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Abstract. This study evaluates the significance of glyoxal 1 Introduction

acting as an intermediate species leading to secondary or-

ganic aerosol (SOA) formation from aromatic hydrocarbon

photooxidation under humid conditions. Rapid SOA forma- Aerosol contributes to climate change and adversely affects
tion from glyoxal uptake onto aqueous (WSO, seed par- air quality (Seinfeld and Pandis, 2006; Finlayson-Pitts and
ticles is observed in agreement with previous studies; howitts, 1999). Secondary organic aerosol (SOA) is formed
ever, glyoxal did not partition significantly to SOA (with from oxidative processing of volatile organic compounds
or without aqueous seed) during aromatic hydrocarbon phoin the atmosphere. Previous researchers have estimated ap-
tooxidation within an environmental chamber (RH less thanProximately 70% of organic aerosols are secondary in na-
80 %). Rather, glyoxal influences SOA formation by raising ture (Hallguist et al., 2009 and references therein). Tra-
hydroxyl (OH) radical concentrations. Four experimental ap-ditionally, SOA formation is described solely by gas-to-
proaches supporting this conclusion are presented in this paparticle partitioning of semi-volatile oxidation products of
per: (1) increased SOA formation and decreased SOA volatilvolatile organic compounds (VOCs) (Odum et al., 1996;
ity in the toluene + NQ photooxidation system with addi- Pankow, 1994). However, recent works have observed en-
tional glyoxal was reproduced by matching OH radical con- hanced SOA formation from the oligomerization of volatile
centrations through $D, addition; (2) glyoxal addition to ~ SPecies (Kalberer et al., 2004; Tolocka et al., 2004).

SOA seed formed from toluene + N@hotooxidation did Glyoxal was previously ignored as a SOA precursor due
not increase SOA volume under dark; (3) SOA formation tO its high vapor pressure (6 orders of magnitude too high,
from toluene + NQ photooxidation with and without del- Volkamer et al., 2007); however, the current view is that gly-
iquesced (NH)>,SOx seed resulted in similar SOA growth, oxal can contribute to SOA formation by uptake into water
consistent with a minor contribution from glyoxal uptake (cloud, fog, and wet aerosols) followed by radical and non-
onto deliquesced seed and organic coatings; and (4) the fra¢adical reactions to produce low volatility products (Lim et
tion of a QH; fragment (observed by Aerodyne High Reso- al., 2910 a_nd references therein). The global emission of gly-
lution Time-of-Flight Aerosol Mass Spectrometer, HR-ToF- 0xal is estimated to be 45 Tgy¥ (Fu et al., 2008); globally,
AMS) in SOA from 2-tert-butylphenol (BP) oxidation was the major precursor of glyoxal is isoprene (21 Tgyr(Fu et
unchanged in the presence of additional glyoxal despite en@l-» 2008), while aromatic hydrocarbons are the main precur-
hanced SOA formation. This study suggests that glyoxal up-SOrs in urban areas (e.g.,¥@9 % in Mexico City, Volkamer
take onto aerosol during the oxidation of aromatic hydrocar-€t al., 2007).

bons is more limited than previously thought. The liquid water content of typical cloud droplets are or-
ders of magnitude higher than that of aerosols (Seinfeld

and Pandis, 2006); therefore, early work on glyoxal SOA
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formation focused on aqueous reactions in cloud and fog wauptake, glyoxal is expected to partition to aqueous phase of
ter (e.g., Ervens et al., 2004). However, SOA formation from SOA and subsequently undergo free-radical initiated and var-
glyoxal uptake onto wet aerosols has attracted increasing aious condensation reactions to produce low-volatility prod-
tention during the last few years. Volkamer et al. (2007) ob-ucts. However, the applicability of these previous studies of
served significantly lower glyoxal concentration than modelrelatively pure systems (wet inorganic/organic seed) to com-
predictions for Mexico City, indicating a large missing sink plex aromatic SOA system remains uncertain. The aim of this
of glyoxal. The discrepancy was resolved by introducing gly- work is to shed light on the role of glyoxal in SOA formation
oxal uptake onto aerosols;15 % of the SOA formation in  from aromatic hydrocarbon oxidation — specifically as an OH
Mexico City was attributed to glyoxal uptake onto aerosols radical source or an oligomer precursor.

(Volkamer et al., 2007). Additionally, recent laboratory stud-

ies suggest formation of SOA via oligomerization of glyoxal )

in aerosol aqueous phase (Volkamer et al., 2009; Corriga EXPerimental

et al., 2008; Kroll et al., 2005; Galloway et al., 2009, 2011
Liggio et al., 2005b).

Glyoxal uptake onto particles is observed to be stronglyThe experiments were conducted in the UC Riverside/CE-

dependent on seed composition. Acidity is suggested {0 eNcERT environmental chamber described in detail in Carter
hance glyoxal partitioning to the aqueous phase (Jang and; 5. (2005). In short, this facility consists of dual 98 m

Kamens, 2001). However, Kroll et al. (2005) did not observe Tefion® reactors suspended by rigid frames in a temper-
the acidity effect; instead they suggested that ionic strengthys e controlled enclosure (21.°C) continuously flushed

of the seed aerosols (“salting in”) could explain the enhanced,;i, dry (a dew point below—40°C) purified air gener-
glyoxal uptake onto aqueous ammonium sulfate seeds (byieq py an Aadco 737 series (Cleves, Ohio) air purification
a factor of~70 compared to uptake by water). A more re- gysiem. The top frames are slowly lowered during the ex-
cent work by Ip et al. (2009) suggested that sulfate was &eriments to maintain a slight positive differential pressure
more important factor than ionic strength in affecting gly- (7 g Pa) between the reactors and the enclosure, to min-
oxal's Henry's law constant. Organic seeds are also reportegh,i;e dilution and possible contamination of the reactors.
to enhance glyoxal uptake (e.g., Volkamer et al. (2009): ful-g|5ck lights (272 bulbs, 115W Sylvania 350BL, N@ho-

vic acid, humic acid sodium salt, and amino acids; Corrigangysis rate 0.4 min?) are used as the light source for all the
et al. (2008): amino acids and carboxylic acids). Howevervexperiments reported herein.

understanding of the composition of SOA formed from aro-

matic hydrocarbon oxidation is currently limited; typically 2.2 Chemicals

only less than~10 % of aromatic SOA composition is iden-

tified (Sato et al., 2007; Cocker et al., 2001b; Hamilton et al.,NO (UHP grade, Matheson) was used for N@ho-

2005). Therefore, the impact of organic aerosol on glyoxaltooxidation experiments. The following chemicals were

uptake is highly uncertain. all purchased from Sigma-Aldrich: toluene-$9.5 %), 2-
Glyoxal is a major product of aromatic hydrocarbon pho- tert-butylphenol £99 %), perfluorohexane=@99 %), HO>

tooxidation (e.g., 824 % from toluene-N@ photooxida-  (50wt% solution in water), glyoxal trimer dihydrate

tion, Calvert et al., 2002). Aromatic hydrocarbons comprise(>95 %), ROs (>98 %), glyoxal water solution (40 wt %),

~20 % of nonmethane hydrocarbons in the urban atmospherbexanedioic acid %99.5 %), decanedioic acid>09), and

and are considered to be one of the major precursors to urbammmonium sulfatex99 %).

SOA (Calvert et al., 2002). A large number of studies have

investigated gas-phase photooxidation of aromatic hydrocar2-3 Gas analysis

bons (Olariu et al., 2002; Volkamer et al., 2002; Takekawa et

al.. 2003 Johnson et al.. 2004: Johnson et al.. 2005: Coeuglyoxal was measured by a custom-built, incoherent broad-
Tourneur et al., 2006; e.g., Arey et al., 2009; Calvert etP@nd Cavity Enhanced Absorption Spectrometer (CEAS)

al., 2002 and references therein; Birdsall et al., 2010). Al_(WashgnfeIderet aI.., 2008; Lang“dg.e (_at.al., 2096)' In CEAS’
though multigenerational reactions have been suggested t3 continuous wave mcoherept ",gh_t,'s injected into a cavity,
contribute to aromatic SOA formation (Hurley et al., 2001; where the mtensﬁy reaches its limiting value and absorptlon
Ng et al., 2007; Sato et al., 2007; Nakao et al., 2011a), the exspectraare obtglned (Engel_n etal., 1998). The absorption co-
tent of the contribution from second or later generation prod-efficient is obtained from (Fiedler et al., 2005)

ucts to SOA is poorly understood. Based on previous studies 1 <10(A) )

; 2.1 Environmental chamber

on SOA formation by glyoxal uptake, glyoxal oligomeriza- @(*) =~ Ty~ 1)@1-RM) (1)
tion has been inferred to be a substantial intermediate reac-

tion in SOA formation from aromatic hydrocarbon under hu- wherec is the absorption coefficiend, is the length of the
mid conditions (Zhou et al., 2011; Kalberer et al., 2004; Ka- cavity, I is the intensity of light exiting the cavity without
mens et al., 2011). According to previous studies on glyoxalany absorber presenti, is the light intensity of the cavity
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with absorber, andR is the reflectivity of the mirrors. In (30 mx0.53 mm ID, 1.00 micron) column. Toluene measure-
CEAS, the transmitted light intensity through the optical cav- ments were calibrated using a dilute gas cylinder (SCOTT-
ity of two high reflectivity mirrors provides sensitive mea- MARIN, Inc); perfluorohexane was calibrated by introduc-
surements of trace species with a long effective optical patting a known amount of the liquid into the reactor; and 2-tert-
(Engeln et al., 1998; Paul, 2001; Fiedler, 2003; Langridge etutylphenol was calibrated by impregnation of the glass tube
al., 2006; Washenfelder, 2008). CEAS allows for simultane-and subsequent thermal desorption.
ous analysis of multiple absorbers in the same spectral region
(e.g., both N@ and glyoxal in the 440-460 nm region). 2.4 Particle analysis

In this work, the CEAS system for the glyoxal measure-
ments was based on the previous work by Langridge efParticle size distribution between 27 nm and 686 nm was
al. (2006) and Washenfelder et al. (2008). The major com-monitored by a custom built Scanning Mobility Particle Sizer
ponents of the CEAS system include a glass cell housindSMPS) similar to that described by Cocker et al. (2001a).
the optical cavity (65cm long, 2.54 cm diameter with 1/16 The chemical evolution of organic particulate matter was
inch wall thickness), two high reflectivity® = 0.9998) mir-  observed by a high-resolution time-of-flight aerosol mass
rors (Los Gatos), a light emitting diode (LED) (Luxeon) spectrometer (HR-ToF-AMS) (DeCarlo et al., 2006; Jayne et
light source, a monochromator and a charge-coupled devical., 2000). The HR-ToF-AMS operation was alternated be-
(CCD) light detector (Andor). The light from the LED was tween the high resolution W-mode and high sensitivity V-
focused and coupled into the optical cavity; the output light mode. The high resolution capability allowed determination
from the cavity was dispersed by the monochromator andf molecular formula of ion fragments of SOA (e.g;;lﬂ:j).
collected by the CCD detector. Gas flow rate through theSQUIRREL v1.49 and PIKA v1.08 were used for data anal-
CEAS was 1 LPM, while the pressure inside the optical cav-ysis. The default fragmentation table was used without mod-
ity ranged from 714—720 Torr (0.939-0.947 atm). The CCDification. Particle volatility was monitored with a volatility
collected the transmission spectra from the cavity using artandem differential mobility analyzer (VTDMA) (Nakao et
exposure time of 0.5 second, with 112 samples accumulatedl., 2011b; Qi et al., 2010b; Rader and McMurry, 1986), in
during an overall sampling time of 1 min. The 0.5 second ex-which monodisperse particles of mobility diametey;Dvere
posure time was chosen to prevent saturation of the signal egelected by the 1st differential mobility analyzer (DMA) fol-
the peak LED emission spectrum at the maximum operatindowed by transport through a Dekati thermodenuder (TD, res-
power of 200 mW for this CEAS system. The backgroundidence time:~17 s, typically at 100). The particle size af-
signal, under the same acquisition conditions, was collecteder the TD (Dyn) was then measured by fitting a log-normal
with the LED off and the background spectra was subtractedize distribution curve acquired by the 2nd DMA. Volume
from the transmission spectra from the cavity. fraction remaining (VFR) was calculated by taking a (cubed)

The glyoxal number density was calculated from ratio of particle mobility diameter after the TD ) to ini-
tial particle size (), i.e., VFR = (Dnt/D,i)%. Dmi was ad-
justed during the experiment according to mode diameters
wherex is the wavelengthggy is glyoxal absorption cross-  of particle size distribution within the environmental cham-
section gy is the glyoxal number density,(1) is the mea-  ber to maximize the signal-to-noise ratio (typically,D=
sured absorption coefficient for a given the polynomial  50~150nm). Particle hygroscopicity as a function of RH was
terms of the equation account for light extinction by back- monitored with a hygroscopicity TDMA (HTDMA) (Cocker
ground molecules (e.g.,2Nand @), andono, andnno, ac- et al., 2001a; Qi et al., 2010a; Warren et al., 2009). Volume
count for light absorption by N® Wavelength-dependent based hygroscopic growth factor was monitored in a similar
absorption cross-sections (()) were obtained from liter- way as VFR, i.e., by taking a cubed ratio of particle mobility
ature and data evaluation web sites (e.g., IUPAC, 2006diameter after a humidification column to initially selected
NASA, 2006; Volkamer et al., 2005). The glyoxal number particle size.
densities were extracted using the spectra between 446.5 and
450.0 nm. 2.5 Thermodenuder characterization

The Agilent 6890 Gas Chromatograph — Flame lon-
ization Detector was used to measure concentrations oAs a basis to evaluate the VFR in terms of vapor pressure,
parent hydrocarbons (toluene and 2-tert-butylphenol) andhermodenuder characterization was performed by measur-
an inert tracer (perfluorohexane). A GS-Alumina column ing the VFR of select compounds with known vapor pres-
(30 mx0.53 mm) and a DB-5 column (30x®0.53 mm) were  sure (Qn =150 nm). The vaporization profile was previously
used for perfluorohexane and toluene analysis, respectivelyevaluated based on the temperature at which 50 % of the mass
2-tert-butylphenol was collected on a sorbent tube packedvaporatesTiso) (Faulhaber et al., 2009). The vaporization
with Tenax-TA/Carbopack/Carbosive (CDS Analytical, Inc, profiles for hexanedioic acid and decanedioic acid acquired
MX062171) and was thermally desorbed at 24CDS An- in this study agreed reasonably with Fualhaber et al. (2009)
alytical, Inc, ACEM9305) onto a Restek® Ritx-35 Amine (750 agreed within 2), consistent with the similar residence

(W) =bo+b1-A+bz- 22 +b3- 23+ anoy (M) - nno, + ogly (V) - ngly (2)
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Table 1. Experimental test matrix.

S. Nakao et al.: Chamber studies of SOA formation from aromatic hydrocarbons

Run ID Run type Aromatft Aromati¢’ AAromatic N@rngater NO?2 Hzog Glyoxa® RH  Seedvolum@ LWC
(ppb) (ppb) (ugm3)  (urPem™)  (ppb) (ppm)  (ppb) (%)  (wdhemd) (% mass)
1368A glyoxal + AS - - - 12.0 - - 46 74 101.0 51
1499B toluene + NQ 70.5 9.4 230 25.5 46.3 - - <01 - 0
1503A toluene + NQ 100.7 16.8 316 57.1 41.5 - - 40 - 91
1497A toluene + N@ 94.9 39.6 208 65.9 47.1 - - 65 - 96
1497B toluene + NQ 94.8 47.4 179 65.9 225 - - 65 - 96
1498A toluene + N@ 100.0 304 262 65.0 40.2 - - 75 - 90
1500B toluene + NQ 104.2 30.4 278 77.7 45.3 - - 70 - g8
1501A toluene + NQ + glyoxal 101.7 20.5 306 107.0 43.2 - 80 75 - 910
1501B toluene + NQ+ Hy0» 100.9 22.8 294 98.2 43.2 0.3 - 75 - 910
1509A toluene + NQ + HoO» 98.3 26.4 271 89.0 42.6 0.3 — 72 - 99
1510A toluene + NQ + AS 102.0 25.2 289 82.4 42.8 - - 79 56.9 f56
1510B toluene + N@Q+ AS 102.3 24.1 295 104.2 42.8 - - 79 83.1 f56
1511A toluene + NQ + AS 95.6 29.0 251 71.2 40.5 - - 78 61.5 f55
1511B toluene + NQ+ AS 95.6 27.9 255 94.3 40.7 - - 78 59.1 f55
1489A 2t-BP + HO» 124.0 26.2 601 52.8 — 0.3 790 51 - b

a |nitial concentratior?: Final concentratiofS: Wall-loss corrected organic (+ water) volume measured by SMrRculated using injected amoUtAS: ammonium sulfate
f: Calculated using ISORROPIA Nenes et al. (1998Falculated using Mrg+waterand a humidogram for toluene SOA

P,s for Ty (Pa)* then self-oligomerized to form low-volatility compounds (De
10° 107 10° Haan et al., 2009a). The vaporization profile suggested that
the vapor pressure of dried glyoxal oligomer was much lower
than 108 Pa, where reliable vapor pressure measurement is
not possible. Since dehydration is the key process of this
oligomer formation, vapor pressure of oligomers could be
higher if water is retained in particles. Vapor pressure of
organosulfates (Surrat et al., 2007; Galloway et al., 2009) or
nitrogen-containing species (Galloway et al., 2009; De Haan
et al., 2009b) remains uncertain.

10" 10°

=@~ Glyoxal oligomer
-~ Decanedioic acid
S A~ Hexanedioic acid

\ |— Sigmoidal fits

\ \ 50% evaporation

Volume Fraction Remaining

2.6 Chamber experiments

The experimental test matrix is summarized in Table 1. A
known volume of high purity liquid hydrocarbon was in-
jected through a heated glass injection manifold system and
flushed into the chamber with pure;NInjection of 2-tert-
butylphenol and HO, was performed in the same way as
Fig. 1. Th(_armograms of hexanedioic acid, d_ecanedioic acid, andyescribed in Nakao et al. (2011a). Since phenolic compounds
glyoxal oligomer (produced from evaporating droplets of gly- 5¢ |ess volatile than hydrocarbons typically used for cham-
oxal/water solutlon)_whereﬂ'D is the set temperature of the ther- ber experiments, injections into the chambers were care-
mod(_enud_er and £ is the vapor pressure of a compound at’25 full f d usi heated 80°) th h
(*calibration taken from Faulhaber et al., 2009). ully performed using a heated oven (580°) rough a
heated transfer line maintained at a temperature higher than
the oven. The glass manifold inside the oven was packed
with glass wool to increase the mass transfer surface area.
times of the thermodenuders (This stueht. 7 sec, Fualhaber H,O, was used as an additional OH radical source to test the
et al. (2009)~15s). Therefore we applied their vapor pres- role of glyoxal. HO, 50wt % solution was injected through
sure calibration for approximate evaluation of SOA vaporthe same oven system. Particle-free water vapor was in-
pressure in this study (Fig. 1). jected using a two-unit system (Warren et al., 2009). Unit
The volatility of glyoxal oligomer was evaluated by gener- one contained Milli-Q water (Millipore, 18.2K2) with sub-
ating glyoxal oligomer from evaporating droplets (De Haan merged heaters to maintain a desired water temperature,
et al., 2009a). Glyoxal solution in water (40wt%) was which determined the water vapor concentration in the air
aerosolized by an atomizer into a 0.8 feflon chamber. As  stream, while unit two contained a 1 um filter. Purified air
water evaporated from the droplet, dihydrated glyoxal lostwas bubbled through the water and then passed through the
water to form more reactive monohydrated glyoxal, which filter before entering the reactors. Humidity in the reactor

100
Tp(°C)

0.0 T T T

20 40 60 80 120 140 160
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was monitored by a humidity and temperature transmitter 50 — S Gyoral

(VAISALA HMT334). Deliquesced (NH)>SO, seed parti- A Org/sulfate —5%00 o6
cles were generated by aerosolizing dilute gt$Oy solu- 40 - —%— Tracer -

tion in Milli-Q water by a custom-built atomizer, followed -1 o
by Kr-85 neutralizer (TSI, model 3077) without drying. Seed & 30 § 04 B
particles were confirmed to be deliquesced by using VT- 5 - 30 3 g
DMA; evaporation of water from particles was observed by S 204 200 % - e 5
loss of volume after passing particles through a thermode- " 5 S to2 ®
nuder. Particle wall-loss correction was performed by using 10 | icg =
exponential decay rates of particle numbers (Carter et al., [~ &l
2005). 0 / I , , 0 ~0.0

0 2 4 6 8
Uptake time (hour)

Fig. 2. Typical time traces of glyoxal, organic/sulfate ratio, and
tracer (perfluorohexane) during toluene-lghotooxidation (Run
1368A). Immediately after glyoxal injection, organic/sulfate ratio
3.1 Glyoxal uptake onto deliquesced (Niz)2SO4 increased. Upon dilution at 6 h after injection, organic/sulfate ratio
decreased due to evaporation of organics, consistent with Galloway
Significant SOA formation by glyoxal uptake onto deli- etal. (2009).
quesced (NH)2SO; was observed under dark conditions
(Fig. 2). Wet ammonium sulfate seed particles were injected 100 a 2 Tolone
into the chamber (RH =74 %) and allowed to equilibrate, fol- X Volume
. . . . . 80 < Glyoxal
lowed by glyoxal injection. Immediately following the gly-
oxal injection, the organic/sulfate ratio measured by the AMS g
increased due to glyoxal uptake, reaching a maximum value
of ~0.4 around 6 h after glyoxal injection. After reaching
maximum organic/sulfate ratio, the environmental chamber
was diluted; organic/sulfate ratio decreased due to evapora 0= S s 5 — 10
tion of glyoxal oligomers, suggesting glyoxal oligomeriza-
tion is reversible, as also observed by Galloway et al. (2009).
The slower decrease of glyoxal concentration than tracer
concentration is consistent with the large glyoxal-reservoir
effect of chamber surface (Loza et al., 2010). In a separate exFig. 3. The time traces of toluene, particle volume concentra-
periment (not shown), no increase in organic/sulfate ratio istion. and glyoxal concentration during toluene-RiPhotooxida-
observed for a similar experiment conducted under dry contion- (Run 1503A). Typically glyoxal concentration was below
ditions (RH<0.1%), confirming the critical role of aqueous OPPP:
phase of (NH)2SO, seed particles in glyoxal oligomeriza-
tion (Galloway et al., 2009; Liggio et al., 2005b; Kroll et al.,
2005).

3 Results and discussion

U

- 40

— 30

(qdd) |exoA|

Toluene (|
»
o
1

20

€

wo/ W) uopenusdUoD BWNJOA

(€

Hours after lights on

3.2.1 Irradiated conditions

A representative toluene photooxidation experiment includ-
3.2 Evaluation of glyoxal uptake onto toluene SOA ing toluene decay, SOA formation, and glyoxal formation is

shown in Fig. 3. Typically, glyoxal concentration remained
Glyoxal uptake during SOA formation from toluene pho- below 10 ppb. The impact of glyoxal on SOA formation for
tooxidation was investigated under humid conditions (RH the toluene photooxidation system was evaluated by inject-
40-80 %). Previous studies observed oligomers in aromatiéng 80 ppb additional glyoxal into the system (Fig. 4). The
SOA formed within this RH range (e.g., RH 40-50%, addition of 80 ppb glyoxal in the toluene + N@xidation
Kalberer et al., 2004; Kalberer et al., 2006); heterogeneousystem resulted in faster toluene decay and higher SOA for-
reactions or particle-phase reaction of dicarbonyls, in parmation (green trace in Fig. 4). Since toluene predominantly
ticular glyoxal and methylglyoxal, were proposed to be im- reacts with OH radicals (reactions of toluene withd@ NO3
portant reaction mechanisms (Kalberer et al., 2004; Healyare slow, Calvert et al., 2002), the faster toluene decay indi-
et al., 2008). However, the significance of glyoxal uptake in cates that OH radical concentration was enhanced by glyoxal
the aromatic SOA system has not been evaluated directlyphotolysis. OH radical also influences aqueous chemistry
this section evaluates the significance of glyoxal uptake ontdVolkamer et al., 2009) in addition to gas-phase chemistry
toluene SOA during irradiated and dark conditions. (Calvert et al., 2002). To elucidate the role of increased OH

www.atmos-chem-phys.net/12/3927/2012/ Atmos. Chem. Phys., 12, 3%8887, 2012
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-@—, X toluene + NOx (1500B) + Toluene + NO, + glyoxal (1501A)
-9, + toluene + NOx + glyoxal (1501A) — Toluene + NO, + H,0, (1509A)
-, — toluene + NOx + H,0, (1501B) X Toluene + NO, (1498A)

100

Toluene (ppm)

€

Volume Fraction Remaining @100C

T T T T T 1
4 6 8 10 12

|
(2]
o
(_woy wrl) uonesnuasuod aWN|oA Nd

€
o
N

—0 Hours after lights on

Hours after liahts on Fig. 5. The time traces of particle volume fraction remaining at
9 100°. Addition of both glyoxal and HO5 resulted in faster reac-

Fig. 4. Evaluation of glyoxal impact as a radical source. Addition of ion and slightly less volatile particles, indicating that glyoxal acted

glyoxal (green trace) and4®; (red trace) resulted in nearly identi- 2 @ radical source.
cal toluene decay and SOA formation, indicating that glyoxal acted

as a radical source, instead of an oligomer precursor. 140 [ O Giyordl

X Volume (suspended)
O Volume (wall-corrected)

radical versus glyoxal uptake, another tolueneg@otoox-
idation experiment with elevatedB, concentration (added
to match OH levels in the additional glyoxal experiment) was
performed (red trace in Fig. 4). Addition of,8, resulted

in practically identical toluene decays between thgOp 40
and glyoxal experiments. The similar toluene decay rates in
these additional glyoxal/#D, experiments indicate success-

ful matching of OH levels. For these two experiments, SOA
formation was nearly identical, suggesting that the major im- 0 2 4 6 8 10 12

pact of glyoxal was enhanced OH level, with insignificant Hours after lights on

Contrlt)_L!tlons of glyoxal to SOA formatlon by_ _dlreCt uptake. Fig. 6. The time traces of glyoxal and particle volume concentration
_In addition to particle volume, particle volatility was mon- (suspended and wall-loss corrected) (Run 1501A). The dashed line
itored to evaluate glyoxal uptake onto SOA during irradi- jngjcates the time blacklights were turned off. Addition of glyoxal
ation. The evolution of VFR at 1000f toluene SOA was  (~100ppb) at 10 h into SOA seed system did not form significant
monitored by VTDMA (Fig. 5). The VFR of toluene SOA soA.

rapidly increased and plateaued afte h. The addition of

glyoxal to the photooxidation system resulted in increased

VFR. One might interpret this as contribution of glyoxal in particle volume concentration was observed. The absence
oligomer. However, the addition of 4@ as a radical source of glyoxal uptake onto SOA seed is in contrast with the
resulted in nearly an identical profile, again suggesting thataforementioned significant glyoxal uptake onto deliquesced
the role of glyoxal in toluene SOA formation (under irradi- (NH4)>,SQy; the difference highlights the importance of lig-
ation) in this study was as a radical source, not an oligomeid water content (LWC) and/or electrolytes in glyoxal up-
precursor. take as discussed below.
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T
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(_woy wr) swnjon Nd

€

- 20

3.2.2 Dark conditions 3.2.3 Impact of LWC and electrolytes

The absence of glyoxal uptake onto the toluene SOA wadPrevious studies proposed LWC as a major contributor to
further investigated by the addition of glyoxal after SOA for- SOA formation via aqueous reactions (Volkamer et al., 2009;
mation in the dark as a “SOA seed” experiment (Fig. 6). Kamens et al., 2011; Zhou et al., 2011). LWC for toluene
Blacklights were turned off after-9h of irradiation and SOA at a given RH was estimated using a humidogram ac-
nearly 100 ppb glyoxal was injected; no significant increasequired from a dry toluene + NQexperiment (Fig. 7) and
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Volume Gf = 9.14x10 *X[RH(%)]” -5.39x10 X[RH(%)] + 1.06 100 5
5 80
1.3 °c B non-seeded (1497A)
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40 50 60 70 80 90 100 Fig. 8. SOA growth curves (particle volume vs. toluene reacted) of
RH (%) non-seeded experiments and deliquesced ammonium sulfate seed

) ) o experiments. No significant difference in particle growth between
Fig. 7. Humidogram of SOA formed by the photooxidation of hgse two systems was observed, indicating that contribution from
toluene + NQ under a dry condition (Run 14998). glyoxal uptake onto deliquesced ammonium sulfate was minor in

this system.

shown in Table 1 (a volume ratio taken from the humido-

gram is converted into a mass fraction assuming SOA density Although the presence of deliquesced (N}$0; seed
1.4gcnt3). LWC for deliquesced (Ni)>SO, was estimated  particles results in higher LWC, SOA formation from toluene
using ISORROPIA (Nenes et al., 1998). The absence of sigphotooxidation is not enhanced (Fig. 8). This is in contrast
nificant glyoxal uptake onto toluene SOA can be interpretedwith the aforementioned impact of LWC and electrolytes
as a result of smaller LWC of SOA than that of (WeSOs on glyoxal uptake (Sect. 3.2.3). A possible explanation is
(Table 1), which is in agreement with the growing belief that that the high concentration of SOA overwhelmed the preex-
liquid water is needed for glyoxal uptake (e.g., Volkamer etisting seed particles thereby reducing the apparent seed ef-
al., 2009; Kamens et al., 2011). In order for glyoxal uptakefects; assuming the same extent of glyoxal uptake onto am-
to significantly occur during the irradiated conditions in this monium sulfate occurred as in the glyoxal + seed experi-
study, higher LWC, rather than higher RH, might be requiredment, glyoxal SOA would comprise only a minor mass frac-
(Kamens et al., 2011). In addition, the composition of thetion of toluene SOA since the seed mass fraction dropped
aqueous phase matters to glyoxal uptake; previous studies res approximately 10 % in six hours (not shown) and glyoxal
ported enhanced partitioning of glyoxal into water containing oligomer/sulfate ratio would be approximately 0.4 (Fig.2).
sulfate ion (Ip et al., 2009) and catalytic effect of ammonium Applying the results of dark glyoxal uptake to irradiated con-
ion on glyoxal oligomerization (Nogre et al., 2008). Kroll  ditions is uncertain due to the possibility of fast photochemi-
et al. (2005) observed far higher (by a factor-ef0) gly-  cal uptake of glyoxal (Volkamer et al., 2009); however, Gal-
oxal uptake onto deliquesced (M}4SO, than by pure water.  loway et al. (2011) did not observe fast photochemical up-
The absence of glyoxal uptake onto toluene SOA shown intake, and hence the significance of the fast photochemical
Fig. 6 suggests that aqueous phase of toluene SOA may neiptake is highly uncertain. Another possible explanation for

be preferable for glyoxal uptake. the absence of seed effects is core-shell morphology of SOA-
deliquesced (Nh)>SOy particles (e.g., Smith et al., 2011;
3.3 Effect of deliquesced (NH)2SO, seed on toluene Bertram et al., 2011; Anttila et al., 2006); an organic coat-
SOA formation ing around deliquesced (NpbSO4 core may slow down the

uptake of glyoxal induced by LWC and the electrolytes, re-

Deliquesced (N&)2SO4s was confirmed to rapidly form SOA sulting in reduction of the seed effects.

in the presence of glyoxal (Fig. 2). If glyoxal uptake onto del-

iquesced (NH)2SCy is @ major mechanism of toluene SOA 3.4  Evaluation of glyoxal uptake onto

formation, the presence of deliguesced QM$SOyseed par- 2-tert-butylphenol SOA

ticles is expected to enhance the toluene SOA formation sig-

nificantly. SOA growth curves (SOA formation vs. hydrocar- The absence of significant SOA formation from glyoxal up-
bon consumption) for non-seeded (nucleation) experimentsake onto toluene SOA is further probed by using 2-tert-
and deliquesced (Nf>SOy seeded experiments are shown butylphenol as a parent aromatic compound. When SOA
in Fig. 8. No significant difference in those two systems wasformed from 2-tert-butylphenol was introduced into the
observed, suggesting that non-glyoxal routes dominated thélR-ToF-AMS, significant signals of the 463 fragment
aromatic SOA formation pathways. from the tert-butyl substituent were observed. Since glyoxal
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oligomerization can not produce;8¢, C4H$ can be used % Vol
as a tracer for the SOA from 2-tert-butylphenol oxidation. _ S CH
The phenolic functionality (-OH) was used to enhance the il

reactivity of aromatic ring (e.gg-cresol is seven times more
reactive than toluene, Calvert et al., 2002) and to minimize
the reaction of the tert-butyl substituent. Although the steric
hindrance by the tert-butyl group remains uncertain, ade-
quately similar aromatic oxidation reaction is expected for
the purpose of evaluating glyoxal uptake. The result of 2-
tert-butylphenol oxidation is shown in Fig. 9. Glyoxal addi-
tion to this system during photooxidation (at 10 h after lights
on) resulted in enhanced SOA formation; however the frac-
tion of C4H§,r in the total organics (fgHg) did not change
significantly indicating that aerosol formation from products
not containing GHg' fragments (glyoxal and its products) g o The time traces of particle volume formed from 2-tert-
was not enhanced after glyoxal injection and oxidation. Thispytyiphenol photooxidation and,El§ fragment in particles (Run
further confirms that glyoxal's influence on SOA formation 14894). Particle volume increased immediately after glyoxal injec-
in the aromatic photooxidation systems under humid condi-ion while the fraction of QH‘J in organics was unaffected, indi-
tions (RH 51 % for this experiment) is limited to increasing cating the increase of particle volume was due to enhanced reaction
SOA formation by increasing gas-phase OH radical concenof 2-tert-butylphenol, as opposed to glyoxal uptake.

trations and not by reactive uptake of glyoxal into the SOA.

cm

/

Volume concentration (um

0 2 4 6 8 10 12
Hours after lights on

3.5 Comparison with previous studies SOA formation in the higher LWC experiments (observed
in both their study and this study) could be explained by
Consistencies and differences with previous studies are sungqueous reactions of water-soluble products other than gly-
marized in this section. Under dark conditions, this study ob-oxal, such as phenolic compounds (Sun et al., 2010). Differ-
served significant SOA formation from glyoxal uptake onto ent experimental conditions such as light sources (natural vs.
deliquesced (Nk)>SO4 seed, consistent with previous stud- blacklights) or background composition may also contribute
ies (e.g., Galloway et al., 2009; Kroll et al., 2005; Liggio et to the different observations.
al., 2005a; Volkamer et al., 2009). However, glyoxal uptake Applicability of this study on aromatics to other com-
onto SOA seed was not observed under dark/humid condipounds, such as biogenic compounds, remains uncertain.
tions (section 3.2.2); this is in agreement with the importanceHowever, assuming LWC is the key parameter in glyoxal
of LWC and electrolytes (Kamens et al., 2011; Volkamer etuptake (Kamens et al., 2011), similar results are expected
al., 2009; Ip et al., 2009). for biogenic SOA since hygroscopic growth factors of bio-
Recent studies by Zhou et al. (2011) and Kamens eigenic SOA were often observed to be approximately same
al. (2011) observed that particle water concentration wasas (or slightly less than) those of aromatic SOA (Jimenez
highly related to SOA formation from aromatic hydrocar- et al. (2009) —«-pinene, isoprene, and trimethylbenzene;
bons (toluene and xylenes), which was largely explained byCocker et al. (2001b) -«-pinene, m-xylene, and 1,3,5-
oligomerization of glyoxal (to a lesser extent, methylgly- trimethylbenzene; Qi etal. (2010ay-pinene and:-xylene;
oxal) in aqueous phase. Since this study also observed highdtrenni et al. (2007) «-pinene, 8-pinene, A3-carene, and
SOA formation for high RH and LWC experiments (e.g., Run toluene). Thus, further evaluation of glyoxal uptake onto bio-
1499B vs., 1497A, Table 1), our results are partly in agree-genic SOA would be beneficial.
ment with their study. However, our direct measurement of
glyoxal by CEAS, along with experiments using synthesized
glyoxal, strongly indicates glyoxal uptake was insignificant 4 Conclusion
during aromatic SOA formation, at least in our experimental
conditions (e.g., LWC, SOA loadings). The significance of glyoxal uptake in SOA formation from
One of the differences between this study and their studyaromatic hydrocarbon photooxidation was evaluated for the
is particle concentration ranges: Zhou et al. (2011) and Kafirst time. Glyoxal uptake onto deliquesced (NbBO, seed
mens et al. (2011) — from-1 to ~30 pg nT3; this study —  resulted in rapid SOA formation as shown in previous stud-
from ~30 ug nT 2 to over 100 pg m2. Since glyoxal uptake ies; however, no significant glyoxal uptake onto SOA formed
is not driven by partitioning to organics but by dissolution from aromatic hydrocarbon oxidation was observed. Instead
into water (Volkamer et al., 2009), glyoxal uptake might pref- of contributing to SOA formation by reactive uptake, gly-
erentially occur in their low organic aerosol/high RH exper- oxal acted as an OH radical source following photolysis. This
iments (over 90 % for some experiments). Also, the higherstudy suggests that the uptake and/or subsequent reaction of
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glyoxal in aqueous phase of aerosol to form low-volatility Cocker, D. R., Flagan, R. C., and Seinfeld, J. H.: State-of the art
compounds contributes to only minor fraction of aromatic chamber facility for studying atmospheric aerosol chemistry, En-
SOA in an environmental chamber (RH less than 80 %). This Viron. Sci. Technol., 35, 2594-2601, 2001a.

study highlights the need for evaluating glyoxal uptake ontoCocker, D. R., Mader, B. T., Kalberer, M., Flagan, R. C., and

SOA seed. This study does not preclude glyoxal uptake onto Seinfeld, J. H.. The effect of water on gas-particle parti-

aromatic SOA at RH above 80% (or higher LWC), uptake tioning of secondary organic aerosol: 2. m-xylene and 1,3,5-

. . trimethylbenzene photooxidation systems, Atmos. Environ., 35,
onto non-aromatic SOA, or glyoxal cloud processing. 6073-6085. 2001b
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