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Aqueous hydroxyl radical (~10~'2 M) oxidation of glycolalde-
hyde (1 mM), followed by droplet evaporation, forms secondary
organic aerosol (SOA) that exhibits an effective liquid vapor pres-
sure and enthalpy of vaporization of ~10~7 atm and ~70 kJ/mol,
respectively, similar to the mix of organic acids identified in reac-
tion samples. Salts of these acids have vapor pressures about three
orders of magnitude lower (e.g., ammonium succinate ~10~!! atm),
suggesting that the gas—particle partitioning behavior of glyco-
laldehyde SOA depends strongly on whether products are present
in the atmosphere as acids or salts. Several reaction samples were
used to simulate cloud droplet evaporation using a vibrating ori-
fice aerosol generator. Samples were also analyzed by ion chro-
matography (IC), electrospray ionization mass spectrometry (ESI-
MS), IC-ESI-MS, and for total carbon. Glycolaldehyde SOA mass
yields were 50-120%, somewhat higher than yields reported pre-
viously (40-60%). Possible reasons are discussed: (1) formation
of oligomers from droplet evaporation, (2) inclusion of unquanti-
fied products formed by aqueous photooxidation, (3) differences
in gas—particle partitioning, and (4) water retention in dried par-
ticles. These and similar results help to explain the enrichment of
organic acids in particulate organic matter above clouds compared
with those found below clouds, as observed previously in aircraft
campaigns.

Received 31 December 2011; accepted 26 March 2012.

This research was supported, in part, by the Ford Foundation
Dissertation Fellowship Award sponsored by the Ford Foundation
and administered by the National Research Council of the Na-
tional Academies, the APERG (Air Pollution Educational and Re-
search Grant) program administered by the MASS-A&WMA (Mid-
Atlantic States Section of the Air and Waste Management Associa-
tion), the GAANN (Graduate Assistance in Areas of National Need)
Project P200A060156 Interdisciplinary Graduate Education in Envi-
ronmental Science and Engineering, NSF-ATM-0630298 grant, NOAA
(grant NAO70AR4310279), and EPA-STAR (Environmental Protec-
tion Agency-Science To Achieve Results) (RD-83375101-0). The
authors thank Dr Neil Donahue, Ron Lauck, and Gabriel J. Reyes-
Rodriguez for their contributions.

Address correspondence to Barbara J. Turpin, Department of Envi-
ronmental Sciences, Rutgers University, 14 College Farm Road, New
Brunswick, NJ 08901, USA. E-mail: turpin@envsci.rutgers.edu

1002

[Supplementary materials are available for this article. Go to
the publisher’s online edition of Aerosol Science and Technology
to view the free supplementary files.]

1. INTRODUCTION

Secondary organic aerosol (SOA) is a substantial contributor
to organic particulate matter (PM) and is poorly captured by
air quality models because its formation is not well understood
(Turpin et al. 2000; EPA 2004; Heald et al. 2005; Kanakidou
et al. 2005; Volkamer et al. 2006; Hallquist et al. 2009). Models
that accurately link emissions to air pollution concentrations and
effects are important to developing effective air quality manage-
ment plans and understanding to what degree SOA is control-
lable (Carlton et al. 2010). SOA is formed from gas-phase chem-
istry, followed by either vapor pressure-based partitioning into
particulate organic matter—SOApm (Odum et al. 1996; Seinfeld
and Pankow 2003; Hallquist et al. 2009) or aqueous-phase chem-
istry in clouds and wet aerosols—SOA,q (Blando and Turpin
2000; Gelencsér and Varga 2005; Ervens et al. 2011). Sev-
eral articles report comparable amounts of SOAgym and SOA,q
globally and in certain regions, although uncertainties are large
(Chen et al. 2007; Carlton et al. 2008; Fu et al. 2008, 2009; Gong
et al. 2011). Furthermore, model results from Myriokefalitakis
et al. (2011) suggest that the vast majority of oxalate globally
is formed through aqueous chemistry, making oxalate a good
tracer for SOA,q. The enrichment of oxalate and organic acids
above versus below cloud (Sorooshian et al. 2007a) and when
aerosol liquid water content is high (Sorooshian et al. 2007b)
provide atmospheric evidence for SOA.

SOA,q can form in clouds, fogs, and aerosol water; this work
is focused on in-cloud formation. Briefly, during cloud pro-
cessing, water-soluble organic gases dissolve into cloud water,
undergo volume phase reactions, and form low-volatility com-
pounds that remain in the particle phase when the droplets
evaporate, thus forming SOA,, (Blando and Turpin 2000;
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Ervens et al. 2004, 2008, 2011; Lim et al. 2005; Heald et al.
2006; Loeffler et al. 2006; Sorooshian et al. 2006; El Had-
dad et al. 2009; De Haan et al. 2009a, 2009b). For example,
the aqueous-phase hydroxyl (OH) radical oxidation (photoox-
idation) of glycolaldehyde, glyoxal, methylglyoxal, pyruvate,
acetate, acetone, methacrolein, and methyl vinyl ketone directly
or indirectly forms dicarboxylic acids and higher-molecular-
weight compounds (HMWCs) (e.g., oligomers) (Altieri et al.
2006, 2008; Carlton et al. 2006, 2007; El Haddad et al. 2009;
Liu et al. 2009; Michaud et al. 2009; Perri et al. 2009; Tan
et al. 2009, 2010, 2011; Poulain et al. 2010; Zhang et al. 2010),
with diacids forming preferentially in dilute solution (clouds)
and HMWCs in concentrated solution (wet aerosols) (Tan et al.
2009; Ervens and Volkamer 2010; Lim et al. 2010). Several
aqueous-phase photooxidation products (i.e., oxalate, pyruvate,
glycolate, and HMWCs) are expected to stay, at least partially,
in the particle phase once the cloud droplets evaporate and thus
contribute to atmospheric organic PM.

While SOA, formation from glyoxal and methylglyoxal has
received more attention, glycolaldehyde is also a potentially
important SOA,4 precursor. Glycolaldehyde is produced in the
gas phase from isoprene (~6-22% molar yield; Lee et al. 2006;
Nguyen et al. 2011), ethylene (20-100% molar yield; Niki et al.
1981; Orlando et al. 1998; Fu et al. 2008), methyl vinyl ketone
(51-70% molar yields; Spaulding et al. 2003; Fu et al. 2008),
and methylbutenol (50-78% molar yield; Atkinson and Arey
2003; Spaulding et al. 2003; Carrasco et al. 2007), and is di-
rectly emitted from biomass burning (4-20 Tg a~!; Yokelson
et al. 1997; Akagi et al. 2011; Burling et al. 2011; Yokelson R.
J., personal communication) and biofuel use (1-2 Tg a~!; Fu
et al. 2008). Like the other SOA,q precursors, glycolaldehyde is
a water-soluble compound (H*y9g > 3 x 10° M atm™'; Better-
ton and Hoffmann 1988). In the aqueous phase, it hydrates and
reacts with OH radical to produce glycolic, glyoxylic, and ox-
alic acid, as well as glyoxal and HMWCs (Warneck 2003; Perri
et al. 2009). The formation of malonic and succinic acid has also
been reported (Perri et al. 2009). Perri et al. (2009) estimated
the SOA mass yield for glycolaldehyde by measuring products
of the aqueous OH radical (~10~'3 M) oxidation of glycolalde-
hyde (1 mM), multiplying by the approximate fraction of each
compound found in the particle phase in the atmosphere and
dividing by the mass of precursor reacted. The total SOA yield
was taken to be the sum of the individual compound yields.
SOA mass yields were up to 60% for reaction times less than
25 min (e.g., cloud contact times) and about 40% at later times
when glycolaldehyde was depleted (>40 min). The limitations
of the approach used by Perri et al. (2009) are that 14-23% of
organic carbon was unquantified and therefore not included in
the yield calculations, and that this approach neglects chemical
transformations, if any, that occur during droplet evaporation.
For example, glyoxal partially dehydrates during droplet evap-
oration and forms oligomers that could lead to higher SOA
mass yields (Loeffler et al. 2006; De Haan et al. 2009b). Our
current understanding of the processes that occur during cloud
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droplet evaporation is still incomplete and contributes to the un-
certainty in SOA formation from cloud processing (Gong et al.
2011).

To our knowledge, El Haddad et al. (2009) were the first to
combine aqueous photooxidation and droplet evaporation. They
reacted methacrolein with OH radicals, then nebulized and dried
the sample solution in a mixing chamber. The major limitations
of that study were: the need for substantial particle loss correc-
tions, and that SOA yields were measured from samples after
5 h of reaction, whereas the lifetime of a cloud droplet is on
the order of several minutes (Desboeufs et al. 2003; Ervens and
Volkamer 2010).

The objectives of this article are to study the formation of
glycolaldehyde SOA through cloud water chemistry (e.g., aque-
ous photooxidation) and droplet evaporation and to further the
understanding of the gas—particle partitioning behavior of aque-
ous glycolaldehyde oxidation products. To accomplish this, we
report experimental glycolaldehyde SOA,q yields at 10-13%
relative humidity (RH) and compare the partitioning behavior
of glycolaldehyde SOA,4 with that of a suite of organic acids at
a range of liquid vapor pressures (pr) and enthalpies of vapor-
ization (AH,p). This article builds on work conducted by Perri
et al. (2009) and verifies that SOA forms from cloud process-
ing of glycolaldehyde. The experimental approach used negates
the need to correct for particle losses. To our knowledge, this
is the first study to provide data characterizing the volatility of
glycolaldehyde SOA,,.

2. EXPERIMENTAL METHODS

Detailed experimental procedures are provided below.
Briefly, monodisperse droplets were generated from aqueous
reaction solutions formed through the OH radical oxidation of
glycolaldehyde and from standard solutions (Figure 1). These
droplets were evaporated and the diameters of the residual
monodisperse aerosols were measured. The SOA yield was cal-
culated as the mass of a residual particle divided by the mass
of glycolaldehyde reacted from a single corresponding droplet.
The ratio of the residual particle mass to the organic mass in
the original droplet (PM mass/OM mass) is related to the frac-
tion of the organic matter that remains in the particle phase.
By comparing the PM mass/OC mass for reaction samples and
for standards, the volatility of glycolaldehyde SOA was char-
acterized. New insights into the aqueous-phase chemistry of
glycolaldehyde are also provided.

2.1. Aqueous-Phase Photochemistry

Aqueous photooxidation experiments were conducted with
glycolaldehyde (1 mM) and OH radicals (~107'> M) in a
1-L reaction vessel, as described previously (Perri et al. 2009).
Glycolaldehyde (98%; Pfaltz & Bauer) was dissolved with 18
Mohm Milli-Q water and diluted to 1 mM. OH radicals were
formed in situ by photolysis of 5 mM hydrogen peroxide (di-
luted from 30% w/w; Sigma-Aldrich) using a 254-nm mercury
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FIG. 1. Experimental setup for aqueous photooxidation and droplet evap-
oration. Reaction samples were also analyzed by ion chromatography (IC),
electrospray ionization mass spectrometry (ESI-MS), IC ESI-MS, and for total
organic carbon (TOC). (Color figure available online.)

lamp. Initial, final, and average OH radical concentrations were
estimated to be 6 x 1073 M, 4 x 10712 M, and (4 £ 2) x
10~!2 M, respectively, by modeling the chemistry in the reac-
tion vessel using the mechanism published in Perri et al. (2009)
and (2010). Experiments were conducted at 22 4+ 3°C (n =
3). Reaction samples were collected at several reaction times
from 0 to 118 min with 50-100% duplicates. The pH of the
reaction solution decreased from 4.7 to 3.6 over the experiment,
which is within typical cloud pH values (pH = 2-7; Pruppacher
and Klett 1997; Warneck 2000). Samples were analyzed by ion
chromatography (IC; Dionex ICS-3000) within 12 h of collec-
tion to quantify organic acids, as described previously (Perri
et al. 2009; Tan et al. 2009). Samples were analyzed for total
organic carbon (TOC; Shimadzu TOC-5000A), by electrospray
ionization mass spectrometry (ESI-MS; HP-Agilent 1100), and
by IC-ESI-MS, as described previously (Altieri et al. 2006; Perri
et al. 2009; Tan et al. 2010).

While Perri et al. (2009) added catalase to samples to destroy
any remaining H,O,, we did not, so as to simplify the droplet
evaporation experiments. Previous control experiments (Perri
et al. 2009; Tan et al. 2009, 2010) have shown that glyoxylic
acid degrades in the presence of H,O;, producing formic acid,
while glycolic, oxalic, malonic, and succinic acid and glyco-
laldehyde do not. The reaction of glyoxylic acid with H,O; is
slow compared with its reaction with OH radicals and thus is
not expected to affect the chemistry in the reaction vessel (Tan
et al. 2009). However, this reaction converts glyoxylic to formic
acid in samples awaiting analysis. Glycolaldehyde photolysis
generates glycolic and glyoxylic acid; however, this reaction is
also slow relative to OH radical oxidation (Perri et al. 2009).
Thus, based on these past studies, we are confident that the
experiments reported herein yield products generated from the
reaction between glycolaldehyde and OH radicals, with the ex-
ception that the resulting samples are enriched in formic acid
and depleted in glyoxylic acid.
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2.2. Sample Solutions

In this study, droplet evaporation experiments (Section 2.3)
were conducted using two types of solutions. These were used
to validate previously estimated SOA yields, provide insights
into the effects of cloud droplet evaporation, and characterize
the volatility of the SOA,q formed. Solutions were: (1) sam-
ples from glycolaldehyde photooxidation experiments and (2)
organic standards (individual and mixtures) that span a wide
range of vapor pressures. Both types of solutions were used to
generate monodisperse droplets that were then evaporated; the
diameters of the residual particles were measured.

Reaction samples from the OH radical oxidation of glyco-
laldehyde were taken from the reaction vessel at specific reac-
tion times (e.g., 0, 10, 20, 40, 50, and 70 min) using 25-mL
syringes and passed through the droplet generation and evapo-
ration system within 2—6 h (Figure 1). Individual solutions of
ammonium oxalate (99.0%; Fluka Analytical), oxalic (0.0991
N; Fluka Analytical), acetic (99.99%; Sigma-Aldrich), succinic
(99.99%; Sigma-Aldrich), glutaric (99.9%; Aldrich Chemical),
and tartaric (99.4%; Aldrich Chemical) acid were diluted to
0-4000 uM C.

2.3. Droplet Generation and Evaporation

A vibrating orifice aerosol generator (VOAG, TSI Model
3450; Berglund and Liu 1973) was used to generate and evap-
orate monodisperse droplets of sample solutions to form a
monodisperse aerosol (Figure 1) (liquid flow rate 0.077 mL/min,
frequency ~160 kHz, dilution air 50 L/min, dispersion air 1000
mL/min, residence time 6 s, RH = 10-13%, T = ~24°C). A
major advantage of this approach is that one single-size droplet
generates one single-size particle, facilitating the calculation of
SOA mass yields by dividing the mass of one particle by the
mass of precursor that reacted from one droplet. This approach
is a relatively simple way of providing SOA mass yields in ad-
vance of the time when the aqueous and droplet evaporation
chemistry is fully elucidated. The VOAG droplet generator was
inverted and mounted on top of a vertical column to minimize
coagulation. The VOAG passed filtered solutions (0.4 pum Iso-
pore™ membrane filter) through a 10-um diameter (nominal)
vibrating orifice, which produces a 20-pm nominal droplet di-
ameter. Due to manufacturing tolerances, the orifice and droplet
diameters may differ from the nominal values by £25%; hence,
the droplet diameter was determined by calibrating the system
with ammonium sulfate, (NH4),SO4 (3.1801 M; Fluka Analyt-
ical). The slope of D, versus C 13 from the relation D, = Dy
C'3, indicated the diameter of the generated droplets (18.3 &
0.4 pm)—where Dy is droplet diameter (um), D, is particle
diameter (um), and C is the volumetric concentration of the so-
lute in the solution (cm>sopue/CMsopution). Succinic acid standards
were used as an independent accuracy check. Deflection tests
were performed routinely, deflecting the droplet stream with
a perpendicular airstream to verify that the generated droplets
were monodisperse (i.e., droplets remained in a single stream).
Droplets were merged with a larger volume of clean dry air
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(Filtered Air Supply, TSI Model 3074B, two coalescing filters,
membrane dryer, and carbon-vapor filter), which evaporated
water and other volatile components of the droplets, leaving
low-volatility particles (i.e., SOA). The particle residence time
at 10-13% RH (6 s) is longer than typically used to equilibrate
ambient particles in tandem differential mobility analyzer mea-
surements of aerosol hygroscopicity, and is considered to be
long enough for water equilibration, assuming an accommoda-
tion coefficient of 0.02 (Chan and Chan 2005); the potential for
water retention is discussed below. Residual particles passed
through a charge neutralizer (NRD, 2U500, Po-210) and their
optical diameters were measured with an optical particle counter
(OPC, Grimm Aerosol Spectrometer, Model 1.109, 31 channels)
for 10 min after obtaining stable liquid feed pressure. To avoid
organic contamination, the solutions, sheath/dilution air, and
aerosol were transported through this system using Teflon tub-
ing, with the exception of a short piece of flexible Tygon tubing
(13 cm long, 0.3 cm wide) used to connect the OPC.

By knowing the precursor concentration, droplet diameter,
resulting particle diameter, and approximate material density,
we calculated the SOA mass yield, which is the mass of a
residual particle (PM mass formed) divided by the mass of
glycolaldehyde (GLYDE) reacted from the volume of solution
contained in one droplet, in the following way:

PM mass formed
A mass of GLYDE
B Z+(Dp)} x pi
Initial GLYDE mass — Final GLYDE mass; -

SOA mass yield;) =

For reaction time i, PM mass formed was calculated from the
measured geometric mean diameter (D)), assuming spherical
particles and using the concentration-weighted particle den-
sity (o) (Turpin and Lim 2001) estimated from measured (IC)
species in reaction solutions (Table 1). The mass of glycolalde-
hyde reacted was calculated as the volume of a droplet times the
difference between the initial concentration of glycolaldehyde
in the reaction vessel before oxidation began (I mM) and the
modeled concentration of glycolaldehyde remaining at time i
(Perri et al. 2009, 2010).

To assess the volatility of glycolaldehyde SOA,q, six dilu-
tions of five organic standards and five dilutions of 10- and 40-
min reaction solutions were sampled through the VOAG system
(25 mL each). The TOC content of each solution ([TOC]goplet)
and final particle diameter (D,) were directly measured, and
from these, the mass of organic matter (OM) in the droplet
and the mass of residual PM were calculated, respectively.
[TOClgropier Was converted to OM masSgroplery Using OM/OC
values (Table S1). D, was converted to PM mass by assuming
spherical particles and using liquid densities (Table S1). Ratios
of PM mass/droplet OM mass for reaction solutions and stan-
dards, and the liquid vapor pressures (pL.°) and enthalpies of
vaporization (AH,p) of the standards were used to characterize
the volatility behavior of glycolaldehyde SOA,q. Note that ra-
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TABLE 1
Particle geometric diameter (Dp), concentration-weighted
densities (p), SOA,q mass yields, and their corresponding
uncertainty (A) as a function of reaction time (n > 3, 1 mM
glycolaldehyde and ~10~'?> M OH radicals)

Reaction A
time D, 0 SOA,;y SOAy
(min) (um) AD, (g/mL)}?* Ap yield yield
ob 0.64 0.04

10 0.53 0.03 1.3 0.1 1.2 0.1
20 0.54 0.04 1.3 0.1 0.8 0.1
40 0.54 0.01 1.4 0.4 0.6 0.2
50 0.53 0.04 1.5 0.5 0.6 0.3
70 0.50 0.05 1.6 0.3 0.5 0.2

*Concentration-weighted densities.
Corresponds to 1 mM glycolaldehyde plus 5 mM hydrogen per-
oxide (HzOz).

tios of PM mass/droplet OM mass represent the fraction of total
droplet organic matter that remains in the particle phase (i.e.,
particle fraction), not to be confused with the SOA mass yields,
which are defined differently. Values of p.° and AH,, for the
standards were estimated using the SIMPOL group contribu-
tion method (Pankow and Asher 2008) and the Joback and Reid
group contribution method (Joback and Reid 1987), respec-
tively. Our experimental conditions were constant, stable, and
controlled, so the differences between experiments are driven
only by vapor pressure and hygroscopicity.

2.4. Quality Assurance and Quality Control

Measured organic acid concentrations were accurate within
6-10%, expressed as a pooled coefficient of variation based
on independent standards, with the exception of formic (27%)
and glyoxylic acid (60%). Calibration curves of conductivity
(uS) versus concentration (M) had coefficients of determination
(r%) better than 99.76% for all measured acids (glycolic, formic,
glyoxylic, succinic, malonic, and oxalic acid). Method precision
was 2%, expressed as a pooled coefficient of variation of samples
(n = 240) collected in duplicate during experiments. Organic
acid detection limits (uM) were 0.1-4.3 (Perri et al. 2009).
Method precision (3%) for TOC (four injections/sample) was
calculated as the pooled coefficient of variation of duplicate
samples (n = 14). Variability of TOC measurements for identical
time points across experiments was 14%.

Dynamic blanks were generated before each experiment by
sampling Milli-Q water directly from the reaction vessel. Dy-
namic blanks were analyzed for organic acids and TOC and
used to generate and evaporate droplets as if they were samples.
IC analysis of dynamic blanks and water blanks confirmed no
contamination. TOC values of dynamic blanks (1-35 uM C)
were subtracted from their corresponding TOC sample mea-
surements. The volume of the contaminants measured from the
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VOAG system was also subtracted from the samples using their
corresponding dynamic blanks. The volume of contaminants
from blanks was ~0.01 um?>, about 6-27% of dried residual
particle volume.

The performance of the VOAG was tested daily before and
after each droplet evaporation experiment with (NH4), SOy stan-
dards. The performance criterion for acceptance was a <10%
difference between the theoretical and the measured particle di-
ameter. The method precision for diameter was 4%, calculated
as the pooled standard deviation of the (NH4),SO; particle di-
ameter divided by the mean diameter of 250 uM (NH4),SOq4
samples (n = 34) collected in duplicate during experiments. A
4% precision for particle diameter was also calculated based on
60 uM succinic acid solutions (n = 6).

3. RESULTS AND DISCUSSION

3.1. Glycolaldehyde Aqueous Photooxidation

Time profiles of product concentrations (Figure 2) and TOC
(Figure S1) are in reasonable agreement with Perri et al. (2009)
and verify that compounds found predominantly in the parti-
cle phase in the atmosphere (e.g., oxalate, glycolate, malonate)
can form from the aqueous photooxidation of glycolaldehyde
with OH radicals. The only significant differences (p = 0.05,
Cochran’s t-test, two-tailed) between this work and Perri et al.
(2009) are that the concentrations of formic acid obtained in
this work are higher, and those of glycolic and glyoxylic acid
are lower, especially early in the reaction (~12 min). The lower
glyoxylic acid concentrations can be explained by the fact that
we did not use catalase to destroy H,O, in samples and gly-
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oxylic acid reacts with H,O, in samples awaiting analysis to
form formic acid. This does not explain the lower glycolic acid
concentrations, as recovery of glycolic acid was 93% more than
7 h after 250 uM H,0, was added to a 250 uM glycolic acid
standard (this work), in agreement with previous findings (Perri
et al. 2009; Tan et al. 2009). Glycolic acid measurements re-
ported herein are in good agreement with modeled glycolic acid
(better than previous measurements; see figure 5 in Perri et al.
[2009]). However, the difference between glycolic acid mea-
surements is not well understood; these differences are a source
of uncertainty in SOA mass yields for reaction times <30 min.

Experiments conducted with 1 mM glycolaldehyde provide
insights into the OH radical oxidation of glycolaldehyde in
clouds (1-5 uM glycolaldehyde) and in wet aerosols, where
the total concentration of dissolved organics is quite high (1-10
M). Previous OH radical experiments conducted with 30, 300,
and 3000 uM glyoxal (Tan et al. 2009) and the subsequent de-
tailed chemical modeling from 10 uM to 10 M (Lim et al. 2010)
suggest that organic radical-radical chemistry leading to higher-
carbon-number products is minor at concentrations found in
cloud water and becomes dominant at the high concentrations
of water-soluble organics found in wet aerosols. We expect that
this is also true for glycolaldehyde. The dilute glycolaldehyde
chemistry model runs for the 1-5 uM glycolaldehyde (Perri
et al. 2009) and the 1 mM glycolaldehyde experiments both
show that the vast majority of the mass at the beginning of the
reaction (10-20 min) is in the form of glycolic acid, glyoxylic
(or formic) acid, and glyoxal (not measured here but quantified
by Perri et al. [2009]). Of these products, glycolic acid (and its
salts) has the lowest volatility. Oxalic acid is the most abun-
dant product after 30 min. Therefore, we expect that for typical

Glycolaldehyde - - glycolic acid
/\ -4 glycolic acid_Perri
300 1 glyoxal glycolic acid - oxalic acid
\/ W oxalic acid_Perri
| i id i id -#- succinic + malic acids
= iyaxylio.ac oalioace -4 succinic + malic acids_Perri
= l -®- malonic + tartaric acids
g 200 A “ Co, @ malonic + tartaric acids_Perri
= {1 i 3 B
R - o
5 P a
S 1004 i f aa T
0 iy =/

Reaction Time (min)

FIG. 2. Product concentrations from 1 mM glycolaldehyde and OH radicals (~10~!2 M), by ion chromatography (n = 3) for this work and for concentrations
obtained by Perri et al. (2009). Note that succinic plus malic acid as well as malonic plus tartaric acid co-elude and were quantified as succinic and malonic acid,
respectively (Tan et al. 2009). Glyoxylic acid converts to formic acid in samples awaiting analysis (not shown). (Color figure available online.)



FIG. 3.

SOA FROM AQUEOUS PHOTOCHEMISTRY AND DROPLET EVAPORATION

Mixed Standard

Retention time (min)

17 min

1007

Conductivity (uS) Conductivity (uS)
0 10 20 30 g
. 0 10 20 30 07 75 A
04 4x10° 75 A [ S N S
151
! 151 i '
54 A 5 A gx10%, 75 B
;ﬂ N — B & |101
104 ‘91 pLulp
oL - 10+ 10} 133 c
3 c
5. 3 20 117 c = 3 Ll
= < 15 5 0
o 3
< 5 o T 20 149 D
204 ¢ 3 = 3 o
< 10x10° 103 D § ¢ o ol o157
D 5 £ 5 o E
i 5 : 17 5 A S Tx 119
F © 254|E o7
woy E & ] et
| 195 s, B9 F
. 61 ‘ | 30-
bl iy n G
) 0
354 2x10 8g F 35 4x10° 191 207 @
€1 %0a 175| | 223
a0 Y5100 50 zo0 250 300 i Y06 156" 200 250 300
miz
y 5
m/z
(a) (b)
52 min
Conductivity (uS)
0 10 20 30 Baoy [° A
04
89
0id |
5 110, 75 141 B
LA 73 13
B
i ol o iin
. w10y 17 c
= Q 133
£ c 61
~ 154 o oLl J
@ = 5
g S 4xt0 103 D
S 3
c .
s ¢ = 0
S D L a0 119 E
© 254E
a7
o F 0 In
x0B89 F
30 ‘
G 0.
. 161 177
35 BE 160 gy @
61 175/ (193 -
223
404 %500 780200 250 300

m/z
(c)

(a) IC-ESI-MS spectra of a mixed standard: (A) glycolic acid (m/z~ 75), (B) formic acid (not detectable by ESI-MS) and residual glycolic acid from peak

A, (C) succinic acid (m/z~ 117), (D) malonic acid (m/z~ 103), (E) contaminants, including sulfate (m/z~ 97), and (F) oxalic acid (m/z~ 89). IC-ESI-MS spectra of
samples taken from the reaction of 1 mM glycolaldehyde + OH radical at 17 min (b) and 52 min (c) reaction times: (A) glycolic acid (m/z~ 75), (B) peak with
retention time of formic acid, (C) succinic acid (m/z~ 117) and malic acid (m/z~ 133), (D) malonic acid (m/z~ 103) and tartaric acid (m/z~ 149), (E) peak with
retention time of sulfate (m/z~ 97), (F) oxalic acid (m/z~ 89), and (G) high-molecular-weight compounds.

cloud contact times (10-30 min), glycolaldehyde SOA,, formed
through cloud processing will be predominantly glycolate and
whatever HMWCs that form during droplet evaporation (e.g.,
glyoxal acetal oligomers; Loeffler et al. 2006; De Haan et al.

2009b).

Samples from experiments conducted with 1 mM glycolalde-
hyde also contained smaller concentrations of higher-molecular-
weight products (IC-ESI-MS, Figure 3; ESI-MS online Supple-
mental Information, Figure S2) and products with higher carbon
number than glycolaldehyde (Figure 4). Since these products
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FIG. 4. (a) IC time profile of succinic and malic acid concentration from the

reaction of 1 mM glycolaldehyde + OH radicals (~10~'2 M), and overlaid
IC-ESI-MS ion abundance time profiles for m/z~ 117 (succinic acid) and m/z~
133 (malic acid). (b) IC time profile of malonic and tartaric acid concentration,
and overlaid IC-ESI-MS ion abundance time profiles for m/z~ 103 (malonic
acid) and m/z ~ 149 (tartaric acid). (Error bars represent the pooled coefficient
of variation between experiments.)

were formed in the presence and not in the absence of OH radi-
cals, we expect that they formed through organic radical-radical
chemistry, and that these and similar products will be the dom-
inant products of glycolaldehyde chemistry in wet aerosols. It
should be noted that while cloud contact times are typically
10-30 min, chemistry in aerosol water can proceed for hours
with continuous addition of the precursor. IC-ESI-MS analyses
(Figures 3 and 4) provide new insights into such chemistry.
The IC-ESI-MS negative-mode spectrum of a mixed stan-
dard solution and of experimental samples taken 17 and 52 min
into the glycolaldehyde plus OH radical experiment are shown
in Figure 3. The mixed standard (Figure 3a) consisted of gly-
colic acid (peak A, 5.8 min, m/z~ 75), formic acid (peak B, 6.8
min, not detectable by ESI-MS), succinic acid (peak C, 21.1
min, m/z~ 117), malonic acid (peak D, 22.3 min, m/z~ 103), and
oxalic acid (peak F, 25.4 min, m/z~ 89). Contaminants, includ-
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FIG.5. Mass of residual particles (PM mass) formed from droplet evaporation

of organic acid standard solutions of acetic, oxalic, succinic, glutaric, and tartaric
acid. OM massdroplet) is the mass of organic matter in the droplet. Labels include
liquid vapor pressures estimated using the SIMPOL group contribution method
(Pankow and Asher 2008). Slopes and 2 values are reported in Table 2 (Dg =
18.3 £ 0.4 um; RH = 13 £ 2%; T = 24.1 & 0.3°C). (Color figure available
online.)

ing sulfate (m/z~ 97), can be found in peak E. Some glycolic
acid can be seen in peak B. IC-ESI-MS results for experimental
samples (Figure 3b and c) verify the formation of glycolic and
oxalic acid in the mechanism published in Lim et al. (2005)
and the formation of succinic and malonic acid published in
Perri et al. (2009) by IC alone. Interestingly, IC-ESI-MS shows
that peaks with retention times of succinic and malonic acid also
contain malic (peak C, m/z~ 133) and tartaric acid (peak D, m/z~
149, 17 min sample only). HMWCs also form (peak G). Identi-
fication of HMWCs after IC separation verifies that it is not an
artifact of electrospray ionization. In fact, most of the mass with
retention time of succinic and malic acid is malic acid (m/z~
133). Malic acid peaks ~20 min into the reaction, whereas
succinic acid peaks after ~50 min (Figure 4a). IC-ESI-MS
(Figure 4b) suggests that malonic acid (m/z~ 103) is respon-
sible for most of the mass with the retention time of “malonic
and tartaric acid”; some tartaric acid (m/z~ 149) is present early
in the reaction (~20 min). Tartaric acid formation has been ob-
served also in the aqueous OH radical oxidation of glyoxal (3
mM), a glycolaldehyde intermediate (Tan et al. 2009). Its for-
mation and concentration dynamics can be explained by organic
radical-radical reactions (Tan et al. 2009; Lim et al. 2010). We
expect that the formation of products with higher carbon num-
bers than glycolaldehyde (C2) (e.g., malic acid: C4, succinic
acid: C4, tartaric acid: C4, and malonic acid: C3, and HMWCs),
which are formed from glycolaldehyde in the presence and not
the absence of OH radicals, are also formed through organic
radical-radical reactions. Time profiles of other ions measured
by IC-ESI-MS are provided in the online Supplemental Infor-
mation (Figure S3).
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of glycolaldehyde SOA,q.

3.2. Droplet Evaporation Experiments
3.2.1.  Vapor Pressure and Enthalpy of Vaporization

The residual particle mass (PM mass) was well correlated
with the mass of organic matter in the droplet (+* = 0.84-0.99,
Table 2 and Figure 5) for all organic acid standards except
acetic acid, which is quite volatile. We can observe from Figure
5 that as we go from the most volatile compound (acetic acid)
to the least volatile compound (tartaric acid), the slope (m =
PM mass/droplet OM mass) increases, indicating that a larger
fraction of the mass remains in the particle phase. Shown also in
Figure 5 are results of droplet evaporation experiments with 10-
and 40-min reaction samples (thick black line: black and red in
color figure online).

The slopes (PM mass/droplet OM mass) from Figure 5 are
plotted versus vapor pressure (prL°) in Figure 6 and versus
enthalpy of vaporization (AHy,,) in Figure S4 (Table 2). A
sigmoidal curve was fit to these data in accordance with the
gas—particle partitioning theory (Odum et al. 1996), since the
slope (PM mass/droplet OM mass) reflects the fraction of OM
found in the particle phase. These plots suggest that glycolalde-
hyde SOA,, behaves like a dicarboxylic acid, with a pr° of
~10~7 atm and AH , of ~70 kl/mol, and similar to the be-
havior of the mix of organic acids that comprise the majority
of products identified in the reaction samples (Table 2). To our
knowledge, this is the first study to characterize the volatility
behavior of glycolaldehyde SOA,.

Note that the ratio of the PM mass to droplet OM mass for
tartaric acid is greater than 1 (Figure 6, left-most data point).
This is not surprising, since tartaric acid is expected to remain
almost entirely in the particle phase, and it retains water even at
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FIG. 7. Volume (Dp3) of residual particles and total organic carbon (TOC)
in droplets, from droplet evaporation of oxalic acid and ammonium oxalate
standard solutions. Liquid vapor pressure of ammonium oxalate pp.° (US EPA:
EPI Suite™?2010) (Dg = 18.3 & 0.4 um; RH = 13 £ 2%; T = 23.8 £ 0.3°C).
The clear difference between oxalic acid and ammonium oxalate (and day-to-
day reproducibiliy of oxalic and succinic acid results) provide confidence that
the VOAG system was free of ammonium contamination.
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TABLE 2
Slopes (m), coefficients of determination ), liquid vapor pressures (p°), and enthalpies of vaporization (AH y,p)

Standard error

Slope (m)? (%) r pL° (atm)P AH y,, (KJ/mol)®

Organic acids

Tartaric 1.61 9 0.97 2.63 x 1072 103.93

Glutaric 1.20 6 0.99 2.75 x 1078 73.574

Succinic 0.844 9 0.96 7.59 x 1078 71.348

Oxalic 0.120 2 0.84 5.62 x 1077 66.896

Acetic 0.011 1 0.28 2.14 x 1073 43.471

Effective p.’ (atm)®  Effective AH
(kJ/mol)°

Mixed standards

Organic acidsf 0.463 2 0.99 (1-2) x 1077 69.6-70.0

Organic acids + glyoxal® 0.667 5 0.96 (1-2) x 1077 69.6-69.9
Experimental samples

10-min reaction time 0.480 4 0.85 (1=2) x 1077 69.5-69.9

40-min reaction time 0.471 10 0.82 9 x 1078-1 x 1077 70.6-70.9

Slopes from PM mass versus droplet OM mass plot, Figure 5.

"Liquid vapor pressure (p.°) estimated using the SIMPOL group contribution method (Pankow and Asher 2008). Vapor pressure of ammonium

oxalate was estimated using EPA-EPI Suite™ (EPA 2010).

“Enthalpy of vaporization (AH,,,) estimated using the Joback and Reid group contribution method from: http://www.chemeo.com (Joback

and Reid 1987).
4Values estimated from Figure 6.
“Values estimated from Figure S4.

‘Mixed standard composed of equal amounts of formic, glycolic, glyoxylic, oxalic succinic, and malonic acid.
£Mixed standard composed of equal amounts of formic, glycolic, glyoxylic, oxalic succinic, and malonic acid plus glyoxal.

low RH (5%; Peng et al. 2001). After accounting for the effect
of water on particle density, Figure 6 suggests that the tartaric
acid particles were <33% water. To understand to what degree
water retension could alter Figure 6, we present PM mass/OM
mass for all standards calculated using dry densities (line 1,
Figure 6) and densities assuming 33% water (line 2, Figure 6).
This is an upper bound for the water fraction, since the other
standards are not likely to retain as much water as tartaric acid.
These corrections had a negligible effect on our characterization
of the volatility behavior of glycolaldehyde SOA,q (Figure 6).
We speculate that the vapor pressure of glycolaldehyde
SOA,q will be orders of magnitude lower if the products are
neutralized. For example, the liquid vapor pressure of succinic
acid using the SIMPOL group contribution method (Pankow
and Asher 2008) is 7.59 x 10~® atm and the vapor pressure of
ammonium succinate is 2 x 10~ atm (EPA-EPI Suite™; EPA
2010). Enhancements in SOA yields in the presence of ammonia
have been shown previously for «-pinene and ozone under dry
(RH < 2%) and humid (RH = 50%) conditions (Na et al. 2007).
Also, the work of Dinar et al. (2008) verified that the reactive
uptake of ammonia by acidic functional groups (e.g., adipic and
citric acid) leads to the formation of ammonium salts and can

substantially influence the chemical and physical properties of
the aerosol. Interestingly, oxalate is found mostly in the particle
phase in the atmosphere (Limbeck et al. 2001) even though the
vapor pressure of oxalic acid is not that low. We suggest that this
is because oxalate is mostly present in the atmosphere as a salt
(e.g, ammonium oxalate) (Figure 7). Certainly, the form of these
acids depends on their pK, the availability of ammonia and the
abundance of stronger particle-phase acids (i.e., acidic sulfate),
which impacts aerosol acidity. Oxalic acid is the strongest or-
ganic acid detected in glycolaldehyde SOA,q (pKy1) = 1.23 and
pKa) = 4.19), followed by malonic, tartaric, glyoxylic, malic,
glycolic, and succinic acid. At pH 4.5, a typical value in cloud
water, most of these acids are expected to be in their dissociated
form, pH > pK, (e.g., glycolic, glyoxylic, tartaric, and oxalic
acid) or amphiprotic form, pK,1y, < pH < pK,p) (e.g., malic
and succinic acid). Aerosol pH is not well characterized and
depends not only on the concentrations of major inorganic and
organic ions but also on the water content, buffering capacity,
and gas—particle partitioning of many semivolatile compounds
(Kerminen et al. 2001; Xue et al. 2011). Cation to anion ra-
tios close to 1, suggesting a neutral aerosol, are frequently ob-
served in the western United States and polluted rural and urban



SOA FROM AQUEOUS PHOTOCHEMISTRY AND DROPLET EVAPORATION

Hemiacetal formation

Ho_\:o + HO/\[/O“
OH

glycolaldehyde hydrated
glycolaldehyde

7

o
HO—(__)—OH
o

dioxane
dimer 1

m_(o\j\/on

dioxolane
dimer 2

OH

Aldol condensation

o OH
H HO

enol

FIG. 8.

European areas (Kerminen et al. 2001). In contrast, there are
days in Hong Kong when aerosol pH is less than 1, suggesting
that even oxalate is present as an acid (Xue et al. 2011).

3.2.2.  Aldehyde Oligomerization

In aqueous solutions, glyoxal species (i.e., hydrated
monomers and oligomers) coexist in equilibrium and the pre-
dominant form depends on the concentration. Monomers domi-
nate when glyoxal concentrations are below 1 M; at higher con-
centrations, dimers and oligomers dominate (Whipple 1970).
Glyoxal reacts with itself to form acetal oligomers in evaporat-
ing droplets, thus contributing to SOA formation through cloud
droplet evaporation (Loeffler et al. 2006; De Haan et al. 2009b).
Similarly, during droplet evaporation, we expect the dehydration

(a)

1011

Proposed mechanism for the formation of glycolaldehyde oligomers through hemiacetal formation (a) and aldol condensation (b).

of glycolaldehyde to initiate the formation of glycolaldehyde
oligomers via hemiacetal formation. We propose the forma-
tion of a hemiacetal that either forms dioxane and dioxolane
dimers or reacts with another glycolaldehyde molecule to form
an open-chain trimer, which in the process of drying, ultimately
forms a trimer ring through intermolecular nucleophilic reac-
tions (Baldwin 1976) (Figure 8a). Additionally, glycolaldehyde
could oligomerize through aldol condensation (Figure 8b). We
expect that glycolaldehyde oligomers formed in this way also
contribute to the formation of SOA in the atmosphere.

3.2.3. SOA,; Mass Yields
The mass of SOA,q per mass of glycolaldehyde reacted
(SOA, mass yield) (Figure 9, Table 1) decreased gradually with
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FIG.9. SOA,q mass yields from the reaction of 1 mM glycolaldehyde + OH
radicals (~10~'2 M). Squares are mass yields calculated in this study using
concentration-weighted densities and assuming spherical particles (n > 3; Dg
=183 £ 04 um; RH = 10 &+ 1%; T = 23.7 &+ 0.7°C). Triangles are yields
estimated by Perri et al. (2009) using concentrations of species measured in
the reaction vessel and estimating the fraction of each that would remain in the
particle phase from atmospheric measurements. Circles are upper-bound yields
obtained if all the organic mass in the droplet remained in the residual particle,
calculated using IC quantification of organic acids and model predictions of
remaining glycolaldehyde and glyoxal and neglecting unquantified products.
(Error bars for open squares represent the pooled coefficient of variation for
identical time points across experiments. Error bars for circles are from error
propagation).

time from about 120% to 50%. We expect that these early yields
are driven by glycolic acid and oligomers formed during dehy-
dration of glycolaldehyde and glyoxal. Later yields are driven by
oxalic acid (Figure 2). Shown in Figure 9 are the yields from this
work (squares), yields estimated by Perri et al. (triangles), and
the yields that would have been obtained if all droplet organic
matter had remained in the particle phase (circles). These were
calculated using IC quantification of organic acids and model
predictions of remaining glycolaldehyde and glyoxal. Note that
these values (circles) underestimate the true upper bound at
later reaction times, since for later reaction times (>40 min),
unquantified products accounted for about 14-23% of TOC in
the reaction vessel (Perri et al. 2009). The fact that yields for
early time points are much lower than would be obtained if all
droplet organic matter were retained in the particle phase and
yields for later time points are not, is consistent with the fact that
the solution contained more volatile components (formic acid,
glycolaldehyde, glyoxal) for early time points compared with
later time points. This finding also suggests that glycolaldehyde
and glyoxal are not 100% retained in the particle phase through
oligomer formation.

Our yields are higher than SOA,q mass yields estimated by
Perri et al. (2009). There are several possible explanations for
this. First, Perri’s yields were calculated based only on species
quantified by IC, whereas the yields in this work also included
any unquantified products from the photooxidation reaction and
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droplet evaporation (e.g., acetal oligomers). Second, Perri’s
yields were calculated assuming no water retention, whereas
our yields include any particle-bound water. Such water might
exist in equilibrium with its vapor, or particles could exist in
a metastable state after drying, with a kinetic barrier inhibiting
the release of water, despite the theoretically adequate time for
water equilibration.

Differences between yields obtained herein and those in
Perri et al. (2009) could also occur because of differences in
gas—particle partitioning or effects of residual H,O, in sam-
ples. Perri et al. made use of atmospheric measurements of
gas—particle partitioning to estimate the fraction of each prod-
uct in the particle phase, whereas in this work, the gas—particle
partitioning was determined by experimental conditions and
might not be the same as in the atmosphere. Also, this work did
not use catalase and hence residual H,O, could have formed
complexes with glyoxal and converted glyoxylic acid to formic
acid. Specifically, Lee et al. (2011) found that about 15-20%
of glyoxal is consumed by H,O, within 2 h. Tan et al. (2010)
found that H,O, converted 98% of glyoxylic acid to the more
volatile formic acid within 2 h. Last, the OPC was calibrated by
the manufacturer with polystyrene latex (PSL) particles, which
have a refractive index of 1.59. Based on measured products, we
expect that glycolaldehyde SOA has a refractive index of ~1.5,
introducing an uncertainty of ~10% in the measured particle
diameter, before accounting for the effects of retained water on
refractive index.

4. CONCLUSIONS

Mass yields were measured for SOA, formed from the aque-
ous OH radical (~10~'2M) oxidation of glycolaldehyde (1 mM)
and the volatility behavior was characterized. While SOA 4 mass
yields are expected to vary with atmospheric conditions, vapor
pressure and enthalpy of vaporization can be used to evaluate
the behavior of this material under a range of atmospheric con-
ditions (e.g., temperature dependence). This work verifies that
SOA,q forms after glycolaldehyde reacts with OH radicals in
droplets. Additional chemistry during droplet evaporation en-
hances the SOA,q production (e.g., oligomerization of aldehy-
des). SOA, yields were highest (~80-120%) at reaction times
(~10-20 min) that are most relevant to cloud droplet lifetimes.
These yields include the contribution of HMWCs and account
for droplet evaporation. Glycolaldehyde SOA,, behaves like a
dicarboxylic acid, with a liquid vapor pressure of ~10~7 atm
and the enthalpy of vaporization of ~70 kJ/mol. However, we
expect the vapor pressure to be considerably lower if the mix of
organic acids in the SOA,q gets neutralized in the atmosphere
to form organic salts.
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