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ABSTRACT: One-electron reductants (OER) photoproduced by
chromophoric dissolved organic matter (CDOM) have been shown
to be likely precursors for the formation of superoxide and
subsequently hydrogen peroxide. An improved method that employs
a nitroxide radical probe (3AP) has been developed and utilized to
determine the photoproduction rates of OER from a diverse set of
CDOM samples. 3AP reacts with OER to produce the hydroxyl-
amine, which is then derivatized with fluorescamine and quantified
spectrofluorometrically. Although less sensitive than traditional
methods for measuring Rg,,_, measuring Ry provides a simpler
and faster method of estimating Ry,,_ and is amenable to
continuous measurement via flow injection analysis. Production
rates of OER (Ry), superoxide (Rg,,_), and hydrogen peroxide
(Riz02) have a similar wavelength dependence, indicating a common origin. If all the OER react with molecular oxygen to produce
superoxide, then the simplest mechanism predicts that Ry/Ry,0, and Rg,e /Ry, should be equal to 2. However, our
measurements reveal Ryy/Ryy,0, values as high as 16 (5.7—16), consistent with prior results, and Roy._/Ryp0, values as high as 8
(5.4—8.2). These results indicate that a substantial fraction of superoxide (65—88%) is not undergoing dismutation. A reasonable
oxidative sink for superoxide is reaction with photoproduced phenoxy radicals within CDOM.
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B INTRODUCTION

Chromophoric dissolved organic matter (CDOM) is the light-
absorbing component of dissolved organic matter (DOM),
which is found ubiquitously in natural waters. Although some
fraction of CDOM may be consumed, transformed, or
transported into sediments, a large portion remains in the
water column where it plays important roles in the aquatic
environment." Photoactive groups within CDOM absorb light
to produce excited states that undergo photochemistry to

Scheme 1. Proposed Reactions Involved in the Generation
of ROS from CDOM upon Absorption of Light

1. CDOM + hv — 'CDOM"

2. 'CDOM" — CDOMP*+/A+-

3. CDOMP**A* + 0, — CDOMP*+/A + 0,*
4. CDOMP*+A* . CDOMP/A

5.202" +2H" — H202 + O2

generate reactive oxygen species (ROS) such as superoxide,
hydrogen peroxide, singlet oxygen, and hydroxyl radicals.”™*
ROS are environmentally significant species as they affect trace
metal speciation through redox chemistry, which can affect the
bioavailability of these metals.”~” ROS can also contribute to
the transformation of natural and anthropogenic organic
compounds.”™"? Studying the rates and mechanisms of
formation and decay of these ROS is thus essential to acquire
a better understanding of the impact these ROS have on
aquatic ecosystems.

A previously proposed series of reactions, shown in Scheme
1, for the generation of superoxide and hydrogen peroxide
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involves an initial absorption of light (hv), resulting in the
formation of excited singlet states ('CDOM?*) (Reaction
1).%' On the basis of current evidence, intramolecular
electron transfer then occurs between electron-rich donors
(D) and electron-poor acceptors (A) within CDOM, where
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possible donors are likely to be phenols while possible
acceptors are quinones or aromatic ketones.'>'® The electron
transfer results in the formation of one-electron reduced
acceptors within CDOM (CDOMP**/A*7), which then react
with dissolved molecular oxygen to form superoxide (O,*7)
(Reaction 3). This reaction takes place in competition with
back-electron transfer (Reaction 4). Superoxide then under-
goes dismutation to form hydrogen peroxide (H,0,)
(Reaction 5).17—19

On the basis of this reaction scheme, the ratio of the
production rate of superoxide to that of hydrogen peroxide
should be equal to 2, as it takes two superoxide molecules to
produce one hydrogen peroxide. However, past research is
inconsistent with these values and suggests that oxidative sinks
for superoxide are present that do not lead to hydrogen
peroxide production.'” Previously, the enzyme superoxide
dismutase (SOD) has been utilized to enhance hydrogen
peroxide production in water samples by catalyzing the
dismutation of superoxide (2 X 10° M~ s7')*" and thereby
outcompeting other decay pathways. Using this approach,
Petasne and Zika discovered that up to 41% of the superoxide
generated in coastal seawater samples does not dismutate to
form hydrogen peroxide.'” Powers et al.”' combined the use of
SOD with superoxide measurements and also obtained a
discrepancy of about 40% for natural freshwater from the
Altamaha River and seawater samples from the Skidaway River
Estuary and the South Atlantic Bight. Garg et al. monitored
hydrogen peroxide production in Suwannee River fulvic acid
samples in the presence of SOD and showed that the loss of
superoxide to other pathways was at least 70%.”” However,
SOD was found to have no effect on hydrogen peroxide
production in several other studies.”**

The proposed precursor to superoxide, photoproduced
OER, have been found to react rapidly with nitroxide radical
probes to reduce them to form the relatively stable O-
unsubstituted hydroxylamine.'>** Derivatization of the hy-
droxylamine with fluorescamine leads to a product with
enhanced fluorescence, while derivatization of the nitroxide
radical probe (prior to being reduced) has very low
fluorescence due to efficient intramolecular quenching by the
nitroxide moiety.”*>* Liquid chromatography with fluores-
cence detection has been employed to separate and quantify
photoproduced radicals through irradiation of various a-keto
acids and ketones and of reference materials and natural
waters,””?° with the structures confirmed using mass
spectrometry.”"”* Irradiation of Suwannee River fulvic acid
(SRFA) and natural waters led to the production of a variety of
compounds including the hydroxylamine, as well as much
smaller levels of methyl, ethyl, isopropyl, acetyl, propanoyl, and
pentanoyl adducts.””** The hydroxylamine was found to
dominate the products generated as compared to the
formation of radical adducts.””**

Because the hydroxylamine is the major product, its steady-
state fluorescence signal should dominate compared to the
very small contributions from other products, making
separation unnecessary. Therefore, the nitroxide probe and
derivatization method was modified to be conducted simply
using fluorescence spectroscopy to quantify the production of
OER (Ry) photoproduced within CDOM. Assuming that Ry
is approximately equal to the production of superoxide
(Rose—), a comparison of Ry to the production rate of
hydrogen peroxide (Ry,0,) should also produce ratios of about
2. Prior work using liquid chromatography that compared Ry

to Rypo, for standard humic and fulvic materials from the
Suwannee River discovered much higher values, some reaching
up to 13.°

This work presents a faster and more versatile method for
the measurement of Ry, provides further tests of the validity of
the method, and acquires results for a broader range of samples
compared to previous studies. Validation experiments are
consistent with previously published results”>*” and include:
(1) nitroxide probe, fluorescamine, and CDOM concentration
dependence; (2) linearity of production over time; (3) stability
in air; (4) oxidation of the hydroxylamine by copper; and (5)
detection limits. Ry values have been determined for Suwannee
River fulvic acid (SRFA) and natural organic matter
(SRNOM), Elliott Soil humic acid (ESHA), exudate from
the brown alga Sargassum natans, a natural water and extract
(C-18 solid phase) from the Delaware River, natural waters
from various lakes in New Jersey, and a natural water and
extract from St. Mary’s River in Maryland. Ry were compared
with Ryp0, and all samples exhibited ratios far greater than 2,
in accordance with past results.” Salinity and the addition of a
metal chelator have only a slight impact on these ratios. To
delve deeper into the relationship between the reactions in
Scheme 1, preliminary work acquired Rg,,_ for SRFA and
SRNOM. Presented herein are the first measurements of the
production rates of all three species under identical conditions,
as well as the first direct measurements of the polychromatic
wavelength dependence of Rg,,_ using multiple long-pass
cutoff filters.

B MATERIALS AND METHODS

Chemicals. Boric acid, sodium carbonate, sodium acetate,
monobasic sodium phosphate, sodium hydroxide, phosphoric
acid, sea salt (S9883), fluorescamine, 3-amino-2,2,5,5-tetra-
methyl-1-pyrrolidinyloxy (3AP), and 0.1 N potassium
permanganate were purchased from Millipore Sigma. Sodium
dithionite was purchased from Acros Organics. Hydrogen
peroxide and sodium chloride were purchased from EMD.
Acetonitrile, acetone, and ethanol were purchased from
Fischer. 10-Methyl-9-(p-formylphenyl) acridinium carboxylate
trifluoromethanesulfonate (AE) was obtained from Waterville
Analytical Co. 2-Methyl-6-(4-methoxyphenyl)-3,7-
dihydroimidazo[1,2-a]pyrazin-3(7H)-one) (also known as
methyl Cypridina luciferin analogue or MCLA) was purchased
from TCI Chemicals. Diethylenetriaminepentaacetic acid
(DTPA) was purchased from Fluka. Suwannee River fulvic
acid (SRFA; 2S101F), Suwannee River natural organic matter
(SRNOM; 2R101N), Elliott soil humic acid (ESHA; 1S102H)
were purchased from the International Humic Substance
Society. Sargassum was sampled in the North Atlantic Ocean, 9
km off the coast of Bermuda, and exudates were collected by
solid phase extraction during outdoor leaching experiments
described in detail previously.”® Natural water (NW) from the
Delaware River was collected in August of 2006 (St. Nineteen;
40.1 N, —74.8 W). Natural waters from various lakes in
northern New Jersey were collected in November and
December of 2019: Echo Lake Reservoir (ECL; 41.0,
—74.4), Greenwood Lake (GWL; 41.2, —74.4) and Monksville
Reservoir (MKR; 41.1, —74.3). Natural water from St. Mary’s
River in Maryland was collected in January of 2020 (SMR;
38.2, —76.5). All C-18 solid phase extractions (EX) were
conducted as described previously.”* Purified water (18
MQcm) was obtained from a Milli-Q purification system.
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Sample Preparation. Stock solutions of extracts and
reference materials were prepared by diluting/dissolving the
extract or reference material in MQ _water. These stocks were
adjusted to pH 7 using NaOH and HCI and filtered using
precleaned 0.2 #M nylon filters. Dilutions of these stocks at
desired concentrations for experiments were then prepared by
diluting the stock solutions with 50 mM borate buffer at a pH
of 8 unless otherwise noted. Natural waters were filtered with
precleaned 0.2 um nylon filters and used as is.

Measurement of Optical Properties. Absorbance
measurements were conducted on a Shimadzu UVPC 2401
benchtop spectrophotometer in a 1 cm cell. The instrument
was always baselined to air and blank measurements (MQ_or
buffer) were taken and were subtracted from absorbance
spectra. Spectral slopes were determined using nonlinear least-
squares fitting to an exponential function in SigmaPlot.

Fluorescence excitation—emission spectra (EEMs) were
conducted with a Horiba Fluoromax-4. Excitation was scanned
from 300 to S00 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 were used. The fluorescence of 10
ppb quinine sulfate in 1 N H,SO, (QS) was measured using an
excitation wavelength of 350 nm with emission scanned from
290 to 700 nm. Fluorescence quantum yields (FQY) at any
given excitation wavelength for the samples were calculated
using the following equation:”

P;(int)()“ex)
FQS (iﬂt)(lexssonm)

)

Ags(Aey
L o’ | % 0,51
As(j’ex)

FQY(4,) =
(1

where F,) and Fqgiy) are the integrated emission intensities
of the sample and QS, respectively, at the particular excitation
wavelength (4,,). Aqs and A, are the absorbance values of QS
and the sample, respectively. The value 0.51 is the published
quantum yield of QS.”

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

A standard curve for hydroxylamine was produced by
titrating 600 uM 3AP with increasing volumes of dithionite
(Na,S,0,) under nitrogen and observing the emission with
each addition (Figure SI of the Supporting Information, ST).”
Dithionite was prepared by adding a small amount of the solid
to a cuvette of Milli-Q water at pH 11 that had been
deoxygenated. The concentration of the resulting dithionite
solution was monitored spectrophotometrically (¢ = 8000
M~'em™ at 315 nm).* Standard curves were performed in at
least triplicate.

Unless otherwise noted, samples were mixed with 600 yM
3AP in 1 cm screw-top cuvettes fitted with caps and septa to
measure Ry. Nitrogen was first bubbled through the sample for

30 min and was then irradiated for 15 min using a 300-W
xenon arc lamp with a 20 cm water jacket. A 325 nm cutoff was
the primary filter used to approximate the solar spectrum in
natural waters, but other filters (355, 380, 399, 418, and 440
nm) were used to examine the wavelength dependence of Ry
The headspace of the cuvette was continuously purged with
nitrogen throughout the irradiation. The sample was then
derivatized directly in the cuvette, using anoxic techniques, by
the addition of 200 uL of 15 mM fluorescamine in acetonitrile
(1 mM in sample) unless otherwise noted. The sample was
mixed for about one minute and was then placed in the
fluorometer for measurement. A nonirradiated sample was
derivatized and measured to determine the blank. If necessary,
samples were then filtered with a precleaned 0.2 ym nylon
filter into a clean cuvette to remove any excess precipitated
fluorescamine, and the fluorescence was measured. Filtering
the samples removes issues with scattering in the measure-
ments and does not remove any of the hydroxylamine product
(Figure S2). The initial rate of hydroxylamine production was
calculated by the following equation:

— Tis B To
15 min X 60 s/min (2)

Ry

where T is the product yield after the 15 min irradiation, and
T, is the blank measurement.'”

The hydroxylamine method required some modifications to
be used in natural waters due to their variability. Additional
buffering of natural waters was needed following irradiation but
before derivatization to maintain a higher stable pH and a
higher concentration of fluorescamine was needed to ensure
complete derivatization. For the natural waters tested in this
study, an addition of ~100 uL of a S0 mM borate buffer at pH
11 and 2 mM fluorescamine was sufficient (Text SI).

Measurement of Hydrogen Peroxide. Hydrogen
peroxide was measured through the chemiluminescent reaction
with a FeLume (Waterville Analytical Co.). For freshwater and
buffered samples, the carrier was 0.1 M HC], the buffer was 0.1
M sodium carbonate at a pH of 11.7, and the reagent
acridinium ester (10-methyl-9-(p-formylphenyl) acridinium
carboxylate trifluoromethanesulfonate) (AE) was prepared at
S uM in 1 mM phosphate buffer at a pH of 3.>”*" For higher
salinity samples, the HCI carrier was increased to 0.3 M, the
pH of the sodium carbonate buffer was lowered to 10.7, and
the AE concentration was lowered to 1-2 uM. The FIA
photomultiplier tube was set at a voltage of 950 V and an
integration time of 400 ms for freshwater and buffered samples.
The voltage was increased to 1050 V for higher salinity
samples. All of these solutions were drawn into the FIA system
using a peristaltic pump with Teflon tubing.

Standard concentrations of hydrogen peroxide were
prepared from a stock solution whose concentration was
monitored spectrophotometrically (¢ = 38.1 + 1.4 M~ 'em™ at
240 nm).”” The hydrogen peroxide concentration was
confirmed by performing a potassium permanganate titration
of the ~30% stock bottle. A concentration of 31.6 & 0.2% was
obtained. The molar extinction coefficient of hydrogen
peroxide was then confirmed by measuring the absorbance of
multiple prepared concentrations (Figure S9). An extinction
coefficient of 40.4 + 0.3 M~ 'em™ (0.5%) at 240 nm was
obtained, which differs by 6% compared to the published
literature value above.

To determine Ry, @ 1 cm quartz cuvette was filled with
the sample, and it was irradiated using the lamp, water jacket,
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and filters as describe above. Ry, was calculated from the
linear regression of hydrogen peroxide yield over the course of
a 1S min irradiation.

Measurement of Superoxide. Superoxide was measured
via the chemiluminescent reaction with 2-methyl-6-(4-
methoxyphenyl)-3,7-dihydroimidazo[1,2-a]pyrazin-3(7H)-
one) (also known as methyl Cypridina luciferin analogue or
MCLA) in the FeLume system set up to continuously take in
the reagent and sample with a peristaltic pump with a total
flow rate of 6.6 mL/min. MCLA was prepared at 2.5 yM in
500 mM sodium acetate buffer with S0 uM DTPA at a pH of
6.”>*" Standards were generated by the photolysis of a solution
of 6 M ethanol, 41 mM acetone, and 30 uM DTPA in 1 mM
borate buffer at a pH of about 12.5 in a cuvette with a mercury
pen-lamp.*>*' The concentration of superoxide was monitored
spectrophotometrically (£ = 2183 M~'cm™" at 240 nm)'® with
an Ocean Insight DH mini light source connected to an Ocean
Optics USB2000 spectrometer. When the superoxide concen-
tration in the solution reached ~50 xM, a small volume (L)
was taken and added to ~20 mL of sample to prepare a
standard in the nanomolar range. The standards were
continuously stirred and taken into the instrument and the
signal was monitored as the superoxide decayed. Linear
extrapolation of the plot of the natural log of the signal versus
time was used to determine what the initial signal was.

To quantify Rg,,_, about 4 mL of sample was placed in a 1
cm cuvette and the sample line was inserted into the cuvette.
The cuvette was placed into the light and the production was
monitored over time. Approximately the first 15 s of the
observed increase in signal over time was used to calculate
Ro,.- (Figure S10).

Effect of Salinity. Solutions of SO mM borate buffer at a
pH of 8 with sodium chloride and Sigma-Aldrich “Sea Salt”
(S9883) concentrations of 18 and 28 ppt were prepared. St.
Nineteen extract samples at concentrations of S mg/L were
then prepared by bringing up the extract in these buffered salt
solutions. Ry and Ry, were then measured as described
above. The sodium chloride and sea salt had been baked for 24
h prior to being used to remove any trace organic material.
Sonication was done to aid in dissolution, and the salt
solutions were filtered through precleaned 0.2 M nylon filters
before use.

Effect of Metal Chelators. A stock solution of 3.57 mM
DTPA was prepared by dissolving the solid in MQ water.
Aliquots of the stock were added to St. Nineteen extract and
St. Nineteen natural water so that the concentration was 50
UM and they sat at 4 °C for 24 h. Ry and Ryy,p, were then
measured as described above.

Rate of Excitation and Apparent Quantum Yields.
Rates of production were normalized to the rate of excitation
of the sample to give apparent quantum yields (®).

rate of production (Ryg, Ro,, or Ryppo,)

rate of excitation (Rgy) 3)

This ensures that variability in sample concentrations/
absorbance are taken into account. Rate of excitation was
calculated under optically thin conditions by the equation:

800
Ry = /300 a()I(A) di “

where a(4) is the Naperian absorption coefficient in cm™, and
I(A) is the absolute irradiance of the xenon arc lamp in

photons cm™ s™' nm™."° The absolute irradiance of the lamp

from 300 to 800 nm was measured using an Ocean Optics
Spectroradiometer (Figure S11).

B RESULTS AND DISCUSSION

Validation of Hydroxylamine Measurements Using
Fluorescence Spectroscopy. The procedure for measuring
Ry, previously conducted using liquid chromatography with
fluorescence detection, was modified to allow for determi-
nation with a spectrofluorometer. Reduction of 3AP with
dithionite to form hydroxylamine, followed by derivatization
with fluorescamine, produced an enhanced fluorescence
emission that was linear with the extent of reduction of 3AP,
thus allowing for method calibration (Figures la and S1).

1.2e+5 T
| a
| . M
1.0e+5 - T . ?Z“HM
|
—~ I o 24uM
2 8.0e+4 I ° 36uM
3 : 48 uM
3)
= 600+ | 60 WM
kel |
[}
2
L|E.| 4.0e+4 - |
L
2.0e+4 3 :
0.0 |
I b
) e 0min.
4e+4 | e 3min.
* 6 min.
0 | ®  9min.
S 3e+4 q
(s}
S
c
kel
2 2etd
€
i

le+4

460 480 500 520 540 560 580 600
Wawelength (nm)

Figure 1. Raw emission signals for (a) hydroxylamine produced via

dithionite reduction of 600 M 3AP and (b) hydroxylamine produced

by reduction of 600 yM 3AP during an irradiation of 10 mg/L SRFA.

Dashed line indicates 490 nm, the wavelength at which fluorescence
intensity was used for data analysis.

Irradiation of CDOM in the presence of 3AP also produced
enhanced signals, indicating reduction of 3AP, which were
linear with both the irradiation time (Figures 1b and S12) and
the concentration of CDOM (Figure S13). The difference in
spectral shape between Figure 1a and Figure 1b is due to the
background fluorescence of CDOM. The hydroxylamine signal
was stable in air for at least two hours (Figure S14).
Introduction of a low concentration (7.3 M) of Cu®* reversed
this signal, consistent with Cu*'-catalyzed oxidation of
hydroxylamine back to 3AP**** and confirming an insignif-
icant contribution of radical adducts (e.g,, methyl, acetyl, and
pentanoyl)”” to the total fluorescence signal (Figure S15).

To ensure that sufficient 3AP was being utilized to trap all
photoproduced OER, the dependence of Ry on the
concentration of 3AP was evaluated in a solution of 10 mg/
L SRFA (Figure 2). Data was fit to eq S, the derivation of
which is discussed in the SI (Text S2).
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Figure 2. Dependence of Ry on 3AP concentration for 10 mg/L
SRFA under 0 and 250 uM molecular oxygen. Irradiations were
conducted for 15 min using the 325 nm cutoff filter. Data was fit to eq
5. Solid lines are the fits of the data to eq S. The dashed line is the fit
of the 250 M molecular oxygen data to eq S but with A restricted to
21.1 nM/s. Error bars are standard deviation based on a relative
standard deviation of 15% which was the typical maximum deviation
observed for triplicate Ry measurements.

The parameter A = R; and parameter B = kit kol when

3AP
kg
[
saturation concentration for reaction of 3AP with OER.

The data under nitrogen plateaus by 600 uM, and the
resulting fit gave a half-saturation concentration (B) of 70 + 8
UM and a rate of formation of OER (A) of 21.1 + 0.6 nM/s,
somewhat higher than the previously published results of 40 +
8 uM and 16.2 + 0.7 nM/s, respectively."” We attributed this
difference to the broader range of concentrations tested in this
iteration, allowing for a better fit than previous results. In the
presence of 250 uM O, (estimation based on temperature and
solubility), competition between 3AP and molecular oxygen
for OER is evidenced by the far lower values obtained for Ry.
For this data, the fit gave B = 2600 + 1200 M and A = 39 +
13 nM/s; the very large uncertainty we attribute to not
reaching rate saturation over the concentration range of 3AP
investigated, in accordance with previous results."> Restricting
the fit with A = 21.1 nM/s (from fit to 0 uM molecular
oxygen) gives B = 1100 = 85 uM, which is more in line with
that observed visually for the half-saturation concentration and
fits within the expected error of the data. These data provide
strong evidence that 3AP and molecular oxygen are competing
for the same pool of OER. Further, molecular oxygen and 3AP
are highly effective quenchers of both excited singlet and triplet
states with rate constants on the order of 10° M™' s™' or
more,”> primarily via mechanisms not involving electron
transfer. These results provide further evidence that the
excited states giving rise to the OER must be relatively short-

[O,] = 0 M under nitrogen, B = and provides the half-
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Figure 3. (a) Ry, (b) Roze_, (€) Ripnoy (d) @y, (e) Pose—, and (f) Pyy0, for 1 mg/L SRFA and SRNOM. Error bars for the rates represent

standard deviation of triplicate measurements.
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lived and are thus not originating from long-lived triplet
states.”>>%*

The concentration dependence of fluorescamine was also
examined to ensure that derivatization of hydroxylamine was
complete. This was achieved by irradiating 10 mg/L SRFA in
50 mM borate buffer pH 8 with 600 M 3AP for 15 min but
varying the concentration of fluorescamine used to derivatize
the sample (Figure S16). The emission maximum occurred at
0.8 mM fluorescamine and then plateaued, indicating that 0.8
mM was sufficient to derivatize 600 yuM 3AP.

The hydroxylamine technique is quite sensitive and can
detect nanomolar concentrations of hydroxylamine (Figure
S17). The limit of detection (LOD = 3(s/m)) and the limit of
quantification (LOQ = 10 (s/m)) were determined for the
hydroxylamine, superoxide, and hydrogen peroxide methods
used in this study, where s is the standard deviation of the
blank signal, and m is the slope of the standard curve. LOD
and LOQ values were determined using at least two standard
curves and are reported as the average + standard deviation.
The hydroxylamine method has a LOD of 310 + 70 nM and a
LOQ of 1000 + 200 nM. Chemiluminescence methods
typically have lower limits, in the picomolar to low nanomolar
range.*”** In our case, the hydrogen peroxide method had an
LOD of 24 + 8 nM and a LOQ_of 80 + 30 nM and the
superoxide method had an LOD of 0.4 + 0.1 nM and an LOQ_
of 1.2 & 0.4 nM. Although the hydroxylamine method is not as
sensitive as the superoxide chemiluminescence technique, the
simplicity and ease of use of the hydroxylamine method
outweigh the loss of sensitivity.

Polychromatic Wavelength Dependence of R, Ro,._,
and R0, Numerous studies have investigated the wave-
length dependence of Ry,p, and have shown that its
production decreases approximately exponentially throughout
the ultraviolet wavelengths and that there is little to no
production in the visible."*~>*****! Prior results from limited
monochromatic studies have shown that the value for Ry/
Rino, is retained despite the wavelength(s) of light used
during irradiations.">'®>> This work is the first report of Ry,
Rip02 and Rg,,_ measurements on the same sample and the
first report of the polychromatic wavelength dependence of
R that was acquired directly and not estimated from Ryy,0,
data.

The wavelength dependence is similar for all three rates
(Figure 3); with all decreasing proportionally with longer
wavelength cutoff filters. Therefore, specific ranges of wave-
lengths do not favor Ry, Rp,._, Or Ry, over another. This
result further supports that the reactions of the three species
are inter-related as described above in Scheme 1. Plots d—f in
Figure 3 provide the wavelength dependence of the @ values.
Our results are similar to the few studies that exist for the
wavelength dependence of ®y,o, determined based oft of
polychromatic irradiations, although our results are toward the
lower end of the values.”*>**>* This could be attributable to
our use of the range of 300—800 nm for integration which is
larger than in these studies. Additionally, our results begin with
a cutoff filter of 325 nm and most works have studied as low as
280 nm, which is much more photochemically efficient, and
these lower wavelengths give the spectra a more exponential
trend 21235254

When we relate Rpy,_ to Ry and Ry,q, through ratios
(Figure 4), a ratio of about 1-2 is obtained for Ry;/Rp,,_ which
indicates that superoxide measurements are close in magnitude
to those of OER, as expected. The slightly lower Rp,,_
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Ry/ RH,0,
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2 -

O,
10 b

Ru/Ro
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Wawelength of Cut-off Filter (nm)
Figure 4. () Ry/Ripoy (b) Roe—/Rippo; and (¢) Ry/Ro,- for

SRFA and SRNOM. Error bars represent propagation of standard
deviation of triplicate measurements for each rate.

compared to Ry could be due to the inability to completely
capture an actual production rate of superoxide. The rates
reported here are “net” in that some unavoidable loss occurs as
the superoxide travels from the sample to the reagent and
detector within the FeLume. Alternatively, small systematic
variations in the calibration of either Ry or Rgy,,_ could be
possible, particularly for Ry,,_ due to the difficult nature of
calibrating for superoxide. In contrast, a ratio of about 11 is
obtained for Ry;/Ry,0,, consistent with previous work,"” with a
value of about 6-8 obtained for Rg,,_/Ryyo, further
confirming that Rg,,_ cannot be simply estimated as 2 X
Ripp0, which is what has traditionally been done.”"*¢
Comparison of Rates and @ Values for Different
Samples. Ry; and Ryy,q, were determined for SRFA, SRNOM,
ESHA, a natural water and an extract from the Delaware River
(St. Nineteen), exudate from Sargassum, natural waters from
lakes and reservoirs in northern New Jersey [Echo Lake
Reservoir (ECL), Greenwood Lake (GWL) and Monksville
Reservoir (MKR)], and a natural water and an extract from St.
Mary’s River (SMR) in Maryland (Table 1). For all samples,
Ryi/Ryp0, is greater than 2 and varies from a value of S to 16.
@y and Py, also differ significantly among the samples, from
a value of 1.7—17 X 107 for ®y and 0.21—1.03 X 107* for
Dy, Literature values for polychromatic @y, values for a
variety of natural waters vary significantly.”"*>*”>* Our results
are on the lower end of published values, which could be due
to the differences in experimental methods as described above
(wavelength of cutoff filter and integrated wavelength range).
Ryy/Rypp0, values for SRFA and SRNOM are comparable to
one another and to previously published results for SRFA and

https://doi.org/10.1021/acs.est.1c04043
Environ. Sci. Technol. 2021, 55, 12095—-12105


https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04043/suppl_file/es1c04043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04043/suppl_file/es1c04043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04043/suppl_file/es1c04043_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04043?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04043?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04043?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04043?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c04043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Table 1. Ry and Ry, Apparent Quantum Yields, and Ratios for Various Samples”

sample Ry (nM/s) R0z (nM/s) Rex (nM/s) (x 10%) @y (X 107%) D0, (X 107%) Ry/Rinos Po,_ (%)
SRFA 20+ 2 1.7 £ 0.1 2.3 9+1 0.76 + 0.05 12 +2 83
SRNOM 1S+1 14 + 02 1.8 83 £ 0.8 0.8 +£0.1 11 +£2 81
ESHA 109 + 0.5 0.74 + 0.02 3.6 3.0 +£0.1 0.21 + 0.01 1S+1 86
Sargassum 64 + 0.5 1.13 + 0.03 3.8 1.7 £ 0.1 0.30 + 0.008 5.7 £ 0.4 65
St. Nineteen (EX) 8.7 + 0.3 0.67 + 0.03 12 74 + 03 0.58 + 0.03 13.0 + 0.8 85
St. Nineteen (NW) 53 +04 0.39 + 0.02 0.61 8.6 + 0.6 0.64 + 0.03 13+1 85
SMR (EX) 3.0 + 0.3 021 + 0.02 027 11+1 0.75 + 0.06 14 +2 86
SMR (NW) 21+ 03 0.18 + 0.01 022 10 +2 0.85 + 0.05 11+2 82
ECL (NW) 83 + 04 0.661 + 0.007 1.2 6.8 + 0.3 0.544 + 0.006 12.6 + 0.5 84
GWL (NW) 4.7 + 0.6 0.45 + 0.01 0.61 8§+1 0.74 + 0.02 11 +1 81
MKR (NW) 4.5 + 0.6 0.277 + 0.003 0.27 17 £ 2 1.03 + 0.01 16 + 2 88

“Uncertainties in the rates represent the standard deviation of triplicate measurements. Uncertainties were propagated for derived values.
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Figure S. Relationships between optical properties and apparent quantum yields: (a) ®y vs E,/E;, (b) ®y vs FQY, (c) Pyp50, vs E,/Es, and (d)
D150, vs FQY for all samples given in Table 1. Error bars represent propagation of standard deviation of triplicate measurements.

SRHA." ESHA differs significantly from SREA and SRNOM
as it has a slightly higher Ry/Ry,0, yet significantly lower @y
and @y, values. The exudate from Sargassum is similar to
ESHA in that @y and @y, are low compared to all of the
other samples, however Sargassum has an overall Ry/Ryy, 0, of
S compared to 15 obtained for ESHA. This difference could be
related to the fact that DOM from Sargassum exudates has a
high phenolic content and very different molecular properties
when compared to standard reference materials.”® The natural
waters and their respective extracts from St. Nineteen and
SMR have fairly close values for both @y and ®@y,p,. The
natural water samples from New Jersey having varying values
for both ®y and ®yy,,. MKR has the highest @ and Py,
values among the samples tested. Assuming that all of the

12101

photoproduced OER that react with 3AP to produce
hydroxylamine would react with molecular oxygen to produce
superoxide, and assuming the stoichiometry of two superoxide
molecules to produce one hydrogen peroxide, the fraction of
superoxide that is lost to other oxidative processes (Pg,_) can
be determined using the following equation: '

RH 2’RO;(total)

RH202 [RO;(total)(l - PO;(oxidative))] (6)

The Pq,_ (converted to percent) for the samples range from
65% to 88%, consistent with past results and suggesting that a
significant portion of superoxide is lost through oxidative

15,19,22,56
pathways.
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Table 2. Effect of Salinity and Addition of DTPA on Ry and Ry, in St. Nineteen EX and NW*

sample condition

St. Nineteen (EX) none
18 ppt NaCl
28 ppt NaCl
18 ppt sea salt
28 ppt sea salt
50 uM DTPA
St. Nineteen (NW) none
50 uM DTPA

Ry (nM/s) R0z (nM/s) Ry/Ripon
8.7+ 0.3 0.67 + 0.03 13.0 + 0.8
6.7 + 0.8 0.77 + 0.03 9+1

8+1 0.71 + 0.0§ 11 +£2

7x1 0.73 + 0.09 9+2
6.7 + 0.6 0.80 + 0.01 84 + 0.7
88 +£0.5 0.93 + 0.03 93 £0.7
53 +£04 0.39 + 0.02 13+£1
5.5 +03 0.51 £+ 0.02 10.6 + 0.7

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

Comparison to Optical Properties. Variation in the ®y
and @y, values among the samples studied could be due to
differences in structure or composition of the samples. Optical
properties, such as absorbance and fluorescence parameters,
have been utilized to relate photochemical reactions to the
composition of CDOM.* To probe this, several optical
properties were obtained for the samples using absorbance
and excitation—emission spectra. @y and ®Py,5, were
compared to the ratio of the absorbance value at 250 nm to
the absorbance value at 365 nm (E,/E;), spectral slope
(S300-700), spectral slope ratio (S,75_305/S350-400), and fluo-
rescence quantum yield (FQY). A weak correlation was
observed for @y and ®y,, with E,/E; (R* = 0.55 and 0.62,
respectively) and FQY (R* = 0.40 and 0.39, respectively)
(Figure 5), but no obvious correlation was observed for @y
and @0, and S300_700 OF Sy75_205/S3s0-400 (Figure S18). E,/
Es; S300-7000 S275-295/ S350-4000 and FQY all tend to increase with
decreasing molecular weight,”" so it is interesting that the
correlations are stronger with some of these optical properties
over others. It has been argued that the more discrete optical
properties (E,/E; and Sy;5_50s/S350-400) are more viable
parameters to compare to as opposed to spectral slopes over
broad wavelength regions because the analysis of a wide range
of wavelengths would be less sensitive to any subtle changes in
absorbance.”” However, our correlations to Sy75_505/S350-400
are minimal but this could be due to the very small range that
the samples fall within (~0.8—1.0) (Figure S18). Another
aspect to note is that the E,/E; includes the absorbance at 250
nm, whereas the spectral slope was calculated from 300 to 700
nm, indicating that the absorbance around 250 nm is of more
importance than other wavelengths/regions when making
correlations with @y and @y,

On the basis of the correlations, it appears that ®y and
@50, also increase with decreasing molecular weight,
although very little about these correlations exist in the
literature. Dalrymple et al. found the opposite trend for @y,0,
although their range in E,/E; was considerably smaller than in
our results.”® Their samples only consisted of extracts from the
International Humic Substance Society, whereas our data set
includes several natural waters. Furthermore, their quantum
yields were based on the range of approximately 300—400 nm,
whereas ours are calculated over the range of 300—800 nm. A
linear relationship has been found between hydrogen peroxide
production and fluorescence, in accordance with our results.”’

Effect of Salinity and Addition of Metal Chelators.
Petasne and Zika calculated that the rate constant for
dismutation of superoxide would decrease in seawater
compared to pure water since cations found in seawater
stabilize superoxide, increasing its lifetime and therefore
decreasing Ripo. 7?%° Sodium chloride did not affect either
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Ry or Ry, but the presence of the sea salt seems to have
slightly enhanced Ryy,0, while possibly decreasing Ry, although
the Ry measurements are within the error of one another
(Table 2). The increase in Ry, is the opposite of the work by
Petasne and Zika although it is not a substantial increase."’

Transition metals such as copper and iron are both
commonly found in natural waters, typically in nanomolar
concentrations.”®> Several works have demonstrated that
copper and iron can catalyze the dismutation of superoxide
with fairly high rate constants (107 - 10° M~ s7'), which
would increase Rypy0p.%> "% Alternatively, it has been shown
that iron and copper can remove hydrogen peroxide through
Fenton chemistry.”° " Superoxide has also been shown to
reduce iron.”””"* These would all decrease the observed Ryy0.
Metal chelators such as DTPA can chelate multiple metals
including iron, copper, and manganese and make them unable
to react.”> DTPA itself, with or without complexed metals, has
been shown to be unreactive or minimally reactive with
superoxide due to its strong binding constants with metals.”*
The addition of 50 uM DTPA to both St. Nineteen extract and
natural water had no impact on Ry and slightly increased Ryy,0,
for both samples (Table 2). The slightly increased values for
Ry, results in lower ratios of Ryy/Ryy,0, but the values are still
much larger than 2. Therefore, the increase in Ry, in the
presence of DTPA indicates that metals could be acting as a
sink for superoxide, or even hydrogen peroxide, but it is not
significant enough to account for the high Ry/Ry0, values. It
is interesting that DTPA had the same effect on both the
natural water and the extract. Due to the process of extraction,
it is not expected that both the natural water and the extract
would contain the same concentrations of metals. However, it
has also been shown that metals that are strongly complexed
with DOM can be retained during solid 6phase extraction using
C-18 Sep-Pak and PPL resins.”>’® Another chelator,
desferrioxamine (DFOA), was also tested but due to its
reaction with fluorescamine, was not explored further (Figure
S19).

Possible Oxidative Superoxide Sinks. It has been
previously proposed that superoxide could be lost to reaction
with phenoxy radicals in CDOM that are generated during the
one-electron transfer step since phenols could act as electron
donors.">'®”” Electron donating capacity (EDC) and phenol
content have been determined for reference materials
previously and have been found to be correlated to one
another.”®” SRFA and SRNOM have been found to have
higher EDC and phenol content than ESHA which could
explain why ESHA has much lower @y and @y, (, values than
SRFA and SRNOM.

Work conducted on model compounds has shown that
superoxide primarily undergoes addition with phenoxy radicals
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to form hydroperoxide structures which can undergo further
reactions, the specifics of which depend on the structure of the
phenol.**~*> More recent studies on phenol transformation
(tyrosine, acetaminophen, and 2,4,6-trimethylphenol), in the
presence of humic substances, also found that the structure of
the phenol dictated its transformation pathways.***> Addi-
tionally, the rate of transformation of tyrosine varied among
the humic substances tested,” indicating the importance of the
chemical structure of CDOM in this process. Interestingly, the
photodegradation of the humic substance was inhibited in the
presence of acetaminophen.®* This result suggests that reaction
between superoxide and external phenoxy radicals to induce
their transformation interfered with the pathway of superoxide
reacting with phenoxy radicals within DOM to induce its
degradation.

B ENVIRONMENTAL IMPORTANCE

Measurements of photoproduced OER were successfully
performed using the newly improved fluorescence method
on a wide variety of reference materials, natural waters, and
extracts. The hydroxylamine method provides reasonable
estimates for superoxide production and is faster and much
easier to conduct than the traditional chemiluminescence
superoxide method. This method should be amenable to
continuous measurement via flow injection analysis, in a
fashion similar to the chemiluminescence-based method for
superoxide. The sensitivity should be sufficient enough for
application to most fresh and coastal waters, and with longer
irradiation times, to open ocean waters.

Ry, Roze—, and Ryypo, were measured on identical samples
and under identical experimental conditions for the first time.
All three rates displayed the same wavelength dependence,
supporting a common origin for their formation as shown in
Scheme 1. The large values obtained for Ry/Ry0, and for
Roze_/Ripo, imply a significant oxidative sink for superoxide
and verify that superoxide cannot be estimated simply from
doubling hydrogen peroxide measurements. Phenoxy radicals
could be a viable and substantial sink for superoxide due to
their large rate constants of reaction. Subsequent reaction of
this addition product has been shown to primarily lead to the
loss of the parent phenol. This process could in part explain
the transformation of terrestrial CDOM as it is transported to
marine waters, which is currently a largely unknown process.
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