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Abstract. Secondary organic aerosol (SOA) formation from aromatic hydrocarbons leads to the production of ozone as
the photooxidation ofiz-xylene, toluene, and benzene is in- well as low-volatility species which then partition into the
vestigated in the Caltech environmental chambers. Expereondensed phase, forming secondary organic aerosol (SOA).
iments are performed under two limiting N@onditions; The anthropogenic contribution to global SOA formation
under high-NQ conditions the peroxy radicals (RDreact is currently estimated to be small, roughly about 10% (Tsi-
only with NO, while under low-NQ conditions they react garidis and Kanakidou, 2003). Ambient measurements sug-
only with HO,. For all three aromatics studiegi{xylene,  gest that SOA formation in the atmosphere is higher than that
toluene, and benzene), the SOA yields (defined as the rapredicted by current models (Heald et al., 2005, 2006; de
tio of the mass of organic aerosol formed to the mass ofGouw et al., 2005; Volkamer et al., 2006). In addition, it
parent hydrocarbon reacted) under low-N&énditions sub-  has been suggested that SOA formation from anthropogenic
stantially exceed those under high-Nbnditions, suggest- sources is substantially higher than currently thought (de
ing the importance of peroxy radical chemistry in SOA for- Gouw et al., 2005; Volkamer et al., 2006).

mation. Under low-NQ conditions, the SOA yields far:- Gas-phase chemistry of aromatic hydrocarbons is domi-
xylene, toluene, and benzene are constant (36%, 30%, anglated by reaction with the OH radical (Calvert et al., 2002).
37%, respectively), indicating that the SOA formed is effec- Despite considerable study of the oxidation chemistry of aro-
tively nonvolatile under the range of,(>10ugm~3) stud-  matic hydrocarbons, the basic underlying mechanisms of
ied. Under high-N@ conditions, aerosol growth occurs es- SOA formation and growth from aromatic precursors re-
sentially immediately, even when NO concentration is high.main poorly understood. There have been few studies on the
The SOA yield curves exhibit behavior similar to that ob- molecular composition of SOA from aromatic hydrocarbons
served by Odum et al. (1996, 1997a, b), although the valuesgrorstner et al., 1997; Jang and Kamens, 2001; Kleindienst et
are somewhat higher than in the earlier study. The yieldsal., 2004). The carbon balance is poorly constrained; gener-
measured under high-NQ@onditions are higher than previ-  ally, only about 50% of the reacted carbon has been identified
ous measurements, suggesting a “rate effect” in SOA formaas products (Calvert et al., 2002).

tion, in which SOA y|E|dS are hlgher when the oxidation rate SOA formation from individual precursors is typ|ca||y

is faster. Experiments carried out in the presence of acidiGtydied in laboratory chamber experiments. Aerosol yields
seed aerosol reveal no change of SOA yields from the arofrom the photooxidation of aromatic hydrocarbons have been
matics as compared with those using neutral seed aerosol. shown to be highly sensitive to the N@vel (Hurley et al.,
2001; Johnson et al., 2004, 2005; Song et al., 2005); gen-
erally, a higher SOA yield is observed under low-N&n-
ditions. This general dependence of SOA formation on the
NOy level has been proposed to be the result of differences

Aromatic hydrocarbons contribute an important fraction in concentrations of different oxidants (OHszCand NQ)
(~20-30%) of total volatile organic compounds in the urban (Hurley et al., 2001), or in changes in peroxy radical chem-

atmosphere (Calvert et al., 2002). Atmospheric oxidation ofiStry (Hatakeyama et al., 1991; Johnson et al., 2004, 2005;
Presto et al., 2005; Kroll et al., 2006). In addition, particle-
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Tolocka et al., 2004), and the presence of sulfuric acid see@ Experimental section
has been shown to lead to increased SOA yields in a number
of systems (Jang et al., 2002; linuma et al., 2004; Gao et al.Experiments are performed in Caltech’s indoor, dual 38m
2004a, b; Edney et al., 2005). Odum et al. (1996, 1997a, byeflon environmental chambers. Details of the facilities
performed an extensive study on aromatic SOA formation.have been given elsewhere (Cocker et al., 2001; Keywood
In light of the recent findings on the NQlependence and et al., 2004). Before each experiment, the chambers are
effect of seed aerosol acidity on SOA yields, it is important flushed continuously with dry purified air for24 h. Each
that SOA formation from aromatics be restudied to establishchamber has a dedicated Differential Mobility Analyzer
fully the NOy dependence and effect of particle acidity on (DMA, TSI model 3081) coupled with a condensation nu-
SOA formation. cleus counter (TSI model 3760) for measuring aerosol size
Most chamber experiments of SOA formation by aromat- distribution, number concentration, and volume concentra-
ics involve the irradiation of aromatic/NQmixtures (Izumi  tion. All aerosol growth data are corrected for wall loss, in
and Fukuyama, 1990; Odum et al., 1996, 1997a, b; Hurley ewhich size-dependent coefficients determined from inert par-
al., 2001; Johnson et al., 2004; Song et al., 2005). In thesécle wall loss experiments are applied to the aerosol volume
classical photooxidation experiments, the NO and,NGn- data (Keywood et al., 2004). Generally, the wall loss coef-
centrations (hence NO/Nfatio) constantly change, making ficients range from 10* to 10-2 particles mirr. Tempera-
it difficult to isolate the effect of NQon SOA formation. For  ture, relative humidity (RH), @ NO, and NQ are continu-
example, the decreasing NO concentration over the course agfusly monitored. Half of the available black lights are used
the experiment may lead to a switch from “high-N@ondi- in the experiments. The initial temperature of the chamber
tions to “low-NQy” conditions for the peroxy radical chem- is ~20° C. Heating from the lights leads to a temperature
istry (Johnson et al., 2004). Another potential complicationincrease of approximately”® inside the chamber over the
in interpreting SOA data is that a delay in aerosol forma-course of the experiment. The analytical instruments are lo-
tion from the onset of photooxidation has been frequentlycated outside the chamber enclosure and are at the tempera-
observed in aromatic systems; in particular, aerosol does ndtire of the surrounding room-20-22 C). The air may cool
form until the concentration of NO approaches zero. Whenslightly as it is sampled from the chamber into the instru-
extrapolating to urban areas where the,Nével is usually ~ ments, and the measured aerosol likely corresponds to the
high, this would suggest that aromatics (and other hydrocargas-particle partitioning at the temperature of the instruments
bons) do not produce SOA in the atmosphere. The observa:ather than the chamber enclosure. Such small temperature
tion that SOA does not form until [NO] approaches zero is differences are unlikely to affect results significantly.
not universal, however; in a study of toluene photooxidation Seed particles are introduced into the chamber to act as a
by Stroud et al. (2004), aerosol growth is observed even asubstrate onto which the gas-phase products may condense.
NO concentrations of 1-3 ppm. Thus the N@ependence In an earlier work, we have shown that without seed parti-
of SOA yields, which is a crucial parameter for atmosphericcles, there is an “induction period” in which hydrocarbon is
modeling, is very poorly understood. reacted but no aerosol is formed, which has the effect of bias-
In this work, SOA formation from the photooxidation of ing SOA yield measurements low (Kroll et al., 2007). There-
m-Xylene, toluene, and benzene is investigated. A main goafore, for all experiments in this study seed particles are used
of this study is to establish the N@ependence of SOA for- to eliminate this effect. Seed particles are generated by at-
mation for these aromatic hydrocarbons. In the experimentspmizing an aqueous solution with a constant-rate atomizer.
SOA formation under two N@ conditions is studied: (1) The nonacid seed consists of 0.015M (N}BOQ4, while
high-NQ, experiments in which HONO is used as the OH the acidic seed contains a mixture of 0.015 M 45O,
precursor and the NQlevel at the inception of photooxi- and 0.015M HSGO;. Since all experiments are performed at
dation is~1 ppm; and (2) low-N@ experiments in which RH~5%, which is lower than the crystallization RH (35%)
H,0; is used as the OH precursor and no,N®introduced  of ammonium sulfate, the nonacid seed is likely a solid (Se-
into the chambers. The background N€oncentration is  infeld and Pandis, 2006). The initial particle number con-
<1 ppb, which is within the uncertainty of the N@noni- centration is about 30000 particlescfn with a geomet-
tor. By performing experiments at these extremeyNiG- ric mean diameter of about 50 nm. Initial aerosol seed vol-
its, the oxidation conditions (initiating oxidant and fate of ume is about 1% m®cm3. After introduction of the seed
peroxy radicals) can be maintained relatively constant overaerosol, a known volume of the parent hydrocarbon is in-
the course of the experiment, allowing for the evaluation ofjected into a glass bulb, and introduced into the chambers
the effect of NQ level on SOA formation. Additionally, the by an air stream. The concentration (mixing ratio) of the
effect of seed aerosol acidity on SOA formation is studiedparent hydrocarbon is monitored with a Hewlett Packard gas
under both high- and low-NQconditions. The SOA yield chromatograph (model 5890) with flame ionization detection
parameters obtained at the two N{mits allow one to pa- (GC-FID).
rameterize the N@dependence of SOA formation forusein  In most of the high-NGQ experiments nitrous acid
atmospheric models (Presto et al., 2006). (HONO) serves as the OH precursor. Itis introduced into the
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Table 1. Aromatic hydrocarbons studied.

Parent a 3 S
Hydrocarbon Structure Formula (MW) kon® (cm® molec™ s™)

m-xylene CgHo (106) 231x10™M"

toluene C;Hg(92) 5.63 x 102

benzene © CsHe (78) 1.22 x 10"

& Rate constants were obtained from Calvert et al. (2002).

Table 2. Initial conditions and data for high-NQ(HONO) experiments.

Expt. Parent T RH NO NO,  Seed AHC AM, SOA Yield
No.  Hydrocarbon(K) (%) (ppb) (ppb) (ppb) (ng/m3) (%)@

1 m-Xylene 297 5.5 470 473 (NP2SOq 70.9 18.2:1.8 5.9:0.4
2 m-xylene 298 5.7 451 494 (NH2SOq 28.1 4.3:1.2 3.5:0.7
3 m-xylene 298 5.9 432 511 (NP2SOq 132.5 46.43.7 8.0t0.3
4 m-xylene 297 5.1 431 514  (NH,SO;  106.1 36.#22.8  8.6:0.2
5 toluene 298 3.8 421 524 (NbLSOy 30.1 9.141.3 8.0t0.7
6 toluene 298 4.3 414 532 (NpLSOy 56.7 23.8:2.2 11.10.4
7 toluene 298 4.9 388 559 (NpLSOy 80.2 38.43.3 12.80.4
8 toluene 298 4.4 373 568 (NpHSOy 50.7 20.9:1.9 10.9+0.5
9 benzene 297 5.2 83 86 (MhPSOy 39.4 35.4:2.7°  28.1+0.9

& Stated uncertainties ¢} are from scatter in particle volume measurements.
b Assuming an SOA density of 1.4 g M.

chamber after injection of the seed aerosol and parent hydroments in this study are performed with HONO; only a few
carbon. HONO is prepared by dropwise addition of 15 mL of classical photooxidation experiments are performed for com-
1% NaNQ into 30 mL of 10% HBSO, in a glass bulb. The  parison purposes.

bulb is then attached to the chamber and a stream of dry air For |ow-NO, experiments, KO, is used as the OH pre-

is passed through the bulb into the chamber. NO and,NO ¢yrsor. The background NQevel in the chamber during the
formed as side products in the preparation of HONO, are als@xperiment is< 1 ppb. HO- is introduced into the chamber

introduced into the chamber, and are measured by a comprior to introduction of seed particles and parent hydrocar-
mercial NG monitor (Horiba APNA-360, Irvine, CA). Ad-  pon) by bubbling air through a 50%,8, solution for 2.5 h
ditional NO from a 500 ppm gas cylinder (Scott Marrin, Inc.) 4t 51 /min. The air stream then passes through a particle fil-
is introduced into the chamber after the addition of HONO tgr to remove any droplets. The concentration gDyl in

to achieve a total NQlevel in the chamber of about 1ppm  the chamber is not measured; based on the rate of hydrocar-
(upper limit of the NQ monitor). In some high-N©Q ex- bon decay and literature values@foo, andkor 1202, We
periments, only NO and N£Xfrom gas cylinders) are added ggtimate [HO,] to be~3-5 ppm (Kroll et al., 2006).

to the chamber. To differentiate these experiments from the Once the seed, parent hydrocarbon, and. Nncentra-
high-NOy experiments in which HONO 's used as the OH tions stabilize, reaction is initiated by irradiating the chamber
precursor, we refer to these experiments as classical photoox-. . ) :

- . S . . with blacklights. Output from the lights is between 300 and
idation experiments. The majority of the high-N@xperi- 44 1. “ith 2 maximum at 354nm. At these wavelengths
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Table 3. Initial conditions and data for low-NQ(H20») experiments.

Expt. No. Parent T RH Seed AHC AM, SOA Yield
Hydrocarbon (K) (%) (ppb) (ng/md) (%)?
1 m-xylene 298 5.1 (NH)2SO, 32.5 53.a:4.2 37.20.8
2 m-xylene 298 5.2 (N®)2SO, 16.1 24.6:2.2 35.2:1.8
3 m-xylene 298 5.1 (NH)2S0O, 8.0 12.8:1.7 36.42.6
4 m-xylene 297 6.2 (N&)2SO, 26.1 40.5:3.4 35.21.0
5 toluene 297 6.8 (Np SOy 32.1 37.4:2.8 30.8:1.7
6 toluene 297 6.2 (Np>SO4 63.9 73.15.6 30.2£0.7
7 toluene 298 5.2 (NB-SO4 10.0 11.5:1.6 30.4:4.1
8 toluene 298 5.9 (Np)»SOq 23.8 26.%2.5 29.8:1.6
9 benzene 298 6.6 (NPSO, 64.7 76.4:5.8  36.9£0.9

& Stated uncertainties ¢} are from scatter in particle volume measurements.
b Assuming an SOA density of 1.4 g M.

Table 4. Initial conditions and data for acid/nonacid experiments.

Expt. Parent T RH NOy Seed AHC AM, SOA Yield
No. Hydrocarbon (K) (%) Conditiorf (ppb) (ng/md) (%)b

1 m-xylene 297 4.3 Low NQ (NH4)2SOy 60.2 101.37.8 38.6:0.5
2 m-Xxylene 297 4.5 Low NQ@ (NHg)2SO4+H,SO,  58.8 103.38.0 40.4:0.6
3 m-xylene 297 5.0 High N@ (NH4)2SOy 68.9 78.9:5.6° 26.3+0.5
4 m-Xylene 298 4.2 High N@ (NH4)2SO4+H.SO,  68.5 78.3:5.4 26.3:t0.4
5 toluene 298 5.9 Low NQ (NH4)2SOq 37.9 41.6:3.0 28.7#0.6
6 toluene 299 4.6 Low NQ (NH4)2SO4+H>S0O,  38.9 43.2:3.2 29.5:0.7
7 toluene 296 4.9 High N© (NH4)2SOy 60.0 43.8:3.6° 19.3t0.4
8 toluene 298 4.9 High NQ (NHg)2SOs+H,SO,  58.2 38.33.%F 17.4+0.5

& |_ow NOy (H205 only); high NG (H,O5+about 100 ppb NO added).
b: Stated uncertainties €1 are from scatter in particle volume measurements.
€. Assuming SOA densities are the same as those determined for HONO experiments (see Table 5).

Table 5. Estimated effective SOA densities. stated purities are as followsz-xylene (Aldrich, anhydrous,
99+%), toluene (Aldrich, anhydrous, 99.8%), and benzene
(Aldrich, anhydrous, 99.8%). Experimental conditions and

Parent NOx Condition Effective results for high-NQ and low-NG, experiments are given in
Hydrocarbon Density (g cnm %) Tables 2 and 3, while those for studying the effect of seed
m-xylene Low NG 1.33£0.10 acidity on SOA growth are given in Table 4. In calculat-
m-xylene High NQ 1.48+0.10 : : . ; :
oliene Low NG 145:0.10 ing SOA vyield (defined as the ratio of the mass of organic
toluene High NQ 1.24+0.10 aerosol formed to the mass of parent hydrocarbon reacted),

knowledge of the SOA density is required. By comparing

& Stated uncertainties €) are from repeated measurements of am- volume distributions from the DMA and mass distributions

monium sulfate seed densities. from an Aerodyne quadrupole Aerosol Mass Spectrometer
(AMS), the effective densities for the SOA formed can be
estimated (Bahreini et al., 2005). The estimated densities of

HONO efficiently photolyzes to OH and NO. By contrast the SOA formed from different systems are given in Table 5.

H20, absorbs only weakly in this wavelength range, requir-

ing the use of ppm concentrations 0f®h to achieve rea-

sonable levels of OH.

The parent aromatics studied (shown in Table 1) and their

Atmos. Chem. Phys., 7, 3908922 2007 www.atmos-chem-phys.net/7/3909/2007/
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Fig. 1. Typical reaction profile of a high-Nexperiment in which  Fig. 2a. Reaction profile of a typical classical photooxidation ex-
HONO is used as the OH precursor (initial conditions: 89.3 ppb of periment (initial conditions: 101.6 pph-xylene, 97 ppb NO, and

m-xylene, 470 ppb NO, and 473 ppb ND 26 ppb NGQ).
3 Resllts 1000 — [ 100 <
g \\ _%xylene §
3.1 High-NQ conditions & 8007 80 2
5 g
Figure 1 shows a typical reaction profile under highsNO g 600 \ - 60 g
conditions in which HONO is used as the OH precursor. In 8 3
. i : o g 400 40 @
this experiment, 89 ppb ofi-xylene is reacted, and initial g 2
NO and NQ concentrations are 470 ppb and 473 ppb, re- & 5, L 20 §
spectively. The efficient photolysis of HONO generates high g 5
concentrations of OH~3x10’ molecules cm? initially), 04 Lo &
. . . T T T T T T T T
leading to a rapid hydrocarbon decay. This decay slows 0 400 800 1200

down after~1h, suggesting that the HONO is consumed Time (min)

and OH radicals are instead generated through recycling via

NOx/HOx chemistry. Aerosol growth occurs essentially im- Fig. 2b. Reaction profile of a classical photooxidation experiment
mediately, even when [NO] is high (100’s of ppb). With the in the presence of1ppm NG (initial conditions: 94.8 pphn-
high NO concentration, formation of ozone (and hencesNO xylene, 878 ppb NO, and 65ppb MD A negligible amount of

radicals) is suppressed. ozone is formed during the experiment, and no SOA is formed.
Concentration (mixing ratio) profiles from two classical
photooxidation experiments with different initial N@on- 94.8 ppbm-xylene, with initial NO and N@ concentrations

centrations are shown in Fig. 2. Figure 2a shows the reactiof 878 ppb and 65 ppb, respectively. The NO concentration
profile from the photooxidation of 101.6 ppb-xylene, with  decreases over the course of the experiment, but does not fall
initial NO and NG concentrations of 97 ppb and 26 ppb, below 100 ppb, even after 20 h. A negligible amount of ozone
respectively. The hydroxyl radical source in classical pho-is formed during the experiment, and no SOA is formed.
tooxidation experiments is likely from the photolysis of  For m-xylene and toluene, a series of high-RNéxperi-
HONO, which is formed from the heterogeneous reaction ofments (HONO experiments) with varying initial hydrocarbon
NO, on the chamber wall. The-xylene-OH reaction leads concentrations are carried out. The time-dependent “growth
to formation of RQ radicals, which react with NO rapidly, curves” (organic aerosal M, as a function of hydrocarbon
converting NO to N@. Ozone is formed from the photol- reactedAHC) over the course of the experiment, for four
ysis of NG, with its concentration increasing rapidly when m-xylene experiments, with initial hydrocarbon concentra-
[NO] falls below ~50 ppb. Only when the NO concentra- tions ranging from 42 to 172 ppb, are shown in Fig. 3. In
tion approaches zero does aerosol growth begin, consistetthese experiments, 67-79% of the initiaixylene is con-
with other classical photooxidation experiments (Izumi andsumed. Most of the parent hydrocarbon is consumed in the
Fukuyama, 1990; Hurley et al., 2001; Johnson et al., 2004first hour and the maximum aerosol yield is reached. After
Martin-Revejo and Wirtz, 2005; Song et al., 2005). The that hydrocarbon continues to decay slowly and there is little
difference between high-NGexperiments and classical pho- or no SOA growth, as a result the aerosol yield decreases.
tooxidation experiments will be discussed in Sect. 4.2. Fig-Only SOA growth data up to the maximum aerosol yield are
ure 2b shows the reaction profile for the photooxidation of shown.

www.atmos-chem-phys.net/7/3909/2007/ Atmos. Chem. Phys., 7, 39292007
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Fig. 5. Time-dependent growth curves for benzene photooxidation
under high- and low-N@ conditions. Under high-NQconditions,

the initial benzene concentration is 337 ppb (12% reacted). Under
low-NOx conditions, the initial benzene concentration is 395 ppb

(16% reacted) and the system has a constant yield of 37%.

Fig. 3. Time-dependent growth curves farxylene photooxidation
under high-NQ conditions. The concentrations in the legend refer
to the amount ofz-xylene reacted in each experiment.

404 .
H 80.2 ppb -
.7 ppb . »
30 : 28_3 ,‘iﬁb i'. growth curve from benzene under high-N€onditions (as
. ® 30.1ppb " well as under low-N@ conditions) is shown in Fig. 5. Hy-
“ . " drocarbon decay slows down AHC ~90..g m~3, suggest-
= [ ] . .
2 20+ _‘i_.'- ing that HONO is almost completely consumed. After that,
° _.:5“ = OH is generated mainly via N@ZHOy chemistry, and hydro-
< o4 toluene T carbon decays at a slower rate resulting in the more closely
f spaced data points. The slower hydrocarbon oxidation rate
. ns " after the consumption of HONO may affect the kinetics of
O-m m= = T T T T T SOA growth and contribute to the slight change in the shape
0 50 100 150 200 250 300 350 of the growth curves.

AHC (ug/m®)
3.2 Low-NQ conditions
Fig. 4. Time-dependent growth curves for toluene photooxidation
under high-NQ conditions. The concentrations in the legend refer Under low-NG, conditions, aerosol growth is observed im-
to the amount of toluene reacted in each experiment. mediately after initiation of irradiation. The parent hy-
drocarbon decays at a much slower rate than under high-
NOx conditions, due to the slow production of OH radi-
The time-dependent growth curves for four toluene exper-cals by HO» photolysis and lack of OH regeneration by
iments are shown in Fig. 4. The initial toluene concentra-NOx/HOy cycling. As OH radicals are continually pro-
tion ranges from 88 to 270 ppb. Since the toluene-OH reacduced, the OH concentration is constant throughout the ex-
tion rate constant is-4 times lower than that ofi-xylene-  periment (3x10° moleculescm?®). Ozone formation of
OH, more initial toluene is needed relativertoxylene; only ~ ~10-15 ppb is observed, possibly owing to residual material
about 30-37% of the initial toluene injected is consumedreleased from the chamber walls.
at the point of maximum aerosol yield. Photooxidation of  Time-dependent growth curves for four-xylene low-
toluene under high-Nconditions results in slightly more  NO, experiments are shown in Fig. 6, with initiaxylene
SOA growth than forn-xylene. concentrations ranging from 9 to 37 ppb. About 83-89% of
Because benzene reacts slowly with OH radicalsthe initial hydrocarbon injected is consumed at the point at
(k=1.22x10~2cm® molecule 1s~1, Calvert et al., 2002), it  which the SOA yield reaches its maximum. From Fig. 6 it
is not feasible to carry out photooxidation experiments overis clear that the SOA yield fronm-xylene photooxidation
a range of initial benzene concentrations unless high levelss constant under low-NQconditions, at 36%. Since the-
(ppm) of benzene are used. Thus only a single benzene phoglene SOA yield is much higher under low-N©onditions,
tooxidation experiment at high NOwas carried out; at an a smaller amount of initial parent hydrocarbon is needed to
initial benzene concentration of 337 ppb, only 12% is reactedoroduce the same amount of SOA than under high-iah-
at the point of maximum aerosol yield. The time-dependentditions. Comparable time-dependent growth curves for four

Atmos. Chem. Phys., 7, 3908922 2007 www.atmos-chem-phys.net/7/3909/2007/
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Fig. 8. Yield curves for toluene ang-xylene under high-N@Qcon-

under low-NQ conditions. The concentrations in the legend refer
to the amount ofz-xylene reacted in each experiment. The system
exhibits a constant yield of 36%.

ditions. The parameters for fitting the yield curves are, toluene:
«1=0.058,K,, 1=0.430,a5=0.113, andK,,,, 2= 0.047;m-xylene:
«1=0.031,K,, 1=0.761,0=0.090, andK ,,,, »=0.029.
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"’g ./,'-'-""" in which Y is the aerosol yieldM, is the organic aerosol
2 40 é cra ™ mass present (equal WM, in chamber experiments with
° ..:g,“#' no absorbing organic mass present initialty) is the mass-
< 5 toluene ) based gas-phase stoichiometric fraction for semivolatile
species, and K, ; is the gas-particle partitioning coeffi-
il cient for species. With this two-product model, Eq. (1) can
0 I I I I I be fit to experimental yield data to determine valuesdfpr
0 50 100 150 200 250 andK,,.;, and the resulting plotf{ versusM,) is generally

AHC (ug/m®) referred to as a “yield curve”.

For m-xylene and toluene, the final SOA yield for each
Fig. 7. Time-dependent growth curves for toluene photooxidation high-NOx (HONO) experiment is calculated, and the data
under low-NG conditions. The concentrations in the legend refer are fitted to Eq. (1) to obtain the SOA yield parameters. The
to the amount of toluene reacted in each experiment. The systerhigh-NO yield curves form-xylene and toluene are shown
exhibits a constant yield of 30%. in Fig. 8. For all three aromaticsitxylene, toluene, and ben-

) o _ . zene), the low-N@ experiments result in a constant aerosol
tpluene low-NQ experiments are shown in Fig. 7. The i~ yield (the slope of the “growth curve”), implying the SOA
tial toluene concentration ranges from 21 to 140 ppb. Withformed can be represented by a single product with very low
the slower reactivity of toluene relative i-xylene, only  ygjatility. Under these conditions the yield curve is simply
about 45-48% of the initial toluene is consumed. Aswith 5 horizontal line, and the constant yield correspondsito
xylene, the aerosol yield (30%) is substantially higher than;, Eq. (1). SOA growth parameters for the three compounds

under high—NQ conditions. _under high-NQ and low-NQ conditions are summarized in
The time-dependent growth curve for benzene photooXi-Tgpe 6.

dation is shown in Fig. 5. Similar ta-xylene and toluene,
benzene photooxidation under low-N@onditions results in
a constant SOA yield (37%).

3.4 Acid/nonacid seed experiments

Severalm-xylene and toluene photooxidation experiments
are performed in the presence of acid seed to study the ef-
fect of seed acidity on SOA growth. Growth curves for

SOA. _y|eld has traditionally been_ described _by a semk,1uene photooxidation under acidic and nonacid conditions
empirical model based on absorptive gas-particle partition-

. : . are shown in Fig. 9. Regardless of the NiBvel, the time-
gw)g of two semivolatile products (Odum et al., 1996, 1997a’dependent growth curves from the acid and nonacid exper-

iments are essentially indistinguishable. Therefore, there is

3.3 SOA yield parameters
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Table 6. Aerosol yield parameters.

Parent NOyx Condition aq Kom.1 an Kom.2
Hydrocarbon (m3 ng~b) (m3 g™
m-xylene Low NG 0.30 N/A N/A N/A
m-xylene High NG 0.031 0.761 0.090 0.029
toluene Low NQ 0.36 N/A N/A N/A
toluene High NQ 0.058 0.430 0.113 0.047
benzene Low N§ 0.37 N/A N/A N/A
benzene High NQ 0.072 3.315 0.888 0.009
N/A: not applicable
30 : : ry cals for all experiments, so this N@ffect cannot be a result
O High NO, (acid) (o . . . .
e High NO, (nonacid) ° of differences in relative oxidant levels (Hurley et al., 2001).
257 | © LowNoO, (acid) ) .r"b Instead the N@ level likely governs the fate of the organic
® Low NO, (nonacid) J @C@(@ H
&= 204 900 peroxy radicals formed subsequent to the hydrocarbon-OH
% & reaction, which in turn controls the volatility of molecular
3 157 me products and hence the amount of SOA formed.
o
% 10 - o Shown in Fig. 10 is the simplified mechanism of the ini-
» o2 tial steps of toluene-OH reaction, leading to the formation of
5 '\ @ condensable products. One mechanism by which M@els
0 e®e may affect the products formed in the oxidation of aromatic

T T T T T T
0 20 40 60 80 100 120 140

AHC (ug/m’)

hydrocarbons is by reaction with the aromatic-OH adduct.
The aromatic-OH adduct reacts predominately withu@-

der atmospheric conditions. Under very high levels ofyNO
(ppm levels), the adduct+NO can still be neglected (Koch et
Fig. 9. Time-dependent growth curves for toluene photooxidation gl., 2006) while the adduct+NQreaction increases in im-

in the presence of neutral seed versus acidic seed. portance, leading to nitrogen-containing ring-retaining prod-
ucts such as nitrobenzene and nitrotoluene (Atkinson et al.,
1989; Atkinson and Aschmann, 1994; Koch et al., 2006).

no evidence that the presence of acidic seed enhances SCf, o presence of a high concentration of N@the chamber
growth in the photooxidation of toluene; similar results are 515 has an impact on the formation yields of phenol-type

observed forn-xylene. compounds, possibly due to the reactions of the aromatic-
OH adduct with NO and N@ For example, the phenol yield
from benzene photooxidation starts to decrease dramatically
for [NO2] >100 ppb (Volkamer et al., 2002). In the current

: work, photooxidation ofn-xylene and toluene is carried out
4.1 Effectof NG on SOA yields in the presence o£500 ppb each of NO and NQwhile for
Experiments have been performed under two limitingxNO photooxidation of benzene the initial Pg(a‘,oncentration ig
conditions: (1) high-NQ experiments in which HONO is <100 ppb. At_these .N;)Ievels, the reactlon. of_the aromatic-
used as the OH precursor; and (2) low-Nexperiments in OH adduct with NQ is not expected to be S|gn|f|capt (Volka-
which H0;, is used as the OH precursor. For all hydrocar- M€ etal., 2_002; Koch et al., 2006), so such reactlon_s cannot
bons, considerably more SOA is formed under low;Nizan be responsible for the observed effect of N&h SOA vyield.
high-NO, conditions (Figs. 3—7). Under high-NCrondi- Reaction of the aromatic-OH adduct with, @esults in
tions, the SOA yields fromm:-xylene and toluene photooxi- the formation of peroxy radicals. Theoretical studies have
dation are about 10%; they are 36% and 30%, respectivelyshown that the peroxy radicals preferentially cyclize to form
under low-NQ conditions. Similar NQ dependences have bicyclic radicals, which then react with,Q@o form bicyclic
been observed in other SOA-forming systems (Hatakeyamaeroxy radicals (Andino et al., 1996; Lay et al., 1996; Suh et
etal., 1991; Zhang et al., 1992; Hurley et al., 2001; Johnsoral., 2003; Fan et al., 2006), even in the presence of ppm lev-
etal., 2004; Song et al., 2005; Presto et al., 2005; Kroll et al. els of NO (Zhao et al., 2005; Fan et al., 2006). Because of the
2006). Since @ and NG are not formed appreciably under high energy barrier, the isomerization of bicyclic radicals to
either set of conditions, oxidation is dominated by OH radi- form epoxide radicals is unlikely for toluene; only a small of

4 Discussion
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fraction of expoxy carbonyls are observedinxylene pho-  growth slows down immediately. This provides strong evi-
tooxidation, suggesting that the epoxide radical channel iglence that the presence of NO suppresses the formation of
not important either (Suh et al., 2003; Zhao et al., 2005).relatively nonvolatile hydroperoxides (and hence further re-
As is typical for RQ radicals, the fate of the bicyclic per- actions of hydroperoxides) from the REHO, reaction and

oxy radicals depends mainly on the relative concentrationgesults in a lower SOA yield (Johnson et al., 2004, 2005).

of NO, HO,, and RQ. At the two limiting NG, conditions The time-dependent growth curves for benzene photooxi-
of this study, the peroxy radical chemistry is straightfor- gation under high- and low-NQconditions exhibit the same
ward; under high-N@ conditions, RQ reacts virtually en-  trend as that ofz-xylene and toluene, in which more SOA
tirely with NO, as NO concentration is high throughout the is formed under low-NQ conditions. Martin-Rekejo and
entire experiment, while under low-N@onditions, RQre-  \jrtz (2005) studied the formation of SOA from benzene
acts predominantly with H& Based on the Master Chem- photooxidation under different NOconditions. However,
ical Mechanism VerSion 3.1 (MCM \" 3]]Itp//WWWChem as the NQ dependence of SOA formation was not System_
leeds.ac.uk/Atmospheric/MCM/mcmproj.himl a  simple  atically studied, it is difficult to draw a definite conclusion
kinetic simulation shows that under low-NOcondi-  on the effect of NQ on SOA vyields from their data. Ad-
tions, the R@+RO; reaction accounts for less than 1% gitionally, the experimental conditions are somewhat differ-
of the RQ reacted because of the relative reactionent; in particular, the experiments in that study were per-
rate constants kkoz+roz=8.8x 103 cnP molecule s, formed in the absence of seed aerosol while in the current
kro2+H02=2.3x 107 cmP molecule ™ s71) as well as the  \ork ammonium sulfate seed aerosol is employed. Kroll et
high HO; concentration. Thus the larger SOA yields ob- 5| (2007) find that SOA yields from the photooxidation of
tained under low-N¢ conditions imply that the products aromatic hydrocarbons are lower when inorganic seed parti-
formed via the R@+HO, partition much more readily into  ¢les are not present initially. The absence of seed particles
the aerosol phase than those formed via the-RED reac-  results in a period in which the hydrocarbon is reacted but
tion. This conclusion is the same as that reached by preng aerosol is formed. The length of the “seed induction pe-
vious studies (Hatakeyama et al., 1991; Johnson et al., 2004i0d” (and hence the amount of hydrocarbon reacted in this
2005; Presto et al., 2005; Kroll et al., 2006). That SOA yields period, AHC) is likely to be affected by the NQevels. Thus

are constant under low-NQonditions implies that the SOA  the gerosol yieldsA M,/ AHC) obtained by Martin-Réejo
formed by this channel is effectively nonvolatile under the angd wirtz (2005) under different NGconditions may be af-

range ofM,(>10..g m~?) studied. It is possible that under fected by this “seed induction period” and cannot be directly
lower SOA loadings the yields may decrease as some of thgompared.

products partition back into the gas phase.

In the classical photooxidation experiments carried out in —
this study and by other researchers (Izumi and Fukuyama‘f"2 Effect of oxidation rate
1990; Hurley et al., 2001; Johnson et al., 2004; Martin-
Reviejo and Wirtz, 2005; Song et al., 2005), an “induc- Under high-NQ conditions, using HONO as an OH source,
tion period”, a delay between the onset of oxidation andWe observe SOA formation even when [NQ] is several hun-
SOA formation, was observed. This too is a likely re- dreds of ppb (Fig. 1). This is in contrast to results from
sult of the role of NQ in peroxy radical chemistry, and classical photooxidation experiments, in which essentially no
hence in product volatility and SOA formation. As il- SOA is generated at high NQevels, as observed both in
lustrated in Fig. 2a, only when [NO] approaches zero the present study (Fig. 2b) and in work by other researchers
does aerosol growth commence. As [NO] approachedJohnson etal., 2004; Song et al., 2005).
zero (from the R@+NO and HQ+NO reactions), the The observation of SOA at high NQevels suggests that
RO,+HO, reaction starts to compete with the RENO products from the R&*NO reactions, such as organic ni-
reaction. The fraction of RO which reacts with HQ, trates, are indeed condensable; however they apparently do
kro2+Ho2[HO2)/(kro2+NoO[NO]+kro2+HO2[HO2]), can be  not partition into the aerosol phase appreciably in the classi-
calculated based on the rate reaction rate constantsal photooxidation experiments. A major difference between
(kro24H02=2.3x 101 cm? molecule 1 s~1; kro2inoO the HONO experiments (Fig. 1) and classical oxidation ex-
=8.5x10~ 2 cm® molecule's™1) (MCM v 3.1). For in-  periments (e.g. Fig. 2) is OH level, and hence oxidation rate.
stance, at-1 ppb of NO, it only requires 42 ppt of Hfor HONO photolysis is an efficient source of OH in the wave-
10% of the RQ to react via R@+HO,. Thus it is likely that  length range of our blacklights; thus there is a burst of OH
initial SOA formation results from the R@HO, reaction,  once the lights are turned on, resulting in a rapid rate: of
consistent with the simulations of SOA formation from clas- xylene oxidation. In the classical photooxidation experiment,
sical photooxidation experiments of toluene (Johnson et al.OH is generated mainly from recycling through N@nd
2004). To further study the role of peroxy radical chemistry HOy cycles, and OH concentrations are generally far lower
in the “induction period”, in one of the experiments addi- than in the HONO experiments. The large difference in SOA
tional NO was injected after its initial consumption. SOA formation in these two cases suggests that SOA yields are
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for higher SOA yields observed from aromatic photooxida-
tion in the presence of seed aerosols as compared to nucle-

ation experiments (Kroll et al., 2007). In the mechanism
on o o o shown in Fig. 10, X represents the generic non particle-
- A — " phase product of all gas-phase loss processes. Possibili-

ties include loss of organic species to the chamber walls,
l Isomerization, o, photolysis, and further reactions to form volatile products.
With a rapid oxidation rate, the gas-phase concentration of
p semivolatiles (formed, for example, from the RENO re-

o action) increases quickly, and the high concentrations of
semivolatiles ensure that aerosol growth ensues even in the
presence of semivolatile loss processes (i.e. paths not form-

/ \ ing SOA). On the other hand, in classical photooxidation ex-
ROOH 3 generation products periments, the slower formation of semivolatiles in the pres-
(possibly semivolatile) ~ (possibly semivolatile) ence of semivolatile sinks will lead to lower SOA growth. If
the dominant loss of semivolatiles is deposition to the cham-
OH\ /OH ber walls, then conditions in which the effect of wall loss
is minimized (i.e. when the reaction is fastest) are expected
to be most representative of atmospheric SOA formation.

Condensable products — X

I Recently, the effect of particle- and gas-phase reactions of
semivolatile products on SOA formation has been examined
SOA in a modeling study by Chan et al. (2007), in which the exper-

imental data presented in this work (among other literature
Fig. 10. A simplified SOA formation mechanism for toluene pho- data) are fitted to simple kinetic models. Given the impor-
tooxidation. X represents the generic non particle-phase productance of the loss of semivolatiles, these loss processes merit
from all gas-phase loss processes. further investigation and experimental evidence.
This rate effect also can explain higher SOA yields in the
high-NO, experiments (HONO) compared to the classical

0.10 +

o This work photooxidation experiments (Odum et al., 1996), illustrated
—— Odum et al. (1996) in Fig. 11. Several classical photooxidation experiments with
0.08 * similar NO levels as in Odum et al. (1996) were performed
in the present study, with SOA yields comparable to those
0.06 of Odum et al. (1996). The aerosol yields from Odum et
o al. (1996) were obtained at a temperature of 35-@@vith
'E 0.04 an assumed SOA density of 1gcf In Fig. 11, the yield
curve from Odum et al. (1996) has been adjusted based on the
0,024 temperature (25C) and SOA density (1.48 g cm) obtained
in this study. The enthalpy of vaporization employed to con-
0.00 vert the SOA yields from the higher temperature in Odum et

T T T T T T al. (1996) to the lower temperature in this study is assumed to
0 10 20 30 . 40 50 60 be 42 kJmot! (Chung and Seinfeld, 2002), which is in the
M, (ng/m”) range of limited experimental data (Offenberg et al., 2006).
The NG, concentrations (several hundreds of ppb) used by
Fig. 11. Comparison ofz-xylene high-NQ yield curve obtainedin ~ Odum et al. (1996) are lower than those in the current ex-
the current work to that from Odum et al. (1996). The yield curve periments €1 ppm). The higher SOA yields obtained here
from Odum et al. (1996) has been corrected for the temperaturesuggest that the enhancement in SOA yield from a faster ox-
(25° C) of this study and density (1.48 g c) of the SOA. idation rate is greater than the suppression in SOA vyield at a
higher NG, concentration.

Significant SOA formation from the rapid oxidation of
dependent on the oxidation rate, with faster oxidation ratesaromatics under high (ppm) levels of N®as also been ob-
resulting in higher SOA yields. served by Stroud et al. (2004), using isopropyl nitrite as an

This “rate effect” may arise as a result of loss of OH source to oxidize toluene. Such results could not be re-
semivolatiles through processes other than the simple formaproduced in the simulations of Johnson et al. (2004), which
tion and partitioning of semivolatile organics. The loss of predicted no SOA formation in the presence of such high
semivolatiles has been proposed as one of the mechanisnMOy levels, as the Re&*NO reaction products were found
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to be too volatile to partition substantially into the aerosol Figures 3—7 show the time-dependent growth curves for
phase. However, the present work suggests that producta-xylene, toluene, and benzene photooxidation under high-
of the RQ+NO reaction are in fact condensable, but con- NOy and low-NQ, conditions. In all cases, SOA growth is
tribute to aerosol mass only when oxidation reactions areobserved immediately after photooxidation commences, re-
fast, minimizing the effect of other loss processes. This un-sulting in a smooth growth curve from the onset of oxidation.
derscores the need for a better understanding of the behavi@ome hydrocarbon remains unreacted by the end of these ex-
of semivolatile organics in the atmosphere, in terms of bothperiments. In experiments in which all the hydrocarbon is re-
physical properties (partitioning coefficients) and chemicalacted (not shown), no vertical section in the growth curve is
reactions (reactive loss processes). observed, indicating there is no further SOA formation after

Finally, we note that the pair of high-NOexperiments _the_ complete Cons_umptipn (_)f the parent hydrocarbon. This
(Fig. 1 and Fig. 2b) also provides insight into the extent toindicates that the first oxidation step (OX|dat|0_n of the parent
which the hydrocarbon/NO(HC/NO) ratio characterizes —hydrocarbon) governs the rate of SOA formation.
the NQ level in chamber experiments. Song et al. (2005), However, unlike witha-pinene ozonolysis (Ng et al.,
for example, report a series of classical photooxidation ex-2006), the time-dependent growth curves from experiments
periments to study the effect of HC/N@atio on SOA for- with different initial aromatic hydroca_lrbon concentrations
mation from m-xylene. It was found that aerosol yields d0 not overlap, and aerosol growth is not the same for a
increase with increasing HC/NOratio (i.e. more aerosol ~9iven amount of hydrocarbon reacteti{{C). Instead, SOA
growth at lower NQ levels), which is consistent with the 9rowth at a given value oAHC depends on the initial hy-
present study. However, the experiments in Fig. 1 and 2ifirocarbon concentration (HC experiments with higher
have essentially similar HC/NQratios but exhibit very dif-  HCo reach a giveAHC in a shorter time than those with
ferent SOA growth. Therefore, while the HC/N@atio may ~ Smaller HG. At smaller HG, during the longer time re-
be a useful metric for photochemistry for experiments with duired to reach the sam&HC, the first generation prod-
similar oxidation conditions, it is less useful when compar- UCts have more time to be oxidized to form condensable
ing systems with very different oxidative conditions, as both Products. Therefore, the divergence in growth curves at dif-
oxidation rate and fate of peroxy radicals may differ. Given ferent initial hydrocarpon concenftra.tl'ons.|nd|cates that even
the importance of the peroxy radical in SOA formation, the though the first step is the rate-limiting in SOA formation,
NO/HO; ratio would be the more appropriate measure of dif- ;ubsequent oxidation steps also occur prior to SOA forma-

ferent NG levels (Kroll et al., 2006), although continuous tion. As discussed in Ng et al. (2006), if subsequent oxi-
measurement of HE's not currently feasible. dation steps are essentially instantaneous relative to the ini-

tial oxidation step, then SOA formation can be treated as a
single step and all the growth curves will overlap. In the
present study, the growth curves diverge only slightly, indi-
cating that although the second oxidation step in not instan-
Despite uncertainties in the detailed chemical mechanism ofaneous, it is still substantially faster than the initial oxida-
aromatic photooxidation beyond the initial peroxy radical tion step. The formation of SOA by multiple oxidation steps,
chemistry, we can gain insights into the general SOA for-in which the later steps are substantially faster than the ini-
mation mechanism and growth kinetics from the shapes otial oxidation, is consistent with available kinetic data and
the growth curves under both high-iy@nd low-NG, con- current understanding of the photooxidation of aromatic hy-
ditions (Figs. 3—7). Such curves allow for the identification drocarbons. In general, first-generation products of aromatic
of the rate-determining steps in SOA formation (Ng et al., photooxidation react about an order of magnitude faster
2006). In cases where the initial oxidation step determinesvith OH than do their parent hydrocarbons (Calvert et al.,
the rate of SOA formation (condensable products are first2002). For example, whereas the benzene-OH rate constant
generation, or are formed extremely rapidly after the initial is 1.22x 10~ cm~23 molecule 1 s~1, the rate constant of the
oxidation), SOA is formed at the same rate of hydrocarbonreaction of OH with phenol, a major first-generation reaction
oxidation, and aerosol growth ceases once the parent hydrgroduct, is 2.%10"1cm3moleculels~1 (Calvert et al.,
carbon is consumed. In this case, time-dependent growth2002). Our study does not exclude the possibility of forma-
curves from experiments with different initial hydrocarbon tion of SOA from the condensation of first-generation prod-
concentrations would overlap, as is the casedeinene  ucts; however, it suggests that second (or further) generation
ozonolysis (Ng et al., 2006). On the other hand, when theregroducts contribute significantly to SOA growth.

are further rate-limiting steps to the formation of condensable

products, there is a time lag between hydrocarbon oxidation

and SOA formation and the growth curve exhibits a vertical

section at the end, as is the case for the ozonolysis and pho-

tooxidation of compounds with multiple double bonds (Ng

et al., 2006).

4.3 General mechanism of SOA formation
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4.4 Effect of seed acidity low-NOy conditions, allowing for the parameterization of the
NOy dependence for atmospheric models, based upon the
To our knowledge, there are no published data on the effecteactivity of organic peroxy radicals. Other than the NO
of seed aerosol acidity on SOA formed from the photooxi- effect, the loss of semivolatiles also affects the SOA vyields
dation of aromatic VOCs. As shown in Fig. 9, seed particle measured. The depletion of semivolatiles by chemical reac-
acidity does not enhance the SOA yield under different NO tion or wall loss may lead to lower SOA formation in the
conditions. The composition of the acid and nonacid seecchambers than occurs in the atmosphere. Due to the slower
particles, as well as the RH-6%), are the same as those oxidation rate in the classical photooxidation experiments
previously employed in the study of isoprene SOA forma- conducted by Odum et al. (1996, 1997a, b), it is likely that
tion (Surratt et al., 2007); yet, an enhancement in SOA yieldtheir SOA yield parameters underestimate SOA formation
is observed for isoprene experiments but not for the aromatfrom aromatic hydrocarbons in the atmosphere.
ics. The chambers are maintained at RB% in this study Finally, detailed analysis of the chemical composition of
and so the nonacid seed particles are dry, whereas for acidigromatic SOA will assist in unraveling the detailed aromatic
seed particles some water might be present. If aerosol watesOA formation mechanism under both high and lowsNO
is essential for the acidity effect, its absence might explainconditions. In a forthcoming publication, the chemical com-
the lack of an observed effect in the current study. The deposition of aromatic SOA will be explored. Since a wide
pendence of SOA growth on RH is beyond the scope of thisarray of sulfate esters are observed only when acidified inor-
work but warrants future investigation. ganic seed aerosols are employed (Surratt et al., 2007), the
chemical composition of the SOA formed in nonacid/acid
seed experiments may also provide insights into the lack of a
5 Implication for SOA growth from aromatic hydrocar- seed acidity effect on SOA yields in the present study.
bons
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