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ABSTRACT

Biogeochemical cycles in ecosystems regulate the flow of energy between reduced
species (typically carbon compounds) and a variety of oxidants via both biotic and abiotic
reactions. A key class of chemical compounds that can link these cycles through abiotic
pathways are Reactive Oxygen Species (ROS). The production of ROS via photochemical
pathways is well known. More recently, the non-photochemical production of ROS via the
one electron oxidation of ferrous iron (Fe(ll)) by dioxygen (O2) has been detected in a
range of environments. The oxidation of Fe(ll) initiates a pathway that generates an array
of ROS as Fe is cycled between Fe(ll) and Fe(lll) oxidation states. This dissertation
presents studies to investigate the oxidation kinetics of Fe(ll) and its role in producing and

maintaining ROS at oxic-anoxic boundaries.

The determination of the rate constant for the reaction of Fe(ll) and dioxygen is a
challenge due to the difficulty in isolating the reaction from an assortment of simultaneous
reactions involved in the Fe cycling process. The second order reaction rate evaluated using
a competition kinetics method against a series of Fe-binding ligands was determined to be
within 7x108- 2x10° Mst, This fast reaction kinetics suggest that in natural environments,

oxic-anoxic interfaces can trigger the rapid generation of ROS.

Historically salt marshes are associated with rapid primary production of plant
material but low subsequent decomposition due to physical limitation of oxygen

availability. Oxygen transport into carbon rich sediments is thought to be limited by low
Vi
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permeability in the fine-grained marsh sediments. Physical characteristics arising from
marsh grass rhizosphere and benthic burrows can greatly alter the flow dynamics
enhancing the advective flow of oxygen rich water into marsh sediment containing reduced
species such as Fe(ll). Radium tracer studies based on 22Th/??*Ra disequilibrium were
employed to assess the water exchange through a coastal marsh system. The greater flow
and heightened mixing efficiency promote the trapping of particle phases and the transport

of oxygen and other terminal electron acceptors to aid the organic carbon oxidation.

The production of ROS in the absence of light was verified in the organic carbon
rich sediment around the rhizophere of the common marsh grass, Spartina alterniflora.
Metastable mixtures of Fe(ll), O2 and ROS were measured over several seasons. This
finding indicates an abiotic pathway for ROS generation and a subsequent ROS mediated
mechanism for the degradation of organic carbon in aquatic environments. Ultimately,
these processes affect the carbon burial capacity and the export of carbon flux to the oceans

making these ecosystems key players in regulating global carbon budgets.

vii
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CHAPTER 1

A COMPETITION KINETICS STUDY FOR THE EVALUATION OF THE RATE
CONSTANT FOR THE FE(Il) AUTOXIDATION REACTION
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1.1 Abstract

The second order rate constant for the Fe?" reaction with dioxygen reported in
literature shows significant disparity. The presence of a number of parallel second order
reactions in the iron cycling process makes it a challenge to isolate the Fe?*-O; reaction
and determine the rate constant using kinetic models. Here, results from a competition
kinetics study to determine the value of the Fe?* oxidation rate constant are presented.
When Fe?* is introduced to an oxygenated system containing an Fe?" chelator, the ligand
and dioxygen simultaneously compete to react with Fe?*. When no interfering side
reactions are present, such a system can be manipulated to establish the Fe?* oxidation rate
constant, using the well-known formation rate constants for Fe?*-ligand complexes as
references. Here, phosphate was used to selectively complex Fe3* and inhibit the
regeneration of Fe?*. 1,10-Phenanthroline and 2,2’-Bipyridine were used as reference
compounds and the fraction of Fe?* reacted with the ligand was determined
spectrophotometrically. The calculated rate constant falls in the range of 1.3x107 — 1.9x108
Mst, This is several orders of magnitude higher than previously reported values and is

comparable to the reaction rate constant of the back reaction between Fe** and superoxide.

1.2 Introduction

For decades, the efforts to measure the oxidation rate of Fe?* have been a challenge
due to the complicated nature of the iron cycling process. This process is comprised of
several simultaneous second order reactions, making the isolation of the initial oxidation
step (reaction 1.1 below) a difficult task. In order to minimize the complications imposed

by the back reaction, many studies have been carried out at nanomolar levels of iron.
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However, even at such levels, the back reaction can still be significant in regenerating Fe?*.
Unless caution is taken to block the back reaction to negate its impact on the Fe?* oxidation,
an artefact is introduced into the calculations. Different species such as Br, CI- or COz*
are commonly introduced as sources to outcompete iron and react with superoxide.
However, the introduction of such species complicates the system matrix, leading to the
formation of various iron species that react at different reaction rates with dioxygen and
other oxidants. Since, the exact reaction rate constants for all these reactions are unknown,
computing the Fe?" oxidation rate constant becomes complex and often lead to circular

references.

The cycling of iron between its Fe?* and Fe3* oxidation states plays a significant
role in iron solubility and bioavailability in aquatic environments.®° The one-electron
oxidation of Fe?* to Fe* (reaction 1.1 below) is the initial step in the net oxidation and
subsequent removal of Fe from the dissolved phase. This reaction initiates the production
of reactive oxygen species (ROS) as shown in reactions 1.2-1.4 below. However, the
resultant Fe3* can be rapidly regenerated back to Fe?* through reaction of Fe®* with a
number of possible electron donors including ROS and reduced sulfur species.**?° In
aquatic systems, the persistence of the cycle is limited by the availability of electron donors
and/or the precipitation of Fe3* as soluble complexes. The residence time of Fe?* in aquatic
systems is a function of the relative net rates of the reactions within the cycle. Reactions
1.1- 1.4 represent the proposed catalytic mechanism for the redox cycling of iron species

with ROS.
Fe’*+0, s Fe**+0; reaction 1.1

Fe’"+0; — Fe’™+H,0, reaction 1.2

3
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Fe’*+H,0, — Fe**+HO' reaction 1.3
Fe’*+HO — Fe**+HO" reaction 1.4

While numerous studies have been conducted to examine various aspects of this
redox process, the rate of the reaction between Fe?* and molecular oxygen (reaction 1.1) is
not well constrained. This reaction is the critical initiating step of the process and proper
understanding of its thermodynamic and kinetic characteristics are of high importance to
explain and predict how the iron redox cycling and the ROS generation would proceed in
natural systems. The reported second order rate constants for the reaction between Fe?* and
dioxygen (forward reaction 1.1) vary between 0.058 — 170 M™s2.21-?5 pylse radiolytic
studies report a rate constant of 1.5x10% Ms? for the reverse reaction 1 which was re-
assessed and shown to be valid at seawater pH.?>?® These rates should heavily favor the
reverse reaction over the forward reaction, suggesting Fe?* should be the more kinetically
stable species in aqueous medium. However, the opposite appears to hold true as the one
electron oxidation of Fe?* under many oxygenated conditions yields Fe** as the more stable
of the two species. Thus, there is a discrepancy between the reported reaction rates and
what is practically observed for reaction 1.1. For Fe** to be the more kinetically stable
species in a system, the magnitude of the rate limiting forward reaction 1.1 should be

comparable to that of the reverse reaction.

The widely-used method for investigating the Kinetics of the iron oxidation reaction
has been to monitor the loss of Fe?* over time under different experimental conditions and
model the rate constant as a fitted parameter of a kinetic model.??%2?" Here, it is important
to establish first order reaction kinetics with respect to one reactant so that the array of

reactions can be integrated together and ultimately isolate the Fe?* oxidation reaction by

4
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dioxygen and elucidate its reaction kinetics. If such (pseudo) first order conditions are not
met, it can introduce an artefact to the rate calculations. Moreover, as the number of kinetic
parameters incorporated in the model increase, the error introduced through the
uncertainties in published rate constants can have a significant effect on the model
outcome. Most of the early kinetic studies at micro molar levels of Fe?* disregard the
impact of the reverse reaction. Studies by Burns et.al. report that Fe?* concentrations
greater than 4 uM leads to iron cycling up to 10 — 2200 times before its net oxidation.
Regeneration of Fe?* via the reaction of Fe®* with superoxide would lead to

underestimation of the rate constant for the forward reaction.

An alternative approach for investigating the kinetics of a fast reaction is the
method of competition kinetics. This is a well-established method where an unknown
reaction is tested together with a similarly fast reaction with a known rate constant,
competing for the same substrate.?2-3" Since the rate of the unknown reaction is measured
relative to a reference reaction it eliminates the need for direct monitoring of the unknown

reaction.

When two reactants (A and B) compete for the same substrate (X), the fraction of

X reacting with A can be given by the following expression (Eq 1.1).

ki [A][X]
(k; [A][X]+4,[B]IXT)

fraction of X reacting with A= Eql.1

where ki and k> are the respective reaction rate constants for A and B with X.

When the reaction kinetics of one of the reactants is known, it can be treated as a

reference compound. By measuring the fraction of the substrate reacting with the reference
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probe, either as the formation of the product or the disappearance of the reference

compound, the rate constant for the second reaction can be calculated.

The competition kinetics method for systems involving iron chemistry has been
used to elucidate Fenton chemistry, i.e. the reaction between Fe?* and H.02 and the
consequent oxidation of organic compounds by hydroxyl radicals.3®-4° A series of studies
by Kolthoff and Medalia assessed the stoichiometry of Fe?*/ H,Oz reaction in the presence
of different organic compounds.**? These experiments conducted in the absence of
oxygen showed Fe?* and H.02 competing for ‘OH. In the presence of oxygen, the Kkinetics
of the reaction system was complicated as oxygen outcompeted H2O, to react with Fe?*,
disrupting the predicted stoichiometric outcome for the Fenton reaction. While these
studies were not focused on calculating rate constants, they are early examples where
competition reaction kinetics has been employed to explore the differences in relative

reactivities of reactions in the iron cycling process.

To the best of our knowledge no previous studies have been reported where a
competition kinetic approach has been employed to evaluate the intrinsic value of the rate
constant for the Fe* - dioxygen reaction. Here, a study conducted in an effort to assess this
second order rate constant using a two-competing reaction system is presented. Different
ligands can form intensely colored complexes upon reacting with Fe?* that can be
quantified using spectrophotometry. The rate constants for these reactions are well
established in literature, thus can be used as reference compounds in a competition kinetic
setup. For this study, separate experiments were conducted with each of two ligands, 1,10-
Phenathroline and 2,2’-Bipyrindine. Experimental conditions were manipulated to

eliminate contributions of the back reaction to measured rates, e.g. addition of PO* to
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complex the Fe**. The goal was to generate a system that can be modeled as a two-reaction

system where the ligand and dioxygen compete simultaneously for Fe?*.

1.3 Experimental Methods

Materials

Iron(I1) chloride, anhydrous (99.5%) was purchased from Alfa Aesar. 1,10-
Phenanthroline (> 99%) was acquired from Acros Organics and 2,2’-Bipyridine from JT
Baker. HEPES (> 99.5%) was obtained from Sigma-Aldrich. Sodium phosphate
monobasic (100%) and Sodium phosphate dibasic heptahydrate (98.9%) were purchased
from Fisher Scientific. All solutions were prepared in 18 MQcm™ water. For Fe(ll) stock
solutions, water was boiled for one hour and kept under nitrogen to maintain oxygen free

conditions.

Analytical Methods

Fe(11) was quantified colorimetrically using 1,10-Phenanthroline 345 and 2,2’-
Bipyridine “¢-* using a Spectramax M5 UV-Vis scan microplate reader (Table 1.1). The
oxygen concentrations of the solutions were measured using a four-channel fiber optic
oxygen meter (Pyroscience Firesting O2 FSO2-0x) coupled with bare fiber minisensors

(OXB430). A Thermo Scientific Orion 5-star pH meter was used to make pH adjustments.

Fe?* oxidation experiments

Solutions buffered at pH 7.8 (25 mM HEPES) were spiked with Fe?* to reach an
initial concentration of 25 uM. Samples were withdrawn from the reactor at different time
points and the Fe?* was quantified using 1,10-Phenanthroline and 2,2’-Bipyridine (ligand
concentration = 1 mM). Experiments were run in triplicate for each ligand.
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Competition kinetics experiments

Phosphate solutions of varying concentration (as total phosphate; 5 — 900 mM)
were prepared using NaH2PO4.H.O and Na;HPO4.7H.0 and pH adjusted to 7.8. At each
phosphate concentration, a series of solutions were prepared by varying the ligand
concentration (1,10-Phenanthroline or 2,2’-Bipyridine) in the range 75 — 2000 uM. To
initiate the reaction, each vial containing the ligand and phosphate was spiked with Fe?* to
reach a concentration of 25 uM. The concentration of the colored complex formed was
determined spectrophotometrically. Since the Fe?* reaction with dioxygen does not
produce any colored species, the fraction of Fe?* reacting with the chelator can be

calculated. All experiments were run in triplicates.

Multifactorial Design Experiments

To investigate the possibility of interactions between ligands, high levels of
phosphate and Fe®* that would introduce a defect to the observed outcome, 3-factor Box-
Wilson central composite designs were used to examine the relationship between
phosphate (pH 7.8), Fe®* and each ligand (Table 1.2) on the formation of the Fe(ll)-ligand
complexes. Using Design Expert software, the parameter space was set by allotting the
concentration range for each variable at five levels. The overall matrix contained 20
experimental conditions with 6 replicates at the center point and 3 replicates for all other
conditions summing to a total of 48 individual experiments for a given ligand. A single
matrix was performed for each ligand; 1,10-Phenanthroline and 2,2’-Bipyridine. To initiate
the reaction, a 25 uM Fe(l1) spike was made to each reactor and the amount of Fe(l1)-ligand

complex formed was determined spectrophotometrically.
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1.4 Results

In the oxygenated solutions, Fe?* was rapidly oxidized over time and the observed
decay was comparable with both ligands (Figurel.1). The oxidation was first order with
respect to Fe?* and the calculated rate constant (Kobs) for each ligand series resulted in
similar values (Figure 1.2) with an average Kops of 0.0062(+0.0004) s. With the measured
oxygen concentration of 260 UM, this correspond to a second order rate constant of 23.9
(+1.5) MisT,

In the competitive kinetics experiments, at all phosphate concentrations, increasing
the ligand concentration gradually increased the fraction of Fe?* reacting with the ligand
before completely outcompeting dioxygen and reaching a plateau point (Figure 1.3). Under
conditions where Fe®* is rapidly scavenged by the reaction with PO4*, equation 1.1
becomes a competitive reaction system between Oz and ligand (L) (Eq 1.2). This can be
rearranged to plot the data such that the second order rate constant for Fe?* autoxidation is
represented in the slopes of plots between 1/fraction of Fe?* reacting with the ligand and
1/[ligand]® (Eq 1.3). The validity of the method is tested by the linearity of this relationship.
The solution oxygen concentrations measured were at saturated levels 260 uM) during
the course of the experiment. This ~10-fold excess of dioxygen over Fe?* ensures that the
Fe?* oxidation reaction is first order with respect to Fe?*. Since the complexation rate (ki)
for each ligand is known (Table 1.1), the reaction rate for Fe?* oxidation (kox) can be
calculated.

ki [L][Fe*']
(k, [LI[Fe* ]+, [0,][Fe* 1)

fraction of Fe?" reacting with ligand = Eql1.2

when, the fraction of Fe?* reacting with ligand=X
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Eq1.3

The data plotted according to equation 3 was linear in the considered range (Figure
1.4) and an absolute value of the second order rate constant for Fe?* autoxidation for each

phosphate level was calculated using the slopes of each graph.

For both ligands, the calculated second order rate constant increased with
increasing phosphate until it plateaued. With 1,10-Phenanthroline, for total p