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Abstract. Atmospherically abundant, volatile water-soluble both glyoxal and methylglyoxal. Non-radical reactions (e.g.,

organic compounds formed through gas-phase chemistryith ammonium) could enhance yields.

(e.g., glyoxal (@), methylglyoxal (@), and acetic acid) have

great potential to form secondary organic aerosol (SOA)

via aqueous chemistry in clouds, fogs, and wet aerosols.

This paper (1) provides chemical insights into aqueous-1 Introduction

phase OH-radical-initiated reactions leading to SOA forma-

tion from methylglyoxal and (2) uses this and a previously Water is predicted to be the largest component of fine par-

published glyoxal mechanism (Lim et al., 2010) to provide ticles (PMbs) globally (Liao and Seinfeld, 2005) and in re-

SOA vyields for use in chemical transport models. Detailedgions with high relative humidity and hygroscopic aerosol

reaction mechanisms including peroxy radical chemistry andspecies. Water in clouds, fogs, and aerosols provides an abun-

a full kinetic model for aqueous photochemistry of acetic dant and important medium for chemistry, including chem-

acid and methylglyoxal are developed and validated by comistry that forms secondary organic aerosol (SOA).

paring simulations with the experimental results from pre- The vast majority of organics are emitted in the gas phase.

vious studies (Tan et al., 2010, 2012). This new methylgly-Gas-phase photochemistry fragments and oxidizes these

oxal model is then combined with the previous glyoxal model emissions, making water-soluble organics (e.g., acetic acid,

(Limetal., 2010), and is used to simulate the profiles of prod-glyoxal) ubiquitous and abundant in the atmosphere (Millet

ucts and to estimate SOA vyields. et al., 2005). Recent laboratory, field and modeling studies

At cloud-relevant concentrations~(106— ~10-3 M; suggest that several water-soluble organic compounds dis-

Munger et al., 1995) of glyoxal and methylglyoxal, the ma- solve in atmospheric waters (e.g., cloud/fog droplets and wet

jor photooxidation products are oxalic acid and pyruvic acid, aerosols) and undergo aqueous radical and non-radical chem-

and simulated SOA yields (by mass) ard 20 % for glyoxal istry to form SOA (e.g., Blando and Turpin, 2000; Ervens et

and ~ 80 % for methylglyoxal. During droplet evaporation al., 2011; Gong et al., 2011; Myriokefalitakis et al., 2011;

oligomerization of unreacted methylglyoxal/glyoxal that did Lee et al., 2011, 2012; Zhou et al., 2011; Tan et al., 2012;

not undergo aqueous photooxidation could enhance yieldsOrtiz-Montalvo et al., 2012; J. Liu et al., 2012; Y. Liu et al.,

In wet aerosols, where total dissolved organics are preser?012; Lin et al., 2012; McNeill et al., 2012). Hereafter, this

at much higher concentrations (0 M), the major oxidation  type of SOA is denoted as aqgSOA.

products are oligomers formed via organic radical-radical re- In a previous publication (Lim et al., 2010), we devel-

actions, and simulated SOA yields (by mass)ar@0 % for  oped a full kinetic model including detailed radical chem-
istry to describe agSOA formation via OH radical oxidation
of glyoxal, an abundant and highly water-soluble compound
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formed through photooxidation of alkenes and aromatics.by clouds and by wet aerosols based on two types of simu-
The current work is focused on methylglyoxal. Methylgly- lations: a “batch reactor” approach, in which the precursor
oxal is a commorx-carbonyl in the atmosphere (Munger (methylglyoxal or glyoxal) is depleted as OH radical reac-

et al.,, 1995), with a globally estimated source of 140 Tgtions proceed, and a steady-state “continuously stirred tank
annually (Fu et al., 2008). It is formed from the photoox- reactor” (CSTR) approach, in which the precursor is replen-
idation of both anthropogenic VOCs like aromatic hydro- ished (held constant) in the aqueous phase.

carbons (Nishino et al., 2010) and biogenic VOCs includ-

ing isoprene (Atkinson et al., 2006). The major sinks are

gas-phase UV photolysis and photooxidation (Tadic et al..2 Methods

2006; Fu et gl., 2008). Like glyoxal, methylglyoxal also has 2.1 Experiments used to evaluate chemical modeling
great potential to form SOA through aqueous-phase reac-

tlp_ns in clouds and wet aerosolls, due to its high water squ—Aqueous methylglyoxal chemistry and yields are developed
bility (Hert =3.71x 10°Matm~*; Betterton and Hoffmann,  arein making use of chemical theory and previously pub-
1988), ability to form oligomers via acid catalysis, and reac-|isheq aqueous photooxidation experiments conducted with
tivity with OH radicals (Blando and Turpin, 2000; De Haan g ragicals and methylglyoxal or acetic acid (an intermedi-

et al., 2009; Sareen et al., 2010; Tan et al., 2010, 2012)4e product). Experiments were conducted at cloud-relevant

. . _ _ 1.
Acetic acid Heft = 5.50x 10°Matm™; Herrmann et al., 50 higher concentrations, but concentrations were still sev-
2005) is highly water soluble, atmospherically abundant both

‘ _ ° eral orders of magnitude lower than the concentrations of
in the gas phase~(300 ppt; Nolte et al., 1999) and in the \51er.soluble organic compounds in wet aerosol. Experi-

aqueous phase (Khare et al., 1999), and also a major intefyanta| details are provided elsewhere (Tan et al., 2010,
mediate product of methylglyoxat OH (Tan et al., 2012). It 2012). Briefly, methylglyoxal (30, 300, and 3000 uM) or

should be noted that methylglyoxal and acetic acid are much,-atic acid (20, 100, and 1000 uM) was dissolved in 18 M
more reactive with OH radicals in the aqueous phase than "Milli-Q water. O'H ra&icals (1614-10-12 M) were generated

the gas phase (lifetimes in the aqueous phase-dté min by photolysis (254 nm with Hg UV lamp) of hydrogen per-
for methylglyoxgl and- 17 h for acetic acid; however, inthe . i4e Reaction temperature was maintaineg 86°C. Dis-
gas phase, lifetimes are0.9 day for methylglyoxal and 17 gqyeq @ measured at the beginning and the end of each ex-
days for acetic acid). periment was saturated. pH decreased from 6.6 to 3.3 over
In this paper, a full kinetic model for the aqueous OH rad- i cqyrse of the 360 min experiments. Samples were ana-
ical oxidation of methylglyoxal is proposed. Detailed radi- lyzed by ion chromatography (IC), unit mass resolution elec-
cal chemistry includes peroxy radical (RCchemistry initi- trospray ionization mass spectrometry (ESI-MS), and ESI-
ated by bimolecular reactions (RERO; reactions). We val- 5 after preseparation in the IC (IC-ESI-MS). Control ex-

idate, in part, the methylglyoxal model by comparing results yeiments were conducted for both organics (methylglyoxal
from aqueous photooxidation experiments developed by Tar, 4 acetic acid) as follows: organic UV, organic+ H20p,

et al. (2010, 2012) with model simulations of these exper-,0, + UV, mixed standard- H,O», and mixed standaret

iments. .Note that in aqueous photooxidation 'experimentsUV_ Mixed standards contained pyruvic, acetic, formic, ox-
OH radicals are formed through UV photolysis 0b®,  gjic, glyoxylic, glycolic, succinic, and malonic acids (250 pM
whereas in the atmosphere, uptake from the gas phase is ﬂé%ch). Note that pD, was measured by the triiodide method

dominant known source (Ervens et al., 2003a), with addi-ganerjee et al., 1964) using a UV-visible spectrometer in
tional contributions from aqueous (e.g., Fenton, nitrate) ré-H,0, + UV experiments.

actions (Arakaki and Faust, 1998; Zepp et al., 1987). In this

work, experimental results are better captured after taking.2  Peroxy radical chemistry

into account the absorption of UV by, and organic com-

pounds. Finally, the combined glyoxal and methylglyoxal Peroxy radical chemistry plays an important role in the aque-
model is used to simulate agSOA formation via OH radical ous chemistry of methylglyoxal, which is described in de-
oxidation under a range of atmospheric conditions, includingtail in Sect. 3. As in the gas phase, OH radical reactions
cloud-relevant conditions (10 uM) and higher concentrations.in the aqueous phase produce peroxy radicals due to the
Runs at 10 M are intended to provide insights into OH radicalpresence of dissolved-On atmospheric waters (Herrmann,
chemistry in wet aerosols using glyoxal or methylglyoxal as 2003). Peroxy radicals subsequently undergo two possible
a surrogate for the mix of dissolved water-soluble organicsreaction pathways: (1) self decomposition giving off #1O
(i.e., based on water-soluble organic carbon compounds oénd forming acids, and (2) bimolecular RERO, reaction.
~2-3ug Cn13 and estimated aerosol water concentrationsin the glyoxal-OH reaction, glyoxylic acid and oxalic acid
of ~10pug nT3 at RH>70%; Hennigan et al., 2009; Volka- are formed by the decomposition pathway, which is also the
mer et al., 2009). Note that non-radical chemistry is not in-dominant pathway (Lim et al., 2010). In the methylglyoxal—
cluded in these aerosol SOA yields. Methylglyoxal and gly- OH reaction, pyruvic acid is formed by decomposition. How-
oxal agSOA yields are reported for conditions encounteredever, further OH reactions of pyruvic acid and acetic acid,
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Fig. 1. Mechanism for peroxy radical reactiofe). The pathway A is suggested by Benson (1965), forming alkoxy radicals, followed by
decomposition (I) or 1,2-hydride shift (J). The pathway B forming no organic radical product (i.e., B is a concerted reaction) is suggested by
Russell et al. (1957). Parent precursors can be acetic acid or pyruvitbaditagmented organic radicals (R*) are expected to be stabilized

by a carboxylic group for acetic acic] left) and a diol, which results from hydration of a carbonyl group for pyruvic a@yright).

two major products of the methylglyoxat OH, involve  sition in the aqueous phase () is, therefore, more favorable
RO,—RO; reactions. than in the gas phase. For acetic/pyruvic acid in the agueous
Figure la illustrates peroxy radical chemistry initiated by phase (Fig. 1b), alkoxy radicals decompose to organic radi-
RO,-RO;, reactions. For acetic acid/pyruvic acid OH re- cals and formaldehydes. Organic radicals are stabilized by a
actions, peroxy radicals form by the addition of @ the  carboxylic group for acetic acid or a diol (since a carbonyl
primary carbon, followed by R&-RO, reactions forming  group will undergo hydration) for pyruvic acid (Fig. 1c),
tetroxides. This pathway is preferred over decomposition beWhile significant 1,2-hydride shift (followed by Qeactions
cause of the absence of a hydroxyl group nearby. Two wellto form carbonyls) is not observed in the gas phase (Atkin-
known decomposition pathways from tetroxide are alkoxy son, 2007), alkoxy radicals in the aqueous phase do undergo
radical/Q formation (A in Fig. 1a) suggested by Benson 1,2-hydride shift. Although the detailed reaction mechanisms
(1965), and alcohol/aldehydef@ormation (B in Fig. 1a) are notwell understood, the 1,2-hydride shift is very likely to
suggested by Russell et al. (1957). The Benson pathway (Abe assisted by water molecules (Von Sonntag et al., 1997).
and the Russell pathway (B) are not related and are indepen-
dent because the Russell pathway (B) is a concerted reaction,3 Kinetic model
so none of the products are formed via alkoxy radical chem-

istry. ' _ As done previously for glyoxal (Lim et al., 2010), we devel-
Alkoxy radicals formed in the Benson pathway (A) un- gped a full kinetic model for aqueous chemistry of methyl-
dergo either decomposition (I) or a 1,2-hydride shift (J) giyoxal with OH radicals at cloud- and aerosol-relevant con-
(Figs. 1, 2, and 3). In Fig. 1a, resulting products through de-cenrations including the following: (1) the formation of or-
composition of alkoxy radicals (I) are organic radicals)(R ganic acids such as acetic, glyoxylic, glycolic, pyruvic, ox-
and aldehydes£O). Gas-phase chamber studies suggest thajjic. and mesoxalic acid (Lim et al., 2005; Tan et al., 2009,
decomposition of alkoxy radicals is likely to occur if a radi- 2010, 2012); (2) organic radical—radical reactions to form
cal p0§ition inan organic_ radical product{is at se_condary higher carbon number acids and oligomers; and (3) peroxy
or tertiary carbons, and is enhanced when functional groupgagical chemistry, including self decomposition and bimolec-
(e.g, hydroxyl or carboxylic groups) are adjacent to these cary ¢ RO-RO, reactions. The model was first validated by
bons (Atkinson et al., 2007) due to radical stabilization (Lim comparison against acetic acid OH radical experiments
and Ziemann, 2009). Alkoxy radicals formed in the aqueous(Tan et al., 2012), since acetic acid is an important intermedi-
phase contain hydroxyl/carboxylic functional groups since g4 product. Then, using the same rate constants, model pre-
the parent organic precursors are water soluble. DecompQyictions were compared with concentration dynamics from
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Fig. 2. Reaction mechanisms for the reactions of acetic acid with OH radicals in the aqueous phasspie€ents bimolecular RERO,
reactions.

methylglyoxal+ OH radical experiments (Tan et al., 2010, substantially improved at high concentrationsngM) by in-
2012). cluding organic radical-radical reactions in the model. Be-
Most of the kinetic rate constants were obtained from thelow we describe a further improvement to the glyoxal model
literature documented in Tan et al. (2009, 2010, 2012), orthat we then apply also to methylglyoxal. Specifically, since
determined using an estimation method based on structure©H radicals inexperimentgre produced in situ from D2
activity relationships (Monod et al., 2005, 2008). Values photolysis and HOs is light absorbing, we correct for light
from Ervens et al. (2003b) were also used for OH-radical-absorption by HO».
initiated reactions. For the radical>@peroxy radical for- Previously (Tan et al., 2010), the rate constant ¢.110*
mation) and organic radical-radical reactions, the rate cons™1) for 254 nm UV photolysis of KO, at 0.15, 1.5, and
stants of Ix 1°M~1s! and 1.3x 10°M~1s™!, respec- 20mM in experiments was determined by fitting modeled
tively, were used as suggested by Guzman et al. (2006). Thel,O, concentrations (R1-R7) to measurements #O§+
following were used for peroxy radical chemistry: a rate con- UV control experiments (Fig. 4a—c) as documented by Tan et
stant of 3x 108 M~ s~ for bimolecular RGQ-RO, reactions  al. (2009, 2010, 2012).
(Lim et al. 2010), a rate constant of110’ s~ for the 1,2-

-1
hydride shift (Gilbert et al., 1976), and a rate constant on the 1202 = 20H (k1 = 1.1 x 10°s7h (R1)
order of 1§ to 10’ s* for decomposition from the alkoxy

radical (Gilbert et al., 1981). OH+ H20, — HOp 4+ H20 (kp =2.7x10'M~ sy (R2)

This model, which we describe in detail in Sect. 3, was
validated in part by comparison with laboratory experiments 11
and then used to simulate the atmosphere. HOz +H202 > OH+H20+0; (ks=3.7M""s™) (R3)

2.4 Determining the rate constants for BO, photolysis ~ 2HO, — HyO0, + 0, (kg =8.3 x 10°M~1s 1) (R4)

The performance of a glyoxal model (Lim et al., 2010), _ 1.1
which includes detailed radical reactions (e.g., H-atom ap OH+HO2 = H20+ 0z (ks =71 x 1°M~ts™  (RS)

straction by OH radicals, peroxy/alkoxy radical reactions,
decompositions, and organic radical-radical reactions) Wa$-IOz+Og+H+—>H202+Oz (ke=1.0 x 108M*13*1) (R6)

Atmos. Chem. Phys., 13, 8658667, 2013 www.atmos-chem-phys.net/13/8651/2013/
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Fig. 3. Reaction mechanisms for the reactions of methylglyoxal with OH radicals in the aqueous phase. The bold arrows represent dominant
pathways.
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An extinction coefficient for HO, of 18.4 M~1cm~! was
20H— Hy0; (k7=1.0 x 10'°M~*s™}) (R7)  used (Stefan et al., 1996). A path length of 0.80 cm provides
the best fit for all three b0, concentrations (Fig. 4d—f). This
value is reasonable since it is close to the actual path length of
the reaction vessel (1.04 cm). Accounting for UV absorption
by H,O, provides substantial improvement in tRé values
kphoto(H202) = kg 10 bek [H2021 (o=1) 1) at_ the highe_st con_centration frol_a?— = 0.80_(Fig. 4a)to 0.96

with correction (Fig. 4d). Thus, in the revised model,

However, in the previous work, light absorption by®p was
not taken into account. TheJ&, photolysis rate constant
(kphoto) can be corrected using Beer’s law,

wherebey: is extinction coefficient (M1 cm~1) andL is path
length (cm). kphoto(H202) = (1.1 x 10%)107184x080x[H02] (o=1) = (2)

www.atmos-chem-phys.net/13/8651/2013/ Atmos. Chem. Phys., 13, 8&@&b67, 2013
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Fig. 4. Real-time profiles of 254 nm UV photolysis decay of®p (where initial concentrations are 0.15, 1.5, and 20 mM) without light-
absorption correctiond, B, andC) and with the correctiony, E, andF). The correction was made by multiplying the transmittance by the
H>0O> photolysis decay rate constant, where —log (transmittagcE}.4x 0.80x [H205].

Methylglyoxal and pyruvic acid are also light-absorbing and Faust, 1998; Lim et al., 2005, 2010; Zepp et al., 1987).
compounds, and their photolysis reactions are included in thén atmospheric simulations, the OH radical concentration in
model — methylglyoxal photolysis is even corrected by usingthe aqueous phase was set to be constant at2144 12 M,
extinction coefficient of 12.7M!cm~1 (Tan et al., 2010).  a value maintained by Henry’s law equilibrium with the gas-
However, these photolysis reactions turn out to be negligi-phase OH radical concentration o&2L0° molecule cr3
ble during OH radical reactions because photolysis rates ar@-inlayson-Pitts and Pitts, 2000). This is likely an upper
much slower than OH radical reaction rates (Stefan et al.pbound, as discussed in Sect. 5. The initial concentration of
1996; Tan et al., 2010). H2>0- in the aqueous phase was set to be zero. The maxi-
Both simulated OH concentrations (0~ M) and simu-  mum simulated KO, concentration (largely formed via bi-
lated and measured pH (3 to 5) reasonably reflect cloud conmolecular HQ—HO, reactions in the aqueous phase) from
ditions (Faust, 1994; Hermann, 2003). Simulated dissolvedbhotooxidation of 30 uM of initial glyoxal is- 20 uM, which
O2 remains saturated during the entire reaction (Fig. S1 inis reasonable in atmospheric waters according to Henry’s
Supplement), in agreement with measuredabthe begin-  law equilibrium with an atmospheric concentration of(}
ning and end of experiments. Note that dissolveditDat- (~ 0.2 ppb) in the gas phase (Warneck, 1999).
mospheric waters is expected to be saturated due to high the The following atmospheric processes are needed to model
surface-to-volume ratio of cloud droplets and wet aerosols. aqSOA: (1) glyoxal and methylglyoxal production via gas-
phase photooxidation, (2) glyoxal and methylglyoxal uptake
by atmospheric waters (i.e., Henry’s law equilibrium be-
tween gas- and aqueous-phase glyoxal and methylglyoxal),
(3) uptake or condensed-phase production of oxidants (e.g.,

. ) ) . X OH radicals), (4) aqueous-phase reactions in the atmospheric
icals in theatmospheri@queous phase is believed to be up- waters forming low or semivolatile products, and (5) gas—

take from the gas phase, although aqueous sources also cop: .. s
. ' . ) particle partitioning of products. Ideally, all these processes
tribute (e.g., through Fenton and nitrate reactions; Arakaklg P gorp y P

2.5 Atmospheric simulations

Unlike laboratory experiments, the major source of OH rad-

Atmos. Chem. Phys., 13, 8658667, 2013 www.atmos-chem-phys.net/13/8651/2013/
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including detailed aqueous chemistry would be included in2.6 SOA yields from atmospheric photochemical
the model. When this is not practical, SOA yields can be use- simulations

ful, enabling prediction of SOA by multiplying the amount

of “aqueous glyoxal reacted” in a time step by the estimatedGiven

SOA yield. The production of particle-phase products via
aqueous OH radical oxidation (step 4-5) can be approxi-AJrOH_’ ZPf’ (R8)
matgd in.a batch or CSTR framework: In the be}tch reactor apy hare 4 i glyoxal or methylglyoxal and; is producti, the
proximation, aqueous-phase OH radical reactions are I'm'te%/roduct yield forP; (Yp,) is given by

by photochemical production of glyoxal and methylglyoxal P

in the gas phase. Slow glyoxal/methylglyoxal production re- [P;]

sults in its depletion in the atmospheric waters by aqueous-YPi = md' ®)
phase OH radical reactions. In the CSTR approximation,

however, aqueous-phase OH radical reactions are not limThen the overall SOA yieldXsoa) is defined as

ited by gas-phase photochemical production of glyoxal and

methylglyoxal. In contrast to the batch reactor, glyoxal and ygo, = Z FY; = m (4)

methylglyoxal are continuously taken up into atmospheric [Alreacted
waters and never depleted in that medium. This is a better aSyhere F; is the particle fraction ofP; and [Alreacted IS

sumption when gas-phase production is faster than aqueoyge concentration of unhydrated reacted with OH rad-
reaction. Which of these approximations is more appropriatg.o in the aqueous phase. For glyoxal-OH reactions, the
depends on what the major precursors are in _the partic“"”‘éOA-forming products are oxalate (OXLAC) and oligomers
study area. For example, a batch approximation would bQOLIG). For methylglyoxal—OH reactions, the SOA-forming

appropriate if the dominant methylglyoxal precursors Wereproducts are pyruvate (PYRAC), oxalate (OXLAC), and
toluene. The gas-phase lifetime of toluene due to OH (Wherbligomers (OLIG).

[OH] in the gas phase is 2 10° molecule cn® (12 h day-
time average); Finlayson-Pitts and Pitts, 2000>~i& day

_ 12 1ol At
(k=563 10 cm® molecule s~ Atkinson and Arey,  siake ofA into the aqueous phase, and the change in the
2003) and it produces 20 % methylglyoxal (Nishino etal.,  54,e0us concentration dfas a result of reactions with OH

2010). This methylglyoxal can dissolve in cloud/fog waters ([Alreacted OVer the course of a time stepd Jreacteqis then
and react with OH radicals with the lifetime of 4.3 h (when multiplied by Ysoa to produce SOA.

[OH] in the aqueous phase is assumed to belD 12 M).
A batch approximation is appropriate since in this case the 6.1 Product yield
gas-phase production of methylglyoxal is slower than the
agqueous-phase OH oxidation of methylglyoxal. In contrast, aln the previous glyoxal-OH model, the maximum yields of
CSTR approximation would be more appropriate if the pro- oxalic acid and oligomers were simulated (Lim et al., 2010),
duction of methylglyoxal was dominated by compounds like but in this work average yields are estimated. For example,
1,3,5-trimethylbenzene (which produce$0 % methylgly-  the simulated molar yield of oxalic acid that is formed from
oxal; Nishino et al., 2010). This is because the gas-phase lifethe OH-radical-initiated reaction of 10 uM initial [glyoxal] is
time of 1,3,5-trimethylbenzene due to OH radicals is only 2.5plotted with the reaction timex(axis) in Fig. 5a. In the previ-
h. Thus, in this case the gas-phase production of the methyleus work (Lim et al., 2010), the maximum yield of 0.91 was
glyoxal precursor is now faster than its aqueous oxidation. estimated. But in this work, Fig. 5a is replotted to 5b, where
While we expect OH oxidation to be the dominant daytime the x axis is [glyoxalleacteg@nd they axis is [oxalic acid];
agSOA formation pathway in clouds and an important con-therefore, the slope represents the yield of oxalic acid. In
tributor to wet aerosol chemistry (Lim et al., 2010), it should Fig. 5b, oxalic acid increases as glyoxal reacts, then the curve
be recognized that the chemistry in wet aerosols is highlydrops sharply when glyoxal is depleted. The slope &80,
complex and poorly understood. Both radical and non-radicabbtained by the linear regression on the product formation
reactions are likely to occur in wet aerosols and the rela-curve from the starting point of agueous-phase photochem-
tive importance of these pathways may depend on the degreistry (r = 0) to the peakifnax = 38 min) giving a reasonably
to which OH radicals are produced or recycled in the con-low error (R ~ 0.9), represents the average (molar) yield of
densed phase, which is not well understood currently. Un-oxalic acid. In CSTR simulation plots, oxalic acid continu-
doubtedly, organic—inorganic interactions play an importantously increases and never drops as glyoxal reacts (Fig. 5c).
role in wet aerosol chemistry (e.g., formation of organosul-A similar oxalic acid yield (slope= 0.84 with R? ~ 1) was
fates and organic nitrogen compounds); the yields reporteabtained by linear regression over 60 min of aqueous-phase
here are not intended to represent all processes, only agSOphotochemistry.
formed through OH radical reaction. Plots of batch simulations conducted from 10 uM to 10 M
of initial glyoxal are similar to Fig. 5bR? > 0.9, 0<t <

To use these yields in a chemical transport model, the
model must simulate the gas-phase concentrationA,dhe
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are similar to Fig. 5c 2 ~ 1, 0< ¢ < 60 min), with oxalic

12 _ A acid being the main product.
% 1.0 { Max Yield ~0.90
'(—;; 08 | ooooooo 2.6.2 Particle fraction
X o %
% 061 ° °°ooo SOA yields also depend on what fraction of each aqueous
3 041 . og, product remains in the particle phase (Seinfeld and Pankow,
T‘a 0.2 1 %%00%%% 2003). We expect that oligomers stay entirely in the particle
2 40| . phase. In this work, we assume that dicarboxylic acid prod-
ucts of G or higher, such as malonateffCor tartrate (G),
0 50 100 150 200 250 300 remain entirely in the particle phase. The gas—particle parti-
Time (min) tioning of the smaller organic acids (e.g., oxalate, pyruvate)
1905 depends on whether they are present in the atmosphere as
B acids or salts, since their salts have much lower vapor pres-
_ 10e51 Time = 38 min sures (Limbeck et al., 2001; Martinelango et al., 2007; Smith
% 8.0e-6 | et al., 2009; Ortiz-Montalvo et al., 2012). For example, the
£ 6.066 | vapor pressure of oxalic acid (at 26) is 8.26x 10> Torr
g 4.0e-6 - (Saxena and Hildemann, 1996), whereas the vapor pressure
3 of ammonium oxalate is 5.1810~8 Torr (EPA, 2011). In
& 20e6 1 this work, we assume that 90 % of oxalate and 70 % of pyru-
0.0 vate remain in the particle phase (Lim et al., 2005; Ervens
‘ ‘ ‘ ‘ : , et al., 2007). However, these patrticle fractions could vary
0 2e6 4e-6 6e-6 8e6 1e-5 le-5 based on availability of organic/inorganic constituents (e.g.,
[GLY] reacted (M) NH3, amines, sodium). Note that the yields calculated in this
1ed work neglect the formation of glyoxal and methylglyoxal
‘ ‘ oligomers through droplet evaporation (Loeffler et al., 2006;
__8e5 Time = 60 min y De Haan et al., 2009).
% o5 ) In summary, SOA vyields were estimated using simula-
o tion results from glyoxal/methylglyoxal precursor concentra-
S 4e-5 tions from 10°° to 10 M, and literature particle fraction val-
55’ . ues from atmospheric measurements (e.g., 90 % for oxalate,
S 70 % for pyruvate, and 100 % for oligomers) (Table 1).
0

3 Agueous photochemistry of methylglyoxal:

0 2e-5 4e-5 6e5 8e5 1e4 . . .
mechanisms and kinetic model

[GLY] reacted (M)

3.1 Aqueous-phase reactions of acetic acid with OH

Fig. 5. Simulated results for the OH radical oxidation of glyoxal, -
radical

where initial [glyoxal] is 10°> M. (A) Time profile of oxalic acid

yield from the OH radical reactions of glyoxal, batch reactor ap- Reaction mechanisms for the aqueous-phase OH radical ox-
proximation. The maximum molar yield ef 0.9 was estimated pre- d P

viously (Lim et al., 2010)(B) Oxalic acid (M) vs. glyoxal reacted idation of acetic acid are proposed in Fig. 2. Acetic acid
(M), batch reactor approximation. In this plot, the linear regres- IS 0xidized by H-atom abstraction either from OH in the
sion was performed for 0-38 miry & 0.797x, R2=0.909), and  carboxylic group (*O(O)CCH; * represents radical) or the
the slope (0.797) represents the average molar yield of oxalic acidmethyl group (HO(O)CC*H). [*O(O)CCHz] decomposes
(C) The CSTR simulation, oxalic acid (M) vs. glyoxal reacted (M) to carbon dioxide and a methyl radical (*gGH This [*CHz]
for 0-38 min. The average molar yield of oxalic acid (the slope) is forms [*OOCHg] by O, addition and eventually becomes
0.841 with higher precisionk? = 0.998). methanol and formaldehyde via RERO, reactions includ-
ing the Benson/Russell pathways and the alkoxy radical
chemistry of decomposition and a 1,2-hydride shift.

The dominant H-atom abstraction from acetic acid occurs
tmax, 20—40 min), with oxalic acid being the main product from the methyl group with a kinetic rate 5 times faster
below ~ 10 mM and oligomers above 10 mM. Oligomers  than abstraction from the carboxylic group (Tan et al., 2012).
were calculated as the sum of products with higher carborirhrough @ addition to [HO(O)CC*H], the peroxy radical
number than the precursor (Lim et al., 2010). Plots of CSTR[HO(O)CH,OO*] forms, followed by RQ—-RO, reactions.
simulations conducted from 0.1 to 100 uM of initial glyoxal In the Benson pathway (A), the alkoxy radical decomposes
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Table 1. Product yields, particle-phase product yields and SOA yields.

[Precursorg (M) YoxLac YoxLac-P YpYRAC YPYRAC-P YoLie Yson
(= Youic-P)

[Glo | MGlo | Batch | CSTR | Bach | CSTR | Batch | CSTR | Batch | CSTR | Bach | CSTR | Batch | CSTR
‘w7 | 134 | 132 |120 |119 | | | | | 0 | 0 | 120 | 119
(106 | 133 | 130 |120 |117 | | | | | 0 | o | 120 | 117
10| | 134 |131 |121 |117 | | | | | o | o | 121 | 117
104 | NA | 128 |115 |115 |103 |NANA - NA O NA 001|001 | 116 | 1.04
(10% | | 087 | | 078 | | | | | | 008 | | 086 |
(102 | 028 | NA | 025 | A | | | | | 032 | NIA | 056 | NA
‘ot | 003 | | 003 | | | | | | 068 | | 070 |
E o | o | | | | | oot | [oo1 |
0 | o | o | | | | | 097 | 097 |

| 1077 |0oos o005 |005 004 |102 [109 |071 |076 |0 | 0 | 076 | 0.80

| 1076 |oos o005 005 |004 [102 [108 |071 |O076 |0 | 0 | 076 | 0.80

| 1075 |o12 o005 011 |004 |098 [108 |068 |076 |O | 0 | 079 | 080
NIA | 1074 |oi2 |oo5 o011 004 |09 |103 |067 |072 |0 | o | 078 | 076

| 1078 | 011 | | 010 | | 081 | | 057 | | 003 | | 070 |

| 1072 | 006 | /A | 005 | /A | 056 | NIA | 039 | A | 022 | /A | 066 | NA

| 1072 | 001 | | 001 | | 013 | | 009 | | 060 | | 070 |

| 10° | o | | 0 | | 0 \ | 0 | | 000 | | 000 |

| 10 |0 \ |0 \ |0 \ |0 \ | 095 | | 095 |

[Glo = initial [glyoxal] (M), [MG] g = initial [methylglyoxal] (M)

All yields are mass based.

OXLAC = oxalate; PYRAC= pyruvate; OLIG= oligomer

YoxLac = OXLAC yield; Ypyrac = PYRAC yield; Yo g = OLIG yield

YoxLac-p = particle-phase OXLAC yieldypyrac-p = particle-phase PYRAC yieldip) |g-p = particle-phase OLIG yield
YoxLac-p = YoxLac X 0.90;Ypyrac-p= Ypyrac x 0.70;Youig-p = YoLic x 1

Ysoa = YoxLAc-P + YPYRAC-P + YoLIG-P

to formaldehyde and carbon dioxide, or, via the 1,2-hydridecal is on the primary carbon (e.g., acetic acid/pyruvic acid—
shift, forms [HO(O)CC*H(OH)], which then becomes gly- OH radical reactions). Note that organic radical-radical re-
oxylic acid via G reactions and is oxidized further to oxalic actions for all organic species except acetic and pyruvic acid
acid. are always “turned on” in our model. At low concentrations,

In the Russell pathway (B), the organic products are gly-organic radical-@ reactions are dominant, whereas at high
colic acid and glyoxylic acid. OH/@oxidation of glycolic ~ concentrations organic radical-radical reactions are impor-
acid forms [HO(O)CHOO?*], which again becomes gly- tant.
oxylic acid, and is later oxidized to oxalic acid.

Note that Tan et al. (2012) did not observe oligomer for- 3.2 Aqueous-phase reactions of methylglyoxal with OH
mation from the OH radicak¢ 10-12 M) oxidation of 1 mM radical
acetic acid, whereas oligomers do form from the OH radi-
cal oxidation of glyoxal and methylglyoxal at identical con- Figure 3 illustrates the reaction mechanisms for the aqueous-
centrations (Tan et al., 2009, 2010). Oligomers form from phase OH radical reaction of methylglyoxal. Major prod-
glyoxal and methylglyoxal oxidation because of radical sta-ucts are pyruvic, acetic, and oxalic acid. Bold arrows in-
bilization (Guzman et al., 2006; Lim et al., 2010). In the first dicate the major pathways. Pyruvic acid is the major first-
H-atom-abstracted product of acetic acid (HO(O)G@fHhe  generation product from OH radical reaction of methylgly-
radical is rather unstable because it is at the primary carboroxal, and acetic acid is formed substantially from OH radi-
In contrast, for glyoxal/methylglyoxal reactions, the radi- cal reactions of pyruvic acid and partially from bimolecular
cal is at the triply substituted carbon (i.e., carbon bound toperoxy radical reactions and,B,—pyruvic acid reactions.
three non-H atoms), and these stabilized radicals allow forOxalic acid is formed directly from glyoxylic and mesoxalic
oligomers’ formation via radical-radical reaction (Lim et al., acids, which are products of every pathway shown in Fig. 3.
2010; Tan et al., 2012). Based on these results, in this kinetic The first step of the OH radical reactions is H-atom ab-
model radical-radical reactions are excluded when the radistraction from the primary carbon (minor) or the carbon in
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between the diol (major), then peroxy radical formation by 4 Simulation results and discussion

O, addition. In the minor pathway, peroxy radicals undergo

RO,—RO, reaction, and form alkoxy radicals (the Benson 4.1 Model validation: simulating laboratory
pathway A) or G organic compounds (the Russell pathway experiments

B). The alkoxy radical decomposes to formaldehyde and an

organic radical compound, and this organic radical later pePreviously, a full kinetic model for the aqueous chemistry of

comes glyoxylic acid. The £organic compounds from the gly(_)xal with QH radi_cal was developed by including detailed
Russell pathway B react with OH radical and eventually form radical chemistry (Lim et al., 2010). In this work, the model
mesoxalic acid. In the major pathway, peroxy radicals eithertV@S €xpanded by including comprehensive methylglyoxal—
decompose to pyruvic acid while losing H@major) or un- OH radical chemistry: OH radical reactions of acetic acid,

dergo RG—RO; reaction (minor), which eventually leads to PYruvic acid, and methylglyoxal, and light absorption by
the formation of carbon dioxide and acetic acid. It should be202 and light-absorbing organic compounds (e.g., methyl-

noted that pyruvic acid reacts with,B, and forms acetic ~ 9/yoxal, pyruvic acid). The model, then, was validated by
acid, carbon dioxide, and water; however this is minor, angSimulating the laboratory experiments of Tan et al. (2009,
OH radical oxidation is the major pathway. The OH radical 2010, 2012).

oxidation of pyruvic acid occurs by H-atom abstraction from
the primary carbon or the carboxylic group. The peroxy radi-

cal from the radical on the primary carbon forms viadddi-  1he |ight-absorption correction (Sect. 2.4) was validated by
tion, and undergoes RORO, reaction. Inthis R&-RO; re-  gimyjating glyoxal+ OH experiments (Fig. 6). For low-

action, oxalic acid and mesoxalic acid are eventually formedconcentration experiments (initial [glyoxa# 30 uM), ox-

via Benson/Russell pathways and alkoxy radical chemistryic acid predicted by the previous glyoxal model (Lim et al.,

The organic radical product from H-atom abstraction from 5010y and this new model are identical and agree well with
the carboxylic group decomposes to carbon dioxide angl @ Cie experimental results (Fig. 6a). Simulations are identical
aldehyde radical, which eventually becomes acetic acid.  pocause the ¥O, concentration (decreasing from 150 pM
H2>05) was too low to affect photochemistry,B, absorbed
less than 1% of the transmitted light, and therefore includ-

Reactions and rate/equilibrium constants used in the full ki-N9 light absorption in the model had a negligible effect on
OH production from HO, photolysis. However, the light-

netic model of glyoxal/methylglyoxal OH are provided in , ) : X
Table S1. Detailed reaction mechanisms for the decomposi@2Sorption correction by D, substantially improves the
tion of tetroxides are still not understood, and therefore, cal-9/yox@l—OH radical model simulation (Fig. 6b) at the higher

culation of the branching ratio for the two pathways A and concentration (initial [glyoxall= 3000 uM), where the ini-

B from theory is not possible (Dibble, 2007). In this work, tial H202 concentration was 15mM (note that highes®3

the same branching ratio of 95 % (A) to 5% (B) was used forconcentrations were used in _expgrments with _hlgher gly-
acetic and pyruvic acids and methylglyoxal, and this branch__oxal/methylgIyoxal _conc_entratlons in order to maintain sim-
ing ratio was determined based on the ESI-MS intensities off@" OH concentrations in all experiments). Note that both
the acetic acid oxidation products and glyoxylic and glycolic th€ Lim et al. (2010) and the current model include organic
acid with an assumption that glycolic acid is only produced in radlgal—rgd_mal reactions, resuln_ng in improved prediction _of
the Russell pathway (B), whereas glyoxylic acid is produced®*@lic acid in the 3000 uM experiments compared to the Lim
in both the A and B pathways (Figs. 2 and 3). Note that thiset al. (2905) dilute .chemlstry model. By correcting for light
branching ratio is expected to be independent of initial pre-22SOrption by HO; in the current work, the model now cap-
cursor concentration because decomposition of tetroxides i&/rés the timing of the peak (Fig. 6b).

unimolecular decay.

Although there is a literature rate constant{@0’ M—*
s~%; Stefan and Bolton, 1999) for the OH radical reaction of ey the performance of the expanded model was evaluated
pyruvic acid, to our knowledge, there are no detailed I_|tera—by simulating acetic acid- OH experiments. Model per-
ture rate constants for H—atom abstracuon.from the primarysormance was improved by including detailed peroxy radi-
carbon and from the carboxylic group. In this work a branch- ¢, chemistry: R@-RO, reactions, the Benson/Russell path-
ing ratio of 85% to 15 % (H-atom abstraction from the pri- \ays and the alkoxy radical chemistry (Fig. 7). In the model,

mary carbon vs. from the carboxylic group) was used basefng rate constant for the 1,2-hydride shift from the alkoxy
on the estimation method of Monod et al. (2005). radical is set to be & 10’ s~1 (Gilbert et al., 1976), while

decomposition rates vary:3610°, 8 x 10°, and 2x 10" s~1

for initial [acetic acid]= 20, 100, and 1000 pM, respectively.
Those values were determined by fitting to the experimental
results, while their range is within literature values {0°—

4.1.1 Glyoxal-OH radical model

3.3 Kinetic model

4.1.2 Acetic acid—OH radical model

Atmos. Chem. Phys., 13, 8658667, 2013 www.atmos-chem-phys.net/13/8651/2013/
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10’ s1) from Gilbert et al. (1981). Ideally, the decomposi- 50 | §
tion rate from the alkoxy radical is constant regardless of the N
initial acetic acid concentration due to being first order, but 0e
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Time (min)

pH or cage effects by water molecules could affect the rate.

4.1.3 Methylglyoxal-OH radical model
yigly Fig. 7. Real-time profiles of oxalic acid produced from OH radical

reactions of acetic acid at the initial acetic acid concentrations of
20 UM (A) and 100 uM(B) and 1000 uMC); experimental results
an et al., 2012) and previous/current model simulations (using the
odel of Lim et al., 2005; this work).

Simulations of the methylglyoxa- OH experiments are
shown in Fig. 8. The methylglyoxal-OH model contains the
same parameters used in the acetic acid—OH radical mod
except the decomposition rate at the initial [methylglyoxal]
= 3000 uM is 3.2« 10’ s 1 instead of 2« 10’ s~1. Using
these values, the performance of the model simulations was

substantially improved (Fig. 8a, b). The best fit to the exper-OH radicals. Note that the purpose of the 254 nm UV lamp
imental results was obtained by neglecting pyruvic acid pho-in these experiments is to provide an atmospherically rele-
tolysis (see comparison, Fig. 8a) rather than including thevant OH radical concentration in the aqueous phase and not
literature rate constant and product (molar) yields for pyru-to study photolysis.

vic acid photolysis (i.e., pyruvic acie> 0.45 acetic acid Figure 8c (initial [methylglyoxall= 3000 uM) is interest-

+ 0.55 CQ, rate constant= 5x 10~4 s71; Carlton et al.,  ing. Although the new model successfully fit oxalate mea-
2006). This has been observed previously for similar expersurements from the OH reactions of 30 and 300 uM of
iments conducted with acetone (Stefan et al., 1996; Stefamethylglyoxal, at 3000 uM it still does not capture the timing
and Bolton, 1999). This is expected because the molar aband the magnitude of oxalic acid formation unti00 min.
sorptivity of HoO2 (Bolton and Carter, 1994) is much larger Accounting for light absorption by $D, is not sufficient
than the molar absorptivity of pyruvic acid. Thus, photolysis to explain the oxalic acid profile in the 3000 uM methyl-
in this experimental system is negligible in the presence ofglyoxal experiments. We hypothesize that this is because of
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Fig. 8. Real-time profiles of oxalic acid produced from OH radical
reactions of methylglyoxal at the initial methylglyoxal concentra-
tions of 30 uM(A) and 300 uM(B) and 3000 uMC); experimental

: Chemical insights, explicit chemistry, and yields of SOA

ple, Sareen et al. (2010) observed the presence of UV-light-
absorbing products with an estimated extinction coefficient
of ~5000cnTt M~ from non-radical reactions of methyl-
glyoxal in highly concentrated agueous ammonium sulfate
solutions. Our methylglyoxal-OH experiments did not con-
tain ammonium sulfate or any other source of nitrogen. In
these experiments light absorption could be due te-a
conjugate system formed possibly via aldol condensation
(Sareen et al., 2010; Lim et al., 2010; Noziere et al., 2010).
Further work is needed to investigate this hypothesis.

4.2 aqSOA yields under atmospheric conditions

According to the field study by Munger et al. (1995), gly-
oxal and methylglyoxal concentrations in the cloud water are
similar, ranging fronr~ 0.1 to 300 uM. For the CSTR runs,
10-7-10~* M glyoxal/methylglyoxal in the aqueous phase
were considered. The equivalent gas-phase concentrations
due to Henry’s law are~ 0.3 ppt-0.3 ppb for glyoxal and

~ 30 ppt—30 ppb for methylglyoxal, and those ranges reason-
ably agree with literature (Fu et al., 2008). For the batch re-
actor runs, 10’'—10 M of glyoxal/methylglyoxal concentra-
tions were considered with the highest concentrations com-
parable to concentrations of water-soluble organics in wet
aerosols.

4.2.1 Batch reactor approximation

Mass-based SOA yields for glyoxal and methylglyoxal are
obtained using the batch reactor approximation are illus-
trated in Fig. 9 and summarized in Table 1. At cloud-relevant
concentrations YsoaBatch(glyoxal) is 1.20 and is solely
contributed by oxalateYspaBatch(methylglyoxal) is 0.77,
which is the sum of 0.66 from pyruvate and 0.11 from
oxalate. Using glyoxal as a surrogate for dissolved water-
soluble organics, the aerosol-relevagbaBatch(glyoxal) is
0.94. If instead methylglyoxal is used as a surrogate for
total dissolved water-soluble organics, the aerosol-relevant
YsoaBatch(methylglyoxal) is 0.94. Again, this material

results (Tan et al., 2012) and previous/current model simulationgs predicted to be entirely oligomeric (note that detailed

(using the model of Lim et al., 2005; this work). (€), simula-

oligomer distributions for 1 M glyoxal and 1 M methylgly-

tions were performed with and without the absorption (abs) Correc-gy ol are provided in Fig. S3). It should be recognized that the

tion by hypothetical light-absorbing organic products, with the same
time profile as pyruvic acid, but a much higher extinction coefficient

(1500 cnriM—1y.

chemistry in wet aerosols is complex and poorly understood.
It is unlikely that all dissolved, water-soluble organics in an
aerosol particle will have the same ability to form oligomers.
However, glyoxal or methylglyoxal are reasonable surrogates
for dissolved water-soluble organics because (1) aldehydes

the formation of light-absorbing organic products that haveang alcohols are the major known water-soluble organic pre-
the same time profile as pyruvic acid but a higher extinc-rsors (Blando and Turpin, 2001), (2) they are remarkably

tion coefficient (1500 cm! M~1) at 254 nm. Incorporating

reactive to OH radicals in the aqueous phase, (3) and they are

these “pyruvic acid surrogates” into the model significantly expected to have similar oxidation mechanisms.

improves the model performance, resulting in an excellent The total particle-phase yield as a function of concentra-
agreement to the experimental values. While we did notidenyjon, js given by

tify these light-absorbing products in our reaction vessel,
light-absorbing (brown carbon) products of other methyl-
glyoxal reactions have been observed by others. For exam-
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ous experimental results at similar concentrations suggesting

814 arole for HO» (Lee et al., 2012).

g 12 A_Glyoxal oLiG

3 Qe 120 4.2.2 CSTRmodel

@ 1.0 1 .

a : 15 . .

@ 0.8 o In order to estimate the yield, the reacted glyoxal or methyl-

2 061 10 © glyoxal concentrations should be known. Since it is not

8 04 | possible to directly obtain the reacted precursor concentra-

E 02 | 0.5 tions in the steady-state CSTR model, they were calculated

£ by summing the major products (e.g., oxalic acid, pyru-

o 00 . 0.0 vic acid, glyoxylic acid, formic acid, acetic acid, formalde-
1e-5 1e-4 1e-3 1e-2 1e-1 1e+0 1e+1 » GlyoXyliC acid, formic acid, acetic acid, formalde

Initial [GLY] (M) hyde, and C@), and all of the stoichiometric coefficients

2 14 are assumed to be 1 except for £Qvhich is 2 because

2 g Methylglyoxal === OLIG two CO, molecules are produced from one oxalic acid

% 1.2 1 — %L{/:\cé 2.0 molecule. A linear regression method was used to get the

8107 s OIC product yield during~1h of glyoxal-OH reaction and

2 08 | _ Ll ~ 20 min of methylglyoxal-OH reaction (Fig. 5c), resulting

s 06 | 10 o in R? values close to 1. At cloud-relevant concentrations,

2 ' YsoaCSTR(glyoxal) is 1.19 and solely contributed by ox-

< 04 1 . . .

&~ 05 alate (Fig. S2A)YsoaCSTR(methylglyoxal) is 0.80, which

9 0.2 1 L is the sum of 0.76 from pyruvate and 0.044 from oxalate

@ 0.0 0.0 (Fig. S2B). These CSTR yields are quite similar to the batch

1e-5 1e-4 1e-3 1e-2 1e-1 1e+0 1e+1
Initial [MGLY] (M)

yields at the same conditions (Fig. 10a and b) and also sum-
marized in Table 1.

Fig. 9. Atmospheric batch simulatior{$\) for particle-phase mass-
based yields of oxalate¥gx ac), oligomers {or i), and SOA

(= YoxLac + YouLig) with increasing initial concentrations of gly- .
oxal (x axis) for aqueous-phase OH radical reactions, @jdor O/C ratios of agSOA for glyoxal and methylglyoxal un-

particle-phase mass-based yields of oxalic akigi{ ac ), pyruvate der _atmospheric conditions are estimated based on yield
(Ypyrac), oligomers CoLic), and SOA & Yoxiac + YpyRAC + fractions of oxalate (O/CG= 2), pyruvate (O/C= 1), and
YoLig) With increasing initial concentrations of methylglyoxal ( oligomers (Fig. 9a and b). According to FTICR-MS analy-
axis) for aqueous-phase OH radical reactions. Similarly, O/C (onsSis, the O/C ratio of glyoxal oligomers:(/z~ 200-500) is
the right-handy axis) vs. initial concentrations of glyoxéh) and 1.2 (Lim et al., 2010) and the O/C ratio of methylglyoxal
O/C vs. initial concentrations of methylglyoxds). oligomers {n/z~ 245-800) is 0.69 (Altieri et al., 2008). O/C
ratios decrease from 2 to 1 for glyoxal (Fig. 9a) and from 1
to 0.7 for methylglyoxal (Fig. 9b), as initial concentrations
Similarly, for methylglyoxal, the total particle-phase yield as of glyoxal or methylglyoxal increase from cloud conditions

4.3 O/Cratio

a function of concentration is given by to wet aerosol conditions.
Ysoa(methylglyoxa) 0.659
SOA =
1+ 715[MGlo 5 Conclusions
0.113 0.940 5
Jr1+ 107MG]Jg + 1 4 0.0459° (6) Volatile but highly water-soluble glyoxal<(276 uM — the

MGlo concentration measured in atmospheric waters), methylgly-

where[G]p is initial [glyoxal] and [MG} is initial [methyl- oxal (0.02-128 uM), and acetic acid/acetate (0.4—-245 uM)
glyoxal]. These particle-phase product yields were estimateéire common organic compounds found in the atmosphere
by fitting to the simulations (Fig. 9a and b) and making use of(Tan et al., 2012). They are mostly gas-phase photochemi-
Egs. (3) and (4). Note that abd 10~2 M of initial glyoxal in cal fragments of anthropogenic/biogenic VOCs. Due to their
Fig. 9a, the SOA yield is a minimum (56 %) for the following small carbon number (£Cgz), these compounds form no
reason. For this initial glyoxal concentration substantial (upsemivolatile products, and therefore no SOA by gas-phase
to 4.6 mM) KO, forms by HQ + HOz and HG + O;, reac- oxidation alone. However, since they are water soluble, they
tions. The reaction of glyoxylic acigt H,O, forming formic ~ form SOA via aqueous-phase photochemistry in atmospheric
acid competes with the reaction of glyoxylic agidOH radi-  waters. In clouds, the major products of their reaction with
cals to form oxalate, and also competes with organic radical-OH radicals are oxalate and pyruvate, which remain in the
radical reactions to form oligomers (Lim et al., 2010). This particle phase by forming organic salts with inorganic or
finding from atmospheric simulation is consistent with previ- ammonium ions. In wet aerosols, the major products are
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tory experiments. The batch and CSTR simulations predict

1.6

'%—i 4 5559 Yo uCSTR A similar and sulbstantia}l aqSOA yields.. These simulation re-
5 = Yoy ucBatch sults are consistent with the expectation that aqueous chem-
§ 129 §M <[ ~ ] — istry is a substantial source of SOA globally. Although uncer-
@ 1.0 N tainties are large, recent model studies (Carlton et al., 2008;
S 08| Fuetal., 2008; Liu et al., 2012) suggest that the magnitude of
§ 06 | agSOA is comparable to SOA formed via gas—particle parti-
S 04 | tioning of semivolatile products from gas—ph.ase oxidation pf
s 02 | VOCs. Certainly, other water-soluble organic precursor will
- also undergo aqueous chemistry leading to SOA formation.
e 00 ‘ ‘ ‘ ‘ While glyoxal and methylglyoxal are likely to be present
e 16 &5 de-4 at concentrations up to 10mM (in sulfate-containing wet
initial [GLY] (M) aerosolsHes for glyoxal has been enhanced by a factor of
~ 500 according to Kampf et al., 2013), our work includes
3 12 ] v csm B model runs at concentrations as high as_molar. In these model
> E= Tevrac runs, glyoxal and methylglyoxal are being treated as surro-
10 == YorpscBatch gates for the complex mixture of water-soluble organics in
@ Zz2 Yoy acCSTR o
@ o 1 Yoy Batch wet aerosols, recognizing that there are many water-soluble
a8 compounds that will exist in atmospheric waters and will
206 form radicals via reaction with OH. In wet aerosols we ex-
804 pect that these radicals will react with each other. Thus, we
& expect that a complex array of oligomeric products will form
2 0.2 1 in wet aerosols, not just tartaric and malonic acids.
& 0.0 a0 a0 all all The processes examined in this work depend on the avail-
1e-7 1e-6 1e-5 1e-4 ability of OH radicals in clouds, fogs, and wet aerosols (Wax-
initial [MGLY] (M) man et al., 2013). Uptake from the gas phase is generally

thought to be the major source of OH radicals to atmo-
Fig. 10.The CSTR simulation and the batch simulation for particle- spheric waters, and steady-state aqueous concentrations of
phase mass-based yields of oxalatg) ac) with increasing ini- - OH radicals from the gas phase may be influenced by droplet
tial concentrations of glyoxal for glyoxa OH. (B) The CSTR ¢\ ;face-to-volume ratios and agueous concentrations of re-
s!mulatlon and the batch simulation for part'de'p.ha.se mas.s'base ctants. The photo-Fenton reaction (i.e., the photooxidation
yields of pyruvate {pyrac) and oxalateXoxLac) with increasing ¢ o0 e i the presence obB,) is considered the major
initial concentrations of methylglyoxal for methylglyoxal OH. source of OH radicals inside wet aerosols (Arakaki and Faust

1998; Lim et al., 2005, 2010). Photolysis of nitrite/nitrate

(Hullar and Anastasio, 2011) and organic matter (Dong and
oligomers, which stay entirely in the particle phase. TheRosario-Ortiz, 2012) can also produce OH radicals in aque-
agueous radical chemistry of these compounds is initiatedus particles. However, the degree of OH radical formation
predominantly by OH radicals, and the current understandor “recycling” in atmospheric waters is not well understood
ing is that the main source of aqueous OH radicals is up-and could represent an important yet unrecognized oxidant
take from the gas phase. Peroxy radical chemistry is a keyource. The sources and fate of oxidants in wet aerosols con-
to understanding aqueous-phase OH radical reactions. Agtitute an important area of current and future research, and
cloud-relevant conditions, H-atom-abstracted organic prodmay determine to what degree condensed-phase oxidation
ucts react with dissolved {forming peroxy radicals, which reactions occur near the surface versus in the bulk of wet
decompose to carboxylic acids (e.g., glyoxylic acid, oxalic aerosols, and the relative importance of radical versus non-
acid, or pyruvic acid) and H® At aerosol-relevant con- radical reactions in aerosols.
ditions, oligomers are formed via radical-radical reactions. Another issue that could impact SOA yields pertains to
The bimolecular-diffused R§-RO;, reactions constitute im-  the gas—patrticle partitioning of products. The gas—particle
portant peroxy radical chemistry for OH radical reactions of partitioning of the carboxylic acid products depends on the
acetic and pyruvic acid and methylglyoxal. Alcohols and car-extent to which these products are present as carboxylate
bonyls are produced in the Russell pathway, whereas alkoxgalts, which have lower vapor pressures than the correspond-
radicals are produced in the Benson pathway. Alkoxy rad-ing acids (e.g., oxalic acid vs. ammonium oxalate; Ortiz-
icals undergo subsequent decomposition or a 1,2-hydridéontalvo et al., 2012). Available measurements put oxalate
shift. predominantly in the particle phase, presumably as a salt.

In this work, a full kinetic model was developed based on However, gas-phase particle partitioning measurements of

detailed reaction mechanisms and validated against labora-
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carboxylic acids are limited, and this might not be uniformly Bolton, J. R. and Carter, S. R., Homogeneous photodegradation of

true. pollutants in contaminated water: an introduction, in: Aquatic
and Surface Photochemistry, edited by: Helz, G. R., Zeep, R.
G., and Croshy, D. G., 467—-490, Lewis Publishers, Boca Raton,

Supplementary material related to this article is USA, 1994.
available online athttp://www.atmos-chem-phys.net/13/ Blando, J. and Turpin, B.: Secondary organic aerosol formation in
8651/2013/acp-13-8651-2013-supplement.pdf cloud and fog droplets: a literature evaluation of plausibility, At-

mos. Environ., 34, 1623-1632, 2000.
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