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ABSTRACT: Under conditions typically encountered in the
aquatic environment, the absorption of sunlight by nitrite and
nitrate leads to the transformation of trace organic
contaminants. In addition to the well understood mechanism
through which hydroxyl radical (·OH) produced by nitrate
and nitrite photolysis oxidizes contaminants, absorption of
light also results in the formation of reactive nitrogen species
that transform organic contaminants. To assess the
importance of this process on the fate of trace organic
contaminants, radical quenchers and transformation product
analysis were used to discriminate among potential reaction
pathways. For sulfamethoxazole, an antibiotic that is
frequently detected in municipal wastewater effluent, nitrate
and nitrite-sensitized photolysis pathways resulted in
production of transformation products that were not detected during direct photolysis or reaction with ·OH. The reactivity
of sulfamethoxazole with the reactive species produced when nitrite absorbed sunlight was affected by the presence of hydroxyl
radical scavengers, indicating the likely involvement of nitrogen dioxide, which forms when nitrite reacts with hydroxyl radical.
Reactive nitrogen species also reacted with emtricitabine, propranolol, and other trace organic contaminants commonly
detected in wastewater effluent, indicating the potential importance of this process to the fate of other trace organic
contaminants. A kinetic model indicated that reactive nitrogen species could be important to the phototransformation of trace
organic contaminants when relatively high concentrations of nitrite are present (e.g., in surface waters receiving reverse osmosis
concentrate from potable water reuse projects or in agricultural runoff).

■ INTRODUCTION

Among the photosensitizers present in the aquatic environ-
ment, nitrate and nitrite are often present at the highest
concentrations, yet the extent to which they contribute to
organic contaminant photodegradation is only partially under-
stood. Absorption of sunlight by both nitrate and nitrite
photochemically produces the hydroxyl radical (·OH), a
nonselective oxidant.1−5 However, under conditions typically
encountered in surface waters, the scavenging of ·OH by
organic matter, HCO3

−, and CO3
2− limits its importance to

contaminant transformation to those compounds that are not
susceptible to other transformation mechanisms.6 Hydroxyl
radical also reacts with nitrite to form nitrogen dioxide (·NO2),
a reactive nitrogen species.7 ·NO2 and other reactive nitrogen
species produced when nitrite or nitrate absorb light tend to be
less susceptible to scavenging by organic matter and carbonate
species8 and therefore can contribute to transformation of
organic contaminants under conditions in which steady-state
·OH concentrations would be extremely low due to scavenging
by other solutes. For example, the presence of 10 μM nitrite in
seawater increased the rate of phototransformation of phenol

by approximately four times despite the presence of numerous
·OH sinks.9 The presence of similar concentrations of nitrite in
cloudwater also has been shown to form nitrophenols through
photochemical reactions involving dissolved nitrogen species
and phenols.10,11

Nitrate- and nitrite-sensitized photolysis is of particular
interest because these processes can result in the formation of
nitrated and nitrosated transformation products that tend to be
more toxic and persistent than their parent compounds. For
example, nitrite-sensitized photolysis of phenol results in
production of more toxic products, such as nitrosophenol and
nitrophenol, while nitrate-sensitized photolysis forms nitro-
phenol.12−14 Nitrite-sensitized photolysis also produces
nitrated products of benzene and naphthalene.15,16 Nitrated
and nitrosated products of sulfamethoxazole and several β-
blockers (e.g., atenolol, metoprolol) exhibit greater toxicity,
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mutagenicity, and carcinogenicity relative to the parent
pharmaceutical compounds.17−22 Relative to their parent
compounds, nitro- and nitroso-transformation products tend
to exhibit increased toxicity,23 carcinogenicity,24−26 and/or
mutagenicity.27,28 Nitration and nitrosation also alter the fate
and transport of organic contaminants. For instance, nitrated
products of sulfamethoxazole exhibit enhanced photostability
relative to their parent compound.29 The stability and toxicity
of transformation products from reactions with reactive
nitrogen species motivate the consideration of nitration and
nitrosation pathways when photolysis occurs in the presence of
nitrate and nitrite.
The relative importance of nitrate- and nitrite-photo-

sensitized reactions to contaminant fate depends upon the
concentrations of photosensitizers. Nitrate is typically present
at concentrations ranging from 0.4 to 1.4 mM in nitrified
municipal wastewater effluent and in effluent-dominated
surface waters.30 In agricultural runoff, nitrate is often present
at concentrations up to 0.6 mM.6 Nitrite tends to co-occur
with nitrate, because it is produced during nitrification and
denitrification.31 Although the concentrations of nitrite are
typically only 1−10% of those of nitrate, nitrite absorbs more
sunlight than nitrate (its specific solar absorption rate is
approximately 10 times greater than that of nitrate), making it
a photosensitizer of similar importance to nitrate despite its
lower concentrations.
To assess the relevance of nitrate and nitrite-sensitized

photolysis in the aquatic environment, we studied the nitrate-
and nitrite-sensitized photolysis of representative trace organic
contaminants under environmentally relevant conditions. To
gain insight into the reaction mechanisms and kinetics of these
species, we focused our efforts on sulfamethoxazole, measuring
its rate of transformation and the formation of a suite of
transformation products. We used information from photolysis
rates in the presence and absence of different radical
scavengers to predict the relative importance of nitrate- and
nitrite-sensitized photolysis under different conditions encoun-
tered in the aquatic environment. We also assessed the rates of
nitrite-sensitized phototransformation of several trace organic
compounds typically detected in municipal wastewater
effluents to assess the relevance of this process to other
contaminants.

■ MATERIALS AND METHODS
Materials. Analytical reference standards of nitro-sulfame-

thoxazole and sulfamethoxazole-d4, and 15N-labeled sodium
nitrate and sodium nitrite were purchased from Toronto
Research Chemicals (Toronto, Canada). Suwannee River
natural organic matter (SRNOM) was obtained from the
International Humic Substances Society. All other reagents and
solvents were obtained from Fisher Scientific (Fairlawn, NJ).
All solutions were prepared using deionized water from a
Millipore water purification system.
Phototransformation Experiments. Photolysis experi-

ments were conducted using an Oriel solar simulator (Spectra
Physics 91194) equipped with a 1000 W Xe lamp and an
atmospheric attenuation filter (Spectra Physics 81088 and
81017). Irradiance was verified at the start of each experiment
with a spectroradiometer (Newport). A typical irradiance
spectrum is provided in the Supporting Information (Figure
S1). Experiments were carried out in 100 mL black-painted
beakers containing 30 mL of the experimental solution, which
were maintained at 20 ± 2 °C in a water bath. Subsamples (0.6

mL) from photolysis experiments were pipetted into 2 mL
glass vials and stored at 4 °C prior to analysis, which occurred
within 48 h.

Kinetics Analysis. Phototransformation rate constants
were calculated from the slopes of linear regression of the
natural logarithm of concentration versus time. Transformation
rate constants for sulfamethoxazole (initial concentration = 2
μM) were quantified in the presence and absence of nitrite
(NaNO2, 2 mM) and nitrate (NaNO3, 5 mM). The
disappearance of sulfamethoxazole in the presence of nitrite
or nitrate exhibited pseudo-first order kinetics under all
conditions (r2 > 0.93).
Various control experiments were conducted to assess the

impacts of experimental conditions on transformation rate
constants. Experiments conducted in the dark indicated no
sulfamethoxazole transformation, confirming that all removal
was due to photochemical reactions. Removal rate constants
were quantified in the presence of different buffers (5 mM
phosphate buffer for pH 6−8, borate buffer pH 8−10). No
differences in contaminant removal rate constants were
observed for reactions in phosphate versus borate buffer at
pH 8. Transformation rate constants were constant over a
range of pH 6 to 10 in the presence of nitrite (Figure S2).
Removal rate constants were also determined in the presence
of dissolved inorganic carbon (0.4−4.2 mM, pH 6.0 and 10.0),
Suwannee River natural organic matter (4−20 mg-C/L
SRNOM), organic ·OH scavengers (10 or 100 mM tertiary
butanol, isopropanol, ethanol, or methanol), and varying
concentrations of inorganic nitrogen species (0.1−20 mM).
The measured pH at the beginning and end of experiments did
not change (± 0.3 pH units), indicating insignificant changes
in inorganic carbon concentrations over the course of the
experiments. A summary of rate constants observed in all
experiments can be found in Table S2.
Transformation rate constants for other pharmaceuticals

were assessed in 5 mM phosphate buffer at pH 7, in the
presence of nitrite (2 mM), SRNOM (20 mg-C/L), and/or
tert-butanol (250 mM). All kinetics experiments were
conducted at an ionic strength of 25 mequiv/L, adjusted
with sodium perchlorate.

Transformation Product Identification. To identify
transformation products, 2 μM sulfamethoxazole was added
to solutions buffered at pH 7 (5 mM phosphate buffer) and
pH 10 (5 mM borate buffer). Nitrate or nitrite was added to
buffer solutions using stock solutions of the sodium salts
(5 mM final concentration). Tertiary butanol was added to
some experiments as a ·OH scavenger. Transformation
products were first detected by HPLC-MS/MS in full scan
mode and then verified by both accurate mass and
fragmentation patterns using high-resolution mass spectrom-
etry in positive and negative ionization modes. To elucidate
reaction mechanisms, some experiments were also carried out
in the presence of 15N-labeled nitrite and nitrate. Sodium salts
of 15NO2

− or 15NO3
− were added to buffer solutions as

described above, and changes in transformation product mass
were investigated to determine incorporation of 15N from
reactive nitrogen species. Further method details for trans-
formation product analysis are provided in the Supporting
Information (S1.2).
To elucidate transformation products related to ·OH,

hydrogen peroxide was added to some experiments at a final
concentration of 2.5 mM in the absence of inorganic nitrogen
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species. Rose bengal (40 μM) was used in other experiments as
a source of singlet oxygen.
Reverse Osmosis Concentrate Samples. To validate the

kinetic model and to assess transformation pathways under
environmental conditions, experiments were conducted in
samples of reverse osmosis (RO) concentrate produced from
nitrified municipal wastewater effluent. Both nitrate (3.8 mM)
and nitrite (87 μM) were present in the RO concentrate.
Experiments were conducted in RO concentrate with and
without the addition of 1 mM nitrite to determine the
potential effect of incomplete denitrification in RO concen-
trate. The RO concentrate contained 35.5 mg-C/L dissolved
organic matter and 11.7 mM dissolved inorganic carbon (pH =
7.6).
Analytical Methods. Sulfamethoxazole, additional phar-

maceuticals, and transformation products were analyzed using
an Agilent 1260 series HPLC coupled to an Agilent triple
quadropole tandem mass spectrometer (LC-MS/MS). Nitrite
concentrations were determined using the Griess reagent
method.32 Further analytical method information is provided
in the Supporting Information (S1.3−1.4).

■ RESULTS AND DISCUSSION
Kinetics of Nitrite-Sensitized Photolysis of Sulfame-

thoxazole. The presence of nitrite or nitrate increased
pseudo-first order rate constants for sulfamethoxazole trans-
formation (Table S2) and resulted in the formation of unique
transformation products, discussed below. Nitrite- and nitrate-
sensitized photolysis results in the formation of several reactive
intermediates which may have contributed to sulfamethoxazole
transformation (1−4). First, in the nitrite absorption band
centered around 350 nm, nitrite forms an excited state
[NO2

−]*, which may react with organic contaminants via
hydrogen abstraction.15,16 In the absence of species that react
with it, [NO2

−]* dissociates to ·O− (which rapidly protonates
to ·OH at circumneutral pH values) and nitric oxide (NO),
which is oxidized to form nitrate in oxygen-containing
solutions.7 Nitrogen dioxide (·NO2), which forms via reaction
of NO2

− with ·OH, reacts with organic compounds via
electron transfer, H-abstraction, electrophilic addition, and
substitution.33,34

NO NO
h

2 2→ [ ]*
υ− −

(1)

NO NO O2[ ]* → +− ·−
(2)

NO OH NO2 2+ →− · ·
(3)

NO NO O
h

3 2→ +
υ− · ·−

(4)

To differentiate between the roles of ·NO2 and [NO2
−]*

during sulfamethoxazole transformation, we observed changes
in pseudo-first order reaction rate constants in the presence of
hydroxyl radical scavengers. We used a series of organic
scavengers (i.e., methanol, ethanol, isopropanol, and tertiary
butanol) with known bimolecular reaction rate constants with
·OH (Figure S2) to verify the effect of ·OH scavenging.
Reduction in transformation rates with the different scavengers
were consistent with the reactivity of each scavenger with ·OH.
Pseudo-first order sulfamethoxazole reaction rate constants
were greatest in the presence of t-butanol, which has the lowest
rate of reaction with ·OH and therefore the least inhibition,
and were lowest for ethanol and isopropanol, which react most
quickly with ·OH. Nonetheless, pseudo-first order rate

constants in nitrite-containing solutions were higher than
predicted using rate constants for the reaction of ·OH with
sulfamethoxazole and the scavengers. Furthermore, trans-
formation products were detected which were not expected
for reactions of sulfamethoxazole with ·OH, indicating that
direct reaction of ·OH with sulfamethoxazole could not explain
the observed reaction rates and products. The observation that
·OH scavengers lowered the sulfamethoxazole removal rate
constant and slowed the formation of transformation products
suggests that ·NO2, rather than [NO2

−]*, was responsible for
the increased transformation rate constants in the presence of
nitrite.
Transformation rate constants in the presence of 2 mM

nitrite were not affected at SRNOM concentrations ranging
from 0 to 20 mg-C/L (Figure S2). Under these conditions, we
predict that nearly all of the ·OH produced in 2 reacted with
nitrite, with approximately 2% reacting with SRNOM. For the
short light path lengths of the reactors used in our experiments
(i.e., ∼2 cm), the presence of 20 mg-C/L of natural organic
matter screened out approximately 13% of the incident light at
350 nm (i.e., the wavelength of maximum absorption of
nitrite), resulting in slower formation of nitrite-sensitized
products (Figure S3). The observed removal rates of
sulfamethoxazole were not affected by SRNOM, although
light screening should have decreased the rate of direct
photolysis by approximately 21% (see light screening
calculations in SI Section 1.5). The absence of an observed
effect of SRNOM on overall transformation rate constants
indicates that organic matter-sensitized photolysis, perhaps via
triplet-sensitized reactions or the production of reactive oxygen
species,35 compensated for the decrease in direct photolysis
rates from light screening.
The presence of dissolved inorganic carbon increased

pseudo-first order rate constants of nitrite-sensitized sulfame-
thoxazole phototransformation, due to formation of ·CO3

−. On
the basis of the reactivity of hydroxyl radical with nitrite and
carbonate (kOH,NO2 = 1010; kOH,CO3 = 3.9 × 108, kOH,HCO3 = 8.9
× 106), we predict that more than 99% of the ·OH produced in
reaction 2 reacted with nitrite. The formation of ·CO3

− from
the ·OH that reacted with carbonate increased the overall
reaction rate constant by 5−37% (for inorganic carbon
concentrations ranging from 0.4 to 4.2 mM) due to the
selectivity of the carbonate radical. This effect was observed
previously for indirect photolysis of sulfamethoxazole in
wetland waters with elevated pH values36 and is attributed to
the high reactivity of ·CO3

− with sulfur-containing functional
groups.37

Nitrite-Sensitized Transformation Products. In experi-
ments performed at pH 7.0 and 10.0 with 5 mM nitrite, three
transformation products of sulfamethoxazole were detected:
TP283, TP254, and TP299 (Figures 1 and 2). Transformation
reactions occurred at the aromatic amine functional group.
TP283 was identified as 4-nitro-sulfamethoxazole by

comparison of its HPLC-MS/MS retention time and
fragmentation pattern with an analytical reference standard.
TP283 was also formed from reactions of sulfamethoxazole
with ·OH (produced by photolysis of H2O2) and singlet
oxygen (produced by photolysis of Rose Bengal), which is
consistent with previous observations.18 However, this trans-
formation product was not detected in experiments conducted
with 5−20 mg/L SRNOM in the absence of added inorganic
nitrogen.
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On the basis of exact mass calculations (Table S3), TP254
contains one more oxygen atom than sulfamethoxazole but is
missing one nitrogen and one hydrogen atom, which is
consistent with transformation of the aromatic amine to a
phenolic functional group. This product has previously been
observed as a minor product of direct photolysis (responsible
for <1% of sulfamethoxazole transformation) when 100 mg/L
of sulfamethoxazole was exposed to simulated sunlight.18 In
this study, its formation was not observed in photolysis
experiments in the absence of inorganic nitrogen (i.e., it was
not detected as a product of direct photolysis nor was it
formed in the presence of hydrogen peroxide, Rose Bengal, or
SRNOM) likely because it was produced at concentrations
below the detection limit in our experiments with 2 μM
sulfamethoxazole.
Exact mass calculations indicate that TP299 contains three

additional oxygen atoms relative to sulfamethoxazole, which is
consistent with the presence of a hydroxyl and nitro group on
the aromatic ring. This compound has not been previously
reported and was only observed in the presence of inorganic
nitrogen. TP299 could form either via hydroxylation of TP283
or via nitration of TP254. However, it is likely to be the
product of TP254 nitration because its formation was not
observed in experiments in which 5 mM nitrite was added to a
2 μM solution of an analytical standard of 4-nitro-
sulfamethoxazole (i.e., TP283).
To further elucidate the role of reactive nitrogen species in

the formation of TP283 and TP299, experiments were
conducted using 15NO2

−. Transformation products formed in
photolysis experiments with 15NO2

− exhibited m/z ratios for
TP283 and TP299 that increased by one, indicating that the
isotope-labeled nitrogen was incorporated into the trans-
formation products. This finding indicates that TP283 was
formed via substitution via an inorganic nitrogen species rather
than by the oxidation of the amine group. While the oxidation
of the aromatic amine groups to nitro groups has been

observed during ozonation,38 to the best of our knowledge, the
substitution of aromatic amine groups by nitro groups in the
presence of reactive nitrogen species has not been reported
previously.
The formation of these nitrite-sensitized transformation

products was completely inhibited by the presence of 100 mM
tertiary butanol but was only slightly affected by 20 mg-C/L of
SRNOM (Figure S3), which is consistent with the kinetics
results discussed earlier. The formation of the distinct products
of nitrite-sensitized pathways in the presence of 20 mg-C/L
SRNOM provides further evidence that the nitrite-sensitized
reactive intermediates responsible for the transformation may
be relevant to contaminant fate in the presence of organic
matter.

Kinetics of Nitrate-Sensitized Photolysis. The trans-
formation of sulfamethoxazole in the presence of nitrate was
inhibited by 5 mM tert-butanol and by SRNOM, which is
consistent with ·OH acting as the main oxidant. These
relatively low concentrations of tert-butanol had a greater effect
on nitrate-sensitized rate constants than they did in the nitrite
system because nitrate is not an important sink for ·OH. At
NOM concentrations of 4 mg-C/L and higher, photolysis rate
constants when 5 mM NO3

− was present decreased by more
than 70% relative to experiments conducted in the absence of
SRNOM. Experiments conducted at varying concentrations of
dissolved inorganic carbon at pH 6 and pH 10 indicated that
the sulfamethoxazole transformation rate constant was slightly
higher in the presence of bicarbonate and much higher in the
presence of carbonate relative to when dissolved inorganic
carbon was absent (Figure S2), as predicted on the basis of
previously developed photochemical models that account for
the reactions of carbonate species with sulfamethoxazole.
These data suggest that reactive intermediates other than

·OH formed during nitrate photolysis are relatively unim-
portant to sulfamethoxazole transformation. Although ·NO2 is
a product of nitrate photolysis and could be expected to
contribute to nitrate-sensitized photolysis, the rate of
formation of ·NO2 in the presence of 5 mM nitrate is only
about 4% of its rate of formation in the presence of 2 mM
nitrite. As a result, its contribution to transformation rates is
expected to be negligible.

Nitrate-Sensitized Transformation Products. In the
presence of nitrate at pH 7, all three sulfamethoxazole
transformation products observed during nitrite-sensitized
photolysis were observed as well as a product not observed
during nitrite experiments: TP298. Exact mass calculations and
fragmentation patterns suggest that TP298 is a direct nitration
product of sulfamethoxazole, with the NO2 group adding to
one of the carbons on the aromatic ring. During nitrate

Figure 1. SMX removal and TP formation with 5 mM NO2
− (left) or

5 mM NO3
− (right) at pH 7 (5 mM phosphate buffer).

Figure 2. Proposed transformation product pathway for sulfamethoxazole in the presence of nitrite and nitrate.
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photolysis, TP283 was formed by the direct oxidation of the
amine group, as indicated by the results of the experiments
conducted with isotope-labeled nitrate (15NO3

−). TP254 was a
minor product in the presence of nitrate, with much lower
yields than those observed in the presence of nitrite. No mass
shift was observed for TP299 formed in the presence of
15NO3

−, indicating that TP299 is formed via the hydroxylation
of TP283 during nitrate photolysis. The formation of TP283
and TP299 via oxidation and hydroxylation rather than
nitration is consistent with ·OH serving as the oxidant.
To understand the mechanism of TP298 formation, the

formation of reactive nitrogen species from nitrate needs to be
considered. Nitrate photolysis produces ·NO2, which has
previously been observed to act as a nitrating agent in reactions
with phenol.12 However, ·NO2 is unlikely to be responsible for
TP298 formation because TP298 was only observed in the
presence of nitrate. Instead, TP298 may form through the
reaction of sulfamethoxazole with peroxynitrite, a potent
nitrating agent that is produced when ·NO2 and ·OH undergo
recombination within the solvent cage during nitrate
photolysis.7,39 Nitrate photolysis also produces nitrite in a
parallel reaction pathway with similar quantum yield to ·NO2
(Φ ∼ 0.01).32 However, in a nitrate-sensitized system, the
contribution of nitrite-senstized reactive intermediates is
insignificant compared to the formation of ·NO2 and ·OH
directly from nitrate.
Nitrite-Sensitized Photolysis of Other Trace Organic

Contaminants. To assess the potential contribution of nitrite
to the phototransformation of other trace organic contami-
nants, experiments were conducted with pharmaceuticals
commonly detected in municipal wastewater effluent (Figure
S4). Indirect phototransformation rate constants (kindirect) were
calculated as the difference between observed transformation
rates in the presence and absence of photosensitizers and were
corrected for light screening. No removal was observed for
compounds known to undergo slow direct and indirect
photolysis (i.e., compounds that are only phototransformed
via reaction with ·OH): acyclovir, carbamazepine, atenolol, and
metoprolol (data not shown). For several compounds, indirect
phototransformation rate constants were higher in the
presence of nitrite (Figure 3).
In the presence of 250 mM t-butanol, indirect photo-

transformation rate constants decreased by 34−51%. Under
these conditions, we predict that approximately 98% of the
·OH reacted with the scavenger, which results in an 86%
decrease in [·NO2]ss. The observation that indirect trans-
formation rate constants only decreased by 34−51% suggests
that another indirect transformation pathway, in which ·OH is
not involved, is partially responsible for the transformation of
these compounds. At the elevated t-butanol concentrations
used here, it is possible that the tert-butoxyl radical formed
when ·OH is scavenged may contribute to contaminant
removal. However, in experiments discussed above with
sulfamethoxazole, the observed rate constants were lower
than predicted, and not higher, in the presence of 100 mM t-
butanol, indicating that the t-butoxyl radical did not increase
reaction rate constants for sulfamethoxazole.
An alternative explanation for the effect of t-butanol on

indirect transformation rate constants involves reactions of the
compounds with [NO2

−]*, which forms before dissociation
into NO and ·OH. The participation of this species in nitrite-
sensitized photolysis was proposed previously as an explan-

ation for the failure of isopropanol to slow the nitrite-sensitized
transformation of naphthalene and benzene.15,16

Propranolol and trimethoprim exhibited organic matter-
sensitized photolysis in the absence of nitrite (20 mg-C/L
SRNOM). When 2 mM nitrite was added in addition to
organic matter, indirect photolysis rate constants of proprano-
lol increased by an amount comparable to that observed when
nitrite was present in the absence of organic matter, indicating
that nitrite-sensitized photolysis was not affected by the
presence of SRNOM. Conversely, for trimethoprim, the
increase in the transformation rate constant observed in the
presence of nitrite and SRNOM was about 18% less than the
sum of nitrite- and SRNOM-sensitized rates. Interestingly,
each of the compounds for which nitrite-sensitized photolysis
was observed contains a primary amine attached to an aromatic
or conjugated ring, except for propranolol (which contains an
aliphatic secondary amine). This finding suggests that the
amine moiety may be a reactive site for nitrite-sensitized
photolysis, perhaps via H-abstraction by the reactive nitrogen
species. Density functional theory calculations suggest that
·NO2 tends to react with aromatic compounds through
hydrogen abstraction.40,41 However, further research on
transformation products is required to determine whether
the amine moiety is the sole reaction site for nitrite-sensitized
phototransformation of these compounds.

Kinetic Model. Although existing photochemical models
accurately predict transformation kinetics for direct photolysis
and indirect photolysis in the presence of organic matter and
nitrate, an additional approach is needed to include the effects
of nitrite. Nitrite-sensitized photolysis can occur via the
reaction of organic contaminants either with ·OH or with
·NO2. The approach for calculating the contribution of ·OH
reactions to the overall transformation rate constant is the
same as that used for nitrate-sensitized photolysis (equations
provided in SI Section 2.5). We can model contaminant
transformation rate constants due to ·NO2 as

k k NOSMX, NO2 NO2,SMX 2 ss′ = [· ]· ·

Figure 3. Indirect phototransformation rate constants of pharma-
ceuticals in 5 mM phosphate buffer solution, pH 7. Nitrite and
SRNOM were added at concentrations of 2 mM and 20 mg-C/L,
respectively. Error bars represent 95% confidence intervals obtained
from linear regressions.
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where [·NO2]ss is the steady-state concentration of ·NO2 and
k·NO2,SMX is the bimolecular rate constant for the reaction
between ·NO2 and sulfamethoxazole.
Under our experimental conditions, ·NO2 is primarily lost

via 5−7.8

k

k

NO NO N O 4.5 10 M s

6.9 10 s

2 2 2 4 5
8 1 1

5
3 1

· + · ↔ = ×

= ×

− −

−
−

(5)

kN O H O NO NO 2H 1 10 s2 4 2 3 2 6
3 1+ → + + = ×− − + −

(6)

k kNO SMX products2 7 NO2,SMX· + → = · (7)

We calculated [·NO2]ss according to equation S10 (SI
Section 2.5) and performed a linear regression of k·NO2 (equal
to light screening-corrected kobserved − kdirect − k·OH in
experiments with sulfamethoxazole and varying nitrite
concentrations at constant ionic strength) versus our
calculated [·NO2]ss to estimate a value for k·NO2,SMX (Figure 4).

We have also included rate constants attributed to nitrite-
sensitized photolysis in the presence of SRNOM, dissolved
inorganic carbon (0.40−4.2 mM bicarbonate or 0.40 mM
carbonate), organic compounds used as radical scavengers
(tert-butanol, methanol, ethanol, isopropanol), and solutes
present in reverse osmosis concentrate in Figure 4. For
experiments containing SRNOM or RO concentrate, the rate
constants for nitrite-sensitized reactions were calculated by
subtracting the modeled rate constants for organic matter-
sensitized photolysis via singlet oxygen and ·OH. Values for the
quantum yields of ·OH and singlet oxygen and for k·OH,DOM
were taken from Jasper and Sedlak36 who modeled organic
matter-sensitized reactions of these compounds in municipal
wastewater. Despite known differences in photosensitizing and
radical quenching properties between SRNOM and effluent
organic matter,42,43 experiments conducted in phosphate-
buffered SRNOM solutions in the absence of inorganic
nitrogen yielded rate constants comparable to those predicted

by this model (kmodeled = kobserved). For experiments in solutions
containing dissolved inorganic carbon, the contribution to
reaction rate constants due to carbonate radical were
subtracted from indirect phototransformation rate constants
to estimate the contribution of nitrogen dioxide. At higher
carbonate concentrations (i.e., 1.7 or 4.2 mM) observed rate
constants were almost entirely attributable to carbonate
radical, (k·NO2 ∼ 0) and were not included in Figure 4. The
calculated bimolecular rate constant is given in Table 1 and is
similar in magnitude to previously measured rate constants for
reactions of ·NO2 with phenol and 4-chlorophenol.

This modeling approach for nitrogen dioxide as the reactive
intermediate was extended to the other wastewater-derived
contaminants for which nitrite-sensitized photolysis was
observed (i.e., propranolol, emtricitabine, trimethoprim, and
lamivudine). Rate constants for these compounds were
calculated from experiments conducted in the presence of 2
mM nitrite and are provided in Table 1. Very few rate
constants for reaction with ·NO2 are available in the literature.
However, our calculated values are similar in magnitude to
rates previously measured for phenol8 and chlorophenol41 and
slower than rates measured for phenolates, dimethylaniline (k
= 2.6 × 107), and phenylenediamine (k = 4.6 × 107).33

Photolysis Rates and Product Formation in RO
Concentrate. The ·NO2 modeling approach described in
the previous section and the phototransformation models for
nitrate and organic matter-sensitized photolysis described
previously (summarized in SI Section 2.5)36 were used to
predict the relative importance of nitrate, nitrite, and organic
matter in the photosensitized transformation of five
representative trace organic contaminants. Among the different
scenarios in which nitrite-sensitized sunlight photolysis could
be important, the discharge of reverse osmosis concentrate
from municipal water recycling programs is particularly
relevant because it represents a situation where both nitrite
and trace organic contaminants are present at elevated
concentrations. To assess the relative importance of nitrite-
sensitized photolysis, we considered a gradient of dilution
representative of RO concentrate being released to surface
water (Figure 5). Nitrate, nitrite, and pH values were based on
concentrations measured in RO concentrate from a potable
water reuse facility. For each contaminant, the relative
importance of nitrite-sensitized photolysis was greatest prior
to dilution. For sulfamethoxazole, indirect photolysis driven by
nitrite accounts for 83% of transformation in undiluted RO
concentrate. As the RO concentrate mixes with the receiving
water, direct photolysis and DOM- and nitrate-sensitized
reactions become more important. The contribution of nitrite
includes reactions of the target contaminants with nitrogen
dioxide and with hydroxyl radical produced by nitrite

Figure 4. Linear regression of nitrite-sensitized reaction rate constants
versus nitrogen dioxide steady-state concentration. Filled circles are
included in regression analysis (experiments with only nitrite and
SMX); open squares and gray triangles are rate constants observed in
the presence of organic matter and in RO concentrate, respectively;
gray diamonds and black X’s are rate constants in the presence of
organic scavengers and inorganic carbon, respectively, for comparison
with model results.

Table 1. Bimolecular Rate Constants for Reactions with
·NO2

Compound k·NO2,compound (M
−1 s−1)

Phenol8 3.2 × 103

4-Chlorophenol41 1.1 × 104

Sulfamethoxazole 6.2 × 103

Lamivudine 6.2 × 102

Emtricitabine 5.9 × 102

Propranolol 1.5 × 103

Trimethoprim 7.2 × 102
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photolysis. Reactions of sulfamethoxazole with ·OH are
unimportant in undiluted RO concentrate due to ·OH
scavenging by nitrite. Conversely, reactions with nitrogen
dioxide are most important where nitrite concentrations are
highest (i.e., in undiluted RO concentrate). For the other
contaminants, the relative importance of nitrite-sensitized
phototransformation depends on the bimolecular rate
constants for reaction with ·OH versus with ·NO2. In the
case of sulfamethoxazole, reactions with ·NO2 account for 62−
95% of the nitrite-sensitized rate constants, resulting in a
decrease in the observed reaction rate constant as the RO
concentrate is diluted. For the other organic contaminants, the
predicted bimolecular reaction rate constants for reaction with
·NO2 are lower, such that the reactions with ·OH account for
22−35% of the nitrite-sensitized reactions in undiluted RO
concentrate and 79−88% when the RO concentrate has been
diluted to the point where it accounts for less than 5% of the
overall flow.
Photolysis experiments performed in authentic RO concen-

trate were consistent with these predictions. The gray triangles
in Figure 4 represent the sulfamethoxazole transformation rate
constants observed in RO concentrate with and without added
nitrite. In both cases, the observed rate constants agreed well
with the predictions made with the nitrite-sensitized kinetic
model. In addition, all of the products of the nitrite-sensitized
reactions were observed in RO concentrate (which contained
35.5 mg-C/L organic carbon and 11.7 mM inorganic carbon)
amended with 1 mM nitrite (Figure 6) indicating that the
nitrite-sensitized pathways occur in authentic RO concentrate.
The formation of TP298 was also observed in RO concentrate
and is attributed to nitrate-sensitized pathways because it was
not observed in the experiments containing only nitrite. TP298
formation was inhibited in the presence of SRNOM but
occurred in nitrite-spiked RO concentrate, indicating that
nitrate likely played a role in the sensitized photolysis in RO
concentrate despite an overall small contribution to removal
rates. TP formation was not observed to an appreciable degree
in RO concentrate without added nitrite, likely due to the low

concentration of nitrite in the particular RO concentrate
sample used in these experiments.
In the specific case of discharging RO concentrate, we

predict that dilution with receiving waters that do not contain
elevated concentrations of DOM increases photolysis rates, via
direct photolysis and DOM- or nitrate-sensitized reactions, and
decreases the rates and relative importance of the nitrogen
dioxide reaction pathway, which may lead to undesirable
products. It is worth noting that biological treatment of the RO
concentrate could be used as a means of increasing nitrite
concentrations (e.g., through partial denitrification) prior to
sunlight exposure. In this case, the elevated nitrite concen-
trations would likely contribute to faster organic contaminant
removal via nitrite-sensitized photolysis. However, the
formation of nitrated transformation products (e.g., TP299)
might be a concern under this scenario.
The nitrite-sensitized reactions could also occur during

wetland treatment or the discharge of nitrified wastewater
effluent or in pesticide-contaminated agricultural runoff which
flows through drainage channels exposed to sunlight. In the
presence of 0.1 mM nitrite, our model indicates that nitrite-
sensitized reactions would account for 69% of sulfamethox-
azole transformation and 89 and 58% of lamivudine and
propranolol phototransformation, respectively, in sunlit waste-
water (5 mg-C/L DOC, 2.5 mM DIC, 1 mM NO3

−, pH 7). In
agricultural runoff, 80, 92, and 64% of phototransformation
would be attributable to nitrite-sensitized reactions for
sulfamethoxazole, lamivudine, and propranolol, respectively
(0.2 mM NO2

−, 20 mg-C/L DOC, 1 mM DIC, 0.5 mM NO3
−,

pH 7). Agricultural runoff may not contain significant
concentrations of these pharmaceuticals, but it may contain
pesticides with functional groups susceptible to the same
nitrite-sensitized phototransformation pathways (e.g., primary
and secondary amines). Direct photolysis may be faster in
these matrices due to less light screening, making the relative
contribution of nitrite less important than in the case of RO
concentrate. However, the nitrite-sensitized contribution may
still be significant, and the accumulation of nitrated and
nitrosated products should be considered in cases where
photolysis occurs in the presence of nitrite.

Figure 5. Modeled phototransformation rates of trace organic
contaminants due to direct photolysis and indirect photolysis
sensitized by dissolved organic matter (DOM), nitrate, or nitrite, as
a function of ROC fraction (from dilute to 100% ROC). ROC: [DIC]
= 120 mg-C/L, [DOC] = 50 mg-C/L, [NO3

−] = 5 mM, [NO2
−] =

0.5 mM. Receiving water: [DIC] = 5 mg-C/L, [DOC] = 2 mg-C/L,
[NO3

−] = 0.1 mM, [NO2
−] = 0.01 mM.

Figure 6. SMX removal and transformation product (TP) formation
in RO concentrate amended with 1 mM nitrite. Ionic strength = 0.2
M; pH = 7.6; [NO3

−] = 3.8 mM; [NO2
−] = 1.3 mM; [DIC] = 11.7

mM; [DOC] = 35 mg-C/L.
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