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ABSTRACT: Superoxide (O2
• −) is produced photochemically in

natural waters by chromophoric dissolved organic matter
(CDOM) via the reaction of molecular oxygen with photo-
produced one-electron reductants (OERs) within CDOM. In the
absence of other sinks (metals or organic radicals), O2

• − is
believed to undergo primarily dismutation to produce hydrogen
peroxide (H2O2). However, past studies have implicated the
presence of an additional light-dependent sink of O2

• − that does
not lead to H2O2 production. Here, we provide direct evidence of
this sink through O2

• − injection experiments. During irradiations,
spikes of O2

• − are consumed to a greater extent (∼85−30% loss)
and are lost much faster (up to ∼0.09 s−1) than spikes introduced
post-irradiation (∼50−0% loss and ∼0.03 s−1 rate constant). The
magnitude of the loss during irradiation and the rate constant are wavelength-dependent. Analysis of the H2O2 concentration post-
spike indicates that this light-dependent sink does not produce H2O2 at low spike concentrations. This work further demonstrates
that simply assuming that the O2

• − production is twice the H2O2 production is not accurate, as previously believed.
KEYWORDS: photodegradation, irradiation, superoxide decay pathways, decay modeling

■ INTRODUCTION
Chromophoric dissolved organic matter (CDOM) absorbs
sunlight to produce a variety of reactive oxygen species (ROS)
in natural waters.1−5 One of these ROS is superoxide (O2

• −),
which is produced primarily when CDOM is promoted to
excited singlet states, which then undergo one-electron transfer
between donor and acceptor groups to produce one-electron
reductants (OERs).6−8 These OERs then react with dissolved
molecular oxygen to produce O2

• −.6,7 Possible decay pathways
for O2

• − in natural waters involve reactions with metals,9−13

dissolved organic matter (DOM) itself,14,15 organic radi-
cals,16−18 and dismutation to form hydrogen peroxide
(H2O2).

19

H2O2, as a product of O2
• − dismutation, has been employed

as a proxy for O2
• − production as a result of its stability and

ease of measurement.20−22 The assumption usually made is
that O2

• − production is double the H2O2 production on the
basis of the stoichiometry of dismutation (catalyzed or
uncatalyzed).14,23 However, using the enzyme superoxide
dismutase (SOD) to catalyze the dismutation of O2

• − to
H2O2, a discrepancy was noted between the rates of
production of O2

• − and H2O2 in the presence of SOD.
SOD caused the rates of H2O2 production to increase,
suggesting that a significant portion of O2

• − produced was
lost through a competitive pathway that did not lead to
H2O2.

20−22,24

Direct measurements of the production of O2
• − have been

made and compared to H2O2 measurements. Currently, the
most widely used method is based on a chemiluminescent
reaction employing flow injection analysis that allows for
continuous measurement of O2

• −.25 During an irradiation, the
establishment of a steady state can be observed, while the dark
decay can be monitored following the removal of light.24,26,27

The production rate can then be calculated from the steady-
state concentration and dark decay rate constant, assuming
that the dark decay rate is the total decay rate. The
stoichiometry of the reaction for dismutation should result in
a ratio of O2

• −/H2O2 rates equal to 2. However, values of
2.2−9.8 have been obtained for various natural waters
suggesting that an oxidative reaction is competing with
dismutation.28

Alternatively, some studies have directly measured the initial
production rate and compared this to the calculated
production rate obtained from the dark decay and steady-
state concentration.28−30 Powers et al.28 found that the
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modeled rates were similar to the measured initial rates for
samples from the Gulf of Alaska. Shaked et al.29 also claimed to
have obtained similar results for the Gulf of Aqaba, but their
measured initial rates are slightly higher than the range of their
modeled rates. Ma et al.30 found that the measured initial rates
were 2−5 times higher compared to the modeled rates for a
variety of reference materials and wastewater effluents. Issues
with quantifying initial rates have been raised and include the
unavoidable loss of O2

• − during the transit time from the
sample to the detector, which Ma et al. attempted to account
for using a correction procedure.28−30 An additional issue is
that the choice of the time range over which the initial rate is
measured can heavily influence the values.28,29 Regardless, the
fact that measured production rates have been observed to be
larger than calculated production rates suggests that a kinetic
model using only the dark decay rate constant leads to an
underestimation of the production rates, implying the presence
of an additional decay pathway for O2

• −. Because the observed
dark decay of O2

• − is the culmination of possible dark decay
pathways, the additional pathway that is not being observed in
the dark would be some light-dependent decay pathway.
Because O2

• − is rather difficult to measure experimentally,
recent work has studied the production rates of the OER, the
proposed precursor to O2

• −.6−8 OER production has recently
been compared to O2

• − production, and the rates were similar
in magnitude, suggesting that the measurement of OER may
currently be the best proxy for O2

• −. OER values have
therefore been compared to H2O2 production. Theoretically, a
value of 2 should also be obtained here as well, but values from
5 to 16 have been observed in reference materials, exudates,
natural waters, and C-18 extracts, again suggesting the
presence of an additional pathway for O2

• − loss.7,8 The
culmination of these results suggests that there is an additional
light-dependent oxidative sink for O2

• − that does not lead to
H2O2 production. Therefore, current decay models used for
O2

• − do not accurately reflect the magnitude of the total
decay. This leads to an underestimation of the level of
production of O2

• − as determined from the steady-state
concentration and dark decay data. It has been suggested that a
light-dependent sink exists that is associated with CDOM, but
very little work has been done to investigate this possibility.
Work reported by Ma et al. attempted to determine the light-
dependent decay rate constant.30 The initial production rate of
O2

• − was divided by the steady-state concentration to
calculate a total first-order decay rate constant. This rate
constant represents a combination of the light-dependent
decay, decay as a result of dismutation, and other possible
pseudo-first-order decay pathways. The light-dependent decay
rate constant was then determined by subtracting the rate
constants for dismutation and the dark pseudo-first-order
decay. The light-dependent decay rate constants were found to
be in the range of 0.1−0.4 s−1, which constituted between 63
and 81% of the overall decay constant.30

However, direct evidence of the presence of this sink does
not yet exist. Here, we directly demonstrate the existence of
this sink through spiking experiments.31 When a sample is at a
steady state during an irradiation, the sample is injected with
an aliquot of O2

• −, and the loss and decay of O2
• − is

monitored. For comparison, the sample is also spiked during
the decay phase, when the sample was removed from light.
This work demonstrates that O2

• − is consumed rapidly when
the light is on compared to the much slower decay that occurs
when the light is off. Significant quantitative work and

modeling of the data have been conducted to directly
determine the light-dependent rate constant. These values
can be used to modify existing decay models to provide better
estimates of O2

• − production rates.

■ MATERIALS AND METHODS
Chemicals. Boric acid, sodium acetate, sodium carbonate,

monobasic sodium phosphate, hydrochloric acid (HCl),
sodium hydroxide (NaOH), phosphoric acid, and superoxide
dismutase (SOD, from bovine erythrocytes) were purchased
from Millipore Sigma. Acetone and ethanol were purchased
from Fisher Scientific. All reagents/chemicals were ACS-grade.
2-Methyl-6-(4-methoxyphenyl)-3,7-dihydroimidazo[1,2-a]-
pyrazin-3(7H)-one) (methyl Cypridina luciferin analogue or
MCLA) was purchased from TCI Chemicals. Diethylene-
triaminepentaacetic acid (DTPA) was purchased from Fluka.
10-Methyl-9-(p-formylphenyl)acridinium carboxylate trifluor-
omethanesulfonate (acridinium ester or AE) was purchased
from Waterville Analytical Co. Hydrogen peroxide (H2O2) was
purchased from EMD. Suwannee River fulvic acid (SRFA,
3S101F) was purchased from the International Humic
Substance Society. Purified water (18 MΩ cm) was obtained
from a Sartorius Arium Mini purification system.

Sample Preparation. Stock solutions of SRFA were
prepared by diluting and dissolving SRFA in ultrapure water.
These stocks were adjusted to pH 7 using NaOH and HCl and
filtered using pre-cleaned 0.2 μM nylon filters. Dilutions of
these stocks at desired concentrations for experiments were
then prepared by diluting the stock solutions with 50 mM
borate buffer at a pH of 8.0 ± 0.1.

Measurement of Superoxide. O2
• − was measured in a

FeLume system by Waterville Analytical Co. via reaction with
the chemiluminescent reagent MCLA.25 The voltage of the
photomultiplier tube (PMT) was operated at 1000 V, and the
integration time was 800 ms. A peristaltic pump was used to
continuously pump the reagent and sample into the instrument
and was operated at 25.5 rpm (total flow rate of 6.6 mL/min).
MCLA was prepared at 2.5 μM in 500 mM sodium acetate
buffer with 50 μM DTPA at a pH of 6.25 Stocks of O2

• − were
generated by photolysis of a solution of 6 M ethanol, 41 mM
acetone, and 30 μM DTPA in 1 mM borate buffer at a pH of
12.5 in a cuvette with a mercury pen lamp.25,32 The stock
concentration was monitored spectrophotometrically (ε =
2183 M−1 cm−1 at 240 nm)33 with an Ocean Insight DH mini
light source connected to an Ocean Optics USB2000
spectrometer. Upon reaching ∼50 μM O2

• −, a small volume
(μL) was taken and added to ∼20 mL of sample to prepare a
standard in the nanomolar range. The standards were
continuously stirred using a magnetic stir bar and stir plate,
and the signal was monitored as O2

• − decayed. Linear
extrapolation of the plot of the natural log of the signal versus
time was used to determine what the initial signal was for
generation of calibration curves.
Measurements of the photoproduction of O2

• − were
conducted in a 5 cm path length quartz cylindrical cell (15
mL total volume). The sample line was placed in the cell, and
the cell was irradiated. A 300 W xenon arc lamp was used for
irradiations along with a 20 cm water jacket and various long-
pass cutoff filters (325, 355, 380, 399, 418, and 440 nm). The
sample was monitored to acquire the time course of O2

• −

production and the establishment of a steady state, with the
cell then removed from the light to monitor the decay. For
spiking experiments, a O2

• − stock was generated as described
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above and the sample was spiked with appropriate volumes of
O2

• − (low microliter range) during the steady-state phase or
during the decay phase. The sample was continuously stirred
using a stir bar and plate. Analysis of the data was primarily
performed in Excel. Model fits of the baseline-corrected signals
versus time were conducted in MATLAB using the curve
fitting application.
Measurement of Hydrogen Peroxide. H2O2 was

measured through the chemiluminescent reaction with AE in
FeLume by Waterville Analytical Co. The carrier solution was
0.1 M HCl; the buffer was 0.1 M sodium carbonate at a pH of
11.7; and the reagent AE was prepared at 5 μM in 1 mM
phosphate buffer at a pH of 3.34,35 All of these solutions were
drawn into the FIA system via Teflon tubing using a peristaltic
pump. The PMT was set at a voltage of 950 V with an
integration time of 400 ms.
Standards of H2O2 were prepared from a stock solution

whose concentration was monitored spectrophotometrically (ε
= 38.1 ± 1.4 M−1 cm−1 at 240 nm).36 To determine the
concentration of H2O2 in a sample, the sample was irradiated
using the lamp, water jacket, and filters, as described above.
H2O2 irradiations were conducted in a 3 cm cubic quartz cell
as a result of the need to do this analysis on a higher
concentration of SRFA (10 mg/L) because of the lower
sensitivity of the H2O2 method. An aliquot of the sample was
taken and injected into the instrument for analysis when
needed. The concentration was then determined using the
obtained signal and the standard curve.
Absorbance and Fluorescence Measurements. Ab-

sorbance measurements were conducted on a Shimadzu UVPC
2401 benchtop spectrophotometer. The instrument was
baselined to air, and blank measurements (ultrapure water or
buffer) were taken and subtracted from absorbance spectra.
Fluorescence excitation−emission spectra (EEMs) were
conducted with a Horiba FluoroMax 4. Excitation was scanned
from 300 to 500 nm every 10 nm, and the emission was
scanned from 300 to 700 nm every 1 nm. Band passes were 4

nm, and the integration time was 0.2 s. First- and second-order
Rayleigh masking settings in the program were used.

■ RESULTS AND DISCUSSION
Wavelength Dependence of Superoxide Data. Upon

irradiation of 1 mg/L SRFA, the O2
• − concentration rises

rapidly and approaches a steady state within approximately 1−
2 min, depending upon the wavelength of the cutoff filter used
(Figure 1). As the wavelength of the cutoff filter was increased,
the rates of production of O2

• − and the steady-state
concentrations decreased. Initial O2

• − production rates were
determined on the basis of ∼15 s of data following the delay
time (delay from initiation of irradiation to detection) with no
correction for any losses (for simplicity of demonstrating and
using raw data). Steady-state concentrations were calculated by
the average of ∼10 points of the plateau, near the time that the
sample was removed from the light, with no correction for
losses as a result of the delay time. The decay of O2

• − is
observed following the removal of the sample from the light
(see in-depth kinetic analysis below for more information).
Very little data exists in the literature concerning the
wavelength dependence of the time courses for the photo-
chemical formation and decay of O2

• −, although several
studies have estimated formation rates based on H2O2
data.22,27 Our results demonstrate that the production rate
and steady-state concentration decrease with an increasing
wavelength of the cutoff filter, consistent with a limited
number of studies on O2

• −.8,30

The dark decay rate was observed to be significantly slower
in the presence of DTPA when O2

• − was injected into the
buffer and SRFA solutions alone (Text S1 and Figures S1 and
S2 of the Supporting Information), suggesting that metal-
catalyzed dismutation of O2

• − might be contributing to the
dark decay rate. However, because of our concerns that DTPA
would interfere with the light-dependent studies, it was not
included in these experiments (Text S1 of the Supporting
Information). Additionally, not including DTPA allowed for
the study of the O2

• − reactions under more natural conditions.

Figure 1. (a) Signals for O2
• − production, establishment of a steady state, and decay of 1 mg/L SRFA, employing different wavelength cutoff filters.

Irradiation was initiated at t = 0. Down arrows indicate removal of the sample from light. (b) Production rates and (c) steady-state concentrations
were calculated on the basis of standard curves. Error bars are the standard deviation for three trials.
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Observance of the Enhanced Decay of Superoxide
during Irradiation. Spiking experiments were conducted in
which O2

• − was injected into 1 mg/L SRFA solutions during
irradiation and during the decay post-irradiation (Figure 2).
Standard spikes of O2

• − into SRFA in the dark are also shown,
with the concentrations of the spikes approximately matched

(left panels in Figure 2). When the magnitudes of the signals
observed for the standard spikes and the spikes introduced at a
steady state are compared, a substantial reduction in the
amplitude of the steady-state spikes was observed at shorter
wavelengths as well as a more rapid decay of remaining O2

• −

(discussed at length in the kinetic section below). This

Figure 2. Time courses of O2
• − following injection: Left column, 1 mg/L SRFA in the dark; middle column, injection at a steady state; and right

column, injection post-irradiation. Colors indicate the wavelength of the cutoff filter used. For all columns, irradiation was initiated at t = 0. Up-
facing arrows indicate the time of the O2

• − injection, and down-facing arrows indicate the time that the sample was removed from light. Final
concentrations of injected O2

• − are in the upper right of the panels.
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behavior provides evidence that a significant fraction of O2
• −

is consumed in the light at a rate that we cannot resolve
kinetically, particularly for the shorter wavelength cutoff filters.
In contrast, the magnitudes of the signals observed for the
O2

• − injections post-irradiation (during decay) were signifi-
cantly larger and closer to those observed for the standard
spikes. Below, we first quantify the loss of O2

• − following
injections at both a steady state and post-irradiation, followed
by an analysis of the kinetics of O2

• − decay.
Quantification of Superoxide Loss Following Steady-

State and Post-irradiation Spikes. To quantify the loss of
O2

• − in the steady-state and post-irradiation spikes (middle
and right columns, respectively, in Figure 2), their peak heights
were compared to that of the standards (left column in Figure
2 and Text S2 of the Supporting Information). Steady-state
spikes exhibited a substantial loss of O2

• −, ranging from ∼30%
of the injected O2

• − concentration with the 440 nm cutoff
filter to ∼85% with the 325 nm filter (Figure 3); these

percentages correspond to consumed O2
• − concentrations

ranging from ∼10 to ∼40 nM using 1 mg/L SRFA. Thus, a
more substantial loss of O2

• − was observed under irradiation
with the shorter wavelength cutoff filters, necessitating the use
of larger spike concentrations to observe a residual signal.
In contrast, the losses of O2

• − in the post-irradiation spikes
were substantially smaller, ranging from no detectable loss with
the 418 and 440 nm filters to ∼50% of the injected O2

• −

concentration with the 325 nm filter, corresponding to a
consumed O2

• − concentration of ∼20 nM. The observation
that the post-irradiation O2

• − losses were substantial with the
shorter wavelength cutoff filters suggests that longer lived,
photoproduced intermediates reactive with O2

• − remain
following irradiation at the shorter wavelengths.37

Kinetic Analysis of the O2
• − Decay Data. First- and

second-order fits were applied to the decay data to examine
which kinetic model best represented the data. Because the
decays slowed considerably at longer times and never reached
baseline in any of the decays, a constant offset was included as
a variable in the first- and second-order fits to account for this
small residual signal (Text S3 of the Supporting Information).

Including this offset significantly improved the fits. Goodness
of fit was determined on the basis of R2 values as well as
consistency between the known spike concentration and
concentration of O2

• − acquired from the fit extrapolated to
the injection time.
Fits were applied to the dark decay of O2

• − in SRFA, the
post-irradiation decay (PID), the decay in the dark post-
steady-state spike (PSD), the decay phase spike (DSD), and
the steady-state spike decay (SSD) (Figure 4 and Text S4 of

the Supporting Information). A first-order model provided the
best fits to the SSD and DSD and, surprisingly, to the dark
decay of O2

• − in SRFA (0.037 ± 0.002 s−1; Figures S7 and S8
of the Supporting Information). A second-order model
appeared to fit PID and PSD the best (Figure S9 of the
Supporting Information). For ease of comparison, the
discussion here focuses on all first-order fits. More information
can be found in the Supporting Information regarding the
second-order fits (Text S4 of the Supporting Information).
First-order rate constants acquired from fits to the SSD were
substantially larger than that for the dark decay of O2

• − in
SRFA, ranging from 0.086 ± 0.009 s−1 with the 325 nm filter
to 0.054 ± 0.002 s−1 with the 440 nm filter, further
demonstrating an enhanced rate of loss of O2

• − under
irradiation (Figure 4). The first-order fits and rate constants
acquired from the dark decay fits were independent of the
injected O2

• − concentration over the range from ∼5 to 30 nM
(Figure S10 of the Supporting Information).
The SSD rate constant for the 325 nm cutoff filter is similar

in magnitude but slightly smaller than that recently calculated
by Ma et al.30 from data acquired with a 290 nm cutoff filter
(∼0.12 s−1). However, for filter wavelengths of ≥380 nm,
extrapolation of the first-order fits of the SSD to the injection
time (t = 0) provided concentrations of O2

• − that are slightly
greater than or similar in magnitude to the expected
concentrations (on the basis of the known injection volumes
and stock concentrations), but the extrapolated time zero
concentrations were substantially smaller than the expected
concentrations with the 325 nm filter (Table S1 of the
Supporting Information). This result implies that shorter
wavelength irradiation with the 325 nm filter produces an

Figure 3. Percent loss of steady-state and post-irradiation spikes in 1
mg/L SRFA for each wavelength cutoff filter. Error bars are the
standard deviation of at least three injections. Values above the bars
are the O2

• − concentrations (nM) of the largest injected spikes for
the cutoff filters.

Figure 4. First-order fits to post-irradiation decay (PID), steady-state
spike decay (SSD), post-steady-state spike decay (PSD), and decay
phase spike decay (DSD) for all wavelength cutoff filters. Dashed lines
indicate the average rate constant obtained for the standard dark
decay (∼0.037 s−1). The bottom panel shows a visual for the data that
were fit for each category. Error bars are standard deviations for fits to
at least three trials.
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additional, more rapid pathway for O2
• − loss that we cannot

resolve kinetically.
In contrast to the SSD, the rate constants for the DSD were

less dependent upon the irradiation wavelength and were
significantly smaller (∼0.04 s−1), with values similar to the rate
constant for dark decay in SRFA (0.037 s−1), further
confirming that the sink is light-dependent. The first-order
rate constants determined for PID and PSD data were very
similar to values in the range of 0.020−0.029 s−1 across the
different wavelength filters (Tables S1−S6 of the Supporting
Information), which indicates that the injection of O2

• −

during a steady state had no impact on the post-spike dark
decay. Additionally, PID and PSD rate constants were up to
∼2-fold smaller than the first-order rate constant determined
for dark decay of O2

• − in SRFA (∼0.037 s−1) as well as those
of the DSD (Figure 4). The phenomenon of a slower dark
decay following irradiation has been observed in previous
studies with various explanations for its origins (Text S4 of the
Supporting Information).28,38,39 Garg et al. suggested that the
dark decay pathway(s) were deactivated or modified during
irradiation.24 Our observation that the kinetics are altered
following irradiation (in terms of either first versus second
order or differences in magnitude in first-order rate constants;
Figure 4) would appear to support this idea but would be
surprising given the very short (<4 min) irradiation time.
Hydrogen Peroxide Concentration Post-spike. O2

• −

has been shown to be primarily formed from the photo-
production of OERs within CDOM.6−8 The possibilities for a
light-dependent sink for O2

• − are as follows: (1) back reaction
with the oxidized group within CDOM to reform molecular

oxygen, (2) reaction with the oxidized group within CDOM,
with further intramolecular reactions potentially leading to
ring-opened products, (3) reduction to form H2O2, or (4)
another oxidation reaction leading to molecular oxygen.

+ +•+ •CDOM O CDOM O2 2 (1)

+•+ •CDOM O CDOM O

intramolecular reactions
2 2

(2)

+ +•CDOM O CDOM H Ored
2 2 2 (3)

+ +•CDOM O CDOM Oox
2 2 (4)

Although the available evidence indicates that this sink does
not produce H2O2,

7,8,21,22,30 this possibility was further tested
by measuring the H2O2 production after the introduction of
O2

• − spikes. H2O2 concentrations were analyzed following
injections of O2

• − at a steady state, during post-irradiation
decay, and in non-irradiated samples in the dark. Because our
detection limit was significantly higher for H2O2 than O2

• −

(∼60×, as previously determined),8 10 mg/L SRFA was
employed in place of 1 mg/L SRFA used above for the O2

• −

experiments. The stoichiometry expected for O2
• − dismuta-

tion is 2:1.19 However, the stoichiometry for O2
• − spikes

introduced during irradiation were much greater than 2:1 for
spike concentrations of ≤500 nM (Figure 5). For spike
concentrations of ≤120 nM, a ratio of ∼6:1 is obtained,
indicating that at least 66% of O2

• − is being consumed by this
sink. For spike concentrations between 120 and 500 nM, a
ratio of 2.7:1 is obtained, which indicates that about 27% of

Figure 5. Concentration of H2O2 produced from O2
• − spikes injected (a−c) at a steady state, (d) during decay, (e) in the dark in 50 mM borate

buffer at pH 8, and (f) in the dark in 10 mg/L SRFA. Irradiations were done with the 325 nm cutoff filter. Photoproduced H2O2 was subtracted
from the data. Steady-state spikes were split into three regions to emphasize the changes in the slope. Ratio values are the inverse of the slope and
are therefore the ratio of H2O2 produced to O2

• − injected. Error bars are for standard deviation of triplicate measurements post-spike.
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O2
• − is still being lost by this sink. At spike concentrations

above 500 nM, a 2:1 ratio is observed (Figure 5). These results
indicate that O2

• − introduced during irradiation is being
consumed by another pathway that is not leading to H2O2.
The sink is largest at spike concentrations of ≤120 nM,
indicating that the sink is smaller than this value for a 10 mg/L
SRFA sample. At spike concentrations of >500 nM,
dismutation appears to be the primary pathway for the decay
of the O2

• − decay.
Spikes introduced during the decay phase post-irradiation

led to the expected 2:1 stoichiometry, which was also observed
in the controls where O2

• − spikes were introduced in the dark
for both 10 mg/L SRFA and 50 mM borate buffer (Figure 5).
Other groups have also observed a 2:1 stoichiometry of H2O2
production from O2

• − spikes in various samples in the
dark.14,24 Garg et al.24 further compared the dark results to
irradiated conditions and noted that the H2O2 concentration
did not increase much post-irradiation despite observable
O2

• − decay. They concluded that the decay occurring post-
irradiation was not producing H2O2 and that catalyzed
dismutation that occurs in the dark is possibly deactivated
during irradiation. We monitored our spiked samples in the
dark for an additional ∼5 min from the time the sample was
tested for H2O2. We also observed no continual increases in
the H2O2 concentration during this time for samples that had
received either steady-state spikes or decay spikes (data not
shown).
Possibilities for the Light-Dependent Oxidative Sink.

As previously discussed,7,8 moieties that could be involved in
the one-electron transfer within CDOM are phenols as the
donors and quinones as the acceptors. In this case, one-
electron transfer would result in the formation of phenoxy
radicals, which have rate constants for reaction with O2

• − near
the diffusion-controlled limit.40 The reaction between phenoxy
radicals and O2

• − can lead to a back reaction to reform phenol
and molecular oxygen via the addition of O2

• − to the phenol
ring; several studies have demonstrated that the ring addition
reaction predominates.41−44 Further reaction can produce ring-
opened products.41,43,44 This reaction sequence represents
another possible pathway for the photochemical trans-
formation of CDOM as it is transported from land to the
open ocean. Currently, a key issue that remains is the
branching ratio between the back reaction, which does not lead
to CDOM transformation, and reactions leading to net
oxidation (i.e., ring-opened products). Although it is not
possible to track the remineralization of CDOM to oxidized
inorganic products (i.e., CO and CO2) with this open-system
experimental design, previous work suggests similar photo-
production efficiencies for CO2 and O2

• − based on a
comparison between a CO2 apparent quantum yield (AQY)
spectrum and H2O2 AQY spectrum determined with added
SOD.27 However, only one coastal tidal creek sample was
tested in this work, warranting further investigation into the
relationship or lack thereof between O2

• − and CO2 photo-
chemistry.
The possibility that O2

• − is involved in the net oxidation of
CDOM was tested preliminarily by measuring the absorbance
and fluorescence before and after the injection of O2

• − during
irradiation. Small absorbance changes were observed between
the wavelengths (200−450 nm), amounting to about a 5% loss
(Figure S12 of the Supporting Information). A more significant
change was observed in the fluorescence intensity, where up to
about a 15% loss was obtained (Figure S12 of the Supporting

Information). The spiked sample was only irradiated for just
under 3 min; therefore, any photochemically induced oxidation
is likely insignificant in this time frame.45 Because a fairly large
spike concentration was employed (∼1250 nM), a large
portion of this spike likely produced H2O2 (Figure 5). The
absence of a more substantial loss in optical properties may be
due to the injection of a single large pulse of O2

• − into the
sample. Regardless, the observation of optical changes supports
the idea that O2

• − does indeed react to chemically alter the
CDOM during irradiation.
Although phenolic groups and quinones are large

components of the antioxidant/free-radical scavenging capa-
bilities of DOM,46−48 most studies that have investigated this
have only looked at their activity in the dark46,48 or after
removal from sunlight.47 Irradiation of CDOM produces a
variety of organic radicals, such as peroxy radicals, that could
also be possible sinks for O2

• −, although past work suggests
that peroxy radicals are not likely to be substantial sinks.24

Methylhydroperoxide was the only short-chain peroxide to be
observed in one study, but its production was an order of
magnitude lower than that of H2O2.

49

■ ENVIRONMENTAL IMPORTANCE
We have demonstrated the presence of a light-dependent
oxidative sink of O2

• − within CDOM through O2
• − spiking

experiments. These results show that the simple assumption of
the stoichiometric ratio of 2:1 for O2

• − production based on
H2O2 production is inaccurate and severely misrepresents the
magnitude of O2

• − photoproduction. On the basis of prior
results,6−8 the extent to which the photochemical formation of
O2

• − is undercalculated likely varies from sample to sample.
Although only SRFA was studied here, this experimental
approach should be applicable to a wide variety of samples to
determine the magnitude of light-dependent oxidative
consumption of O2

• −. However, considering that a wide
variety of CDOM samples will likely have ratios larger than
2:1, any study that has utilized a value close to this ratio for
modeling would likely need to be re-evaluated.38,50 Future
work should consider not only studying other humic and fulvic
materials but also the influence of pH, salinity, ionic strength,
and temperature.
Likely candidates for the moieties within CDOM that react

with O2
• − are photoproduced phenoxy radicals, which have

large rate constants for reaction with O2
• −.41 Past research has

found that the reaction between O2
• − and phenoxy radicals

primarily occurs by addition followed by ring opening rather
than regeneration of the parent phenol.41,43,44 Our results
support the idea that this process could be a contributing
pathway for photo-oxidation of CDOM and, therefore, also
possibly involved in the photoproduction of carbon dioxide
and carbon monoxide. However, other additional possibilities
for oxidative sinks exist, and the magnitude with which various
pathways proceed over others is still currently unknown.
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