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Abstract. The yield of particle mass in secondary organic 1 Introduction
aerosol (SOA) formed by dark ozonolysis was measured for

0.3-22.8 ppbv of reactegd-pinene. Most experiments were The particle component of secondary organic aerosol, which
conducted using a continuous-flow chamber, allowing nearlyforms from the oxidation of volatile organic compounds
constant SOA concentration and chemical composition for(VOC), significantly contributes to the organic particle mass
several days. For comparison, some experiments were als@ading in the troposphere (Andreae and Crutzen, 1997; Grif-
conducted in batch mode. Reaction conditions wer®C25 iy et al., 1999a; Kanakidou et al., 2005; Tsigaridis and
40% RH, dry (NH)SO, seed particles, and excess 1-butanol. kanakidou, 2007). Organic particles have diverse atmo-
The organic particle loading was independently measured bgpheric influences, including effects on visibility, direct ra-
an aerosol mass spectrometer and a scanning mobility pagiative forcing, and cloud formation (Chung and Seinfeld,
ticle sizer, and the two measurements agreed well. The obz002; Seinfeld and Pankow, 2003). Elevated particle concen-
servations showed that SOA formation occurred for even therations also have deleterious effects on human health, such
lowest reacted:-pinene concentration of 0.3 ppbv. The par- 55 increased risk of cardiovascular disease and lung cancer
ticle mass yield was 0.09 at 0.1 m™2, increasing t0 0.27  (Dockery et al., 1993; Pope et al., 1995 Miller et al., 2007).
at 40ugm-3. Compared to some results reported in the lit- Therefore, understanding SOA formation and its contribution

erature, the yields were 80 to 100% larger for loadings abovgg the particle loading of the atmosphere is important.
2ugm-3. At lower loadings, the yields had an offset of ap-

. . . According to several recent analyses, ambient organic par-
proximately +0.0773from those reported in th(_a Ilterqture. T_o 3Sticle mass loadings are 8 to 100 times greater than predicted
low as 0.15ugm~2, the yield curve had no inflection point

using chemical transport models (de Gouw et al., 2005;
Heald et al., 2005; Volkamer et al.,, 2006). The models
l1F1clude SOA production as an important source of organic

servatmns_of mcreased yields, especially f_or_ low Ioadmg.s’particle mass (Chung and Seinfeld, 2002). These models,
are potentially important for accurate prediction by chemi- informed by laboratory data, are based on equilibrium gas-

cal tr_ansport models of organic particle concentrations in theparticle partitioning of the semivolatile products of VOC ox-
ambient atmosphere.

idation (Pankow, 1994a,b; Odum et al., 1996).

Several factors may contribute to the difference between
predictions and observations. For instance, the relative con-
tribution of primary emissions to the organic particle mass
loading, compared to in situ photochemical production of
SOA, is uncertain, especially in urban areas, with estimates
ranging from 80% by Pandis et al. (1992) to 35% by Zhang

Correspondence to: S. T. Martin et al. (2005) and Volkamer et al. (2006). There is also uncer-
m (scotmartin@harvard.edu) tainty as to whether nonreactive equilibrium partitioning of
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semivolatile products of gas-phase chemistry is a completdion and in particle volume loading. The measurements were
mechanism for describing SOA production, both in the lab-made while particle loadings were small at the outset of SOA
oratory and in the atmosphere. For example, reactions in th@roduction, allowing yield determinations for loadings at at-
particle phase, such as aldol condensation, acid dehydratiomospherically relevant concentrations. Some experimental
and gem-diol reactions can yield products of low volatility, uncertainty, however, was introduced into the yield measure-
potentially increasing particle mass (Jang et al., 2003; Gao etents at the lowest concentrations of reacted VOC and hence
al., 2004a; Kalberer et al., 2004; Tolocka et al., 2004; Liggio the lowest particle loadings because the SMPS had a charac-
et al., 2005; Gross et al., 2006). In another mechanism, norteristic data collection time of 3 to 5 min and very large frac-
mally volatile species, such as low molecular weight aldehy-tional changes in the VOC concentration occurred during this
des, can be taken up by cloud droplets, and aqueous-phase téme period. The PTR-MS collected data every 20 s.
actions may produce low-volatility molecules that contribute  The yields obtained by this short-time approach (i.e., tran-
to fine-mode particle mass if the droplet later evaporatessient reaction) were similar to those of the traditional long-
(Blando and Turpin, 2000; Chen et al., 2007). Robinsontime approach (i.e., complete reaction) at loadings for which
et al. (2007) recently identified the gas-phase oxidation ofthe data sets overlapped, provided that seed particles and
semivolatile molecules associated with primary diesel emis-0zone levels above 750 ppbv were employed (Pathak et al.,
sions as another pathway for SOA production. 2007a). Otherwise, significant loss of semivolatile organic
Aside from potential SOA sources omitted from the mod- molecules to the chamber walls was believed to occur, lead-
els, another possibility is that the models may underpre-ing to erroneously low yield measurements in those cases.
dict SOA levels because of incomplete laboratory data setsFor low loadings (i.e.<7.4ugm3), Pathak et al. (2007a,
SOA mass loadings investigated in the laboratory have ofterb) observed larger yields than predicted by the extrapola-
been significantly greater than typical ambient loadings oftion of the parameterizations of Griffin et al. (1999b) and
10.gm~2 or less (Zhang et al., 2007). Extrapolations have Cocker et al. (2001) for data collected at high loadings (i.e.,
therefore been required for the use of laboratory results in re=7.4g m—3). Possible explanations included numerical un-
gional and global models of SOA production. For example, certainties in the parameterizations or different physical and
in the modeling work of Chung and Seinfeld (2002), which chemical mechanisms of SOA production dominant at low
is widely used in chemical transport models, the parameterimass loading. The results emphasized the importance of con-
zation of Griffin et al. (1999b) was used to describe particleducting experiments at loadings similar to those of the atmo-
yield from the dark ozonolysis af-pinene. However, the sphere so as to capture the behavior of nonlinear processes
laboratory data used to develop the parameterization weref SOA production.
available only as low as 74g m—2 (Hoffmann et al., 1997; An alternative experimental configuration to the short-
Griffin et al., 1999b). time and long-time batch-mode experiments described above
In recognition of the need to study SOA production at is a continuous-flow chamber in which reactants are con-
loadings below 1q.,g m~2 and to investigate reaction kinet- tinuously injected and products are continuously withdrawn
ics, Presto and Donahue (2006) and Ng et al. (2006) defrom the chamber (Kleindienst et al., 1999; Seinfeld et al.,
veloped a novel method for determining particle yield dur- 2003; VanReken et al., 2006; King et al., 2007). Continuous-
ing experiments in real time. Prior to their work, in a typi- flow operation provides stable conditions over time periods
cal experiment, the organic precursor VOC and the oxidanbf days to weeks. Semivolatile molecules in the gas phase
were mixed, and the SOA particle volume was measured afmay come to equilibrium with the organic mass on the walls
ter the reaction had come close to completion (Hoffmann etand in the particles, thereby minimizing the irreversible loss
al., 1997; Klotz et al., 1998; Griffin et al., 1999b; Koch et of gas molecules to the walls, which has been identified as a
al., 2000; Cocker et al., 2001; Jang et al., 2002; Gao et al.problem in batch-mode experiments (Kroll et al., 2007). The
2004b; Kalberer et al., 2004; linuma et al., 2005; Paulsen estable conditions of the continuous-flow approach also allow
al., 2005; Kroll et al., 2006). Measurements were made aftesignal integration (typically 4 to 12 h) so that the application
the complete reaction because of the absence of techniques demanding techniques, such as the collection of on-line
to detect accurately rapid changes in the VOC concentratiomigh-resolution mass spectra, is possible. Signal integration
and in SOA particle volume. Presto and Donahue (2006) andmproves measurement accuracy and precision, which are es-
Ng et al. (2006) used a proton-transfer-reaction mass spe@ecially important for studies at low loadings. Stable condi-
trometer (PTR-MS) during the initial minutes of VOC oxida- tions act in favor of the use of instruments having relatively
tion to measure VOC concentrations while they were rapidlyslow sampling rates (e.g., an SMPS), potentially resulting in
changing. The particle volume loading was monitored usingdata having lower measurement uncertainties and more ac-
a scanning mobility particle sizer (SMPS). During this time curate yield determinations as a result.
period of initial VOC oxidation, the gas-phase concentration Herein, we present particle mass yields in SOA produced
and the particle loading were rapidly changing. Therefore, inby the dark ozonolysis af-pinene (0.3—22.8 ppbv) for or-
a single experiment, particle yields were determined from theganic mass loadings of 0.15 to 3§ m~2. Both continuous-
progressive measurements of the changes in VOC concentrflow and batch-mode data are presented. We focus our
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2 Chamber description and operation
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The Harvard Environmental Chamber (HEC) consists of a = o5
4.7 P PFA teflon bag housed in a temperature-controlled
room. The chamber is coupled to a gas-handling system. In- o0 -
let flows of water vapor, ozone, amdpinene in purified air | | | | | |
are regulated with MKS mass flow controllers. Dry, clean, P
hydrocarbon-free air is produced with a pure air generator

(Aadco 737). Humidity is controlled by passing clean air at gig 1. Evolution of ozone concentration, SOA particle mass load-
a variable flow rate through a water bubbler (18Mm).  ing SOA particle volume loading, and measured and modeted
A HEPA filter, placed downstream of the bubbler, removespinene concentration toward steady-state during a continuous-flow
any contaminant particles. Ozone is produced by passing aisxperiment. Particle ang-pinene §0.1) mass loadings are shown
around an ultraviolet lamp (Jelight 600). A syringe pump on the left axis, ozone concentration is shown on the inner-right
(New Era Pump Systems, NE-1000) is used to feed a liquicaxis, and particle volume loading is shown on the outer-right axis.
solution (1:600 v:v, 1:1040 mole:mole) efpinene (Aldrich, Correctio_ns for partic_:le lossto the w_a.IIs are not applied to Fhe shpwn
98%) in 1-butanol (Baker, 99.9%) into a gently warmed glass_dat"?" a-pinene is injected and e_q_umbrated (2.1p_pbv) prior to in-
bulb. The pumping rates are slow enough that most of thd®ction of ozone. Further conditions are given in Table 1. The
. . . Appendix provides information on instrument calibration and on
organic vapor is released into the glass bulb through evapo- : ) ;
. . . .__calculation of particle loadings from the data of the AMS and the
ration of a sessile drop on the tip of needle. A flow of air g\,ng
sweeps the vapor into the chamber. 1-butanol scavenges OH
radicals generated as productsaspinene ozonolysis. No
NOx is added to the chamber, and the measured levels arghe chamber outflow reach equilibrium. An lonicon proton-
below the instrument detection limit of 1 ppbv. transfer reaction mass spectrometer (PTR-MS) was available
In addition to the gas flows, quasi-monodisperse seed parduring several of the experiments for the analysis of gas-
ticles are injected into the chamber. The particles are prophase hydrocarbons (Lindinger et al., 1998).
duced from (NH)>SOy solutions (0.12 g EL) by an atom- In the continuous-flow mode of the HEC, the outflow bal-
izer (TSI 3076). The aerosol is diffusion dried to less thanances the inflow (Kleindienst et al., 1999; Seinfeld et al.,
10% relative humidity, thereby inducing crystallization of 2003). Ozone, water vapor, seed particles, OH scavenger,
the particles. Particles are size-selected at a midpoint moand precursor VOC are continuously input into the chamber
bility diameter using a DMA (TSI, 3070), which is operated during the course of the experiments and SOA patrticles are
at a sheath-to-monodisperse flow ratio of 10:3. The size diseontinuously monitored in the chamber outflow. An exper-
tribution of the seed particles is centered at 50 nm, with aiment is run for an indefinite time period of days to weeks,
geometric standard deviation of 1.19-1.25, a number congoing through an initial transient period of 12 to 24 h un-
centration of 5000-8000 cmd, and a surface-area loading til reactants and products reach their steady-state concentra-
of 6.2-11x10" nn? cm—3 (equivalent to 2.9-52107*m?  tions. Chamber inflow-outflow is balanced by a feedback

a;
(Jwo/ wu (1) SWN[OA dJoILIE]
€6 B

I
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o
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— 100

in the chamber volume). control that maintains the bag at a constant overpressure of
There are several diagnostics of the gas and particle com30 mTorr relative to its surroundings. As a result of the over-
position in the chamber outflow. Ozone, NO, and,Nfdn- pressure, the bag walls are relatively quiescent, minimizing

centrations are monitored by Teledyne 400E and Teledyn¢he mass transfer of gases and particles to the walls. Ozone
200E instruments, respectively. Relative humidity and tem-concentration and relative humidity are also maintained at
perature are measured with a Rotronics sensor (Hygrocligonstant values through feedback controls. The total flow
SCO05). The mass loading and the vacuum-aerodynamicrate of 21.1 sLpm, made up of 16, 3, 0.1, and 2 sLpm for the
diameter size distribution of the particles are measured usingespective air flows of water vapor, seed particles, ozone, and
an Aerodyne high-resolution time of flight mass spectrome-precursor VOC mixed with OH scavenger, corresponds to a
ter (HR-ToF-AMS) (Jayne et al., 2000; DeCarlo et al., 2006).residence time of 3.4 h in the bag. The air, water vapor, seed,
The electric-mobility-diameter size distribution is measuredand ozone flows are mixed in a single inlet and introduced
using a TSI SMPS (3081 DMA, 3772 CPC) operated with re-into the center of chamber. The precursor VOC mixed with
circulating sheath-air flow. Recirculation ensures that afterOH scavenger in a carrier gas flow is injected into the cham-
sufficient time organic molecules in the sheath air, the parti-ber through a separate inlet which is oriented perpendicular
cles deposited on the internal HEPA filter, and the aerosol ino and approximately 1 m away from the first inlet. Sampling
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At time zero, the ultraviolet lamp of the ozone generator

12 Reacted a-pinene concentration L . . .
6.64 ppbv (37.0 pg/m’) was turned on, initiating injection of ozone into the chamber.
10— 2:85ppbv (15.9 pg/m ) The approach of ozone concentration to a steady-state value
= 1.90 ppbv (10.6 ng/m’) : - . :
0.95 ppbv (5.3 pe/n’) of 535 ppbv over a period of 800 min is apparent in Fig. 1.

Concomitantly, SOA production began, as independently in-
dicated by increases in the organic particle mass loading and
the particle volume loading. Thepinene concentration also
decreased. There was no time delay between the consump-
tion of -pinene and the onset of particle growth.

After ca. 600 min, steady-state conditions were obtained
for a-pinene. The PTR-MS measurements showed that 8.0

oo
1

~
1

SOA Particle Mass Loading (ug/m“)
(=)}
1

21 (£1)% of the a-pinene introduced into the chamber ex-
s ited without reaction. This amount of residugipinene in
U . : : : . . . the chamber outflow agreed well with a calculated value
0 200 400 600 800 1000 1200 1400 based on the measured ozone concentration, a rate con-
Time (min) stant of 8.66101”cm® molecule® for a-pinene ozonol-

_ ) _ _ ysis (Calvert et al., 2000), and a residence time of 3.4h
Fig. 2. Time trace of the SOA particle mass loading measured by thej, the chamber. Moreover, the kinetic trace of the model
AMS (solid lines) and calculated from the SMPS volume measure-gown in Fig. 1 agreed well with the time-dependent ob-

ments (dotted line) using measuredoa for four different reacted o\ aions. The model was not scaled to the measurements
a-pinene concentrations. Corrections for particle loss to the walls

are not applied to the shown data. Experimental conditions are thgm rather used known rate constants and inflow/outflow
same as for Fig. 1, except that 300 ppbv ozone is employed. A confates from the chamber. The agreement between the mea-

tinuous SMPS record is not available because this instrument wagurements and the model is evidence both that there was
also used for other functions. effective mixing of«-pinene and ozone within the cham-
ber and that OH radicals were adequately scavenged by 1-
butanol. More than 99% of the OH radicals were expected
flows are drawn from the center of the chamber along theto be scavenged by 1-butanol based upon the relative con-
axis perpendicular to both inlet flows. The teflon bag is pe-centrations of 1-butanol ang-pinene and the rate constants
riodically cleaned, especially before conducting experimentsof OH with these compounds (8.28012cm® molecule'®
for the lowest SOA mass loadings, by exposure to high ozonend 5.3% 1011 cm?® molecule’!, respectively) (Calvert et
concentrations (ca. 1 ppm) for at least 24 h 8@ dollowed al., 2000; Cavalli et al., 2002),
by flushing with clean air for several hours. Following clean- The mass loadings measured by the AMSMawms),
ing, particle concentrations in the chamber outflow are belowas well as the mass loadings determined from the
5cm 3. a-pinene is the precursor VOC used in the experi- SMPS volume loading after accounting for the sul-
ments of the present study. fate baseline and the measured particle density
(Fig. S1, http://www.atmos-chem-phys.net/8/2073/2008/
acp-8-2073-2008-supplement.pdf), are shown in Fig. 2
3 Resultsand discussion for separate experiments conducted at 0.95, 1.9, 2.85, and
6.64 ppbv reacted-pinene. The data were recorded at least
The evolution toward steady-state of thepinene concen- 24 h after the initial transient period shown Fig. 1 (i.e., the
tration measured by the PTR-MS, the organic mass loadingime axis is not conserved in moving from Fig. 1 to Fig. 2).
measured by the AMS, the particle volume loading mea-The steady-state data shown in Fig. 2 are broadly repre-
sured by the SMPS, and the ozone concentration is showsentative of those used to calculat&/ays in this study.
in Fig. 1 for a continuous-flow experiment. Prior to time Operation of the HEC in continuous-flow mode maintained
zero of Fig. 1,«¢-pinene and seed particles were introducedapproximately stable particle loadings, as represented in
into the chamber and allowed to come to steady-state. Th&ig. 2, for week-long time periods. Regular fluctuations
measured concentration@fpinene (2.1 ppbv, 11,8g m—3) of up to 20% were caused by the occasional release of a
agreed with the concentration expected based on the syringgessilex-pinene/butanol drop from the syringe needle and
injection rate into the bulb reservoir and the dilution ratio by chamber dynamics. In addition to providing a metric for
when entering the chamber. Prior to the injection of ozone the stability of the continuous-mode operation, the data of
the mass loading of organic particles was below the detectiorkig. 2 also show that the increase of organic particle loading
limit of the AMS (0.02:g m~3) (DeCarlo et al., 2006). The was not linear witha-pinene concentration from 0.95 to
particle volume loading measured at this time by the SMPS6.64 ppbv.
(0.68x 10° nmP-particles cn3-air) corresponded to the seed  The steady-state SOA particle mass yiel@$*{ deter-
sulfate patrticles. mined from the data in Fig. 2, as well as from similar data
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at othera-pinene concentrations (Table 1), are shown in 354
Fig. 3 (red and blue circles). Yields were calculated as
YS=AM|AHC*, whereAM*s (ug m—3) was the steady- 0.30
state organic-particle loading amdH C** (g m—3) was the
reacted concentration of-pinene. As an estimate of exper-
imental variability, experiments at 0.95, 1.90, and 2.85 ppbv
a-pinene were each repeated three times, and the yield of3
each varied less than 20%. The yields in Fig. 3 and Table 1™ .5
are lower limits of the actual yields because wall loss, which
reduced the particle loading, was not accounted for. Wall-  0.107
loss corrections are discussed further below.

Two batch-mode experiments were conducted to provide
an in-lab comparison between continuous-flow and batch-
mode yields. Temperature, relative humidity, ozone, and 0 1'0 2'0 3'0 4'0
seed particles were adjusted to their desired levels in the bag, SOA Particle Mass Loading (ug/m’)
after which inflows were turned off. A pulse of clean air
swepta-pinene and either 1-butanol or 2-butanol from the
heated bulb reservoir into the chamber, after which this in-  0.201
flow was also shut off. The subsequent production of parti-
cle mass resulting from-pinene ozonolysis was then moni-
tored. Following the approach described by Presto and Don-  *!>7
ahue (2006) and Ng et al. (2006), we calculated yield in 5-
min time steps using simultaneous measurements ofthe
pinene concentration via the PTR-MS and the patrticle load-
ing via both the AMS and the SMPS. As shown in Fig. 3, the
yields from these batch-mode experiments (green and orange o5 |
triangles) agreed well with those obtained in the continuous- |
flow mode.

The results shown in Fig. 3 and Table 1 indicate that there 0.0 : : : : :
was significant SOA production at low ppbv levels of reacted 0 2 4 6 8 10
a-pinene. For example, 1.9 ppbv (1Q.§ m~3) of reacted SOA Particle Mass Loading (ug/m’)
a-pinene produced 0/8g m—3 of SOA particle mass, cor-
responding toY*=0.09. This example corresponds to the Fig. 3. Particle mass yield of SOA produced by the dark ozonol-
steady-state portion of the time trace of the data shown irysis ofa-pinene in continuous-flow and batch-mode ;xperiments.
Fig. 1. The yield increased with loading, ranging from 0.09 Panel) shows the full range of data from O to 4g m™* organic
to 0.27 for loadings of 0.15 to %m_3. Also shown in loading. Pane(B) shqws an expanded view from O to 2 m—>.
Fig. 3 is the two-product fit through the data. Table 2 lists theValues ofthe data points correspondigys of Table 1. The SMPS

. L N s dataYsppsgive similar results (cf. Fig. 5). The black line shows
fit coefficients for two common parameterizations of yields, .« fit for the parameters given in Table 3 fesoa. The blue line

though only the two-product fit is shown in Fig. 3 (Odum et shows the fit after the data are normalizedotgy, as done to fa-
al., 1996, 1997; Seinfeld and Pankow, 2003; Presto and Dongilitate comparison of our data to literature data (cf. Fig. 4). The

ahue, 2006). The Appendix provides the mathematical formshaded blue area shows the best-estimate yield valugs fpafter
of the fitting functions. correction for particle wall loss.

Our findings can be compared to several recent reports
in literature. In our study, the yield curve had no inflec-
tion point toward null y|e|d to as low as 01@ m*3, in- icant grOWth for 0.3 ppr, which was the lowest value of our
dicating the formation of one or several products havingstudy. By chemical argument, organic molecules having va-
vapor pressures below this value and reflected in the larg@or pressures low enough to condense under these conditions
value of K1 of 100 nPng~! in the two-product fit (Table 2). Might be expected to have a high fractional oxygen content.
Verheggen et al. (2007) observed a similar result to below!n agreement with this supposition, Tolocka et al. (2006) and
0.5,.g m—2 provided that the total condensable product massHeaton et al. (2007) found that freshly nucleateginene
including some gas-phase species was considered. Pathak@2onolysis particles were highly oxygenated. The AMS mass
al. (2007b), however, observed curvature toward zero yieldsPectra recorded in our study, which will be the subject of a
(cf. data points in Fig. 4). A related finding is that Pathak detailed future publication, showed that the organic mass was
et al. (2007b) did not observe particle growth below 1 ppbvincreasingly oxygenated as particle loading decreased.
reactedx-pinene. In our work, however, we observed signif-

0.254

0.20 1

® Continuous flow, p, .. soa
® Continuous flow, 50 ppbv ozone, p,,..c soa
A Static, 1-butanol, p,..ssoa
Static, 2-butanol, p,..s soa
—— 2-product fit, p,eas s0A
—— 2-product fit, p, ,
Best-estimate wall correction, p,

0.05

0.00 |

Yield

0.104
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Table 1. Experimental conditions and results for SOA particle production from the dark ozonolysipioene. Yields were calculated
asY=AM/AHC, whereAM (ug m~3) was the organic particle mass loading anHC (ug m~3) was the reacted concentration @f

pinene. No corrections were made for wall losses for the values included in this table. The experiments were performed under the following
conditions: 298 £1) K, 40 (+2) % RH, <1 ppbv NG, dry (NH,)SO4 seed particles (5000 to 8000 cfhand 6.2 to 1k 107 nm? cm—3),

and 1- or 2-butanol as an OH radical scavenger at a molar concentration of 1040 timesitipiterfe. Data averaging times faMays

typically ranged between 4 and 12h in the continuous-flow mode. Data were averaged for 5min in the batch-mode experiments. The
corresponding averaging times fan gy pswere 1-4 h in the continuous-flow mode and 5 min for the batch-mode experiments.

Date Mode Q(ppbv) AHC (ppbv) AHC (ugm~3)  AMaws (M3  AMswps(tg M3 preassoa(@CM™S)  Yams  Ysmps

12/10/2006 continuous 300 22.77 126.93 35.64 - 1.23 0.28 -
1/8/2007 continuous 300 2.85 15.87 1.67 1.29 1.65 0.11 0.08
1/10/2007  continuous 300 14.23 79.33 15.42 8.79 1.23 0.19 0.11
1/24/2007 continuous 300 6.64 37.02 6.97 5.74 1.42 0.19 0.15
1/31/2007  continuous 300 0.95 5.29 0.55 0.45 1.67 0.10 0.08
2/5/2007 continuous 300 1.90 10.58 1.26 1.19 1.66 0.12 0.11
2/8/2007 continuous 300 0.95 5.29 0.50 0.67 1.73 0.09 0.13
2/11/2007  continuous 300 1.90 10.58 0.96 1.33 1.64 0.09 0.13
2/23/2007  continuous 50 2.85 15.87 1.74 1.52 1.60 0.11 0.10
2/26/2007  continuous 50 6.64 37.02 5.07 3.65 1.53 0.14 0.10
4/19/2007  continuous 535 1.90 10.58 1.09 0.94 1.56 0.10 0.09
4/20/2007  continuous 300 2.85 15.87 1.81 1.45 1.56 0.11 0.09
4/21/2007  continuous 300 0.95 5.29 0.60 0.89 151 0.11 0.17
4/29/2007 batch 300 0.30 1.65 0.15 ®17 - 0.09 0.10
4/29/2007 batch 300 3.77 20.99 2.44 3.67 1.32 0.12 0.15
4/29/2007 batch 300 5.06 28.21 3.85 5.45 1.25 0.14 0.14
4/29/2007 batch 300 6.13 34.17 5.37 6.50 1.30 0.16 0.17
4/29/2007 batch 300 7.01 39.08 6.05 7.35 1.26 0.15 0.17
4/29/2007 batch 300 7.74 43.14 7.71 7.54 1.27 0.18 0.18
4/29/2007 batch 300 8.34 46.49 7.33 8.32 1.23 0.16 0.17
4/29/2007 batch 300 8.83 49.25 8.91 8.20 1.30 0.18 0.17
5/17/200% batch 300 4.76 26.56 2.78 — — 0.10 -
5/17/200% batch 300 6.71 37.43 5.25 — - 0.14 -
5/17/200% batch 300 7.44 41.49 6.62 — — 0.16 -
5/17/200% batch 300 8.54 47.60 9.28 — - 0.19 -
5/17/200% batch 300 8.95 49.89 9.80 — — 0.20 -

@ AMsypsis calculated as the product of the indicated SOA density and the change in volumetric loading.

b Due to insufficient signal in the P-TOF mode of the AMS, the SOA density could not be calculated for this experiment. Instead, a density
of 1.64 (i.e., the average density of the 1/31, 2/8, and 4/21 experiments) was employed.

€ 2-butanol was employed as the OH radical scavenger. SMPS data were not recorded. Data from this experiment were excluded from the

parameterizations.

Table 2. Empirical parameters describing the particle mass yield of SOA produced in continuous-flow mode for the dark ozonolysis of
a-pinene. Parameters, both for measured demgifyassoa and normalized density; g of 1.0g cnt3, are shown for a two-product model
(Odum et al., 1996) and a basis-set model (Donahue et al., 2005). Wall-loss-corrected parameters are also proyigleEdoations for

making use of these parameters are given in the AppendixKThealues shown in the table correspond to tﬂ‘;ievalues commonly used in

the basis set model dsjzllc;‘. Model fits are plotted in Fig. 3.

o o o3 s Ki(mPug™hH  KpmiugTl)  KzmPugl) K4 (miug™h
PmeasSOA
Two-Product Model 0.088 0.259 - - 100 0.067 - -
Basis Set 0.08 0.019 0.18 0.03 10 1 0.1 0.01
1.0
Two-Product Model 0.054 0.242 - - 100 0.079 - -
Wall-corrected, lower limit  0.076 0.373 - - 100 0.039 - -
Wall-corrected, upper limit  0.093  0.459 - - 100 0.032 - -
Basis Set 0.059 0.007 0.18 0.03 10 1 0.1 0.01
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Fig. 4. Comparison of yields obtained in this work to those of other studies for the dark ozonlysipinéne (Table 3). Data shown in
panels(Al) and(A2) are as reported by the original researchers, with the exception of the data of Gao et al. (2004b) and Song et al. (2007).
We adjusted these data tq g to facilitate the comparison with the other studies. We adjusted the data shown in (&f)eded (B2) to

298 K using a temperature correction of 1.6% per K, as recommended by Pathak et al. (2007a), to allow comparisons among the studies.

Our yields can also be quantitatively compared to those The deposition of particles to the walls of environmental
reported in earlier studies of the dark ozonolysiggfinene  chambers reduces the organic particle mass (McMurry and
(Hoffmann et al., 1997; Griffin et al., 1999b; Cocker et al., Grosjean, 1985; Kroll et al., 2007). The literature studies of
2001; Gao et al., 2004b; Presto et al., 2005; Presto and Dorifable 3, represented by the data in Fig. 4, therefore corrected
ahue, 2006; Chan and Seinfeld, 2007; Pathak et al., 2007a, ibhe yields for deposition of particles to the walls. To sim-
Song et al., 2007). Table 3 lists and compares the experimeritarly address depositional wall loss and thereby correct the
tal conditions employed. These studies reported results usingpparent yields of our study, we measured the loss rate of dry,
SMPS measurements of particle volume loading and a denmonodisperse ammonium sulfate particles in the continuous-
sity of 1.0gcnt3. Therefore, to facilitate a comparison of flow mode of the HEC, obtaining 0.17 to 0.09*hfor 50
our data to the results in literature, we adjusted our yield datahrough 150 nm particles. The density-normalized yields
to an organic density of 1.0 g cm (viz. p10). The result-
ing two-product fit is shown in Fig. 3 (blue line; no wall-loss
corrections), and the fit coefficients are given in Table 2.
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Table 3. Comparison of the experimental conditions of this work with those of other studies on the particle mass yield of SOA produced in
the dark ozonlysis ak-pinene. The yields of these studies are shown as data points in Fig. 4.

Reference Temperature  Relative Humidity ~ Seed OH Scavenger Ozone AHC PSOA AM

(N (%) (ppbv) (ppbv) (@em®)  (ngm3)
Hoffmann et al. (199A 289.3-322.1 NA (NH)2SO(s) none 210-327 38-154.1 NA 29.9-341
Griffin et al. (1999b) 303.3-309.9 5 (NDLSOy(s) 2-butanol 67-260 16.7-65.0 1.0 7.4-65.1
Cocker et al. (2008 301.2-302.9 < 2,39-492 none, (NH)2SO4(s),  2-butanol 130-600 22.6-212.3 1.0 10-213

and NH{HSOy

Gao et al. (200415) 293 55 MgSQ(aq) cyclohexane 24-270 12-135 ha 20-404
Presto et al. (2008) 295 <10 none 2-butanol 160-605 15.0-210 1.0 7.08-346
Presto and Donahue (2066) 295 <10 none 2-butanol 260-350 13.4-135 1.0 6.43-192
Pathak et al. (2007h) 288-313 <10 none, (NH)>SO4(s)  2-butanol 750-3100 3.7-85 1.0 0.7-3.7
Pathak et al. (2007b) 288 65 (MBSO 2-butanol 250 38 1.0 46.0
Song et al. (200®) 300.6-301.7 <2 none cyclohexane 46-369 5.9-81.1 h.2 5.0-205.9
Chan and Seinfeld (2007) 293 <7 none, (NH)2SO4(s)  cyclohexane 90 5.4-5.6 1.0 3.34-5.0
This work 298 40 (NH)2S04(s) 1- and 2- butanol 50, 300,535 0.3-22.8 1.23-1.73.15-35.6

@ The majority of the data was collected at 319.3-322.1 K. One point was collected at 289.3K.

b We do not include the data collected using aqueous seed particles.

¢ We do not include the data collected using acidic seed particles.

d We include in our analysis only the experiments for which [VOC]/[N©15 and which were conducted in the dark.

€ We include in our analysis only experiments classifiedeapihene + Q, dark”.

f We include in our analysis only data collected for ozone concentrations of 750 ppbv or greater in the presence of seed particles and of
1500 ppbv or greater in their absence because Pathak et al. (2007a) observed that yields depend on seed particles and ozone concentrati
under some conditions.

9 We do not include the data collected using organic seed particles.

h Yields shown in Fig. 4 are normalized tq .

were then wall-loss corrected using Eq. (1): and identity of the OH radical scavenger, and ozone con-
centration. We attempted no normalizations for these dif-
Yégrr — Y5S <1+ V?,B> (1) ferences.

As seen in Fig. 4, the yields reported by us for intermedi-
where F was the total flow rate through the chamber ate mass loadings-6 g m—2) are in agreement with some
(21.1sLpm),V was the chamber volume (4711 L), agd  of the latest studies but up to 1.8 to 2.0 times larger com-
was the wall loss coefficient (0.17 or 0.09%. In applying  pared to some of the other studies. Chan and Seinfeld (2007)
Eqg. (1), we assumed that the particle-wall-loss rate was firstshowed that the parameterization of Griffin et al. (1999b)
order. The best-estimate particle yields farg are shown can be brought into agreement with our observations for an
in Figs. 3 and 4 as the shaded blue regions, reflecting unassumed enthalpy of vaporization of 100 kJ mdbe corre-
certainties in the wall loss coefficient (i.e., 0.17 or 0.09h sponding to a temperature correction much greater than the
The parameterizations of upper and lower sides of the shadedecommendation of 1.6% per K by Pathak et al. (2007a). At
region are given in Table 2. The wall-loss-corrected yields,lower mass loadings<{5 ug m—3), for which only Pathak et
representing our best-estimate yields, were 1.3 to 1.6 timeal. (2007a) provide data for comparison, our best-estimate
larger than the uncorrected yields. yields are offset by approximately +0.07. The differences

A comparison of our best-estimate yields to literature re-between our results and those in the literature are outside
sults for the dark ozonolysis of-pinene is shown in Fig. 4. the probable range of instrumental errors and analysis uncer-
Panels Al and A2 show the data as reported by the originatainties, as reflected by the uncertainty bars shown in Fig. 3.
authors, with the exception of the data of Gao et al. (2004b)Observations of greater yields in our study and some of the
and Song et al. (2007) which we adjusted to an SOA particleother latest studies could potentially reduce the differences
density of 1.0 g cm®. As seen in Table 3, experiments in the between the predictions of chemical transport models (which
literature were conducted across a wide temperature rangéave been informed by the lower yields of earlier laboratory
affecting the measured yield. Therefore, we adjusted the littmeasurements) and ambient observations (de Gouw et al.,
erature data to 298K (Panels B1 and B2), using a temper2005; Heald et al., 2005; Takegawa et al., 2006; Volkamer
ature correction of 1.6% per K, as recommended by Pathalet al., 2006). For the rest of the data analysis, we focus on
et al. (2007a). In addition, Table 3 illustrates that there wereour results at the lower mass loadings5(.g m—2) most rel-
other differences among the studies including relative humid-evant to atmospheric conditions. A goal is to explain why
ity, presence and composition of the seed patrticles, presendée yields were higher for our measurements compared to
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those reported by Pathak et al. (2007a) for experimental ap- ¢4 _
proaches similar in many aspects. The different experimen- &
tal parameters (e.g., relative humidity, OH scavenger, and so
forth, as presented in Table 3) have no discernable regres- ~
sion that explains the variability in yield. For the remainder 8
of this paper, we examine and eventually rule out possible
experimental artifacts. Under the assumption that all data in
this study and in the literature are correct, the conclusion then
must be that unidentified factors affecting yield exist that the
scientific community is not yet knowledgeable about.

As a first check against artifacts, to validate the experi-
mental data and to test the possibility of background particle
production in the chamber, we carried out a series of control
experiments in the continuous-flow mode, as outlined in Ta- .
ble 4. With the main air flow active and in the presence of ‘
ozone (control 1), particle number concentrations remained o
below 5 cn12 by CPC detection and particle mass loading re- J'
mained below the detection limit (0.02y m~3) of the AMS 0
(DeCarlo et al., 2006). Addition of ammonium sulfate seed ' ' ' ' ' '

X : . 2 4 6 8 10
particles to the inflow (control 2) did not alter the null or- SMPS SOA Particle Mass Loading (ug/m’)
ganic signal of the AMS. These controls indicated that no
condensable organic vapors were present in the air supply afig. 5. SOA particle mass loadings measured by the AMS com-
the Aadco generator or in the set-up for RH control. Thesepared to those determined from the SMPS data. Volume loadings
controls also demonstrated both that no condensable organioeasured by the SMPS are multiplied by the measured densities to
vapors were released from the chamber walls and that no odetermine mass loadings. See equations in the Appendix.
ganic particles (possibly released as impurities from the wa-
ter bubbler or the ammonium sulfate seed solution) reached
the chamber. Experiments with all reactive species presemassumption of spherical particles. The density of the organic
except ozone (control 3) demonstrated that no organic partimaterial, which was needed for the conversion of volume to
cle growth occurred in the absence of ozone, thus ruling outnass in the analysis of the SMPS data, was calculated at each
particle contamination from the butanol@pinene. Exper- mass loading using the approach of DeCarlo et al. (2004) and
iments withoutx-pinene but with butanol and ozone (control Katrib et al. (2005), as described in the Appendix. The or-
4) also showed no organic particle growth, suggesting thaganic densities (Table 1) decreased with increasing organic
reactive impurities were not present in the 1-butanol solu-loading, implying a change in chemical composition that is
tion. In summary, organic particle growth was detected byconsistent with the greater oxygen content observed in the
the AMS and the SMPS only whenpinene and ozone were Mmass spectra. A detailed analysis of this topic, as well as the
simultaneously introduced into the chamber. associated mass spectra, will be the subject of a future re-

One issue differentiating our experimental approach fromport. In summary, the yields we report in Figs. 3 and 4 are
that in other studies was the use of the AMS in the formerredundantly supported by the AMS and SMPS data, at least
and the SMPS in the latter for determining yield. The SMPSfor <10gm=3.
measured volume loadings that were converted to mass load- The yields for most of the literature experiments shown
ings (AMsmp9 using the organic particle density, typically in Fig. 4 were obtained using 2-butanol as an OH scavenger
normalized to 1.0 g cmP. In contrast, the AMS provided (cf. Table 3), compared to 1-butanol used by us. To inves-
a measure ofAM subject to the accuracy of the calibra- tigate the possibility that this difference might significantly
tion. To investigate any possible bias xMavs, in par-  affect yield, we conducted a batch-mode experiment using
ticular its equivalency taA Msyps we also made measure- 2-butanol as the scavenger. As seen in Fig. 3, yields ob-
ments of A Mgpps A scatter plot ofA Mams with A Msyps tained when using 2-butanol (orange triangles) were simi-
is shown in Fig. 5 for 0.5 to Ggm3. The clustering of lar as when using 1-butanol (green triangles). The major
the points around the 1:1 line shows that the two quanti-products of the OH-initiated oxidation of 1-butanol are bu-
ties agreed well. The analysis in Fig. 5 is limited to low tanal, propanal, ethanal, and formaldehyde (Cavalli et al.,
SOA mass loadings<{(10.g m~3). For higher loadings, the 2002), compared to 2-butanone for the oxidation of 2-butanol
large-diameter tail of the size distribution extended beyond(Chew and Atkinson, 1996). The high vapor pressures of
the 500-nm limit of the SMPS, preventing accurate measurethese molecules suggest that they are too volatile to partition
ments ofAMsups The good correlation in Fig. 5 also sup- into the particle phase (Barsanti and Pankow, 2004), although
ports the use of an AMS collection efficiency of unity and the reactive uptake of aldehydes may be important under some

B N
1 1

AMS SOA Particle Mass Loading (pg/m
T
[ ]

www.atmos-chem-phys.net/8/2073/2008/ Atmos. Chem. Phys., 8, 2073-2088, 2008



2082 J. E. Shilling et al.: SOA vyield fronz-pinene ozonolysis

Table 4. Summary of the results of control experiments concerning SOA production in the chamber. The criterion for a positive result was
detection of an organic particle loading above the detection limit (Q@jaﬁ%) of the HR-ToF-AMS.

Description Variables Observation
(NH4)2SO4 Seed  Ozonex{300ppbv) 1-butanol{1ppmv) «—pinene SOA Formation
Control 1: Ozone Only No Yes No No No
Control 2: Seed and Ozone Only Yes Yes No No No
Control 3: No Ozone Yes No Yes Yes No
Control 4: Now-pinene Yes Yes Yes No No
Experiment Yes Yes Yes Yes Yes

conditions (Jang and Kamens, 2001; Jang et al., 2002) plain the higher yields observed by us was that semivolatile

A potential factor affecting yields in the different exper- Mass might accumulate on the walls prior to the measure-
iments is that the gas-phase chemistry of the dark ozonolMents and subsequently might bleed off the walls during
ysis ofa-pinene could change among different experimentalth® measurements, condense onto the particles, and thereby
configurations and conditions, principally because of second!€@d to systematically high yields. As a practical matter, we
order reactions of peroxy radicals. To quantitatively inves-cléaned the walls before each measurement so that, if the
tigate this possibility, we simulateg-pinene ozonolysis in  Walls did not come to equilibrium, they were a sink of mate-
the presence of 1-butanol using the Master Chemical Mechali@l, which would have the effect of understating rather than
nism (MCM) (version 3.1) (Saunders et al., 2003). The timeoverstat_lng yields. In addition, we o_bs_erved tha_lt the parti-
evolution of species, revealing the higher peak concentra€l® loadings reached steady-state within approximately 24 h
tion of peroxy radicals for batch mode because of the greatePf @ny perturbation to the chamber and remained stable for
rates ofa-pinene oxidation, is shown in Fig. 6. Although Week-long time periods.
the model omits SOA particle growth and gas-phase species
scavenging to the walls and although the MCM is incomplete4 Conclusions
as indicated by the absence of species of sufficiently low

volatility to form SOA (Jenkin, 2004), the relative concen- The yield of particle mass in secondary organic aerosol was
trations of species across the different experimental modegeasured for the dark ozonolysis of 0.3-22.8 ppbv of reacted
(Table 5) show that the composition of the predicted 9aS—y-pinene at 298K and 40% RH. The yields determined by
phase products should be similar in the continuous-flow and,,q independent instruments, namely an AMS and an SMPS,
batch modes for ozone concentrations of 300 ppbv. Amongagreed well. The vyields for low loadings &f5 ;gm3
pinonic acid, pinaldehyde, norpinonaldehyde, pinic acid, anthad an offset of approximately +0.07 from those reported
hydroxypinonic acid, the greatest difference-40% for  py pathak et al. (2007a), which was the only other study to
the short-time batch mode and +1% for the long-time batchconquct experiments at loadings typical of the atmosphere
mode compared to the continuous-flow mode. The masgrig 4, panel B). We investigated several possible artifacts
yield of particles should also therefore be similar, at leastang sources of error that reasonably could have influenced
so long as partitioning theory for gas-phase products govyje|d and explained the offset yield of +0.07. We concluded,
erns particle growth. Differences among modes do, how-however, that the higher yields we observed can be explained
ever, increase for higher ozone concentrations, as |nd|categy none of the considered possibilities. Under the assump-
for short-time high-ozone batch mode. Differences are greatyion that both our data and the literature data are correct, we
est for peroxy radicals and for hydroperoxide species. Astyrther concluded that there are poorly understood or even
an experimental test of the possible importance of the 0zongnknown factors influencing particle yield in chamber SOA
concentration, we carried out two experiments at 50 ppbveyperiments. Some of these same factors may contribute to
Within error, yields for 50 ppbv ozone (blue circles; Fig. 3) the variance of 1.8 to 2.0 in yield among 11 studies carried

lie along the same curve as those determined for 300 ppbyt for intermediate loadings (5 to 4@ m~3) (Fig. 4, panel
ozone (red circles). Nevertheless, we did not experimengy

tally test the higher ozone concentrations used in Pathak et e processes occurring within continuous-flow and
al. (2007a) £750 ppb), so the hypothesis remains open thatyatch-mode chambers are complex, and yield represents the
at least some of the differences in yield at low mass loading§actional partitioning of molecules between the gas and par-

are possibly attributable to differences in gas-phase chemgcle phases of an aerosol. This partitioning depends on the

istry. identity of the molecules and hence the chemistry that takes
Another hypothesis, also considered but ruled out, to explace to form those molecules. In addition to gas-phase
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Fig. 6. Model simulations using the Master Chemical Mechanism (MCM), V3.1 (Saunders et al., 20@8) fmontinuous-flow andB)
batch-mode experiments. The model predicted gas-phase products but omitted SOA production and scavenging of species to the walls. Th
environmental chamber was modeled as a continuously stirred tank reactor. Legeinéne (red), ozone (dashed gre&r:LO_z), peroxy

radicals, (dashed blug;10), pinonic acid (green), pinaldehyde (blue), norpinonaldehyde (purple), pinic acid (orange), and hydroxypinonic
acid (magenta). Conditions: (1) continuous-flow mode, 3¢ginene prior to ozonolysis, 300 ppb ozone, 3 ppm 1-butanol, 40% RHE,25

and residence time of 4.0 h; (2) batch mode, 10 g@ghinene prior to ozonolysis, 300 ppb ozone, 10 ppm 1-butanol, 40% RH, &@&l 25

chemistry inside the chamber, partitioning of the productknown to influence yield, such as ammonia concentration,
molecules occurs among the surfaces of the walls, partiliquid or solid seed-particle phase, and seed-particle acidity,
cles deposited on the walls, and aerosol particles. Possibl&ere similar among the group of experiments tabulated in Ta-
reactive chemistry occurs on the walls or in the particles.ble 3 and so these factors would not appear to be the explana-
Even so, for the continuous-flow chamber at steady-statetion. Pathak et al. (2007a) and Kroll et al. (2007), however,
high confidence is possible regarding the lower limitréf highlighted several other factors that can affect yields, in-
(i.e.,YS*=AMS|AHC*%). The particle mass flow out of the cluding the direct loss of semivolatile species to the walls of
chamber (setting a lower limit oA M**) is accurately mea- the chamber. The extent of interactions with the walls should
sured. The amount of reactedpinene A HC**) is also ac-  depend on the particulars of the chamber geometry and its
curately measured (e.g., the PTR-MS measurements agreexperation, which differed among the various experiments of
well with the value calculated from the known reaction rates). Table 3. The interactions with the walls would be most im-
High confidence in the lower limit of ** therefore follows.  portant for the lowest quantities of reacted VOC because
Moreover, we can have this high confidence for low concen-only the lowest volatility molecules can contribute to particle
trations of reacted hydrocarbon and particle mass loading begrowth. As an upper-limit estimate of the volatility we can
cause of signal integration in steady-state. infer from our results, for the assumption of a single species

Further work and hypotheses are required to understanﬁ""“’ing amolecular weight of 200 g mdi contributing to the

. _ 3 . _
the factors leading to the differences observed between qurgamcln;(als(sr %tTO.J;Eg 2198,Kth$hgorrespond|ng vapor pres
results and those reported in the literature. Several factorsU'€ 1S - orr at - This vapor pressure Is twenty
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Table5. Relative concentrations (given as a molar percentage of the total gas-phase product concentration) of the predicted gas-phase produc
yields using the Master Chemical Mechanism (MCM), V3.1 (Saunders et al., 2003) for the dark ozonakypimene. Results are shown

for simulations of continuous-flow, short-time batch, short-time batch under high ozone, and long-time batch modes of chamber operation.
The short-time column shows the relative gas-phase concentrations 15 min after the start of the reaction, which is the time point of maximum
of [ROO] (cf. Fig. 6). The long-time column corresponds to 2000 min after the start of the reaction. The second column for the batch-mode
results shows the ratio of the relative concentrations to the continuous-flow results. Products shown account for 95%afdweater

products, excluding the remainingpinene. Conditions of the simulations are given in the caption of Fig. 6. The short-time batch-mode
high-ozone simulation was run at 1500 ppbv ozone. The model predicts gas-phase products and omits SOA production and scavenging o
species to the walls. Products are labeled as the SMILES strings of the MCM.

Mode

Product Continuous Flow  Short-Time Batch  Long-Time Batch  Short-Time Batch
High Ozone

C1070C0H 18.7% 19.9% 1.06 18.5% 0.99 18.0% 0.96
PINONIC 13.0% 13.1% 1.01 13.1% 1.00 12.8% 0.98
C9700H 9.6% 6.8% 0.71 9.8% 1.02 7.4% 0.77
C10800H 8.1% 3.5% 0.43 9.1% 1.13 5.1% 0.64
PINAL 7.8% 8.0% 1.02 7.9% 1.01 8.2% 1.05
C89CO2H 5.7% 5.2% 0.93 5.6% 0.99 5.3% 0.94
C1070H 4.0% 2.5% 0.63 4.8% 1.19 3.9% 0.96
C960H 3.8% 3.4% 0.90 3.7% 0.99 3.5% 0.94
NORPINAL 3.8% 3.4% 0.90 3.7% 0.99 3.6% 0.94
PINIC 3.1% 2.9% 0.91 3.1% 0.99 3.0% 0.94
C92100H 2.5% 1.6% 0.63 2.6% 1.01 1.8% 0.73
C10702 2.2% 6.4% 2.86 2.8% 1.26
C8900H 2.2% 1.6% 0.72 2.3% 1.02 1.7% 0.77
C10900H 1.7% 3.5% 2.07 2.2% 1.29 2.6% 1.56
C81200H 2.1% 1.7% 0.79 1.9% 0.92 1.7% 0.81
C9600H 1.8% 3.5% 191 2.2% 1.23 2.7% 1.48
HOPINONIC 1.4% 1.3% 0.92 1.4% 0.99 1.3% 0.94
C109CO 1.3% 1.2% 0.93 1.3% 0.99 1.3% 1.00
C1090H 1.3% 1.2% 0.93 1.3% 0.99 1.2% 0.93
C9702 1.2% 3.1% 2.67 2.7% 231
C8110H 1.3% 0.9% 0.69 1.3% 1.00 0.7% 0.55
C721CHO 1.3% 1.1% 0.83 1.3% 1.00 1.2% 0.92
C10802 1.0% 2.3% 2.34 3.5% 3.65
C81300H 0.9% 1.1% 1.17 0.6% 0.58
C8110H 1.1% 0.5%
C92102 0.8% 0.8%
C81202 0.8% 0.4%
C0235C6CHO 1.1%
C1080H 0.6%
APINAOOH 1.0%
C8902 0.6%

times lower than that of pinic acid (32,08 Torr) (Bilde of the known momomeric species (Bilde and Pandis, 2001)
and Pandis, 2001), which is @ @icarboxylic acid identified and the study of Jenkin (2004), suggest that oligomeric or
as a product of-pinene ozonolysis (Yu et al., 1999) and is highly oxygenated material of low volatility is a key com-
possibly the least-volatile monomer species. Jenkin (2004ponent of SOA particle mass at low loadings. Experimental
modeled SOA formation during-pinene ozonolysis from configurations and interactions with walls may then be cru-
the gas-phase mechanism embedded in the Master Chemiceilal to understanding differences among yields. The related
Mechanism and had to artificially reduce the volatility of the follow-on inference is that the higher yields measured in this
products by a factor of 100 to explain particle growth. Our study would thus be explained by less interaction with the
observations of significant particle mass at low concentra-walls and therefore could be closer to the yields expected un-
tions of reactedr-pinene, together with the vapor pressures der atmospheric conditions.
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The absence of a conclusive explanation notwithstandthe organic particle mass concentration, as follows:

ing, the increased yields observed in our experiments, espe-

. . . . . ss _ s5,SMPS _
cially for low loadings, are potentially important for reconcil- AMgyps= Cparticle
ing the differences between the higher organic particle con- Dpimax
centrations observed in many geographic locations and the = ss see 3
lower concentrations presently predicted by chemical trans£SOAg / (” (Dp) —n ‘tD,,)) DpdDp (A1)
port models, which are based in large part on the lower yields Dmin

reported in earlier literature. ] ) )
The organic-phase densityodpoa) was obtained from

the AMS-measured vacuum aerodynamic diameter in con-
junction with SMPS measurements of mobility diameter,
including a volume-weighted accounting of the ammo-
nium sulfate seed (DeCarlo et al., 2004; Katrib et al.,
2005) (Fig. S1, http://www.atmos-chem-phys.net/8/2073/
2008/acp-8-2073-2008-supplement.pdf).

Appendix A
M easurement of mass loading

The AMS directly measures organic particle mass loading

Cg;rticle' which we Iabelcggr’g(“:’,'es. Given the absence of ini-

tial organic loading, we haV%Mf\T\ASZCg;’QgS- C;;QQ’,'S Appendix B

was typically calculated by averaging between 4 and 12h

of the MS-mode data. The AMS ionization efficiency was Two-product model

calibrated with monodisperse ammonium nitrate particles. i

Signal intensities were converted to nitrate-equivalent masd "€ reacted hydrocarbon mass is assumed to fpprod-

loading, as described in the literature (Jayne et al., 2000; AlUCt classes of respective mass yielgs(Pankow, 1994a, b

lan et al., 2003; Jimenez et al., 2003). Inorganic species wer@dum €t al.,, 1996). For each product class, a volatility co-

separated from organic species based on reproducible frada_fﬂment K; quannﬂes the partitioning between lthe partlcle.

mentation patterns obtained in laboratory calibrations (Allan2nd gas phases. Yield data are then parameterized according

et al., 2003; Jimenez et al., 2003). Corrections for gas-phasi® the following equation:

species fragmenting atvz 29, 40, and 44 were made us- aiKCSS o

ing the P-ToF mode of the AMS for each individual exper- Y = —p”

iment (Jayne et al., 2000). Based on the results of a high- 71+ K; particle

loading experiment, the particle-phase signal intensitywat

28 (from CO") was calculated as 1.075 times that of the

particle-phase Csignal at/'z44 (from CQ}). This value

was similar to that of 1.15 reported by DeCarlo et al. (2006).
The AMS lens transmits particles of vacuum aerodynamicAppendix C

diameters between 70 and 500 nm with nearly 100% effi-

ciency and shows substantial transmission of particles wittBasis-set model

diameters between 500-2000 nm (Jayne et al., 2000). For

experiments described herein, the vacuum-aerodynamic sizhe volatility of the product classes is prescribed in decadal

distribution was almost entirely within the 70 to 500 nm units of 107/, where 107 corresponds to AK ;of the two-

range. Particle bounce off the heater and loss of particleproduct model and is often denoted 6y (Donahue et al.,

as a result of inefficient focusing were assumed negligible,2005). In this case, we obtain:

and a net collection efficiency of unity was therefore used in

. -1 -1
the calculations (Huffman et al., 2005). Agreement betweenY _ Z"" (1+ o/ ) _ Z“' <1+ C;’f ) 1)
- J - J
J J

(B1)

Most typically, two product classes are sufficient to describe
the yield data.

10-
the AMS_and SMPS data shown in Fig. 5 suggested that this Cparticle Cparicle
assumption was valid.

Compared to the direct mass measurements of the AMSI-our decadal units of volatility are typically sufficient to de-
the SMPS data directly measured the volume concentratiogcribe the yield data.
of the organic material. The mass Ioadkﬁ@rﬁg’l'gswas then ) o
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