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Abstract. The oxidation of secondary organic aerosol (SOA) 1 Introduction

is studied with mass spectra analysis of SOA formed in a Po-

tential Aerosol Mass (PAM) chamber, a small flow-through Organic aerosol (OA) is a significant fraction of the total
photo-oxidation chamber with extremely high OH and ozoneatmospheric aerosol (Kanakidou et al., 2005) and, as a re-
levels. The OH exposure from a few minutes in the PAM sult, affects both climate change by changing Earth’s radia-
chamber is similar to that from days to weeks in the atmo-tive balance (Forster et al., 2007; Hoyle et al., 2009; Myhre
sphere. The mass spectra were measured with a Quadrupd® al., 2009) and human health by degrading the cardiovas-
Aerosol Mass Spectrometer (Q-AMS) for SOA formed from cular and respiratory system (Nel, 2005; Jang et al., 2006;
oxidation Ofa-pinenem-xy|ene,p-xy|ene, and a mixture of Baltensperger et al., 2008). A significant fraction of OA is
the three. The organic mass fractionswk44 (CG}) and secondary organic aerosol (SOA), which is formed when at-
m/z43 (mainly GH30"), namedfs4 and fa3 respectively, mospheric oxidants such as the hydroxyl radical (OH) and
are used as indicators of the degree of organic aerosol (OA§zone (@) react with volatile organic compounds (VOCs)
oxidation that occurs as the OA mass concentration or thdo form lower volatility organics. These VOCs are numerous
OH exposure are varied. The degree of oxidation is sensiand include biogenic terpenes, anthropogenic alkenes, aro-
tive to both. For a fixed OH exposure, the degree of oxida-matics, and long-chain alkenes. Because of the importance
tion initially decreases rapidly and then more slowly as theof SOA to both climate and human health, SOA has become
OA mass concentration increases. For fixed initial precur-& focus of intense laboratory, theoretical, and observational
sor VOC amounts, the degree of oxidation increases linearlyesearch (Kroll and Seinfeld, 2008; Hallquist et al., 2009).
with OH exposure, withfs4 increasing andf43 decreasing. Understanding the atmospheric evolution of SOA is as im-
In this study, the degree of SOA oxidation spans much of thePortant as understanding the sources of the precursor VOCs
range observed in the atmosphere. These results, while seRecause as organic particles age and become more oxidized,
sitive to the determination ofs4 and f43, provide evidence they become more hygroscopic and serve as cloud conden-
that some characteristics of atmospheric OA oxidation can b&ation nuclei (Jimenez et al., 2009; Massoli et al., 2010;
generated in a PAM chamber. For all measurements in thigoulain et al., 2010). With further oxidation, the organics are
study, the sum of44 and fa3 is 0.25:+ 0.03, so that the slope subject to fragmentation that cleaves carbon-to-carbon bonds
of a linear regression is approximatell on anfa4 vs. fa3 and functionalization that adds oxygen-containing functional
plot. This constancy of the sum suggests that these ions ar@roups (Kroll et al., 2009). SOA and primary organic aerosol

complete proxies for organic mass in the OA studied. (POA) can be hydrocarbon-like OA (HOA), semi-volatile
oxygenated OA (SV-OOA), or low-volatility oxygenated OA

(LV-OO0A) with the degree of oxidation determined in part
by the amount of time the OA are exposed to oxidants. The
results of this aging process have been observed in both the
atmosphere (Lanz et al., 2007; Zhang et al., 2007; Ng et al.,

Correspondence tcE. Kang 2010) and the laboratory (Jimenez et al., 2009; George and
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The evolution of SOA appears to be complicated. Unlike charge ratiosri/2 41, 43, 55, 57, 69, 71 and OOA is mainly
sulfate that remains in the particle phase, the organic conidentified bym/z43 and 44. SV-OOA is characterized as a
stituents that compose OA are semi-volatile and continuallyrelatively less aged aerosol with more volatile organic com-
partition between the particle and gas phases. The agingounds. Thus ambient SV-OOA is often highly correlated
process can cause the shift in the gas and particle partitionwith semi-volatile species like ammonium nitrate and am-
ing equilibrium by dilution with fresh air, the further oxi- monium chloride, has a low ratio of oxygen to carbon (O:C),
dation of the gaseous product, heterogeneous oxidation adnd hasn/z43 contributing more tham/z44 to the OA mass
the organic layer in the particle, and the reactions that leadconcentration. In contrast, LV-OOA has margz 44 than
to oligomer formation (Donahue et al., 2006; Rudich et al.,, m/z43. SV-OOA and LV-OOA are not uniquely defined but
2007; Shilling et al., 2009). Oxidants such as hydroxyl (OH), form a continuum of the degree of oxidation.
ozone (@), hydroperoxyl (H®), organic peroxyl (R®), ni- The contributions of the mass concentrations&43 and
tric oxide (NO), and nitrogen dioxide (NQaffect the yields  m/z44 to OA mass concentration, callggk and f44 (Ng et
and identity of the reaction products. In some situations, or-al., 2010), have been used to indicate the degree of OA oxida-
ganics in OA may be directly decomposed by the ultraviolettion, along with the O:C ratio and the overall mass spectrum
(UV) light (Kroll et al., 2006; Surratt et al., 2006; Lambe et (Lanz et al., 2007; Aiken et al., 2008; Jimenez et al., 2009).
al., 2007; Warren et al., 2008). For the comparison of various OA aging processes in the at-

New modeling frameworks are being developed to ac-mosphere and laboratory studies, a generalized clear defini-
count for these changes in OA with atmospheric oxidationtion of the contribution of the mass concentrationsnét43
(Dzepina et al., 2009; Jimenez et al., 2009), but the uncerand m/z44 to OA mass concentrations is required. Typi-
tainties and unknowns in OA oxidation are large. Measuredcally for laboratory studiesfss and f44 can be defined as the
OA can greatly exceed the model calculated OA by a factormass concentrations @at/z43 andm/z44 divided by the OA
of 4 to 100 (Volkamer et al., 2006). The cause of this discrep-mass concentrations as determined from Q-AMS fragmenta-
ancy is currently unknown but may result from unmeasuredtion tables (Allan et al., 2004) that are modified to attribute
precursor VOCs that can lead to SOA formation, unknownthe total observed mass to organics. While Principle Compo-
oxidation processes, or measurement errors for OA and prenent Analysis provides a more rigorous characterization of
cursor VOCs in both the atmosphere and the laboratory.  atmospheric OA, the use gf;3 and fa4 is sufficient to track

To complicate this problem further, controlled laboratory the degree of oxidation in VOC precursor laboratory experi-
chambers and flow tubes offer only imperfect simulations ofments (e.g., Shilling et al., 2009; Ng et al., 2010).

OA atmospheric oxidation. Problems include using VOCs In this paper, we present the results of OA oxidation stud-
amounts well above atmospheric levels, potentially interacdes conducted in the highly oxidizing environment of a Po-
tive walls (Matsunaga and Ziemann, 2010), and levels oftential Aerosol Mass chamber (Kang et al., 2007). In a
oxidants or oxidant precursors that are significantly largerprevious manuscript, we introduced the concept of Poten-
than those in the atmosphere. A key test is to compare théal Aerosol Mass (PAM), which is defined as the maximum
chemical composition of the OA produced in these cham-aerosol mass that the oxidation of precursor gases produces,
bers with that observed in the atmosphere. For most largeind presented the results of extensive tests of the chamber
environmental chambers, the chemical composition of OA isperformance and the OA yields of several atmospherically
much more hydrocarbon-like than the OA observed in the atrelevant VOCs (Kang et al., 2007). A Tapered Element Os-
mosphere (Bahreini et al., 2005; Alfarra et al., 2006; Zhangcillation Microbalance (TEOM) was used to measure the
et al., 2006; Shilling et al., 2009; Ng et al., 2010), proba- OA mass in those studies. During some additional experi-
bly because the exposure to oxidants is much less than iments, we also sampled the OA chemical composition from
the atmosphere, especially in case of rural or remote regionshe PAM chamber using a Quadrupole-Aerosol Mass Spec-
Even when oxidant levels are increased in large environmentrometer (Q-AMS). In this study, we use mass spectra taken
tal chambers, it is difficult to achieve the exposure to oxidantswith the Q-AMS to examine the chemical characteristics of
that occurs in the atmosphere. Attempts to increase the exp@A as a function of the OA mass concentration and the OH
sure to oxidants have used highly oxidative environments inexposure and to compare these results to those from other
small chambers and flow tubes (Jimenez et al., 2009; Kroll etecent laboratory studies.

al., 2009; George and Abbatt, 2010), but the resulting chem-

ical composition has too much SV-OOA for the observed

amounts of LV-OOA (Ng et al., 2010). These conclusions2 Experimental method

are based on only a few laboratory studies.

The degree of OA oxidation is often studied with an These studies used a flow-through PAM chamber in which
aerosol mass spectrometer (AMS), which vaporizes incomextreme levels of OH and Owere generated (Fig. 1).
ing OA and then samples the mass spectrum of the vaporized;he outflow of this chamber was sampled with a TEOM
ionized molecular fragments (Zhang et a., 2005; Jimenez etonitor 1400 AB (The Thermo Scientific, Franklin, MA),
al., 2009; Ng et al., 2010). HOA is identified by the mass toa Q-AMS (Aerodyne Research, Inc., Bellerica, MA), and
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— at the bottom of the PAM chamber. Aerosol particles, gases,
PAM relative humidity, pressure, and temperature were sampled
Chamber % from the bottom of the PAM chamber.
Preég;w = UV Grid To distribute the air flow evenly into the chamber and to
Lamp’; reduce losses on the wall surfaces, the sample air was added
% through tubes that had many tiny drilled holes and spiraled
I:‘% = out from a central tube. Approximately 60% of the flow was
(oaﬁfe"r’;or) sampled by the instrument inlet in the center of the bottom
plate, while the rest exited the chamber through a ring-shaped
tube with tiny drilled holes that surrounded the sampling in-

W let. The flow in the PAM chamber is not strictly plug flow,
Exhaust for which residence time and distance from the inlet are lin-

-

Bubbler (—M/\Jw early correlated. Instead, convection mixes the air and cre-

GC-FID ates a distribution of residence times (Lambe et al., 2010).
O, monitor Thus, OA sampled at any time have experienced a distribu-
S0, monitor . .. .
NO/NOx monitor tion of OH exposures, although the distribution does have a
Temperature, RH well-defined peak value. Possible wall effects in the PAM

Purified sensor chamber were examined by adding S@irning on the UV

Dry Air lights to produce OH, and then measuring the, $©€crease

and the sulfate mass increase. Sulfate aerosol is known to
be rapidly lost to wall surfaces, but the conversion of,SO
to sulfate in the chamber agreed with theory to within 10%,
indicating that wall loss had little effect on the sampled air.

Fig. 1. Schematic diagram of the PAM chamber. Purified air could

be humidified by passing through or around a bubbler, after which, 5 Experimental conditions

ozone and the precursor gas could be added. This gas was added

uniformly across the PAM chamber cross-section; part of the flow

was sampled by multiple instruments in the center of the bottomThe SOA formation experiments were carried out using

plate, while about half the flow exited through a ring-shaped tubephoto-oxidation of three precursor VOCsi-pinene, m-

with tiny drilled holes surrounding the sampling tube. xylene, andp-xylene. The PAM chamber was continuously
flushed with humidified and purified zero air overnight be-
fore experiments the next day. In addition, a humidified zero

miscellaneous gas sampling instruments. Whereas our preair flow was frequently irradiated by UV lamps to clean up

vious study focused on the TEOM results, this study focuseshe chamber and to test for particle formation, which would

on the Q-AMS data. Additional monitoring of the refractive indicate problems with wall interactions or impure zero air.

index of the particles using the Ultra-high Sensitivity Aerosol The flow rate in the chamber was 5 L mih which produced

Spectrometer (UHSAS, ParticleMetrics, Inc., Boulder, CO) a mean residence time of 24B6s. VOC gas mixtures,

wo3aL
SVYSHN
SNV-D

will not be discussed here. prepared in ultra zero Ngas, were combined with humid-
ified zero air prior to the PAM chamber inlet and then added
2.1 PAM chamber description into the chamber. The stated purities of parent VOCs and

N2 gas are as followsw-pinene (Fluka, 99.0%)n-xylene
The PAM chamber and its operation are described in detailFluka, 99.5%)p-xylene (Fluka, 99.5%), andN(99.999%
in Kang et al. (2007), so only a brief description is presentedpure, <0.5ppm THC, GTS). The preparation method was
here (Fig. 1). This version of the PAM chamber was a contin-described previously (Kang et al., 2007).
uous flow 19 L cylinder (diameter 20 cm, length 60 cm) made The oxidants @, OH, and HQ were generated in the
of Teflon FEP film (0.5 mm thick) and suspended in a sealedPAM chamber by turning on the UV lamps. 3@vas kept
housing. Two ozone-producing ultraviolet (UV) grid lamps constant at 9 ppmv, while OH and HQvere varied from
(BHK Inc., Ontario, CA) that mainly produced 185nm and 63 pptv to 480 pptv and 0.45 ppbv to 4 ppbv, respectively, by
254 nm light were mounted on a wall of the housing. The varying the relative humidity. The pressure of the chamber
volume inside of the housing surrounding the Teflon cham-was ambient, approximately 960 hPa. The amount of OH in
ber was purged with Ngas to prevent gas impurities from the chamber was calibrated as a function of relative humidity
diffusing through the Teflon into the chamber air and to pre-by sampling from the chamber with the Ground-based Tro-
vent ozone formation in the space between the Teflon champospheric Hydrogen Oxides Sensor (GTHOS) and by mea-
ber and housing. The sample air was continuously added intguring the decrease in $@s OH was added (Root, 2007;
the PAM chamber and removed through a large exhaust hoskang et al., 2007). The relationship between OH and relative

www.atmos-chem-phys.net/11/1837/2011/ Atmos. Chem. Phys., 11, 18372011



1840 E. Kang et al.: Experimental PAM chamber studies

humidity is given by OH(pptv) =9.3648 RH(%) +34.643, 2.3 Instrumentation
R?=0.99. The relative humidity range was 3 to 45%. The

absolute uncertainty of this calibrationis32%, 2r uncer-  pgih gases and particles were measured at the bottom of
tainty (Faloona et al., 2004). The photo-oxidation and parti-ihe PAM chamber (Fig. 1). ©was continuously monitored
cle formation was initiated and terminated by turning on andyiih the Model 8810 Ozone Analyzer (Monitor Labs Inc.),
off the UV lamp. _ _ _ NO/NO with the 42C Trace level NO-NSNO, analyzer

OH  exposure, ~ which is OH concentration (rhermo Environmental Instruments), and relative humidity
(molecules cm®) integrated over the time in the PAM 5.4 temperature with a HUMICAP HMP 45 A/D (Vaisala).
chamber, ~determines how fast the precursor VOCS)jtig| and final VOC amounts were measured by the 8610C
and their products are oxidized. ~ The rates for re-gag Chromatography-Flame lonization Detector (GC-FID)
actions between OH and Volfs are Iarlge; folr IN- (SRI Instruments, Torrence, CA). Aerosol mass concentra-
stance koH+a-pinene = S % 10 molefules clm3 S ™ tion was continuously measured by the TEOM. The TEOM
Kok 4m—xylene = 2.44 x 10" " molecules 0”13157 ,and  temperature was set to 30 and the air stream was not dried
kot p-xylene = 1.5 x 107" molecules C”,‘s s at 300K in order to avoid the loss of semi-volatile species by evapo-
(NIST Chemical Kinetics Database, Version 7.0, 2000). FOration, The aerosol mass concentration was calculated from
even the largest VOC amount and smallest OH amounty_min averages of the TEOM raw frequency. The detailed
photochemical modeling indicates that VOCs were oxidizedtgom setup was described previously (Kang et al., 2007).
and OH returned to a stable value within the first 150Sgyen at 30C, semi-volatile mass can evaporate from the
in the chamber, with OH recovering faster farpinene  TEQM filter, causing an underestimate of the mass (Wilson
than for the xylenes_. This modeling result is confirmed by ¢ al., 2006). However, as we described in Kang et al. (2007),
gas chromatographic measurements that show no VOCge TEOM measures the time-rate-of-change of mass on a fil-
remained at the bottom of the chamber for all experimentSter ang integrates it over a time period to find the mass con-
Photochemical modeling also shows that OH exposure Wagentration. When the UV lamps are turned off and no more
reduced by the presence of the high VOC amounts, by ag,ass is being produced, the continued evaporation of semi-
much as 40% in the worst case. These modeling calculation§gatile organics from the filter appears as a negative mass.
have been used to correct the OH exposure determinegyr poth Kang et al. (2007) and this study, the negative mass
from relative humidity. The OH exposure calculation also signal after the UV lights were turned off was only a few
includes the uncertainty error barss(2onfidence level) to percent of the measured mass; thus we assume that loss of
take into account the OH yields from the fact that the 0zoneggmivolatile organic mass from the TEOM can be neglected.
reactions with the VOCs and their products can produce OH The chemical composition of OA was measured by Q-
as well as desftroy it. For experiments with various VOC AMS. In this study, we use the mass spectra of total par-
amounts and fixed OH, OH exposures decreased with inicles regardless of size from the Q-AMS operated in the
creasing VOC amounts, decreasing 20%depinene, 33%  pms.mode. Detailed operational information of Q-AMS can
for ;n—xylene, and 323(_)/0 fop-xylene. An OH exposure of e found elsewhere (Jayne et al., 2000; Canagaratna et al.,
10'2molecules cm®s in the PAM chamber is equivalent to 2007) and only a brief description is given here. The Q-AMS
an ambient exposure time of5 days for a typical d|urnaély can measure size-resolved chemical composition of aerosol
averaged OH concentration of.51x 10° molecules cm in the atmosphere by alternating between two modes, called
(Mao etal., 2009). _ _ mass spectrum (MS) and particle time of flight (pTOF). In

We performed two different types of experiments. The iha ms mode, the quadrupole is scanned frofz1 to 300
first examined the SOA oxidation as a function of precursoriy gptain a volume (or mass)-averaged MS of the sampled
VOC amount and the second examined the SOA oxidation agerosol. In the pTOF mode, it scans a pre-selected number of
a function of OH exposure. The detailed experimental con-jon fragment masses from a chopped particle beam. Because
ditions are presented in Table 1. All experiments were perhe entire mass spectra scan cannot be completed for single
formed at a constant temperature of°2waﬂh _nelther seed particles due to the short duty cycle in pTOF mode, Q-AMS
particles nor NQ. For experiments with various precursor ovides limited single particle information. In this study,
VOC amounts, @and final OH amount were kept constant \ye are primarily interested in the ensemble mass spectrum
at 9 ppmv and 260 pptv, respectively. Relative humidity wasot the sampled aerosol. Therefore, the Q-AMS is adequate
also controlled in the 23 to 25% range and temperature wWagy 4 controlled laboratory study involving purified air and a

kept constant at 2% 1°C. For experiments with various OH single VOC or a simple mixture of VOCs (Drewnick et al.,
amounts, @was kept constant at 9 ppmv while OH was var- oqo5- Canagaratna et al., 2007).

ied in the range of 63 pptv to 480 pptv by changing the rela-
tive humidity over the range of 3 to 45%.
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Table 1. Experimental conditions of OH exposures, SOA concentrations and SOA yield for various conditions. SOA concentration was
measured by a TEOM.

VOCs AHC OH OH exposure  SOA Concentration  SOA Yield
(ppbv)  (pptv) (moleculescm®s) (g nT3)
a—pinene 1 260  (1.5£0.5)x 102 12+5 0.31+0.14
1943 260  (1.4:0.5)x 102 22+5 0.22+0.06
33+5 260 (1.4-0.5)x 1012 62+7 0.35+0.06
48+8 260  (1.3£0.5)x 102 83+8 0.32+0.05
57+9 260 (1.3:0.5)x 1012 150+13 0.49+0.08
79+13 260  (1.2£0.4)x 102 220+18 0.51+0.08
39+6 63  (2.8£0.9)x 101 110+10 0.54+0.10
39+6 160  (7.8:2.5)x 1011 110+£10 0.52+0.09
39+6 260  (1.3£0.5)x 102 94+9 0.45+0.08
39+6 430  (2.3£0.8)x 1012 94+9 0.45+0.08
m-xylene 87+ 14 260  (1.2:0.4)x 10'2 16+5 0.04+0.02
160+30 260 (1.1 0.5)x 102 67+7 0.10+0.02
360+60 260  (8.9:5.0)x 10t 170+15 0.11+0.02
430470 260  (8.3:5.0)x 101 270+£22 0.15+0.03
170430 72 (2.4£2.0)x 101 66+7 0.09+0.02
170+30 160  (6.2:4.0)x 101 63+7 0.09+£0.02
170+30 270  (1.2£0.5)x 102 53+7 0.07+0.02
170+ 30 390  (1.9:0.9)x 10'2 52+7 0.07+£0.02
170430 480  (2.4:£0.8)x 1012 57+7 0.08+0.02
p-xylene 140+ 30 260  (1.2:0.4)x 10'2 18+5 0.03+0.01
200+ 30 260  (1.1::0.5)x 10'2 51+6 0.06+=0.01
2604+ 40 260  (9.9:6.0)x 101 86+9 0.08+£0.01
370+60 260  (8.9:5.0)x 10t 250+21 0.16+0.03
180+ 30 63  (2.12.0)x 101 70+8 0.09+0.02
180+ 30 140 (5.7 4.0)x 101 61+7 0.08+0.02
180+30 260  (1.::0.5)x 10%2 554+7 0.07+0.01
180+30 330  (1.6£0.7)x 102 52+7 0.07+0.01
A mixture
(a-pinene 37 6 ppbyv, 58  (1.8£1.0)x 1011 79+8 0.13+0.03
m-xylene 46+ 7 ppbv, 260 (1.30.5)x 1012 59+7 0.10+0.02
p-xylene 47+ 8 ppbv) 450  (2.3:0.8)x 1012 48+6 0.08+0.02

2.4 Determination of the total OA mass concentration strongly with organic peaks, such agz43 and 44. Thus,
signals from fragments a/z14, 28, 31, 33, 34, 36, 39, 40,
The SOA mass concentrations generated in the PAM cham46, and 47 are included in the calculation of OA mass con-
ber were directly measured by TEOM and compared with thecentration, excluding backgrounds measured in the absence
OA mass concentrations that were calculated from the AMSOf particles. In addition, small adjustments have been made
mass spectrum analysis. The calculation of the OA mass corto the Allan et al. (2004) relationships mz16, 17, 18, 19,
centration depends on assumptions about which mass peak#®, and 48 to account for correlations of these peaks with
contribute to the OAs. organic peaks (e.g., and/z29, 44, and 62) that were ob-
The fragmentation table reported in Allan et al. (2004) wasserved for each set of experiments (Table 2). In this manner,
the basis for the calculation of OA mass concentration re-the fragmentation table correctly attribute@9% of the OA
ported here. This table was modified to account for peakgnass concentration, with negligible attribution to other com-
that, in measurements of ambient aerosols, are dominated bjion ambient species such as sulfate, nitrate, and ammonium.
air or by non-organic particulate compounds but, in these Because significant particulate signals were observed at
experiments with high OA mass concentrations, correlatem/z 28 (presumably due to COand QHI), m/z 32 was

www.atmos-chem-phys.net/11/1837/2011/ Atmos. Chem. Phys., 11, 18372011
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Table 2. The changes to Allan et al. (2004) fragmentation table

used in this analysis. 300 4

m/z Allan et al. (2004) This analysis (range) 250 | y=0f§°x +0.74
=0.98

14 - (3.5-4.5x fragorganic[13]*

16 0.04x fragorganid 18] (0.18-0.25)x fragorganic[44]

17 0.25x fragorganid 18] (0.31-0.45) fragorganic[44]

18 1.0x fragorganic[44] (0.8-1.04)x fragorganic[44]

19 0.00128« fragorganic[18] 19— fragwatef19] — fragair[19]
20 0.002x fragorganic[18] ~ (0.002-0.005k fragorganic[44]

AMS analyzed OA mass concentration (ug/ms)

21 21
22 — 22
28 - (0.6-0.7) fragorganic[43] or
(0.8-0.9)x fragorganic[44] . T - - : -
30 0.022x fragorganic[29]  (0.18-0.23)x fragorganic[29] 0 50 100 150 200 250 300 350
31 - 31 TEOM measured OA mass concentration (pg/ms)
33 — 33
36 - 36 Fig. 2. AMS-analyzed OA mass concentration compared with
39 - (0.1-0.19k fragorganic[43] TEOM-measured OA mass concentration. Error bars for TEOM
40 - 40— fragy;[40] and AMS mass concentration are at thecbnfidence level.
46 — (0.03-0.06x fragorganic[44]
47 - 47
48 0.5x fragorganic[62] (0.33-0.66)x fragorganic[62] oratory and field studies, then the publication of each study
should contain a description or reference of the determination
* [m/z]: signals at the givem/z of OA mass concentrations in order to make the comparisons

among published studies valid.
chosen for the air beam reference for normalization to the The OA mass concentration calculated from this AMS
AMS-standard pre- and post-experiment calibrations thafSPECtrum analysis is in a good agreement with TEOM-
employed ammonium nitrate aerosols. The signalmét measured aerosol mass concentrations with a slope of 0.90
32 did not vary with OA mass concentration, indicating that &ndr~ of 0.98 (Fig. 2). For these laboratory studies in which
this mass was suitable for tracking any drift in sensitivity or &ll the aerosol mass comes from the oxidation of VOCs, the
tuning of the quadrupole mass analyzer over the course of £A Mass concentration, as determined by the AMS analysis,
series of experimental runs. A sample set of changes to th&hould be the same as the total aerosol mass concentration, as
Allan et al. (2004) fragmentation table is shown in Table 2. determined by the TEOM. An AMS underestimation of the
The total OA mass concentration calculated here was aboup”A Mass concentration could occur for three reasons: (1) the
25% greater than values obtained using the Allan et al. (2004}imited transmission of the AMS lens about 5500 nm

fragmentation table, due mostly to adjustmentsiia18 and N size, (2) evaporation of volatile components such as wa-
m/z28 and inclusion ofn/z14, 39, and 40. ter and some light organics, and (3) potential particle bounce

It is important to note here that in these experiments forwhich results in less than 100% particle collection efficiency
which expected products are pure organics and signals aré\llan etal., 2004). _ _ _
much larger than in ambient measurements, it is relatively N this study, particles were not dried prior to sampling by
straightforward to account for the OA mass concentration. 1tthe AMS. The good agreement between the total OA mass
is more difficult to account for OA mass concentration in am- Méasured by the AMS and TEOM suggest that transmission
bient measurements. Consequently, it is reasonable to con{?SS€s in the AMS are small under these conditions. As de-
pare values of.3 and f44 from laboratory experiments (e.g. scribed in Sect. 2.3, the evaporation losses of semivolatiles

flow tubes or environmental chambers), but comparisons t@n the TEOM were also small. In addition, if the AMS re-
ambient measurements (e.g., Ng et al., 2010) are more conults were to be corrected for particle bounce reported by oth-

plicated. It is likely thatfss and fa4 values calculated with ~€rS who dry the particles prior to sampling, the total organic
modified fragmentation tables that account for all the OA yields would vastly exceed those observed in environmental

mass concentration as described above will be systematicallf?@mbers and flow tubes (Matthew et al., 2008). In light of
smaller than values calculated for ambient aerosols with stanfeCent studies that have discussed the AMS sampling issues,
dard fragmentation tables. it would be useful for future studies of the PAM chamber to

Depending on the assignmentrafzpeaks or fractions of investigate the role of particle phase on sampling efficiency.
m/z peaks as organics, the calculated OA mass concentral/hen the uncertainties in the TEOM measurement and the

tions, thus fas and fas, differs by as much as 15-25%. If AMS analysis are considered, the absolute uncertainty in the
faa and fa3 are to be used as generalized oxidation indica-AMS OA mass concentration is estimated tod@&0% at the

tors and for comparing oxidation processes in different lab-29 confidence level.
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Fig. 3. The left panel represents the example of mass spectra of SQA)f@et 1 ppbv ofa-pinene,(b) 160+ 30 ppbv ofm-xylene, and

(c) 200+ 30 ppbv of p-xylene in the PAM chamber. OH exposure was 1.8€x8n 3 s for no VOC addition, and resulting OH exposures

for each VOC amount are shown in the figure. The OH exposure includes the uncertainty errorbansfi@ence level). All spectra are

the quantitative fractional contribution to the total OA mass concentration. The right panel represents the observed fractional molar change
as a function of increasingy4 (e.g., OH exposure). Peaks are normalized to the y-intercept ghies. f43 plot (e.g., Fig. 6).

3 Results and discussion (Bahreini et al., 2005; Zhang et al., 2005; Ng et al., 2010).
It is not surprising that the SOA in the PAM chamber re-
3.1 Characteristics of SOA generated in a highly semble OOA, since the smallest OH exposure in the PAM

chamber is B x 101 cm3s, equivalent to about 1.4 days

in the atmosphere, assuming an average OH concentration of
1.5x10°cm3.

Examples of mass spectra of SOA formed in the PAM cham- For each precursor studied, there was a series of peaks that
ber for three VOCs at a constant OH are shown in Fig. 3.varied primarily withm/z43 and a different series that var-
Overall, four dominant peaks were observedret 18, 28, ied primarily withm/z44. There were a larger number of
43, and 44. Fragments at higher molecular weights weregeaks that varied with botm/z43 andm/z44, probably due
observed (such as/z 55, 57, 67, and/or highem/2 but to fragmentation of a common parent compound. The right
these individual peaks were smaller than the four dominanpanels in Fig. 3 show difference spectra obtained from a re-
ones. The relatively high contribution af/z > 50, for in- gression of the changes in individual’z values as a func-
stancem/z 57, 67, and 69, are commonly found for HOA tion of changingfss. A positive (or negative) value rep-
and consist of unsaturated hydrocarbons, unsaturated alcoesents a gain (or loss) of a particular mass with increas-
hols, unsaturated carbonyl groups, or freshly formed SOAIng f44. These difference spectra are remarkably similar
from the urban plume or diesel exhaust. The dominance ofind very simple: they reveal that with increased oxidation
m/z 43 and 44 observed in these experiments is a charaghe condensed phase is enriched in species that fragment
teristic of OOA that is commonly observed in rural or re- into m/z16, 17, 28, and 44 (e.g., the expected fragments of
mote atmospheres, hours-to-days downwind on SOA sources COOH and—C=0 groups), while being depleted in species

oxidizing environment
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Fig. 4. SOA oxidation dependent on the OA mass concentrationvfpmene,m-xylene, andp-xylene. OH exposure was ranged be-
tween (12+4.0)x 1011 and (15+5.0)x 10t cm=3's for a-pinene, (8.3:5.0)x 10! and (12+4.0)x 101 cm—3s for m-xylene, and
(8.945.0)x 1011 and (12+4.0)x 10 cm~3s for p-xylene. OA mass concentration was measured by the TEOM. Error bars for SOA
mass concentratiorfss, and f44 are at the & confidence level(a) Generated OA mass concentrations vs. precursor VOCs an(bjiihe

ratio of f44 10 fa3 vs. OA mass concentration&c) The values offs4 and f43 vs. the OA mass concentrations. O:C ratio was calculated
from f44 values based on Aiken et al. (2008).

that fragment intan/z14, 15, 27, 29, and 43 (the expected resulting in the OH exposures in Table 1. The amount of
fragments of—~CyH30 and—CHjs groups). For all three or-  «-pinene was varied from £ 1 to 79+ 13 ppbv,m-xylene
ganic precursors, the change in the O/C ratieis0+ 0.05,  from 874+ 14 to 4304 70 ppbv, andp-xylene from 14Gt 30
strong evidence for an increase in the oxidation state of carto 370+ 60 ppbv (Table 1). These mixing ratios are greater
bon from +2 to +3 in response to OH exposure (eCHxO- than those found in the atmosphere, although the smaflest
groups), as opposed to just an increase in the number of oxipinene amounts are comparable to total VOC amounts in the
dized carbon atoms in a particular compound. In the follow-atmosphere.

ing discussions, the mass spectrum peaks/aé3 andm/z As VOC amounts increased, the measured OA mass con-
44 will be used as indicators of the relative oxidation of the centration increased (Fig. 4a). The photo-oxidatiorwef
SOA as the VOC type and amount or the OH exposure arepinene generated more OA mass thaixylene because the

varied. OA yield is greater forx-pinene tham:-xylene in a PAM
chamber (Kang et al., 2007). OA in the PAM chamber was
3.2 Effect of OA mass concentration on the SOA formed from the direct photo-oxidation of VOCs without
oxidation seed particles or POA, thus the OA mass concentration was

directly proportional to the VOC amount. As can be seen
The dependence of SOA oxidation on OA mass concentraby the upward curvature of all plots in Fig. 4a, the OA yield
tion was studied by varying the amounts of three VOCs:increased with VOC amounts, indicating an increase in the
a-pinene,m-xylene, andp-xylene. Q was kept constant partitioning in the condensed phase with increasing OA mass
at 9 ppmv and the final OH amount was fixed to 260 pptv, concentration (Odum et al., 1996; Donahue et al., 2006).
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The OA mass yields are greatly different toipinene and  (2010). The difference between this study and the previous
the xylenes z-xylene andp-xylene), but the fractions of ones is thatfs4 for this study is about twice as large as that
m/z43 andm/z 44 to the total OA mass concentratiofys measured in most studies at low OA mass concentrations and
and fa4, have almost the same dependence on the OA masis all studies at mass concentrations greater than 501%g m
concentration (Fig. 4b and c). The ratio ¢ifs to f43 of Our study may get this result because the PAM chamber sam-
xylenes was about 10-20% smaller than thaigdinene,  ples the high OH exposure region fifs and f43 values.
but the decrease ifus/ fa3 as the OA mass concentration in-
creases is similar (Fig. 4b), with the difference that the OA3.3 Effect of OH exposure on the SOA oxidation
mass concentration at whigfa4/ f43 equals one is much less .
for xylenes. These results show that the amount of oxidation! "€ €ffect of OH exposure on the SOA formation and
depends strongly on the OA mass concentration, especiallgXidation was studied with different levels of OH expo-
for low OA mass concentrations. There is a rapid decreassUré in the PAM chamber. Initial VOCs concentrations
in fa4/ f3 with increasing OA below 50 ugn? and a much ~ Were 3%+ 6 ppbv ofa-pinene, 176k 30 ppbv ofm-xylene,
smaller decrease at higher OA mass concentrations. For tht80% 30 ppbv ofp-xylene, and a mixture of 3 6 ppbv of

lowesta-pinene mixing ratio, Z 1 ppbv, fa4/ f23is 3.2 and ~ ®"Pinene, 4@t 7ppbv of m-xylene and 47 8 ppbv of p-
faais 0.19, consistent with aged atmospheric OA (Ng et al.,XY/ene. The OH exposure was varied by changing the rel-
2010, Fig. 5). ative humidity. The effect of relative humidity itself on the

SOA was found to be negligible for these precursor VOC
s gases (Kang et al., 2007). By changing the relative humid-

decreased (Fig. 4c). The O:C ratio was calculated usily OVer the range of 3 to 45%, the OH was changed from
ing the approximate correlation equation, O/C atomic ra-63 PPtV t0 480 pptv, and the OH exposure was changed from

Tom-3 2em-3
tio = (0.03824 0.0005)x (m/z 44/0A from this study (in (1-8+1.0)x 10 cm™sto (2.4£0.8)x 10cmr?s.
%)) + (0.0794+ 0.0070), from Aiken et al. (2008). The The OH exposure affected the OA mass concentration as

O:C ratio fora-pinene in this study decreased from 0.8 to well as the chemical characteristics (Fig. 5a). In a simple
0.5 for a range of OA mass concentrations of-12 to conceptual model of OA oxidation, the OA mass concentra-

220+ 18 ug nT3. For m-xylene andp-xylene, the ratio de- tion builds as the OH exposure begins and VOCs are oxidized
creased from 0.7 to 0.4 for a range of OA ,mass concentral® less volatile organics. With further oxidation, fragmenta-

tions within 164 5 and 270t 22 pug nT3. Thesefs and O:C tion can occur, resulting in breaking carbon bonds and loss
ratios are comparable to those observed in the atmospher@ OA mass concentration. Functionalization and oligomer-
where O:C ratios vary widely from 0.2 to 1.0 (Aiken et al., ization can also occur (Gross et al., 2006; Jimenez et al.,
2008; Jimenez et al., 2009; Ng et al., 2010). On the other2009), but in this study functionalization was not the dom-
hand, O:C ratios observed in environmental chambers and@nt process based on the O:C ratio increase and OA mass
some flow tubes are less than 0.6 (Aiken et al., 2008: Georggoncentratlon decrease with oxidation, which is similar to the
and Abbatt, 2010: Ng et al., 2010), quite different from the conclusion of Kroll et al. (2009) and Heald et al. (2010). In
atmosphere and from this study. this study, oligomerization is difficult to study because of the

The decrease of4s and increase ofss with increasing ~ €xtensive fragmentation by the Q-AMS. ,
OA mass concentration is significant. The decrease in the FOr these studies, the OA mass concentration decreased

ratio of fa4 10 fa3 with increasing OA mass concentration is for all OH exposures. The OA mass concentration decrease,

another way to show this behaviour. One possible explanall€ increase s, and the decrease ifys indicate that, as

tion for this behaviour is that more volatile and less oxidized € OA organics became more oxidized and potentially frag-
organics are able to condense as the OA mass concentratidAented, they became more volatile and the OA particles lost
increases (Donahue et al., 2006). As a result, an increasing;\";‘ss' This phenomenon has also been seen in other studies
fraction of the OA is less oxidized, thus shiftings up and arren et al., 2008; Kroll et al., 2009; George and Abbatt,
faa down. The non-linear behaviour @4 and fazas afunc-  2010). The peak in OA mass concentrations must have oc-

13
tion of OA mass concentration (Fig. 4 (b) and (c)) must thenCurred at an OH exposure less than 8.00' cm3s, be-
be related to the volatility of the semi-volatile organics that €auSe the OA mass concentrations decreased and then lev-

eled off at a lower value fow-pinene,m-xylene, p-xylene,
and the mixture. The position of this peak depends on the OA
mass concentration becaugg and f43, and thus chemical

As the OA mass concentration increaseis increased
and both f44 and atomic oxygen-to-carbon (O:C) ratio

are condensing. The cross-over point (i.e., whreand f43
are equal) forz-xylene andp-xylene is at a lower OA mass
concentration than fag-pinene, suggesting that the organics

in the xylenes OA are less volatile and more oxidized thanCOMPOsition and volatility, do (Fig. 4c). As a result, the peak
those in thex-pinene OA, a conclusion also reached by Ng OA yield was probably not observed in this study. Because
et al. (2010). OA mass concentrations in the atmosphere are generally far

The behaviour off44 as a function of OA mass concen- less than those usgd in this study, the amount of OH.expo.—
tration observed in this study is similar to the compilation Suré needed to achieve the peak OA mass concentration wil

of photo-oxidation and ozonolysis experiments in Ng et al., P& €ven less than that employed here.
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(a) OA concentration vs OH exposure (c) f44 and f43 vs OH exposure
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Fig. 5. SOA oxidation dependent on the OH exposure at a constant VOC amounttof pbv ofa-pinene, 176t 30 ppbv ofm-xylene,

180+ 30 ppbv of p-xylene, and a mixture of three (376 ppbv ofa-pinene, 46t 7 ppbv ofm-xlene, 47+ 8 ppbv of p-xylene). OA mass
concentration was measured by the TEOM. The error bars for OA mass concentfasicemd f44 are at the & confidence level. Atmo-

spheric OH aging time was obtained with a typical diurnally averaged OH concentrationofL0%molecules cri® (Mao et al., 2009).
Uncertainties in the OH exposures are correlated so that the OH exposure scale could expand or shrink by the uncertainty ranges given in Ta
ble 1. (a) OA mass concentration vs. OH exposuig). The ratio of f44 to f43 vs. OH exposures. Linear regressions of each lines are shown

here; fora-pinene, slope =4.5 1013, intercept=0.47r2 = 0.99; for m-xylene, slope =6.2% 1013, intercept=0.48;2 = 0.99; for

p-xylene, slope =4.46 1013, intercept = 0.64r2 = 0.99; and for the mixture, slope =1.%710~12, intercept=0.58;2 = 0.99. (c) The

values off43 and f44 vs. OH exposures. O:C ratio was calculated frfn values based on Aiken et al. (2008).

The ratio of fas to fa3 increased as the OH expo- comparable to those observed in the atmosphere even though
sure increased for all experiments here (Fig. 5b). Thethe SOA mass concentrations observed in this study are far
measured range of the ratio ofsq4 to fa3 was 0.63  greater than those observed in the atmosphere.
to 3.3 for OH exposures of (181.0)x 10cm3s to The changes infaa, fas, and fadl f43 are all linear with
(2.44+0.8)x 10*2cm~3s. The maximum values from large OH exposure. Linear regressions pi/ fa3 vs. OH expo-
environmental chambers are on the lower end of this measure (Fig.5 b and c) gave slopes of 4.5x3%cm?3s 1 for a-
sured range; for instance, the ratios fah to fa3 were 0.6  pinene, 6.3x10'3cm® s~ for m-xylene, 5.3x1013 cm3s 1
for 160 ppbv ofa-pinene photo-oxidation from Alfarra et for p-xylene, and 1. 10-22cm® s~ for the mixture, with
al. (2006) and 0.5 for 186 ppbv afpinene ozonolysis from 2 values greater than 0.98 for all of them. The linear re-
Bahreini et al. (2005). The ratio of44 to fs3 in rural area  gressions offs4 vs. OH exposure gave slopes in the range
in British Columbia, Canada and the Jungfraujoch remoteof 2.5x 10714 to 3.9x 10-4cm3s1, while the linear re-
high-alpine locations were observed to be 1.7 (Alfarra et a|.,gressi0ns offs3 vs. OH exposure gave slopes in the range
2006). It varied from about 0.4 to more than 4.0 for measure-of —2.5x 1014 to —3.4x 10~14cm3s1, respectively. The
ments downwind of Mexico City and in Riverside CA (Ng et intercepts of the linear regressions were within 20% of each
al., 2010). Thus, th¢s4/ f43 values observed in this study are other for bothfss and fa3. The fraction of other masses, such
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0.20 see if this linearity holds down to atmospheric levels of [OH]
from 10° cm2 to 10/ cm~3. Whether the oxidation occurs
o | in the gas phase or on the particle, this observation suggests
that the high levels of OH in the PAM chamber can possibly
be used to simulate atmospheric oxidation.
0429 Considering the differences in the oxidation pathways for
3 a-pinene and the xylenes, it is noteworthy thfag and fa3,
0.08 as indicators of OA oxidation, behave similarly as a function
of OH exposure. This similarity suggests that the evolution
o] 0 L sy of faa and f43 are dominated by qxidation of the aliphat?c
S = i iZ,ZiLiE?i groups attache_d to the aromatic rings, ra‘Fher than to oxida-
—@— OH exposure: (24 +08) . 10% tion (and breaking) of the aromatic rings, since the latter pro-
0.00 i , . ‘ cess would lead to a more complex suite of compounds with
9 20 100 150 , 200 250 differing molecular masses. It is therefore interesting that
Ofmass;concentration {ugim") the behaviour off44 and f43 for the mixture ofx-pinenemn-
xylene, andp-xylene is somewhat different from that of the
0.25 - —@— OH exposure: (24 20) 10" individual precursor VOCs. The oxidation of the mixture oc-

(

—o— OH i +4.0) x10" . .

e i curs at a lower OH exposure, as indicated by the crossover
(

e g: zizgzﬂzj (;j 33 :13: of the f44 and f43 linear fits and the amount of oxidation ap-
—— y=0.27-1.15x, *=0.86 pears to be greater, as indicated fy/ f43. Yet at the same
time, the OA mass concentration decreases similarly to the
xylenes that make up 75% of the mixture. More experiments
will be needed to understand these observations.

Additional insight into the OA oxidation can be gained
from the behaviour offss, f43, and OA mass concentra-
tion during individual experiments using-xylene photo-
oxidation as an example (Fig. 6a). Photo-oxidation in the
b . ‘ . . ‘ PAM chamber was initiated by turning on the UV lamps only
0.00 0.05 0.10 0.15 0.20 025 after the gases were flowing and the VOC was well mixed in

f23 the chamber. The lamps produce OH immediately, some-
times with brief spikes according to photochemical models,
Fig. 6. Change infs4 and f43 over the course ofn-xylene and the final OH amount was reached as the lamps stabilized
photo-oxidation experiment for various OH exposure conditions.and the VOCs reacted away in a few minutes. Each point in
(a) Change infs4 as a function of OA mass concentrations, Fig. 6 is a minute apart; the first point is the lowg value
(b) Change infs4 as a function offs3. Each data pointis a one-  ghseryed in each experiment. The high OH concentrations
minute measurement data by the Q-AMS. The OH exposure uniti§, the chamber rapidly oxidized the VOCs, resulting in the
cm™2 s with uncertainty error bars §2confidence level). . o . L
rapid increase of lower volatility organics that partition be-
tween the gas and particle phases. For all OH exposures, the
OA mass concentration reached a transient peak in 2-3 min
as fs7, is similarly linear with OH exposure, demonstrating and then decreased to the stable values. This transient peak
that this behaviour applies to several AMS masses, not jusis not understood, but may be related to OA non-linear oscil-
m/z43 andm/z44. latory nucleation and growth (McGraw and Saunders, 1984)

From these experiments, it is not possible to distinguishand the competing processes of oxidation and evaporation,
between the gas-phase oxidation of semi-volatile organicss will be described below.
that are in equilibrium with particle phase and the heteroge- The stable OA mass concentrations are greater for the
neous oxidation of organics on the particle surface. Since théower OH exposures while the transient peak OA mass con-
OH concentration, [OH], is simply the OH exposure divided centrations are less. For the highest three OH exposures, the
by the PAM chamber residence time, the oxidation indicatedtransient peaks are the same, as are the stable values. It is
by the fa4 increase and3 decrease is linear with [OH]. If interesting to note how4 and f43 behave as the OA go
the oxidation is occurring on the particle surface, then thethrough this transient peak to the stable state. Initighyin-
surface reaction kinetics are linear with [OH] no matter whatcreased as OH exposure increased even as the OA mass con-
the exact surface reaction mechanism is. If the oxidation iscentration grew. However, after the transient peak occurred
occuring in the gas phase, then the reaction kinetics appeand the OA began to evaporate, the amount of oxidation, as
to be first-order in [OH]. This linearity holds for [OH] from indicated by fa4, increased only slightly or did not change
10° cm~2 to 10°cm~3; additional studies will be needed to but it was greater for larger OH exposures. The behaviour

0.20 4

0.15 4

f4q

0.10 4

0.05 -
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for a-pinene, not shown, is qualitatively the same asrier 035
xylene, with similar peak values for different OH exposures, == Ambient range

but with a slight decrease ify4 between the transient peaks 80 1 o Vorying e
and stable values. This result suggests that microphysict e Z:g:ﬁﬁi;gﬁfwe
(e.g., evaporation) and not the oxidation of condensed phas:

was responsible for the decrease in the OA mass concen

tration between the transient peak and the stable value. I

also suggests that most of the oxidation had already occurrer 415 |
by the time the OA mass concentration had peaked. This
behaviour provides evidence that the oxidation occurred in  0.10 {
the gas-phase, followed by partitioning of the low volatility
products between the gas and particle phases. The increas 991
in oxidation degree in all of these experiments is seen in a

graph of f44 vs. f43 (Fig. 6b). All data plotted in Fig. 6a fall O o o o o ome  om
on a line with a slope of1.15, and intercept of 0.27, and an
r2 of 0.86. For greater OH exposurgy is higher andfas is

lower, as was already shown in Fig. 5¢. Note that even theF_ 7 A hof Red and black circl L-minut
transient values fall on this line. '9. 7. A graph of fa4 vs. fa3. Red and black circles are 1-minute

measurements from experiments with varying OA mass concentra-
tions (black) and with varying OH exposure (red) in this study. Re-
3.4 Comparison of SOA oxidation with atmospheric sults froma-pinene photo-oxidation in the LBNL high-OH flow

values and other laboratory studies tube (approximated by a green dot-dashed line) and frerylene
photo-oxidation in the Caltech environmental chamber (approxi-

mated by the orange rectangle) fall outside of the triangle (blue
It can be difficult to compare the effects of OH exposure dashed lines) that contains atmospheric measurements (Ng et al.,
from this study to those of other studies primarily because2010).
the initial precursor VOC type and concentrations are gener-
ally different among the studies. However, if thigy vs. OH
exposure linear fit fom-xylene in this study is extrapolated ing OH exposures. A linear fit to this study’s results in Fig. 7
to the OH exposure for the Caltech environmental chamberhas a slope of-1.01, an intercept of 0.25, and aR of
the line could pass through the others’ observed data (Ng €d.72. The atmospheric measurements generally fall within
al., 2010, Fig. 7). George and Abbatt (2010) observed thethe triangular space denoted by the dotted blue lines (Ng et
increase offs4 with OH exposure for the mono-dispersed al., 2010). Measurements of-xylene photo-oxidation in
SOA froma-pinene ozonolysis, but the slope was about 1/3the Caltech environmental chamber (orange rectangle) are
of ours (George and Abbatt, 2010, Fig. 4). Why the OA were consistent with the measurements from this study and fall
more efficiently oxidized in this study compared to theirs just outside of the triangle. Measurements from a high-OH
is not known, but the conditions between their study andflow tube study at Lawrence Berkeley National Laboratory
ours are quite different. In their study, OA were produced (LBNL) (Jimenez et al., 2009) have moig3 for a given
from a-pinene by ozonolysis and then passed through anfs4 than any of the other measurements. Thus, the measure-
activated charcoal denuder to remove volatile and probablyments from this study fall just outside of the triangle for less
semi-volatile organics before being exposed to OH in a re-oxidized OA and inside the triangle for more oxidized OA.
action flow tube. Thus, the greater amount of volatile and For our study, the sum ofs3 and f44 is 0.25+0.03 for
semi-volatile organics present during OH exposure in ouressentially all one-minute measurements, independent of the
study could explain the greater amount fafy observed. It  type of study — varying OA mass concentration or varying
could also be that differences in the aerosol mass spectron®H exposure — and of the precursor gas-pinene, m-
eters used in the two studies or in the calculatiorfafand  xylene, p-xylene, and even a mixture of them. That this sum
faz3 are responsible for the different results. We come backdoes not change significantly suggests tfigtand f44 are
to this point later. complete proxies for organic mass in the OA studied.

A plot of fa4 and fa3 is a good indicator of the degree of  The slope of points on thgs4 vs. fa3 plot can be viewed
SOA oxidation (Ng et al., 2010), as long as differences inas an indicator for the extent of oxidation of the con-
the operation of the AMSs and in the calculationfgf and  densed phase products. In the casevafinene, products
fa3 are similar for the studies being compared. The resultssuch as pinonaldehyde, pinonic acid, terpenylic acid, and a
of this study are plotted along with those from atmosphericC19H1604 hydroperoxyl compound have been identified in
measurements and other laboratory studies (Fig. 7). All oneezonolysis experiments (e.g., Chan et al., 2009). Assuming
minute measurements from this study are plotted, both forsimilar products are produced in the high-OH environment
studies with varying OA mass concentrations and with vary-of the PAM chamber, we would expeet/z43 fragments to

0.25

0.20 A

0.35

f4 3
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represent CLICHO and CHCO (both GH30) andm/z44 to tency in the methods of AMS operation and mass calculation,
represent Cg) (or —COOH, which would readily form Cg) we cannot compare these results from different studies with
by electron impact) from parent compounds with molecularmuch certainty.
weights ranging from 168 g moté to 200gmole®. On a
faa VS.  fa3 plot, fragmentation of a single €30 group
from pinonaldehyde would generate an x-intercept of 0.2564 Conclusions
whereas fragmentation of QO‘rom pinic acid would result
in a y-intercept of 0.238. Products with mixegHz0 and In the first paper on the Potential Aerosol Mass method, we
COOH (and CQ) functional groups would produce a mix showed that the yields of OA from individual organic pre-
of m/z43 andm/z 44 fragments that would lie along a line cursor gases were similar to those obtained in large environ-
with a slope of -1.0 on thef4 vs. f43 plot. Thus, our results  mental chambers (Kang et al., 2007). In this study, we show
for oxidation ofa-pinene in the PAM chamber are consistent that the extent of OA oxidation appears to be similar to that
with the fragmentation of a single functional group with an observed in the atmosphere and greater than that observed
increased yield of C® (and COOH) groups at the expense in large environmental chambers and laboratory flow tubes.
of —CHyO — groups with increased OH exposure. The similarities between the OA in the atmosphere and the
A similar conclusion can be drawn for the xylenes exper- PAM chamber include the following properties: mass spec-
iments, although it appears that there is less-than-unit fragtra; fa4 of 0.10 to 0.18 and thus O:C of 0.4 to 0.8i4/ fa3
mentation intom/z 43 andm/z 44 groups or that there is a ©0f 0.4 to 3.2; and points on afy4 vs. fa3 plot that are close
modest yield of a compound that does not famz43 orm/z ~ to or within the triangle containing results from atmospheric
44 fragments upon electron impact ionization. Neverthelessineasurements. This statement is valid only for the few or-
the progression from lower right to upper left along a straightganic precursor gasespinenen-xylene, andgp-xylene, and
line of slope—1.0in fa4 Vs. fa3 Space in then-xylene exper- ~ amixture of them. More studies will be necessary to see how
iments (e.g., Fig. 6) is also consistent with the same naturé!niversal these results are.
of increasing yield of Cg) groups at the expense 0830 This study highlights the value of small flow-through
groups with increased OH exposure. photo-oxidation chambers, like the PAM chamber, for exam-
The differences between the LBNL study and this ining the atmospheric oxidation of OA. The extreme oxidant
study are puzzling, since both of these studies usedmounts in the PAM chamber favors reactions of OH2HO
short residence times and OH ands @oncentrations and @ with VOCs and their reaction products, so that or-
far above atmospheric levels. The OH exposures inganic peroxy radicals react only with H@nd not with each
the LBNL study (0 to 3.0< 102cm=3s) are compara- Other as happens in the atmosphere. On the other hand, if
ble to those from this study ((1:81.0)x 102cm=3s to ~ most OA-producing and OA-aging reactions occur with OH,
(2.440.8) x x102cm~35s). However, just as in George and HOz, Oz, and G in the atmosphere, then the same oxidation
Abbatt (2010), Jimenez et al. (2009) produced SOA feom  reactions occur in the PAM chamber, only faster. While there
pinene ozonolysis and then removed volatile organics priofis some evidence from another study that the OH levels are
to adding the OA to the reaction flow tube. It is possible as important as the OH exposure, so that the slower oxidation
that these different conditions between their study and our®f the atmosphere is different from the faster oxidation of the
result in slightly different particle composition, which then PAM chamber, the results from this study suggest otherwise.
produces differenfs4 and f43, although in the same propor- ~ The comparisons of this study to others are subject to other
tion. However, it is also possible that the differences in thecaveats -the possible differences in the operation of the AMS
AMSs used in the two studies or in the calculationsfpf (in particular, oven temperature) and the calculation of the
and fa3 are responsible. OA mass concentration. In this paper, we provide an ex-
In Fig. 7, note that the line representing the LBNL result is plicit description of the calculation of the OA mass concen-
roughly parallel to the results from this study. Our results in tration. While similar descriptions or references to detailed
Fig. 7 can be made to overlap with the results from Jimenezdescriptions have been provided in many published papers,
et al. (2009) by shifting oufs4 or f43values up by 0.07 orby they have not been provided in all. It would be very useful
shifting a combination of both by as little as 0.04. This par- for future PAM-chamber studies to examine the sensitivity
allel shift could occur if the AMS used in the LBNL study of f44 and f43 to oven temperature and to assumptions nec-
were more efficient at fragmenting the OA organics im&z  essary for calculating the total OA mass concentration. To a
43 andm/z44. 1t could also occur if the calculation of the OA large degree, the ambiguities in calculating the total OA mass
mass concentration was different from the calculation used irconcentration from Q-AMS results are not an issue with the
this study. In fact, using the fragmentation table that is com-high-resolution TOF-AMS instruments.
monly applied to the atmosphere for our laboratory results The highly linear behaviour ofs4, which has greater con-
yields a total OA mass concentration that is 25% less thartribution in LV-OOA, andf43, which has greater contribution
the one we used. As a result, ofiis and f43 values would  in SV-OOA, is clearly observed in this study. It is surprising
shift to coincide with the LBNL results. Until there is consis- that botha-pinene and the xylenes behave similarly, and it is
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not clear if the organics from other precursor organics would M. R., P@wt, A. H., Dommen, J., Duplissy, J., Metzger, A.,

show the same behaviour in this PAM chamber. While the Baltensperger, U., and Jimenez, J. L.. O/C and OM/OC ratios

absolute values ofas and fa4 are subject to the caveats in ~ of primary, secondary, and ambient organic aerosols with High-

faa and fa3 vs. OH exposure ang4 Vs. fa3 are not. The AlfSCL T&Ch£0|i:;42|, 4478D_44685' IZOI\C/)l&G A A D

slope of—1 on the fas vs. fa3 plot and the constancy of the A1aM& M. R, Paulsen, D., Gysel, M., Garforth, A. A., Dommen,
J., Prvt, A. S. H., Worsnop, D. R., Baltensperger, U., and Coe,

sum of f44 and f43 suggest that these two masses represent

ially all of th ics in the O h idi q H.: A mass spectrometric study of secondary organic aerosols
essentially all of the organics in the OA as they oxidize an formed from the photooxidation of anthropogenic and biogenic

shift from GH3O groups to CG groups fora-pinene,m- precursors in a reaction chamber, Atmos. Chem. Phys., 6, 5279—
xylene, andp-xylene. 5293,d0i:10.5194/acp-6-5279-2008006.

The linear regressions gfis and f43 measurements from  Allan, J. D, Alfarra, M. R, Bower, K. N., Williams, P. I., Gallagher,
some of other laboratory studies and the atmosphere have M. W., Jimenez, J. L., McDonald, A. G., Nemitz, E., Cana-
slopes quite similar te-1 on a plot off44 vs. f43 but some of garatna, M. R., Jayne, J. T., Coe, H., and Worsnop, D. R.: Quan-
them are not. These slopes could be different for a variety of titative sampling using an Aerodyne Aerosol Mass Spectrome-
reasons. If other processes are occurring, like the preferential t€r- Part 2: Measurements of fine particulate chemical composi-
removal of LV-OOA by clouds or surfaces for atmospheric 0" in wo UK Cities, J. Geophys. Res. Atmos., 108(D3), 4091,
OA or walls in the environmental chambers, then removal of doi:4010.1029/2002JD002359, 2003.

. 0 . Allan, J. D., Coe, H., Bower, K. N., Alfarra, M. R., Delia, A. E.,
organics contributing tgfa4 will reduce f44 more thanfas, Jimenez, J. L., Middlebrook, A. M., Drewnick, F., Onasch, T. B.,

causing scattgr_ln the plot_. The slope could also change if Canagaratna, M. R., Jayne, J. T., and Worsnop, D. R.: Technical
fresh, less oxidized organics condense on more aged SOA, note: Extraction of chemically resolved mass spectra from Aero-
thus increasingfss while decreasingfss, also resulting in dyne aerosol mass spectrometer data, Aerosol Sci., 35, 909-922,
scatter in the plot. Differences in the organic composition 2004.

from the oxidation of different mixtures of precursor VOCs Bahreini, R., Keywood, M. D., Ng, N. L., Varutbangkul, V., Gao, S.,
could also result in a different oxidation pathways, leading to  Flagan, R. C., Seinfeld, J. H., Worsnop, D. R., and Jimenez, J. L.:
different relationships betweefy4 and f43 (Ng et al., 2009, Measurements of secondary organic aerosol from oxidation of

Fig. 6b). Likely there are many causes, especially in the cycloalkenes, terpenes, amdxylene using an Aerodyne aerosol
atmosphere mass spectrometer, Environ. Sci. Technol., 39, 5674-5688, 2005.

These conclusions suggest several lines of inquiry for fu-BaItenSperger’ U. Dommen, J, Alfara, M. R. Duplissy, J.,
. L Gaeggeler, K., Metzger A., Facchini, M. C., Decesari, S., Finessi,
ture regearch. First, the dete_rmln_anon of the OA mass con- Reinnig, C., Schott, M., Warnke, J., Hoffmann, T., Klatzer,
centration has to be standardized in a way that permits mean- g pyxhaum, H., Geiser, M., Savi, M., Lang, D., Kalberer, M.,
ingful comparisons among different studies. Second, the 0x- and Geiser, T.: Combined determination of the chemical com-
idation of many other atmospheric VOCs, and indeed organ- position and of health effects of secondary organic aerosols: the
ics in ambient air itself, needs to be studied to see how univer- POLYSOA project, J. Aerosol Med. Pulm. Drug. Deliv., 21(1),
sal this behaviour is, particularly thel slope forfa4 vS. fa3 145-154, 2008.
and the constancy of the sum ¢4 and f43. Third, the Canagaratna, M. R., Jayne, J. T., Jimenez, J. L., Allan, J. D., Al-
causes of differences in the oxidation slopes need to be iden- farra, M. R., Zhang, Q., Onasch, T. B., Drewnick, R., Coe, H.,
tified, understood, and cataloged for importance to the real Middlebrook, A., Delia, A., Williams, L. R., Trimborn, A. M.,
atmosphere. And fourth, comparisons must be made of all Northway, M. J., DeCarlo, P. F., Kolb, C. E., Davidovits, P., and

characteristics of SOA produced in the PAM chamber and Wor§nop, D.R. Chgmlcal and microphysical characterization of
ambient aerosols with the Aerodyne aerosol mass spectrometer,

in the atmosphere to test the ability of small, highly oxida- Mass Spectrom. Rev., 26, 185-222, 2007.
tive chambers to simulate the behaviour of SOA in the atmo-chan M. N.. Chan. A. W H.. Chhabra. P. S.. Surratt. J. D.. and
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