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Chromophoric dissolved organic matter (CDOM) in natural waters absorbs sunlight
which leads to the production of a suite of reactive intermediates and reactive oxygen species
(ROS) such as superoxide (O2*) and hydrogen peroxide (H202). A significant amount of research
over the years has investigated the sources and sinks of these two ROS. The currently accepted
sequence of reactions for their production involves photochemically produced one-electron
reductants (OER) within CDOM reacting with dissolved oxygen to form Oz, which undergoes
self-dismutation to produce H20-.
A previously used method to detect radical species with CDOM has been modified herein
to be conducted simply using a fluorometer. Production rates of OER and H2O> were measured
for a variety of samples and correlations between the rates and optical/structural properties of the

samples indicate that lower molecular weight species produce more OER and H2O>. Based on

the stoichiometry of the mechanism above, the ratio of the production rate of OER to that of



H20. should be two. However, ratios from five to sixteen were obtained, which suggests that O,
undergoes oxidative reactions that compete with dismutation.

The possibility of a light-dependent pathway for O»* decay has been proposed but had
yet to be explicitly demonstrated. Herein this sink is directly shown through O spiking
experiments. Rapid consumption of the O»* spike occurs if injected into a sample during
irradiation, as compared to a spike introduced into the sample in the dark, suggesting the
presence of a light-dependent sink. Extensive data analysis and kinetic modeling of the O»*
decay data has allowed for approximations as to the extent of the sink and its decay rate constant.

O, and H20> are environmentally important species, and a significant amount of work
has been done on modeling their concentrations in natural waters. Based on the work here, Oz is
produced at higher concentrations than previously believed, which has implications on the
modeling of O2*~ and H.O: in natural waters. Additionally, the light-dependent oxidative sink of
O2*" could be with moieties within CDOM, providing further insight to the photochemical

transformation of DOM during transit from terrestrial sources to marine waters.
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Chapter 1: Chromophoric Dissolved Organic Matter and the
Photoproduction of Superoxide and Hydrogen Peroxide

1.1 Historical Background and Goals of Research

The presence of hydrogen peroxide (H202) in natural waters was first discovered by
Baalen and Marler in 1966 in Port Aransas, Texas.* Although the authors made no definite
statement about where the H>O: originated from, they suggested photochemical generation by
pigment molecules in water, photochemical generation in the atmosphere and subsequent
deposition, or metabolic generation by aquatic microbes. In 1977, Zafiriou suggested that
chromophoric dissolved organic matter (CDOM) would be the primary species involved in
aquatic photochemical reactions but noted that the literature still did not contain any
photochemical systems for which we knew the structures of the reactants and products, the
production rates, and the basics of the mechanisms.? In the early 1980’s, researchers began to
demonstrate that irradiation of CDOM in natural waters would generate superoxide (O2*") and/or
H20,, with H,0 likely resulting from the dismutation of O2*.3# With the confirmation that
irradiation of CDOM within natural waters photochemically generates O»*- and H2O>, research
surged in the mechanisms with which this was occurring. Meanwhile, in 1983 and 1987, work
was published involving the use of superoxide dismutase (SOD), an enzyme that catalyzes O»*
dismutation to produce H2O with a high rate constant (2 x 10° M1s™)%, that found that up to half

of the Oz*~ generated in samples did not undergo dismutation to form H202.%7 Further research
began investigating oxidative consumption pathways for O»* that would not produce H20-.
My research is in both the production of O2*"/H.0, by CDOM and in the decay pathways

of O2. The rest of Chapter 1 will provide a thorough background on CDOM, O, and H20-
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including: the origins of CDOM, the optical and structural properties of CDOM, what is

currently known about O+~ and H20; production by CDOM and about O,* decay pathways, and
finally, the environmental importance of O and H20,. Chapter 2 and 3 are about my research
on the production of O2*~ and H.O> by CDOM. More specifically, chapter 2 discusses the
development of a fluorescence-based radical probe method to detect the pre-cursors to O»* that
are photoproduced within CDOM. Chapter 3 discusses the comparison of the radical probe
measurements to O»* and H>O> measurements and how these measurements correlate to optical
and structural features of CDOM. Chapter 4 and 5 are about my research on the decay pathways
of Oz In chapter 4, Oz spiking experiments are presented along with in-depth kinetic analyses
which demonstrated the presence of a significant light-dependent, oxidative decay pathway for
O,*. Chapter 5 provides estimations for the magnitude of the light-dependent sink and provides
information on possibilities for what the light-dependent sink is. To conclude, chapter 6 provides

an overall summary of the dissertation and includes ideas for future research.

1.2 Dissolved Organic Matter and Chromophoric Dissolved Organic Matter

1.2.1 Origins

Dissolved organic matter (DOM) is present in all natural waters and is operationally
defined as filterable carbon-containing material and has been the subject of numerous reviews.
12 The source of DOM has been a significant area of debate; DOM can originate from
degradation of plant/animal material, exudation from phytoplankton and algae, or from
anthropogenic effluents.>'* DOM can therefore include a multitude of biomolecules including
lignin, tannins, carbohydrates, proteins, lipids, amino acids, and anthropogenic organic

compounds. Additionally, DOM can be transformed through photochemical reactions or by
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microbes.*3* A subset of DOM that absorbs light is called chromophoric dissolved organic
matter (CDOM). Humic substances have been found to be a major component of CDOM and are
the primary cause of the golden yellow color of CDOM. Humic substances are products of
degradation processes and consist of humic and fulvic acids.**!%” Due to the variety in possible
sources and routes of modification, there are no defined structures for DOM/CDOM, though a

significant amount of research has been conducted in an effort to structurally characterize it.

1.2.2 Structural Properties

Modern techniques like nuclear magnetic resonance (NMR) spectroscopy, Fourier
transform-ion cyclotron mass spectrometry (FT-ICR MS), and infrared spectroscopy (IR), have
become popular tools to study molecular features of DOM.*®-23 For instance, FT-ICR MS has
sufficiently high resolution and mass accuracy to assign unambiguous and exact molecular
formulas for thousands of ions in a given sample.?*?" Electrospray ionization (ESI) is by far the
most commonly used method to minimize fragmentation, but the type of ionization used
(positive or negative mode) will greatly influence resulting spectra depending on the weak and
strong ionizers in the sample. Negative ion mode will be selective for acidic functionalities
whereas positive ion mode will be selective for basic functionalities.?® Using FT-ICR MS
coupled with negative mode ESI, it has been found that DOM contains molecules with primarily
carbon (C), hydrogen (H), and oxygen (O). Heteroatoms like nitrogen (N) and sulfur (S) have
been observed but their amounts differ greatly by sample and ionization method used.?® The use
of selective chemical reduction with sodium borohydride and sodium borodeuteride has been
used in conjunction with FT-ICR MS to identify aldehyde and ketone functionalities.?>*° Based
on NMR spectroscopy, DOM contains a large variety of functional groups including carboxylic

acids, alcohols, quinones, ketones, and aldehydes,1%22:31:32
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Discerning between molecular structures of CDOM from those of DOM is more difficult.
Some studies have characterized CDOM using optical property analyses (absorbance and
fluorescence) in conjunction with NMR spectroscopy and/or FT-ICR MS.333 Positive
correlations have been found between CDOM optical properties and lower molecular weight and
more aliphatic structures.®® However, large signal overlap in complex CDOM samples can
further complicate these analyses. To alleviate this problem, some studies have used
fractionation techniques to relate optical properties to general groups or classes of structures
within CDOM. For example, using hydrophobic interaction liquid chromatography and NMR
spectroscopy, it was found that highly fluorescent hydrophobic fractions were associated with
terpenoids.3® DOM fractionated by pH and analyzed by FT-ICR MS found a strong relationship
between fluorescence and aromatic carboxylic acids.® Despite these findings, recent studies
have also shown that the majority of DOM is generally indistinguishable across diverse aquatic
ecosystems, due to the very large number of isomers for each molecular formula.®”* Therefore,
despite the use of these powerful tools, it is still somewhat impossible to differentiate the
molecular composition of CDOM from that of bulk DOM. Since CDOM can absorb and

fluoresce, a significant research area exists dedicated solely to understanding these properties.

1.2.3 Optical Properties

CDOM absorbance is most often measured using standard benchtop spectrophotometers
and 1-10 cm spectrophotometer cells or long pathlength (50-200 cm) liquid capillary cells,
depending on the limitations of the particular instrument and the characteristics of the sample in
question.®® CDOM absorbance decreases exponentially with increasing wavelength, with a tail
that can extend far into the visible region, and the spectra typically lack any appreciable peaks or

shoulders (Figure 1.1a).3%4
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Figure 1.1. Absorbance plot (a) and EEM (b) for 10 mg/L SRFA in a 1 cm cuvette. Colors for EEM are for
increasing excitation wavelength.

Fluorescence measurements of CDOM are primarily either steady-state [2D emission
intensity vs. wavelength spectra, 3D excitation-emission spectra (EEMs)]*>*° or time-
resolved.>®>! The fluorescence of CDOM is typically featureless and broad, though fluorescent
amino acids such as tyrosine and tryptophan, can produce additional emission signatures.*>®
Recently, time-resolved fluorescence was used to probe the emission properties of CDOM, and
revealed that short-lived species (<100 ps) dominate fluorescence emission decays in the visible
spectrum.>! Thus, steady-state fluorescence measurements severely under-represent the
complexity of the photophysical properties of CDOM. CDOM fluorescence also has a peculiar
feature in that the emission intensity decreases and shifts to longer wavelengths as the excitation
wavelength is increased (Figure 1.1b).%2 This is unlike typical fluorophores where an increase in
excitation wavelength normally only decreases the intensity of the emission, and not the
wavelength at which the emission occurs.

Two models have been proposed to explain the observed optical properties of CDOM: 1)
superposition model and 2) charge transfer model. The superposition model describes the optical

properties as being the result of the superposition of optical characteristics of a large ensemble of
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individual, non-interacting chromophores. The charge transfer model suggests that interactions
between electron donating and electron accepting groups within CDOM give rise to optical
charge transfer bands, which broaden the spectrum and produce the long wavelength absorbance
and fluorescence.>>>® The optical and photochemical evidence that supports the charge transfer
model over the superposition model has been reviewed by Sharpless and Blough.® Another more
recent review on both models was published by McKay.*? More recent work has continued to
support the charge transfer theory. For example, by studying structural features of DOM using
NMR, along with different solvents to study backbone vs. exchangeable protons, the intensity of
long wavelength absorbance was found to correlate with lower aliphatic content and higher
carboxylic rich alicyclic moieties.>* The authors suggested that increased aliphatic content
separates electron donating and accepting groups, interfering with charge transfer interactions
and therefore decreasing long wavelength absorbance. Another study used time-resolved
fluorescence spectroscopy to study decay on the picosecond timescale and discovered the

presence of an ultrafast component, consistent with excitation energy transfer within DOM.>

1.2.4 Production of Reactive Oxygen Species

The total absorption spectrum of unfiltered natural waters is composed of absorbance by
water itself, phytoplankton, nonphytoplankton or detritus, and CDOM. CDOM dominates the
total absorption spectrum in most natural waters in the blue and ultraviolet wavelengths, with
CDOM accounting for 50% of the total absorption at 400 nm and increasing to >70% of the total
absorption in the ultraviolet region.® Absorption of high-energy radiation by CDOM in the blue
and ultraviolet regions drives photochemical reactions in surface waters. Upon absorption of
light, CDOM enters excited singlet states and excited triplet states, which can subsequently react

with dissolved oxygen in water to produce reactive oxygen species (ROS) such as hydroxyl
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radical (OH"), singlet oxygen (*Oz), superoxide (O2*), and hydrogen peroxide (H202).%"%* H,0
and O are long-lived relative (days and minutes; respectively) to the other ROS (~ps) and have

numerous methods for their detection which have been reviewed previously.53¢® H,0; has been

studied for much longer than O, due to its much higher stability and ease of measurement

compared to O2".

1.3 History of the Study of Superoxide and Hydrogen Peroxide in Natural Waters

1.3.1 Early Work on the Study of the Production of Superoxide

In 1969, it was proposed that beta decay of “°K would result in the formation of hydrated
electrons within natural waters which could then react with dissolved molecular oxygen to form
02+.% The production of hydrated electrons was also shown to result from photoionization of
natural water samples.®” Similar work was conducted by Power et al. and they confirmed
hydrated electron production from humic material %" However, it has been determined that
their production rates’, quantum yields’ and steady-state concentrations’® are much lower than
those of O2*- and H20; and they are therefore not a major source. Another ROS, 1O,, was also
proposed to be involved in H,02 production through reaction with DOM.” The use of azide ion
in irradiated groundwater as a Oz quencher resulted in the increase in H202, the opposite of what
would be expected.” Dalrymple et al. measured H.O, production in deuterated water which
enhances the lifetime of 1O, by ten-fold, but they only saw a twenty percent increase in H20;
production.”® They also used the 1O, quencher beta-carotene and saw no effect on H2O;
production. Another possibility for O2*- production in natural waters was the direct electron
transfer from an excited singlet state or triplet state in CDOM to molecular oxygen.” "’

However, the excited singlet states have very short lifetimes® and triplet state quenchers such as
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bromide and chloride ions have been shown to not have a major effect on the formation rates of
H.0.."® Lastly, the possibility of direct excitation of optical charge transfer transitions and their
subsequent reaction with molecular oxygen was explored. Charge transfer transitions are
believed to occur between electron-rich donors (phenol or methoxylated phenol) and electron-
poor acceptors (quinones or aromatic ketones/aldehydes) in close proximity within the
molecule.® Sodium borohydride selectively reduces ketones and aldehydes to alcohols
(irreversibly) and quinones to hydroquinones (reversibly).”® Zhang et al. used sodium
borohydride to reduce CDOM samples, removing ketone/aldehyde electron acceptors and
depleting the long wavelength absorbance, which signifies the loss of the optical charge transfer
transitions. However, this treatment did not significantly affect the rate of H,O> production,
supporting the theory that direct excitation into optical charge transfer transitions does not
produce H20,.”® Additionally, these results showed that ketone and aldehyde functionalities are
also not involved in H202 production.

It is now well accepted that the primary source of O™ (and subsequently H>O5) in sunlit
waters occurs through an abiotic photochemical pathway.®*" The current proposed series of
reactions for the generation of H2O: by this pathway involves an initial absorption of light (hv)
resulting in the formation of excited singlet states (*CDOM?%*) as shown in step one (Figure 1.2).
In step two, intramolecular electron transfer occurs between electron rich donors (D) and
electron poor acceptors (A) based on current evidence.® In terms of functional groups, the
donors could be phenols while the acceptors could be quinones, since these do not get reduced
by sodium borodeuteride.®3° The electron transfer results in the formation of one-electron
reductants (CDOMP"*A~) which further reduce dissolved molecular oxygen in step three to form

0O2". In step four, O2*- undergoes dismutation to form H20,.



(1) CDOM + hy —> IcDOM"
(2) ICDOM* —> CDOMP7A”
3) cpoMP7A+ 0, —> cpomMP7A + 05

4) 205 + 2H" — H,0, + O,

Figure 1.2. Proposed reaction scheme for the production of O* and H,O, from CDOM.

1.3.2 Early Work on the Study of the Decay of Superoxide in Natural Waters

O self-dismutation to form H20- is pH dependent [pKa of hydroperoxyl (HO") is 4.6 +
0.15]®* and can theoretically occur between two O* molecules, between two HO," molecules, or
between a O, and a HO".8-8 The rate constants differ drastically among the possibilities from
k<03Msttok =8.3x10°MIsttok=9.7x 10" M1s1 8184 The simplified, pH dependent,
rate constant equation is written as k = 5 + 1 x 102 x [H*] which demonstrates that the rate of
O dismutation increases an order of magnitude for every unit decrease in pH.818 The most
probable reaction to form H2O: is therefore between O2* and a HOz".

Based on the reaction scheme discussed above (Figure 1.2), the ratio of the production
rate of O to that of H.O> should be equal to two, as it takes two O2*- molecules to produce one
H20.. However, past research is inconsistent with these values and suggests the presence of
oxidative sinks for O2* that do not lead to H>O> production.?® As stated earlier, the enzyme
superoxide dismutase (SOD) has been utilized to catalyze the dismutation of O,* in an effort to
outcompete other decay pathways. Using this approach, Petasne and Zika discovered that up to
41% of the O2* generated in coastal seawater samples does not dismutate to form H20,.” Powers
et al.®” also combined the use of SOD with O2* measurements and also obtained a discrepancy of

about 40% for natural freshwater from the Altamaha River and seawater samples from the



Skidaway River Estuary and the South Atlantic Bight. Garg et al. monitored H>O> production in
Suwannee River fulvic acid samples in the presence of SOD and showed that the loss of Oz to
other pathways was at least 70%.’” However, SOD was found to have no effect on H,02
production in other studies, which could either indicate the inability of SOD to outcompete other
pathways or that issues exist with the use of SOD in certain experimental set-ups that impact its

stability and function.8:8°

1.4 Environmental Importance of Superoxide and Hydrogen Peroxide

1.4.1 Overview

There have been a number of reviews outlining the importance of photochemical
processes on chemical and biological systems in natural waters.>>"°86364%0 These articles cover a
vast array of past research in understanding the role of ROS in the environment including their
involvement in trace metal cycling, the transformation of organic compounds (natural or
anthropogenic), and their impact on aquatic organisms, as summarized in Figure 1.3. Following
is a discussion of the prevalence of O2* and H20: in natural waters with highlights of their

environmental importance.

10



hy L Te———
Photochemical H,0, Deposition
Production

- S
coom ., coom . cbom+

Enzymatic
+0, . * » production/decay of
J e, 0,~and

Potential A . /A,,:

- Metals (Meg/Mox)

hy - (e.g. Fe(ll)/Fe(lll), Cu(l)/Cu(ll),
Mox-Lieg — Mgg-Lox +0,— C b ‘_::“"‘?,Ahi—:d +0, Mn(IyMn(lll) or MnO,*)

My 25> M, oy + 0, —> 20,~ +2H* — 250, +

Mg + —> My +'OH+OH 0, +A“—25A + - Complexed metals
: : (€.9. LMCT: MyeuLoy/Mor/Lreq)

= superoxide dismutation rate constant - DOM;4/DOM,y
= pseudo first-order decay constant for superoxide decay - Organic compounds

Figure 1.3. Sources and sinks of Oy* and H,O in natural waters.

1.4.2 Hydrogen Peroxide and Superoxide Distributions in Natural Waters

H20> has a diurnal cycle with daytime concentrations in the nM to low pM range, with
terrestrial and coastal regions typically having higher concentrations than more marine waters
such as the open ocean.®*-1%1 O, also has a diurnal cycle with concentrations typically in the nM
range.1% Variations of H.O concentrations have been observed based on geographical location,
with mid to lower latitude regions having higher concentrations, likely due to increased UV
radiation and increased wet deposition because of larger amounts of precipitation.®1% However,
lower latitudes have also shown lower H>O> concentrations, possibly due to increased H»O:
decay because of higher temperatures and higher consumption by increased biomass.%

H>0> concentrations are highest in the surface layer (photic zone) due to primarily being
produced by photochemical processes,%196:97.101.104-107 The concentration then typically decreases
with depth as light penetration decreases, however, the processes that produce and consume

H>0> (microbial processes, deposition, reactions with metals, etc.) along with vertical mixing of
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water layers has led to the observation of different trends of the concentration of H2O2 with
depth, 91.94.95.99.103,108-110 Ee\y works have measured O,* concentrations with depth and the ones
that have shown conflicting information. One shows that O,* concentrations decrease with
depth, which would be the expected trend based on H>O», however, the authors also suggest that
biological production would be highest at the surface due to the presence of larger amounts of
biomass.!'! Alternatively, other sources suggest that O,* maximums below the surface may also

be due to biological production.®102112

1.4.3 Involvement in Trace Metal Cycling

Trace metals in natural waters can complex with DOM which greatly improves their
solubility and makes them readily available for redox chemistry. Copper, iron, and manganese
have been of particular interest as they are all commonly found in natural waters. For copper and
iron, their oxidized forms [Cu(ll) and Fe(l11)] are the most stable in aguatic environments and
organic matter complexes with these species make up over 90% of the values measured for total
Cu(l) and Fe(l11) concentrations in natural waters.***>'* Manganese on the other hand, has been
found to primarily exist as free dissolved Mn(Il) or as Mn(l11) or Mn(IV) oxides rather than in
organic complexes.'® The specific reactions that copper, iron, and manganese could be involved
in, and the extent of such reactions, are highly dependent on many environmental factors
including pH, concentration, and the presence of inorganic ions.'*6-1*° Due to this complexity, a
significant amount of research has been conducted on metal-ROS chemistry.

One of the prominent metal related reactions in natural waters is the Fenton reaction. In
the Fenton reaction, Fe(ll) is oxidized by H>O> to produce hydroxyl radical ("OH) and hydroxide
ion ("OH). This reaction has been suggested to be a significant sink of H.O> and a prominent

source of "OH in natural waters.*?%12 *OH is considered to be the most reactive radical in natural
12



waters; it is non-selective and strongly oxidizing and has been shown to react with DOM and
organic compounds.*?* Copper has also been shown to be involved in Fenton-like chemistry.*?°
Early work with Fenton-like reactions involving copper demonstrated that not only could Cu(l)
be oxidized by H203, but the resulting Cu(Il) could also be reduced by H.O>, producing a
catalytic cycle for the loss of H20,.12%1% QOrganic copper complexes have been found to have
catalytic rate constants (Kcar) of ~5 x 107 and ~7 x 108 Ms for strong and weak organic copper
ligands respectively.™® The rate constants for these reactions are also comparable to the rate
constant for the dismutation of O»*, which would allow these reactions to compete with
dismutation. Heller and Croot demonstrated this by adding Cu(ll) to seawater samples and
monitored Oz decay. The addition of the metals increased the rate of O2*- decay, more so for
copper than for iron.'? Alternatively to a catalytic Fenton reaction cycle, more recent work
studying these reactions with copper have shown that the oxidation of Cu(l) by H.O; actually
can lead to the production of Cu(ll) with no production of *OH, though Cu(lll) is also a strong
oxidant in the environment.!?’

Hansard et al., studied Mn(I1) oxidation by Oz by monitoring the enhanced O>* decay as
a result of added nanomolar concentrations of Mn(11).12 Through their kinetic studies, they
obtained rate constants in the range of 10%-10" Ms! in seawater and simulated freshwater and
were able to observe catalytic decay of O at higher initial O>*- concentrations and excess
Mn(Il). It was proposed that this catalytic cycle could maintain moderate steady state
concentrations of soluble Mn(l11) in natural water systems in the presence of a continuous source
of O2". However, the Mn(l11) production and concentrations were not measured directly and
Wouttig et al. a few years later provided evidence that Mn(I11) would not be produced to any
appreciable extent.'?® They proposed that the more likely species produced between O2* and

13



Mn(Il) is the MnO2" which could react with another O.*- to produce H>O- and regenerate Mn(l1).
Regardless, Mn(l1) has been found to be a significant sink of O in waters where relatively high
concentrations of it exist.®** Interestingly, around this same time, a Science paper emerged that
demonstrated the prevalence of Mn(I11)-ligand species in sediment porewater.*®* A few years
later, Mn(I11)-ligand species were also found to be prevalent in estuarine and marine water,
making up a significant portion of the dissolved Mn content.*32-34 Mn(I11) is considered a strong
oxidant of organic materials and may have a large impact on the carbon cycle.*** Mn(111) is also
the pre-cursor to Mn oxide minerals which are major adsorbents and oxidants in the

environment, 135136

1.4.4 Biological Implications

H202 and O>" (HO>"), being reactive species, have potential to cause harm to organisms
by reacting with biomolecules such as proteins, lipids, and nucleic acids.**"~*3® For example,
HO>* has been shown to damage cytosolic enzymes*®, photoproduced ROS by DOM have also
been implicated in damaging the DNA of Daphnia magna'®’, and H,O> decreased the activity of
extracellular enzymes of marine prokaryotes by 62%.'** The primary mechanism for H20,
removal in the ocean is believed to be through microbial enzymes via dismutation by catalase, or
reduction with peroxidase, both of which are typically produced extracellularly for
protection.®49:142.143 The cyanobacterium Prochlorococcus, responsible for nearly half of
oceanic primary production of nutrients, lacks catalase and therefore cannot remove H>O> on its
own.!** Therefore, Prochlorococcus rely heavily on the microbial community’s overall ability to
remove it. It has been noted that while surface concentrations in coastal waters on the order of
100 nM are too low to directly cause bacterial mortality, H2O- still contributes to oxidative stress

in microbes as evidenced by increased catalase activity.**
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Interestingly, some aquatic organisms have been found to produce O.* despite the
possible dangers. O2" has been implicated as being both beneficial and harmful to the health and
survival of coral reefs and recently Diaz and coworkers have made direct measurements of O,*
concentrations in coral reefs to further study the dynamics of O*- production in a reef
environment.*® O,* measurements directly near the corals’ surface varied in magnitude based on
species but reached nearly 140 nM and decreased rapidly moving away from the coral. Their
results indicated that there is species-specific regulation of O, concentrations within the vicinity
of the coral, with extracellular production and enzymatic decay both playing roles. Diaz and
coworkers have also observed significant O.* and H20> production from harmful algal bloom
causing phytoplankton.*” More work is needed to understand the role O2*/H20; play in both

coral reefs and algal blooms.

Microbial production of O2* has been shown to be beneficial in a few other instances.
The cyanobacterium Lyngbya majuscula produced O>* to reduce organically complexed Fe(l1)
to Fe(I1) which resulted in increased uptake of Fe(ll) by the organism.*® O2* was also shown to
be important in the oxidation of manganese oxides by Roseobacter species and the resulting

oxidized manganese oxides are important in a variety of biogeochemical cycles.'#°

1.4.5 Transformation of Natural and Anthropogenic Compounds

Anthropogenic contaminants such as chlorophene (disinfectant) and 17p-estradiol
(hormone medication) have been found in natural waters. Work by Wang et al. showed that
concurrent involvement of O,* and manganese resulted in the formation of primarily dimerized
products. An estrogenic activity study showed that the dimers were less toxic than the original

compounds. However, it was noted that the total organic carbon and pH of the water can have an
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impact on the efficiency of the transformation of these contaminants.*>

Transformation of compounds could instead lead to decreased availability of compounds
considered to be nutrients. In a kinetic and mechanistic study of phenol-containing compounds
acetaminophen (pain reliever), 2,4,6-trimethylphenol (model phenol), and tyrosine (amino acid),
it was found that O2* could react with the phenoxy radical form of these compounds to produce
peroxide-like structures.'®! The reactivity of the phenolic compounds in this manner and their
resulting stability depended on the structure of the parent phenol. The fate of the tyrosine-
peroxide was further investigated, and it was discovered that it underwent hydrolysis and a
reduction reaction to form a bicyclic compound. This transformed product did not decay nearly
as rapidly as the parent compound tyrosine in dark decay studies of these compounds in
unfiltered natural water samples. The stability of the bicyclic transformation product in natural
waters indicated that it was less bioavailable to aquatic microbes compared to tyrosine.'%2

Silver nanoparticles are commonly used in consumer products such as athletic wear,
medical bandages, and personal care products due to their antibacterial properties. Subsequently,
their release into the environment has been an increasing concern. It has been found that DOM
complexes with silver nanoparticles in the environment and that H,O enhances the oxidation of
them by 17-27% which would release silver into the environment. This trend was more notable
at lower concentrations of silver nanoparticles. At higher silver nanoparticles concentrations,

direct photochemical reactions appear to play a larger role in their oxidation.>®

1.4.6 Involvement of Superoxide in the Photodegradation of Dissolved Organic Matter
DOM presence in the open ocean has perplexed scientists due to the lack of terrestrial
based sources which led to significant research into the possibility of the transportation of

terrestrially sourced DOM to the open ocean through river outlets. However, open ocean DOM
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differs significantly in its optical/structural properties from terrestrial DOM.?**° There is some
evidence that marine DOM can originate from microbial processing of marine organic
material'> or by direct release from microbes.'*>%® However, marine DOM is believed to
primarily originate from terrestrial sources and that photochemical modification changes its
optical/structural features.

Irradiation of CDOM results in a loss of absorbance, breakdown of aromatic carbon,
decreases in dissolved organic carbon (DOC) concentrations, and decreases in DOM molecular
weight®>1° while producing carbon monoxide (CO) and dissolved inorganic carbon (DIC).180-
184 The decrease in CDOM absorbance is typically faster in the UVA (320 — 400 nm) and visible
(> 400 nm) wavelength regions.'®"165166 Because not all DOM is colored, and the loss of color
does not necessarily mean the loss of carbon, samples typically lose absorbance faster than they
lose DOC.1%8166.167 Oy recently with advancement in FT-ICR MS and NMR analysis of DOM
have researchers been able to study more specific structural changes that occur as a result of
irradiation. The loss of terrestrial character has been explored in terms of biomarkers such as
lignin phenol content and *3C isotopic signatures.t368-170 |_ower carbon-13 percentage
compositions'’ and high amounts of lignin phenols'’? are indicative of terrestrial DOM as
compared to marine DOM. As a result of irradiating Congo River water, enrichment in dissolved
organic carbon-13 and a large loss in lignin phenol content was observed.¢” Additional findings
during irradiations of riverine DOM have found that unsaturated aromatic formulas decreased
and more saturated and aliphatic formulas increased.*%8173 The aforementioned works only
studied photochemical reactions through irradiation of the samples, so discerning between direct

photochemical reactions and indirect reactions from photoproduced ROS is not possible.
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Investigations then sought to understand the role ROS play in DOM oxidation and to
elucidate possible mechanisms. Several groups demonstrated the involvement of oxygen by
studying the photochemical uptake of molecular oxygen by natural water samples. 61174
Increasing the concentration of molecular oxygen increased the rate of photodegradation. 6!
Apparent quantum yield spectra for the consumption of molecular oxygen and for the production
of H202 both decreased with increasing wavelength used for irradiation and it was estimated that
half of the molecular oxygen consumption led to H.O> production, leaving the other half to
consumption by other processes, such as formation of organic peroxides.}’

Work then began by singling out particular ROS that could be responsible. OH* reaction
with DOM has been demonstrated!’®, though the magnitude of their impact appears to be
small.’®2 The use of furfuryl alcohol as a O scavenger demonstrated that 1O, played a role in
DOM transformation.’® Reaction between DOM and photoproduced O, and O2* has been
shown to result in decreased aromatic carbon and increased aliphatic carbon, oxygen-containing
aromatic groups, and carbonyl-containing groups in the DOM pool. Another study found that O
reacted with and removed formulas with O/C ratios > 0.3 while O>" reacted with and removed

formulas with O/C < 0.3. Reaction with O, resulted in the formation of more oxygenated

structures while reaction with O,* resulted in formation of more aliphatic structures.*”’

1.4.7 Climate Change Concerns

Potential effects of climate change on biogeochemical cycles has been reviewed
previously, although little is known about the impacts on ROS and their reactions.!’® Only
recently has the topic been addressed in regards to triplet DOM, Oz, *OH, and carbonate
radicals.”® Changes in seawater temperature and pH, especially in the Arctic where projected

decreases in pH could produce a 185% increase in hydrogen ion concentration*®
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impact ROS production and decay. An increase in seawater temperature leads to an increase in
H.0- production, typically by a factor of 2 for every 10° C increase in temperature.%* By
plotting the natural log of the H,O> production rate versus the reciprocal of temperature, H20>
photoproduction follows the Arrhenius rate law, with the activation energy being ~31.9 + 12 kJ
mol . This demonstrates the temperature dependence, which is likely due to the fact that oxygen
reduction to O2*/HO," and dismutation are thermal processes.®¢-1%4

Previous work has demonstrated the pH dependence of DOM photodegradation rates
using terrestrial reference materials, indicating that photodegradation rates increase with
increasing pH.'81182 However, this may not be the case for all natural waters, because Yangtze
River water had the lowest photobleaching rate at pH 6 and 7, and higher photobleaching rates at
pH 4 and 102, perhaps due to the presence of iron.!8

It has been shown that the rates of Fe(ll) oxidation by H>O- are a function of pH,
temperature, and salinity.8 It has also been shown that in the presence of DOM, the rate of
Fe(I1) oxidation by H.02 markedly decreases.'® This experiment was performed at a pH of 8.4
and so the authors concluded that the formation of a Fe(I1)-DOM complex prevents oxidation by
H20.. On the other hand, Voelker and Sulzberger!®®, in a similar set of experiments, found that
Fe(lI1) oxidation by H,O> was accelerated in the presence of fulvic acids at a pH of 5. Although
these studies used model systems and may not be fully representative of natural water systems, it
is possible that decreasing pH could shift redox rates involving H202 and other ROS.

An interesting point brought up by Mostofa and co-workers is that the acidification of

natural waters due to various climate change issues could be offset by O2* chemistry. The
process of O»* dismutation consumes protons to form H2O> and this process has been shown to
be able to be catalyzed as discussed earlier. However, it is noted that the extent of this offset
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requires extensive analysis of all possible reactions with careful note on charge balances, though

it does warrant further consideration as a possibility.*8’

1.5 Overview of Research

Due to the lack of an understanding of the extent of O»* production and the observed
discrepancies between relative production rates of O+~ and H20> in previously published studies,
my research was focused on method development for studying O* precursors and analyzing the
production and decay rates of O2*". More specifically, chapter 2 provides an overview on the
development of a radical probe method to trap the reactive species, the one-electron reductants,
within CDOM that are the believed pre-cursors to Oz~ production. The re-development of the
method to be conducted simply via a fluorometer is discussed. Chapter 3 goes over how the
radical probe measurements were used in relation to O»* and H.O> measurements and how these
measurements correlate to optical and structural features of CDOM. Chapter 4 delves deeper into
the study of O>* and its production and decay rates. O»* spiking experiments are presented which
provide insight into a light-dependent, oxidative decay pathway for O.*. Kinetic analyses of the
data allow for estimations of the rate constants of the decay pathways. Chapter 5 provides more
insight into the magnitude of the light-dependent sink and reviews and tests possibilities for what
the sink of O2* could be. Chapter 6 concludes the dissertation with an overall summary and

provides future research directions.
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Chapter 2: Development and Validation of a Radical Probe Method to
Quantify the Production of One-electron Reductants

The majority of this chapter has been published in reference 260:

Le Roux, D. M.; Powers, L. C.; Blough, N. V. Photoproduction Rates of One-Electron
Reductants by Chromophoric Dissolved Organic Matter via Fluorescence Spectroscopy:
Comparison with Superoxide and Hydrogen Peroxide Rates. Environ. Sci. Technol. 2021,
55 (17), 12095-12105. https://doi.org/10.1021/acs.est.1c04043.

| performed all experiments and data analysis and prepared the first draft of the manuscript. Dr.
Powers and Dr. Blough assisted in data analysis and editing the manuscript.

2.1 Abstract

Due to the ability of nitroxide probes to react with free radicals, they have been used to
probe for reducing species within CDOM, which has enabled the study of reactive groups within
CDOM that lead to the production of ROS. The focus of its application to CDOM
photochemistry is reaction with reducing radicals, which produces the hydroxylamine, a stable
O-unsubstituted product. Presented here is a small review of past methods such as electron
paramagnetic resonance spectroscopy (EPR) and high-performance liquid chromatography
(HPLC) coupled with fluorescence detection. The development and validation of a fluorometer-
based method is presented along with the results of various controlled experiments that
demonstrate the validity of the method and confirm findings from previous versions of the
method. Additionally, the applicability of the method to natural waters is presented, with some

careful modifications to the method parameters.

2.2 Introduction

Radicals have been suspected to be involved in chemical reactions in natural waters for
quite some time.2 The early difficulties of measuring radicals in natural waters came down to low

steady-state concentrations and short lifetimes that made measurements via absorbance or
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electron paramagnetic resonance (EPR) exceedingly difficult.5®® To combat such issues, using
probe molecules to react with or trap the radicals was proposed.'® Although an indirect method
of measurement, the probes would produce stable products that could be easily measured.63188:189
Probe molecules must satisfy certain parameters in order to be useful for a particular
application.®>18 First, in order to avoid false-positive/interfering signals, the probe must only
react with the radical molecule in question, and not other radical species that may also be
present. Second, the probe must react with the radical of interest with a large enough rate
constant to effectively compete with other processes that the radical molecule may decay
through. Third, the method to measure the probe-radical adduct must be sensitive to measure low
concentrations and the method should be relatively easy to conduct. Fourth, the probe should not
have any identifiable signal itself in the detection method being used and the probe should not be
involved in other side reactions that would interfere with the detection of the radical in question.
In regards to photochemical processes in particular, the probe should not be photochemically
active itself, with particular concern being photochemical degradation of the probe.5318
Water-soluble nitroxides are stable radical probes that can react with carbon-centered,
reducing, and inorganic radicals and these reactions are irreversible under most conditions. %1%
Reaction with carbon-centered radicals forms O-substituted products (alkoxyamines), whereas
reaction with reducing radicals produces the O-unsubstituted products (hydroxylamine).
Reaction of the nitroxide probes with photoproduced radicals by DOM, under anaerobic
conditions, was first studied in humic acid (HA) using EPR spectroscopy, since nitroxide probes
convert from paramagnetic (have unpaired electrons) to diamagnetic (have paired electrons),
allowing for the monitoring of the loss of spin of the unpaired electron as the probe was reduced

by DOM.!® Under anaerobic conditions, significant consumption of the probe was observed
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during irradiations of HA, indicating photoproduction of radicals within HA. If aerobic
conditions were used, the initial rate of loss of the probe was lowered dramatically, indicating
that molecular oxygen also reacts with the radical species within HA.18°

Further work improved upon the sensitivity of the method by derivatizing the nitroxide
probe with a fluorophore and employing fluorescence detection (Figure 2.1).1%* The
paramagnetic nitroxide coupled with fluorescamine will have low fluorescence because of
efficient intramolecular quenching by the nitroxide.*® However, when the nitroxide is converted
to a diamagnetic product, the fluorescence is no longer quenched, providing a large signal
increase above background. High performance liquid chromatography (HPLC) was used with
fluorescence detection to separate and detect the resulting fluorescent radical adduct forming
during irradiation of solutions of various ketones and a-keto acids under anaerobic
conditions.'®*1% Additionally, the first application of this method to natural waters and
Suwannee River Fulvic Acid (SRFA) was conducted. It was found that the hydroxylamine
(product of reduction of probe by DOM) is the major product during anaerobic irradiations. The
contribution to fluorescence from other products (O-substituted products; alkoxyamines) was

insignificant, making the separation of the products unnecessary.'%
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Figure 2.1. Reduction of the radical probe 3-amino-2,2,5,5-tetramethyl-1-pyrrolidinyloxy (3AP) and subsequent
derivatization with fluorescamine to produce the fluorescent product, the hydroxylamine. 3AP is the specific probe
used in the work in this dissertation, though other variants have been used previously.

Since the hydroxylamine is the major product under anaerobic conditions, its steady-state
fluorescence signal should dominate compared to the very small contributions from other
products, making separation unnecessary. Therefore, the nitroxide probe and derivatization
method was modified to be conducted simply using fluorescence spectroscopy to quantify the
production of one-electron reductants (OER) photoproduced within CDOM. The production rate
of hydroxylamine (Rn), the one-electron reduced and derivatized product of the nitroxide probe,
will be used as a proxy for production of OER. Validation experiments are consistent with
previously published results*®3'% and include: 1) nitroxide probe, fluorescamine, and CDOM
concentration dependence; 2) linearity of production over time; 3) stability in air; 4) oxidation of
the hydroxylamine by copper; and 5) detection limits. Presented in this chapter are the results for
the method development and validation process of the method and the modifications that were
needed for application to natural waters. Chapter 3 will delve deeper into how the measurements

relate to O2* and H20: production and to optical/structural features of CDOM.
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2.3 Materials and Methods

2.3.1 Materials

Boric acid, sodium hydroxide (NaOH), methanol, fluorescamine, and 3-amino-2,2,5,5-
tetramethyl-1-pyrrolidinyloxy (3AP) were purchased from Millipore Sigma. Sodium dithionite
(Na2S204) was purchased from Acros Organics. Hydrochloric acid (HCI) and 0.2 uM nylon
syringe filters were purchased from VWR International. C-18 solid phase extraction columns
were purchased from United Chemical Technologies. Acetonitrile was purchased from Fischer.
Ultrapure nitrogen was purchased from Airgas. Suwannee River fulvic acid (SRFA; 2S101F)
was purchased from the International Humic Substance Society (IHSS). Natural water (NW)
from the Delaware River was collected in August of 2006 (St. 19; 40.1 N, -74.8 W). Purified

water (18 MQcm) was obtained from a Milli-Q system.

2.3.2 Solid Phase Extraction

DOM was extracted from natural waters using C-18 solid phase extraction columns.1%
Natural waters were filtered with pre-rinsed 0.2 um nylon filters and then acidified to pH 2 with
HCI. C-18 columns were pre-treated with methanol followed by acidified MQ pH 2. The filtered
and treated natural water was then pumped through the column to extract the DOM. After, the
column was rinsed with acidified MQ pH 2. Methanol was used to elute the DOM from the
column and this eluent was dried down. Finally, MQ was used to re-dissolve the extract which

was then brought to pH 7 using NaOH.

2.3.3 Sample Preparation

Stock solutions of extracts and reference materials were prepared by diluting/dissolving

the extract or reference material in MQ water. These stocks were adjusted to pH 7 using NaOH
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and HCI and filtered using pre-rinsed 0.2 uM nylon filters. Dilutions of these stocks at desired
concentrations for experiments were then prepared by diluting the stock solutions with 50 mM
borate buffer at a pH of 8 unless otherwise noted. Natural waters were filtered with pre-rinsed

0.2 um nylon filters and used as is.

2.3.4 Measurement of One-electron Reductants

The production of OER (as R+) was measured using 3-amino-2,2,5,5-tetramethyl-1-
pyrrolydinyloxy (3AP) followed by derivatization with fluorescamine.®® Fluorescence
measurements were conducted with a Horiba Fluoromax-4. The excitation wavelength was set to
450 nm, band passes were 4 nm, the integration time was 0.1 s, and the emission was scanned
from 460-600nm. Although 390 nm is approximately the wavelength of maximum absorption, an
excitation wavelength of 450 nm was used to prevent inner filter effects and to reduce the
background due to CDOM itself. The emission intensity at 490 nm was used for data analysis.

A standard curve for hydroxylamine was produced by reducing derivatized 3AP with
sodium dithionite (Na2S20a). First, 600 uM 3AP was combined with 1 mM fluorescamine (in
acetonitrile) in 50 mM borate buffer pH 8 in 1 cm quartz cuvettes (with screw tops fitted with
septa) that were then deoxygenated for 30 minutes using ultrapure nitrogen gas. A dithionite
stock solution was then prepared by adding a small amount of the solid to a 1 cm quartz cuvette
of MQ water at pH 11 that had been deoxygenated. The concentration of the dithionite stock
solution was monitored spectrophotometrically (¢ = 8000 M cm™at 315 nm)% using a
Shimadzu UVPC 2401 benchtop spectrophotometer. Increasing amounts of the dithionite stock
were added to the derivatized 3AP using a gas-tight syringe and the emission was recorded after
each addition.!®® Standard curves were performed in at least triplicate.

Unless otherwise noted, samples were mixed with 600 uM 3AP in 1 cm screw-top quartz
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cuvettes fitted with caps and septa to measure Ry. Ultrapure nitrogen was first bubbled through
the sample for 30 minutes and was then irradiated for 15 minutes using a 300-watt xenon arc
lamp with a 20 cm water jacket (to remove infrared irradiation to prevent sample warming). A
325 nm cut-off was the primary filter used to approximate the solar spectrum in natural waters.
Other cut-off filters (355, 380, 399, 418, and 440 nm) were used to evaluate wavelength-
dependence. The headspace of the cuvette was continuously purged with nitrogen throughout the
irradiation. The sample was then derivatized directly in the cuvette, using a gas-tight syringe, by
the addition of 200 uL of 15 mM fluorescamine in acetonitrile (1 mM in sample) unless
otherwise noted. The sample was mixed for about one minute and then was placed in the
fluorometer for measurement. A non-irradiated sample was derivatized and measured to
determine the blank. If necessary, samples were then filtered with a pre-rinsed 0.2 um nylon
filter into a clean cuvette to remove any excess precipitated fluorescamine and the fluorescence
was measured. Filtering the samples removes issues with scattering in the measurements due to
particulates and does not remove any of hydroxylamine product (Figure A2.1). The initial rate of

hydroxylamine production was calculated by the following equation:

Ry = — =T (Eqn. 2.1)

T 15min* 60 s/min

where T1s is the product yield after the 15 minute irradiation and To is the blank measurement.®®

The hydroxylamine method required some modifications to be used in natural waters due
to their variability. Additional buffering of natural waters was needed following irradiation but
before derivatization to maintain a higher stable pH and a higher concentration of fluorescamine
was needed to ensure complete derivatization. For the natural waters tested in this study, an

addition of ~100 pL of a 50 mM borate buffer at pH 11 and 2 mM fluorescamine was sufficient.

The details of determining these parameters will be explained in the results and discussion.
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2.3.5 Rate of Excitation and Apparent Quantum Yields

Rates of production were normalized to the rate of excitation of the sample to give

apparent quantum yields (®).

Rate of production of species (Rg)

b =

(Eqgn. 2.2)

Rate of Excitation (Rgx)
This ensures that variability in sample concentrations/absorbance are taken into account. Rate of

excitation was calculated under optically thin conditions by the equation:

800

Rex =[5 a(D) 1(2) dA (Egn. 2.3)
where a()) is the Naperian absorption coefficient of the sample in cm™ and I()) is the absolute
irradiance of the xenon arc lamp in photons cm2s* nm™.8 Absorbance measurements of
samples were conducted on a Shimadzu UVPC 2401 benchtop spectrophotometer ina 1 cm cell.
The instrument was always baselined to air and blank measurements (MQ or buffer) were taken
and were subtracted from absorbance spectra. The absolute irradiance of the lamp from 300-800

nm was measured using an Ocean Optics spectroradiometer (Figure A2.2).

2.4 Results and Discussion

2.4.1 Validation and Control Experiments

Reduction of 3AP with dithionite to form hydroxylamine, followed by derivatization with
fluorescamine, produced an enhanced fluorescence emission that was linear (emission at 490 nm
was used) with the extent of reduction of 3AP, thus allowing for method calibration (Figure 2.2a
and 2.2c). Irradiation of SRFA in the presence of 3AP also produced enhanced signals,
indicating reduction of 3AP, which were linear with both the irradiation time (Figure 2.2b and
2.2d) and the concentration of SRFA (Figure A2.3). The difference in spectral shape between

Figure 2.2a and 2.2b is due to the background fluorescence of CDOM. The hydroxylamine
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signal was stable in air for at least two hours (Figure A2.4).
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Figure 2.2. Raw emission signals for (a) hydroxylamine produced via dithionite reduction of 600 uM 3AP and (b)
hydroxylamine produced by reduction of 600 uM 3AP during an irradiation of 10 mg/L SRFA. Standard curve for
hydroxylamine; linear fit has an equation y = 1530(+10)x with an R? of 0.99 (c). Linearity of hydroxylamine
production with irradiation time; linear fit has an equation y = 1820(+50)x with an R? of 0.99 (d).

To ensure that the fluorescence signal obtained was due mostly to derivatized hydroxylamine
and not other products, Cu?* was added in the form of CuCl to the sample. Cu?* catalyzes the
oxidation of hydroxylamine, which would turn it back into its radical form, resulting in the loss
of fluorescence.'®"1% Introduction of a low concentration (7.3 uM) of Cu?* to an irradiated
sample (10 mg/L SRFA with 325 nm cut-off for 15 min.) continued to lower the fluorescence
signal over the course of 40 minutes, signifying the oxidation of the hydroxylamine (Figure 2.3).
The signal did not come completely down to the level of the non-irradiated sample that was also
treated with Cu?*, indicating the presence of some other radical adducts radical adducts (methyl,
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acetyl, pentanoyl)**®, however their contribution to the overall fluorescence is less than 15%.
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Figure 2.3. Loss of emission intensity due to the oxidation of hydroxylamine using copper chloride. (a) Non-
irradiated and (b) irradiated 10 mg/L SRFA. Initial measurements were taken before adding copper. Signal at t=0
min. was the intensity obtained immediately upon adding the copper chloride.

To ensure that sufficient 3AP was being utilized to trap all photoproduced one-electron
reductants, the dependence of R on the concentration of 3AP was evaluated in a solution of 10

mg/L SRFA (irradiated with 325 nm cut-off filter for 15 min.) (Figure 2.4).
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Figure 2.4. Dependence of Ry on 3AP concentration for 10 mg/L SRFA under 0 and 250 uM molecular oxygen.
Solid lines are the fits of the data to equation 2.4. The dashed line is the fit of the 250 UM molecular oxygen data to
equation 2.4, but with A restricted to 21.1 nM/s. Error bars are standard deviation based on a relative standard
deviation of 15% which was the maximum deviation observed for triplicate Ry measurements.

The production and consumption of OER in the presence of molecular oxygen and 3AP can be

described by the reaction scheme shown in Figure 2.5.%¢
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Figure 2.5. Formation of OER and branching for possible subsequent reaction pathways.

Rt is the formation rate of OER, ko2 is the rate constant for reaction with oxygen, [O2] is the
concentration of molecular oxygen, kzap is the rate constant for reaction with 3AP, [3AP] is the

concentration of 3AP, and Kq is the rate constant for recombination (back reaction). The initial

production rate of hydroxylamine (Rn = (%) ) is therefore described by the following equation
0

(derivation provided in Text A2.1):

d[H] Rf[3AP] __ A[34P]

Ry = (W)O = (MJ, [3AP]) = Sinar] (Egn. 2.4)
kzap
The parameter A = Rr and parameter B = Kat ko2102) \\hen [O2] = 0 uM under nitrogen, B = k"d
3AP

which gives the half-saturation concentration for reaction of 3AP with one-electron reductants.

When [O2] = 250 uM under air-saturated conditions, the equation for B is rearranged to give

ko2 _ (B2s0—Bo)
k3ap 250

The data under nitrogen plateaus by 600 uM and the resulting fit gave a half-saturation
concentration (B) of 70 £ 8 uM and a rate of formation of one-electron reductants (A) of 21.1 +
0.6 nM/s, somewhat higher than the previously published results of 40 + 8 uM and 16.2 + 0.7

nM/s respectively.®® This difference could be attributed to the broader range of concentrations
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tested in this iteration, allowing for a better fit than previous results (only tested up to 600 puM).
In the presence of 250 uM O (calculated based on temperature and solubility), competition
between 3AP and molecular oxygen for OER is evidenced by the far lower values obtained for
Ru. For this data, the fit gave B = 2600 + 1200 pM and A = 39 £ 13 nM/s; the very large
uncertainty could be attributed to not reaching rate saturation over the concentration range of
3AP investigated, in accordance with previous results.®® Restricting the fit with A = 21.1 nM/s
(from fit to 0 uM molecular oxygen) gives B = 1100 + 85 uM, which is more in line with that
observed visually for the half-saturation concentration and fits within the expected error of the
data. These data provide strong evidence that 3AP and molecular oxygen are competing for the
same pool of OER. Further, molecular oxygen and 3AP are highly effective quenchers of both
excited singlet and triplet states with rate constants on the order of 10° Ms™* or more!%,
primarily via mechanisms not involving electron transfer. These results provide further evidence
that the excited states giving rise to the OER must be relatively short-lived and are thus not
originating from long-lived triplet states, 92194199

The concentration dependence of fluorescamine was also examined to ensure that
derivatization of hydroxylamine was complete. This was achieved by irradiating 10 mg/L SRFA
with 600 uM 3AP (with 325 nm cut-off filter for 15 minutes) but varying the concentration of
fluorescamine used to derivatize the sample (Figure 2.6). The emission was linear up to ~0.8
mM fluorescamine and then plateaued after 1 mM, indicating that 1 mM was sufficient to

derivatize 600 uM 3AP.
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Figure 2.6. Blank subtracted emission intensities obtained for hydroxylamine derivatization in irradiated 10 mg/L
SRFA using various concentrations of fluorescamine. Emission intensity is linear with concentrations up to 0.5 mM
with a fit of y = 33300(£600)x with an R2 of 0.99. Derivatization reaches maximum efficiency at around 1 mM.

The hydroxylamine technique is quite sensitive and can detect nanomolar concentrations
of hydroxylamine. The limit of detection (LOD = 3(s/m)) and the limit of quantification (LOQ =
10(s/m)) were determined where s is the standard deviation of the blank signal and m is the slope
of the standard curve. LOD and LOQ values were determined using at least two standard curves
and are reported as the average + standard deviation. The hydroxylamine method has a LOD of
310 £ 70 nM and a LOQ of 1000 + 200 nM. Although the hydroxylamine method does not have
the best sensitivity, the simplicity and ease of use of the hydroxylamine method outweigh the
loss of sensitivity. Additionally, this issue could be solved for low absorbing samples by

implementing longer irradiation times when necessary.

2.4.2 Unraveling Issues with Natural Waters

While utilizing the hydroxylamine method on natural waters (with the same conditions
used for reference materials and extracts; 600 UM 3AP and 1 mM fluorescamine), it was initially
discovered that natural water samples (NW) had lower apparent quantum yields of

hydroxylamine (®H) compared to the extracts (EX) of the same samples (Figure 2.7). This was
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not expected as the EX should simply be the DOM of the sample, just without the extraneous
dissolved components of the NW matrix, and it has been found that extracted material is
representative of the original NW.**® One theory that was tested was the possibility that the
samples were releasing free amines, which could be released during irradiation of CDOM.2%®
Fluorescamine can also derivatize these free amines, resulting in an undesired excess
fluorescence signal, and the NW and EX could be releasing them to different degrees. To test for
this, Delaware River (DR) St. 19 EX and NW were irradiated without 3AP and then derivatized
and measured. Neither sample showed an increased fluorescence signal, indicating that no free

amines were present (Figure A2.5).

0.0012

0.0010 A

0.0008 -

0.0006 -

AQY of Hydroxylamine

0.0004 -

0.0002 A

0.0000 -
St. 19 EX  St. 19 EXDil. SRFA St. 19 NW St. 19 EXin NW SRFA in NW

Figure 2.7. @ obtained for 5 mg/L St. 19 EX, diluted (Dil) St. 19 EX, and 5 mg/L SRFA (blue) as well as ®y
obtained for St. 19 NW, St. 19 EX in St. 19 NW and 5 mg/L SRFA in St. 19 NW (red). Absorbance of diluted St. 19
EX matched the absorbance of St. 19 NW. Error bars represent the standard deviation of triplicate measurements.

Further work focused on evaluating possible interferences due to the NW matrix. It was
observed that during R+ measurements on NW that the pH of the sample would drop drastically
following derivatization, which did not occur with reference materials or EX in buffer.
Derivatization of nitroxide with fluorescamine results in the net release of protons, causing the

pH of the solution to decrease. The derivatization process has been shown to be pH dependent,
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with highest yields obtained between pH 7.5-9.5.1%2 Therefore, the sudden change of pH was
likely impeding the full completion of the derivatization process. To combat this and maintain
the pH of the NW during the derivatization process, St. 19 NW was spiked with aliquots of a 50
mM borate buffer pH 11. Various volumes (25, 50, 75, and 100 pL) were tested to see which
volume would result in the desired end pH of 8 post-derivatization. Emission signals of the
buffered samples were enhanced indicating an improvement in derivatization, but this occurred
for both non-irradiated (baseline measurement) and irradiated samples (Figure 2.8). Therefore,

buffering the NW did not affect the overall value of Rn.

14000 | s Non-irradiated

E |radiated
12000 A
10000 -
8000 -
6000 -
4000 -
2000 A
0
5.9 7.3 7.9 8.5

pH of Sample Post-derivatization

Emission (counts)

Figure 2.8. Emission of non-irradiated and irradiated St. 19 NW samples that were buffered and derivatized. Extent
of buffering increases from left to right (25, 50, 75, and 100 pL of 50 mM borate buffer pH 11). Irradiation was
conducted with 325 nm cut-off filter for 15 minutes.

Derivatization of 3AP by fluorescamine introduces a slight yellow color to the sample
being tested. Upon visual examination of NW samples that were being measured for Ry, their
color was noticeably lighter than reference material or EX samples. Absorbance scans of the NW
in comparison to SRFA in buffer confirmed a lack of derivatization in the various NW samples
tested (Figure 2.9a). The derivatization in just buffer alone shows what the absorbance should be
for complete derivatization, and it is apparent that derivatization in SRFA in buffer follows that

expected amount, since the absorbances match. All NW samples show a varying degree of
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decreased absorbance, indicating less than complete derivatization. Since buffering seemed to be
a step in the right direction, St.19 NW was buffered and the amount of fluorescamine was also
doubled to see if more complete derivatization could be obtained. Although buffering alone did
not improve the rates overall, when combined with increased concentrations of fluorescamine,
the extent of derivatization rose to completion (Figure 2.9b), and therefore Rn values were

enhanced (Figure 2.10).
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Figure 2.9. Absorbance of derivatized 3AP in various non-irradiated samples. Absorbance plotted is the absorbance
of the derivatized sample minus the absorbance of the sample itself and therefore shows only the absorbance due to
the derivatized 3AP. (a) Conditions for these samples are 600 uM 3AP, 1 mM fluorescamine, and no buffering for
the natural waters. (b) Conditions for these samples are 600 uM 3AP, 2 mM fluorescamine, and buffering for the
natural waters (~75 pL of 50 mM borate buffer pH 11).

Further tests were conducted where the concentration of 3AP was increased and the
addition of an even higher concentration of fluorescamine was investigated. Increasing the
concentration of the 3AP alone did not affect Ry and increasing the fluorescamine concentration
beyond 2 mM also did not lead to any further enhancement (Figure 2.10). The enhanced
conditions of buffering and the use of 2 mM fluorescamine were also tested on St. 19 EX to
check for increases in rates, but no such increase was observed, further confirming that the
enhanced conditions are only necessary for NW samples (Figure 2.10). The need for higher
concentrations of fluorescamine could be due to undesired side reactions between fluorescamine
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and secondary amines or ammonia which leads to non-fluorescent products.?®2% Secondary
amines can be present in NW samples since several anthropogenic contaminants are secondary
amines.?® It is unlikely that ammonia was an issue in the samples tested because the
concentrations were minimal to none (Figure A2.6). Alternatively, something in the NW could

be causing the hydrolysis of fluorescamine.?%
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Figure 2.10. Ry in DR St. 19 NW (red) and DR St. 19 EX (blue) using various experimental conditions. Error bars
represent standard deviation of triplicate measurements.

2.5 Conclusion

Measurements of photoproduced OER were successfully performed using the newly
improved fluorescence method on a wide variety of reference materials, natural waters, and
extracts. The hydroxylamine method provides reasonable estimates for O»*~ production, is faster
and easier to conduct than the traditional chemiluminescence-based method for O.*-, and should
be amenable to continuous measurement via flow-injection analysis (in a fashion like the
chemiluminescence-based method). The sensitivity should be sufficient for application to most

fresh and coastal waters, and with longer irradiation times, to open ocean waters.
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Chapter 3: Correlations between the Production of One-electron
Reductants with that of Hydrogen Peroxide and Superoxide

The majority of this chapter has been published in reference 260:

Le Roux, D. M.; Powers, L. C.; Blough, N. V. Photoproduction Rates of One-Electron
Reductants by Chromophoric Dissolved Organic Matter via Fluorescence Spectroscopy:
Comparison with Superoxide and Hydrogen Peroxide Rates. Environ. Sci. Technol. 2021,
55 (17), 12095-12105. https://doi.org/10.1021/acs.est.1c04043.

| performed all experiments and data analysis and prepared the first draft of the manuscript. Dr.
Powers and Dr. Blough assisted in data analysis and editing the manuscript.

3.1 Abstract

One-electron reductants (OER) photoproduced by chromophoric dissolved organic matter
(CDOM) have been shown to be likely precursors for formation of superoxide (O2™) and
therefore hydrogen peroxide (H202). The improved nitroxide radical probe method that was
developed, as described in Chapter 2, was used to determine the photoproduction rates of OER
from a diverse set of CDOM samples. Values for the production rates of OER (hydroxylamine),
02+, and H20z (RH, Roa.-, and Rr202) have a similar wavelength dependence, indicating a
common origin. Correlations between the yields of OER and H»O: to various optical properties
of CDOM suggest that lower molecular weight components of CDOM are more efficient at
producing OER and H20.. If all of the OER react with molecular oxygen to produce O>", the
simplest mechanism predicts that Ri/Rn202 and Roz./Ru202 should be equal to two. However,
measurements reveal R1/Ru202 values as high as sixteen (5.7-16), consistent with prior results,
and Roz--/Rh202 values as high as eight (5.4-8.2). These results indicate that a substantial fraction

of 02" (65-88%) is not undergoing dismutation.

38


https://doi.org/10.1021/acs.est.1c04043

3.2 Introduction

Since CDOM spectra (a())) appear to have an exponential shape with wavelength, they
are often described with the following equation:

a(L) = a(Arer)e S~ Areh) (Egn. 3.1)
where At is the reference wavelength and S (nm™) is the spectral slope coefficient. Variation in
S between studies are typically due to the wavelength region over which S is determined.® S is
often reported over shorter wavelength regions, such as 275 — 295 nm or 350 — 400 nm, although
the larger range from 300-700 nm is also used. Helms et al. demonstrated that Sz75 295 and the
slope ratio (Sr; S determined over 275 — 295 nm divided by that from 350 — 400 nm) were
correlated to molecular weight of DOM for a variety of samples.?% Lower values of S are often
associated with high molecular weight (HMW) DOM and high values of S are associated with
low molecular weight (LMW) DOM.2% For Sago-700, it is typically highest for ocean/offshore
samples (> 0.020 nmY), lower for coastal/inshore samples (0.014 — 0.018 nm™), and lowest for
freshwater samples (< 0.014 nm™).® Decreasing values of S result from increasing long-
wavelength absorbance.

The E2/E3 ratio is the ratio between the absorbance at 254 nm and the absorbance at 365
nm and it has been shown to be inversely correlated with the molecular weight of DOM?%” and
also inversely correlated with the quantum yield of H20O2 production for DOM isolates and humic
substances.”®1% Specific UV absorbance at a particular wavelength (A) (SUVA,; absorbance at a
given wavelength, usually 254 or 280 nm, normalized to pathlength and DOC concentration) has
been used as an indicator of DOM aromaticity, wherein high SUVA2s4 values indicate more
aromaticity.?%® A positive linear relationship has been observed between SUVAzs0 and the

165

production of H,0,% as well as for O2*.2%° Mass-normalized absorbance values (a* =
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asso/[DOC]) showed no relationship with H202 photoproduction in a sample set containing
riverine and coastal seawaters.?!? Increased values of normalized absorbances have been shown
to be associated with increased molecular weight and aromaticity.® Results obtained from
Northwestern Patagonia showed that higher molecular weight, more humic material of streams
and shallow lakes were more productive than lower molecular weight material from deep lakes,
based on azsa values.?!!

Fluorescence measurements have not been widely used in evaluating ROS
photoproduction rates. The fluorescence quantum yield (FQY), which is a ratio of the light
emitted from a sample compared to how much light was absorbed, has been widely measured

and is calculated via the following equation:

_ Fs(int)(Aex) AQS(lexssonm))
FQY(Aex) B (FQS(int)()Lexgsonm) * As(Aex) *0.51 (Eqn 32)

where Fsginty and Fos(int) are the integrated emission intensities of the sample and quinine sulfate
(QS), respectively, at the particular excitation wavelength (Lex). Ags and As are the absorbance
values of QS and the sample, respectively. The value 0.51 is the published quantum yield of
QS.212—214

Fluorescence tends to increase with decreasing molecular weight, likely because of
higher rates of intramolecular quenching in higher molecular weight material.>® In one study, the
sample with the highest integrated fluorescence emission from visible excitation wavelengths
had the highest H20, photoproduction rate.?° The fluorescence quantum yield has been found to
be positively correlated to H20 production for various lake waters.?%®

The summary of the trends of optical properties with structural features of DOM and the
production of H2O> are show in Table 3.1. Overall, the fluorescence-based correlations are

consistent in that lower molecular weight, higher fluorescing structures produce more H>O».
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Absorbance-based molecular weight correlations are much more conflicted where some metrics
(E2/E3, azs4, SUVA,) showed direct relation to increased production of H2O2 and/or O2* while
some metrics (E2/E3) showed the opposite or even none at all (spectral slope, slope ratio, and
a’). Absorbance-based metrics for structural properties of DOM have been highly criticized due
to a wide variety of possible interferences, particularly in natural waters.?'® For instance, anions
like nitrate, nitrite, and halides absorb in the UV range which will affect the absorbance
spectra.?7218 CDOM can also chelate various cations and specifically iron is known to enhance
absorbance measurements.2%8219.220 \While iron has received the most attention, the presence of

magnesium??! and copper???

can also impact optical measurements. Changes in pH also
significantly change CDOM optical properties'®:?2*, whereby DOM absorbance typically
increases with increasing pH due to the deprotonation of acidic moieties.??* Other peculiar
situations involve algal based samples that contain a high proportion of mycosporine-like amino
acids?® and samples with high phenolic content which will also affect spectra.??522” Additional
considerations include the fact that not all carbon absorbs® and that these metrics do not

necessarily correlate to particular functional groups which may be an important consideration in

relating optical properties to photochemical reactions.
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Table 3.1. Relation of Optical Properties to CDOM Structure and Trends with ROS

Optical Property | Relation to Structure Trend with ROS and Reference
S300-700 1 value | MW None (Le Roux et al., 2021)
Sr 1 value | MW None (Le Roux et al., 2021)
Inverse H,O> (Dalrymple, 2010)
E2/E3 1 value | MW Inverse H2O> (Sharpless et al., 2014)
Direct H2O. and OER (Le Roux et al., 2021)
a254 1 value | MW Direct H20 (Garcia et al., 2019)
Fluorescence . , )
Intensity 1 value | MW Direct H202 (O’Sullivan et al., 2005)
Direct H202 (Scully et al., 1996)
FQY 1 value | MW Direct H,0; and OER (Le Roux et al.. 2021)
. Direct H2O- (Sharpless et al., 2014)
SUVAL 1 value 1 aromaticity Direct H20. and O2*" (Fuji and Otani, 2017)
. 1 value T MW and o 1
(@* = azso/[DOC]) aromaticity None (O’Sullivan et al., 2005)

As discussed in Chapter 1, the generation of O*- and H2O. involves an initial absorption
of light (hv) by CDOM, resulting in the formation of excited singlet states (:CDOM").1>°2 Based
on current evidence, intramolecular electron transfer results in the formation of one-electron
reductants (CDOMP**A*-; OER).78# OER then react with dissolved molecular oxygen to form
02" which can then undergo dismutation to form H20,.”8#* Prior work that compared the
production rate of OER (RR) to that of H202 (Rn202) for standard humic and fulvic materials
from the Suwannee River obtained higher values than expected based on stoichiometry for
dismutation (value of two), with some values reaching up to thirteen.®

Here the work has been expanded with an increased sample scope. Ry and Rn202 values
have been determined for a variety of samples including Suwannee River fulvic acid (SRFA) and
natural organic matter (SRNOM), Elliott Soil humic acid (ESHA), exudate from the brown algae
Sargassum natans, a natural water and extract (C-18 solid phase) from the Delaware River,
natural waters from various lakes in New Jersey, and a natural water and extract from St. Mary’s

River in Maryland. Ry were compared with Rn202 and all samples exhibited ratios far greater
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than two, in accordance with past results.® Comparisons of yields to optical properties of CDOM
indicate higher production of these species from lower molecular weight species. Salinity and the
addition of a metal chelator, to test for matrix effect issues in natural waters, have only a slight
impact on the results. To delve deeper into the relationship between the reactions as described,
preliminary work acquired Roz.- for SRFA and SRNOM. Presented herein are the first
measurements of the production rates of all three species under identical conditions, as well as
the first direct measurements of the polychromatic wavelength dependence of Roz.- using

multiple long-pass cut-off filters.

3.3 Materials and Methods

3.3.1 Materials

Boric acid, sodium carbonate, sodium acetate, monobasic sodium phosphate, sodium
hydroxide, phosphoric acid, sulfuric acid, sea salt (§9883), fluorescamine, 3-amino-2,2,5,5-
tetramethyl-1-pyrrolidinyloxy (3AP), and 0.1 N potassium permanganate (KMnOa) were
purchased from Millipore Sigma. Sodium dithionite was purchased from Acros Organics.
Hydrogen peroxide and sodium chloride were purchased from EMD. Acetonitrile, acetone, and
ethanol were purchased from Fischer. 10-methyl-9-(p-formylphenyl) acridinium carboxylate
trifluoromethanesulfonate (acridinium ester or AE) was obtained from Waterville Analytical Co.
2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimidazo[1,2-a]pyrazin-3(7H)-one) (methyl Cypridina
luciferin analogue or MCLA) was purchased from TCI Chemicals.
Diethylenetriaminepentaacetic acid (DTPA) was purchased from Fluka. Suwannee River fulvic
acid (SRFA; 2S101F), Suwannee River natural organic matter (SRNOM; 2R101N), Ellicott soil

humic acid (ESHA; 1S102H) were purchased from the International Humic Substance Society.
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Sargassum was sampled in the North Atlantic Ocean, 9 km off the coast of Bermuda, and
exudates were collected by solid phase extraction during outdoor leaching experiments described
in detail previously.??” Natural water (NW) from the Delaware River was collected in August of
2006 (St. 19; 40.1 N, -74.8 W). Natural waters from various lakes in northern New Jersey were
collected in November and December of 2019: Echo Lake Reservoir (ECL; 41.0, -74.4),
Greenwood Lake (GWL; 41.2, -74.4) and Monksville Reservoir (MKR; 41.1, -74.3). Natural
water from St. Mary’s River in Maryland was collected in January of 2020 (SMR; 38.2, -76.5).
C-18 solid phase extractions (EX) were conducted as described previously in section 2.3.2.1%

Purified water (18 MQcm) was obtained from a Milli-Q purification system.
3.3.2 Sample Preparation

Stock solutions of extracts and reference materials were prepared by diluting/dissolving
the extract or reference material in MQ water. These stocks were adjusted to pH 7 using NaOH
and HCI and filtered using pre-rinsed 0.2 uM nylon filters. Dilutions of these stocks at desired
concentrations for experiments were prepared by diluting the stock solutions with 50 mM borate
buffer at a pH of 8 unless otherwise noted. Natural waters were filtered with pre-rinsed 0.2 pm
nylon filters and used as is.

To explore the impact of salinity, solutions of 50 mM borate buffer at a pH of 8 with
sodium chloride and Sigma Aldrich “Sea Salt” (S9883) concentrations of 18 and 28 ppt were
prepared. St. 19 EX samples at concentrations of 5 mg/L were prepared by bringing up the EX in
these buffered salt solutions. Ry and Rr202 were measured as described below. The sodium
chloride and sea salt had been baked for 24 hours prior to being used to remove any trace organic

material. Sonication was done to aid in dissolution and the salt solutions were filtered through
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pre-rinsed 0.2 uM nylon filters before use.

To explore the impact of metal chelation, a stock solution of 3.57 mM DTPA was
prepared by dissolving the solid in MQ water. Aliquots of the stock were added to St. 19 EX and
St. 19 NW to a concentration of 50 uM and were then allowed to sit at 4°C for 24 hours to ensure

complexation of metals. Ry and Ru202 were then measured as described below.

3.3.3 Measurement of One-electron Reductants

The production of OER (Rn) was measured as described in section 2.3.4.

3.3.4 Measurement of Hydrogen Peroxide

H>0> was measured through a chemiluminescent reaction with AE (Figure A3.1) ina
FeLume, a flow-injection analysis instrument from Waterville Analytical Co. (Figure A3.2). For
freshwater and buffered samples, the carrier was 0.1 M HCI, the buffer was 0.1 M sodium
carbonate at a pH of 11.7, and the reagent AE was prepared at 5 uM in 1 mM phosphate buffer at
a pH of 3.22822% For higher salinity samples, the HCI carrier was increased to 0.3 M, the pH of
the sodium carbonate buffer was lowered to 10.7, and the AE concentration was lowered to 1-2
uM in order to prevent precipitation of salts. The photomultiplier tube was set at a voltage of 950
V and an integration time of 400 ms for freshwater and buffered samples. The voltage was
increased to 1050 V for higher salinity samples. All of these solutions were drawn into the
FeLume system using a peristaltic pump with Teflon tubing.

Standard concentrations of H>O> for measurement were prepared from a stock solution
whose concentration was monitored spectrophotometrically (¢ = 38.1 + 1.4 Mcm at 240
nm).2% This stock was prepared by dilution from a ~30% solution. The H.O, concentration of

the ~30% bottle was more specifically determined via potassium permanganate titration (Text

45



A3.1). A concentration of 31.6 £ 0.2 % was obtained. The molar extinction coefficient of H,0>
was then confirmed by measuring the absorbance of multiple prepared concentrations (Figure
A3.3). An extinction coefficient of 40.4 + 0.3 M*cm™ (0.5%) at 240 nm was obtained, which
differs from the published literature value above by 6%.

To determine Ru202, @ 1 cm quartz cuvette was filled with the sample and irradiated using
the lamp, water jacket, and filters as describe above. Rn202 was calculated from the linear

regression of H>O; yield over the course of a fifteen-minute irradiation.

3.3.5 Measurement of Superoxide

02" was measured via the chemiluminescent reaction with MCLA (Figure A3.4) in the
FeLume system (Figure A3.5). It was set up to continuously take in MCLA and sample with a
peristaltic pump and Teflon tubing with a total flow rate of 6.6 mL/min. MCLA was prepared at
2.5 uM in 500 mM sodium acetate buffer with 50 uM DTPA at a pH of 6.”2* A Oy stock was
generated by the photolysis of a solution of 6 M ethanol, 41 mM acetone, 30 uM DTPA in 1 mM
borate buffer at a pH of about 12.5 in a cuvette with a mercury pen-lamp (Figure A3.6,
A3.7).21232 The concentration of the O™ stock was monitored spectrophotometrically (e = 2183
Mcm at 240 nm)8* with an Ocean Insight DH mini light source connected to an Ocean Optics
USB2000 spectrometer (Figure A3.6) hooked up to a computer with the SpectraSuite program.
When the O>" stock concentration in the solution reached ~50 uM, a small volume (pL) was
taken and added to ~20 mL of sample to prepare a standard in the nanomolar range. The
standards were continuously stirred and taken into the instrument and the signal was monitored
as the O>" decayed. Linear extrapolation of the plot of the natural log of the signal versus time
(~60 s) was used to determine the value of the initial signal at the time of O™ injection (t=0).

To quantify Roz.-, about 4 mL of sample was placed in a 1 cm cuvette and the sample line
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was inserted into the cuvette. The cuvette was placed into the light and the production was
monitored over time. Approximately the first 15 seconds of the observed increase in signal over

time was used to calculate Ro».- (Figure A3.8).

3.3.6 Determination of Optical Properties

Absorbance measurements were conducted on a Shimadzu UVPC 2401 benchtop
spectrophotometer in a 1 cm cell. The instrument was always baselined to air and blank
measurements (MQ or buffer) were taken and were subtracted from absorbance spectra. Spectral
slopes were determined using nonlinear least squares fitting to the exponential function
(Equation 3.1) in SigmaPlot®.

Fluorescence excitation-emission spectra (EEMs) were conducted with a Horiba
Fluoromax-4. Excitation was scanned from 300-500 nm every 10 nm and the emission was
scanned from 300-700 nm every 1 nm. Band passes were 4 nm and the integration time was 0.2
s. First and second order Rayleigh masking settings, within the program, were applied to each
scan. The fluorescence of 10 ppb quinine sulfate (QS) in 1 N H2SO4 was measured using an
excitation wavelength of 350 nm with emission scanned from 290-700 nm. Fluorescence

qguantum yields (FQY') were calculated using Equation 3.2.

3.3.7 Apparent Quantum Yield Calculations

Apparent quantum yields for hydroxylamine, H2O2, and O>" were calculated as described

in section 2.3.5.

3.4 Results and Discussion
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3.4.1 Polychromatic Wavelength Dependence of Rates and Ratios

The wavelength dependence of the production of H.O> has been investigated extensively
and has been shown to decrease approximately exponentially through the ultraviolet range, with
little to no production in the visible,233.215234.235,106,236,210.237.88, 23887 prigr results from limited
monochromatic studies have shown that the value for Ru/Ri202 is retained despite the
wavelength of light used for irradiation.’”®882% This work is the first report of Ru, Rrz02, and
Roz.- measurements under identical conditions on the same sample and the first report of the
polychromatic wavelength dependence of Ro».- that was acquired directly and not estimated from
Rr202 data. The wavelength dependence is similar for all three rates (Figure 3.1a-c), with all
decreasing proportionally with longer wavelength cut-off filters. Therefore, specific ranges of
wavelengths do not favor Ru, Roo.-, or RH202 over another which further supports that the
reactions of the three species are inter-related.

Photochemical efficiency is the probability that absorption of radiation by CDOM wiill
lead to a photochemical product. This is typically determined as the apparent quantum yield
(AQY; @ (1)), defined as the ratio of the moles of product produced to the moles of photons

absorbed by the sample.?*° Figure 3.1d-f provide the wavelength dependence of the ® values.
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Figure 3.1. (a) Ry, (b) Roz--, (€) Rhz02, (d) @, (€) ®op.-, and (f) ®H,0; for 1 mg/L SRFA and SRNOM. Error bars
for the rates represent standard deviations of triplicate measurements.

These results are similar to the few polychromatic studies that exist for the wavelength
dependence of ®h202, although they fall towards the lower end of the values.8”#8210.238 This may
be attributed to the use of an integration range of 300-800 nm here, which is significantly larger
than in other studies. Additionally, a cut-off filter of no shorter than 325 nm was explored here
and most works have studied as low as 280 nm, which is much more photochemically efficient
and these lower wavelengths give the spectra a more exponential trend.87:88210.238

When the production rates are related through ratios (Roz.- to Rn and Ru202; Figure 3.2),
a ratio of about one to two is obtained for Ru/Roz.- which indicates that O, measurements are

close in magnitude to those of OER, as expected. The slightly lower Roz.- compared to Rn could
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be due to the inability to completely capture an accurate Roo.-. The rates reported here are “net”
in that some unavoidable loss occurs as the O™ travels from the sample to the reagent and
detector within the FeLume. Alternatively, small systematic variations in the calibration of either
RH or Roz.- could be possible, particularly for Roz.- due to the difficult nature of calibrating for
O2". In contrast, a ratio of about eleven is obtained for Ru/Rn202, consistent with previous
work®, with a value of about six to eight obtained for Roz.-/Rh202, further confirming that Roz.-

cannot be simply estimated as twice Rrz02, Which has been traditionally assumed.®”24

14 I SRFA a
EEE SRNOM
12
~ 104
ON
I 8
14
& 6
4A
24
0,
10 b
Sa
o)
€ °7
€ 4
za
04
2.5 ¢
2.0
gO 1.5 4
mI
1.0
0.5 4
0.0 -

325 355 380 399 418 440

Wavelength of Cut-off Filter (nm)

Figure 3.2. (a) Ru/Ruz02, (b) Ro2.-/Ruz02 and (¢) Ru/Roz.- for SRFA and SRNOM. Error bars represent propagation
of standard deviation of triplicate measurements for each rate.

3.4.2 Comparison of Apparent Quantum Yields and Ratios Among Samples
Rn and Rr202 were determined for SRFA, SRNOM, ESHA, a natural water and an extract

from the Delaware River (St. 19), exudate from Sargassum, natural waters from lakes and
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reservoirs in northern New Jersey [Echo Lake Reservoir (ECL), Greenwood Lake (GWL) and
Monksville Reservoir (MKR)], and a natural water and an extract from St. Mary’s River (SMR)
in Maryland (Table 3.2). For all samples, Rn/Rnz02 is greater than two and varies from a value of
five to sixteen. ®H and 202 also differ significantly among the samples, from a value of 1.7 to
17 x 10" for ®n and 0.21 to 1.03 x 10 for ®rz02. Literature values for polychromatic ®rz02
values for a variety of natural waters vary significantly.8”88210.215 The results obtained here are
on the lower end of published values, which could be due to the differences in experimental
methods as described above (wavelength of cut-off filter and integrated wavelength range).

RH/Rh202 values for SRFA and SRNOM are comparable to one another and to previously
published results for SRFA and SRHA.& ESHA differs significantly from SRFA and SRNOM as
it has a slightly higher Ru/R202 yet significantly lower ®H and @202 Values. The exudate from
Sargassum is similar to ESHA in that @ and ®n202 are low compared to all of the other
samples, however Sargassum has an overall Rn/Rn202 of five compared to fifteen obtained for
ESHA. This difference could be related to the fact that DOM from Sargassum exudates has a
high phenolic content and very different molecular properties when compared to standard
reference materials.??” The natural waters and their respective extracts from St. 19 and SMR have
fairly close values for both ®H and ®H202. The natural water samples from New Jersey have
varying values for both ®y and ®Hz02. MKR has the highest ®n and ®H202 values among the NJ
samples tested.

Based on the competition experiment described in section 2.4.1, photoproduced OER that
react with 3AP to produce hydroxylamine under anaerobic conditions, should react with
molecular oxygen to produce O™ under aerobic conditions and assuming the stoichiometry of

two O™ molecules to produce one H»Oz, the fraction of O," that is lost to other oxidative
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processes (Po2-) can be determined using the following equation (derivation provided in Text

A3.2):%

Ry _ 2Ro3 (total) (Eqn. 3.3)
RH202 [Ro;(tomz)(1—Po;(oxidative))]

The Po»- (converted to percent) values range from 65 to 88%, consistent with past results and

suggesting that a significant portion of O2" is lost through oxidative pathways.”’" 8241
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3.4.3 Correlations Between Apparent Quantum Yields and Optical Properties

Variation in the ®H and ®H202 Values among the samples studied could be due to
differences in structure or composition of the samples. Optical properties, such as absorbance
and fluorescence parameters, have been utilized to relate photochemical reactions to the
composition of CDOM.® To probe this, several optical properties were obtained for the samples
using absorbance and excitation-emission spectra. @4 and ®H202 Were compared to the ratio of
the absorbance value at 250 nm to the absorbance value at 365 nm (E2/Ez3), spectral slope (Szoo-
700), Spectral slope ratio (S275-205/S350-400), and fluorescence quantum yield (FQY). A weak
correlation was observed for ®x and @202 With E2/E3 (R? = 0.55 and 0.62, respectively) and
FQY (R? = 0.40 and 0.39, respectively) (Figure 3.3), but no obvious correlation was observed
for @y and ®H202 and Szoo-700 OF S275-205/S3s0-400 (Figure 3.4). E2/Es, S300-700, S275-205/S350-400, and
FQY all tend to increase with decreasing molecular weight>2%, so it is interesting that the
correlations are stronger with some of these optical properties over others. It has been argued that
the more discrete optical properties (E2/Ez and Sz75.205/S350-400) are more viable parameters to
compare to as opposed to spectral slopes over broad wavelength regions because the analysis of
a wide range of wavelengths would be less sensitive to any subtle changes in absorbance.?%
Correlations to Sa75-295/Szs0-400 Were found to be minimal here, but this could be due to the very
small range that the samples fall within (~0.8-1.0). Another aspect to note is that the E2/E3
includes the absorbance at 250 nm whereas the spectral slope was calculated from 300-700 nm,
indicating that the absorbance around 250 nm is of more importance than other
wavelengths/regions when making correlations with @y and ®H202. Since the @y and D202
increase with decreasing molecular weight, the importance of the region around 250 nm could be

due to the fact that smaller molecular weight species tend to absorb at shorter wavelengths.
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Based on the correlations, it appears that @y and ®Ho02 also increase with decreasing
molecular weight, though very little about these correlations exist in the literature. Dalrymple et
al. found the opposite trend for ®n202 although their range in E2/Es was considerably smaller.”
Their samples only consisted of extracts from the International Humic Substance Society,
whereas the sample set here includes natural waters. Furthermore, their ®H202 were based on the
irradiation range of approximately 300-400 nm whereas ours are calculated over the range of
300-800 nm. A linear relationship has been found previously between H20- production and

fluorescence, in accordance with the results in Figure 3.3.2%°
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Figure 3.3. Relationships between optical properties and apparent quantum yields: (a) ®n vs. E2/E3 (b) @ vs. FQY
(¢) ®nz02 vs. E2/E3 and (d) ®r202 vs. FQY for all samples given in Table 3.2. Error bars represent propagation of
standard deviation of triplicate measurements.
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3.4.4 Investigating Possible Matrix Effects

Petasne and Zika calculated that the rate constant for dismutation of O™ would decrease
in seawater compared to pure water since cations found in seawater stabilize O™, increasing its
lifetime and therefore decreasing Rrzo2.”4224% Sodium chloride did not affect either Ry or Rizoz,
but the presence of the sea salt seems to have slightly enhanced Rn202 While possibly decreasing
Rn, although the Ry measurements are within error of one another (Table 3.3). The increase in

R0z is the opposite of the work by Petasne and Zika although it is not a substantial increase.’
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Table 3.3. Effect of Salinity and Addition of DTPA on Rx and Ru202 in St. 19 EX and NW

Sample Condition Ru (nM/s) Ru202 (NM/s) RH/RH202
St. 19 (EX) None 8.7+0.3 0.67 £0.03 13.0+£0.8
18 ppt NaCl 6.7+0.8 0.77 £0.03 9+1
28 ppt NaCl 8+1 0.71+£0.05 11+2
18 ppt sea salt 71 0.73+£0.09 9+2
28 ppt sea salt 6.7+0.6 0.80£0.01 8.4x0.7
50 uM DTPA 8.8x0.5 0.93 +£0.03 9.3+£0.7
St. 19 (NW) None 53+0.4 0.39 +£0.02 13+1
50 uM DTPA 55%£0.3 0.51+£0.02 10.6 £ 0.7

Uncertainties in the rates represent the standard deviation of triplicate measurements. Uncertainties were propagated
for derived values.

Transition metals such as copper and iron are both commonly found in natural waters,

typically in nanomolar concentrations.?*4?4> Several works have demonstrated that copper and

iron can catalyze the dismutation of O, with fairly high rate constants (107 - 10° Ms), which

would increase Ru202.113126:246 Alternatively, it has been shown that iron and copper can remove

H20, through the Fenton reaction; iron is primarily oxidized by H20. while copper can be

oxidized and reduced by H.0,, leading to a catalytic cycle for loss of H,0,.122123125.127

Additionally, O2" has also been shown to reduce iron.?4-24° These would all decrease the

observed Ru202. Metal chelators such as DTPA can chelate multiple metals including iron,

copper, and manganese and make them unable to react.?>° DTPA itself, with or without

complexed metals, has been shown to be unreactive or minimally reactive with O™ due to its

strong binding constants with metals.?>! The addition of 50 uM DTPA to both St. 19 EX and NW

had no impact on Ry and slightly increased Ruz02 for both samples (Table 3.3). The slightly

increased values for Rr202 results in lower ratios of Ru/RH202 but the values are still much larger

than two. Therefore, the increase in Ru202 in the presence of DTPA indicates that metals could

57




be acting as a sink for O.", or even H>O3, but it is not significant enough to account for the high
Rr/Rh202 values. It is interesting that DTPA had the same effect on both the NW and the EX.
Due to the process of extraction, it is not expected that both the NW and the EX would contain
the same concentrations of metals. However, it has also been shown that metals that are strongly
complexed with DOM can be retained during solid phase extraction.?>22% Another chelator,
desferrioxamine (DFOA), was also tested but due to its reaction with fluorescamine, was not

explored further (Figure A3.9).

3.5 Conclusion

RH, Roz.-, and Rr202 were measured on identical samples and under identical
experimental conditions for the first time. All three rates displayed the same wavelength
dependence, supporting a common origin for their formation. Ru/Rn202 was measured for a large
variety of samples and the yields were positively correlated with lower molecular weight species
of CDOM based on optical properties of CDOM. Matrix effects in NW samples such as salinity
and presence of metals have only a slight impact on measured values.

The large values obtained for Rn/RH202 and for Roz.-/RH202 imply a significant oxidative
sink for O2™ and verify that O.™ formation rates cannot be estimated simply by doubling those of
H20,. It has been proposed the O>™ could be lost to a light-dependent sink within DOM which
could be a possible pathway for DOM photodegradation. The presence of an additional O>™ sink
that is light-dependent and the possibility of its involvement in the modification of DOM are

addressed in more detail in the next chapters.
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Chapter 4: Investigating the Presence of a Light-Dependent Sink for
Superoxide

The majority of this chapter has been submitted for publication.

Le Roux, D. M.; Powers, L. C.; Blough, N. V. “Direct Evidence of a Light-dependent Sink of
Superoxide within Chromophoric Dissolved Organic Matter.” (Submitted for publication).

| performed all experiments and data analysis and prepared the first draft of the manuscript. Dr.
Powers and Dr. Blough assisted in data analysis and editing the manuscript.

4.1 Abstract

Superoxide (O2") is produced photochemically in natural waters by chromophoric
dissolved organic matter (CDOM) via the reaction of molecular oxygen with photoproduced one-
electron reductants (OER) within CDOM. In the absence of other sinks (metals or organic
radicals), O2™ is believed to primarily undergo dismutation to produce hydrogen peroxide
(H202). However, past studies have implicated the presence of an additional light-dependent sink
of O2" that does not lead to H2O> production. Direct evidence for a light-dependent sink of O2™
within CDOM is presented herein through O2™ spiking experiments. During irradiations, spikes

of O2™ decay much faster than spikes introduced in the dark.

4.2 Introduction

Possible decay pathways for O2™ in natural waters involve reactions with
metals!13128.246248.249 'DOM itself?>42%° organic radicals!®°22% and dismutation to form
hydrogen peroxide (H202).8* H,0, as a product of O, dismutation, has been employed as a
proxy for O production due to its greater stability and ease of measurement.®"8” The
assumption made is that O>™ production is double the H,O> production, based on the
stoichiometry of dismutation. However, using the enzyme superoxide dismutase (SOD), to

catalyze the dismutation of O2™ to H2O, a discrepancy between the rates of O2™ and H.O>
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production has been noted. The presence of SOD caused the rates of HO2 production to
increase, suggesting that a significant portion of O>™ produced did not undergo dismutation to
form H202.6’7’77’87

Despite difficulty in the method of measurement, direct measurements of O2™ production
have been made and compared to H>O2 measurements. Currently, the most widely used method
for O™ is based on a chemiluminescent reaction employing flow injection analysis that allows
for continuous measurement of O,".2%! During an irradiation, the establishment of steady-state
can be observed, while the dark decay can be monitored following the removal of light.”’:9:238
The production rate can then be calculated from the steady-state concentration and dark decay
rate constant, assuming that the dark decay rate reflects the total decay rate. The stoichiometry of
the reaction for dismutation should result in a ratio of O2":H20- rates equal to 2. However,
values of 2.2-9.8 have been obtained for various natural waters suggesting that an oxidative
reaction is competing with dismutation.?®’

Alternatively, some studies have directly measured the initial production rate and
compared this to the calculated production rate obtained from the dark decay and steady-state
concentration.?>"-2% Powers et al.?%” found that the modeled rates were similar to the measured
initial rates for samples from the Gulf of Alaska. Shaked et al.?*® also claimed to have obtained
similar results for the Gulf of Agaba but their measured initial rates are slightly higher than the
range of their modeled rates. Ma et al.?*® found that the measured initial rates were 2-5 times
higher compared to the modeled rates for a variety of reference materials and wastewater
effluents. Issues with quantifying initial rates have been raised and include the unavoidable loss
of O2" during the transit time from the sample to the detector, which Ma et al. attempted to

account for by using a correction procedure.?>2>° An additional issue is that the choice of the
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time range over which the initial rate is measured can heavily influence the values.?>"2%8
Regardless, the fact that measured rates have been observed to be larger than calculated rates
suggests that a kinetic model using only the dark decay rate constant leads to an underestimation
of the production rates, implying the presence of an additional light-dependent decay pathway
for O2".

Since O™ is rather difficult to measure experimentally, recent work has studied the
production rates of the OER, the proposed precursor to O2"."88260 OER production has recently
been compared to O>™ production with rates similar in magnitude, suggesting that the
measurement of OER may currently be the best proxy for O2".2° OER measurements have
therefore been compared to H2O> production. Theoretically, a value of 2 should also be obtained
here, but values from 5 to 16 have been observed in reference materials, exudates, natural waters,
and C-18 extracts, again suggesting the presence of an additional pathway for O2" loss.8%260

The culmination of these results suggests that there is an additional light-dependent
oxidative sink for O2™ that does not lead to H20> production. Therefore, current decay models
used for O do not accurately reflect the magnitude of the total decay. This leads to an
underestimation of O, production as determined from steady-state concentration and dark decay
data. It has been suggested that a light-dependent sink exists that is associated with CDOM, but
very little work has been done to investigate this possibility. Work reported by Ma et al.
attempted to determine the light-dependent decay rate constant.?>® The initial production rate of
O, was divided by the steady-state concentration to calculate a total first-order decay rate
constant. This rate constant represents a combination of the light-dependent decay, decay due to
dismutation, and other possible pseudo-first order decay pathways. The light-dependent decay

rate constant was then determined by subtracting the rate constants for dismutation and the dark
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pseudo-first order decay. The light-dependent decay rate constants were found to be in the range
of 0.1-0.4 s*, which constituted between 63-81% of the overall decay constant.?®® However,
direct evidence for the presence of this sink does not yet exist.

In this chapter, the existence of an oxidative light-dependent sink was demonstrated
through spiking experiments. When a sample has reached steady-state during an irradiation, the
sample is spiked with an aliquot of O,", and the decay of the spike is monitored. For comparison,
the sample is also spiked during the decay phase, when the sample was removed from light. This
work demonstrates that O>" is consumed rapidly when the light is on, as compared to the much
slower decay that occurs when the light is off. Significant quantitative work and modeling of the
data has been conducted to directly determine the light-dependent rate constant. These values can

be used to modify existing decay models to provide better estimations of O2™ production rates.

4.3 Materials and Methods

4.3.1 Materials

Boric acid, sodium acetate, hydrochloric acid (HCI), sodium hydroxide (NaOH), and
superoxide dismutase (SOD; from bovine erythrocytes) were purchased from Millipore Sigma.
Acetone and ethanol were purchased from Fisher Scientific. All reagents and chemicals were
ACS grade. 2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimidazo[1,2-a]pyrazin-3(7H)-one)
(methyl Cypridina luciferin analogue or MCLA) was purchased from TCIl Chemicals.
Diethylenetriaminepentaacetic acid (DTPA) was purchased from Fluka. Suwannee River fulvic
acid (SRFA; 3S101F) was purchased from the International Humic Substance Society. Purified

water (18 MQcm) was obtained from a Sartorius Arium Mini purification system.
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4.3.2 Sample Preparation

Stock solutions of SRFA were prepared by diluting/dissolving the SRFA in ultrapure
water. These stocks were adjusted to pH 7 using NaOH and HCI and filtered using pre-rinsed 0.2
uM nylon filters. Dilutions of these stocks at desired concentrations for experiments were then

prepared by diluting the stock solutions with 50 mM borate buffer at a pH of 8.

4.3.3 Measurement of Superoxide

02" was measured and standardized as described in section 3.3.5 with some
modifications. The photomultiplier tube voltage was reduced to 1000 V. Photoproduction
measurements for O>™ were conducted in a 5 cm pathlength quartz cylindrical cell (15 mL total
volume). Irradiations were conducted with the set-up as described in section 2.3.3. The sample
was monitored to acquire the time course of O2™ production and the establishment of steady-
state, with the cell then removed from the light to monitor the decay. For spiking experiments, a
O™ stock was generated as described above and the sample was spiked with appropriate volumes
of O2™ (low pL range) during the steady-state phase or during the decay phase. The sample was
continuously stirred using a stir bar and plate. Integration of the data was performed in Excel.

Model fits were conducted in MatLab® using the Curve Fitting application.

4.4 Results and Discussion

4.4.1 Wavelength Dependence of Superoxide Data

Upon irradiation of SRFA, O™ concentration rises rapidly and approaches steady-state
within approximately 1-2 minutes, depending upon the wavelength of the cut-off filter used. As
the wavelength of the cut-off filter is increased, the rates of O>™ production and the steady-state

concentrations decreased (Figure 4.1). Initial O2™ production rates were determined based on
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~15 seconds of data following the delay time (delay from initiation of irradiation to detection)
with no correction for any losses during transit from the irradiation cell. Steady-state
concentrations were calculated from the average of ~10 points of the plateau near the time the
sample was removed from the light with no correction for losses due to the delay time. Upon
removing the sample from the light, the decay of O>™ is observed. Very little exists in the
literature about the wavelength dependence of O™ kinetic data, although several studies have
estimated it based on H20; data.8”-?*® From Figure 4.1, it is evident that the production rate and
steady-state concentration decrease with increasing wavelength of the cut-off filter which is in

agreement with a limited number of direct studies on O,".25%260
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Figure 4.1. Signals for O, production, establishment of steady-state, and decay using a variety of different
wavelength cut-off filters (a). t = 0 is when the sample began being irradiated. Down arrows indicate removal of
sample from light. Production rates (b) and steady-state concentrations (c) were calculated from standard curves.

Error bars are standard deviation for three trials.

4.4.2 Enhanced Decay of Superoxide During Irradiation
Spiking experiments were conducted by introducing known amounts of O, into SRFA

during irradiation or during the decay phase (post-irradiation) (Figure 4.2). Standard spikes of
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02" into SRFA in the dark are also shown for comparison, with the concentrations of the spikes
approximately matched. The rate of decay of the standard spikes in the presence of SRFA are
faster than the decay rates observed in buffer alone and in solutions containing
diethylenetriaminepentaacetic acid (DTPA) (Text A4.1). These results indicate that SRFA is
involved in O2™ dark decay, though how much of a contribution is due to complexed metals
within SRFA is unknown (Text A4.1). Even still, the rates of decay of the steady-state spikes are
significantly larger than those of the standards. The rates of decay of the steady-state spikes also
appear to be much larger than post-irradiation decay (after removal of the sample from light) and
also larger than those of the decay spikes (Figure 4.2).

The magnitude of the response between the standard spikes and the steady-state spikes,
shows that there is a reduction in amplitude of the steady-state spikes, as well as a more rapid
decay of the remaining O.". This behavior provides evidence that a significant fraction of the
02" spike is consumed at a rate that cannot be resolved within the timescale of these
measurements. This has implications on the determination of the rate constants obtained in the
following sections. Since a faster decay exists but cannot be observed under our conditions, the
rate constants obtained below are lower bound estimates. Comparing the steady-state spikes
under the 325 nm and the 440 nm cut-off filters, more of the spike is consumed under the 325 nm
filter, indicating that the photoproduction of the sink is wavelength dependent. Comparison of
the magnitude of the spikes introduced during the decay phase show that they are not consumed
as readily as during irradiation, although some loss still appears to occur. The rate of decay of the

decay spikes is slower than that of the steady-state spikes.
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4.4.3 Curve Fitting of Decay Data to Determine Kinetics

First-order (Eqgn. 4.1) and second-order fits (Eqn. 4.2) were applied to the O™ decay data
where [O2"] is the O2™ concentration from the decay trace data, [O2"]; is the initial O™
concentration at t=0, k is the decay rate constant, t is the time in seconds, [O2"]: is the O2™
concentration out at long timescales. In MatLab®, a, b, and ¢ were used to symbolize [02"7;, k,
and [O2": respectively, for simplicity. Fits were applied to decay of the standards, post-
irradiation decay (PID), steady-state spike decay (SSD), the decay in the dark post-steady-state
spike (PSD), and to the decay of the decay phase spikes (DSD) (Figure 4.3). Decisions based on
whether the decay was first or second-order were determined based on correlation between spike
concentration and intercept value (), general alignment of fit to data (R? value), as well as
reasonable fit to the signal offset at long timescales (c).

In([037]p) = In([037])) + kt (Eqn. 4.1)
1 1 1

=—+
(071 Kkt [037];

(Eqgn. 4.2)

Standard PID PSD SsD DSD

H H H H
- . - i i ¥

Figure 4.3. Visual representation of modeled decays of O;™.

The presence of a noticeable offset in the data out at long timescales indicates the
continued presence of O>™ (Figure 4.2). Others have also noted the presence of O>™ at long
timescales and the use of the enzyme superoxide dismutase (SOD), which catalyzes the
dismutation of Oz into H2O,, has resulted in the loss of this signal 827 However, it has been

observed that SOD interferes with chemiluminescence of MCLA, as well as other analogs, and
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therefore the contribution of the loss of signal due to the loss of O2™ or due to the interference is
indistinguishable.?1262 |n the tests with SOD, an apparent plateau of signal loss with SOD
concentration was reached, approximately down to baseline, indicating that at least some of the
signal loss was due to the presence of O, (Figure A4.3 and A4.4). Therefore, a constant was
included in the fit as a variable in all of the first and second-order fits. The value of the constant
decreased with increasing wavelength of the cut-off filter (Figure A4.5).

Traditionally, O>™ decay traces have been modeled considering the self-dismutation
reaction and a pseudo-first order sink that is meant to combine other decay pathways (Text
A4.2),77:126:254251.259.263 |y the analysis done here, standard spikes of O, in SRFA in the dark fit
to first-order kinetics (Figure 4.4). The decay rate constants obtained from the first-order fitting
for standard spikes in the dark (0.037 + 0.002 s; Figure 4.5) are generally higher than other
studies that have used the traditional modeling method on natural water samples from coastal
waters off Georgia (0.013 s1)2%, from the Gulf of Alaska (0.002-0.016 s)!'* and (0.015-0.035 s
1257 from the Eastern Pacific Ocean (0.0189-0.0276 s1)%, from the Southern Ocean (0.004-
0.074 s1)!%6 and from the Atlantic Ocean (0.009-0.034 s1)%2, In terms of reference materials,

the values fall in line with work by Ma et al. (0.0087-0.038 s)?° but are higher than what was

observed by Garg et al. (0.0066 s2).”
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Figure 4.4. Signal for O, decay for standard spike. t = 0 is when 1 mg/L SRFA was spiked with 18.7 nM O,".
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spiked into 1 mg/L SRFA in the dark. Error bars are from the error in the fit.

Decay kinetics for O™ spiked into samples in the dark has been attributed to O™ reacting
with quinone functionalities within CDOM.?®3 Heller and Croot modeled O2" reactions with
quinones and found that pseudo-first order kinetics would fit decay curves up to around a minute
but then the contribution of O2™ production from reaction of molecular oxygen with
semiquinones could start to interfere with the decay curve, causing a divergence from pseudo-
first order kinetics.?®® Divergences could also be attributed to the presence of two different
reactive pools within CDOM, one of which being significantly more reactive to O™ than the
other.6?

The first-order rate constants were determined for all of the 325 nm PID data (0.02095 +
0.00005 s!; Table A4.1) for comparison to the standard dark decay data. The PID first-order rate
constants are ~1.7 times smaller than the first-order rate constants determined for the standard
dark decay. The phenomenon of the decay of O™ standards being faster than the decay post-

irradiation has been previously observed.®111257 However, this is highly dependent upon the

method used to fit the data because it has been found that there is no difference between post-
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irradiation decay and standard decay.’’ For instances where the decay was observed to be faster
in the standards as compared to post-irradiation, it has been suggested that either there was
something in the standard O," solution that would cause a faster decay or that differences in
temperature of the sample affected the kinetics.!* Another possibility that was brought up is that
there are different decay pathway distributions depending upon the initial O2™ concentration.®®
However, it has also been found that the rate constant does not change with initial O2™
concentration which was also observed here (Figure 4.5).2%* Another alternative as discussed by
Garg et al. is the possibility that the dark decay pathway is somehow deactivated during
irradiation.”” Although first-order kinetics were analyzed here for PID, second-order fit best (see
below). Based on the fact that the standard decay in the dark and PID required fits to different
Kinetics, this later possibility of a deactivated pathway is supported.

For PID and PSD, a second-order decay equation fit the decay traces well while a first-
order decay did not (Figure 4.6). The fact that both PID and PSD data fit to second-order
kinetics and have similar rate constants indicates that the steady-state O,™ spikes were totally
consumed and did not impact the post-spike dark decay (Figure 4.7). SSD data fit to first-order
kinetics with the steady-state concentration as the offset (or even with moving the SSD trace
down to baseline from subtracting the steady-state concentration) (Figure 4.8). DSD data are
interesting because they appear to fit primarily to first-order although the second-order also
sometimes fit, indicating some possible mixed order kinetics. However, the second-order fits
yielded unreasonably large intercepts at time zero (time spike was injected into sample) that
exceeded the calculated spike concentration (Table A4.1), so the first-order fits were used
(Figure 4.8). First-order fits gave intercept values that were in better agreement with the initial

spike concentration (Table A4.1).
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Even though both the standard decay and the SSD fit to first-order kinetics, the
magnitude of the rate constants of SSD (0.053 + 0.002 to 0.086 + 0.009 s for 440 nm to 325 nm
respectively) are still significantly larger than that of the standard spikes (0.037 + 0.003 s}),
indicating faster reaction during irradiation. There is also the possibility that since only the later
end of the SSD can be resolved, that there exists a faster decay portion of these decay curves that
is unable to be captured due to the delay time of the instrument set-up, which would lower the
observed rate constant. Only one other work has attempted to quantify the rate constant for
reaction between O™ and the light-dependent sink (Text A4.2). Interestingly, their values
obtained for reference fulvic acids (1S101F and 2S101F) are ~0.12 s and the value obtained for
3S101F in this work is about ~0.089 s%.2%° The difference in value could be due to differences in
irradiation conditions. Their experiments were conducted with a 290 nm cut-off filter whereas a

325 nm cut-off filter was used here and considering the evident wavelength dependence of the
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rate constant (Figure 4.7), it is not surprising that theirs is larger.

Rate constants obtained from SSD data are greater than those of the DSD, with larger
discrepancies between the two occurring with shorter wavelength cut-off filters (Figure 4.7).
These numerical results fall in line with what is observed visually, where shorter wave-length
cut-off filters appear to result in greater loss of the O™ spike for both the steady-state and decay
spikes (Figure 4.2). Additionally, the intercept values for SSD are lower than the calculated
concentration of the spike injected (Table A4.1, A4.2), which further supports the earlier
statement that a significant portion of the spike is lost before the decay can be resolved. The loss
is more significant for shorter wavelength cut-off filters. This initial loss is also still present in

the decay spikes but is not as large (Table A4.1).

4.5 Conclusion

The presence of a light-dependent oxidative sink of O>™ within CDOM was explicitly
demonstrated through O2" spiking experiments. The first-order rate constants for the light-
dependent decay are 40-70% larger than those of the standard spikes conducted in the dark and
the light-dependent decay has a wavelength dependence. The rate constants obtained here are a
lower estimate due to the limitations of the experimental set-up to capture the decay and it is
likely that an initial faster decay exists that was unable to be resolved. The next chapter will
analyze the decay data using integration in order to give a fuller understanding of the magnitude

of this light-dependent sink and will investigate possibilities for the identity of the sink.
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Chapter 5: Possibilities for the Identity of the Light-Dependent Sink

The majority of this chapter has been submitted for publication.

Le Roux, D. M.; Powers, L. C.; Blough, N. V. “Direct Evidence of a Light-dependent Sink of
Superoxide within Chromophoric Dissolved Organic Matter.” (Submitted for publication).

| performed all experiments and data analysis and prepared the first draft of the manuscript. Dr.
Powers and Dr. Blough assisted in data analysis and editing the manuscript.

5.1 Abstract

In the absence of other sinks (metals or organic radicals), O>™ is believed to undergo
primarily dismutation to produce hydrogen peroxide (H202). However, past studies have
implicated the presence of an additional light-dependent sink of O™ that does not lead to H.O>
production. The previous chapter provided direct evidence for a light-dependent sink of O,™
through O™ spiking experiments. During irradiations, spikes of O>™ decay much faster than
spikes introduced in the dark. H2O2 production was tested for by observing the H>O>
concentration post O." spike. At low O™ spike concentrations, the light-dependent sink does not
produce H20,. This work demonstrates that estimating O™ production as twice the H20-
production is not as accurate as once believed. Comparing the absorbance and fluorescence of a

sample pre- and post-spike indicates possible degradation of CDOM induced by O>™.

5.2 Introduction

Possibilities for the light-dependent sink for O2*- within DOM have been previously
proposed. It has been proposed that the moieties that could be involved in the one-electron
transfer within CDOM are phenols as the donors and quinones as the acceptors.2%?% If this is the
case, then the one-electron transfer would result in the formation of a phenoxy radical. Phenoxy

radicals have been shown to have very large rate constants with O™, near the diffusion-
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controlled limit.?84 Reaction between phenoxy radicals and O, can have several different results
depending upon the structure of the phenoxy radical: back reaction to re-form the phenol and
molecular oxygen or addition of the O™ to the phenol ring to form hydroperoxides, though
several studies have demonstrated that the addition reaction is predominant.?6>-2%8 From here, it
has been shown that further reaction occurs that leads to ring-opened products.?6°267:268 |f this is
the case, this could be a possible explanation for how CDOM gets photochemically
oxidized/transformed as it is transported from terrestrial sources to the open ocean. More recent
studies on phenol transformation (tyrosine, acetaminophen, and 2,4,6-trimethylphenol), in the
presence of humic substances, also found that the structure of the phenol dictated its
transformation pathways.**1152 Additionally, the rate of transformation of tyrosine varied among
the humic substances tested*®?, indicating the importance of the chemical structure of CDOM in
this process. Interestingly, the photodegradation of the humic substance was inhibited in the
presence of acetaminophen.®® This result suggests that reaction between O, and external
phenoxy radicals to induce their transformation could be interfering with the pathway of O,"
reacting with phenoxy radicals within DOM to induce its degradation.

Although phenolic groups and quinones are large components of the antioxidant/free-
radical scavenging capabilities of DOM?¢°271 most studies that have investigated this have only
looked at their activity in the dark. Irradiation of CDOM is likely to produce a variety of organic
radicals, such as peroxy! radicals, that could also be possible sinks for O,™.""

Since the light-dependent sink of O," has been suggested to be oxidative and therefore
not produce H20., this theory was tested for by monitoring H2O- production after the
introduction of the O™ spikes. O™ spikes were introduced into samples during irradiation and in

the dark post-irradiation and these were then tested for H.O». Control experiments were also
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conducted to test for H.O> production from O™ spikes introduced into samples in the dark. The
possibility of the sink being CDOM based and resulting in the structural degradation of CDOM
was tested for by observing changes in the absorbance and fluorescence spectra of CDOM post-

spike.

5.3 Materials and Methods

5.3.1 Materials

Boric acid, sodium carbonate, monobasic sodium phosphate, hydrochloric acid (HCI),
sodium hydroxide (NaOH), and phosphoric acid were purchased from Millipore Sigma. All
reagents and chemicals were ACS grade. 10-methyl-9-(p-formylphenyl) acridinium carboxylate
trifluoromethanesulfonate (acridinium ester or AE) was purchased from Waterville Analytical
Co. Hydrogen peroxide (H202) was purchased from EMD. Suwannee River fulvic acid (SRFA;
3S101F) was purchased from the International Humic Substance Society. Purified water (18

MQcm) was obtained from a Sartorius Arium Mini purification system.

5.3.2 Sample Preparation

Stock solutions of SRFA were prepared by diluting/dissolving the SRFA in ultrapure
water. These stocks were adjusted to pH 7 using NaOH and HCI and filtered using pre-rinsed 0.2
uM nylon filters. Dilutions of these stocks at desired concentrations for experiments were then

prepared by diluting the stock solutions with 50 mM borate buffer at a pH of 8.

5.3.3 Additional Superoxide Data Analysis

Integration of the data obtained in Ch. 5 was performed in Excel using the trapezoid rule.

For the standards, two methods were used for integration. The method one, the pre-spike
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baselines were subtracted from the decay traces, but no additional subtractions/baseline
corrections were conducted, and the traces were integrated. For method two, the constant off-set
values that were obtained from the curve fittings were additionally subtracted from the decay
traces and they were then integrated. The standard integrated areas from both methods were
plotted to produce standard curves.

Steady-state spikes were subtracted out based on the steady-state concentration and then
integrated. Decay spikes were first lined up with a post-irradiation decay trace. The decay spike
trace and the post-irradiation trace were integrated and the final integrated area was determined
by subtracting the integration below the post-irradiation decay trace from the decay spike trace
(Figure A5.1). All of the integrated areas of the steady-state and decay spikes were converted to
concentrations using both standard curves and these results were averaged. All spikes were
determined by both standard curves and averaged because the decay phase spikes under longer
wavelength cut-off filters appeared to be overestimated because the loss of the spike was small
and there was difficulty in lining up a post-irradiation decay trace to perform the proper
subtraction (Figure A5.2).

The concentrations obtained for the spikes based on the integration analysis are called the
“apparent” concentration ([O2"Japp), due to the loss of the spike from consumption by the sink.
The “actual” concentration of the spike ([O2"]act) was determined based on the stock
concentration (section 3.3.5) and subsequent dilution of the spike into the sample at the time of

injection. The following equation was used to calculate the percent loss of the spike:

(057 ]ace—[0371]
(057 Tact

% Loss = PP+ 100% (Egn. 5.1)
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5.3.4 Measurement of Hydrogen Peroxide

H>0O, was measured as described in section 3.3.4.

5.3.5 Determination of Optical Properties
Absorbance and fluorescence measurements, and associated calculations, were conducted

as described in section 3.3.6.

5.4 Results and Discussion

5.4.1 Integration of Superoxide Spike Data

Comparison of the concentration of the spike as it appeared based on integration to the
concentration of O>™ that was actually spiked into the sample based on calculations from the
stock, provides the percent loss of the spike (Equation 5.1). Steady-state spikes show a
significant loss of about 90 to 40 % of the O>™ spike whereas decay spikes show a much lower
loss of about 45 to 0 % across the wavelength range (Figure 5.1). The spikes show a wavelength
dependence where more significant loss occurs under irradiation with a shorter wavelength cut-

off filter. The losses of the decay spikes also show a similar wavelength dependence.
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Figure 5.1. Percent loss of steady-state (red) and decay (blue) spikes for each wavelength cut-off filter. Error bars
are standard deviation of at least three spikes.

Interestingly, while doing the experiments, it was observed that higher concentrations of
spikes needed to be injected into samples during irradiation with the 325 nm filter as compared
to the 440 nm filter in order to visibly capture the decay of the spike. In terms of concentrations,
90% of spike concentrations of up to ~45 nM are consumed during irradiation with the 325 nm
filter. This drops to 45% consumption of up to ~10 nM with the 440 nm filter. When injecting
similar concentrations of spikes into the samples during the decay phase, less loss occurs. For the
decay spikes, 45% consumption occurs for spikes up to ~45 nM after irradiation with the 325 nm
filter. This drops to no consumption for spikes up to ~10 nM after irradiation with the 440 nm

filter.

5.4.2 Quantifying Hydrogen Peroxide Concentration Post-spike

02" has been shown to be primarily formed from photoproduction of reducing radicals
within CDOM. The possibilities for a light-dependent sink for O>™ are as follows: back-reaction

with the oxidized group within CDOM (CDOM™) to re-form molecular oxygen (no net reaction),
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reaction with CDOM"" and further intermolecular reaction, potentially leading to ring-opened
products, reduction to form H.Og, or reaction with some other oxidized moiety within CDOM to

form molecular oxygen (Figure 5.2).

— » CDOM + 0,

s cpoM™ No net reaction
CDOM + 0, —

———> CDOM-O,
Further intramolecular reaction

red
0, CDOM7_ cpom + H,0,

CDOM®X
S

CDOM + O,

Figure 5.2. Possibilities for the light-dependent, CDOM associated, decay pathways for O,™.

Although the available evidence indicates that this sink does not produce H.O>
780.87.259260 this proposal was evaluated by measuring the H2O, production after the introduction
of O2" spikes. H20> concentrations were analyzed following steady-state, decay, and dark O>™
injections. Since the detection limit was significantly higher for H.O- than O>", 10 mg/L SRFA
was employed in place of 1 mg/L SRFA used above for the O™ experiments. The stoichiometry
expected for O, dismutation is 2:1.82 However, the stoichiometry for Oz spikes introduced
during irradiation were much greater than 2:1 for spike concentrations < 500 nM where the 2:1

ratio is observed (Figure 5.3).
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Figure 5.3. Concentration of H,O, produced from O™ spikes conducted at steady-state (a-c), during decay (d), in
the dark in 50 mM borate buffer pH 8 (e), and in the dark in 10 mg/L SRFA (f). Irradiations were done with the 325
nm cut-off filter. Steady-state spikes were split into 3 regions to emphasize the changes in slope. Ratio values are the
inverse of the slope and are therefore the ratio of H,O, produced to O, injected. H>O- produced photochemically by

SRFA over the irradiation timeframe of the experiment was subtracted from the steady-state and decay
measurements. Error bars are for standard deviation of triplicate measurements post-spike.

This result indicates that O,™ introduced during irradiation is being consumed by another
pathway that is not producing H20O>. The sink is largest at spike concentrations < 120 nM,
indicating that the sink is smaller than this value. A ratio of 5.89:1 indicates that at least 66% of
the O™ is being consumed by this sink. Spikes introduced during the decay phase led to the
expected 2:1 stoichiometry which was also observed in the controls where O.™ spikes were
introduced in the dark for both 10 mg/L SRFA and 50 mM borate buffer. Other groups have also
observed a 2:1 stoichiometry of H,O> production from O™ spikes in various samples in the

dark.”"?>* Garg et al.”” further compared the dark results to irradiated conditions and noted that
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the H2O> concentration did not increase much post-irradiation despite observable O,™ decay. It
was concluded that the decay occurring post-irradiation was not producing H>O; and that

catalyzed dismutation that occurs in the dark is possibly deactivated during irradiation.

5.4.3 Testing for Photodegradation by Superoxide

The possibility of O>™ being involved in oxidation of CDOM was explored by measuring
the absorbance and fluorescence before and after additions of O2™ spikes during irradiation.
Small absorbance changes were observed between the wavelengths (200-450 nm) amounting to
about a 5% loss (Figure 5.4a). A more significant change was observed in the fluorescence
intensity, where up to about a 15% loss was obtained (Figure 5.4b). Both percent changes are
outside of the range of reproducibility of the instruments (0.6 £ 0.3 % and 2.7 + 0.5 % for the
absorbance spectrophotometer and the fluorometer, respectively). Although a fairly large spike
concentration was used (~1250 nM), it is evident from Figure 5.3 that a large portion of this
likely produced H20,. This could be due to issues of injecting such a large quantity of O>™ into
the sample in a single moment. Regardless, the observation of optical changes supports the

theory that O>™ does indeed react with and chemically alter CDOM.
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Figure 5.4. Change in absorbance (a) and fluorescence (b) of 10 mg/L SRFA from a 1250 nM superoxide spike
injected into the sample during irradiation with a 325 nm cut-off filter. Absorbance decrease amounted to about 5%
while the fluorescence decrease was 15% of the original signal.

5.5 Conclusion

Integration analysis of the O™ spike data indicates that 40-90% of the O™ spike is
consumed during irradiation, with more consumption with shorter wavelength cut-off filters.
Tests for the production of H>O» post O2" spike show that at least 66% of the O™ spike does not
produce H20,. H202 production is shown in controls experiments when O™ is spiked into
samples in the dark, further confirming that the light-dependent sink does not produce H20-.
Observations of the changes in the optical properties of CDOM as a result of introducing O2™
spikes during irradiation show some loss of absorbance and fluorescence, indicating that some of

the O2™ may be reacting with and breaking down CDOM.
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Chapter 6: Conclusions and Future Work

6.1 Summary

A nitroxide probe-fluorophore based method to measure OER photoproduced by DOM
was developed to be conducted simply and quickly using a fluorometer. Validation and control
experiments were conducted that verify the accuracy and precision of the method. Detailed
exploration of modifications to the method were also performed to ensure the applicability of the
method to natural waters. This method provides reasonable estimates for O2*- production and has
the benefit of being faster and much easier to conduct than the traditional chemiluminescence
method for O2*" detection.

Measurements of photoproduced OER, as hydroxylamine, were successfully performed
on a wide variety of reference materials, natural waters, and extracts. The rates of production of
hydroxylamine, O2*, and H202 (RH, Roz.-, and Ru202) were measured on identical samples and
under identical experimental conditions, for the first time, which provided insightful evidence for
the interconnected relationship of the three species. Apparent quantum yields (®x and ®H202)
were measured for a large variety of samples. The yields were positively correlated with smaller
molecular weight species of CDOM, as determined by the optical properties of CDOM. The
ratio, Ru/Rn202, was also measured for the suite of samples. Based on the stoichiometry for O,*
dismutation, and assuming that hydroxylamine production is equivalent to O2*~ production, the
ratio should have a value of two. However, values from about five to fifteen were obtained. The
large values imply a significant oxidative sink for O, and verify that O, cannot be estimated

from doubling H202 measurements, which was traditionally done.
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The theory of a light-dependent oxidative sink for O™ had been previously proposed, but
no direct evidence for its presence existed. The presence of this light-dependent oxidative sink of
02" was directly demonstrated here through O>" spiking experiments. O>™ spikes introduced into
a sample during irradiation decayed much faster than O™ spikes introduced into a sample post-
irradiation or into a sample in the dark. Kinetic modeling of the decay traces allowed for the
determination of the first-order rate constants for the light-dependent decay. It was found that
they are at least 40-70% larger than those of the O>™ spikes conducted in the dark, with shorter
wavelength irradiation leading to faster decay.

Integration analysis of the O™ spike data indicates that 40-90% of the O™ spike is
consumed during irradiation. To ensure that the sink was oxidative, and did not produce H20,
samples that were spiked with O2™ were tested for their H,O2 concentration post-spike. Spikes
introduced during irradiation showed, within a certain spike concentration range, that at least
66% of the O spike does not produce H20.. H20. production was at the level expected in
control experiments where O>™ was spiked into samples in the dark, further confirming the light-
dependency of the sink.

Several possibilities exist for what the light-dependent, oxidative sink of O™ is, though
the most intriguing is phenoxy radicals within CDOM. Reaction between O>™ and model
phenoxy radicals have high rate constants of reaction and primarily lead to the loss of the parent
phenol. This reaction could be a possible pathway for the transformation of terrestrial DOM as it
moves to marine waters. This sink possibility was briefly tested by observing the changes in the
absorbance and fluorescence of CDOM as a result of introducing O2" spikes during irradiation.
Some loss of absorbance and fluorescence was observed, indicating that some of the O>™ is

indeed involved in the degradation of CDOM.
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02" and H»0; are reactive oxygen species that are prevalent throughout natural waters
and are important in a multitude of environmental processes. Publications have been increasing
in attempts at modeling their photoproduction rates to be able to predict their concentrations and
subsequently their impact on aquatic environments. The work contained in this dissertation
provided insight into the greater magnitude of O™ production by CDOM than what was
previously believed and provided direct evidence for its light-dependent oxidative sink. This
work will hopefully aid in more accurate modeling efforts and provides an additional piece of

information for the study of the photodegradation of DOM.

6.2 Future Work

6.2.1 Hydroxylamine Measurements and Optical/Structural Properties

With the development of the fluorescence-based nitroxide probe method that is relatively
easy to conduct, more measurements need to be made to continue to increase the diversity of the
data available. More OER measurements made in conjunction with the determination of optical
properties will continue to enhance the elucidation of the relationship between OER production
and the structural features of DOM. Although a variety of possible optical properties were tested,
the determination of OER production and dissolved organic carbon content of a given sample
will provide even more correlations to optical properties such as SUVA; and mass normalized

absorption coefficients.

6.2.2 Additional Superoxide Spiking Experiments
Though I demonstrated the presence of a significant oxidative, light-dependent sink
within CDOM, only SRFA has been studied so far. Other reference materials should be studied

next to compare the magnitude of the sink among them. This would be the next logical step since
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a significant amount of data exists on the optical/structural features of these materials and is
readily available from the International Humic Substance Society website. From there, spiking
experiments should be conducted on natural waters and extracts for comparison. The
concentration dependence of CDOM on O™ spike consumption should also be examined.
Additionally, competition experiments should be developed where external sinks for O™
are added into the sample to test for competition between the external sink and the sink within
CDOM. Another complement experiment to this would be to perform O," spikes on sodium
borohydride reduced samples. Sodium borohydride reduces aldehydes and ketones (irreversibly)
and quinones (reversibly).”® Although the O™ sink is believed to be due to phenols, performing
spikes on reduced samples would confirm the lack of involvement of aldehydes/ketones if the

reduction shows to have no impact on the rate or magnitude of loss of the O™ spike.

6.2.3 Effect of Fractionation

Fractionation of DOM, either by polarity or size, and relations between different fractions
and their photochemical efficiencies for producing reactive oxygen species is a fairly new area of
research. Correlations have been observed between photochemical efficiencies and optical
properties wherein optical properties are then tied to structural properties of the DOM as
discussed in Chapter 3. One study found that the < 1 kDa fraction had a higher quantum yield for
H20. production than the > 1 kDa fraction.?’ In regards to polarity, one study separated
wastewater into hydrophobic, transphilic, and hydrophilic fractions. The apparent quantum
yields of Oz~ and H.0> increased going from hydrophilic to hydrophobic to transphilic.?® A
study that looked at adsorption of DOM to ferrihydrite, which selects for highly unsaturated
(oxygen-rich) structures (oxidized polycyclic aromatics or polyphenols), found decreased in O2*

production.?’* In order to fully study structural/compositional trends with ROS production, more
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research needs to be conducted using these fractionation/adsorption methods. These studies will
help better define relationships between ROS production to the size of DOM and its
composition/polarity, since the presence of smaller structures does not always necessarily mean

the presence of more oxygen-containing functional groups or increased polarity.
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Figure A2.1. Raw emission intensity for a non-irradiated (Non) and 325 nm irradiated (Irr) DR EX (St. 19)
sample that was allowed to settle before measurement and was then filtered with a 0.2 pm nylon filter and
measured again.
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Figure A2.2. Absolute irradiance measurements of 300 W xenon arc lamp with 20 cm water jacket and various
long-pass cut-off filters. Ocean Optics USB2000 spectroradiometer fitted with a fiber optic cable and cosine
corrector. Cosine corrector was placed at the location of where a cuvette would stand for irradiation. Integration
time 57 s, boxcar width 5 nm, number of scans averaged 3.
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Figure A2.3. Dependence of Ry on concentration of SRFA. Irradiations were done with 325 nm cut-off for 15
minutes. Linear fit has an equation of y = 2.1(0.1)x + 1.0(x0.5) with an R? of 0.99.
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Figure A2.4. Emission intensity for an irradiated and derivatized 10 mg/L SRNOM with 600 uM 3AP. The
sample was exposed to air post-derivatization and was monitored over time. Irradiation was conducted with the
380 nm cut-off filter.

Text A2.1 Derivation of Initial Production Rate of Hydroxylamine Equation (Eqgn. 2.4)

The initial production rate of hydroxylamine is given by:

d[H]

Ry = (F)o = k3,p[3AP][OER] (Eqn. A2.1)

The change of OER over time is given by:

(55

) = Ry — ko, [0,][0ER] — k34p[3AP][OER] — k4[OER] (Eqn. A2.2)
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d[OER]
dt

Using the steady-state approximation, = 0, and it is assumed that the formation rate of

OER is equal to its loss. Rearranging Eqn. A2.2 and solving for [OER] gives:

Ry

[OER] = ko,[02]+k34p[3AP]+kg (Ean. A2.3)
Plugging Eqgn. A2.3 into Egn. A2.1 gives:
_ (dlH] _ Ry
Ry = ( dt )0 = k3ap[34P] (k02[02]+k3Ap[3AP]+kd> (Ean. A2.4)
Re-arrangement of the equation gives the final form (Eqgn. 2.4 in main text):
d[H] Rf[3AP]
Ry = (—) = Egn. A2.5
H ( dt )0 ((kd+k§ii[02]) + [3AP]) ( q )

Other possible side reactions include oxidation of the hydroxylamine by O™ and oxidation of the
nitroxide by O2". However, the rate constant for reaction between hydroxylamine and O2™ has
been found to be ~10% M52 275 which is an order of magnitude smaller than the rate constant for
O, dismutation. The reaction between the nitroxide with O™ to produce the oxoammonium
cation, could then be reduced by O>™ to form a catalytic cycle for O™ dismutation and recycle

the probe, but the rate constants for these reactions are also small.1%%27
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Figure A2.5. Emission signals for non-irradiated and irradiated 5 mg/L DR St. 19 EX and St. 19 NW. Samples
were irradiated without 3AP and were derivatized after. Error bars represent the standard deviation of triplicate
measurements.
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Figure A2.6. Presence of ammonia test results. Test was conducted with an APl ammonia (NHs/NH4*) test kit.
Golden yellow color indicated 0 mg/L ammonia (as in Suwannee River Fulvic Acid; far right). Light green color
indicated 0.25 mg/L ammonia (as in Echo Lake and Upper Greenwood Lake; red and blue label respectively. St.

Mary’s River (pink label) is a cloudy yellow due to slight salinity of the sample.
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Figure A3.1. Reaction scheme for the production of chemiluminescence from the breakdown of AE by H,05.
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Figure A3.2. FeLume instrument set-up for H2O2 analysis. Detector is a photomultiplier tube.
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Text A3.1. Potassium Permanganate Titration of Hydrogen Peroxide

About 2 grams of the ~30% H»0O, solution was weighed in a 250 mL volumetric flask and
filled to the mark with MQ water. The solution was mixed thoroughly and 25 mL was transferred
to a 400 mL beaker that contained 250 mL MQ water and 10 mL of concentrated sulfuric acid. A
stir bar was placed in the beaker, and this was placed on a stir plate. The solution was titrated
with 0.1 N KMnOjs until the presence of a faint pink color stayed permanently. The titration was
performed in triplicate. This procedure is based on the assay by USP technologies™. The percent

H>0> was calculated with the following equation:

vol. KMn0O4 (mL)* 0.3 Nx 0.01701* 1000
mass H,0, (g)

%H202 =

(Eqn. A3.1)
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Figure A3.3. Blank subtracted absorbance obtained for various standard concentrations of hydrogen peroxide.
MQ was used as the blank. Linear fit has an equation of y = 40.4 (+0.3)x with an R? of 0.99.
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Figure A3.4. Reaction scheme for the production of chemiluminescence from the breakdown of MCLA by O;".
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Figure A3.5. FeLume instrument set-up for O, analysis. Detector is a photomultiplier tube.
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Figure A3.6. Instrument set-up for photolysis of acetone/ethanol solution for generation of O™ stock solution.
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Figure A3.7. Reaction sequence for the generation of O™ from the photolysis of the acetone/ethanol solution.
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Figure A3.8. Signal vs. time for the wavelength dependence of the initial net Ro,.- during the first 15 seconds of
irradiation of 1 mg/L SRFA.
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Figure A3.9. Derivatization of DFOA in MQ and 50 mM borate buffer pH 8. MQ + DFOA and buffer + DFOA
overlap.

Text A3.2. Derivation of Percent Loss of Superoxide Equation (Eqn. 3.3)
Assuming that all one-electron reductants that react with molecular oxygen to produce
O™ under aerobic conditions also react with the radical probe 3AP to produce hydroxylamine

under anaerobic conditions, then Ry = Roz.- and the following relationship is obtained:

Bn_ — Roz- (Eqn. A3.1)

RHy202 RHy202

The production rate of H202 (Rr202) will be half the value of Ro».- that is not consumed by other
oxidative pathways (Po2-):

Ryz02 = %[Roz(l — Ppz-)] (Egn. A3.2)
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Plugging Eqn. A3.2 into Egn. A3.1 provides the final form for Egn. 3.3 in the main text:

Ru — _ 2Roa- (Eqn. A3.3)

RH202 [Ro2-(1-Pp3-)]
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Appendix 3: Supporting Information for Chapter 4

Text A4.1. Comment on the Use of Metal Chelators in Superoxide Studies
Diethylenetriaminepentaacetic acid (DTPA) has been commonly added to samples for
0" studies to prevent metal-catalyzed reactions.126:231:254.255.259 However, the use of DTPA in
samples that undergo irradiation has been criticized due to the photodegradation of DTPA and its
metal complexes.?’"-2° O, dark decay was also tested in 50 mM borate buffer pH 8 with and
without 30 UM DTPA as well as in solutions of 1 mg/L SRFA in 50 mM borate buffer pH 8 with
and without 30 uM DTPA. Samples with DTPA were allowed to equilibrate overnight. Only
small differences in O, decay were observed between the solutions of the buffer with and
without DTPA (Figure A4.1a, 4.1b). The theoretical rate constant for dismutation in seawater is
5x10*2 x [H*] Msso at a pH of 8 in the experiments here, a value of 5x10* M™s™ would be
expected.®® The value obtained for buffer with DTPA was 1.84x10° Ms! (Figure A4.2) which
is higher than the expected value but this is also in a non-saline buffer solution. Dismutation
rates are expected to be roughly 3-5 times faster in purer water as compared to seawater.?*> More
significant differences were observed for 1 mg/L SRFA with and without DTPA (Figure A4.1c,
A4.1d; Figure A4.2). These results indicate that either DTPA interferes in some way with the

dark reaction between O, and SRFA or that SRFA itself contains metal ions that react with O,".
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Figure A4.1. Signals for Oy™ decay in 50 mM borate buffer pH 8 with 30 uM DTPA (a) and without DTPA (b)

and in 1 mg/L SRFA in buffer with (c) and without DTPA (d). t = 0 is when the sample was spiked.

Figure A4.2. Second-order rate constants obtained from fits to the data presented in panels a-c of Figure A4.1
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and the literature value for uncatalyzed O, dismutation.
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A variety of DTPA concentrations have been used in the literature (from 1-50 uM)
though no studies exist, to our knowledge, on the concentration dependence of rate constants
with DTPA concentration with regards to the presence of CDOM (separate from affects due to
trace metal contaminated buffer). One study found a 16% decrease in the rate constant of O,™
decay in a low concentration of SRFA (0.041 mM¢) with 1 uM DTPA but no change occurred
thereafter going up to 10 uM DTPA.?* Even though SRFA is an extracted material, it has been
shown that strongly complexed metals can be extracted so it is possible that SRFA contains
them. 252253280 DTPA was not used in further experiments to prevent having issues with possible

interferences or having concerns about degradation of the DTPA.
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Figure A4.3. Signal for O, decay post-irradiation of 1 mg/L SRFA with a 325 nm cut-off filter. t=0 is the time
the sample was removed from the light. Various concentrations of SOD were added at approximately 100 s to
observe the loss of signal. Pre-irradiation baselines obtained for 1 mg/L SRFA were subtracted from the data.
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Figure A4.4. Baseline chemiluminescence signal in the presence of 1 mg/L SRFA in 50 mM borate buffer pH 8.
t=0 is the time that the sample line was switched from MQ to 1 mg/L SRFA. Various concentrations of SOD
were added at approximately 90 s to observe the loss of signal in the blank. MQ baselines were subtracted from

the data.
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Figure A4.5. Values obtained for the constant value in the fits for each wavelength cut-off filter and for all O~
decay modeled. SSD constant offsets are the steady-state concentrations themselves. Error bars are for standard
deviation of triplicate measurements.

Text A4.2. Previously Used Modeling Methods for Superoxide
02" decay traces have been modeled by combining the self-dismutation reaction and a

pseudo-first order sink that is meant to encompass other decay pathways,’7+126:254.257:2%9.263 gy,
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assuming that at steady-state, production is equal to decay, the following rate equation is

obtained:

—d[o3~ o .
Ltz ] = 2kp [02 ]és + kpseudo [02 ]SS (Eqn. A4.1)

where kp is the self-dismutation rate constant, Kpseudo IS the rate constant for the culmination of
other dark decay pathways, and [O>"]ss is the steady-state concentration of O2™. The following

equation is obtained after integration of the above equation and solving for [O2™]:

[05—] — kpseudo[oi_]o (Eqn A42)

kpseudoekpseud°t+2k[) 037 1o (ekpseudot— 1)

where kp is the self-dismutation rate constant, Kpseudo is the rate constant for the culmination of
other dark decay pathways, t is time, and [O2"]o is the initial concentration of O2™. Since the
FeLume signal is presumably directly proportional to the O, concentration, the equation can be

re-written based on [O2™] = S/C (where S is the signal and C is the calibration coefficient) to give

77,126,257,263.

S= KpseudoSo (Eqn. A4.3)

Kpseudoe PSeUa0T 1 2kp 03] e Pseudol 1)

Typically, only the first minute of decay data is fit to this equation, though some works
have found the equation to fit out past that timescale.””?%" If this equation is fit to a post-
irradiation decay, the [O2"]o is the [O2"]ss and this can be used with the Kpseudo t0 calculate the
decay rate with equation A4.1. kD is usually determined using the pH-dependent equation and
plugging in the experimental pH (k =5 + 1 x 102 x [H*]).8* Assuming that at steady-state, the
decay rate of O." is equal to the production rate, then the calculated decay rate is the production
rate. The problem with this method is that Kpseudo IS measured post-irradiation, in the dark, so any

light-dependent pathways are unaccounted for.

103



Ma et al. used an alternative of the steady-state approximation, where they measured the
initial production rate and steady-state concentration and used these to back calculate the decay
rate constant.?>® The calculated decay rate constant is then considered a total decay rate constant
which is the summation of the rate constants for all decay routes:

kaecay = Kiignt + Kaark = Kiignt + Kpseudao + 2kp[03™ 155 (Ean. A4.4)
Subtracting out the dark decay terms (Kpseudo for dark decay and ko for self-dismutation) provides
the remaining decay constant due to light-dependent pathways. The issue with this method is that
the initial production rates are still considered net production rates, because loss is still occurring

even during the initial stages of irradiation.
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Table A4.1. Kinetic Fitting Data for Irradiations with 325 nm Cut-off Filter

Fit | Trial Egﬁﬂ} a(tM) | sD | b SD (:,\fl) sD | R?

1 i 76 | 01 | 0.0211 | 0.0007 | 265 | 005 | 0.9927

PID 1st | 2 i 77 101 | 00217 | 0.0007 | 258 | 0.04 | 0.9944
3 i 71 | 02 | 0.0201 | 0.0007 | 255 | 005 | 0.9917

1 i 120 | 0.2 |0.00360 | 0.00008 | 139 | 0.03 | 0.9990

ZL[; 2 i 122 | 0.1 | 000368 | 0.00006 | 1.32 | 0.02 | 0.9995

3 i 111 | 0.2 |0.00351 | 0.00009 | 1.30 | 0.04 | 0.9988

1 191 9 | 1 | 0099 | 0004 | 710 | 001 | 0.9970

2 445 16 | 1 | 0080 | 0.003 | 7.97 | 002 | 0.9967

slss? 3 41.2 16 | 1 | 0084 | 0.003 | 802 | 0.02 | 0.9980
4 445 17 | 1 | 0082 | 0003 | 7.78 | 0.02 | 0.9976

5 12.8 15 | 2 | 0100 | 0.006 | 861 | 002 | 0.9946

1 191 64 | 01 | 0.0251 | 0.0008 | 266 | 004 | 0.9985

2 445 | 7.27 |0.09| 0.0283 | 0.0008 | 315 | 0.04 | 0.9967

Pf;? 3 41.2 74 | 01 | 00273 | 0.0009 | 3.00 | 004 | 0.9976
4 445 74| 01 | 00269 | 0.0007 | 2.89 | 0.04 | 0.9976

5 12.8 74 | 01 | 0.0260 | 0.0009 | 359 | 005 | 0.9971

1 191 9.7 | 01 | 0.0045 | 0.0001 | 1.39 | 0.03 | 0.9996

2 445 | 109 | 02 | 0.0041 | 0.0002 | 157 | 0.06 | 0.9992

PzidD 3 412 | 120 | 0.2 | 0.0046 | 0.0001 | 1.68 | 0.03 | 0.9995
4 445 | 118 | 02 | 0.0044 | 0.0001 | 151 | 0.04 | 0.9995

5 128 | 112 | 0.2 | 0.0039 | 0.0001 | 2.06 | 0.06 | 0.9992

1 16.7 94 | 02 | 0.0269 | 0.0007 | 2.86 | 0.03 | 0.9974

2 422 | 223 | 03 | 0.0299 | 0.0004 | 3.08 | 0.03 | 0.9991

Df;tD 3 386 | 275 | 0.4 | 0.0335 | 0.0004 | 318 | 0.04 | 0.9989
4 413 | 223 | 04 | 0.0316 | 0.0005 | 3.04 | 0.04 | 0.9985

5 123 | 118 | 04 | 0031 | 0001 | 298 | 0.05 | 0.9904

1 16.7 30 | 4 000518 | 0.00008 | 1.72 | 0.02 | 0.9976

2 422 | 104 | 22 |0.00254 | 0.00008 | 057 | 0.09 | 0.9984

gﬁ? 3 386 | 213 | 103 | 0.0025 | 0.0001 | 05 | 01 | 0.9970
4 413 | 1166 | 28 |0.00275 | 0.00009 | 0.63 | 0.09 | 0.9982

5 123 50 | 8 | 0.0051 | 0.0001 | 1.74 | 004 | 0.9983

PID — post-irradiation decay, SSD — steady-state spike decay, PSD — post-steady-state spike decay, DSD — decay
spike decay. [O2"] is the concentration of the spike determined by absorbance of the stock solution. First-order
equation is [a*exp(-b*x)+c] and second-order equation is [(1/((1/a)+(b*x)))+c]Term a is the intercept value for
the [O2"] from the fitting. Term b is the rate constant (s for first-order or nM**s for second-order) from the

fitting. Term +c is the constant offset term from the fitting. SD values are from the error in the fit.
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Table A4.2. Kinetic Fitting Data for SSD for all Wavelength Cut-off Filters

Fit | Trial Egﬁﬂ} (n?\/l) sD| b ) (:I\C/I) sD | R?
1 19.1 9 | 1 | 0099 | 0.004 | 7.10 | 0.01 | 0.9970

2 445 16 | 1 | 0080 | 0.003 | 7.97 | 0.02 | 0.9967

gé%”{?t 3 41.2 16 | 1 | 0084 | 0003 | 8.02 | 0.02 | 0.9980
4 415 17 | 1 | 0082 | 0003 | 7.78 | 0.02 | 0.9976

5 12.8 15 | 2 | 000 | 0.006 | 861 | 0.02 | 0.9946

1 19.0 24 | 3 | 0.084 | 0.005 | 486 | 004 | 0.9936

see o |2 10.4 14 | 1 | 0076 | 0004 | 557 | 0.03 | 0.9961
3 213 16 | 1 | 0078 | 0003 | 562 | 0.03 | 0.9964
4 35.4 17 | 1 | 0074 | 0003 | 575 | 003 | 0.9972

5 14.4 23 | 3 | 0.088 | 0.005 | 6.92 | 0.06 | 0.9935

1 13.8 22 | 1 | 0077 | 0.003 | 481 | 0.02 | 0.9968

380nm | 2 95 148 | 08 | 0075 | 0002 | 527 | 0.01 | 0.9980
ssp1st [ 3 12.9 21 | 1 | 0.076 | 0.002 | 535 | 0.02 | 0.9985
4 11.7 18 | 1 | 0073 | 0003 | 533 | 0.03 | 0.9967

1 14.6 16 | 1 | 0.063 | 0.003 | 347 | 0.04 | 0.9981

399 nm | 2 170 | 195 |09 | 0064 | 0002 | 3.47 | 0.03 | 0.9982
sspist [ 3 156 | 19.6 | 0.0 | 0.068 | 0.002 | 347 | 0.03 | 0.9985
4 135 | 153 | 0.7 | 0.066 | 0002 | 3.39 | 0.02 | 0.9987

1 153 | 16,6 | 05 | 0.060 | 0.00L | 3.41 | 0.02 | 0.9990

a18nm | 2 176 | 212 | 08 | 0061 | 0001 | 342 | 0.02 | 0.9986
ssp1st [ 3 105 | 10.7 | 0.6 | 0.059 | 0.002 | 2.98 | 0.02 | 0.9973
4 111 | 11.0 | 03 | 0.063 | 0001 | 2.856 |0.009 | 0.9989

1 140 | 195 | 0.4 | 00511 00008 | 1.94 | 0.02 | 0.9991

2 8.7 9.6 | 03] 0.051 | 0.001 | 171 | 0.02 | 0.9990

g‘;%”lmst 3 45 45 | 02| 0.056 | 0.001 | 1.641 | 0.007 | 0.9986
4 9.6 9.1 | 0.2 | 0.0550 | 0.0009 | 1.680 | 0.007 | 0.9993

5 44 45 | 0.2 | 0.054 | 0.002 | 1.64 | 0.01 | 0.9979

SSD - steady-state spike decay. [O."] is the concentration of the spike determined by absorbance of the stock
solution. First-order equation is [a*exp(-b*x)+c]. Term a is the intercept value for the [O,™] from the fitting.
Term b is the rate constant (s for first-order) from the fitting. Term +c is the constant offset term from the
fitting. SD values are from the error in the fit.
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Appendix 4: Supporting Information for Chapter 5

a b

B 8e+5 | 10.7 nM 10.7 nM
C
3 6e+5 |
Lo
o 4e+5 1
[ o
& 2e+5 g

0 | ey
=4 c d
© 8etb ; 12.8 nM 12.3nM
=
3 6e+5 |
L
- FL\
S
»n 2e+5 1 ¢ :

o g i

0 50 100 150 200 250 0 50 100 150 200 250
Time (s) Time (s)

Figure A5.1. Visual representation of integration areas. Shaded regions indicate the area that was integrated for
standards for method 1 (a) and method 2 (b) as well as for steady-state spikes (c) and decay spikes (d).
Irradiations for this data were done with the 325 nm cut-off filter.

4e+5
® DSD
® PDD
3et+5 A
g
.
£ 2e+5 | °
<
5 o
2 °
\
le+5 4
e ———
0

0 20 40 60 80 100 120 140 160 180 200
Time (s)
Figure A5.2. Demonstration of the alignment issue of normal post-irradiation decay (PID) curve below the
decay spike trace (DSD). Irradiation was conducted with 440 nm cut-off filter.
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