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Abstract

Previous experiments have demonstrated that the aqueous OH radical oxidation of
methylglyoxal produces low volatility products including oxalate and oligomers. These
products are found predominantly in the particle phase in the atmosphere, suggesting
that methylglyoxal is a precursor of secondary organic aerosol (SOA). Acetic acid is an
important intermediate in aqueous methylglyoxal oxidation and a ubiquitous product of
gas phase photochemistry, making it a potential “aqueous” SOA precursor in its own
right. Altieri et al. (2008) proposed that acetic acid was the precursor of oligoesters
observed in methylglyoxal oxidation. However, the fate of acetic acid upon aqueous-
phase oxidation is not well understood. In this research, acetic acid at concentrations
relevant to atmospheric waters (20 uM—10 mM) was oxidized by OH radical. Products
were analyzed by ion chromatography (IC), electrospray ionization mass spectrometry
(ESI-MS), and IC-ESI-MS. The formation of glyoxylic, glycolic, and oxalic acids were
observed. In contrast to methylglyoxal oxidation, succinic acid and oligomers were
not detected. Using results from these and methylglyoxal + OH radical experiments,
radical mechanisms responsible for oligomer formation from methylglyoxal oxidation in
clouds and wet aerosols are proposed. The importance of acetic acid/acetate as an
SOA precursor is also discussed. We hypothesize that this and similar chemistry is
central to the daytime formation of oligomers in wet aerosols.

1 Introduction

Large uncertainties remain in the predicted impact of secondary organic aerosol (SOA)
on air quality, climate and human health (Hallquist et al., 2009). SOA formation is un-
derestimated by current chemical transport models (Kanakidou et al., 2005; Hallquist
et al., 2009). The properties of ambient SOA are also not reproduced in typical smog
chamber experiments. Specifically, the oxygen-to-carbon (O/C) ratio of ambient low-
volatility oxygenated organic aerosol (LV-OOA) is higher than that formed in traditional
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smog chamber experiments (Aiken et al., 2008). Longer reaction times, alternate for-
mation mechanisms, and SOA precursors not included in models are considered the
most likely explanations (Hallquist et al., 2009). Laboratory and modeling experiments
demonstrate that aqueous oxidation of small volatile organic compounds leads to prod-
ucts with high O/C ratios that can effectively contribute to SOA mass (Lim et al., 2005;
Carlton et al., 2006; Carlton et al., 2008; Ervens et al., 2008; Fu et al., 2008; El Had-
dad et al., 2009; Yao Liu et al., 2009; Perri et al., 2009; Tan et al., 2009; Ervens
and Volkamer, 2010; Lim et al., 2010; Sun et al., 2010; Myriokefalitakis et al., 2011).
However, aqueous reaction mechanisms leading to the formation of higher molecular
weight compounds (HMWC), including oligomers, are not fully understood.

Organic acids and HMWC are identified products in the aqueous OH radical oxida-
tion of methylglyoxal (Altieri et al., 2008; Tan et al., 2010). A number of these products
(e.g., oxalate, pyruvate and succinate) are found predominantly in the particle phase in
the atmosphere (Limbeck et al., 2001; Mochida et al., 2003), most likely as salts. Thus
the oxidation of methylglyoxal in atmospheric waters is a source of SOA. The formation
of simple carboxylic acids is generally well understood. Pyruvic acid is the major first
generation product in the aqueous OH radical oxidation of methylglyoxal (Stefan and
Bolton, 1999), and the subsequent oxidation of pyruvic acid yields acetic acid (Carlton
et al., 2006). Aqueous OH radicals are expected to react with acetic acid primarily by H
abstraction at the methyl group to produce -O,CH,CO(OH) radicals, and by H abstrac-
tion at the carboxyl group to a minor extent to form the CH;CO,- radicals (Scheme 1)
(Schuchmann et al., 1985). The CH;CO,- radicals decompose to form -CH4 radicals
and are not expected to participate in bimolecular reactions. Dissolved oxygen adds
to -O,CH,CO(OH) radicals, producing peroxyl radicals (-O,CH,CO(OH)). Products
from the bimolecular reaction of -O,CH,CO(OH) include glyoxylic and glycolic acids,
formaldehyde and -KCO,, mostly through reactions 1 and 4 in Scheme 1 (Schuchmann
et al., 1985; Leitner and Dore, 1997; Benson, 1965; Russell, 1957). Note the formation
of glycolic acid from acetic acid is not included in the Lim et al. (2005) chemical mech-
anism, nor in the chemical modeling of aqueous OH radical oxidation of methylglyoxal
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by Tan et al. (2010). The oxidation of glycolic acid produces glyoxylic acid and the
oxidation of glyoxylic acid produces oxalic acid. Mechanisms leading to the formation
of HMWC remain ambiguous.

Tan et al. (2010) observed that higher-MW products of methylglyoxal and OH radi-
cal become increasingly important as concentrations increase from those typically ob-
served in clouds to the higher organic concentrations found in aerosol water. Acid
catalyzed esterification was previously proposed to explain the observed oligomer for-
mation from the methylglyoxal and OH radical reaction, and it was proposed that prod-
ucts of acetic acid and OH radicals initiated the esterification process (Altieri et al.,
2008). Specifically, Altieri et al. (2008) suggested that succinic acid was produced via
the recombination of -CH,CO,H radicals from acetic acid, based on the work of Wang
et al. (2001) who observed succinic acid formation from y-radiolysis of aqueous acetic
acid (2mM, under N,O saturated, O, depleted conditions) (Wang et al., 2001). Altieri
et al. (2008) further proposed that succinic acid was oxidized by OH radicals to give
hydroxy acids (e.g., lactic or hydracrylic acid), and that repeated addition of monomers
from hydroxy acids (e.g., C3H,O, from hydracrylic acid) to parent carboxylic acids (e.qg.,
pyruvic, oxalic, and glyoxylic acids) via condensation reactions (esterification) formed
series of oligomers. Elemental composition and ion fragmentation patterns of a large
number of HMWC in methylglyoxal + OH radical experiments are consistent with this
proposed mechanism. However, these oligoesters did not form in a mixed standard
containing predicted reaction components and lactic acid, and they only formed in the
presence of OH radical. The pattern of HMWC formed from the OH radical oxidation of
methylglyoxal was similar to that formed from the OH radical oxidation of pyruvic acid
(10 mM; Altieri et al., 2006). Altieri et al. (2008) implied that oligomer formation in OH
radical oxidation of pyruvic acid could be explained by esterification as well. Calcula-
tions indeed suggest that esterification is thermodynamically favorable for carboxylic
acids under atmospheric conditions (Barsanti and Pankow, 2006), and the formation
of succinic acid in methylglyoxal (3 mM) + OH radical experiments has now been con-
firmed by IC-ESI-MS (Tan et al., 2010).
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HMWC including oligomers have also been hypothesized to form in atmospheric wa-
ters via organic radical-radical reactions (e.g., methacrolein, glycoaldehyde, glyoxal,
pyruvic acid and phenols) (Guzman et al., 2006; Yao Liu et al., 2009; Lim et al., 2010;
Perri et al., 2010; Sun et al., 2010). For example, Cg and C, carboxylic acid forma-
tion was observed during the photolysis (320 nm UV) of oxygen-saturated pyruvic acid
solutions (Guzman et al., 2006). The formation of these products was explained by
radical-radical chemistry (Guzman et al., 2006). Ketyl (CH;C(OH)C(O)OH) and acetyl
(CH3C(O)-) radicals are produced when pyruvic acid solution is irradiated by UV light.
Guzman et al. (2006) argued that the reactivity of these radicals towards O, must be
lower than previously believed, making radical recombination and the formation of the
observed Cg and C; carboxylic acids possible. Similarly, radical-radical reactions could
play an important role in the formation of higher carbon number products from OH rad-
ical reaction of methylglyoxal and pyruvic acid.

The fate of acetic acid is critical to understanding the origin of oligomers in the aque-
ous phase oxidation of methylglyoxal. The OH radical oxidation of methylglyoxal was
modeled by Tan et al. (2010) with acetic acid forming only glyoxylic acid and formalde-
hyde directly, even though additional products (e.g., glycolic and succinic acids) have
been proposed. Succinic acid and oligomers should be observed in acetic acid +
OH radical experiments if the acid catalyzed esterification pathway proposed by Altieri
et al. (2008) is accurate. This work reports the results of batch aqueous acetic acid
+ OH radical experiments conducted at four concentrations. The products were an-
alyzed by on-line (real-time) mass spectroscopy and by electrospray ionization-mass
spectrometry with IC separation (IC-ESI-MS). Interestingly, succinic acid and oligomer
formation was not observed. Below we explain how these and previous results sug-
gest that organic radical-radical chemistry is the likely mechanism for oligomer forma-
tion from the OH radical oxidation of methylglyoxal and of pyruvic acid. In addition, we
demonstrate that acetic acid can effectively form oxalic acid through aqueous phase
reactions under atmospherically relevant conditions. Oxalate is largely found in the
particle phase in the atmosphere. Thus acetic acid/acetate is an SOA precursor. Acetic
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acid/acetate is ubiquitous in atmospheric precipitation, cloud water, fog water and dew
(Henry’s law constant= 8.8 x 10°Matm™') (Seinfeld and Pandis, 2006). Concentra-
tions of acetate in cloud water, fog water and dew range from 0.4-245 uM in various
field studies (Khare et al., 1999). However, to our knowledge, its contribution to SOA
has not been previously considered.

2 Methods

Batch experiments were conducted in a 1 liter glass reaction vessel at 25+2°C, as de-
scribed previously (Carlton et al., 2006; Tan et al., 2009). Commercially available acetic
acid (Sigma-Aldrich, 99.999 % purity) was diluted to 20 uM, 100 uM, 1 mM, and 10 mM
for experiments. Initial H,O, concentrations were 100 pM, 500 uM, 5 mM, and 20 mM,
respectively. OH radicals were generated by UV photolysis (254 nm) of H,O, with
a mercury lamp (Heraeus Noblelight, Inc. Duluth, GA). The H,O, photolysis rate was
ki =(1.1+£0.3) x 10™*s™", determined by fitting the simulated H,O, concentration in
H,O, + UV control experiments, as described previously (Tan et al., 2010). The concen-
tration of OH radicals was approximately (3—4) x 1072 M for all experiments, according
to a dilute aqueous chemistry model which includes acetic acid and H,O, chemistry
(Tan et al., 2010). Note OH radical concentrations in cloud droplets are believed to be
on the order of 107 '2-107"* M; the majority coming from the gas phase but with size-
able contributions from aqueous reactions involving Fe, H,O, and NO3 (Arakaki and
Faust, 1998). Dissolved oxygen was measured at the beginning and the end of ex-
periments (YSI ProODO, YSI Inc., Yellow Springs, OH). Solutions remained saturated
with oxygen and pH varied from 6.6-3.3 during experiments. The following control
experiments were also conducted: acetic acid + UV, acetic acid + H,O,, H,O, + UV,
mixed standard (250 uM each acetic, formic, glyoxylic, glycolic, succinic, malonic, and
oxalic acids) + UV, and mixed standard + H,O,. Experiments were also performed with
pyruvic acid (1 mM) + OH radical (formed from 5mM H,O, + UV) and 1 mM pyruvic
acid + UV. Note H,0O, reacts with glyoxylic and pyruvic acids in the absence of OH
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radical and pyruvic acid photolyzes in the absence of OH radical. However, H,0O,
and photolysis reactions are too slow to compete in the presence of OH radical, as
explained by Tan et al. (2010).

Batch aqueous reactions were monitored in real-time by electrospray ionization mass
spectrometry (ESI-MS; HP-Agilent 1100), as described previously (Perri et al., 2009;
Tan et al., 2009, 2010). Briefly, solution and mobile phase (40 % of 0.05 % formic acid
in water and 60 % methanol) were both continuously delivered from the reaction vessel
into the ESI-MS at 0.11 mImin~". Experiments were analyzed in the negative ionization
mode with a fragmentor voltage of 40V and capillary voltage of 3000 V. Discrete sam-
ples were collected for analysis by ion chromatography (IC; ICS-3000, Dionex, Sunny-
vale, CA; lonPac AS11-HC column with AG11-HC guard column, 30°C), as described
by Tan et al. (2009). Formic, glyoxylic, glycolic, oxalic and mesoxalic acids were iden-
tified and quantified with authentic standards and Chromeleon software (version 6.80
SP2, Dionex). Acetic and glycolic acids were not quantified due to coelution. Whether
or not it is present, glyoxylic acid cannot be detected in discrete samples because it
reacts with residual H,O, while awaiting analysis. This reaction is not expected to af-
fect concentrations and chemistry in the reaction vessel as it is slow compared to OH
radical reactions (Tan et al., 2009). Selected samples were analyzed by IC-ESI-MS, as
described by Tan et al. (2010).

A 1 mM methylglyoxal + OH radical experimental sample taken at 76 min was ana-
lyzed by ultra high resolution Fourier transform ion cyclotron resonance electrospray
ionization mass spectrometry (ESI FT-ICR MS; Thermo-Finnigan LTQ-XL, Woods Hole
Oceanographic Institute Mass Spectrometer Facility; negative ionization mode, variable
mass resolution 100 000-750000) to determine the elemental formulas of products
from 50-500 amu, as described previously (Altieri et al., 2009; Perri et al., 2009). The
sample was diluted with methanol 50: 50 v/v and immediately introduced into the ESI
source by direct infusion with a flow rate of 5 pl min~'. The needle voltage was 3.02kV,
the capillary voltage was —9.44 YV, the capillary temperature was 260 °C, and the tube
lens was —57 V. The spectra were mass calibrated using an external calibrant (G2421A
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Agilent “tuning mix”). The mass lists were processed and exported using Xcalibur v2.0
SR2 (ThermoFisher Scientific). MS/MS analysis was performed on selected ions.

3 Results and discussion

3.1 Aqueous phase oxidation of acetic acid by OH radical

The formation of glyoxylic, glycolic and oxalic acid is supported by the existence of
products with m/z~ of 73, 75 and 89 in the online ESI-MS analysis of the aqueous OH
radical oxidation of acetic acid (Fig. 1), and was further verified by IC-ESI-MS analy-
sis (Fig. 2). Glyoxylic acid (m/z~ 73) and glycolic acid (m/z~ 75) both increased rapidly
when the experiment started, in agreement with the bimolecular decay of -O,CH,CO,H
radical. Glyoxylic and glycolic acids can be effectively oxidized to oxalic acid (m/z™~ 89)
(Perri et al., 2009; Tan et al., 2009). At the cloud relevant concentration of 20 uM acetic
acid, the maximum oxalic acid concentration was ~ 27 % of the acetic acid reacted
(Fig. 3, see also Fig. S1). This finding and the high abundance of acetic acid in atmo-
spheric waters suggest that OH radical oxidation of acetic acid could contribute con-
siderably to SOA mass. Interestingly, unlike the oxidation of pyruvic acid and methyl-
glyoxal, neither succinic acid (m/z~ 117) nor HMWC consistent with oligomer series
were detected in any acetic acid experiment (Figs. 2, 4). Acetic acid oxidation does not
seem to explain the formation of oligomers and other higher carbon number products
(> C,4) from methylglyoxal.

3.2 HMWC from methylglyoxal + OH radical experiments

The absence of succinic acid and HMWC in acetic acid + OH radical experiments is

at odds with the acid catalyzed esterification mechanism for oligomer formation from

methylglyoxal and OH radical proposed previously (Altieri et al., 2008). Also oligomers

were not observed when lactic acid was added to the mixed standard containing pro-

posed parent acids. We conclude that acid catalyzed esterification is not fast enough

to produce noticeable amounts of oligomers at these concentrations in the presence
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of OH radical. Interestingly, one of the proposed parent compounds in the Altieri
et al. scheme is m/z~ 177, which is a prominent peak in 3mM methylglyoxal + OH
radical experiments (Tan et al., 2010). Altieri et al. (2008) noted that the unit mass
ESI-MS/MS analysis of m/z~ 177 is consistent with an oxalic acid—pyruvic acid dimer
(CsH507), although CgHyOg4 also corresponds to m/z~ 177. m/z~ 177 does form
when oxalic and pyruvic acids are simply mixed together (Tan et al., 2010). How-
ever, the IC retention time of m/z~ 177 from the mixed standard is different from that
of m/z~ 177 formed in 3 mM methylglyoxal + OH radical experiments, suggesting that
the oxalic acid—pyruvic acid dimer was negligible in methylglyoxal + OH radical experi-
ments (Tan et al., 2010). To resolve these discrepancies, radical-radical reactions are
proposed below.

In the FT-ICR MS analysis herein, the m/z~ 177 formed in methylglyoxal + OH radi-
cal experiments corresponds to a molecular formula of CgHgOg (177.04029). FT-ICR
MS/MS analysis of m/z~ 177 showed major negatively charged fragments of C,H,O™
(71.05024), C3H;0, (87.00881), C4H,O, (87.04520), CsH;0, (97.02956), CsH,O,
(115.04013), C5zH,0, (131.03507), and C¢H;Og (159.03007) (Fig. 5). We propose
a structure for CgHgO4 based on these fragment ions (Scheme 2). The proposed
structure of CgHyO; is the same as that of a Cq dicarboxylic acid observed in the
photolysis of aqueous pyruvic acid (Guzman et al., 2006). In fact, similar IC peaks
with m/z~ 177 were found when comparing the IC-ESI-MS spectrum of a 1 mM pyruvic
acid + UV experiment sample (Fig. S2) with that of a 3 mM methylglyoxal + OH radical
experiment sample in the study of Tan et al. (2010), suggesting that the same CgHyOy
might form in both experiments. (Note, we are confident that CqHgO4 in the methyl-
glyoxal + OH radical experiment is not explained by pyruvic acid photolysis, because
these peaks were not observed in either 1 mM pyruvic acid + OH radical experiment
(Fig. S3) nor 3mM methylglyoxal + UV experiment.) Guzman et al. (2006) proposed
that the recombination of ketyl radicals (CH3;C(OH)C(O)OH, denoted as -K) from pyru-
vic acid photolysis leads to the formation of CqHgO4. We expect that similar chemistry
leads to the formation of C4HyO, in the OH radical oxidation of methylglyoxal, except
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that the ketyl radicals form differently (Scheme 3). Experimental observations (Nemet
et al., 2004) and theoretical calculations (Krizner et al., 2009) indicate that methylgly-
oxal immediately transforms to monohydrate (~ 60 %) and dihydrate (~ 40 %) forms
in aqueous solutions. The enol form of methylglyoxal should be negligible (< 0.01 %)
based on thermodynamic calculations. OH radicals react with mono- and dihydrated
methylglyoxal via H-abstraction to give corresponding radicals. The proton coupled
electron transfer in monohydrated methylglyoxal radical (Livingston and Zeldes, 1966)
and the dehydration of dihydrated methylglyoxal radical (Buley et al., 1966) readily pro-
duce the ketyl radical (-K) proposed by Guzman et al. (2006) which forms C4zHgO, via
recombination. Note that the m/z~ 177 in methylglyoxal + OH radical experiments may
have additional structures yet to be understood, because CgHyO, was observed in four
distinct IC peaks and chiral isomers are not separated by the IC column.

The structures of previously observed oligomers can also be explained by radical-
radical reactions.  For example, Altieri et al. (2008) proposed that CgH304
(m/z~ 249.061591, observed via ultra-high resolution FT-ICR MS) is an oligoester
formed via condensation between m/z~ 177 and hydracrylic acid, adding C3H,0,.
Here we propose an alternative structure for CqH,30, based on FT-ICR MS/MS anal-
ysis (Scheme 4, Fig. 6). Radical-radical reactions could produce this structure of
CgoH1304 (Scheme 5). This involves the addition of the ketyl radical (-K) to the car-
bonyl group of monohydrated methylglyoxal, subsequent radical rearrangement and
combination with the ketyl radical (-K). Radical addition to the carbonyl group is en-
dothermic but was suggested by Guzman et al. (2006). Another oligoester, CgH4,0-,
(m/z~ 231), was proposed to form from pyruvic acid via repeated esterification with hy-
dracrylic acid (C3HgO3). Major negatively charged fragments of CqH;,0O in previous
unit mass ESI-MS/MS analysis included m/z~ 159, 143, 87 and 71; these fragments
can also be explained by the structure proposed in Scheme 6. We expect the formation
of CgH¢;0; to be similar to that of CqH;304 except that the rearranged radical (A) as-
sociates with the methylglyoxal radical rather than the ketyl radical (-K) in the last step
(Scheme 7). Other structures and mechanisms are possible.
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4 Conclusions and atmospheric implications

Oxalic acid production from aqueous acetic acid oxidation, suggested by Warneck
et al. (2005), is confirmed by this work. We expect SOA production from the aque-
ous photooxidation of acetate to impact the global distribution of SOA, because the
atmospheric burden of acetate is substantial.

At cloud-relevant concentrations, the total carbon in methylglyoxal + OH radical ex-
periments is explained by low molecular weight organic acid products and CO, (Tan
et al. 2010). As concentrations in these experiments approach the concentrations of or-
ganics found in aerosol water, high molecular weight organics are increasingly formed.
We found that the high molecular weight products formed from methylglyoxal + OH (Tan
et al., 2010; Altieri et al., 2008) did not form as a result of acetic acid chemistry, and
that radical-radical chemistry is capable of explaining their formation (e.g., CgHgOj,
CgH4304 and CyH;,0). Because the oligoesters formed by acid catalyzed conden-
sation reactions were not identified in the mixed standard plus lactic acid, it appears
that these reactions are slower than radical-radical reactions, and radical chemistry is
the major mechanism leading to oligomer formation from methylglyoxal in the presence
of OH radical.

The observation that methylgloxal but not acetic acid oxidation produces oligomers
suggests that having the hydroxyl group on the same carbon (as the case for ketyl
radical in Scheme 3) might stabilize the radical, making the radical less reactive to-
wards dissolved oxygen. The reason for this is not well understood. Acetic acid only
forms primary radicals (e.g., -CH,CO,H) which are not stabilized by hydroxyl groups
(as shown in Scheme 1). Aldehydes usually hydrate in aqueous solutions, and their ox-
idation by OH radical produces potentially stable tertiary radicals with hydroxyl groups,
except in the case of formaldehyde. It is likely that other > C, aldehydes will form higher
molecular weight products through aqueous radical-radical reactions and contribute to
SOA. More experimental studies are needed to fully understand the formation of higher
molecular weight compounds in wet aerosols.
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Fig. 1. ESI-MS online analysis of 1 mM acetic acid + OH radical experiment.
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Fig. 2. IC-ESI-MS spectrum of a sample taken from 1 mM acetic acid + OH radical batch reac-
tions (120 min reaction time). (A + B) has the retention time of acetic acid (m/z~ 59), glycolic
acid (m/z~ 75) and formic acid (not an expected product, not detected in ESI-MS because
its molecular weight is smaller than 50). m/z~ 61 labeled “unknown” is probably carbonate.
m/z~ 97 and 195 with the IC retention time of sulfate suggests that sulfate is a low-concentration
contaminant; the area of this peak does not change over the course of the experiment. (I) oxalic
acid (m/z~ 89).
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Scheme 1. Oxidation of acetic acid by OH radical (Leitner and Dore, 1997).
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