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It is well established that organic pollutants such as phenols are degraded in the presence
of chromophoric dissolved organic matter (CDOM) and sunlight in natural waters. Early
work attributed the photochemical loss of phenols to the involvement of photoproduced
reactive oxygen species (ROS) such as singlet oxygen (*O,), hydroxyl radical (*OH) or
peroxy radicals (RO2¢). However, evidence for the involvement of triplet excited states
of aromatic ketones/aldehydes within CDOM has accumulated in the literature.  To
probe the mechanism of the photosensitized loss of phenols by humic substances (HS),
the dependence of the initial rate of 2,4,6-trimethylphenol (TMP) loss (Rtmp) ON
dioxygen concentration and irradiation wavelength was examined both for a variety of

untreated as well as borohydride-reduced HS and C;g extracts from the Delaware Bay and



Mid-Atlantic Bight. The effect of [O,] and borohydride-reduction of SRFA was also
examined for a series of substituted phenols of varying one-electron reduction potentials.
We find that Rtvp was inversely proportional to dioxygen concentration at [O,] > 50 uM,
a dependence consistent with reaction with triplet excited states, but not with O, or RO,.
Modeling the dependence of Rrup on [O,] provided rate constants for TMP reaction, O,
quenching and lifetimes compatible with a triplet intermediate. Borohydride reduction
significantly reduced TMP loss, supporting the role of aromatic ketone triplets in this
process. However, for most samples, the incomplete loss of sensitization following
borohydride reduction, as well as the inverse dependence of Rtyp on [O;] for these
reduced samples, suggests that there remains another class of oxidizing triplet sensitizer,
perhaps quinones.  However, the results of the wavelength dependence reveal that the
sensitization is driven primarily by shorter wavelength UV-B and UV-A absorbing
moieties, consistent with the involvement of aromatic ketones and aldehydes but
appearing to exclude the longer wavelength (visible) absorbing quinones as sensitizers.
An inverse dependence of ® on one-electron reduction potential was observed where
DMOP =~ TMP > 4-MOP > 4-MP > phenol. Similar dependencies were observed for
TMP and 4-MOP in the dependence of Rprpe 0N [O2] whereas DMOP did not exhibit a
substantially lower Rprone at high [O2] as would be expected for a triplet sensitization
mechanism. Moreover, that a significant amount of sensitization is observed following
borohydride reduction of SRFA for DMOP under high [O;], as well as the very low
sensitization observed at low [O,] indicates that a separate pathway, unrelated to triplets,
may be important for the mechanism of DMOP photooxidation by chromophoric

dissolved organic matter.
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Chapter I: Introduction
1.1 Background

Pollution of aquatic environments by natural and anthropogenic compounds
remains an ongoing, global issue. A wide variety of pollutants are found in natural
waters across the United States, particularly in the Delaware River, where one study
alone detected and quantified nearly 100 organic contaminants (Sheldon and Hites,
1978). Phenol and phenolic compounds are ubiquitous within this category due to their
use in the production of pharmaceutical and agricultural products as well as the
production of synthetic fibers and the epoxy resin precursor bisphenol-A (Barron, et. al.,
2002). Despite their utility in these processes, phenolic compounds at low concentrations
can be toxic to organisms and upon chlorination can form objectionable taste and odor in
drinking water (Barron, et. al., 2002; DeZuane, 1997).

Common fates of organic pollutants include dilution, biodegradation,
volatilization and photochemical processes. For transformation of poorly biodegradable
or non-volatile organic chemicals such as phenols, direct or indirect photolysis can be a
dominant sink (Zepp and Cline, 1977). Direct photolysis (light absorption followed by
chemical reaction) of phenols in natural waters is considered to be a minor degradation
pathway as phenols absorb little in the wavelength regime provided by sunlight (> 290
nm) (Canonica et. al., 1995). Therefore, indirect or “sensitized” photolysis (chemical
reaction initiated following light absorption by another chromophore) could be important.
Initial investigations reported enhanced rates of chemical decomposition in the presence
of sunlight in natural waters, but not in pure water (Ross and Crosby, 1973 and 1975;

Zepp, 1980; Draper and Crosby, 1976; Zepp et. al., 1975 and 1977; Mill et. al., 1980).



The primary light-absorbing constituent of natural waters is chromophoric
dissolved organic matter (CDOM) and is operationally defined as the fraction of
dissolved organic matter (DOM) which passes through a 0.2 micron (um) filter and can
absorb UV and visible light. Light absorption by CDOM plays many important roles in
aquatic environments. At higher concentrations found in some inland waterways, the
absorption of sunlight by CDOM can both positively and negatively impact the aquatic
photic zone. Light-sensitive organisms are protected from harmful UV rays (Blough and
Del Vecchio, 2002; Blough et. al., 1993; de Mora et. al., 2000) however absorption by
CDOM of photosynthetically active radiation (PAR) can limit primary productivity
(Aiken et. al., 1985; Blough and Del Vecchio 2002). Light absorption by CDOM also
initiates a suite of photochemical reactions including the production of biologically labile
low molecular weight compounds and atmospherically importance trace gases (CO,, CO,
COS) (Mopper and Kieber, 2002; Stubbins et. al., 2011; White et. al., 2010) and initiates
photochemical degradation of a wide variety of pollutants (Gerecke et. al., 2001; Burns
et. al., 1996; Latch et. al., 2003; Chin et. al., 2004; Guerard et. al., 2009; Grannas et. al.,
2012; Packer et. al., 2003; Boreen et. al., 2003).

Sources of CDOM are generally grouped into two categories based on its
location. Terrestrial CDOM arises from the decomposition of vascular plant matter and
lignin precursor materials and is imparted to rivers, streams and lakes via rainfall.
Marine CDOM is found in off-shore environments and in open oceans and results from
dilution of Terrestrial CDOM inputs or is produced in-situ from microbial action on
phytoplankton - although both mechanisms are possible and remain an active area of

research (Coble, 2007, Andrew et. al., 2013). Degradation pathways for CDOM include



weathering during downstream transport, microbial action and photobleaching as a result
of light absorption, the latter of which is proposed to dominate (Vodacek et. al., 1997,
Nelson et. al., 1998).

In order to study the properties of CDOM in a laboratory setting, research cruises
are conducted to collect natural water samples or standard reference materials are
procured through the International Humic Substance Society (IHSS). The IHSS provides
humic substances extracted from a singular body of water such as the Suwannee River in
Georgia, which allows for comparison of results among research laboratories. It is
important to note that CDOM which has been extracted from natural waters is referred to
as humic substances as it may no longer be truly representative of the original material
due to the chemical extraction process employed (Green and Blough, 1994; Thomas-
Smith and Blough, 2001).

Humic substances are further discriminated by their solubility characteristics in
acidic solution conditions. For example, fulvic acids are soluble at all pH whereas humic
acids are insoluble in very acidic conditions (pH < 2). Fulvic acids generally have lower
average molecular weight and carbon (40-50%) content but higher oxygen (40-50%)
content compared to humic acid (54-59% C; 33-38% O) (Stevenson, 1994). Lignin,
regarded as terrestrial CDOM starting material is treated by alkali and then carboxylated
for use in the laboratory and is termed LAC and is employed along with Suwannee River
Fulvic (SRFA) and Humic (SRHA) Acid in this research.

Researchers wishing to characterize CDOM from bodies of water such as the
Delaware Bay and Mid-Atlantic Bight (MAB) collect natural water samples along a

transect of water during different seasons and at various depths (Fig. 1.1).
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Figure 1.1: Map of Sample Stations in Delaware Bay and Mid-Atlantic Bight (MAB)

Analyses such as ultraviolet/visible absorption, fluorescence and total organic
carbon (TOC) are often performed on-board the research vessel, but photochemical tests
performed in the laboratory require higher concentrations of CDOM and thus CDOM s
extracted from the natural water and prepared for long-term storage. Briefly, samples (20
L) are collected onboard a research vessel at each of various locations and depths, filtered
(Gellman, 0.2 pum), acidified and pumped through a pre-treated C;s solvent phase
extraction cartridge then rinsed with Milli-Q water to remove salts.

The extracted material is eluted from the Cyg cartridge using methanol, evaporated
to dryness, re-constituted with a few milliliters (mL) of Milli-Q water, adjusted to neutral
pH then stored frozen until further analysis (Ma et. al., 2010) . These are then referred to
as Ci3 or MAB extracts where samples collected at the Upper Bay Station (UBS), Lower

Bay Station (LBS) and Shelf Station (SS) and are employed in this research.



1.2 Optical Properties and Sodium Borohydride Reduction

Assignment of a singular molecular structure to CDOM is impractical due to the
spatial variation in CDOM source material and temporal variation due to seasonal
impacts such as photobleaching in summer months CDOM is known to contain
saturated and unsaturated hydrocarbons, aromatic structures, carboxyl-rich alicyclic
molecules, substituted phenols, ketones, aldehydes, quinones and carbohydrates which
have been identified through electron spin resonance (Lakatos et. al., 1977; Paul et. al.,
2006), *3C nuclear magnetic resonance spectroscopy (Herktorn et. al., 2006; Thorn et. al.,
1989; McKnight et. al., 1994), electrochemistry (Aeschbacher et. al., 2010 and 2011),
pyrolysis (Schulten et. al., 1999; de Haan 1983b; MacCarthy et. al., 1985) and ultra-high
mass resolution (Mopper et. al., 2007; Remucal et. al., 2012; Stenson et. al., 2003;
Kujawinski et. al., 2004)) mass spectrometry and other techniques. Although significant
advancements in the knowledge of CDOM structural components have been made, the
exact assembly of these units is yet unknown.

The ultraviolet-visible (UV) absorption spectrum of CDOM has no distinct
absorption bands, featuring elevated absorbance at short wavelengths that decreases in an
approximately exponential fashion with increasing wavelength. UV-Vis spectra of

SRFA, SRHA, LAC are shown in Figure 1.2.
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Figure 1.2 Absorbance spectra of Suwanee River Fulvic Acid (SRFA), Humic Acid

(SRHA) and Lignin, Alkali treated, Carboxylated (LAC) at 10 mg L™ at pH=7

UV-Vis spectra are described quantitatively using the specific absorption
coefficient (a*(X)) and spectral slope parameter (S). Specific absorption coefficients are
determined by Equation I.1:

a*(\) =2.303<A(\) /(b+C)=a(})/C (1.1)
where 2.303 is the conversion factor between logie and In, A(A) is the absorbance at a
given wavelength, b is the path length in meters and C is the concentration of total
organic carbon in mg C L. The absorption spectrum of CDOM is fitted using a non-
linear least squares fitting routine over a specific wavelength interval (usually 290-820
nm) to Equation 1.2:
a(L) = a(ho) e 5 (1.2)

where a()) is the absorption coefficient at any wavelength, a(lo) is the absorption

coefficient measured at any reference wavelength, typically 350 nm and S represents how



rapidly the absorption decreases with increasing wavelength (Blough and Del Vecchio,
2002).

The characteristics of the absorption spectrum at short wavelengths has been
attributed to direct absorption and emission from donor and acceptor moieties within
CDOM whereas the long wavelength tail is proposed to arise from charge-transfer
interactions between donors (e.g.. polyhydroxylated aromatics, phenols or indoles) and
acceptors (e.g. quinones) in close proximity (short-range) and not from a simple
superposition of the absorption characteristics of individual chromophores (Del Vecchio
and Blough, 2002 and 2004; Blough and Green, 1995; Goldstone et. al., 2004; Power and
Langford, 1988; Ariese et. al. 2004).

Evidence supporting this electronic interaction model was provided by the results
of treating CDOM with sodium borohydride (NaBH,), a mild and selective reductant of
carbonyl-containing moieties such as ketones, aldehydes and quinones to their respective
alcohols and hydroquinones. Reduction of these acceptor moieties within CDOM is
predicted to decrease long-wavelength absorption by removing electron acceptors as well
as decrease short wavelength absorption via the direct loss of absorption from the
acceptors. Sodium borohydride reduction of carbonyl-containing moieties is described

using the following reaction (Fig. 1.3):

0 o OH

C/l- e | + HO

.-C .-C
R/ \R' from NaBH, R"R/ \H R / \H
: R

(1.3)

Figure 1.3: General mechanism of sodium borohydride reduction of a carbonyl moiety.

This figure was adapted from Tinnacher and Honeyman, 2008.



where during the first step sodium borohydride donates a hydride ion by nucleophilic
addition followed by protonation of the tetrahedral alkoxide intermediate by water to
form the alcohol (Tinnacher and Honeyman, 2008). The borohydride reduction of humic
substances efficiently reduced aliphatic and aromatic ketones and quinones to secondary
alcohols and hydroquinones, respectively, however hydroquinones are generally re-
oxidize relatively rapidly in the presence of molecular oxygen and are not irreversibly
reduced using this process (Thorn et. al., 1996; Weber et. al., 1996). Thus, sodium
borohydride reduction performed under aerobic conditions is a selective reductant of
ketone/aldehyde moieties within CDOM.

Ma et. al. (2010), Golanoski et. al. (2012), Yi et. al. (2012), Baluha et. al. (2013),
Sharpless (2013) and others have reported significant loss of absorption across the visible
and ultraviolet wavelengths upon borohydride reduction of HS, LAC and Cig extracts of
the MAB. The largest absolute and largest fractional losses of absorption were observed
in the UV and visible regimes, respectively, where the original absorption was decreased

by > 50% following reduction.

1.3 Photochemical Properties
1.3.1 Reactive Oxygen Species (ROS) Photoproduced by CDOM

In surface waters, reactive intermediates are produced upon absorption of sunlight
by CDOM and in the presence of dissolved oxygen. Initial investigations on the
mechanism of phenol photooxidation by CDOM implicated photoproduced reactive
oxygen species (ROS) such as hydroxyl radical (+OH), singlet oxygen (*O,), and peroxyl

radicals (RO,) as the intermediates initiating phenol degradation.



The hydroxyl radical is relatively short-lived but is one of the most potent, non-
selective oxidizing transient among ROS present in natural waters. In the absence of
oxygen, *OH is produced from inorganic sources such as the photolysis of nitrite (NO3)
(Zafiriou and True, 1979; Zarifriou and Bonneau, 1987), nitrite (NO3) (Zepp et. al.,
1987; Zellner et. al., 1990; Zafiriou and True, 1979) or H,O, (Zellner et. al., 1990).
These reactions are summarized below in Equations 1.3 - 1.6:

NO, +hv > NO + O (1.3)

NO3 + hv >NO; + O (1.4)

O +H,0 - «OH + OH’ (1.5)

H,0, + hv > 2 «OH (1.6)
Although significant levels of «OH can be produced by the photolysis of nitrate and
nitrite, production by photolysis of H,O, is limited due to the narrow window of spectral
overlap of H,O, absorption with the solar spectrum. Hydrogen peroxide, the formation
of which may require O,, acts with iron (I1) to form «OH via the Fenton reaction (Zepp et.
al., 1992) as described in Equation 1.7.

Fe (11) + H,0, > Fe (111) + «OH + OH™ (1.7)

The mechanism of the direct photoproduction of «OH by CDOM has yet to be
conclusively addressed (Takeda et. al., 2004, Mopper and Zhou, 1990; Zhou and Mopper,
1990; Vaughan and Blough, 1998, Sharpless and Blough, 2014). Sinks of «OH include

reaction with carbonate (CO3?), bicarbonate (HCO5) and to a lesser extent CDOM. Rate

constants for reaction of «OH with undissociated phenols are reasonably large (k = 9 x

10° M* s (Bonin et. al., 2007) however the low steady state concentration (10" — 10™

M) precludes it as a dominant reaction pathway (Vione et. al., 2006).



Singlet oxygen (*O,) is produced by CDOM via energy transfer from triplet
excited states of CDOM (3CDOM*) to ground-state oxygen (Haag and Hoigné, 1986;
Zepp et. al., 1977) as described by Equation 1.8:

CDOM + hv > *CDOM* + O, > 0, + CDOM  (1.8)
Approximately 1% of sunlight absorbed by CDOM in natural waters results in the
production of '0,. Of the two lowest electronically excited states of O, collectively
referred to as 'O, only *A, is considered herein due to the rapid decay of 'Z," to the 'Aq
state (Schweitzer and Schmidt, 2003). Singlet oxygen rapidly relaxes in by water and
thus has a relatively short lifetime (4 ps) (Scully and Hoigne, 1987), with steady-state
concentrations ranging from 1x10™* M to 1x *? M (Scully and Hoigné, 1987; Zepp et. al.,

1977). Rate constants for reaction of phenolic compounds with ‘O, were found to be

greater than kK = 1x10®° M™ s at higher pH values where these compounds are

deprotonated (Tratnyek and Hoigné, 1994). However, under the environmentally

relevant conditions employed in this research, phenols are expected to remain protonated

where the rate constants for reaction of undissociated phenols with *O, are small (k =

1x10°% — 1x10® M™ s™) depending on ring substituents, where the smallest value was
observed for phenol and increased for methyl -and chloro-substituted phenols (Scully and
Hoigné, 1987). Thus, it can be concluded that 'O, does not play a major role in the
photooxidation of undissociated phenols.

Alkylperoxy radicals (RO,¢) are thought to be produced by photolysis of CDOM
(Mill et. al., 1980; Mill et. al., 1978) however radical trapping experiments showed no
major photochemical source of RO, (Kieber and Blough, 1990; Johnson et. al., 1996;

Blough 1997). In general, phenols are known to react with organic peroxy radicals,
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however rate constants for reaction of undissociated phenols is small (g = 1x10° — 1x10°

M™ s1) (Neta et. al., 1990). Alkylperoxy radicals are probably not controlling the

photooxidized sensitization of phenols in the presence of CDOM in natural waters.

1.3.2 Triplet Excited States of Carbonyl-Containing Moieties within CDOM

The observation that the rates of phenol degradation measured in natural waters
were much larger than could be accounted for by ROS was a major challenge to the
assumption that ROS were acting as the intermediates initiating photooxidation of
phenols. Zepp et. al. (1978) first proposed that excited triplet states could react with
organic contaminants in natural waters, specifically the photoisomerization of cis-1,3-
pentadiene through energy transfer from triplets. During this time, the photophysical
properties of triplet excited states were characterized, and the estimated lifetime of humic
triplets was determined to be ~2 ps in air-saturated solution (up to ~50 ps in
deoxygenated water) and the reactive triplet state concentration was estimated at ~1x10™
M in surface, sunlit natural waters (Zepp et. al., 1985; Canonica et. al., 1995a).

Canonica et. al. (1995a) demonstrated similar photochemical behavior for humic
substances and the model aromatic ketones, benzophenone (BP), 3°-
methoxyacetophenone (3’-MAP) and 2-acetonaphthone (2-AN), in the photosensitized
oxidation of a variety of methoxy- and methyl- substituted phenols. These model
sensitizers were chosen because these aromatic ketones can absorb sunlight and a
significant fraction of carbon atoms in fulvic and humic acids are present as carbonyl

moieties (Table 1.1) (Stevenson, 1994).

11



C=0

C (%) 0 (%) (as % of total O)
Humic Acids 53-58 33-38 15-30
Fulvic Acids 40 - 50 40 -50 4-17
Ketone Quinone Total
(cmole kgl) (cmolekg?) (cmole kg-1)
Humic Acids 70-170 105 - 230 175-400
Fulvic Acids 50-200 120- 225 220 - 400

Table 1.1: (top panel) Carbon and oxygen content (mole %) of humic and fulvic acids
and distribution of oxygen in reactive functional groups of humic and fulvic acids (as a
percentage of oxygen) (bottom panel) Ketone and quinone carbonyl moiety contents of

humic and fulvic acids (mole C kg™).

It was established by Aguer et. al. (2005) that a small amount of humic substances could
transform a large amount of 2,4,6-trimethylphenol (TMP), suggestive of a catalytic
reaction and regeneration of the chromophore. Thus, the photochemical properties of the
chromophores acting to degrade TMP, rather than their concentration, might be
important.

Canonica et. al. (1995a) proposed a mechanism for the reaction of triplet excited
state carbonyl moieties with substituted phenols (Figure 1.4) which describes the
reduction of the triplet excited state ketone to its ketyl radical (through electron or

hydrogen atom transfer) and subsequently formation of the phenoxyl radical.
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e~ transfer H+* \transfer
OH R
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R, Rz transfer Ri7" Ry
hv 0,
0 HO,/0, reaction
. /lLR« S products

Figure 1.4: Proposed reaction model of excited triplet aromatic ketones with phenols.

This figure is adapted from Canonica et. al., 1995a.

Rate constants for quenching of triplet BP by a series of substituted phenols ranged from

k=26-5.6x10°M*s? (see Table 1.2) whereas rate constants for 3’-MAP and 2-AN

were slightly lower and varied over two orders of magnitude (Rq,r = 10" —10° M™ s™).

13



TABLE 2: Rate Constants for Quenching of Aromatic
Ketone Triplet States by Phenols”

ky»(BP) kyp(3’-MAP) kqp(2—AN)
quencher (M~1s71) (M~1sh M~1s7h

trolox  (4.1+0.2)x10° (22+0.2) x 10° (2.74+0.2) x 10°
DMOP (5.6+02)x10° (24+03)x10° (3.1£0.1) x 10°
TMP (514+0.9)x 10° (2.6+0.3) x 10° (7.2+0.1) x 108
4-MOP (42+0.6) x 10° (2.7+£0.3) x 10° (1.8+0.1) x 10°
4-MP (424+02)x10° (3.0+0.2) x 10° (8.4 £0.3) x 10’
tyrosine (2.6 £0.2) x 10° (6.6 £0.8) x 108 (3.7 £1.3) x 107
phenol  (3.9+0.7) x 10° (5.1+04) x 108 (3.3+£1.3) x 10’
4-CBP (29+03)x 10° (4.6x0.6) x 10° (2.6 £1.3) x 10’
4-CNP  (3.0+0.3)x 10° (1.2+0.5) x 10* (1.3 +1.3) x 10’

9 Errors given as 95% confidence mntervals estimated from data fits
by the Levenberg—Marquardt method.

Table 1.2: Rate constants for quenching of aromatic ketone triplets by phenols. Table

adapted from Canonica et. al. (2000).

BP was found to react unselectively with all substituted phenols employed in the
study with rate constants close to the diffusion limit with water as the solvent. The
impact of solvent selection is highlighted by comparison of results obtained by Das and

Bhattacharyya (1981) whom reported for BP an increase in rate constant with increasing

electron-donating character of the phenol para-substituent from kq,p = 4.0 X 10' Mt st
(for p-cyano and 4-CNP) to Rq,p = 4.9 x 10° M™ s (for p-methoxy and 4-MOP) using 1:4

acetonitrile/water as the solvent. Few other studies have examined the triplet state
quenching of triplet excited states by phenols using water as the solvent.
The mechanism next describes the oxidation of the ketyl radical by dioxygen

where the ground state ketone is regenerated and peroxide (or superoxide) is produced
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(Canonica et. al., 1995a). The rate constant for quenching of the triplet by dioxygen was

determined to be Rq,02 = 2.3 x 10° M s™ under aerated conditions. Based on

calculations using this rate constant and triplet lifetimes, it was estimated that the triplet
population is decreased by ~90% via quenching by dioxygen (Canonica et.al., 2000).
Fates of the phenoxyl radical include dimerization (or polymerization) as well as reaction
with other reactive species to form products. Jonsson et. al. (1993) reported from pulse

radiolysis experiments rate constants for reaction of phenoxyl radicals and the superoxide

anion radical (O,”) to range from £ = 2.0 x10® M s™ to 3.0 x 10° M* s for a variety of

substituted phenols and thus represent a reasonable sink of this radical species.

The mechanism presented in Figure 1.4 suggests that the reaction proceeds via electron
transfer or hydrogen atom abstraction. Determination of triplet energies by luminescence
spectroscopy of the phenols employed in this study (Canonica, et. al., 1995a) were 321 —
346 kJ mol™, much larger than the triplet energies determined for the model sensitizers
(250 — 300 kJ mol™) eliminating triplet-triplet energy transfer as a viable reaction
mechanism. Instead, an electron transfer mechanism was suggested based on the results
of deuterium isotope effects of different phenols for fulvic and humic acids. This work
provided strong evidence that triplet excited states of CDOM (*CDOM®*), in particular
triplet excited states arising from ketones, aldehydes or quinones, were important to this
mechanism but did not preclude the involvement of long-lived photooxidants such as
peroxyl radicals (RO2¢). Importantly, Canonica et. al. (1995b) suggested the use of the
methyl-substituted phenol 2,4,6-trimethylphenol (TMP) as the best probes for triplet
excited states of CDOM whereas methoxy-substituted phenols were recommended for

reaction with long-lived photooxidants such as ROge.
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Triplet excited states of CDOM and HS were strongly implicated in the sunlight-
mediated transformation of other organic pollutants such as monuron (Vialaton et. al.,
1997), Mirex (Lambrych and Hassett, 2006), bisphenol-A (Zhan et. al. 2006; Chin et. al.,
2004) and sulfa drugs (Boreen et. al., 2005). For these samples, the rate of
phototransformation was enhanced upon deoxygenation and decreased upon addition of
oxygen or isoprene as triplet quenchers, providing further evidence for the role of triplets
for these chemicals.

These and other studies have presented strong lines of circumstantial evidence
that triplet excited states of aromatic ketones and aldehydes play a major role in the
photooxidation of phenols (and some other compounds) in natural waters, however none
have performed direct experimental tests of this hypothesis.

In Chapter Il, the dependence of the initial rate of 2,4,6-trimethylphenol (TMP) loss
(Rtmp) on dioxygen concentration for both untreated and borohydride-reduced HS and
C18 extracts of the MAB are determined. In Chapter I1l, the effect of increasing
borohydride-to-HS mass ratios on the optical and photochemical properties of HS are
explored along with the wavelength dependence of Rryp under low (62 uM) and aerated
(250 uM) dioxygen concentrations for untreated and borohydride-reduced HS and Cig
extracts of the MAB.

We find that Rtyvp was inversely proportional to dioxygen concentration at [O3] >
50 uM, a dependence consistent with reaction with triplet excited states, but not with 'O,
or RO,. Modeling the dependence of Rty on [O2] provided rate constants for TMP
reaction, O, quenching and lifetimes compatible with a triplet intermediate. Borohydride

reduction significantly reduced TMP loss, supporting the role of aromatic ketone triplets
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in this process. However, for most samples, the incomplete loss of sensitization
following borohydride reduction, as well as the inverse dependence of Rrtue on [O;] for
these reduced samples, suggests that there remains another class of oxidizing triplet
sensitizer, perhaps quinones. However, the results of the wavelength dependence reveal
that the sensitization is driven primarily by shorter wavelength UV-B and UV-A
absorbing moieties, consistent with the involvement of aromatic ketones and aldehydes
but appearing to exclude the longer wavelength (visible) absorbing quinones as
sensitizers. An inverse dependence of ® on one-electron reduction potential was
observed where DMOP ~ TMP > 4-MOP > 4-MP > phenol. Similar dependencies were
observed for TMP and 4-MOP in the dependence of Ryrope ON [O2] whereas DMOP did
not exhibit a substantially lower Ryrone at high [O] as would be expected for a triplet
sensitization mechanism. Moreover, that a significant amount of sensitization is
observed following borohydride reduction of SRFA for DMOP under high [O-], as well
as the very low sensitization observed at low [O;] indicates that a separate pathway,
unrelated to triplets, may be important for the mechanism of DMOP photooxidation by

chromophoric dissolved organic matter.

17



Chapter 11: Dependence of the Initial Rate of 2,4,6-trimethylphenol (TMP) on
[TMP], [Dioxygen] and Sodium Borohydride Reduced Humic Substances

Abstract
To probe the mechanism of the photosensitized loss of phenols by humic substances
(HS), the dependence of the initial rate of 2,4,6-trimethylphenol (TMP) loss (Rtup) ON
dioxygen concentration was examined both for a variety of untreated as well as
borohydride-reduced HS and Cig extracts from the Delaware Bay and Mid-Atlantic
Bight. Rtwmp was inversely proportional to dioxygen concentration at [O2] > 50 uM, a
dependence consistent with reaction with triplet excited states, but not with 'O, or RO,.
Modeling the dependence of Rrup on [O;] provided rate constants for TMP reaction, O,
quenching and lifetimes compatible with a triplet intermediate. Borohydride reduction
significantly reduced TMP loss, supporting the role of aromatic ketone triplets in this
process. However, for most samples, the incomplete loss of sensitization following
borohydride reduction, as well as the inverse dependence of Rtyp on [O;] for these
samples, suggests that there remains another class of oxidizing triplet sensitizer, perhaps
quinones.
2.1 Introduction

The photosensitized oxidation of phenols in natural waters by the chromophore-
containing constituents of dissolved organic matter (CDOM) and humic substances (HS)
has been the focus of numerous studies over the last twenty years (see footnote). In early
work, attention was centered on photoproduced reactive oxygen species (ROS) (Blough
and Zepp, 1995), namely peroxy radicals (RO,) (Mill et. al., 1980), the hydroxyl radical
(+OH) (Zepp et. al., 1987; Vaughan and Blough, 1998) and singlet dioxygen (*O2) (Zepp

et. al., 1977 and 1981, Haag et. al., 1984), as the intermediates initiating oxidation.
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However, radical trapping experiments showed little evidence of a major
photochemical source of RO, (Kieber and Blough, 1990; Johnson, et. al., 1996; Blough
1997). Further, both RO, and 'O, have rate constants for reaction with undissociated
phenols that are relatively small, of the order 10° to 10° M™s™ for RO, (Neta et. al., 1990)
and 10° to 10® M™s™ for 'O, (Scully and Hoigné, 1987; Tratnyek and Hoigné, 1991 and
1994), depending on the phenol ring substituent(s). Although the rate constants for the
reaction of *OH with phenols are much larger (Lundqvist and Eriksson, 2000), the very
low steady state concentrations of this intermediate found in most natural waters
appeared to preclude this species as a dominant sink as well (Faust and Hoigné, 1987;
Haag and Hoigné, 1985). Based on estimates of the steady-state concentrations of these
ROS produced photochemically from CDOM in natural waters (Blough and Zepp, 1995),
the measured loss rates of many phenols at environmentally relevant concentrations
appeared significantly larger than could be produced by these ROS (Faust and Hoigné,
1987).

Canonica et. al., (1995) first provided evidence that excited triplet states of
CDOM, in particular oxidizing triplet states arising from aromatic ketones, could be
important in phenol oxidation. Later studies by Canonica et. al. (2000, 2007, 2008) and
co-workers (Wenk et. al., 2011), as well as by other investigators (Aguer et. al., 1997,
Halladja et. al., 2007; Guerard et. al., 2009; Cawley et. al., 2009), provided additional
support for the involvement of triplet states not only in the CDOM-sensitized oxidation
of phenols, but in the oxidation of other compounds as well (Guerard et. al., 2009;

Boreen, et. al., 2005; Werner et. al., 2005; Canonica et. al., 2006).
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However, relatively few of these studies performed direct experimental tests of
the triplet photosensitization hypothesis, and none, to our knowledge, have directly
probed the possible role of ketone triplets in this sensitization. Here, we examine the
dependence of the rates of the photosensitized loss of 2,4,6-trimethylphenol (TMP) on
[O2], both for a variety of untreated HS samples as well as those reduced with sodium
borohydride. Sodium borohydride is known to reduce selectively carbonyl-containing
compounds such as ketones and aldehydes within HS (Johnson and Rickborn, 1970;
Leenheer et. al., 1995; Tinnacher and Honeyman, 2007). Moreover, prior work has
shown that borohydride reduction of HS substantially alters the optical properties of these
materials and that these changes are largely irreversible following re-oxidation under
aerated conditions, consistent with the reduction of ketones/aldehydes to alcohols
(Tinnacher and Honeyman, 2007; Ma et. al., 2010).

We find that borohydride reduction significantly reduces TMP loss, supporting
the role of aromatic ketone triplets in this process. Further, above ~50 uM O, the initial
rate of TMP loss (Rrwmp) is inversely proportional to [O-]; a dependence that is consistent
with reaction with triplets, but not with O, or RO,. Together, these results provide
strong evidence that the triplet states of aromatic ketones/aldehydes play a significant role
in the photosensitized loss of TMP by CDOM as originally proposed by Canonica and
co-workers (1995 a,b). However, the incomplete loss of sensitization for most samples
following borohydride reduction, as well as the inverse dependence of Rtvp on [O;] for
these samples, suggests that there remains another class of oxidizing triplet sensitizers,

perhaps quinones.
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2.2 Materials and Methods
2.2.1 Materials

All chemicals were used as received. Analytical grade 2,4,6-trimethylphenol
(TMP) was obtained from Fluka. Lignin, alkali extracted and carboxylated (LAC), was
obtained from Sigma Aldrich (Lot #19714DS). Suwanee River humic acid (SRHA) and
Suwanee River fulvic acid (SRFA) were obtained from the International Humic
Substances Society.  Solid-phase Cig extracts from a Delaware Bay upper bay station
(UBS; 39.633N, -75.574W), lower bay station (LBS; 38.882N, -75.094W) and shelf
station (SS; 38.6763 N, -74.8873 W) within the Middle Atlantic Bight (MAB) were
collected in December 2006 and processed as previously reported (Ma et. al., 2010).
Water was obtained from a Millipore Milli-Q purification system. Dipotassium hydrogen
phosphate (K;HPO,) and dimethyl sulfoxide (DMSO) were obtained from Sigma Aldrich
whereas potassium dihydrogen phosphate (KH,PO,), sodium borohydride (NaBH,) and
2-propanol (IPA) were obtained from Fischer Scientific. Ultra-high purity compressed
gases were obtained from Airgas. Potassium hydrogen phthalate (KHP) was obtained
from Nacalai Tesque, Inc.
2.2.2 Apparatus

TMP analyses were performed in triplicate using RP-HPLC system consisting of
a Shimadzu LC-10AS pump, 50 pL loop and a Waters RCM 8x10 cartridge which
supported a Waters Nova-Pak Cig column (5x100mm, 4um pore size). Analyses were
performed under isocratic conditions using a mobile phase composition of 60% methanol,
30% water and 10% dilute acetic acid (1%) at a flow rate of 1 mL min.™ TMP detection

was performed using a Dionex AD25 absorbance detector set to 280 nm.
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Samples were irradiated in a 1 cm quartz cuvette using a 300 W high pressure
xenon arc lamp following passage through 8 cm of water to remove infrared radiation and
a longpass wavelength filter (50% transmission at 325 nm) to simulate the solar
spectrum. The spectral output of the lamp was measured using an Ocean Optics
USB2000 spectroradiometer and is provided in Fig. I1.1. The integrated intensity was

approximately 57 mW/cm? and did not change significantly throughout the study period.
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Figure I11.1: Absolute irradiance of the high pressure xenon arc lamp employed in this
study. The spectral output of the lamp was recorded using an Ocean Optics USB2000

spectroradiometer where the integrated intensity is ~57 mW/cm?.

Ultraviolet/visible absorption measurements employed a Shimadzu 2401-PC dual
beam spectrophotometer. Spectra were collected versus air over the range 190-820 nm
and corrected by subtraction of a Milli-Q water spectrum. Total organic carbon (TOC)

was determined using high temperature oxidation (680°C) on a Shimadzu 5000A TOC
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analyzer calibrated using KHP. Specific absorption coefficients, a*(\), were obtained
using equation 11.1

a*(L) =2.303A(L) / (beC) (11.1)
where A()) is the absorbance at a given wavelength, b is the pathlength in meters and C
is the concentration of total organic carbon in mg carbon L™. The spectral slope
parameter (S) was obtained by a non-linear least squares fitting of the spectra over the
range from 290 to 820 nm to equation 1.2

a*(\) = a*(Ager) €50 HReD (11.2)

where a*(Ares) IS the specific absorption coefficient at the reference wavelength of 350 nm.

2.2.3 Photochemical Experiments.

Stock solutions of 1000 mg L™ LAC, SRHA and SRFA and 500 pM TMP were
prepared in MQ water. The SRHA stock solution was passed through a 0.2 pum filter
prior to use. The absorbance of the C5 extracts were matched at 350 nm to a spectrum of
10 mg L? ([DOC] = 4.9 mg C L™) SRFA at pH=7.0, the concentration used in the
irradiations. All stock solutions and samples were stored in the dark at 4°C when not in
use. Just prior to irradiation, final solutions containing SRFA, SRHA, LAC (10 mg L™)
or the Cyg extracts and TMP (5-100 uM) were prepared in 50 mM phosphate buffer at
pH=7.0 (PB). Control samples contained TMP alone in PB. IPA and DMSO, at 100 mM,
were used in independent experiments as hydroxyl radical scavengers. Samples were
transferred to a 1 cm quartz cuvette and were irradiated for 15 minutes under differing
[O2] achieved through mixing ultra-high purity (UHP) nitrogen, dioxygen or air in a dual

flow rotameter. Samples reduced with sodium borohydride (see below) were treated in a
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similar manner. Aerated solutions were kept open to the atmosphere, whereas analyses
performed under controlled dioxygen conditions were sparged for 5 minutes prior to
irradiation followed by flushing of the headspace of a closed vial during irradiation.
Quantification of TMP was performed using RP-HPLC at 5 minute intervals during the
15 minute irradiation time in which [TMP] decreased linearly. The direct photochemical
loss of TMP was negligible (<5%) over this time period.

Estimated (polychromatic) apparent quantum efficiencies (®) of TMP loss for
both untreated and borohydride-reduced samples were calculated using equation 11.3,

® = Rymp / Rex (1.3)
where Rrmp is the initial rate of TMP loss at 100 pM TMP and 250 pM O, (air-
saturated), and Rex is the rate of light excitation given by equation 1.4,

Rex=1 () +a() = ) R(D)dA (11.4)
where a(A) is the absorption coefficient of the sample, I(A) is the spectral photon
irradiance at the front face of the cuvette as measured with the Ocean Optics
spectroradiometer and R(A) provides the wavelength dependence of the light excitation
rate (see Fig. 11.2). To obtain an estimate of the apparent quantum efficiency of the
species eliminated by borohydride reduction, equation 2.5 was employed,

Dgitr = (Rrve” — Rrve") / (Rex” — Rex?) (11.5)
where the superscripts U and R denote untreated and borohydride-reduced samples,

respectively.
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Figure 11.2; Wavelength dependence of R(2) = (a(1) * I(1)) for untreated (black trace)
and borohydride-reduced (red trace) SRFA, SRHA, LAC and Cig extracts of the

Delaware Bay and Mid-Atlantic Bight.

2.2.4 NaBH, Reduction.

Sodium borohydride (NaBH,) was employed to reduce LAC, SRHA, SRFA and
Cis extracts as previously reported (Tinnacher and Honeyman, 2007, Ma et. al., 2010).
Briefly, concentrated solutions of humic substances (HS) or the Cj;g extracts were
transferred to a 1 cm quartz cuvette and purged with UHP nitrogen for 15 minutes to
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exclude dioxygen. A five-fold excess by weight of NaBH, was added and the sample
was immediately placed under nitrogen purge. The reduction was considered to be
complete when no further changes in the optical properties were observed, usually after
24 hours. Borohydride-reduced samples (4 mL) were passed over a 2.5 cm x 8 cm
Sephadex G-10 (40 — 120 pm) column equilibrated with Milli-Q water to remove excess
borate and borohydride and adjust the pH to neutral. Note that upon re-introduction of
dioxygen, any quinones previously reduced to hydroquinones by borohydride under
anaerobic conditions are expected to be re-oxidized to quinones within 24 hr (Tinnacher
and Honeyman, 2007, Ma et. al., 2010; Aeschbacher et. al., 2010) and thus would not be

removed by this procedure.

2.3 Results and Discussion
2.3.1. Effects of NaBH, Reduction on Absorption Spectra and TMP Sensitization
The specific absorption coefficients (a*(350)) of the untreated samples decreased

in the order SRHA > LAC > SRFA ~ UBS > LBS > SS (Table 11.1).
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a*(350) Rrmp

mtmgtcL? S (nm™) Ms™) (x107®)
SRFA 3.42 0.014 21+05
Reduced SRFA 1.90 0.016 0.80 +0.10
SRHA 7.46 0.012 1.3+0.1
Reduced SRHA 3.74 0.015 0.51 +0.08
LAC 4.48 0.016 0.69 +0.12
Reduced LAC 2.52 0.019 0.00 +0.08
UBS 3.39 0.015 1.7+0.2
Reduced UBS 1.48 0.017 0.62 +0.16
LBS 1.37 0.014 22+0.1
Reduced LBS 0.76 0.017 0.92+0.11
SS 0.49 0.015 23+0.3
Reduced SS 0.27 0.020 0.97 +0.17

Table 11.1: Values of specific absorbance coefficient at 350 nm (a*(350)), spectral slope
(S) and initial rate of TMP loss (Rrmp) for unaltered and borohydride-reduced SRFA,
SRHA, LAC and C18 extracts from upper bay station (UBS), lower bay station (LBS) and
shelf station (SS) from the Delaware Bay and Mid-Atlantic Bight. Rrvp was determined
at [TMP] = 100 pM and [O,] = 250 pM and the uncertainty for S = 0.001 nm™ and

a*(350) = 0.01 m* mg* C L.

A similar trend was observed in the loss of specific absorption at 350 nm
(Aa*(350)) following borohydride reduction, where SRHA exhibited the largest Aa*(350)
(3.7 m* mg? LY, while Aa*(350) for LAC was similar to the upper bay sample (UBS)

and SRFA (2.0, 1.9 and 1.5 m™* mg® L™, respectively) and the lowest values were
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observed for lower bay sample (LBS) and shelf sample (SS) (0.61 and 0.22 m™ mg™ L™,

respectively). As previously reported (Tinnacher and Honeyman, 2007, Ma et.

borohydride reduction produced the largest absolute absorption losses in the

(Fig. 11.3-4), but the greatest fractional losses in the visible.
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Figure 11.3: Absorption spectra of untreated and borohydride-reduced SRFA, SRHA,

LAC and Cig extracts of an upper bay station (UBS), lower bay station (LBS) and shelf

station (SS) obtained from the Delaware Bay and Mid-Atlantic Bight. Samples are in

water at pH=7. SRFA, SRHA and LAC concentrations were 10 mg L™, whereas carbon

concentrations were 4.93, 3.95 and 1.97 mg C L™, respectively. The absorbance of UBS,
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LBS and SS were matched at 350 nm to that of SRFA at 10 mg L™, whereas carbon

concentrations were 6.49, 12.2 and 22.1 mg C L™, respectively.
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Figure 11.4: Absorbance difference spectra for SRFA, SRHA, LAC, upper bay sample
(UBS), lower bay sample (LBS) and shelf sample (SS). The difference in absorbance was
calculated using 4a* = a*(t) - a*(0) where a*(t) and a*(0) are the specific absorption

coefficients of the borohydride-reduced and untreated samples, respectively.

Consequently, the values of S, the spectral slope parameter, increased for all
samples following borohydride reduction (Table 11.1). The preferential loss of long-

wavelength visible absorption has been previously attributed to the loss of charge-transfer
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(CT) transitions owing to the removal of carbonyl-containing electron acceptors (Ma et.
al., 2010; Del Vecchio and Blough, 2004; Boyle, et. al., 2009) whereas the loss of
absorption in the ultraviolet can be attributed to the direct loss of absorption from
ketones/aldehydes resulting from their reduction to aliphatic and aromatic alcohols, as
well as from a possible contribution from the loss of charge-transfer transitions in the
near UV (Del Vecchio and Blough, 2004). Prior NMR and IR measurements (Leenheer
et. al., 1995; Tinnacher and Honeyman, 2007) have shown that aquatic humic substances
contain significant levels of aromatic ketones/aldehydes that are removed by borohydride
reduction, producing a concomitant loss of absorption at wavelengths in the UV-A where
these species are expected to absorb.

To determine how the removal of ketone/aldehyde moieties by chemical reduction
affects the photosensitized oxidation of TMP, the dependence of the initial rate of TMP
loss (Rtmp) On [TMP] was first examined for both untreated and borohydride-reduced
samples under equal mass concentrations. Under aerated conditions (250 uM O,), the
Rrvp of the untreated samples appeared to increase linearly with increasing [TMP] over
the range from 5 to 100 uM (Fig. 11.5); only at [TMP] > 100 uM was curvature observed,

suggestive of saturation in the initial rate (Fig. 11.6, left panels).
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Figure 11.5: Dependence of the initial rate of TMP loss (Rrmp) on [TMP] for both
untreated and borohydride-reduced SRFA, SRHA, LAC, UBS, LBS and SS under aerated
conditions (250 uM O,). Other conditions as in Figure 11.3. Error bars represent + 1

standard deviation of at least three independent determinations.
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Figure 11.6: Dependence of Rrvp on [TMP] for both untreated and borohydride-reduced
SRFA and SRHA at high (250 uM) and low (22 uM) [O,]. The data were fit to the

equation Ryvp = a*/TMP] / (b + [TMP]) using a non-linear least squares fitting routine.

In contrast, the borohydride-reduced samples exhibited an ~50-100% reduction in
Rrmp, While the Rty of samples exhibiting residual TMP loss also appeared to increase
linearly with increasing [TMP] (Fig. 11.5; [TMP] < 100 uM).

At [O2] = 250 puM, complete loss of sensitization was observed for LAC
following borohydride reduction, suggesting that ketone/aldehyde moieties and their
associated triplet excited states are principally responsible for the loss of TMP in this
sample (Fig. 11.5). For the remaining samples, the incomplete loss of sensitization could
be attributed to a number of factors: 1) incomplete reduction of ketone/aldehyde moieties

in these samples; 2) reaction with ROS such as '0,, RO, or *OH; or 3) reaction with
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triplet excited states of other remaining species such as quinones (Bisby and Parker,
1995; Amada et. al., 1995; Garg et. al., 2007).

Based on prior studies that investigated the effect of borohydride concentration on
the kinetics and extent of the absorption losses following reduction (Tinnacher and
Honeyman, 2007; Ma et. al., 2010), the incomplete removal of ketone/aldehyde moieties,
although possible, appears unlikely. Further, addition of *OH scavengers, DMSO and
IPA, had no effect on Rywp, thus precluding a significant contribution from *OH in these
samples (data not shown). As shown below, the inverse dependence of Rtyp 0n [O2] also
precludes a significant sink due to reaction with RO, and *O,. Because quinones are not
irreversibly reduced by borohydride (Tinnacher and Honeyman, 2007; Ma et. al., 2010)
or electrochemically (Aeschbacher et. al., 2010), following aeration, reaction of TMP
with the excited triplet states of quinones remains a possible pathway (Bisby and Parker,
1995; Amada et. al., 1995).

To allow for a comparison among the untreated samples, as well as to examine
further the effects of borohydride reduction on TMP loss, estimated (polychromatic)
apparent quantum efficiencies (®), obtained at [TMP] = 100 uM under aerated conditions

(250 uM Oy), were calculated as described in Materials and Methods (Table 11.2).
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Rrvp

F\)EX

D (% Dyies (%

(M S-l) (X10-8) (M S-l) (Xlo-ﬁ) ( 0) diff ( 0)
SRFA 21+05 1.1 2005 57405
Reduced SRFA 0.80+0.10 0.57 1.4+0.2 T
SRHA 1.3+0.1 2.5 0.53+0.04 0.49 +0.11
Reduced SRHA 0.51 +0.08 0.86 0.60 +0.09
LAC 0.69+0.12 2.6 0.27 £0.05 0.49 £ 0.09
Reduced LAC 0.00 +0.08 1.2 0.00 +0.00
Upper Bay 1.7+0.2 1.4 1.2+0.1 154023
Reduced Upper Bay 0.62 +0.16 0.65 0.95+0.24 D
Lower Bay 22+0.1 14 15+0.1 15401
Reduced Lower Bay 0.92+0.11 0.57 1.6+0.2 S
Shelf 2.3+0.3 0.90 2.6+0.3 274105
Reduced Shelf 0.97 +0.17 0.40 24+04 T

Table 11.2:  Apparent (polychromatic) quantum efficiencies (®) for TMP loss by
untreated and borohydride-reduced SRFA, SRHA, LAC and C;g extracts from an upper
bay station (UBS), lower bay station (UBS) and shelf station (SS) from the Delaware Bay
and Mid-Atlantic Bight. Rryp as determined at [TMP] = 100 uM and [O;] = 250 uM.
Rex Is the rate of light absorption calculated as determined in Materials and Methods.
Note that higher @i indicates that the loss of absorption (difference in the rate of light

absorption) following borohydride reduction is smaller proportionally than the decrease

of Rrwp.  Uncertainties for @ were propagated from the determination of Rwp.

These efficiencies are similar in magnitude to the apparent quantum yields for 'O,
production previously reported for a variety of humic substances (Aguer and Richard,

1996; Sandvik et. al., 2000; Zepp et. al., 1985; Paul et. al., 2004). It should be noted,
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however, that our values represent a lower bound to the maximum efficiencies, because
quantitative reaction with the TMP-reactive intermediate was not attained at the
employed [TMP] and [O;] (Figs. 11.5-6; see also Model below). Moreover, R(A), the rate
of light excitation for these samples, exhibit maxima at ~390 to 400 nm and extend into
the visible (Fig. 11.2), where CT absorption should dominate and ketones/aldehydes
would not absorb as significantly, thus further lowering these yields.

For four of the six samples (SRHA, UBS, LBS and SS), values of ® for
borohydride reduced samples and ®g;s remained comparable to those values obtained for
the untreated samples. The remaining reduced samples either exhibited values of @ that
were either indistinguishable from zero (LAC) or were significantly lower than the
untreated samples (SRFA). Thus, only for SRFA and LAC do the results suggest that
borohydride reduction eliminates a more highly-efficient sensitizing component from
these samples. Because triplet yields for aromatic ketones are generally large (close to
unity in many cases), the @gr do not increase to the extent one would anticipate if all of
the absorption lost under borohydride reduction was due to aromatic ketones/aldehydes.
This outcome is likely a result of two factors: 1) the difference in R(A) between untreated
and borohydride-reduced samples peaks at longer wavelengths in the UV-A and extends
into the visible where ketones/aldehydes would not contribute (thus lowering ®gif) (Fig.
11.2); and 2) the possible quenching of a significant fraction of ketone excited states

through CT interactions.
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2.3.2 Effects of [O,] on TMP Photosensitization

Further evidence for the involvement of excited triplet states in the loss of TMP
was provided by the dependence of Rrvp on [TMP] at low [O;] (22 uM) (Fig. 11.6, right
panels). In contrast to the aerated solutions, Rrmp showed evidence of saturation at
[TMP] < 100 uM for both untreated and borohydride-reduced samples at low [O;]. This
result is consistent with a competition between O, and TMP for reaction with a common
intermediate such as a triplet; at low [O;], triplet state quenching by O, would be
significantly reduced, thus allowing for near-quantitative reaction of TMP with the triplet
at much lower [TMP]. The competition between O, and TMP for a common
intermediate was also observed in the dependence of Rty 0n [O2] at a fixed [TMP] (Fig

11.7).
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Figure 11.7: Dependence of Rnyp on [O,] at a fixed [TMP] = 100 uM for both untreated

and borohydride-reduced SRFA, SRHA, LAC, UBS, LBS and SS. Data were fit to Eqgn.

11.12 employing a non-linear least squares fitting routine using fixed values of & =
6.6x10" s, Arwp = 2.5x10° M s, [TMP] = 1.0x10™ M and 4, = 2.0x10° M s™ (see

Model).
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For all untreated samples, Rrwvp exhibited an inverse relationship with [O2] over
the range from ~50 uM to 1.2 mM. Below ~50 pM O, however, Rrvp decreased
precipitously, becoming undetectable under anaerobic conditions. As shown below, the
inverse relationship between Ryyvp and [O2] can be adequately modeled as a competition
between triplet state quenching by O, and triplet reaction with TMP. However, the
absence of TMP loss under anaerobic conditions requires that O, plays another critical
role in the photosensitized loss of TMP. This role is attributed to reaction of O, (or co-
produced Oy) with the radical intermediates generated by triplet-TMP reaction, thus
leading to products and precluding recombination (see Model below).

For those borohydride-reduced samples that retained measurable TMP loss, Rrup
exhibited a similar inverse dependence on [O], suggesting that the remaining
sensitization also arises from triplet states (Fig. 11.7).

2.3.4 Modeling
The preceding results can be readily interpreted within the following simple model:

+0
—=2—> 1C+0,(or'0y) (11.6)

— 'C + heat (1.7)

—— > C+TMP (11.8)

—— CH + *“TMP () (11.9)

CH+*TMP(y) Reecony 'C+TMP (11.10)

“TMPy (or *CH) + O, (0r O,) KRy Products  (11.11)
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Here the chromophore, 'C, undergoes excitation ultimately to produce an excited triplet
state, °C*, at rate kr. Subsequently, this species can undergo quenching by dioxygen

(Egn. 11.6), relaxation to the ground state (Eqn. 11.7) and physical or chemical reaction
with TMP (Egns. 11.8-9). The radical intermediates produced by reaction 11.9 can
recombine (Eqn. 11.10), or undergo further reactions in the presence of dioxygen (Eqgn.
11.11), leading to stable products and thus precluding recombination.

For simplicity, we have assumed that recombination follows first, instead of
second order kinetics, thus leading to the following expression that relates the initial rate

of TMP loss to TMP and [O,] (see Appendix | for derivation).

Ei[T;’rfPﬂ
Rrmp = - dt ={ oRs Rrvp[TMP] J '[ } 1 j (11.12)

Et + ETMP[TMP] + EQ[Oz] 1+ (ﬁRXN[OZ]/EREC)

o\

where ¢ = Rc / (Rc + kp) and Rrvp = Rc + Rp. To estimate the values of R and Rrvp, the
data in Figure 11.6 were fit using a non-linear least squares routine to the equation y = a*x
I (b+X), where y = Rywp, a = @*Rs, X = [TMP] and b = (k; + Ro[O2]) / krwp. The values of
b obtained at high and low [O,] were utilized along with their respective [O,] and a fixed

value of Rq = 2.0x10° M s™* (Zepp et. al., 1985; Paul et. al., 2004; Muvrov et. al., 1993)
to calculate k; and krvpe for both untreated and borohydride-reduced SRHA and SRFA.

Alternatively, the value of krvp was fixed at 2.6x10° M™ s (krwp for reaction with the

aromatic ketone, 3’-methoxyacetophenone (3’-MAP)) (Canonica et. al., 2000) and values

of Rk and kq were calculated (Table 11.3).
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ko =2.0x10°M* s krvp(3'-MAP) = 2.6x10° M s
Calculate k;, Rtmp Calculate ki, ko
kt (t7) ETMP Et (t7) EQ
(s (us) M*s™) (s (us) M*s™)
| SRFA 6.7x10* (15) 2.5x10° 6.9x10" (15) 2.1x10°
|Reduced SRFA| 5.6x10°(1.8) | 1.2x10° | | 1.3x10°(7.7) | 45x10° |
| SRHA | 58x10°(7) | 10x10® | | 15x10°6.7) | 5.0x10% |
IReduced SRHA | 4.1x10°(2.4) | 7.2x10° | | 15x10°(6.7) | 7.2x10° |

Table 11.3: Calculations and sensitivity analyses for 4, #mp and 4. The dependence

of Rrmp On [TMP] at high (250 uM) and low (22 pM) dioxygen concentration were fitted

using Rtmp = a*/TMP] / (b + [TMP]) where b represents [TMP]1,.. These b values

were employed, along with fixed [TMP] = 100 uM and &= 2.0x10° M s to calculate
values of 4 and Anvpe (left panel). Alternatively, the b values were employed along with
fixed Avp = 2.6x10° M?T st (Krwp for reaction with the aromatic ketone 3’-
methoxyacetophenone (3’-MAP)) to calculate 4 and 4 (right panel). SRFA had the
lowest relative error in the determinations of 4 and 4rvp (45% and 46%, respectively).
Reduced SRFA, SRHA and Reduced SRHA had noticeably higher relative errors for 4

and £rvp (55%, 80% and 82%, respectively).

These calculations produced triplet lifetimes ranging from ~2 to 15 ps, values of
kq ranging from 0.5 — 2.1 x10° M™ s and Rrwp ranging from 2.5 — 10 x10° M™ s, in
reasonable agreement with the expected magnitudes for these rate constants (see

footnote).

Canonica et. al., 1995; Canonica and Hoigné, 1995; Canonica et. al., 2000; Halladja et.
al., 2007; Halladja et. al., 2009; Al Housari et. al., 2010
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Additionally, excellent agreement was observed for SRFA (<5% uncertainty)
between literature and calculated values of kq (at fixed krwp) and krwp (at fixed Rq);
further, very similar values of k; were obtained using either the fixed value of kq or Rrvp

(Table 11.3).
The complete [O;] dependence for both untreated and borohydride-reduced SRFA

and SRHA were fit to Eqn. 11.12 using a non-linear least squares routine employing their
unique, fixed values of &, and Rrve (Table 11.3), Ro=2x10° M s™* and [TMP]=1x10"* M.
However, using the fixed values of k; and krwp obtained for SRFA produced improved
fits for all data (Fig. 11.8) and reduced the uncertainty in the determination of ¢<ks and
Rrxn/Rrec (Table 2).  For this reason, we used the values obtained for SRFA, namely
Rrwp = 2.5x10° M s, &y = 6.6x10* s* with [TMP] = 1x10™ M and kg = 2.0x10° M™ s
to fit the entire [O] dependence of all samples (Fig. 11.7), while leaving the parameters

kRXN/kREC and (p'kf to vary.
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Figure 11.8: Curve fitting results using values of & and e determined for SRFA (left

panel) or the unique values determined for Reduced SRFA, SRHA and LAC (right panel).

Fits obtained using values determined for SRFA of 4 = 6.6x10* s* and 4nvwe = 2.5x10°
M™ s (left panel) were superior to those obtained using individual values of & and
/e for Reduced SRFA, SRHA or LAC (right panel), namely in the reduced uncertainty

in the determination of peks and Kaxn/ rec.
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Rrx ! Rrec Pk

SRFA 21+05 7.7+0.8 7.3x0.8 13 +1
Reduced SRFA 3075 14+£03 25205 -
SRHA 6.1+£3.4 3.3x0.5 1.3+£0.2 11402
Reduced SRHA 42+1.7 15+£0.2 1.8+£0.3 T
LAC 19+£23 1.7+£0.8 0.66 £0.31 12406
Reduced LAC 0.0+£0.0 0.0+£0.0 0.0+0.0 o
UBS 26x15 7417 53x1.2 70+16
Reduced UBS 1.2+1.0 23%+1.0 35+15 R
LBS 19+£1.2 9.8x2.6 6.8x1.8 71127
Reduced LBS 10+£8.2 3.6+0.6 6.3+0.3 T
SS 26 +0.9 95+x1.4 112 724+11
Reduced SS 40+24 59+1.2 15+3

Table 11.4: Results from curve-fitting the dependence of Rtup 0n [O2] to Eqgn. 11.12 (see

text) for untreated and borohydride-reduced SRFA, SRHA, LAC, UBS, LBS and SS. For

all samples, the fixed values obtained for SRFA of 4 = 6.6x10* s, &y = 2.5x10° M* s
and 4 = 2.0x10° M* st were utilized in the fitting. Uncertainties for ®' were

propagated from the determination of p*#. Note that higher @' 4 indicates that the loss

of absorption (difference in the rate of light excitation) under borohydride reduction is

smaller proportionally than the decrease of Rryp.

Within the scatter of the data, fits to the dependence of Rrywe on [O;] for the
untreated samples were quite reasonable using this approach (Fig. 11.7). The observation
that a single set of rate constants could well reproduce these data suggests that there are
no major variations in the rate constants among these samples. Independently varying the
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magnitude of k;, krwp and Rq by a factor of 2 (smaller or larger) gave rise to significantly

poorer fits, indicating that these values are reasonably robust (data not shown). Using
this approach, the fits for the borohydride reduced samples were also reasonable,
although it is not clear that employing the parameters for untreated SRFA are appropriate
in these cases. Although there remains an inverse relationship between Rrye and [O2] for
the borohydride-reduced samples between ~50 and 250 uM, we cannot be sure that this

dependence is identical to the untreated samples provided the limited number and scatter
of the data points. Thus, while we have provided the fitted values of Rrxn/Rrec and @Ry
for the borohydride-reduced samples in Table I11.4 for completeness, we believe these
values to be more tenuous.

The parameter Rrxn/Rrec represents the ratio of the rate constant for product

formation (Rrxn) to that of recombination (Rrec). Fitted values of Rrxn/Rrec varied by

no more than a factor of ~3 and were large (~10%), indicating that the reaction to form
products occurs far more rapidly than recombination even when low concentrations O,
are present (Table 11.4).

The product ¢+Ry, as obtained from the fit, represents the maximal rate of TMP

loss under quantitative reaction with the TMP-reactive triplets (Fig. 1.7, Table 11.4). This
rate will be equal to the rate of reactive triplet formation if @, the branching ratio between
chemical and physical quenching, is unity. Past work indicates that ¢ is near unity for the
reaction of aromatic ketone triplets with phenols (Canonica et. al., 2000; Das et. al.,
1981a-b; Encinas et. al., 1985) and thus we have assumed that these results are equivalent

to the triplet formation rates for those triplets reactive with TMP. Thus, using the fitted
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values of ¢+R;, we can estimate triplet yields (®') using the equations employed

previously (Eqns. 11.6-8, Table 11.4).

The estimated triplet yields vary widely, from 0 to 15%, and exhibit the same
trends as observed in Table 11.2, with untreated SRHA and LAC exhibiting far lower
yields than SRFA and the Cig extracts (Table 11.4). As noted above however, these
estimates are based on polychromatic radiation where R(A) is weighted to longer
wavelengths in the UV and near-visible, and thus may underestimate triplet quantum
yields associated with ketone/aldehydes moieties. Nevertheless, these yields are similar
in overall magnitude to those reported for 'O, quantum yields obtained under aerated
conditions and are thus also consistent with a triplet intermediate (Haag et. al., 1984;
Dalrymple et. al., 2010; Paul et. al., 2004). The results further imply that the triplet states
of aromatic ketones/aldehydes contribute significantly to the production of 'O,
consistent with a prior report (Halladja et. al., 2007).

These results provide strong evidence that excited triplet states of aromatic
ketones/aldehydes play a significant role in the photosensitized loss of TMP by HS and
CDOM (Canonica, 2007; Canonica and Laubscher, 2008; Wenk et. al., 2011; Canonica
et. al., 2000). However, the incomplete loss of sensitization for all samples (except LAC)
suggests that there remains another class of triplet sensitizer capable of reaction with
phenols. Excellent evidence exists for the presence of quinones within HS and CDOM
(Aeschbacher et. al., 2010). Because triplet states of quinones are known to react facilely
with phenols (Bisby and Parker, 1995; Amada et. al., 1995), as well as produce singlet
dioxygen (Wilkinson et. al., 1993; Gutiérrez et. al., 1997), these species represent

reasonable candidates.
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Chapter I11: Wavelength Dependence of the Photosensitized Oxidation of 2,4,6-
trimethylphenol (TMP) by HS and CDOM: Effects of Sodium Borohydride

Reduction and [O,]

Abstract

To further probe the mechanism of the CDOM-sensitized oxidation of phenols, we
examined the spectral dependence of the initial rate of 2,4,6-trimethylphenol loss (Rtwp)
for untreated and borohydride-reduced SRFA, SRHA, LAC and C;g extracts of the
Delaware Bay. We find that 1) increasing the mass excess of borohydride leads to
additional losses of absorbance and decreases in Rrwvp, but except for LAC, Rrwp IS never
completely eliminated; 2) decreasing [O2] increases Rtwp for both untreated and
borohydride-reduced samples by ~2 for a four-fold reduction of [O;] from 250 uM to 63
HUM; 3) Rrwvp drops off rapidly with increasing A, far more rapidly than the rate of light
excitation (Rex), for both untreated and borohydride-reduced samples indicating that
UVB and UVA wavelengths are primarily responsible for the sensitization. Except for
SRHA, wavelengths > 400 nm give rise to little or no detectable sensitization which

argues against major sensitization by long-wavelength absorbing species.

3.1 Introduction

Pollutants such as phenols are imparted to aquatic environments in a variety of
ways, including accidental or intentional release of agricultural or pharmaceutical
products containing these compounds. Phenols have a broad range of toxicities

depending on their substituents, and some phenols can impart objectionable odor and
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taste to water at the parts per billion (ppb) level (Afghan et. al., 1989). A major sink of
phenols in the environment is through sunlight-mediated photodegradation, either
through direct light absorption or indirectly in the presence of light-absorbing sensitizers
(Boreen et. al., 2003). Measured rates of phenol degradation in natural waters were
shown to be much larger than those observed for direct photolysis alone, indicating that
an indirect, sensitized mechanism was important (Aguer et. al., 2005). Chromophoric
dissolved organic matter (CDOM), as the primary light absorbing component of natural
waters, was an obvious candidate for the main sensitizer initiating oxidation. Knowledge
of the wavelength dependence of the photooxidation of phenols by HS and CDOM has
important implications for environmental remediation efforts and for understanding the
underlying molecular basis of the observed optical and photochemical properties of
CDOM.

The structural basis of the observed optical and photochemical properties of
CDOM remains an active area of research, owing to its complex structure and spatial and
temporal variability. Absorption spectra of CDOM from freshwater (Blough and Del
Vecchio, 2002; Yacobi et. al, 2003) and marine aquatic environments (Blough and Del
Vecchio, 2002; Nelson and Siegel, 2002; Coble, 2007) feature no distinct absorption
bands and have higher absorption at short wavelengths that decreases in an approximately
exponential manner (de Haan, 1983a; Blough and Green, 1995; Twardowski et.al, 2004).
Del Vecchio and Blough, 2004; Boyle et. al., 2009; Ma et.al., 2010) provided evidence
that the long wavelength absorption tail arises through electronic interactions between

chromophores (interaction model) and not through a simple summation of independently
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absorbing and emitting chromophores within CDOM (superposition model) (Del Vecchio
and Blough, 2002; Ma et. al, 2010, Sharpless and Blough, 2014).

The primary mechanism of the sunlight-mediated degradation of phenols by
CDOM and HS was initially attributed to reactive oxygen species (ROS) such as organic
peroxyl radicals (ROO«) (Faust and Hoigné, 1987), singlet dioxygen (*O2) (Scully and
Hoigné, 1987) and hydroxyl radical (HOe) (Haag and Hoigné¢ 1985). However
significant lines of evidence have since been presented that instead implicate triplet
excited states of carbonyl-containing moieties within HS and CDOM (Canonica et. al.,
1995a; Halladja et. al. 2007; Cawley et. al., 2009, Golanoski et. al, 2012).

We recently reported that the initial rate of TMP loss (Rrmp) decreased by ~50%
for sodium borohydride-reduced SRFA, SRHA and C;g extracts of the Delaware Bay and
by 100% for lignin that has been alkali-treated and carboxylated (LAC) (Golanoski, et.
al., 2012). These results were attributed to the complete or partial reduction of aromatic
aldehydes/ketones to alcohols and that triplet excited states of these moieties played a
major role in TMP sensitization by HS/CDOM (Golanoski et. al., 2012). It was
suggested that the remaining Rty was due to either incomplete reduction of HS/CDOM
or that there existed another class of triplet oxidants, possibly quinones. Despite its
importance, investigating the role of quinones poses significant experimental challenges
as quinones are not expected to be irreversibly reduced using NaBH,; owing to a
relatively rapid re-oxidation upon exposure to air (Ma et. al., 2010). Recently, sorbic
acid (2,4-hexadienoic acid) and halides (i.e. CI', Br™ or I") have been utilized as quenchers
of triplet excited states. Researchers have encountered significant difficulties as sorbic

acid is not selective for the quenching of quinone triplets (Grebel, et. al., 2011), halides
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are prone to complex photochemical reactions in water (Grebel, et. al., 2010; Jammoul,
et. al., 2009, Glover, C. and Rosario-Ortiz, F., 2013) and their effect was recently
attributed largely to ionic strength effects and not to the halide itself (Grebel et. al.,
2012).

To establish first whether the partial loss of phenol sensitization was due to
incomplete reduction, the effect of increased mass excess of sodium borohydride
(NaBH4) on the optical and photochemical properties of HS and CDOM was first
examined. To further probe the mechanism of the CDOM-sensitized oxidation of
phenols, we examined the spectral dependence of Ryvp for untreated and borohydride-
reduced SRFA, SRHA, LAC and Cyg extracts of the Delaware Bay. To the best of our
knowledge, no study has examined systematically the wavelength dependence of the
sensitized photooxidation of phenols. This work thus provides additional insight on the
mechanism of phenol photooxidation by HS and CDOM across the ultraviolet (UV) and
visible wavelength regimes.

We find that 1) increasing the mass excess of borohydride does lead to additional
losses of absorbance and decreases in Rwp, but still does not entirely eliminate TMP
sensitization (except for LAC); 2) decreasing O, concentration increases Rrup for both
untreated and borohydride-reduced samples by ~2 for a four-fold reduction of [O;] 3)
Rrmp drops off rapidly with increasing A, far more rapidly than Rex, for both untreated
and borohydride-reduced samples indicating that UVB and UVA wavelengths are
primarily responsible for the sensitization. Except for SRHA, wavelengths > 400 nm
produce to little or no sensitization, thus arguing against a major role for long-wavelength

absorbing species in this sensitization.
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3.2 Methods and Materials
3.2.1 Materials

All chemicals were used as received. Analytical grade 2,4,6-trimethylphenol
(TMP) was obtained from Fluka. Lignin, alkali extracted and carboxylated (LAC), was
obtained from Sigma Aldrich (Lot #19714DS). Suwanee River humic acid (SRHA) and
Suwanee River fulvic acid (SRFA) were obtained from the International Humic
Substances Society.  Solid-phase Cig extracts from a Delaware Bay upper bay station
(UBS; 39.63N, -75.58W), lower bay station (LBS; 38.99N, -75.13W) and shelf station
(SS; 38.68N, -74.89W) within the Middle Atlantic Bight (MAB) were collected in
October 2006 and processed as previously reported (Ma et. al., 2010). Water was
obtained from a Millipore Milli-Q purification system. Dipotassium hydrogen phosphate
(K2HPO,) was obtained from Sigma Aldrich, whereas potassium dihydrogen phosphate
(KH2PO,4) and sodium borohydride (NaBH,) were obtained from Fischer Scientific.
Ultra-high purity compressed gases were obtained from Airgas. Potassium hydrogen
phthalate (KHP) was obtained from Nacalai Tesque, Inc.
3.2.2 Apparatus

TMP analyses were performed in triplicate using RP-HPLC system consisting of
a Shimadzu LC-10AS pump, 50 pL loop and a Waters RCM 8x10 cartridge which
supported a Waters Nova-Pak C;g column (5x100mm, 4uM pore size). Analyses were
performed under isocratic conditions using a mobile phase composition of 60% methanol,
30% water and 10% dilute acetic acid (1%) at a flow rate of 1 mL min.™ TMP detection

was performed using a Dionex AD25 absorbance detector set to 280 nm.
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Samples were irradiated in a 1 cm quartz cuvette using a 300 W high pressure
xenon arc lamp following passage through 8 cm of water to remove infrared radiation. A
series of longpass wavelength filters at A = 305, 325, 345, 360, 385, 400, 455 and 515 nm
(50% transmittance at A) were employed to simulate the solar spectrum and selectively
alter the light field. The spectral output of the lamp at each wavelength range was
measured using an Ocean Optics USB2000 spectroradiometer and is provided in Fig.
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Figure 111.1: Average absolute irradiance (left panel) of the high pressure xenon arc
lamp in combination with the various wavelength cutoff filters employed in this study (left
panel) and expansion plot from 300-400 nm (right panel). Error bars represent £ 1

standard deviation of at least three measurements.

The integrated intensities for filters A > 305 nm to A > 515 nm were
approximately 88-53 mW/cm? and did not change significantly (< 5%) throughout the
study period. An overlay of the absorption spectra of untreated and borohydride-reduced
SRFA, SRHA, LAC and C;g extracts and the absolute irradiance for each wavelength

cutoff filter are provided in Appendix I11 (Figs. 111.2-3).
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Ultraviolet/visible absorption measurements employed a Shimadzu 2401-PC dual
beam spectrophotometer. Spectra were collected versus air over the range 190-820 nm
and corrected by subtraction of a Milli-Q water spectrum. Total organic carbon (TOC)
was determined using high temperature oxidation (680°C) on a Shimadzu 5000A TOC
analyzer calibrated using KHP. Specific absorption coefficients, a*(A), were obtained
using equation I11.1

a*(1) =2.303*A(X) / (b*C ) (111.2)
where A(A) is the absorbance at a given wavelength, b is the pathlength in meters and C
is the concentration of total organic carbon in mg carbon L. The spectral slope
parameter (S) was obtained by a non-linear least squares fitting of the spectra over the
range from 290 to 820 nm to equation 111.2

a*(L) = a*(hger) €5 D (111.2)
where a*(Ager) IS the specific absorption coefficient at the reference wavelength, 350 nm.
3.2.3 NaBH, Reduction

Stock solutions of SRFA, SRHA and LAC were prepared at 500 mg/L in MQ and
the pH was adjusted to pH=10 using 0.25 N NaOH. To a five milliliter (mL) aliquot of
SRFA, SRHA or LAC a 5, 10, 25, 50 or 100-fold mass excess of sodium borohydride

(NaBH,) was added (see Table 111.1) and the solution gently stirred.

Concentration of
Mass Excess NaBH, HS (mg/L) Mass NaBH, (mng)
0X 0
SX 125
0xX 25
;ﬁ}i S10 625
50X 125
100X 250

Table I11.1: Mass excess of NaBH, added to 500 mg/L SRFA, SRHA or LAC.
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Samples were reduced under aerobic conditions, sealed with Parafilm and stored in the
dark at room temperature for the duration of the study. See Appendix Il for kinetic data
and additional information. In order to remove excess borate and borohydride and adjust
the pH to neutral, solutions were passed over a 2.5 cm x 8 cm Sephadex G-10 (40 — 120
pum) column equilibrated with Milli-Q water. TOC analysis was employed in order to
provide carbon-matched optical spectra and solutions for photochemical experiments.
Control samples (0X) represent untreated samples, which were only passed over a

Sephadex G-10 column (Figure 111.2, red trace).

3.2.4 Photochemical Experiments

Stock solutions of 500 mg L™ LAC, SRHA and SRFA and 500 uM TMP were
prepared in MQ water. The SRHA stock solution was passed through a 0.2 pum filter
prior to use. The absorbance of the C;g extracts were matched at 350 nm to a spectrum of
10 mg L* ([DOC] = 4.5 mg C L™) SRFA at pH=7.0, the concentration used in the
irradiations.  All stock solutions and samples were stored in the dark at 4°C when not in
use. Just prior to irradiation, final solutions containing SRFA, SRHA, LAC (10 mg L™)
or the Cyg extracts and TMP (5-100 puM) were prepared in 50 mM phosphate buffer at
pH=7.0 (PB). Control samples contained TMP alone in PB. Samples were transferred to
a 1 cm quartz cuvette and were irradiated for 15 minutes under 5% (~63 uM) [O;]
achieved through mixing ultra-high purity (UHP) nitrogen and air in a dual flow
rotameter. Samples reduced with sodium borohydride (see below) were treated in a
similar manner. Aerated solutions were kept open to the atmosphere, whereas analyses

performed under controlled dioxygen conditions were sparged for 5 minutes prior to
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irradiation followed by flushing of the headspace of the closed vial during irradiation.
Quantification of TMP was performed using RP-HPLC at 5 minute intervals during the
15 minute irradiation time in which [TMP] decreased linearly. The direct photochemical
loss of TMP was negligible (<5%) over this time period.

Estimated (polychromatic) apparent quantum efficiencies (®) of TMP loss for
both untreated and borohydride-reduced samples were calculated using equation 111.3,

® = Rywp / Rex (111.3)

where Rrwp is the initial rate of TMP loss at 100 uM TMP and 63 puM O, (air-saturated),

and Rex is the rate of light excitation given by equation 111.4,

820

Rex = [1, a() » I)dA = [ R()dA (111.4)
where a(L) is the absorption coefficient of the sample, I(A) is the spectral photon
irradiance at the front face of the cuvette as measured with the Ocean Optics
spectroradiometer and R(A) provides the wavelength dependence of the light excitation
rate (see Figs. 111.6-7). To obtain an estimate of the apparent quantum efficiency of the
species eliminated by borohydride reduction, equation 3.5 was employed (Golanoski et.
al. 2012),
Dt = (Rrme” — Rrve”) / (Rex” — Rex) (111.5)
where the superscripts U and R denote untreated and borohydride-reduced samples.
3.3 Results and Discussion
3.3.1 Effect of NaBH, on the Optical, Photochemical Properties of HS and CDOM
The dependence of the optical and photochemical properties of HS on 5, 10, 25,
50 and 100-fold mass excesses of sodium borohydride were examined for SRFA, SRHA

and LAC. The effect of increasing the mass excess of NaBH, from five-fold (5X) to 100-
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fold (100X) resulted in larger losses of absorbance for all samples (Fig. I11.4, left panel)

and additional decreases in Rrup for SRFA and SRHA (Fig. I11.4, right panel).
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[TMP] = 100 uM and 1 > 325 nm where ND = not detected. Error bars represent +1

standard deviation of at least three independent determinations.
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Consistent with prior results, the largest absolute loss of absorbance occurred in
the UV (Fig. I11.5, left panel) and the largest fractional loss was observed in the visible
(Fig. L5, right panel) (Tinnacher and Honeyman, 2007; Ma et al, 2010; Andrew et. al,
2013; Golanoski et. al, 2012; Zhang et. al, 2012). Absorbance spectra of control samples
(0X) (Fig 111.4, red trace) did not vary significantly from untreated HS indicating that
passage over a Sephadex G-10 column neither contributes nor detracts from the optical
properties when compared on a carbon-matched basis.

Values of spectral slope (S), specific absorption coefficient at 350 nm (a*(350))
were determined from the absorbance spectra of SRFA, SRHA and LAC which were
untreated (0X) or treated with a 5X, 10X, 25X, 50X or 100X mass excess of NaBH4 are
presented in Table I11.2 along with Rtvp for each sample. Increasing the mass excess of
NaBH, from five- to fifty-fold produced an additional 22-32% decrease in a*(350), 17-
27% increase in S and 33-35% decrease in Rtup (except LAC). However, increasing the
mass excess of NaBH, to 100-fold produced negligible (<10%) additional changes in
these three parameters. Further, the addition of 250 mg NaBH,; produces an
overwhelming volume of H;, gas, often leading to cracking of the Sephadex column and
sample loss. In light of this, all samples used in this study were reduced using a fifty-fold

mass excess of NaBHa.
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a*(350) Rrup
(Mm'mg?1CLY) S(nm1) (Ms1)(x10%)

0X 3.51 0.014 1.65+0.12

5X 2.00 0.016 0.52%+0.14

SRFA 10X 1.90 0.019 0.45%0.17
25X 1.72 0.021 0.42%0.12

50X 1.56 0.022 0.35%0.17

100X 1.43 0.023 0.32%0.19

0X 7.30 0.012 0.81%0.09

5X 5.20 0.015 0.49%0.15

SRHA 10X 4.38 0.015 0.47+0.28
25X 3.77 0.017 0.35%0.14

50X 3.55 0.018 0.31%0.15

100X 3.42 0.019 0.32%0.20

0X 4.00 0.016 0.42+0.09

5X 1.79 0.020 0.00+0.08

LAC 10X 1.62 0.024 0.00+0.09

25X 1.63 0.024 0.00+£0.10

50X 1.40 0.025 0.00+0.09

100X 1.20 0.026 0.00+£0.10

Table 111.2: Values of specific absorbance coefficient at 350 nm (a*(350)), spectral slope
(S) and initial rate of TMP loss (Rrmp) for untreated and borohydride-reduced SRFA,
SRHA and LAC using 5, 10, 25, 50 and 100-fold mass excess of NaBH4. Rrwp was
determined at [TMP] = 100 uM and [O;] = 250 uM and the uncertainty for S =0.01 nm"

Land a*(350) = 0.01 m* mg™* C L.

3.3.2: Wavelength dependence of Rtvp for untreated and borohydride reduced HS
The spectral dependence of Rtyp was examined for untreated and borohydride-
reduced SRFA, SRHA and LAC at a constant [TMP] = 100 uM and under aerated (20%,

right panel) and low (5%, left panel) O, conditions. Values of Rrup increased by a factor

60



of ~2 for untreated and by ~1.5 for borohydride-reduced samples for a four-fold decrease
in [O;], This result is consistent with prior results which were attributed to reduced
quenching of triplet excited states by molecular oxygen at lower [O2] (Figure 111.4)
(Golanoski, et.al., 2012). Further, the magnitude of this increase in Rtyp from 20% to

5% [O,] was approximately constant across all wavelengths at which Rryp was detected.
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100 uM and all other conditions as in Figures I111.2-3. Error bars represent + 1 standard
deviation of at least three independent measurements. Measurements not appearing on

this graph were not detected above the detection limit.
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Figure 111.7: Dependence of the initial rate of TMP loss (Rtmp) 0n wavelength for both
untreated (black bars) and borohydride-reduced (gray bars) SRFA, SRHA, LAC, UBS,
LBS and SS. Rrmp as determined at 5% (~63 uM) O, and [TMP] = 100 uM conditions
where ND = not detected. All other conditions as in Figures Il1.2-3. Error bars

represent = 1 standard deviation of at least three independent measurements.
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Due to sample limitations, the wavelength dependence of Rywvp for the Cig

extracts of the Delaware Bay were only performed under 5% O, conditions and the

results are compared to SRFA, SRHA and LAC determined under similar conditions in

Figure I11.6. The largest values of Rrmp occur with the 305 nm filter, then decreased with

increasing wavelength of the cut-off filter, becoming undetectable at 360 nm for LAC,

above ~400 nm for SRFA, UBS, LBS and SS and ~455 nm for SRHA.

To provide a comparison of the wavelength dependence among the samples, a

simple linear regression analysis was performed on log-transformed values of Rrwp for

untreated and borohydride-reduced samples (Figure 111.8).
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For simplicity, data were fit using an arbitrary x-axis (i.e. 1, 2, 3, etc) with all
slopes normalized to the value obtained for SRFA. The rate at which Rrve decreased
followed the order: LAC > SS > LBS > UBS > SRFA > SRHA for untreated samples,
whereas for borohydride-reduced samples similar rates were observed for all samples
except borohydride-reduced UBS where the fit was relatively poor (R? = 0.63) (Table
111.3). For untreated samples, this result is proportional to the trend observed for the
spectral slope parameter, S, which describes the rate at which absorbance decreases with
increasing wavelength where LAC > Cjg extracts = SRFA > SRHA (Table III.2;

Golanoski et. al., 2012).

Slope R2 Slope R2

SRFA 1.0+x0.2 0.91 Reduced SRFA 1.4+0.5 0.91

SRHA 0.67 £0.07 0.95 Reduced SRHA 1.7+x0.4 0.94
LAC 1.9+0.5 0.90

Reduced UBS 1.1+0.9 0.63

UBS 1.1+0.2 0.93 Reduced LBS 1.6+ 0.5 0.92

LBS 1.4+0.1 0.97 ReducedSS 1.9+x0.5 0.92
SS 1.9+0.2 0.97

Table 111.3: Values of slope (normalized to SRFA) and coefficients of determination (R?)
for the simple linear regression of log-transformed Rrvp for untreated and borohydride-

reduced SRFA, SRHA, LAC, UBS, LBS and SS. All other conditions as in Figure I11.8.

Compared to untreated samples, borohydride reduction decreases Rrwp by ~65-
88% at A > 305 nm then decreases with increasing wavelength, becoming undetectable at
325 nm for LAC and at 385 nm for SRFA, SRHA, and the Cy5 extracts. The remaining
Rrve following borohydride reduction exhibited a similar dependence on wavelength as

the untreated samples consistent\ h the ‘sults observed for the de :n 1ce« RrmpOn
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[O2] suggesting that a similar class of oxidants was remaining, perhaps quinones
(Golanoski et. al., 2012).

However, Rrvp Was not measureable for most untreated and borohydride-reduced
samples above ~400 nm and ~ 385 nm, respectively, suggesting that either the sensitizing
species have insufficient rates of light absorption or that the light absorbing moieties do

not contribute efficiently to TMP sensitization across the visible.

3.3.3 Wavelength dependence of R(A) for untreated and borohydride-reduced HS

To further examine this possibility, the wavelength dependence of R(A) (Eqn.
I11.4) and apparent polychromatic quantum yields (®) (Eqn. II1.3) for all wavelength
cutoff filters employed in this study was determined for untreated and borohydride-
reduced SRFA, SRHA and LAC and Cig extracts of the Delaware Bay at an Upper Bay
Station (UBS), Lower Bay Station (LBS) and Shelf Station (SS).

A maximum value of R(L) was observed for untreated samples at ~400 nm, where
this dependence is a result of the product of the HS absorption spectrum (high absorbance
at short wavelengths) and the absolute irradiance of the xenon arc lamp and selected
cutoff filters (largest photon flux at long wavelengths) (Eqn. 111.4) (Figs. 111.2-3).
Sodium borohydride, a selective reductant of carbonyl-containing moieties in HS and
CDOM, produces a preferential loss of long wavelength absorption thus decreasing
substantially the absolute values of R(A) by more than two-fold, as well as decreasing the
wavelength at which the maximum in R(X) is observed (~375 nm) (Figs. 111.9-10, right

panels).
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Figure 111.9: Wavelength dependence of R(1) = a(4) « I() for untreated (left panel) and
borohydride-reduced (right panel) SRFA, SRHA and LAC employing selected wavelength
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> 325 nm

cutoff filters to alter I(2) at > 345 nm > 360 nm

— >385nm
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Figure 111.10: Wavelength dependence of R(1) = a(4) « I(A) for untreated (left panel) and
borohydride-reduced (right panel) Upper Bay Station (UBS), Lower Bay Station (LBS)

and Shelf Station (SS) employing selected wavelength cutoff filters to alter I(1) at

> 305 nm >325nm  —— >345nm > 360 nm > 385 nm > 400 nm

> 455 nm >515nm

Moreover, examination of Rtyp and Rex across wavelengths in the UVB and
UVA reveals that Rrwvp decreases far faster than Rex providing additional evidence that

these wavelengths are primarily responsible for the sensitization (Tables 111.4-5).
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>305 nm
>325 nm
>345 nm
>360 nm
>385 nm
> 400 nm
>455 nm
> 500 nm

>305 nm
>325 nm
>345 nm
>360 nm
>385 nm
> 400 nm
>455 nm
> 500 nm

>305 nm
>325 nm
>345 nm
>360 nm
>385 nm
> 400 nm
>455 nm
> 500 nm

Table 111.4: Values of Rrvp and Rex for SRFA, SRHA and LAC at all wavelength cutoff

filters employed. ND = not detected. All conditions as in Figures 111.5 and 6.

Ropp (x108) (M s1)

Rey (x1077) (M s71)

Reduced Reduced
SRFA SRFA SRFA SRFA
4005 (0.82+0.24| 3.7+0.2 1.1+£0.1
25+0.3 (0.39+0.14] 3.5+£0.1 | 0.95+0.1
1.4+£0.2 |0.31£0.15| 3.5£0.2 | 091£0.1
16+£0.3 |0.34£0.21| 3.3£0.2 | 0.82£0.1
0.89+0.24|0.11+£0.21( 2.4£0.2 | 0.530.1
0.61+0.52 ND 2.2+0.1 |0.45+0.02
0.17£0.23 ND 0.93+£0.060.13£0.01
ND ND 0.39+0.04 |0.04£0.01
Reduced Reduced
SRHA SRHA SRHA SRHA
23+0.1 (0.72+£0.09] 9.7+£0.4 | 3.310.1
1.5£0.2 |0.51£0.10( 9.3£0.3 3.1+£0.1
1.3+£0.4 |0.22+£0.09( 9.3£0.5 3.0£0.2
0.96+0.14|0.15+0.21| 88+0.4 | 2.8%£0.1
0.87+0.14|0.10+0.08( 6.8£0.4 | 2.0£0.1
0.62+0.33 ND 6304 1.8+£0.1
0.06+0.16 ND 3.0£0.2 |0.71£0.12
ND ND 1.4+£0.1 (0.24£0.02
Reduced Reduced
LAC LAC LAC LAC
1.1£0.3 |0.13£0.17| 4.7%0.1 1.3£0.1
1.1£04 ND 4.4+0.1 1.2+£0.1
0.29+0.23 ND 4.4+0.2 1.1+£0.1
0.18+£0.30 ND 4.1+0.1 1.0£0.1
ND ND 3.1+0.1 |0.75+0.03
ND ND 2.8+0.1 |0.67+0.02
ND ND 1.3£0.1 |0.2810.01
ND ND 0.54+0.1 |0.11£0.01
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Ropp (x108) (M s1)

Rey (x1077) (M s71)

Reduced Reduced
uBsS uBsS uBsS uBsS
> 305 nm 3.9+0.1 1.0£04 26+0.3 1.3+0.1
>325nm 2804 0.42+0.22 25+0.2 1.2+0.1
> 345 nm 1.3£0.2 0.47£0.12 25+0.3 1.2+0.1
>360 nm 1.3£0.5 0.30+0.22 24+0.2 1.1+0.1
>385nm | 0.81+0.38 | 0.05£0.12 1.8+0.2 0.86%0.1
>400nm | 0.50%0.21 ND 1.7+£0.2 0.79+0.1
>455nm | 0.07£0.12 ND 0.85+0.06 | 0.41+0.07
>500 nm ND ND 0.47+0.04 | 0.22+0.04
Reduced Reduced
LBS LBS LBS LBS
> 305 nm 3.8x04 0.62+0.46 2.0+£0.2 1.1+0.1
>325nm 3.0£0.2 0.47 £0.33 1.8+0.1 0.99+0.08
> 345 nm 1.7+£0.2 0.21+£0.21 1.8+0.2 0.97 £0.09
>360nm | 0.83+0.21 | 0.14£0.13 1.7+0.2 0.90+0.03
>385nm | 0.63+0.12 | 0.03£0.34 1.3+0.2 0.65 £ 0.05
>400nm | 0.26x0.12 ND 1.1+£0.1 0.58 £ 0.06
>455nm | 0.090.40 ND 0.46+0.05 | 0.22+0.03
>500 nm ND ND 0.17£0.04 |0.067£0.02
Reduced Reduced
SS SS SS SS
> 305 nm 35204 1.0£0.24 | 0.95+£0.09 | 0.17 £0.03
>325nm 3.0£0.2 0.73+0.18 | 0.90+£0.07 | 0.15%£0.02
> 345 nm 1.3£0.3 0.28+0.33 | 0.891£0.04 | 0.14£0.06
>360nm | 0.63+0.18 | 0.12+0.44 | 0.84+0.05 | 0.13+£0.03
>385nm | 0.30£0.15 ND 0.63+0.07 |0.085+%0.02
>400nm | 0.090.24 ND 0.57£0.08 |0.072+0.02
>455nm | 0.090.24 ND 0.22+0.10 |0.026+ 0.01
>500 nm ND ND 0.078+0.04|0.012+0.01

Table 111.5;

Values of Rtyvp and Rex for UBS, LBS and SS at all wavelength cutoff

filters employed. ND = not detected. All conditions as in Figures I11.5 and 7.
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Interestingly, Rtmp is not detected for LAC at wavelengths greater than 360 nm
despite comparable values to SRFA of Rex at A > 385, 400, 455 and 515 nm (Table 111.4).
To determine whether there exists no sensitization at these wavelengths, or whether Rrvp
is simply undetectable at the concentrations of LAC employed, the concentration of LAC
was increased to 17 mg L™ (a(350) = 0.1 OD) and the wavelength dependence of Rrup
was determined. Although absorption at 350 nm was increased by almost two-fold, only
a small (~15%) increase in Rrvp was observed for LAC at 305 nm and the range of

wavelengths at which Rrup was detected was extended from 360 nm to 385 nm (Fig

17 mg L™’ T
—= 10 mg L™ A
345 360

385

111.11).

Ryyp (10°%) (M s™)

305 325
Wavelength Cutoff Filter (nm)

Figure 111.11: Wavelength dependence of Rryp for 10 mg L™ (left panel) and 17 mg L™

(right panel) LAC as determined at [TMP] = 100 uM and under 5% [O;] conditions.
The relatively low Rrvp observed at 305 nm for both 10 and 17 mg L™ LAC

suggest that 1) Rrvpe is smaller because of a low yield of triplet excited states or 2) that

LAC simply contains fewer sensitizing carbonyl moieties.

70



3.3.4: Wavelength dependence of @ for untreated and borohydride-reduced HS

Apparent polychromatic quantum efficiencies (@) were determined for untreated
and borohydride reduced SRFA, SRHA, LAC and C18 extracts of the Delaware Bay at
an Upper Bay Station (UBS), Lower Bay Station (LBS) and Shelf Station (SS) to make a
comparison between samples, account for the decrease in Rgx with increasing
wavelength, and the effect of reduction by sodium borohydride.

Similar to the wavelength dependence of Rrup, the largest values of Ryvp were
noted at 305 nm then decreased with increasing wavelength (Figure 111.12). Values of ®
at 305 nm vary from 2.5 to 35% with the trend: LAC =~ SRHA < SRFA <UBS < LBS <
SS. These results are consistent with previously published values of apparent quantum
efficiencies for 'O, production, whose reaction with HS and CDOM is also thought to
proceed via a triplet mechanism (Aguer et. al., 1997; Sandvik et. al., 2000; Paul et. al.,
2004).

Prior work presented values of ® (determined under aerated conditions) which
were thought to represent a lower bound to the maximum efficiencies expected for triplet
excited states of ketones/aldehydes (Golanoski et. al., 2012). That values of ® under low
(5%) [O2] conditions increase by roughly two-fold provides support for the previously
proposed idea that quantitative reaction of TMP with the intermediate initiating oxidation
was not attained. However, the values reported herein are also negatively impacted by
the fact that maximum rates of light excitation occurring near 400 nm, where ketones and
aldehydes are not expected to absorb thus reducing Rtve. Interestingly, a small increase

in @ is observed with the 360 and 385 nm cutoff filters for SRFA, SRHA, UBS and LBS
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which may be correlated to maxima of R(A) for these samples, although additional data

points would be needed.
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Figure 111.12: Dependence of the apparent polychromatic quantum efficiencies (®) for
TMP loss on wavelength for both untreated (black bars) and borohydride-reduced SRFA,
SRHA, LAC, UBS, LBS and SS under 5% (~63 uM) O, conditions. All other conditions
as in Figures 3.3 and 3.4. Error bars represent + 1 standard deviation of at least three

independent measurements.
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Values of @ for borohydride reduced samples remained similar (given the
uncertainties) to untreated values for SRHA, SRFA and SS, were lower for UBS, LBS
and LAC (Figure 111.12). Consistent with prior results, values of @ for borohydride-
reduced SRHA remained very similar to untreated values. However, for borohydride-
reduced UBS and LBS, values of ® which were previously reported to remain similar to
untreated samples are now shown in Figure 111.9 to have smaller values of ® compared to
untreated samples. This may be attributable to the larger mass excess of NaBH,4
employed, which further reduced Rtmp and thereby decreased ®.

For all samples, the largest value of Rrvp observed for the 305 nm filter followed
by a decrease in Rrvp with increasing wavelength, becoming undetectable for most
samples at A > 400 nm. The effect of borohydride reduction of HS and CDOM samples
decreased Rrvp by 65-88%; the remaining sensitization showed similar wavelength
dependence, indicating that the remaining sensitization may arise from a similar pool of
oxidizing triplets. For a four-fold decrease in [O,], values of Ryp increased by a factor
of ~2 for untreated samples and by ~1.5 for borohydride-reduced samples, consistent
with the idea that at low [O,], quenching of triplet states by dioxygen decreases allowing
for enhancement in Rruype. The fact that Rrup decreases much faster than Rex and the
apparent polychromatic quantum yields rapidly decrease with increasing wavelength
provide strong evidence that long-wavelength absorbing moieties within HS and CDOM
do not contribute significantly to the photosensitization. This result, however, would
appear to preclude as triplet sensitizers quinones that absorb significantly into the visible.

This study provides additional evidence for the role of triplet excited states of short-
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wavelength absorbing moieties (such as aromatic ketones and quinones) within HS and

CDOM in the photosensitized loss of TMP.
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Chapter 1V: Effects of Borohydride Reduction and [O] on the sensitized loss of a

series of phenols by Suwannee River Fulvic Acid (SRFA).

Abstract

The dependence of the initial rate of phenol probe loss (Rproe) ON [phenol], [O2] and
sodium borohydride reduction of SRFA was determined for a series of substituted
phenols of varying one-electron reduction potentials (E°(PhO</PhO")) vs NHE. Similar
dependencies on [O;] were noted for 2,4,6-trimethylphenol (TMP) and 4-methoxyphenol
(4-MOP) with untreated and borohydride-reduced SRFA however DMOP exhibited
saturation of the initial rate at high [O2] in contrast to the inverse dependence observed
for TMP and 4-MOP in this regime. This data, in addition to apparent polychromatic
qguantum vyields and rate constants and obtained from fitting of the [O,] dependence
support the idea that triplet excited states of CDOM play a major role in the
photosensitized loss of TMP and 4-MOP however a separate pathway may be important
to the mechanism for DMOP. Borohydride reduction decreased Rpyrope by 35-75% while
exhibiting similar dependencies to untreated SRFA, indicating that a similar pool of

photooxidants may be responsible for the remaining sensitization.

4.1 Introduction

Despite having been studied for several decades, the underlying structural basis of
the observed photochemical properties of chromophoric dissolved organic matter
(CDOM) remain unclear, due in large part to the spatial and temporal variations in

CDOM composition. The sunlight-mediated phototransformation of organic pollutants,
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particularly substituted phenols, was found to occur readily in natural waters but not in
pure water (Zafiriou et. al., 1985). The ability of CDOM to act as the sensitizer to initiate
this degradation reaction is well documented in the literature (Zepp et. al., 1981a,b;
Canonica, 2007; Guerard et. al., 2009; Halladja et. al. 2007).

Early reports identified reactive oxygen species (ROS) such as singlet dioxygen
(*O,), hydroxyl radical (*OH) or peroxy radicals (RO2) which are photoproduced upon
irradiation of CDOM, as the intermediates initiating oxidation. However, more recent
studies strongly implicate triplet excited states of carbonyl moieties within CDOM in this
process. Canonica (1995a) reported evidence of a strong correlation between CDOM and
aromatic ketones (as model sensitizers) in the photochemical sensitization of phenols and
phenylurea herbicides (Gerecke, 2009; Canonica, 2006). This research suggested a direct
oxidation mechanism between phenols and triplet excited states of CDOM but did not
preclude the involvement of long-lived species such as peroxy radicals. Further, other
researchers observed an increase in CDOM-mediated sensitization of trimethylphenol
(TMP) (Golanoski, et. al., 2012), monuron (Vialaton et. al., 1997), bisphenol-A (Zhan et.
al. 2006; Chin et. al., 2004) and sulfa drugs (Boreen et. al., 2005) upon deoxygenation,
consistent with a triplet mechanism but not one dominated by ROS. The question
remains whether the general mechanism of phenol photooxidation proceeds
predominantly by direct reaction with triplet excited states or by photogenerated reactive
oxygen species.

Substituted phenols are easily oxidizable compounds and are expected to react
with a variety of photooxidants in natural waters, making them excellent candidates to

probe the photochemical properties of CDOM. By utilizing a series of phenols with
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varying one-electron reduction potentials, the nature of the photooxidants produced by
irradiated CDOM may be better characterized. Substituted phenols with the lowest one-
electron oxidation potential have more electron donating character and thus are expected
to have enhanced reactivity with the oxidant. The one-electron reduction potentials are
defined for the phenolate ion (PhO") and phenoxy radical (PhOe+) versus a normal
hydrogen electrode (NHE) and were selected for comparison to results published by
Canonica (1995b).

Alkyl phenols such as 2,4,6-trimethylphenol (TMP) and 4-methylphenol (4-MP)
have been reported to be best-suited for reaction with short-lived species such as triplet
excited states of CDOM whereas long-lived photooxidants such as peroxy radicals have
been suggested as more easily detected using alkoxy-type phenols such as 3,4-

dimethoxyphenol (DMOP) or 4-methoxyphenol (4-MOP) (Canonica, 1995a,b).

Although phenolate ions have been reported to undergo facile reaction with o, (Raro- =

1x10°) (Tratnyek, et. al., 1991), this reaction pathway is unimportant for non-dissociated
phenols that predominate under the environmental relevant conditions employed in this
study.

For these reasons, DMOP, TMP, 4-MOP, 4-MP and phenol were employed to
examine the dependence of the initial rate of phenol probe loss (Rprone) ON [phenol] and/or
[O,] for both untreated and borohydride-reduced Suwanee River Fulvic Acid (SRFA).
We find that the decrease in Rpone following borohydride-reduction for all samples
supports the role of triplet excited states in the oxidation of the substituted phenols
evaluated in this study. However, evidence supporting the role of a pathway separate

from triplets was observed for DMOP, namely: 1) lower than expected values of Rprone
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for DMOP and 4-MOP at low [O;] 2) markedly high values of Rprope for DMOP at high
[O2] where quenching of triplets by dioxygen is expected to dominate and 3) Values of @
for DMOP fall outside the inverse, linear dependence of ® on one-electron reduction

potentials where DMOP = TMP > 4-MOP > 4-MP > phenol.

4.2 Materials and Methods

4.2.1 Materials

All chemicals were used as received and were of the highest purity available unless
otherwise noted. Analytical grade 2,4,6-trimethylphenol (TMP) was obtained from
Fluka, 3,4-dimethoxyphenol (DMOP), 4-methoxyphenol (4-MOP), 4-methylphenol (4-
MP) and phenol were obtained from Sigma Aldrich. Suwannee River Fulvic Acid
(SRFA) was obtained from the International Humic Substances Society. Water was
obtained from a Millipore Milli-Q purification system. Dipotassium hydrogen phosphate
(K2HPO,) was obtained from Sigma Aldrich whereas potassium dihydrogen phosphate
(KH2PQOy4, sodium borohydride (NaBH,) were obtained from Fischer Scientific. Ultra-
high purity compressed gases were obtained from Airgas. Potassium hydrogen phthalate

(KHP) was obtained from Nacalai Tesque, Inc.

4.2.2 Apparatus

Phenol probe analyses were performed in triplicate using a RP-HPLC system
consisting of a Shimadzu LC-20AP pump, 50 pL loop and a Waters RCM 8x10 cartridge
which supported a Waters Nova-Pak C18 column (5x100mm, 4 pm pore size). Analyses

were performed under isocratic conditions using the appropriate mobile phase
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composition for each probe (Table I111.1). Probe detection was performed using a
Shimadzu LC-AD absorbance detector set to the appropriate detection wavelength for

each probe (Table IV.1).

DMOP

4-MOP

4-MP

phenol

OCH,

Hs

Q" ij Weueulic

a

pKa 10.0 10.9 10.5 10.3 10.0
Adet (nm)® 285 280 288 277 270
MP Comp.
(%ACN | % HaO) 15/85 | 45/55 | 20/80 | 40/60 | 25/75
E° (PhO+/PHOY (V) | 0.30 0.49 0.54 0.68 0.79

Table VI.1: Structures, values of acid dissociation constant (pKa) (a = Liptak et. al.,
2002), absorbance detector wavelength (b = Canonica and Frieburghaus, 2001), mobile
phase composition employed in this study and one-electron reduction potential (E°) (c =
Lind et. al., 1990; Jonsson et. al., 1993). The potential for DMOP was roughly estimated

according to its reactivity with excited triplet states (d = Canonica et. al., 1995).

Samples were irradiated in a 1 cm quartz cuvette using a 300 W high pressure
xenon arc lamp following passage through 8 cm of water to remove infrared radiation and
a longpass wavelength filter (50% transmission at 325 nm) to simulate the solar
spectrum. The spectral output of the lamp was measured using an Ocean Optics
USB2000 spectroradiometer and is provided in Fig. IV.1. Ultraviolet/visible absorption
measurements employed a Shimadzu 2401-PC dual beam spectrophotometer.

Spectra

were collected versus air over the range 190-820 nm and corrected by subtraction of a
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Milli-Q water spectrum. Total organic carbon (TOC) was determined using high-

temperature oxidation (680°C) on a Shimadzu 5000A TOC analyzer calibrated with

KHP.
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Figure 1V.1: Absorbance spectra of untreated (black trace) and borohydride-reduced
(red trace) SRFA at 10 mg L™ in PB at pH=7.0. Overlaid is the spectral irradiance
profile of the xenon arc lamp with a 325 nm long pass wavelength filter employed in this

study (green trace).

4.2.3 Photochemical Experiments

Stock solutions of 1000 mg L™ SRFA and 500 pM 3,4-DMOP, TMP, 4-MOP, 4-
MP and phenol were prepared in Milli-Q water where a small volume of acetonitrile
(<5% v/v) was employed to increase the solubility of some phenol solutions. All stock
solutions and samples were stored in the dark at 4°C when not in use. Just prior to
irradiation, final solutions containing untreated or borohydride reduced (see below)

SRFA (10 mg L™) and probe (10-250 pM) were prepared in 10 mM phosphate buffer at
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pH=7 (PB). Control samples contained probe alone in PB. Samples were transferred to a
1 cm quartz cuvette and were irradiated for 15 minutes under differing dioxygen
concentrations achieved though mixing ultra-high purity (UHP) nitrogen, dioxygen or air
in a dual flow rotameter. Aerated solutions were kept open to the atmosphere, whereas
analyses performed under controlled dioxygen conditions were sparged for 5 minutes
prior to irradiation followed by flushing of the headspace of a closed vial during
irradiation. Quantification of each probe was performed using RP-HPLC at 5 minute
intervals during the 15 minute irradiation in which the probe decreased linearly. The
direct photochemical loss of each probe was negligible (<5%) over this time period.

Estimated (polychromatic) apparent quantum efficiencies (®) of probe loss for
untreated and borohydride-reduced samples were calculated using equation V.1,

® = Ryrone / Rex (IV.2)

where Rprone 1S the initial rate of probe loss at 100 uM probe concentration and 250 uM

O, (air-saturated) and Rex is the rate of light excitation given by equation 1V.2,
820
Rex=I(A\)*a(}) = f190 R(A)dA (IV.2)
where I()) is the spectral photon irradiance at the front face of the cuvette as measured

with an Ocean Optics spectroradiometer and a(A) is the absorbance coefficient of the

sample and R(A) gives the spectral dependence of the light excitation (see Fig. IV.2).
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Figure 1V.2: Wavelength dependence of the rate of light excitation (R(A) = a(4) * I(2)) for
untreated (black trace) and borohydride reduced (red trace) SRFA.
4.2.4 Sodium Borohydride (NaBH,) Reduction

Sodium borohydride (NaBH4) was employed to reduced SRFA as previously
reported (Tinnacher and Honeyman, 2007; Ma et. al., 2010; Golanoski et. al., 2012).
Briefly, 4 milliliters (mL) of a 1000 mg L™ solution of SRFA was transferred to a 1 cm
quartz cuvette and purged with UHP nitrogen for 15 minutes to exclude dioxygen. A
fifty-fold excess by weight of NaBH, was added and the sample was immediately placed
under nitrogen purge. The reduction was considered to be complete when no further
changes in the optical properties were observed, usually after 24 hours. The borohydride-
reduced sample was passed over a 2.5 x 8 cm Sephadex G-10 (40 - 120 um) column
equilibrated with Milli-Q water to remove excess borate and borohydride and adjust the
pH to neutral. Note that upon re-introduction of dioxygen, any quinones previously
reduced to hydroquinones by borohydride under anaerobic conditions are expected to be
re-oxidized to quinones within 24 hours (Tinnacher and Honeyman, 2007; Ma et. al.,

2010, Aeschbacher et. al., 2010) and thus would not be removed by this procedure.
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4.3 Results and Discussion
4.3.1 Dependence of Rprone ON [probe] and NaBH4 reduction of SRFA

The dependence of the initial rate of phenol probe loss (Rprone) ON [phenol] was
determined for DMOP, TMP, 4-MOP, 4-MP and phenol with untreated and borohydride-

reduced SRFA (Fig. IV.3).
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Figure 1V.3: Dependence of the initial rate of probe loss (Rprone) ON [probe] for both

untreated or borohydride-reduced SRFA at 10 mg L™ in 10 mM PB under aerated
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conditions (250 uM Oy). Error bars represent £ 1 standard deviation of at least three

independent determinations.

Except for 4-MP where curvature was observed, Ryrobe increased linearly from 10 to 100
UM (Fig. 1V.3) for all probe phenols in the presence of untreated SRFA under aerated
conditions (250 uM O,).

A closer examination of the phenol and 4-MP data reveals only a 6 — 9% loss of
initial phenol or 4-MP concentration over the course of a 15 minute irradiation.
Typically, a > 20% decrease in initial probe concentration over the course of the
irradiation is desired to obtain reliable initial rate data, which was readily attained for
DMOP, TMP and 4-MOP at the concentrations employed in this study under aerated
conditions. Although a linear increase in Ryrohe Was observed for phenol, the small (<5%)
loss of initial concentration led to initial rates which approached the limit of detection and
large error with respect to Rpope, making the determination of a trend difficult.

Nevertheless, at 100 pM probe, Rpobe increased with decreasing oxidation
potential of the probes in the order: phenol < 4-MP < 4-MOP < DMOP < TMP (Figure
IV.3, Table 1V.2). This result is inconsistent with prior results (Canonica et. al., 1995)
where the rate constant for reaction of DMOP with SRFA was two-fold larger than for
TMP when [probe] = 5 uM under aerated conditions. Examination of Rprope for DMOP
and TMP at concentrations < 25 uM is consistent with the trend reported by Canonica
where Ryrone increased in the order: phenol < 4-MP < 4-MOP < TMP < DMOP. One
explanation for the differences observed is that Ryrone for DMOP appears to be suppressed

at high DMOP concentrations. .
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Samples containing borohydride reduced SRFA also increased linearly with probe
concentration. However, compared to untreated samples Rprone Was decreased by 35-75%
for all probes (with the smallest decrease observed for 4-MOP and the largest for TMP)
except phenol for which Rppe became undetectable. Excluding 4-MP and phenol
(because of very low signal) inhibition followed the order TMP > DMOP > 4-MOP
suggesting that more easily oxidized phenols are more substantially inhibited by
borohydride. The loss of UV and visible absorbance (Figure IV.1) and decrease in Rprobe
upon borohydride reduction of SRFA is consistent with prior results which attribute these
changes to the reduction of aromatic ketone and aldehyde moieties within SRFA to their

corresponding alcohols (Golanoski et. al., 2012).

[DMOP] RDMOP.SRFA RDMDP. Reduced SRFA [TM P] RTMP- SRFA RTMP- Reduced SRFA
(M) (x10%) (Ms?)  (x10%) (M s) (uM) (x10€) (Ms1)  (x10%)(Ms?)
10 0.25%0.16 0.12+0.10 10 0.20+0.04 0.04+0.13
25 0.65%0.10 0.12+0.20 25 0.47%0.06 0.12+0.08
50 1.2+0.2 0.30+0.21 50 1.1x0.1 0.40%0.25
100 1.8%0.2 0.64%0.21 100 2.1%0.5 0.51+0.22
250 2.1+0.2 0.71%0.17 250 3.3:0.4 0.62+0.21
[4-MOP] Rumor. sria  Raniop, Reduced SREA [4-MmP] Rawp, srea Rymp, Reduced srFa
(uM) (x10%) (Ms1)  (x10%) (M s) (rM) (x10%) (M s?)  (x10%) (M s1)
10 0.24+0.09 0.11*0.06 10 0.06+0.04 0.02+0.04
25 0.49%0.09 0.22+0.08 25 0.10+0.06 0.05%0.07
50 0.83%0.15 0.49%0.10 50 0.41%0.12 0.19%0.10
100 1.4%0.3 0.91%0.43 100 0.48%0.12 0.23+0.09
250 1.9+0.4 1.4+0.3 250 0.73%*1.5 0.28%+0.14
[Phenol] Rohenol, skfa  Rphenol, Reduced srFa
(nM) (x10¢) (Ms?)  (x10¢) (M s?)
10 0.02+0.12 ND
25 0.03%0.09 ND
50 0.13%+0.11 0.01%0.09
100 0.24+0.19 0.01%0.11
250 0.25%+0.20 0.02+0.08

Table 1V.2: Values of initial rate of probe loss (Rprone) for both untreated and

borohydride-reduced SRFA. Rprone Was determined at [probe] = 10 - 250 pM and O, =
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250 uM. Error bars represent £ 1 standard deviation of at least three independent

determinations. ND = not detected.

Further evidence for the involvement of triplet excited states in the loss of TMP
was provided by the dependence of Rtme on [TMP] at low (22 pM) and aerated (250 pM)

O, (Figure V.4, middle panel).
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Figure 1V.4: Dependence of Ryrpe ON [probe] for both untreated and borohydride-
reduced SRFA at high (250 uM) and low (22 uM) [O;]. The data were fit to the equation

Rproe = a*/Probe] / (b + Probe) using a non-linear least squares fitting routine except
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under low [O,] for DMOP and 4-MOP for which a linear least squares fitting routine

was employed.

At 22 uM [O;], where triplet state quenching by O, would be greatly reduced,
Rrmp showed evidence of saturation at [TMP] < 100 uM (Figure V.4, right panel) for
both untreated and borohydride-reduced samples whereas saturation occurred at [TMP] >
100 uM under aerated conditions (Figure 1V.4, left panel). Values of half-saturation of
the initial rate (b) occurred for TMP at low and high [O,] at 40 and 230 uM TMP,
respectively (Table 1VV.3). This result is consistent with a competition between TMP and
O, for a common intermediate such as a triplet. This work was extended to DMOP and
4-MOP where half-saturation of the initial rate (b) occurred under acrated conditions at =~
70 and 110 pM, respectively (Table 1V.3) however no saturation of the initial rate was
observed under 22 uM O, conditions (Figure V.4, right panel) where markedly lower
values of Ryrone Were observed. This result, namely for DMOP, suggests that a separate
pathway at low [O,] may be important for this substituted phenol. Upon borohydride-
reduction, Ryrone became undetectable for DMOP and 4-MOP whereas for TMP Rprope Was

decreased by 50-97% under low and high [O2], respectively.
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a

b

Probe HS
(x10%) (Ms1) (M) R2
SRFA 2.8x0.2 71+12 0.99
3,4-DMQOP
Reduced SRFA 1.1+£0.2 10853 0.97
T™P SRFA 6.3+0.8 230+51 0.99
Reduced SRFA 0.86+0.16 81+35 0.97
+ +
4-MOP SRFA 2.8+0.1 110+ 13 0.99
Reduced SRFA 26+09 198+ 39 0.99
250 uM [0,]; 0 - 250 uM [Probe]
Probe HS a b
(x108)(Ms1) (um) R2
TMP SRFA 3.5+0.7 40+ 19 0.98
Reduced SRFA 1.3+0.1 37+4 0.99

22uM [0,]; 0- 100 uM [Probe]

Table 1V.3: Values of half-saturation rate (a) and maximal rate (b) from data in Figure

IV.4 where the data were fit to the equation Ryrone = a*/Probe] / (b + Probe).

4.3.2 Dependence of Rprone 0N [O;] for untreated and borohydride-reduced SRFA

The dependence of Rpone 0N [O2] for both untreated and borohydride-reduced

SRFA was determined for DMOP, TMP and 4-MOP (Fig. 1V.5).
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Figure 1V.5: Dependence of Rppne ON [O2] at a fixed [probe] = 100 uM for
DMOP and TMP and 50 uM for 4-MOP in the presence of untreated or borohydride-
reduced SRFA. Data were fit to the Egn. 11.12 employing a non-linear least squares
fitting routine of k; = 6.64x10* s, krwe = 2.5x10° M s and ko = 2.0x10° M s were

utilized in the fitting.
Rprobe Was determined at 100 pM for DMOP and TMP and at 50 pM for 4-MOP

where the irradiation data for 4-MOP was restricted to the first ten minutes of irradiation

to improve the fit of the data (Fig. IV.6).
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Figure 1111.6: Dependence of Ryrope On [O2] for 100 pM  and 50 puM 4-MOP (top and

bottom panels, respectively) employing data from 15 minutes of irradiation (left panel)

compared to restricting the analysis to the first 10 minutes of irradiation data (right

panel).

For DMOP, Rprone increased with increasing [O,] over the range 0 — 250 uM

followed by a saturation in the initial rate with increasing [O2] to 1.2 mM. For TMP and

4-MOP, Rprope decreases with increasing [O,] for 50 uM to 1.2 mM, however below 50

MM Oz, Ryrone decreases rapidly becoming undetectable under anaerobic conditions. For

samples with borohydride-reduced SRFA, Rpyrope Was decreased by 58-72% yet exhibited

a similar dependence to untreated SRFA, indicating that the remaining sensitization also

arises from s similar pool of intermediates.
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For DMOP, the high Rprobe Observed at high [O,] and fixed [DMOP] in addition to the
substantial remaining sensitization following borohydride-reduction indicates that a
pathway separate from triplets may be important to the mechanism of photooxidation of
this substituted phenol.

The dependence of Rrump on [O2] was previously modeled as a competition
between triplet state reaction with TMP at low [O,] and triplet state quenching by O, at
high [O2] leading to an expression that relates the initial rate of TMP loss to [TMP] and

[O2] (see Chapter II, section 2.3.4).

[d[T;‘ri’P]
Rrvp= - di J= ©Rs Rrmp[TMP] w °l1- 1 .| (IV.4)
0 ,ét + :QTMP[TMP] + EQ[OgU 1+ (:QRXN/QREc)[Oz]

where ¢ is the branching ratio of chemical to physical quenching of the triplet and Rryp =
is the sum of these processes, ks is the rate constant for triplet formation, k; is the rate

constant for radiationless transition to the ground state and Rrxn/Rrec is the ratio of

further reaction of the radical species *CH and *TMP() to form products to that of

recombination. Estimated values of & and Rrve Were obtained as described in Chapter

Il, Section 2.3.4. Briefly, the data for TMP in Figure 1V.4 were fit using a non-linear

least squares routine to the equation y = asx / (b+x), where y = Rtup, a = ¢*Ry, X = [TMP]
and b = (ky + kg[O2]) / krwe. The values of b (half-saturation) obtained at high and low
[O,] were utilized along with their respective [O] and a fixed value of kg = 2.0x10° M™

st (Zepp et. al., 1985; Paul et. al., 2004; Muvrov et. al., 1993) to calculate &, and Rrwp

for both untreated and borohydride-reduced SRFA. As no saturation in Rprone Was
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observed under low [O;] for DMOP and 4-MOP, b values were not obtained and thus rate
constant for reaction of DMOP or 4-MOP with untreated or borohydride-reduced SRFA

could not be determined.

4.3.3 Apparent polychromatic quantum yields
Apparent (polychromatic) quantum yields (®) were calculated for all phenols at

100 and 250 uM under 250 uM [O-] for untreated and borohydride-reduced SRFA (Table

IV.4).
SRFA Reduced SRFA
Rprobe RE!{ ('D Rprobe REK (D
(x10%) (M 51} (x107) (M s-1) (%) (x105) (M 51} (x107) (M s-1) (%)
DMOP 100 1.8+0.2 6.9+0.1 2603 0.64+0.21 19+0.1 3.4+£1.1
(1) 250 21+0.2 6.9+0.1 31+0.3 0.71+0.17 19+0.1 3.8+£0.9
TMP 100 2.1+0.5 6.9+0.1 3.0+0.7 0.51+0.22 1.9+0.1 2.7+1.2
(nn) 250 33+£04 6.9+0.1 48+0.6 0.62+0.21 19+0.1 3.3+£1.1
4-MOP | 100 1.4+0.3 6.9+0.1 2.0+0.4 0.91+0.43 1.9+0.1 4.9=+2
(1) 250 19+0.4 6.9+0.1 2.8+0.6 1.4+£0.3 19+0.1 7.5+£1.6
4-MP 100 0.48 +0.12 6.9+0.1 0.7+0.2 0.23 +0.09 1.9+0.1 1.2 +0.5
(1) 250 0.73+1.5 6.9+0.1 11+2.2 0.28+0.14 1.9+0.1 1.5+0.8
Phenol | 100 0.24+0.19 6.9+0.1 0.35+0.28 | 0.01+0.11 1.9+0.1 0.05+0.59
() 250 0.25+0.20 6.9+0.1 0.36+0.29 | 0.02+ 0.08 1.9+0.1 0.11+0.43

Table IV.4: Values of initial rate of probe 10ss (Rprone,), rate of light excitation (Rex) and

apparent polychromatic quantum yield (®) for [probe] = 100 and 250 uM and untreated

or borohydride-reduced SRFA at 10 mg L™ under [O,] = 250 pM.

Values of @ ranged from 0.35 to 3.0 % for untreated SRFA and 0.5 to 4.9 % for

borohydride-reduced SRFA for [probe] = 100 uM (Table 1V.4). For [probe] = 250 pM,
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where quantitative reaction between the probe and intermediate was attained, values of @
remained the same or exhibited a small increase for all phenols and untreated and
borohydride-reduced SRFA. Overall, these efficiencies are similar in magnitude to
apparent quantum yields for O, production for a variety of humic substances (Aguer and
Richard, 1996; Sandvik, et. al., 2000; Zepp et. al., 1985; Paul et. al., 2004). At both
probe concentrations employed, no change in ®@, within the error of the measurement,
was observed for borohydride reduced SRFA compared to untreated SRFA.

In order to make a comparison among samples, values of ® for [probe] = 100 uM
and [Oz] = 250 uM were plotted against their corresponding one-electron reduction

potential of the probe phenol employed (Table 1V.1, Figure IV.7).
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Figure IV.7: Values of apparent polychromatic quantum yields (@) for 100 uM and 250
UM DMOP, TMP, 4-MOP, 4-MP and phenol with untreated and borohydride-reduced
SRFA under aerated conditions.

For untreated SRFA at [probe] = 100 and 250 uM, values of ® for DMOP (0.30
V) were equivalent or slightly lower than TMP (0.49 V) followed by a linear decrease in
values with increasing one-electron reduction potential for 4-MOP (0.54 V), 4-MP (0.68

V) and phenol (0.79 V) (Figure IV.7, left panel).
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For borohydride-reduced SRFA at [probe] = 100 and 250 uM, ® decreased
linearly with increasing one-electron reduction potential except for 4-MOP which
exhibited the largest value of @ for all phenols with borohydride-reduced SRFA (Figure
IV.7, right panel). This result indicates that triplet excited states of aromatic
ketones/aldehydes may not be as important to the mechanism of degradation for DMOP
as for other phenol probes.

In conclusion, the decrease in Rppe following borohydride-reduction for all
samples supports the role of triplet excited states in the oxidation of the substituted
phenols evaluated in this study. However, evidence supporting the role of a pathway
separate from triplets was observed for DMOP, namely: 1) lower than expected values of
Rprobe for DMOP and 4-MOP at low [O-] 2) markedly high values of Rpyoe for DMOP at
high [O2] where quenching of triplets by dioxygen is expected to dominate and 3) Values
of ® for DMOP fall outside the inverse, linear dependence of ® on one-electron

reduction potentials where DMOP =~ TMP > 4-MOP > 4-MP > phenol.
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Chapter V: Summary and Future Work
5.1 Summary

It is well established that organic pollutants such as phenols are degraded in the
presence of chromophoric dissolved organic matter (CDOM) and sunlight in natural
waters. Early work attributed this reaction to the involvement of reactive oxygen species
(ROS) such as singlet oxygen (*O,), hydroxyl radical (+«OH) or peroxy radicals (ROz¢).
However, evidence for the involvement of triplet excited states of aromatic ketones and
aldehydes and not for ROS has accumulated in the literature.

To probe the mechanism of the photosensitized loss of phenols by humic
substances (HS), the dependence of the initial rate of 2,4,6-trimethylphenol (TMP) loss
(Rtmp) on dioxygen concentration was examined both for a variety of untreated as well
as borohydride-reduced HS and C;g extracts from the Delaware Bay and Mid-Atlantic
Bight. Rtwmp was inversely proportional to dioxygen concentration at [O2] > 50 uM, a
dependence consistent with reaction with triplet excited states, but not with 'O, or RO,.
Modeling the dependence of Rrup on [O;] provided rate constants for TMP reaction, O,
quenching and lifetimes compatible with a triplet intermediate. Borohydride reduction
significantly reduced TMP loss, supporting the role of aromatic ketone triplets in this
process. However, for most samples, the incomplete loss of sensitization following
borohydride reduction, as well as the inverse dependence of Rryp on [O;] for these
samples, suggests that there remains another class of oxidizing triplet sensitizer, perhaps
quinones.

To further probe the mechanism of the CDOM-sensitized oxidation of phenols,

we examined the spectral dependence of the initial rate of 2,4,6-trimethylphenol loss
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(Rrmp) for untreated and borohydride-reduced SRFA, SRHA, LAC and Cig extracts of
the Delaware Bay. We find that 1) increasing the mass excess of borohydride leads to
additional losses of absorbance and decreases in Rrwvp, but except for LAC, Rrwp IS never
completely eliminated 2) Decreasing [O,] increases Rryvp for both untreated and
borohydride-reduced samples by ~2 for a four-fold reduction of [O;] from 250 uM to 63
UM 3) Rrmp drops off rapidly with increasing A, far more rapidly than the rate of light
excitation (Rex), for both untreated and borohydride-reduced samples indicating that
UVB and UVA wavelengths are primarily responsible for the sensitization. Except for
SRHA, wavelengths > 400 nm give rise to little or no sensitization which argues against
major sensitization by long-wavelength absorbing quinones.

Results of the dependence of initial rate of probe loss (Rprone) fOr untreated and
borohydride-reduced SRFA with a series of substititued phenols of varying one-electron
reduction potential found that the decrease in Ryrone following borohydride-reduction for
all samples supports the role of triplet excited states in the oxidation of the substituted
phenols evaluated in this study. However, evidence supporting the role of a pathway
separate from triplets was observed for DMOP, namely: 1) lower than expected values of
Rprobe for DMOP and 4-MOP at low [O-] 2) markedly high values of Ryrone for DMOP at
high [O] where quenching of triplets by dioxygen is expected to dominate and 3) Values
of ® for DMOP fall outside the inverse, linear dependence of ® on one-electron
reduction potentials where DMOP =~ TMP > 4-MOP > 4-MP > phenol.

5.2 Future Work
The provision of meaningful results in this study was initiated by the utilization of

sodium borohydride as a selective reductant of carbonyl-containing moieties such as
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aromatic ketones and aldehydes. The application of this chemical treatment to humic
substances and extracts of the Delaware Bay and Mid-Atlantic Bight and subsequent use
as a probe of the photochemical properties allows for the assignment of > 50% of the
observed photosensitization to aromatic ketones and aldehydes. As quinones are not
expected to be irreversibly reduced under this procedure, it is recommended that a
selected series of experiments be done in an oxygen-free environment or that the solution
be electrochemically reduced during irradiation in order to better understand the
contribution of quinones in this process. Further, other selective chemical treatments
such as sodium periodate, a selective oxidant of vicinal diols to two aldehyde groups,
should be utilized to observe the effect of oxidation on the optical and photochemical

properties of HS.
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Appendix |I: Derivation of Equation 11.12

Scheme | below 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 ks, under

a constant flux of photons from irradiation.

+ O,
—
kq

——» 'C + heat (Al.2)

6 kt

1C + 0, (or '0y) (Al1)

- TMP, 10y TP (AL3)

ke
+ TMP
—
ke

«CH + *TMP_4 (Al.4)

Transformations of *C* to the ground state can occur by energy transfer to molecular

oxygen (O,) at rate kg (eqn. Al.1), radiationless transition to the ground state at rate &;
(eqn. Al.2), and physical or chemical reaction with the external donor TMP with rate kp
or ke, respectively (eqns. Al.3-4). The radical intermediates produced by reaction Al.4
can be recombined at rate Rrecom (qn. Al.5) or be further oxidized by molecular oxygen

to form products with rate Rrxn (eqn. Al.6).

L] L] E 1
CH + «TMP(yy Rrecom 1C +TMP (Al.5)
“TMP(sy (or *CH) + 0, (0r *0;)  Rrxy  Products (Al.6)

The rate of change of the excited triplet state chromophore concentration may be written
as shown in equation AlL.7. From this relationship, the steady state concentration of the

excited triplet state chromophore is shown in equation Al.8.
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d[’C*] = ks - Ro[02][°C*] — Rt[°C*] — Re[TMP][’C*] — kc[TMP][*C*] (AL.7)
dt

[30*]8S — Ef (AI 8)
Ry + RQ[O2] + (ke + Rc)[TMP]

The initial rates of change for TMP and TMP- as well as the steady state concentration of
TMP+ may be expressed as in equations Al.9-11.

-[d[TMP] ) = Re[*C*][TMP] — Rrecom[CH-I[TMP=(] (Al.9)
dt  Jo

[g[mﬂ = Ro[*C*][TMP] — krecom[CHI[TMPe(y] — Raxn[TMPe)][02] (Al.10)
dt 0

[TMPe]s= __ Rc[’C*][TMP] ) (Al.11)
Rrecom[CH?*] +Rrxn[O:2]

[d[TMP]] = krecou[CH][TMPe(1y] — Rc[*C*][TMP] (Al.12)

dt

[d[TMP]] = Rrecom[CH*] R[FC*][TMP] - kc [*C*][TMP] (A1.13)
dt Rrecom[CH*] + Rrxn[O2]

Equation Al.14 is derived from the substitution of equations Al.8 and Al.11 for the
steady state concentrations of the excited triplet state of the chromophore and radical

TMP in to equation Al.8.

_ d|TMP] = Ef kg [TMP] 1 - ERECOM[CH'.I ) (A|14)
dt Et + (Ec + kp)[TMP] + EQ[OZ] ERECOM[CH'] + ERXN[OZ]

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

represented by ¢ = Rc / (Rc + Rp) and the sum of these processes can be defined as the
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total rate constant for TMP such that Rrmp = Rc + Rp. The terms [CHe] and Rrecom are

combined into a lifetime term krec and the resultant expression is shown in egn. Al.15.

; [dfT'V'Pﬂ = @Rt Rt [TMP] ||+ ] 1 - 1 ) (Al.15)
dt JO kt + ETMP[TMP] + kQ[Og] 1+ (ERXN[Oz]/EREc)
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Appendix I1: Dependence of the Optical Properties of Humic Substances on Mass
Excess Ratios of Sodium Borohydride

Introduction

Prior work examined the dependence of Rymp On untreated and sodium
borohydride (NaBH,4) reduced humic substances (HS) (Golanoski et al. 2012). It was
observed that Rrvp decreased by ~50% for reduced HS compared to untreated HS, except
for LAC which was reduced by 100%. It was suggested that another class of triplet
sensitizers within HS, possibly quinones, were responsible for the remaining TMP
sensitization. Interestingly, the dependence of Rrup on [O] for reduced HS closely
mirrored that of untreated HS, indicating that complete, irreversible reduction of ketone
and aldehyde moieties may not have been achieved.

To test this idea, we examined the effect of NaBH, mass excess ratios (5X —
100X) on the optical and photochemical properties for SRFA, SRHA and LAC at low
(200 mg/L) and high (500 mg/L and 1000 mg/L) concentrations.

Reductions were previously performed using highly concentrated stock solutions
of HS (500 mg/L or 1000 mg/L) and a 5-fold mass excess of sodium borohydride.
Samples were adjusted to pH=10 using 0.25 N NaOH and were deoxygenated using ultra
high purity nitrogen in order to limit consumption of NaBH, by acidic water. The
reduction was considered complete when no further changes in the absorption spectra
were observed (usually at 24 hours). For comparison to the original spectrum, the pH
was re-adjusted to neutral using 0.25N HCI, where additional losses of absorbance were
observed. (Ma et. al. 2010; Golanoski et. al. 2012; Zhang et. al. 2012, Baluha et. al.

2013)

101



Due to the large number of samples (36) each requiring a threaded quartz cuvette
and a UHP nitrogen line in close proximity to the UV-Vis spectrophotometer, samples
were left open to air for the duration of the reduction. Prior studies have investigated the
Kinetics of the borohydride reduction of HS, but only until no further changes in the
optical properties were observed (usually 24 hours) (Ma et. al. 2010). However, recent
findings have shown that further changes occur beyond this time, namely for reactions at
low HS concentrations (< 100 mg/L). For this reason, the absorbance spectra were
monitored at 1, 24, 48 and 72 hours.

Methods and Materials

Materials
All chemicals were used as received. Lignin, alkali extracted and carboxylated (LAC),
was obtained from Sigma Aldrich (Lot #19714DS). Suwanee River humic acid (SRHA)
and Suwanee River fulvic acid (SRFA) were obtained from the International Humic
Substances Society.  Potassium hydrogen phthalate (KHP) was obtained from Nacalai
Tesque, Inc. Sodium borohydride (NaBH,) was obtained from Fischer Scientific.
Methods

Stock solutions of SRFA, SRHA and LAC at 100, 500 and 1000 mg/L were
prepared in MilliQ water and 0.25 N NaOH was used to adjust the solutions to pH=10.
Reductions were performed in 6 mL glass vials in the dark at 25°C. To a 5 mL aliquot of
each 100 and 500 mg/L HS sample, a mass of solid NaBH, was added (see Table Al.1)
and was dissolved by gently shaking the vial. All vials were tightly capped with Parafilm

and a small vent hole was created to allow for the release of hydrogen gas which is
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formed during the reduction. Due to sample limitations, 1000 mg/L SRFA, SRHA and

LAC were reduced using only 5X and 100X NaBH, mass excess ratios.

Excess Concentration | Mass NaBH4 | Concentration Mass NaBH.
NaBH, of HS (mg/L) (mg) of HS (mg/L) (mg)
0X 0 0
5X 2.5 12.5
10X 5 25
25X 100 12.5 500 62.5
50X 25 125
100X 50 250

Table All.1: Masses of NaBH, added to 100 or 500 mg/L SRFA, SRHA and LAC.
Solutions of SRFA, SRHA and LAC at a concentration of 1000 mg/L were reduced only

using 5-fold (25 mg NaBH,) and 100-fold (500 mg NaBH,) due to sample limitations.

UV-Vis spectra were collected using a Shimadzu 2401-PC spectrophotometer at
1, 24, 48 and 72 hours of reaction time. Spectra were corrected by subtraction of a
MilliQ water spectrum. The absorbance lost during reduction, AA, was calculated by
subtracting the absorbance at time t, A(t), from the original spectrum at time zero, A(0).
The fraction of absorbance remaining, F, was calculated by dividing A(t) by A(0).
After 72 hours, the untreated (0X) and reduced (5X — 100X) 500 mg/L SRFA, SRHA and
LAC samples were individually passed over a Sephadex G-10 column (2.5 x 8 cm,
equilibrated with MilliQ water) in order to remove excess BH, and restore the pH to
neutral. To account for the dilution factor, samples were analyzed by total organic
carbon analysis (TOC) where a 50% carbon to mass ratio was used for both SRFA and

SRHA and a 30% carbon to mass ratio was employed. UV-Vis spectra were obtained for
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these samples at 10 mg/L where carbon concentrations were 5 mg C/L for SRFA and
SRHA and 3 mg C/L for LAC (Figure 111.2, left panel). Borohydride-reduced samples at
100 mg L™ were not passed over the G-10 column due to the two-fold dilution factor
resulting in final concentrations which are not useful in preparation of stock solutions for
use in photochemical experiments (min. conc. = 500 mg L™). The large excess of
NaBH4 used to reduced the 1,000 mg L™ samples produced very large volumes of H,
gas, even after long (t > 72 hours) time periods and thus these samples were not passed
over the column due to cracking of the column nor were they adjusted to pH=7 due to
large volume of HCI required to neutralize the samples.
Results

For all concentrations of SRFA, SRHA and LAC, reduction by sodium
borohydride produced a decrease in absorbance with the greatest absolute loss of
absorbance in the ultraviolet (UV) but the largest fractional loss in the visible (VIS)
(Figs. All.1-21). These results are consistent with previously reported findings which
have attributed the direct loss of absorption in the UV to the reduction of ketones and
aldehydes to their corresponding alcohols and loss of absorption in the visible due to the
elimination of charge-transfer contacts between short-range hydroxy- and methoxy-
aromatic donor and carbonyl-containing acceptor moieties. (Ma et. al. 2010)

The results are summarized in Table All.2 where for most samples the maximum
decrease in absorbance (AAwax) Was observed at t = 24 hours where it either remained
stable or recovered. For all other samples, a maximum loss of absorbance was achieved

att =72 hours.
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5X
10X
25X
50X
100X

SRFA

5X
10X
25X
50X
100X

SRIHA

35X
10X
25X
50X
100X

LAC

100 mg L1

500mg L1

1000 mg L!

24/ UV+ VIS /m

24/ UV + VIS /m

24 / stable

24/ VIS /m

24/ VIS /m

72/ NA

24/ VIS /m

24/VIS/m

24 / stable

24/ stable

24 / stable

72/ NA

72/ VIS /m

72/ VIS /m

4/ UV + VIS /M

24/ UV + VIS /M

24/ UV + VIS/M

24/ UV+VIS/M |24/ UV + VIS /M
72/ NA 24/ UV + VIS /M 72/ NA

24/ VIS / m

24/ VIS /m

24 / stable

24/ VIS / m

24/ VIS /m

72/ NA 72/ NA
24/ VIS /m 24 / stable
24 / stable 72/ NA 24/ stable

Table All.2: Summary of the optical properties observed for the sodium borohydride

reduction of 100, 500 and 1,000 mg/L SRFA, SRHA and LAC using 5X, 10X, 25X, 50X

and 100X mass excess ratios. All experiments were carried out at pH=10 and open to

air. Legend: The first number listed indicates the time at which maximum decrease in

absorbance was observed (hours).

UV - increase in absorbance was observed in the

ultraviolet region, VIS — increase in absorbance was observed in the visible region, m =

minor increase in absorbance, M - major increase in absorbance, stable indicates that no

further changes in absorbance were noted, NA — largest decrease in absorbance was

observed at 72 hours therefore any subsequent changes were not able to be observed.
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For those samples in which absorbance “recovered” (increased relative to the
largest loss of absorbance but remained lower than the original absorbance) after t = 24
hours, the wavelength regime (UV or VIS) was noted and qualitatively classified as
minor (m) or major (M). Minor changes in absorbance were considered to be roughly
indistinguishable except by examination of the difference or fractional absorbance
spectra. Major changes in absorbance were easily observed in the absorbance spectra
alone.

For 100 mg L™ solutions of SRFA and LAC which were treated with 5X-100X
mass excesses of NaBH4, absorbance decreased with increasing borohydride mass (Figs
AllL7 and 21, left panels). A similar trend is also observed for 500 and 1,000 mg/L
SRFA and LAC where a 50X and 5X mass excess of NaBH,, respectively was necessary
to achieve the same result. One possible explanation is that more highly concentrated
solutions of HS increase the probability of interactions between HS and BH, molecules
as opposed to dilute solutions, which increase the likelihood of reaction between H,0O and
BH, molecules thereby decreasing the effective reductive mass of NaBH, available to
HS. Interestingly, AApax Was observed for 1,000 mg/L LAC with 100X NaBH; mass
excess but not for 1,000 mg/L SRFA indicating that perhaps additional time, NaBH, or
both are required to completely reduce all or most carbonyl-containing moieties within
SRFA at this concentration.

The results of the NaBH, reduction of 100, 500 and 1,000 mg L™ SRHA are
curious in for most samples, a major “recovery” in absorbance (UV and VIS) were
observed following AAuax at 72 hours, a result not observed in SRFA or LAC under

these reaction conditions. A few exceptions include the addition of 5X mass excess
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NaBH, for 100 and 500 mg L™ SRHA and addition of 100X mass excess NaBH, to 100
and 1,000 mg L™ SRHA where absorbance had not reached AAwax Within the 72 hour
experiment period. As no clear trend exists for the parameters employed in this study,
the results present a viable area of future research.

The absorbance spectra at AAuax at t = 24 hours for 5X to 100X NaBH, mass
excess ratios were compared for 100 and 500 mg/L SRFA, SRHA and LAC (Figs
All.6,13 and 20). Although treatment of 100 mg/L HS with 100X NaBH4 produced the
largest absolute loss of absorbance in the UV and largest fractional loss in the visible, the
addition of large masses (250 mg) of NaBH, to small volumes (5 mL) of 500 mg/L HS
was problematic. The constant evolution of gas over the course of 72 hours made
acquisition of meaningful absorbance spectra difficult and interfered with the passage of
these samples over a Sephadex G-10 column often led to total sample loss due to
significant cracking of the column. For all HS investigated, the addition of a 50X NaBH,
mass excess ratio gave similar results (within 10%) and therefore should be considered

for optimum reduction of HS at concentrations of 500 mg/L or greater.
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Figure All.1: Time dependence of the reduction of 100 mg/L (left panel) and 500 mg/L

(right panel) SRFA using a 5-fold mass excess of sodium borohydride. Reductions were

performed at an initial pH=10 and open to air. Note that AA > 0 represents a loss of

absorbance while F represents the fraction of absorbance remaining.
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Figure All.2: Time dependence of the reduction of 100 mg/L (left panel) and 500 mg/L

(right panel) SRFA using a 10-fold mass excess of sodium borohydride.

Reductions

were performed at an initial pH=10 and open to air. Note that AA > 0 represents a loss of

absorbance while F represents the fraction of absorbance remaining.
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Figure All.3: Time dependence of the reduction of 100 mg/L (left panel) and 500 mg/L

(right panel) SRFA using a 25-fold mass excess of sodium borohydride. Reductions

were performed at an initial pH=10 and open to air. Note that AA > 0 represents a loss of

absorbance while F represents the fraction of absorbance remaining.
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Figure All.4: Time dependence of the reduction of 100 mg/L (left panel) and 500 mg/L

(right panel) SRFA using a 50-fold mass excess of sodium borohydride.

Reductions

were performed at an initial pH=10 and open to air. Note that AA > 0 represents a loss of

absorbance while F represents the fraction of absorbance remaining.
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Figure AllL.5: Time dependence of the reduction of 100 mg/L (left panel) and 500 mg/L

(right panel) SRFA using a 100-fold mass excess of sodium borohydride. Reductions

were performed at an initial pH=10 and open to air. Note that AA > 0 represents a loss of

absorbance while F represents the fraction of absorbance remaining. Spectra marked

with *** are impacted by the presence of gas bubbles in solution at the time of
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Figure AlL7: Time dependence of the reduction of 1000 mg/L SRFA using a 5-fold (left

panel) and 100-fold (right panel) mass excess of sodium borohydride. Reductions were

performed at initial pH=10 and open to air.

Note that AA>0 represents a loss of

absorbance while F represents the fraction of absorbance remaining. Spectra marked

with *** are impacted by the presence of gas bubbles in solution at the time of

acquisition.
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Figure All.8: Time dependence of the reduction of 100 mg/L (left panel) and 500 mg/L

(right panel) SRHA using a 5-fold mass excess of sodium borohydride. Reductions were

performed at initial pH=10 and open to air.

Note that AA>0 represents a loss of

absorbance while F represents the fraction of absorbance remaining. Spectra marked

with *** are impacted by the presence of gas bubbles in solution at the time of
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(right panel) SRHA using a 50-fold mass excess of sodium borohydride. Reductions
were performed at initial pH=10 and open to air. Note that AA>0 represents a loss of

absorbance while F represents the fraction of absorbance remaining.
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Figure All.14: Time dependence of the reduction of 1000 mg L™ SRHA using a 5-fold
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absorbance while F represents fraction of absorbance remaining.
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Figure All.17: Time dependence of the reduction of 100 mg L™ (left panel) and 500 mg

L™ (right panel) LAC using a 25-fold mass excess of sodium borohydride. Reductions

were performed at initial pH=10 and open to air.

absorbance while F represents fraction of absorbance remaining.
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Figure All.18: Time dependence of the reduction of 100 mg L™ (left panel) and 500 mg
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Note that AA>0 represents loss of

absorbance while F represents fraction of absorbance remaining.
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Figure AII.19: Time dependence of the reduction of 100 mg L™ (left panel) and 500 mg
L (right panel) LAC using a 100-fold mass excess of sodium borohydride. Reductions
were performed at initial pH=10 and open to air. Note that AA>0 represents loss of
absorbance while F represents fraction of absorbance remaining. Spectra marked with

*** are impacted by the presence of gas bubbles in solution at the time of acquisition.
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Figure All.20: SUMMARY of optical properties of 100 mg/L (left panel) and 500 mg/L

(right panel) LAC at the time of maximum absorbance loss (All t = 24 hours except t =

72 hours for 25X BH,) during NaBH, reduction using 5X, 10X, 25X, 50X or 100X mass

excess ratio of NaBH4: SRFA. All solutions are at pH=10. Spectra marked with *** are

impacted by the presence of gas bubbles in solution at the time of acquisition.
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Figure All.21: Time dependence of the reduction of 1000 mg L™ LAC using a 5-fold

(left panel) and 100-fold (right panel) mass excess of sodium borohydride.

Reductions

were performed at initial pH=10 and open to air. Note that AA>0 represents loss of

absorbance while F represents fraction of absorbance remaining. Spectra marked with

*** are impacted by the presence of gas bubbles in solution at the time of acquisition.
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