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Eutrophication of terrestrial lacustrine systems is an ongoing environmental issue
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CHAPTER ONE: A REVIEW OF RELEVANT LITERATURE AND OVERVIEW OF
EXPERIMENTAL TECHNIQUES

1.1 Introduction

1.1.1 Motivation

The goals of this research and thesis are to further understand redox cycling of
iron and phosphorus in the context of mechanisms that drive Fe and P mobility between
sediment and water, and the fate of these chemicals as a result of such reactions. There is
agreement on the overall factors that influence redox behavior of sediments in eutrophic
lake systems, however specific mechanisms that occur on smaller scales specific to the
sediment water interface rely on processes that are less understood in comparison to
overall conditions of lake systems. Mediated electrochemical experiments are a way to
manipulate redox reactions in solutions with both aqueous and solid slurries of chemical
interest. We aim to utilize these methods to control electron transfer in naturally
heterogenous samples and characterize redox and geochemical properties of both

solutions and solids present as a result of controlled reduction and oxidation extents.

1.1.2 Hypothesis and Research Questions

We tested several hypotheses with the planned experiments and data analysis
associated with our analytical methods involving mediated electrochemical redox,
spectrophotometry, and x-ray absorption spectroscopy experiments. We hypothesize that
mediated electrochemical oxidation (MEO) and reduction (MER) techniques can be
utilized to drive bulk material transformation mechanisms that can control P mobility and
subsequent geochemical analyses can characterize redox properties and mineral
compositions of natural and synthesized sediment samples. If redox driven oxidation of
sediments occurs, phosphate release from the solid phase in sediments to the aqueous
phase will mimic reactions in lacustrine systems where phosphate is released from
sediments and becomes bioavailable due to dephosphorylation reactions. If redox driven
reduction of sediments with Fe oxide minerals occurs, phosphate release from the solid

phase in sediments will mimic reactions that take place during periods of hypoxia, and



bioavailability of phosphate in the water column may be inhibited due to precipitation of

ferrous Fe-P minerals, such as vivianite. To test our hypotheses, we planned experiments

to evaluate the following research statements.

1.

Mediated electrochemical experiments can be used to drive reactions of naturally-
occurring, heterogenous sediment samples.

Phosphate concentrations and interactions with influence the redox properties of
iron (oxyhydr)oxide minerals and cycling mechanisms between sediment and
water.

Analytical techniques can be used to characterize solution chemistry after
mediated electrochemical redox reactions, and these species can indicate that
phosphate and iron are released from sediments as a result of oxidation, reduction,
or both.

Spatial and chemical characteristics of sediments subjected to mediated
electrochemical experiments can be described with p-XRF mapping and XANES
analyses.

Chemical characteristics may indicate that reprecipitation of ferrous Fe-P
minerals, like vivianite, occur as a result of reduction, and we can determine the
saturation threshold for precipitation of these minerals to reduce bioavailable

phosphate.

1.2 Literature Review

121

Phosphorus in Our Environment: Nutrient and Contaminant

Phosphorus (P) is a ubiquitously distributed and naturally occurring critical

nutrient that plays many essential functions in the corners of biology, chemistry, and

geology. It is the 11" most abundant element in the lithosphere [5], on average making up

about 0.09 weight percent of the Earth’s crust [6]. P in the environment typically exists as

the oxyanion phosphate (PO4*, or orthophosphate) [5] originating from mechanical and

chemical weathering of sedimentary and igneous minerals, namely variations of apatite

[6]. Organic phosphorus (Porg) is a complex mix of molecules resulting from biological

activity, as phosphorylation pathways of Porg formation are a high-energy processes that



does not occur abiotically in bulk solution [7, 8], but rather is a critical component of life
processes that are ubiquitous in biochemistry [9]. Natural sources of P were more
significant in the P cycle historically as human activities have evolved to dominate the
modern cycle through mining of rock phosphate, transport and application of
concentrated phosphorous as fertilizer for global food production, sewage and waste
sources, deforestation, and watershed transport of excess phosphorus from watersheds to
basins, and will likely impact it for hundreds of years to come [6]. There are no
environmentally significant gaseous phases [6], so we focus on transitions between solid
and aqueous phases. P released from natural and anthropogenic sources is transported
into various environmental reservoirs and sinks including soils, sediments, and water
bodies — both terrestrial and marine. In aquatic environments, P is commonly partitioned
into particulate and dissolved P, the latter of which includes soluble reactive P (SRP,
largely as orthophosphate) and dissolved organic P (DOP) [10]. Cycling of these forms of
P, between particulate in sediments and dissolved in water rely heavily on conditions
influencing the sediment water interface (SWI1), including mineral dissolution and
precipitation, mineral sorption and desorption, and biochemical phosphorylation and
dephosphorylation [11-13]. There are many aspects of P transport and cycling that are
well researched, yet there are still many questions regarding specific mechanisms of
loading, cycling, and bioavailability of P in aquatic systems. With heavy reliance on P for
function in our environment especially for global food production [5], it is important that
we continue to expand our knowledge of the mechanisms by which P is transported and
recycled in modern and ancient environments.

P is an essential element for all forms of life, and limits biological productivity in
many terrestrial and marine environments [5, 14]. While P is essential for biological
function and growth, excessive amounts may lead to harmful effects through
eutrophication. Eutrophication is defined as a process by which nutrient content in
aquatic environments is increased, characterized by excessive plant and algal growth
from limiting factors contributing to photosynthesis [15, 16], specifically nitrogen (N)
and P. Eutrophication is a critical problem in surface water quality in the U.S. [17].
Promotion of biological growth from eutrophic environments results in a cascade of

impactful events. Cyanobacterial growth in nutrient-rich environments causes harmful



algal blooms (HABs) that limit water clarity, deplete oxygen, and may form toxic
secondary metabolites [18]. This can lead to further water quality impairment including
but not limited to fish kills, unpalatability and toxicity of drinking water, and reduction of
recreational activities [17]. Eutrophication occurs in both freshwater and marine
environments. Many freshwater lakes exhibit recurring eutrophication and HABS,
including Lake Champlain which has experienced increasingly severe HABs in recent
history [19]. Not only can we witness severe re-eutrophication due to increased nutrient
loading and eutrophication in Lake Champlain, but also other waterbodies around the
world including an abundance of shallow lakes distributed around China [20], Lake
Valencia in Venezuela [21], Lake Victoria in Africa [22], and Lake Erie in the United
States [23].

Impacts of HABs have increased over the past several decades due to continuous
loading from anthropogenic sources and climate change [18]. Demands for P in various
industries worldwide have led to increased anthropogenic production and use of P-
containing materials, especially phosphate-rich fertilizers to maintain crop production
sufficient to sustain adequate food growth with an exponentially growing population. The
agriculture industry has become the number one user of global P accounting for 80-90%
of the world’s total demand [24]. Large quantities of P are used on farmlands, typically
with large preexisting P reserves, and in many areas inputs from fertilizers outweigh
outputs from produce [15]. P imbalance, combined with long-term land applications and
water runoff, cause agricultural land to serve as a major non-point source for P pollution
in bodies of water, often aggravated by the proximity of agricultural environments to P-
sensitive water bodies, especially lakes [17]. Phosphate compounds in natural water have
relatively low solubility and concentrations of 0.08 to 0.10 mg/L may trigger periodic
blooms; however, long-term eutrophication is usually prevented if total P and POs*
levels are below 0.5 mg/L and 0.05 mg/L respectively [5]. Continuous P loading from
non-point source pollution inhibits eutrophic environments from recovering as they

bioaccumulate P within the system over time [13].



1.2.2 Internal Loading of P in Terrestrial Aquatic Systems

The risk of eutrophication in terrestrial aquatic systems makes estimating and
understanding P cycling in these environments a critical step in evaluating water quality
and implementing remediation techniques. While P runoff from agricultural land is a
major component of non-point source P pollution [17], other non-point sources such as
wastewater and sewage effluent have contributed to continuous loading of P in
ecologically sensitive areas [25]. Concerns have also been raised about potential P
entering water bodies from P-rich sediment, also known as “internal loading”. Non-point
source contamination of P in lakes and sedimentation over time has created “legacy P”
that resides within the sediments of lake environments. Internal loading of P in lakes
comes from mobilization of P to water from within the environment, such as release of P
sorbed to minerals in sediments. Scientists predict that internal loading of P from legacy
P in sediments may be a critical issue preventing eutrophic environments from recovering
[13]. Studies have aimed to estimate P budgeting and cycles in aquatic environments;
however, internal loading of P from sediments to surface water remains poorly
understood and results in the largest likely source of error for P cycling models [13].

It has been widely demonstrated that sediments serve as redox-mediated P-
buffers, where P is retained in the solid phase under oxic conditions and released into the
aqueous phase under anoxic conditions [26]. Seasonal changes in physical and chemical
properties drive changes in P chemistry and P mobility between sediment and water, the
primary mechanism of internal loading. Benthic cycling of P in sediments depends highly
on redox regimes within superficial sediments. These cycling mechanisms are especially
dynamic in shallow waters [13]. Shallow waters are more susceptible to environmental
damage from sediment P internal loading due to closer proximity to the photic zone, less
volume for dilution of P loading [27], and more dynamic changes in temperature and O
exchange between water and the atmosphere driven by hydrodynamics. While P itself is
not typically redox-active in the environment, it’s cycle is closely coupled to that of other
redox-sensitive elements such as iron (Fe) and carbon (C) [13]. Fe has been shown to be
a major driver in cycling of P between sediment and water [28]. Phosphate exhibits a
high affinity for Fe and has a closely coupled cycling mechanism strongly influenced by

redox-transformations between relatively soluble ferrous Fe(Il) and poorly soluble ferric



Fe(l11) [2], that are driven by both biotic and abiotic redox mechanisms. The seasonal
redox cycling of Fe resulting in P cycling between sediment and water has been referred

to as Fe pumping [12].

1.2.3 Oxidizing Conditions

Under oxidizing conditions Fe(ll) loses electrons to form less soluble Fe(ll1),
resulting in precipitation of Fe (oxyhydr)oxide (hereon referred to as iron oxides for
simplicity) minerals including but not limited to ferrihydrite, goethite, hematite, and
magnetite through a series of mechanisms including deprotonation, hydrolysis,
crystallization, and dehydration reactions [17]. Formation of the more poorly soluble Fe
minerals is primarily dependent on how these different mechanisms drive
recrystallization over time, following Ostwald ripening where smaller and less stable
particles form initially, followed by recrystallization and transformation to more
thermodynamically stable minerals and larger size particles. Oxidation of aqueous
Fe(ll)leads to initial formation of amorphous to poorly crystalline nanoscale Fe(l11)
precipitates like (2-line, 6-line)ferrihydrite [15] that are formed via pathways of
deprotonation followed by crystallization of mineral grains. These initial precipitates are
often characterized as hydrous ferric oxides (HFO) but are most often actually
nanoparticulate minerals. After formation of these poorly crystalline forms, further
oxidation-driven precipitation and ripening drives transformation of ferrihydrite minerals
to more stable minerals, like goethite [18], via hydrolysis mechanisms. More stable forms
like hematite and magnetite have longer precipitation timescales and ripen into larger
crystals with lower surface area than less stable minerals. Due to more rapid
precipitation, poorer crystallinity, less thermodynamically stability, smaller particle sizes
and higher surface area, Fe(111) mineral precipitates ferrihydrite and goethite are more
dynamic in Fe pumping.

Fe oxides have hydroxyl substituents (-OH) that serve as sorption sites for
phosphate on the mineral surface. Phosphate may form inner sphere complexes between
the phosphate oxygens and hydroxyl oxygens or outer sphere complexes arising from
electrostatic interactions of phosphate and iron-hydroxide (Fe-OH>) groups [29]. Of all
the metal oxide particles, amorphous Fe oxides have the greatest adsorption capacity for



phosphate [30], primarily due to their high surface area and low thermodynamic stability.
This means that forms like ferrihydrite and goethite are critical in understanding P-
coupled cycling mechanisms driven by redox changes. Phosphate sorption onto Fe oxides
results in retainment of phosphate in the solid phase. As Fe(Il) oxidizes with increasing
dissolved phosphate concentrations, formation of Fe oxides decreases and formation of
Fe (111) phosphates can be expected as shown in Figure 1 [2]. At lower P:Fe ratios,
oxidation drives formation of P-sorbed Fe oxide minerals, and at P:Fe ratios above 0.55
formation of primarily Fe-phosphate minerals is expected due to geochemical saturation.
It has been shown that oxidation reactions likely play a large role in Fe/P species present
in sediments [12] that are readily available for reductive dissolution when conditions may

change.
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Figure 1. Model for Precipitate Formation During Fe (1I) Oxidation with Increasing
Initial P/Fe Ratios, Where Fe(ll)aq is Aqueous Fe(l1), Fe-Phos is Fe(l1l) Phosphate with a
P/Fe Ratio of 0.55, HFO-P is Hydrous Ferric Oxide with a P/Fe Ratio of 0.25, and Lp* is

Lepidocrocite, Goethite, and Other Poorly Crystalline Minerals Related to Lepidocrocite

[2].

1.2.4 Reducing Conditions

Oxidized forms of Fe minerals present in sediments or suspended in solution are
potentially available for changes driven by subsequent reducing conditions in redox-
dynamic settings [13, 31]. Under reducing conditions, solid Fe (111) minerals gain

electrons forming Fe(ll), which is relatively soluble at neutral pH in comparison of



Fe(l11). The release of Fe(ll) into solution as a result of reduction is referred to as
reductive dissolution of Fe. Table 1 shows varying time scales for reductive dissolution
of Fe(111) minerals based on thermodynamic stability. Poorly crystalline Fe(I11) minerals
like ferrihydrite and lepidocrocite dissolve on shorter time scales of hours to days. As
thermodynamic stability increases, Fe minerals will take longer to dissolve. While
goethite and hematite categorized together in Table 1, goethite is less stable and
reductively dissolves more quickly. The reductive dissolution sequence behaves in
contrast to the precipitation and ripening sequence making goethite the next mineral to
dissolve after ferrihydrite. Fe oxides like hematite and magnetite require longer time
scales for reductive dissolution. These more stable minerals are less critical in
understanding the coupled redox cycling of Fe and P on the seasonal scale, as seasonal
cycling occurs on shorter time scales and these minerals exhibit a much lower affinity for
phosphate sorption. Reductive dissolution of Fe(l11) minerals not only results in release
of Fe(Il) but also release of phosphate sorbed to the minerals. Faster reductive dissolution
of poorly crystalline Fe(l11) minerals in addition to their greater sorption capacity for P
support that these phases are critical for P mobility linked to Fe pumping. Release of
Fe(I) and phosphate from sediments may result in internal loading in lakes but
mechanisms of release and fate of the ions are not well understood in all systems. From
studies with Lake Pavin, France, reductive dissolution of Fe oxide minerals with sorbed P
results in vivianite formation (Fe3(POa)2) [12], however some phosphate may be made
bioavailable for other fates involving eutrophication and HABs. A fundamental question
arises how thermodynamic and kinetic limitations of sorption of P to Fe(I1l) minerals and

precipitation of Fe(ll)-P minerals like vivianite control P mobility linked to Fe pumping.



Table 1 Time scales for reductive dissolution of different sedimentary iron minerals*

Operational phase in
which these iron mineral
phases are extracted **

Time scale for

Iron mineral phase . . .
phe reductive dissolution

amorphous, poorly crystalline iron oxides

. . N . hours to days Feo
(e.g., lepidochrocite or ferrihydrite) ! o
more crystalline iron oxides
e . days to months Feox
(e.g., goethite or hematite) d
magnetite months to ~10° yr Fémag
“structural” iron in sheet silicates ~107 = 10° yr Feprs
“refractory” iron minerals
’ o > ~107 yr Feuy

(e.g., ilmenite or amphiboles)

* modified from results presented in Canfield et al. (1992), Raiswell and Canfield (2012) and
Poulton and Raiswell (2002).

** see section [11.B.2 for details

Table 1. Initial Mineral Forms of Fe in Sediment and Time Scales of Reductive

Dissolution [1].

1.2.5 Coupled Redox Cycling and Algal Blooms

The coupled redox mechanisms of Fe drive coupled changes in P cycling between
sediment and water and effect P mobility through both time and space. Biogeochemical
cycling of Fe and P is driven both by temporal and hydrodynamic variations that effect
SWI geochemistry of systems over time periods ranging from hours to months [31-33].
Observed changes in SWI geochemistry are closely correlated to algal blooms and
cyanobacterical presence, specifically in shallow waters [32, 34]. During the winter
season, ice-cover plays an important role in isolating internal lake processes resulting in
internal loading and Fe pumping due to suboxic conditions near the SWI. With suboxic
conditions under ice cover, reductive dissolution of Fe and concurrent release of P from
sediments increases the concentration of these materials in the water column [33].
Reductive dissolution during ice cover is driven by O» consumption, limited O>
introduction from air due to ice barriers, and reduced circulation of water [35]. As
thermal stratification stabilizes the water column and phosphate flux from sediments
increases aqueous availability of P, warmer months bring algae and cyanobacterial
blooms as they consume P in the water column. As blooms persist, sediment P continues
to decrease as waters remain relatively stratified and DO penetration with depth is low

[32]. As blooms end and wind and thermal mixing shift the hydrodynamic stability of



shallow systems, biogeochemical shifts cause reprecipitation of minerals and Fe and P
flux back into sediments [19]. The sediment cycle then continues into cold seasons where
lakes are restabilized and flux of Fe and P from sediments increases again. The seasonal
cycling of Fe and P near the SW1 offers a broad perspective, however hourly and daily
changes also occur [31]. As we know that less stable Fe(l11) minerals precipitate and
dissolve over relevant brief time scales, these are the focus of our research in

understanding Fe and P cycling between sediments and water.

1.2.6 Mediated Electrochemical Approaches to Control Redox Reactions

The objective driving this research is to explore the sequence of Fe and P mineral
paragenesis over time while driving reduction reactions of ferrinydrite and goethite with
sorbed P and determine thermodynamic limits of resulting mineral precipitation and ion
release into solution. Our approach to experiment with P and Fe dynamics during redox
reactions will use techniques similar to those explored and characterized by Meret Aeppli
et. al. [3, 36]. This previous research uses mediated electrochemical reduction (MER)
techniques to explore rates and extents of iron (oxyhydr-)oxide reduction and quantify
reduction of ferrihydrite, goethite, and hematite over a range of negative reaction free
energies and during transformation of ferrihydrite into more crystallized Fe oxides [3,
36]. MER is a powerful technique that can be used to control redox potential over time
and quantify the rate and extent of reactions for a species of interest. The measurements
are recorded as a function of current which can be used to calculate the amount of
electrons transferred in bulk solution as a function of time. MER, rather than non-
mediated electrochemical reduction, provides faster reaction times for reduction as well
as eliminates matrix effects caused by pH changes by using a non-proton coupled
mediator molecule [3]. Reaction free energies vary by modifying solution pH and
reduction potentials for reactions of the various iron oxides, and it is apparent that
different Fe oxide minerals exhibit different reduction capabilities with varying free
energy. In the experiments by Aeppli et al mentioned above, ferrihydrite reduction was
fast at all tested free energies due to its low thermodynamic stability, while goethite and
hematite reduction were more incomplete and slow with increasingly less reaction

driving force [36]. Conclusions of previous MER research support evidence of reactions
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driven by thermodynamic stability of the iron oxide minerals, where ferrihydrite,
goethite, and hematite had more increasingly slow and incomplete reduction respectively
[36]. Extents of reactions, and electron accepting capacities of these synthesized
minerals, are calculated using equation 1,

1 tend
q(tend) = Ff I(t)dt
t

0

Equation 1. Integrated area under a chronoamperometric curve to calculate electron
exchange capacities for reduction or oxidation.

where F is Faraday’s constant and I is current measured over time [36]. This technique
was progressed by further examining ferrous iron-induced electron transfer to 6-line
ferrihydrite by subjecting suspensions of ferrihydrite to varying concentrations of Fe(ll)
soluion, Formation of more crystalline minerals occured over time in the presence of
aqueous Fe(l1) [3]. As Ostwald ripening occurred with pre-existing ferrihydrite and Fe(ll)
in solution, more stable minerals goethite and magnetite eventually precipitated at longer
time scales. At neutral pH, Fe(ll) induced transformation of ferrihydrite resulted in initial
formation of mostly goethite, however a small amount of magnetite was formed as time
increased. These transformation experiments resulted in reducibility of the created
minerals in agreement with initial study results[36]: ferrihydrite was complete and fast at
all tested pH values while goethite and magnetite rate and extent of reduction decreased
with increasing pH, and therefore decreasing reaction free energy. Decreases in Fe-oxide
reducibility can be linked to concurrent changes in the iron mineralogy and
thermodynamic stability, shown in figure 2 [3]. These results further emphasize the
importance of less thermodynamically stable Fe oxides in P cycling, as they are more

readily transferred between the solid and aqueous phases in lower energy systems.
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Figure 2. Dynamic of Change in Iron Oxide Mineralogy During Mediated

Chronoamperometric Reduction Experiments of Ferrihydrite to Goethite and Magnetite

13].

1.3 Experimental Overview

1.3.1 Mediated Electrochemical Techniques

MER is a powerful tool that has been widely used to control electron transfer to
and from electroactive species in solution. Several studies have explored this technique
specifically with focus on redox-active iron minerals [3, 4, 36]. A major goal of this
research is to expand the use of MER techniques to explore reactions of Fe-oxides and
natural sediment samples with sorbed phosphate, to mimic reactions occurring in
lacustrine systems. MER utilizes an electroanalytical method called chronoamperometry,
where a known potential, measured in volts (V), is applied to a system and the current, in
amps or microamps (A/pA), is measured over time [37]. The current response in
chronoamperometric experiments represents the faradaic current driven by direct redox
changes of the species of interest; however, conventional non-mediated approaches can
exhibit sluggish kinetics of electron transfer between the working electrode and species
of interest [4]. Mediated chronoamperometric techniques utilize a dissolved electron
transfer mediator to facilitate electron transfer from the working electrode and the
geochemical phase added to the cell [36]. Figure 3 presents a graphic model comparing
mediated versus non-mediated techniques [4]. The single-electron transfer mediator

assists in overcoming slow reactions and provides a non-proton-couped reactions to avoid
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changes in system pH, which would otherwise affect redox reaction rates and extents [3,
36]. The technique requires collection of two time-integrated current curves: one initially
for the redox reaction of the selected mediator and one subsequently for the redox
reaction resulting from the geochemical phase. From the latter curve, we can determine
the reaction extents (for known concentrations) and rates. MER is highly sensitive and
ideal for work with low concentrations, and it can be used to explore redox properties of
minerals and sediments in solution.

non-mediated

l pa— @ amperometric measurements

alciods « number of electrons transferred
» rates of electron transfer

mediated

I/ o potentiometric measurements
NI )@ « reduction potential of mineral
alet:-i*mde-

Figure 3. Model of Electron Transfer Pathways for Non-Mediated and Mediated

Electrochemical Analyses [4].

1.3.2 u-X-Ray Fluorescence (Multi-)Energy Mapping

Mediated electrochemical redox techniques are used to quantify electron transfer
properties but must be coupled with additional analytical techniques to determine
concurrent changes in geochemical composition. Micro X-ray fluorescence (pu-XRF)
energy mapping offers high-resolution elemental mapping images using position tagged
spectroscopy (PTS) [38]. At any selected energy or multiple energies, elemental maps are
created across a specified sample using raster imaging and PTS to capture relative counts
of energy for each pixel. These maps are helpful for determining abundance and spatial
distribution of elements in a sample. The specified energy at which the map is taken can
be selected to target a specific element, compound, or mineral. As different geochemical
phases of elements have unique energy spectra (more in next section), maps with
differing energies can target different minerals. In this research, we use p-XRF mapping
to determine Fe and P mineral distribution in mounted sediment samples throughout
MER or MEO changes. Initially maps are obtained at the k-edge energy required for core

electron excitation from the 1s orbital of Fe and the P in phosphate. After acquiring
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‘total” P, multi-energy maps are taken to characterize spatial abundance and distribution

of different phosphate minerals that may exhibit differences in redox activity.

1.3.3 X-Ray Absorption Near Edge Structure Spectroscopy

X-ray absorption near edge structure (XANES) spectroscopy analysis is critical to
determining what geochemical form of mapped elements reside in a sample. In XANES,
a photon is absorbed, and with enough energy an electron is excited from a core state to
an empty state [39]. This excitation emits resulting energy that is recorded as a function
of energy, in electron volts (eV), applied to the system. Since each element has a unique
core-level energy, XANES is a selective technique that can be used to identify minerals
of specific elements based on elemental electron excitation energies. An energy beam of
specified diameter targets a sample spot, and the beam energy is scanned, enveloping the
k-edge energy required to excite an electron from the element, and electron orbital of that
element, of choice. This results in a k-edge energy peak for the element. Different
spectral features surrounding the k-edge peak, known as pre-edge and post-edge features,
are used to delineate specific bonding changes associated with complexation and
mineralization. Energies can also be selected for different outer orbital electron
excitations, XANES allows for identification of elemental oxidation states [40, 41],
mineral forms [41, 42], and mineral changes in systems with space [12] and time [43]. In
our case, XANES analyzes spots selected from p-XRF maps in attempt to characterize
geochemical species of Fe and P within mounted sediment samples throughout redox

changes.
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CHAPTER TWO: MEDIATED ELECTROCHEMICAL REDUCTION AS ATOOL TO
CHARACTERIZE P AND FE CYCLING BETWEEN SEDIMENT AND WATER

2.1 Introduction

Phosphorus (P) plays a pivotal role in ubiquitous cycling mechanisms in the
corners of biology, chemistry, and geology. P is the limiting nutrient in controlling
biological productivity in both terrestrial and marine environments [5] and influences
geochemical processes as it has closely coupled cycling mechanisms with other elements
[13, 26, 44]. The modern day P cycle, contrary to the historical, is dominated by
anthropogenic influencers and will continue to be for hundreds of years to come [6]. The
agricultural industry is the largest user of P globally, accounting for 80-90% of the
world’s total demand [24], and this has led to increased use of P across terrestrial
landscapes. Large quantities of P, namely in the form of phosphate or orthophosphate
(PO+*) are used on farmlands, typically with large preexisting P reserves, and in many
areas inputs from fertilizers outweigh outputs from produce creating excess P available
for transport via surface runoff [15]. Along with application of concentrated phosphorous
as fertilizer, mining of rock phosphate, sewage and waste sources, and deforestation
contribute to excess P available for transport from watersheds to basins. P imbalance,
combined with long-term land applications and water runoff, cause agricultural land to
serve as a major non-point source for P pollution in bodies of water, often aggravated by
the proximity of agricultural environments to P-sensitive water bodies, especially lakes
[17].

While essential for biological function, excess P introduction to aquatic
environments, both terrestrial and marine, may lead to harmful effect through
eutrophication; a process by which nutrient content in aquatic environments is increased,
characterized by excessive plant and algal growth from limiting factors contributing to
photosynthesis [15, 16] and a critical problem in surface water quality in the U.S. [17].
Cyanobacterial growth in eutrophic environments cause harmful algal blooms (HABS)
that limit water clarity, deplete oxygen, and form toxic secondary metabolites [18]
resulting in further damage to fish populations, water palatability, and recreational

activities [17]. Many freshwater lakes exhibit recurring eutrophication and HABS,
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including Lake Champlain in the United States which has experienced increasingly
severe HABs in recent history [19], an abundance of shallow lakes distributed around
China [20], Lake Valencia in Venezuela [21], Lake Victoria in Africa [22], and Lake Erie
in the United States [23], to name a few. The risk of eutrophication in terrestrial aquatic
systems makes estimating and understanding P cycling in these environments a critical
step in evaluating water quality and implementing remediation techniques. While P
runoff from agricultural land is a major component of non-point source P pollution [17],
other non-point sources such as wastewater and sewage effluent have contributed to
continuous loading of P in ecologically sensitive areas [25]. Concerns have also been
raised about potential P entering water bodies from P-rich sediment, through a process
known as “internal loading”. Non-point source contamination of P in lakes and
sedimentation over time has created “legacy P” that resides within the sediments of lake
environments. Internal loading of P in lakes comes from mobilization of P to water from
within the environment through release of P sorbed to minerals in sediments. Scientists
predict that internal loading from legacy P in sediments may be a critical issue preventing
eutrophic environments from recovering [13]. Studies have aimed to estimate P
budgeting and cycles in aquatic environments; however, internal loading of P from
sediments to surface water remains poorly understood and results in the largest likely
source of error for P cycling models [13].

It has been widely demonstrated that sediments serve as redox-mediated P-
buffers, where P is retained in the solid phase under oxic conditions and released into the
aqueous phase under anoxic conditions [26]. Seasonal changes in physical and chemical
properties drive changes in P chemistry and P mobility between sediment and water, the
primary mechanism of internal loading. Benthic cycling of P in sediments depends highly
on redox regimes within superficial sediments. These cycling mechanisms are especially
dynamic in shallow waters [13]. Shallow waters are more susceptible to environmental
damage from sediment P internal loading due to closer proximity to the photic zone, less
volume for dilution of P loading [27], and more dynamic changes in temperature and O
exchange between water and the atmosphere driven by hydrodynamics. While P itself is
not typically redox-active in the environment, its cycle is closely coupled to that of other

redox-sensitive elements such as iron (Fe) and carbon (C) [13]. Fe has been shown to be
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a major driver in cycling of P between sediment and water [28]. Phosphate exhibits a
high affinity for Fe and has a closely coupled cycling mechanism strongly influenced by
redox-transformations between relatively soluble ferrous Fe(Il) and poorly soluble ferric
Fe(l11) [2], that are driven by both biotic and abiotic redox mechanisms. The seasonal
redox cycling of Fe resulting in P cycling between sediment and water has been referred
to as Fe pumping [12].

Under oxidizing conditions near the SWI, Fe(lll) (oxyhydr)oxide (hereon referred
to as iron oxides for simplicity) minerals precipitate forming ferrihydrite, goethite,
hematite, and magnetite through a series of mechanisms including deprotonation,
hydrolysis, crystallization, and dehydration reactions [17]. As these minerals precipitate,
nanoparticulate materials form first followed by recrystallization and transformation to
more thermodynamically stable minerals with larger particle sizes. Oxidation of aqueous
Fe(I1) leads to initial formation of amorphous to poorly crystalline nanoscale Fe(l11)
precipitates like (2-line, 6-line)ferrihydrite [15] that are formed via pathways of
deprotonation followed by crystallization of mineral grains. These initial precipitates are
often characterized as hydrous ferric oxides (HFO) but are most often actually
nanoparticulate minerals. After formation of these nanoparticulate forms, further
oxidation-driven precipitation and ripening drives transformation of ferrihydrite minerals
to more stable minerals, like goethite [18], via hydrolysis mechanisms. More stable forms
like hematite and magnetite have longer precipitation timescales and ripen into larger
crystals with lower surface area than initially forming minerals. Fe oxides have hydroxyl
substituents (-OH) that serve as sorption sites for phosphate on the mineral surface.
Phosphate may form inner sphere complexes between the phosphate oxygens and
hydroxyl oxygens or outer sphere complexes arising from electrostatic interactions of
phosphate and iron-hydroxide (Fe-OHz) groups [29]. Of all the metal oxide particles,
amorphous Fe oxides have the greatest adsorption capacity for phosphate [30], primarily
due to their high surface area and low thermodynamic stability. Due to more rapid
precipitation, poorer crystallinity, less thermodynamically stability, smaller particle sizes,
and higher surface area, Fe(l11) mineral precipitates ferrihydrite and goethite are more
dynamic in Fe pumping and internal loading mechanisms. Phosphate sorption onto Fe

oxides results in retainment of phosphate in the solid phase, reducing aqueous
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bioavailable P. As Fe(ll) oxidizes with increasing dissolved phosphate concentrations,
formation of Fe oxides decreases and formation of Fe (111) phosphates can be expected
[2]. It has been shown that oxidation reactions likely play a large role in Fe/P species
present in sediments [12] that are readily available for reductive dissolution during
subsequent periods of hypoxia.

Under reducing conditions, Fe oxide minerals release poorly soluble Fe(Il) into
solution, referred to as reductive dissolution. Similar to the formation pathways of Fe
oxides, the more unstable HFO minerals are the first to reductively dissolve, followed by
more stable forms like goethite [1]. As thermodynamic stability increases, Fe minerals
take longer to dissolve. Poorly crystalline Fe(111) minerals like ferrihydrite dissolve on
shorter time scales of hours to days, while goethite minerals dissolve on time scales
ranging from days to months. Reductive dissolution of Fe(l11) minerals not only results in
release of Fe(ll) but also release of phosphate sorbed to the minerals [13, 31]. Rapid
reductive dissolution of poorly crystalline Fe(I11) minerals in addition to their greater
sorption capacity for P support the idea that these phases are critical for P internal loading
linked to Fe pumping. Release of Fe(ll) and phosphate from sediments may result in
internal loading in lakes, but mechanisms of release and fate of the ions are not well
understood in all systems. From studies in Lake Pavin, France, reductive dissolution of
Fe oxide minerals with sorbed P in sediments results in vivianite formation (Fe3(PO4)2)
[12], however some phosphate may be made bioavailable for other fates involving
eutrophication and HABs. A fundamental question arises how thermodynamic and
kinetic limitations of sorption of P to Fe(lll) minerals and precipitation of Fe(ll)-P
minerals like vivianite control P mobility linked to Fe pumping.

The coupled redox mechanisms of Fe drive coupled changes in P cycling between
sediment and water and affect P mobility through both time and space. Biogeochemical
cycling of Fe and P is driven both by temporal and hydrodynamic variations that effect
SWI geochemistry of systems over time periods ranging from hours to days to months
[31-33]. Observed changes in SWI geochemistry are closely correlated to algal blooms
and cyanobacterical presence, specifically in shallow waters [32, 34]. During the winter
season, ice-cover plays an important role in isolating internal lake processes resulting in

Fe pumping, and concurrent release of P from sediments increases the concentration of
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these materials in the water column [33]. Reductive dissolution during ice cover is driven
by O2 consumption, limited O introduction from air due to ice barriers, and reduced
circulation of water [35]. As thermal stratification stabilizes the water column and
phosphate flux from sediments increases aqueous availability of P, warmer months bring
algae and cyanobacterial blooms as they consume P in the water column. As blooms
persist, sediment P continues to decrease as waters remain relatively stratified and
dissolved oxygen (DO) penetration with depth remains low [32]. As blooms end and
wind and thermal mixing shift the hydrodynamic stability of shallow systems,
biogeochemical shifts cause reprecipitation of minerals and Fe and P flux back into
sediments during fall months [19]. The sediment cycle then continues into cold seasons
where lakes are restabilized and flux of Fe and P from sediments increases again. The
seasonal cycling of Fe and P near the SWI offers a broad perspective, however hourly
and daily changes also occur [31]. As we know that less stable Fe(l11) minerals
precipitate and dissolve over brief time scales, these are the focus of our research in
understanding Fe and P cycling between sediments and water. Understanding the specific
cycling mechanisms of P with respect to Fe minerals may allow for better predictions and
ultimately better conservation practices in prevention P loading and eutrophication in
terrestrial aquatic systems. Mediated electrochemical techniques also offer an opportunity
to control redox reactions within closed systems, and thus examine the redox controls on

cycling mechanisms specific to Fe and P phases between sediment and water.

2.2 Methods

2.2.1 Mediated Electrochemical Reduction and Oxidation Experiments

MER and MEO experiments were used to drive redox reactions of sediment
slurries in a solution of pH 7 with a non-proton-coupled, single-electron transfer
mediator. For both oxidation and reduction, the electrolytic cell contained a glassy carbon
electrode (GCE) cup that served as a working electrode and solution vessel with a
platinum (Pt) counter electrode versus a silver/silver chloride (Ag/AgCl) reference
electrode. The cell was controlled by a wireless Bluetooth-enabled micro-potentiostat

(DLK Micro-Pstat, Analytical Instrument Systems, Inc.) with continuous stirring to
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observe measurements of bulk solution properties. MER experiments were performed in
an anaerobic glovebox chamber (COY Laboratory Products, Inc.) using diquat dibromide
(DQ) as the mediator species with reduction half-potential of E = -0.65 V. Initial baseline
current was reached by reacting 100 uL of 10 mM DQ solution in 3 mL of piperazine-
N,N -bis(2-ethanesulfonic acid) (PIPES) buffer solution. When a stable background
current was acheived, sediment slurries of either Missisquoi Bay sediment, synthesized
ferrinydrite, or synthesized goethite were added to the cell and allowed to react until a
new stable baseline current was obtained. MEO experiments were not kept in an
anaerobic environment, and were ran using 100 mL of 10 mM solution of 2,2’-azino-di-
(3-ethylbenzthiazoline sulfonic acid) (ABTS) as the mediator species with an oxidation
half-potential of E = 0.55 V. MER and MEO provide quantitative data about electron
donating and accepting capacities (EAC and EDC), however other analytical techniques
were coupled with these reactions to provide qualitative data about the states and cycling
of P and Fe. The exact composition and concentrations of samples used vary based on the

amount of phosphate added or omitted from experiments.

2.2.2 Phosphate Sorption Experiments

Sorption experiments were used to evaluate P and Fe concentrations in solution as
soluble reactive phosphorus (SRP), also considered orthophosphate, and total dissolved
iron (TDFe) after sorption of phosphate to sediment and sequential MER. For our natural
MBS samples, we added 100 mg of sediment to a 5 mL centrifuge with 4 mL of starting
known phosphate concentration ranging from 0-50 ppm. Solution slurries were mixed on
a Labquake rotator overnight to allow equilibration of phosphate sorption, and two
samples were taken from the equilibrated vial. For the “after sorption” sample, 1.5 mL
was drawn into a syringe and pushed through a 0.2 um filter membrane. The filtered
solution was kept frozen until further analysis. For the “after reduction” sample, 1 mL of
solution was taken from the equilibration tube and put into the anaerobic glovebox. This
sample was then reduced in our electrochemical cell, pushed through a 0.2 um filter
membrane (Advantec) and the filtered solution was frozen until further analysis. For our
pure mineral sorption experiments with ferrihydrite and goethite, 5 mg of each mineral

sediment were added into the 4 mL solution of phosphate concentration ranging from O-
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400 ppm and the same procedure was followed to obtain the after sorption and after

reduction samples. All liquid samples were then frozen for later analysis via absorbance

spectrophotometry.
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Figure 4. Schematic Diagram Modeling Steps Followed to Obtain the Sorbed Sample
and Reduced Sample for SRP and TDFe Analyses in Sorption Experiments.

2.2.3 Spectrophotometry Techniques

SRP and TDFe for samples were analyzed using an Epoch 2 Microplate Reader
(Biotek). These spectrophotometry techniques were used for filtered samples both from
MER/O of natural sediments of varying masses with no added phosphate and for sorption
experiments of natural and synthesized samples with varying initially added phosphate
concentrations. To analyze SRP, we used the Malachite Green Assay [45] and to analyze
for TDFe we used the Ferrozine Assay (Hach Method 8147). Calibration curves for both
techniques were obtained from reference solutions of our PIPES buffer with reacted DQ
or ABTS after filtration through the 0.2 um membrane filter. Solution SRF or TDFe

concentration was calculated from the best linear fits of the calibration curves.

2.2.4 u- X-ray Fluorescence (Multi-)Energy Mapping

u-X-Ray Fluorescence (u-XRF) (multi-)energy mapping was used to map spatial
distribution or relative abundance of Fe and P in mounted sediment samples. During the
first round of beamtime we analyzed our natural MBS samples before and after reduction
and oxidation via MER and MEO, respectively. The reduction sample of 186 mg and
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oxidation sample of 192 mg MBS were subjected to MER and MEO, respectively, in our
electrochemical cell, flash frozen with liquid nitrogen ,and lyophilized prior to XAS
analyses. All the samples were mounted on Kapton tape at the beamline, and the reduced
sample was mounted within an anaerobic chamber to prevent re-oxidation of the sample.
At beamline 2-3, we ran iron u-XRF maps of an approximate 2x2 mm area with a 5 um
beam diameter and a 7 um step size, making each pixel on the map a 7x7 um area. Maps
were obtained at 7150 eV, near the Fe k-edge energy. At beamline 14-3 we obtained p-
XRF maps with the same beam size and step size settings, but with different areas and
energies. Initially maps were taken at 2160 eV, near the P k-edge associated with
phosphate species to map spatial distribution of relative abundance of phosphate. Based
on the initial maps, we selected areas with multiple hotspots to take multi-energy maps
over much smaller areas (due to time restrictions with scheduled beamtime) at energies
2147.7, 2149.0, 2152.0, 2152.15, 2152.3, 2152.5, 2155.0 eV. Some of these energies
were very close together and didn’t show significant variations in spatial distributions, so
for further multi-energy maps we narrowed our selected energies.

During our second round of beamtime we wanted to increase our Fe and P
concentrations and also evaluate distribution and speciation of P integrated with time. To
increase the Fe and P concentrations we added known amount of ferrihydrite and goethite
to our MBS samples and sorbed them with phosphate solution for 24 hours, like in the
first step of the sorption experiments. We created four ~200 mg samples that were sorbed
with 4 mL of 100 ppm phosphate for 24 hours: MBS with ~10% ferrihydrite, MBS with
~25% ferrihydrite, MBS with ~10% goethite, and MBS with ~25% goethite. The entirety
of these samples was put into the anaerobic glovebox, reduced for 4-5 hours, flash frozen,
and lyophilized before analysis. Samples were taken from each of the slurries with 10%
synthesized mineral additions at time 0, 15 min, 30 min, 1 hr, and 4 hrs. Samples were
taken from each of the slurries with 25% synthesized mineral additions at time 0, 15 min,
30 min, 1 hr, 2 hrs, and 5 hrs. All of these samples were mounted and u-XRF maps were
obtained for each, except for the 25% ferrinydrite MBS sample from 2 hours, which got
lost during sample transit. Multi-energy maps were taken for these samples
simultaneously, as compared to previous beamtime where we took an initial map to select

our smaller multi-energy areas, at beamline 2-3. Energies included 2147.7, 2149.0,
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2152.0, 2155.0, and 2160.0 eV. The indications for each of these energies for types of

phosphate species are included in Table 2.

Energy (eV) Phosphate Species Association
2147.7 Pre-edge peak associated with Fe oxide sorbed PO4*
2149.0 Pre-edge peak associated with Fe oxide sorbed PO4*
2152.0 Main k-edge peak energy for phosphorus in phosphate
2155.0 Post-edge feature, typically for apatite species
2160.0 Post-edge interference energy for determining “total” phosphate

Table 2. Significance of Selected Energies for Phosphorus Multi-Energy Mapping.

2.2.5 X-Ray Absorption Near Edge Spectroscopy Analyses

Based on our u-XRF maps from beamline 2-3 for Fe and 14-3 for P we were able
to select spots within samples to obtain x-ray absorption near edge spectroscopy
(XANES) data. With our p-XRF maps we can determine where the iron and phosphorus
are; however, the XANES spectra are necessary to determine what the iron and
phosphorus are. For our initial reduced, untreated, and oxidized MBS samples we
selected around 10 spots on our map. We ran quick principle component analyses (PCA)
on maps to select grains that were representative of the diversity of Fe and P species in
our samples. Most spectra were targeted at large grains with high Fe/P concentrations,
but we also included a few targeted within the more diffuse background areas. Our
XANES data were taken with a beam diameter of 5 pm. For our time series integrated
samples with added synthetic ferrihydrite, goethite, and sorbed phosphate we were able to

obtain XANES spot data for some, but not all, samples due to beamline time constraints.
2.3 Results
2.3.1 Mediated Electrochemical Reduction and Oxidation of MBS Samples

MER and MEO were performed on MBS samples of 5 mg, 10 mg, 20 mg, and 30

mg in duplicate. These redox techniques were successful in driving redox reactions in
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MBS slurries at neutral pH 7. Although samples of each mass were run in triplicate, and
relative standard deviation for area under the curve for samples ranged from 0.87-
15.85%, and so a 20% conservative error was applied to the resulting data due to
variations in redox environment, such as oxygen and hydrogen concentration of the
anaerobic chamber, for each MER/MEO scan. The area between these curves and the
baseline value at zero uA represents the number of electrons exchanged between the
electrode surface and electron transfer mediator species, with electrodes polarized at E =
-0.65 V for MER and E = 0.55 V for MEO versus an Ag/AgCl reference electrode. As
the mediators are at equilibrium with the polarized electrode when the samples are added,
the signal during the second scan between the working electrode and mediator directly
reflects any reaction taking place between the sample species and mediator in solution, as
shown in Figure 5. Reduction reactions are shown in the positive current axis, while
oxidation reactions are shown on the negative current axis. For this set of MBS data, a
baseline value was made from the average current of the last 100 seconds of each scan
and subtracted from the curve for calculating electron exchange capacity (EEC), more
specifically electron accepting capacity (EAC) for reduction and electron donating
capacity (EDC) for oxidation curves. The Base R package in R Studio was used for the
baseline subtraction calculation and to integrate the area under the curve and calculate
EEC for all baselined subtracted reactions. EEC resulting from each reaction is plotted in
Figure 6 as a function of total mass of sediment added to the electrolytic cell. The drop in
measured current apparent for the oxidized 30mg sample was caused by the cell’s

magnetic stirring battery shutting off before the scan was completed.
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Figure 5. Chronoamperometric Curves for Reduction (Positive Current Axis) and
Oxidation (Negative Current Axis) for Varying Masses of MBS in 3 mL of PIPES Buffer
Solution. Each Curve Represents the Baseline Subtracted Reduction and Oxidation

Curves for MBS Samples.

EAC is significantly higher than EDC for the MBS samples of the same mass.
The number of moles of electrons exchanged between the sample and the working
electrode (expressed in mmol) was calculated using Equation 1 and plotted in Figure 6.
These values are based on averaged data from the EECs derived using curves shown in
Figure 5, taken from the last 100 data points when the baseline became stable. For the
oxidized 30 mg sample, the baseline average was taken before the current dropped to
near zero. With increasing mass, there is a strong positive linear correlation with the
number of moles of electrons exchanged in redox reaction. For all sample mass reactions,
the number of electrons exchanged with the electrode surface were over 250% higher,
and up to 340.43% as shown in the 5 mg sample, in reduction reactions than in oxidation

reactions.
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Figure 6. EEC of MER (Blue) and MEO (Red) Experiments Conducted on Varying
Masses of MBS with 20% Standard Deviation.

2.3.2 Total Dissolved Iron and Soluble Reactive Phosphate from MBS

After MER and MEO experiments with MBS samples of masses 5-30 mg, we
analyzed filtered solutions for SRP and TDFe, to determine the SRP and TDFe remaining
in solution. This sample data represents released P and Fe from MER and MEO reactions
of the pure MBS samples (no addition of sorbed phosphate). Oxidized samples showed
low release of both SRP and TDFe, while reduced samples showed release of the existing
solid fractions for both phases, with SRP concentrations below 413 ppb and TDFe
concentrations below 107 ppb (Figure 7). Average TDFe concentration released after
MER for these samples appears geochemically constrained (Figure 7B) with no linear
relationship in released TDFe as a function of MBS mass reacted. With increasing
sediment mass, released SRP after MER exhibits a continuous positive correlation
(Figure 7A). Due to low concentrations of released SRP and TDFe from oxidized
samples, further analyses were performed only with MER experiments, as these show to
be more significant contributors to loss of solid phase SRP and Fe. When phosphate
concentrations (0-50 ppm) were added to consistent mass of 100 mg MBS sediment,
release of P increases for lower concentrations and is limited with higher concentrations
of added phosphate (Figure 8A). Note the change in y-axis scale for these measurements.

Released SRP from these samples increased with increasing starting concentrations of
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phosphate up to 25 ppm; however not all phosphate is released into solution for samples
with higher starting phosphate concentration and SRP concentrations level off and
become consistent near 30 ppm for our samples that started with 25 and 50 ppm
phosphate, suggesting geochemical limitations of SRP in solution after reduction of MBS
samples with higher sorbed phosphate, or sorption of the phosphate to minerals that did
not react as a result of MER. Released TDFe again remains relatively consistent for
samples with relatively lower added phosphate (Figure 8B), and the concentration of
TDFe released for our MBS samples with 50 ppm starting phosphate are lower than all

other samples.
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Figure 7. Plot of Released SRP (A) and TDFe (B) as a Function of Reacted MBS Sample
Mass with No Added Phosphate. Red Data Points Represent Samples Analyzed After
MEO and Blue Data Points Represent Samples Analyzed After MER.
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Function of Added Phosphate that was Sorbed for 24 hours in a Mixed Solution (Figure
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the Standard Deviation from Three Trials for Each Sample.

2.3.3 Mediated Electrochemical Reduction of Pure Mineral Samples
Pure mineral samples of 2-line ferrihydrite ((Fe3*)203+0.5H,0) and goethite

((Fe*")O(OH)) were reduced using the MER to evaluate rates and extents of reduction for
each mineral using EAC and varying amounts of sorbed phosphate. Mineral composition
and purity was confirmed by x-ray diffraction (XRD) analyses prior to MER
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experiments. All samples were 5 mg of mineral standard mixed with varying
concentrations of phosphate solution, from 0 ppm to 400 ppm for 24 hours. The
chronoamperometric curves were baseline subtracted using R Studio to calculate mineral
reduction extents. A conservative 20% error estimate was applied to the calculated
percent of mineral reduced in Figure 9 to account for error associated with reduction
conditions and baseline subtraction. This estimate again is based on error associated with
the relative standard deviation from the MBS redox curves to account for variations in
redox environment within the anaerobic chamber, for consistency of analyses. All
ferrihydrite mineral samples reduced more completely than goethite samples, with overall
reduction extents of 105 +/- 18.3% and 40.6 +/- 12.7% respectively. With a 90%
confidence interval for both data sets, p-values for the ferrihydrite and goethite reduction
extents versus phosphate concentrations were p=0.001 and p=0.132 respectively. These
results suggest that phosphate concentration did not significantly affect the extent of
goethite reduction, however phosphate concentration did significantly affect the extent of
ferrinydrite reduction.
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Figure 9. Mineral Reduction Extents from MER Curves for 5 mg Ferrihydrite (Red) and
Goethite (Yellow) Samples with 20% Standard Deviation.
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The rate constants (k) for these reactions were calculated using equation 2:

In (/¢ ) = —kt

Equation 2. First order kinetics equation for calculating rate constants.

where Co and C are initial and residual mineral concentrations, and t is time. The slope of
the plots in Figure 10 represents the rate constant k. Samples FA-FG represent 5mg
ferrihydrite samples with concentrations of stating phosphate 0, 10, 50, 100, 200, 300,
and 400 ppm respectively. Samples GA-GG represent 5 mg of goethite samples with the
same concentrations of starting phosphate concentration from 0-400 ppm. Data from
sample GF was omitted due to an unstable ending baseline, inhibiting accuracy to
calculate EAC and k. The linear logarithmic reduction of these samples exhibits first
order Kinetics at pH 7 with the working electrode polarized at -0.65 V. The rate constants
and R? values from the linear fits are listed in Table 3. Rate of reaction results are
inconsistent with previous MER studies with these minerals [3, 36], however these
studies involved pure mineral samples without added phosphate. Goethite samples
reacted more quickly than ferrihydrite, although the extent of goethite reacted is more
incomplete (Figure 9). Ferrihydrite reacted more completely but with more sluggish
kinetics in comparison to the rates of goethite reduction. Although in Table 3 we can see
that the rates of reduction were linear with all R? values above 0.94. Regression analysis
was performed to determine if the rate constants for ferrihydrite and goethite reduction
reactions was significantly correlated to initial phosphate concentration of the solution.
With a 90% confidence interval for both data sets, p-values for the ferrihydrite and
goethite rate constants versus phosphate concentrations were p=0.058 and p=0.896
respectively. These results suggest that phosphate concentration did not significantly
affect the rates of goethite reduction, however phosphate concentration did significantly
affect the rates at which our ferrihydrite samples were reduced.
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Figure 10. First-Order Rate Constant Plots for (A) Ferrihydrite Samples and (B) Goethite
Samples with Sorbed Phosphate with Starting Concentrations from 0-400 ppm
Phosphate.
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Starting Phosphate =~ Ferrihydrite Samples Goethite Samples

Concentration A R? A R?
(ppm)
0 0.034 +/- 0.0062 0.955 0.049 +/-0.0094 0.953
10 0.033 +/- 0.0058  0.958 0.044 +/- 0.0074 0.963
50 0.028 +/- 0.0061 0.943  0.053 +/- 0.0026 0.0965
100 0.024 +/- 0.0027 0.981 0.041 +/-0.0024 0.996
200 0.027 +/- 0.0007  0.948 0.053 +/- 0.0090 0.965
300 0.029 +/- 0.0056  0.960 -- -
400 0.019 +/- 0.0050 0.998 0.045 +/-0.0035 0.994

Table 3. Rate Constants (k) and Linear Fit R? Values for Reduction Rates of Pure 2-Line

Ferrihydrite and Goethite Minerals Samples with Sorbed Phosphate.

2.3.4 Total Dissolved Iron and Soluble Reactive Phosphate from Mineral Sorption
Experiments

Sorption of phosphate from solution concentrations of 0-400 ppm to 5 mg of
ferrihydrite or goethite resulted in depletion of nearly all phosphate from solution (Figure
11A and 12A). After sorption of phosphate to ferrihydrite for 24 hours, no Fe was
released into solution for any sample, as shown in Figure 11A. Phosphate remaining in
solution after 24 hours was limited, but not zero. After the sorption to ferrihydrite, SRP
remaining in solution measured at 8.29 +/- 0.30 ppm SRP for all trials starting with 100
ppm or higher. After MER of these ferrihydrite samples with nearly all sorbed phosphate,
Figure 11B shows the relationship between released SRP and TDFe in solution. TDFe
concentrations gradually increase in samples with up to 100ppm starting phosphate and
then drop off to near zero values. SRP concentrations are relatively low for low starting
concentrations, and then increase respective to TDFe decreases beginning with our 100
ppm starting phosphate sample, shown in Figure 11B. The crossover point where SRP
becomes higher than TDFe is at the 100 ppm starting phosphate sample. Although the
starting phosphate concentration is increasing for these samples plotted along the x-axis,

the starting Fe concentration is consistent across all of the ferrihydrite and goethite
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samples weighing 5mg, suggesting that decreased concentrations of TDFe after reduction
do not account for all of the Fe in the system. The released SRP for our ferrihydrite
solutions remains relatively stable, averaging 32.20 +/- 2.60 ppm SRP for samples
starting with 200, 300, and 400 ppm phosphate even though starting phosphate
concentration were increasing. These results indicate that not all phosphate is accounted
for in solution after reduction. Resulting released SRP and TDFe trends from goethite
samples after sorption and after MER are similar to those observed with ferrihydrite
samples (Figures 11 and 12). In Figures 11A and 12A it is apparent that no Fe was
released into solution after sorption, and phosphate sorption is geochemically limited
with 9.47 +/- 0.91 ppm SRP remaining in solution for both goethite and 2-line
ferrinydrite. The sorption capacity for either mineral was not met with these sorption
experiments, as a rise in SRP concentration after sorption would be expected. After MER
of phosphate-sorbed goethite samples, SRP released remains relatively constant until an
increase is seen beginning with our 100 ppm phosphate starting sample. The released
SRP at higher starting concentrations levels off at 40.58 +/- 2.05 ppm SRP released into
solution. Collectively, MER of the phosphate-sorbed goethite samples resulted in lower
total percentages of mineral reduction than that of ferrihydrite (Fig 10B), and higher
release of SRP and TDFe into solution after reduction, likely due to the lower molar mass
of geothite meaning that more moles of Fe were present in these experiments. MER of
phosphate-sorbed ferrihydrite samples resulted in near complete percentages of mineral
reduction, moderate Fe release into solution for low starting phosphate concentration
samples, <200 ppm, almost no released Fe into solution for samples >200 ppm, low SRP
release into solution for low starting phosphate concentration samples, <200 ppm, and

increased and relatively stable SRP release into solution for samples >200 ppm.
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Figure 11. SRP and TDFe as a Function of Sorbed Phosphate After Sorption (A) and
After Reduction (B) with 5 mg Samples of Pure 2-Line Ferrihydrite. Errors Bars Were
Calculated Using the Standard Deviation of Three Absorbance Spectroscopy Samples for
Each MER Trial.
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Figure 12. SRP and TDFe as a Function of Sorbed Phosphate After Sorption (A) and
After Reduction (B) with 5 mg Samples of Pure Goethite. Errors Bars Were Calculated
Using the Standard Deviation of Three Absorbance Spectroscopy Samples for Each MER
Trial.

2.3.5 XAS Redox Experiments with MBS

To further analyze the geochemical changes concurrent with MER and MEO of
MBS, pu-XRF maps were obtained for three mounted sediment samples: MBS oxidized
via MEO, an untreated sample of MBS, and MBS reduced via MER. The reduced and
oxidized samples represent MBS after completion of redox changes. For Fe analysis, p-
XRF maps were obtained at the Fe k-edge energy,7150 eV to model relative abundance
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and distribution of Fe in the sediment. XANES spots were selected based on these maps
and obtained using a 5 micron diameter beam size. These maps are represented in Figures
13-15 with corresponding XANES spectra; general distribution of Fe is widely different
across each image. In our untreated sample grains are much larger, however this may be
attributed to lack of stirring time in solution prior to analysis. Large Fe-rich grains are
more apparent in this sample, while small Fe-rich grains are present in the oxidized
sample, and the reduced sample lacks large grains and areas heavily concentrated with
Fe. The smaller, more Fe-rich grains in the oxidized sample may be due to break down of
larger Fe grains, that retained their oxidized state while being stirred for 5 hours. Relative
abundances of Fe in each map are scaled the same, making it apparent that the reduced
MBS sample has relatively lower overall concentration of solid phase Fe in comparison
to the oxidized and untreated MBS. This observation compliments the results shown in
Figure 6B, where Fe was released and measured in solution samples after reduction of
MBS rather than retained in the sediment sample. While these maps provide a robust
analysis of Fe distribution within the sediment, the XANES spectra provides more
intricate details about Fe-grain speciation across the maps.

Pre-edge peaks associated with Fe XANES spectra are typically attributed to Fe-
phosphate minerals and Fe-minerals with sorbed phosphate. These pre-edge features are
located between 7147-7149 eV, denoted by the arrow in Figure 13. Spectra numbers 1, 2,
and 5 from the untreated MBS sample XANES have these pre-edge features (Fig 14).
Spectra numbers 1 through 5 and 7 through 10 from the oxidized MBS sample XANES
also have these features (Fig 13), while only 1, 2, and 10 from the reduced sample exhibit
the pre-edge features (Fig 15), indicating that there are less Fe-P minerals or P-sorbed Fe
minerals in our reduced sample that were identified via XANES as compared to the
untreated and oxidized samples. With the exception of spectra 10, the large sediments
grains from the untreated sample are representative of Fe minerals associated with P, with
apparent gradient of high Fe concentration in the center of the grains that decreases with
increasing distance from the center. The smaller grains within this sample do not have the
pre-edge feature and are not complexed with P. All grains that were analyzed with
XANES in the oxidized samples, with the exception of spectra 6, exhibit the Fe-P

associated pre-edge peak regardless of relative grain size. Concentration gradients are
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apparent in the oxidized sample Fe grains, as shown in Figure 13 in grains 1-3. Larger,
more defined grains as well as diffuse grains, i.e. spectra 10, in the reduced sample have
Fe-P complexed minerals, however the concentration gradient within the reduced sample
is much less defined with centers less prominently concentrated with Fe.

In figures 16-18, u-XRF maps were obtained near the P k-edge energy, 2160 eV
to observe changes in distribution and relative abundance of P for an untreated, oxidized,
and raw sample of MBS. Pre-edge peaks in our P XANES spectra, between 2147-2149
eV are typically associated with Fe-P minerals and P sorbed with Fe minerals. A distinct
post-edge ‘shoulder’ feature near 2155 eV is indicative of apatite mineral species. Since
our motivation is to characterize Fe and P interactions in space and time, apatite minerals
that were present are minimally discussed. Our untreated sample is similar to the p-XRF
map obtained near the Fe k-edge in that it shows large P-depleted areas around the map,
likely due to lack of stirring the sediment in solution and mechanical breakdown of
mineral grains. Due to low signal to noise ratio, sample spectra in this sample were
difficult to normalize to a baseline value. Our single XANES spectra in the untreated
sediment sample does not contain our pre-edge feature and is not a P phase associated
with Fe mineral sorption or apatite minerals. In the oxidized sediment sample, we see
evidence of Fe-P minerals and P-sorbed Fe minerals for samples 1 and 2 which exhibit
the pre-edge feature, while samples 3 and 4 are apatite grains. Sample spectra 1and 6
from the reduced sediment sample display pre-edge features. While similar in size,
spectra 1 has an apparent P concentration gradient that is increased towards the center of

the grain while spectra 6 has a more constant P concentration throughout.
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Figure 13. u-XRF Map of an Oxidized Sample of MBS Sediment Near the Fe k-Edge Energy, 7150 eV, and XANES Data
Corresponding to Sediment Grains Indicated by the Plot Markers. The Scale Bar Represents 200 Microns.
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Figure 14. u-XRF Map of a Untreated Sample of MBS Sediment Near the Fe k-Edge Energy, 7150 eV, and XANES Data
Corresponding to Sediment Grains Indicated by the Plot Markers.
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Figure 15. u-XRF Map of a Reduced Sample of MBS Sediment Near the Fe k-Edge Energy, 7150 eV, and XANES Data
Corresponding to Sediment Grains Indicated by the Plot Markers.
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Figure 16. u-XRF Map of an Oxidized Sample of MBS Sediment Near the P k-Edge Energy, 2160 eV, and XANES Data
Corresponding to Sediment Grains Indicated by the Plot Markers.
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Figure 17. u-XRF Map of an Untreated Sample of MBS Sediment Near the P k-Edge Energy, 2160 eV, and XANES Data
Corresponding to Sediment Grains Indicated by the Plot Markers.
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Figure 18. u-XRF Map of a Reduced Sample of MBS Sediment Near the P k-Edge Energy, 2160 eV, and XANES Data
Corresponding to Sediment Grains Indicated by the Plot Markers.



2.3.6 XAS Time Series Experiments with Mineral Spiked MBS

Time series results portray u-XRF maps and corresponding XANES spectra
during specific points throughout the redox processes driven by MEO and MER. Our
samples for the time series experiments, shown in Figures 19 and 20, are representative
of P distribution and speciation as a function of time with the times in minutes displayed
above each sample u-XRF map. XANES spectra for points the sample maps are
displayed in the corresponding plots below. The same methods were used to obtain the
time series u-XRF maps, however the figures shown and tricolor plots representing three
different energies with red, green, and blue. The red data points represent absorbance at
2147 eV, or P areas that are associated with Fe minerals. This component has been
upscaled to 5 times that of the other two energies plotted, as the pre-edge feature at this
energy is a much lower absorbance than the main K-edge peaks, as seen in the previous P
XANES spectra. The green data points represent the P K-edge energy at 2152 eV,
mapping P generally around the map. The blue data points represent post-edge features
associated with apatite minerals at 2155 eV.

In the MBS-ferrihydrite mixture it is P abundance throughout the solid phase,
represented in the maps, decreased as MER continues and increases again at the end.
Although we would expect to see more red as the time of MER continues, the Fe
associated P is only distinct in a single large grain after 300 minutes. Many of the grains
that were analyzed via XANES are plotted more heavily in the K-edge feature and the
post-edge apatite feature. Many spectra are discernable P with no significant pre- or post-
edges features to determine mineral structure or are apatite, shown by the large post-edge
shoulders in spectra 1-3 from the 15-minutes map and 5-2 through 5-5 in the 300 minute
map. The MBS goethite maps were analyzed using the same color-energy
correspondence. Almost all spectra, aside from the 300 minute 5-3 are variations of
apatite. Red data points are less visible in the 300 minute end member map after
equilibration was reached with MER. Relative abundance of P in the solid phase for these
samples was increased before reduction, and relatively similar with increase in time

reduced.
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Figure 19. Time Series u-XRF Maps from a Sample of MBS with 25% Ferrihydrite Added After Times 0, 15, 30, 60, and 300
Minutes with Corresponding XANES Spectra.
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2.4 Discussion
2.4.1 Missisquoi Bay Sediment Redox Properties and Fe/P Cycling

Missisquoi Bay of Lake Champlain (Vermont, USA) serves as a model for
shallow, freshwater lake systems exhibiting significant P cycling and flux associated with
redox changes from diel to annual time scales [31, 32, 34, 35]. This environment is
extensively researched, and characterizations of Fe and P flux between water and
sediment rely heavily on wind events, temperature, and watershed connection, all of
which influence the redox behavior at the sediment-water interface that drives oxidative
precipitation and reductive dissolution of Fe and P mineral phases [26, 31, 34]. Fe oxide
minerals precipitate, ripen, and age over time as oxic environments persist [11] while Fe
oxide minerals reduce and dissolve to release ferrous Fe to the water column in anoxic
environments [36]. Oxidation and precipitation of Fe oxides occurs during unstable
hydrodynamic conditions and oxygen penetration reaches further depths in the water
column and reacts with ferrous Fe to initially create amorphous and small-grained Fe
oxide minerals that readily sorb available P in the form of orthophosphate. Reductive
dissolution of Fe minerals and release of P from surface sediments to water is observed
during stable hydrodynamic conditions, and is magnified by cyanobacterial blooms
where heterotrophic metabolisms consume oxygen more rapidly beneath the surface layer
and deplete oxygen lower in the water column [32]. The samples that we have obtained
from Missisqoui Bay are sediment samples from the top 5 cm of the sediment column
that have been flash frozen, lyophilized, and sieved to 63 um. The MBS samples used in
our experiments are representative of sediment with critical involvement in P transport in
two specific ways: 1) the samples represent sediment that resides at the sediment water
interface and are more susceptible than samples deeper in the sediment column to redox
cycling between sediment and solution, and 2) the samples are fine-grained, and with
more surface area sediment grains are more physically susceptible to geochemical
changes in their environment, and thus coupled P cycling driven by redox
transformations.

In the presence of oxygen, Fe oxide minerals precipitate in a sequence beginning

with amorphous or nanoparticulate particles that are unstable, namely ferrihydrite. As
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oxidation persists, ferrihydrite minerals begin to ripen, forming larger, more stable
mineral structures and evolve into more stable Fe oxide minerals like goethite. In shorter
time scales, oxidation of these smaller, more unstable mineral crystals promotes P
sorption as these minerals exhibit both increased surface area and affinity for P sorption.
Ferrihydrite has the highest sorption affinity of all Fe oxide minerals due to
characteristics including poor crystallinity and high surface site density [46] and can
retain more P in solid form, isolating P from the aqueous environment as it adheres to the
solid mineral grains. As minerals ripen into more stable and larger-grained Fe oxides,
affinity for P sorption decreases for minerals like goethite, as sorption affinity for
phosphate continues decrease exponentially with increasing grain size of more stable Fe
oxides [30]. When oxygen is depleted near the sediment water interface due to previously
mentioned mechanisms such as stable hydrodynamic conditions and lack of water
column mixing, Fe oxides reductively dissolve, concurrently releasing P as the mineral
grains break down. The smaller, unstable and poorly crystalline minerals are the first to
dissolve and release increased amount of P sorbed to their surface. As reductive
mechanisms continue, more stable minerals, with focus on goethite, dissolve more slowly
and incompletely. Even more stable Fe oxide minerals, such as hematite, are less critical
in the coupled Fe/P cycling mechanisms as they have a much lower affinity for sorbing P
and exhibit redox changes in time scales ranging from weeks to months. As reductive
dissolution occurs and Fe and P are release into solution, saturation of these materials in
the aqueous phase can lead to precipitation of new Fe-P minerals, such as vivianite with
Fe(I1) or strengite with Fe(l11). Precipitation of these minerals reduces bioavailable P in
the water column. Mediated electrochemical experiments serve as an electron transfer
driver to understand the geochemical changes driven by redox changes for pure sediment
samples, 2-line ferrihydrite, and goethite samples and observe rates and extents of
reduction and oxidation in their isolated environments. These mediated experiments can
indicate both the rates and extents of redox transformations of samples, and with coupled
analyses can provide insights to specific geochemical changes in the system resulting
from driven redox transformations. To understand how dissolved P in the water column
further affects Fe and P cycling and redox dynamics, phosphate was also added to these

samples via sorption before MEO and MER experiments.
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Mediated electrochemical experiments were successful in driving redox reactions
of MBS without the addition of phosphate (Figure 5) at pH 7 with an E4MER of -0.65 V
and an E4MEC of 0.55 V. In these experiments, we hypothesized that MEO would oxidize
largely organic molecules, including organic P molecules which make up a significant
portion of P in these sediments [32], while MER would reduce Fe-oxide minerals in a
sequence dictated by mineral stability, where ferrihydrite minerals are dissolved initially
follow by goethite and more crystalline forms [3]. For MBS samples, MEO and MER
extents of our sediment proportionally increased with increasing sediment mass from 5-
30 mg (Figure 6) with the given system conditions, so we expect that extrapolating the
trend would account for EEC estimates of larger amounts of sediment given the same
system conditions in natural environments. Oxidation extents were much lower than
reduction extents; however, MEO does drive reactions beyond those mitigated by
exposure to the atmosphere over time, resulting in further oxidation of species within the
MBS sample that can be thought of as possible metabolic reactions. Driven oxidation did
not result in any significant release of Fe or P, as shown in Figure 7, which remained
below 110 ppb (Fig. 7B) and 420 ppb (Fig 7A) even with our largest sample with 30 mg
of oxidized sediment. This is consistent with studies claiming that during unstable
hydrodynamic conditions and absence of algal blooms consuming large fractions of
available oxygen, where oxygen penetration into the water column increases, presence of
dissolved Fe and P is relatively lower and precipitation of Fe minerals and sorption of P
to those Fe minerals occurs, even if additional bioavailable P (as orthophosphate for
example) is released via microbial or mineral catalyzed dephosphorylation [47].

Reduction extents, and corresponding electron exchange capacity (EEC) between
the working electrode and electron transfer mediator, displayed for all MER and MEO
experiments in Figure 6, were more than twice that of the oxidation extents of MEO
experiments for the same sediment mass. The gap between EEC continues to increase
with increasing sediment mass. As mentioned previously, the MBS sample is
representative of sediment that has been exposed to atmospheric oxygen over time and
thus is readily susceptible to geochemical changes induced by MER-driven reduction and
is readily ‘reducible’. When reduced, MBS samples release both Fe and P, per Figure 7,
indicating that reductive dissolution of Fe oxides and concurrent release of P sorbed to
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these minerals within the MBS sample may occur on brief time scales ranging minutes to
hours with significant reaction driving force, or reduced free energy. No specific trend
with respect to Fe release from samples due to reduction of MBS via MER shown in
Figure 7B is apparent as the aqueous Fe remains relatively constant from 5 to 30 mg of
sediment reacted (R?=0.0198), while released P shown in Figure 7A continues to increase
with increasing sample mass (R?=0.7952). This data suggests that with our concentrations
of P, <9 ppm, and concentrations of Fe, <1 ppm after reduction, precipitation of Fe-P
minerals in solution was minimal, if any, as decreases in the released concentrations of
both Fe and P would be expected with new Fe-P mineral precipitation as reacted
sediment mass increases. To observe changes in system mineralogy, coupled techniques
are required in conjunction with the mediated electrochemical experiments, and thus p-
XRF mapping and corresponding XANES data provided insights to elemental
distribution and geochemical speciation of minerals across the sediment maps.

The initial batch of p-XRF mapping and corresponding XANES data aimed to
characterize geochemical changes in Fe and P mineral forms as a result of oxidation and
reduction driven by mediated electrochemical experiments for MBS samples without
addition of P. Data presented in Figures 13-18 are Fe and P maps of oxidized, untreated,
and reduced MBS samples mounted on a sample stage via sulfur-free tape and mylar
without additional Fe oxide minerals or added phosphate from sorption experiments. -
XRF maps near the k-edge energy for Fe in Figures 13-15 show changes in Fe
distribution in the samples between the oxidized, untreated, and reduced samples.
Oxidized Fe minerals typically exhibit pre-edge peak features around 7097-7100 eV. The
untreated MBS samples in Figure 14 exhibit both oxidized Fe minerals with pre-edge
features and Fe minerals lacking pre-edge features. Data targeting large grains, including
spectra 1, 2, 5, 7, and 10 are representative of oxidized Fe minerals, indicating that high
portions of our large grains have likely ripened over time and concentrate in larger grains
in surface sediments. The more diffuse areas, represented by all the other spectra within
the sample, are a mixture of both oxidized and reduced Fe minerals. Nearly all oxidized
MBS XANES in Figure 13 portray oxidized Fe minerals, in both the concentrated grains,
such as spectra 2, and the diffuse areas, such as spectra 7 and 8. The spectra from this

sample were analyzed via linear combination fitting (LCF) against our ferrihydrite and
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goethite standards, as those are the two oxidized mineral species of focus given our time
scales of further oxidation from MEO. All XANES spectra except for spectra 1 from the
oxidized sample were fitted more closely to the goethite standard spectra, while there
were more spectra similar to ferrihydrite in the untreated sample. This increased
similarity of the oxidized sample to goethite not observed in the spectra obtained from the
untreated sample XANES spots, with representative data presented in Table 4 and 5
below, suggesting that our oxidation driven by MEO experiments resulted in further
ripening of existing ferrihydrite, or other Fe minerals, within the MBS sample into the

more stable goethite mineral grains.

Sample Ferrihydrite Goethite
Oxidized MBS 1 | 88.0% 12.0%
Oxidized MBS 2 | 10.0% 90.0%
Oxidized MBS 3 | 15.7% 84.3%
Oxidized MBS 4 | 7.5% 92.5%
Oxidized MBS 5 | 11.3% 88.7%
Oxidized MBS 6 | 5.2% 94.8%
Oxidized MBS 7 | 3.0% 97.0%
Oxidized MBS 8 | 0.0% 100.0%
Oxidized MBS 9 | 0.0% 100.0%
Oxidized MBS 10 | 0.0% 100.0%

Table 4. Linear Combination Fitting Results Fitted to Ferrihydrite and Goethite
Standards from XANES Spectra Taken for the Oxidized Sample of MBS.
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Sample Ferrihydrite Goethite
Untreated MBS 1 | 86.6% 13.4%
Untreated MBS 2 | 95.8% 4.2%
Untreated MBS 3 | 43.2% 56.8%
Untreated MBS 4 | 20.1% 79.9%
Untreated MBS 5 | 97.7% 2.3%
Untreated MBS 6 | 17.2% 82.8%
Untreated MBS 7 | 0.0% 100.0%
Untreated MBS 8 | 0.0% 100.0%
Untreated MBS 9 | 0.0% 100.0%
Untreated MBS 10 | 0.0% 100.0%

Table 5. Linear Combination Fitting Results Fitted to Ferrihydrite and Goethite
Standards from XANES Spectra Taken for the Untreated Sample of MBS.

Reduction of MBS sediments results in XANES spectra across the sample that
were depleted in oxidized Fe minerals, hence the lack of the pre-edge feature on the Fe
XANES within the sample. Fitting these spectra with respect to vivianite and strengite
would allow for differentiation of our suspected Fe-P mineral precipitates that occurred
as a result of reduction and resulting solution chemistry. However, we did not have
standards for these minerals and thus assumptions of mineral precipitation are reliant on
the lack of pre-edge peaks observed in our reduced samples and aqueous solution
chemistry trends from spectrophotometry experiments. We also induce that from the
amounts of EAC exhibited by the reduction curves associated with MER experiments
from these samples that reductive equilibrium was reached prior to XAS analyses
coupled with lack of pre-edge features, reduced forms of FE minerals are dominant
within this sample.

Our phosphorus XANES spectra taken across the maps obtained in Figures 16-18
display a higher, and unfavorable, signal to noise ratio making it difficult to discern
different species of phosphorus at the untreated, oxidized, and reduced end member
samples. Due to this data collection, we developed a new hypothesis that if we increased

the concentration of phosphate in the samples for subsequent XANES spectra, then these
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would be more likely to compare to our standards library of phosphate(-sorbed) minerals.
Reduction experiments with phosphate added to MBS sediments did not occur until after
the initial batch of XAS data. Our next approach was to add both phosphate, and
ferrihydrite and goethite minerals, to the MBS samples and obtain more samples
throughout the reduction process rather than just at reductive equilibrium, hence
providing insight to more specific reaction mechanisms occurring during MER.

Discussion from further XAS experiments are described in the next section.
2.4.2 Iron Mineral Redox Properties and Fe/P Cycling

Definitive trends in Fe and P speciation as a result of redox transformations were
variable from initial experiments as there are more redox sensitive chemical components
in the MBS sediment than just Fe minerals. To focus further on mechanisms specific Fe
and P mineral species, further experiments with P sorption to MBS samples required the
addition of raw Fe minerals to isolate transformations between the solid and aqueous
phases resulting from reduction, oxidation, or lack thereof. VVarying amounts of
phosphate, from 0 to 50 ppm, were mixed in solution with MBS for 24 hours, and as
shown by the grey data points in Figure 8 nearly all phosphate in solution was sorbed to
the sediment and no Fe was present into solution after the equilibration time, and thus we
did not exceed phosphate sorption capacity for these sediments up to 50 ppm of added
phosphate for a 100 mg sample of MBS. Sequentially, the P-sorbed sediment samples
were subjected to MEO and MER. The MEOQ results from the phosphate sorbed sediment
are similar to the pure MBS sample data initially collected in that near zero amounts of
Fe or P were present in solution after driven oxidation. For this reason, oxidation
experiments were no longer performed, and the rest of the research focuses on the trends
in Fe and P observed after reduction of all samples by MER. The phosphate-sorbed MBS
samples after reduction exhibit inverse relationships in Fe and P release at higher
concentrations of initially sorbed phosphate, shown by the blue data points in Figure 8.
Trends in released Fe concentration begin to decrease with reduction of the 10 mg sample
and released P concentration begins to decrease with reduction the 10 mg sample,
suggesting that these components may be precipitating as mineral phases at higher

concentrations of released phosphate. Research from Voegelin et al [2] found that when
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aqueous ferrous Fe is oxidized in the presence of phosphate, that ferric Fe-P mineral
precipitation is apparent at P:Fe ratios as much as ~0.16 and is the dominant phase
produced at P:Fe ratios >0.55. The threshold for precipitation of ferrous Fe-P minerals as
a result of reduction is not well characterized, especially in naturally occurring
environments due to complex dynamic conditions and variability of water chemistry
across lacustrine environments at the SWI in addition to likely fine-scale chemical
heterogeneity across individual pore spaces. As reduction rates and extents of Fe-oxide
minerals have been characterized by Aeppli et al [3, 36], we aimed to take experiments
with pure Fe-oxide minerals, ferrihydrite and goethite, a step further by adding sorbed
phosphate and observing the effects on both reduction rates and extents and redox-
induced cycling between sediment and water. This also would help characterize the
thresholds for ferrous Fe-P mineral precipitation theoretically resulting from reduction as
a function of P:Fe ratios of the various samples of Fe-oxides with sorbed phosphate, in
contrast to the previous studies focusing on oxidation reactions.

Ferrihydrite samples (5 mg) were sorbed with varying concentrations of
phosphate from 0 to 400 ppb utilizing the same method and equilibration time as the P-
sorbed MBS samples, for 24 hours. After equilibration for samples with more initial
phosphate in solution, P remaining in solution reached a constant threshold near 8.29
ppm while almost no Fe was released from the fine-grained samples (Figure 11A). For
the same mass goethite samples and same concentrations of phosphate added to solution
the trend for P remaining in solution again established a threshold around 9.47 ppm with
no Fe released into solution from the mineral sample (Figure 12A), concluding that for
both minerals samples sorption continued until solution equilibrium with respect to
phosphate concentration was reached. Even though ferrihydrite has a higher sorption
affinity for phosphate than goethite [29, 46], with 5 mg of each sample and solution
phosphate up to 400 ppb we did not exceed maximum sorption capacity for either Fe-
oxide mineral.

The rates and extents of reduction of both the ferrihydrite and goethite minerals
with and without sorbed phosphate are presented in Figures 9 and 10. Reduction extents
of both minerals without added phosphate are consistent with previous findings that

ferrihydrite reduces completely while goethite reduces incompletely at neutral pH. Some
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ferrihydrite samples resulted in greater EEC than electrons present in the mineral sample,
indicating that even with minimal oxygen concentration in the anaerobic chamber,
ferrihydrite may be rapidly re-oxidized and available for reduction more than once within
the 2-hour MER experiments. The addition of increasing amounts of phosphate up to 400
ppm appears to decrease the extents of reduction for both ferrihydrite and goethite, as the
bar plots indicate a decrease in reduction extents at higher concentrations of phosphate in
solution. Phosphate influence on reduction rates was different between the two Fe oxides.
Both rate constants for ferrihydrite and goethite decrease with increasing phosphate
concentration, according to Figure 10 and reduction rate constants Table 3. While both
minerals exhibit decrease in reduction extents and rates with increasing phosphate
concentration, phosphate only exhibits a significant effect on the reduction extents and
rates of ferrihydrite reduction. Ferrihydrite’s higher sorption affinity for P may explain
why phosphate concentration inhibits the rate of electron transfer to the mineral grains,
while the unchanging rate of geothite reduction results in release of lower P
concentrations. It is possible that the sorption of phosphate onto the surface sites of the
ferrinydrite minerals resulted in shielding from electron exchange with the electron
transfer mediator, considering that previous studies conclude that ferrihydrite reduction is
much faster than goethite reduction [36]. Increased phosphate on the surface of these
small mineral grains could act as a barrier to delay reductive dissolution. In natural
sediment systems, this could provide a hypothesis that increased legacy P adhered to
more unstable Fe oxide minerals may increase the retainment of P in the solid phase and
decrease aqueous bioavailability resulting from reductive conditions, at certain
concentrations.

After reduction via MER for both the ferrihydrite and goethite samples with
added phosphate, Fe concentration in solution decreased as sorbed phosphate
concentrations increased, even with samples of the same mass. Phosphate release after
reduction increased as initial phosphate concentration increased for both goethite and
ferrihydrite, however in comparison to pre-experiment phosphate concentrations, some P
was still unaccounted for in the aqueous phase and was retained in solid phase. This is
due to either the retainment of phosphate within the mineral sediment or reductive

dissolution and precipitation of new phosphate minerals. At lower concentrations of
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initial phosphate, more Fe than P is released from the mineral sediments. SRP release
becomes higher than Fe for samples above 100 ppm initial phosphate for goethite
experiments (P:Fe = 0.075) and above 50 ppm for ferrihydrite experiments (P:Fe =
0.071). At 400 ppm initial phosphate, Fe in solution after reduction is zero or nearly zero
for both minerals. The lack of correlation between aqueous P and Fe after reduction,
coupled with the leveling concentrations of aqueous P concurrent with the decrease in
aqueous Fe at higher initial P concentrations, suggests Fe and P mineral reprecipitation in
these solution conditions. Precipitation of ferrous Fe-P minerals as a result of reductive
dissolution of Ferric iron minerals with sorbed P would explain the trends in aqueous Fe
and P concentrations that are inconsistent with previous data we collected. After
reduction of MBS samples (Figure 7), concentration of released P continues to increase
for all natural sediment samples. These results create a baseline for redox controlled
release with concentrations of Fe and P lower than those for our latter experiments. While
reduction of MBS caused continuous SRP release with increasing sediment mass, SRP
release from reduction of P-sorbed Fe oxides did not continue to increase with increasing
initial concentration of phosphate. The Fe concentration in solution is also orders of
magnitude higher in the Fe oxide sediment slurries than in the MBS slurries, and the
capability of ferrous Fe-P mineral precipitation is achievable in these conditions.

To achieve results more representative of natural sediments, while also increasing
Fe and P concentration to create adequate conditions for probable ferrous Fe-P mineral
precipitation after reduction, our second series of samples taken to the beamline for p-
XRF mapping and XANES analyses were MBS sediments with 25% added ferrihydrite
and goethite by weight, with 100ppm sorbed phosphate prior to reduction. We also took
time series aliquots during total reduction times of 5 hours for the 25% ferrihydrite MBS
sample and the 25% goethite sample with the goal of capturing specific geochemical
changes between the natural and reduced state of the sediment on refined time scales,
rather than just end member samples. The p-XRF maps for the 25% ferrihydrite sample
in Figure 19 are presented as tricolor plots, where red is plotted as 2147 eV to represent
pre-edge features of Fe-P minerals, green is plotted as 2152 eV to represent phosphate at
the k-edge energy for phosphate P, and blue is plotted as 2155 eV to represent any apatite
minerals exhibiting a post-edge shoulder. The red data point threshold for plotting
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purposes was increase 10-fold, due to lower energy absorption at the pre-edge features in
comparison to spectra characteristics as 2152 and 2155 eV.

For the 25% ferrihydrite sediment maps shown in Figure 19, initial maps show
abundant P-rich grains prior to reduction with MER. Many of these are either
representative of total phosphate at 2152 eV or the post-edge feature at 2155 eV
indicating apatite species grains. A few grains also portray a mixture of the higher energy
features with the 2147 eV pre-edge features, however the precise speciation of these
potential Fe-associated P minerals is not known as we did not obtain XANES data from
this map. Even lacking XANES spectra for all maps due to time constraints, it is clear
that overall phosphate concentration in the solid phase decreased from 0 to 60 minutes of
time subjected to MER as we see less and less grains apparent in the sample for all three
plotted energies. XANES spectra from the 15 minutes samples show that spot F1-3, a
larger grain on the map, was an apatite species due to it’s post-edge shoulder. The other
spectra from this samples were a smaller grain (F1-1) and more diffuse areas, where our
background to noise ratio was too high to discern pre- or post-edge features and identify
characteristics of the P mineral present. At 300 minutes, four apatite minerals (F5-2
through 5-5) were captured through XANES analysis. Other specific species are difficult
to distinguish as a low signal to noise ratio was still apparent for the diffuse areas within
the sediment map. The sample at 5 hours does exhibit increased abundance of the red
plotted grains, indicating that there are Fe-associated P minerals present after complete
reduction of the ferrihydrite-mixed sediment sample that were not present in the initial,
untreated sediment. These indicate that formation of new Fe-P minerals, such as
vivianite, may have formed between phosphate and ferrous Fe that were released into
solution as a result of MER.

Geochemical differentiation of species present in solution proved more difficult
than expected, even with increased concentrations of Fe and P species of interest added to
our MBS sediments. At such refined scales of mapping measured at 7 pm resolution, the
sediment samples were more homogeneous, and fine-grained, at this scale than expected.
Lack of distinguishing ferrous Fe-P precipitates after reduction could have happened for
several reasons. Firstly, it is possible that the mineral grains did not precipitate, however

this is a highly unlike scenario considering the trends in Fe and SRP solution
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concentration after reduction as determined by our solution chemistry characterization.
Secondly it is possible that the structure of these minerals may have resulted in inability
to characterize via XANES because the surface of the precipitates had increased Fe or P
relative to the center of the grains. Thirdly, and the most likely scenario for lack of the
precipitates in the spectra and maps is that the grains were so small that even at
microscopic resolution we were not able to see them. This is probable due to such quick
reaction times preventing ripening of large precipitates, as well as constant stirring and
convection of the system that did not allow more ripening of mineral grains to occur.
Aside from difficulties with elemental mapping and XAS experiments, solution
chemistry and trends in reduction extents and rates agree with the consensus that
phosphate concentration has a closely coupled redox cycling mechanism with Fe oxides
and may influence the redox properties and cycling of these minerals between solid and

aqueous phases.
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CHAPTER THREE: CONCLUSIONS AND FUTURE DIRECTIONS

3.1 Conclusions and Reflection from Existing Research

Mediated electrochemical experiments are a reliable technique to drive redox
reactions of not only single chemical species of interest but also more complex
heterogenous samples such as those found in natural environments. While the redox
transformations as a result of our MER and MEO experiments were successful and we
can confirm that the answer to our first research question is yes, determining specific
chemical transformation reactions and speciation of both solution and sediment are
difficult with such fine-grained samples even with bulk solution chemistry and
microscale elemental and speciation analyses. Results from our solution chemistry
analyses favor the idea that prolonged reduction of Fe oxide minerals with P:Fe ratios
above 0.71 for ferrihydrite and above 0.75 for goethite result in a change in release of Fe
and P from the solid phase in a system isolated from other chemical species in sediments
that could be explained by precipitation of Fe-P minerals like vivianite. With lack of
specific identification of vivianite in the reduced samples from XANES analyses, further
experiments are needed to confirm the presence and specific geochemical
characterizations of these precipitates after MER driven reactions.

We also conclude that sorbed phosphate concentration influences the reduction
rates and extents for ferrinydrite minerals, where higher concentrations of phosphate
sorbed to these minerals inhibit mineral reduction extents and slows the reduction
kinetics of ferrihydrite as compared to previous research. Our theory is that phosphate
sorption to the surface of ferrihydrite minerals shields the grains from electron transfer
between solution chemistry and reductants, however more refined analysis of the
structure of specific minerals grains is needed to confirm this phenomenon. This
correlation was not found with respect to reduction rates for goethite samples, as the
more stable Fe oxide has less sorption capacity for phosphate and sorption of phosphate
is less saturated on the mineral surfaces. Iron minerals do rely on phosphate interactions
to influence their redox properties in isolated environments. Analyses of the chemical
solutions require further experimentation to determine what is happening to the

distribution of Fe and P during redox transformations in terms of geochemical pathways
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and end members present after reduction reactions. We will rely on more intricate
techniques of furthered research to confirm the geochemical fate of iron and phosphate in
both isolated and natural systems. Although while phosphate does prove to be an
environmental contaminant of interest in the aqueous, bioavailable form of
orthophosphate, increased concentrations and sorption to minerals within sediments at
high enough concentrations may inhibit reduction of readily reducible Fe oxides at the

SWI and self-regulate as legacy phosphate continues to increase.

3.2 Future Needs

We did not achieve results as we expected for our XANES analyses with MBS
sediments and Fe/P spiked sediments in terms of identifying dominant chemical species.
We would have expected to see a higher abundance of samples representative of vivianite
of other Fe-P minerals, potentially strengite in oxidized samples, after reductive
dissolution with higher Fe oxide fractions in our solid samples. The state of the MER and
MEQ experiments was successful, as we know from our chronoamperometric curves that
significant redox transformations were driven for all samples. For future endeavors, -
XRF maps may require smaller areas to more comprehensively analyze XANES spectra
and comply with time restrictions that that arise with use of the beamline techniques.
Mapping smaller areas would allow for more XANES spectra per map, however we have
mentioned the homogeneity of the MBS samples at this scale and may sacrifice
representation of the sediment as a population. Further XAS techniques along with
alternative techniques, such as x-ray diffraction (XRD), are required to fully analyze the
specific geochemical components of such small samples as these refined techniques are

time consuming.
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