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ABSTRACT: Atmospheric nitrous acid (HONO), a trace atmospheric gas, is often
underestimated in global atmospheric models due to the poor understanding of its
daytime sources and sinks. HONO is known to accumulate during nighttime and
undergo rapid photodissociation during the day to form NO and highly reactive OH
radical, making it important to have accurate atmospheric HONO estimations. Despite
its rapid photolysis, recent field observations have found quasi-steady-state
concentrations of HONO at midday, suggesting photolytic HONO formation pathways
to replenish daytime atmospheric HONO. Recent studies suggest that the presence of
complex organic photosensitizers in atmospheric aerosols converts atmospheric NO2
into HONO. To better understand the effect of environmental photosensitizers in
daytime mechanisms of HONO formation, we present here laboratory studies on the
heterogeneous photolytic reduction of NO2 by humic acid films, a proxy for organic
chromophoric compounds. The effect of pH and Cl− in the photosensitized formation of
HONO and other nitrogen-containing gases is also investigated. A dual Fourier transform infrared (FTIR) system is utilized to
simultaneously perform in situ analysis of condensed-phase reactants and gas-phase products. We find that the rate of HONO
formation is faster at lower pHs. Nitrogen incorporation in the complex organic chromophore is observed, suggesting a competing
pathway that results in suppressed daytime formation of nitrogenous gases. Significantly, the presence of chloride ions also leads to
the organic-mediated photolytic formation of nitrosyl chloride (ClNO), a known precursor of HONO. Overall, this work shows that
organic acid photosensitizers can reduce adsorbed NO2 to form HONO, ClNO, and NO while simultaneously incorporating
nitrogen into the organic chromophores present in aerosol.
KEYWORDS: photosensitization, sea spray, aerosols, photochemistry, nitrous acid, N-containing organics, nitrosyl chloride

1. INTRODUCTION
Daytime photolysis of nitrous acid (HONO) at wavelengths
between 300 and 400 nm has been recognized as a major
source of tropospheric hydroxyl radical (OH) in the
atmospheric boundary layer (reaction 1),1,2 with recent studies
suggesting that HONO photodissociation accounts for 30−
60% of tropospheric OH radicals, a key atmospheric
oxidizer.3−5

hHONO NO OH+ +• • (1)

Hydroxyl radical, such as those formed by reaction 1, is an
important oxidizing agent in the atmosphere, leading to
secondary particle formation and determining the lifetime of
most trace gases in the atmosphere.6−13 Yet, despite the
importance of HONO as a precursor of OH radicals, current
HONO formation mechanisms underestimate its concen-
tration in the troposphere.14−16

Over the last decades, several studies have shown that
HONO accumulates during nighttime through different
mechanisms, mainly through direct emissions and heteroge-
neous nitrate and NO2 reduction in soil and minerals,
photodissociating at early hours of the day.17 Despite its

relatively rapid photolysis, recent studies have found a quasi-
steady-state concentration of HONO at the daytime. These
studies have shown midday maximum concentrations of
HONO in rural,18−20 urban,4,20,21 and marine environ-
ments,22,23 with values near 0.110, 0.7−1, and 5−10 pptv,
respectively. Such observations suggest an unaccounted
photolytic source of HONO. In fact, recent works have
shown that HONO can be generated via photolysis of surface-
bound nitrate,11,24−26 and by the reduction of nitrates in the
mineral dust deliquescent layer.17,27 More recently, HONO
has been found to form through the photosensitization of
nitrates and humid NO2, using humic substances, marine-
derived organic chromophores, and molecular model systems
as photosensitizers.5,27−30 The NO2 background concentra-
tions in remote marine and rural locations are the result of
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biogenic processes, with higher concentrations (∼1.0 × 1016
molecules cm−2) resulting from anthropogenic emissions.
Environmental aspects such as the role of chloride ions
(Cl−) and pH continue to be an open question in the
photosensitized formation of HONO from NO2.
Photosensitizers contained within humic acids (HA) and

marine-chromophoric dissolved organic matter (m-CDOM)
are macromolecular organic compounds derived from the
degradation of biological materials.31−35 These chromophores
have been observed to partition into atmospheric aerosols,
suspensions of liquid or solid particles in the atmosphere with
a wide variety of composition, and a highly acidic deliquescent
layer. Photosensitizers contained within these aerosol particles
are, therefore, in a highly acidic media (pH ≈ 1−3).36 The
aromatic and carboxylic groups contained in humic substances
absorb light in the UV region of the spectrum (up to 400 nm)
well within the atmospheric cutoff of solar radiation, making
them potential environmental photosensitizers.34−37 In addi-
tion, it has been found that HA uptake of NO2 increases at the
daytime, through the absorption of solar radiation,38−40

suggesting that solar radiation increases the organic chromo-
phore−NO2 interaction and potential photosensitization of
NO2. The functional groups in HA are also known reducing
agents, a critical property in the potential conversion of NO2
into HONO and other reduced nitrogenous gases.31 In
particular, the photosensitizing ability of m-CDOM within
sea spray aerosols (SSA), one of the most abundant forms of
natural atmospheric aerosols, has been well established, but it
is also a highly complex system that can become highly
concentrated in submicrometer SSA particles.34,41,42 The role
of organic chromophores can have a significant impact on the
chemical balance of the lower atmosphere and their physical
and chemical properties can change based on their environ-
mental conditions. For instance, organic-containing photo-
sensitizers within sea spray aerosols are more likely to contain
higher concentrations of chloride ions than their terrestrial
counterparts.
The ability of complex organic acids to absorb light changes

as a function of environmental parameters, such as ionic
species around the chromophore and pH-driven speciation of
the organic acid.41 Recent work has shown that protonated and
deprotonated species can not only change the physicochemical
nature of the interaction between organic film and substrate
but also the properties of the chromophore.42 Specifically, pH
can affect the wavelength and the relative absorbance intensity

of the photosensitizers.41 Similarly, the presence of chloride
ions (Cl−) can lead to structural changes that affect the
adsorption of NO2 by the organic material and the light
absorption of the chromophore.41 The presence of Cl− in the
heterogeneous chemistry and photochemistry on tropospheric
mineral aerosol or liquid droplets has been shown to produce
chlorine-active gaseous product species (Cl2, ClNO, ClNO2,
etc.).43−47 The significance of these chlorinated gases on
atmospheric processes such as the Antarctic ozone depletion
has been well established.48−51 In addition, species such as
nitrosyl chloride (ClNO), a thermal precursor of HONO, have
been proposed to be formed in the troposphere, from the
marine boundary layer to terrestrial environments, where it
photolyzes quickly to form Cl radicals or hydrolyzes to form
HONO.43,47,52,53 Yet, the ClNO formation mechanisms
involving the conversion of the ubiquitous Cl− are poorly
understood and have not been investigated in the context of
heterogeneous photochemistry involving organic chromo-
phores.
In this work, the daytime conversion of NO2 by HA into

nitrogenous gases, including HONO and ClNO, is investigated
at atmospherically relevant pHs of 1.5 and 4.5. To better
understand the effect of Cl− in the photochemistry of NO2
adsorbed on HA, reactions were carried out in the presence
and absence of Cl− at both pHs investigated. In addition, we
report changes in the HA photosensitizer as a result of
exposure to NO2 during the photoinduced reaction, a process
that sheds light on the aging of organic chromophores in the
atmosphere.

2. EXPERIMENTAL SECTION
2.1. In Situ FTIR Spectroscopy of the Heterogeneous

Conversion of NO2. The experimental setup and protocol are
adapted from a previously described work.24,25 Photochemical
reactions were carried out in a two-part apparatus consisting of
a photochemical cell containing the NO2-treated humic acid
film and a long-path cell measuring the gas-phase products that
arise from the irradiation of the condensed phase (Figure 1).
Reactions took place on a 72 × 4 mm2 horizontal attenuated
total reflection (ATR) germanium crystal (PIKE Technolo-
gies) enclosed in a 54.0 cm3 Teflon cell equipped with a UV-
transmission window (Ultran) on top that filters light of
wavelengths below 290 nm. A thin film of the HA reactant was
deposited homogeneously on the ATR crystal, allowing for the
monitoring of changes in the HA reactant. The Teflon cell has

Figure 1. Experimental setup diagram consisting of three segments: Gas line allows for the controlled introduction of NO2. Photochemistry and
condensed-phase analysis takes place in the photochemical cell, while nitrogenous products are simultaneously analyzed in the gas analysis
chamber.
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a gas inlet that connects to the vacuum and NO2 lines, so the
HA thin film can be exposed to known pressures of NO2. A
valve-controlled outlet allows gases to diffuse from the
photochemical cell to the long-path gas cell. The volume of
tubing connecting the photochemical cell to the vacuum/NO2
introduction system to the long-path gas cell is considered
negligible. A broadband (λ > 300 nm) xenon solar simulator
(Newport) with an average output of 120 mW/cm2, roughly
equivalent to one solar constant at sea level, is positioned
above the photochemical cell; a heat absorber window removes
infrared radiation to ensure isothermal 298 K reaction
conditions. The IR long-path cell (Pike Technologies) is a
100.0 cm3 cell with a 2.4 m optical path length, equipped with
barium fluoride (BaF2) windows and gold-coated optics. This
long-path cell allows for low concentrations of gaseous
products to be detected and quantified outside the region of
irradiation. The photochemical cell and the long-path gas cell
are each connected to Fourier-transformed infrared (FTIR)
spectrometers (Thermo, 6700 and iS50, respectively) for in
situ time-dependent data. Infrared scans are recorded under
initial vacuum and dark conditions, which allows gaseous
products to diffuse to the long-path cell throughout the
experiment.25 After an initial 60 min under dark conditions,
the broadband light source is turned on to begin the
photochemical reaction (t = 0 min) for a minimum of 400
min. During irradiation, both the ATR-FTIR spectra of the HA
thin film and the concomitant gaseous products are recorded
every 44 s at a 4 cm−1 resolution.
Commercially available humic acid (HA, Sigma-Aldrich),

NO2 gas (98.0%), hydrochloric acid (HCl, Sigma-Aldrich,
37%), and sodium chloride (NaCl, Sigma-Aldrich) were used
in this study. In a typical experiment, about 450 mg of HA was
ground using a mortar and pestle and then moistened using 18
MΩ water, 3 M HCl solution, or 3 M NaCl solution, to obtain

a slurry. The pH of the HA slurry was measured using double-
junction pH electrodes (Orion AquaPro) for accurate pH
measurements of viscous thin-layer samples with a minimal
amount of water used to prepare the slurry. The sample was
deposited onto the ATR crystal as a visually homogeneous thin
film and left overnight under a flow of dry air (RH < 2%) to
remove excess water; then the dried sample was placed in the
photochemical cell apparatus and left under vacuum overnight.
The photochemical cell was isolated from the long-path cell
and a known partial pressure of NO2 was allowed to interact
with the HA thin film for a minimum time of 8 h. Typically, 1.5
mbar of NO2 was adsorbed per every mg of HA thin film
before placing the system under vacuum and opening the
connection to the long-path gas analysis cell. No uncommon
safety hazards were encountered during experiments.
The partial pressures of most gaseous species were

determined using a Beer’s law calibration using gas standards
at 99.9% purity (Sigma-Aldrich) in the long-path cell. The NO
absorption cross section in the spectral region between 1973
and 1880 cm−1 was determined to be 0.265 Torr−1; N2O
absorption cross section in the spectral region between 2263
and 2143 cm−1 was 6.8164 Torr−1; and NO2 absorption cross
section in the spectral region between 1660 and 1550 cm−1

was 13.177 Torr−1. The partial pressure of HONO and ClNO
were determined from previously reported cross sec-
tions.43,54−56

3. RESULTS AND DISCUSSION
3.1. Photosensitization of NO2−Humic Acid Thin

Films. 3.1.1. Vibrational Spectroscopy of Condensed
Phase. Figure 2 shows a time lapse of the vibrational
spectroscopy of the photochemical reaction of HA thin film
prepared with water, HCl, and NaCl and exposed to NO2. The
top panel shows spectra from a typical reaction after the humic

Figure 2. HA film prepared with (A) water, for a pH of 4.5; (B) HCl, for a pH of 1.5; and (C) NaCl, for a pH of 4.5. Top panels: representative
vibrational spectra of humic acid thin film after NO2 treatment, with time increasing from bottom green to top red. The first two FTIR scans are
from before irradiation begins, followed by a scan from 5 min after irradiation and subsequent scans with ∼60 min intervals. Bottom panels: time-
gradient of spectral peak intensity, with dark blue being the lowest relative intensity and red being the highest relative intensity. The dashed line at t
= 0 min indicates when irradiation began.
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acid was treated with NO2. Of the 10 spectra displayed with
time increasing up the figure, the first two scans were taken
before irradiation, the third scan was taken after 5 min of
irradiation, and the remaining seven scans are spaced by a
nearly 60 min interval. Positive bands are attributed to product
formation, while negative bands correspond to features that are
being lost during irradiation. The bottom panel is a gradient of
spectral peak intensity through time, with time increasing on
the y-axis and the dashed line at time t = 0 min notating when
daytime conditions were initiated. The intensity gradient
shows yellow to red for positive bands and dark blue for
negative vibrational bands. All scans are referenced to the HA
thin film. Figure 2A,C shows the thin-film reaction progress at
pH 4.5 in the absence and presence of Cl−, respectively. Figure
2B shows pH 1.5 acidified with HCl as described in Section 2
(vide supra).
Figure 2 shows vibrational bands centered around 826−837

and 1340−1350 cm−1 upon exposure of HA thin films with
NO2, before the broadband light irradiation (below the dashed
line in Figure 2). Since the HA thin film is a powder-like
complex mixture of precipitated organic oligomers, NO2
diffusion through the HA sample can lead to adsorption and
reactive uptake. These bands are interpreted as a combination
of the vibrational stretching and bending modes of adsorbed
NO2 in the HA sample, with symmetric stretching of NO and
NO2 showing at 826−837 and 1340−1350 cm−1, respectively.
Simultaneously, gaseous NO2 is detected in the long-path cell,
suggesting that the adsorbed NO2 is continuously degassing, in
agreement with Han et al. observations of adsorption
equilibrium of NO2 in HA thin films, with a fraction of
adsorbed NO2 reacting to form products both in condensed
and gas phases38,57

NO (g) NO (ads)2 2V (2)

NO (ads) products (s, g)2 (3)

where NO2 (g) and NO2(ads) represent gaseous and adsorbed
NO2, respectively, with HA film as the adsorbing site. In
reaction 3, products are divided into gaseous phase and
condensed-phase products, where the latter come from
nitrogen incorporation onto the HA thin film.
At the beginning of the experiment, before irradiation,

Figure 2A shows a distinctive valley around 3705 cm−1, and a
small depression centered at 1420 cm−1. These negative bands
correspond to the OH stretch and bending modes,
respectively, suggesting that NO2 is bound primarily through
OH groups from phenolic and carboxylic groups of the HA
thin film. As mentioned above, positive bands are attributed to
the binding of NO2 and the formation of nitrogen-containing
species. Upon irradiation, the peak intensity at 1340 cm−1

undergoes a slight blue shift, matching several stretching
modes of nitrates and nitrogen-containing organic compounds.
Simultaneously, the growth of a broad band centered around
1615 cm−1, attributed to organo-nitrate asymmetric stretch
(R−O−NO2) can also be seen to grow upon irradiation.57,58

The widening peak centered around 1340 cm−1 and the peak
at 1420 cm−1 corresponds to a NO stretch, and the peak at
1004 cm−1 corresponds to a C−N stretch.59 Further evidence
of nitrogen incorporation and changes to the organic film is the
decrease in the peak intensities of the carbonyl (C�O) stretch
at 1730 cm−1 and the C−O stretch at 1294 cm−1 during
irradiation, suggesting that the photo-reactive uptake of NO2
involves carboxylic acids and phenolic groups. Additionally,

Figure 2A shows an increase in the band centered around 3390
cm−1, which corresponds to OH stretching mode.60 These
changes suggest that the humic acid thin film was oxidized in
the presence of light, as indicated in the ionic or deprotonated
pathway in Scheme 1. The presence of chloride ions caused

minimal changes in the intensity of any peaks during
irradiation, as seen in Figure 2B,C, with the only peak that
changed significantly being the growth of the NO stretch from
830 to 837 cm−1. The small but detectable changes, better
observed in the heat map in Figure 2, are also observed in the
NO stretch region around 1500−1300 cm−1, suggesting that
limited photoinduced nitrogen incorporation took place when
the humic acid thin film was prepared with chloride ions
compared to preparation without chloride ions. The spectral
changes described above are the result of photochemical
nitrogen incorporation in the HA thin film, initiated by the
excitation of the chromophoric components in HA, such as
aromatic carbonyl groups, as summarized in Scheme 1.
The initial excitation of the chromophoric components

within HA leads to the photosensitization reaction, with some
excited chromophoric groups relaxing through energy transfer
to other nonchromophoric groups within HA in an intra-
molecular reaction or via direct photolysis.13 As shown in
Scheme 1, nitrogen incorporation in the HA thin film depends
on the environmental conditions, with two possible mecha-
nisms leading to HA reactive uptake of NO2: (1) at relatively
higher pH (pH 4.5), deprotonated or partially deprotonated
species in HA can result in a direct reactive uptake of NO2,
where the conjugate base of the humic acid reacts with
adsorbed NO2; conversely, at lower pH (2) protonated species
in HA (pH 1.5) or species neutralized by Na+ enhance the
reactive uptake of NO2 by decreasing electrostatic repulsions
within the thin film.5 The reported pKas of HA are around
3.0−5.0,31,61,62 suggesting that the higher pHs examined in this
work correspond to a partially deprotonated HA thin film,
opening pathway (1) for the incorporation of nitrogen in the
condensed phase. Under these conditions, the deprotonation
of phenolic and carboxylic groups within HA favors nitrogen
incorporation into the organic thin film as electron donor
compounds react thermally with NO2, an electron acceptor.
Broadband radiation enhances this process through photo-
sensitization.38 Alternatively, the chromophoric compounds,

Scheme 1. Proposed Photoinduced Nitrogen Incorporation
Pathways for the Humic Acid Thin Filma

aR and R′ represent arbitrary aromatic substituents in HA. R-PhOH
and RC(O)OH represent phenolic and carboxylic acid groups in HA.
Charge balance occurs through electron or proton transfer to other
parts of the organic. isc = intersystem crossing.
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such as aromatic carbonyl groups in HA, produce the excited
triplet state in a high quantum yield. This triplet state acts as an
electron acceptor and reacts with electron donors, such as
phenolic groups. This reaction can lead to the formation of the
ketyl radical, which reacts with adsorbed NO2 (Scheme 1,
neutralized pathway). Ultimately, the presence of deprotonated
species in pH 4.5 opens both the ionic and neutralized
pathways, while pH 1.5 allows only for the protonated path to
take place. However, the protonated path leading to nitrogen
incorporation in the HA thin film is hindered by parallel
reactions leading to gaseous products as well (vide infra).
Similarly, the presence of Cl− hinders nitrogen incorporation

in the condensed phase by favoring mechanisms that lead to
gaseous products. In the presence of Cl−, either by the
presence of NaCl or by the protonation of HA through the
addition of HCl, the HA conjugate base is neutralized, leading
NO2 to heterogeneously react with Cl−, which competes with
reactions involving the organic thin film.43 The addition of Cl−
also increases electrostatic repulsions within the thin film,
minimizing reactive nitrogen uptake by HA.5 Thus, the
presence of Cl− results in less nitrogen incorporation and the
evolution of chlorinated nitrogenous gases.
3.1.2. Vibrational Spectroscopy of Gaseous Products.

Figure 3, matching the conditions of the condensed-phase
spectra shown in Figure 2, shows representative vibrational
spectra of gaseous products in the long-path cell at different
stages of the photochemical reaction. Figure 3 represents the
time progression of the gas-phase experimental vibrational
spectral data, where the 10 spectra displayed correspond to
two scans before irradiation, a scan after 5 min of irradiation,
and seven subsequent FTIR scans with nearly 60 min intervals.
Figure 3A shows gas products from the irradiation of HA

thin film exposed to NO2 at pH 4.5, in the absence of Cl−, with
the bottom three vibrational spectra corresponding to gaseous
products before or just at the beginning of broadband
irradiation. The band clearly distinguished at 1616 cm−1,
attributed to NO2, is continuously growing. Due to the low-
pressure conditions of the experiment, adsorbed NO2 is slowly
degassing. In addition, Figure 3A shows a small but
distinguishable growth of two bands before irradiation begins,
centered at 1878 and 2221 cm−1 and attributed to NO and
N2O, respectively. These two gases are thermal products
suggesting that the initial reactive uptake of NO2 with electron
donor groups within the HA thin film leads to a dark redox
reaction which further changes the chemistry of the HA
photosensitizer

HA (s) NO (ads) HA NO (g)2
ox+ +V (4)

HA (s) NO (ads) HA N O (g)2
ox

2+ +V (5)

where HA behaves as a reducing agent of NO2 (ads),
producing an oxidized humic acid (HAox), as shown in
reactions 4 and 5. Negligible formation of gaseous HONO is
observed thermally at pH 4.5 in the absence of Cl−. However,
the presence of chloride ions causes measurable thermal
production of HONO, seen at 1275 cm−1 at both pH 1.5 and
pH 4.5 (Figure 3B,C). This thermal production follows a
similar redox reaction pathway as reactions 4 and 5, where
adsorbed NO2 is reduced to form adsorbed HONO (reaction
6). The presence of Cl− favors electron transfers in the thermal
redox reaction, enhancing the thermal formation of adsorbed
HONO.30,31,63 The HONO formed in the humic acid film can
then partition to the gas phase, a process favored by the low-
pressure conditions of the experiment

HA (s) NO (ads) HA (s) HONO (ads)2
ox+ + (6)

HONO (ads) HONO (g) (7)

Thus, the rate of thermal production of gaseous HONO
depends on reaction 7, with HONO (ads) as an intermediate

t
k

d HONO (g)
d

HONO (ads)7
[ ]

= [ ]
(8)

where k7 is the rate constant of reaction 7, the desorption of
HONO into gas phase. Here, HONO is assumed to diffuse fast
to the long-path cell, making gaseous homogeneous photolysis
of HONO negligible within the first 8 h of the experiment.24,25

As adsorbed HONO partitions to the gas phase, a steady-state
approximation analysis of HONO(ads) leads to a rate
expression that depends on adsorbed NO2 and the rate
constant in reaction 6

t
k k

k
k

d HONO (ads)
d
NO (ads) HONO (ads)

0

HONO (ads) NO (ads)

6 2 7

6

7
2

[ ]

= [ ] [ ]

[ ] = [ ]
(9)

t
k

d HONO(g)
d

NO (ads)6 2
[ ]

= [ ]
(10)

Figure 3. Time progression of gas-phase products�one scan before 60 min and 5 min after irradiation, and subsequent FTIR scans with 60 min
intervals. (A) HA film at pH 4.5; (B) HA film at pH 1.5, acidified using HCl; (C) HA film at pH 4.5 with NaCl.
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As humic acid active sites are saturated with NO2, [NO2 (ads)]
is in large excess and approximately constant, leading to a
linear increase in thermal HONO pressures in the presence of
chloride ions. This is observed in Figure 4, with a rate constant
of HONO formation calculated from the slopes in Figure 4A−
C, as (3.3 ± 0.5) × 10−6, (6.3 ± 0.2) × 10−6, and (2.20 ±
0.02) × 10−5 mtorr (mmol N)−1 s−1, for pH 4.5 (in the
absence Cl−), and pHs 1.5 and 4.5 (in the presence of Cl−),
respectively. Figure 4 shows the time lapse of gaseous
products, where t = 0 corresponds to the moment when
light irradiation over the thin film begins. The ordinates in
Figure 4 correspond to the partial pressure of gaseous
products, Pproduct, in reference to the mmoles of NO2 adsorbed,

nNOd2 (ads), into the HA thin film
P

n
product

NO2 (ads)

i
k
jjj y

{
zzz.

Once irradiation starts, the rate of formation of NO
increases, while the rate of formation of N2O is not affected
(Figure S1), indicating that a light-induced pathway does not
exist for N2O. The photoenhancement effect in the formation

of NO is clearer in Figure 4A−C (right), where there is a linear
increase of NO under dark conditions due to the redox
reaction (reaction 4), followed by a clear increase in the rate of
NO formation at t = 0, suggesting a photolytic pathway.
Figure 3A also shows a series of bands growing upon

irradiation that are not observed under dark conditions. These
bands, centered at 1678, 1262, and 790 cm−1, are attributed to
the trans isomer of HONO, while a small but observable band
at 852 cm−1 is attributed to the cis isomer of HONO. Here,
HONO is proposed to be formed through the ketyl radical
intermediate formed after HA aromatic carbonyl group
excitation (Scheme 1). The ketyl radical reacts with adsorbed
NO2 in a hydrogen transfer reaction to form adsorbed nitrous
acid (HONO (ads)), which diffuses to the gas phase because
of the acidic pH in the HA thin film and the low-pressure
experimental conditions38

Figure 4. Gas-phase concentrations relative to NO2 uptake as a function of irradiation of time. (A) Gaseous products at pH 4.5; (B) gaseous
products at pH 1.5 acidified with HCl; and (C) gaseous products at pH 4.5 with NaCl. The dashed line at t = 0 indicates when irradiation began.
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Reaction 11 is followed by a kinetically controlled desorption
with a negligible rate of readsorption of HONO back into the
HA thin film (reaction 7). Given the pore diffusion of
adsorbed products in the HA thin film,38 it is likely that
photosensitive products such as HONO, as well as reactant
NO2, can photodissociate while diffusing through the HA thin
film to the headspace of the photochemical cell. This
photodissociation leads to the formation of NO, as shown in
reactions 1, 12, and 13

hNO (ads) NO O( P)2
3+ + (12)

hHONO (ads) NO OH+ +• • (13)

where reaction 13 is similar to reaction 1, but taking place on
adsorbed HONO and therefore involving a different rate. Both
reactions involve the formation of NO, with •OH and O(3P)
known to react with organic species such as those present in
the HA thin film.11−13,64,65 Thus, consuming OH and O(3P)
further displaces reactions 12 and 13 toward products by Le
Chatelier’s principle.30Reactions 12 and 13 are, therefore, a
source of the NO photoenhancement shown in Figure 4.
Ultimately the photosensitized formation of HONO via
reaction 11, followed by its diffusion and partition to gas
phase, takes place faster than the photodissociation of
adsorbed HONO, as indicated by the partial pressure of
HONO building up in the long-path cell, as shown in Figure
4A−C (left).
The left panels in Figure 4, showing the partial pressure of

HONO (g) with respect to time, show no discernable HONO
formation at pH 4.5 under thermal conditions. However, as
Cl− are added, there is a clear thermal pathway for HONO
formation, with the left panel in Figure 4C showing the most
significant HONO formation in the absence of light; this
suggests an NO2 reduction, with HA as the reducing agent
(reactions 4, 5, and 6) in the presence of Cl− and deprotonated
HA species.30,31 Upon irradiation, at pH 4.5 and absence of
Cl−, Figure 4A shows a light-induced enhancement of HONO
formation, following the reaction with the ketyl radical
intermediate, as proposed in reaction 11 and shown in Scheme
1. A similar photoenhancement is observed in the formation of
HONO in the presence of Cl− and at a more acidic pH. When
irradiation begins, thermally generated adsorbed HONO
already present in the HA thin film photodissociates to
generate NO• and •OH (reaction 13). This causes a temporary
quasi-steady-state (QSS) concentration of HONO (g) until
the photosensitized production of HONO builds up enough
adsorbed HONO that accumulation in the long-path gas cell is
observed. After the QSS period, the partial pressure of HONO

continues to grow, as shown in Figure 4A−C. This effect is
also observed for all photoactive gaseous products, including
reactant NO2, as indicated in reactions 12 and 13. Here, the
photodissociation of NO2 and HONO while desorbing from
the HA thin film also represents a parallel reaction.
During irradiation, a new steady-state expression for

adsorbed HONO is written by combining the thermal and
photochemical processes of reactions 6, 7, 11, and 13

t
k k

j
j

k j

k j

d HONO (ads)
d

NO (ads) HONO (ads)

NO (ads)
HONO (ads)

0

HONO (ads)
( )

( )
NO (ads)

6 2 7

11 2

13

6 11

7 13
2

[ ] = [ ] [ ]

+ [ ]
[ ]

[ ] =
+
+

[ ]

(14)

where j11 and j13 are the kinetic rate constants for the
photochemical reaction (reactions 11 and 13). Substitution of
eq 14 into eq 8 yields the rate law expression for HONO
formation that combines both thermal and photochemical
pathways

t
k

k j

k j
d HONO (g)

d

( )

( )
NO (ads)7

6 11

7 13
2

[ ]
=

+
+

[ ]
(15)

Expression 15 is the rate of formation of gaseous HONO in the
presence of light. In the absence of a photoenhancement
process, j11 = 0, and eq 15 becomes

t
k k

k j
d HONO (g)

d ( )
NO (ads)7 6

7 13
2

[ ]
=

+
[ ]

(16)

where eq 16 corresponds to the observed rate of gaseous
HONO formation if no photosensitization were taking place.
Since 1k

k j( )
7

7 13
<+ , kk k

k j( ) 6
7 6

7 13
<+ , implying that in the absence

of photosensitization, the thermal rate is necessarily larger than
that in the presence of light. Yet, in the presence of light, the
rate of formation of HONO increases in every experimental
condition tested, as shown in Figure 4. This result suggests that
j11 ≠ 0 and, therefore, there is a photoenhancement
mechanism leading to HONO formation.
As mentioned above, the photoenhancement of HONO

production shown in Figure 4 is observed after a QSS period of
∼60 to 80 min. After this period, the partial pressure of
HONO continues to grow, with the slope of partial pressure of
HONO with respect to time (taken after 90 min of irradiation
to account for the initial QSS) showing that the rate of

Table 1. Thermal and Thermal + Photochemical Initial Rates of HONO Formation (vHONO) and ClNO (vClNO)
ab

pH vHONO, (mtorr (mmol N)−1 s−1) × 10−5 vClNO, (torr (mmol N)−1 s−1) × 10−5 conditions

4.5 0.33 ± 0.05 n.o. dark
2.27 ± 0.02 n.o. light

1.5 0.63 ± 0.02 2.24 ± 0.06 dark, Cl−

3.20 ± 0.01 4.00 ± 0.02 light, Cl−

4.5 2.20 ± 0.02 2.32 ± 0.02 dark, Cl−

5.47 ± 0.01 5.50 ± 0.01 light, Cl−
aDaytime rates correspond to the slope in partial pressure vs time after the QSS period, considered here at 90 min after irradiation. bn.o. = not
observed.
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formation of HONO is significantly higher in the presence of
light than in the dark (Table 1). Overall, there is an increase in
the rate of HONO formation in the presence of light by a
factor of 6.9 at pH 4.5 (in the absence of Cl−), a factor of 5.1 at
pH 1.5 (in the presence of Cl−), and factor of 2.5 at pH 4.5 (in
the presence of Cl−).
Figure 3B,C shows the FTIR spectra of gaseous products in

the presence of Cl−, a ubiquitous ion particularly important in
sea spray aerosols (SSA) and in the marine boundary layer
(MBL) in general. This figure shows the growth in the absence
of light of vibrational bands similar to those observed in Figure
3A: the continuously growing of NO2 vibrational bands, along
with bands assigned to NO and N2O due to thermal reaction
(reactions 4 and 5). A new intense band centered at 1800
cm−1, along with a small but observable band at 2228 cm−1, are
attributed to vibrational stretching bands of nitrosyl chloride
(ClNO). As suggested by the decrease in nitrogen incorpo-
ration in the condensed phase in the presence of Cl−, the
neutralization of HA conjugate base leads NO2 to react with
Cl− via surface-mediated coupling of NO2, as proposed by Raff
et al. (reaction 17).43 The adsorbed intermediate, NO+NO3

−

(ads), reacts with Cl− to form ClNO, a labile chlorine
compound

2NO (ads) NO NO (ads)2 3
+

(17)

NO NO (ads) Cl CINO (g) NO (s)3 3+ ++
(18)

The need for dimerization implies that the formation of ClNO
is either surface-mediated and/or it requires relatively high
concentrations of NO2 in the interface.
Like HONO, ClNO is photoactive in the visible region of

the spectrum, dissociating into Cl and NO with unit quantum
yield (Figure S2).66−70 Thus, similar to reactions 12 and 13,
the ClNO product is initially adsorbed within the HA thin film,
and it is likely to photodissociate while diffusing through the
organic photosensitizer. Yet, detection and accumulation of
ClNO in the long-path cell suggests that the rate of formation
and diffusion of ClNO is faster than its photodissociation
under experimental conditions. Thus, ClNO formation is also
enhanced via photosensitization of NO2 by HA. Reactions 17
and 18 are competitive reactions that can consume adsorbed
NO2, decreasing the heterogeneous formation of HONO
observed in the absence of Cl−, as shown in reaction 11, and
nitrogen incorporation into the HA film, as described in
Scheme 1. The secondary product of reaction 18, NO3

−, is a
well-known chromophore that has been shown to react with
HA to form NO2 and HONO.30 However, relative to the
products formed from the adsorption of NO2, product yields of
NO3

− are much smaller. Experiments conducted with HA and
NO3

− yielded no measurable products under our experimental
conditions. Since ClNO has a strong overlap between its
absorption cross section and the solar actinic flux, with
dissociation quantum yields equal to 1,66−70 the proposed
mechanism can have important implications in ozone
depletion. Significantly, humidity conditions in the atmos-
phere, leading to water layers on the chromophore particle
surface, may also lead to the heterogeneous hydrolysis of
ClNO or the direct hydrolysis of the adsorbed intermediate,
NO+NO3

− (ads) to form HONO71

CINO (g) H O HONO (g) HCl (g)2+ + (19)

NO NO (ads) H O HONO (g) HNO (g)3 2 3+ ++

(20)

As a strong electrophile and oxidizing agent, ClNO can react
with HA as it diffuses toward gaseous phase. In addition, upon
photodissociation, Cl• can also react with the organic thin film
resulting in chlorinated organic compounds. However, given
the relative amounts of ClNO compared to the amount of
adsorbed NO2, any reaction due to the photolysis of secondary
products are minor compared to those resulting from reactions
from adsorbed NO2. Figure 3B,C also shows a thermal growth
of vibrational bands attributed to trans-HONO, suggesting the
thermal reduction of NO2 is enhanced by electrostatic
potentials within the thin film due to the presence of Cl−.
This effect can be seen more clearly at higher pH in the
presence of NaCl, where the deprotonated fraction of HA and
the presence of ions can result in a more effective electron
transfer, thereby enhancing the reduction of NO2 and forming
HONO thermally.
As mentioned above, after the initial quasi-steady state,

Figure 4 shows that HONO formation is enhanced by light in
all three conditions tested, suggesting that reaction 6 takes
place faster than any light-induced heterogeneous or
homogeneous dissociation of HONO. This pH-dependent
photoenhancement is in good agreement with recent studies
on photosensitization reactions, showing a light-induced
reaction on thin films and aqueous phase where the formation
of HONO is faster than photodissociation while diffusing in
the matrix.5,30 In the absence of thermal mechanisms, there is a
slight enhancement in the formation of HONO at lower pH.30

The net direct HONO photoenhancement is higher in the
absence of Cl−, where the rate of formation of HONO
increases more than 6 times the rate under dark conditions.
Yet, hydrolysis of ClNO through reaction 19 can result in
significantly higher concentrations of HONO when Cl− is
present in humid conditions. In the presence of Cl−, a
competitive reaction forming ClNO results in a relatively lower
increase of photoenhancement in HONO formation, com-
pared to that in the absence of light. Importantly, ClNO,
shown in the right panels of Figure 4B,C, also shows formation
in the presence of light, indicating a previously unrecognized
heterogeneous photochemical pathway. A decrease in the rate
of NO formation is also observed when the rates of
photochemical formation of HONO, ClNO, and NO2 are
favored over the photodissociation.
Mass balance calculations show that the reactivity of

adsorbed NO2 yields statistically similar formation of nitro-
genous gaseous products. Not including desorbed NO2 as a
product, the total yield of gaseous products in each reaction
(including both, thermal and photolytic pathways) was (2.4 ±
0.5), (2.0 ± 0.3), and (2.2 ± 0.1)%, for pH 4.5, pH 1.5, and
pH 4.5 in the presence of Cl−, respectively. Percent yield for
each gaseous product, as well as desorbed NO2, was calculated
assuming ideal behavior at minute 400 of irradiation, using eq
21

n

n

P V

RT n
yield (%) 100

( )( )

( )
100

product

NO (ads)

product GC

NO (ads)2 2

= × = ×

(21)

where nproduct is the number of moles of nitrogenous gases
detected in the long-path cell, VGC is the volume of the long-
path cell (100 mL), R is the ideal gas constant, and T is 295 K.
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The summary of all of the calculated yields is shown in Table
2.
As Cl− is added to the HA thin film (with H+ for pH 1.5 and

Na+ for pH 4.5), electrostatic repulsions increase, resulting in a
larger desorption of NO2 from HA.5 This effect is shown in
Figure 4, where the desorption of NO2 increases as HCl or
NaCl is added to the organic thin film. Table 2 shows that the
desorption of NO2 in the absence of light doubles as Cl− is
added to the thin film.
The daytime chemistry of NO2 adsorbed in HA is more

complex, as the presence of Cl− can affect not only the gaseous
products but also the aerosol phase. The formation of ClNO
can also impact the atmospheric concentrations of HONO as
ClNO can hydrolyze to form more HONO, as shown in
reaction 11. These laboratory experiments provide evidence
that NO2 can be reduced photolytically by HA. It also shows
that relevant environmental factors, such as the presence of
ions and pH, result in gaseous products that have not been
considered in previous laboratory studies, providing a more
holistic picture of the influence of environmental photo-
sensitizers in the atmospheric nitrogen balance.
Overall, HONO formation from NO2 shown in Figure 4 and

Table 2 complements recent work involving surface-mediated
processes or photosensitization of NO2 or nitrates by dissolved
organic matter.17,24−30,72−76 Daytime formation of HONO via
photosensitization of nitrates in solution (0.1 g/mL of humic
acids) suggests that organic chromophores can act as
photosensitizers.30 In urban regions, where concentrations of
NO2 are likely higher, work with grime has shown that, at high
humidity (RH > 50%), polycyclic aromatic hydrocarbons
(PAHs) can dissolve in the aerosol deliquescent layer and act
as photosensitizers in the conversion of NO2 into HONO.73,75

These recent works have also highlighted the need for a better
understanding of the speciation of products in the photo-
chemical reactions leading to HONO formation.72 The
experiments presented within show previously unrecognized
pathways for nitrogenous gases, such as ClNO, as well as
thermal formation of N2O, contributing to a more holistic
understanding of the speciation of gaseous products in the
heterogeneous photochemistry of NO2 in organic interfaces. In
addition to nitrogenous gases, the incorporation of nitrogen
into the organic thin film leads to secondary nitrogen-
containing species in the condensed phase; this pathway
shows similarities with the surface-mediated formation of
nitro-organic compounds by the heterogeneous reaction of
NO2 with fatty acids.76

4. CONCLUSIONS AND ATMOSPHERIC
IMPLICATIONS

The findings shown in this work suggest that the photo-
sensitization of adsorbed NO2 by humic substances can be a

daytime source of HONO in the troposphere, along with other
nitrogenous products. Significantly, the presence of Cl− leads
to the photosensitized formation of ClNO, a well-known
precursor of HONO via hydrolysis. Thus, photosensitization of
NO2 by humic acids can result in a direct pathway for HONO
formation or an indirect pathway via intermediary ClNO, with
the subsequent hydrolysis of ClNO to form HONO (reaction
19). In addition, nitrogen incorporation into the complex
organic chromophore was observed during irradiation
reactions, leading to daytime formation of organic nitrogen
compounds in the condensed phase. Yet, this nitrogen
incorporation mechanism was hindered in the presence of Cl−.
This work provides insights into the sources of HONO and

other nitrogenous gases in the troposphere during daytime.
Photosensitized reduction of atmospheric NO2 into HONO
and ClNO, with HA as a photosensitizer under various
atmospherically relevant conditions, including pH and the
presence of Cl‑, has been shown. These results support
multiple field observations of HONO in the boundary layer
with a peak concentration at noon. The adsorption of NO2 by
aerosols containing HA, as presented here, is one potential way
of initiating the formation of HONO and other active
nitrogenous gases, such as ClNO. These complex environ-
mental chromophores can originate from different sources,
including humic substances from natural waters, or marine-
chromophoric dissolved organic matter (m-CDOM). The
reaction pathways leading to HONO formation involved the
formation of a ketyl radical intermediate that is produced upon
light absorbance of the chromophore. As the reaction takes
place to form gaseous products, nitrogen incorporation can
also lead to changes in the chromophore and secondary
aerosols, particularly at higher pHs and lower electrostatic
potentials, highlighting the importance of environmental
conditions in photosensitizing reactions.
Furthermore, there is an important dependence on the

presence of chloride ions in the gas-phase products. Organic
acids, in the presence of HCl or NaCl from sea salt or various
natural or anthropogenic sources, can react with adsorbed NO2
to form ClNO. The reaction pathway is proposed to involve
the formation of dimer intermediate NO+ NO3

− within the
organic thin film. Particularly in polluted regions, where larger
emissions of NO2 can lead to the dimerization required to
react with Cl−, the formation pathway of ClNO can be
significant: ClNO is the natural reservoir of HONO by
hydrolysis that, during daytime, dissociates into NO and highly
reactive chlorine atoms. This last reaction is known to initiate
secondary reactions with other atmospheric species and can
potentially impact the concentration of ozone in the
troposphere.
Overall, the findings in this study provide key knowledge

regarding the daytime formation of several nitrogenous gases
via photosensitization of NO2 in complex organic interfaces, as

Table 2. Yield (%) of Gaseous Products at 400 min of Irradiation, Considering Both Thermal and Photochemical Productsab

yield (%)

gaseous product pH 4.5 pH 1.5 (Cl−) pH 4.5 (Cl−)

NO 2.3 ± 0.4(0.3 ± 0.1) 1.4 ± 0.2(0.2 ± 0.1) 1.65 ± 0.03(0.2 ± 0.1)
NO2 1.0 ± 0.2(0.2 ± 0.1) 1.92 ± 0.05(0.4 ± 0.1) 2.0 ± 0.1(0.4 ± 0.1)
ClNO n.o. (n.o.) 0.55 ± 0.09(0.06 ± 0.05) 0.5 ± 0.1(0.06 ± 0.05)
HONO 0.006 ± 0.003 (n.o.) 0.007 ± 0.002((30 ± 3) × 10−4) 0.011 ± 0.002((30 ± 3) × 10−4)
N2O 0.10 ± 0.05(0.010 ± 0.008) 0.033 ± 0.008((6 ± 3) × 10−3) 0.041 ± 0.003((6 ± 3) × 10−3)

aValues in parentheses represent the yield after the initial 60 min in the absence of light. bn.o.: not observed.
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well as the formation of condensed organic nitrogen species.
Yet, further consideration concerning the concentration of
photosensitizer in the current study should be given with
respect to that which occurs in the environment. While this
work assumes that the thin films used in our experiments
mimic environmental interfacial systems, future work should
be conducted to determine how the concentration of
photosensitizer affects the formation of HONO and ClNO
in aqueous systems.
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