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ABSTRACT

Magnetite (FgO,4) is a commonly found in the environment and can form via
several pathways, including biotic and abiotic reduction &f &eides and the oxidation
of F€* and F& Despite extensive research, the redox behavior of magnetite is poorly
understood. In previous work, the extent and kinetics of contaminant reduction by
magnetite varied by several orders of magnitude between studies, two fundamentally
different models are used to explain magnetite oxidation (i.e., core-shell diffusion and
redox-driven), and reported reduction potentials vary by almost 1 V. In other fields of
science (e.g., physics), magnetite stoichiometry F&'/Fe’") is a commonly measured
property, however, in environmental studies, the stoichiometry is rarely measured.

The stoichiometry of magnetite can range from 0.5 (stoichiometric) to O
(completely oxidized), with intermediate values (% <0.5) referred to as
nonstoichiometric or partially oxidized magnetite. To determine the relationship between
magnetite stoichiometry and contaminant fate, the reduction rates of three substituted
nitrobenzenes (ArNg) were measured. The kinetic rates varied over five orders of
magnitude as the particle stoichiometry increased fen®.31 to 0.50. ApparentN
kinetic isotope effects TN-AKIE) values for ArNQ were greater than unity for all
magnetite stoichiometries investigated, and indicated that mass transfer processes are not
controlling the reaction rate. To determine if the reaction kinetics were redox-driven,
magnetite open circuit potentialsdgp) were measured.dgp values were linearly related
to the stoichiometry, with more stoichiometric magnetite having a lower potential, in
good agreement with redox-driven models.

The reaction of aqueous ¥eand magnetite was investigated. Similar to previous
findings for other F& oxides, the formation of a stable sorbed'Bpecies was not
observed; instead, the sorbed’Renderwent interfacial electron transfer to form a

partially oxidized magnetite phase, which was accompanied by reduction of the



underlying magnetite. The lack of a stable sorbéd $ecies on magnetite indicated that
the traditional surface complexation model was incorrect; instead, the uptaké by Fe
magnetite appeared to be limited by the whole particle (i.e., the sorbed and underlying

phases combined) reaching a stoichiometry of 0.5.
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To my parents for providing framework
And to Shirley for supplying context



For what use will it be on the Day of Judgment, when all of human
achievements are weighed, to offer up three articles on formic acid, or even
thirty? On the other hand, what do we know of the Day of Judgment if we do
not even know what may have become of formic acid by then?

Robert Musil, The Man Without Qualities
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ABSTRACT

Magnetite (FgO,4) is a commonly found in the environment and can form via
several pathways, including biotic and abiotic reduction &f &eides and the oxidation
of F€* and F& Despite extensive research, the redox behavior of magnetite is poorly
understood. In previous work, the extent and kinetics of contaminant reduction by
magnetite varied by several orders of magnitude between studies, two fundamentally
different models are used to explain magnetite oxidation (i.e., core-shell diffusion and
redox-driven), and reported reduction potentials vary by almost 1 V. In other fields of
science (e.g., physics), magnetite stoichiometry F&'/Fe’") is a commonly measured
property, however, in environmental studies, the stoichiometry is rarely measured.

The stoichiometry of magnetite can range from 0.5 (stoichiometric) to O
(completely oxidized), with intermediate values (% <0.5) referred to as
nonstoichiometric or partially oxidized magnetite. To determine the relationship between
magnetite stoichiometry and contaminant fate, the reduction rates of three substituted
nitrobenzenes (ArNg) were measured. The kinetic rates varied over five orders of
magnitude as the particle stoichiometry increased fen®.31 to 0.50. ApparentN
kinetic isotope effects TN-AKIE) values for ArNQ were greater than unity for all
magnetite stoichiometries investigated, and indicated that mass transfer processes are not
controlling the reaction rate. To determine if the reaction kinetics were redox-driven,
magnetite open circuit potentialsdgp) were measured.dgp values were linearly related
to the stoichiometry, with more stoichiometric magnetite having a lower potential, in
good agreement with redox-driven models.

The reaction of aqueous ¥eand magnetite was investigated. Similar to previous
findings for other F& oxides, the formation of a stable sorbed'Bpecies was not
observed; instead, the sorbed’Renderwent interfacial electron transfer to form a

partially oxidized magnetite phase, which was accompanied by reduction of the
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underlying magnetite. The lack of a stable sorb&d $Eecies on magnetite indicated that
the traditional surface complexation model was incorrect; instead, the uptaké by Fe
magnetite appeared to be limited by the whole particle (i.e., the sorbed and underlying

phases combined) reaching a stoichiometry of 0.5.
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CHAPTER I. INTRODUCTION

Iron Chemistry

Iron (Fe) is ubiquitous in the environment, and is the most abundant redox-active
element found in the Earth’s crust (1). It occurs naturally as iron mefy| {&rous iron
(F€"), and ferric iron (F&). Iron can be found in many forms in the environment, which
can be broadly classified into aqueous, sorbed, and structural phases. Iron also has several
industrial applications, including solar cells (2), pigments (3), catalysis (4), medicinal
drug transport (5, 6), and drinking water treatment (7). As a result, the physicochemical
properties of many iron minerals have been investigated and applied to several areas of
research (1, 8, and refs. therein).

The formation, persistence, and reactivity of'Fe of particular interest to the
biogeochemical and environmental communities due to its reactivity with several
groundwater constituents, including many natural and anthropogenic contaminants. When
oxygen is limited or absent in groundwater?'Fean be produced from Eebearing
minerals either directly by dissimilatory iron reducing bacteria (DIRB) (9), or by indirect
mechanisms, such as reduction by sulfide (10). Structural and soffdt&deen
shown to reduce several environmental contaminants which are not reactive with aqueous
Fe**, including halogenated aliphatics (11, 12), nitroaromatics (13-15), pesticides (16),
heavy metals (17), and radionuclides (18, 19).

F&* Uptake by Fe Oxides

Many studies has examined how/ Fateracts with F& oxides under anaerobic
conditions for two primary reasons) ¢ontaminant reduction can be very rapid when
aqueous F& is exposed to Béoxide surfaces, and)(a limited understand exists
regarding the fundamental processes involved wh&higeemoved from solution by
ferric oxides. Previously, researchers thought that &gsorbed to the surface of oxides

formed stable surface complexes (i#O-F€* and=0-F&*-OH), with the relative site



abundance dependent upon pH, solution conditions, and the oxide surface (20-22).
Modeling the speciation and density of the surface sites was done using surface
complexation modeling (SCM). Such models fit experimental data very accurately, and
were often used to explain model contaminant fate (20-23).

Recent work, however, has found that a stable sorbéd&mplex does not exist
on the surface of iron oxides. Using the isotopic selectivityfe Mossbauer
spectroscopy, researchers have synthesiz€kieles front°Fe, which is invisible to
Mossbauer spectroscopy, and exposed the oxides to a solution comiginp
measure only the spectra of the sorbed phase. This approach showed unambiguously that
all the®’Fe?* was oxidized t3’Fe**, with the®’Fe’* phase being the same as the
underlying oxide (i.e., goethite grew on goethite, hematite grew on hematite) (22, 24-26).
In these experiments, a stoichiometric number 6f &ms could be recovered upon
acidic dissolution of the oxide, indicating that a trace oxidant was not responsible for the
observations (24). Additionally, when the experiment was switched’{F€*} sorbed on
*’Fe** oxide), the underling oxide showed signs that the electrons are present within the
underlying oxide phase (24, 27).

Interfacial electron transfer (i.e., an electron transferred from the sorbed phase to
the underling oxide) has also been observed using other techniques. When isotopic
tracers were used to track the isotopic composition of the solid Fe phase and the agqueous
Fe* phase, two studies observed significant atomic exchange (28, 29), indicating that
dissolution of structural iron far from the particle surface occurred over the course of the
experiment. In another study, ¥etpake on a single crystal of hematite was explored
(30); the researchers found thaf'Reas taken up at the (001) crystal face, while
dissolution occurred at (hk0) faces. This resulted in a reshaping of the oxide, with the
appearance of pyramidal growth at the (100) face, and pitting observed at the (hkO0) faces.
Currently, it is thought that once the electron is transferred from the aquédyis iEe

capable of conducting through the solid to another area of the crystal (29, 30).



Studies examining contaminant fate have also brought SCMs into question. When
nitrobenzene (ArNg) is exposed to a solution containing goethite and aquedtis Fe
rapid reduction of the ArN&Xo aniline (ArNH) occurs (14, 31, 32); note that similar
observations have been made for several other oxides and contaminants (e.g., 12). Under
the previous paradigm, this was interpreted as Ari@uction by sorbed Eeat the
goethite system. To test this hypothesis, researchers removed the aqGétrasnFe
solution by replacing the buffer, leaving only the goethite with sorb&¢l &ed exposed
the new solution to ArNgX24). Negligible reduction of ArN©was observed, which
indicated that aqueous #evas necessary to promote rapid contaminant reduction, and
that the reaction mechanism was likely more complex than previously thought. In another
study examining @reduction by aqueous £eand ferrihydrite, a similar conclusion was
drawn, and it was argued that f@duction kinetics could only be accurately described
using both the sorbed and aqueous Eencentrations (33).

In light of these observation, two different approaches have been taken; one has
attempted to incorporate electron-transfer reactions into traditional SCMs (21-23), while
the other has started afresh with a semiconductor model (33-35). For the latter model, an
iron oxide particle acts as a semiconductor, and electrons transferred to the particle from
sorbed F& atoms (or DIRB) effectively dope the semiconductor with additional
electrons; this results in electron rich sites (i.e., anode sites) and electron poor sites (i.e.,
cathode sites). These sites may be relatively near each other at the oxide surface (35), or

may be present at different crystallographic faces (30).

Electronic Properties of Iron Oxides

It is worth briefly providing a background on the semiconducting properties of
iron oxides. Solids can be broadly classified into three types based on their ability to
conduct electricity. At one end of the spectrum, metals can conduct electricity very well,

with little to no energy required for an electron to migrate from one atom to another.



Insulators, in contrast, are very poor conductors, with the amount of energy required to
ionize an electron from one atom to another too great to observe conductivity under
normal potentials. The last type of solid is the semiconductor, which exhibits electron
conductivity in ranges between that of a metal and an insulator.

Band theory can be described as an expansion of molecular orbital theory to
explain the behavior of solid structures. Band theory is used to illustrate the locations of
electrons in orbitals of solid structures, and the ability for valence electrons to migrate
between neighboring atoms (Figure 1.2). The valence band contains electrons in the
highest energy orbitals of the solid, and is filled to the highest occupied molecular orbital
(HOMO). The conduction band, however, is unoccupied by electrons, and is the lowest
energy orbital that is unfilled, which is also known as the lowest unoccupied molecular
orbital (LUMO). The Fermi level is the energy level equally between the valence and
conduction bands.

In order for conduction to occur, an electron must become excited from the
HOMO to the LUMO, which can be accomplished via several mechanisms, such as
thermal energy or the absorption of light. For a metal, the valence band and conduction
band overlap; as a result, no external energy is needed for an electron to become excited
from the HOMO to the LUMO, making the material very conductive. In a semiconductor,
however, the energy between the valence band and the conduction band, known as the
band gap, is larger, and traditionally includes solids with band gaps ranging from 0.5 to 3
eV. As a result, it is much more difficult to excite an electron from the HOMO to the
LUMO, which results in conductivities several orders of magnitude lower than in metals.
Insulators are the final case, characterized as solids with band gaps greater than 3 eV.

Semiconductors can be doped with other elements to change their electrical
properties. A semiconductor that is doped with another element to change electronic
properties is referred to as an extrinsic semiconductor, whereas the unmodified analog is

known as an intrinsic semiconductor. There are two primary methods for doping a crystal



structure: negative doping, nrdoping, which occurs when elements with similar atomic
size and an additional electron are added into the crystal lattice (e.g., doping N or P into a
Si lattice); and positive doping, prdoping, where similarly sized elements with one less
electron are added into the crystal lattice (e.g., doping Al or B in a Si lattice)n Rath

p doping can decrease the band gap in the structure by either lowering the conduction
band energy leveh(doping), or by increasing the valence band energy nearer to the
conduction bandp(doping).

Most of the Fe oxides, such as goethite, hematite, lepidocrocite, and maghemite
are semiconductors, whereas magnetite exhibits properties closer to that of a metal (Table
1.1). A 2 eV band gap corresponds to the absorption of light with a wavelength shorter
than ~620 nm, resulting in reflected red and orange light, with adsorption of yellow to
violet light in the visible spectrum, providing the Fe oxides with their characteristic
colors. Studies to characterize the electrochemical behavior of Fe oxides are more
complicated than just the band gap, however, as surface effects and particle treatment
tend to strongly influence the behavior of the oxide (36, 37).

Iron oxides can be doped with®esing three methods) Eorption of F&*
followed by electron transferij)electrochemical reduction of the ¥exide, andifi)
the introduction of dopant elements with higher valence charges (é7(38). Several
previous studies have doped Fe oxides with elements commonly found in the
environment, such as &land Mrf*, focusing primarily on the observed structural
changes (1 and refs. therein). Blako and Clarkson (38) showed that when hematite was
doped with Sfi" or Ti**, F€* was present structurally to neutralize the charge balance
within the crystal lattice. The doped hematite was capable of oxygen reduction, indicating
that the reduction potential had increased with the addition of the dopant. The measured
open circuit potential of the doped hematite ranged from -0.12 to -0.17 V at pH 9, which

is theoretically low enough to reduce several environmental contaminants.



Magnetite

The implications of the semiconductor model have remained largely unexplored
for magnetite (F#£,), a common iron oxide. Magnetite is important to several areas of
research due to its unique physical, chemical, and magnetic properties; it is used in
several medicinal and industrial processes as a ferrofluid (5, 6), it is of interest to
physicists due to its conducting properties and the Verwey transition (39-42), it is used as
a sorbent for drinking water decontamination (7), and is a common corrosion product of
steel (37). Additional applications and interests of magnetite are shown in Figure 1.1.
Magnetite is also of great importance in environmental studies, as it is a common product
of Fe* oxide reduction by biological and abiotic mechanisms, and can fornfby Fe
oxidation (43-45). Magnetite has also been shown to reduce several contaminants in
laboratory studies, such as carbon tetrachlorideJG@, 47), hexavalent chromium
(Cr®") (48), hexavalent uranium {U) (49), and several other compounds (e.g., 17). In a
field study, magnetite has been suggested as the dominant reduciasticiloroethene
(cis-DCE) in a chlorinated ethene plume at the Twin Cities Army Ammunition Plant
(TCAAP) in Minnesota (50).

Despite extensive research, the redox behavior of magnetite remains poorly
understood, especially in environmental studigghé extent and kinetics of contaminant
reduction by magnetite varied by several orders of magnitude between studies (g.g., CCl
(46, 47)), {i) Fe** sorption ranges from significant to negligible under similar
experimental conditions (12, 14, 31, 51, 5&i), wvo fundamentally different models are
used to explain magnetite oxidation (i.e., core-shell diffusion and redox-driven) (53-60),
(iv) and reported redox potentials vary by almost 1 V (54, 60, 61). Additionally, it has
been concluded that sorbed’Fen magnetite is reactive with nitroaromatics, while
magnetite alone is not (14, 51), which is a puzzling conclusion considering the recent
paradigm shift for other iron oxides mentioned above. In other fields of science (e.g.,

physics), some of these anomalies have been explained by changes in the magnetite



stoichiometry x = F&*/Fe™); slight changes in stoichiometry have shown to change
magnetite conductivity by several orders of magnitude (62, 63), and influence the redox
reactivity (54, 60). Little attention has been paid to stoichiometry in the environmental
community, however, making it difficult to access the role of stoichiometry on
environmentally relevant reactions.

The stoichiometry of magnetite can range from 0.5 (stoichiometric) to O
(completely oxidized; maghemite,Fe,O3), with intermediate values (0x< 0.5)
referred to as nonstoichiometric or partially oxidized magnetite. Some notable differences
exist between stoichiometric magnetite and maghemite: magnetite is essentially a
conductor (band gap0.1 eV), while maghemite is a semiconductor (band~g29 eV)

(2); this results in magnetite appearing black, while maghemite has a dark red color. Both
magnetite and maghemite have cubic crystalline symmetry, and both contain iron in
octahedral (Oct; 6-coordinate) and tetrahedral (Tet; 4-coordinate) sites. The magnetite
formula (FeO,) can be written more precisely 25 [°“'Fe**Fe*]0,.Within the unit

cell, there are eigHf'Fe**, eight®“Fe?*, eight®“'Fe**, and 32 oxygen atoms. The
maghemitey(-Fe0s) formula can be expressed'@§e* ' [°°'Fe**; g6 o.39d0.4, whered

are vacancies formed in the crystal structure to account for charge balance. A schematic
of the magnetite unit cell can be found in Figure 2.1 (Chapter 2). Magnetite has a slightly
larger unit cell (~8.4 A) than maghemite (~8.34 A) due to vacancies which exist within
the maghemite crystal lattice (1).

Nonstoichiometric magnetite (0x< 0.5) often contains a combination of the
properties listed above. For example, the unit cell length of magnetite is linearly related
to stoichiometryX) (Chapter 2). Other properties, such as the redox potential, have only
been explored in a qualitative manner (64). It is also unclear as to what nonstoichiometric
magnetite even is: some studies have proposed that a maghemite shell forms around a

magnetite core, with the change in properties due to the ability fotd=eiffuse through



the maghemite shell (54, 56), while other work has concluded that a homogenous or

heterogeneous solid solution of magnetite and maghemite exists (53, 55).

Objectives and Hypotheses

Objectives

The primary objective of this work was to gain insight into the redox reactions of
magnetite at a series of stoichiometries in light of the recent paradigm shift afofe
oxide reactions. Experiments were conducted on several batches of magnetite with
stoichiometries spanning the range of 0 to 0.5, while the range of specific surface areas
between batches was held as narrow as possible. The redox potential, contaminant
reduction rates, and reaction with aqueoué were investigated to quantitatively
determine the role of stoichiometry in these reactions, and to determine how magnetite
should be best modeled in environmental reactions. The applicability of the conclusions

drawn for magnetite was also explored for hematite exposed to aquétus Fe

Hypotheses
1. The uptake of F& on Fe oxides is best described using a semiconductor model.
a. Interfacial electron transfer occurs wherf'He taken up by magnetite,
with the sorbed phase being oxidized, and the underlying oxide phase
being reduced.
b. The extent of F& uptake by magnetite is controlled by the bulk
stoichiometry, not the specific surface area.
c. The extent of F& uptake on other iron oxides is also controlled by bulk
properties.
2. Contaminant reduction by the aqueou$'fe**-oxide system is due to the

particle becoming a doped semiconductor.



a. The extent and kinetics of contaminant reduction are directly related to the
magnetite stoichiometry.

b. Addition of aqueous F&to a suspension of nonstoichiometric magnetite
favors contaminant reduction because the aquedtisderices the
magnetite to a higher stoichiometry, and not because of sorbed Fe

3. F&* sorbed on non-redox active surfaces, such as Al and Ti oxides, can be
identified using Méssbauer spectroscopy, and can provide insight into the
adsorption reaction.

a. Sorbed F& can be distinguished from other forms of ‘Heund in the
environment by the presence of CS-QS coupling, or spectral asymmetry
where the two peaks have equal areas.

b. Sorption of F&" on complex surfaces (e.g., cells) can be interpreted on a
molecular level by collecting Méssbauer hyperfine parameters of
simplified analogs.

c. Observed relative trends between observed CS values and ex{jeeted
electron densities exhibit good agreement.

d. The CS and QS appear to follow a general positive linear correlation for

sorbed F& samples.

Thesis Overview

The thesis is outlined with respect to the above hypotheses. Chapters II-1V
addresses hypotheses 1-2 with respect to magnetite. Chapter V is coupled to chapters II-
IV, and uses the models produced for magnetite to explain the reactivity of dissdfved Fe
with hematite ¢-FeO3) and explore hypotheses 1-2. Chapter VI is an investigation of
Fe** sorbed to redox inactive surfaces as a function of bulk solution conditions (e.g., pH,

amount of F&) (hypothesis 3).
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Chapter Il contains a review of the three most common techniques used to
determine magnetite stoichiometry: acidic dissolution, Mossbauer spectroscopy, and
powder X-ray diffraction (pXRD). In this chapter, we found good agreement between all
three techniques, providing compelling evidence that magnetite stoichiometry could be
accurately and reproducibly determined. Additionally, we provide outlines for how these
measurements should be carried out for other researchers investigating the properties of
magnetite.

Chapter Il investigates the interaction of dissolvetf Réth magnetite using
bulk measurements, and Mdssbauer spectroscopy coupled with isotopically enriched
phases. Here, we found that the uptake of dissolvEdaes controlled and limited by
the particle initial stoichiometry, where uptake was limited by the formation of
stoichiometric magnetite. Méssbauer spectroscopy confirmed thaiaken up by
magnetite became structurally incorporated, with interfacial electron transfer reactions
occurring. This observation explained why there were inconsistencies in the literature
regarding the extent of Feuptake and the effect of ‘sorbed®F@®n contaminant
reduction in the presence of magnetite.

Chapter IV examines the effect of stoichiometry on the reduction rate of
nitroaromatics by magnetite. It was found that as the magnetite stoichiometry ranged
from stoichiometricX = F&*/Fe’* = 0.50) to significantly oxidizedk(= 0.31), the
observed reaction rate shifted over five orders of magnitude. Using compound-specific
stable isotope measurements for nitrobenzene and direct redox measurements of the
magnetite, we found that the shift in reaction kinetics was likely due to a shift in the
Fe?*/Fe’* redox couple for the magnetite. Using this information, we produced a
guantitative structure activity relationship (QSAR) which could be used to accurately
predict the rates of nitrobenzene reduction using the measured corrosion potential of

magnetite.
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Chapter V uses the principle ideas outlined in chapters II-1V to determine if the
reaction of F& and hematite could be better explained using the models developed for
magnetite as opposed to more traditional surface complexation models. These
experiments were conducted using viologen radicals, which are a one-electron transfer,
pH independent redox probe. Using these measurements, the measured potential of the
Fe?*-hematite system appeared to exhibit Nernstian behavior, and may be better modeled
as a charged semiconductor.

Chapter VI develops the relationship between bulk observations of sorption with
measurable hyperfine (i.e., nucleus-electron interactions) parameters using Méssbauer
spectroscopy. Here, uptake of Faas conducted on several environmentally relevant
surfaces, including Al and Ti oxides, cells, clay minerals, and functionalized polystyrene
beads. The hyperfine parameters were related to more traditionally reported values, such
as the amount of Eetaken up from solution and the pH. This work demonstrates that
additional spectroscopic techniques can extend our understanding of basic processes
occurring at the solid-solution interface.

Appendix A contains supplemental information referenced in chapters Ill and IV.
Appendix B contains a manuscript publishe&nvironmental Science and Technology

which | provided Méssbauer characterization of hematite samples exposéd to Fe

Background of Méssbauer Spectroscopy

A brief background on Mdssbauer spectroscopy is provided here to help interpret
discussion in the subsequent chapt&Ee Mdssbauer spectroscopy is a technique that is
commonly used for iron characterization. Méssbauer spectroscopy can be used to detect
oxidation state, magnetic behavior, electron density, and distortions in the local bonding
environment of a nucleus (65). In the past few decades, it has become a standard
instrument in geosciences, as iron’s abundance and multiple oxidation states offer new

insights into a wide spectrum of geochemical processes. Many iron phases can be easily
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fingerprinted, making quantification of multiple phases in a sample possible, even if the
phases have amorphous structures. Méssbauer spectroscopy is specifically useful to this
study in that anaerobic samples can be analyZed jisotopic labeling can be used
advantageously, and temperature dependent magnetic behavior can be used to better
understand local Fe environments on an atomic scale.

Mdéssbauer spectroscopy relies upon the common phenomenon of resonance
absorption of radiation, which is the fundamental principle of many spectroscopic
techniques. Here, excited source nuclei lose their energy via the relgaseliation,
and a sample isotope absorbsitiray of a specific energy characteristic of the isotope.

In the case of'Fe, a radioactive’Co decays to form an excitéFe* isotope, where the
nuclear spin quantum 8fFe*, |, is equal to 3/2. The excitétFe* nucleus then decays to

its ground state via the emission of-eay of 14.4 keV, where | = %2 is the ground state of
>’Fe. This process occurs in the radiation source of the instrument, which is aligned with
the sample and detector. When the characteristic 14.4-kayinteracts with 8'Fe

atom in the sample, it can be absorbed by the sample in two unique ways. The nuclei may
recoil in order to conserve momentum, with the emiftealy energy being the initial

energy minus the kinetic energy lost to momentum. The second option is that the nucleus
does not recoil when it absorbs theay, which is known as recoilless absorption, and is

the measurable phenomenon of the experiment.

The recoilless fractiorf, is the fraction of th&’Fe in the sample that undergoes
recoilless absorption. It is dependent on both temperature and the crystal lattice of the Fe
atom, with strongly-bound atoms and lower temperatures increasing the olfsé&wed
result, both the number 8fFe nuclei present and a sufficiently higmust be present for
an interpretable spectrum to be collected. Additionally, the recoilless fraction must be
considered when quantifying the relative abundance of multiple phases in a given sample,

as it may strongly influence the relative abundance of phases in an observed spectrum.
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As nuclei can be in different chemical and physical environments, these nuclear
and electronic changes will influence the specific energy at which a nucleus will absorb
they-ray. As a result, a spectrum of energy is needed to measure the interaction of the
emittedy-rays. This is achieved by mounting €0 source on a small motor that
oscillates forward and backward, advantageously using Doppler effect to add or subtract
kinetic energy produced from the motion of the motor. Note that the energy shift being
detected is on the order of ¥the energy of the-ray (66). Spectra are typically
collected over a small range of velocities, with the x axis of a spectrum ranging from —X
mm/s to X mm/s, which can be adjusted on the motor to optimize the quality of the
spectrum.

A Moéssbauer spectrum is primarily described using three hyperfine interactions:
the isomer shiftg, CS), the quadrupole split or shift,(QS), and the hyperfine field (H).
Each parameter can be used to interpret the interactions betw&&fethacleus and
surrounding electrons. The nuclear energy levels become shifted by the nuclear electronic
environment, which provides relative changes, allowing for characterization and
interpretation of spectra. A schematic relating the changes in the local nuclear
environment to the observed spectrum is shown in Figure 1.3.

If a collected Mossbauer spectrum is of sufficient intensity and is well resolved, it
can be fit to extract the hyperfine parameters. The three primary hyperfine parameters
which are typically extracted are the center shift (CS; mm/s), the quadrupole splitting or
shift (QS; mm/s), and the hyperfine field interaction (H; Teslas). A schematic relating the
changes in the local nuclear environment to the observed spectrum is shown in Figure
1.3.

The CS is the most understood of the three, and is consequently the easiest to
interpret. When the local environments of the source and absorber (i.e., the sample)
atoms are not the same, the observed spectrum will be shifted by some energy, known as

the isomer shift. Spectra are calibrated to a known material, setting the observed
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transition of a standard at room temperature as zeropvithmetal being the most

common choice. The observed isomer shift is directly related to the ns electron density at
the nucleus, as the wave functions of s electrons have a nonzero probability of being in
the nucleus (65). The isomer shift is a temperature independent phenomenon since the
wave functions of electrons do not include temperature®’Fer the observed isomer

shift decreasesvith increasing s electron density. Other electron orbitals may indirectly
influence the s electrons via electron shielding, making p, d, and f electrons, as well as
the bonding environment, have an influence on the isomer shift. The observed shift in a
spectrum, known as the chemical shift, is a combination of the isomer shift and a
temperature dependent second order Doppler shift, which is caused by atomic vibrations.
This value can be approximated, but is traditionally ignore. Typically the observed
chemical shift is reported, and is often confused for the isomer shift/Ffegra typical

isomer shift from Fe(lll) is in the range of 0.3-0.5 mm/s; the isomer shift of Fe(ll) is

much larger usually, in the range of 0.8-1.4 mm/s, although structural changes can cause
exceptions (8).

The second hyperfine interaction is the electric field gradient, which produces
guadrupole splitting. This splitting is due to non-cubic symmetry of the local electronic
environment, creating a gradient in the electric field, which is analogous to 3d electron
splitting to by and g orbitals in transition metals (66). This information can be used to
gain understanding of the local asymmetries and distortions in the nuclear environment,
but is much less trivial than the isomer shift to interpret. Possible observable distortions
include flattening, counter-rotation, bond scaling, and bond lengths (67, 68). If
guadrupole splitting occurs in a paramagnetic sample, a ‘doublet’ is observed in the
spectrum, which is observed as two equal intensity peaks separated by the QS (middle
portion of Figure 1.3).

The final parameter is known as the hyperfine field interaction (H), which is the

effective magnetic field felt by the nucleus. Such a magnetic field can be applied



15

externally, or can be present internally if the sample is magnetically ordered. Many iron
minerals will magnetically order at a characteristic temperature, aiding in fingerprinting
procedures. H is modeled using five terms, making fundamental interpretation very
difficult (65). When a sample magnetically orders, six peaks are observed which is
known as a ‘sextet’ (right side of Figure 1.3). The larger the magnetic field felt by the
active nuclei, the larger the splitting in the spectrum, which is quantified by the energy
difference between the first and sixth peak. Quadrupole shifts can be present when there
is a hyperfine field interaction, which is observed as Qigk) — (I>-11). In some

samples, such as magnetically ordered ferrous minerals, octets can be observed, with
extra peaks resulting from spin-forbidden transitions (65).

It is important to note that much of the interpretation of MOssbauer spectra is done
empirically. First principles cannot be used to calculate an expected spectrum of an Fe
environment, making interpretation difficult and controversial in some cases. Exciting
attempts have been made recently to address this issue (67, 68), but further work is still
needed. Additionally, real spectra are much more complicated than just characterizing
these parameters, as several features can affect the observed spectra, such as particle size,
sample thickness, non-static interactions between electrons and the probe nuclei, and the
presence of several different electronic environments coexisting within a single phase can
severely complicate interpretation (65). Finally, the approach of fitting a spectrum using
computer modeling is still a controversial subject, with various underlying assumptions
strongly influencing the extracted data (65, 69, 70). As a result, caution must be taken in
the extent of interpretation of collected spectra without complementary techniques.

To model spectra, fitting is typically done using computer software using a least-
squares fitting approach (71). Individual parameters can be floated or fixed to allow for
the most realistic fit. Fitting of spectra is nontrivial, and is dependent upon the model
assumed for fitting. The ideal lineshape in a Mossbauer spectrum is the Lorentzian,

which arises from the excitation time and the Heisenberg uncertainty principle. Spectra
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typically display linewidths broader than the predicted ones, which has accounted for
using different models. The broadening can occur by a sample which is too thick, or by
distributions of sites (i.e., different stresses and strains for each atom) (69, 70). It has
been concluded previously that for samples with a distribution of sites, a broader
Lorentzian line is not an accurate descriptor by several researchers; instead, it is common
to assume a Gaussian distribution of Lorentzian peaks, which is referred to as a Voigt

distribution (70).



Table 1.1. Reported band gaps for iron oxides (1)

Mineral Band Gap (eV)
Conductor <0 (overlap)
Magnetite (FgO.) 0.1
Semiconductor 0.5-3
Feroxyhyte §-FeOOH) 1.94
Maghemite {-Fe,05) 2.03
Lepidocrocite 1-FeOOH) 2.06
Goethite ¢-FeOOH) 2.10
Akaganeite §-FeOOH) 2.12
Hematite ¢-Fe,03) 2.20

Insulator >3
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CHAPTER II: MOSSBAUER AND XRD CHARACTERIZATION OF
MAGNETITE STOICHIOMETRY

Abstract

A solid solution can exist of magnetite §Eg) and maghemite/{Fe,Os), which
is commonly referred to as nonstoichiometric or partially oxidized magnetite. The degree
of stoichiometry in magnetite is quantitatively measured by determining the rati6 of Fe
to F€*. Magnetite stoichiometryi(= F&*/Fe*) strongly influences several physical
properties, including the coercitivity, sorption capacity, reduction potential, and
crystalline structure. Nanoparticulate magnetite has been extensively studied in
geochemical and industrial fields, but magnetite stoichiometry is rarely reported, or,
when measured, it is not validated with a secondary technique. Here, we review the three
most common techniques to determine magnetite stoichiomitagidic dissolution,i{)
Mdéssbauer spectroscopy, afig powder X-ray diffraction (pXRD). Eight samples of
nonstoichiometric magnetite were synthesized withnging from 0 to 0.5 and with the
particle size kept as similar as possible (BET specific surface area = 63¢#)7 @ur
measurements indicate excellent agreement between stoichiometries determined from
Mdossbauer spectra and by acidic dissolution, suggesting that Mossbauer spectroscopy
may be a useful means for estimating magnetite stoichiometry in multi-phases samples
such as those found in the environment. A significant linear correlation was also observed
between the unit cell length (a) of magnetite measured by pXRD and magnetite
stoichiometry, indicating that pXRD may also be useful for determining particle

stoichiometry, especially for mixed phased samples.

C.A. Gorski and M.M. Scherer. Mdssbauer and XRD ati@rization of magnetite stoichiometry.
American MineralogistSubmitted.
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Introduction

Magnetite (FgOs) is an important mineral to several fields of study. It has
widespread uses in industrial processes as a ferrofluid, including digital media recording
and drug delivery (5, 6). Magnetite is of great interest to physicists, as it has unique
magnetic properties, undergoes the Verwey transition, and is a conductor (39-42).
Magnetite is also widely used in water treatment as an effective sorbent for many
contaminants that can be easily separated from water using an applied magnet field (7).
In corrosive environments, magnetite is a frequently observed product of steel oxidation
(37). In natural environments, magnetite is a common end product of biological and
abiotic reduction of ferric (P& oxides (43-45), and a facile reductant for several
environmental contaminants found in groundwater (17, 18, 43, 73, 74).

Stoichiometric magnetitex(= 0.5) has an inverse spinel structure (space group
Fd3m), which has an oxygen cubic closed-packed structure, and a 2:1 octahedral (Oct) to
tetrahedral (Tet) site occupancy with Fe atoms. As a result, the magnetite formula can be
written more precisely d§Fe [°“Fe*Fe’*]0,. In the literature, th&Fe is often
referred to as the “A” site, and tR&Fe is denoted as the “B” site. For clarity of
discussion, we will refer to these sites as Oct and Tet throughout this paper. Within the
unit cell, there are eighf'Fe*, eight®“Fe**, eight°“Fe**, and 32 oxygen atoms. Figure
2.1 contains a quarter of the magnetite unit cell with example bonding arrangements
shown for each atom type. Note tfatof the available octahedral sites dhabf the
tetrahedral sites are occupied by Fe atoms.

As magnetite becomes oxidized, thé'Hee’" ratio decreasex & 0.5), with this
form denoted as nonstoichiometric or partially-oxidized magnetite. When the magnetite
is completely oxidizedx(= 0), the mineral is known as maghemite. For
nonstoichiometric magnetite, the structure is often written agdzewhered can range
from zero (stoichiometric magnetite) g (completely oxidized). This formula can be

expressed a$'Fe* [°Fe** 5 F€ 1,25 [15)04, whereld are vacancies formed in the
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crystal structure to account for charge balance. Note that this model assumes that all
vacancies are Oct, which is a topic of debate in the literature (39, 75, 76). The
stoichiometry can easily be converted to and from this form by the following

relationship:

Fe?*  1-36
Fe3+ 2426 (2.1)

The physical and chemical properties of magnetite, including the reduction
potential (54, 64, 77), conductivity (62, 63), and crystalline structure (e.g., 78), are
strongly influenced by particle stoichiometry< F&*/Fe*). In our previous work, we
demonstrated that stoichiometry dramatically influences the measured open-circuit
potential (locp), as well as the reactivity of magnetite with nitrobenzene and dissolved
Fe?* (74, 77). Magnetite stoichiometry is important to several other fields as well, as it
influences the sorption capacity for heavy metals (48), affects the coercitivty, a property
critical to digital data storage (39), and can influence the conductivity by orders of
magnitude (62). Despite the significant influence of magnetite stoichiometry on particle
properties and reactivity, little has been done to critically evaluate the most common
measurement techniques.

The most common methods for measuring magnetite stoichiometry inglude (
>’Fe Mossbauer spectroscopy (79-88),complete acidic dissolution (74, 78, 79), and
(iif) powder X-ray diffraction (pXRD) (53, 79, 80, 83-85). Other less common
spectroscopic technigues have also been used to characterized stoichiometry, including
X-ray magnetic circular dichroism (XMCD) and Fourier transform infrared spectroscopy
(FTIR) (86, 87). The precision, accuracy, and reliability of these individual methods,
however, are unclear, and little has been done to do compare stoichiometries determined
by different methods on the same samples. In addition, most of the studies have been

carried out on large particulate samples (several micron crystals), despite the fact that
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many of the environmental and industrial samples studied are nanoparticulate (< 100
nm).

Here, we compared the stoichiometry of nanoparticulate magnetite samples using
three measurement techniques. We measured the stoichiometry of eight nanoparticulate
magnetite samples using acidic dissolutif) &nd Mossbauer spectroscopyd). We
also used pXRD to characterize the samples to determine relative peak intensity and the
fitted unit cell length (a) as a functionxf Magnetite stoichiometries determine by
Mossbauer spectroscopug) are typically determined from room temperature (298 K)
spectra, but nanoparticulate magnetite does not produced well-resolved spectra. We
overcame this issue by selecting a colder temperature of 140 K to collect and fit spectra
for nanoparticulate magnetite. We found excellent agreement bexwaedxys, with
no observable bias in either method. We examined the general trends between
stoichiometry and pXRD fitted results with our samples as well as literature values, and
observed good agreement across studies, indicating that pXRD may also be useful for

determining magnetite stoichiometry.

Materials and Methods

Magnetite Synthesis and Characterization

Stoichiometric nanoparticulate magnetite was synthesized by creating a 2:1
Fe:Fe’* acidic solution (pH < 1) in an anaerobig/M, (94/6) glovebox. The solution
was then titrated to an alkaline pH (10-11) using 5 M NaOH while being stirred, and
allowed to mix overnight. To form nonstoichiometric magnetite, concentrat@ghs
added to the solution after the overnight equilibration, and allowed to equilibrate an
additional day. For all batches, the resultant solution was filtered within the glovebox,
with minimal washing used (< 2 rinses), as additional washing resulted in oxidation of
stoichiometric magnetite due to#Felissolution. The solids were then freeze-dried

outside the glovebox, and were then returned to the glovebox for sieving (100 mesh) and
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storage prior to characterization. Maghemite was synthesized from magnetite by baking it
at 200 °C for two hours outside the glovebox (88).

Particles were characterized by acidic dissolutigy {'Fe Méssbauer
spectroscopydyus), pPXRD, BET, and some samples were examined using surface and
transmission electron diffraction (SEM & TEM). BET specific surfaces areas (SSA) were
63 + 7 nfg*, and have been provided for each batch in our previous works (74, 77). TEM
images showed spherical particles that were approximately 20 nm in diameter, in good
agreement with the size expected from the BET SSA (74, 77). There were no discernable
trends between the stoichiometry and the particle morphology or size.

The large particulate magnetite was prepared from a natural magnetite single
crystal from Minas Gerais, Brazil (Ward’s Natural Science, Rochester, NY, USA). The
sample was ground in a mortar and passed through a 100 mesh sieve in an anaerobic
glovebox. The sample was characterized by dissolution, MGssbauer spectroscopy, and
pXRD. The particle size was determined to be large (> 200 nm) based on the pXRD

patterns using the Scherrer equation.

Acid Dissolution Method

The dissolution stoichiometriegs& F&*/Fe*") were determined by dissolving the
solids in 5 M HCI in an anaerobic,/; glovebox. The total Fe concentration was aimed
to be approximately 10 mM. The nanoparticulate solids took approximately 2-4 hours to
completely dissolve, while the large particulate sample took several days.*Tamdre
total Fe concentrations were then measured using the phenanthroline method (89). The
standard deviation was low between replicate samgles 0.01). Note that filtering the
acidic Fe solutions at any stage of analysis significantly oxidized the dissof/ed Fe

which was likely due to nitrate groups present on the filter paper.
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Mdssbauer Spectroscopy

Transmission Mdssbauer spectroscopy was performed with a variable temperature
He-cooled system with a 1024 channel detector.”f®e source used (~50 mCi) was in
a Rh matrix at room temperature. All center shifts reported are relativEddoil at
room temperature. Samples were prepared by sealing the powder specimen between two
pieces of 5 mL Kapton Tape to avoid oxidation while mounting the sample.

Spectral fitting was done using Recoil Software (University of Ottawa, Ottawa,
Canada). Lorentzian, Voigt, and extended-Voigt fits were used to model the spectra to
determine the most accurate model. Unless noted, all fits presented were done with
extended-Voigt fitting. For all fits, the relative sextet peak areas (3:2:1:1:2:3) was held
constant. The Lorentzian linewidth was held at 0.12 mm/s for Voigt and extended-Voigt
fitting, as it was the linewidth measured on the spectrometer for an ideallythiek
foil. For all fits, unless otherwise noted, the center shift (CS), quadrupole shift (QS),
hyperfine parameter (H), and relative areas were allowed to float during fitting. Both
sextets had two hyperfine components that were allowed to float, as the fits were
unacceptably poor when only one component was used. The CS and QS were fit with

single components in all cases.

Powder X-Ray Diffraction

pXRD patterns were collected using a Rigaku MiniFlex Il system equipped with a
Co source (CoK= 1.78899 A). Sample powders were mixed with a small amount of
glycerol to form a thick paste in an aerobic glovebox to avoid inadvertent oxidation
during analysis (90). Samples were analyzed from 5-8@ith a 0.02 ° step size and a
1.2 second dwell time. Patterns were analyzed and fit using Jade 6 software (Materials
Data, Incorporated, USA). For analysis, patterns were smoothed, background subtracted,
and K, stripped prior to analysis and fitting. A broad peak was observed at

approximately 24 “@ due to the glycerol, otherwise all the peaks were characteristic of
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magnetite. Fitting was done using pseudo-Voigt peaks with allowable displacement error

in order to minimize error as outlined elsewhere (91).

Results and Discussion

Moéssbauer Characterization of Stoichiometric Magnetite.

Mdossbauer spectra collected for a large particulate (> 200 nm) and a
nanoparticulate (~20 nm) stoichiometric magneie=(0.5) at a series of temperatures
ranging from room temperature (298 K) to 13 K are shown in Figure 2.2. Mossbauer
temperature profiles are a useful method for characterizing iron minerals because their
magnetic behaviors, and subsequently observed spectra, are highly temperature
dependent as can be seen by the change in peak localities and intensities in Figure 2.2.

For large particulate and single crystals of magnetite, two primary temperature
domains exist at and below room temperature. From room temperature down to 121 K, a
Mossbauer spectrum of magnetite is characterized by two sextets. For the large
particulate magnetite spectrum at 298 K in Figure 2.2, the left-hand side of the spectrum
shows two clearly defined sextets which overlap on the right-hand side of the spectrum.
For stoichiometricx = 0.5), these two sextets correspond to'the’* and the®*'Fe**
and°°'Fé**. Magnetite, which is a conductor, exhibits rapid electron hopping between the
e and““Fe’* at room temperature which is faster than the characteristic sample time
for Mossbauer spectroscopy (18). As a result of this fast electron hopping, iee
atoms are observed with an average valence state of 2.5+, with the sextet referred to as
OEe?>* For samples that are partially oxidized<(0.5), a”Fe’* sextet is present in
the spectrum, which closely overlaps with {AiE€** sextet. When an external magnetic
field is used with Méssbauer spectroscopy, the two sigHéiel” and"®Fe*") can be
discerned; however, in the absence of an external magnetic field, they are typically

modeled as one site (81, 82, 92). In the absence of an external magnet, 298 K magnetite
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spectra are often fit to extract the stoichiometry by comparing the relative areas of the

OctTeEe® and the®'Fe>* using the following equation (80-82):

o2+ 1/20ctFe2.5+

AMS = a3t 1/20ctFe2,5++0ct,TetFe3+- 2.2)

It is unclear, however, how accurate this method is since it has rarely been compared to
stoichiometries determined from acidic dissolution.

In Figure 2.2, the room temperature spectrum of the nanoparticulate magnetite is
significantly different than the large particulate magnetite. For the nanoparticulate
sample, two sextets are still visibly present, but the sextets are significantly broader and
overlap considerably. The change in the Méssbauer spectrum is due to the small particle
size, which can cause a greater distribution in magnetic behavior due to a higher
percentage of surface atoms, additional stresses between atoms, and superparamagnetic
behavior due to the small domain sizes (80, 93-95). Similar room temperature spectra
have previously been observed for nanoparticulate magnetite (85, 96, 97). The
overlapping sextets make it difficult to fit the spectrum, and our attempts to do so resulted
in non-unique fits (i.e., differenys values) depending on the initial assumptions used.
Note that some previous work has used 298 K fits of nanoparticulate magnetite to
determine stoichiometry, despite the difficulty and ambiguity of fitting (85).

Upon cooling the magnetite sample, both the large particulate and nanoparticulate
magnetite spectral features change considerably (Figure 2.2). At 200 K and 140 K, the
large particulate magnetite spectra look similar to the room temperature spectrum,
however the inner sextet broadens (i.e. ¥fee?>" sextet as discussed later). For the
nanoparticulate sample, the spectra become better resolved upon cooling, as the size-
dependent nano-effects become less pronounced. The 200 K and 140 K spectra look
similar to those of the large particulate magnetite; howeveP e > sextet is broader

for the nanoparticulate sample.
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Upon cooling the magnetite sample further, a distinct change in the magnetic
properties occurs at 121 K, which is known as the Verwey transition po)nBglow
this temperature, the conductivity of magnetite is significantly reduced, and the magnetic
behavior dramatically changes (41, 42). The cause for these changes is a controversial
subject in the literature, and, despite extensive work, a consensus has yet to be reached.
The effect of transition can be seen clearly for the large particulate magnetite in Figure
2.2, where several additional peaks can be seen in the 77 K and 13 K spectra. For the
nanoparticulate magnetite, the 77 K and 13 K spectra also look considerably different
with peaks absent which are present for the large particulate magnetite. It is unclear if the
nanoparticulate magnetite does not undergo the Verwey transition, or, if it does, the
resultant spectra are different due to the smaller particle size. In one study, it was shown
that the Verwey transition is highly dependent upon stoichiometry, but not of particle size
(98); however, in that study, their small particulate magnetite (0.22 pm) was not a
nanoparticulate sample (< 100 nm), and was similar in size to our large particulate

sample.

Determining Magnetite Stoichiometry from Méssbauer
Spectra.

Based on the temperature dependent behavior shown in Figure 2.2, we chose to
use spectra collected at 140 K to determine the stoichiometry of nanopatrticulate
magnetite. Our goal was to evaluate whether Mossbauer spectroscopy could be used to
reliably estimate the stoichiometry of nanoparticulate magnetite by comparing the
stoichiometry measured by acidic dissolutigg) and Mossbauer spectroscopyid).

Note that for large particulate magnetite, a room temperature spectrum is often used and
is sufficient to calculate the stoichiometry using the relative areas of the two sextets. For
nanoparticulate magnetite, however, the room temperature spectrum is complicated and

fitting does not provide a unique set of parameters. Spectra collected at 140 K were the



30

best candidate because the temperature was low enough to minimize the nanoparticulate
superparamagnetic effects and high enough (> 121 K) to avoid complications arising
from the Verwey transition. Figure 2.3 contains model fits for 140 K spectra for the large
particulate and nanoparticulate magnetite. Despite the effects of cooling to reduce the
effects of particle size, there are still discernable differences, such4§&@" sextet is

much broader for the nanoparticulate sample.

In addition to the relative abundance of phases within a sample, spectral fitting
provides additional parameters: the center shift (CS), the quadruple shift (QS), and the
hyperfine field (H), which are collectively known as the hyperfine parameters, which
measure the nucleus-electron interactions. Each hyperfine parameter is closely related to
physical properties of the sample. The center shift is proportional to the electron density
for the Fe atom, with an Featom having a lower electron density than aiif Bem due
to extra d-electron reducing s-electron density, and thus the center shift f atoReis
higher than an B&atom in most cases. For th&Fe*>* sextet, the observed center shift
is a combination of the Eeand F&", and is higher (~ 0.72 mm/s at 140 K) than the
T'Fe® sextet (~0.37 mm/s at 140 K). The quadrupole shift is proportional to the relative
bond symmetry of an Fe atom, with higher stresses and strains resulting in a larger
quadrupole shift. For a perfectly symmetrical atom, like'tfe®" in magnetite, the
expected quadrupole shift should be zero. The hyperfine field is proportional to the
strength of the internal magnetic field (in the absence of an applied field). For
nanopatrticles, the hyperfine field is typically smaller than their large particulate analogs
due to poorer ordering of spins within the lattice (76). Here, we observe significantly
smaller hyperfine field values for the nanoparticulate phases.

Two fundamentally different model exist for extracting the hyperfine parameters
from a Mossbauer spectrum: Lorentzian and Voigt-based. For a Lorentzian fit, the width
of the peaks is accounted for by broadening a single Lorentizan peak; in the Voigt model,

however, the peak is modeled as a Gaussian distribution of several Lorentzian peaks
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resulting from multiple unique atomic sites within the sample. This difference is not
subtle, as it changes the shape of the peaks, and results in different fits and extractable
parameters. Rancourt and co-workers have argued extensively for the merit of the Voigt-
based model, citing that floating the Lorentzian linewidth is a physically incorrect
assumption (70, 99-101). Previous work has often assumed a Lorentzian model to fit the
peak profiles (81, 82, 102), which has worked well for large particulate magnetite due to
the samples being well-crystalline, which results in a narrow distribution of sites (and
negligible Voigt distribution). The Lorentzian fitting model could not be applied to the
nanoparticulate magnetite in this study, however, because the peak shapes were distinctly
non-Lorentzian in shape. A Voigt model was required to achieve reasonable fits that
captured the peak shape and distributions of the spectra. For example, Lorentzian
modeling of the spectra in Figure 2.3, resulteggvalues for both the large particulate

and nanoparticulate magnetite that were lower thargthelue of 0.50. The discrepancy

was much greater for the nanoparticulate magnetite, witggaaf only 0.27, and arus

of 0.44 for the large particulate sample. Modeling the spectra with the Voigt model
providedxys values of 0.50 (large particulate) and 0.47 (nanoparticulate), which were
much closer to thgy of 0.50 (Figure 2.3). Our results suggest that for nanoparticulate
magnetite, it is important to use appropriate fitting models, such as Voigt-based models,
when estimating stoichiometry from Mdssbauer spectroscopy.

Another consideration is that the spectral areas in a Mdssbauer spectrum do not
always directly correlate to the relative abundance of sites because some of the sites are
not completely rigid (i.e., they have some recoil). The percentage of Fe atoms that are
rigid enough to undergo the necessary nuclear absorption and emission process which
results in an absorption Méssbauer spectrum is known as the recoilless fifachioa (
previous study, a room temperature recoilless fraction rétio/{;.+) of 0.94 was
determined (103). More recently, others have found,thés. ratio is closer to 1.00 (78,

79). As the temperature cools in a samplef tiatio should approach 1.00 (103),
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although this has not been experimentally validated for magnetité.ratie is critical to

for extractingxys, as the spectral areas would need to be corrected for the recoilless
fraction. To determine thieratio for our large particulate sample, the relative areas of the
two sextets 'Fe>"° TeFe*) were fit at 298 K, 200 K, and 140 K; the relative areas

were modeled to be 1.976 (298 K), 1.955 (200 K), 1.976 (140 K) (data not shown),
indicating thaff, 5./f3. is independent of temperature using this fitting method, and is

likely very near to 1.00 at temperatures up to 298 K for the large particulate sample. A
similar method could not be applied to the nanoparticulate samples, because fitting could
only be done in a narrow temperature range, so it must be assumed that d satiolaf

1.00 exists at 140 K.

Spectral Interpretation of Non-stoichiometric Magnetite.

Sample spectra from magnetite samples with varying stoichiometries collected at
140 K are presented in Figure 2.4. The Méssbauer fit parameters are shown in Table 2.1
with literature values at similar temperatures. As the sample becomes more oxidized
(smallerx), the®“Fe?>* sextet area decreases andt&°Fe®** sextet area increases.
Model parameters found for tlig= 0.50 magnetite were used as initial values for fits of
the nonstoichiometric samples. For some spectra (indicated in Table 2.1), the center shift
(CS) was fixed as 0.72 mm/s, as floating the value led to unrealistic values as discussed
later.

A comparison of the stoichiometry determined by acidic dissolutigragd by
Mossbauer spectroscomg) is shown in Figure 2.5. For the entire range of
stoichiometry, the agreement betwegandxys is excellent. The slope of the line is
close to 1.0 indicating near-perfect agreement betweandxus (m = 0.96 + 0.04 (b);
R?=0.998, n = 8). There does not appear to be an indication of a systematic bias in either

direction (i.e., over-estimation or under-estimation), suggesting that the fitting model
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used is robust, and can be applied to samples over the full range of stoichiometry, that is,
from maghemite to stoichiometric magnetite.

It is worth noting that in previous works, the reliability of determining the
stoichiometry by acidic dissolutiongj has been questioned due to the possibility of
inadvertent oxidation in the dissolution process (80, 104). As a result, the excellent
agreement betweetys andxy observed here provides validation of both techniques
concurrently. We suspect that since previous work was not done in an anaerobic
chamber, that the inadvertent oxidation reactions would be more likely. We have also
found that filtering the acidic suspensions can lead to significant oxidatiofi'df Fe
nitrate groups are present on the filter. Additionally, the use of the 1,10-phenathroline
method used to measure dissolved Eeupled with the use of fluoride to mask the
presence of P& greatly increased the precisiongf(89).

Note that we used a pair-localized model to fit the Méssbauer spectra which
explicitly assumes discernabiiére®* and®“'Fe&*** sites. This, however, is a controversial
topic. Three models have been proposed to explain the Mdssbauer spectra of non-
stoichiometric magnetite above the Verwey transitigrthg “discrete” model, where a
combination of stoichiometric magnetite and maghemite is present (76ij)3Bg (pair-
localized” theory used here, where upon oxidation octahedfabRd F&" atoms pair,
with unpaired F& atoms resulting in th&"'Fe’* signal (82, 83, 95); andii() the “band-
delocalized” model, where a pool of valence electrons is shared betw8&Reatitoms
(105). The discrete and pair-localized models would result in the same observed spectra
with discrete®® ®Fe** and°°'F&*>* sextets, whereas the band-delocalized model would
result in @ °*'Fe’* sextet and aR“Fe#* sextet, where 5 z< 10. It has also been
hypothesized that both the pair-localized and the band-delocalized mechanisms may both
be occurring simultaneously (106). In our previous work where we characterized the
redox properties and reactivity of magnetite, we concluded that the discrete model [i.e., a

stoichiometric magnetite corg € 0.5) with a maghemite sheX € 0)] is an inaccurate
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descriptor of nonstoichiometric nanoparticulate magnetite(74, 77), and thus, we used the
pair-localized model to fit the spectra here.

The good agreement between stoichiometries determined from the Mossbauer
spectra and the dissolution data, however, does not necessarily imply that the pair-
localized model is correct.. Indeed, there are some indicators in the fit parameters (Table
2.1) that suggest that some band-delocalization may be occurring. For example, as the
stoichiometry decreases, th&Fe*>* sextet has a lower average H, and the standard
distribution (i.e., width of the sextets; std(H)) increases; this can also been seen visually
in Figure 2.4. This suggests that the internal magnetic interactions bétieeare
smaller (decreasing H), and that there is a wider distribution of¥§€al environments
(increasing std(H))It has also been proposed that the larger std(H) is due to slowed
electron hopping rates in the conduction band, which would also manifest in widening the
sextet peaks (106, 107). Others, however, have argued that these observations are also
consistent with the pair-localized model, as one would expect the vacancies and
reordering that must occur as’Fatoms become Bewill cause local disorders (78, 94).

A second indication that suggests band delocalization may be occurring is that the
CS had to be fixed at 0.72 mm/s for some of the more oxidized samples (Figure 2.4,
Table 2.1) as noted earlier. Figure 2.6 shows the fitted spectrum forth@25
magnetite with the fixed CS (i.e., pair-localized) and without (i.e., band-delocalized).

Note that the fitted areas shift substantially, and the CS drifts to 0.62 mm/s in the band-
delocalized spectrum. If all the octahedral atoms were pooling electrofée&f

sextet would be expected, and it should represent approximately two thirds of the spectral
area with a minor shift due to vacancies. For the band-delocalized mod&lFEeh®

sextet accounts for only 52% of the area, so at least someYirads still being

modeled as th8""*Fe’* sextet. A quantitative means for comparing the fits is to

examine the goodness-of-fit paramejgr,where lower values represent a better fit. The

X ? value is virtually identical between the samples: 1.087 for pair-localized and 1.089 for
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