded at pH 7.5 (equilibrium concentrationdkeéll)] = 0.046 mM, [PQ.tota] =
0.036 mM) 230). The Fe(ll) uptake in the system was 0.112 mM)@% removal from
solution, and addition of Fe(ll) resulted in funthgtake of 0.017 mM P. The M&ssbauer

spectra at temperatures from 250 K to 13 K are shawrigure 5.12.
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The MoOssbauer spectra of the Mid P/Low Fe(ll) ekpent are consistent with
the oxidation of’Fe(Il) by Fe(lll) in the underlying goethite. Theestra are dominated
by a sextet similar to that of goethite, and alsotain a doublet consistent with Fe(ll).
These results show that although a significant arhotiphosphate has sorbed to the
goethite that electron transfer between the sotfe(ll) and the®Fe goethite occurs. In
addition, the’’Fe(ll) that has been oxidized to Fe(lll) has undesgtemplated growth on
the goethite to produce a neo-formége goethite phase. Our results indicafethat
sorbed phosphate does not block interfacial eledtansfer between agueous and sorbed
Fe(ll) and Fe(lll) in goethite, and ), that goethite is the oxidized product of thigIFe
Fe(lll) interfacial electron transfelespitethe presence of phosphate. Phosphate is known
to favor the production of lepidocrocite over gaetlduring oxidation of Fe(I1)Z31,

232).

The phosphatetfFe goethite exposed & e(ll) has similar Méssbauer features
as the’®Fe Al-substituted goethites exposed fee(Il). We have fit the Mossbauer
spectrum of thé®Fe goethite exposed to 0.5 mM P and 0.1 Miié(l1) collected at 77 K
with two sextets, an Fe(ll) doublet, and a collaptature. The two sextets have similar
parameters as the spectra of the Al-substitutethges (Table 5.5), as does the collapsed
feature, although this feature can be fit with dewiange of potential parameters without
significantly changing the goodness of fit. ThelFe{oublet has slightly higher CS and
QS parameters (1.36 mrif,£2.92 mm ), which are consistent with average parameters
for vivianite 233), suggesting that vivianite may have precipitatethis system.

Vivianite precipitation is consistent with homogene controls done in the absence of
goethite. Aqueous concentrations of 0.51 mM P ah8 thM Fe(ll) resulted in loss of
0.08 mM P and 0.03 mM Fe(ll) from solution, likelye to precipitation of vivianite.

We also investigated whether the precipitationieiawnite would shut down

electron transfer betweéfFe(ll) and>®Fe goethite. To do this, we added a higher

concentration of phosphate (0.988 mM) to a 2'gslispension ofFe goethite prior to
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addition of 1.5 mM’Fe(ll) (denoted High P/High Fe(ll) in Table 5.4)id? to addition

of the>’Fe(ll) 0.12 mM P was removed from solution by simmpto the goethite, which
is consistent with saturation of the goethite stefaith P as in the 0.51 mM P
experiment. After 2 hours of equilibration of theeghite/1 mM P suspension, 1.52 mM
*>"Fe(ll) was added and suspension was reacted fougs prior to filtering and collection
of Mdssbauer spectra. Addition of Fe(ll) resultedurther removal of P (0.92 mM P
removal or 93%), and the majority of Fe(ll) (1.2*nfe(Il) removal or 80%) from
solution.

Results from Mdssbauer spectroscopy of this Hid#id® Fe(ll) experiment
indicate that precipitation of vivianite occursyaly inhibiting interfacial electron
transfer between Fe(ll) and goethite (Figure 5.A3)the analysis temperature is
lowered, a sextet is apparent in the spectra, atidig that some Fe(ll) to Fe(lll) electron
transfer has occurred and has resulted in the tismaf °’Fe goethite. The majority of
the®’Fe in the system (84%), however, remaind’Bs(ll) bound in precipitated vivianite
and appears to be unavailable for electron tramsfer the time scale of this experiment.
Fitting of the spectrum at 77 K confirms that theflF in the system is vivianite, as the
two Fe(ll) doublets have parameters similar to ¢hofsvivianite (Table 5.5, Figure 5.13).
In addition, the sextet (16% of the total area) pesmmeters similar to those of goethite,
which confirms again that oxidation of some of tfee(ll) in the system has formed
goethite.

In order to determine whether the precipitatiowigfanite in High P/High Fe
experiment was due to surface precipitation orgtiethite or that vivianite precipitated
homogeneously from solution we have examined thdsswith SEM. We found that
vivianite precipitated homogeneously from solutiorms large (1-10 pm) prismatic
crystals and star-shaped clusters of these cry$tiglare 5.14, top image). In the High

P/High Fe experiment we noted the presence ofalsystith a similar morphology as
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those formed homogeneously, suggesting that honeogsmprecipitation rather than
surface precipitation was how vivianite formedhrstsystem.

Finally, we have investigated whether solid stéeteon transfer could occur
betweer?'Fe(ll) in vivianite and Fe(lll) in goethite. In cedto do this, we devised an
experiment such that nearly all tH€e in the system was present as Fe(ll) in vivianite
prior to the addition of®Fe goethite. In this experimenifV¥ivianite + *°Goethite, Table
5.4) we added equal portions of 1.5 mM P and Fa(lt) adjusted the pH to a value of
9.51 to precipitate vivianite. Precipitation of Mwite reduced the aqueous Fe(ll)
concentration to 0.04 mM. After the precipitatidrvivianite, >°Fe goethite was added to
the solution to test whether Fe(ll) in vivianitecepable of solid state electron transfer
from Fe(ll) to solid Fe(lll) in goethite. We havggothesized that under these conditions
that we should observe one or more of three passiticomes in the Méssbauer spectra:
(i) solid state electron transfer happens betwées(l1) in vivianite and°Fe(lll) in
goethite. This would result in the production offée(lll) doublet in vivianite, a result
observed when vivianite is oxidized by 75, 234, (ii) solid state electron transfer
does not occur, and the low solubility of viviangiepH 9.5 prevents significant
dissolution of Fe(ll) resulting in the observatioinFe(ll) only, or (iii) dissolution of
Fe(ll) from vivianite results in sorption of Fe(l) goethite and interfacial electron
transfer between Fe(ll) and goethite, resultintheapresence of a goethite sextet in the
spectrum. The results from this experiment are shiowigure 5.15.

The M6ssbauer spectra of tHEe vivianite exposed Fe goethite indicate that
solid state electron transfer is not occurring leetvthe Fe(ll) in the vivianite and the
Fe(lll) in the goethite. No Fe(lll) doublet is olbged in the Mdssbauer spectrum, but
rather, a pair of Fe(ll) doublets similar to vivienand two sextets similar to those found
in the systems wheréFe(ll) is reacted with°Fe goethite are present. The Mdssbauer
spectra from 250 K to 15 K indicate th&Ee(ll) has been oxidized by Fe(lll) in goethite

forming the sextet in Figure 5.15. The amount’Be(l1) oxidized in this sample is much
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greater than the extra 0.03 mM Fe(ll) sorbed (2p@nuaddition of the goethite to the
*’Fe vivianite suspension. The large amount of gtefbrmed from oxidation of the
>"Fe(l1) relative to the extra Fe(Il) removed froniwgimn after addition of the goethite to
the vivianite suspension suggests that Fe(ll) ftbenvivianite is dissolving amtFe is
re-precipitating forming goethite after being ozielil by the Fe(lll) in the®Fe goethite.
The cycling of ‘Fe between vivianite raises questions about whetioen exchange akin
to the atom exchange that occurs between aquedlisdral goethite 17, 24, 2%is
happening between solid vivianite and goethiteagjaeous Fe(ll). The large proportion
of goethite in this system indicates that Fe atyolieg may be occurring, but further

isotope tracking studies will be needed to deteentinis conclusively.

Other Environmentally Relevant Anions

We have also tested whether electron transfer edmiween Fe(ll) and goethite
in the presence of other common groundwater aninokiding sorbed bicarbonate
(4mM HCQy), silicate (1 and 10 mM Sidh), and natural organic matter (20 mg/L
Aldrich humic acid or NOM). These experiments weoaducted near pH 7.5 in the
presence of 1 mM'Fe(ll) and 2 g [* °°Fe goethite, and with several concentrations of
anions (Table 5.3). We note that the amount oftiiens sorbed to the goethite was not
measured. Several studies, however, have showthése anions sorb onto goeth28
31). Previous research has suggested that silicataiibn on goethite results in the
formation of Si polymers at high concentrationsititate 31).

The Mdssbauer spectra in Figure 5.16 collected & indicate that in the
presence of 4 mM bicarbonate, 1 mM silicate, 10 silMate, and 20 mg/L NOM
electron transfer occurs betwe€Re(ll) and®°Fe goethite. In general, these spectra are
all very similar to the spectrum collected with Mm’Fe(ll) in the absence of anions,
and are also similar to those collected in thegmes of phosphate. The spectra contain

two sextets similar to goethite and a small Fe{tiliblet. In all cases, the results of the
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experiments indicate that electron transfer ocbeteieert’Fe(Il) and Fe(lll) in°Fe
goethite and results in the formation of goethet@plated onto goethite. Therefore, we
can conclude that, at the concentrations stud@tes anions do not inhibit Fe(ll)-
Fe(lll) electron transfer in goethite.

Of significant interest are silicate and NOM, aasitleffect on atom exchange
between Fe(ll) and several oxides has recently bessasured for several oxides,
including ferrihydrite, lepidocrocite, schwertmateijarosite, and hematit235s, 236. In
the case of ferrihydrite, lepidocrocite, schwertmgs and jarosite the presence of
adsorbed Si and NOM decreased both the rate apdteftisotope exchange between
aqueous Fe(ll) antFe-labeled oxide236). Atom exchange also occurs between
aqueous Fe(ll) and hematite in the presence chsdj though the extent of atom
exchange is relatively small for hematite in bdté presence and absence of Si, and only
comprises several atomic layers of the hema?ig&)( While adsorbed Si and NOM
decrease the extent of isotope exchange, someesetahange in the presence of Si is
consistent with our results that sha{Fe(ll) is oxidized by°Fe(lll) in goethite and
formation of°’Fe containing goethite. Our results indicate thetteon transfer between
aqueous Fe(ll) and the underlying oxide may bélstiinvoked to explain isotope

exchange between Fe(ll) and Fe-oxides.

Phospholipids and Electron Transfer Distance

Finally, we have investigated the effect of sorpladspholipids on electron
transfer betweelFe(ll) and®°Fe goethite. Phospholipids are biomolecules thédenug
the cell membranes in living organisn237), and have recently been shown to form
supported bilayers and multi-layers on metal oxideicles 200, 20). In addition, the
phosphate end of phospholipids can undergo inrfe¥rspcomplexation with iron oxides
during bilayer formationa38). Phospholipid bilayers and multilayers can beesalv

nanometers to tens of nanometers in thicknesseoautiace of the oxid00). This
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large distance provides a means to probe whetbetreh transfer between Fe(ll) and
goethite can be shut off due to distance, as eledtansfer rate is dependent on electron
donor-electron acceptor separati@Bq, 240.

In order to explore the potential for electron sf@n blocking by sorbed layers of
phospholipids, we have sorbed a phospholipid (igkdyl-sn-glycero-3-phosphate or
DOPA, Avanti Polar Lipids) onto goethite and integated whether electron transfer
occurs betweelFe(ll) and goethite. In this experiment, approxiahal. mM DOPA
was sorbed to a suspension of 2 goethite overnight and 1 mRiFe(Il) was added to
the suspension. Méssbauer spectra were collectéuediitered suspension and are
shown in Figure 5.17.

The Mossbauer spectra indicate that electron teamsftweeri Fe(ll) and*°Fe
goethite does not occur in the presence of DOPApialipids (Figure 5.17). The
spectra are solely comprised of an Fe(ll) doulskeowing that none of the add¥&e(ll)
has been oxidized by goethite. Based on previouk with phospholipids showing
adsorption onto metal oxides resulting in formatdisupported bilayer00, 20}, we
speculate that adsorption of DOPA to goethite acctemding to formation of a thick
capping layer over the surface of goethite whidhhits electron transfer between Fe(ll)
and Fe(lll) in goethite. Other mechanisms are ptsssible, as Fe(ll) might also form a
complex with the phosphate ends of the DOPA, sdupiestered into suspended
phospholipid micelles, thus making it unavailalae dlectron transfer.

The observation that phospholipids inhibit electi@msfer between Fe(ll) and
goethite has interesting implications for interact between Fe(ll), Fe(lll) oxides, and
microbes responsible for Fe(lll) reduction. Reagatk has shown that large molecules
in bacterial extracellular polymeric substancesSEpreferentially adsorb to goethite
(241). In addition, the presence or absence of EPShayidbiomass levels also appears
to influence the rate of Fe(lll) reduction and é&rs products resulting from dissimilatory

iron reduction of lepidocrocitel23). It is possible that the slowed production ofIFef

www.manaraa.com



12¢

the high biomass and EPS systems in could havéed$tom inhibited electron transfer
reactions between Fe(ll) and lepidocrocite, betweeniced electron shuttles such as
AQDS and the lepidocrocite, or even perhaps bytilimidirect contact between the
bacteria and lepidocrocite. Inhibition of electtoansfer between aqueous Fe(ll) and iron
oxides by bacterial EPS might be important to adersin high productivity systems,

such as during subsurface biostimulation efforts.

Conclusion

Our work extends the concept that interfacial etactransfer occurs between
Fe(ll) and Fe(lll) oxides to a variety of environmaly relevant conditions. We have
shown that interfacial electron transfer betweefilFand Fe(lll) occurs when Fe(lll) in
the goethite structure is replaced by the redogtina Al(lll) cation. We have also
shown that sorption of anions such as phosphditgts, and NOM onto goethite does
not inhibit Fe(ll) to Fe(lll) oxide electron traresf In all cases, oxidation of the sorbed
Fe(ll) to Fe(lll) results in the templated formatiof goethite on goethite. We have
observed that interaction between solid Fe(ll)itnanite and goethite occurs via solution
and results in electron transfer between sorbeld) B@(d goethite, rather than solid state
oxidation of Fe(ll) in vivianite. Our results suggehat interfacial electron transfer
between Fe(ll) and Fe(lll) is robust over a widega of oligotrophic geochemical
conditions. We note that electron transfer betwes(tl) and goethite is inhibited by
putative adsorption of long-chain phospholipidsodthie surface of goethite. Blocking of
interfacial electron transfer may be important urelgrophic geochemical conditions
were large amounts of biomass or biofilms are pcedusuch as during subsurface
biostimulation with various organic electron dondfarther work will be needed to
evaluate the extent to which cation substitutiogaethite and sorbed anions affect Fe
cycling and atom exchange, although it appearsamespeculate that very little exchange

occurs in the phospholipid system.
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Table 5.1. Properties of pure and Al-substituteetigites used in this study (x 1 standard deviatidren given).

Synthesis Parameters

Solid properties

Sample 1D Initial [KOH] Temp. Time Al/(AI+F€e)%0iq MCDu1op MCDgisf  Length (nm)  (nm) pXRD Al Surface
P Al/(Al+Fe) (M) (°C) x 100% (nm) (nm) (n =15) (n =15) Content area
ek) (m%g)
Gt 0 0.3 70 2 0 58.3 40.1 982 + 392 124 +44 2.4 37
2AI-Gt 0.07 0.3 70 2 2.15+0.62 65.0 92.2 1500 + 855 120+66 2.8 14
4A1-Gt 0.15 0.3 70 2 4.43 +0.69 73.5 103 1180 + 506 125+49 5.3 20
10AI-Gt 0.44 1.0 60 4 9.85+0.03 106 217 416 + 153 15899 12 7.9
Small Batch*°Fe Al-Goethites
Gt 0 0.3 70 2 0 47.6 32.1 n.m n.m' 2.1 n.m
(Batch 15 . . . . . . . . . .
56Gt
0 0.3 70 2 0 99.7 67.4 .m. .m. 1.2
(Batch 29 n.m n.m n/m
5Al-°Gt 0.27 1.0 60 14 5.41 56.9 38.0 993 + 370 109 + 28 7.5 n/m
9AI-*°Gt 0.44 1.0 60 14 9.44 98.2 59.4 569 + 180 103 + 29 12 n/m

&= Percent (%) aluminum substitution determinedlisgolution in HCI and titration by ICP-OES.

P.¢ = Mean crystallite dimensions determined from pX&da of the breadth of the (110) and (111) refi@stof goethite.
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Table 5.1—continued

4= powder XRD determined Al content using the eiguatescribed in Ref191). The method has a 95% CI of +2.6 % Al.
®= Mean and 1 standard deviation of triplicate tecof 10 mg of goethite dissolved in 8 M HCI.

"= Used for 1 mM’Fe(ll) experiment, all phosphate experiments, amaspholipid experiment.

9 = Used for 3 mM'Fe(ll) experiment, and all other anion experiméN®M, SiO,*, CO?).

" = Average of duplicates of 10 mg goethite dissblive8 M HCI.

' = not measured.
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Table 5.2. Experimental conditions for Fe(ll) teejute and Al-goethite electron transfer
experiments.

Experiment ID [Fe(lD], [Fe(ID], Fe(ll) pH, pH, Mdssbauer
initial final uptake initial final spectroscopy
(mM) (mM)  (mmoles/d) figure
~1 mM>Fe(ll)

*Gt 1.06 0.795 0.132 7.46 7.44 Figure 5.6
5AI->°Gt 0.977 0.700 0.138 Figure 5.6
9AI->°Gt 1.07 0.848 0.112 Figure 5.6

~3 mM°"Fe(ll)

Gt 3.23 2.96 0.135 7.49 7.46 Figure 5.7
5Al-°Gt 3.63 3.17 0.232 7.50 7.45 Figure 5.7
9AI-°°Gt 3.13 2.81 0.160 7.51 7.46 Figure 5.7

Note: All experiments were preformed in 25 mM HER&&er with 25 mM KBr
background electrolyte.
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Table 5.3: Experimental conditions for Fe(ll) toegfute electron transfer experiments in the presefsorbed anions.

Experiment ID Solution  [Anion], Anion Total [Fe(II)I], Fe(ll) pH, pr, Mdssbauer
Conditions initial Uptake after ~ Anion initia uptake initial® inal spectroscopy
(mM) Sorf\)ﬁlon Uptake (mM) (mM) figure
(mM)? (mM)
M‘OF'eP(’l'BOW 10mMKCl 051 0.175 0.192 0125  0.113 751  7.64 QuRé5.12
Hig,L‘eF(’I’I')*igh 10mMKCl  0.988 0.121 0.920 152 1.22 752 751  UuRip.13
57 . . .
FeVivianite .
+5Fe Goethite 10 MM KCl 1.52 0.698 1.09 1.51 1.50 9.51 9.40 Fegirl 5
Bicarbonate 10 mM KClI 4.0 n.fh. n.m? 1.16 0.266 7.54 7.28 Figure 5.16
’\,{j‘;‘tjt'éar' ((,3\{8",’\‘,'”)'0 10 MM KCI 20 mg [* n.m? n.m? 1.14 0.263 7.48 7.02 Figure 5.16
Low Silicate 10 mM KCI 1.0 n.rfh. n.m? 1.14 0.191 7.46 7.17 Figure 5.16
High Silicate 10 mM KClI 10.0 n.rh. n.m¢ 1.38 0.303 7.52 6.84 Figure 5.16
. 25 mM
Phospholiid  HEPES/25 1.0 n.m? n.m? -1 ~0.7 751 751  Figure5.17
(DOPA) mM KBr

2 Anion uptake from solution by 2 g'Lgoethite after equilibration but prior to additioh® Fe(ll).

P Total anion uptake from solution by 2 g goethite after addition 6fFe and a period of equilibration.

° pH after re-adjustment following the spike’@e(ll) to solution.

4 hot measured
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Table 5.4. Mdssbauer parameters derived from dittihspectra collected at 77K fFe
goethite and Al-goethite reacted with 3niffe(ll).

std(HY
Component CS‘I"_l Q§-1 He (T) or Area
(mm s%) (mmsY) (Tesla) std(QS§ (%)
(mm s%)
Goethite
Sextet 0.48 -0.24 49.5 0.77 100
Gt + 3 mM>"Fe(ll)
Sextet 1 0.47 -0.25 48.9 0.79 43
Sextet 2 0.53 0.14 49.5 1.06 24
Collapsed Feature 0.44 -0.14 29.3 14.4* 28
Fe(ll) Doublet 1.26 2.66 - 0.36 4
5AI-°°Gt + 3 mM>"Fe(ll)
Sextet 1 0.47 -0.46 48.4 1.23 30
Sextet 2 0.50 0.06 48.7 1.38 31
Collapsed Feature 0.37 -0.18 30.8 14.5*% 34
Fe(ll) Doublet 1.25 2.53 - 0.48 5
9AI->°Gt + 3 mM>"Fe(ll)
Sextet 1 0.47 -0.48 48.0 1.35 30
Sextet 2 0.50 0.06 48.1 1.46 30
Collapsed Feature 0.38* -0.18* 30.7 14.5*% 33
Fe(ll) Doublet 1.26 2.64 - 0.57 7
Gt + 3 mM>"Fe(ll) Oxidized in Air 1 month

Sextet 1 0.47 -0.40 48.9 0.93 53
Sextet 2 0.52 0.02 49.1 0.99 44

* Denotes that the parameter was fixed during ittie@d procedure to obtain resonable
values for the Mdssbauer hyperfine parameters.

@Center shift.
P Quadrupole splitting for doublets and quadrupoié garameter for sextets.
¢ Hyperfine field.

deStandard deviation of the Voigt profile for the kyfine field or quadrupole splitting
parameters, respectively.
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Table 5.5. Méssbauer parameters derived from ditsipectra recorded at 77 K f6Fe
goethite with sorbed anions reacted withe(ll).

std(HY
cs g He T) or Area
Component (mm Y (m?n s (Tesla) s‘fd()Qsi (%)
(mm s%)
**Fe Goethite + 0.51 mM Phosphate + 0.13 fiRé(l)
Sextet 1 0.47 -0.42 48.8 0.98 33
Sextet 2 0.50 0.10 49.1 0.93 30
Collapsed Feature 0.43 -0.42 30.5 14.5* 32
Fe(ll) Doublet 1.36 2.92 - 0.53 6
**Fe Goethite + 1.0 mM Phosphate + 1.5 r{ie(l1)
Fe(ll) Doublet 1 1.30 2.64 - 0.35 38
Fe(ll) Doublet 2 1.36 3.23 - 0.29 46
Sextet 0.47 -0.10 48.7 2.5 16
*"Fe Vivianite +*°Fe Goethite
Fe(ll) Doublet 1 1.30 2.62 - 0.28 20
Fe(ll) Doublet 2 1.34 3.23 - 0.23 25
Sextet 0.48 -0.15 49.0 1.77 19
Collapsed Feature 0.5* -0.58 21.9 13.3 36
Vivianite'

Fe(ll) Doublet 1 1.33 3.14 - - .
Fe(ll) Doublet 2 1.27 2.54 - - .

* Denotes that the parameter was fixed during ittie@d procedure to obtain resonable
values for the Mdssbauer hyperfine parameters.

@Center shift.
P Quadrupole splitting for doublets and quadrupoié garameter for sextets.
¢ Hyperfine field.

deStandard deviation of the Voigt profile for the kyfine field or quadrupole splitting
parameters, respectively.

"Ref (233, relative areas not reported.
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Figure 5.1. Dissolution of Al-goethites used irstetudy in 8 M HCI indicating that
dissolution of Al is not completely congruent wik dissolution. Congruent
dissolution is represented by the solid line. Tlos-congruent release of Al is
most likely due to enrichment of the particles withon the surface or at
domain boundaries that dissolve most readily.
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Figure 5.2. Powder x-ray diffraction patterns af oethite and Al-goethite used. The
dotted vertical line is shown as a visual refereiocthe change in goethite
crystal properties upon aluminum substitution. ®hgt indicates that Al(llI)
is included in the goethite lattic&q1).
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Figure 5.3. Dissolution of goethites and Al-goedhiin dithionite-citrate bicarbonate
(DCB) solution. Inset: Flux of Fe(Il) from the gbées in moles Ms™. The
dash line represents the upper limit of for the @ftdissolution of Fe(ll) from
FeO extrapolated to pH 7.3q7).

www.manaraa.com



136

$4800 20KV

84500 2.0k 5:1mm SE(M)

Figure 5.4. Scanning electron micrographs (SEMgglotkwise from top left) Gt, 2Al-
Gt goethite, 4Al-Gt goethite, and 10AIl-Gt showihg tthange in morphology
of the goethite particles with increasing alumincomtent. The scale bar in
the SEM images represents 1 um.
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Figure 5.5: Uptake of Fe(ll) from solution by goé&thand Al-substituted goethites on a
mass basis (A) and a surface area basis (B). ®yeayicles represent data

from Ref Q0).
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Figure 5.6, Temperature profiles of Mosssbauertspet°Gt (pure*®Fe-goethite), 5AI-
Gt (5.4% Al- -substituted), and 9APGt (9.4% Al-substituted)Fe goethites
reacted with 1 mM’ Fe(ll) The suspensions had an Fe(ll) uptake @3,0.1
0.14, and 0.11 mmoles' gespectively. Reactions were carried out in aLzlg
suspension of goethite in 25 mM HEPES and 25 mM Bufer at a pH
value of 7.5.
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Figure 5.7. Temperature profiles of Mosssbauerts@msth 5A1-°°Gt (5.4% Al-
substltuted) and 9AIGt (9.4% Al- substituted)®Fe goethites reacted with 3
mM °’Fe(ll). The suspensions had an Fe(ll) uptake of, 123, and 0.16
mmoles ¢, respectively. Reactions were carried out in guspension of
goethite in 25 mM HEPES and 25 mM KBr buffer at-hvalue of 7.5
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Figure 5.8, Mdssbauer s&oectr:ﬁﬁe goethites and Al-substituted goethit®&t, 5AI-
*%Gt, and 9AI2°Gt) after reaction with’Fe(ll). Spectra were collected at 77
K. We have fit the spectra with two sextets andrafil) doublet, as well as a
collapsed feature. Spectral parameters are repiorfeable 5.4.
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Figure 5.9. Mdssbauer spectrunt e goethite reacted with 3 mMFe(ll) collected at
77 K compared to the spectrum of the same goedftiée oxidation in air for
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Figure 5.11. Phosphate sorption onto goethitepdd @alue of 7.5 in 10 mM KCI
background electrolyte (no added Fe(ll)). The maxmsorption density of
phosphate has been reported to be approximatelyr@dies P i (32, 229.
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*Fe Goethite + 0.51 mM P + 0.13 mM "~ Fe(ll)
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Figure 5.12. Temperature profiles of Mésssbauettspef>®Fe goethite reacted with
0.51 mM P and 0.13 mNfFe(ll). Reactions were carried outin a 24 L
suspension of goethite in 10 mM KCI background tetégte (further solution
details are in Table 5.4). We have fit the 77 Kcsrewith two sextets and an
Fe(ll) doublet, as well as a collapsed featurec8pkparameters are reported

in Table 5.5.
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56Goethite + 1.0 mM Phosphate + 1.5 mM 57Fe(II)
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Figure 5.13. Temperature proflles of Mdsssbauectspef>’Fe goethite reacted with 1.0
mM P and 1.5 mM’Fe(ll). Reactions were carried out in a 2 §duspension
of goethite in 10 mM KCI background electrolyterther solution details are
in Table 5.4). We have fit the 77 K spectra witlotiae(Il) doublets
corresponding to vivianite and a sextet correspanth goethite. Spectral
parameters are reported in Table 5.5.
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20.0um

Figure 5.14. Scanning electron micrographs (SENs)wanite homogeneously
E)recipitated from solution (top) and vivianite pp@tated in the presence of
®Fe goethite in the High P/High Fe experiment (huito

—
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Figure 5.15. Temperature proflles of Mosssbauectspef>°Fe goethite reacted with
*Fe vivianite (1.5 mM’Fe(ll) and 1.5 mM P). Reactions were carried out in
a2glt suspension of goethite in 10 mM KCI backgroundtetgyte (further
solution details are in Table 5.4). We have fit TiTeK spectra with two Fe(ll)
doublets corresponding to vivianite and a sextaesponding to goethite, as
well as a collapsed feature. Spectral parametersegorted in Table 5.5.
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Figure 5.16. Mdssbauer spectra @fe(ll) reacted with®Fe goethite in the presence of
several sorbed anions, including 4 mM bicarbortaind 10 mM silicate, and
20 mg/L natural organic matter (Aldrich humic aciars are shown for a
goethite sextet and an Fe(ll) doublet for comparmothe measured spectra.
Formation of a goethite sextet in all cases ingisahat’Fe(ll) has undergone
electron transfer to Fe(lll) in goethite and hasrbexidized.
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Figure 5.17. Mdssbauer spectra of 1 nie(Il) reacted with 2 g L goethite in the
presence of the phospholipid DOPA (1,2-dioleoylgéycero-3-phosphate).
Only an Fe(ll) doublet is observed in the spectdicating that the presence
of the phospholipid has blocked Fe(ll) from tramgfg an electron to Fe(lll)
in goethite. Bars are shown for an Fe(ll) doublet a goethite sextet for
reference.
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CHAPTER 6: IMPLICATIONS OF THE REDOX DRIVEN
CONVEYOR BELT FOR CONTAMINANT TRANSFORMATIONS

Abstract

Recent work indicates that a series of reactioesirscwhen iron oxides are
exposed to aqueous Fe(ll). These reactions resakidation of Fe(ll) at the surface of
the oxide followed by oxide growth, electron traotghrough the bulk, and reductive
dissolution of Fe(ll) at a spatially separated.ditdhen exposed to Fe(ll), goethite and the
aqueous Fe(ll) undergo complete atom exchange.aWe hypothesized that this atom
exchange has an effect on contaminant transformstishich may lead to release or
sequestration of trace metals or metalloids duf@@!) induced atom exchange. We
have exposed goethite synthesized to contain masgdiVMn-goethite) to solutions
containing aqueous Fe(ll) and measured Fe(ll) wtadm solution and Mn release to
solution. Our results indicate that Mn is releadadng reductive dissolution of the
goethite, suggesting that metals may be releasedgdatom exchange between Fe(ll)
and goethite. In addition, we have investigatedthwreuranium (U) is incorporated from
solution into goethite during exposure to goethitd aqueous Fe(ll). This work indicates
that U" is reduced to Y by Fe(ll) in the presence of goethite, but nobiporated into
the goethite structure. Finally, we have begudewelop a method that allows for
measurement of atom exchange between aqueous &®qlFe oxides using quadrupole-
ICP-MS by using highly enrichedFe(ll) solutions and Fe oxides with natural

compositions of Fe isotopes.

Introduction
Ferrous iron (Fe(ll)) associated with iron oxidesl @xyhydroxides (Fe oxides) is
commonly considered an important reductant for n@aglized contaminants in the
environment §-8, 242, 243 The reactivity of Fe(ll) with contaminants ansl i

importance as a product of dissimilatory metal otidm of Fe(lll) oxides 82, 123, 187,
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244 has led to a variety of mechanistic studies enitkeraction of Fe(ll) with Fe
oxides. These mechanistic studies have showntibeg ire dynamic redox reactions that
occur between aqueous Fe(ll) and the oxideZ5, 132. These redox dynamics include
oxidation of Fe(ll) at the surface of an Fe oxidkdwed by growth of the oxide, electron
conduction through the oxide, and reductive digsmiuat a spatially separated site, a
process that has been termed the “redox driveneg@mmbelt” @4). The atom exchange
that occurs between aqueous Fe(ll) and Fe oxidedtsan the complete mixing of the
aqueous and solid phase Fe in goethite suspernsirenshort time scales of less than 1
month @4, 25. This mixing raises questions about the fate efais and metalloids
commonly associated with Fe oxides during atom amxgh.

There are several studies that indicate contansnaal be strongly associated
with iron oxides during redox transformations. Gueh study investigated the fate of
arsenate (As(V)) during the Fe(ll) catalyzed transfation of ferrihydrite to more
crystalline Fe oxides and As(V) bound to goethitd Eepidocrocite in the presence of
Fe(Il). Results from this study indicated that ceditive’*As was so strongly bound to
ferrihydrite recrystallization products (lepidocitec goethite, and/or magnetite) and to
goethite exposed to Fe(ll) that it could not beodleed from the surface when exposed to
an addition of unlabeled A245. Another study investigating the fate of uranidaring
Fe(ll) catalyzed recrystallization of ferrinydriises structural data from U x-ray
absorption spectroscopy to argue thah&ly be incorporated into the products of
ferrihydrite recrystallization (goethite and magte9t(246).

Based on these studies as well as mechanistiesttitht show redox driven
dynamics between Fe(ll) and Fe oxides, we have beepelled to explore the fate of
metals during atom exchange between Fe(ll) anchgeeiVe have explored the release
of manganese (Mn) from goethite synthesized to Mvdor-Fe substitution in the
strucuture. We have also probed whether U is immatped into goethite when the

goethite is exposed to Fe(ll) using both x-ray apson spectroscopy (XANES and
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EXAFS) as well as by measuring U and Fe releaseltdgion during dissolution by acid.
Finally, we have begun to develop a method for meéag Fe isotopes using a newly

acquired Thermo X-Series 2 quadrupole-ICP-MS.

Experimental Approach

Mn-substituted Goethite

Manganese substituted goethite (Mn-goethite) wathggized using a previously
described procedure known to result in formatioMatsubstituted goethitel 61).

Briefly, goethites with Mn contents of 0.02 and®a& Mn/(Mn+Fe) were synthesized to
avoid the formation of Mn-Fe spinel phases at higlie contents161). To make

goethite with an Mn/(Mn+Fe) content of 0.02 (Mn2)05 g FeG&-6H,O and 0.105 g
MnCl,-4H,0O were mixed in 50 mL deionized water and 175 nM RlaOH was added to
precipitate the metals as a Mn-ferrihydrite gelt &d1n/(Mn+Fe) content of 0.05 (Mn5)
0.262 g MnC}-4H,0 and 6.805 g FegbH,O were mixed together in 50 mL and 175 mL
2 M NaOH was added to precipitate the metals. €hghfydrite gels were centrifuged
and washed once and then resuspended in 0.3 M MaQHeated at 60 °C for 15 days.
The product was centrifuged and washed with deezhizater 3 times and dried in the
oven at 60 °C overnight. The dried product was gdoand passed through a 150 pm
sieve. The product was analyzed by powder x-rdyadifion using Co k& radiation
(Rigaku MiniFlex Il), and found to be solely godthwith no detectable spinel phase.
Work investigating Mn substitution in goethite segty Mn is substituted as Mn(lll) into
the goethite structur@47-249.

The Mn-substituted goethite was reacted with Feédlgetermine if Mn(lll) could
be reductively dissolved during redox reactiondw#é(ll). Here duplicate reactors
containing 15 mL of 25 mM HEPES (4-(2-Hydroxyetimyperazine-1-ethanesulfonic
acid) buffer with 25 mM KBr electrolyte adjustedpbl 7.5 were spiked with 1 mM

FeCb. The initial concentration of Fe(ll) was measuraag 30 mg of Mn-goethite was
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added to initiate the reaction. The loss of Fdftjn solution and accumulation of Mn
was measured over time up to 96 h. Controls witlk@(ll) were done to determine if left
over Mn(ll) from synthesis could explain the Mnaas$e. In addition, we added 5 M HCI
to lower the pH of the suspension to a value oft@.@esorb any Fe(ll) or Mn(ll) at the
end of the experiment. Fe(ll) was measured coldrinaly using 1,10-phenanthroline
(139, 250. Dissolved Mn was measured by modifying the fddogime method

outlined in Morgan and Stumr2%1) and Abel 252), using phenanthroline to complex

interfering aqueous Fe.

Uranium Reaction with Goethite and Fe(ll)

We have explored whether U is incorporated intalgteduring redox
interaction between Fe(ll) and Fe(lll) in goethifée have reacted nominal
concentrations of ¥J of 250 uM (uranyl acetate in 0.1 M HCI), with 1dah g L*
goethite in the presence of 1 mM Fe(ll). Sample$4df mL solution containing 4 mM
NaHCQ, 250 uM U", and 1 mM Fe(ll) were prepared and initial aliquof solution
were removed for Fe(ll) and U analysis. To thisusoh 140 or 280 mg goethite or Al-
substituted goethite was added and the pH wastadjusth KOH to a value near 7.50.
A control was done without Fe(ll). For the 1 g teactors, aqueous U and Fe(ll)
concentrations were measured as a function of flilne.0.5 M HCI extractable Fe(ll)
was measured for these reactors by mixing 0.1 nthe@tuspension into 10 mL total 0.5
M HCI. In addition, 50 mM NaHCg@extractable U was measured in the same way. In the
2 g L* system a final aqueous Fe(ll) and U measuremesitaken at 17 hours. The 2 g
L reactors were sent to Argonne National Laborafork-ray absorption spectroscopic
analysis of U valence state. A 1 g boethite reactor was sacrificed and extracted firs
with a 0.5 M HCI extraction, then subjected to céetgdissolution with 6 M HCI.

Uranium was measured in these experiments usingdSKRThermo X-Series 2) by
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following *%U. Fe(ll) and total Fe was measured using the pHghanthroline

colorimetric method.

Isotope Exchange Experiments using Quadrupole-IG&-M
Measurements

We have begun to develop a method for measuringdtepes with quadrupole-
inductively coupled plasma-mass spectrometry ((HW3). The instrument is a Thermo
X-Series 2 g-ICP-MS with a##Ar collision cell capable of removirfgAr°0
interferences at mass 58He). A series of standards were prepared by adding
isotopically enriched’Fe(ll) (0.01 %°*Fe, 0.96%°Fe, 97.82% Fe, and 1.22%°Fe,
Chemgas, Inc.) antiFe(ll) (99.77%°Fe) made by dissolving enriched Fe(0) 0.1 M HCI
solutions to each other to achieve a range of j@tmncentrations. These standards were
used to evaluate wheth®Fe and’’Fe could be resolved from one another with the
instrument and to see if quantitative recoveryrmdWn isotope compositions was
possible. Mixtures were made with 90, 75, 50, 2, 53%"°%Fe with the balance a&e,
and recovery is compared with the expected valléguare 6.6.

For isotope exchange experiments we have folloWweaxkperimental conditions
of Handler et al.Z4) to try and reproduce their data collected witfjhhiesolution
multicollector ICP-MS (MC-ICP-MS). Briefly suspensis of 2 g [* natural isotopic
composition goethite were made by suspending 3@oethite in 15 mL of 25 mM
HEPES buffer with 25 mM KBr electrolyte. Prior tddition of the goethite a spike of
Fe(I1) highly enriched in’Fe was added to the solution to get a concentrafié-e(ll)
of 1 mM. An initial aliquot was withdrawn and adidd with trace metals grade HCI for
later Fe(ll) analysis with 1,10-phenanthroline aatope analysis with g-ICP-MS. We
also measured aqueous Fe isotopic composition @egtthige isotopic composition with
time. Aqueous Fe isotopes were measured by fijeamaliquot of solution (~100 mL)

and acidifying it prior to analysis. Goethite ispimcomposition was measured in two
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ways, one way involved a 0.5 M HCI extraction ¢ thihole solution to remove sorbed
Fe(ll), centrifugation to pellet the solids, folleal by decanting of the supernatant prior
to complete dissolution with concentrated HCI. lseaond method, the solution
containing Fe(ll) and goethite was centrifugated #ie pelleted goethite was dissolved
in concentrated HCI without an 0.5 M HCI extraction

We attempted to make samples for analysis on ti@&PgMS such that the
expected total Fe concentration would be around@0by addition of an aliquot of the
sample to 10 mL of 0.1 M trace metals grade HCis Toncentration is below the
threshold (~50-100 ppb) where the instrument detentwle switches from pulse
counting to analog counting. Maintaining concemnbrag of Fe below the threshold of the
detector mode ensures no detector cross calibratioecessary, which could add error to
the measurements. However, the detector crosgatdib routine was run to ensure
measurements of concentrations could be madelier analytes of interest over a wider
range (simultaneous determination of U in othereexpents). We have also spiked an
internal standard ofCo (100% natural abundance) at 10 ppb to trackuiment drift
with time. Isotopic fractions of the Fe isotopesevealculated by summing the total
counts from the g-ICP-MS detector ovéfe,*®Fe, and’Fe. We neglectetFe due to its

low concentration and potential for interferencéhwiNi (68.1% abundant).

Results and Discussion

Reductive Dissolution of Mn from Mn-Goethite by Hg(

We have investigated whether electron transfer éetwre(ll) and Mn-
substituted goethite might also cause reductiddm(lil) in the goethite structure and
dissolution of Mn(ll) into solution. We have expdsgoethites with Mn contents of 0.02
and 0.05 on a Mn/(Mn+Fe) basis (referred to as Bm2 Mn5) to a 1.2 mM Fe(ll)
solution and measured the loss of Fe(ll) from sotuaind the release of Mn (putatively

Mn(11)) into solution (Figure 6.1). We found tha¢ @) uptake from solution is relatively
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rapid over the first 4 hours, and continues toease with time. In concert, Mn release to
solution is very rapid, with the majority releagedsolution in the first 5 minutes of the
experiment, but the concentration continues towisle time out to 96 hours. Final
concentrations after 96 hours were 60 uM and 10MuMn the Mn2 and Mn5 reactors,
respecitively. We observed no realease of Mn totewl in controls without Fe(ll),
suggesting that all Mn in the goethite structurBliglll) and released by reductive
dissolution in the presence of Fe(ll). The greastl uptake of Fe(ll) from solution by
the Mn5 goethite relative to the Mn2 goethite wassistent with a higher total amount
of Mn added during the synthesis, if Fe(ll) is ozedtl by Mn(lll). In addition, the Mn
released to solution was greater in the Mn5 readtan in the Mn2 reactors, again
consistent with the higher amount of Mn substitutidowever, we do not have surface
area data for these two Mn-goethites, althoughalisispection of the particles with
SEM indicates similar sizes and morphologies. Sarfarea differences might also
explain the observed release of Mn. Desorption nfavd Fe(ll) at pH 2.0 was done after
96 hours. In the Mn2 system, an extra 34 uM Mn rgésased by the desorption (94 uM
Mn total), and in the Mn5 system, an extra 48 uMWas released (155 pM total). Fe(ll)
recovery was 810 and 635 uM in the Mn2 and Mn5esgst This indicates that not all
the added Fe(ll) was recovered, and that Fe(It)i@s in excess of the amount of Mn
released if Fe(ll) reduced Mn(lll) to Mn(ll). We t@ounder similar conditions that Fe(ll)
was recoverable in unsubstituted goethite suspesgeen without acidification, but just
by resuspending the goethite in a more dilute Fe@hcentrationZ0).

We have shown that Mn is released from Mn-substitgfoethite upon exposure
of the goethite to agueous Fe(ll) and that Fefipears to be irreversibly lost. Both of
these lines of evidence suggest that net Fe(txidized to Fe(lll) by Mn(lll) in the
structure of goethite, resulting in the reductiv@sdlution of Mn(ll) from the goethite.
Next, we have calculated whether the release otdvwolution is just from the surface of

goethite, or whether it occurs from the bulk of gaeticle due to redox driven Fe and Mn
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atom exchange. We have used site densities repoyt¥dlalobos et al. 253 for the

(101) face, which comprises the majority of thetbde surface area, to calculate the
surface Fe site concentration. We calculated tRdt Ee sites nihare present on

goethite (101) faces, and assume a goethite suafaeeof 30 rhg™. At 2 g L' solids
loading this corresponds to 0.0012 moles surfade Féssuming congruent
incorporation of Mn into the structure of goethite arrive at a surface Mn concentration
of 24 pumoles [* and 60 umolest.for the Mn2 and Mn5 samples respectively. In both
cases, the amount of Mn dissolved at the end o#xperiment corresponds to a release
of Mn from approximately 3 monolayers of goethite.

Our observed release of Mn from goethite duringxedduced atom exchange
may have implications for the release of contantmérthey are incorporated into the
goethite structure. While Mn is generally not calesed to be a concerning contaminant,
some evidence exists that suggests at elevate@mwations it could have deleterious
effects to human healt2%4). Another metal that has been proposed to be itutlest
into goethite is Pb, which may be substituted g$\Blin goethite 255). Pb(1V)
substitution in goethite could be hypothesizeddcuo in pipe scale if a water distribution
system contains both lead and iron distributiorepigReduction of Pb(IV) to Pb(ll) by
Fe(ll) should be relatively facile (E(Pb®E"*, pH 7.0) = 0.63 V)256).

Reaction of Uranium with Fe(ll) and Goethite
Uranium is rapidly removed from solution in the ggace of 1 g I goethite and
1 mM Fe(ll) at pH 7.5. After 30 minutes, the aquetlconcentration drops from 217
KM to 0.12 uM (99.95% removal) (Figure 6.2). Af8&r minutes nearly all (80%) of the
U is recovered by 50 mM NaHG@xtraction, and the bicarbonate extractable U
decreases to near 1 uM after 46 hours and stdlgsadevel throughout the experiment,
indicating that reduction of U may occur within &yd. Similar results are seen for 0.5 M

HCI extractable Fe(ll), which decreases to 0.77 aftdr 46 hours, and is constant over
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time after this. Curiously, this 0.5 M HCI extraoka Fe(ll) concentration is higher than
would be expected if all of the'Uadded to the system was reduced (0.58 mM is
expected); however, caution must be taken in ingirn this result, as acidic conditions
are expected to promote the oxidation of \l® goethite 257). Aqueous Fe(ll)
concentrations also continue to drop with timetout1 days, which would be
unexpected if ' in the system was reduced after 2 days. Aftergaitod of time, an
aliquot of concentrated HCI| was added to make &/DHCI solution in the bottle and the
solids were treated for 90 minutes. The 0.5 M H@taeted concentration of U was
measured to be 208 uM. This suspension was cegedfand the solids were harvested
and dissolved completely in 6 M HCI. U and Fe reéevas measured with time (Figure
6.3).

The results from the 6 M HCI extraction show thret U remaining after 0.5 M
HCI extraction is immediately dissolved in 6 M HChis suggests the U is either in a
separate phase that is easily dissolved in botMGECl and 6 M HCI or sorbed onto the
goethite. The U is not congruently incorporated itfie goethite during Fe(ll) induced
atom exchange for the conditions studied herel(T goethite and 1 mM Fe(ll)). It is
likely that U"' was reduced to YO, and thus not available for incorporation into the
goethite.

In order to investigate whether’Us reduced by Fe(ll) in the presence of
goethite, we have used Urk-ray absorption spectroscopy to measure valeiate s
(XANES) and the coordination environment of thentthe sample (EXAFS). In this set
of experiments we explored whether Al-substituilogoethite (2Al, 4Al, and 10Al-
Goethite described in Chapter 5) had any effeaednction of U' by Fe(ll). In these
suspensions, we added 288 + 4 uM U and after 1lishba aqueous concentration U
was reduced to 0.05 + 0.03 uM (11 £ 6 ppb) in te@lfFcontaining suspensions,
whereas U was only removed to 79 pM (19 ppm) inlibwl-goethite control without

Fe(ll). The edge position of the control withou(IBein the XANES spectrum is near
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that of the Y' standard, and contains a post-edge feature imngioatt U' in the uranyl
(UO,?") geometry (vertical arrow), indicating that alethy associated with the solid
phase remained oxidized a¥' Figure 6.4). The edge position of the U XANEScipe
of all the samples containing Fe(ll) is near tHé s&tandard, and lacks the post-edge
feature indicative of U, suggesting that nearly all of the added U has beduced to
U". The EXAFS spectra of the goethite and Al-goette@cted with U in the presence of
Fe(ll) indicate the reduced U product is consistemtoparticulate uraninite {{D,) with
a spectrum close to that of biogenically producadoparticulate uraninite (Figure 6.5)
47).

Formation of stable Fe(ll) species on goethite (Bseussion in Chapter 5) may
have promoted YJ reduction in the goethite + Fe(Il) system. We ribte in a study
using insulating beads functionalized with carbaxglgroups capable of binding U and
Fe(ll), that formation of Fe(ll) polymers was red for the reduction of Uto UY
(111). In contrast, some Ureduction has been noted in systems where Fe(ll)
concentrations were less than what would be exgdoteause surface saturation of
Fe(ll). In addition, total Fe(ll) loading in thaggem was less than that required to reduce
all the added Y (57). Currently, we cannot conclude whethef teduction might also
be mediated by electron conduction through the btitkoethite. Further study of this

mechanism is warranted.

Isotope Exchange between Fe(ll) and Goethite
We have begun to develop a method to measure setaghange between
goethite and aqueous Fe(ll) using a quadrupoleM3Pand highly enrichetFe(ll)
solutions exposed to goethite with natural isot@oimposition. We have started with
determining whethet’Fe and®’Fe could be determined in mixtures using the q-M%®-
using highly enriched isotope solutions (Figure) 6/@e have used spiked 2 & L

goethite suspensions with a natural abundance isidfepes (5.8%8'Fe, 91.8%°Fe,
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2.1%°Fe, and 0.39%8°Fe), with highly enriched (97.82%)e(ll) stock. We tracked the
aqueous and solid pha¥€e fraction (denoted F, Equation 6.1) with timey(Fe 6.7).
We note that the’Fe content in the aqueous phase decreases arféf¢heontent in the
solids decreases. Over the ~12 days we followedethetion we saw the goethite come
to nearly complete mass balance &% fraction in the solids of 0.058 to 0.061, wherea

the aqueous phase did not, witRe fractions after 12 days of 0.31 to 0.36.

57
>"Fe fraction = % Fecouns (6.1)
Fecountst 56Fecounts+ 57Fecounts
>7Fe fraction(system)[Fe o] = "Fe fraction(aq)[Fe(Il)] + (6.2)

>"Fe fraction(s)[Fegoetnite ]

The difference between the aqueous pfi&efraction and the solid phase
fraction indicates that we do not have mass regovEt’Fe in these systems. The most
likely cause of this is the fact that aliquots lod goethite/Fe(ll) suspension were
removed with time. We note that Handler et al.ugetnany reactors in parallel and
sacrificed them at each time poi@d). This experimental method should be followed in
further studies using the g-ICP-MS, but was notedloere due to the exploratory nature
of this work. While the lack of mass balance prdelkiany conclusions from this work,
we note that the 10Al-goethite reacted with Fegkiihanged les€Fe between the
agueous and solid phase, suggesting that perhagsbatitution in goethite has an effect
on atom exchange between Fe(ll) and goethite. Swebult would not be surprising
considering that Al(lIl) is unlikely to dissolvedm goethite during reduction in the
absence of a ligand to promote its detachmens(dseicase when dithionite-citrate-
bicarbonate is used, as in Chapter 5). The presgintkein goethite might make isotope
exchange between Fe(ll) and goethite in the enmint quite variable, as Al contents of

goethite in the environment are likely to vary siigantly (26).
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Figure 6.1. Loss of Fe(ll) from solution (closedrkeas — left axis) and release of Mn
into solution (open markers — right axis) when [2'gsuspensions of Mn2
and Mn5-substituted goethites are exposed to 1.2F@aM). Controls without
added Fe(ll) are shown, and no Mn realease was\aike
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Figure 6.2. Measured aqueous concentrations of)F(d U in a suspension of 217 uM
U, 1 mM Fe(ll), and 1 g t goethite. In addition, 0.5 M HCI extractable Fe(lI
and 50 mM bicarbonate extractable U were measuredid days.
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Figure 6.3. Dissolution of the remaining U assadatith goethite after reaction with
Fe(ll) and 0.5 M HCI extraction. The solids wersstilved in 6 M HCI and
the release of Fe and U were monitored with times@lution along the
dotted line would indicate that uranium was incogted congruently into the
goethite structure. All U remaining was either isegparate phase or
associated with the surface.
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Figure 6.4. Uranium 4 XANES spectra of U reacted with goethite and Al-goethite in
the presence of Fe(ll). The horizontal arrows hgitilthe edge position,
which is sensitive to U valence state with tb the left and ¥ to the right.
The vertical arrow points out the higher intengibst-edge feature for
indicative of U in the urar[?/l (UO" geometry. In all cases where Fe(ll) is
present ' is reduced to Y. U remains in the 10Al-goethite sample
without Fe(ll).
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Figure 6.5. Uranium 4 EXAFS spectra of U reacted with goethite and Al-goethite in
the presence of Fe(ll). The EXAFS spectra of thafter reactions with Fe(ll)

and goethite are all consistent with a nanopagteull’ O, (uraninite)
product. The UY' reacted with the 10Al-goethite control without Feis

consistent with a uranyl species (O sorbed to a Fe-O site on goethite.
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described in equation 6.2 in the text.
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CHAPTER 7: ENGINEERING AND SCIENTIFIC SIGNIFICANCE

Summary

This work provides new evidence for the reactiatyron minerals that have
Fe(ll) in their structure or have been exposeddfl}-in the agueous phase. While the
approach to all of the studies presented here &éas teductionist in philosophy, we have
used carefully selected and characterized systemsderstand fundamental processes
that occur between aqueous Fe(ll), structural l;€f# oxides, and contaminants. This
work provides compelling evidence to show that psses previously observed in the
laboratory under minimal complexity are relevaniiare complex biogeochemical
systems.

In Chapter 2 we have provided evidence that grests lare facile sorbents and
reductants for ¥, which is commonly found as a contaminant at &partment of
Energy sites where U was mined or refined. We lened that green rusts containing
chloride, sulfate, and carbonate in their strucalfeeduce UY' and that environmentally
relevant carbonate concentrations do not greatictifhe reduction process. Because of
their affinity for carbonate, green rusts are kil be found with structural carbonate in
most natural geochemical systems where dissimylatmtal reducing microbes use
carbon as an electron donor and Fe oxides as@beatceptors. The chloride and sulfate
forms of green rust may be important in enginegesalogical radioactive waste
confinement settings, where sulfate or chloridet@mmg brines may be present and in
contact with corroding steel containment canistéhss work also provides a cautionary
tale to future researchers on the importance @afablly selecting a buffer that does not
complex the metal of interest, as TAPS was foundotevith UG>".

Our work with a naturally reduced soil from Hedriddwa, further indicates that
abiotic reduction of U may be important under ctinds where structural Fe(ll) is

present in the mineralogical matrix of soil or sednt. Our results appear to be the first
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to demonstrate such an abiotic process in natuagdmal. We have found that U is
sequestered by soil as a mixture of reducd axidized uranyl Y, and U or U in a
non-uranyl coordination environment. Th& Wdid not form uraninite nanoparticles,
further indicating the diversity of ') products that might occur in natural sytems.
Production of structural Fe(ll) in soil and sedirhamnerals may serve as a long term
redox buffer that allows for continued U reducteomd removal from groundwater after
biostimulation of microbial reduction is halted amitrobial metabolism returns to
background levels. In addition, we have circumsshetvidence that green rust is present
as part of the Fe mineral assemblage in this $bé. presence of green rust is supported
by wet chemical extraction and Mdssbauer spectmsobboth the reduced material and
its behavior upon oxidation. Our work provides figrt validation that green rusts are an
important part of the Fe biogeochemical cycle.

We have also shown that magnetite stochiometmportant to uranium
reduction, with the redox properties of the magdedtiat are influenced by the
stoichiometry dictating whether'Uis reduced by magnetite. Our work with U is
consistent with the hypothesis that magnetite nedugower is capable of being
recharged by aqueous Fe(I1)3Q). In the environment, magnetite may be regeneiayed
input of sufficient reducing power, such as aqueee(@l), or by microbial reduction
making it a renewable reductant for various contemis, like uranium.

Chapter 5 has evaluated whether electron transterden sorbed Fe(ll) and
Fe(lll) in Fe oxides occurs under more complex bamxhemical conditions relevant to
natural aquifers and soils. We have used goethiéeta its abundance in natural systems.
This study indicates that interfacial Fe(ll) to F¢(lectron transfer occurs under a wide
variety of conditions including when goethite hdsf@-Fe substitution in its structure, a
phenomenon known to be common for goethite and ro#lmr iron oxides formed in
low-temperature geochemical environments. We hsgefaund that even when

common agueous anions like phosphate, silicatbpoate, and natural organic matter
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are present in solution and sorb onto goethitearedransfer between Fe(ll) and
goethite still occurs. At the concentrations oflfea(sed in this study, there is evidence
for the formation of a stable Fe(ll) species sdrbe the surface or within the goethite.
Electron transfer between Fe(ll) and goethite washited when we sorbed long-chain
phospholipids to the surface of goethite, whicheptiallly suggests other large
macromolecules like extracellular polymeric subsémnproduced by microbes might do
the same. Such a mechanism might hinder or shub d@{il) to Fe oxide electron
transfer in eutrophic biological systems where ibieg or high biomass densities occur.
Finally, we have begun to explore the implicatioh&e(ll)-Fe(lll) interfacial
electron transfer, as well as the redox driven egov belt of Fe atom exchange that it
drives, on contaminant transformations. We havedadtiinduces reductive dissolution
and release of manganese (Mn) from Mn-substitubedhite, suggesting that atom
exchange could potentially drive release of contemi metals and metalloids like
arsenic from Fe oxides. Under the conditions of #tudy, however, we found no
incorporation of U into goethite, but rather thawvas reduced by Fe(ll), perhaps due to
the formation of a stable Fe(ll) phase associatiéll tive goethite. We have also just
begun to develop a method to use a newly acquuadrgpole-ICP-MS for tracking
large (%) variations in aqueous and solid Fe isstmpmpositions during atom exchange,

that allows this work to be done at The Universityowa.

Recommendations for Future Work

Our finding that interfacial electron transfer beem Fe(ll) and Fe oxides occurs
under a variety of more complex biogeochemical @@, opens up many new and
interesting avenues for research. First and foréofdbese is: Do cation substitution and
anion sorption in/on Fe oxides change whether & a&xchange occurs? Is the overall
rate and extent of atom exchange influenced bytitral cations other than Fe(lll) and

sorbed anions? For example, one might envisioptégence of Al in an iron oxide
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hindering the rate and extent of atom exchangthesolubility of Al is low at near
neutral pH. The detachment rate of Al from the exstiould be slower than that of Fe(ll)
(206); this would hinder dissolution Fe and Al from thalk of the goethite particle. One
might envision sorbed anions acting in either alamvay by blocking Fe detachment
from the surface or by speeding it up by complexegll) and removing it from the
surface. Fe atom exchange experiments will be itapbfor answering these questions.
Since atom exchange is likely driven by a thermaaiyic potential difference between
two sites, either at a distance as is the cadsedoratite 22), or possibly between near-
neighbor sites, it is also worth considering whetttenging Fe(ll) concentrations
change the rate of isotope exchange, or whethenarligands for Fe(ll) or Fe(lll) cause
changes atom exchange rate/extent due to moddicafiredox potential. Studies
probing atom exchange under advective flow conagishould also be explored, as we
are interested in redox reactions occurring in gdwater.

We have begun to probe whether atom exchange betefdél) and Fe oxides
influences contaminant cycling. Atom cycling candmisioned to either promote
release of contaminants (or environmentally beeigments) to a relatively pure
aqueous phase, or sequester contaminants frorateve®f contaminated aqueous phase.
A better way to think of this is as a potentialljndmic equilibrium between contaminant
X, Fe(ll), and Fe oxide Y under the influence ofaaiety of geochemical parameters,
including concentration of Fe(ll), concentrationgfredox potential, pH, presence of
ligands, and the Fe oxide. The downside is thatghovides an infinite space to work in,
and gives little predictive power. Conceptuallynadel based on thermodynamic driving
force would give more predictive power as to whetheorporation or release of X is to
be expected. Here, the potential for X to be inocafed into the structure of an Fe oxide
could be determined by the free energy gained tyrporation of X into the Fe oxide

structure relative to it staying in solution ormgisorbed. Recent work usiag initio
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modeling, has been used to make a case that T(#Y)be incorporated into hematite
based on calculated thermodynamizs§g).

At this point, perhaps the best predictions for tikemetals will be incorporated
into Fe oxides during atom exchange may be thagectn be incorporated congruently
into the oxide structure during synthesis condgic@f commonly studied contaminants,
one that might be considered is Cr(VI), which i®km to be reduced by Fe(ll) in
aqueous solution and the reaction is catalyzedhéyptesence of an oxide surfa2d?3).
Cr(l) is also known to substitute into the Fe aeistructure}28, 16} and to form
Cr(lll) substituted goethite after reduction of €k by green rustZ59).

Further work into the reactivity of common soil asgtliment minerals containing
structural Fe(ll) with uranium could explain ousu#ts encountered with the soil samples
reacted with U. Clay minerals containing structie(ll) may be responsible for the
reduction of U in the soil and Fe(ll) in clays couepresent a fixed reductant that might
not undergo reductive dissolution and mobilizatloming dissimilatory metal reduction.
This Fe(ll) could easily be regenerated. In additibe Fe(ll) content and the redox
potential it imposes might also be important fonteaninant reduction by clay minerals

as it is for magnetite.
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