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Abstract
Dissolved natural organic matter (DOM) is an important natural photosensitizer,
which produces a variety of reactive oxygen species including singlet oxygen, hydroxyl
radical, superoxide (O2-) and hydrogen peroxide (H2O2). H2O2 is formed primarily
through the dismutation of O2-. Previous work has suggested that neither singlet oxygen
nor excited triplet states of DOM are responsible for H2O2 production. Rather, reducing
DOM intermediates likely form O2-, which in turn produce H2O2. One such intermediate
may be a charge-separated DOM species (DOM+/-) formed by charge transfer (CT)
relaxation of excited singlet states. In the CT model, the electron transfer is believed to
occur between donors (e.g., phenols and methoxy aromatics) and acceptors (e.g., ketones,
aldehydes, and quinones). Using a polychromatic approach (where DOM samples were
irradiated with multiple long pass filters), the effect of pH on the wavelength dependence
of H2O2 quantum yields for two DOM isolates was studied. These isolates included
Suwannee River Natural Organic Matter because it is primarily terrestrial sourced
material and Pony Lake Fulvic Acid because it is primarily microbial sourced material.
Experiments were conducted over a pH range 4 to 10 for both environmental significance
and mechanistic significance. As pH increases, O2- apparent quantum yields increase, as
predicted by the charge transfer model, regardless of source type. H2O2 quantum yields
further will increase depending on pH. Chloroethanol was used as a scavenger of aqueous
electrons to determine the role of photoionization of DOM in O2- production at different
wavelengths. No appreciable decrease in H2O2 quantum yields was observed at any
wavelength, suggesting no appreciable amount of aqueous electron is contributing to O2production and subsequent H2O2 production.
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1. Introduction
1.I. Dissolved Organic Matter
1.I.A. Origin and Physical Properties
Dissolved natural organic matter (DOM) is an important aquatic photosensitizer
that is formed by the degradation of plant and microbial biomass.1,2 DOM acts as a
photosensitizer to produce a number of reactive oxygen species through reaction of some
excited DOM state with oxygen formed upon absorption of light. Plant biomass can
contain a number of biopolymers including cellulose, proteins, lipids, and lignin, all of
which are relatively high molecular weight materials.3,4,5 Microbial biomass can include
bacteria, fungi, and algae biopolymers, which tend to be lower in molecular weight.6 The
degradation of plant and microbial biomass by bacteria and fungi leads to polymerization
and eventually the formation of humic substances. Humic substances include humic acids
that are water-soluble above pH 2 and fulvic acids that are water-soluble at all pHs.7 Both
humic acids and fulvic acids are relatively high molecular weight, approximately 1 to
20kD and are responsible for DOM’s brown color.7 The exact structure of humic and
fulvic acids varies with both location and season as plant and microbial life vary in
different locations and as a function of season.8

1.I.B. Structural Features
The structures contained within DOM have been characterized through a variety
of methods, including proton nuclear magnetic resonance (1H NMR), carbon-13 nuclear
magnetic resonance (13C NMR), infrared (IR), and mass spectrometry (MS). 6,9, 10,11,12,13,14,15

1

B.

A.

Figure 1.1: Quantitative 13C NMR for Suwanee River fulvic acid (A) and humic acid (B) isolates
in 3:1 H2O:D2O.9
Based on

13

C NMR, DOM contains five major types of carbons: aliphatic, hetero-

aliphatic (sp3 hybridized carbons bonded to oxygens), aromatic, carboxyl and
ketone/quinone. The aliphatic carbons appear between 0 and 60ppm while the heteroaliphatic carbon bands appear between 50 and 90ppm (Figure 1.1).9 The aromatic carbons
are present between 90 and 165ppm. The carboxyl carbons appear between 165 and
195ppm while the ketone and quinone carbons appear between 190 and 220ppm. The
integration of the peaks for each set of functional groups indicates their relative
abundances. For Suwannee River humic and fulvic acids (SRHA and SRFA), they
contain 37 and 24% aromatic, 32 and 33% aliphatic carbons, 8 and 11% hetero-aliphatic,
19 and 20% carboxyl carbons, and both are 8% ketone/quinone carbons, respectively.
The abundance of the functional groups within DOM varies by source. For example,
Pony Lake Fulvic Acid (PLFA) contains 42% aliphatic carbons, 17% hetero-aliphatic

2

carbons, 17% aromatic carbons, 17% carboxyl carbons, and 2% ketones/quinones.6 The
relative abundance of ketone/quinone, carboxyl, and aromatic groups are especially
important to understanding DOM photochemical reactivity (See 1. III. B. & C.).
1

H NMR of DOM samples provide similar evidence of these functional groups.

The chemical shift for methyl protons occurs between 1.9 to 0.75ppm, for methylene
protons between 2.25 and 1.25ppm, for aromatic protons between 9.0 and 6.5ppm, for
carboxylic acid protons between 12.0 and 9.75ppm (Figure 1.2).9

B.

A.

Figure 1.2: 1H NMR of Suwanee River fulvic acid (A) and humic acid (B)
isolates in 3:1 H2O:D2O.9
The presence of the various functional groups in DOM discussed earlier is further
supported by mass spectrometry. Previous work by Schulten et al. showed the presence
and relative abundance of fatty acids (~2%), suberin (~0.5%), peptides (~3%), sterols
(~3%), nitrogen-compounds (~6%), alkylaromatics (~11%), lipids (~10%), lignin dimers

3

(~6%), phenols (~10%), and carbohydrates (~9%) in Lake Hohloh organic matter
fractions using pyrolysis mass spectrometry (Figure 1.3).15 Different methods of
ionization have been used and give somewhat different abundances in precursor
structures for the same DOM samples. It is therefore important to employ a number of
different ionization techniques to better understand the composition of DOM. Chemical
ionization has additionally been used to study DOM’s molecular structure. By combining
MS with other analytical techniques allow several amino acids to be identified along with
some carboxylic-rich alicyclic molecules.

Figure 1.3: Identified compound classes of Hohloh Lake organic matter fractions and
relative abundances. HO13 Org is an original hohloh organic matter sample, HO13
HA is a hohloh humic acid, HO13 FA is a hohloh fulvic acid, and HO12 K is an
ultrafiltration concentrate.15
More recent studies have compared orbitrap MS and Fourier transform ion
cyclotron resonance MS to study fractions of DOM (Figure 1.4).15 These combined

4

techniques identified some precursor structures within DOM that were previously
unidentified. Van Krevelen diagrams are used to show the ratios of hydrogen to carbon
and ratios of oxygen to carbon. These ratios allow masses to be tentatively assigned to
specific precursor structures. In Figure 1.4, most masses corresponded to class types such
as lignin and carboxyl-rich alicyclic molecules, which are expected in plant-sourced
organic materials.16 Newly identified molecules within DOM include benzoic acid,
esculetin, and umbelliferone. These lower molecular weight compounds were detected
with high intensities and are known plant-derived compounds.16

Figure 1.4: Van Krevelen diagrams for FT-ICR MS and orbitrap MS (a). Van Krevelen
diagram for fragments with masses between 100-200 (b) and 200-290m/z (c).16
Based on the important chemical functional groups (namely aromatics, ketones,
quinones, and carboxyls) in DOM, the following model structures have been proposed for
fulvic and humic acids (Figure 1.5).17,18,19,20 The fulvic acid model structure is highly
oxidized and contains several aromatic rings. The humic acid model contains a similar
number of aromatic rings compared to the fulvic acid model and is less oxidized. Work
done by Cooper et al. suggests that humic acid likely contains either fused rings or
greater conjugation (i.e. higher aromaticity) than the models presented.17

5

A.

B.

Figure 1.5: Model structures for fulvic acids (A) and humic acids (B).17
These model compounds are extremely simplified, as they ignore the large
molecular weights of DOM. The distribution of molecular weights of the numerous
fractions of DOM has been studied primarily using high performance size exclusion
chromatography (HPSEC).14,21,22 A large number of detection methods have been
employed in conjunction with HPSEC, including UV-Vis and fluorescence (Figure 1.6).14
By coupling these analytical tools, a fraction’s optical properties can be elucidated (See

Figure 1.6: UV-Vis absorbance of fractions of DOM separated by HPSEC: (a) Suwannee River
Humic Acid (b) Suwannee River Fulvic Acid. The UV intensity is shown by the color scheme and
y-axis. The molecular weight is shown on the x-axis and wavelength is shown on the z-axis.14

6

Section 1. I. C.). In particular, absorbance in the visible region is more prevalent in higher
weight DOM fractions (greater than 10,000 Daltons).14 This may suggest that the high
molecular weight fractions of DOM contain higher aromatic content that allows for the
charge transfer absorption in the visible region.

1.I.C. Optical Properties
The individual functional groups that comprise DOM do not absorb in the visible
region of the electromagnetic spectrum, at wavelengths above 380nm. For example,
substituted phenols have a maximum absorbance between 280 and 330 nm (Figure 1.7).23
Absorption in this region is due to individual chromophores, including substituted
phenols, quinones, and benzoic acids.24,25,26,27 These individual chromophores, however,
do not explain DOM’s absorption in the visible region and brown color (Figure 1.8). The
absorption in the visible region may best be explained by interactions between electron
donating and accepting chromophores. 4,28,29,30,31 These interactions are known as charge

Absorbance

2,4-dihydroxybenzoic acid
2,3-dihydroxybenzoic acid
2,5-dihydroxybenzoic acid
3,4-dihydroxybenzoic acid
2,6-dihydroxybenzoic acid
2,4 dihydroxybenzaldehyde
4-hydroxybenzoic acid
3-hydroxybenzoic acid
2-hydroxybenzoic acid
Resorcinol
4-ethyl resorcinol

Wavelength (nm)

Figure 1.7: Absorbance spectra of various substituted phenols and benzoic acids.23
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transfer interactions. In the ground state, charge transfer complexes are formed through
partial electron transfer from an electron donor to an electron acceptor. The charge
transfer complexes are believed to stabilize DOM and lead to its absorption in the visible
region. 4,29,32,33 When DOM is excited, a full electron transfer from an electron donor to an
electron acceptor within DOM can occur. This full electron transfer leads to the
formation of a charge separated species.
The amount by which a DOM sample tails into the visible region can be measured
by spectral slope parameters. The spectral slope can be viewed as a measure of DOM’s
color (lower slopes are darker brown) or a way to quantify the tailing of absorption into
the visible region. One commonly used measure of the spectral slope is the E2/E3 ratio
(Figure 8).34,35,36,37,38 The E2/E3 ratio is calculated by dividing the absorption coefficient at
254nm by the absorption coefficient at 365nm (a365) (Equation 1.1). As the DOM

Absorbance

E2/E3=

200

400

a(254)
a(365)

600

Wavlength (nm)

Figure 1.8: Absorbance spectrum of Suwannee River organic matter (blue) and the spectral
slope as determined by the E2/E3 ratio (red).
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absorbance tails further into the visible region, the E2/E3 ratio decreases and the sample
is darker in color (i.e., more brown than yellow).
E2/E3=

a254
a365

(1.1)

Another commonly reported optical parameter is specific ultraviolet absorption at
254nm (SUVA254), which quantitatively describes how dark in color the sample is based
on the amount of carbon the sample contains.39,40,41 SUVA254 is determined by dividing
the absorption coefficient at 254nm (a254) by the total organic carbon (TOC)
concentration in mg/L (Equation 1.2). Total organic carbon is typically measured using
combustion methods to elucidate the amount of organic carbon present in the sample.
a

254
SUVA254 = TOC

(1.2)

1.II. Dissolved Organic Matter Photochemistry
1.II.A. Environmental Significance
DOM’s photochemistry plays an important role in a number of environmental
processes. DOM photochemically produces reactive oxygen species (ROS) that can
degrade organic contaminants and play a major role in the redox cycling of metals (such
as Fe and Cu) (Figure 1.9).42,43,44,45,46,47,48,49,50 Furthermore, the photoxidation of DOM
converts it to inorganic carbon, which contributes to oceanic carbon cycling.51,52,53
However, the extent to which the conversion of DOM to inorganic carbon occurs is
unknown.

9

hv

DOM

CO2/CO
DOM*

Products

ROS
O2

2+

Fe

3+

Contaminants

Fe

Figure 1.9: Environmentally important DOM photochemical processes, including its
role in carbon cycling, redox cycling of metals, and contaminant fate.

1.II.B. Photophysics of DOM
DOM’s absorbance in the UV region can be explained by simple absorbance and
fluorescence models involving single chromophores (Figure 1.10). Upon the absorption
of UV light, DOM is excited to some singlet-excited state (S1) from the singlet ground
state (S0). Once DOM has entered an excited state it can relax to the lowest vibrational
level through vibrational relaxation where energy is transferred to surrounding molecules
and particles. Once in the lowest vibrational level of the singlet-excited state, DOM can
relax through nonradiative decay or fluoresce. Nonradiative decay processes, similar to
vibrational relaxation, transfer energy to other molecules through collisions. Fluorescence
is a radiative process that releases energy in the form of light, a photon. The fluorescence
of DOM is red-shifted compared to its absorbance and occurs between 300-700nm.
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Vibrational
Relaxation

Intersystem
Crossing

Vibrational
Relaxation

S1
T1
Nonradiative
Decay

Intersystem
Crossing

Absorption
Fluorescence

Phosphorescence

S0
Figure 1.10: Jablonski diagram summarizing the absorption and relaxation
processes of DOM’s individual chromophores. Solid arrows represent radiative
processes, while dashed arrows represent nonradiative processes.
Similar to DOM’s absorption spectrum, the fluorescence spectrum tails with a roughly
exponential fit. The excitation and fluorescence spectra of SRFA are provided in Figure
1.11 to show a typical absorbance spectrum of DOM and red-shifted fluorescence.4
An alternative relaxation pathway is intersystem crossing. Once the molecule
relaxes to the lowest vibrational energy level of the excited state, it can intersystem cross
to convert to a triplet state (T1). Again the molecule will vibrationally relax transfering
energy to surrounding molecules, to the lowest vibrational energy level of the excited
triplet state. Once in the lowest vibrational energy level of the excited triplet state, the
molecule will relax through either nonradiative intersystem crossing or phosphorescence
(Figure 1.10).
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Figure 1.11: Excitation and emission spectra for Suwannee River fulvic acid. The top graph
shows the excitation spectrum for SRFA, the maximum emission wavelength at each
excitation wavelength, and the luminescence quantum yield at each wavelength. The bottom
shows the emission spectrum obtained using excitation wavelengths ranging from 320 to
600nm.4
To explain DOM’s absorbance in the visible region, it has been proposed that
there are charge transfer (CT) complexes present in ground state DOM (DOM-CT).4,29,32,33
There are a wide array of functional groups (ketones, aldehydes, quinones, and
substituted aromatics) that may participate in CT interactions. In the ground state, partial
electron transfer leads to the formation of CT complexes. These ground state CT
complexes occur between electron donors (including phenols and methoxy-aromatics)
and electron acceptors (ketones, aldehydes, and quinones). These CT interactions are

12

believed to lead to DOM’s absorbance in the visible region. When these CT complexes
absorb light, an electron can be transferred from the electron donor to the electron
acceptor. This transfer leads to the formation of a charge separated DOM species

Vibrational
Relaxation
1

Deactivation

DOM*

Vibrational
Relaxation

DOM+/Absorption
Charge
Transfer
Absorption

1

DOM

Nonradiative
Decay

Fluorescence

DOM-CT

Figure 1.12: Jablonski diagram summarizing the absorption and relaxation
processes of DOM charge transfer complexes and charge separated species. Solid
arrows represent radiative processes, while dashed arrows represent nonradiative
processes.
(DOM+/-). Furthermore, it has been proposed that DOM+/- may also be formed after
excitation into a singlet or triplet state (Figure 1.12).28

1.II.C. DOM Photochemistry and Reactive Oxygen Species Formation
Upon excitation by light, DOM can enter an excited singlet state (1DOM*), where
it can undergo intersystem crossing to form an excited triplet state (3DOM*) (Equations
1.3 & 1.4). The CT model also predicts that upon excitation of DOM by light an electron

13

transfer can occur, forming a charge-separated species (Equation 1.5). This chargeseparated species forms through the transfer of an electron from an electron donor (i.e., a
phenol) to an electron acceptor (i.e., a ketone) within DOM. From the excited states of
DOM (1DOM*, 3DOM*,, and DOM+/-), DOM can react with molecular oxygen to form a
variety of ROS. These ROS include singlet oxygen (1O2), superoxide (O2-), hydrogen
peroxide (H2O2), and hydroxyl radical (OH).
!

DOM + hv → !DOM*

(1.3)

!

DOM* → !DOM*

(1.4)

DOM-CT+hν→DOM+/-

(1.5)

1.II.C.i. Singlet Oxygen
Molecular oxygen exists in a triplet state and can be excited to a singlet state
through energy transfer. Singlet oxygen in aqueous conditions refers to one of the lowest
electronically excited states of O2, 1Δg.54,55,56 It is believed that 1O2 is formed through
energy transfer reactions with 3DOM* (Equation 1.6).38 The production of 1O2 is therefore
closely related to the production of 3DOM*.
3

1

DOM*+ 3O2 → DOM + 1O2

(1.6)

O2 can react with organic contaminants, ultimately degrading them.57,58,59,60

However, 1O2 is selective and therefore will react preferentially with phenolates, furans,
indoles, and imidazoles, likely due to similar structural features specifically rings
containing nitrogen or oxygen and a double bond.
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1.II.C.ii. Superoxide and Hydrogen Peroxide
In contrast, O2- is believed to be formed through charge transfer reactions with an
excited DOM state, likely DOM+/- (Equation 1.7).33,49 It may also be formed through the
photoionization of phenols. The photoionization of organic compounds leads to the
formation of aqueous electrons that may go on to react with dissolved molecular oxygen,
forming O2-. O2- subsequently reacts with aqueous protons to form H2O2 (Equation 1.8).61
-

DOM+/- + O2 → ·DOM+ O2

(1.7)

+
2O!
! + 2H → H! O! + O!

k=5×10!" [H ! ]M-1s-1 (1.8)

1.II.C.iii. Hydroxyl Radical
The mechanism of OH formation is relatively unknown. 23,62,63,64,65,66 There are
several potential pathways by which OH can be produced by DOM (or DOM radicals
(i.e., ·DOM and ·R ) including reaction with molecular oxygen, water, and H2O2
(Equations 1.9-13).
DOM+/- + H2 O or H2 O2 → ·OH
1

DOM* → ·DOM + ·R

(1.9)
(1.10)

·DOM + O2 or H2 O or H2 O2 → ·OH

(1.11)

DOM+/- → DOM+· + e-

(1.12)

DOM+· + O2 → ·OH

(1.13)
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1.III. Goals of This Research
1.III.A. Motivation for Studying Hydrogen Peroxide
1.III.A.i. Environmental Significance
H2O2 is found in sunlit natural waters at concentrations ranging from 30nM to
over 1000nM.67,68 It is of particular interest because it plays a role in important
environmental processes including the redox cycling of metals, the photo-Fenton
reaction, contaminant fate (specifically, degradation) and can have biological impacts.
46,49,69,70,71,72

H2O2 production by DOM in natural systems is controlled by the wavelength

dependence of quantum yields, the spectral distribution of solar intensity, the water
depth, and the DOM absorbance spectrum.
DOM plays a role in the cycling of metals such as copper and iron. Copper can be
oxidized through reaction with H2O2. Additionally, iron(II) can be oxidized through
reaction with H2O2; this is known as the photo-Fenton reaction (Equation 1.14).73 Iron(II)
is formed through photochemical reduction of iron(III) that occurs upon absorption of
sunlight (Equation 1.15).74 OH, formed through the photo-Fenton reaction, can
subsequently react with organic contaminants leading to their degradation.66,75
Fe2+ + H2 O2 → Fe3+ + 2·OH

(1.14)

Fe3+ + hν + e- → Fe2+

(1.15)

1.III.A.ii. Relevance to Mechanistic DOM photochemistry
The formation of H2O2 depends on the production of O2-.76,77 The H2O2 quantum
yield (the amount of H2O2 produced per Einstein, (Es) mole of photons, absorbed)
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depends on wavelength such that as wavelength increases H2O2 quantum yields
decreases. At longer wavelengths (above 350nm) DOM+/- species may play a major role
in the production of O2-; at shorter wavelengths (below 300nm) individual chromophores
such as phenols can be directly photoionized to form O2-.78,79,80

O2- may be produced

through two mechanisms: reaction with aqueous e- and reaction with some excited state
of DOM (Equation 1.7 & 1.16).78 Previous work has shown that direct photoionization of
individual chromophores to produce aqueous electrons cannot account for the H2O2
production in the visible region because longer wavelengths of light do not have the
energy necessary for photoionization.
-

DOM+/- + O2 → ·DOM+ O2
-

e- + O2 → O2

(1.7)
k=1.6x1010 M-1 s-1 (1.16)

1.III.B. General Experimental Approach
To determine the rate of production of H2O2 at a single wavelength (Rp,H2O2,λ , M
s-1) in a natural system, first the rate of light absorption by DOM at the same wavelength
must be calculated (Ra,λ , Es L-1 s-1). The rate of light absorption by DOM is a measure of
how quickly light is being absorbed by DOM and cannot be directly measured. Ra,λ is
calculated using equation 1.17 where I!! represents the solar photon flux (Es L-1 s-1), a!
represents the absorption coefficient of DOM (cm-1), and z represents the water depth
(cm). Rp,λ is subsequently calculated using equation 1.18 where ΦH2O2,λ represents the
previously determined H2O2 quantum yield (mol Es-1). These equations calculate the rate
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of production at an individual wavelength; thus, to get an overall rate of production (Rp),
Rp,H2O2,λ must be summed over all wavelengths (Equation 1.19). Conversely, by
measuring the rate of production of H2O2, an unknown H2O2 quantum yield can be
experimentally found at either a single wavelength or a range of wavelengths.
Ra,λ = I!! (1 − 10aλ z )

(1.17)

Rp,H2O2,λ = ΦH2O2,λ ∙ Ra,λ

(1.18)

Rp,H2O2 =

λ ΦH2O2,λ

· Ra,λ

(1.19)

Previously, to determine the wavelength dependence of ROS quantum yields the
rate of production and rate of absorbance at a single wavelength would be determined
using a band pass filter set-up or lasers.

62,81,82

These monochromatic approaches,

however, are extremely time consuming; an alternative method to determine the
wavelength dependence of ROS quantum yields is to use a polychromatic approach.83
This set-up uses a polychromatic light source and a series of long pass filters (LPFs)
ranging from 295 to 420nm (Figure 1.13).83 The samples are irradiated simultaneously

hv

295nm LPF
320nm LPF

Light source

345nm LPF
375nm LPF
395nm LPF
420nm LPF

hv>295nm
hv>320nm
hv>345nm
hv>375nm
hv>395nm
hv>420nm

DOM
DOM
DOM
DOM
DOM
DOM

Figure 1.13: Polychromatic set-up to rapidly determine ROS quantum yield wavelength
depedendence.
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and the difference in the rate of light absorbance (i.e. Ra,1 and Ra,2) and rate of H2O2
productions (i.e. Rp,1 and Rp,2) are used to determine the H2O2 quantum yield at an average
wavelength (λavg) (Equations 1.20 & 1.21).
Rp,1 -Rp,2

ΦH2O2,λavg = R
λavg =

(1.20)

a,1 -Ra,2

λ λ·(Ra,1,λ -Ra,2,λ )

(1.21)

λ Ra,1,λ -Ra,2,λ

There are several methods by which H2O2 can be measured, including
fluorometric techniques and flow injection analysis techniques. For this study, the amplex
ultrared method has been employed. The amplex ultrared method is an enzyme-coupled
fluorometric technique.84 After samples are collected, an amplex ultrared reagent is
added. The samples are allowed to react for 30 minutes and then a stop reagent is added
(See Experimental II.A for more details). The analysis uses horseradish peroxidase
(HRP) to catalyze the reaction of amplex red with H2O2 to produce resorufin. Resorufin
has a maximum absorbance around 570nm and a maximum emission at around 580nm.
The amount of resorufin produced is converted into the concentration of H2O2 produced
using a calibration curve. The calibration curve is prepared in the DOM solution because
DOM has been observed to interfere with the amplex ultrared analysis. Specifically,
instead of horseradish peroxidase aiding in the transfer of an electron from amplex red to
H2O2, an electron will be transferred from DOM to H2O2.
To probe the amount of aqueous electron involved in O2- production, an aqueous
electron scavenger was employed. Chloroethanol (ClCH2CH2OH) has previously been
used to scavenge aqueous electron (Reaction 1.16).78
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e- + ClCH2 CH2 OH → Cl- + ·CH2 CH2 OH

k= 5.6x108 M-1 s-1 (1.16)

1.III.C. Research Questions Addressed
The goals of this research are first to determine how the wavelength dependence
of H2O2 quantum yields by DOM changes as a function of pH and second to relate that to
the mechanism by which H2O2 is produced. The effect of pH on the wavelength
dependence of H2O2 quantum yields has never previously been studied. Furthermore, pH
is an important factor to consider when studying environmental systems as it varies in all
systems and will influence the chemistry occurring. By studying how the wavelength
dependence of H2O2 changes as a function of pH, it may provide further information
about whether or not optical properties could be used to predict environmental quantum
yields. It is expected that H2O2 quantum yields will increase as pH increases; however, it
is unknown if the increase will be uniform over all wavelengths. For example, if the
wavelength dependence increases uniformly, simple optical properties such as the E2/E3
ratio could be used to predict environmental quantum yields. However, if there is a
significant change in the slope, it is unlikely that simple optical measurements will be
able to predict environmental quantum yields and instead the wavelength dependence of
quantum yields will be imperative to predictive models.
Furthermore, as pH increases a number of important functional groups will be
deprotonated, namely phenols that act as electron donors in CT complexes. In particular,
it is predicted that as pH increases, these groups will be further deprotonated and can
serve as better electron donors, and therefore superoxide production and H2O2 production
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will increase at longer wavelengths (greater than 380nm). This is due to the increased
absorption in the visible region and increased formation of charge transfer complexes.
Additionally, the deprotonation of phenols may lead to increased photoionization at
shorter wavelengths. The increase in photoionization will in turn lead to an increase in
O2- and subsequently H2O2 production at shorter wavelengths.
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2. Experimental
2.I. Materials and Methods
2.I. A. Buffer Solutions
A stock phosphate buffer was used to prepare stock organic matter solutions and
organic matter experimental solutions. There were a total of four different buffer
solutions prepared depending on the use: one for reagent and organic matter solution
preparation, one for high performance/pressure liquid chromatography (HPLC) analysis,
and two additional solutions for organic matter solution preparation. These solutions were
prepared using sodium hydrogen phosphate (Na2HPO4, Sigma-Aldrich, ACS reagent
grade) and sodium dihydrogen phosphate (NaH2PO4, Sigma-Aldrich, SigmaUltra grade)
dissolved in nanopure water (Nanopure Infinity: Ultrapure Water System, >17.0 MΩ cm)
and subsequently pH adjusted using either 1M sodium hydroxide (NaOH) or 1M
hydrochloric acid (HCl). The concentrations, pHs, amounts of reagents, total volumes,
and uses of each of these solutions are outlined in Table 2.1.
Use

Concentration
(mM)

pH

Na2HPO4 (g) NaH2PO4 (g)

Reagent &
Organic
10
6.8
0.67
0.30
Matter
Preparation
Organic
Matter
10
4
0.12
Preparation
Organic
Matter
10
10
0.27
Preparation
HPLC
25
6.8
3.4
1.5
Analysis
Table 2.1: Description of how all buffer solutions were prepared.
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Volume
(mL)
500

100
100
1000

2.I.B. Organic Matter Solutions
Organic matter isolates used in this study included Pony Lake Fulvic Acid and
Suwanee River Natural Organic Matter (International Humic Substances Society). Pony
Lake Fulvic Acid was selected because it is formed primarily through microbial decay. In
contrast, Suwannee River Natural Organic Matter was selected because it originates from
plant material. The selection of these two DOM samples was intended to compare source
type and its effect on the wavelength dependence of H2O2. For one experiment, whole
water samples from Boulder Wastewater and Longmont Wastewater were used (see
II.C.i.). These samples were selected to study the decomposition of H2O2 by iron because
whole wastewater contains higher levels of iron than isolates. For singlet oxygen
experiments, Middle East Fork River natural and effluent DOM isolates and Hockanum
River natural and effluent DOM isolates were used. This set of isolates was obtained
from the Chin lab (at Ohio State University) and the MacKay lab (at University of
Connecticut).
Stock organic matter solutions were prepared by dissolving solid isolate in
phosphate buffer such that the concentration was 1.0 g L-1. Solutions were prepared in the
pH buffer that corresponded to the experimental pH, with the exception of the pH 9
Suwannee River Organic Matter samples, which were prepared in pH 6.8 phosphate
buffer. The stock solutions were stirred overnight and then filtered using syringe filters
(Nylon, 0.45µm) to remove any impurities. These stock solutions were stored in the dark
at 4°C.
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Organic matter experimental solutions were prepared prior to beginning a
photochemical experiment in 100mL quantities at a concentration of 30 mg L-1. The
organic matter experimental solutions were stored in the dark at 4°C between irradiation
experiments. For all chloroethanol aqueous electron-scavenging experiments, 134.2µL of
chloroethanol (Acros Organics, 99+%) was added to 100mL of 30 mg L-1 organic matter
solutions. The exact mass of chloroethanol added was measured using an analytical
balance and the resulting concentration of chloroethanol calculated.

2.I.C. Hydrogen Peroxide Analysis Solutions
Stock catalase was prepared by dissolving solid catalase (Sigma) in 25mM
phosphate buffer pH 6.8 for a concentration of 4000 U mL-1. The activity was checked
independently by monitoring H2O2 degradation by UV-Vis spectroscopy. Stock
horseradish peroxidase was prepared to make a concentration of 28.3 U mL-1. Both stock
enzyme solutions were stored in the dark at -18°C. Once monthly, 100mL of pH 6.8
10mM phosphate buffer was treated with 2.5µL of stock catalase for use in hydrogen
peroxide analyses. The stock Amplex Ultrared (AUR) (Biogen) solution was prepared in
vials containing 1mg AUR dissolved in 1mL HPLC grade DMSO (Fisher). This solution
was divided into 0.1mL quantities and stored in separate vials in the dark at -70°C. AUR
stop reagent (Molecular Probes) was prepared according to the manufacturer’s
recommendation by dissolving the contents of one stop reagent vial in 1.45mL of 95%
ethanol. A 1.30mL portion of this solution was then transferred into a storage vial and
mixed with 1.30mL of nanopure water. Catalase treated horseradish peroxidase was
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prepared fresh prior to each analysis. The catalase treated HRP solution contained 207µL
catalase treated phosphate buffer, 40.5µL stock HRP, and 2.50µL stock catalase. These
were prepared in 0.5mL Eppendorf vials and thoroughly mixed. The AUR reagent was
then prepared prior to each use from 9.00µL defrosted stock AUR, 14.1µL catalase
treated HRP, and 276.9µL catalase treated phosphate buffer.

2.I.D. Singlet Oxygen Analysis Solutions
Furfuryl alcohol (FFA, Acros Organic, 98%) was distilled once monthly or when
the solution began to appear yellow. The yellow color indicates the furfuryl alcohol has
been oxidized and is therefore impure. A 25mM FFA solution was prepared every two
days when photochemical experiments were conducted. The stock solution was prepared
by diluting 5.00µL stock FFA in 2.3mL of nanopure water. The 25mM FFA solution was
further diluted to 25µM in a 30mg L-1 DOM solution.

2.II. Analytical Techniques
2.II.A. Hydrogen Peroxide Analysis
Calibration curve standards for H2O2 were prepared in each of the 30 mg L-1
organic matter solutions. Organic matter has been observed previously in our lab to
interfere with the amplex ultrared H2O2 analysis, resulting in a lower slope than in
nanopure water. Thus, to account for this interference all calibration curves were
prepared in the experimental organic matter solution. Stock 11.6M H2O2 was diluted to
10mM H2O2 with 25mL nanopure H2O. This was then diluted to 50µM in nanopure water
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to a total volume of 2mL. The 50µM H2O2 solution was diluted in 30mgL-1 DOM to
prepare four 1.000mL standards ranging from 200-800nM H2O2. Additionally, a blank
containing no H2O2 was prepared.
Experimental samples and H2O2 standards were analyzed by combining 11.00µL
of AUR reagent with 99.0µL of sample and then placed in the dark at room temperature
for 30 minutes at which point 22.0µL of stop reagent was added. The developed solution
was transferred into glass HPLC vial inserts and HPLC analysis was done.
The samples were analyzed using a Pinnacle II C18 5µm particle size 30x4.6mm
column (Restek). A mobile phase of 60:40 phosphate buffer (25mM, pH 6.8):methanol
(Fisher, HPLC grade) at a flow rate of 1.2mL min-1 was utilized. Resorufin was detected
by UV-Vis absorption at a wavelength of 565nm. An injection volume of 25µL was used
and all analyses were run in triplicate. The run time was 1.4 minutes; resorufin eluted at
approximately 1 minute.

2.II.B. Furfuryl Alcohol Analysis
FFA was used as a probe for 1O2 and was analyzed by HPLC analysis.54,85
Samples (100µL) were taken throughout the experiment and transferred to glass HPLC
vial inserts for analysis. The HPLC analysis monitored the decrease in FFA to determine
an experimental rate constant, which is later used to determine the singlet oxygen steady
state concentration. The samples were analyzed using a Pinnacle II C18 5 µm particle
size 150x4.6 mm column (Restek). A mobile phase of 70:30 water:methanol at a flow
rate of 1.0 mL min-1. FFA was detected using UV-Vis at a wavelength of 220 nm. The
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run time was 3.4 min and FFA eluted at approximately 2.9 min. The analysis was run in
triplicate for each sample and 20 µL injections were used.

2.III. Photochemical Experiments
2.III.A. Hydrogen Peroxide Quantum Yields
2.III.A.i. Photochemical Apparatus
A xenon lamp was used to irradiate all samples. The light was reflected off a cold
mirror to minimize the heat from the lamp. Longpass interference filters were used to
allow only wavelengths above a particular cutoff to irradiate the sample. There were six
different long pass interference filters used in these experiments: 295nm, 320nm, 345nm,

ld
Co

hν

rro
Mi

Xenon
Lamp

r

hν
Long Pass Filter
hν>cutoff
wavelength

Diffuser
hν>cutoff
wavelength

tal ce
To tan
c
fle ror
Re Mir

DOM
Samples
hν>cutoff
wavelength

Figure 2.1: Experimental set-up for all H2O2 photochemical experiments. A xenon lamp is used for
a lamp source, the light is reflected off of a cold mirror, through a long pass filter, reflected again,
and then diffused to the DOM samples.
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375nm, 390nm, and 420nm. The light was then reflected to lengthen the path length. It
then passed through a ground glass diffuser to spread the intensity evenly between three
cuvettes. The three quartz cuvettes contained 3.9mL of 30 mg L-1 DOM. The
experimental set-up is outlined in Figure 2.1.

2.III.A.ii. Hydrogen Peroxide Quantum Yield
Quantum yields (Φ) are a measurement of ROS produced per mole of photons
(also known as an Einstein) absorbed by the photosensitizer (in this case, DOM) and are
useful in predicting contaminant fate. The rate of production of H2O2 and the rate of light
absorption of DOM (Ra) can be used to determine the H2O2 quantum yield (ΦH2O2).
Briefly, Ra can be found using simple measurements of light intensity and DOM’s light
absorption while Rp can be found using the AUR H2O2 detection method. A
polychromatic approach is used (see, III.A.i) The samples are irradiated individually and
the difference in the rate of light absorbance (i.e. Ra,1 and Ra,2) and rate of H2O2
productions (i.e. Rp,1 and Rp,2) are used to determine the ΦH2O2 for λavg (Equations 2.1 &
2.2). The determination of Ra and Rp using each LPF is outlined in section III.A.iv. and
III.A.v.
Rp,1 -Rp,2

ΦH2O2,λavg = R
λavg =

a,1 -Ra,2

λ λ·(Ra,1,λ -Ra,2,λ )
λ Ra,1,λ -Ra,2,λ
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(2.1)
(2.2)

2.III.A.iii. Rate of Light Absorption by DOM
The rate of light absorption by DOM was determined by first measuring the
absorbance spectrum of DOM using a quartz cuvette with a 1.000cm path length. All
absorbance spectra were measured using a Lambda 45 UV-Vis spectrometer from PerkinElmer. The wavelength range scanned was 200-600nm at a scan speed of 480nm/min
with a slit width of 1nm and a data interval of 1nm.
The irradiance (Ee,λ) of the lamp through each long pass filter was measured prior
to each irradiation (measured in units of μW cm-2). The irradiance was measured using a
SpectriLight spectroradiometer. Additionally, a neutral density filter was used to reduce
the lamp’s intensity to get a measurable reading. An integration time of 20 µs and 6
averages were used to collect each spectrum. To determine the actual irradiance of the
light source, the irradiance was corrected for the neutral density filter’s transmittance at
each wavelength (Tλ) using equation 2.3
Ee,λ =

E'e,λ

(2.3)

Tλ

where E’e,λ represents the uncorrected measured irradiance and Ee,λ is the corrected
irradiance. The transmittance of the neutral density filter was previously measured using
the Lambda 45 UV-Vis spectrometer from Perkin-Elmer. The wavelength range scanned
was 200-600nm at a scan speed of 480nm/min with a slit width of 1nm and a data
interval of 1nm.
The irradiance was subsequently converted to spectral photon flux (Iλ0, in units of
Es L-1 s-1, where an Einstein (Es) is a mole of photons) using the energy of a photon at
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each wavelength of interest. The energy of a photon (in J) was calculated using the
following equation
Eph,λ =

hc

(2.4)

λ

where Eph,λ is the energy of a photon at that wavelength, h is planck’s constant
(6.626x10-34 J s), c is the speed of light (3.00x108 m s-1) . The corrected irradiance is
finally converted to spectral photon flux as follows
E

e,λ
I0λ = !"! ·E

(2.5)

ph,λ

where the factor of 106 is used to convert from µW to W.
From the lamp’s spectral photon flux and the DOM absorbance spectrum, the rate
of light absorption by DOM at each wavelength was determined using the following
equation:
Ra,λ = I!! (1 − 10aλ z )

(2.6)

where aλ is the absorption coefficient of DOM (cm-1) and z is the path length (cm). The
rates of light absorption by DOM were summed over all relevant wavelengths. The lamp
spectra, rate of light absorption, and the difference in the rate of light absorption can be
found in the appendix (A4 & A5). In this study, the relevant wavelengths are defined as
250 to 450nm because these wavelengths are most likely to be responsible for all
observed photochemistry. The irradiance scans only went to 250nm and the rate of light
absorption at wavelengths past 450nm is so low it is considered to be negligible.
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2.III.A.iv. Rate of Hydrogen Peroxide Production
The rate of H2O2 production was determined by measuring hydrogen peroxide
concentration directly over time. Five time points were taken during each irradiation. The
times were varied based on the longpass filter being used. The sampling times are listed
in Table 2.2. At each time point, 99µL of sample was taken. Following the irradiation,
the samples were analyzed by the AUR method. The areas generated by three HPLC
injections were averaged for each time point and plotted. The slope of this plot (mp) was
then divided by the slope of the calibration curve (mc) to determine the rate of H2O2
production (in M s1),
mp

Rp,H2O2 = m

c

(2.7)

Longpass
Time Between
Filter (nm)
Samples (minutes)
295
2.5
320
5
345
7
375
10
395
15
420
30
Table 2.2: Summary of sampling times for H2O2 photochemical experiments for each
LPF used.
2.III.B. Control Experiments
2.III.B.i. Aqueous Electron Quenching
The extent to which aqueous electrons are responsible for O2- production and
subsequently H2O2 was determined using chloroethanol competitive scavenging kinetics.
Competitive scavenging kinetics utilize known rate constants to compare how likely a
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reaction follows a particular pathway. In the case of chloroethanol, it is competing with
molecular oxygen to react with an aqueous electron (Equations 2.8 & 2.9).78

e- + ClCH2 CH2 OH → Cl- + ·CH2 CH2 OH

k= 5.6x108 M-1 s-1 (2.8)

-

e- + O2 → O2

k= 1.6x1010 M-1 s-1 (2.9)

Because these rate constants differ by a factor of 100, 20mM chloroethanol was used in
all competition kinetics experiments. The rates of H2O2 production were compared and
used to determine the amount of aqueous electron being produced by DOM. As aqueous
electrons react with chloroethanol instead of oxygen, less superoxide will be formed and
therefore less H2O2 will be produced.
The interference of chloroethanol with the AUR H2O2 detection method was also
considered. Calibration curves were constructed as described in section II.A. with DOM

Peak Area (A.U.)

40

Chloroethanol + DOM
DOM only
Linear (Chloroethanol + DOM)
Linear (DOM only)

30
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10

0
0
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800

Concentration H2O2 (nM)

Figure 2.2: Comparison of PLFA calibration curves in the presence and absence
of 20mM chloroethanol.
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solutions that contained 20mM chloroethanol and solutions that did not. The introduction
of chloroethanol was determined to have no noticeable effect on the AUR analysis
(Figure 2.2).
2.III.B.ii Hydrogen Peroxide Decay due to Iron
Because small amounts of iron may be bound to DOM isolates, it is possible that
dark Fenton reactions may occur that would lead to an underestimation in H2O2
production. To ensure no substantial dark Fenton reactions were occurring between
irradiation and AUR analysis, which would cause an underestimation of H2O2 production,
a control experiment was conducted. This experiment utilized whole water samples,
which contain higher concentrations of iron compared to organic matter isolates.
Irradiation was performed using an Oriel Sol1A solar simulator (1kW xenon lamp,
collimating lens) with two whole water samples (from Boulder wastewater treatment
plant and the Longmont wastewater treatment plant). Two types of samples were taken:
one at 30 minutes and one at 60 minutes. Each of the samples was subsequently analyzed
using the AUR method. The first was analyzed immediately after the sample was taken
and the others were subsequently analyzed at 30, 60, 90, and 120minutes. The samples
showed no substantial decrease in H2O2 concentration until after an hour. Based on this
experiment, care was taken to ensure samples did not sit for more than an hour before
they were analyzed in all other experiments.
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2.III.C. Singlet Oxygen Quantum Yields
The photochemical apparatus used to determine singlet oxygen quantum yields
varies from the set-up for H2O2. An Oriel Sol1A solar simulator was used (10kW, xenon
lamp, collimating lens) for all experiments. DOM sample (6.3mL 10 mg L-1) was placed
into quartz test tubes. The test tubes were submerged in a water bath held at 20.0°C. Each
test tube was irradiated through a different long pass filter. These long pass filters
included: 295nm, 305, 320nm, 345nm, 375nm, 395nm, 420nm and 435nm. The spectral
photon flux was determined using an Ocean Optics spectrometer and ferrioxalate
actinometry. The experimental set-up is outlined in Figure 2.3.

Solar Simulator

295nm
LPF

305nm
LPF

320nm
LPF

345nm
LPF

375nm
LPF

395nm
LPF

420nm
LPF

435nm
LPF

Water inlet

Water outlet
DOM

DOM

DOM

DOM

DOM

DOM

DOM

DOM

20°C water bath

Figure 2.3: Experimental diagram of polychromatic determination of 1O2 quantum yields.
The quantum yield of singlet oxygen was found by determining the steady-state of
singlet oxygen ([1O2]SS, M) (Equation 2.10). The steady-state of singlet oxygen is found
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using the observed first order rate constant with the FFA probe (kobs, s-1) and the known
reaction rate constant between singlet oxygen and FFA (krxn, 1.2x108 M s-1).
1

k

[ O2 ]SS = kobs

(2.10)

rxn

To find kobs, the peak area of furfuryl alcohol detected by HPLC was measured over time.
The area is known to be directly related to concentration, thus a plot of the natural log of
the peak area of furfuryl alcohol against time allowed kobs to be determined.
The rate of production of 1O2 (Rp,1O2) is related to the [1O2]SS, that is the
concentration of 1O2 that is constant in the system, and the rate of decay of 1O2 (kd, 2.5x
105). Specifically, 1O2 can decay through collisions with water molecules allowing the
first order relaxation back to the preferred triplet state of molecular oxygen.
RP,1O2 =kd [ 1O2 ]SS

(2.11)

The calculation of singlet oxygen quantum yields, once Rp,1O2 has been
determined, is similar to the determination of H2O2 quantum yields using the
polychromatic method. The difference in rates of production is divided by the difference
in rates of light absorption to find the quantum yield of singlet oxygen at an average
wavelength (Equation 2.12).
ΦH2O2,λavg =

Rp,1O2,1 -Rp,1O2,2
Ra,1 -Ra,2
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(2.12)

3. Results and Discussion
3.I. pH Dependence of Hydrogen Peroxide Quantum Yield Spectral Distribution
3.I.A. Spectral Changes as a function of pH
The change in pH will lead to a change in protonation state for the various organic
functional groups contained within DOM. Carboxylic acid groups (particularly benzoic
acids) will deprotonate above a pH of 4; phenols can deprotonate between the pHs of 7
and 11 depending on the substitution on the phenyl ring.86,87,88 Therefore, as pH increases
an increasing number of electron donor chromophores will become available to form
charge transfer complexes with electron accepting chromophores. These changes in
protonation can be observed in the absorbance spectra for Suwannee River organic matter
(SROM) at each pH (Figure 3.1). The change in absorbance between pH 4 and pH 7 is
observed primarily between 200 and 280nm. From pH 4 to pH 7, the absorbance
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Figure 3.1: Absorbance spectra for the 3 pHs (4, 7, and 9) studied for SROM.
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decreases in this region suggesting that chromophores that would absorb in that region
are being deprotonated and their absorbance red-shifted. As the pH continues to increase,
from 7 to 9, the absorbance in the visible region (above 300nm) increases. This increase
in absorbance implies that a larger number of charge transfer complexes are being formed
that create the absorption in the visible region.
Similar to SROM, the absorption by PLFA will change as a function of pH. When
PLFA is compared to SROM, however, the changes in absorption are not as noticeable.
The absorption in the visible region (above 300nm) increases between pH 4 and pH 7
(Figure 3.2). There are not as obvious changes in the PLFA’s absorption from pH 7 to pH
10. This is likely due to lower aromatic content in PLFA. In SROM, there are more
higher molecular weight molecules that contain many aromatic groups that are believed
to lead to the formation of charge transfer complexes. In PLFA, there are fewer high
1.2
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Figure 3.2: Absorbance spectra of PLFA at the three pHs studied: 4, 7, and 10.
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600

molecular weight molecules and lower aromatic content and therefore less capacity to
form charge transfer complexes.6 The charge transfer complexes are still being formed,
but fewer complexes overall are being formed. These variations are due to source type;
specifically there is little to no lignin (that contain highly conjugated and oxidized
structures) contribution to PLFA because it is a primarily microbial sourced DOM.
The changes in absorbance are reflected in the change in E2/E3 ratio (the
absorption at 254nm divided by the absorption at 365nm) (Table 3.1). As pH increases,
the E2/E3 ratio decreases. Lower E2/E3 ratios suggest an increase in the formation of
charge transfer complexes and a greater likelihood that excited state charge separated
species will be formed upon excitation of DOM by light. PLFA has a smaller change in
E2/E3 ratios over the range of pHs studied. This is likely due to PLFA’s limited ability to
form charge transfer complexes because of its lower aromatic content. Still, there is an
inverse relationship between E2/E3 ratios and pH.
SROM
PLFA
pH
E2/E3
pH
E2/E3
4.00
4.51
3.93
4.63
6.80
4.14
6.82
4.61
9.03
3.75
9.97
4.53
Table 3.1: Trends between E2/E3 ratios of the two DOM samples and pH.

3.I.B. Rate of Hydrogen Peroxide Production
The rates of H2O2 production were determined using the amplex red detection
method and the plot shown in Figure 3.3.84 Calibration curves for hydrogen peroxide for
all solutions used in this study can be found in the appendix (A1). Figure 3.3 specifically
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Figure 3.3: H2O2 production rates for the 6 long pass filters used for SROM at pH 7.

shows the rate of H2O2 production for SROM at pH 7. The rates are for each long pass
filter used and show good linearity (correlation coefficients greater than 0.95, usually
0.99). The good linearity suggests that no H2O2 degraded between sampling and analysis.
The rates of H2O2 production were determined for a series of pHs including 4, 7, and 9.
The rates of H2O2 production for both SROM and PLFA at all pHs and the r2 associated
with those plots can be found in the appendix (A2 and A3). As the long pass filter cut-off
wavelength increases, H2O2 production decreases due to lower rates of absorption by
DOM and lower H2O2 quantum yields at longer wavelengths.

3.I.C. Wavelength Dependence of Hydrogen Peroxide Quantum Yields
The effect of pH on the wavelength dependence of H2O2 quantum yields was
examined for SROM, the terrestrial source (Figure 3.4). The wavelength dependences
display a power law fit for visual guidance. pH 9 shows the greatest increase in H2O2
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quantum yields at all wavelengths studied, which may be due to the increase in number of
charge transfer complexes formed within DOM. The results for the H2O2 quantum yields
for pH 7 and pH 4 are opposite what is expected. It was anticipated that the H2O2
quantum yield would continuously increase as pH increases due to the greater number of
charge transfer interactions implied by shifts in E2/E3. This disparity is best explained by
the faster rate of superoxide dismutation rate at pH 4 relative to pH 7, by a factor of
approximately 600 (See 3.I.D.).
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Figure 3.4: The effect of pH on the wavelength dependence of H2O2 quantum yields
for SROM. The lines are a power fit to the wavelength dependence of H2O2 quantum
yields.
The effect of pH on the wavelength dependence of H2O2 quantum yields for
PLFA, the microbial source, was also studied (Figure 3.5). Similar to the results for
SROM, the highest pH studied also showed the highest H2O2 quantum yields at all
wavelengths (see section I.A. Figure 4). In contrast to the wavelength dependence of
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SROM, the pH 7 sample produced similar amounts of H2O2 when compared to the pH 4
sample. The difference between these quantum yields, however, is within their standard
deviations, meaning there was no substantial difference between these wavelength
dependences. This may again be explained by the higher rate of superoxide dismutation
at pH 4 relative to pH 7 (See 3.I.D.).
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Figure 3.5: The effect of pH on the wavelength dependence of H2O2 quantum yields
for PLFA.

3.I.D. Apparent Superoxide Quantum Yields
An apparent superoxide quantum yield was calculated by making several
assumptions. The first assumption is that all H2O2 is produced through the uncatalyzed
dismutation of superoxide. The second assumption is that all superoxide is being
transformed into H2O2. There are several reasons this calculation is an inaccurate
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measurement. Previous work has shown that DOM can catalyze the dismutation of
superoxide.76,89 The pH dependence of the DOM catalyzed pathway, however, is poorly
understood and therefore difficult to correct for. Furthermore, recent work has suggested
that the production of superoxide may actually be ten times higher than what is estimated
by H2O2 production.90 This suggests there is a mechanism by which superoxide is
quenched (most likely by DOM) that prevents its dismutation. Again, there is currently
no way to know how pH will affect this quenching. Based on this evidence, the apparent
superoxide quantum yield is likely a lower bound estimate. The apparent superoxide
quantum yield is found using the kinetics for equation 3.1.89
+
2O!
! + 2H → H! O! + O!

kH+ =5×10!" [H! ]M-1s-1(3.1)

The rate of H2O2 production is therefore dictated by
d[H2 O2 ]
dt

-

=kH+ [O2 ]2SS

(3.2)

where [H2O2] is the concentration of H2O2 (M), t is time (s), kH+ is the dismutation rate
constant (M-1 s-1) determined by equation 3.1 and [O2-]SS is the steady state concentration
of superoxide. It is known that the hydrogen peroxide quantum yield is
ΦH2O2 =

Rp,H2O2
Ra

(3.3)

and that the superoxide steady state concentration is
-

[O2 ]SS =

Rp,H2O2
kH+

(3.4)

The apparent superoxide quantum yield (ΦO2-) is
ΦO2- =

ΦH2O2
k H+
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(3.5)
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Figure 3.6: Apparent superoxide quantum yields versus wavelength for SROM.
It should therefore be noted that this calculation is proportional to the superoxide
quantum yield but is not a precise measure because when the quantum yield of hydrogen
peroxide is square rooted so too is the rate of light absorption. Because the apparent
superoxide quantum yield values found are proportional to the superoxide quantum yield,
they are still valuable in comparing the relative rates of superoxide production by DOM.
The apparent superoxide quantum yields are plotted against wavelength in Figure
3.6 for SROM. The average change in apparent superoxide production from pH 4 to pH 7
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samples is by a factor of 20. The apparent superoxide quantum yields for the pH 7 to pH
9 samples change by an average factor of 21. For PLFA, these calculations showed that
superoxide production increased on average by a factor of 27 from pH 4 to pH 7. For pH
7 to pH 10, superoxide production increased by a factor of 51. The apparent superoxide

Apparent Superoxide
Quantum Yield (mol Es-1)

Apparent Superoxide
Quantum Yield (mol Es-1)

quantum yields for PLFA are shown in Figure 3.7.
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Figure 3.7: Apparent superoxide quantum yields versus wavelength for PLFA.
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3.II. The Role of Aqueous Electron in Superoxide Production
To investigate the role of aqueous electron in superoxide production the
scavenger chloroethanol was used. There are two pathways by which superoxide can be
formed which subsequently lead to the production of H2O2: reaction of molecular oxygen
with aqueous electrons (Reactions 3.6 & 3.7) and reaction with charge separated DOM
species (Reactions 3.8 & 3.9).
DOM+hν→DOM+e-

(3.6)

e- +O2 →O2

(3.7)

DOM+hν→DOM +/-

(3.8)

-

DOM +/- +O2 →O2

(3.9)

Previous work has suggested that up to 50% of superoxide production may be due to
aqueous electron.80 At a concentration of 20mM chloroethanol, if 50% of superoxide
production is from aqueous electron, a decrease in H2O2 production of 25% is anticipated.
This because the reaction between oxygen and aqueous electron has a rate constant of
1.6x1010 M-1 s-1 (kO2); the reaction between chloroethanol and aqueous electron has a rate
constant of 5.60x108 M-1 s-1 (kClEtOH) (Equations 3.10 & 3.11, respectively).78
-

2O2 +2e- →2O2
ClCH2 CH2 OH+e- →Cl- + ·CH2 CH2 OH

(3.10)
(3.11)

Aqueous electron, therefore, reacts approximately 30 times more quickly with oxygen
compared to chloroethanol. Assuming oxygen makes up 21% of air and the atmospheric
pressure is 1atm, oxygen will be present in solution at a concentration of 273μM, which
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is lower than the concentration of chloroethanol by a factor of 73. Based on the rate laws
for aqueous electron’s reaction with chloroethanol (Equation 3.12) and oxygen (Equation
3.13), relative rates can be calculated.
Rate=kO2 ×[ClEtOH]

(3.12)

Rate=kClEtOH ×[O2 ]

(3.13)

Based on the relative rates, it is expected that aqueous electron will react with
chloroethanol 2.5 times faster than oxygen. Thus, if 50% of superoxide production is due
to aqueous electron (the photoionization pathway), a 30% decrease in H2O2 production is
expected.
While it was expected that the chloroethanol would lead to a decrease in H2O2
production, no appreciable decrease in H2O2 was observed for either sample (Figure 3.8).
The errors on wavelengths are due to differences in the average wavelengths calculated.
It was anticipated that all average wavelengths would be the same. In some cases,
however, there were small differences in average wavelength calculated due to lamp
fluctuations throughout an experiment. While photoionization is unlikely at longer
wavelengths, some photoionization was predicted at shorter wavelengths.80 In particular,
photoionization of phenols could play a role. The results show that there is no significant
contribution to superoxide by aqueous electron regardless of wavelength or source type.
Instead, there is a photochemically produced reductant within DOM that can react
directly with O2 to form superoxide.
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Figure 3.8: The wavelength dependence of H2O2 in both aqueous electron scavenged
and un-scavenged experiments for both SROM (A) and PLFA (B).
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3.III. Wavelength Dependences of Other Reactive Oxygen Species
The comparison of H2O2 quantum yield’s wavelength dependence with other ROS
is of particular interest because it may provide further information on the different
excited states that contribute to DOM photochemistry. It is known that upon absorption
of light, DOM is first excited to a singlet state. It can undergo intersystem crossing to
form an excited triplet state. Alternatively, the charge transfer model predicts the
formation of an excited charge-separated species.
Our previous research used effluent organic matter (EfOM) isolates and their
corresponding natural DOM (NOM) isolates to elucidate the wavelength dependence of
singlet oxygen (Figure 3.9). These isolates were from the Middle East Fork (MEF) River
in Ohio and the wastewater treatment plant adjacent to the river as well the Hockanum
River in Connecticut and its adjacent wastewater treatment plant. The wavelength

Percent Quantum Yield (%)
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MEF EfOM

8

Hockanum NOM
6

Hockanum EfOM

4

2

0
290

340
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Figure 3.9: Wavelength dependence of singlet oxygen quantum yields for the MEF
NOM, MEF EfOM, Hockanum NOM, and Hockanum EfOM isolates.
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dependence of singlet oxygen quantum yields has a similar shape to that of H2O2.
However, the quantum yields for singlet oxygen are an order of magnitude greater than
those for H2O2. This variation in reactivity is likely due to the likelihood of the formation
of one excited state of DOM over another. This further agrees with previous work that
there may be some type of competition for various excited states. The competition
between the excited triplet state and charge separated species leads to similar wavelength
dependence shapes with variation in the magnitude of the quantum yields. The formation
of the initial singlet state likely increases with decreasing wavelength. The conversion
from an excited singlet state to either an excited triplet state or a charge-separated species
is where the competition will occur (Figure 3.10).
3

DOM

hv

1

DOM*

DOM*
DOM+/-

Figure 3.10: Schematic of competition between DOM excited state formation.
To detect excited triplet states of DOM, 2,4,6-trimethylphenol (TMP) was used as
a triplet probe.91 Currently, there is no way of directly measuring triplet concentrations
using a probe and therefore all values presented are quantum yield coefficients (fTMP). The
quantum yield coefficient is found using
fTMP =

kobs

(3.6)

Ra
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where kobs is the experimentally found rate constant for the reaction between TMP and
excited triplet states. Quantum yield coefficients are proportional to quantum yields and
thus their spectral distribution can be compared. Previously, it has been proposed that
triplet states may be responsible for singlet oxygen formation via energy transfer.38 The
formation of excited triplet states of DOM will compete with the formation of chargeseparated species of DOM (Figure 3.10). This is highlighted by the wavelength
dependence of MEF natural organic matter, effluent organic matter, and Hockanum
natural and effluent organic matter samples (Figure 3.11). Although the samples originate
from different sources, their photochemistry is expected to be similar enough to be
compare the shapes of wavelength dependences.
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Figure 3.11: Wavelength dependence of excited triplet states of DOM quantum
coefficients. The samples included the Middle East Fork natural organic matter
sample, its corresponding effluent organic matter sample, Hockanum natural organic
matter, and its corresponding effluent organic matter sample.
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Another ROS of interest is hydroxyl radical because of its extremely high
reactivity. The formation mechanisms for hydroxyl radical are unknown, however, it is
expected that a highly energized excited species will be necessary to have the energy
required to either remove an electron from hydroxide or abstract hydrogen from water.
Previous work by Vaughan et al. studied the formation of hydroxyl radical in aerobic and
anaerobic conditions for Delaware water samples (Figure 3.12).62 A similar trend to
singlet oxygen and H2O2 quantum yields in hydroxyl radical quantum yields was
observed in aerobic conditions. In contrast, little variation in hydroxyl radical quantum
yields was observed in the limited anaerobic samples. The quantum yield of hydroxyl
radical within this wavelength range is approximately half that of H2O2 quantum yield.

Figure 3.12: Wavelength dependence of hydroxyl radical quantum yields for Delaware
water samples in aerobic (unfilled squares) and aerobic (filled circles).

51

There is a large increase in hydroxyl radical quantum yield below 320nm in aerobic
conditions. The shape of this wavelength dependence is significantly different from H2O2,
singlet oxygen, and excited triplet states of DOM, further suggesting a different excited
state is responsible for the production of hydroxyl radical.
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Conclusions
The work presented here provides further evidence for the charge transfer model
of DOM photochemistry. By changing the pH, the absorbance spectrum of both SROM
and PLFA showed shifts in absorbance. These changes are reflected in the E2/E3 ratios
for each sample, such that as pH increases E2/E3 decreases. Using the charge transfer
model of DOM photochemistry, the changes in absorption (specifically, increased
absorption in the visible region with increasing pH) are best explained by greater
formation of ground state charge transfer complexes. CT complexes are formed between
electron donor groups (in particular, phenols and methoxy-aromatics) and electron
acceptor groups (i.e., quinones, ketones, and aldehydes). As pH increases, phenols will
deprotonate leading to more CT complex formation. In the excited state, these groups can
lead to the formation of charge-separated species that can react with oxygen to form
superoxide. The increased production of superoxide as pH increases supports this
prediction of the CT model.
The role of aqueous electron in superoxide production was evaluated using
chloroethanol as a competitive aqueous electron scavenger. Based on the work presented
here, aqueous electron plays no significant role in superoxide and subsequently hydrogen
peroxide production. This is suggested to be true regardless of wavelength and DOM
source type. To further evaluate the role of aqueous electron, these experiments should be
performed at a higher pH (i.e., pH 10), where the deprotonation of phenol groups will
lead to the most likely conditions for photoionization.
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To better understand DOM’s photochemistry, the wavelength dependences of
three other reactive oxygen species were compared with that of H2O2. Triplet excited
states of DOM and singlet oxygen display similarly shaped wavelength dependences as
hydrogen peroxide. The shapes of these wavelength dependences suggest that there is a
similar precursor for these three species (triplet excited states of DOM, singlet oxygen,
and hydrogen peroxide). Most likely, DOM is excited to a singlet state where it can either
deactivate to form a charge-separated species or an excited triplet state. The excited
triplet state most likely will then react through energy transfer to produce singlet oxygen.
The wavelength dependence for hydroxyl radical quantum yields, however, has a very
different shape that drops off suddenly around 330nm as opposed to the H2O2 quantum
yield wavelength dependence that is roughly exponential. Thus, hydroxyl radical is likely
formed through a different, high energy, excited of DOM. To further evaluate the
relationship between these reactive oxygen species, further pH-wavelength dependence
studies should be conducted for singlet oxygen, triplet states, and hydroxyl radical.
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800

A1. Above, hydrogen peroxide calibration curves for all solutions used including SROM
pH 7 (A), SROM pH 7 chloroethanol (B), SROM pH 9 (C), SROM pH 4 (D) and PLFA
pH 7 (E), PLFA pH 7 chloroethanol (F), PLFA pH 10 (G), PLFA pH 4 (H). The curves
are peak areas found using HPLC (See 2. II. A. for details on the method) against known
H2O2 concentration.
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A2. Rates of hydrogen peroxide production for SROM samples including pH 7 with
chloroethanol (A), pH 4 (B), and pH 9 (C).
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A3. Rate of hydrogen peroxide production for PLFA samples including pH 7 (A), pH 7
with chloroethanol (B), pH 4 (C), and pH 10 (D).
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A4. Typical irradiance spectra for each long pass filter (A), rates of light absorption (B),
and difference in rates of light absorption (C). The example provided is for pH 7 SROM.
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A5. Irradiance spectra for each long pass filter (A), rates of light absorption (B), and
difference in rates of light absorption (C). This example is pH 7 PLFA.
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