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Abstract

Hydrogen peroxide (H,O,) has been observed in significant concentrations in many natural waters. Because hydrogen
peroxide can act as an oxidant and reductant, it participates in an extensive suite of reactions in surface waters. Hydrogen
peroxide is produced as a secondary photochemical product of chromophoric dissolved organic matter (CDOM) photolysis.
Apparent quantum yields for the photochemical production of hydrogen peroxide were determined in laboratory irradiations of
filtered surface waters from several locations in the Chesapeake Bay and in Arctic coastal waters with varying levels of CDOM.
The apparent quantum yield for HO, decreases by about an order of magnitude from 280 nm to 500 nm, and the majority of
H,0, production occurs at wavelengths less than 340 nm. The apparent quantum yield for HO, production at 290 nm ranged
from 4.2 X 10™* to 2.1 x 10~ mol H,0, (mol photons)™" from freshwater to marine waters. A linear relationship was found
between the production of H,O, and change in CDOM absorbance characterized as photobleaching (loss of absorbance). No
significant relationship was observed between DOC concentration and peroxide production. Methylhydroperoxide (CH;0,H)
was the only short chain peroxide produced during the irradiations, and its production is at least an order magnitude less than
that of hydrogen peroxide. Peroxide production was greatest in waters containing significant amounts of terrigenous C in the
form of humic substances. Surface waters whose synchronous fluorescence spectra indicated the presence of polyaromatic and/
or extensive conjugated compounds exhibited the greatest peroxide production. CDOM photobleaching is not significantly
linked to apparent quantum yields for peroxide production.
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1. Introduction
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waters in the 1980s (Cooper and Zika, 1983). Because
hydrogen peroxide can act as either an oxidant or a
reductant, the suite of reactions involving hydrogen
peroxide in natural waters is quite extensive. Hydro-
gen peroxide influences the redox chemistry of natural
waters in several potentially important ways; by alter-
ing the speciation of trace metals in natural waters
(Moffett and Zika, 1987), by changing the fate of
pollutants, and potentially influencing the biological
activity of the microbial community (Obernosterer et
al., 2001). To fully characterize and model the effects
of hydrogen peroxide and organic peroxides in natural
waters, additional information regarding the mechan-
isms of production and loss in natural systems is
needed, in particular the factors influencing the photo-
chemical production of peroxides, for example DOC
concentration, humic acid or fulvic acid content.
Appreciable levels of hydrogen peroxide have been
observed in all types of natural surface waters. Cooper
and Zika (1983) observed levels of hydrogen peroxide
in different freshwater lakes and ground waters ran-
ging from 10 s to 100 s of nanomolar. Zika et al.
(1985) and Miller and Kester (1994, and references
therein) have observed levels of hydrogen peroxide in
surface ocean waters up to several hundred nanomo-
lar. Levels of H,O, of 10 to 100 uM have been
observed in atmospheric aqueous phases: rainwater,
cloud water, and fog waters (Zika et al., 1982;
Schwartz, 1984). Peroxides in atmospheric aqueous
phases are of interest because of their role in dissolved
SO, oxidation. Hydrogen peroxide is believed to be
the dominant oxidant for SO, in atmospheric aqueous
phases with pH<5 (Calvert et al., 1985). Although the
presence of organic peroxides is often considered,
there have been only a few observations of aqueous
phase organic peroxide levels in natural waters. Sauer
et al. (1997) observed 800 nM of hydroxymethyl
hydroperoxide (HOCH,0,H) and 400 nM 1-hydro-
xyethyl hydroperoxide (CH;CH(OH)OOH) in rain-
water collected in the marine boundary layer off the
coast of France. The sources of atmospheric aqueous
phase peroxides are in situ photochemical generation
and partitioning of gas phase peroxides into aqueous
phases. The latter mechanism is supported by a large
number of gas phase atmospheric peroxide observa-
tions. A variety of different analytical methods and
field results involving gas phase peroxide observa-
tions have been reviewed by Lee et al. (2000, and

references therein). Surface and aircraft-based pro-
grams have demonstrated that H,O, is the dominant
gas phase peroxide in the troposphere. The most
abundant organic peroxides are CH;0OOH and hydro-
xymethylhydroperoxide =~ (HMHP, HOCH,OO0H).
CH;00H is the dominant organic peroxide in the
remote marine troposphere (Heikes et al., 1996;
O’Sullivan et al., 1999), and HMHP is thought to be
more prevalent over continental regions (Hewitt and
Kok, 1991; Tremmel et al., 1994; Weinstein-Lloyd et
al., 1998).

A number of studies have determined the photo-
chemical production of H,O, in freshwater and
ground waters (Cooper et al., 1988, 1994, Scully et
al., 1996). Zuo and Hoigne (1992) examined the
formation of H,O, in atmospheric water that results
from iron(Ill)-oxalato complex photolysis. Although
observations of H,O, in surface seawaters are abun-
dant, only a few studies have examined the wave-
length dependence of H,O, production (Moore et al.,
1993; Andrews et al., 2000; Yocis et al., 2000), and
apparently no studies have examined the wavelength
dependence of organic peroxide formation in surface
waters. An understanding of the wavelength depen-
dence of photochemical reactions is important for
determining how photochemical processes might
vary with changing environmental conditions, such
as enhanced UV irradiance due to depletion of strato-
spheric ozone, or alterations in the depth of the photic
zone where photochemical processes might dominate
other mechanisms of DOM turnover (Del Vecchio and
Blough, 2002).

H,0, formation in surface waters is initiated by the
absorption of sunlight by dissolved organic matter
(DOM). The fraction of the DOM pool that interacts
with sunlight, referred to as chromophoric dissolved
organic matter (CDOM), impacts the optical proper-
ties of surface waters. Photolysis of CDOM in surface
waters leads to the destruction of chromophores,
potentially influencing the optical transparency of
some surface waters (Gao and Zepp, 1998). CDOM
photolysis is coincident with the production of a
variety of oxygen radical species (OH, O,, HO,
and RO,) in surface waters. These reduced oxygen
radical species can further influence the optical envir-
onment by directly effecting aquatic organisms and/or
altering the redox state of metals. Absorption of ultra-
violet radiation by CDOM generates an excited singlet
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state, which produces an excited triplet state through
intersystem crossing (Egs. (1) and (2)).

'CDOM + hv (280 — 400 nm)—'CDOM* (1)

'CDOM + /(280 — 400 nm)—>CDOM*
(via intersystem crossing) (2)

The excited triplet state (CDOM?*) reacts with mole-
cular oxygen to form superoxide (O, ) and its conjugate
acid (HO,).

*CDOM*+20,—CDOM"+05 3)

Superoxide dismutates to produce hydrogen peroxide
(H,0,) and oxygen (Egs. (4) and (5)).

HO,+HO,—H,0,+0, “4)
HO,+05 +H,0—H,0,+0,+OH ™ (5)

Of the reactive oxygen species in seawater, super-
oxide has been observed in the highest steady state
concentrations: 10~7 to 10~ % M. H,0, is long-lived
relative to superoxide, and relatively stable, making it
an ideal photochemical marker (Miller, 1994).
Photochemically formed organic radicals are
expected to participate in reactions analogous to HO,,
resulting in the production of short chain organic per-
oxides, for example methylhydroperoxide (MHP). Kie-
ber and Blough (1990) demonstrated the formation of
carbon centered radials during the photochemically
induced cleavage of a Keto acids and ketones in aqu-
eous solutions. Carbon centered radicals can react with
oxygen to form RO,, leading to organic peroxide for-
mation. Another possible path for the formation of
short chain organic peroxides is the addition of singlet
oxygen to alkenes. Riemer et al. (2000) determined the
photochemical production rates for C,—C,4 alkenes in a
variety of surface waters. These processes are not
expected to lead to high levels of organic peroxides;
however, they do provide several possible mechanisms
for the in situ formation of short chain organic perox-
ides in surface waters. In an effort to develop quantita-
tive relationships between CDOM photochemical
transformation, loss of absorbance or fluorescence,
and peroxide production, we have begun work to char-
acterize the photochemical production of H,O, and

short chain organic peroxides in surface seawaters
with varying levels of CDOM.

2. Methods
2.1. Peroxide analysis

An analytical technique for the determination of
gas phase hydroperoxide concentrations (Lee et al.,
1995; Kok et al., 1995) was modified for work in
surface waters. Although a number of more sensitive
analytical methods are available for the determination
of hydrogen peroxide in seawater (Miller and Kester,
1988; Yuan and Shiller, 1999), these methods do not
differentiate between hydrogen peroxide and other
short chain organic peroxides.

The mobile phase composition for the high perfor-
mance liquid chromatographic (HPLC) technique of
Lee et al. (1995) was modified by the addition of
methanol for application to surface seawaters. A
mobile phase composition of 95% 1.00x 10~ ° M
H,SO,4 and 5% methanol was used for the analysis.
All other reagent concentrations were identical to those
described by Lee et al. (1995). Type II horseradish
peroxidase and p-hydroxyphenyl acetic acid (Sigma
Chemical Co.) were used as received, as were potas-
sium hydrogen phthalate and sodium hydroxide
(Fisher Scientific, ACS Certified Reagent Grade).

Surface seawater samples collected in acid-cleaned
glass or PFA Teflon vials were filtered through 0.20 pm
Millipore® filters and either analyzed promptly or
refrigerated for later analysis (see Section 2.6). The
content of C; to C, peroxides in each sample was
determined using the modified HPLC fluorometric
method (Lee et al., 1995). C; to C, hydroperoxides
were separated by reverse phase HPLC on a 5 um
Inertsil ODS-2 PEEK column (4.6 mm X250 mm,
Alltech) followed by a post column derivatization
reaction that formed a fluorescent dimer. Peroxidase
catalyzed dimerization of p-hydroxyphenyl acetic acid
occurs in the presence of peroxy functional groups at
elevated pH (i.e., pH>10). Formation of the fluores-
cent dimer is proportional to the concentration of a
given hydroperoxide and resulted in an average pre-
cision of better than + 8% for analysis of the C; to C,
hydroperoxides in this study. The detection limits,
defined as three times the standard deviation of the
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blank, for the two short chain organic peroxides ob-
served in this study were: 3.0 X 10 M H,0, and
1.5x 10~ % M MHP.

2.2. Compound synthesis and standardization

MHP was synthesized from 30% H,O, (Sigma-
Aldrich Co.) and dimethyl sulfate (Eastman Kodak,
Rochester, NY) in the presence of potassium hydroxide
as described by Lee et al. (1995). In the presence of
strong base, HO, will undergo nucleophilic addition to
either methyl group of dimethyl sulfate. MHP was
synthesized by mixing 10 mmol of dimethyl sulfate,
20 mmol of 30% H,0, and 20 mmol of 40% KOH in a
round bottom flask that was immersed in an ice bath.
The reaction was subsequently initiated by slowly heat-
ing the mixture to 60 °C. The solution was maintained
at 60 °C until bubble formation stopped. During the
reaction N, was initially passed through the solution at
5 ml/min. N, flow was controlled with a flow meter
(Cole—Palmer), and increased in 50 ml increments
every 10 min to a maximum 500 ml/min near the
reaction end point. The N, gas passed in series through
the reaction flask and then through 50 ml of 18 M)
Millipore® water in a West—Gaeke bubbler immersed
in an ice bath to capture MHP. This procedure separates
MHP from H,0, as a result of the large difference in the
MHP and H,O, Henry’s law constants (O’Sullivan et
al., 1996). The resulting MHP solution has a concen-
tration between 10> and 10~ % M, and is stable for
about a year when stored at 4 °C in brown borosilicate
glass bottles. MHP stock solutions were calibrated by
reaction with iodide. Iodine liberated by the reaction
was determined spectrophotometrically following the
procedure of Banerjee and Budke (1964). H,O, stock
solutions were made by dilution of a 30-35% H,0,
solution obtained from Sigma-Aldrich. H,O, stock
solutions were calibrated by titration with Ce(IV),
which was made directly from analytical reagent
grade cerium ammonium nitrate, a primary standard
(Skoog et al., 1996).

2.3. Absorbance, fluorescence and DOC
measurements

Optical density (4,) measurements for CDOM
were made on a Shimadzu 160 UV spectrophotometer
from 230 nm to 700 nm with 1 or 10 cm path-length

(1) cells. A, was then corrected for the absorption of
pure water as a function of wavelength (1) using low-
DOC 18 MQ Millipore® water and converted to
absorption coefficients according to Kirk (1994),

acpom(;) = 2.3034,17" (6)

CDOM absorption spectra were corrected for instrument
drift, fine particle scattering, and the difference between
refractive indices for Milli-Q and estuarine and seawater
using the following equation (Johannessen et al., 2003):

aCDOM(i) = Cl()@iS/1 +C (7)

where ag, S (the spectral slope coefficient), and C
were calculated by nonlinear least squares regression
(which used a Gauss—Newton algorithm). The para-
meter C was an offset value, and was subtracted from
the entire absorption spectrum.

Photobleaching of CDOM for the photolysis experi-
ments was characterized as the average loss of absor-
bance (Layg, m~ ") over the range of 280 to 500 nm
(Osburn et al., 2001).

500
E ACDOM(/)initial — @CDOM(/)final
/=280

Lavg =

220 ®)

Changes in CDOM over the course of the photolysis
experiments were also characterized by determination
of the CDOM synchronous fluorescence (SF). Syn-
chronous fluorescence was measured with a Shimadzu
RF-5301 spectrofluorometer. The excitation wave-
length range was 236 to 600 nm, and emission wave-
lengths ranged from 250 to 614 nm, maintaining a 14
nm offset between excitation and emission wave-
lengths. Several corrections were applied to raw spectra
in order to compare our results with those in the litera-
ture. First, a correction for the inner-filter effect of the
sample’s absorption of source and emitted light were
made following Belzile et al. (2002) and McKnight et
al. (2001). Second, we applied a correction for non-
linearity in both excitation intensity and emission
intensity per Shimadzu instructions. Third, we normal-
ized each corrected SF spectrum to the water Raman
signal area to give SF in Raman units (nm ™ '; Laurion et
al., 1997; Stedmon et al., 2003).

Concentrations of dissolved organic carbon (DOC)
were determined by high-temperature catalytic oxida-
tion using a MQ1001 TOC analyzer (Shimadzu Instru-
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ments Inc.). Samples were acidified to pH 2 and
sparged with high-purity N, gas for 10 min before
analysis. DOC concentration was calibrated with 0,
83,417 and 833 pM C standards prepared from potas-
sium hydrogen phthalate. The average error of replicate
DOC measurements was 23 uM C.

2.4. Photolysis experiments

Rates of primary photochemical reactions depend
on the rate of absorption of sunlight and the efficiency
with which the absorbed light results in product forma-
tion. The latter is described with a wavelength depen-
dent ratio of the moles of product formed (peroxide)
divided by the moles of photons absorbed at a particular
wavelength (4). Since the exact mechanism of peroxide
production is unknown, as well as the identity of the
absorbing chromophore, the measured efficiency of
production is an “apparent” quantum yield (¢,pp 1)

rate of peroxide production
qsappj. = I,F, (9)

Peroxide production rates are in moles of peroxide L™ '
s L1, is the intensity of light in the photochemical cell

in units of moles of photons L™ ' s~ ', and F is the
fraction of photons absorbed at a particular wavelength
in the photocell.

For all exposure experiments, we used a modified
solar simulator system (the “photoinhibitron”)
described in detail elsewhere (Neale and Fritz,
2001). A 1000 W xenon arc lamp was used as the
light source. A condenser was used to generate a
diverging beam, so that a 20-30 cm wide area was
illuminated at a distance of about 1 m from the lamp.
The beam was reflected upward with a mirror into
pre-cleaned 112 cm® quartz bottom cuvettes contain-
ing the water samples. The quartz-bottom cuvettes
were washed with 10% HCI and rinsed extensively
with Milli-Q water. The irradiated region was divided
into eight polychromatic sections using 5x5 cm
Schott series WG long-pass filters with nominal cut-
offs (i.e., factory-rated wavelengths at which irradi-
ance transmission is 50%) at 280, 295, 305, 320, 335,
345, 365 and 400 nm. The effective irradiance trans-
mitted by each filter is presented in Fig. 1. Ninety
milliliters of a given water sample was placed in each
quartz cuvette, capped with black Teflon lids, and
positioned in each filter region. The grid of quartz

6000 T

5000 295 /i'

5
3
o

3000

Irradiance (W m'2)

2000 -

1000

— 280
--- 295

305
-~ 320

Wavelength (nm)

Fig. 1. Irradiance as a function of wavelength for the different filters used during the exposure experiments.
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sample cuvettes was cooled with a fan to maintain a
constant temperature (ca. 30 °C) during the irradiation
experiment. An exposure experiment was run for 4 to
6 h.

Spectral irradiance (/;, mW m 2 nm~'; 250-650
nm, 1 nm resolution) was measured under each filter
using a custom spectroradiometer (Neale and Fritz,
2001). An NCL computer interface controlled scan-
ning and performed data acquisition using the Spec-
trasense software package (Acton Research Co.). The
system was calibrated for absolute spectral irradiance
with a 1000 W NIST-traceable lamp (FEL), and a
mercury arc lamp was used for wavelength offset
corrections.

Spectral output of the xenon lamp and the spectral
transmission of the cutoff filters determine the general
spectral characteristics of the exposure system. Expo-
sure level can be varied by several means. Different
condenser positions change both the width of the
beam, and the extent to which variation in output
along the arc (i.e., higher output from the plasma
ball just above the cathode) is imaged at the plane
of illumination of samples. Relative spectral profile
also varies along the arc, with higher UVA output
from the plasma ball. Thus, beam intensity variations
reflected with the mirror up through cutoff filters to
the samples resulted in variable intensity through
adjacent filters—especially those filters situated near
the edge of the beam. Therefore, it was imperative that
careful measurements of the spectral irradiance, mod-
ified by the long-pass filters, were made in each
cuvette. Because the cuvettes were roughly similar
in size to the long-pass filter, we had only one repli-
cate per treatment. Spectroradiometer measurements
were made at 5 locations in each cuvette (one mea-
surement in each of the four corners and one measure-
ment in the center) and the average value was used as
the spectral irradiance for the sample.

Dissolved absorbance (acpom, m~ '), CDOM syn-
chronous fluorescence normalized to Raman units
(nm~ "), and dissolved organic carbon (DOC) concen-
tration (UM C) were measured in samples after irra-
diation and compared to dark-corrected initial results.
The production of H,O, and MHP were determined
by measuring the difference in the concentrations of
the species in samples before and after the irradiation
experiment. Dark controls were also performed to
account for any dark production of H,O, and MHP.

2.5. Field sampling

Table 1 presents station data from all samples used
in this study. Surface water samples for peroxide
analysis and seawater for laboratory photolysis
experiments were collected on several research
cruises. The Chesapeake Bay samples were collected
on the R/V Cape Henlopen during April 2001 (Spx
1), June 3—6th (2002) and September 3—6th 2002
(Spx 2-5). The Grizzly Bay sample (Spx 6) was
collected from CTD casts in May 2002 on the R/V
Point Sur. The Beaufort Sea sample (Spx 7) was
collected by Dr. Warwick Vincent from CTD casts
on the CCGS Pierre Radisson in October 2002.
During the June cruise, surface seawater samples
were collected periodically from the flowing seawater
line on the R/V Cape Henlopen, filtered through a
0.22 pm PTFE syringe filter (Osmonics Inc.) and
analyzed immediately. Samples were also collected
from CTD casts during this cruise. During the Sep-
tember cruise, samples were collected from CTD
casts and on-deck photolysis experiments. After fil-
tration through 0.20 pm polysulfone filters (Gelman,
PALL), these samples were refrigerated for subse-
quent laboratory analysis. Samples for photobleach-
ing experiments were filtered through 0.20 pm
polysulfone filters (Gelman, PALL) and stored in
the dark at 4 °C.

2.6. Sample stability studies

Hydrogen peroxide concentrations in surface sea-
water are expected to range from 20 to 400 nM (Miller
and Kester, 1994). Organic peroxides have not been
observed in surface waters. Initial analytical work was
performed to establish the capability of the analytical
method to detect levels of peroxides in the range
expected for natural waters. For natural waters the
hydrogen peroxide detection limit is 30 nM and the
MHP detection limit is 15 nM (three times the stan-
dard deviation of the blank). These detection limits are
too high for determination of ambient levels in many
surface waters. We have continued to optimize analy-
tical procedures and decrease the detection limits for
both hydrogen peroxide and MHP. The current analy-
tical procedure is capable of quantifying changes in
the concentration of hydrogen peroxide and MHP in
laboratory photochemical experiments.



20

Table 1

Peroxide photolysis experiments

[MHP]
(nM)
280°
50

15

[H20,]
(nM)
4510°

SF355

Depth Temperature Salinity [DOC] S (290-400) acpom(350)

Longitude

Latitude

Date

Experiment Sample description

18.93

3.37
2.92
2.92
221
1.72
16.83
1.15

(m

0.0167
0.0153
0.0172
0.0088
0.0088
0.0153
0.0192

(m~h

(uM)
709

203
312

17.4

&)
15.2

(m)
8.3

May-00 36°47.59

Elizabeth River, VA

SPx 1

600
440
236
290

6.069

0.1
14

242

3.0
8.2

9.8

w

39°47.59

Jun-02

Susquehanna River, MD

SPx 2

5.852
2.326
5.94

5.1

22.1

38°14.54
37°05.46
37°

Estuarine, Chesapeake Bay Jun-02

Middle Atlantic Bight

SPx 3

Nd

63

33.1

19.5

w
w

121°47.88' W

Jun-02

SPx 4

Nd

63
475

33.1

19.5

9.8

Middle Atlantic Bight Jun-02

Grizzly Bay, CA

SPx 5
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Bd

37
385

3

16.9 0.4
20.3

3.0

N
N

38°03.54

Oct-02  70°51.18

Apr-01

SPx 6

Nd

6.564

62

—0.61

—133°39.00W 2.0

Beaufort Sea, Arctic

SPx 7

Nd is none detected, Bd is below detection.

? Production at 280 nm, since the 305 sample was lost.
® Production at 295 nm, since the 305 sample was lost.

Samples for peroxide analysis of laboratory solar
simulation experiments were stored in pre-cleaned
glass vials with Teflon caps near 0 °C and kept in
the dark until analysis. Decay of hydrogen peroxide in
natural waters has been shown to follow first-order
kinetics in freshwater and seawater (Cooper et al.,
1994; Petasne and Zika, 1997). Peroxide decay occurs
through a number of biologically mediated and che-
mically mediated pathways. In natural waters, particle-
mediated decay dominates the removal of hydrogen
peroxide (Cooper et al., 1994). The stability of per-
oxides in unfiltered surface waters was examined by
determining peroxide loss rates in a brown acid-
cleaned Nalgene® bottle. Loss of H,O, and MHP
followed first-order kinetics with half-lives of 120
and 45 min, respectively, at 24 °C in Chesapeake
Bay surface waters with a salinity of 17.8%o. Our
observed H,O, half-life in unfiltered Chesapeake
Bay surface waters is in good agreement with deter-
minations by Cooper et al. (1994). For Bay waters, ¢/,
ranged from 2.49 to 12.2 h. The latter is similar to the
12.6 h half-life for unfiltered Vineyard sound surface
waters observed by Moffett and Zafiriou (1990). Loss
of MHP in surface waters is faster by nearly a factor of
3. The fast MHP loss rate may reflect a greater loss to
the atmosphere due to its much lower solubility. A
more extensive study of the processes that contribute
to the loss of MHP in surface waters is needed to fully
elucidate this difference.

Since the principal loss processes for H,O, are
particle-mediated, we examined the stability of H,O,
in 0.20 um filtered samples (Osmonics Inc., PTFE
syringe filters). The logistics precluded immediate
analysis of peroxides during several of the cruises
and for all of the laboratory irradiation experiments.
Consequently, we examined the effects of sample
storage on the peroxides. Samples were stored in
pre-cleaned glass or PFA vials near freezing and
kept in the dark for up to 20 days. H,O, concentra-
tions in 0.20 pm filtered seawater samples stored for
11 days were not statistically different (initially
139+£5 nM to 142 +£4 nM, n=>5). No change was
observed for H,O, in seawater samples stored in
either glass vials with Teflon tops or PFA vials for
up to 20 days. MHP stored in glass vials decreased by
20% over the 20-day storage period. MHP concentra-
tions in samples stored in the PFA vials increased by a
factor of 2 over the storage period (initially 186 = 8
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nM to 360 28 nM, n=5). We have no viable expla-
nation for the MHP increase in PFA vials. Freshwater
samples did not exhibit the same stability during
storage as seawater samples. Greater than 50% of
both H,O, and MHP were lost in glass and PFA
vials stored for long periods. While all the freshwater
samples had been frozen during storage, seawater
samples did not freeze during storage, except for the
Grizzly Bay sample that had a salinity of 0.4. Grizzly
Bay is a shallow water system with high levels of
trace metals. For example dissolved Cu and Mn con-
centrations were 35 and 900 nM, respectively, while
particulate Cu and Mn concentrations in the water
column were 9 and 200 nM, respectively (Beck et
al., 2002). We speculate that compounds capable of
degrading peroxides, for example iron, manganese
and copper containing compounds, concentrate by
exclusion during ice formation, resulting in rapid
peroxide loss. Consequently, in future studies, our
recommendation is that samples should be filtered,
refrigerated and stored in glass vials, but not frozen.
With these procedures the loss rate is sufficiently slow
that peroxide loss is insignificant for short storage
periods prior to analysis.

3. Results and discussion
3.1. Peroxide production

No dark production of H,O, or MHP was
observed in this work. The net production of the
peroxides during irradiations is reported in Table 1
for selected cutoff filter treatments. Since the particle-
mediated loss of peroxides in filtered surface waters
is slow on the time scale of the irradiations (Section
2.5), the only other loss process would be direct
photolysis of the peroxides. Moffett and Zafiriou
(1990, 1993) determined H,O, photolysis rates in
surface seawater from Vinyard Sound, the Caribbean
Sea and the Orinoco River and found that H,O,
photolysis was a small fraction (<5%) of the produc-
tion rate. Photolysis rates for MHP in surface waters
have not been determined. We anticipate MHP photo-
lysis is also small relative to its production. Conse-
quently, net peroxide production and gross production
in the irradiation experiments are likely to be quite
similar.

The Elizabeth River (VA), which drains the Dismal
Swamp and has abundant CDOM ([DOC]=709 uM
C, a,[350 nm]=15.04 m™ "), had H,0, production
rates (280—1130 nM h™ ') that were 10 times greater
than those observed for other saline waters. H,O,
production in Elizabeth River water was similar to
that of freshwater systems, such as Lake Ontario
(160-1473 nM h™') and other temperate lakes
(695-2120 nM h™") (Scully et al., 1996). Surface
waters with substantial terrigenous run-off influence
exhibited the greatest production of both H,O, and
MHP, with the majority of production occurring at
wavelengths less than 320 nm. Only low salinity
water produced MHP in substantial excess of the
detection limit. We observed MHP production in sur-
face seawater only in the June 2002 Chesapeake Bay
estuarine sample at wavelengths less than 320 nm, and
observed production rates were sufficiently close to
the detection limit that the production uncertainty was
large 2+ 1 to 5+ 1 nM h™ ). In both freshwater and
seawater samples MHP production, where observed,
was 10 to 20 times less than H,O, production rates
(Table 1).

The peroxide production from 295 nm to 400
nm for each surface water irradiation was summed
and the relationship between the total peroxide
production and the initial concentration of dis-
solved organic carbon was examined. Total H,O,
and total MHP production were well described by
exponential functions of DOC concentration:
([H20,, nM]=94.7¢"-0056IPOC. uMl .2 g4. [MHP,
nM]=0.310e""4POC 1M1 ",.2—0 77) For both of the
exponential relationships, data from the Grizzly Bay
photolysis experiment was excluded. Grizzly Bay had
an initial DOC concentration of 475+ 12 puM, the
second largest DOC concentration of the waters
examined in this study. The total H,O, production
was 29 nM h™ !, and no MHP was observed in the
Grizzly Bay sample. However, we suspect that the
peroxides were produced but lost to decomposition
processes during storage. The observed exponential
dependences of production on [DOC] are entirely
attributable to the high production of the Elizabeth
River sample. For samples other than the Elizabeth
River, there is no statistically significant relationship
between peroxide production and [DOC]. Scully et al.
(1996) observed a power relationship between H,0,
production and DOC content in freshwaters, similar to
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that observed for the Elizabeth River sample. Whether
relationships of this type should be extended to sea-
water systems is still unclear. More work is needed
within the normal range of surface seawater DOC
concentrations. If the dominant components responsi-
ble for peroxide production are terriginous in origin, a
relationship between peroxide production and DOC
content may not be significant for seawater systems.

Given the proposed mechanism for H,O, produc-
tion, where the photochemical production is initiated
by CDOM photon absorption, one would expect a
relationship between H,O, production and CDOM.
Many freshwater systems exhibit relationships
between DOC content and/or absorbance, and H,O,
production (Scully et al., 1996). For our experiments,
predominantly using surface seawaters, there is no
clear relationship between H,0O, production and the
mass-specific absorbance [a* (m* pg C~ )=a,[350
nm] (m~")Y/[DOC] (ug C m~*)] (Fig. 2). This suggests
that H,O, production in marine surface waters is more
heavily dependent on the nature of the processes that
follow CDOM photon absorption. Consequently, it

appears that H,O, production in marine surface waters
is less dependent on the extent of CDOM absorption
than is the case for freshwater systems. These results
are consistent with earlier work in freshwaters which
showed that more humic-rich freshwaters produced
substantial amounts of H>O,. These results also indi-
cate that more humic-rich waters promote MHP pro-
duction. To our knowledge, these are the first data that
show photochemical production of MHP in natural
waters. The substantial production of peroxides from
waters containing abundant terriginous C (humic sub-
stances) supports CDOM photon absorption as the
induction step. However, in marine systems, compet-
ing reaction paths for the intermediates, or CDOM
deactivation processes appear to reduce the peroxide
yield.

3.2. CDOM property changes
The absorptivity as a function of wavelength for

each of the surface water samples was determined
before and after irradiation for each cutoff filter
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Fig. 2. The log of the sum of H,O, production (M) during irradiations for the 295 nm to 400 nm cutoff filter exposures for each of the surface

waters in the study versus the mass-specific absorbance.
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for each surface water sample.

treatment. The initial CDOM absorbance for each
water sample is shown in Fig. 3. Absorptivities for
the Chesapeake Bay waters were within the range of
observations of earlier work (Rochelle-Newall and
Fisher, 2002). Elizabeth river surface waters exhib-
ited the greatest absorptivity at all wavelengths fol-
lowed by Grizzly Bay surface waters (Fig. 3A). All
surface water samples exhibited an exponential
decrease in CDOM absorbance with increasing wave-
length (Fig. 3B).

The loss of absorbance (photobleaching) that
occurred over the course of each irradiation was char-
acterized by calculating the average loss of absor-
bance in each optical filter treatment between 280
nm and 500 nm, L, (m~") (see Section 2.3). For
all water samples, the greatest extent of photobleach-
ing occurred in filter treatments with the most intense
UV light exposure. A consistent relationship was
found between L, (m~") and absorbed energy (J
m~ %) summed over the same wavelength range that
was used in the calculation of L,,,: more highly
absorptive samples undergo greater photobleaching
(Fig. 4). For all of the samples, loss of absorbance

(photobleaching) exhibited a strong and remarkably
similar dependence on the total absorbed energy. The
dependence of photobleaching on absorbed energy
indicates that bleaching is strongly dependent on the
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Fig. 4. Photobleaching in each cutoff filter treatment for the differ-
ent surface waters as a function of absorbed energy.
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absorbance spectrum of each sample. Since the irra-
diation spectrum was equivalent for all the surface
waters, differences in the relationship between L,
and absorbed energy are due to differences in both the
quantum yield for photobleaching and the absorption
spectra for various surface waters. Although the Eli-
zabeth River and Beaufort Sea surface waters exhibit
distinct relationships, the remaining waters all follow
a similar trend. Consequently the products of the
quantum yield for photobleaching and the absorption
spectrum must be quite similar in the majority of these
surface waters.

Elizabeth River and Grizzly Bay surface waters
exhibited the strongest photobleaching in the 295
nm filter exposure, Layg 0f 2.51 and 1.81 m™ !, respec-
tively. Photobleaching for the Chesapeake Bay fresh-
water sample and the Beaufort Sea was 0.72 and 0.41
m~ ', respectively. Estuarine (Spx 3 at 295, Ligye 0.35
m~ ') and marine waters from the Chesapeake
Bay(Spx 4 at 295, Ly 0.14 m™ ', Spx 5, Loy, 0.15
m~ ') exhibited the smallest photobleaching response.

Changes in synchronous fluorescence (SF) spectra
were examined as an additional approach to charac-
terizing CDOM optical property changes. SF spectra

D.W. O’Sullivan et al. / Marine Chemistry 97 (2005) 14-33

obtained for each water sample prior to irradiation are
shown in Fig. 5. Fluorophores containing one aro-
matic ring with aliphatic, alcoholic or ester linkages,
isolated from a range of water types, usually exhibit a
SF peak between 293 and 308 nm (Belzile et al.,
2002, and references therein). Fluorophores with
increased conjugation and substitution, and more
polyaromatic systems shift the SF peaks to longer
wavelengths. Initial SF spectra for both the Elizabeth
River and Grizzly Bay surface waters exhibit broad
peaks between 320 and 400 nm, broad features at
wavelengths greater than 450 nm, and a clear humic
peak at 570 nm (Fig. 5). The mid-wavelength range
SF features are not present for the other surface
waters, save for gently sloping shoulders. Freshwater
and estuarine surface waters did exhibit some struc-
ture at wavelengths greater than 530 nm, though the
intensity was greatly reduced. All surface waters
exhibited SF features near 280 nm, although the mag-
nitude and breadth of the features varied between
samples. The SF spectra indicated the presence of
monoaromatic, substituted carbon compounds in all
surface waters. However, only the Grizzly Bay and
Elizabeth River surface waters exhibited carbon com-

0.12
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—o— Spx2 - Freshwater CB
0.104 —e— Spx3 - Estuarine CB
—o— Spx4 - Marine CB
—— Spx5 - Marine CB
—— Spx6 - Grizzly Bay
o~ 0.08+ —a— Spx7 - Beaufort Sea
=
)
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:
T 0044
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Fig. 5. Synchronous fluorescence spectra for each surface water sample, obtained with a 14 nm offset between excitation and emission scans.
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pounds with polyaromatic character and/or extensive
conjugation. The presence of these molecular features
is consistent with the greater observed absorptivity of
these surface waters.

We also measured changes in DOC concentration
(presumed as photooxidation) during several of the
experiments. However, after 5-6 h of irradiation, we
did not find consistent decreases in DOC that would
be indicative of photochemical oxidation of DOC to
DIC. We suggest that photochemical CDOM oxida-
tive and bleaching processes are decoupled.

3.3. Relationships between peroxide production and
CDOM property changes

Since peroxide formation is a result of the photo-
chemical excitation of CDOM (Egs. (1)—(5)), one
might expect a relationship between changes in
CDOM optical properties and peroxide production.
For freshwater systems, Scully et al. (1996) observed
a linear relationship between H,O, production and the
initial absorption coefficient at 310 nm, as well as a
linear relationship between H,O, production and fluor-
escence. The relationship between H,O, production
and measures of CDOM property changes were exam-
ined over the course of our irradiations. Changes in
CDOM were characterized by examination of changes

300 [

in DOC concentrations during irradiation, and by
examining loss of absorbance and changes in SF.

An observed linear relationship between H,O,
production and photobleaching, L, (H>O, produc-
tion (nmol L™ " h™")=90.6 L, —2.42, r*=0.76), is
shown in Fig. 6. The linear relationship is driven
largely by the Elizabeth River results. In the absence
of these data there is in no statistically significant
relationship. H,O, production in marine and estuarine
waters is not strongly related to photobleaching. This
may reflect the low concentrations of terrigenous C in
these surface waters. These results are consistent with
the lack of a relationship between peroxide production
and mass-specific absorbance as discussed in Section
3.1. The SF spectra for the Elizabeth River surface
water indicate the presence of polyaromatic com-
pounds and extensive conjugation. These molecular
features may be responsible for the bulk of H,O,
production. H,O, production may prove to be a
good proxy for the terrigenous C (humic content) of
surface waters, although more work is needed to
solidify this inference.

3.4. Wavelength dependence of peroxide production

The wavelength dependence of peroxide production
was examined by determining the apparent quantum

H,0, production (nmol L™ hr'?)

15 2 25 3

Lavg (m_l)

Fig. 6. Hydrogen peroxide production in each irradiated filter treatment for various surface waters versus photobleaching, L., over the course

of the irradiation.
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yield (¢ app,») for the production of H,O, and MHP in
the different surface waters. Due to the overlap in the
irradiance field of adjacent filter treatments (Fig. 1)) a
simple difference approach to determine apparent
quantum yields was not possible. We employed a sta-
tistical curve fit method which used peroxide produc-
tion values for each filter treatment and the absorbed
energy measured under each filter to iteratively com-
pute the best fit to the following equation:

W(2) = W300 x el~Swl#=300)) (10)

W(/Z) is the spectral weighting function in mol H,O,
m? J~ 'at 2, W300 is the function value at 300 nm,
and Sy, is the slope of the exponential. Best-fits to the
spectral weighting equations were calculated using a
Matlab® program that iteratively changed values for
W300 and S, to achieve the regression. Fits were
performed using both the Gauss—Newton method and
the Levenberg—Marquardt method. The results from
both fitting methods were identical for all the water
samples with the exception of Spx 7, Beaufort Sea
surface waters (Table 2). For the Beaufort Sea surface
waters, the statistical measure of the quality of the fit
was similar for both methods, G-N, r?=0.80 and L—
M #2=0.77. However, the slope generated by the G—
N method (S,,=0.0027) was inconsistent with all

other observations of the wavelength dependence of
photochemical peroxide production. Consequently
the L-M fit results were used for all subsequent
calculations involving Spx 7. The resulting fits for
the remaining surface waters had 7 values in excess
of 0.85 and are presented in Table 2 along with 95%
confidence limits. This approach, calculation of a
spectral weighting function (SWF) using the form
of Eq. (10), is similar to prior studies that examined
the wavelength dependence of absorption coefficients
(Kirk, 1994; Vodacek et al., 1997; Osburn et al., 2001)
and photochemical quantum yields for chemical spe-
cies (Johannessen and Miller, 2001).

Using the resulting SWF, we calculated H,O, pro-
duction at each wavelength by multiplying the calcu-
lated W(A) by the absorbed energy (E,[1]). The
resulting H,O, production in mol H,O, L 's!at
each wavelength was divided by the photons absorbed
at that wavelength in mol photons L™' s, generat-
ing ¢Qapp (Eq. (9)) at 1 nm intervals from 280 nm to
500 nm (Fig. 7). The limited production of MHP
precluded statistically robust calculations of SWFs
and apparent quantum yields for this compound.
The apparent quantum yields for H,O, production
ranged from 4.2 X 107% to 6x10~7 mol H,0, mol
photons ™' for the different surface waters. For each
surface water type, the ¢,,, ; decreased with increas-

Table 2

Spectral weighting function fit parameters

Experiment Description Estimate 95% Confidence limits R?

Upper Lower

SPx 1* Elizabeth River, Nov. 2000 W300 1.329x10°° 1.765x10°° 8.922x10°° 0.90
Slope —0.0075 —0.0017 —0.013

SPx 2 Freshwater, June 2002 CB W300 - - — —
Slope - - -

SPx 3 Estuarine water, June 2002 CB W300 5.928 x10~* 7.098 x 10~ * 4758 x10~* 0.92
Slope —0.0195 —0.0125 —0.0266

SPx 4 Marine water, June 2002 CB W300 9.205x 10~ * 1.040x 10~ % 8.012x10"* 0.95
Slope —0.0039 —0.0016 —0.0062

SPx 5 Marine water, CB W300 5.538x10°° 6.724x1073 4351x1073 0.93
Slope —0.0047 —0.0005 —0.0090

SPx 6 Grizzly Bay, May 2003 W300 8.226x 1077 1.108 x 10~ * 5378 x107° 0.86
Slope —0.0105 —0.0035 —0.0175

SPx 7° Arctic 66, Marine W300 1.056 x 10~° 1.454x107% 6.586 x 107 ° 0.80
Slope —0.0010 0.0042 —0.0062

* Multiply W300 by 1x10~° to get molar H,O, m? J~ ', all other are multiplied by 1 x 107 .
® The Levenberg—Marquardt fit and Gauss—Newton results were different for this sample, although the latter resulted in a better fit (> =0.80),

the L-M fit was used.
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ing wavelength, generally changing by an order of
magnitude from 280 nm to 500 nm. For wavelengths
less than 340 nm, the lowest quantum yields were
observed for the Beaufort Sea surface waters (not
shown). The observed ¢,p, 1 values for the Elizabeth
River sample are similar to the range of apparent
quantum yields observed by Cooper et al. (1988) at
VH Pond Miami, FL, 7.0x 10~ * to 5.9 x 10~ (Fig.
7), and by Andrews et al. (2000) at the Shark River
1.19x 1072 to 1.7 x 10~ *. Observed ¢ app,; values in
estuarine and marine waters are at the lower end of
values obtained in marine surface waters influenced
by the Orinoco River outflow (1.4x107% to
2.9% 107>, Moore et al., 1993). The marine values
are in good agreement with ¢,,,, observations by
Yocis et al. (2000) for Antarctic surface waters
(74x10"*t0 1.0x 1077,

At any given wavelength, the values of ¢,pp;
observed for the water types studied in this and other
work, span at least an order of magnitude (Fig. 8). In
addition, variations in the slope of the wavelength
dependence are substantial and appear to be decoupled
from water type. The slopes for Elizabeth River water,

0), Paradise Harbor (surface seawater).

marine Chesapeake Bay waters, and Beaufort Sea sur-
face waters are similar, as are the slopes for Grizzly
Bay and estuarine Chesapeake Bay waters (Fig. 8).
The range of values is larger than the uncertainty
associated with the determinations, suggesting that
there are differences in the photo-efficiency of H,O,
formation in different surface waters. There is a rela-
tionship between photobleaching and H,O, production
(see Section 3.3). However, the relationship seems to
be robust only for freshwater systems. This implies
that, in marine systems, the coupling of the reactions
from CDOM excitation to peroxide formation is more
tenuous. This could be the result of either more com-
petitive superoxide reaction pathways than dispropor-
tionation and peroxide formation, or a lower content
of “peroxide” producing chromophores in marine
CDOM. For the same water samples, apparent quan-
tum yields for peroxide production were substantially
different than the apparent quantum yields (AQY) for
CDOM photobleaching. A possible explanation for
this difference is that changes in CDOM optical prop-
erties and changes in CDOM molecular composition
(oxidation of CDOM and oxygen reduction) occur
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(O) Spx7 Beaufort Sea Arctic surface water.

along independent reaction paths. For example, one
path may involve the photoxidation of a CDOM
moiety leading to low molecular weight oxidation
products and peroxide production, while other paths
may not produce changes in CDOM molecular com-
position. For example, intramolecular conformation or
configuration changes, or internal oxidation may
result in absorbance loss without a change in mole-
cular composition. Clearly more work is needed to
elucidate the link between CDOM optical property
changes and changes in chemical composition or
conformation.

3.5. Wavelength dependence of photobleaching

Apparent quantum yields for photobleaching
(AQY) were calculated for each surface water sample
using procedures described by Osburn et al. (2001).
Calculating photobleaching apparent quantum yields
using the average loss of absorbance (L,y,), as in this
work, sacrifices wavelength specific information.
This approach makes it difficult to directly compare
these AQYSs to action spectra constructed from single
wavelength responses using monochromatic radia-

tion. In surface waters, changes to the dissolved
absorbance spectrum occur under the influence of
polychromatic radiation. In addition, this approach
avoids uncertainties in characterizing the loss of
absorbance in monochromatic action spectra as both
“local” (loss of absorbance at the irradiation wave-
length) and “global” (loss at other wavelengths)
effects (Whitehead et al., 2000).

Substantial variation in AQY for photobleaching
was observed (Fig. 9). In general, all AQY for marine
waters exhibited small negative slopes with increasing
wavelength while the estuarine and freshwaters had
relatively steeper slopes. Our interpretation is that
AQY provides a convenient way to examine the
wavelength dependence of photobleaching for differ-
ent CDOM samples. For example, steeper AQY
slopes suggest a greater UV-B dependence for photo-
bleaching than do shallower slopes. Although this is
counter-intuitive given the large range in CDOM
absorption among our samples (Table 1), it illustrates
the variability in photoreactivity. Marine CDOM
exhibited the highest photoreactivity per mol of
absorbed photons per liter over the wavelength
range between 280 and 500 nm.
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Fig. 9. Apparent quantum yield for photobleaching, measured as loss of absorbance (L,y,), as a function of wavelength for the various surface

waters.

The AQY results for photobleaching suggest two
fundamental insights into CDOM photoreactivity.
First, the magnitude of AQY(A) suggests a generally
high photoreactivity given the number of photons
absorbed by CDOM. Examination of Fig. 9 suggests
that the Marine and Grizzly Bay CDOM were the
most photoreactive. Second, slopes showing relatively
weak variation with wavelength are possibly indica-
tive of more extensive CDOM conjugation. The
estuarine and freshwater CDOM clearly show the
largest wavelength dependence, with UV-B values
being nearly an order of magnitude greater than UV-
A or blue light values. Vodacek et al. (1997) demon-
strated that prior photobleaching of riverine water in
the coastal ocean increases the spectral slope coeffi-
cient. By analogy, we expect that prior photobleaching
may also increase the AQY slope, resulting in a
greater UV-B dependence.

An initial examination of SF spectra supports the
above conclusion. Fig. 10A shows the change in SF
spectra for the Elizabeth River CDOM after an irradia-
tion experiment. Qualitative loss of SF in the fulvic
and humic regions of the spectrum are quite apparent

and suggest substantial loss of terrestrial moieties due
to sunlight. By comparison, for the Chesapeake Bay
freshwater CDOM, Fig. 10B demonstrates much less
loss of SF in those regions. Since, at present, these
statements are only qualitative continuing work is
needed to investigate the relationship between
CDOM geochemistry (i.e., dissolved lignin concentra-
tions) and AQY for photobleaching, photooxidation,
and H,0, production. An important conclusion drawn
from the steeper slopes observed for the wavelength
dependence of the photobleaching AQY in freshwaters
and estuarine waters is that increases in UV-B radiation
may lead to more significant photobleaching in these
types of waters compared to marine waters.

3.6. Role of short chain organic peroxides in the
electron balance

Andrews et al. (2000) used apparent quantum
yields at 340 nm to examine the relationship between
carbon oxidation and oxygen reduction pathways in
surface waters. At 340 nm, the apparent quantum
yield for H,0, production is about 4 x 10~ % and
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Fig. 10. Change in the synchronous fluorescence spectra upon irradiation for (A) the Elizabeth river sample, and (B) the freshwater sample from
Chesapeake Bay. The Initial is prior to irradiation, and the remaining curves represent the different cutoff treatments as in Fig. 1.

the oxygen loss quantum yield is about 9x 104
(Andrews et al., 2000). Oxygen loss along a two-
electron path produces H,O,, while four-electron
reduction produces water. On the oxidation side,
stable carbon products are also observed with net
two-electron changes. By comparing the stoichiome-
try of these processes, Andrews et al. (2000) noted
that about 45% of the oxygen loss is via two electrons
producing H202 ((b/lapp 02 loss/¢'/lapp H202* 100) The
remaining oxygen loss is either along a four-electron
path to water, or by two-electron paths generating

RO,H or RO,R’. Although we were unable to calcu-
late a robust quantum yield for MHP, our observations
suggest an upper bound MHP quantum yield equal to
about 2x 10> at 340 nm. The analytical method is
capable of separating and distinguishing C; and C,
organic peroxides (Lee et al., 1995), but only MHP
was observed as a product in the irradiations. Conse-
quently it is unlikely that C; or C, organic peroxides
are significant photochemical products in surface sea-
waters. In addition, C; and C, organic peroxides
cannot contribute significantly to the electron balance
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in surface water. The analytical approach we used for
this work is not capable of quantifying longer chain
organic peroxides. Given the large and complex nat-
ure of DOM, production of longer chain organic per-
oxides could be significantly more efficient.

4. Conclusions

Photochemical H,O, production was examined in
a variety of surface waters that have varying levels of
chromophoric dissolved organic matter (CDOM). For
samples obtained in the Elizabeth River, H,O, pro-
duction was linearly related to CDOM photobleach-
ing. H,O, production in marine waters was not related
to photobleaching. Hydrogen peroxide is produced as
a secondary photochemical product of CDOM photo-
lysis. Apparent quantum yields for the photochemical
production of hydrogen peroxide were determined in
filtered surface waters from several locations in the
Chesapeake Bay and Beaufort Sea coastal waters. The
range of apparent quantum yields, and variations in
the wavelength dependence of the quantum yields,
suggests that H,O, production is more closely
coupled to CDOM excitation in freshwater systems
than in marine systems. This may be due to larger
fractions of terrigenous CDOM in freshwater systems,
or the presence of more effective superoxide loss
pathways in marine systems. MHP was the only sig-
nificant short chain organic peroxide observed as a
photochemical product of CDOM photolysis. MHP
production was only significant in freshwater and,
even in freshwater, had production rates at least an
order of magnitude smaller than that of hydrogen
peroxide. The analytical approach used in this work
was not capable of quantifying longer chain organic
peroxides. Given the large and complex nature of
DOM, production of longer chain organic peroxides
could be significantly more efficient.
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