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ABSTRACT: Particulate nitrate photolysis can produce oxidants (i.e., OH, NO2, and
NO2

−/HNO2) in aqueous droplets and may play a potential role in increased atmospheric
oxidative capacity. Our earlier works have reported on the SO2 oxidation promoted by
nitrate photolysis to produce sulfate. Here, we used glyoxal as a model precursor to
examine the role of particulate nitrate photolysis in the formation of secondary organic
aerosol (SOA) from particle-phase oxidation of glyoxal by OH radicals. Particles
containing sodium nitrate and glyoxal were irradiated at 300 nm. Interestingly, typical
oxidation products of oxalic acid, glyoxylic acid, and higher-molecular-weight products
reported in the literature were not found in the photooxidation process of glyoxal during
nitrate photolysis in the particle phase. Instead, formic acid/formate production was found
as the main oxidation product. At glyoxal concentration higher than 3 M, we found that
the formic acid/formate production rate increases significantly with increasing glyoxal
concentration. Such results suggest that oxidation of glyoxal at high concentrations by OH
radicals produced from nitrate photolysis in aqueous particles may not contribute significantly to SOA formation since formic acid is
a volatile species. Furthermore, recent predictions of formic acid/formate concentration from the most advanced chemical models
are lower than ambient observations at both the ground level and high altitude. The present study reveals a new insight into the
production of formic acid/formate as well as a sink of glyoxal in the atmosphere, which may partially narrow the gap between model
predictions and field measurements in both species.

■ INTRODUCTION
Particulate nitrate is one of the major constituents of
particulate matter (PM) and ubiquitously found in the
atmosphere.1,2 It has been reported to be photochemically
reactive to form in-particle reactive species (e.g., OH, NO2,
and NO2

−/HNO2),
3−5 which are important oxidants and

reactants in atmospheric particles. These oxidants will exert
significant effects on the atmospheric oxidative capacity and
promote the transformation of atmospheric species.6−10 For
instance, our recent works6−8 demonstrated efficient SO2
oxidation during nitrate photolysis, highlighting its important
potential for enhancing the atmospheric oxidative capacity.
Organic aerosol, which can contribute 20−90% of

atmospheric PM mass, can be emitted directly from
combustion processes, such as biomass burning and fossil
fuel combustion, or formed through a series of oxidation or
aging processes of volatile organic compounds (VOCs).11,12

However, the observed secondary organic aerosol (SOA)
concentration and average oxidation state (oxygen-to-carbon
ratio) usually are higher than those from model simula-
tions.13,14 The discrepancy between field measurements and
model simulations could partly be ascribed to missing sources
of in-particle oxidants or missing SOA formation mecha-
nisms.15,16 Huang et al.17 found that aqueous SOA yields from
photooxidation of both syringaldehyde and acetosyringone as
model biomass burning compounds in bulk solutions

containing nitrate are twice of those containing sulfate, likely
due to the enhanced oxidizing capacity by nitrate photolysis.
Together with our earlier work on prompt sulfate formation by
in-particle nitrate photolysis,6−8 such results suggest that
particulate nitrate photolysis has potential to enhance in-
particle oxidation processes and may hence contribute to the
formation of SOA.
Glyoxal is one of the most abundant α-dicarbonyls in the

atmosphere and has been extensively studied as an SOA
precursor because it has a high effective Henry’s law constant
and can partition effectively into inorganic and organic
aerosol.18 It can be produced in high yields by the oxidation
of anthropogenic and biogenic VOCs (e.g., toluene and
isoprene)19 and can be scavenged by cloud droplets/fogs due
to its high water solubility. Glyoxal dissolved in cloud droplets/
fogs undergoes a series of atmospheric processes20,21 such as
photochemical oxidation, acid/ammonium-catalyzed reactions,
and oligomerization to form carboxylic acid, oligomers,
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organosulfate, and nitrogen-containing organics as SOA. The
aqueous-phase oxidation of glyoxal by OH radicals is a well-
known pathway to form SOA, in particular low-molecular-
weight carboxylic acids (e.g., oxalic acid and glyoxylic acid) in
cloud water where glyoxal is present at concentrations in the
range of micro-molar (μM) concentrations.20,22−25 On the
other hand, during cloud droplet evaporation, glyoxal can be
highly concentrated to reach up to M concentrations in
aqueous tropospheric aerosol particles.18,26 Previous studies
have reported that high-concentration conditions facilitate the
self-reactions to form oligomers that remain in the particle
phase as SOA.27,28 However, the fate of glyoxal and the
oligomers in the aerosol phase under oxidation remains
uncertain.
In this study, we investigate the oxidation of glyoxal to

produce carboxylic acids during nitrate photolysis. We found
that the OH radicals and H2O2 produced during nitrate
photolysis can oxidize glyoxal into formic acid/formate. Note
that formic acid/formate was found to be the main
photoproduct in this study instead of the more commonly
reported organic acids and higher-molecular-weight products
(e.g., oxalic acid and tartaric acid),20,22,23 as will be discussed in
detail later. As shown in Figure 1, particulate nitrate can be
photolyzed to produce first-generation oxidants (i.e., OH,
NO2, and NO2

−/HNO2), which may also undergo further
radical reactions to form second-generation oxidants (e.g.,
H2O2).

29 Hydrated or oligomerized glyoxal can react with OH
radicals as well as H2O2 to directly produce formic acid/
formate.23 Formic acid/formate is further oxidized into CO2/
CO3

2−. In this paper, we will first discuss the dependence of
the formate production rate on initial concentrations of nitrate
and glyoxal. Then, a kinetic model, which builds on reported

and proposed oxidation mechanisms, is used to elucidate the
oxidation mechanisms.

■ MATERIALS AND METHODS

Materials. Aqueous stock solutions of sodium nitrate
(NaNO3; >99.0%, Acros Organics), sodium sulfate (Na2SO4;
>99.0%, Acros Organics), sodium nitrite (NaNO2; >97.0%,
Acros Organics), sodium formate (formate; >99.0%, Acros
Organics), and sodium carbonate (Na2CO3; >99.5%, VWR
Chemicals BDH) were prepared by dissolving the correspond-
ing salts into ultrapure water. Glyoxal (Gly; 40 wt % in water,
Sigma-Aldrich) was diluted, and the diluted solution was mixed
with the salt solution at a given mixing ratio. All chemicals
were used without further purification. The premixed solution
was atomized using a piezoelectric droplet generator (model
201, Uni-Photon, Inc.), and then, the resulting droplets were
deposited on a hydrophobic substrate (model 5793, YSI, Inc.)
with an optical transmission of >86% at 300 nm.7 The droplets
were equilibrated at 80% relative humidity (RH) for 60 min,
and the equilibrated droplets were photolyzed using 300 nm
UV irradiation (300 nm light-emitting diode lamp, M300L4,
Thorlabs) subsequently. As shown in Figure S1a in the
Supporting Information, the droplets achieved equilibrium
with stable nitrate and Gly concentrations at around 30 min.
The nominal particle size used for in situ Raman measurement
was 55 ± 2 μm at equilibrium at 80% RH. Although we used
particles that are larger than ambient fine particles, we analyzed
the kinetic data using uptake coefficient of SO2, which has
taken size effects into consideration. The SO2 uptake
coefficient (∼10−5) measured in our earlier works of SO2
oxidation by particulate nitrate photolysis6−8 falls in the
magnitude order for the best match between model predictions
and field measurements,30 which has confirmed that results

Figure 1. Reaction pathways in the oxidation of glyoxal during nitrate photolysis leading to the production of formate. The numbers 1 and 2 (in
parentheses) indicate different formate production pathways, which are denoted as (1) [OH pathway]f and (2) [H2O2 pathway]f hereafter. The
numbers 3−7 (in parentheses) indicate different formate removal pathways, which are denoted as (3) [OH pathway]r, (4) [NO2 pathway]r, (5)
[CO3

− pathway]r, (6) [H2O2 pathway]r, and (7) [O3 pathway]r hereafter. All reactions are summarized in Table S1. Note that glyoxal mainly exists
as hydrated or oligomeric forms in particles.
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from these large droplets are applicable to ambient fine
particles. The photon fluxes were quantified to be ∼1.7 × 1015

photons cm−2 s−1 at 300 nm using a droplet containing a
chemical actinometer of 2-nitrobenzaldehyde (2NB; >99.0%,
Acros Organics) (Text S1).31

Photooxidation of Particles Containing Gly during
Nitrate Photolysis and In Situ Raman Analysis.
Photolysis of particles containing NaNO3 + Gly at 300 nm
was performed in a custom-made photochemical flow cell with
two quartz windows for Raman analysis (top) and UV
irradiation (bottom) (Figure S2). The RH in the flow cell
was controlled using two gas streams of wet and dry air or
nitrogen (N2; >99.995%, <10 ppm O2). Raman spectra were
obtained at 100−4000 cm−1 using Raman spectroscopy
(EnSpectr R532, EnSpectr) with a 20−30 mW 532 nm laser
coupled with an optical microscope (CX41 Olympus). A 50×
objective lens (numerical aperture of 0.35, SLMPLN50X,
Olympus) was used to focus the laser onto the particle. The
photooxidation products from the reacted particles were
characterized using an ion chromatograph (IC) (ICS-1100,
Dionex) with an IonPac AS15 analytical column, an AG15
guard column, and a conductivity detector. For IC analysis, five
hydrophobic substrates with the particles containing NaNO3 +
Gly deposited were used, and each was sampled at different
time intervals after reactions. The reacted particles on the
substrate were dissolved in 1 mL of pure water, following IC
analysis.
In this study, the main product from Gly oxidation was

found to be formic acid/formate based on in situ Raman and
IC measurement (Figure S3). Because the stable particle pH
during reactions is around 6 (Figure S4), the product exists as
formate (HCOOH/HCOO−, pKa = 3.8),32 and hence,
evaporation of formic acid is minor. Formate has the strongest
Raman signal at ∼1353 cm−1 (δ(C−H) mode, Figure S3a),33

and this peak was used to calculate formate concentration.
Gaussian fitting (Igor Pro, Wavemetrics) was used to calculate
the Raman peak area of v(NO3

−), v(HCOO−), and v(OH)water
at ∼1047, ∼1353, and ∼3400 cm−1, A(NO3

−), A(HCOO−),
and A(OH)water, respectively. In addition, the broadband v(C−

H) mode at 2900−3000 cm−1 normalized by A(OH)water,
A(Gly)/A(OH)water, was used to represent the change in Gly
concentration, [Gly], during reactions. It should be noted that
formate may also contribute partially to the v(C−H) intensity.
However, its contributions to the v(C−H) mode at 2900−
3000 cm−1 can be neglected, as confirmed from Raman spectra
of pure particulate sodium formate equilibrated at 80% RH
(Figure S3a). In aqueous solutions, Gly mainly exists in the
hydrated form (e.g., geminal diol) (Text S2).34 Generally,
hydrogen abstraction from the C−H moiety associated with
the α position of the diol by OH radicals is energetically more
favorable than that from the O−H moiety of the diol,35,36 and
hence, we used the v(C−H) mode to monitor the changes of
[Gly]. Formate concentration, [formate], was quantified based
on the established calibration curve of [formate] of different
standard sodium formate solutions versus the A(HCOO−)/
A(OH)water (Figure S5a).7,8 The initial nitrate concentration,
[NO3

−]0, was calculated based on the same method with the
formate quantification (Figure S5b). The slight fluctuation in
the Raman peak area ratio of A(NO3

−)/A(Gly) during the
equilibrium process shown in Figure S1b suggested that water
uptake/equilibrium or gas-aqueous equilibrium of Gly does
not significantly affect the nominal mixing ratio. Hence, the
initial Gly concentration, [Gly]0, was estimated based on a
given mixing ratio of [NO3

−]0/[Gly]0. These initial concen-
trations (Table S2) were used as initial conditions in the
kinetic modeling.

Kinetic Model Simulation. To better understand the
mechanisms of Gly oxidation during nitrate photolysis, a
kinetic model was constructed based on the reported and
proposed mechanisms. Time-dependent [formate] estimated
from the kinetic model was fitted to the experimentally
measured [formate], [formate]M, using the nitrate photolysis
rate constant, jNO3‑, as a fitting parameter. jNO3‑ may vary with
particle composition and light intensity,4,5 and hence, jNO3‑
may differ among experiments. The fitting of jNO3‑ has taken
the uncertainties of UV irradiation into consideration. In
addition to jNO3‑, the reaction rate constants of Gly + 2OH →
2HCOO− + 2H+ and NO2 + HCOO− → NO2

− + CO2
− + H+

Figure 2. (a) Formate production under various conditions of premixed NaNO3 + Gly in the presence or absence of 300 nm irradiation at
[NO3

−]0/[Gly]0 = 1 and of premixed Na2SO4 + Gly under 300 nm irradiation at [SO4
2−]0/[Gly]0 = 1. (b,c) Time evolution of Raman spectra of

formate during nitrate photolysis at [NO3
−]0/[Gly]0 = 1. Subscript “0” denotes initial concentrations.
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in Figure 1 (R1623 and R2132 in Table S1, respectively) were
adjusted in the kinetic model because the reaction rate
constants are not well-documented in the literature. Carbonyl
compounds have been reported to form gem diols, which are
subsequently oxidized to form organic acids in the aqueous
phase.22,25,37 Hence, the aforementioned reaction mechanism
of OH radicals with Gly was incorporated into our kinetic
modeling. Hydrogen abstraction of HCOO− by NO2 has
recently been reported by Chen et al.32 The decay process of
formate can yield more CO2

−, which has high reactivity with
O2 (2.4 × 109 M−1 s−1, Table S1) to generate CO2 and
subsequently carbonate (CO3

2−) (Figure 1). Nozier̀e et al.38

found that Gly can react efficiently in CO3
2− solution. Hence, a

consumption pathway of Gly by its reaction with CO3
2− was

proposed and incorporated in the current kinetic modeling
(Text S3 and R18 in Table S1). These three rate constants of
R16, R18, and R21 were also adjusted so that model
predictions fit the [formate]M, and the fitted rate constants
are summarized in Table S1.

■ RESULTS AND DISCUSSIONS

Production of Formate by Gly Oxidation during
Nitrate Photolysis. In the present study, glyoxylic and oxalic
acids, which are typically identified as first- and second-
generation products of Gly oxidation by OH radicals in dilute
solutions,22,23,25 respectively, were not observed (Figure S3).
High-molecular-weight products (e.g., tartaric acid, malonic
acid, and their oligomers), which were found at high Gly
concentration in a previous study,20 were also not detected by
Raman spectroscopy and IC measurements (Figure S3).
Interestingly, formate was found as the main photooxidation
product from the concentrated Gly oxidation by particulate
nitrate photolysis, which is also detected by the IC measure-
ment (Figure S3). Figure 2a illustrates that the formate
concentration under particulate nitrate photolysis in air (red
circles) increases linearly with time and then decreases. The
Raman spectra normalized by the v(OH)water peak intensity
clearly display an increasing trend of the formate peak intensity
before 780 min and a decreasing trend afterward (Figure 2b,c).
Furthermore, the nitrate concentration, [NO3

−], and A(Gly)/
A(OH)water both show a clear decreasing trend during Gly
oxidation (Figure S6). No formate peak (∼1353 cm−1) was
observed in the absence of nitrate or UV irradiation (Figure
S7), suggesting the participation of nitrate photolysis in the
Gly oxidation in formate production. The effect of UV light
intensity on the formate production rate is also ascertained.
Figure S8 shows a higher formate production rate at higher

light intensity. These results confirm the photooxidation of Gly
to produce formate during nitrate photolysis.
The finding of formate as the major product of the reactions

is different from the reaction products (e.g., oxalic acid, tartaric
acid, and oligomers) reported in the literature.20,22,23,25 The
different observations between the present study and previous
studies may suggest that reactions occurring in different
environments (e.g., cloud droplets versus evaporating cloud
droplets) do not necessarily proceed by the conventional
mechanisms.39 Typically, much lower glyoxal concentrations
(i.e., a few mM or even lower) were used to mimic cloud/fog
oxidation processes in previous studies.22−25 In contrast, our
experiments with droplets used much higher glyoxal
concentration (i.e., a few M) to simulate oxidation processes
in deliquesced aerosols. This concentration difference may lead
to the different structural forms of glyoxal in the bulk phase
(previous studies) and droplets (this study) for oxidation
reactions. Specifically, the glyoxal monomer is the most
abundant form in dilute aqueous glyoxal solution. In contrast,
the glyoxal dimers or larger oligomers may dominate in the
concentrated droplet.28,39 Wilson et al.40 suggested that
microdroplets may enhance the overall importance of
interfacial phenomena compared to the bulk phase, where
reaction rates, mechanisms, and product distribution may be
modified due to partial solvation and molecular alignment near
surfaces. Earlier studies20,25,37 have suggested that formic acid
can be produced but as a second-generation product. For
example, bulk aqueous reaction conducted by Lee et al.25

suggested that glyoxylic acid produced from the Gly oxidation
reacts with H2O2 to produce formic acid as a secondary
product. They also proposed that the formation of larger
organic acids (e.g., tartaric acid) or even oligomers via aqueous
oxidation of glyoxal and subsequently their oxidation by OH
radicals may further yield low-molecular-weight organic acids
(e.g., glyoxylic acid and formic acid).25 Zhao et al.37 reported
that the addition of H2O2 to the aldehyde group in Gly results
in 2-hydroxy-2-hydroperoxyethanal (HHPE), which can be
oxidized by OH radicals to produce formic acid. Lim et al.20

suggested a minor pathway for formic acid production: Gly
oxidation in the presence of O2 (air) by OH radicals to
produce peroxy radicals and their self-reactions to form an
alkoxy, which then decomposes to formic acid. However,
formate in this study is highly likely a first-generation product
due to its prompt increase in concentration (Figure 2a).
Formic acid may be directly produced from the Gly oxidation
by OH radicals and H2O2.

22−24 Specifically, nucleophilic attack
on the C−H group of hydrated or oligomeric Gly by OH
radicals may directly produce formate when OH radicals can

Figure 3. (a) [formate]M as a function of photolysis time during Gly oxidation promoted by nitrate photolysis at different [NO3
−]0/[Gly]0 in air.

Normalized initial formate production rate, (d [formate]/d t)/[Gly]0 or (d [formate]/d t)/[NO3
−]0, as a function of (b) [NO3

−]0 and (c) [Gly]0.
(d) Model-predicted [OH] concentration, [OH]P, as a function of time at different [NO3

−]0/[Gly]0. Formate production rates are 96 ± 3, 86 ± 1,
81 ± 2, and 87 ± 2 μM·s−1 at [NO3

−]0/[Gly]0 of 0.5, 1, 2, and 3, respectively.
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be produced efficiently from nitrate photolysis in the particle
phase.35 There is additional experimental evidence of the direct
Gly oxidation by H2O2.

23,25 Thus, we incorporated these two
Gly oxidation processes by OH and H2O2 for direct formate
production in our kinetic modeling.
Effect of [NO3

−]0/[Gly]0 on Formate Production. Figure
3a shows production and removal of formate at various
[NO3

−]0/[Gly]0. The highest formate concentration during
reactions increases with [Gly]0 (i.e., decreasing [NO3

−]0/
[Gly]0) (Figure 3a). Formate concentration normalized by
[Gly]0 shows a comparable maximum at various [NO3

−]0/
[Gly]0 (Figure S9a). At [NO3

−]0/[Gly]0 = 0.5, formate
removal was not observed, likely because there was still
available Gly at the end of the experiment (Figure 3a and
Figure S6e). From the trend of the datasets at higher ratios, it
can be extrapolated that formate would decrease after some
time eventually due to the complete consumption of Gly and
further oxidation of formate. The initial formate production
rate is found to be not sensitive to [NO3

−]0/[Gly]0 (Figure
3a). Increasing [NO3

−]0 to increase the ratio leads to the
corresponding decrease in [Gly]0 in the particle phase at a
given RH (Table S2), and these two combined effects may
counteract each other to yield similar formation rates (Figure
3a) at different [NO3

−]0/[Gly]0 ratios. The initial formate
production rates were normalized by [Gly]0 and [NO3

−]0 to
investigate the individual effect of [NO3

−]0 and [Gly]0 on
formate production, respectively (Figure 3b,c). The normal-
ized formate production rate increases as [NO3

−]0 increases
(Figure 3b and Figure S9a), which is attributable to increased
production rates of oxidants from nitrate photolysis. As shown
in Figure 3d, the kinetic model predicts that the formation rate
of OH radicals increases with [NO3

−]0/[Gly]0 since Gly
oxidation by OH radicals formed from nitrate photolysis is the
dominant formate production pathway in this study, as will be
discussed in detail later. Figure S10b also shows a good linear
relation between the formate production rate and [NO3

−]0
when [Gly]0 was fixed in the kinetic modeling. In combination
with experimental results (Figure 3b), it indicates that formate
production linearly increases with increasing [NO3

−]0. On the
other hand, the effect of [Gly]0 is not significant in the formate
production rates at [Gly]0 < 3 M, but the formation rate
increases as [Gly]0 increases further (Figure 3c and Figure
S9b). The significant formate production at the aerosol-
relevant concentration of Gly implies that aerosol-phase

oxidation of Gly by OH radicals may not significantly
contribute to SOA formation because formic acid is a volatile
component.

Kinetic Simulation of Gly and Formate Oxidation
Processes during Nitrate Photolysis. Figure 4 shows that
the predicted formate concentration ([formate]P) monotoni-
cally increases to its maximum at a photolysis time of 780 min
and then decreases afterward, which agrees well with the
measured formate concentration ([formate]M). [formate]P
decreases after predicted Gly concentration ([Gly]P) is
consumed completely, which is also consistent with the
observed decay of A(Gly)/A(OH)water based on in situ
Raman measurement (Figure 4c and Figure S6). Measured
nitrate concentrations ([NO3

−]M) and A(Gly)/A(OH)water
both show a slight increase from 0 to 60 min (Figure 4b,c
and Figure S6). As shown in Figure S11, a slight decrease in
particle size was observed initially, suggesting that there was
less water in the particles, and hence, nitrate concentration
increased initially during its photolysis. We also attribute the
shrinkage of particle size to the partial evaporation of products
(NO2

−/HONO, pKa = 3.2; HCOO−/HCOOH, pKa = 3.8),
resulting from the low initial pH (Figure S4). It should be
noted that the initially increased nitrate and Gly concentrations
are more pronounced at low [NO3

−]0/[Gly]0 (Figure S6).
Figure S4 shows that there is a higher initial pH at high
[NO3

−]0/[Gly]0, and subsequently, they reached up to
similarly stable pH (∼6) among different conditions. No
noticeable change in particle size was observed at the later
stage further (Figure S11). Thus, the particle size during the
overall course of photolysis should not affect the photo-
chemistry significantly. The reduced water content due to
partial evaporation of products was not simulated in our kinetic
modeling, and hence, there may be some discrepancy between
the measured and the predicted concentrations.
As mentioned earlier, two Gly oxidation mechanisms by

H2O2 and OH radicals for direct formate production were
incorporated in our current model as reactions of Gly + H2O2
→ 2HCOO− + 2H+ ([H2O2 pathway]f in Figure 1) and Gly +
2OH → 2HCOO− + 2H+ ([OH pathway]f in Figure 1),
respectively. The [formate]P is found not to be sensitive to the
rate constant of [H2O2 pathway]f in this study (Figure S12).
Hence, the previously reported rate constant of ∼1 M−1 s−1

was used in the model without adjustment.23 The rate constant
of the [OH pathway]f was adjusted to fit [formate]M. The [OH

Figure 4. Oxidation of glyoxal by nitrate photolysis at [NO3
−]0/[Gly]0 = 1 under 300 nm irradiation. The marker represents the data from

experiments. Dash-dotted and solid lines represent the predicted time profiles of species concentration from kinetic modeling. The reproduced
formate production at [NO3

−]0/[Gly]0 = 0.5, 2, and 3 is shown in Figure S19. The fitted nitrate photolysis rate constants are (1.5 ± 0.05) × 10−5

s−1 at different [NO3
−]0/[Gly]0 in this study.
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pathway]f for formate production is not a well-known process
compared to the [H2O2 pathway]f. Therefore, nitrite
photolysis was used as a source of OH radicals to further
investigate the [OH pathway]f.

41 The experiments were
performed using photolysis of droplets containing NaNO2 +
Gly in air. As shown in Figure S13a,b, a rapid increase in
formate production was observed, and the Raman peak
intensity of Gly and nitrite clearly decreased. To examine the
potential role of direct oxidation of Gly by nitrite, dark
experiments were also performed with premixed droplets of
NaNO2 + Gly in air (Figure S13c), while the other conditions
were the same as before. The formate production rate under
the dark condition is too low to explain the rapid formate
production found under photolysis (Figure S13a). We further
conducted an experiment with particles containing NaNO3 +
Gly under 254 nm irradiation (Model 33SC-9, Pen-Ray,
Analytik Jena, US), where the main photoproducts are OH
radicals and NO2 from nitrate photolysis29 to ascertain the role
of OH radicals in Gly oxidation. The results clearly show a
rapidly emerging formate peak (Figure S14), which further
supports our hypothesis of the role of OH radicals. Note that
NO produced from nitrite photolysis and NO2 generated by
nitrate photolysis both are suggested to be reactive toward Gly
in the gas phase, but such reactions do not yield formic
acid,42−44 and their aqueous-phase reactions have not been
reported. Consequently, such reactions were not relevant in
this study. Together with earlier experiments of Gly oxidation
by nitrite photolysis, these results strongly suggest that direct
formate production from the Gly oxidation by OH radicals is
feasible. Moreover, the kinetic modeling illustrates that the
[OH pathway]f is the main contributor to formate production
(∼96%) based on the sensitivity test of the [OH pathway]f and
[H2O2 pathway]f on formate production at [NO3

−]0/[Gly]0 =
1 (Figure S15). The fitted rate constant of Gly + 2OH →
2HCOO− + 2H+ in this study is 4.5 × 1010 M−1 s−1, which is
consistent with that of other investigators who note that
aqueous-phase reaction of OH radicals with organics
containing C−H or C−C multiple bonds generally occurs at
or near diffusion limits (i.e., ∼1010 M−1 s−1).36 Note that such
a fitted rate constant is seven orders of magnitude higher than
that reported by Carlton and coauthors, although they
observed rapidly emerging formate peaking within 2−3 min
and disappeared almost completely in 30 min in their bulk
experiments.23 There is growing evidence that chemical
reactions can be accelerated by many orders of magnitude
(10 to 106) relative to the bulk phase when such reactions are
confined in microdroplets, thin films, and emulsions.40,45

Consequently, accelerated reaction rates would be reflected by
fitted rate constants in the kinetic modeling. As shown in
Figure 4a, the predicted concentration of OH radicals ([OH]P)
continuously increases as the reaction proceeds, which implies
that the consumption rate of OH radicals decreases due to the
reduced [Gly]. The [OH]P remains low when Gly is available,
and it increases faster after Gly is consumed completely,
suggesting that Gly is the main species consuming OH radicals.
In addition, the predicted NO2 concentration ([NO2]P)
increases initially and then rapidly decreases, which is
attributed to its consumption by formate. Since NO2

− is not
involved in Gly oxidation directly, its concentration ([NO2

−]P)
remains high and increases due to continuous nitrate
photolysis before 780 min. In addition to nitrate photolysis,
the reaction of NO2 with formate can also yield NO2

−

production ([NO2 pathway]r in Figure 1) since the [NO2

pathway]r is one of the main removal pathways of formate, as
will be discussed next.
The decrease in formate concentrations after Gly depletion

(Figure 4a) is likely driven by the oxidation of formate by
oxidants produced from nitrate photolysis (Figure 1).
Experiments with premixed NaNO3 + formate at different
initial molar ratios of NO3

− to formate, [NO3
−]0/[formate]0,

under irradiation or dark conditions were performed to verify
it. As shown in Figure S16, an obvious decrease in formate
concentration is observed during nitrate photolysis, whereas
there is no significant decrease of formate under dark
conditions, confirming that formate is oxidized by the
photoproducts from nitrate photolysis. Although CO3

− and
O3 can react with formate ([CO3

− pathway]r and [O3
pathway]r in Figure 1), they are third-/fourth-generation
oxidants, and hence, their contribution to formate removal is
likely to be minor. Kinetic modeling results confirm that the
[CO3

− pathway]r and [O3 pathway]r only contributed to <5%
of formate removal in total (Figure S17b, d, and f).
Accordingly, the role of first-/second-generation oxidants on
the decay of formate was investigated. We examined the
contributions of the [NO2 pathway]r, [OH pathway]r, and
[H2O2 pathway]r to the removal process of formate in the
kinetic modeling. Simulation results show that the [NO2
pathway]r (∼50%) contributes to most of the formate removal
followed by the [H2O2 pathway]r and [OH pathway]r (Figure
S17b, d, and f). This is also reflected by the only small increase
in [NO2]P and a faster increasing [OH]P and H2O2
concentration ([H2O2]P) after 780 min (Figure 4a). The
fitted rate constant of NO2 + HCOO− → NO2

− + CO2
− + H+

is 1.0 × 104 M−1 s−1 in this study, which is one order
magnitude smaller than that reported by Chen et al. (5.0 × 105

M−1 s−1).32

As shown in Figure 4b, no obvious decrease in the [NO3
−]M

at [NO3
−]0/[Gly]0 = 1 was observed during the formate

removal process, which is consistent with the trend of
[NO3

−]M in the experiments with irradiated premixed particles
of NaNO3 + formate (Figure S17a, c, and e). The same
observations were also made at [NO3

−]0/[Gly]0 = 2 and 3 as
well as from kinetic model results (Figure 4b and Figure
S6c,d). After formate was consumed completely, a further
decrease in nitrate concentration was observed (Figures S6c,d
and S18a), likely due to further nitrate photolysis. Hence,
reaction products produced during the formate removal
process may be involved in regenerating nitrate. We speculated
the reaction of NO and O2

− to form ONOO−, which can react
with CO2 to yield NO3

−.32,46 The reactions replenish NO3
−

loss in photolysis. This process requires O2, and hence,
premixed particulate NaNO3 + formate reaction at different
[NO3

−]0/[formate]0 was conducted in a N2 environment to
verify our hypothesis. As shown in Figure S18, a clear decrease
in nitrate concentration was observed in N2. The difference of
[NO3

−]M decay percentage between air and N2 becomes
smaller as [NO3

−]0/[formate]0 increases, which confirms that
products produced from the formate removal process play a
crucial role in regenerating nitrate (Figure S18). Kinetic
modeling results without the speculated NO3

− regeneration
mechanism also show a reduction of NO3

− concentration, and
the difference between the presence of a regeneration
mechanism and its absence becomes smaller as [NO3

−]0/
[formate]0 increases (Figure S17a, c, and e), supporting the
hypothesis. Because NO is mainly produced from nitrite
photolysis in the present study, continuous consumption of
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NO via the NO3
− regeneration may inhibit the recombination

of photoproducts for nitrite regeneration. As a result, a slight
decrease in [NO2

−]P was observed after 780 min (Figure 4a).

■ ATMOSPHERIC IMPLICATION
This work provides insights into the Gly oxidation by OH
radicals during particulate nitrate photolysis at aerosol-relevant
concentration of Gly. Several previous studies22−25 have
indicated that glyoxal can react with OH radicals irreversibly
to form organic acids (e.g., oxalic acid) in cloud/fog droplets
during daylight hours. In wet aerosol, irreversible reactions of
Gly with OH radicals or radical−radical reactions will produce
oligomers.20,27,28 In the present study, formic acid/formate was
found as the major photooxidation product from oxidation of
concentrated glyoxal. This finding suggested that oxidation of
Gly at high concentration by OH radicals generated from
particulate nitrate photolysis produces formate/formic acid,
which may evaporate due to its high vapor pressure or is then
further converted to CO2/CO3

2−. Hence, such an oxidation
process may play a minor role in SOA formation in aerosol
particles. Note that OH radicals in the aqueous phase can also
be produced via other well-known sources, such as direct
uptake from the gas phase, hydrogen peroxide photolysis, and
Fenton reactions.13,41,47 Carlton et al.23 also reported the
direct formation of formic acid via oxidation of aqueous Gly by
OH radicals generated from photolysis of hydrogen peroxide,
although oxalic acid was detected as another major product.
Additionally, the rapidly emerging formate production through
Gly oxidation by nitrite photolysis found in this study confirms
the key role of OH radicals, irrespective of their source.
Therefore, in principle, the present finding is not limited to
particulate nitrate photolysis as the source of OH radicals.
Also, the OH radical concentration (∼10−15 M) estimated
from our kinetic modeling falls in the reported field
measurements of OH concentration with a range of (0.1−6)
× 10−15 M in concentrated aerosols.48 We consider that the
present study with NaNO3 is more pertinent in coarse-mode
aerosols (e.g., aged sea-salt aerosols), whereas experiments
with NH4NO3 would be more relevant to fine-mode aerosols.
Further experiments with NH4NO3 are ongoing in our
laboratory to investigate the product distribution when
brown carbon, formed via reaction of Gly with ammonia,49,50

is present in the particles.
Formic acid is one of the most abundant monocarboxylic

acids and contributes substantially to atmospheric acidity.51 It
can catalyze the hydrolysis of sulfur trioxide (SO3) to generate
sulfuric acid (H2SO4) production,52 another important
contributor to acidity, and further enhance reactive uptake of
oxygenated organic compounds onto acidic particles to yield
SOA production.53 Formic acid can be emitted directly from
vehicle exhaust, biomass burning, terrestrial vegetation,54,55

and secondary formation via photochemical oxidation of VOCs
including glyoxal.51 A number of studies have proposed several
potential secondary atmospheric sources of formic acid: for
instance, OH oxidation of α-hydroxy carbonyls56 and isoprene
nitrates,57 oxidation of ketene-enols by O3 and OH,51 and
reaction of Criegee intermediate CH2OO with water vapor.58

However, predicted formic acid concentrations based on such
well-known pathways are 2−3 times lower than those of the
field observations.55 The current knowledge of formic acid
production via aqueous aerosol and cloud chemistry is rather
limited. For example, Xu et al.59 found that a thermodynamic
model (E-AIM IV) significantly underestimated the concen-

tration of particulate formic acid, possibly resulting from
organic salt formation as well as external mixing of formic acid
with nonvolatile cations. They proposed that missing photo-
chemical processes may play a potential role in formic acid
production since their observation results showed evident
midday peaks of gaseous and particulate formic acid
concentration in the summer.59 The oxidation of Gly
promoted by particulate nitrate photolysis provides a novel
pathway for in-particle formic acid/formate production, which
may partially narrow the gap between the model prediction
and the field measurements.
In addition to formic acid production, oxidation of Gly

during particulate nitrate photolysis may partially contribute to
the sink of Gly in the atmosphere. Typically, the main loss
pathways of Gly include gas-phase photolysis, reaction with
OH, dry deposition, and partitioning into aerosols, among
which Gly uptake by aerosols is the most complicated and
needs more comprehensive exploration.19 However, recent
work has suggested that the model overpredicted the mixing
ratios of glyoxal by a factor of 3.3 compared to the observed
levels without considering the heterogeneous processes of Gly
on aerosol surfaces in the Pearl River Delta (PRD) region.19

Previous studies also reported that the simulations with only
the gas-phase schemes overpredicted the Gly concentration by
factors of 2−6 in both urban Mexico City60 and a semirural
site of the PRD region.61 The significant overestimation
suggested that there were missing loss pathways for Gly, such
as heterogeneous reaction processes. Efficient oxidation of Gly
promoted by particulate nitrate photolysis demonstrated in this
study may potentially contribute to the sink of Gly in the
atmosphere.
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