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Abstract. Secondary organic aerosol (SOA) can reside inserved, indicating that the loss of SOA is either light- or OH-
the atmosphere for a week or more. While its initial forma- induced. Chemical ionization mass spectrometry measure-
tion from the gas-phase oxidation of volatile organic com- ments of low-volatilitym-xylene oxidation products exhibit
pounds tends to take place in the first few hours after emisbehavior indicative of continuous photooxidation chemistry.
sion, SOA can continue to evolve chemically over its at- A condensed chemical mechanismmekylene oxidation un-
mospheric lifetime. Simulating this chemical aging over an der low-NQ, conditions is capable of reproducing the gen-
extended time in the laboratory has proven to be challengeral behavior of gas-phase evolution observed here. More-
ing. We present here a procedure for studying SOA agingover, order of magnitude analysis of the mechanism suggests
in laboratory chambers that is applied to achieve 36 h ofthat gas-phase OH reaction of low volatility SOA precursors
oxidation. The formation and evolution of SOA from the is the dominant pathway of aging in thexylene system al-
photooxidation ofm-xylene under low-N@ conditions and  though OH reaction with particle surfaces cannot be ruled
in the presence of either neutral or acidic seed particles iout. Finally, the effect of size-dependent particle composi-
studied. In SOA aging, increasing molecular functionaliza-tion and size-dependent particle wall loss rates on different
tion leads to less volatile products and an increase in SOAparticle wall loss correction methods is discussed.

mass, whereas gas- or particle-phase fragmentation chem-
istry results in more volatile products and a loss of SOA.
The challenge is to discern from measured chamber variables
the extent to which these processes are important for a giveri
SOA system. In the experiments conducteekylene SOA

mass, calculated under the assumption of size-invariant par- ) i . i
ticle composition, increased over the initial 12—13 h of pho- Organic aerosol (OA) constitutes 20-90 % of all submicron

tooxidation and decreased beyond that time, suggesting thBarticles in the atmosphere, and up to 80 % of this is classi-

existence of fragmentation chemistry. The oxidation of the1€d s secondary organic aerosol (SO2)dng et al.2007,
SOA, as manifested in the O:C elemental ratio and fractionMUrPhy et al, 2008. Aerosol particles in the atmosphere
of organic ion detected an/z44 measured by the Aerodyne Can have lifetimes of 5-12 dayBdlkanski et al. 1993, dur-

aerosol mass spectrometer, increased continuously startif§9 Which they can undergo continuous physical and chemi-
after 5 h of irradiation until the 36 h termination. This behav- c@l Processing, commonly called agirigu(dich et al.2007).

ior is consistent with an initial period in which, as the mass of L@oratory experiments designed to study SOA formation
SOA increases, products of higher volatility partition to the tYPically have a duration of up to 1 day, during which all
aerosol phase, followed by an aging period in which gas- androcesses that cause ambient particle aging may not be cap-
particle-phase reaction products become increasingly mor@r"e,d- Chemical aging of SOA can affect gas—parthle parti-
oxidized. When irradiation is stopped 12.4 h into one experi-tioning through processes such as vapor-phase oxidation of

ment, and OH generation ceases, minimal loss of SOA is obSemivolatiles, heterogeneous oxidation, and reactions within
' ' the particle phase, e.g. oligomerization, that take place on

Introduction
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152 C. L. Loza et al.: m-Xylene SOA aging

a fairly long timescaleKroll and Seinfeld 2008 Hallquist posure increased, the SOA and OPOA followed and extended
etal, 2009. the progression of ambient SOA ifas—f43 space, attaining
Given the potentially large number of organic species invalues of f44 higher than ambient SOA. The Van Krevelen
ambient particles, bulk chemical measurements are useful tdiagram slope of the SOA and OPOA was indicative of car-
describe the extent of oxidative aging of SOA. Using aerosolboxylic acid formation and carbon-carbon bond fragmenta-
mass spectrometry, changes in O:C (elemental oxygen to cation. In chamber experiments of 16 h oxidant exposQe,
bon ratio) and H:C (elemental hydrogen to carbon ratio) fromet al. (2010 found that, starting after 2h of OH exposure,
high-resolution data angs4 (ratio of mass-to-charger(2 the volatility of SOA generated fromm-xylene andx-pinene
44 to total signal in the organic component mass spectrumunder high-NQ conditions decreased slowly for the remain-
and fa3 (ratio of m/z43 to total signal in the organic com- der of the experiment. After this initial 2-h period, the O:C
ponent mass spectrum) have been reported for ambient antio form-xylene SOA increased at a rate 0®07 h~1; how-
laboratory-generated particles. The dominant organic ion aever, fore-pinene SOA, the O:C ratio decreased at a rate of
m/z43 is GH30™, and the dominant organic ion at/z44 0.003h 1. Chhabra et a(2010 observed increasing O:C for
is CO; Ng et al.(2010 evaluated a number of aerosol oxi- SOA formed from toluenan-xylene, and naphthalene for ir-
dation data sets in thé;u—fa3 space and found that data for radiation times up to 12 h. The most rapid increase in O:C
ambient OA tend to occupy a triangular region. As the OA occurred during the first hour of low-NQtoluene andm-
becomes more oxidized, it tends to move from a region ofxylene experiments and the first 4 h of low-N@aphthalene
lower f44 and a wider range of,3 at the base of the triangle experiments. Similarly to the results @fi et al. (2010 that
toward the apex with highefs4 and less variablgys. Heald SOA from some precursors exhibits minute aging behavior,
et al.(2010 used the Van Krevelen diagram to show that the no change in O:C was observed for SOA from isoprene pho-
H:C and O:C of total ambient OA tend to fall along a line tooxidation ora-pinene ozonolysis after initial SOA forma-
with a slope of—1, suggesting, on average, equal additionstion. Chhabra et a2011) extended the analysis of the SOA
of carbonyl and alcohol moieties. More recentig et al. formed from the compounds studied@mhabra et a2010
(2017 determined a correlation betweghs and H:C and, to assess their behavior in bathy—f43 space and Van Kreve-
combined with a correlation betweefa4 and O:C Aiken len diagram representations. Although the SOA formed from
et al, 2008, mapped the triangular region jfas—f43 space  the various precursors occupied different regions in each rep-
onto the Van Krevelen diagram. They found that for ambi- resentation, most systems exhibited a progression similar to
ent OA classified as oxygenated OA (OOA) and laboratoryaging of ambient SOA.
chamber-generated SOA the H:C and O:C evolution toward In this work, we develop and apply to-xylene SOA a
the apex of the triangle tends to fall along a line with a slopeprocedure to extend to 36 h the experimental duration of a
of —0.5 on a Van Krevelen diagram. This difference in slope laboratory chamber operated as a batch reactor. Aromatic
between the two studies was attributed to the inclusion othydrocarbon emissions are an important contributie2Q—
primary OA in the study of Heald et al. The evolution of am- 30 %) to the total volatile organic compounds in the urban at-
bient OA can also be represented in terms of saturation conmosphereCalvert et al.2002. m-Xylene SOA yields (ratio
centration (C) and O:C (imenez et al.2009. As the OA  of mass concentration of SOA formed to mass concentration
becomes more oxidized,*@ecreases and O:C increases. In of parent hydrocarbon reacted) have been measured previ-
all three of these frameworks, the oxygen content of the or-ously for initial mxylene concentrations of 10 to 180 ppb
ganic aerosol increases upon aging. and experimental durations up to 10Mg(et al, 2007 Song
Laboratory studies have been conducted to probe thetal,2007). SOA yields for low-NQ conditions were found
mechanisms of chemical aging of SOA. In flow reactor ex-to be higher than those for high-N@onditions. In addition,
periments, which have much shorter residence times thaChhabra et al(2010 andQi et al. (2010 observed changes
chamber experiments, OH concentrations a few orders ofn SOA chemical composition for up to 16 h of oxidation, in-
magnitude higher than ambient concentrations are used tdicating the potential of aging ofi-xylene SOA over longer
attain OH exposure similar to that of multiple days of atmo- timescales. For a long duration experiment, the initmal
spheric processing. Using a flow reactiéroll et al. (2009 xylene concentration can be chosen to produce a sufficient
found that for oxidation of squalane §gHsg) particles, func- amount of SOA to sample for the duration of the experi-
tionalization reactions (addition of polar functional groups) ment yet remaining close to atmospherically relevant load-
dominated at low OH exposure, and fragmentation reactionsngs, typically 0.1-20 pg e (Shilling et al, 2009. In the
(scission of C-C bonds in the carbon skeleton) dominatedoresent work, the total amount of SOA formed, its chemical
as OH exposure increased. They observed an O:C ratio ofomposition, and the composition of the gas phase over 36 h
0.45 after 35.8 squalene OH oxidation lifetimeambe etal.  of irradiation are evaluated to infer mechanisms of chemi-
(2017 also used a flow reactor to attain OH exposures equiv-cal aging ofm-xylene SOA. For the first time, the effects
alent to 1-20 days of atmospheric aging. Using a range obf size-dependent particle composition on particle wall loss
anthropogenic and biogenic SOA and oxidized primary or-correction methods are discussed.
ganic aerosol (OPOA) precursors, they found that as OH ex-
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2 Materials and methods “V-mode”. “V-mode” data were analyzed using a fragmenta-
tion table to separate sulfate, ammonium, and organic spec-
2.1 Experimental setup tra and to time-trace specifio/zratios. “V-mode” and “W-

mode” data were analyzed using a separate high-resolution

Experiments were conducted in the Caltech dual 28-m spectra toolbox known as PIKA to determine the chemical
Teflon chambers. Details of the facilities are given elsewhereormulas contributing to distinan/z ratios QeCarlo et al.
(Cocker et al.200%; Keywood et al.2004. Before each ex-  2006. The signals of organic ions belaw/z119 were used
periment, the chambers were flushed with dried, purified airto calculate elemental ratios. The ratio of particle-phasg CO
for > 24 h until the particle number concentratiers0cn3 o CQOJ was approximately equal to 1, and the contribution
and the volume concentratien0.1un® cm~3. Experiments  of COT to the organic signal was estimated to equal that of
were run under low-N@Q conditions using hydrogen perox- particle-phase CD. The intensities of water-derived ions
ide (HO2) as the OH source. With #D; it is possible to  (H,Ot, OH*, and O") were estimated from particle-phase
achieve a constant OH concentration for the duration of theco;r using the correlation suggested Aiken et al.(2008.
experiments. HO, was injected into the chamber by evap- A relative ionization intensity of 1.4 was applied to organic
orating 280 pl of 50 % wt agueous solution into the cham-jon signals. AMS data reported in this work are averaged
ber with 51min® of purified air. Seed particles were in- over 10-min intervals.
jected by atomizing a.015M agueous ammonium sulfate
(AS) solution for neutral seed and 208 M aqueous mag- 2.2 Aging experiment protocols
nesium sulfate with @3 M sulfuric acid (MS + SA) solution
for acidic seedm-Xylene (Sigma Aldrich, 99+ %) was intro-  The volume of the reactor limits the duration of experiments
duced into the chamber by injecting the volume of the liquid in a chamber operated in batch mode; when sampling with all
hydrocarbon required to obtain a concentration of 30 ppb intdnstruments, nearly half of the chamber volume is depleted
aglass bulb, and the vapor was carried into the chamber withn 18 h, at which point it is preferable to cease sampling due
51 min—! of purified air. The chamber contents were allowed to deflation of the chamber. To achieve longer OH expo-
to mix for 1 h before beginning irradiation. sure times with all instruments sampling, sets of experiments

A suite of instruments was used to study the evolutionwere conducted with increasing duration and staggered in-
of the gas and particle phasesn-Xylene was measured strument sampling. Instruments were grouped into two cate-
using a gas chromatograph with flame ionization detectorgories based upon their sampling schedule. Group | includes
(GC/FID, Agilent 6890N), equipped with a HP-5 column the AMS and a RH and temperature probe. Group Il includes
(15 mx0.53 mm IDx 1.5 um thickness, Hewlett Packard). the DMA, the CIMS, the GC/FID, the £analyzer, and the
Reactive intermediates anc@, were continuously moni- NOy analyzer. All instruments were operated during initial
tored using a custom-modified Varian 1200 triple-quadrupoleinjections before the onset of irradiation. Experimental time
chemical ionization mass spectrometer (CIMS). Details ofbegan at the onset of irradiation. First, two 18 h experiments
operation can be found elsewher@€r¢unse et al.2006 were conducted with Group | and Il instruments sampling
Paulot et al. 2009 St. Clair et al, 2010. The CIMS was for the entire duration to establish consistency in the gas and
operated in negative mode in which §F is used as the particle phases during separate experiments. Subsequent ex-
reagent ion. CgO~ clusters with the analyte, forming ions periments of 24 h, 30 h, and 36 h were conducted to achieve
at m/zMW+85 (R- CRO™), or, with more acidic species, longer OH exposure. The instrument sampling schedule for
atm/zMW+19 (HF-RZ,,). Relative humidity (RH), tem-  all experiments is given in Table The entire set of 5 ex-
perature, NO, N, and G were continuously monitored. periments was conducted in the same chamber to avoid any
The RH of the chamber was 5%. The initial chamber tem-  differences between chamber conditions that may arise be-
perature was-19°C; however, heating from the blacklights tween the dual chambers. For each of the Group Il instru-
caused a rise in temperature of approximatél5NO and  ments, the data from all experiments were combined to track
NOy concentrations were below the 2 ppb detection limit of the evolution of species for the entire 36 h of OH exposure.
the instrument, and initial ©concentration was 2 ppb.

Aerosol size distribution and number concentration were2.3 Total SOA formation
measured continuously using a differential mobility ana-
lyzer (DMA, TSI, 3081) coupled to a condensation parti- To determine the total SOA mass concentration in the cham-
cle counter (CPC, TSI, 3760), henceforth referred to as théber, AM,, particle wall losses must be taken into account.
DMA. Real-time particle mass spectra were collected con-The extent of interactions between particles deposited on the
tinuously by an Aerodyne High Resolution Time-of-Flight chamber walls and vapors in the chamber has not been deter-
Aerosol Mass SpectrometeDéCarlo et al. 2006 Cana-  mined completely; therefore, two limiting assumptions are
garatna et al2007), henceforth referred to as the AMS. The used to bound this interaction. These limits have been de-
AMS switched once every minute between the high resolu-scribed and applied to chamber experimentsWsitkamp
tion “W-mode’ and the lower resolution, higher sensitivity et al. (2007 and Hildebrandt et al(2009 2011). In one
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Table 1. Experiment sampling conditions and instrument sampling ef[ al_’ 20,04 Ng etal, 2007). The deposited pe_mide number.
protocol. distribution is added to the suspended particle number dis-

tribution to give a wall-loss corrected number distribution,
ntot,ij, Which is then converted to a volume concentration,

Experiment  Duration Volume Removed Sampling hours . 8 -

Type ) () Group B Group IP Viot, j, @assuming spherical particles:
Wall loss 23 6.14 N/A N/A Ntotij = Ns,ij +Nw,ij )
18 h aging 18 7.92 0-18 0-18 m
24 h aging 24 3.60 0-24 16-24 L M o ) E 3
30 h aging 30 3.63 0-30 22-30 Viot.j = Z Dp,;In10 x (Dpv’+ Dp”*) x 6 Dy @)
36 h aging 36 3.66 0-36 28-36 =10

wherem is the total number of size bing), ;. is the upper
aGroup | instruments: AMS, RH and temperature probe (total volumetric flow=ate  |imit diameter for size bin, ande,i, is the lower limit di-
0.084L min). ameter for size bin. A factor of In10 is necessary to convert
bGroup Il instruments: DMA, CIMS, GC/FIDD; analyzerNOx analyzer (total volu- from a Iog normal distribution. The initial seed volume con-
metric flow rate=7.25L min ) centration,Vseeq is subtracted from the wall-loss corrected
volume concentration to give the volume concentration of
SOA, V,, ;. To convert to SOA mass\ M, ;, the SOA vol-
ume concentration is multiplied by the SOA densitytg:
limit, particles deposited on the wall are assumed to cease,
interaction with suspended vapors after deposition. In this™ 0./ = org(Vo.j — Vseed )
case, the amount of organic material in the deposited pargor low-NO, mxylene SOA,porg= 1.33 gent3 (Ng et al,
ticles does not change after deposition, and these particlez007. It is possible thatoorg changes as particle age in-
remain at the same size at which they deposited for the recreases, but it was assumed to be constant for the present
mainder of the experiment. In the other limit, particles on study, which is consistent with the findings &fi et al.
the wall are assumed to interact with vapors in the chambe(2010.
after deposition as if they had remained suspended. Thus, Calculating the lower bound wall-loss corrected mass re-
in this case, the amount of organic material in the particlesies on having continuous number distributions, which were
after deposition changes at the same rate as the amount of afiot available for the 24-h, 30-h, and 36-h experiments. To
ganic material in the suspended particles, and the depositeghtain a continuous number distribution, the number distri-
particles continue to change size throughout the remainder dutions for all experiments were combined. The DMA sam-
the experiment. This limit is analogous in theory to that of pling schedule was designed to allow a 2-h overlap period
a chamber without walls. In either limit, the material on the petween shorter and longer experiments (i.e. sampling for the
walls is added to that which remains suspended to obtain the4-h experiment began at 16 h, 2 h prior to the endpoint of the
total amount of SOA formed. 18-h experiment) to facilitate the comparison of data between
During particle growth, the organic mass fraction of the shorter and longer experiments. The number distributions
suspended particles increases. In the first limit, the organigrom each experiment were combined sequentially. During
mass fraction of deposited particles does not increase aftqﬁeriods of overlap between two experiments, a weighted av-
deposition; therefore, this case produces a lower limit forerage of the number distribution in each size bin was taken
AM,. In the second limit, deposited particles are assumedyiving higher weight to the shorter experiment at the begin-
to continue growing; therefore, this case is an upper limit for ning of the overlap period and higher weight to the longer

CInstruments sampling: DMAQ3 analyzerNOx analyzer, RH and temperature probe
(total volumetric flow rate= 4.45L min—1).

AM,. These two limits of wall loss correctesiM,, will sub- experiment at the end of the over|ap period_
sequenFIy be referred to as the lower bound and upper bound, Both the number distribution of the seed particles and the
respectively. initial concentration ofm-xylene affect the number distribu-

The lower bound limit onAM, is calculated from the tion of the aerosol. In the 24-h experiment, the seed volume
DMA suspended particle number distribution. For each sizewas lower than that for the other AS seed experiments (Ta-
bini at each time step, the particle number distribution de- ple 2). Assuming that the SOA produced in this experiment
posited to the wallpy;;, is calculated using size-dependent was comparable to that in the other experiments, the sus-
wall loss ratesp;: pended particle volume would be lower than that of the other

o ‘ AS seed experiments, and the number distribution would be
nw.ij = i EXPUB; AT) @) too small to combine with those of the other AS experiments
wherens;; is the suspended particle number distribution in to obtain a continuous number distribution. Without the data
size bini at time stepj, and At is the difference between from the 24-h experiment, no number distribution data were
time step; and time step + 1. Wall loss rates were deter- available between hours 18 and 22. Number distributions
mined from calibration experiments performed prior to the during those 4 h were calculated from the 18- and 30-h ex-
start of the aging experiments (methods detailddegpwood periments by fitting an exponential function to the number

Atmos. Chem. Phys., 12, 151167, 2012 www.atmos-chem-phys.net/12/151/2012/
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Table 2. Experimental conditions and results.

Seed Duration Initiain-xylene Seed vol. Finah-xylene  FinalA M2
(h) (pPb) (¥ em=3) (PPb) (HgnT3)
AS 18 322+0.7 111+0.3 2.46+0.66 219417
AS 18 318+0.7 123+0.3 0.84+0.66 247+19
AS 24 292+0.7 9.10+0.2 <0.5 N/A
AS 30 291+0.7 123+04 <0.5 N/A
AS 36 287+£0.7 131+0.2 <05 N/A
AS 12+8 25.0+£0.6 105+0.3 21+0.6 200+1.0
MS + SA 18 329+0.7 105+0.4 194+0.66 2254+1.8
MS + SA 18 324+0.7 108+0.4 1.15+0.66 217+1.7
MS + SA 24 325+0.7 106+0.3 <0.5 N/A
MS + SA 30 296+0.7 106+0.3 <0.5 N/A
MS + SA 36 300£0.7 108+0.4 <0.5 N/A
aLower bound limit
012.4 hirradiated + 8 h dark
distribution in each size bin during hours 16—18 of the 18-h Aoplicd
experiment and hours 22-24 of the 30-h experimentand us- ;2 e ume
ing the function to interpolate a number distribution at 4-min —— Other
increments. .
Throughout an experiment, the volume of the chamber de- 10
creases due to sampling, but the surface area of the walls
remains the same. It is possible that the increasing surface- 10"
area-to-volume ratio will increase the particle wall loss rates.
The duration of a typical wall loss experiment is 18-24 h, s

T T T T L B R R | T T T T T T TT

shorter than that of the longest aging experiments. The ag-~. 10
ing experiments were designed to minimize the amount of
air sampled from the chamber. Although more instruments
sample from the chamber during an aging experiment than 10

during a wall loss calibration experiment, the volume of air

removed during an aging experiment is comparable to that of -3

R (min

a wall loss calibration experiment (Tallg 10
To confirm that wall loss rates do not vary significantly 74
as chamber volume decreases, an additional wall loss cali- 10
bration experiment was performed in each chamber. These
calibration experiments were conducted following the same 10°

protocols as a typical wall loss calibration; however, before
AS seed aerosol was injected, approximately’irair was
removed from the chambers to simulate conditions found at
the end of an 18 h experiment. The wall loss rates determinegtig. 1. Particle wall loss rates§, measured in both chambers from
from these low-volume experiments were within the range of September 2009 to August 2011. The top panel corresponds to near
walll loss rates observed in the chambers since they were inchamber, and the bottom panel corresponds to far chamber. The
stalled in 2009 (Figl). Therefore, time-dependence of the wall loss rates labeled “applied” were applied to the experiments re-

wall loss rate constants was assumed to be neg||g|b|e durinﬁorted in this manuscript. The wall loss rates labeled “low-volume”
these aging experiments. were calculated during a wall loss calibration experiment in which

the initial chamber volume was decreased by3&msimulate con-

. The upper bound limit om\ Mo is Calcylated k_)y combin- ditions achieved after 18 h of sampling. The wall loss rates labeled
ing the AMS and DMA data. The experiments in the presentugiher are those calculated from quarterly calibration experiments.

work use seed particles containing sulfate, and the only pro-
cess that decreases sulfate concentration in the suspended
phase is wall loss. The initial sulfate concentration is cal-
culated from the DMA seed volume concentration. There

www.atmos-chem-phys.net/12/151/2012/ Atmos. Chem. Phys., 12, 15372012
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is more uncertainty for the collection efficiency of seed par- of longer experiments. It was assumed that data collected
ticles in the AMS than in the DMA. Collection efficiency during previous, shorter experiments are adequate to describe
in the AMS increases as organic content of the particles inthe same time period during longer experiments.
creases, and because the seed particles do not contain organidrigure2 shows decay afn-xylene andA M, corrected for
material, they are more susceptible to bounce in the instruwall loss for both the upper and lower bound cases over 36
ment and have a collection efficiency that is less than unityh of irradiation. The lower bound M, and m-xylene data
(Matthew et al.2008. To calculate the mass of sulfate in the are a compilation of the 18-, 30-, and 36-h AS seed experi-
seednsq,, the following equation is used: ments (the 24-h experiment was omitted as noted earlier due
MWs to low seed particle volume), but the upper boundt, data

% (5)  are from only the 36-h experiment because continuous data

Wseed were available. The variation in the lower bound wall loss

where pseedis the density of the seed particles, MW/ is corrected mass concentration after peak growth is likely due
the molecular weight of sulfate, and M\qis the molec-  tO differences in number distributions during the 18-, 30-,
ular weight of the seed particles. For dry AS sepghed and 36-h experiments. The peak in SOA formation occurs
is 1.77gcn3. In the upper bound limit, both suspended before all of them-xylene has been reacted. For the lower
and deposited particles gain or lose organic material at théound caseA Mo remains relatively stable after its peak, de-
same rate; therefore, the organic-to-sulfate ratio of all parti-creasing only slightly over 20 h of irradiation. For the up-
cles of the same size is the same, and this ratio is determineer bound caseX M, peaks at approximately the same time
from unit mass resolution AMS data. High-resolution analy- as in the lower bound case; however, there is a pronounced
sis of the dominant sulfate ions)/z48 and 64, showed less decay of AM, after the maximum is reached. Wall losses
than 1% contribution of organic signal to the total ion sig- result in 43% of the total volume concentration of particles
nal; therefore, organic contribution to the unit mass resolu-deposited on the wall for the lower bound case and 56 % of
tion sulfate signal was negligible. Differences in the organic- A Mo deposited on the wall for the upper bound case after 36
to-sulfate ratio;os, between unit mass resolution and high h. The behavior oA M, after peak growth will be discussed
resolution data are less than 5%, except during the first 2 in Sect.3.3
of growth when they are more variable at lower organic load- Throughout each experiment, the OH concentration was
ing. To obtain the SOA massgs is multiplied by the initial ~ approximately 5 x 108 molec cnt3, as estimated from the

mso, = Vseedsee

mass of sulfate in the seed particles: decay ofm-xylene and simulated by a photochemical model
(see Appendix A). After 36 h of irradiation, 40 % of the ini-

AMo=msoros (6) tial 4 ppm of O, injected into the chamber remained unre-
acted.

This equation is valid if the organic-to-sulfate ratio does not
vary with particle size or if particle wall loss rates are con- 3
stant over the particle size range of interest. In the Caltech™

chambers, particle wall loss rates depend on particle size SRigure 3 shows the evolution in the elemental oxygen-to-

the latter assumption is not valid. Depending on the con-caan ratio (0:C) of the suspended particles for all 5 of the
densation behavior of the SOAgs may depend on particle  Ag seeded experiments. O:C values overlap for all of the ex-

size Hildebrandt et a|.2009 Riipinen et al, 2011). Forthe  ,oiments with different irradiation durations. O:C decreases
present experiments, data were not available to determine th&uring the first 5 h of irradiation in all but the 36-h exper-

size dependence obs of the particles. For the purpose of iment. During the 36-h experiment, the sensitivity of the
calculating the upper bound wall loss corrected organic massy ;g sampling in W-mode was lower than that in the other

it is assumed thatos does not vary with particle size. The ing experiments, which hindered the detection of initially-
implications of this assumption will be discussed in Saat. formed SOA. The O:C calculated using V-mode data (not
shown) decreasess during the first 5 h of irradiation for all 5
of the aging experiments. The dominant trend in O:C begins
after 5h. After this time, O:C gradually increases at an av-
3.1 SOA formation erage rate of 0.0019# for the remainder of the irradiation
period. The minimum in O:C occurs before the maximum
Two experiments with the same initial conditions and 18 h AMj is reached.
of irradiation were performed to assess the reproducibility of The mass spectral parametgr, is commonly used to
initial conditions and SOA production (Tab®). For both  characterize SOA chemical compositigkiken et al.(2008
AS seed and MS+ SA seed, similar concentrationsnef  determined a relationship between O:C afid for ambi-
xylene reacted and M, formed after 18 h of irradiation were ent aerosol in Mexico City: OC = (3.82+£0.05) x fas+
achieved. Given the consistency between matched experi0.079440.0070 for f44 ranging from O to 0.25. The SOA
ments, it was not necessary to sample for the entire duratioin the current set of experiments does not follow the same

2 SOA composition

3 Results and discussion
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Fig. 2. SOA mass (right axis), corrected for particle wall losses,
andm-xylene (left axis) for 36 h of OH exposure using AS seed.

The lower boundA My, is calculated assuming that, once deposited, Fig. 3. SOA mass (right axis) and O:C elemental composition (left

particles on the walls do not interact with gases in the chamber. Th%xis) over 36 h of OH exposure using AS seed. After hour 5, the
upper boundA Mo assumes that, once deposited, particles continueq.c'increases at an average rate of 0.0013 (dashed line).
to exhibit the same gas-particle partitioning behavior as suspended

particles. The fraction on the wall for the lower bound is the ratio of
particle volume on the wall to total particle volume, both suspended

Elapsed time (h)

and deposited, and includes seed volume. The fraction on the wall 107 e AMé AT e ,x"
for the upper bound is the ratio of organic mass concentration on AMB s

the wall to the total organic mass concentration. 0.8 5

trend as the Mexico City SOA, and exhibits trendline of 2 06 g‘f@
0:C=(1.424+0.04) x fas+ (0.439+0.005) over a range of

0.10 to 0.14 off44. Although the data fom-xylene SOA do 0.4

not follow the same trendline as the Mexico City data, they A mexylene
lie within the scatter of the Mexico City data (Fid). Us- 024 .7 —— This work
ing the same AMS instrument as the current stutlyhabra ---- Aiken et al.
et al. (2010 found that the O:C ang4 of SOA from aro- T T T T T 1
matics, isoprene, and glyoxal did not lie along the trend- 0.00 0.05 0.10 0.15 0.20 0.25
line reported inAiken et al, but the O:C andfs4 of SOA fas

from a-pinene and naphthalene did. In general, if}:ﬁa)n-

tributed most of the oxygen signal in the spectra, then theFig- 4. Correlation of O:C withfs for SOA frommxylene in the
O:C and f44 of the SOA more closely matched those pre- present study and Mexico City ambient aerosol fraiken et al.
dicted by the trendline from the Mexico City data. The corre- (2008.

lation between O:C ang4 for m-xylene SOA in the present

work differs from that oflLambe et al(2011), who observed . .

that m-xylene SOA follows the same trendline as the Mex- 1 he evolution oim-xylene SOA is also representedfiju—

ico City data. The range of values observed bambe /43 space (Fig5). The change in O:C, derived from the
et al. is much larger than that in the present work, initial COrrelation specific tan-xylene, is also shown. The marker
hydrocarbon loadings are higher, and OH exposure is 2-$12€ IS gfuncuon of the concentration of suspended organics,
times greater than the maximum OH exposure achieved ifnormalized to suspended sulfate concentrauon_ tp ac_count for
the present work (2 x 101t moleccnt3s). Any of these wall losses. ngrall, Iow-Nmeylgne SOA exhibits higher
factors could contribute to the different correlations between/43 than the typical range of ambient SOA observed\gy
O:C and f44. The factor most likely to explain the discrep- ©t @l-(2010 and lies to the right of the triangular region de-
ancy between the correlation in the present work and that ifived for ambient SOA. At the beginning of irradiation when
Lambe et alis the difference in OH exposure. At higher OH the organic mass loading is small, the SOA has a higher
exposure, the SOA is likely to be more oxidized, and/;co and a lowerfss. As SOA continues to formfa4 decreases

is likely to be a major contributor to the oxygen signal in the a”C_i f43'increases until approximately 5h of ir.ralldiation, gt
spectra. which time the trends reverse. For the remaining duration

of irradiation, f44 increases angj3 decreases, resulting in
a progression of the SOA characteristic of the behavior of
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- 0.16 =GO Fig. 7. Evolution of SOA chemical composition from high-
< g o co" CHO' I lons representing 52% resolution AMS measurements and diameter of the maximum num-
%Z 0127 CHs X/ o, | ‘f;j;?;%fg';mzs%% ber distribution of suspended particles. In the top panel, the ion sig-
%’ N 008+ ol total organic mass nal is normalized by sulfate to account for particle wall losses. The
@ B - . . .
£E 0044 sulfate-normalized ion signal is then scaled by the average value
2 oooi'| o 7”|”| b at the peak concentration. The middle panel shows the fractional
‘ . “CHO' contribution of each ion to the total organic mass signal. A relative
= 12; Ci’ . ionization efficiency of 1.4 is used when calculating the organic ion
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B fons 100 |~ concentration. The dashed line at 5 h corresponds to the reversal in
5% 008+ trend of O:C.
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. . ||. . | | R TYTT] TS FOPRPRN TR P T IRPOPOPP IO . ..
000 . 'ﬁ:(') - - o o of the 4 dominant organic ions (GH CHO*, C,H30™, and
m/z COY) in the aerosol mass spectra and the maximum of the
2

suspended particle size distribution throughout 36 h of oxi-
Fig. 6. Average AMS high-resolution organic mass spectra at thedation. Excluding Cg), these ions account for 30—-35 % of
time of peak growth and at the end of the experiment (final growth)the total organic signal throughout the experiment. When or-
for the 36-h gging _experiment. Prominent peaks are identified. Theganic Cq and the ions whose organic contributions are as-
mass of CO is estimated to equal that of GO sumed to correlate with it (CQ H,Ot, OH", and O') are

included, the mass fraction of the organic signal is approx-

imately 52 %. In the top panel of Fig, the time trends of
more-aged ambient SOA. The time at which the path reverthe normalized, wall-loss corrected ion signals are shown. To
sal in f44—f43 Space occurs is the same as that at which thepbtain this, the ion signal was divided by the sulfate signal to
minimum in O:C occurs. Curvature ifus—fa3 space has correct for wall losses. The sulfate-normalized ion signal was
been observed in other studig&@ll et al., 2009 Ng et al,  then scaled by its average value at the peak concentration. In
201Q Chhabra et a).201% Lee et al, 2011 Lambe et al.  the middle panel, the fractional contribution of each ion to
2011). Lambe et al.did not observe curvature ifus—fa3  the total organic signal is shown. The bottom panel shows the
space fom-xylene SOA, and the curvature observed in the particle diameter®p) of the maximum of the suspended par-
present study occurred for lower OH exposures than the lowticle size distribution. The most rapid changelig occurs
est value attained byambe et al. It is possible that the OH  during the first 5 h of irradiation. The amount of each of the
exposure levels used to formxylene SOA inLambe etal. 4 jons in the particles increases during this time (top panel).
were too large to observe the curvature. After 5h, Dy changes more slowly, and the contribution of

The high-resolution AMS mass spectra provide clues toeach ion to the spectra begins to peak. CH@aches a max-

the trends in O:Cjfa4, and f43. The average mass spectra at imum most quickly, followed by C[ﬁﬂ and GH3O™. COéF
peak organic growth and at the end of the 36-h aging experpeaks later than the other ions. After most of the ions peak,
iment are shown in Figs. Figure7 shows the time trends their contribution to the spectra decreases for the remainder
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of the experiment; however, the amount of £€hows much Volatile
less of a decrease, suggesting that compounds that contribute products
to the Cq signal have a lower tendency to be removed from

the particles than those that contribute to the other ion sig-
nals. OH | Av

S . AP
Shortly after th t of diation, titutes th
ortly after the onset of irradiation CZ*O:onsmes e VOC OH AS /

largest fraction of the organic signal, likely from the con-

densation of low-volatility organics. As irradiation contin-

ues, the CQ fraction of the organic signal decreases as

semivolatile material represented by the other ions, espe-
cially CoH30™, begins to partition to the particles. Once the

) ) OH
rate of particle growth slows, the fraction of QOncreases -
because the contribution of GTto the mass spectra is still /

Wall

increasing, whereas the amounts of the other ions are begin-

ning to stabilize and then decrease. The increase in the or- \/glatile
ganic fraction of Cq continues throughout the duration of products
the experiment caused by a larger decrease in the amounts of

the other ions in the particle mass spectra thalgL coO

T 77777

Fig. 8. Sources and sinks of a semivolatile gas-phase spects, A

3.3 Fate of SOA after peak growth and particles containing the condensed semivolatile specigs, A
during SOA aging. We do not explicitly indicate in the sketch
. . _ processes by which the particle-phadtagitains a semisolid state,
After peak growth, a decrease in most of the major organicyreatly affecting continued exchange with the gas pheeapen
ions and the total organic mass is observed (Rgand7).  etal, 201Q Vaden et al.201Q 2011 Shiraiwa et al.2011).
The magnitude of the decreaseAM, is much greater for

the upper bound wall loss correction than that for the lower
bound wall loss correction, suggesting that either the pro- Semivolatile species are expected to repartition from the
cess causing the decreaseAiM, has a larger effect on the particle phase more easily than low volatility species. This
upper bound wall loss case or that an incorrect assumptiomehavior is observed with the organic ionsHzO™", char-
was made for one of the wall loss corrections. For the uppemcteristic of semivolatile oxygenated organic aerosol (SV-
bound wall loss correctionps was assumed to be constant OOA), and Cq , Characteristic of low volatility oxygenated
such that theos of the suspended particles was equivalentorganic aerosol (LV-OOA). The amount 06830 in the
to that of the deposited patrticles. If this is not the case, theparticle mass spectra increases faster thag‘ @@ad shows
mass lost to the walls may be over- or underestimated. Impli-a much greater decrease than ;:& the experiment pro-
cations of the size-dependence g on the upper and lower  gresses. There is a slight decrease NG longer irradi-
bound wall loss correction and its effects on the conclusionsgtion times, and it is possible that the uptake of low volatil-
of the present section will be discussed in S8et. ity species is not completely irreversible, allowing for some
If the organic mass lost to the wall was correctly calculatedevaporation.
for both upper and lower bound cases, a possible explanation Evaporation of particles is characterized by a shift of the
for the decrease i\ M, after peak growth is repartitioning Dp at the maximum of the size distribution to smaller size.
of semivolatiles to the gas phase. As irradiation continues;This shift was not observed in the aging experiments, as
semivolatiles in the gas phase can undergo reaction with Okhown in the bottom panel of Fig. where Dy increased
or photolysis to form higher-volatility products, or they may slightly after the peak organic loading was attained around
be lost to the walls. As the concentration of a semivolatile in12 h. The two main processes affecting the particle size dis-
the gas phase decreases from fragmentation reactions or walibution in chamber experiments are gas-particle partition-
loss, repartitioning can occur to maintain gas-particle equi-ing and wall loss. In the Caltech chambers, wall loss rates
librium. OH can also react with the particle surface, forming are at a minimum for particles of diameters between 200 and
higher volatility fragmentation products that evaporate and300 nm (Fig.1). During the aging experiments, tiig, at the
decrease the particle organic mass. These processes are susire distribution maximum is below the 200-300 nm mini-
marized in Fig.8. Evaporation of semivolatiles is expected mum in wall loss. If evaporation is occurring, the rate of
to have a greater effect anM, in the upper bound limit be-  wall loss will increase as particles get smaller. As a result,
cause all particles are assumed to undergo gas-particle partihe greater loss of small particles will cause size distribution,
tioning, opposed to only the suspended particles in the lowecharacterized by th® at its maximum, to shift slightly to-
bound limit, thus a higher decrease AoV, should be ex- ward the 200-300 nm minimum in wall loss rate. Both the
pected in the upper bound limit. evaporation and wall loss processes are slow; therefore, the
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Fig. 9. Trends inm-xylene concentration (left axis) andM, (right ) ) )
axis) when irradiation is stopped once pe®al, is attained. Fig. 10. Evolution of f43, f44, and O:C ofm-xylene SOA. Irradi-
ation was stopped after 12.4 h, corresponding to the peaki6§.

This point is denoted by the “x”. Marker size denotes the organic-
to-sulfate ratiorps, of suspended particles. After irradiation stops,
two processes will tend to counteract each other with respeche chemical composition of the SOA does not change significantly.
to their effects on the dynamics of the aerosol size distribu-The inset shows the position of the data with respect to the trian-
tion, and no change iy at the maximum of the size distri- gular region characteristic of ambient SOA bounded by the dashed
bution is observed. It is also possible that the upper boundines, as defined bMg et al.(2010.
wall loss correction over-predicts the amount of evaporation
occurring (see Sect3.4). In this case, theDy at the size N )
distribution maximum would only be expected to increasefing. Under these conditions, only vapor phase wall loss is

slightly toward the 200—-300 nm minimum in wall loss rate. ©€xpected to cause repartitioning; therefore, vapor phase wall
ISoss is not significant in this system. If minimal repartition-

Ing is observed without irradiation, and if there are no sub-
stantial vapor phase wall losses, then repartitioning must be
driven by photochemical processes that affect the chemical

To determine the extent to which photochemical processe
are affecting the aerosol after peak growth, an experimen
was performed in which the lights were turned off after 12.4 h
of irradiation (F.|g.9). Production of QH ceases, and shortly composition of the gases and SOA.
thereafter, OH is no longer present in the chambers. fithe . S .
xylene concentration stabilizes after lights are turned off, and It was not possible to distinguish among the photochemi-

the substantial decrease in the upper botd, is not ob- cal process occurring: reaction of OH with semivolatiles; re-
served with the lights off. The lower boumdMo increases action of OH with particles; and photolysis of semivolatiles.
. (o]

after lights are turned off to result in a 5% change in massThe p_hotoch_em_lcal model descnped n Ap|_oend|_waas_ used
to estimate lifetimes for OH against reaction with particles,

after 8 h. This increase could be the result of uncertainty in-OH inst " ith olatil ivolatil inst
duced by the wall loss correction or condensation of vapors against reaction with semivo'atiies, semivolaties agains

as the chamber cooled after irradiation stopped frorhi24 r.ea(.:tion with OH, a_md semi\{olatilgs against photolysi;. The
to 19°C during hours 12.4 to 16. The latter process is not'tetime of OH against reaction with gas-phase speciés A

observed in the upper bounslM,, but condensation could Tor+A (). 1

be masked by uncertainty in the wall loss correction method, 1

discussed in Sec8.4. Despite the potential uncertainties of TOHA = ;7= )
the wall loss correction and the cooling of the chamber, the

decrease observed in the lower bountl, in the 36-h aging  where ka0 (cm® molects™1) is the reaction rate con-
experiment is not observed after irradiation ceases. After thgtant andca (moleccnt3) is the gas-phase concentra-

lights are turned off, the chemical composition of the parti- tion of A. Using the combined concentrations of species
cles also stops changing significantly. This is showfsip- ROOH, ROHOH, ROHOOH, and EPOXOOH and an av-
fa3 space in Fig10. While the aerosol formsfsz decreases  erage rate constatoy = 1 x 10-2%cm3molects! (Ta-

and fa4 increases; however, after the lights are turned off, thepje 3), ro, o = 0.2 s. The heterogeneous reaction of OH
rates of change of botfis and f44 decrease substantially. In with a particle surface is assumed to be pseudo-first order in
the absence of irradiation, a semivolatile species in the gagerms of OH Geinfeld and Pandjf006. The characteristic
phase, A, can partition to and from particles or be lost to the time for this processonp (S), can be calculated by:
walls (Fig.8). After irradiation stops, the rate of change in

the amount and composition of the particles decreases subr- 1

stantially; therefore, no significant repartitioning is occur- Oh+P= 3V ConHAp

©)

[uny
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Table 3. Rate constants for the photochemical model.

Rate constant Source
(cm®molec1s71)

JH,0,=2.9x1078(s7Y)  Sander et al2011)
k1=18x10"12 Sander et al(2011)
kp=2.31x10"11 Calvert et al(2002)
k3=9.8x10"13 Birdsall et al.(2010

ka=1.96x10"11

ks=8.02x 1011
Jepox=1.24x 104 (S_l)
kg=9.1x10"11
k7=1.17x 1010
JjrooH=2.1x1076 (s71)
kg=1.96x 1011
kg=7.41x10"11
k1p=1.96x 10711
k11=1.13x10"10
k1p=2.05x 10~10
k13=14x10"12
k14=1.1x10"10

MCM (Jenkin et al.2003
Bloss et al. 2009

MCM

MCM and Sander et al(2017)
MCM

MCM

Sander et al(2011)

MCM

MCM

MCM

MCM

MCM

Sander et al(2017)
Sander et al(2011)

wherey is an uptake coefficient, here assumed to bdd,
(cm? cm3) is the surface area concentration of the particles
andcon (cms 1) is given by

__ ([ BRT \?
o=\ TMWon

(9)
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wherejroonis the photolysis rate constant of an organic per-
oxide, as described in Appendix A. The characteristic life-
time against photolysis is estimated a8410° s. Photolysis
is an order of magnitude slower than reaction with OH, and
photolysis is not expected to be a major sink of gas-phase
species. Changes in particle composition are likely driven by
continued oxidation of the gas phase, although OH reaction
with particle surfaces cannot be categorically dismissed.
The continued oxidation of semivolatile species is appar-
ent upon examination of possible gas-phasgylene oxi-
dation products using the CIMS (Fidl). The top panel
shows the time trace ah/z207, which has the samm/zas
the predicted reagent ion clustering of first-generation oxida-
tion products ROH (MW-85) and ROOH (MW-19) in the
model (Table4). Thism/zsignal increases rapidly and peaks
at 3—4 h of irradiation. When lights are turned off during the
experiment, the decay slows significantly. The middle panel
shows the time trace ah/z223, which has the samm/zas
the predicted reagent ion clustering of second-generation ox-
idation products ROHOH (MW85), ROHOOH (MW+19),
and EPOXOOH (MW-19). Again, thisn/zsignal increases
rapidly and peaks slightly later at 4-5 h irradiation. When the
lights are turned off, the signal stabilizes. The photochemical
model predicts the peak of the first generation product con-
centrations to occur about an hour before that of the second
generation product concentrations, and the time difference
between the peak of the CIMS signalsmatz 207 andm/z
223 is consistent with the model output. The bottom panel
shows the time trace ah/z271, which has the samm/zas
the predicted reagent ion clustering of third-generation oxi-
dation product (MW-85) formed by the EPOXOOH OH
reaction prodepoxoonron in the model). From model pre-

where 7 (K) is temperature and MW (kgmol™) is the gictions, this compound with predicted reagent ion clustering
molecular weight of OH. The particle surface area was cal-3t m/z271 should form more slowly. The signal mfz271
culated from measured particle number distributions. Basefbeaks at 13-14 h of irradiation and does not decrease after
on the upper and lower bound wall loss corrections+p  jrradiation ceases. The behavior of these signals is consis-
ranges from 6-13.5 s, corresponding to particle surface areagnt with multiple generations of oxidation. The changes are
of (0.47—1.1) x 10 5 cmP cm™3. clearly photochemically driven. Vapor-phase wall loss is not
Some of the semivolatile species used to determidga  a significant sink of compounds contributing to these signals,

can also photolyze. The lifetimes of these species, ROOHindicated by the absence of decay after the lights are turned
ROHOOH, and EPOXOOH, against OH reaction and pho-qgf.

tolysis was also calculated to determine if photolysis is ex-
pected to be a large sink of gas-phase species. The lifetimg 4 Role of organic-to-sulfate ratio in particle wall loss

of these species against reaction with Qkl, on (S), is corrections
fA+OH=; (10)  The partitioning behavior of SOA precursors affects how
ka-+oHCOH

these species condense onto a particle size distribuidn (
ipinen et al, 2011). If condensation is limited by diffusion,
which is typically the case for essentially non-volatile com-
pounds, the rate of condensation depends on the surface area
of the patrticle size distributiorSeinfeld and Pandi2006);

in that case the organic growth tends to occur on particles
with smallerDj, as this is the particle size regime where the

1 surface area is greatest. For organics exhibiting diffusion-
(11) limited behavior, organic condensation on AS seed particles

wherecon (molec cnt?3) is the OH concentration, which was
estimated to be.8 x 10° molec cnmv 3 from the measurerh
xylene decay. Under this conditioma,on = 4.0 x 10*s.
The lifetime of these species against photolysig, ., is
calculated by:

TA+hy =
JROOH
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Table 4. Compounds represented in the photochemical model. Lights off -8
—6
m/z207,36h | 4
Compound Structure Formula m/z207,12 h
2
s o
RH % CgH12 § m/z223,36h 20 S
. £ r m/z223,12h |15 o,
RO, 5% s : o S
P “ Los 5
o I 5 Loo S
N /2271,36h | 2
EPOX CgH1003 S ° :/2271’ R0 E
)ij 20
ROH OH CgH100 _ 1o
" 0.0 T T T T T T — 00
ROOH “ OOH CgH1205 0 5 10 15 20 25 30 35
[o) Elapsed time (h)
HO /
O,
° Fig. 11. Time evolution of products formed durimg-xylene oxida-
EPOX - CgH110
< o griL~e tion detected by the CIMS. The signals labeled 36 h were recorded
H during the set of experiments in which the chamber contents were
ROH ) CaH110 irradiated for 36 h. The signals labeled 12 h were recorded during
< oo g6 the experiment in which the lights were turned off after 12.4 h of
/@\ irradiation and remained off for the remainder of the experiment.
OH
ROHOH oH CgH1002
)ﬁj Three different pairs of organic and sulfate mass distribu-
RO 9 CgHgO tions consistent with the measured number distribution and
o P ros were created from the suspended particle number dis-
Q o tribution averaged between hours 12 and 12.5 of irradiation
EPOXOOH OOH CgH1206 from the combined 36 h aging experiment in order to deter-
HO mine the uncertainty in the upper bound wall loss correction
@ induced by size-dependengs (Fig. 12). The peak of the
ROHOOH Ho. oon C8H1206 measured aerosol number distribution occursiap amaller
o e than that at which the wall loss rate is at its minimum, and the
° wall loss rate increases moving from lowRp to higherD
prodspoxooHioH €./ © CgH1205 g b 10 MgneT9p

across the measured number distribution (not shown). Each

of the distributions in Figl2 is characterized by the same
. o total particle number distribution, aiys of 2.00, and an or-
tends to form organic and sulfa_te mass d|.str|but|ons such th anic mass concentration of 22.7-22.8 igfmCase | rep-
meanD;, of the organic mass distribution is smaller than that rggenis condensation resulting from equilibrium gas-particle

of the sulfate distribution. If condensation is controlled by - itioning, and Case IIl represents condensation resulting
gas-particle partitioning equilibrium, which is typically the ¢ giffusion-limited growth. In Case Il all particles have
case for semi-volatile compounds, these species will tend tOhe sameos

condense preferentially into the particle size range where the ] o )
mass concentration is greatest, i.e. a majority of the organic 1€ aerosol size distribution was subjected to 24 h of wall

growth will occur on particles with largeb,, (Zhang et al. Ios§ at the rat.es applied to _the experimental number distri-
2011). In this case, the organic mass distribution will peak at PUtions, ignoring condensation (growth and evaporation are
a largerD, than the sulfate mass distribution. Because infor-2sSumed to cease) and coagulation. For each of the cases,
mation about the organic and sulfate mass distributions wagos Of the suspended particles and the upper bound wall-loss
not available for the present experiments, a simulation wagorrected mass concentration were calculated as a function
performed to assess the effects of different shapes of organigf ime (Fig. 13). In Case l,ros of suspended particles in-

and sulfate mass distributions on the upper bound wall los§"€@sed by about 10% over 24 h as particles with a lower
correction method. ros were preferentially lost to the walls. Becausss of

suspended particles is higher than that of deposited parti-
cles, usingos of suspended particles to represent deposited
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10 100 1000 tom panel shows the upper bound wall-loss corrected organic mass
Dy, (nm) concentration as a function of time for each case.

Fig. 12. Organic and sulfate mass distributions used in a simulation
to assess the effect of size-dependesy on the upper bound or-
ganic mass wall loss correction. All mass distributions are deriveding under-prediction of the upper bound wall-loss corrected
from the same observed particle number distribution and hgge  organic mass concentration may occur with time. During the
of 2.00 and an organic mass concentration of 22.7-22.8 fgm 36 h combined aging experiments, the measugsbf sus-
Case | is representative of condensation governed by gas-particlgended particles decreased from 2.1 to 1.9 between hours
equilibrium partitioning (see text), and Case Il is representative 0of 12 4 and 20 and continued to decrease linearly to 1.4 at 36 h.
condensatiqn governed by diffusion-limited growth (see text). In Between hours 12.4 and 20, the wall-loss corrected organic
Case llrosis constant for alDp. mass concentration decreased from 32.8 to 30 %) nBy
hour 36, it had decreased to 22.3 ug The changes in
ros and mass loss can be compared to those in the exper-

particles leads to an overestimation of organic mass lost tgment in which irradiation ceased after 12h and in which
the walls. The over-prediction of wall-loss corrected or- only particle wall loss occurred after that time. Between
ganic mass concentration is about 10%. In Caseds  hours 12.4 and 200s decreased from 1.50 to 1.42, and the
of suspended and deposited particles are the same by defyall-loss corrected mass concentration decreased from 20.5
inition, and the predicted wall-loss corrected organic masso 19.2 ug n3. The decrease in both organic-to-sulfate ratio
was estimated properly. In Case Hbs of deposited parti-  and wall-loss corrected mass concentration in the 12-h irradi-
cles is greater than that of suspended particles,-agdf  ation experiment are indicative of wall loss of an aerosol size
suspended particles decreased by about 10 % over 24 h befistribution characterized by diffusion-limited growth. The
cause particles with a highegs were preferentially lost to  experimental conditions of the 36-h experiment were similar
the walls. This resulted in an under-prediction of wall-loss tg the 12-h irradiation experiment; however, both the initial
corrected organic mass concentration by about 10 %. m-xylene concentration and the seed volume concentration

Organic and sulfate mass distributions have been reporteth the 12-h irradiation experiment were lower than those in
for toluene SOA condensed onto AS seed and are indicativéhe combined 36-h aging experiments, aggd is expected
of diffusion-limited condensatiorHjldebrandt et al.2009. to differ as a result. Despite the differences, it is expected
If mxylene SOA formation occurs by processes similar tothat the size distribution of the suspended particles in hours
those of toluene, the mass distributions during the presen12.4-20 during 36-h experiment should behave similarly to
experiments will most closely resemble Case lll, and increasthe size distribution of particles during hours 12.4-20 of the
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12-hirradiation experiment if only particle wall loss is occur- 1.70+
ring. The fractional decrease ips during hours 12.4-20 of 1. e AS seed
the 36-h irradiation experiment is approximately double that 1.60 4 MS+SA seed

of the 12-h irradiation experiment, suggesting that an addi- <
tional process besides particle wall loss, such as gas-particle ]
repartitioning due to evaporation, affected the suspended par- 1 4¢0-
ticle ros. The magnitude of evaporation, however, may not )
be as large as originally thought due to uncertainty in the up-  0.64-
per bound wall loss correction method. o T
The lower bound wall loss correction should be unaffected & ]
by size-dependenips distributions. The number and size 0.56+
of deposited particles is calculated independently of particle <, ]
composition and is added back to the number distribution of 0 < 10 15 20 25 30 35
suspended particles to calculate the total volume of particles. Elapsed time (h)
In obtaining the total volgme O.f organics, the volume of SeecjFig. 14. Elemental ratios ofm-xylene aerosol condensed onto neu-
or other packgrounq particles is subtracted from the total voI—tlral (AS) and acidic (MS + SA) seed particles.
ume. This calculation assumes that the seed or background
particle volume does not change during an experiment.

1.50

0.60,

oxidation mechanism leading to SOA formation under high-
3.5 Acidic seed effects NOy conditions is also expected to follow multi-generational
chemistry Kwok et al, 1997 Zhao et al. 2005 Ng et al,
Aging experiments were also performed using acidic2007 Song et al. 2007 Noda et al. 2009 Birdsall et al,
MS + SA seed to determine the extent to which particle acid-2010. The generations of oxidation of a precursor volatile
ity affects chemical aging afrxylene SOA. Figurd4shows  organic compound can lead to functionalized products of
the elemental ratios for both AS and MS + SA seeded experiever decreasing volatility, characterized by increasing ele-
ments. No difference between the acidic and neutral seedsiental O:C ratio, as well as to products of higher volatil-
for mxylene-derived SOA is observedNg et al. (2007 ity that do not contribute to SOA. Based on CIMS measure-
did not observe a difference in yields for low-N@+xylene  ments, there is strong evidence of gas-phase loss of higher
SOA with neutral and acidic seed patrticles; therefore, it isgeneration products. That this process involves photooxida-
plausible that the chemical composition of the aerosol con-ion or photolysis is confirmed by the absence of changes in
densed onto the two types of seed particles is similar. total aerosol amount when irradiation is stopped. Wall loss
of vapor can be excluded as the cause of this behavior. Esti-
mates of reaction timescales suggest that gas-phase processes
4 Conclusions are most likely involved in this latter stage of aging, although
direct OH reaction with the surface of the particles cannot
Laboratory chamber studies provide fundamental informa-be ruled out. Finally, the present work offers a protocol for
tion on the mechanisms of formation of SOA. The duration of laboratory chamber experiments to attain times approaching
chamber experiments is limited by several factors, includingmore closely those of atmospheric aerosol residence times.
wall loss of particles and vapors and depletion of chamber
air through instrument sampling. Laboratory experiments
attempt to approach durations of OH radical exposure corAppendix A
responding to those of particles in the atmosphere, on the
order of a week, through enhanced OH radical levels. In thePhotochemical model
present work we extend the duration of chamber experiments
by sampling protocols that minimize the amount of chamberTo estimate both OH concentration and the importance of OH
air removed over the course of the experiment. The proto+eaction with later-generation oxidation products, a photo-
col developed here allows experiments up to 36 h durationchemical model (Reactioi®l-R23below) was constructed.
Hydroxyl radical levels in the experiments reported here areProducts through three generations of oxidation are included.
roughly at atmospheric levels. We address SOA formationPrimary oxidation products are those suggestedibgsall
from the photooxidation ofr-xylene, an important anthro- et al. (2010 andZhao et al.(2005 with product yields and
pogenic precursor to organic aerosol. The extended durafurther oxidative pathways as derived from the MCh:ifkin
tion experiments provide a view into the multi-generational et al, 2003 Bloss et al.2005. Values of rate constants are
chemistry involved ifm-xylene SOA formation that can be listed in Table3, and compounds represented in the model
expected to be occurring in the atmosphere. Although theare given in Tablel. Photolysis rate constants are calcu-
current work studies only low-NQOchemistry, than-xylene lated using the irradiance spectrum measured for the chamber
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