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Abstract. A large oxygenated organic uptake to aerosolsportant for properly representing organic aerosol O : C ratios
was observed when exposing ambient urban air to inorganiin air quality and climate models.
acidic and non-acidic sulfate seed aerosol. For non-acidic
seed aerosol the uptake was attributed to the direct disso-
lution of primary vehicle exhaust gases into the aqueous
aerosol fraction, and was correlated to the initial seed sul-L Introduction
phate mass. The uptake of primary oxygenated organic gases
to aerosols in this study represents a significant amount oPespite the recognized importance of organic aerosol (OA),
organic aerosol (OA) that may be considered primary whenits varied sources remain only partially understood. Broadly
compared to that reported for primary organic aerosol (POA) OA can be divided into primary organic aerosol (POA) or
but is considerably more oxygenated (O<@.3) than tradi- ~ secondary organic aerosol (SOA). The relative importance
tional POA. Consequently, a fraction of measured ambientof SOA and POA to total OA has been the focus of numer-
oxygenated OA, which correlates with secondary sulphateous studies. Typically, SOA dominates the OA mass (Zhang
may in fact be of a primary, rather than secondary sourcegt al., 2007; Jimenez et al., 2009), yet its formation mech-
These results represent a new source of oxygenated OA o@nisms remain uncertain. This is demonstrated by the fact
neutral aerosol and imply that the uptake of primary organicthat traditional oxidation mechanisms (via OH; &nhd NG)
gases will occur in the ambient atmosphere, under diluteare unable to account for SOA observations (Volkamer et
conditions, and in the presence of pre-existing;®@rosols  al., 2006; Zhang and Ying, 2011). Oligomer formation via
which contain water. Conversely, under acidic seed aerosokerosol-phase chemistry is of potential importance to overall
conditions, oligomer formation was observed with the up- SOA formation (Nguyen et al., 2011; Hall IV and Johnston,
take of organics being enhanced by a factor of three or mor&011), as is the formation of semi-solid particles which af-
compared to neutral aerosols, and in less than 2 min, reprefects gas-particle partitioning (Vaden et al., 2011; Perraud et
senting an additional source of SOA to the atmosphere. Thigl., 2012). Neither of these two processes are adequately pa-
resulted in a trajectory in Van Krevelen space towards higheframeterized in models but may help to explain discrepancies
O:C (slope~ —1.5), despite a lack of continual gas-phase between models and observations.
oxidation in this closed system. The results demonstrate that Precursor VOC oxidation leads to products with a higher
high molecular weight species will form on acidic aerosols atoxygen content and lower saturation vapor pressures, thus
the ambient level and mixture of organic gases, but are othenabling the products to partition to aerosols. Hence, the de-
erwise unaffected by subsequent aerosol neutralization, angiree of oxygenation in OA, represented by the O : C ratio, has
that aerosol acidity will affect the organic O: C via aerosol- been used to infer source types (POA vs. SOA) (Liggio et al.,
phase reactions. These two processes, forming oxygenate#P10; Sun et al., 2011), and is related to aerosol properties
POA under neutral conditions and SOA under acidic condi-such as volatility and hygroscopicity (Jimenez et al., 2009;
tions can contribute to the total ambient OA mass and theéMurphy et al., 2011; Huffman et al., 2009). High O : C ratios
evolution of ambient aerosol O: C ratios. This may be im- in OA have been linked to SOA and oxidative aging (Jimenez
et al., 2009); conversely, low O: C indicate POA (Aiken et
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al., 2008; Chirico et al., 2010). In addition, the relationship 2 Methods
between the H: C and O: C ratios has been used to describe
organic functional group evolution and aging from field and Experiments were performed in a 2feflon chamber in the
laboratory experiments (Tkacik et al., 2012; Lambe et al.,dark by exposing aerosol filtered, urban ambient air to sul-
2012; Heald et al., 2010; Ng et al., 2011a; Kroll et al., 2011). phuric acid aerosols and ammonia. Details of the experimen-
Those results show that a continual evolution of OA to highertal procedure have been given elsewhere (Liggio et al., 2011)
O: C ratios will occur under oxidative conditions leading to and initial experimental conditions are given in Table 1. Ex-
more highly oxidized functional groups in the OA. Under- periments were conducted by filling the chamber with par-
standing the processes which alter organic aerosol mass aritle filtered ambient air over several hours, followed by the
O: C is thus critical to modeling aerosol properties and ulti- formation of sulphuric acid aerosols in the chamber in 2—
mately their effect on climate. 20 s via the reaction of added $@nd ambient water vapour
Recent laboratory studies have shown that the direct confChan and Mozurkewich, 2001; Baker et al., 1999). The am-
densational uptake of vehicle exhaust gases to neutral subient aerosols were filtered with a 47 mm Teflon filter at a
fate aerosols (S.-M. Li et al., 2011) can increase OA masdlow rate of approximately 15L mirt. The initially gener-
in those experiments. If the uptake involves primary oxy- ated sulphate loadings spanned the range of 2.7-28 figm
genated species as hypothesized, then it may lead to changast a relative humidity (RH) of 40-50%. Ammonia (NH
in the degree of aerosol oxygenation if significant OA mass iswas always present (or added) in the chamber prior tg SO
added under ambient dilute exhaust conditions. Such a proaddition, at levels that ranged from1—43 ppbv. Low NH
cess occurring on short time and spatial scales could lead ttevels (< 5ppbv) were present in the ambient air for some
oxygenated OA mass which will be indistinguishable from experiments. Higher concentrations were achieved by addi-
SOA, implying that POA may be more oxygenated than pre-tion and dilution of high purity NH (10 ppm, Scott specialty)
viously considered. prior to the introduction of acidic aerosols. The reaction be-
Furthermore, aerosol-phase chemistry leading to high MWtween ammonia (Ng) and SO, aerosols resulted in acidic
species and oligomers has been shown to be a potentially imer neutral seed aerosols depending upon the concentration of
portant pathway to OA (Hall IV and Johnston, 2011), yet the pre-existing ammonia. Control experiments were performed
role of aerosol acidity in oligomer formation remains uncer- by using organic-free zero air (Table 1) in place of ambi-
tain. While some studies have noted enhanced oligomer masant air.
under acidic aerosol conditions (Denkenberger et al., 2007; Aerosol size and number were characterized with a
Gao et al., 2004), others have observed an insignificant efScanning Mobility Particle Sizer (SMPS, TSI Inc.), with
fect (Zhang et al., 2012). Additionally, many smog chambera scan time of 3min. Aerosol inorganic and organic
experiments are performed utilizing single gaseous organienasses were quantified with a high resolution time-of-
species at high concentrations, and/or very high initial seedlight aerosol mass spectrometer (HR-ToF-AMS, Aero-
mass loading. These conditions may not be entirely repredyne Research Inc) (DeCarlo et al., 2006). AMS elemen-
sentative of the ambient atmosphere, and hence the impotal analysis was accomplished using APES 1.04 integrated
tance of the above processes under dilute ambient conditiongto PIKA v1.07 (ttp://cires.colorado.edu/jimenez-group/
where a multitude of species simultaneously exist, remainsSToFAMSResources/ToFSoftware/index.hinfhiken et al.,
somewhat unclear, as does its effect on the oxygen conter007, 2008). The AMS collection efficiency (CE) in this
of the resultant aerosols. study was determined by comparing SMPS derived mass
In the present study, the partitioning and reactive uptake ofwith the AMS derived mass, and ranged fren22—100 %,
the ambient mixture and concentration of gases to aerosols accord with the results of Matthew et al. (2008) for the
is investigated by exposing urban ambient air to sulphatetypes of aerosols studied here. Regardless, the CE did not af-
aerosols. The results demonstrate that the condensation ééct the results of this study, as organics and sulphate were
existing ambient primary species will lead to significant oxy- internally mixed and the organic uptake was normalized by
genated OA on neutral particles, prior to gas-phase oxidationthe latter. Ambient aerosols up-stream of the Teflon filter
The uptake of ambient gaseous organics to acidic aerosol andere also measured with the HR-ToF-AMS for 10-60 min
subsequent aerosol-phase chemistry will also result in highprior to introduction of the sulphate aerosol. Organic gases in
MW species and/or oligomers which significantly enhancethe chamber were measured with a high resolution time-of-
aerosol oxygenation. The implications of this new route toflight proton transfer reaction mass spectrometer (HR-ToF-
oxygenated OA to the overall aerosol mass and oxygenatio®TR-MS) (Jordan et al., 2009). The PTR-ToF-MS measures
levels are discussed. a subset of VOCs including oxygenated, aromatic and olefin
species. The local ambient VOCs found during this study
were a mixture of those from aged regional air, biogenic
emissions and a major roadway100 m away with predom-
inantly gasoline light duty vehicle traffic. The calibrated con-
centrations of selected species during these experiments were
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Table 1. Initial experimental and ambient parameters.

Exp?  SOi” NH3(g) (NH3/SO»? Mode Diam. Tol/Benz ~ Terp/isop  Additional [N4}
(ugn3)P  (ppbvf (nm) (ppbf (ppbf Pulse (ppb)
B1 11.0 16.7 6.0 113 BDL BDL -
B2 28.4 28.6 4.0 168 BDL BDL -
B3 6.8 153 89.2 117 BDL BDL -
E1l 5.8 1.1 0.75 238 0.27/0.18 0.12/0.57 -
E2 15.3 2.3 0.6 108 1.0/0.43  0.25/0.80 -
E3 16.5 3.8 0.9 112 0.83/0.37 0.23/0.82 10.1
E4 22.0 26.0 4.7 200 2.8/0.83 0.45/1.3 69.8
E5 5.8 2.7 1.9 82 0.76/0.32 0.20/0.48 50.2
E6 6.8 10.5 6.1 187 0.81/0.44 0.21/1.0 -
E7 2.7 9.0 13.2 117 1.4/0.6 0.41/0.79 -
ES8 8.9 11.6 5.2 155 2.2/0.63 0.27/0.78 —
E9 9.1 9.6 4.2 151 0.72/0.27 0.25/1.3 -
E10 5.8 8.8 6.1 125 0.57/0.31 0.26/0.55 -
E1l1l 9.9 22.5 9.0 190 0.54/0.28 0.27/0.48 —
E12 17.0 43.3 10.1 115 2.0/0.34  0.37/0.52 -
E13 11.4 24.0 8.4 123 NA NA -
E1l4 20.0 10.0 2.0 252 NA NA 71.0

2 B1-B3 refers to background experiments with zero air but with added amnRolnidial CE corrected sulfate loading at- 3min. ¢ Initial
concentration prior to addition of$$0y. 9 Initial molar ratio; a value of 2.0 indicates that particles should be neutral at the end of experiment.
Estimated uncertainty in NfdSOy is approximately 25 %6 Ambient concentrations in chamber 5 min prior te$0y addition. Tol= toluene

(mean: 1.1 ppb), Benz benzene (mean: 0.4 ppb), tegterpenes (mean: 0.27 ppb), Isedsoprene (mean: 0.79 ppb), BBt below detection

limit. f Increase in NH concentration during an additional pulse of jfér selected experiments. Bolded experiment numbers represent slightly
acidic experiments.

representative of urban and biogenic emissions and are giveB13); those in which the aerosols remained highly acidic
in Table 1. Ammonia was measured with a modified chemilu-([NH4/SOy] < 1; E1-E3); and those experiments which are
minescence instrument (Thermo Scientific, 42C). The modi-slightly acidic (1.5< [NH4/SOy]s < 2; E4, E8, E14). An ap-
fied chemiluminescence instrument (Thermo Scientific, 42C)proximately 25 % uncertainty in determining [MFbO4]s
measured Nkl every 10s with a detection limit of approx- is assumed. In some experiments particles remain slightly
imately 500 pptv. During four experiments additional NH acidic despite an excess of NHconsistent with a reduced
(10-70 ppb) was added to the chamber after several hourklH3 uptake in the presence of organics as demonstrated in
and in a short pulse{5s; Table 1) to study the organic up- Liggio et al. (2011). A time series of the measured aerosol
take reversibility with respect to aerosol neutralization. organic mass (normalized by sulphate to remove the effect

of aerosol wall losses) for experiments within these groups

is given in Fig. 1a and b. These three scenarios are discussed
3 Results and discussion further below.

Results for ambient (E1—E14) and control (B1-B3) experi-3.1 Oxygenated organic uptake on non-acidic seed

ments are given in Table 2. Exposure of generate8®]

particles to organic free air and excess gaseousdbulted  There is an initial aerosol organic mass increase (Org/SO
in immediate aerosol neutralization and no measurable orfor these experiments (and all other experiments) in the first
ganic uptake (@3+0.03 ugnT3). In contrast, experiments 2 min. This increase in Org/SOoccurred faster than the
with ambient air (E1-E14) resulted in 0.1-2.5 pghof or- AMS measurement time resolution (2 min) for non-acidic
ganic mass taken up on the seed aerosols (2.7-22fgm aerosols in particular (but also slightly acidic aerosols) af-
sof; seed) in the first 2min and much faster than couldter which the Org/S® remained approximately constant
be measured with the AMS. These ambient exposure ex{Fig. 1a). This initial organic mass added is plotted as a
periments can be separated into three groups based upduanction of the initial S@* seed mass in Fig. 2a. Accord-
their final [NHs/SQq] (Table 2); those which begin with ing to Fig. 2a, the mass of organics taken up is propor-
sufficient NH(g) in the chamber initially to immediately tional to the mass of sulphate seed, particularly for those ex-
and fully neutralize the aerosols as indicated by the fi-periments with neutral particles, and those which are only
nal molar neutralization ratio ([NHMSOy]s ~ 2, E5—E7, E9—  slightly acidic (1.5< [NH4/SO4]s < 2). Since the integrated
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Table 2. Results of organic uptake.

Exp. Org. (NH/SO»)P  AmbientOrg  Org/S® 0:C o:C
(g nr3)2 (g nr3)° (ambientf  (exp)
B1  0.0340.02 2 - - - -
B2 0034002 2 - - - -
B3 0034002 2 - - - -
E1 0.95 0.3 0.38 0.75 0.55 0.29
E2 25 0.5 0.6 0.55 0.50 0.28
E3 2.1 0.6 1.04 0.25 0.47 0.27
E4 1.51 1.4 1.3 0.07 0.42 0.17
E5 0.65 1.78 0.53 0.17 0.36 0.25
E6 0.4 1.8 1.6 0.04 0.51 0.26
E7 0.1 1.9 0.62 0.1 0.35 0.28
ES 0.5 1.7 1.7 0.1 0.38 0.30
E9 0.77 1.8 0.66 0.09 0.40 0.27
E10 0.2 2 0.76 0.14 0.36 0.32
E11 0.51 1.9 0.62 0.04 0.37 0.21
E12 0.11 2 0.7 0.03 0.36 0.30
E13 0.32 2 - 0.04 - 0.31
El4 1.95 1.4 0.8 0.15 0.44 0.24

2 nitial organics ¢ 2 min). b Atend of experiment. Estimated uncertainty in NBOy is approximately 25 %.
¢ Non-filtered ambient air value averaged for 10 min prior to experirﬁbﬁrior to additional pulse of Nkl Bolded
experiment numbers represent slightly acidic experiments (E4, E8, E14).

surface area in these experiments also increases with increa¥he spectra for the condensed organics on neutral aerosols in
ing SQ; seed mass, it is difficult to deduce if the initial up- this study were also compared with those of other sources
take of gases is volume or surface area dependent. Howeve(frig. 3). The results of Fig. 3 indicate that the added or-
a mass dependence in Fig. 2a is consistent with the resultganics in this study are vastly different than those from
of S.-M. Li et al. (2011). In that study, organic gases from a primary organic aerosol (POA) generated from a gasoline
single gasoline engine were exposed to mono-dispersed, nowehicle (Mohr et al., 2009) K2 = 0.45, Slope=0.65) de-
acidic (NH;)2SOy seed aerosols, and the fast organic uptakespite the fact that gasoline exhaust vapours were likely the
was found to be due to the dissolution of gaseous species (i.dargest contributors to the initial uptake. The spectra from
seed aerosol mass dependent). The organic to sulphate ratibis study are also significantly different than the spectra de-
in those studies was shown to be related to the organic vapaiived from positive matrix factorization (PMF) used to de-
pressures, and was approximately 5%, (Fig. 2a) which is inconvolve ambient aerosol sources and/or processes (Ng et
good agreement with the current study{ %). al., 2011b) (Fig. 3); particularly those of HOA (a surrogate
The AMS organic mass spectrum from S.-M. Li et for POA) (R? = 0.57, Slope= 0.66), semi-volatile SOA (SV-
al. (2011) and an average organic spectrum for the first 2 mirDOA; R? = 0.66, Slope=0.57) or more aged, low-volatility
in the present study are shown in Fig. 2b. To be consis-SOA (LV-OOA; R2 = 0.47, Slope=0.84).
tent with the neutral seed particles utilized in S.-M. Li et  The results of Figs. 2 and 3 most importantly demon-
al. (2011), only experiments considered fully neutral (E5-strate that the majority of organics taken up from ambient air
E7, E9-E13) in the present study are used in computing thdikely arose from the condensation of gasoline vehicle emis-
average spectra. However, even slightly acidic spectra (E4sions (under neutral conditions), and that the concentrations
E8, and E14) have initial organic spectra similar to that of of these vapors were not significantly different than those
Fig. 2b. The two spectra (each normalized to the total sigpresent in the diluted engine exhaust studies of S.-M. Li et
nal) are remarkably similar, with a high degree of correla-al. (2011). These results are consistent with gasoline engine
tion (R%2 =0.90, Slope=0.9). This is not only true for the exhaust being the dominant source of VOCs/SVOCs during
fragments which contribute to the majority of the mass (i.e.the present study, as shown by the relatively high benzene
m/z 27, 41, 43, 44, 55, 67, 69) but also many of the lessand toluene concentrations in the ambient air (Table 1) and
prevalent fragments. Removing the contribution of the dom-the close proximity to a major roadway: (LO0 m). Further-
inant fragments in the spectra (ie;/z 27, 41, 44, 55) does more, the ratio of toluene to benzene in the chamber during
not significantly degrade the overall correlatidt?(= 0.88). these experiments was approximately 3.0 (mean), which is
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Fig. 1. (A) Organic/sulfate for selected neutral and slightly acidic experiments as a function of time relative to parjiclddi&ion. SQ
normalization removes particle wall loss effe€B) Organic/sulfate and«{/z > 300)/SQ, for highly acidic seed experiments as a function
of time relative to particle S@addition. Red arrow represents an additionald\ilse.

consistent with moderately fresh vehicle emissions, as comamount and spectra of the organics added to seed aerosol,
pared to the values reported for fresh urban plumes8.{ with the ambient measured OA mass and spectra 10—60 min
to 5.2), and in contrast to that of photo-chemically aged airprior to the addition of seed. The amount of organic mass
masses<£ ~ 1) (De Gouw et al., 2005; Cubison, et al., 2006; taken up during neutral aerosol experiments was of similar
Warneke et al., 2007; Vlasenko et al., 2009). Given the mul-magnitude to the ambient organic mass concentration prior
titude of gas phase organic species present in the ambient ailg seed aerosol exposure (Table 2). Assuming that this ambi-
including those of biogenic origin (Table 1), itis possible that ent organic mass was approximately constant over the 2-3 h
other species may partly contribute to organic uptake hereof chamber filling, then upwards of 100 % of the ambient or-
(Liggio and Li, 2008) thus explaining some of the small dif- ganic aerosol would be required to evaporate to account for
ferences in the spectra (This study vs. S.-M. Li et al., 2011).the observed uptake to seed aerosol. Additionally, ambient
The gas-phase HR-ToF-PTR-MS spectra obtained during exerganic aerosol spectra during the time of these experiments
periments with the most acidic seed aerosols (and thus highwere significantly different than that of the added organics
est added organic mass) are also consistent with an exhautt seed aerosol (Fig. 4). The ambient organic aerosol ranged
source rich in unsaturated hydrocarbons as demonstrated préfom moderately aged (E10-13; Fig. 4) to highly oxidized
viously (Liggio et al., 2011). However, a VOC decrease from (E1; Fig. 4). These observations indicate that repartitioning
the gas-phase for neutral aerosol experiments could not bef organics which may have evaporated from the ambient
observed due to the inherently less organic mass taken uperosols during the filtering process is highly unlikely to ac-
during neutral or slightly acidic experiments and thus preci-count for the observed uptake.

sion limitations of the HR-ToF-PTR-MS. As will be demonstrated below, organic mass uptake is en-
hanced under acidic conditions by aerosol-phase reactions.
3.1.1 Potential uncertainties Given that aerosols in all experiments were initially acidic

(due to the aerosol generation method), it is possible that a
Given the volatility of ambient OA, the possibility of or- small fraction of the initial organic mass for neutral aerosol
ganic aerosol evaporation during the filtration process fol-experiments is due to this reactive uptake, which may have
lowed by re-partitioning to seed aerosol (as a source of adeccurred for a short time before particles had been fully
ditional organic mass) was investigated by comparing the
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A 25- A\\ in the.ga.s—phase as measgreq by the PTR-ToF-MS and high
O:C indicative of small di-acids was not observed in the
20 A\ initial aerosol. Secondly, the large final sulphate mass (5—
0 — Best fit (this study) 3 22ug 3 SGF) implies that HSOy vapour concentrations
£ 95% CI 5 Hgm "~ 5% )1mp pour :
@ | e Lictal.2011 . were sufficiently high that molecular collisions with organ-
= = 4@” ics were less likely than those 0bHO; and HO. The high
= [EL (NS0 =075 | cyos® Z 0% degree of correlation between organic aerosol spectra of this
§ e O study and that of S.-M. Li et al. (2011) (Fig. 2b), despite
s | . v T the use of atomization as a seed aerosol source (ie: without
T4 e nucleation) also suggests a minor role for organics in the nu-
__________ cleation process. Finally, organic incorporation during nucle-
0.0 - : : : : , ation implies that the initial organic aerosol spectra should be
0 5 10 15 20 25 similar for all experiments, as the seed aerosols are generated
(SO it (Mg M) identically in all cases. However, acidic aerosol experiments
have initial spectra that are significantly dissimilar to others
B o.10- B (Fig. 5).
41
. Y 55 _ 3.1.2 Organic aerosol O: C on neutral seed
s 0.08+ / 1 Avg Neutral Exp. (This Study)
= 29 | Lietal,2011 . . .
2 2 The condensation of gasoline exhaust vapours to a polar in-
§D 0.067 \ organic seed aerosol suggests that the condensing organics
= were likely oxygenated to some degree. The O: C ratios for
Lg 0.044 17 ambient aerosols at the time of experiments and those of the
g added organics (on the seed aerosols) are given in Table 2.
2 00nd The O: C ratios in the ambient aerosols ranged from 0.35-
0.55 (Mean=0.42), similar to that of a semi-volatile oxy-
0.00 genated secondary organic aeroso_l (SV-0O0A.35; Ng et
20 40 60 40 100 120 140 al., 2010). Conversely, the O : C ratios for the organics taken

m/z up onto the seed aerosols were substantially lower (0.21—
0.32; Mean=0.29), in agreement with that of S.-M. Li et
al. (2011), but much higher than that reported for gasoline
derived POA  0.04) (Mohr et al., 2009), hydrocarbon-like

Fig. 2. (A) Initial organics as a function of initial SOseed mass
(t ~ 2min) for this study and that of S.-M. Li et al. (2011). Triangles

represent highly acidic experiments (E1-E3). Best fit line through . .
green points onlyB) Average organic mass spectra for neutral par- organic aerosols (HOA 0.05-0.1); a factor thought to rep-

ticle experiments and that of S.-M. Li et al. (2012 Normalizedto ~ '€Sentambient POA (Ng et al., 2011b), and much lower than
the total organic signal. that of more aged SOA (less volatile; LV-O0A,0.7) (Ng et

al., 2010). These observations together point to a mechanism

for forming oxygenated OA which is neither as oxygenated

as reported surrogates of SOA (OOA; Ng et al., 2011b) nor
neutralized. Based upon the rapid aerosol neutralization, thas hydrocarbon-like as reported primary sources (Mohr et al.,
similarity of organic aerosol spectra to that of S.-M. Li et 2009; Ng et al., 2011b) despite a predominantly gasoline ex-
al. (2011) (on neutral aerosol), and the dissimilarity betweenhaust source.
acidic and neutral aerosol spectra of the current study, it is Several factors suggest that the mechanism of organic up-
expected that the reactive uptake organic fraction on finallytake under these neutral (and near neutral) conditions is likely
neutral aerosol is of a minor importance. the dissolution of primary polar gases to a partially aqueous

The method of seed aerosol addition into the chambemerosol. Firstly, as was demonstrated in S.-M. Li et al. (2011)

during these experiments contributes further uncertainty tca relationship between seed particle volume (as opposed to
the mechanism of simple condensational uptake of organicssurface area) and organic mass uptake for aqueous parti-
Given that seed aerosol is formed via the formation g56y cles implied a solubility mechanism. Similar organic aerosol
(SGs+ H20) and subsequent nucleation, the incorporation ofspectra and seed particle volume dependence in the current
organics during the nucleation process cannot be entirely disstudy compared to that of S.-M. Li et al. (2011) suggests a
counted. However, several facts point to the unlikelihood ofsimilar mechanism. This is also consistent with the fact that
this event. Firstly, although the role of organics in the nu- the neutral particles in this study began as liquid droplets, and
cleation processes has been demonstrated previously, it ifkely contained significant water after neutralization since
usually limited to small dicarboxylic acids and amines (Xu the chamber RH (40-50 %) was significantly above the ef-
and Zhang, 2012; Yu et al., 2012). No amines were observedlorescence RH of ammonium sulfate (30-35 %; Smith et al.,
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Fig. 3. Comparison of average organic aerosol mass spectrum from initial uptakest¢t8©study) with those reported f¢A) gasoline
exhaust POA (Mohr et al., 2009); and various average PMF derived spectra from worldwide datasets (Ng et al., 2011b) (Bgluding
SV-OOA = Semi-volatile oxygenated organic aerog@) LV-OOA = Less-volatile oxygenated organic aerogbl) HOA = Hydrocarbon-

like organic aerosol (surrogate for POA). Reference spectra obtained via AMS Spectral Ddt#tpaseres.colorado.edu/jimenez-group/
AMSsd/ (Ulbrich et al., 2009)2 Normalized to the total organic signal.

2012). Finally, the equilibrium timescale for organic uptake vehicles compared to less than 4 % for diesel (Jakober et al.,
under these conditions was less than approximately 2 mire008). Given that reactive organic mass uptake enhanced by
(Fig. 1a). This rapid equilibrium is consistent with Henry law acidity is of minor importance for neutral experiments (noted
solubility, where gas-particle diffusion or gas-interface trans-above), it is unlikely that any aerosol reactions such as olefin
port is the rate limiting step. As demonstrated by Shi and Seydration (Liggio and Li, 2008; Liu et al., 2010) would ex-
infeld (1991) and summarized in Seinfeld and Pandis (1998plain the added oxygen within the neutral and near neutral
the characteristic time for such processes results in an equseed aerosols.

librium achieved on the order of milliseconds to seconds in a

closed system. Conversely, equilibrium in a reactive systen3 2 Reactive organic uptake on acidic seed
may take significantly longer (i.e. Fig. 1b) potentially due

to slow liquid phase chemistry, or mass transfer limitations g, e riments with insufficient Nifor full neutralization of

caused by the increased organic mass added in acidic expelaay aerosols (.. acidic, E1-E3) show that acquired organic
iments resulting in changes in the organic aerosol Viscosity . asses on the seed aerosols are notably above the best fit
(Vadep etal, 2011, Perraqd el a!., 201_2)' i line of Fig. 2a. This suggests heterogeneous and/or aerosol
In light of the above points, dissolution of primary oxy- aqe chemistry is occurring, increasing the organic mass by
genated exhaust gases to the seed aerosols, as also ShoWg, oy of three above the best fit line, and above that which
in S.-M. Li et al. (2011), is likely responsible for much of |, o 14 immediately partition from the gas-phase to a non-

theI oxyégen content |In the (;a_e_rosols r<])_f t_hls_ study under ”_eﬁacidic seed aerosol. The existence of aerosol-phase chem-
tral (and near neutral) conditions. This is in agreement withigy resyiting in oligomers is further demonstrated by the

recent studies which have demonstrated that carbonyls MaYjow increases in organic mass on the aerosols over time

account for up to 37% of the total primary organic mass y,ing the acidic experiments (Fig. 1b) compared to neutral
(> 80% in the gas-phase) emitted from light duty gasoline o.4501s which reach a steady state immediately (Fig. 1a).
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spectra for E1 10 min prior to exposuF’eAverage ambient spectra for all experiments 10 min prior to exposure.

Concurrent with aerosol reactive uptake is the formationby SQy) is shown in Fig. 1b and demonstrates that there is
of high mass fragments in the organic mass spectra of than obvious difference between the time evolution of high
aerosols (Fig. 5a) which extend beyond 450amu. Givenmass fragments and the total organic aerosol mass, with the
the large ionization energies utilized in the HR-ToF-AMS m/z > 300/SQ increase being slower without ever reaching
(~70eV), these highem/z fragments are likely to arise a steady state. Also, the rate of increasenofq> 300)/SQ

from even larger parent compounds in the aerosol, whichis correlated with the final aerosol acidity as determined
are highly unlikely to arise from the gas-phase. A shift to by the NH,/SO, ratio of Table 2 (Elk E2< E3). Taken
largerm/z over time (i.e. chemical reaction) in this closed together, these observations are consistent with an acid-
system is demonstrated in Fig. 5a which shows that the releatalyzed oligomerization mechanism.

ative importance of fragments greater tharl50 amu in-

creases over several hours (2min-5h). Figure 5b compare$.2.1  Organic uptake reversibility

the background raw signal in the absence of particles during

this experiment with the spectra at 106 min, which clearly The organic uptake reversibility on acidic aerosol with re-
illustrates that fragments as large-a$00 amu are approx- SPect to NH exposure, and effect on oligomer formation
imately an order of magnitude above the noise level (noteand aerosol O:C ratios was studied by introducing a sub-
Log scale). Conversely, significant high MW fragments were sequent pulse of excess NiFig. 1b, Table 1) after signifi-

not observed for the fully neutral particle experiments. Al- cant organic uptake had occurred which drives the aerosols to
though high mass fragments are clearly linked to high Mw neutrality instantly. This results in a corresponding decrease
species, the destructive nature of the AMS ionization pre-(20-40 %) in the organic mass (Fig. 1b; red arrow), demon-
cludes the use of these fragments as a quantitative measuférating a degree of reversibility. In neutralizing the aerosol
of the oligomer fraction. However, a qualitative measure of With NHz, a new gas-particle equilibrium with water vapour

the oligomers was obtained as the sum of all AMS fragmentgnust be established; in this case resulting in a decrease in
greater than 300amu. The summfz > 300 (normalized the aerosol water content. A loss of aerosol water and cor-

responding decrease in organic mass is consistent with the

Atmos. Chem. Phys., 13, 2988002 2013 www.atmos-chem-phys.net/13/2989/2013/



J. Liggio and S.-M. Li: A new source of oxygenated organic aerosol and oligomers 2997

1
I
70 80 90 100 110

I I !
10 20 30 40

12x10° A .
1 I t=106 min (E2) B
—- P | Filtered (E2)
1.0 1 g4
R
2
=~ 08 z 0'15
& =
‘UJ- 2
3 06 0.01 | |
::_.: : T T T d | T T T T T T
= 200 300 400 500 600 700
s m/'z
Z 04
I t=2min (E2)
I t=106 min (E2)
02 I t=323 min (E2)
0.0
150 200 250 300 350 400 450 500 550
m/z
3 .
70x10 COZ
N
CoH,0 C
60- CHO'—~ EHR
= - xtlyz
5 \ " Gl CLN,
g 40 CcO \ I CHON
g N \ = 1 Other
N
] C,HN
E 304
Z CHN ‘CH4N+ /o lemNgt
20 4 / // CHN
10 | | }/
LAY T
0 | |I| || | || NI |.| | l”i..l '1ii.|||| II|!=|IIII|| NI T
| T i T T f i
50 60
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aerosol spectrum at the end of a highly acidic experiment (E1). The significant number of N-containing fragments is indicative of imine
formation.

known overall reversibility of alkene and carbonyl hydration other reactions leading to oligomeric compounds such aldol,
reactions (Liggio and Li, 2008; Liu et al., 2010; Wade, 2003) acetal, imine and cationic polymerization products (Noziere
as depicted generally in Egs. (1) and (2). and Riemer, 2003; Liggio et al., 2007; Wang et al., 2010)
ot some of which are not formed through reversible reactions or
R—CH=CH-R+H0 < R—CH,—CH(OH)-R (1) require an acid catalyst in the forward and reverse directions.
The formation of products from irreversible reactions would
R—C(O)—R+ H,0 i) R—C(OH),—R @) also slow the eventual shift in equilibrium back to the start-

ing olefin (Eg. 1) via ambient ozonolysis reaction (e.g. Mor-
It may also be possible that the neutralization of the aerosotis et al., 2002). Indeed, under acidic conditions a number of

results in OA evaporation which accompanies the loss of sulnitrogen containing fragments were observed in the organic
phuric acid/water liquid phase that the OA was dissolvedaerosol spectra, as depicted in Fig. 5¢, possibly as a result of
in. Given the evidence for reactive uptake in acidic parti- acid catalyzed irreversible imine formation reactions (Wang

cles forming large MW species, simple OA evaporation iset al., 2010). The irreversible formation of these and other
less likely. Equations (1) and (2) are also the first steps to
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products may explain why the oligomerization products, asterials. The fraction of the total organic fragments attributed
represented byn{/z > 300)/SQ in Fig. 1b do not decrease to high MW fragments (usingn{/z > 300)/Total Org as a
upon addition of NH and subsequent aerosol neutralization. surrogate) and the organic O : C ratios for three experiments
However, even reversibly formed oligomers are likely stablewith an additional NH pulse is given in Fig. 6a. The O : Cra-

in the absence of an acid catalyst. This behaviour was onlytio is determined for fragments up to 150 amu, which encom-
observed in experiments with the highest acidity, while addi-passes>- 95 % of the total organic mass. Figure 6a demon-
tion of excess ammonia during a neutral aerosol experimenstrates that the relative importance of high MW products
(E5) did not result in any significant loss of organics. increases as a result of aerosol neutralization (shaded re-
gions) at the expense of reversibly formed products, and that
this effect is more prominent for the most highly acidic ex-
periments. This is consistent with the: (z > 300)/SQ of

Fig. 1b, where high MW products are formed through ef-
]fectively irreversible reactions, thus accounting for a greater
fraction of the organic aerosol after the loss of products

3.2.2 Organic aerosol O : C on acidic seed

The addition of NH resulting in the partial reversibility of
organic uptake can also give an indication of the degree o
oxygenation of the high MW products and their starting ma-
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via reversible reactions. More importantly, the correspond-in O: C over time, possibly due to oxidative chemistry in
ing O: C ratios increased after the Niddition (Fig. 6a), the dark (i.e. @ and NQ) are not likely, since a large and
and most notably for the more acidic experiments. This im-evolving organic mass and O : C was only observed for acidic
plies that the irreversibly formed oligomers were more oxy- aerosol experiments, while ozone was likely present in small
genated than the reversibly formed uptake species, and th@mounts during all experiments. Regardless, ozone chem-
the oligomers arose from more oxygenated building blocks,istry forming SOA is likely too slow to form the large amount
facilitated by the increased aerosol acidity. If it is assumedof organic mass observed here on such a short time scale
that what remains after neutralization is primarily high MW (both in acidic and neutral experiments).
products, then they likely will possess an O: C ratio greater
than~ 0.3. Changes in the O: C ratios over time were not ob-
served for experiments with completely neutral aerosols (E54 Implications and conclusions
E7; E9-E13), suggesting that acidity played a key role in the
evolution of the O: C ratios observed in the acidic aerosolThe present results have several different implications for
experiments. ambient organic OA mass and composition in the presence
The evolution of the organic O: C ratios during these ex- of either neutral or acidic aerosol. Foremost, they imply that
periments can also be represented in a Van Krevelen diagrairtine dissolution of gasoline exhaust vapours onto pre-existing
(Fig. 6b), as has been shown for ambient and laboratory SOAeutral seed mass as demonstrated previously (S.-M. Li et
datasets (Tkacik et al., 2012; Lambe et al., 2012; Heald et al.al., 2011), will occur under ambient conditions (with fully di-
2010; Ng et al., 2011a). The slope of the lines in Fig. 6b rep-luted exhaust). Extrapolating the relationship in Fig. 2a (Or-
resent the net functional group changes in the idealized casganic: SQ ~ 7 %) to a regional scale, downwind of urban
(red dashed lines), ambient observations (blue and green¥ources £ 2 ug 3 neutral SQ; Zhang et al., 2007) sug-
and the current study (black). For the most highly acidic gests that-0.14 pg nm? of organics can be added to the OA
cases, where sufficient organic mass was taken up on theurden via this mechanism. This amount of organic mass is
seed aerosols to allow for a reliable elemental compositiorsmall with respect to typical SOA levels in these regions;
determination (E1-E4; E14), the data fall along a slope of~1.5-5.4 ug m3 OOA (Zhang et al., 2007). However, un-
approximately—1.5. This is significantly less than has been der neutral conditions assuming a simple solubility mecha-
observed for ambient or laboratory SOA@.5to—1), where  nism for primary gases, this uptake should be considered to
gas-phase/heterogeneous oxidation, multiple source inputise primary. Thus this dissolution of primary polar organics
and/or dilution determine the slope. In the present study, theepresents a significant amount of POA compared to the av-
combination of primary oxygenated and hydrocarbon con-erage POA (represented by HOA) measured in these areas
densation (i.e. S.-M. Li et al., 2011) and oligomer forma- (~ 0.6 ug nT3; Zhang et al., 2007). Furthermore, this process
tion results in a net conversion from hydrocarbon-like to ap-represents a source of oxygenated OA that can be categorized
proaching carbonyl functionality (slope—2). A steep slope as POA (i.e. dissolution of primary gases). In principle, the
indicative of carbonyl addition has been observed previouslydissolution of secondary oxygenated VOCs into an aqueous
in oxidative systems (Ng et al., 2011a). In contrast, the slopesulphate aerosol is also possible, and perhaps more important
in this study is facilitated by the aerosol-phase chemistry, engiven their tendency to be more highly oxygenated.
hanced by particle acidity. As noted above, such an evolution Typically, OA and/or oxygenated PMF factors (i.e. LV, SV-
in elemental composition is only observed for the most acidicOOA) correlate well with secondary sulphate (Huang et al.,
experiments, highlighting the importance of acidity in the re- 2011; Hersey et al., 2011), from which a secondary source is
active uptake and hence evolution of organic aerosol O : Cinferred. However in this study the organic uptake is demon-
These results further imply that hydration reactions while strated to be both proportional to the $S@ass and with rel-
possibly important in the first few minutes, are not respon-atively high O : C ratios, which implies that a fraction of the
sible for the changes in the O : C ratios or the majority of themeasured oxygenated OA, which correlates with secondary
organic mass. Hydration reactions should result in a positivesulphate and assigned as SOA, may in fact be primary in
(i.e. upwards:+-2) slope (Fig. 6b), however there was insuf- nature. Indeed, in using the PMF technique to determine
ficient time resolution in these measurements to observe thisontributing factors to a dataset collected in mid continen-
behaviour. A trajectory in the Van Krevelen space towardstal North American regional ambient air, Slowik et al. (2011)
higher O: C ratios is in agreement with the increased rela-derived an AMS PMF factor which correlated with $8ut
tive importance of high MW species (which have a higher which they could not attribute to specific processes. This un-
O:C ratio) over time as demonstrated in Fig. 6a. These aré&nown factor does have a spectrum with some qualitatively
formed on a slower time scale than the condensation of prisimilar major fragments to those presented here. However,
mary gases and/or fast hydration reactions. The slope is corthe current finding suggests that, due to the correlation with
sistent with hemi-acetal and/or aldol reaction mechanismssulphate, it is unlikely that spectra from this process can be
forming oligomeric species containing carbonyl functional resolved from SOA factors derived from PMF analysis of
groups (Nguyen et al., 2010; Z. Li et al., 2011). Increasesaerosol mass spectral data.
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