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ABSTRACT: Halogen atoms are important atmospheric oxidants that have unidentified daytime sources from photochemical
halide oxidation in sea salt aerosols. Here, we show that the photolysis of nitrate in aqueous chloride solutions generates nitryl
chloride (ClNO2) in addition to Cl2 and HOCl. Experimental and modeling evidence suggests that O(3P) formed in the minor
photolysis channel from nitrate oxidizes chloride to Cl2 and HOCl, which reacts with nitrite to form ClNO2. This chemistry is
different than currently accepted mechanisms involving chloride oxidation by OH and could shift our understanding of daytime
halogen cycling in the lower atmosphere.

Chlorine atoms are highly reactive oxidants that, besides
their role in stratospheric chemistry, impact the lower

atmosphere by oxidizing volatile organic compounds, convert-
ing marine reduced sulfur emissions into aerosol sulfate, and
depleting ozone in the polar boundary layer.1−4 Precursors of
Cl include photolabile gases such as Cl2, HOCl, ClNO2, and
ClNO released into the gas phase when oxidants such as OH,
O3, N2O5, and NO2 react on or within sea salt aerosols
(SSA).5−9 Recent field studies document daytime Cl2(g)
concentrations in the marine boundary layer (MBL) that are
higher than levels predicted by models considering established
sources, suggesting that a strong photochemical source is
needed to balance photochemical loss.10−14 Here we show that
nitrate photolysis in the presence of Cl−(aq) produces ClNO2(g)
in addition to Cl2(g) and HOCl(g). Laboratory experiments and
kinetic modeling show that oxidation of Cl− to Cl2 and HOCl
occurs via ground-state oxygen atoms, O(3P), and the
subsequent reaction of Cl2 and HOCl with NO2

− is
responsible for the evolution of observed ClNO2(g). Not only
is this an unrecognized source of active halogens in the lower
atmosphere, but it also suggests that O(3P) plays an important
role in aqueous-phase oxidation chemistry via a class of
reactions that, until now, has not been adequately considered
in kinetic and chemical transport models.
Nitrate is a common component of SSA due to reactions

between halide ions and N2O5, HNO3, and NO2 in the
polluted marine boundary layer, where NO3

− concentrations in
SSA can be ∼100−300 mM.15 First suggested by Gori et al.16

and demonstrated more recently in laboratory studies,13,17−21

photolysis of NO3
− oxidizes halides to photochemically active

halogen species such as Br2, Cl2, and BrCl. The putative
mechanism associated with active halogen formation involves
the oxidation of halides by hydroxyl radicals (OH) stemming
from the photodissociation of nitrate (reaction 1a).22,23

+ + ++ hNO H NO OH3 2 (1a)

+NO O( P)2
3 (1b)

A second photochemical channel forms nitrite (NO2
−) and

ground-state oxygen atoms, O(3P) (reaction 1b). The
quantum yields of reactions 1a and 1b are 1.7%23 and 1%,24

respectively, at 298 K and wavelengths above 300 nm, although
actual quantum yields remain uncertain.24,25 Previous work has
shown that OH reacts with Cl− via an acid-assisted mechanism,
forming Cl2 according to reactions 2−5:26

+ FOH Cl HOCl (2)

+ ++ FHOCl H H O Cl2 (3)

+ FCl Cl Cl2 (4)

+F2Cl Cl 2Cl2 2 (5)

where dissolved Cl2 partitions to the gas phase. Reactions 1−5
have been invoked to explain field measurements of higher-
than-expected daytime Cl2(g) production rates7,10 and their
correlation to aerosol nitrate concentration and aerosol surface
area.13 However, the mechanism by which Cl2(g) is formed
remains uncertain,27 and it is unclear if other active chlorine
species are formed during this process.
We used laboratory experiments and kinetic modeling to

explore the mechanism of nitrate photolysis in chloride
solutions. A temperature-controlled (296 K) wetted-wall flow
reactor (WWFR)28 (Figure S4) was used to study the gas-
phase products evolved when aqueous chloride solutions
containing nitrate were photolyzed by UV light (300−375
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nm). In a typical experiment, the inside surface of the WWFR
was coated by a slowly flowing (0.05 cm s−1) aqueous solution
of NaNO3 (0.1 M) and NaCl (1.0 M) at pH 4, creating a 75
μm thick water film that mimics the high surface-area-to-
volume ratio of marine aqueous SSA.29 Ultrapure air at 90%
relative humidity was flowed over the aqueous layer to deliver
gas-phase reactants and products to an iodide-based chemical
ionization mass spectrometer (CIMS).30,31 Experimental
details are included in the Supporting Information. As shown
in Figure 1, photolysis of 0.1 M NO3

− in the presence of 1 M

Cl− produces 21 ppb of Cl2 and 9 ppb of ClNO2, which are not
products observed when NO3

− is irradiated in the absence of
Cl−. Unambiguous identification of products was based on
expected m/z values and isotope patterns derived from the
mass spectra (Figure 1B). The appearance of Cl2 is consistent
with multiphase modeling studies27,32,33 as well as a recent
experimental and modeling study of NO3

− photolysis in acidic
chloride solutions.13 However, different from previous studies,
ClNO2 and HOCl formation is demonstrated here for the first
time.
A possible mechanism responsible for ClNO2 formation

starts with the pH-dependent equilibrium among Cl2, HOCl,
and Cl− in aqueous solution (reaction 6). Formation of Cl2
and HOCl is followed by reactions 7 and 8, which involve Cl+
transfer to NO2

−.34

+ + + +FCl H O HOCl Cl H2 2 (6)

+ +Cl NO ClNO Cl2 2 2 (7)

+ +HOCl NO ClNO OH2 2 (8)

Reaction 6 is well-known chlorine−water chemistry,35 and the
mechanism of ClNO2 formation from reactions 7 and 8 has
been characterized previously in laboratory studies.34,36,37

The Cl2/HOCl equivalence point of reaction 6 is at pH 3 for
a 1 M Cl− solution,38 suggesting that HOCl should also be
present under the conditions of our experiment, as well as
under atmospheric conditions. When Cl2 is formed, it rapidly
partitions to the gas phase due to its low Henry’s law
coefficient.39 The low yield of HOCl(g) and high yield of
ClNO2(g) in Figure 1A suggest that residual HOCl(g) has
reacted to near completion with NO2

−/HONO. To test this,
we measured gas-phase species originating from aqueous films
composed of pH 6 solutions of 25 μM NO2

− and/or 25 μM
HOCl. As shown in Figure 2, a solution of NO2

− emits

HONO(g) while solutions of pure HOCl emit both Cl2(g) and
HOCl(g), as expected. When the two solutions are mixed at the
flow reactor inlet, the HONO(g) concentration decreases, while
ClNO2(g) appears and ∼150 ppt of HOCl(g) remains. These
observations are consistent with previous studies,34,36,37

supporting that HOCl and Cl2 are precursors to ClNO2
formation.
To assess whether this mechanism explains the observations,

we compared the experimental results to the output of a kinetic
model that includes established Cl-activation chemistry,33

including reactions 1−8 leading to ClNO2(g) (see SI). Model
predictions are compared to the average steady-state
experimental concentrations of ClNO2(g), Cl2(g), HOCl(g),
and HONO(g) in Figure 3. A model that includes NO3

−

photochemistry and standard chlorine activation via OH and
nitrogen oxide chemistry (Model 1) underestimates the
observed Cl2(g) by a factor of 4 at pH 4. Predicted ClNO2
concentrations were low, since the amount of Cl2 and HOCl
available to react with NO2

− was insufficient, suggesting that
Model 1 is missing an additional source of Cl2/HOCl.
An alternative mechanism not considered in current

atmospheric chemistry models is the oxidation of Cl− by
O(3P), which is produced along with NO2

− in reaction 1b.

Figure 1. (A) Products formed when 0.1 M NO3
− is photolyzed

(300−320 nm) in the presence or absence of 1.0 M Cl− (pH 4) in the
WWFR. (B) Product verification using iodide ion chemical ionization
mass spectrometry (CIMS).

Figure 2. Gases evolved when solutions containing the indicated
solutes are mixed prior to entering the WWFR. ClNO2(g) is generated
as the major product when separate solutions of NO2

− (50 μM) and
HOCl (50 μM) are mixed (1:1 v/v) together. HOCl(g) and Cl2(g) are
evolved from the HOCl solution only when the NO2

− solution is
replaced by a nitrite-free buffer solution. All solutions are buffered at
pH 6 with 5 mM NaH2PO4.
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Amichai and Treinin40 first studied this reaction by measuring
its competitive kinetics relative to O(3P) + O2. Using their
data, a second-order rate constant of 5.6(±4.2) × 105 M−1 s−1

can be derived, which is similar to value of 1.64(±0.01) × 105
M−1 s−1 reported more recently by Jiraśek and Lukes.̌41

Although mechanistic studies are limited for this reaction,41,42

two reaction channels with Cl− are possible:

+ [ ··· ]
+

O( P) Cl O Cl OCl (9a)
O Cl (9b)

3

Reaction 9a is an addition reaction forming OCl− and HOCl
(pKa = 7.5) directly, while reaction 9b involves an electron
transfer to form a Cl atom, which would subsequently form Cl2
and HOCl via reactions 2−6. Reactions 9a and 9b were added
to Model 1 to determine if they provide the additional HOCl/
Cl2 required to match the experimental observations in Figure
1. As shown in Figure 3, inclusion of reaction 9a as Model 2
produces equal amounts of Cl2 and HOCl, while inclusion of
reaction 9b as Model 3 gives Cl2 and ClNO2 concentrations in
a ratio of 1.8:1, in agreement with our observations. Thus, the
experimental data support the electron-transfer reaction (9b)
as the source of Cl2/HOCl in the system, although work is
underway to verify this. Model 3 suggests that 68% of Cl2(g) in
the system comes from reaction 9b, while the remaining 32%
comes from reactions 2−5.
To observe halide activation by O(3P) in the absence of

reactive nitrogen, we used bromate (BrO3
−) as the O(3P)

source. Previous studies found that O(3P) is the major
photoproduct from BrO3

− photolysis, being favored over OH
by a factor of 1.6.40,43 For comparison, NO3

− generates 2−10
times more OH than O(3P) at 300 nm.24,25 Therefore, we
expect secondary chemistry in irradiated BrO3

− solutions to be
dominated by O(3P) reactions. As shown in Figures 4A and B,
photolysis of an air-saturated solution of 0.1 mM BrO3

− at 254
nm generates 125 ppb of Cl2, which is an order of magnitude
higher than the amount of Cl2 observed from NO3

− under
otherwise identical experimental conditions. The greater
quantity of Cl2(g) formed during Cl− oxidation in BrO3

−

solutions compared to the NO3
− system is due to the faster

photolysis rate of BrO3
− and the absence of NO2

−, which
scavenges Cl2 in the NO3

− system. Although this experiment

suggests that the O(3P) plays a role in Cl2 formation during
BrO3

− photolysis, it is still possible that some of the Cl2
observed originates from Cl− oxidation by the OH radical,
which is the minor BrO3

− photoproduct.
To distinguish between Cl− oxidation via O(3P) and OH in

the BrO3
− system, we used dissolved oxygen as a scavenger of

O(3P). OH is unreactive toward O2, while O(3P) reacts with
O2 with a second-order rate constant of 4 × 109 M−1 s−1;44

thus, chemistry under anoxic conditions should favor products
originating from O(3P) reactions. As shown in Figures 4A and
B, when BrO3

− + Cl− solutions are photolyzed under anoxic
conditions (sparged with Ar), the amount of Cl2 formed
increases by 29% compared to solutions irradiated in air.
Furthermore, when the solution is reoxygenated and irradiated
in the presence of 1 atm of O2, the yield of Cl2 drops by 59%
relative to levels achieved under anoxic conditions. The
sensitivity of Cl2 formation toward dissolved O2 concentrations
is strong evidence that O(3P) oxidizes chloride.
Next, we assessed whether Cl2 and ClNO2 production in the

NO3
− system is sensitive to dissolved O2. At concentrations of

0.1 M NO3
− and 1 M Cl− (pH 4), the amounts of Cl2 and

ClNO2 formed were invariant regardless of whether the
solution was sparged with Ar, air, or pure O2 (Figure 4C). This
is explained by the superior effectiveness of NO3

− as a
scavenger for O(3P) vs O2 and BrO3

−. Considering published
second-order rate constants40 and aqueous concentrations of
BrO3

−, NO3
−, Cl−, and O2

45 under air-saturated conditions,
the NO3

− + O(3P) reaction is 5 orders of magnitude faster

Figure 3. Comparisons of steady-state product concentrations
determined from the WWFR experiment to concentrations predicted
by three different kinetic models.

Figure 4. (A) Aqueous solution of BrO3
− (0.1 mM) and Cl− (1.0 M)

at pH 4 saturated with 1 atm of air, argon, or O2, irradiated at 254 nm.
Relative concentrations of active chlorine species (normalized to
maximum reached under anoxic conditions) formed in solutions
shown in panel A (B) and NO3

− solutions (0.1 M) and Cl− (1.0 M)
at pH 4 at λ = 300−320 nm (C). (D) Pseudo-first-order rate constant
for the aqueous-phase reaction of O(3P) with BrO3

− (0.1 mM), NO3
−

(0.1 M), O2 (0.13 mM), or Cl− (1.0 M).
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than BrO3
− + O(3P), and ∼20 times faster than O2 + O(3P)

(Figure 4D).
The importance of this mechanism as a source of reactive

chlorine gases in the atmosphere depends on the chemical
composition of the condensed phase. Atmospheric aerosols
contain organic components and transition metals that may
scavenge reactive species such as O(3P), dichloride radial anion
(Cl2−), or Cl atoms,27 thereby influencing the overall
effectiveness and outcome of the aqueous-phase chemistry
described here. Moreover, differences in aerosol particle vs
cloud chemistry are expected as the aqueous-phase concen-
trations of organic compounds in cloud water are lower
compared to wet aerosol particles.
To investigate the conditions under which O(3P) chemistry

will have an impact on chlorine activation in aerosols, we ran
several simulations over a range of Cl− and dissolved organic
matter (DOM) concentrations2,15,46,47 (see SI section 2.2).
There is a paucity of rate constants for the reaction of O(3P)
with organic molecules in the aqueous phase. However, a
comparison of gas-phase rate constants for the reaction of
O(3P) with organic molecules in the gas phase suggests that
O(3P) reacts an order of magnitude slower than comparable
OH radical reactions.48−50 Assuming a typical aqueous-phase
OH reaction rate constant of ∼109 M−1 s−1 for organic
matter,51 we set the aqueous-phase O(3P) + DOM reaction
rate constant to be 108 M−1 s−1. The NO3

− concentration was
held at 0.1 M, while the concentrations of Cl− and DOM were
varied between 0.01 and 1 M, and between 0.001 and 0.1 M,
respectively (Table S3). Dissolved O2 concentrations were
calculated based on the ionic strength-dependent Henry’s law
constant.45

Model results indicate that chloride is the most important
sink for O(3P) when Cl− concentrations are highest and DOM
content is lowest. At lower chloride concentrations, dissolved
O2 and DOM are the most important sinks for O(3P), with the
latter taking over as the major sink for high organic content
aerosol. We conclude that this mechanism is most important
for nitrate-containing particles with high Cl− and low DOM
concentrations such as in the case for saturated salt solutions
that may be present in SSA at their deliquescence point, or for
phase-separated aerosols containing distinct domains of
organic components and salts.52 Such conditions could be
found in the polluted marine boundary layer, near salt lakes,
and in continental regions where high Cl− levels in aerosols
have been observed.5,30,53

Formation of ClNO2(g) from nitrate photolysis has
important implications for atmospheric chemistry due to its
relatively short photochemical lifetime of ClNO2 during the
daytime (5 min at noontime),54 which makes ClNO2 a strong
daytime source of gas-phase Cl atoms. Most atmospheric gases
react more rapidly with the Cl atom than with the OH radical.
Thus, Cl activation in nitrate-containing SSA can initiate
photooxidation chemistry that impacts the lifetime of trace
gases and leads to O3 formation, especially in the MBL and in
coastal regions when marine and polluted continental air
masses mix. The described O(3P) chemistry should be
included in chemical models of all scales to better understand
oxidative multiphase chemistry and halogen cycling.
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