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• Major secondary organic aerosol (SOA)
from the isoprene ozonolysis are
oxalic, succinic and glyoxylic acids,
methylglyoxal

• Time-series batch experiments re-
vealed rapid evolution of oxalic acid
and other SOA within 10 min

• Relative abundance of methylglyoxal
decreased with an increase in that of
oxalic acid, suggesting gas-phase
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Oxidation of isoprene, a major biogenic volatile organic compound emitted from forest canopies, is a potential
source of oxalic acid; the dominant species in organic aerosols. We evaluated here ozonolysis of isoprene in
dry darkness as a source of oxalic (C2), malonic (C3) and succinic (C4) acids. We found that oxalic acid and
methylglyoxal are dominant products within 10 min of reaction followed by glyoxylic, malonic or succinic
acids. Interestingly, molecular distributions of oxidation products from early reactions (9–29 min) were charac-
terized by the predominance of methylglyoxal followed by C2, which became dominant after 30 min. The
isoprene-derived secondary organic aerosols (SOAs) showed chemical evolution with reaction time towards
the molecular characteristics of dicarboxylic acids similar to those of ambient aerosols (C2>C3≥C4). The
carbon-based relative abundances of methylglyoxal decreased steadily (40%→30%), while those of C2 increased
with reaction time (15%→25%), but no such variations persisted for glyoxal (6–10%). This finding means that
methylglyoxal is more important intermediate of oxalic acid than glyoxal. In contrast, smaller variability and
lower concentrations of pyruvic and glyoxylic acids than other intermediates indicate that oxalic acid formation
under dry conditions follows a different pathway than in aqueous-phase heterogeneous chemistry usually in-
voked for cloud/fog/atmospheric waters. Here, we propose new reaction schemes for high levels of
methylglyoxal and oxalic acid via gas-phase chemical reactions with ozone and OH radicals to better interpret
the ambient SOA composition. Furthermore, the relative abundances of C2 exhibit small variability from 1 to
8 h, suggesting its stable character towards the oxidation by hydroxyl radicals.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Dicarboxylic acids (hereafter, diacids) are ubiquitous constituents of
organic aerosols (OAs),which have the ability to absorb/scatter sunlight
in the atmosphere (Kawamura et al., 1996; Kawamura and Bikkina,
2016). Because of their highly water-soluble nature and low volatility
compared to monoacids, diacids can act as cloud condensation nuclei,
influencing the hygroscopic properties of aerosol particles (Yang et al.,
2008; Boreddy and Kawamura, 2018; Ponczek et al., 2019). These com-
pounds are either directly emitted (e.g., fossil fuel combustion, biomass
burning) or secondarily formed in the atmosphere (Ho et al., 2007;
Kundu et al., 2010; Bikkina et al., 2017). Globally, molecular distribu-
tions of diacids and related compounds are largely characterized by
the predominance of oxalic acid (C2) followed by malonic (C3) or
succinic (C4) acid (Kawamura and Bikkina, 2016).

Primary emissions mostly contribute to these diacids near their
sources (Ho et al., 2007; Miyazaki et al., 2009). However, secondary
formation processes dictate their abundances during long-range atmo-
spheric transport (i.e., away from source-emissions) by the photochem-
ical breakdown of successively higher homologs and/or by the gas-to-
particle conversion of volatile organic compounds (Kawamura and
Sakaguchi, 1999; Bikkina et al., 2014; Pavuluri et al., 2015; Kawamura
andBikkina, 2016). Several parameters, including ambient temperature,
relative humidity, aerosol liquidwater content, precursor VOCs, and ox-
idant concentrations, affect the particulate loadings of diacids and re-
lated polar compounds (Bao et al., 2012). A dearth of information on
the production of diacids and related compounds causes significant un-
certainty in predicting the climate forcing of OAs. Here, we focus on one
such process to elucidate how the major biogenic VOCs (e.g., isoprene)
undergo oxidation with ozone to form diacids and related polar
compounds.

Isoprene (C5H8, 2-methyl-1,3-butadiene), the largest natural source
of non-methane hydrocarbons with an estimated emission of ~500 Tg
yr−1 from canopies (Guenther et al., 2012; Bates and Jacob, 2019), has
been considered amajor source of lowmolecularweight (LMW) diacids
(Carlton et al., 2006; Altieri et al., 2008; Ervens et al., 2008; Carlton et al.,
2009; Tan et al., 2010; Ervens et al., 2011). Laboratory experiments,
modeling studies and field measurements, altogether have indicated
that isoprene is oxidized by ozone to form stabilized Criegee biradicals
(Sakamoto et al., 2013; Inomata et al., 2014; Sipilä et al., 2014;
Nguyen et al., 2016; Sakamoto et al., 2017; Chhantyal-Pun et al., 2018)
and semivolatile α-dicarbonyls (e.g., methylglyoxal and glyoxal); the
latter can easily partition into atmospheric liquid waters to form SOA
(Altieri et al., 2006; Carlton et al., 2007; Ervens et al., 2008; Ervens
et al., 2011;Mochizuki et al., 2017). These dicarbonyls can be further ox-
idized to result in oxalic acid and other carboxylic acids (Altieri et al.,
2006; Carlton et al., 2007; Ervens et al., 2008; Ervens et al., 2011).

Because of the vast emission flux of isoprene (along with other bio-
genic VOCs) from canopies and the high yield of Criegee intermediates
from their ozonolysis (<0.60) (Newland et al., 2015; Nguyen et al.,
2016; Riva et al., 2017; Sakamoto et al., 2017), these radicals canmodu-
late the oxidation capacity of the atmosphere (Khan et al., 2018;
Caravan et al., 2020). Furthermore, the Criegee biradicals undergo re-
combination reactions with other peroxy radicals and carboxylic acids
to form oligomers (Inomata et al., 2014; Chen et al., 2018; Chhantyal-
Pun et al., 2018; Khan et al., 2018; Caravan et al., 2020),whose contribu-
tion is rather large relative to isoprene-SOA. While most studies have
focused on how the chemistry and removal of Criegee biradicals influ-
ence the SOA formation, only a few observations/theoretical studies
have dealt with the carboxylic acid products formed from the isoprene
ozonolysis. A link for the role of the isoprene oxidation by ozone in am-
bient SOA formation has been postulated from tracking temporal trends
of isoprene-SOA tracers (i.e., methyltetrols and methylglyceric acid),
methylglyoxal, glyoxylic acid, pyruvic acid, and oxalic acid over the
western North Pacific during a phytoplankton bloom (Bikkina et al.,
2014). Likewise, Mochizuki et al. (2017) also observed similar temporal
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variability between the concentrations of oxalic acid and isoprene-SOA
tracer compounds over a larch forest near Mt. Fuji. All these studies
mostly ascribe oxalic acid formation through aqueous phase photo-
chemical reactions. Nevertheless, potential importance of gas-phase
formation of oxalic acid from isoprene cannot be excluded.

Only a limited number of laboratory experiments have been re-
ported on the isoprene ozonolysis in indoor/outdoor smog chambers fo-
cusing on dicarboxylic acids/related polar compounds, and these
reaction products were not well understood (Kamens et al., 1982;
Paulson et al., 1992b; Orzechowska and Paulson, 2005; Kleindienst
et al., 2007; Nguyen et al., 2010; Inomata et al., 2014). Isoprene is very
reactive towards oxidants such as OH/NO3 radicals and ozone that
form methacrolein (MACR), methylvinylketone (MVK), formaldehyde,
CO, etc. (Tuazon and Atkinson, 1990). These first-generation products
are further oxidized with OH radicals and O3 to yield several types of
SOAs including methylglyoxal, glyoxal, isoprene epoxydiols, and
methacryloyl peroxynitrate (Paulot et al., 2009; Nguyen et al., 2015;
Wang et al., 2020). Kleindienst et al. (2007) have argued that ~50% of
the products are formed by the OH radical route when there is no
seed scavenger used for the isoprene ozonolysis. Galloway et al.
(2011) found the production of glyoxal and methylglyoxal via the oxi-
dation of isoprene, MACR and MVK with OH radicals under high NOx

conditions. Wang et al. (2012) found the presence of methylglyoxal
only when there was an excess of ozone over isoprene at the beginning
of the reaction, emphasizing its relevance of the background conditions
of this biogenic VOC. Brégonzio-Rozier et al. (2015) also reported
methylglyoxal by the reaction of OH radicals with isoprene and
methacrolein. Marais et al. (2016) used a revised isoprene oxidation
mechanism in a 3D chemical transport model (GEOS-Chem) by includ-
ing the reactive uptake coefficients for water-soluble isoprene-SOA
along with the parameterization of their sensitivity to aerosol acidity
and found that glyoxal contribute to 50% of isoprene-SOA mass in the
southeasternUnited States.Most of the studies reported only the forma-
tion ofα-dicarbonyls, and their subsequent oxidation products have not
been investigated in the laboratory studies.

Nguyen et al. (2010) detected malonic, succinic, malic, and pyruvic
acids as well as methylglyoxal in the ozonolysis products of isoprene
using high-resolution electron spray ionization mass spectrometry.
However, oxalic acid has never been reported in the previous laboratory
experiments and results were mostly qualitative (Nguyen et al., 2010).
Moreover, there is no explicit evolution mechanism to understand the
possible gas-phase oxidation of isoprene to LMW diacids. Recently,
Lian et al. (2020) experimentally demonstrated using the Fourier trans-
form Infrared radiation spectroscopy that isoprene reacts with ozone on
dust surrogate (α-Al2O3) to yield carboxylic acids. Likewise, Cui et al.
(2019) found that concentrations of isoprene-SOA tracers correlated
with that of oxalic acid in remote marine aerosols collected over Cape
Grim, Australia, during 1991–2015. However, no other precursor com-
pounds were measured and, hence, no information on the molecular
distributions of abundant diacids and related polar compounds.

The purpose of this study is to verify whether it is feasible to form
LMW diacids including oxalic acid and related organic species such as
oxocarboxylic acids and α-dicarbonyls by the ozonolysis of isoprene
under dark and dry conditions (RH<3%). Based on the laboratory
ozonolysis of isoprene, we also examine how the molecular composi-
tions of diacids and related compounds evolve in the course of the
reaction. The advantage of this study is to utilize the BF3/n-butanol de-
rivatization technique combined with a capillary gas chromatography/
mass spectrometry (GC/MS), which has been used to determine a series
of dicarboxylic acids (C2-C10) and related compounds in ambient
aerosols (Kawamura and Ikushima, 1993; Kawamura et al., 1996;
Kawamura and Bikkina, 2016). Previous studies for the determination
of isoprene-oxidation products often failed to detect oxalic acid and
glyoxylic acid due to the limitation of the techniques used
(e.g., Nguyen et al., 2010). In particular, malonic and succinic acids
have not been fully explored yet in the laboratory oxidation of isoprene.



S. Bikkina, K. Kawamura, Y. Sakamoto et al. Science of the Total Environment 769 (2021) 144472
Our study provides an accurate molecular composition of isoprene-
ozonolysis products.

2. Materials and methods

In this study, isoprene (~2 ppm)was reactedwith ozone (~4 ppm) in
a Teflon bag (850 L capacity; 175 cm× 155 cm) in darknesswithout any
external light source. First, we injected isoprene froma 10 L cylinder (1%
in nitrogen gas). Subsequently, the ozone generated from pure air
(Taiyo Nippon Sanso Grade G3) by irradiation with a low-pressure Hg
lamp (185 nm) was introduced into a Teflon bag for isoprene
ozonolysis. Fig. 1 depicts the schematic representation of instrumenta-
tion used for the isoprene ozonolysis. Twelve experiments were
conducted including the system blanks with “only ozone/isoprene
state” at room temperature and atmospheric pressure. Table 1 describes
the initial concentrations of reactants, sampling duration and volume of
air sampled for SOA analyses as well as other details of these
experiments.

The nascent SOAs formed within the Teflon bag were collected on a
pre-baked quartz fiber filter (PALLFLEX®™, 47 mm diameter; 450 °C)
using a low-volume air sampler connected online with a diaphragm
pump (flowrate = 28 L min−1). The quartz fiber filters and the glass-
ware used for the SOA collection and chemical analysis, respectively
were prebaked at 450 °C overnight (~8 h), as a consequence of which
most of the organic contaminants (>99%) are removed. This is ensured
bymeasuring the total organic carbon content from the prebaked filters
and observed no detectable carbon signal. An O3 monitor (model 1150;
Dylec Inc., Ibaraki, Japan) and a scanning mobility particle sizer (SMPS
model 3080; CPC model 3775; TSI Inc., Shoreview, MN, USA) were de-
ployed to monitor the ozone level and number particle concentration,
respectively (Table 1). In the previous experiments on isoprene
ozonolysis using the same instrumental setup, Sakamoto et al. (2013)
observed thewall adsorption of particles to be similar to those reported
for Zhang et al. (2015). Thewall loss of particleswas 5% at 1 h, 15% at 2 h,
20% at 3 h and 25% at 4 h. However, its effect on the particle composi-
tions is minimal because the experiments were conducted under dry
conditions (RH<3%) (Sakamoto et al., 2013).Moreover,we have not de-
tected any leakage on our Teflon bag chamber since the kinetic profile,
for example, of ozone is well reproduced by chemical kinetics model.
Furthermore, the bag is slightly pressurized by its own weight, which
prevents outside air from seeping into the bag. More details of the in-
strumental setup are described in Sakamoto et al. (2013). Unlike the
previous studies where the prime interest was mainly to study the
Criegee oligomers formed by the ozonolysis of isoprene using the chem-
ical ionization mass spectrometer (CIMS) operated in the negative ion
Fig. 1. Sketch of the experimental setup used for the collection of secondar
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(NI) mode (Sakamoto et al., 2013; Inomata et al., 2014; Sakamoto
et al., 2017), our purpose was to confirm if isoprene ozonolysis could
produce oxalic acid and related SOA species.

Briefly, 2.0 ppm isoprene and 4.5 ppm ozone were reacted for 1 h
and then SOAs were collected for 60–90.4 min after the initiation of
reaction on 13 January 2014 (Exp-III). This was a pilot experiment to
detect any meaningful signal of target analytes (i.e., diacids and related
compounds) in the collected SOAs. We repeated the same experiment
on 28 January 2014 in which 2.0 ppm isoprene was reacted with
4.3 ppm ozone for 1 h (Exp-VI) and SOAs were collected for
60–85 min before conducting the time-series experiments. For both
the experiments, system blanks were collected on a quartz filter with
“isoprene-only state” and “ozone-only state” (i.e., a Teflon bag contains ei-
ther of them for 60 min). The filter sample from Exp-VI was also
reanalyzed for diacids and related compounds alongwith a repeated in-
jection on GC-FID. Subsequently, we conducted the time series experi-
ments in which SOA samples were collected for 8.5 min during the
course of isoprene ozonolysis on 28 January 2014 (Exp-VII:
5–13.5 min, Exp-VIII: 25–33.5 min, Exp-IX: 55–63.5 min) and 29
January 2014 (Exp-X: 115–123.5 min, Exp-XI: 235–243.5 min, and
Exp-XII: 475–483.5 min).

Filter samples were extracted with organic-free pure water
(> 18.2 MΩ-cm) using ultrasonic agitation and then filtered
through a Pasteur pipette containing quartz wool. After adjusting the
solution at pH 8.5–9.0with 0.05MKOH, the extracts were then concen-
trated to dryness using a rotary evaporator under vacuum. The concen-
trates were reactedwith 14% BF3 in n-butanol (200 μL) at 100 °C for 1 h.
To the reactants, 0.5 mL of acetonitrile, 10 mL of water and 10 mL
n-hexane were added and then esters/acetals were extracted with n-
hexane. The organic layer was concentrated to ~200 μL and taken to
dryness using N2 purging. The derivatives were dissolved in n-hexane
(100 μL) and an aliquot (2 μL) was injected into a gas chromatograph
(GC) fitted with a fused silica capillary column for the determination
of esters/acetals of diacids and related compounds (for details, see
Kawamura and Bikkina, 2016). We also spiked known amounts of au-
thentic diacids on the pre-baked quartz fiber filters and analyzed
them in a similar fashion to assess the recovery. The overall recovery
for oxalic acid was >75% and >90% for other diacids.

3. Results and discussion

3.1. Mass spectra of major compounds

Major products of isoprene ozonolysis include diacids (C2, C3, C4,
methylmalonic acids: iC4), pyruvic acid (Pyr), glyoxylic acid (ωC2), 3-
y organic aerosols evolved from the ozonolysis of isoprene at RH<3%.



Table 1
Experimental conditions of isoprene ozonolysis conducted at Hokkaido University.

Experiment Exp-I Exp-II Exp-III Exp-IV Exp-V Exp-VI Exp-VII Exp-VIII Exp-IX Exp-X Exp-XI Exp-XII

Ozone (ppmv) 3.7 0.0 4.5 0.0 4.4 4.3 4.3 4.3 4.3 4.0 4.0 4.0
Isoprene (ppmv) 0.0 2.0 2.0 2.0 0.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Sampling
Duration (min)

60–90.4 60–90.4 60–90.4 60–85 60–85 60–85 5–13.5 25–33.5 55–63.5 115–123.5 235–243.5 475–483.5

Sampling flow rate (L min−1) 28 28 28 28 28 28 28 28 28 28 28 28
Total Vol (m3) 0.85 0.85 0.85 0.700 0.700 0.700 0.238 0.238 0.238 0.238 0.238 0.238
SMPS_Total volume concentration
(109 nm3 cm−3)

0 0 408 0 0 408 72–149 277–311 387–403 432 384 272

Note: Exp-I, II, IV,V are system blanks.
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oxopropanoic acid (ωC3), glyoxal (Gly) and methylglyoxal (MeGly).
Some minor compounds were also observed, including methylglutaric
acid (iC6), ketomalonic acid (kC3), 4-oxoketopimelic acid (kC7),
4-oxobutanoic acid (ωC4), and 5-oxopentanoic acid (ωC5). Mass
spectra of dibutyl esters of major diacids and butoxyacetals of
α-dicarbonyls are shown in Fig. S1a-h. Molecular ions (M+) are
generally barely visible or not detectable. Dibutyl esters of diacids give
mass fragment ions at m/z=57 ([C4H9]+), 41 ([CH2CH=CH2]+) and
73 ([OC4H9]+) (Kawamura et al., 1985; Pietrogrande et al., 2010). The
mass spectrum of succinic acid dibutyl ester is characterized by the
fragments of m/z 101 (CO-OC4H9), 157 (M+-73) and 107 (M+-129)
due to a loss of butoxy group from molecular ion followed by an elimi-
nation of 1-butene (mw=56) and rearrangement of δ‑hydrogen
(Fig. S1c) (Kawamura, 1993). Likewise, butoxyacetal/butyl ester deriv-
ative of glyoxylic acid is characterized by m/z=159 (M+-101) and
103 (M+-73–56; Fig. S1e) (Kawamura, 1993). Pyruvic acid derivative
shows mass fragments at m/z=201 (M+-73),173 (M+-101), 145
Fig. 2.Measured levels of oxalic acid and related compounds in the ozonolisis products of isopr
series experiments (Exp-VII: 5–13.5 min, Exp-VIII: 25–33.5 min, Exp-IX: 55–63.5 min, Exp-X:
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(M+-73–56), 117 (M+-101–56), 89 (M+-73–56-56), and 61 (M+-
101–56-56; Fig. S1f) (Kawamura, 1993). Glyoxal and methylglyoxal
(Fig. S1g-h) show fragment ions at m/z=159 and 103, being similar
to glyoxylic acid derivative.

3.2. Evolution of dicarboxylic acids and related compounds

We found high concentrations of MeGly and C2 followed by C4 or
ωC2 for the isoprene ozonolysis experiment conducted on 13 January
2014 (Exp-III; Table 1). Similar features were observed in the SOA sam-
ple collected from Exp-VI (i.e., 60–85 min) conducted on 28 January
2014 (Fig. 2a). The repeat extraction and analysis of a second filter cut
fromExp-VI also showed an agreementwithin 15% of the previous anal-
ysis. Fig. 2b shows the evolving compositions of major diacids, oxoacids
and α-dicarbonyls in isoprene ozonolysis experiments (Exp-VII to Exp-
XII). The mass concentrations of C2, C3 and iC4 showed a gradual in-
crease with the reaction time up to 4 h (Fig. 2b), possibly due to further
ene, (a) preliminary experiments (Exp-III: 60–90 min; Exp-VI: 60–85 min), and (b) time-
115–123.5 min, Exp-XI: 235–243.5 min, Exp-XII: 475–483.5 min).



Fig. 3. Time-evolution of major diagnostic mass ratios of oxalic and its potential precursors in the time-series experiments of isoprene ozonolysis.
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oxidation of remaining isoprene and its oxidation products. However,
succinic and pyruvic acids exhibited a rather small variability. No such
clear pattern was evident for ωC2, ωC3 and α-dicarbonyls (MeGly and
Gly) within 63.5 min, but their concentrations gradually decreased
after ~1 h (Fig. 1). Here, the decrease of these compounds from Exp-X
(115–123.5 min) to Exp-XII (475–483.5 min) was in accordance with
the volume concentration of particles measured by SMPS (Table 1)
because of wall loss. The molecular evolutions of ω-oxoacids (ωC4 and
ωC5) are also somewhat similar to those of ωC2, ωC3 and
α-dicarbonyls (Fig. 2a-b). It is also possible that some heterogeneous
reactions could happen on the filter. However, as shown in Fig. 2, the
data with longer sampling periods are not much different from shorter
ones, indicating the contribution of hetero-reactions onto product anal-
ysis is within experimental errors.

3.3. Diagnostic mass ratios

Several diagnostic mass ratios of oxalic acid to related species (e.g.,
C2/C4, C3/C4, iC4/C4, C2/MeGly, C2/Pyr, and C2/ωC2) steadily increased
from 10 min to 1 h and remained more or less constant after 1 h to
8 h (Fig. 3a-f). Such trends were not obvious for other ratios such as
Pyr/MeGly, ωC2/Pyr, and C2/Gly (Fig. 3g-i). Glyoxal was less abundant
than methylglyoxal in all the experiments. The Gly/MeGly ratios within
70min fluctuated slightly between0.16 and 0.34 but remain unchanged
from 115 to 123.5 min (~0.34), 235–243.5 min (~0.30) and
475–483.2 min (~0.34). Both these α-dicarbonyls evolve in heteroge-
neous aqueous phase oxidation to form initially pyruvic acid (Pyr) and
later glyoxylic (ωC2) and oxalic (C2) acids (Carlton et al., 2006; Carlton
et al., 2007; Carlton et al., 2009). However, the present isoprene
ozonolysis experiments, which were conducted under dry and dark
5

conditions, demonstrate that the product to precursor (MeGly or Gly)
ratio is primarily determined by the gas phase oxidation. Consequently,
Pyr/MeGly and ωC2/Gly ratios in our study are expected to be different
from those typically observed in the laboratory experiments focusing on
oxidation of α-dicarbonyls in-cloud or deliquescent aerosols (Carlton
et al., 2007; Lim et al., 2010; Tan et al., 2012; Lim et al., 2013a). We
found higher abundances of glyoxylic acid than pyruvic acid. Neverthe-
less, Pyr/MeGly (0.16±0.03) andωC2/MeGly (0.47±0.07) ratios exhib-
ited less variability in the time-series experiments.
3.4. Molecular distributions

The carbon-based relative abundances of diacids and related com-
pounds (Fig. 4) in the time-series experiments revealed the predomi-
nance of methylglyoxal (MeGly: 25–44%) and/or oxalic acid (14–27%)
followed by glyoxylic acid (9.4–11.2%), malonic acid (4.2–8.2%) and/or
succinic acid (5.9–12.7%). Glyoxal exhibited little variability (4.1–9.9%)
in comparison to MeGly (28–44%) in the experiments between 33.5
and 483.5 min. Although we found the predominance of oxalic acid
followed by succinic acid in SOAs collected within 33.5 min (i.e., Exp-
VII, VIII), malonic acid concentrations exceeded those of succinic acid
in SOAs sampled between 33.5 and 483.5 min. Interestingly,
methylglyoxal was more abundant than oxalic acid in the Exp-VII
(5–13.5 min) and Exp-VIII (25–33.5 min), but it was overwhelmed by
oxalic acid in the remaining time-series experiments (Exp-IX, X, XI
and XII; Table 1). Consequently, oxalic acid (C2) was themost abundant
diacid followed by C3 and/or C4 during the prolonged isoprene
ozonolysis. Likewise, glyoxylic acid and methylglyoxal were the most
abundant oxoacid and α-dicarbonyl, respectively.



Fig. 4. Relative abundances of major dicarboxylic acids, oxocarboxylic acids, pyruvic acid and α-dicarbonyls in total mass concentrations in SOA compounds (expressed in ng-C m−3)
collected during the course of reaction of isoprene with ozone.
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Molecular distributions of diacids and related compounds in Exp-III
and Exp-VI mimic those of time series experiments (Fig. 2a). Another
important point is how variable the carbon-based proportions of
major dicarboxylic acids and related compounds are during different
experimental days (13 and 28 January 2014; Fig. S2) and time-series ex-
periments (28 and 29 January 2014; Fig. 4). Irrespective of the varying
ozone levels (4.5 ppm on 13 January 2014; 4.3 ppm on 28 January
2014; 4.0 ppm on 29 January 2014), a remarkable similarity exists for
the fractional relative abundances of isoprene-oxidation products
(Figs. 4 and S2). Furthermore, carbon-based relative abundance of
MeGly-C in total major diacids and related compounds decreased
from ~40% to ~30% with an apparent rise in oxalic acid levels (from 14
to 15% to 25–27%) during the time-series experiments (Fig. 4). Mean-
while, the relative abundances of Gly remain almost unchanged during
isoprene ozonolysis (Fig. 4). This result emphasizes that MeGly is oxi-
dized to oxalic acid much faster than Gly due to the presence of methyl
group. It is implicit that the relative abundance of oxalic acid remains
rather constant during the prolonged experiments (1 h to 8 h), suggest-
ing that oxalic acid is somewhat stable in the reaction with hydroxyl
radicals at least for 8 h.

Because the molecular distribution of diacids and related com-
pounds during isoprene ozonolysis is similar to that of ambient aerosols
collected in the continental outflows from East Asia and South Asia
(Kawamura and Yasui, 2005; Aggarwal and Kawamura, 2008;
Miyazaki et al., 2009; Fu et al., 2013; Bikkina et al., 2017), gaseous oxida-
tion of isoprene may significantly contribute to the formation of oxalic
6

acid and other LMW diacids. One way to interpret the observed molec-
ular distributions is that diacids and related compounds may be pro-
duced by the sequential oxidation of the products with hydroxy
radicals (OH) formed during the ozonolysis. Atkinson and Aschmann
(1993) estimated the OH yield of ~27% during ozonolysis of isoprene.
Likewise, Gutbrod et al. (1997) measured the yield of ~19% using CO as
a scavenger during the reaction of ozone and isoprene. Nguyen et al.
(2016) estimated the yield of ~28±5% by isoprene-ozone reactions. In
contrast, Paulson et al. (1992a) reported the yield of ~68±15% using
methylcyclohexane as a scavenger. Unfortunately, it is difficult to deter-
mine OH yield precisely in our experimental setup since we could not
measure isoprene directly and did not have experiments with scavengers
to avoid complexity. We assume from O3 profiles that OH yield would
have followed previous reports (Sakamoto et al., 2013). In such scenarios,
the observed molecular characteristics of secondary organic compounds
(i.e., oxalic acid ≥methylglyoxal >malonic acid ≥ succinic acid) can be ex-
plained by two steps. First, the initial reaction of ozonewith isoprene pro-
duces first-generation products and hydroxyl radicals. Second, these
products when reacted with hydroxyl radicals could form the isoprene-
oxidation products measured.

3.5. Formation mechanism

We compiled all the prior knowledge of laboratory experiments fo-
cusing on the first and second-generation products of isoprene
ozonolysis alongwith additional new schemes to explain the formation



Fig. 5. Proposed reaction pathways for the formation of methylglyoxal, pyruvic acid, glyoxylic acid, and oxalic acid during ozonolysis of isoprene in dark and dry conditions.
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of observed major diacids and related compounds. It is worthwhile to
emphasize that isoprene ozonolysis is a significant source of hydroxyl
radicals (Atkinson and Aschmann, 1993; Paulson and Orlando, 1996;
Paulson et al., 1998; Johnson and Marston, 2008; Malkin et al., 2010;
Nguyen et al., 2016). Since no OH scavenger was used in our
experiments, both oxidants (i.e., O3 and OH radicals) could control the
molecular distributions of diacids and related compounds. Isoprene
ozonolysis produces several first-generation products including
methacrolein, methylvinylketone and formaldehyde (Paulson et al.,
1992b; Nguyen et al., 2010; Inomata et al., 2014). Chien et al. (1998) ob-
served high concentrations of methacrylic and acrylic acids, which are
formed by the rearrangement and decomposition of stabilized Criegee
intermediates originated from the molozonide adducts, based on the
nighttime ozonolysis of isoprene (Fig. 5). In contrast, acrylic acid con-
centrations are relatively low when isoprene was reacted with NOx in
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a Teflon chamber (where the OH oxidation channel is dominant)
(Chien et al., 1998). By analogy, we can expect the formation of
methacrylic and acrylic acids in our Teflon bag experiments (Fig. 5).

Because of the presence of olefinic double bond, methacrolein and
methylvinylketone further react with ozone to form molozonide ad-
ducts. These adducts subsequently decompose and/or isomerize to
yield methylglyoxal and pyruvic acid (Kamens et al., 1982; Tuazon
and Atkinson, 1990) (Fig. 5). Leitzke and Sonntag (2009) studied reac-
tions ofmethacrylic and acrylic acidswith ozone, both leading to forma-
tion of molozonide adducts.While the ozone adduct of methacrylic acid
decomposes to form pyruvic acid (Leitzke and Sonntag, 2009), the
molozonide of acrylic acid yields glyoxylic acid and a stabilized Criegee
biradical (Leitzke and Sonntag, 2009). These second-generation prod-
ucts (e.g., methacrylic acid, pyruvic acid) formed during isoprene
ozonolysis subsequently react with hydroxyl radicals to form SOA
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tracers (Paulson et al., 1992a; Paulson et al., 1992b; Orlando et al.,
1999). Existing production pathways of oxalic acid in the literature are
mostly based on the aqueous phase chemical reactions of pyruvic or
glyoxylic acid in atmospheric waters (i.e., clouds, fog or aerosol liquid
water). Because our experimentswere performed under dry conditions,
we cannot invoke the aqueous phase production of oxalic acid in this
study.

We propose two likely scenarios by which oxalic acid can be pro-
duced involving gas-phase chemistry of pyruvic acid and methacrylic
acid (Fig. 5). In thefirst, abstraction of a hydrogen atom from themethyl
group in pyruvic acid (Rapf et al., 2017; Church et al., 2020), followed by
the addition ofmolecular oxygen (i.e., available through the air in Teflon
bag), results in the formation of a peroxy radical. This peroxy radical can
undergo a radical-radical reaction followed by the decomposition of re-
sultant alkoxy radical species, yielding formaldehyde and intermediate
radical species. Subsequent reaction with molecular oxygen followed
by peroxy-peroxy radical reaction could form oxalic acid. The second
scenario involves the formation of vinyl hydroperoxide, which is an
isomerization product of intermediate Criegee biradical produced
from the molozonide of methacrylic acid (Kroll et al., 2001; Wegener
et al., 2007). This vinyl hydroperoxide subsequently decomposes to
form a hydroxyl radical and another radical species stabilized by the
isomerization. The subsequent reaction scheme is identical to those de-
scribed for the radical species formed by the H-abstraction from the
methyl group of pyruvic acid and finally produces oxalic acid (Fig. 5).

Based on the above discussion and observedmolecular distributions
of diacids and related compounds, it is implicit that methacrolein or
methylvinylketone oxidation is mainly driven by the ozone and HOx

chemistry through the formation of methylglyoxal. Our experimental
results indicate that ozonolysis of isoprene could contribute high
concentrations of oxalic acid and methylglyoxal under NOx-free condi-
tions. The concentrations of SOA compounds reported in Fig. 2 are
somewhat higher than ambient aerosols largely due to the high levels
of isoprene and O3 in our experiments. However, such high levels of
oxalic acid (105–3920 ng m−3) and related compounds (MeGly:
88–2690 ng m−3; Gly: 46–1200 ng m−3) have been reported in the
summertime biomass burning influenced aerosols collected over Mt.
Tai in the North China Plain (Kawamura et al., 2013a; Kawamura et al.,
2013b). The present laboratory experiments were conducted under
dry conditions. Nevertheless, it is expected that the amount of oxalic
acid generated would vary significantly under humid conditions.
Hence, the previously proposed reaction pathways involving the aque-
ous phase chemistry of α-dicarbonyls mainly via the formation of
pyruvic and glyoxylic acids (Carlton et al., 2006; Carlton et al., 2007;
Carlton et al., 2009) are not directly applicable to the results obtained
in this study.

The proportion (~15%) of oxalic acid in total identified compounds
within 30 min increased to ~25% after one hour, which is in sharp con-
trast to that of methylglyoxal (~45%) within 30 min to ~30% in SOAs
after 1 h. However, the relative abundances of both pyruvic and
glyoxylic acids did not show any significant variability. This finding
means that oxidation of MeGly to oxalic acid does not proceed via the
pyruvic acid/glyoxylic acid route, which usually occurs in aqueous
phase as proposed previously (Carlton et al., 2006; Carlton et al., 2007;
Carlton et al., 2009). MeGly is semivolatile and, thus, can readily parti-
tion into the atmospheric liquid phase (Axson et al., 2010). Previous
studies investigated the aqueous phase reactions of MeGly in which
pyruvic, glyoxylic and oxalic acids are abundantly detected (Carlton
et al., 2006; Tan et al., 2010; Lim et al., 2013b). Because our experiments
were performed in dry conditions, we presume that sufficient water
content is not available to invoke the above reaction pathways. There-
fore, our study emphasizes that gas-phase oxidation of semivolatile or-
ganic compounds such as MeGly can contribute to the formation of
oxalic acid under cloud-free conditions and/or in arid environments.
This point should be included in model studies focusing on the SOA
budgets.
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Global modeling based on the more detailed gas phase chemis-
try of isoprene ozonolysis could be important for understanding
other coupled indirect aerosol effects caused by the oxalic acid.
For instance, Peng et al. (2015) documented that gaseous phase
oxalic acid can form a heterodimer with NH3 molecules at low
temperatures usually found at the free troposphere. Zobrist et al.
(2006) predicted that the ubiquitous occurrence of oxalic acid in
the upper troposphere could suppress the ice nuclei density in cir-
rus clouds by up to 50% globally. Our future studies will focus on
further laboratory experiments involving different experimental
conditions (i.e., with water vapour and/or the presence of seed sul-
fate particles).

4. Conclusions

We studied the molecular distributions and relative abundances of
dicarboxylic acids, oxocarboxylic acids and α-dicarbonyls in the time
series batch experiments of isoprene ozonolysis performed under
dry and dark conditions. The major compounds detected include
oxalic, malonic, succinic, methylmalonic, glyoxylic, 3-oxopropanoic,
4-oxopropanoic and pyruvic acids as well as methylglyoxal and
glyoxal. The molecular distributions of diacids are characterized by
the predominance of oxalic acid followed by malonic or succinic
acid and then methylmalonic acid. Likewise, glyoxylic acid is the
most abundant oxocarboxylic acid followed by 3-oxopropanoic
and/or 4-oxopropanoic acid. Methylglyoxal overwhelmed glyoxal.
Pyruvic acid was less abundant than glyoxylic acid.

The diagnostic mass ratios of oxalic acid (C2/C4, C2/MeGly, C2/Pyr,
and C2/ωC2) showed a gradual increase during the course of isoprene
ozonolysis. We observed the production of oxalic acid within 10 min
of ozonolysis. Interestingly, we found a gradual increase in carbon-
based relative abundance of oxalic acid in total identified products
from 15% to 25% in one hour, whereas that of methylglyoxal decreased
from 40% to 30%. Because of the dry experimental conditions, it is
implicit that the process of oxalic acid production is different from
previously proposed aqueous phase chemistry. Here, we propose a
new reaction scheme to explain the observed high abundances of
methylglyoxal and oxalic acid from the isoprene ozonolysis. We report,
for the first time, molecular distributions of diacids and related com-
pounds with the predominance of oxalic acid that are very similar to
those of ambient aerosols from continental and marine sites. Such gas
phase chemistry may be important to understand the high levels of
oxalic acid in the free troposphere. Incorporating the proposed reaction
schemes in models could decrease the uncertainties in estimates of
global SOA loading.
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