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In this study, we examine the role of the hydroxyl (OH•)
radical as a mechanism for the photodecomposition
of chromophoric dissolved organic matter (CDOM) in sunlit
surface waters. Using γ-radiolysis of water, OH• was
generated in solutions of standard humic substances in
quantities comparable to those produced on time scales of
days in sunlit surface waters. The second-order rate
coefficients of OH• reaction with Suwannee River fulvic
(SRFA; 2.7 × 104 s-1 (mg of C/L)-1) and humic acids (SRHA;
1.9 × 104 s-1 (mg of C/L)-1) are comparable to those
observed for DOM in natural water samples and DOM
isolates from other sources but decrease slightly with
increasing OH• doses. OH• reactions with humic substances
produced dissolved inorganic carbon (DIC) with a high
efficiency of ∼0.3 mol of CO2/mol of OH•. This efficiency
stayed approximately constant from early phases of oxidation
until complete mineralization of the DOM. Production
rates of low molecular weight (LMW) acids including acetic,
formic, malonic, and oxalic acids by reaction of SRFA
and SRHA with OH• were measured using HPLC. Ratios of
production rates of these acids to rates of DIC production
for SRHA and for SRFA were similar to those observed upon
photolysis of natural water samples. Bioassays indicated
that OH• reactions with humic substances do not result in
measurable formation of bioavailable carbon substrates
other than the LMW acids. Bleaching of humic chromophores
by OH• was relatively slow. Our results indicate that OH•

reactions with humic substances are not likely to contribute
significantly to observed rates of DOM photomineralization
and LMW acid production in sunlit waters. They are
also not likely to be a significant mechanism of photobleaching
except in waters with very high OH• photoformation
rates.

Introduction
Aquatic dissolved organic matter (DOM) is in part composed
of light-absorbing polymers that are resistant to microbial
assimilation and breakdown. The photodecomposition of
this chromophoric DOM (CDOM) in natural waters is of
interest for a number of reasons. First, CDOM photolysis

could represent an important source of nutrients and carbon
substrates to microorganisms. Biologically available photo-
products that have been identified include CO (1); low
molecular weight (LMW) organic compounds, including
carboxylic acids and carbonyl compounds (2-7); and am-
monia (8). Second, CDOM has further ecological significance
as the main absorber of UV-A and UV-B radiation in natural
waters, shielding aquatic organisms from sunlight’s harmful
effects (9). Photodecomposition of this material results in
the destruction of its light-absorbing properties (photo-
bleaching). Finally, photomineralization of CDOM to dis-
solved inorganic carbon (DIC) may constitute a significant
flux in the global carbon cycle (10). In some cases, utilization
of photoproduced carbon substrates by bacteria seems to be
the more significant pathway to mineralization (11-13), while
in other systems abiotic photomineralization of DOM is more
significant (10, 14, 15).

Photodecomposition may proceed both via direct pho-
tochemical reactions, involving energy and electron transfer
after absorption of photons by CDOM, (16-19), or via indirect
(sensitized) processes, involving DOM reactions with pho-
tochemically generated intermediates such as reactive oxygen
species (ROS). The relative importance of these two general
classes of mechanisms must be understood in order to be
able to utilize laboratory studies of DOM photodecomposition
and product formation rates to estimate the rates of these
processes in the environment. If direct photochemical
processes dominate, only the chromophoric portion of the
DOM will be broken down by this mechanism, and the rates
of photodecomposition and product formation will be
proportional to the amount of light absorbed by the CDOM.
If indirect photochemical processes are important, photo-
decomposition of nonchromophoric material is also possible,
and the rate of light absorption by CDOM will only control
the rates if CDOM photoreactions are the main source of the
intermediates involved. There is no reason to assume that
the same general mechanism is responsible for different
processes of interest; for instance, photobleaching could
proceed mostly via direct mechanisms while photominer-
alization and photoproduction of LMW organic compounds
could proceed mostly via indirect mechanisms.

Of the various reactive intermediates produced in sunlit
natural waters, the hydroxyl radical (OH•) is the likeliest
candidate for having significant effects on DOM decomposi-
tion. OH• is a powerful oxidant known to react with many
organic compounds at nearly diffusion-limited rates. Reaction
rate constants of OH• with DOM measured in a number of
natural water samples and isolates, typically (1-7) × 104 s-1

(mg of C/L)-1 (20-24), imply that DOM is the primary sink
of OH• in most freshwaters. The rate of DOM oxidation by
OH• must then be approximately equal to the photopro-
duction rate of OH•. Sources of OH• in sunlit waters include
nitrate photolysis (22, 25) and DOM photolysis (26) (eqs 1
and 2):

OH• production rates are dependent on the concentrations
of these sources as well as on the available sunlight. Midday
near-surface production rates range from 10-13 to 10-10 M
s-1 in most natural waters, although production rates as high
as 10-9 M s-1 have been observed in samples from the Florida
Everglades (27). Steep attenuation of OH• production rates
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NO3
- + hν + H2O f NO2 + OH• + OH- (1)

DOM + hν f DOM• + OH• (2)
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with water depth are expected, as UV irradiation is needed
to produce OH•.

Photo-Fenton reactions, the oxidation of photoproduced
Fe(II) by photoproduced HOOH, have also been suggested
as a significant source of OH• in sunlit natural waters (28, 29)
(eq 3):

Ongoing studies in our own laboratory suggest that Fenton’s
reaction could potentially result in OH• photoproduction rates
as high as 10-9 M s-1 in sunlit, organic-rich, iron-rich, mildly
acidic waters (30). Increases in OH• production rates due to
Fenton chemistry may explain observed increases in the rate
of photoproduction of DIC and other DOM photoproducts
in the presence of Fe (14, 31) as well as positive correlations
of photoproduction rates of DIC with Fe content in a number
of Swedish lake water samples (12). Alternatively, the Fe effect
may be attributable to a direct photochemical process, ligand
to metal charge transfer (LMCT) reactions, that entail the
oxidation of CDOM with the concurrent reduction of Fe(III)
to Fe(II) (29, 31, 32). While Fe effects on LMW acid production
were not observed in the Swedish lake study, Mopper and
Zhou (27) suggested OH• involvement in the photoproduction
of LMW carboxyl compounds in seawater.

Although the effects of OH• on the decomposition of DOM
have not been extensively investigated in natural waters, these
reactions have been studied in engineered systems. Both the
pulp and paper and the drinking water treatment industries
have been interested in the oxidative reactions of OH• with
organic matter. Hydrogen peroxide (HOOH) has been used
as a bleaching reagent in the pulp and paper industry for
more than 50 yr (33). Until recently, the perhydroxyl radical
anion, HO2

-, was believed to be the active species present
during alkaline bleaching processes (33, 34). However, a
number of studies have shown that OH• is an integral part
of the bleaching process (34-38).

The production of OH• is also thought to be one of the
important processes occurring during advanced oxidation
process (AOP) treatments of paper pulp, wastewater, and
drinking water, which replace chlorine-based oxidants with
use of ozone, ozone-hydrogen peroxide, UV-ozone, UV-
hydrogen peroxide, or photo-Fenton chemistries (39-41).
Rapid bleaching and mineralization as well as production of
LMW mono- and diacids are observed during ozonation and
other AOP and total chlorine-free (TCF) bleaching treatments
(35, 42-44). The specific contributions of OH• reactions to
the observed rates of product formation from DOM decom-
position processes has generally not been assessed.

The purpose of this study is to determine whether
reactions of DOM with OH• play a role in the photominer-
alization and photobleaching of DOM and the photopro-
duction of biologically available carbon sources in natural
waters. γ-radiolysis of water was used to produce OH•

nonphotolytically, avoiding the complicating effects of
multiple reactions occurring in the DOM matrix and the
aqueous solvent during irradiation with light. Rates of
bleaching and mineralization of extracted fulvic and humic
acid standards (Suwannee River humic and fulvic acids; SRHA
and SRFA, respectively) by OH• were examined under a range
of conditions representative of natural waters. In addition,
we have examined the role of OH• in the production of LMW
organic acids, which are important products of DOM
photolysis. Because the production of LMW carboxylic acids
is not the only potential effect of OH• on DOM bioavailability,
we also used dilution cultures with bacterial growth potential
as an indirect measure of the impact of hydroxyl radical on
DOM substrate quality and bioavailability (45).

Methods
Materials. Suwanee River humic and fulvic acid reference
materials (SRHA 1R103H and SRFA 1R101F) were obtained
from the International Humic Substances Society. Seawater
samples were collected from Delaware Bay using the Teflon
flow system of the R/V Cape Henlopen. Samples were 0.45-
and 0.2-µm filtered through acid-washed and extensively
prerinsed cartridge filters and stored in the dark at 4 °C in
fluorinated HDPE carboys. DOC-free seawater was produced
by UV irradiating 0.2-µm filtered Sargasso Sea using an air-
cooled medium-pressure Hg lamp. Massachusetts Bay water
for bacterial growth experiments was sampled at Revere State
Beach using an acid-washed Teflon bottle and filtered through
precombusted Whatman GF/F filters (3 h at 450 °C, nominal
pore-size 0.7 µm). Argon (grade 4.8), oxygen (grade 4.4), CO2-
free air (TOC grade), and N2O (grade 2) were obtained from
BOC Gases. All reagents were purchased from Sigma-Aldrich
and used as received unless otherwise specified.

Radiolysis. By γ-radiolysis of N2O-saturated aqueous
solutions, the radiolytic decomposition of water can be
exploited to produce a stable, steady flux of OH• via the
reactions of hydrated electrons (e-(aq)) and hydrogen atoms
(H•) with N2O (eqs 4-8; 46). In the presence of O2, the reducing
radical H• is instead converted into HO2 (eq 8) (>93% and
>98% with 4:1 N2O/air and N2O/oxygen mixtures) while the
reaction of O2 with e-(aq) is less significant, so that e-(aq)
is still converted (>99 and >98%, respectively) into OH•:

γ-radiolysis was performed using a 60Co source (GammaCell-
220) emitting 0.13 kGy/h of γ-radiation (1.2 MeV). Dosimetry
was performed using the standard Fricke dosimeter (47) and
also by measuring hydrogen peroxide production rates using
acridinium ester chemiluminescence (48) or the N,N′-diethyl-
p-phenylenediamine-peroxidase method (49). Samples were
saturated with N2O or with a 4:1 mixture of N2O and either
CO2-free air or O2, transferred under constant gas purge to
precombusted amber glass vials with Teflon-lined silicone
septa, and irradiated in the GammaCell. The net radiation-
chemical yield (G value) for OH• in the absence of O2 is 5.9
molecules/100 eV, while in the presence of O2 it drops to 5.3
molecules/100 eV (46). These values correspond to OH•

production rates of 1.9 × 10-8 and 1.7 × 10-8 M s-1 in N2O
and N2O/air or oxygen-saturated solutions, respectively.
Analyses were performed immediately after irradiation.

Phosphate buffers were used to control the pH of the
solutions where indicated. Because the reaction rate con-
stants of phosphate species with OH• are all <3 × 106 M-1

s-1 (46), keeping the buffer concentrations low (e2mM)
assured that phosphate reactions with OH• would be
negligible.

Analytical Techniques. Measurements of [OH•]ss were
accomplished using 14C-labeled formate as an OH• probe. In
the presence of O2, the formate anion reacts with OH• to
produce CO2 with a rate constant of 3.2 × 109 M-1 s-1 (46).
Formate does not react with O2

-, the only other radical
present in significant steady-state concentrations during
these radiolysis experiments (k < 0.01 M-1 s-1) (50). Irradia-
tions were performed in glass scintillation vials with foil-

Fe(II) + H2O2 f Fe(III) + OH• + OH- (3)

e-(aq) + N2O + H2O f N2 + OH• + OH- (5)

e-(aq) + O2 f O2
- (6)

H• + N2O f N2 + OH• (7)

H• + O2 f HO2 (8)
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lined caps. To measure [14C]formate remaining in solution,
14CO2 was purged from the pH 6-buffered sample with argon
prior to the addition of scintillation fluid in a 6:1 ratio of
ScintiSafe Econo1 (Fisher Scientific) to sample. Scintillation
counting was performed using a Beckman model 6500
scintillation counter.

Measurements of DIC were performed using a TOC-5000
(Shimadzu Corp.) in IC mode. To eliminate the interference
of N2O during the near-infrared (NDIR) detection of CO2, all
samples were purged with argon following the addition of
CO2-free NaOH to prevent the loss of the CO2. Measurements
of DOC were performed using a TOC-5000 (Shimadzu Corp.)
on samples acidified with concentrated HCl to pH e 1.
Samples to be analyzed were purged for 4 min using CO2-
free air (TOC grade) to remove DIC prior to injection. Optical
spectra were obtained on a HP8453 diode-array spectro-
photometer (Agilent Technology) using 10-cm quartz cuvettes
and referenced to Milli-Q water. Hydrogen peroxide was
analyzed using the chemiluminescent acridinium ester
method (48).

Determination of LMW Carboxylic Acids. LMW car-
boxylic acids were determined by HPLC of their 2-nitro-
phenylhydrazide derivatives (51-53). The HPLC separation
was optimized to detect a set of carboxylic acids previously
observed to be produced by the irradiation of natural waters
or aqueous solutions of humic materials: formic, acetic,
oxalic, malonic, and levulinic acids (3, 12, 54, 55).

2-Nitrophenylhydrazine (2-NPH) was purchased from
Acros Organics and was recrystallized from hot water,
removed from the supernatant by filtration, and stored as a
wet paste at room temperature until use. 1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride
(SigmaUltra grade) (EDC) was obtained from Sigma Chemical
Company. Pyridine (99.9+%) and concentrated HCl (99.999%)
were obtained from Aldrich Chemicals and used without
further purification. Stock solution of the 2-NPH (0.050 M in
0.25 M HCl) and EDC (0.30 M) were made in advance and
frozen in 5-10-mL aliquots, which were defrosted im-
mediately prior to use. Concentrated HCl and pyridine were
mixed in 1:1.25 volume ratio to make the derivatization
reaction buffer. In our low alkalinity samples, this gave a
reaction pH of 4.5, which is ideal for the derivatization
reaction (52, 56).

The derivatization reaction was carried out in acid-washed
(10% HNO3 overnight), rinsed (UV treated 18 MΩ water),
and combusted (450 °C for 12 h) 8-mL glass vials with Teflon-
lined silcone septa closures (acid-washed and rinsed). The
0.1 mL of buffer, 0.1 mL of EDC stock, and 0.2 mL of 2-NPH
stock were added (in order) per 1 mL of sample and allowed
to stand in the dark at room temperature for 1.5 h. The 0.1
mL of 40% w/w KOH (SigmaUltra) per 1 mL of sample was
then added, and the vial was heated at 70 °C for 10 min in
a water bath. The derivatized sample was either analyzed
immediately or stored overnight at 4 °C.

The various acids derivatives were quantified using a
Hewlett-Packard 1150 HPLC system. The samples were
preconcentrated on a polymeric reversed-phase guard
column (Dionex IonPac NG1 10 µm, 4 × 35 mm) used in
place of the manual injector sample loop (52). A total of 100
µL of sample was passed through the concentrator column,
followed by 1.0 mL of water to expel the alkaline derivatization
reaction medium and remove some interfering reaction
byproducts.

Separation used an isocratic ion-pairing eluent with a
reversed-phase column (Phenomenex Luna 5 µm C18(2), 250
× 4.6 mm) and guard cartridge (Phenomenex Securityguard
C18, 4 × 3.0 mm). The mobile phase consisted of 20%
acetonitrile and 80% aqueous phase containing 7.5 mM
tetrabutylammonium bromide and 3 mM phosphate at pH

7.0. This system gave baseline resolution of the five acids in
35 min.

The derivatives were detected by absorbance at 230 and
400 nm. Quantitation used external standardization with
solutions containing known concentrations of the derivatives
of the pure acids and SRFA or SRHA in the same concentration
as in the related experiments. The system responded linearly
up to 100 µΜ, with a detection limit of approximately 100
nM. It should be noted that even the high concentration of
humic substances used here do not interfere in the deter-
mination of the small organic acids using this method. It is
not surprising that the presence of measurable concentrations
of LMW acids in unirradiated SRFA and SRHA solutions has
not been previously reported, as the concentration of acids
observed in these solutions is less than 0.2% of the total
organic carbon.

Bioassays. Dilution cultures were prepared from Mas-
sachusetts Bay water sampled at Revere State Beach filtered
through precombusted Whatman GF/F filters (3 h at 450 °C,
nominal pore-size 0.7 µm) to remove bacterivorous protists.
This filtering also resulted in a reduction in bacterial
abundance from 6 × 106 to 6 × 105 cells mL-1. The final
concentration of DOC in the filtered sample was 3.6 mg of
C L-1 (300 µM C). This coastal water was amended with filter-
sterilized aqueous solutions of SRHA (36 mg of C L-1, 3 mM
C) and SRFA (45 mg of C L-1, 3.75 mM C) dissolved in Milli-Q
water. Identical solutions of SRHA (36 mg of C L-1) and SRFA
(45 mg of C L-1) that had been exposed to γ-radiolysis for
30 min (approximately 30 µM OH•) as described above were
also added to seawater (γ-SRHA, γ-SRFA). In each case, one
part of humic or fulvic solution was added to 3 parts of
seawater (v/v) so that the final DOC concentrations in the
incubated cultures were 11.7 mg of C L-1 (SRHA) and 14.1
mg of C L-1 (SRFA), of which 2.7 mg of C L-1 (225 µM C) was
from the DOC originally present in the coastal seawater. Each
culture was also amended with NaH2PO4 and NH4Cl to final
N and P concentrations of 100 µM to achieve carbon limited
growth conditions. For each amendment, triplicate cultures
were incubated in darkness at 23 °C in acid-washed glass
bottles sealed with Teflon-lined screw caps. Samples for
bacterial abundance were taken daily from the cultures during
the 6-day incubation and were preserved by adding 0.2 µm
of filtered sodium tetraborate buffered formaldehyde to 2%
final concentration. Samples were kept at 4 °C until analysis
(within 2 weeks). As a result of the γ-radiolysis, initial
hydrogen peroxide concentrations were 1.8 µM but declined
to less than 500 nM by the fourth day of the incubation.

Bacterial abundance was analyzed using a FACScan
flowcytometer (Becton Dickinson) (57). Samples containing
formaldehyde-fixed bacterial cells were stained with the
nucleic acid stain Syto 13 (50 µM final concentration,
Molecular Probes). Counting was performed at low flow (12
µL min-1) with detector voltages set to 400 (side scatter) and
560 (green fluorescence). Fluorescent microspheres (Carboxy
YG, 1.58 µm diameter, Polysciences) were added to all samples
at a final concentration of 4.5 × 106 beads mL-1 for use as
internal reference. Cells were separated from fluorescent
beads in a log-log dot plot of side scatter and green
fluorescence, and bacterial cell abundance was determined
using the fluorescent beads as an internal standard. Samples
were run for 20 s or until a minimum of 2000 beads had been
counted.

Epifluorescence microscopy and image analysis were used
to estimate bacterial cell size and to ensure that predatory
flagellates were absent in the cultures at the end of the
incubations. Formaldehyde-fixed bacterial samples were
stained with 4′,6-diamidino-2-phenylindole (DAPI) (58), and
cells were visualized with an Axioskop 2 fluorescence
microscope (Zeiss) equipped with an Atto-Arc variable light
source. For each culture, duplicate images were acquired
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with a Magnafire cooled CCD camera (Optronics). Images
were exported to the Scion Image 4.0.2 image analysis
software, and an edge detection operator was used to define
individual area, length, and width of >100 cells per individual
culture. Cell volumes were then estimated by approximating
the shape of bacterial cells as a cylindrical cell with
hemispherical end caps. Volumes were converted to bacterial
carbon biomass for individual cells using the volume to dry
weight relationship previously reported by Loferer-Kröb-
bacher et al. (59) and assuming that carbon comprises 50%
of the bacterial dry weight. Total bacterial carbon was
calculated using bacterial abundance and average carbon
content per cell in individual cultures.

Results
We have determined the second-order reaction rate coef-
ficients for OH• with 5 mg of C/L (416 µM C) SRFA and SRHA
using 14C-labeled formate as a probe for OH• in solutions of
the acids saturated with a 4:1 N2O/O2 mixture and buffered
at pH 6. By utilizing [14C]formate, we can add very small
probe concentrations (100 nM), and as DOM is the only
significant sink of OH• in this system, we can assume that
the OH• steady-state concentration ([OH•]ss) is determined
by the scavenging rate of the DOM in the system. The
concentration of formate anion after irradiation time t,
[formate]t, is described by

where [formate]o is the initial formate concentration and
kformate is the second-order rate constant of reaction of OH•

with formate (the reaction of OH• with formic acid is
insignificant at this pH). If [OH•]ss is constant, a plot of
ln[formate]t/[formate]o versus t should be linear, and [OH•]ss

can then be obtained from the slope. Since the OH•

production rate POH in our radiolysis apparatus is known
(1.7 × 10-8 M s-1 in the presence of O2), [OH•]ss can then be
used to determine the sum of the rates of the reactions of
OH• with its sinks, where each rate is given by the second-
order rate constant of the reaction of OH• with sink i, kS,i,
multiplied by the concentration of the sink, [S]i:

Plots of ln[formate]t/[formate]o versus irradiation time in
fulvic and humic acid solutions exhibit a slope becoming
steeper with increasing irradiation time, indicating that
[OH•]ss is also increasing (Figure 1) and therefore that
∑kS,i[S]i is decreasing. Values of ∑kS,i[S]i calculated from the
observed slopes all greatly exceeded the contributions of
formate and phosphate species to the sum, showing that

FIGURE 1. Mineralization of [14C]formate in 5 mg of C L-1 SRFA (b)
and SRHA (O) solutions saturated with N2O and O2 (4:1) and buffered
to pH 6 with phosphate. Initial 14C counts are 8000 and 7800 dpm
for SRFA and SRHA, respectively, approximately 42 nCi (100 nM
formate). The error bars are derived from counting statistics.

TABLE 1. OH• Reaction Rate Constants with SRFA and SRHA
as a Function of Cumulative OH• Exposurea

OH• range
SRFA (104 s-1

(mg of C L-1))
SRHA (104 s-1

(mg of C L-1))

early (0-2 µM) 3.8 (0.6) 3.8 (1.8)
middle (5.2-10.3 µM) 2.5 (0.1) 2.4 (0.2)
late (15.5-30.9 µM) 2.7 (0.2) 1.6 (0.07)
all data 2.7 (0.05) 1.9 (0.05)
a Standard errors derived from the slopes of the lines in Figure 1 are

in parentheses.

ln [formate]t/[formate]o ) -kformate[OH•]sst (9)

FIGURE 2. Measured formation of formic (3), acetic (b), malonic
(9), and oxalic (]) acids from the reaction of OH• with SRFA (A)
and SRHA (B). Error bars represent one standard deviation from the
mean values of three separate irradiations. The analytical error for
each determination would be smaller than the symbol.

TABLE 2. Ratio of Mole of Carboxylic Acid Produced per Mole
of OH• for SRFA (14.0 mg of C L-1) and SRHA (14.2 mg of C
L-1)a

acid produced per OH•

acid SRFA SRHA

formic 0.020 (0.003) 0.045 (0.003)
formic (corrected) 0.031 0.061
acetic 0.013 (0.003) 0.008 (0.001)
malonic 0.017 (0.005) 0.028 (0.008)
oxalic 0.032 (0.005) 0.017 (0.004)
total C 0.17 0.19
a Ratios were calculated by linear regression of the individual

experiments for which the average values are shown in Figure 2.
Numbers in brackets are the standard errors of the slopes calculated
during the regression analysis. Corrected formic acid production ratios
from SRFA and SRHA were calculated by assuming that the maximum
formate concentrations represent steady-state concentrations and using
calculated [OH•]ss to obtain formate production rates (see Results).
Losses of other acids via reaction with OH• are less significant as
compared to formation rates and were neglected.

∑kS,i[S]i ) POH/[OH•]ss (10)
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DOM is the only significant sink of OH• in this system and
that ∑kS,i[S]i is therefore equal to kDOM[DOM]. DIC measure-
ments (see below) indicate that [DOM] did not decrease
significantly during the course of this experiment, so that
the observed decreases in ∑kS,i[S]i with longer irradiation
time must be due to decreases in kDOM. Calculated kDOM values
for SRFA and SRHA in the early, middle, and later parts of
the irradiations (normalized to carbon content) are shown
in Table 1.

We have observed the production of LMW carbon acids
during the reaction of OH• with SRFA and SRHA (Figure 2).
Production rates of acetic, formic, malonic, and oxalic acids
per mole of OH• were approximately constant in the SRFA
and in the SRHA solutions (Figure 2). Production rates of
these acids determined from least squares regression of the
data are shown in Table 2. No production of levulinic acid
was observed in our experiments. The large flux of OH• used
in these experiments could also react with the acids, reducing
their observed concentration, and cause an underestimation
of their production rates. However, maximum loss rates from
reaction with OH• of oxalic and acetic acids were less than
4% of the net production rates shown in Table 2 ([OH•]ss )
4-6 × 10-14 M, rate constants of deprotonated acids with
OH• < 108 M-1 s-1; 50). The loss rate of malonic acid is at
most 17% of the production rate in the SRFA experiment and
18% in the SRHA experiment (rate constant of the malonate
reaction with OH• is 3 × 108 M-1 s-1). In the case of formic
acid, the rate of reaction with OH• is much faster (rate constant
of formate 3 × 109 M-1 s-1; 46). The observed net formate
production rates of 3.2 × 10-10 M s-1 (SRFA) and 7.3 × 10-10

M s-1 (SRHA) can be corrected for the loss of formate by two

independent methods. The half-life of loss due to reaction
with OH• is 60 min (SRHA) or 90 min (SRFA), so that approach
of a formate steady-state concentration might be expected
in our 120-min irradiation experiments. By assuming that
the maximum formate concentration represents a steady-
state concentration and using calculated [OH•]ss concentra-
tions of 4 × 10-14 M (SRFA) and 6 × 10-14 M (SRHA), formate
production rates of 4.9 × 10-10 M s-1 (SRFA) and 9.9 × 10-10

M s-1 (SRHA) can be calculated. Dividing these calculated
formation rates by the OH• production rate of 1.6 × 10-8 M
s-1 leads to the calculated production ratio of 0.03 µM formic
acid/µM OH• for SRFA and the corresponding SRHA value
of 0.06 µM acid/µM OH• (Table 2). The larger correction for
the SRHA solutions is due to the lower reaction rate constant
of OH• with SRHA and hence a larger calculated [OH•]ss. These
revised rates can be arrived at independently by calculating
the formate loss rate at each time point and performing a
linear regression of the resulting corrected data. The values
arrived at by this method are within 2% of those derived
from the steady-state calculation.

The microbial growth experiment provided a measure of
the total change in bioavailable substrates by the OH•-driven
alteration of SRFA and SRHA. Samples exposed to 30 µM
OH•, a dose equivalent to 15 d of near-surface solar irradiation
assuming a relatively high OH• production rate of 10-10 M s-1

for 6 h/d (see Introduction), were inoculated with a natural
consortium of coastal bacteria and incubated for 6 d. During
the course of the 6-d incubation, bacterial abundance
increased >10-fold in all cultures. There were no visible
protozoan contaminants in any of the cultures at the end of
this period. Radiolysis treatment of SRHA and SRFA resulted
in a slightly lower bacterial abundance throughout the
incubation (Figure 3), but neither the cell abundances nor
the carbon content per cell differed significantly between
irradiated samples and controls at maximum cell concentra-
tion (Students t test, p > 0.1; Table 3).

Radiolysis of the SRFA and SRHA solutions produced
significant concentrations of DIC, showing that OH• and/or
O2

- reactions with DOM macromolecules are important in
photomineralization processes. Since DIC production can
be eliminated by the addition of tert-butyl alcohol, which
scavenges OH• but not O2

-, OH• must be responsible for this
mineralization (Figure 4). The rate of DIC production from
a 0.5 mg of C L-1 (42 µM DOC) solution of SRFA remains
relatively constant until complete mineralization occurred
(40 µM DIC produced, inset Figure 4). A further indication
that neither O2

- nor O2 is responsible for a significant portion
of the DIC production comes from the fact that there is only
a small decrease in the DIC production rate when O2 is
excluded from the radiolysis experiments, as shown in Figure
5. The molar ratio of DIC produced to OH• generated is
approximately 0.3 both in the SRFA solutions and in the SRHA
solutions. This ratio is not significantly altered within the
range of pH values found in natural waters (pH 4-10).

OH• radical reacts very rapidly with Br- in seawater (60)
and in other bromide-containing natural waters (61) to
produce Br2

- and BrO-, which may then react with CO3
2- to

produce the CO3
- radical (60, 62). Any of these intermediate

radicals may react more selectively with DOM than OH• does.
Large concentrations of added Br- (up to 0.1M) do not affect
the production of DIC (Figure 5), indicating that these
intermediate radicals are as effective as OH• in mineralizing
DOM. Bromine species (BrO- and BrOH) have been shown
to be rapidly reduced by DOM at doses of 1.6 µM (mg of C
L-1)-1 (63). Thus, although >97% of OH• in seawater reacts
initially with Br- (60), the final sink of these radicals is most
likely DOM.

OH• was observed to be capable of bleaching SRFA and
SRHA in the UV-B region of CDOM (300 nm) at a rate of
approximately 2.1 ((0.1) × 104 m-1/M OH• produced for

FIGURE 3. Average bacterial abundance in incubated cultures of
GF/F filtered seawater amended 25% (v/v) with SRHA (A) or SRFA
(B) with (O) or without (b) γ-radiolysis treatment. Initial DOC
concentrations were 11.7 mg of C L-1 for SRHA cultures and 14.1
mg of C L-1 for SRFA cultures, of which 2.7 mg of C L-1 was from
the seawater inoculum and the rest from the humic substances.
Error bars represent the standard deviation of triplicate incubations.
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SRFA and 4.3 ((0.06) × 104 m-1/M OH• for SRHA (Figure 6).
Both DOC-free seawater amended with SRFA and coastal
seawater samples from Delaware Bay exhibited similar
bleaching rates (1.3 ((0.2) × 104 m-1/M OH•). These rates
were only slightly lower than the bleaching observed in N2O-
saturated, buffered Milli-Q solutions of SRFA (Figure 6),
although there is significant scatter, possibly due to pH

changes in these unbuffered solutions. The addition of O2 to
the radiolysis solutions increased the bleaching efficiency of
OH• to 3.0 ((0.1) × 104 m-1/M OH• for SRFA and 5.1 ((0.1)
× 104 m-1/M OH• for SRHA, possibly by increasing the
efficiency of the OH•-mediated aromatic ring-opening reac-
tions (see Discussion).

Discussion
The second-order reaction rate coefficients of OH• with SRFA
and SRHA (kDOM) determined in this work (Table 1) fall within
the range of values for aquatic DOM determined by previous
investigators ((1-7) × 104 s-1) (20, 21, 64). Previous inves-
tigators have used similar techniques to determine the rate
coefficients of the OH• reactions with SRFA and SRHA (23,
24). The rate constants determined were 30-40% lower than
those found in this work but were determined at OH• doses
that were 30% higher than used here. A decrease in the rate
coefficients with increasing OH• dose, which cannot be
accounted for by mineralization of the organic matter, has
not been previously reported, although Peyton (65) specu-
lated that this result might occur. The decrease is not
unexpected, since these rate coefficients are the averages of
the reaction rate constants of OH• with the many different
constituent parts of the fulvic and humic acids. As the more
rapidly reacting portions of the DOM are oxidized, the average
rate coefficient decreases. The rate of DOM scavenging of
OH• in natural waters, which often determines [OH•]ss, should
therefore be considered a function not only of the DOM
concentration but also of the extent of DOM oxidation,
although the magnitude of the effect that we observed is
small compared to the variability in reactivity of DOM from
different sources observed by others (20, 21, 23, 24, 28).

TABLE 3. Initial DOC Measured in Dilution Culture Bioassays and Bacterial Abundance, Cellular Carbon Content, and Total
Bacterial Carbon at Day 6 (Final Day of the Dilution Culture Bioassay)a

initial DOC bacterial biomass

material treatment (mg of C L-1) (cells mL-1) (fg of C cell-1) (mg of C L-1)

SRHA control 11.7 1.3 × 107 (0.2 × 107) 82 (34) 1.0 (0.4)
γ 11.7 1.2 × 107 (0.03 × 107) 91 (8) 1.1 (0.1)

SRFA control 14.1 1.3 × 107 (0.05 × 107) 102 (16) 1.2 (0.2)
γ 14.0 1.1 × 107 (0.2 × 107) 106 (24) 1.1 (0.2)

a Mean values of triplicate incubations are given with standard deviations in parentheses.

FIGURE 4. DIC production from irradiated SRFA (5 mg of C L-1 (430
µM C), 2 mM phosphate buffer at pH 6), without (1) and with (O)
0.3 M tert-butyl alcohol as a radical scavenger. Also shown is the
lack of production of DIC from 0.3 M tert-butyl alcohol (b). Solid
lines are linear fits to all the data. DIC is produced at a similar rate
from a lower concentration of SRFA (0, 0.5 mg of C L-1 (43 µM C)).
The inset shows the complete mineralization of the 43 µM C SRFA
solution at very high OH•. The dashed lines represent a theoretical
formation rate of 1 mol of DIC/4 mol of OH• until complete
mineralization of 43 µM C.

FIGURE 5. DIC production divided by OH• generated (µM/µM) for
various treatments of SRFA and SRHA solutions. Unless specified
otherwise, all solutions are 5 mg of C L-1 (430 µM C) SRFA, 2 mM
pH 6 phosphate buffer, and saturated with both N2O and O2. Error
bars represent one standard deviation of the linear fits to the data.

FIGURE 6. Bleaching of SRFA at 300 nm with (O) and without (b)
oxygen, SRHA solutions with (3) and without (1) oxygen, DOC-free
seawater amended with 5 mg of C L-1 (430 µM C) SRFA prior to
irradiation and saturated with N2O/O2 (0), and a coastal seawater
sample from Delaware Bay saturated with N2O/O2 (4). All SRFA and
SRHA solutions are 5 mg of C L-1 (430 µM C), 2 mM pH 6 phosphate
buffer, and saturated with N2O or N2O/O2 as noted in the Methods.
The dotted lines are linear fits (all r2 > 0.88).
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LMW Acid Production. OH• reactions with organic
compounds fall into two basic mechanisms: addition
(hydroxylation), generally to an aromatic ring, or hydrogen
atom (H•) abstraction, both of which may lead to formation
of LMW acids. Hydroxylation of aromatic moieties of the
precursor material followed by ring opening can produce
both mono- and diacids (35, 44, 66). Both hydroxylation and
H• abstraction from phenols can break the aromaticity of an
aromatic ring, forming hydroxycyclohexadienyl radicals (35,
44). Rearomatization is a significant driving force toward
O2/O2

--driven scission of conjugated carbon-carbon bonds
adjacent to the aromatic ring (CR-Câ), leading to subsequent
fragmentation and the formation of smaller oxidized products
(see Figure 6 in ref 36). Another possible mechanism is H•

abstraction from an unsaturated carbon-carbon bond to
form a carbon-centered radical (R•) followed by reaction with
O2 to form a peroxyl radical and subsequent decomposition
to a carboxylic acid (67, 68).

We observed that the production of LMW acids from OH•

reactions with SRFA was very similar to the rates observed
in the SRHA solutions. In principle, SRFA represents a fraction
of humic substances that contain more extensively substi-
tuted aromatic rings (69), which exhibit increased reactivity
toward OH• (70), and are thus more easily broken down
further by OH•. However, we did not observe large differences
between SRFA and SRHA in the overall LMW acid production.
Both SRFA and SRHA contain significant concentrations of
carboxylic acid (11.2 vs 7.85 mol kg-1) and phenolic (2.89 vs
1.86 mol kg-1) residues (69). Substituted phenolic residues
in particular might contribute to the production of LMW
acids (35, 36).

Production of Bioavailable Carbon Substrates. The
exposure of SRFA and SRHA samples to an environmentally
relevant dose of OH• (30 µM) did not have any measurable
effect on bacterial growth potential (differences between
irradiated and unirradiated incubations 1 (( 2) × 106 cells
mL-1, 0.1 (( 0.4) mg of C L-1 for SRHA; 2 (( 2) × 106 cells
mL-1, 0.1 (( 0.2) mg of C L-1 for SRFA; Figure 3; Table 3).
There is an extensive literature supporting a photochemically
driven increase in bioavailability of terrestrially derived DOM
such as humic materials (reviewed by Moran and Zepp; 71).
Furthermore, OH• has been shown to selectively depolymerize
cellulose in pulps (37) and has also been suggested to cleave
cross-links in the rigid lignin matrix (34). Either of these
mechanisms would serve to facilitate enzymatic degradation
of high molecular weight DOM (e.g., humic and fulvic acids)
into monomeric compounds that are available for bacterial
utilization (45). In contrast, some recent studies have
demonstrated that photochemical processes can have a
negative impact on the ability of DOM to support bacterial
growth (72-74), but these negative effects have generally
been associated with the presence of more recent, algal-
derived DOM and are therefore less likely to be significant
in our experiment. While the simplest explanation of our
result is that the reaction of DOM with OH• does not result
in measurable formation of bioavailable products, we cannot
rule out the possibility of counteractive positive and negative
effects on DOM bioavailability with a zero net result.

The low production rates of LMW carbon acids by OH•

are consistent with the lack of effect of OH• on bacterial growth
in the bioassay results. The 30 µM dose of OH• used for the
bioassay experiments would have produced total LMW acid
carbon concentrations of ∼ 0.07 mg of C L-1 (5.5 µM C) in
the solutions (Table 2). Conservatively assuming a 50% growth
efficiency and a carbon content of 106 fg of C cell-1 (Table
3), the carboxylic acid carbon produced in SRFA or in SRHA
cultures could support the growth of 3.3 × 105 cells. Although
there is considerable uncertainty in the growth efficiency of
microbial communities on carboxylic acids (range of 20-
80%; 3), the formation rates of the LMW acids we measured

are clearly too low to be a significant source of bioavailable
carbon in these experiments.

The bacterial growth in our dilution cultures suggests that
a fraction of the added SRFA and SRHA was bioavailable; the
yield of biomass we observed is consistent with what we
would expect based on observations made on a variety of
other humic materials (75, 76). While the contribution of the
2.7 mg of C L-1 (300 µM C, 19-23% of total) DOC originally
present from the Massachusetts Bay seawater is not clear,
previous reports of “labile” fractions of natural aquatic DOM
(19 ( 12% for marine DOM; 77) and an expected growth
yield of less than 50% suggest that the bacterial growth is not
attributable solely to this material.

DIC Production. Since the average oxidation state of
carbon in SRFA and SRHA is approximately zero (69), an
average DIC production rate of 0.25 mol of DIC/mol of OH•

would be expected if OH• is the only oxidant participating
in the mineralization reaction. Given the lack of effect of
oxygen on the rate of mineralization, then the observed
production of ∼0.3 mol of DIC/mol of OH• is consistent with
our expectations. The same is true in the presence of Br-, as
long as Br- is ultimately regenerated so that the overall
outcomes of the reaction are reduction of OH• to OH- and
oxidation of DOM to DIC. Our parallel measurements of LMW
acid production during irradiation show that production of
DIC from OH• reaction with LMW acids is an insignificant
fraction of the overall DIC formation rate, indicating that
most of the mineralization of humic substances does not
proceed via LMW acid intermediates. The observation that
the rate of DIC production remains relatively constant from
the beginning of the experiment until complete mineraliza-
tion of the DOM (inset, Figure 4) suggests that breakdown
of DOM into LMW molecules other than the LMW acids we
measured is also not a necessary precursor for mineralization.

Bleaching. Bleaching (or fading) of CDOM is an important
photoprocess that leads to increased light penetration into
the water column and to decreased photochemical rates
(since light must be absorbed in order to cause a photo-
chemical reaction). The addition of O2 to these solutions
increases the bleaching rates of SRFA by 35% and SRHA by
about 20% (Figure 6), possibly due to the formation of peroxyl
radicals followed by the decomposition of aromatic rings
and conjugated double bonds. The presence of oxygen has
been shown to increase the bleaching of paper pulps, most
likely through a similar mechanism (35, 36, 38). Solutions of
humic acids display increased bleaching relative to fulvic
acid solutions (Figure 6). These differences may be due to
the greater aromatic content of the humic reference material
(78), which may be more readily bleached by OH• without
being mineralized. Although the reactions of OH• with Br-

in seawater result in intermediates that we expected to react
more selectively with chromophoric material, we did not
observe an increase in the effectiveness of bleaching per OH•

generated in seawater.
OH• As a Mechanism of DOM Photoproduct Formation.

Assuming that the product formation efficiencies (mol of
product/mol of OH•) for the materials we examined are similar
to those for DOM from other sources, we can assess whether
OH• could be a significant mechanism for photoformation
of these products observed in previous studies. For example,
in sunlight irradiation of water from Lake Skarshultsjon, a
humic-rich, iron-rich Swedish lake (12.4 mg of C L-1 (1.03
mM C), ∼300 µg of Fe L-1), a total LMW acid production rate
of 1.6 µM C/h was observed, with formic acid being produced
in greatest amount (3). In addition, photochemical irradia-
tions of a series of lake waters showed that LMW acid carbon
production was 20-30% of the concurrent DIC production
(12). We observed formation of similar relative abundances
of individual acids to each other and to DIC in both of these
samples, including LMW acid carbon production rates of
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30-40% of concurrent DIC production. Although it is difficult
to generalize from SRFA and SRHA to other materials, if SRHA
and Lake Skarshultsjon DOM behave similarly, a photopro-
duction rate of 8-9 µM OH•/h (∼2 × 10-9 M s-1) would be
required to produce the quantities of LMW acids and DIC
observed to be photoproduced in Lake Skarshultsjon.
Similarly, to explain the difference in DIC photoproduction
in Satilla River water with and without addition of a ligand
to eliminate Fe photoreactions (14), a difference in OH•

production rates of ∼16 µM OH•/h is required if indirect,
OH•-mediated chemistry is solely responsible for the Fe-
related DIC production. Based on these estimates, it seems
unlikely that OH• is responsible for a large fraction of the
photochemical production of DIC or LMW acids observed
in these waters. In addition, exposure to OH• corresponding
to an average solar exposure of 15 d (assuming OH•

photoproduction rates of 10-10 M s-1 for 6 h/d) did not have
any significant effect on bacterial growth potential (Figure
3; Table 3), in contrast to previous work that has shown
enhanced bacterial growth potential after only 12 h of
simulated surface UV radiation (74). Finally, for an OH•

production rate of 2 µM d-1 (10-10 M s-1 for 6 h/d), the
maximum bleaching rate of SRFA and SRHA due to reactions
with OH• was 6 × 10-2 m-1 d-1, less than 20% of photo-
bleaching rates of ∼0.33 m-1 d-1 observed in similar solutions
irradiated by simulated sunlight (79). Thus, indirect pho-
tobleaching of SRFA via the photointermediate OH• is only
a candidate as a significant mechanism of total photo-
bleaching in waters with very high OH• photoproduction rates,
for example, in iron-rich acidic systems where Fenton
chemistry may be important. To the extent that SRFA and
SRHA are representative of aquatic DOM, we can eliminate
OH• reactions with humic substances as a significant mech-
anism for formation of DOM photoproducts.
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