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The photochemical pathways for H,O, production from chromophore dissolved organic
matter (CDOM) were investigated extensively, employing in part a selective sodium
borohydride reduction method to examine the structural basis of the H,O, formation. Estimates
of the lifetime of possible H,O, precursor(s) have been acquired by examining the dependence
of H,O, production rates on dioxygen concentration. The results suggest that H,O, arises from
intramolecular electron transfer from an excited singlet donor to a ground-state acceptor.
Possible donors include substituted phenols, while possible acceptors included quinones, which
unlike ketones/aldehydes are not irreversibly reduced by borohydride.

The relationship between the rate of H,O, formation and the rate of formation of
reducing intermediate(s) upon irradiation of CDOM was thoroughly investigated employing a
molecular probe. The results obtained from the dependence of dioxygen concentration and
wavelength indicate that approximate 90% of produced one-electron reducing intermediates is
converted to superoxide. The stoichiometric ratio between the H,O, and total reducing radicals
suggests that 67% of the photochemically produced superoxide decays through oxidant sinks

other than dismutation to H,O,.



The effect of adding external phenol electron donors on the H>O, production rate was
also examined. Substantially enhanced rates of H>O, production were observed, which were
substantially inhibited by borohydride reduction (40-50%), similar to the loss of TMP
previously reported. In addition, H,O; production rate increased as the dioxygen concentration
decreased, consistent with reaction with a triplet state intermediate. The results all indicate that
an additional pathway of H,O, formation is introduced in the presence of sufficiently high
concentrations of electron donors. Reaction between the phenol electron donors and the excited
triplet states of aromatic ketones/aldehydes yields a ketyl radical that subsequently react with
O, to form O, and then H,O, The enhancement generally follows the reduction potential of the
added phenols, as DMOP> MOP> PHE, with the exception of TMP. In the case of TMP,

secondary radical reactions could be the cause of this difference.
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Chapter 1: Introduction

Hydrogen peroxide (H>O,), one of the most common reactive oxygen species
(ROS) formed in aquatic systems, is known to initiate radical/redox reactions either
as an oxidant or a reductant. Using a sensitive scopoletin-peroxidase based
fluorescence method, hydrogen peroxide in seawater was first reported in 1966 by
Van Baalen and Marler.! Later, the occurrence and concentration of H,O, have been
investigated extensively in rainwater, coastal and open-ocean waters, freshwaters and

19 1ts ubiquitous presence in the aquatic environment can have

ground waters.
substantial impacts on aquatic ecosystems, including: 1) influencing the cycling of
carbon, sulfur, nitrogen within the hydrosphere, 2) altering biological accessibility of

13 and 4) converting pollutants

the trace metals,'' " 3) removing aquatic pollutants
into more toxic substance.'®

Because of its relatively small degradation rates (biological and the metal-
mediated redox reactions) as compared with its larger photo-production rates, H,O»
usually accumulates to relatively high steady-state concentrations (nM in seawaters

and pM in freshwaters), " '"'®

and is thus widely employed as an indicator of the

photochemical reactivity of chromophoric dissolved organic matter (CDOM) within

natural waters. The significant impact of H>O, on the chemistry of natural water has

lead to many studies over the past three decades, with great deal of effort devoted to

understanding the mechanisms of its photochemical production in natural waters.
The fact that H,O; in natural waters increases dramatically after brief

exposure to sunlight indicates that this species is primarily produced through

photochemical reactions of the light-absorbing component of dissolved organic



matter (DOM), known as chromophoric dissolved organic matter (CDOM)."""

Observed linear correlations between the level of detected H,O, and the CDOM
absorbance provided evidence that photochemical reactions of CDOM are a primary

20,21,1 . . .
source of H,0,***""!7 Other, more minor contributions have been found from such

22,23 24,25

sources as wet deposition " and microbial production.””~ However, the nature of
the photo-produced intermediates that reduces the dioxygen to form H,O; is still an
open question. A thorough understanding of the mechanism(s) of H>O,
photoproduction by CDOM in aquatic systems is essential.

In this thesis, H>O, photochemical generation pathways from CDOM are
thoroughly investigated. The structural basis for H,O, photoproduction by CDOM is
proposed, in which the CDOM photochemical properties and their relation to CDOM
optical properties were examined by a selective chemical reduction method. To
obtain a better understanding of the nature of the H,O, precursors, the lifetimes of the
intermediates were examined by measuring the [O,] dependence of H,O, production
rates. A molecular probe for detecting radical/reducing intermediates was employed
to estimate the production rates of the reducing intermediates acting as dioxygen
reductants. The ratio between the levels of the detected one-electron reducing
intermediates to photoproduced H>O, was examined to investigate the overall
stoichiometry between the production of radical/reducing intermediates and the

formation of H,O,. The effects of adding external phenol electron donors on H,O,

production rates were further examined.



1.1 Chromophoric dissolved organic matter (CDOM)

CDOM, also known as gelbstoff or yellow substance, is the light absorbing
and emitting component of bulk dissolved organic matter (DOM).* It is a complex
mixture of organic compounds formed via the degradation of terrestrial plant
materials (primarily lignins, polyphenols, and tannins) and from aquatic sources.*”**
In fresh and coastal waters, terrestrially-derived humic substances (fulvic and humic
acids) are thought to be the dominant CDOM component,”’ flowing through rivers

. . 30,31
and estuaries into coastal shelves and then open oceans.™™

Upon light absorption,
the light absorbing moieties within CDOM serve as good shuttles, transferring either
energy or electrons to the dissolved dioxygen to form reactive oxygen species
(ROS),**?* such as singlet oxygen ('O,, energy transfer’) or superoxide (O,
electron transfer’®). CDOM photolysis can also act to degrade refractory organic

37-39

pollutants, to mediate trace metal redox reactions,*’ and to degrade into inorganic

carbon thus influencing the carbon cycle.*'™*

To gain a better understanding of structural basis of the photochemical
reactions of CDOM, numerous spectroscopic techniques have been employed to
probe the CDOM structures at molecular level, including pyrolysis-mass
spectrometry, high and ultrahigh-resolution mass spectroscopy, '>C nuclear magnetic
resonance spectroscopy, electron spin resonance spectroscopy, acidimetric titration,

4454 The results reveal that CDOM contains a diverse set of

and electrochemistry.
organic moieties including carboxylic acids and substituted phenols, aromatic

ketones/aldehydes, quinones, carbohydrates, carboxyl-rich alicyclic molecules, as

well as N-containing species.
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Figure 1- 1: Proposed electronic interactions between electron donor (hydroxyl-
aromatic moieties) and acceptors (A) within partially oxidized lignin fragment.
(Long range interaction- excited state electron transfer;

Short range interaction- charge transfer)



1.2 CDOM optical properties and their structural basis

A fundamental tenet of photochemistry is that light must first be absorbed for
a photochemical reaction to be initiated. Thus knowledge of the absorption spectra of
CDOM is essential for an understanding of its photochemical reactions.

Terrestrial and marine CDOM both display rather unique absorption spectra
that increase approximately exponentially toward shorter wavelengths with no
discernible peaks. Spectra are often fitted to an exponential equation of the form
(x(?»)=(x(7»o)e's(7"m). The exponent of this fit, spectra slope, S, characterizes how rapidly
the absorption decreases with increasing wavelength.

Higher S values indicate a more rapid decline in absorption with increasing A
and a lower absorption contribution in the visible wavelengths. Another indicator of
this decline is E2/E3 ratio, which represents the ratio of absorption at 254 nm to 365
nm.”> These CDOM optical indices have been used to relate the change in optical
properties to changes in structure. For example, it has been shown that S usually
increases with decreasing molecular size of CDOM.”® Photobleaching of CDOM in
surface water also usually increases S and E2/E3 values, which suggests that
photochemical reactions convert higher molecular weight CDOM into lower
molecular weight species.””™®

Two distinct structural models have been invoked to explain the observed
optical spectra and photochemistry of CDOM, namely a superposition model’”*® and
an electronic interaction model."* A superposition model proposes that the optical
properties derive from a simple sum of the absorption and emission spectra of an

ensemble independent chromophores (electronically isolated) existing within CDOM.



In contrast, the electronic interaction model argues that the electronic interactions
between chromophores give rise to the distinct optical properties of CDOM.

However, the superposition model cannot easily explain many of the observed
optical and photochemical properties,’* including the exponentially decreasing long
wavelength absorption tail, the continuously red-shifting fluorescence emission
maxima, the monotonically decreasing fluorescence quantum yields and lifetimes
across the visible wavelengths, and dependence of S on the molecular size 81 65 60

In contrast, the electronic interaction model (EI) can largely account for the
observed CDOM optical and photochemical properties; within this model, short-range
charge transfer interactions between chromophores are of particular importance for
CDOM optical properties (charge transfer model, CT). The CT model proposes that
the short-wavelength absorbance (< 350) results primarily from the superposition of
the donor and acceptor absorption, and the long-wavelength near UV and visible
absorption tail results from short-range charge transfer interactions between the
electron donors and acceptors to form charge transfer bands (>350 nm, Fig. 1-1 and
Fig. 1-2).°® Possible electron acceptor moieties are carbonyl-containing species such
as quinones and aromatic ketones/aldehydes arising from the partial oxidation of
lignin precursors (A in Fig. 1-1), while possible electron donor moieties are
hydroxy/methoxy-aromatic moieties.

The continuous red-shifting fluorescence emission maxima in the visible has
been attribute to charge recombination luminescence arising from an ensemble of
low-energy CT states populated by near UV and visible absorption. The

monotonically decreasing fluorescence quantum yields and lifetimes with increasing



wavelength can be attributed to successively lower CT energies, in which the rate of
non-radiative relaxation increases relative to the radiative rates thus leading to the
lower fluorescence quantum yields and lifetimes.®’ In addition, the decrease in S with
increasing molecular size can be explained as resulting from the larger number of CT
contacts that could form statistically within larger molecules of the size ensemble.
Further, the increase of S produced by partial photobleaching can be attributed to the
destruction of electron donors and acceptors contributing to the CT transitions.

Many of the photochemical properties of CDOM also can be interpreted readily

within the CT model as discussed further below.
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Figure 1- 2: Proposed CT model for CDOM absorption. The shorter wavelength
(<350 nm) is caused by sum of absorption of individual chromophores with the
longer wavelength absorption tail (>350 nm) caused by the charge transfer interaction
between donor- acceptor chromophores that produce the lower energy charge transfer
bands.



1.3 CDOM photochemistry and its related structural basis

Since the 1980’s, numerous studies have shown that CDOM can act as a
photochemical source of singlet dioxygen (‘O,), superoxide (O5"), hydrogen peroxide
(H203), aqueous electron (e°), hydroxyl radical (‘OH) and organic radicals.®®® These
reactions are summarized in Scheme 1-1.** Following the ground state excitation of
CDOM, possible primary photochemical events include: 1) direct ejection of
electrons, 2) formation of CT states (‘CDOM' "), or 3) formation of excited singlet
states CDOM ('CDOM"). In competition with recombination back to ground state
CDOM, 'CDOM’ can undergo homolytic cleavage to either CDOM radicals

(CDOM"), undergo electron transfer to form a charge separated state (CDOM" ") or

undergo intersystem crossing to form the triplet CDOM (CDOM"). *CDOM " can
further undergo electron transfer to form a charge separated states (CDOM' ™), react

with external donor (P) to relax back to the ground states.
The CDOM intermediates formed include CDOM+, CDOM'~and *CDOM’,

which are unstable and will react further with ambient redox species to initiate
various photochemical reactions. In our case, these intermediates can react with
dioxygen to produce various reactive oxygen species such as 'O,, 0,7, H,0,, -OH, and
proxy radical (RO,). It has already been shown that 'O, is the product of the energy
transfer between *CDOM and dioxygen. However, the exact intermediates and
pathways giving rise to O, and subsequently H,O, through O, disproportion is still

not clear.
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Scheme 1- 1: Proposed CDOM primary and secondary photochemical reactions of
CDOM. (Adapted from Sharpless and Blough)**
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Quinones within CDOM are frequently cited as important organic moieties

70-74

responsible for its redox properties. Evidence for the presence of quinone

moieties with CDOM include electron paramagnetic resonance (EPR) detection of

o . . 1,75
semiquinone radicals and the results of the electrochemical measurements.”"’

o) OH OH
0y O % 0O
A A
N\ N\
H,0, O H0, Oy
(o) O HO

Figure 1- 3: Possible redox reactions of quinone moieties with O, and O;". Possible
reactions depend on the structure and the reductant potentials of the quinone and
semiquinone species.

Garg et al employed disodium anthraquinone-2-6-disulfonate as model
quinone sensitizer to simulate the H,O, production from aquatic CDOM.”® However,
different H,O, production behavior was observed between irradiated humic substance
and model quinones in the presence of DMSO, a hydroxyl radical scavenger. This
result implies that the H,O, production mechanism is far more complex for humic
substance than for simple quinone compounds.”’

In order to test for the possible involvement of quinone and other carbonyl-
containing moieties, such as (aromatic) ketones/ aldehydes as electron acceptors, as
well as test for their possible involvement in CT transitions, reduction with sodium
borohydride has been employed. Sodium borohydride can selectively reduce the
carbonyl —containing electron acceptors within CDOM under anaerobic

cpe 3,78,79
conditions.”>’’
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For a variety of humic substance standards as well as natural water samples,
the elimination of carbonyl containing groups by borohydride reduction leads to
preferential loss of visible absorption that has been attributed to the elimination of the
low energy CT transitions. In addition, substantially enhanced, blue-shifted
fluorescence emission is observed after borohydride reduction, suggesting that the
removal of electron acceptors eliminates donor quenching thereby increasing the local
donor fluorescence.”®

Similar to CDOM optical absorption, apparent quantum yields and the rates
of H>O, photoproduction determined for both natural waters and humic substance
decrease rapidly with increasing wavelength, with the majority of H,O, production
occurring at wavelengths between 290 and 400 nm*'. A linear relationship was found
between the quantum yields of H,O, and CDOM photobleaching for Elizabeth River
samples, *'implying an intrinsic connection between the H,0, photoproduction and
CDOM optical properties.®® The much faster decrease of H,O, photoproduction rates
compared to the decrease of CDOM absorption indicates that the shorter wavelengths
are far more efficient at photochemical producing ROS, hence higher apparent
quantum efficiencies. However, a better understanding of the structural basis of
CDOM optical properties, photochemical properties and the connection between the

two is desirable.
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1.4 Proposed H,O; production pathways though photolysis of CDOM
Over the past twenty years, evidence has shown that the photoproduction of
H,0, by CDOM primarily arises from the formation of O, and its subsequent
dismutation (eqn. 1.1).
20, +2H > H,0, +0, (1.1)
Superoxide is thought to be formed via reaction between photochemically

17,36,80,81
produced reductants and O,. 2%

However, the nature of the reductants giving rise
to Oy, and thus H,O,, remains unclear. The possible photochemical pathways giving
arise to the reductants from CDOM are proposed and discussed below (Scheme 1-2).

Both Darper and Crosby® and Cooper and Zika® have pointed out that photo-
production of hydrated electrons from CDOM could produce H,O, in both
freshwaters and seawaters (Rxn. 2a,2b), However, work by Zepp®” at al first
indicated that hydrated electrons are not produced at rates sufficient to account for the
production of H,O, detected in aquatic environment. Later, Thomas-Smith and
Blough® employing a steady state scavenger method provided further evidence that
the low rates of production of hydrated electron is not sufficient for the overall

production of H,O, in most natural waters at wavelengths above ~ 315 nm, thus also

excluding the hydrated electron as major precursor for H,0,.*

13



CDOM +hv = CDOM* + e (2a)

e + 0, >0, (2b)
CDOM + hv > > 3CDOM"* + 0,-> 1CDOM + 10, (3a)
10, +CDOM - CDOM* +0;, (3b)
CDOM +hv - !CDOM" + 0, CDOM * + O, (4a)

3CDOM" + 0, - CDOM * + 0’ (4b)

CDOM + hv - CDOM* - CDOM *+0,-> CDOM*+0, (5a)

3CDOM* - CDOM * + 0,-> CDOM* +0,”  (5b)

CDOM +hv - 'CDOM* + 0, > CDOM* + O, (6)

Scheme 1- 2: The reactions (Rxn 2-6) from proposed precursors for superoxide and
hydrogen peroxide formation®®. 'CDOM* and *CDOM* represent excited singlet and
triplet states, respectively, of either electron donors (D) or acceptors (A) within the
CDOM, while CDOM" represents a charge-separated species (D™ A™) formed by
electron transfer from a donor to an acceptor, and 'CDOM™ represents the charge
transfer states.
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Singlet dioxygen (94 kJ/mol), formed via energy transfer from the excited
triplet states of CDOM (*CDOM ) to ground state dioxygen (CO,) (Rxn. 3a), was
proposed as a possible precursor for O, (Rxn 3b).** The quantum yields (¢) for both
'0, and O, exhibit a similar spectral dependence, but the ¢ 1120, is reported to be 100

times smaller than ¢ 10,.>' Dalrymple®™

et al. provided further evidence that the
maximum contribution from 'O; to the total photoproduction of H,O, was no more
than 6%, indicating 'O, is largely unimportant as a H,O, source.

Other possible pathways include: 1) direct electron transfer to dioxygen from
excited singlet (Rxn. 4a) or triplet states (Rxn. 4b), although reaction 4a is
exceedingly unlikely due to the very short lifetimes of the singlet states,”’” 2) the
formation of reducing radical intermediates (A™) through electron transfer between
excited singlet (Rxn. 5a) or triplet state electron donors or acceptors (Rxn. 5b),’* *’3)
the formation of reducing radical intermediates formed through direct excitation of

" 66, 67,78, 88, 89
charge-transfer transitions (Rxn. 6) . %% 677% 8%

In chapter 2, those possible reaction
intermediates to O, and thus H>O, are examined.
Metals, such as Fe, are also a very common species in natural waters, and can

90,91

have a significant impact on the aquatic redox environment. Metal ions can be

reduced from a higher to lower redox states through two primary mechanisms: ligand-
to- metal charge transfer (LMCT) and direct electron transfer from excited states.'***

%3 Other possible reduction pathways could come from interaction with oxidant ROS

such as superoxide. In presence of superoxide, Fe (I ) could rapidly be oxidized with
a half-life of several minutes in oxic marine waters to Fe (II).”*** Fe (II) could

further reduce back to Fe (I ) via photochemical superoxide —mediated iron

15



reduction (SMIR) or ligand- to metal charge transfer (LMCT) (Scheme 1-3). The

oxidation process occurred between steady state Fe (I ) with an oxidant, such as

dioxygen, could produce superoxide as well as H,O,. However, for the studies
reported in this thesis, only trace amounts of metal ions exist within the samples (< 1
uM), generation of H,O; production from metal-related pathways is minor and is

considered negligible in these studies.

O,
oMo,
Fe _ ~ Fe(OD) __~ Fe(IO)
CDOM

Scheme 1- 3: Possible superoxide and hydrogen peroxide production pathways in the
presence of iron.
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1.5 Detection methods for ROS
1.5.1 Detection of H,O,

The detection of ROS is extremely challenging due to their reactivity, and
thus in many cases, short lifetimes. Among all the aquatic ROS, H,0,, with lifetimes
ranging from minutes to days and concentrations ranging from 10’s of nM to 10’s of
uM, is considered the most stable. To measure H,O,, an acridinium ester (AE) based
chemiluminescence method was employed.” This method allows detection of H,O,
at nM to uM levels and excludes the possible fluorescence interference from naturally
occurring chromophores, fluorophores, and organic peroxides, which is inevitable
using the traditional colorimetric and fluorometric methods.””*®

The mechanism of reaction of AE with H,0O, is shown in Figure 4°° AE (D) is
stable in acidic solutions, but rapidly hydrolyzes in base. In the presence of the
peroxide anion (HOO-), AE forms an unstable dioxetane compound IV, which decays
yielding N-methylacridone (V) and the emission of light at 470 nm, which is detected
employing a photomultiplier tube (PMT). The H,O, sample is introduced by a flow
injection analysis (FIA) system. The linear range for FIA method covers the H,O,

concentrations ranging from ten’s of nM to pM. Catalase can be added to the analysis

solutions 12 hrs before measurement to eliminate the possible background H,0,.”
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Figure 1- 4: Chemiluminescence reactions of acrdium etser with hydrogen peroxide.

(Adopted from King, D.W.)"
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1.5.2: Detection of photoproduced radicals capable of reducing O, to Oy’

The relative stability of H,O, endows it as one reliable probe for estimating
the net transfer of electrons from CDOM to dioxygen in natural waters. However,
Zika and Petasne presented qualitative evidence that 24% to 41% of the
photochemical produced O,” does not lead to H,O, formation.*® They employed the
enzyme superoxide dismutase (SOD), which competes with other non-dismutation
decay pathways, and favors the superoxide dismutation pathway.

Waite and Garg "'also provided evidence that significant fraction of the
photoproduced O, is most likely lost through oxidation of O, to O, via other
oxidative pathways in competition with the dismutation to H,O,.”” Understanding the
stoichiometry between the H,O, production and the photo-reductant production would
provide key insights into O, formation and decay pathways and the factors affecting
the net formation of H,O,.However, unlike H,O, which is relatively stable,
photoproduced reductants are highly reactive, giving rise to short lifetimes and low
steady-state concentrations. Thus steady-state concentrations are often too low to be
measured by spectroscopic methods (such as electron paramagnetic resonance
spectroscopy), and their short lifetimes preclude measurement by direct chemical
methods.

Indirect measurement of reducing intermediates using radical molecular
probes is developed in this thesis (chapter 3). Di-tert-alkyl nitroxides are a very
common class of molecular probes particularly suitable for examining the production

99-101

of the radicals involved in CDOM photoreactions. These stable nitroxide radicals

can react rapidly with one-electron reductants with a high reaction constant (~ 10°
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to10° M's™).'%* In addition, having similar reactants potentials to dioxygen,

nitroxides can compete with dioxygen for the photochemically-generated reducing

species.”
TYPE T PHOTOOX YGENATION
TYPE IT PHOTOOXYGENATION 0”"’”".”” e

Termination

hy . .
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Scheme 1- 4: Comparison between the reactions of nitroxides and O, with excited
states and radicals. From reference 99.”
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In contrast to reaction with O,, the product of this reaction is the relatively
stable hydroxylamine. This one-electron reduction product can be sensitively
monitored by the electron paramagnetic resonance spectrometry (EPR) via the loss of
spin caused by the reduction of the paramagnetic nitroxide to the diamagnetic

product.'”

e +H N
L

Nitraxide Hydraxylamine

IQ[—-ﬂ

Figure 1- 5: Hydroxylamine formation via reaction of the nitroxide with
photochemically generated one electron reducing-intermediates from CDOM

The sensitivity of the nitroxide method can be substantially improved by

194 Dye to efficient intramolecular

covalently linking the nitroxide to a fluorophore.
quenching of the fluorophore by the nitroxide, the fluorescence yield of the
fluorophore is very low when coupled to the nitroxide. However, the intramolecular
quenching is eliminated when the nitroxide is converted to a diamagnetic product
through radical reactions, thus greatly enhancing the fluorescence (Figure 6). The
enhanced fluorescence can thus be used as a very sensitive measure of radical

scavenging, and when coupled with HPLC, offers better selectivity for detection of

reducing-radicals. '
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Figure 1- 6: Fluorescence change upon the nitroxide reaction with fluorescamine

1.6 Purpose of This Study

Despite almost three decades of research, the precise mechanisms by which
H,0: is photoproduced by CDOM remain unclear. The aim of this thesis was to
investigate the nature of the reducing intermediate(s) photochemically generated from
CDOM in aqueous solutions and delineate the pathways of electron transfer between
CDOM and ambient dioxygen that ultimate leads to the production of H,O,.

To achieve those objectives, a selective reduction method employing sodium
borohydride was employed to probe the importance of (aromatic) ketone/aldehydes
on H,O; production. Removal of aromatic ketone/aldehydes moieties by borohydride
reduction has been shown to change CDOM optical properties, such as decreasing the
long wavelength absorption tail and cause a blue shift in the wavelength of
fluorescence emission. If the aromatic ketone/ aldehydes electron acceptors have
significant role in H,O, production, the removal of such species would be expected to
greatly reduce the H>O, production rates.

The results of borohydride reduction on H,O; production rate are presented in

Chapter 2. Borohydride reduction did not greatly affect on H,O, indicating that CT
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transitions and aromatic ketone/ aldehydes do not play a significant role in H,O,
production.

The dependence of H,O, photoproduction rates on dioxygen concentration
can provide information on the lifetimes of the reducing intermediates. Within this
model, O, (and thus H,O, via dismutation) could be produced through three possible
pathways: 1) a very low efficiency reaction of O, with the short-lived charge-
separated intermediates , 2) reaction of O, with a smaller fraction of longer-lived
charge separated intermediates populated in competition with rapid recombination
and, 3) reaction of O, with long-lived acceptor radicals (eg. semiquinone or ketyl)
produced intramolecular by electron- or hydrogen atom-transfer from excited states of
endogenous (donor). In chapter 2, the trend of increasing H,O, photoproduction with
increasing [O,], with rate saturation above [O,] 250 uM suggests that it is more likely
excited singlet state of electron donors transferring electrons to acceptors, with the
reduced acceptors transferring the electrons to the ambient dioxygen, forming
superoxide, and subsequently hydrogen peroxide.

Chapter 3 provides evidence that 3ap and dioxygen compete for similar pool
of one electron reductants produced photochemically within HS. Evidence that
supporting this idea includes 1) proportional decrease in Ry and Rz with increasing
wavelength (Table 3-3), 2) suppression of Ry with increasing [O] due to competition
for common intermediates, 3) largely unaffected (Run02) or increase (Ry) rates upon
borohydride reduction, indicating that charge transfer states or aromatic

ketones/aldehydes are not directly involved in the formation of these reductants.
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Rates and rate ratios of Ry/Ru20o were also examined. The ratio of Ry/Runo2
for untreated SRFA and SRHA employing monochromatic irradiation were 6,
indicating a significant portion (67%) of O,” will decay by other oxidative sinks, such
as light generated intermediates or CDOM itself. The observed higher ¢u/$pm202 ratio
(13) employing polychromatic irradiations could be explained either as enhanced
efficiency for hydroxylamine formation at longer wavelengths or use of
polychromatic light could “activate” additional pathways for O, /H,O, removal. More
work need to be done for the detailed explanation.

In chapter 4, the effect of adding an external phenol electron donor on the rate
of H,O, production was examined. Addition of phenols at concentrations in the 10’s
to 100’s of micromolar substantially enhanced the rate of H,O, production.
Borohydride reduction significantly inhibited this enhancement. Decreasing [O:] to ~
60 uM enhanced the rate of H,O, production. Those results are consistent with the
reaction of the electron donor with the excited triplet state of aromatic
ketones/aldehydes to form a ketyl radical that subsequently reacts with O, to form O,
and then H,O,. Those results also indicated that an additional pathway of H,O,
formation is introduced in the presence of sufficiently high concentrations of electron
donors of the appropriate redox potential.

Chapter 5 summarizes the results of this work and suggests future of the

research
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Chapter 2: Investigating precursors for H,O, production

from photochemical reaction of CDOM

2.1 Introduction

Light absorption by humic substances (HS) and chromophoric dissolved
organic matter (CDOM) has long been known to generate hydrogen peroxide (H2O5)
in natural waters."'""*>% 1%1%7 Cyrrent evidence indicates that the photochemical
formation of H,O, arises primarily through the one-electron reduction of O, by photo-

32,33

produced intermediates to produce superoxide (O,")"~"” which subsequently

undergoes dismutation, either catalyzed or un-catalyzed, to form H,0, (Eqn.2.1).'"
20, +2H'—» H,0, +0, (2.1)
These two reactive oxygen species, O, and H,O,, can play a critical role in

. . : ST 11,13,109,110
environmental redox reactions and metal ion speciation in natural waters, " ~°*" " " as

well as in the production of hydroxyl radical (-OH) through Fenton chemistry.m'1 15
Despite extensive research over the last 30 years, the mechanism by which O,

is reduced photochemically to O, by HS and CDOM is still not known with certainty.

A variety of possibilities exist in scheme 2-1.
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CDOM + hv = CDOM* + ¢ (2a)

e + 0, > 0, (2b)
CDOM + hv - - 3CDOM® + 0,-> 1CDOM + 10, (3a)
10, +CDOM - CDOM* + 0, (3b)
CDOM + hv - 1CDOM* + 0, CDOM * + O, (4a)

3CDOM* + 0, - CDOM * + 0, (4b)

CDOM +hv - CDOM* - CDOM *+0,-> CDOM*+ 0, (5a)

3CDOM* - CDOM *+ 0, - CDOM* +0,” (5b)

CDOM + hv = 'CDOM* + 0, > CDOM* + O, (6)

Scheme 2- 1: The proposed precursors and reactions (Rxn 2-6) for superoxide and
hydrogen peroxide formation®®

Previous work has shown that photo-ionization to produce the hydrated
electron (¢") cannot account for the magnitude of the H,O, production (Rxn. 2), at
least for wavelengths in the UV-A and visible.'">"'* Similarly, work by Sharpless

1. and Cory et al.''” have shown that only a minor amount of H,O, is produced

eta
through the reduction of singlet dioxygen by CDOM (Rxn. 3), precluding the
possibility that 'O, serves as a major O,” precursor.

Here we attempt to distinguish among the possible pathways by examining the
effect of [O,] and borohydride (NaBH4) reduction on the rates and quantum yields of

H,0O; photo-production. Our results indicate that H,O, is most likely formed through a

low efficiency intramolecular excited-state electron transfer process that produces
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reducing radical intermediates, which then react with O, to produce O, and

subsequently H,O, (Rxn. 5a).

2.2 Materials and Method
2.2.1 Chemicals

Boric acid (99.999%), sodium chloride, sodium bromide, sodium phosphate,
sodium dihydrogen phosphate, sodium carbonate, phosphoric acid, alkali extracted
and carboxylated lignin (LAC), Sephadex G-10, G-25 and catalase were purchased
from Sigma-Aldrich. Sodium dithionite and fluorescamine were purchased from
Acros. Hydrogen peroxide (30%) and 3-amino-2,2,5,5,-tetramethyl-1-pyrrolidinyloxy
(3ap) were purchased from Fisher. Fluorescamine-derivatized 3ap (3apf) was
synthesized as previous reported.'*'*"!"® Suwannee River fulvic acid (SRFA) and
Suwannee River humic acid (SRHA) were obtained from the International Humic
Substance Society. Solid phase C-18 extracts from the Delaware River station (Fresh
Water; 39.9N, -75.1 W), and shelf of the Middle Atlantic Bight (Shelf Station; 38.4N,
-74.9W) were obtained in December 2006 and processed as previously reported.”” '’
A fraction of LAC (LAC*) that had the same retention time as SRFA when passed
through Sephadex G-25 column was also employed.

Concentrations of SRFA and SRHA used in this work were 10 mg/L. The Cs
extracts and LAC* samples were matched to the absorbance of a 10 mg/L SRFA at
350 nm (Fig 2-1).Water was obtained from a Milli-Q (MQ) purification system. All

samples were prepared in 0.01M phosphate buffer (pH=7).
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Figure 2- 1: Absorption spectra of untreated and borohydride —reduced SRFA,
SRHA, LAC* and C 18 extracts of Fresh Water (FW), Shelf Station (SS) obtained
from Delaware Bay and Mid-Atlantic Bight. Samples are in phosphate buffer pH=7.
SRFA, SRHA concentrations were 10mg L. FW, SS and LAC* spectra are matched

up with SRFA @350nm.
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2.2.2 Experiment apparatus

Either a Hewlett- Packard 8425A or a Shimadzu 2401-PC spectrophotometer
was employed to acquire UV-VIS absorption spectra. Absorption spectra for 10 mg/L
samples, which were prepared in the pH 7 phosphate buffer solutions, were recorded
using 1 cm cuvette over the range from 190 nm to 820 nm. All spectra were baseline
subtracted from MQ water. A SLM Aminco AB2 spectrofluorometer was used to
collect the 3apf emission spectra. The excitation wavelength was set at 390 nm and
emission collected from 400-700nm employing a 4 nm bandpass on both excitation
and emission monochromators. A Shimadzu total organic analyzer (TOC-5000A) was
employed to determine total organic carbon content. Specific absorption coefficients

a* were obtained by normalizing absorption coefficient a(A) to organic carbon

concentrations,
2.303xA(A
a(n) =250 ()
o) =2 (8)

where A(M) is the absorbance at a given wavelength, b is the pathlength in meters and
C is the concentration of total organic carbon (TOC) in mg carbon L™ .a* for all

samples used in this study are provided in Table 2-1.
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Table 2- 1 Values of specific absorbance coefficient at 350 nm (a*(350)), spectral
slope (S) for unaltered and borohydride-reduced SRFA, SRHA, LAC* and C18
extracts from fresh water (FW) and shelf station (SS) from the Delaware Bay and
Mid-Atlantic Bight.

Irradiated a*(350) TOC=2.303*A/(0.01xa*)

samples | mimglCL™ mg C /L S(nm)
LAC* 2.55 6.48 0.015

RELAC* 1.07 7.02 0.02
SRHA 3.0 6.40 0.012
RESRHA 1.76 7.40 0.015
SRFA 3.44 4.69 0.014
RESRFA 1.95 5.11 0.016
FW 3.28 3.60 0.013
REFW 1.758 3.60 0.016
SS 0.97 10.68 0.015
RESS 0.52 11.74 0.020
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2.2.3 Borohydride reduction

Borohydride reduction was preformed as described below. Known
concentration of humic substance was transferred into a 1 cm cuvette (3 mL) and
sparged with ultrapure N; for 10 minutes (anaerobic reduction). 25 folder mass excess
sodium borohydride was added into the humic substance solution under continuously
N, purging for 45 minutes. Maximum reduction (absorbance loss) is accomplished
over this time period. The reduced sample was kept airtight (under anaerobic
conditions) for 24 hours. During this time, the absorption spectra (loss) were
continuously monitored by obtaining absorption spectra at various time intervals.
The reduction was considered to be complete when no further change absorption
spectra were observed.
2.2.4 Hydrogen peroxide photoproduction rates (HPPR)

A chemiluminescence-based flow injection analysis (FIA) was employed to

determine [H,0,]."*

The chemiluminescence reagent, acridinium ester 10-methyl-
9(p-formylphenyl)-acridiniumcarboxlatetrifluoromethanesulfonate (AE) was
provided by Waterville Analytical Company. A 0.1 M Na,COj solution (pH= 11.2)
was employed as previously recommended. °° The buffer solution, carrier water and
AE were introduced into the reaction vessel using a peristaltic pump with flow rate of
10.9 ml/min, while samples for H,O; analysis were introduced with plastic syringe.
Mixing of AE and H,O, samples in the reaction vessel yielded chemiluminescence
signals, which were converted to H,O, concentration employing a H>O, calibration
curve. The calibration curve was prepared daily and constructed from a stock 30%

H,0, solution, whose concentration was determined by H,O, molar absorptivity,'*’
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and confirmed by a titrimetric method using KMnO,.”® H,O, concentration in the
blank was recorded and subtracted from the reported values. Catalase was added to
solutions after irradiation to test whether the observed signal was arising from H,O,
alone. All samples contacted only glass and Teflon to avoid possible contamination
by adventitious trace metals. The H,O, production rate (HPPR) was calculated from a
linear regression of H,O; yield over a 15 min irradiation.

For aerobic polychromatic irradiations, samples were held in 1 cm pathlength
quartz cuvette and irradiated with a 300 watt xenon lamp employing a 325 nm long-
pass cutoff filter. A 20 cm water jacket was placed between the sample cuvette and
the light source to remove the IR. For monochromatic irradiations, the output of a
1000 W Hg-Xe lamp was passed through a Spectra Energy GM 252 monochromator
(10 nm bandpass), and directed onto a 5 cm pathlength quartz cuvette containing the
samples.

Anaerobic samples were held in 1 cm cuvette capped tightly with a Teflon lid
and Critoseal, and prepared by bubbling N, into samples for 20 min, with the
headspace then purged for 10 min prior to a 15min irradiation. A dioxygen scrubber
was mounted on N, tank to remove possible traces O, in N, tank.

Sodium dithionite (Na,S,04) was employed to check for O, leaks within this
system. Using a gas tight syringe, 200 uM Na,S,04 was injected into 4 mL of
anaerobic MQ water in the 1 cm cuvette, with the characteristic 315 nm absorption
band of Na,;S,04 monitored over time. Reaction of dioxygen with dithionite leads to

the loss of this band, with this loss used as a sensitive monitor of O, leaks.
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3apf was employed for quantifying the amount of radicals or reducing species
remaining following irradiation under anaerobic conditions.”” '** 2119219 A 300 M
3apf stock was prepared by dissolving 3apf in 50 mM pH 8.4 boric buffer. Two
hundred micro liters of the stock 3apf was injected with a gas tight syringe into
samples (4 mL) immediately following irradiation, with fluorescence then monitored.
Increases in fluorescence signal was converted to concentrations of reacted 3apf
employing a calibration curve constructed from the fluorescence increases observed
following reduction of known concentrations of 3apf with excess of Na;S,04.'"
2.2.5 Apparent monochromatic and polychromatic quantum yields

Apparent quantum yields, ¢, were determined separately for the

polychromatic and monochromatic sources. For polychromatic irradiations, ¢ were

calculated using following expression,

__ HPPR

¢ )

REx

Where HPPR is the H,O; production rate, Rgx is the rate of light excitation,

820 820

Rpx = f190 a()xIA)dA = f190 R(A)dA (10)
and a(}) is the absorption coefficient of the sample, and I(A) is the irradiance at
wavelength A at the front face of the cuvette(photons cm™ s™), as measured with an

Ocean Optics spectroradiometer.® (Fig 2-2) Rex has been converted to mole photons

Llsth
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Figure 2- 2: R()) for untreated and borohydride-reduced SRFA, SRHA, LAC* and
C-18 extracts for the Fresh Water and Shelf Station (SS). Samples were in 0.01 M

phosphate buffer pH=7.
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For the monochromatic irradiations, ¢ (1) were determined using the

following equation:

HPPR HPPRXL
Rgx  lo() x(1-10-AM)

¢ = (11)

where L is the path length of the cell (cm-1), A is the absorbance, (1 — 10™4) is the
fraction of light absorbed by the sample solutions, and Iis the irradiance (photons
cm™s™") acquired from the actinometric measurements. Actinometry was performed
by the method of Hatchard and Parker.'** '*> To obtain an estimate of the apparent
quantum efficiency of the species eliminated by borohydride reduction. The
difference quantum yield (A¢) was also calculated for the polychromatic and

monochromatic irradiations respectively, *°

A _ (HPPR sample_HPPRreduced sample) 12
q)polychromatic ~ (R R ( )
(Rex sample” “EXreduced sample)

AHPPRXL (HPPR sample—HPPRreduced sample) XL

10><[(1—1o_A

A (bmonochromatic - IOXA(l—IO_A) =

(13)

sample)_(l_lo_Areduced sample))]\

2.3 Results
2.3.1 Borohydride reduction
Borohydride reduction was performed as previously described.”® * The

borohydride-reduced samples were further passed through the Sephadex G-10 column

78,88 124

to remove the remaining borate and borohydride ions. ™" The turmeric paper test
and iodate titration method'* showed that borate ions were removed by this process,

excluding possible borate ion interferences in the H,O, detection. Upon re-

introduction of dioxygen, any quinones previously reduced to hydroquinones by

35



borohydride under anaerobic conditions are expected to be reoxidized within 24 hours,
and thus would not be removed by the reduction.”® Absorption losses upon reduction
were identical to those reported previously.”® * (Fig. 2-1)

The reversibility of reduction of carbonyl-containing groups was examined by
re-introducing the dioxygen into the borohydride reduced samples. The results
indicated that the hydroquniones are reversibly oxidized upon reintroduction of air,
but not surprisingly alcohols are not. These results indicated that the aromatic
ketones/ aldehydes are largely responsible for the optical changes.

2.3.2 Effect of borohyride reduction on HPPR and apparent quantum yields

As previously reported,”®* ! borohydride reduction produces a substantial
loss of absorption across the UV/VIS spectrum, but with preferential loss in the
visible (Fig.2-1). These changes in the absorption spectra have been interpreted to
result from the loss of charge transfer (CT) transitions in the visible and near-UV as a

667555 and to the direct

result of removing carbonyl-containing electron acceptors,
loss of absorption by ketone/aldehyde moieties in the ultraviolet.*®

Despite the significant losses of absorption due to borohydride reduction,
HPPR at three wavelengths across the UV (302,313,and 365nm) did not change
substantially following reduction, with only slight decreases observed for SRFA and
SRHA (~ 15%), no apparent decrease for the Shelf Station, and a slight increase for

the Fresh Water station (Fig.2-3). Thus the loss of HPPR was observed to be small or

negligible as compared with the loss of absorption.
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Figure 2- 3: Wavelength dependence of the H,O; production rate (HPPR) for
untreated ( === ) and borohydride reduced (== ) SRFA, SRHA, and C-18 extracts
from the Fresh Water and Shelf Station at equivalent mass concentration (10 mg/L for
SRFA and SRHA, TOC as 3.6 and 10.68 for the Fresh Water and Shelf Stations. All
samples were in 10 mM phosphate buffer, pH =7.0)
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Apparent monochromatic and polychromatic quantum yields reinforce this
conclusion. Due to the small changes in HPPR and larger losses in absorption,
monochromatic quantum yields at 302 nm and 313 nm increased by ~20-30 % for
SRFA and the Fresh Water and Shelf Station following borohydride reduction, with
smaller apparent increases in the quantum yield at 365 nm. In addition, the difference
quantum yield, A®, exhibited values that were either close to zero or much smaller
than the ® of the untreated or borohydride-reduced samples, as would be expected for

a loss of absorption that did not concomitantly affect HPPR (Fig. 2-4).
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;'—_’ 2.0e-4 | et
= 0.0 0
E :e-: f Fresh Water Shelf Station | 8e-4
© e-4 | 6e-4
3 4e-4
2e-4 det
0 | 2e-4
264 | v\ 0
-4e-4 -

280 300 320 340 360 280 300 320 340 360
Irradiation Wavelength (nm)

Figure 2- 4: Apparent monochromatic H202 quantum yields (¢) and difference
quantum yields (A¢) (=) for untreated (—@— ) and borohydride-reduced (=)
SRFA, SRHA and C-18 extracts from Fresh Water and Shelf Station. Other
conditions as in Figure 2-3.

38



Apparent polychromatic quantum yields exhibited even larger increases
following reduction, approximately doubling in all cases (Table 2-2), while A® was
very small, indistinguishable from zero with the uncertainties of the measurements
(Table 2-2). The large increases in polychromatic quantum yields following reduction
are attributed to the substantial losses of absorption in the visible and near UV (Fig.
2-1), where much less or no H,O, is produced in either untreated or treated

19127128 The lower quantum yields observed for the polychromatic (Table 2-

samples.
2 ) as compared to the monochromatic source at short wavelengths(Fig. 2-4) is a
reflection of the relatively large decrease in the monochromatic quantum yields with

h'®,'>’ 1%8(Fig.2-4), and the R(1) for the polychromatic source,

increasing wavelengt
which is weighted to the longer wavelengths in the UV-A and visible(Fig 2-2), where

again, much less or no H,O, is produced.
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Table 2- 2: Polychromatic H,O; quantum yields (¢) and difference quantum yield (A¢)
for untreated and borohydride reduced LAC, SRHA, SRFA, and C-18 extracts from
the Fresh Water and Shelf Stations. R is the rate of light excitation, HPPR
uncertainties were standard derivation from triplet measurements and ¢uncertainties
were propagated from determination of HPPR.

Rex
Sample HPPR (mol/cm3/s) &(X10%) AD(X10%)
(M/s)(X1079) (X1079)
LAC 2.06+0.27 2.29 8.99+1.21
1.74+2.2
REDUCED 1.84+0.09 1.02 18.1+0.94
LAC
SRHA 1.41+0.07 3.68 3.82+0.27
0.54+0.72
Reduced SRHA 1.32+£0.05 2.14 6.18+£0.53
SRFA 1.23+0.07 2.43 5.08+0.19
0.49+0.57
Reduced 1.17£0.06 1.2 9.77%0.22
SRFA
Fresh 1.13 1.95 5.81
Water 2.94
Reduced Fresh 0.88 11 8.03
water
Shelf 0.76 1.91 4.04
station -4.79
Reduced Shelf 1.15 1.10 10.5
Station

40



2.3.3 Effect of dioxygen concentration on HPPR
While HPPR increased with increasing [O;] at [O,] <300 uM, above [O,]

~500 uM, HPPR became independent of [O], suggesting complete reaction with the
O;-reducing intermediates (Fig 2-4). Except for SRHA, the dependence of HPPR on
[O;] was very similar for both untreated and borohydride-reduced samples,
suggesting that borohydride reduction did not affect significantly the lifetime of the
intermediate(s) (see below).

This kinetic behavior is consistent with the photochemical formation of an
intermediate, I, formed at rate, kg, which reacts with O, at rate constant,ko;, to form
O, (and subsequentlyH,0,), in competition with its relaxation to non-reactive

species Pyr, formed with rate constant, kg,

kOZ

" o 0, > H,0, (14)
CDOM ——> | — ’
hv ky

— > Pw (15)

thus leading to the following expression that relates the H,O, production rate to [O,]:

HPPR = [d [Hzoz]] _ krko2[0-] k¢[0,] al0;]
0

= = (16
dat kq+ko2[0-] :Td+[02] b+[0,]" )
2
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Figure 2- 5: Dependence of HPPR on dioxygen concentration for untreated ( ® ) and
borohydride —reduced ( © ) SRFA, SRHA, LAC* and the C-18 extract from Fresh
Water station using the polychromatic source. The irradiance for LAC* and SRFA
was lower than that for SRHA and the Fresh Water station.
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Previous studies have provided evidence that O, can back react with the HS to

13,29 thus

produce O, (Eqn. 14) in competition with disproportionation (Eqn. 1),
reducing the yield of H,O,.

As shown in the Appendix 1, if Eqnl4 and 1 are both pseudo-first order
reactions, only the yield (Ry) changes and not the O,-dependence; the half-saturation
value, kq/ko,, remains unchanged. In contrast, if Eqnl is a second-order reaction
while Eqn 14 is a pseudo-first order reaction, the branching ratio between Eqn 14 and
1 becomeO,-dependent and an expression more complicated than Eqn. 16 is obtained
(see appendix 1). However, employing previously published values of kgis and keee "’
we show that this effect exerts a negligible influence on the half-saturation value and

thus that Eqn. 16 remains a valid approximation.

A non-linear least-squares fitting routine was employed to fit the data in Fig.

2-5 to Eqn.16, with parameters a (=kf) and b (=

ka
0

p ) provided in Table 2-3. Assuming

2

ako = lOgM'ls'l, a reasonable value for reaction of O, with either an excited triplet

129 calculated lifetimes

state (Rxn. 4b)™ or a reducing radical intermediate (Rxns. 5,6),
ranged from 10 to 30 ps, and except for SRHA, did not change significantly
following borohydride reduction. If ko, for reaction with the intermediate is actually
smaller, the corresponding lifetime of the intermediate clearly would be longer.

Because ko, for reaction with excited triplets and reducing radicals could be similar,

these data alone cannot be used to discriminate between Rxns. 4 and 5.
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Table 2- 3: Parameters obtained from fits of the data in Fig.2-5 to the expression.

HPPR = ba+[([)cf]] , where a (=ks) and b (=kk—‘j1 ). Lifetime of the intermediate is given by,
2 02

, where kos is assumed to bel1x10°M™'S™ (see text) . Other conditions are

as in Figure. 2-5.

0 = k 1

HppR = 210 3=k b=~ (uM) T(Hs) =

b +10;] (nM/min) o, 0,
LAC* 57 43 23
Reduce LAC* 52 37 27
SRFA 28 34 29
Reduced SRFA 24 36 28
SRHA 152 76 13
Reduced SRHA 136 151 7
Fresh water 89 62 17
Reduced Fresh 69 46 22

Water
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Interestingly, HPPR was never completely eliminated with irradiation under
Nz (Fig.2-5), despite extensive tests employing dithionite that demonstrated anaerobic
conditions were maintained. Because the introduction of O, during the H,O, analysis
could not be avoided, this H,O, formation could result from the reaction of long-lived
reductants formed during the anaerobic irradiation with the O, introduced during
analysis. In fact, similar H,O, concentrations were observed when the H>O, analysis
was performed immediately following sample irradiation and after waiting for thirty
minutes under strictly anaerobic conditions, suggesting that this reductant pool was

largely stable in the absence of O, (Table 2-4).

Table 2- 4 Hydrogen peroxide concentration and reacted 3apf measured after
irradiation for SRFA, SRHA, LAC* and the Fresh Water station for 15 min under
anaerobic condition.

[H,0,] measured [H,0,] measured 30 | Reacted 3-apf measured
Samples immediately followinga | mins aftera 15min | at 50 min following a 15
15 min irradiation under irradiation under min irradiation under
anaerobic conditions anaerobic conditions anaerobic conditions
(nM) (nM) (nM)
SRFA 234 +35 257 322
SRHA 201+46 298 400
Fresh Water 214440 284 476
LAC * 351470 253 392
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To test this possibility further, we employed the nitroxide, 3apf. Nitroxides
have been shown previously to compete with O, for reducing radicals. ** '** '
Introduction of 14uM 3apf into anaerobic samples following irradiation lead to a
significant fluorescence increase over the course of 50 minutes, indicative of a

104139 1 contrast, introduction of

nitroxide reaction to produce a diamagnetic product.
air for 2 minutes prior to the introduction of 3apf eliminated this fluorescence

increase (Fig 2-6). Further, no changes in fluorescence were observed following the

addition of 3apf to un-irradiated samples either in the presence or absence of air.

Based on the observed fluorescence increases after 50 minutes (Fig.2-6),
estimates of the reductant levels produced following 15 minutes of irradiation under
anaerobic conditions were obtained (Table 2-4) and were found to be in similar

magnitude to the H,O, concentrations measured under those same conditions (200 to

300 nM).
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Figure 2- 6: The time dependence of 3apf fluorescence increase (AF= F(t)- F(0))
following the anaerobic addition of 3apf to SRFA, SRHA, LAC*, and the Fresh
Water station, which had been previously irradiated for 15 min under anaerobic
conditions. F(0) represents fluorescence of the 3apf and sample prior to irradiation,
while F(t) is the fluorescence observed following addition of 3apf to the irradiated
samples under anaerobic conditions (left panels). In control experiments (right
panels), air was introduced for 2 mins prior to the addition of 3apf to the
anaerobically-irradiated samples.
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2.3.4 Effect of triplet quenchers

To test directly for the involvement of excited triplet states® in the formation of H,O,
(Rxn. 4b), the triplet quenchers CI” and Br'*'"*® and sorbic acid®®,"”’,"*® were
employed. Adding sorbic acid up to a concentration of 5 mM produced at best only
~25% decrease in H,O, production for both untreated and borohydride-reduced
samples (Fig. 2-7). Assuming a rate constant of 3.6x10° M™'s™ for triplet quenching
by sorbic acid,"’ the lifetime of the triplet would be reduced to 56 ns at a sorbic acid
concentration of 5 mM. This lifetime is ~400-fold lower than the estimated lifetime of
the intermediate (~20 ps, see above), and thus complete loss of HPPR would be
expected under this condition, if the direct reaction of excited triplet states with

dioxygen was the principal pathway producing O, (Rxn. 4b).
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Figure 2- 7: Effects of sorbic acid (0 mM ( =* );1mM (—°— ); 5mM (—v— )) on
H,0, photo-production for untreated and borohydride reduced SRFA and SRHA
under aerobic conditions employing the polychromatic source

The conclusion that Rxn 4b is not a significant source of H,O, was also
supported by the results of Br” and CI” addition. In fact, addition of Cl" and Br™ at 500

mM to untreated SRFA lead to an ~20% and 50% increase in H,O, production,

respectively, while the borohydride-reduced sample showed no change (Figure. 2-8).
Chloride and particularly bromide ions are known to quench effectively oxidizing
triplets such as those of ketones through a CT mechanism."** Because no
enhancement of H,O, production was observed following borohydride reduction, we
speculate that this enhanced production, particularly in the case of Br', arises through

the reaction of aromatic ketone triplet states with Br” to form the ketyl radical,'**
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(17)

which subsequently reacts with O, to form O,

OH o

| + 0 —— cl + 0, + H* (18)
R/C\ : SN

R R R

Although most quinone triplets are also quenched effectively by Cl” and Br’

BLI9140 and at least in some cases, appear to produce the semiquinone at high halide
concentrations,”' the absence of HPPR enhancement following borohydride
reduction, in which any hydroquinones formed are expected to be reversibly oxidized

78,141

to quinones, suggests that quinones do not contribute to this process (Eqns. 17,

18)

50



1200
1000
800 | v
600
400 -
200 |

10 mg/L SRFA

[H202] (nM)

10 mgl/L Reduced SRFA

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Irradiation time (min)

Figure 2- 8: Effects of triplet quencher ClI (== 500mMCI-) and Br- ( —v— 500mM)
on H,0, aerobic photo-production for untreated and borohydride-reduced SRFA
under aerobic conditions using the polychromatic source,( —®—) is the control
without triplet quenchers
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2.4 Discussion

This work clearly demonstrates that the loss of UV and visible absorption
following borohydride reduction does not largely affect HPPR (Fig. 2-3, Table 2-1).
Thus, monochromatic and polychromatic quantum yields for H,O, photoproduction
concomitantly increase (Fig. 2-4, Table 2-2). These results show that direct excitation
of near-UV and visible absorption, previously assigned to CT states, does not lead to
significant H,O; production (Rxn.6). Instead, previous evidence suggests that these
CT states relax very rapidly to the ground state through recombination, as illustrated
by the exceedingly short excited state life times (sub-nanosecond) observed in the

o . . 6 89
visible by time-resolved fluorescence measurements,’”

as well as by the rapid
decrease in apparent H,O, quantum yields with increasing wavelength'>'*"!*® (Fig 2-
4). Similarly, (aromatic) ketones/aldehydes do not appear to play a significant role in
H,0, production, except possibly in cases where external donors (eg., Br') are
capable of intercepting the (oxidizing) triplet states of these species' **(Fig. 2-8; see
also reference 63).

A significant contribution to H>O, formation through a direct reaction of O,
with the triplet states of electron donors (Rxn. 4b) also appears highly unlikely.
Although the production of H,O, does decrease slightly with addition of 1 to 5 mM
sorbic acid, the rates remain far higher than one would predict based on the rate

constant for triplet quenching by sorbic acid">’(~10° M's™). Further, a past study
pletq g oy

“employing nitroxides, which are highly effective triplet (and singlet)

99,143,144 104

quenchers as well as radical/reductant traps, = showed no evidence of a

decrease in the rates of radical/reductant formation at high nitroxide and O,
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concentrations,”” implying that the lifetimes of the excited state species giving rise to
the radical/reducing intermediates are very short-lived, consistent with excited singlet
states.”” Moreover, this pathway (Rxn. 4b) cannot be operative in the formation of the
long-lived radical/reducing intermediates generated under anaerobic conditions (Fig.
2-5, Table 2-3).

Instead, intramolecular electron transfer from an excited singlet donor to a
ground-state acceptor appears far more likely (Rxn.5a). Possible donors include
substituted phenols, while possible acceptors included quinones, which unlike
ketones/aldehydes are not irreversibly reduced by borohydride.”® Although electron
transfer to a short-lived excited state electron acceptors, eg.,quinones, from a ground-
state donor cannot be completely excluded, one might expect significant H,O,
photoproduction rates at visible wavelengths where some quinones do absorb,
contrary to the experimental evidence.

In summary, this work suggests that H,O, is formed primarily through a low-
efficiency intramolecular excited state electron transfer process that produces
reducing (radical) intermediates, which then react with O, to form O, and
subsequently H,O,. Both a shorter-lived reductant pool (10’s of microseconds) and a
longer-lived reductant pool (many minutes in the absence of O,) were observed to be

produced photochemically.
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Chapter 3: Molecular probe measurements of the
photochemical production of one electron reducing
intermediates from chromophore dissolved organic matter:

relation to H,O, photochemical production.

3.1 Introduction

Over the past 30 years, chromophoric dissolved organic matter (CDOM) has
been shown to generate a variety of reactive intermediates upon irradiation with UV
and near-visible light. In aerobic waters, those species can react with dioxygen to
produce various reactive oxygen species (ROS), including superoxide, hydrogen
peroxide, singlet dioxygen, peroxy radicals, and organic peroxides. Among the ROS
generated, the photochemical production of H,O, has been one of the most
intensively investigated due to its significant environmental importance. This species
can affect the trace metal geochemical cycling and impact the photochemical and
thermal degradation of natural and anthropogenic organic compounds in aquatic
systems. In addition, as a relatively stable ROS, detection of the photoproduced H,O,
can serve as an informative measure of the transfer of electrons from the organic
matter pool to dioxygen, allowing estimates of the net photochemical oxidation.

Past work has presented evidence that H,O, primarily arises through the
dismutation of superoxide, the one-electron reduction product of dioxygen.'’?*%#!
Petasne and Zika,”® employing the enzyme, superoxide dismutase (SOD), to catalyze

this dismutation, obtained evidence that 24-41% of the generated superoxide flux did

not lead to the H,O, formation. Waite and coworkers further argued that the
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contribution of oxidative sinks of O,", which do not lead to H,O, production, are
~1.7-fold greater than that previous proposed by Petasne and Zika.”” Zhang et al.'*’
later provided evidence that superoxide is formed primarily via reactions with
reduced electron acceptors within CDOM generated by intramolecular electron
transfer between excited singlet-state electron donors and a ground-state electron
acceptors.

A closer look at the stoichiometric relationship between H,O, formation and
the production of O, reducing intermediates would allow a better understanding of
the mechanism(s) of radical formation and the reactions leading to the net H,O,
production.

Here we employed the molecular probe, 3-amino-2,2,5,5,-tetramethy-1-
pyrrolydinyloxy (3ap), to examine the rates of formation of one-electron reducing
intermediates photochemically generated from CDOM. Having a similar reactivity to

146,147 this stable nitroxide radical can react rapidly with one-electron

dioxygen,
reductants to produce a relatively stable final product, the hydroxylamine, and thus

may allow quantification of the O reactive reducing intermediates in the absence of

dioxygen (Scheme 3-1).”
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Scheme 3- 1: Comparison between the reactions of nitroxides and O, with excited

states and radicals. From reference 103.
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Figure 3- 1: Hydroxylamine formation via reaction of the nitroxide with
photochemically-generated one electron reducing-intermediates within CDOM

For the detection of the hydroxylamine, products of the photochemical

reaction are first coupled with fluorescamine.'*'

While the fluorescence yield of
fluorescamine-derivatized 3ap is very low due to efficient intramolecular
quenching,'™ reactions forming the hydroxylamine and other diamagnetic products
eliminate this quenching and thus substantially increase the fluorescence. The
enhanced fluorescence can be used as a very sensitive means of radical detection

when coupled with HPLC, offers a reliable quantitative measurement of the reductant

generation.'"”

Fluorescamine 3- amino-proxyl Low fluorescamine High fluorescamine

Figure 3- 2: Fluorescence change upon the nitroxide reaction with fluorescamine
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If 3ap and O, compete for the same pool of reducing intermediates, the
presence of dioxygen should lead to a decrease in the rate of hydroxylamine
formation. By examining the effect of [O;] on the initial rate of hydroxylamine
formation, estimates of the relative rate constants for O, and 3ap reaction with those
reducing intermediates can be obtained, as well as estimates of the formation rates of
the intermediates. These rates can then be compared with the rate of H,O, formation
to examine the stoichiometric relationship between the reduction of O, and generated

H,0, formation.
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3.2 Materials and Methods:
3.2.1 Chemicals

Boric acid, sodium chloride, sodium phosphate, sodium dihydrogen phosphate,
fluorescamine and 3-carbamoyl-2,2,5,5,-tetramethy-1-pyrrolydinyloxy (3cp) were
purchased from Sigma- Aldrich. The nitroxide probe, 3-amino-2,2,5,5,-tetramethy-1-
pyrrolydinyloxy (3ap) and sodium dithionite were purchased from Acros. Acetic acid,
phosphoric acid and HPLC grade methanol were obtained from Fisher. Suwannee
River fulvic acid (SRFA) and Suwannee River humic acid (SRHA) were obtained
from the International Humic Substance Society. Pure water for all experiments was

obtained from a Millipore Milli-Q system.

3.2.2 Experiment Apparatus

Hewlett-Packard 8425A spectrophotometer was employed to acquire UV/VIS
absorption spectra. Absorption spectra over the range of 190 to 820 nm for 5 and 10
mg/L samples were recorded using 1 cm cuvette referenced to the solvent. The HPLC
consisted of Dionex Model P580 pump, 4 um C-18 reversed-phase packing column
(from Waters) and a 50 pL injection loop. All separations are performed at room
temperature. The fluorescence detector used was a Hitachi model L7480 set at 390
nm (excitation) and 490 nm (emission). The mobile phase consisted of 55% methanol
and 45% acetate buffer (50 mM, pH= 4.0).

EPR spectra were record on a Bruker BioSpin GmBH instrument. Standard
instrument settings were: microwave frequency, 9.42 GHz; power, 2.00 mW;

modulation amplitude, 1.0 G; modulation frequency 100 KHz; time constant, 10.24
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ms. Samples were drawn into 50 puL capillaries, which were then sealed with
Critoseal® and placed inside 3 mm diameter quartz EPR tubes.

Borohydride reduction of samples were performed employing a 25-fold mass
excess of borohydride.'* H,0, measurements were performed using a chemical

luminescence based flow injection method as previously described.'*"*

3.2.3. Detection of photoreductants

Humic substance (HS) samples at concentrations of either 5 or 10 mg/L were
prepared in 50 mM borate buffer (pH =8.0), with different concentrations of 3ap
added to these solutions. For the polychromatic irradiations, a 300 W xenon arc lamp
combined with a 325 nm long-pass cutoff filter was employed to approximate solar
spectrum. A 20 cm water jacket was placed in front of the light source to remove
infrared irradiation. Monochromatic irradiations were performed using 1000 W Hg-
Xe lamp and a Spectral Energy GM 252 monochromator set to a 20 nm band pass.
Samples were held in a 1 cm pathlength, Teflon-capped quartz cuvette. Differing
dioxygen concentrations, ranging from 0 to 1250 uM, were achieved by mixing of Ny,
O, or air with a rotameter, with the solutions purged with the appropriate gas mixture
for 20 min prior to irradiation.

Following irradiation of 3ap, 200 puL of this solution was withdrawn with a
gas-tight syringe, and derivatized via addition of 50 uL of a 5 mM stock
fluorescamine solution in a Teflon container with vigorously mixing. The stock

fluorescamine solution was prepared daily in acetonitrile and stored in the dark at
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room temperature. The hydroxylamine was separated by HPLC and detected
fluorometrically.

Because 3ap is highly hygroscopic, concentrations of 3ap were determined by
paramagnetic resonance spectroscopy (EPR) using 3cp as a primary standard. The
concentration of the stock 3cp solution was determined from the mass of 3cp. Lower
concentrations were obtained by serial dilution of this stock. Concentrations of 3ap
were first tentatively determined based on mass. The concentration was then
determined accurately by the comparison of normalized double integral value (DI/N)
of 3ap to that of 3cp.

The molar absorptivity of 3ap at 316 nm (12.5 M'em™) was determined by
the comparison with the stock 3ap concentration, and the molar absorptivity obtained
was employed to acquire 3ap concentrations. (Fig. 3-1) All the EPR solutions were

prepared in pH=8 borate buffer.
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Figure 3- 3: EPR spectra of 3¢p (top) and 3ap (bottom) (left panel) and the calibration
curves constructed from the normalized double integral value (DI/N) (right panel).
Both concentration of 3cp and 3ap were first determined from mass base. Because
3cp can be readily dried while 3ap is highly hydroscopic, 3cp was used as a primary
standard. The 3ap concentration was then determined by DI/N comparison with the
3cp calibration.

62



The amount of hydroxylamine produced was determined from hydroxylamine
calibration curves constructed through anoxic titrations employing dithionite as a
reductant (Fig. 3-4). Two types of hydroxylamine calibrations were examined, with
either dithionite (top left) or 3ap (bottom left) as the limiting reagent. Stock dithionite
concentrations were determined from the molar absorptivity at 316 nm (8000 M cm-
1). "**1% 3ap concentrations were determined as previously described above (Fig. 3-
3).

Stock concentrations of limiting reagent were determined from their molar
absorptivities. Right panels are calibration curves constructed from peak height
values (top dithionite y=1607+127895x, bottom 3ap; y=-9494+68900x). Because
dithionite provides two reducing equivalents, the slope is twice as high when
dithionite is the limiting reagent. All the curves were baseline subtracted from the

control samples before reduction.
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3.2.4 Determination of the formation rates of photoreductants from humic substance

The net hydroxylamine production rate (Ry) was calculated using equation 3.1,

_Tis —To

Ry =
H 15 min

(3.1)

where T is the derivatized product yield from samples of HS spiked with [3ap]
before irradiation (blank), and T;s is the yield at the end of 15 min irradiation.
Apparent quantum yields for polychromatic irradiations, ¢ were calculated using

following expression,

=1 (3.2)

REx

where Rgx is the rate of light excitation

820

Regx = f190 a()xI(A)dA (3.3)
a () is the absorption coefficient of the sample, and I(2) is the irradiance at
wavelength A (photons cm™ s™'), as measured with an Ocean Optics spectroradiometer.
Rex has been converted to mole photons L™'s™.
For the monochromatic irradiations, ¢ (1) were determined using the

following equation:

b = HPPR _ HPPRXL
Rgx Io) x(1-10~AM)

(3.4)

where, L is the path length of the cell (cm™), A is the absorbance, and (1 — 1074) is

the fraction of light absorbed by the sample solutions.
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3.3 Results
3.3.1 Detection of hydroxylamine formation

Irradiation of SRFA under anoxic condition in the presence of 3ap results in
the formation of hydroxylamine, with the initial rate of hydroxylamine formation Ry,
increase with increasing 3ap concentration (Fig. 3-4). The hydroxylamine was not
observed in the absence of either 3ap or HS. Further, no hydroxylamine formation
was observed with irradiation of 3ap in the presence of 100 mM phenol. This result
excludes hydroxylamine formation through reaction with the hydrated electron from
phenol photoionization under the employed light field, and also precludes hydrogen
atom abstraction from phenols by the excited state nitroxide.””® Ry increased in an
approximately linear fashion with SRFA and SRHA concentration (Fig. 3-4 right, Fig.

3-5), indicating that the humic substances are responsible for the photo-produced

hydroxylamine.

© 5 8000 [
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Figure 3- 5: Increase in hydroxylamine following irradiation of an anaerobic solution
containing 10 mg/L SRFA and 600 pM 3ap. Left: black, before irradiation, red after
15 min irradiation. Right: Increase in Ry with increasing [3ap] for 10 mg/L SRFA
employing a 15 min anaerobic irradiation.
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Above 200-300 uM 3ap, Ry appeared to saturate (Fig.3-6), suggesting
complete trapping of the reducing intermediate(s). This result is consistent with a
competition between the reaction of 3ap with the reducing species and their loss

through recombination. (Scheme 3.2)
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10 10
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Figure 3- 6: Dependence of Ry (nM/s) on [3ap] for Smg/L and 10 mg/L SRFA,
SRHA and their corresponding borohydride reduced samples
(Black line: O, =0 uM, Red Line O, = 50 uM, Blue Line O, = 250uM)

67



At [dioxygen] = 50 uM, Ry decreased for both SRFA and SRHA, consistent
with 3ap and dioxygen competing for the same reducing intermediates. This behavior

can be understood within the following simple reaction scheme:

k02
- 35
0] 0, (3.5)
R
;*|—ﬁp— hydroxylamine (3.6)
(3ap]
ki R (3.7)

where the dependence of Ry on [3ap] and [O] is provided by the following

expression:
d [H]> Rf[3ap] ax
Ry = ( = = (3.8)

A nonlinear least squares fitting routine was employed to fit the data in Fig. 3-6 to

(kg+ko2 [02])
3ap

Equation 3.1, with the parameter, A =Rf and B= , provided in Table 3.1.

At [0,] = 0 uM, Bg= ka/ksqp, thus ka = Boxksp; while at [02] = 50 puM, Ifﬁ = —(35‘;;30).
3ap

Values of :02 for untreated SRFA and SRHA are roughly 10, implying that

3ap
dioxygen reacts with the reducing intermediate much faster than 3ap (Table 3-1).
Fitting Ry in the presence of 250 pM dioxygen is far less informative, owing to the
substantial quenching of intermediate(s) at this high dioxygen concentration. (See

below)
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Table 3- 1: Parameters obtained from fits of the data in Fig. 3-6 to the expression of

o= Al3ap] , A=Rf, B= ko2(021+kd B 1 lues obtained at 0 and 50 uM dioxygen as
B+[3ap] k3ap
kd k02[50]+kd . Bso—B
B0=m , and BSOZW; koz/kSap are obtained as %HMO.
Parameter A (nM/s) ~ Parameter B uM  Kkq,/ks,,
0,0 0,=50 0,=0  0,=50
5 mg/L SRFA 11 13 109 515 8.1
5 mg/L SRHA 13 16 252 868 12.3
10 mg/L SRFA 29 21 67 417 7.0
10 mg/L SRHA 34 23 108 469 7.2
10 mg/L
Reduced SRFA 47 215 119 5316 104
10 mg/L
Reduced SRHA 54 91 119 1601 28
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3.3.2 Dependence of Ry on [O;]

At [3ap] = 600 uM and [O,] <250 uM, Ry decreases rapidly with increasing
[O:] (Fig. 3-7) further indicating a direct competition between 3ap and dioxygen for
the same pool of reducing intermediates. However, significant values of Ry (2-4 nM/s)
remained even under high [O;] (250-1250 uM), as can also be seen in Fig. 3-6. The
remaining Ry at high [O,] (>250 uM) appears to reflect a reductant pool that is far

more reactive with 3ap than with dioxygen.
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Figure 3- 7: Dependence of Ry on [O] in the presence of 600 pM 3ap.
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These two pools are more readily observed when the data are plotted in the
following form, rearranged from Eqn.3.1,

R¢ kg + koy X[0,] 1 kg4 ko,
— =1+ + 0 3.2
k3ap [Sap] [ 2] ( )

= X +
RH k3ap [Sap] kSap [3ap]

ko2 .
where the slope represents Koapl3ap] (Fig. 3-8)
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Figure 3- 8: Dependence of the ratio R¢/Ry on [O;] for untreated and reduced SRFA
and SRHA in the presence of 600uM 3ap.

The slopes acquired for [O,] <250 uM are clearly larger than those for [O,] >

250 uM (Table 3-2), indicating two pools of reducing intermediates, one of which
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reacts much faster with O, than 3ap (<250 uM O,) and one that reacts with 3ap far

faster than O, (> 250 uM).

Table 3- 2: Slopes and X02 \alues obtained from fits of the data in Fig. 3-7 to the

K3ap
. R_f _ kqg+koo X[Oz] 1 kg ko2
expression of Fi 1+ ke X ap] 1+ Crapl37] + Krapl30] [0,]. Slope
represents k(;;ap]’ where [3ap] is 600 uM. Errors are obtained from the standard
3ap

error of slope.

Slope x10-2 Slope x10-2
Rf/ RH uM-t uM-t
[02]<250uM  Kop/ks,, 10215250 uM  Kpy/ksg,
SRFA 1.740.23 9.9 0.16 £0.12 0.93
SRHA 1.310.20 9.7 0.2£0.03 0.28
RESRFA 1.6+0.18 7.9 0.05 + 0.04 1.2
RESRHA 2.1+0.4 12.6 0.48 £0.25 2.9

The ky,/ksqp values obtained from the slope when [O,] <250 uM for
untreated SRFA and SRHA are very similar in magnitude to the previous values
obtained from the fits to the data in Fig. 3-6 (~ 10), providing further evidence that
the largest pool of reductant reacts with dioxygen with rate constant that is far larger
than 3ap. At [O,] > 250 uM, the k,/ksap are less than 1 for both SRFA and SRHA,

suggesting that 3ap reacts faster with this pool than O,.

3.3.3 Comparison between hydroxylamine and H,O, formation rates and quantum
yields.
In the presence of 600 uM 3ap but absence of dioxygen, Ry for untreated

SRFA and SRHA decreased proportionally to Ripxoowith increasing wavelength
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(chapter 2). This result is consistent with conclusion that the hydroxylamine and H,O,

compete for a common set of photo reductants.'*

Table 3- 3: Comparison of the Ry with R0, under monochromatic irradiation. Ry
and Rz were obtained under the same irradiation conditions in the presence of 600
uM 3ap. Ratio represents Ru/Rm02. Ry was obtained under anaerobic conditions
while Ry obtained in the presence of 250 uM O..

302 nm 313 nm 365 nm
SRFA SRHA  RESRFA  RESRHA SRFA  SRHA  RESRFA RESRHA SRFA SRHA  RESRFA RESRHA
H202 nM/s 2.2 2.0 1.8 2.1 1.7 1.4 13 1.8 0.4 0.3 0.4 0.5
Hydroxylamine (hM/s) 14.4 109 183 124 102 78 145 8.2 2.1 1.9 3.7 5.0
ratio 6.6 5.5 10.2 5.8 6.0 56 111 47 5.0 6.4 9.6 111

However, substantially higher values were observed for Ry than Runop,
producing a ratio of Ru/Rmz02 of approximately six. If every reducing equivalent
trapped by 3ap was also trapped by O, to form O,", which then dismutated to H,O,, a
ratio of two would be expected at the concentrations of 3ap and O, employed in this
comparison (600 pM and 250 uM respectively); complete trapping of reducing
equivalents by both probes would be anticipated (in this regime of rate saturation).

Thus this result implies that a significant fraction of O, (and possible H,0O5)
may be lost through secondary reaction pathways. In the case of O, this pathway
must be oxidative, because a reductive pathway would lead to H,O,. Assuming only

this oxidative pathway of O,", a simple calculation is presented as below

Ry _ ROZ_(total) -6

1
E [Roz_(total) (1 - POZ_(oxidative))]

RHZOZ
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where Po;.is the percentage of superoxide decay via oxidative pathway other than
dismutation to H,O,, which is calculated to be 67%

This value is higher than that reported by Petasne and Zika,® but is consistent
with that reported by Garg et al. ”’

However, a comparison between the polychromatic quantum yields obtained
for the hydroxylamine (¢g) and for H>O, (dm202) exhibits an even larger ratio with
bu/dmo2 ~ 13 for untreated SRFA and SRHA. The origin of this difference between
the results from the monochromatic and polychromatic experiments is still unclear.
One possible explanation is that the efficiency for hydroxylamine formation extends
to larger wavelength in the near UV and blue portion of this visible, where Rgx is
larger. Alternatively, the use of polychromatic light could “activate” additional
pathways for O, /H»O, removal. A third possibility is that 3ap is reacting with a large
pool of photo-reductants that do not react with O,, although this seems highly
unlikely on the basis of the 3ap/O, competition experiments (Fig.3-6, Fig.3-7), in

which Ry1250) /R0y 1s around 0.1, indicating that about 10% of Ry maybe

nonreactive with O,.
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Table 3- 4: Polychromatic quantum yield for humic samples and the quantum yields
ratio between produced hydroxylmine and H,O,. STD stands for standard derivation
acquired from three times measurement.

polychromatic Rate Irradiance Quantum yields @ ratio
¢H /¢H202
Quantumyield x108 M/s %109 M/s ¢, x103 oy, X10
SRFA 1.6+0.7 2.4E-09 6.8+1.3 51+0.2 13
SRHA 1.8+0.7 4.0E-09 44+12 38103 13
ReSRFA 25+1.1 1.0E-09 25+58 9.8+0.3 25
ReSRHA 2.6+0.9 2.0E-09 13+4.1 6.210.5 21

Past work has shown evidence that electrostatic effects can substantially
enhance the trapping efficiency by nitroxide.” Because humic substances are
negatively charged, while 3ap is positively charged enhanced rates of trapping can
occur.”

To test for this possibility, Ry was measured for SRFA in the presence of 500
mM NaCl at two 3ap concentrations. While Ry was only slightly reduced at 150 pM
3ap, it was almost halved at 600 uM 3ap. This electrostatic effect may explain in part
the high Ry observed, although this fairly large electrostatic contribution does not

show up in an obvious fashion in the data presented in Fig. 3-7.

Table 3- 5: Effect of 500 mM NacCl on anaerobic hydroxylamine production rate for
10 mg/L SRFA spiked with [3ap]

H production 150 uM 3ap 600 puM 3ap
rate Average Average
M/s x10 rate std rate std
SRFA no salt 1.24 0.21 2.01 0.51
SRFA + salt 1.00 0.41 1.01 0.05
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3.3.5 Effect of borohydride reduction on Ry

In all cases, borohydride reduction led to an approximately 20% increase in
Ry, while R0z stayed approximate the same or slightly increased following
reduction (Chapter 2). This produce a significant increase in apparent quantum yields
for both processes, due to the additional loss of absorption following reduction. Thus,
the removal of aromatic ketones/aldehydes and charge transfer contacts do not largely
effect R0z and slightly enhanced Ry, indicating that these species can not involved
substantially in either process.

The kinetic behavior for both untreated and reduced humic substance are
consistent with reaction 3.5-3.7 which photochemical formation of intermediate I,
formed at the rate of Ry, which can react either with dioxygen to form O, (thus H,O,)
or with 3ap to hydroxylamine, in competition with its relaxation to nonreactive
species NR, formed with rate constant kg.

In addition, for both SRFA and SRHA, the reduced samples displayed a
similar 3ap and dioxygen as un treated samples, suggesting that reduction does not
change the intermediates’ lifetime dramatically, which is also similar to the H,O»
precursors, indicating the borohydride reduction does not largely affect the precursors
for both Ry and Ry0o.

3.4 Discussion

This work has provided evidence that 3ap and dioxygen compete for similar

pools of one electron reductants produced photochemically within HS. Evidence that

supports this idea includes 1) proportional decrease in Ry and Rynoz with increasing
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wavelength (Table 3-3), 2) suppression of Ry with increasing [O] due to competition
of common intermediates, 3) largely unaffected (Ru02) or increase (Ry) rates upon
borohydride reduction, indicating that charge transfer states or aromatic
ketones/aldehydes are not directly involved in the formation of these photoreductants.
However, the rates and quantum efficiencies of hydroxylamine formation
were significantly higher than those obtained for H,O, under the some condition. The
ratio of Ry/Rmz02 for untreated SRFA and SRHA employing monochromatic
irradiation were 6, while the ratio of du/dm202 employing polychromatic irradiations
were ~ 13. Although the higher value of Ry may in part be a result of the enhanced
trapping of intermediates by 3ap relative to O, due to an electrostatic effect, this
effect could at most account for about half of the observed values. These results
suggest that a significant portion of Oy, and possibly H,O, may be lost through

secondary reaction with other light generated intermediates.
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Chapter 4: Addition of Phenol Electron Donors
Substantially Enhances the Rates of Hydrogen Peroxide

Photoproduction by Humic Substances

4.1 Introduction:
Hydrogen peroxide (H,O5) is found ubiquitously in surface waters where it is
produced primarily via photochemical reactions of chromophoric dissolved organic

matter (CDOM) and humic substances (HS)."*!" H,0, has long been known to be of

13,25, 151

significant environmental importance, affecting the speciation and biological

availability of metals as well as contributing to the degradation of natural and

119,142

anthropogenic organic compounds. The photochemical formation of H,O, is

known to arise principally from either the catalyzed or un-catalyzed dismutation of

108

superoxide (O;", Eqn. 4.1),  which is generated through the one-electron reduction

of O, by photoproduced intermediates within the CDOM.'"’
202- +2H+—> H202 +02 (41)
Besides minor contributions from pathways involving singlet dioxygen''” and

the hydrated electron ,''*'**!>

recent work suggests that the formation of H,O; is

initiated primarily through an intramolecular electron transfer reaction between short-
lived excited states of electron donors, possibly phenols or methoxylated-phenols, and
ground states acceptors, possible quinones or other acceptors within the CDOM.'*

Reaction of O, with the reduced acceptors then produces O’, which subsequently

dismutates to H,O,.
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However, H,O, could also be formed through an additional pathway in the
presence of sufficiently high concentrations of appropriate external electron donors
such as phenols. Canonica et al.*'** first proposed that the photochemical
degradation of phenols could proceed through their reaction with excited triplet states
of the aromatic ketones within the CDOM to produce initially a phenoxy radical and a
ketyl radical (Scheme 4-1). Canonica et al."** further proposed that the phenoxy
radical would then react to form products thus leading to the loss of the phenol, while
the ketyl radical would react with ambient dioxygen and be oxidized back to the
ketone while concomitantly producing superoxide and subsequently H,O, through
dismutation (Eqn. 4.1).

Scheme 4-1: H,O, production via the photosensitized oxidation of phenols

R

D

oH o Product

H+
)\ + 02 % )J\ + Oy |:> H20:

Ry Ro R R,

Later work by Golanoski et al.*® provided direct evidence that the triplet states
of ketones/aldehydes were indeed involved in the photosensitized loss of 2,4,6-
trimethylphenol (TMP), while a study by Auger et al.'** further indicated that these
reactions could act as a photocatalytic cycle in which aromatic ketones (and possibly
quinones) could act as electron shuttles for transporting electrons from appropriate
donors (eg., TMP) to O, thus generating H>O,. Other electron donors that are capable

of reacting with the oxidizing triplet states of HS could also be involved in this
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135 136 However, direct evidence of enhanced H,O, production by

reaction sequence.
this mechanism has yet to be obtained.

To test this idea, we examined the effect of a series of added phenol electron
donors on the rates and mechanisms of H,O, formation for both untreated and sodium
borohydride reduced HS samples. The results provide strong evidence that H,O, can
be generated through an additional pathway in presence of sufficiently high
concentrations of these donors via reaction with the excited triplet states of aromatic
ketones/aldehydes and possibly of other species such as quinones.

4.2 Materials and Method
4.2.1 Chemicals

Sodium phosphate, sodium dihydrogen phosphate, sodium hydroxide and
Sephadex G-10 were purchased from Sigma-Aldrich. Phenol (PHE, Merck, 98%), 4-
methoxylphenol (MOP, Fluka, 97%), 3,4-dimethoxylphenol (DMOP, Aldrich, 99%)
and 2,4,6-trimethylphenol (TMP, Fluka, 99%) were used as received. Hydrogen
peroxide (30%) was purchased from Fisher. Suwannee River fulvic acid (SRFA) and
Suwannee River humic acid (SRHA) were obtained from the International Humic
Substance Society. The C-18 extract from the Delaware Bay (99°N, -75.13° W) was
obtained in Oct 2006 and processed as previously reported. ">’ Sodium borohydride
was obtained from Aldrich.

Borohydride reduction was performed as previously described,”™ * with the
exception that a 25-fold excess of borohydride was employed. For the photochemical
experiments, samples were prepared in 10 mM phosphate buffer (pH=7) at a

concentration of 10 mg/L for SRFA and SRHA, while the absorbance of the C3
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extract at 350 nm was matched to that of 10 mg/L SRFA. All phenol stock solutions
were prepared fresh daily in phosphate buffer. Phenol concentrations were varied
from 0 to 1000 uM in the photochemical samples. Water was obtained from a Milli-Q
purification system.A Shimadzu 2401-PC spectrophotometer was employed to
acquire UV-VIS absorption spectra. Absorption spectra were recorded using 1 cm
cuvette over the range from 190 nm to 820 nm. All spectra were referenced to MQ
water.
4.2.2 Determination of hydrogen peroxide photoproduction rates (Ru202) and apparent
quantum yields

A chemiluminescence-based flow injection analysis (FIA) was employed to
determine [H,0,].”" **The chemiluminescence reagent, acridinium ester (AE), was
provided by Waterville Analytical Company. A 0.1 M Na,COs solution (pH=11.2)
was employed as reaction pH buffer. Carrier water was treated with 3 mg/L catalase
over night before use to eliminate background H,0,.”® Sample H,0; is unaffected by
the added catalase because the reaction time for H,O, and AE is less than 20 s, while
the half-life of H,O; in 3 mg/L catalase is ~15 min. The buffer solution, carrier water
and AE were introduced into the reaction vessel using a peristaltic pump with flow
rate of 10.9 ml/min, while samples for H,O, analysis were introduced by a syringe.
Hydrogen peroxide concentrations were calibrated daily by dilution of a 30% H,0»
stock solution, whose concentration was determined by H,O, molar absorptivity,'*
and confirmed by a titrimetric method using KMnO,."*® Calibration curves of [H,0,]
in the presence of increasing concentrations of the phenols (0 to 1 mM) showed no

evidence of significant interference. Catalase was added to solutions after irradiation

81



to ensure that the observed signal was arising from H,O, alone. All samples contacted
only glass and Teflon to avoid possible contamination by adventitious trace metals.

The output from a 300 watt xenon arc lamp, after passage through a 20 cm
water jacket and a 325 nm long-pass filter (50% transmission wavelength), was
employed for irradiation. Additional long-pass filters (355 and 385 nm) were
employed to examine the wavelength dependence of the H,O, production rate.
Samples containing differing concentrations of phenols were held in 1 cm pathlength
quartz cuvette. Any background of hydrogen peroxide in the phosphate buffer was
substracted. Hydrogen peroxide production rates, R0z, were obtained from a linear
regression of [H,O»] versus time over a 10 min irradiation period employing 3 min
sampling intervals (4 points). Samples containing differing phenol concentrations (up
to 1 mM) in the absence of HS showed no evidence of significant dark H,O,
production over the 10 min irradiation period. Except for DMOP, irradiation of the
phenols alone did not lead to H>O, production over this same period. In the case of
DMOP, the background rate was small with respect to the rates observed in the
presence of the HS (<10%), and was subtracted from the observed rate for each
phenol concentration.

All gases were obtained from Airgas (ultra high purity). Differing dioxygen
concentrations (0 to 1250 pM) were achieved by bubbling pure N, air or dioxygen
gas (98%), or mixtures of these gases obtained using a rotameter, through samples
contained in 1-cm cuvette capped with a Teflon lid and vented with a fine needle.
Samples were first purged for 20 minutes with the desired gas or gas mixture, with

the headspace then purged for an additional ten minutes prior to sealing the cuvette.
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Samples were immediately irradiated for an appropriate time period and subsequently
analyzed for [H,O,]. A dioxygen scrubber was mounted on N tank to remove traces
of O, in N, tank to ensure anoxic conditions were attained under N, purging.
Polychromatic quantum yields for H>O, production in the absence of phenols, ¢o,

were calculated using following expression,

Po = “p2c2 (42)

REx

where Runo; is the H,O; production rate in the absence of phenols, Rgx is the rate of
light excitation,
Rex = [0 a(DXI(A)dA = [1.. R(A)dA (4.3)

where a()) is the absorption coefficient of the sample, and I(A) is the irradiance at
wavelength A at the front face of the cuvette, as measured with an Ocean Optics
spectroradiometer.®®
4.3 Results
4.3.1 H,0O, enhancement by addition of TMP

Addition of increasing concentrations of TMP to untreated SRFA samples
substantially enhanced R0z, increasing this rate by as much as 2-fold by 100 uM
TMP (Fig. 4-1). At [TMP] <100 uM, R0z appeared to increasing linearly (Fig. 4-1).
Although borohydride reduction of SRFA did not largely affect Ri02 in the absence
of TMP as was observed previously (Fig. 4-1; Table 4-1),'* this treatment did

substantially decrease the Ry0, values at [TMP]< 100 puM;
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Figure 4- 1: Wavelength dependence of Riz02 in the absence and presence of
increasing [TMP] for untreated (black) and borohydride-reduced (red) SRFA.
Samples were irradiated with a polychromatic source employing long-pass filters
(325, 355 and 385 nm). Samples contained 10 mg/L SRFA in 10 mM phosphate
buffer, pH =7.0. Error bars represent the standard derivation acquired from at least
three measurements.

However, the rates observed following borohydride reduction did not return to
those observed in the absence of TMP. This inhibition by borohydride reduction of
the enhancement of Ry in the presence of TMP was estimated from the expression,

% I=(1-(S/Sy)) x 100 (eqn 4.4)
where S; and S, are the slopes obtained from Fig. 4-1 for borohydride-reduced and

untreated SRFA, respectively (Table 4-1).

84



Table 4-1: Wavelength dependence of the slope (S), intercept, slope ratio and %
inhibition by borohydride reduction (% I) acquired from linear regressions of the data
in Fig. 4-1 for untreated SRFA (Su) and borohydride-reduced SRFA (Sr).

SRFA Reduced SRFA Slope ratio % |
intercept slope intercept slope Sr/Su
nM/s Su( E-5) (s-1) nM/s Sr (E-5) (s-1)
325nm 0.8740.01 0.94+0.03 0.81+0.03 0.4010.05 0.42 57.6
355nm 0.58+0.004 0.70+0.007 0.4840.02 0.32+0.03 0.46 53.8
385nm 0.29+0.023 0.58+0.05 0.27+0.02 0.33+0.03 0.57 42.8

The degree of inhibition following borohydride reduction (~40-60 %) is very
similar to that previously observed for the inhibition of the photosensitized loss of
TMP by SRFA over this same range of TMP concentration (~50%).*® This result
provides evidence that (aromatic) ketones/aldehydes are involved in the enhanced
production of H,O; in the presence of TMP consistent with Scheme 4-1. This result
shows further that a new route for H,O, photoproduction can be introduced when
sufficiently high concentrations of appropriate external electron donors are present.

Evidence for two distinct mechanisms of H,O, photoproduction in the
presence and absence of TMP is also provided by the wavelength dependence of the
slopes and intercepts, respectively (Fig.4-1, Table 4-1). In the absence of TMP, R0
(intercepts) decrease by a factor of ~3 when the wavelength of the long-pass filter is
increased from 325 to 385 nm, independent of borohydride reduction (Table 4-1). In
contrast, the slopes decrease by only ~40% over this same wavelength range for the
untreated sample, and by only ~18% in the borohydride-reduced sample, leading to
an ~15% decrease in the % inhibition by borohydride reduction over this wavelength

range (Table 4-1). These results suggest that 1) the enhanced Ry0, observed in the
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presence of TMP extends to longer wavelengths in the UVA than that observed for
direct H,O, photoproduction, and 2) there appears to be slightly less inhibition by
borohydride reduction at the longer wavelengths in the UVA. Both observations
provide evidence of a wavelength dependence that differs for the direct and enhanced
routes of H,O, photoproduction.

Substantially enhanced values of Ry, were also observed for SRFA, SRHA
and the Lower Delaware Bay sample in the presence of PHE, DMOP, MOP and TMP
(Fig. 4-2). At higher concentrations of these phenols, above roughly 200-300 uM,
evidence for saturation of Rp202 was observed, suggestive of a quantitative reaction of
the phenols with transient intermediate(s) at high concentration, with the products of
this reaction ultimately producing hydrogen peroxide (Scheme 4-1). As with SRFA
(Fig. 4-1), borohydride reduction of the HS significantly decreased the values of

R0z, but clearly did not eliminate the enhancement (Fig.4-1, Fig.4-2).
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Figure 4- 2: Dependence of R0, on phenol concentration in air ([O,] =250 uM) for
untreated ( ® ) and borohydride —reduced ( © ) SRFA, SRHA, and the C-18 extract
from Lower Delaware Bay station using the polychromatic source. Error bars
represent the standard derivation acquired from at least three measurements for SRFA
SRHA and lower Bay sample.

As an empirical means of quantifying the dependencies of Ri02 on phenol
concentrations, the curves in Fig. 4.2 for both untreated and borohydride-reduced
samples were fit to Eqn. 4.5 using a non-linear least squares fitting routine,

Rm02=yo + (A[phenol])/(B + [phenol]) 4.5)
where yy is the value of Rypo; in the absence of the phenols at [O,]= 250 uM, A is

maximum value of the enhanced Ryz02 attained at high phenol concentration, and B is
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concentration of the phenols at which Ryos reaches half of its maximum value (A)
(Fig. 4-3). Estimates of the enhancement factor, EF, were calculated from the relation,
EF = A/yo (4.6)

while estimates for the % inhibition of enhancement due to borohydride reduction (%
I) were obtained from the relation,

%I = (1-((Ar-yo)/(Ay-yo)) x 100 (4.7)
where A, and A, are the values of A for untreated and borohydride-reduced samples,
respectively. Estimates of the polychromatic quantum yields under saturating
[phenol], ¢p, were obtained from,

¢p = PoXEF (4.8)
where ¢ is the polychromatic quantum yield for HO, photoproduction in the
absence of the phenols for either untreated or borohydride-reduced samples (see

Materials and Methods) (Table 4-2).
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Figure 4- 3: Values (yo, A and B) from the fits of the data from Fig. 4-2 using kinetic
equation: y=yo+Ax/(B+x). yo stands for the Ry, in the absence of phenols. A stands
for the enhanced Ryo» in the presence of [phenol]; B is the concentration of phenol at
which R0, reaches half its maximal value. Left panel: A (black; untreated, red;
reduced) and y, (green; untreated, yellow; reduced). Right panel: B values (black;
untreated, red; reduced). Errors are obtained from Fig. 4-2.
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Table 4- 2: H,O; polychromatic quantum yields for HS only (®¢) and for that in the
presence of Phenols (®@p). Yy is the value of Ry in the absence of the phenols at [O]
=250 uM. Rex is the rate of light excitation. @ obtained from fitting value yo. %I is
the inhibition of enhancement due to borohydride reduction. EF is the enhance factor.
®,, which were obtained from ¢y XEF.

Yo Rex o0 %I EF op

E-9M/S E-6 M/s E-4 E-3

SRFA  1.1x0.1 1.8 6.2 PHE 4.4 2.7
MOP 5.0 3.1

TMP 3.1 1.9

DMOP 9.4 5.8

ReSRFA 1.1+0.3 1.2 9.2 PHE 51 2.3 2.1
MOP 35 4.4 4.1

TMP 48 2.3 2.1

DOMP 34 6.7 6.1

SRHA 1.3+04 2.6 5.0 PHE 3.2 1.6
MOP 4.2 2.1

TMP 29 1.5

DMOP 7.8 3.9

RESRHA 1.240.3 1.4 8.7 PHE 54 2.2 1.9
MOP 61 2.6 2.3

TMP 56 1.7 1.5

DMOP 48 4.1 3.6

LB 0.9+0.3 2.8 34 PHE 8.2 2.8
MOP 5.4 1.8

TMP 3.8 1.3

DMOP 14.9 5.1
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The values of y, obtained from the fitting of data in Fig. 4-2 were consistent
with those acquired directly (Fig.4-1, Tables 4-1, 4-2). Values of EF ranged from a
low of ~3 for TMP to a high of ~15 for DMOP, and were lower in the borohydride-
reduced samples owing to the inhibition produced by reduction (Table 4-2). Values of
EF increased in the order SRHA<SRFA<LB, a trend similar to that previously
observed for the rates of photosensitized TMP loss.* Except for TMP, both untreated
and borohydride-reduced samples exhibited a general trend of increasing EF and ¢,
with decreasing oxidation potential of the phenol (Fig. 4-3, Table 4-2), suggesting
higher H,O, yields in the presence of better electron donors. Interestingly, the values
of ¢,, for the untreated and borohydride-reduced samples were quite similar due to an
approximately proportional loss in Rp202 and Rex following borohydride reduction.
Similar results have been observed previously in the sensitized loss of TMP® and
sensitized 'O, formation® following borohydride reduction of aquatic HS.

Except for TMP, which exhibited consistently higher values of B (Fig. 4-3),
the untreated HS samples exhibited no clearly identifiable trends in B across the
different phenols, with all values falling within the range from ~200 to 600 uM.
Assuming that the values of B are determined only by the competition between
phenol and O, for reaction with the triplet states (see below), °* "> dividing the value
of B by [O] (=250 uM) provides the rate constant ratio of O, to phenol reaction.
Values of this rate constant ratio, which varies from ~ 0.8 for DMOP to ~ 3 for TMP,
are within the range expected for reaction with aromatic ketone triplet states.'>* '>
However, these results are still somewhat surprising, since one might

anticipate a systematic decrease in B with decreasing oxidation potential of the
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phenol owing to more rapid reaction with the triplet relative to triplet quenching by

134135 However, this interpretation may be too simplistic owing to potential

dioxygen.
secondary reactions of the phenoxy radicals, including possible reactions with co-
produced O, **and possibly H,O,. Indeed, the fact that the estimated values of ¢, for
SRFA (1.9x107) and SRHA (1.5x107) in the presence of saturating [TMP] (Table 4-2)
are at least 5- to 10-fold smaller than the apparent polychromatic quantum yields for
the photosensitized loss of TMP (2.0x107 and 5.3x10~ for SRFA and SRHA,
respectively; Table 1 in Ref. 88) implies a substantial loss of O, and/or H,O, through
secondary reactions (see further below).

As with the untreated samples, no clearly discernable trends in B were
observed for the differing phenols following borohydride reduction. Borohydride

reduction appeared to increase B for SRFA with some phenols, while not largely

changing it for SRHA (Fig. 4-3).

4.3.2 Oxygen dependence
Further evidence for the participation of ketone/aldehyde triplet states in the

enhanced photoproduction of H,O,was provided by the dioxygen dependence of
R0z in the presence of TMP (Fig.4-4). At [TMP]=100 uM, decreasing the [O;] from
1.2 mM to 50 uM leads to an ~3- to 4-fold increase in Ryos in all samples examined;
Ri202 then dropped to near-zero under anoxic conditions. Borohydride reduction
inhibited the increase in Ry, but did not entirely eliminate it. By comparison, in the
absence of phenols, Rix0, decreased with decreasing [O;] and was largely unaffected

by borohydride reduction (Fig.4-4).'"* Within the uncertainties, these variations with
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[O:] in the presence of TMP are essentially indistinguishable from those previously
reported for the sensitized loss of TMP for untreated and borohydride reduced
samples™ and provide compelling evidence for the involvement of ketone/aldehyde
triplet states in this process.” However, as in that study,*® the incomplete loss of
enhancement under borohydride reduction suggests that their remains another pool of

oxidizing triplets.

SRFA

f =N

RH202 (nMIs)

0 200 400 600 800 100012001400
[O,] M

Figure 4- 4: Dependence of R0, on dioxygen concentration for untreated (Black)
and borohydride-reduce (Red) SRFA at the presence of 100 uM TMP using the
polychromatic source. Controls: Green and yellow lines are Ry0, for SRFA and
reduced SRFA respectively in the absence of TMP.
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As with the photo-sensitized loss of 2,4,6-trimethoxy phenol, those results can

be understood within the following reaction scheme.

———> 1C+O0,

I+ 1C+ heat

1C 3c*

—— 1C+TMP

> .CH+ -TMP

kRECON
“CH+-TMP —> C+TMP

k k
-CH+0, Y o,- 2%, H,O0,

These reactions lead to the following expression that relates Ryos to the [Oz]
and [TMP],

dyz02 _ 0-5kf(PkTMP [TMP]

= X

krxn ~ [0]

(4.9)

Ryz02 =

where kctkp = krwmp, ¢ = k/(ketkp). and krec= krecom [TMP-]*® (see Appendix 2 for
derivation).

Employing the values for the rate constants (kr, ko, and krmp) and the rate
constant ratio (kgec/krxn) previously acquired by Golanoski et al.* through fitting of

the dioxygen dependence of photosensitized TMP loss, a non-linear least-squares
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fitting routine was used to fit the dioxygen dependence of Ry, but allowing only
the product, 0.5 k¢, to vary (Fig. 4.5). Considering that only one adjustable
parameter was allowed, the fits are quite good and establish that one set of kinetic
parameters can explain reasonably well the dependence of both H,O, production and
TMP loss on [O;]. Note however, that the magnitudes of the product, 0.5 k¢, for
H,0, production are significantly smaller those found by Golanoski et al.*® for TMP
loss under comparable experimental conditions, suggesting again that a significant

portion of the O,/H,0, produced may be consumed in secondary reactions.
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Figure 4- 5: Dependence of R0, at fixed [TMP]= 100 uM for both untreated and
borohydride reduced SRFA, SRHA, Lower Bay samples. Data were fit to the

equation 4-9 empolying a nonlinear least-squares fitting routine using fixed values of
k= 6.6x10"s™"; ko= 2.0x10° M's™"; kymp=2.5x10"M's ™",
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This work has clearly demonstrated that the rate of H,O, photoproduction by
HS can be substantially enhanced in the presence of sufficiently high concentrations
of appropriate electron donors. The effects of borohydride reduction and [O;] on
R0 are consistent with the reaction mechanism shown in Scheme 4-1, although the
incomplete loss of the enhanced Ry»0, following borohydride reduction suggests that
there remains another pool of oxidizing triplets as was observed previously for TMP

88
loss.
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Chapter 5: Summary and Future Directions

5.1 Summary

Key aspects of the mechanisms of the photochemical H,O, production from
aquatic humic substance have been addressed in this thesis. Borohydride reduction,
which selectively removes the aromatic ketone moieties from CDOM irreversibly,
does not substantially affect the ratio of H,O, production, indicating that charge
transfer states or aromatic ketones/aldehydes are unlikely to be directly involved with
H,0O; production. The tens of microsecond lifetime of the H,O, precursor estimated
from the dioxygen dependence of R0z could be due to either triplet states or a
reductant formed by excited state electron transfer. However, obtained evidence by
the use of chloride ion and sorbic acid, triplet quenchers, indicates that triplet states
are unlikely to be the precursor of produced H,O,.

This work indicates that H>O, is primarily formed via a low efficiency
intramolecular electron transfer from excited singlet donors to ground state acceptors.
Based on previous research, possible donors are substituted phenols or methoxyl
phenols and possible acceptors include quinones, which unlike ketones and aldehydes,
are not irreversibly reduced by borohydride.

A simple, highly-sensitive method was employed for detecting one-electron
reducing intermediates produced by irradiation of CDOM. The molecular probe 3ap
employed acts as one-electron acceptor similar to dioxygen, and has been shown to
compete with dioxygen to form stable hydroxylamine. The rate of the photo
production of the reducing intermediates can be detected by probe 3ap in the absent

of dioxygen and monitored by the HPLC with a fluorescence detector when formed
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hydroxylamine coupled with fluorescamine. The dependence of Ry on [O,] argues
that <10% of total detected one electron reducing intermediates is nonreactive to
dioxygen. Further examining on the stoichiometry ratio of indirect measurement of
superoxide and direct measurement H>O, monochromatically propose that 67%
percentage of superoxide decay through other oxidation pathways rather than
bimolecular dismutation to H,O, under monochromatic irradiation conditions. This
ratio is slightly higher than Waite’s previous work.

The substantial enhancement of H,O, production rate in the presence of added
phenol donor is consistent with the reaction of the phenol with triplet states at
aromatic ketone/aldehydes form ketyl radicals, which substantially react with O, to
form superoxide. Evidence that support this interpretation includes 1) an increase in
H,0, production rates with decreasing [O:], 2) ability to fit the dependence of R0z
on [O,] with parameters previously obtained from the sensitized loss of TMP, 3) a
substantial loss in the rate of H,O, production following borohydride reduction.

However, the incomplete loss of the enhancement in Rypp0, following
borohydride reduction argues that there remains another pool of oxidizing triplet as in
the case of photosensitized loss of TMP.

Finally, substantial different between the quantum efficiency of the photo
sensitized loss of TMP and the quantum efficiency of H,O, production suggests that
secondary reactions may consume a significant portion of the O, /H,0, that is

produced.
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5.2 Future work

The quantum yield of H,O, monochromatic wavelength dependence has been
investigated in Chapter 2. Monochromatic decreasing of the quantum yield as
irradiation wavelength increase is consistent with decreasing yield of the produced
excited singlet donor, which is considered as the precursor of H,O, from humic
substance. However, the HS photosensitization efficiency wavelength dependence
for H,O, production in the presence of external donor has not been investigated and
need further investigation. In addition, Comparison between polychromatic H,O,
production quantum yields with that of monochromatic in the presence of external
donors is likely to provide additional useful information.

The HS sensitized reaction between electron donor phenols to dioxygen has
been investigated in Chapter 4, and the possible scheme has been proposed that the
triplet states of aromatic ketones moieties are involved as electron accepting species.
However, whether the aromatic ketones moieties are serving as catalytic shuttle
transferring electron from external electron donating species, such as phenols, to
oxidant such as dioxygen is still not known. More work need to be done to probe the
redox reversibility properies of triplet states intermediates of humic substance.

Ratasuk’* has employed cyclic oxidation and reduction method to structurally
characterize and quantify the electron carrying capacity of reversible redox sites
present in humic substance. They argued that the ratio of non-quinone structure to
quinone structure of redox sites is 1:2. Our results that the photosensitization capacity

(H20; production) of the humic samples employed were not fully eliminated upon
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borohydride reduction requires more work for probing the other possible excited

redox moieties besides quinones as possible photo-reductant.
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Appendix 1

The effect of O, back reaction and disproportionation on the O, dependence of
the hydrogen peroxide production rate (Ru202)
Branching ratio effect of superoxide back reaction on the kinetic scheme of oxygen

dependence of hydrogen peroxide production rate

kREC
Koy ? 0,
> O L—
Rf + 02 2 kDIS
—> | — —> HZO2
hv kd
e

1: Without considering branching ratio, the Riz02 is expressed as below as simple fit:

_ [d[H0,] Riko2[0;]  Rf[0,]
RHZOZ B lTL B Kr[ROS][OZ] z(kd + k02 [02]) z(kd +[ ])
_ al0,]
—2(b +10,])

2: With considering the back reaction Krgc and superoxide disumuation Kpys as

FIRST ORDER reaction, the is Ryo, modified as:

R _ l%} _ KpisRrko,[0,]
oz dt | 2(Kpis + Krecy(kq + ko2[0,])
_ KpisR¢[0;] _ al0,] . Kps
2(Kprs + Krec) <]f_(;iz + [02]> 2(b +10:1)  "(Kpis + Krcy
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This will not effect the oxygen dependence curve as well as half saturating

concentration.

3: With considering the back reaction Krgc and superoxide disumuation Kpys as

SECOND ORDER reaction, the is Ryro» modified as :

[H,0, _
RHZOZ - [ ]0 -

Rfko2[0;] Krec® ;4 2Rfko2[02]1Kpis
172 [(kd+k02[02]) + Kpis 1 \/1 T (kd"'koz[oz])KRECZ)]

_1/2[ 0,] KREC (1 _\/1 +MKDISZ)]

(b+ 02]) Kpis (b+[02DKREC

For sample SRFA, curve fitting provide initial value for a=0.48, b=34.36. If we

Krec? . .
define —XE%-as ¢, varies ¢ value from 0.01 to 10 to see the impact of ¢ on the curve
DIS

shape. The results are listed below:

SRFA oxygen dependence when chaning ratio c= RRECZIRD|S from 0.01 to 10

0.25
0.20 | — C=0, simple fit
» 015 — — =001
= 7
£
o 0.10 - c=01
O =
N c=0.5
I 0.05 -
o c=1
0.00 - - = m—mEmEmEmEmmmmmmmm
= = c=10

0 200 400 600 800 1000 1200 1400
Oxygen concentration (uM)

The half saturation dependence as :
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Half saturation concentration dependence on ratio c= RECZ/RDIS from 0.01 to 10

<]
o

60 -

50 -

40

30

c=0 ¢=0.01 c=0.1 ¢c=0.5 c=1 c=10

Half saturation concentration (uM)

Ratio c= RRECZIRD|S

When applying the Rggc = 5.4x 1010 9.3 x 107s™", *°”" and Rpjs = 6x 10° M's " at

2
PH=7" the KI?L(:is (4.86x 10"°- 14.410™""). Giving the curve below when
IS

D

comparing with simple fit without considering the branching ratio. Half saturation
stays the same under above conditions (33uM)

SRFA oxygen dependence simple fit and c= RREC2/Rp|s from 4.86x 107 - 14.4x10™"

0.25

0.20 | 7

0.15 | ’7 —— Simple fit
‘ —— — c=4.8e-13

0.10
c=14.4e-11

RH202 (nM/s)

I

{

1

[

0.05 | j
|

0.00
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Since the back reaction rate constant are so small, this branching ratio does not shift

the dependence as well as the half saturation with any significance.
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Appendix 2

Derivation of Equation 4.9

OZ
———=> 1C+0, (or'0,) (SI1)
kQ
sI2
I - 1C+heat (512)
hv ki ke
1c —> —>3c* ——>
+TMP
> 1C+TMP (S13)
kp
+TMP
> .CH+ -TMP (S14)
ke
kRECOM
“CH+-TMP —> C+TMP (S15)
k k
“CH+0, RN o -T0s5. ny o, (s16)

Above scheme shows the transformation of a ground state chromophore,'C, to a
triplet excited state chromophore, *C* with rate of formation of the excited triplet
state k¢, under a constant flux of photons from irradiation. Transformation of >C* to
the ground state can occur through quenching by molecular oxygen (O,) at rate kq
(Eqn.SI1), radiationless transition to the ground state at rate kr (Eqn. SI12), and
physical or chemical reaction with the external donor with rate kp and k¢, respectively
(Eqgn. SI3-4). The radical intermediates produced by reaction SI4 can recombine at
rate krecon (Eqn.SIS) or be further oxidized by molecular oxygen to form superoxide
rate krxn, and subsequently hydrogen peroxide (Eqn.SI6).

From above scheme, the Ryn02 can be expressed as

dHZOZ dO_
= 1202 _ o522
RHZOZ dt dt

= 0.5kgxn[- CH][O,] (S17)
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The steady state concentration of the radical[- CH] is shown in Eqn SI8

0= d[;ziH] = k¢ *C*[TMPI[- CH] = (kggcom[- TMP] + Rrxn[0,D[- CH] ~ (SI8)
[ CH = kc[TMP][ *C*] (S19)

~ (kggcom[: TMP] + Rrxn[0,])

where the steady state concentration of the excited triplet state chromophore is given

by Eqn. SI10,
d[ 3¢c*
0=———"==k — kolOl C*] = ke[ °C*] = kp[TMP][ *C*]
— ko [TMP][ 3C*] (SI10)
[3C] s (SI11)

~ kr + k[0, + (kpyk)[TMP]

Eqn 12 is derived by substitutions of equation SI9 and SI11 into equation SI7,

_ O.Skfkc krxn10,][TMP]
B (kr + kQ [0;] + (kpik)[TMP)) (krgcom |- TMP] + Rraxn[0,])

(SI12)

The branching ratio for the chemical and physical reaction of TMP with *C* can be

k¢
(kp+kc)

represented by = , where the sum of the reaction is defined as the total rate

constant for TMP reaction, such that kryp = k¢ + kp. The terms kgpgcoy - TMP] are
combined into a simple lifetime term kg , with the resulting expression is shown in

equation SI13.

dyz02 — 05 doz‘ _ O-Skf‘PkTMP [TMP] 9
dt Todt (kr + kolOz] + kryp [TMP])

S112
kREC X 1 ) ( )
kRXN [02]

(1+
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