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Abstract

Secondary organic aerosol (SOA) can reside in the atmosphere for a week or more.
While its initial formation from the gas-phase oxidation of volatile organic compounds
tends to take place in the first few hours after emission, SOA can continue to evolve
chemically over its atmospheric lifetime. Simulating this chemical aging over an ex-5

tended time in the laboratory has proven to be challenging. We present here a pro-
cedure for studying SOA aging in laboratory chambers that is applied to achieve 36 h
of oxidation. The formation and evolution of SOA from the photooxidation of m-xylene
under low-NOx conditions and in the presence of either neutral or acidic seed par-
ticles is studied. In SOA aging, increasing molecular functionalization leads to less10

volatile products and an increase in SOA mass, whereas gas-phase or particle-phase
fragmentation chemistry results in more volatile products and a loss of SOA. The chal-
lenge is to discern from measured chamber variables the extent to which these pro-
cesses are important for a given SOA system. In the experiments conducted, m-xylene
SOA mass increased over the initial 12-h of photooxidation and decreased beyond that15

time. The oxidation of the SOA, as manifested in the O:C elemental ratio and fraction
of organic ion detected at m/z 44 measured by the Aerodyne aerosol mass spectrome-
ter, decreased during the first 5 h of reaction, reached a minimum, and then increased
continuously until the 36 h termination. This behavior is consistent with an initial pe-
riod in which, as the mass of SOA increases, products of higher volatility partition to20

the aerosol phase, followed by an aging period in which gas- and particle-phase re-
action products become increasingly more oxidized. After about 12–13 h, the SOA
mass reaches a maximum and decreases, suggesting the existence of fragmentation
chemistry. When irradiation is stopped 12.4 h into one experiment, and OH generation
ceases, no loss of SOA is observed, indicating that the loss of SOA is either light- or25

OH-induced. Chemical ionization mass spectrometry measurements of low-volatility
m-xylene oxidation products exhibit behavior indicative of continuous photooxidation
chemistry. A condensed chemical mechanism of m-xylene oxidation under low-NOx
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conditions is capable of reproducing the general behavior of gas-phase evolution ob-
served here. Moreover, order of magnitude analysis of the mechanism suggests that
gas-phase OH reaction of low volatility SOA precursors is the dominant pathway of
aging in the m-xylene system although OH reaction with particle surfaces cannot be
ruled out.5

1 Introduction

Organic aerosol (OA) constitutes 20–90 % of all submicron particles in the atmosphere,
and up to 80 % of this is classified as secondary organic aerosol (SOA) (Zhang et al.,
2007; Murphy et al., 2006). Aerosol particles in the atmosphere can have lifetimes of
5–12 days (Balkanski et al., 1993), during which they can undergo continuous physical10

and chemical processing, commonly called aging (Rudich et al., 2007). Laboratory
experiments designed to study SOA formation typically have a duration of up to 1 day,
during which all processes that cause ambient particle aging may not be captured.
Chemical aging of SOA can affect gas-particle partitioning through processes such as
vapor-phase oxidation of semivolatiles, heterogeneous oxidation, and reactions within15

the particle phase, e.g. oligomerization, that take place on a fairly long timescale (Kroll
and Seinfeld, 2008; Hallquist et al., 2009).

Given the potentially large number of organic species in ambient particles, bulk
chemical measurements are useful to describe the extent of oxidative aging of SOA.
Using aerosol mass spectrometry, changes in O:C (elemental oxygen to carbon ratio)20

and H:C (elemental hydrogen to carbon ratio) from high-resolution data and f44 (ratio of
mass-to-charge (m/z) 44 to total signal in the organic component mass spectrum) and
f43 (ratio of m/z 43 to total signal in the organic component mass spectrum) have been
reported for ambient and laboratory-generated particles. The dominant organic ion at
m/z 43 is C2H3O+, and the dominant organic ion at m/z 44 is CO+

2 . Ng et al. (2010)25

evaluated a number of aerosol oxidation data sets in the f44− f43 space and found that
data for ambient OA tend to occupy a triangular region. As the OA becomes more
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oxidized, it tends to move from a region of lower f44 and a wider range of f43 at the
base of the triangle toward the apex with higher f44 and less variable f43. Heald et al.
(2010) used the Van Krevelen diagram to show that data on the H:C and O:C of total
ambient OA tend to fall along a line with a slope of −1, suggesting, on average, equal
additions of carbonyl and alcohol moieties. More recently, Ng et al. (2011) determined5

a correlation between f43 and H:C and, combined with a correlation between f44 and
O:C (Aiken et al., 2008), mapped the triangular region in f44− f43 space onto the Van
Krevelen diagram. They found that for ambient OA classified as oxygenated OA (OOA)
and laboratory chamber-generated SOA the H:C and O:C evolution toward the apex
of the triangle tends to fall along a line with a slope of −0.5 on a Van Krevelen dia-10

gram. This difference in slope between the two studies was attributed to the inclusion
of primary OA in the study of Heald et al. The evolution of ambient OA can also be
represented in terms of saturation concentration (C∗) and O:C (Jimenez et al., 2009).
As the OA becomes more oxidized, C∗ decreases and O:C increases. In all three of
these frameworks, the oxygen content of the organic aerosol increases upon aging.15

Laboratory studies have been conducted to probe the mechanisms of chemical ag-
ing of SOA. In flow reactor experiments, which have much shorter residence times than
chamber experiments, OH concentrations a few orders of magnitude higher than am-
bient concentrations are used to attain OH exposure similar to that of multiple days of
atmospheric processing. Using a flow reactor, Kroll et al. (2009) found that for oxidation20

of squalane (C30H36) particles, functionalization reactions (addition of polar functional
groups) dominated at low OH exposure, and fragmentation reactions (scission of C-C
bonds in the carbon skeleton) dominated as OH exposure increased. They observed
an O:C ratio of 0.45 after 35.8 squalane OH oxidation lifetimes. Lambe et al. (2011)
also used a flow reactor to attain OH exposures equivalent to 1–20 days of atmospheric25

aging. Using a range of anthropogenic and biogenic SOA and oxidized primary organic
aerosol (OPOA) precursors, they found that as OH exposure increased, the SOA and
OPOA followed and extended the progression of ambient SOA in f44 − f43 space, at-
taining values of f44 higher than ambient SOA. The Van Krevelen diagram slope of the
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SOA and OPOA was indicative of carboxylic acid formation and carbon-carbon bond
fragmentation. In chamber experiments of 16 h oxidant exposure, Qi et al. (2010) found
that, starting after 2 h of OH exposure, the volatility of SOA generated from m-xylene
and α-pinene under high-NOx conditions decreased slowly for the remainder of the
experiment. After this initial 2-h period the O:C ratio for m-xylene SOA increased at5

a rate of 0.007 h−1; however, for α-pinene SOA, the O:C ratio decreased at a rate
of 0.003 h−1. Chhabra et al. (2010) observed increasing O:C for SOA formed from
toluene, m-xylene, and naphthalene for irradiation times up to 12 h. The most rapid
increase in O:C occurred during the first hour of low-NOx toluene and m-xylene exper-
iments and the first 4 h of low-NOx naphthalene experiments. Similarly to the results10

of Qi et al. (2010) that SOA from some precursors exhibits minute aging behavior,
no change in O:C was observed for SOA from isoprene photooxidation or α-pinene
ozonolysis after initial SOA formation. Chhabra et al. (2011) extended the analysis
of the SOA formed from the compounds studied in Chhabra et al. (2010) to assess
their behavior in both f44 − f43 space and Van Krevelen diagram representations. Al-15

though the SOA formed from the various precursors occupied different regions in each
representation, most systems exhibited a progression similar to aging of ambient SOA.

In this work, we develop and apply to m-xylene SOA a procedure to extend to 36 h the
experimental duration of a laboratory chamber operated as a batch reactor. Aromatic
hydrocarbon emissions are an important contribution (∼ 20–30 %) to the total volatile20

organic compounds in the urban atmosphere (Calvert et al., 2002). m-Xylene SOA
yields (ratio of mass concentration of SOA formed to mass concentration of parent
hydrocarbon reacted) have been measured previously for m-xylene concentrations of
10 to 180 ppb and experimental durations up to 10 h (Ng et al., 2007; Song et al., 2007).
SOA yields for low-NOx conditions were found to be higher than those for high-NOx25

conditions. In addition, Chhabra et al. (2010) and Qi et al. (2010) observed changes
in SOA chemical composition for up to 16 h of oxidation, indicating the potential of
aging of m-xylene SOA over longer timescales. For a long duration experiment, the
initial m-xylene concentration can be chosen to produce a sufficient amount of SOA
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to sample for the duration of the experiment yet remaining close to atmospherically
relevant loadings, typically 0.1–20 µg m−3 (Shilling et al., 2009). In the present work,
the total amount of SOA formed, its chemical composition, and the composition of the
gas phase over 36 h of irradiation are evaluated to infer mechanisms of chemical aging
of m-xylene SOA.5

2 Materials and methods

2.1 Experimental setup

Experiments were conducted in the Caltech dual 28-m3 Teflon chambers. Details of the
facilities are given elsewhere (Cocker et al., 2001; Keywood et al., 2004). Before each
experiment, the chambers were flushed with dried, purified air for > 24 h, until the par-10

ticle number concentration < 50 cm−3 and the volume concentration < 0.1µm3 cm−3.
Experiments were run under low-NOx conditions using hydrogen peroxide (H2O2) as
the OH source. With H2O2 it is possible to achieve a constant OH concentration for
the duration of the experiments. H2O2 was injected into the chamber by evaporating
280 µl of 50 % wt aqueous solution into the chamber with 5 l min−1 of purified air. Seed15

particles were injected by atomizing a 0.015 M aqueous ammonium sulfate (AS) solu-
tion for neutral seed and a 0.03 M aqueous magnesium sulfate with 0.03 M sulfuric acid
(MS+SA) solution for acidic seed. m-Xylene (Sigma Aldrich, 99+%) was introduced
into the chamber by injecting the volume of the liquid hydrocarbon required to obtain a
concentration of 30 ppb into a glass bulb, and the vapor was carried into the chamber20

with 5 l min−1 of purified air. The chamber contents were allowed to mix for 1 h before
beginning irradiation.

A suite of instruments was used to study the evolution of the gas and particle phases.
m-Xylene was measured using a gas chromatograph with flame ionization detector
(GC/FID, Agilent 6890N), equipped with a HP-5 column (15 m×0.53 mm ID×1.5 µm25

thickness, Hewlett Packard). Reactive intermediates and H2O2 were continuously
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monitored using a custom-modified Varian 1200 triple-quadrupole chemical ionization
mass spectrometer (CIMS). Details of operation can be found elsewhere (Crounse
et al., 2006; Paulot et al., 2009; St. Clair et al., 2010). The CIMS was operated in nega-
tive mode in which CF3O− is used as the reagent ion. CF3O− clusters with the analyte,
forming ions at m/z MW+85 (R ·CF3O−), or, with more acidic species, at m/z MW+195

(HF ·R−
−H). Relative humidity (RH), temperature (T ), NO, NOx, and O3 were continu-

ously monitored. RH of the chamber was < 5 %. The initial chamber temperature was
∼ 19◦C; however, heating from the blacklights caused a rise in temperature of approx-
imately 5 ◦C. NO and NOx concentrations were below the 2 ppb detection limit of the
instrument, and initial O3 concentration was 2 ppb.10

Aerosol size distribution and number concentration were measured continuously us-
ing a differential mobility analyzer (DMA, TSI, 3081) coupled to a condensation parti-
cle counter (CPC, TSI, 3760), henceforth referred to as the DMA. Real-time particle
mass spectra were collected continuously by an Aerodyne High Resolution Time-of-
Flight Aerosol Mass Spectrometer (DeCarlo et al., 2006; Canagaratna et al., 2007),15

henceforth referred to as the AMS. The AMS switched once every minute between
the high resolution “W-mode” and the lower resolution, higher sensitivity “V-mode”. “V-
mode” data were analyzed using a fragmentation table to separate sulfate, ammonium,
and organic spectra and to time-trace specific m/z ratios. “W-mode” data were ana-
lyzed using a separate high-resolution spectra toolbox known as PIKA to determine20

the chemical formulas contributing to distinct m/z ratios (DeCarlo et al., 2006). The sig-
nals of organic ions below m/z 119 were used to calculate elemental ratios. The ratio of
particle-phase CO+ to CO+

2 was approximately equal to 1, and the contribution of CO+

to the organic signal was estimated to equal that of particle-phase CO+
2 . The intensi-

ties of water-derived ions (H2O+, OH+, and O+) were estimated from particle phase25

CO+
2 using the correlation suggested by Aiken et al. (2008). When comparing organic

ion signals to organic and sulfate mass concentrations obtained from high-resolution
data, a relative ionization intensity of 1.4 was used. AMS data reported in this work are
averaged over 10-min intervals.
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2.2 Aging experiment protocols

The volume of the reactor limits the duration of experiments in a chamber operated in
batch mode; when sampling with all instruments, nearly half of the chamber volume
is depleted in 18 h, at which point it is preferable to cease sampling due to deflation
of the chamber. To achieve longer OH exposure times with all instruments sampling,5

sets of experiments were conducted with increasing duration and staggered instrument
sampling. Instruments were grouped into two categories based upon their sampling
schedule. Group I includes the AMS and a RH and T probe. Group II includes the
DMA, the CIMS, the GC/FID, the O3 analyzer, and the NOx analyzer. All instruments
were operated during initial injections before the onset of irradiation. Experimental time10

was considered to start at the onset of irradiation. First, two 18 h experiments were
conducted with Group I and II instruments sampling for the entire duration to establish
consistency in the gas and particle phases during separate experiments. Subsequent
experiments of 24 h, 30 h, and 36 h were conducted to achieve longer OH exposure.
The instrument sampling schedule for all experiments is given in Table 1. The entire15

set of 5 experiments was conducted in the same chamber to avoid any differences
between chamber conditions that may arise between the dual chambers. For each of
the Group II instruments, the data from all experiments were combined to track the
evolution of species for the entire 36 h of OH exposure.

2.3 Total SOA formation20

To determine the total SOA mass concentration in the chamber, ∆Mo, particle wall
losses must be taken into account. The extent of interactions between particles de-
posited on the chamber walls and vapors in the chamber has not been determined
completely; therefore, two limiting assumptions are used to bound this interaction.
These limits were first described and applied to chamber experiments by Hildebrandt25

et al. (2009). In one limit, particles deposited on the wall are assumed to cease in-
teraction with suspended vapors after deposition. In this case, the amount of organic
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material in the deposited particles does not change after deposition, and these parti-
cles remain at the same size at which they deposited for the remainder of the experi-
ment. In the other limit, particles on the wall are assumed to interact with vapors in the
chamber after deposition as if they had remained suspended. Thus, in this case, the
amount of organic material in the particles after deposition changes at the same rate5

as the amount of organic material in the suspended particles, and the deposited parti-
cles continue to change size throughout the remainder of the experiment. This limit is
analogous in theory to that of a chamber without walls. In either limit, the material on
the walls is added to that which remains suspended to obtain the total amount of SOA
formed.10

During particle growth, the organic mass fraction of the suspended particles in-
creases. In the first limit, the organic mass fraction of deposited particles does not
increase after deposition; therefore, this case produces a lower limit for ∆Mo. In the
second limit, deposited particles are assumed to continue growing; therefore, this case
is an upper limit for ∆Mo. These two limits of wall loss corrected ∆Mo will subsequently15

be referred to as the lower bound and upper bound, respectively.
The lower bound limit on ∆Mo is calculated from the DMA suspended particle number

distribution. For each size bin i at each time step j the number distribution deposited to
the wall, nw,i j is calculated using previously determined size-dependent wall loss rates,
βi (Keywood et al., 2004; Ng et al., 2007):20

nw,i j =ns,i j exp(βi∆t) (1)

where ns,i j is the suspended particle number distribution in size bin i at time step j ,
and ∆t is the difference between time step j and time step j+1. The deposited particle
number distribution is added to the suspended particle number distribution to give a
wall loss corrected number distribution, ntot,i j , which is then converted to a volume25

concentration, Vtot,j , assuming spherical particles,

ntot,i j = ns,i j +nw,i j (2)
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Vtot,j =
m∑
i=1

ntot,i j

Dp,i ln10
×
(
Dp,i+−Dp,i−

)
× π

6
D3

p,i (3)

where m is the total number of size bins, Dp,i+ is the upper limit diameter for size bin
i , and Dp,i− is the lower limit diameter for size bin i . A factor of ln10 is necessary to
convert from a log normal distribution. The initial seed volume concentration, Vseed, is
subtracted from the wall loss corrected volume concentration to give the volume con-5

centration of SOA, Vo,j . To convert to SOA mass, ∆Mo,j , the SOA volume concentration
is multiplied by the SOA density, ρorg,

∆Mo,j =ρorg
(
Vo,j −Vseed

)
. (4)

For low-NOx m-xylene SOA, ρorg =1.33 g cm−3 (Ng et al., 2007).
The upper bound limit on ∆Mo is calculated by combining the AMS and DMA data.10

The experiments in the present work use seed particles containing sulfate, and the only
process that decreases sulfate concentration in the suspended phase is wall loss. The
initial sulfate concentration is calculated from the DMA seed volume concentration.
There is more uncertainty for the collection efficiency of seed particles in the AMS
than in the DMA. Collection efficiency in the AMS increases as organic content of the15

particles increases, and because the seed particles do not contain organic material,
they are more susceptible to bounce in the instrument and have a collection efficiency
that is less than unity (Matthew et al., 2008). To calculate the mass of sulfate in the
seed, mSO4

, the following equation is used:

mSO4
= Vseedρseed

MWSO4

MWseed
(5)20

where ρseed is the density of the seed particles, MWSO4
is the molecular weight of

sulfate, and MWseed is the molecular weight of the seed particles. For dry AS seed,
ρseed is 1.77 g cm−3. In the upper bound limit, both suspended and deposited particles
gain or lose organic material at the same rate; therefore, the organic-to-sulfate ratio of
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all particles is the same, and this ratio is determined from unit mass resolution AMS
data. To obtain the SOA mass, the organic-to-sulfate ratio, rOS, is multiplied by the
initial mass of sulfate in the seed particles,

∆Mo =mSO4
rOS. (6)

3 Results and discussion5

3.1 SOA formation

Two experiments with the same initial conditions and 18 h of irradiation were performed
to assess the reproducibility of initial conditions and SOA production (Table 2). For
both AS seed and MS+SA seed, similar concentrations of m-xylene reacted and ∆Mo
formed after 18 h of irradiation were achieved. Given the consistency between matched10

experiments, it was not necessary to sample for the entire duration of longer experi-
ments. It was assumed that data collected during previous, shorter experiments are
adequate to describe the same time period during longer experiments.

Figure 1 shows decay of m-xylene and ∆Mo corrected for wall loss for both the
upper and lower bound cases over 36 h of irradiation. The lower bound ∆Mo and m-15

xylene data are a compilation of the set of AS seed experiments, but the upper bound
∆Mo data are from only the 36 h experiment because continuous data were available.
The peak in SOA formation occurs before all of the m-xylene has been reacted. For
the lower bound case, ∆Mo remains relatively stable after its peak, decreasing only
slightly over 20 h of irradiation. For the upper bound case, ∆Mo peaks at approximately20

the same time as in the lower bound case; however, there is a pronounced decay of
∆Mo after the maximum is reached. Wall losses result in 43 % of the total volume
concentration of particles deposited on the wall for the lower bound case and 56 % of
∆Mo deposited on the wall for the upper bound case after 36 h. The behavior of ∆Mo
after peak growth will be discussed in Sect. 3.3.25
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Throughout the experiment, the OH concentration was approximately 2.5 ×
106 molec. cm−3, as estimated from the decay of m-xylene and simulated by a pho-
tochemical model (see Appendix A). After 36 h of irradiation, 40 % of the initial 4 ppm
of H2O2 injected into the chamber remained unreacted.

3.2 SOA composition5

Figure 2 shows the evolution in the elemental oxygen-to-carbon ratio (O:C) of the sus-
pended particles for all 5 of the AS seeded experiments. O:C values overlap for all
of the experiments with different irradiation durations. A prominent feature of the SOA
formed in this system is that SOA formed initially has an O:C ratio of 0.7. Over the
first 5 h of irradiation and SOA formation, O:C decreases to 0.6. After 5 h, O:C grad-10

ually increases at a rate of 0.0012 h−1 for the remainder of the irradiation period. The
minimum in O:C occurs before the maximum ∆Mo is reached.

The mass spectral parameter f44 is commonly used to characterize SOA chemical
composition. Aiken et al. (2008) determined a relationship between O:C and f44 for
ambient aerosol in Mexico City: O : C = (3.82±0.05)× f44 + (0.0794±0.0070) for f4415

ranging from 0 to 0.25. The SOA in the current set of experiments does not follow the
same trend as the Mexico City SOA, and exhibits trendline of O : C = (1.19±0.23)×
f44 + (0.463±0.027) over a range of 0.10 to 0.14 of f44. Although the data for m-
xylene SOA do not follow the same trendline as the Mexico City data, they lie within
the scatter of the Mexico City data. This correlation differs from that of Lambe et al.20

(2011), who observed that m-xylene SOA follows the same trendline as the Mexico City
data. The range of f44 values observed by Lambe et al. is much larger than that in the
present work, and initial hydrocarbon loadings are higher. Either of these factors could
contribute to the different correlations between O:C and f44. The evolution of m-xylene
SOA is also represented in f44 − f43 space (Fig. 3). The change in O:C, derived from25

the correlation specific to m-xylene, is also shown. The marker size is a function of the
concentration of suspended organics, normalized to suspended sulfate concentration
to account for wall losses. Overall, low-NOx m-xylene SOA exhibits higher f43 than
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the typical range of ambient SOA observed by Ng et al. (2010) and lies to the right
of the triangular region derived for ambient SOA. At the beginning of irradiation when
the organic mass loading is small, the SOA has a higher f44 and a lower f43. As SOA
continues to form, f44 decreases and f43 increases until approximately 5 h of irradiation,
at which time the trends reverse. For the remaining duration of irradiation, f44 increases5

and f43 decreases, resulting in a progression of the SOA characteristic of the behavior
of more-aged ambient SOA. The time at which the reversal of path in f44 − f43 space
occurs is the same as that at which the minimum in O:C occurs.

The high-resolution AMS mass spectra provide clues to the trends in O:C, f44, and
f43. The average mass spectra at peak organic growth and at the end of the 36-h10

aging experiment are shown in Fig. 4. Figure 5 shows the time trends of the 4 dom-
inant organic ions (CH+

3 , CHO+, C2H3O+, and CO+
2 ) in the aerosol mass spectra and

the maximum of the suspended particle size distribution throughout 36 h of oxidation.
Excluding CO+

2 , these ions account for 30–35 % of the total organic signal throughout
the experiment. When organic CO+

2 and the ions whose organic contributions are as-15

sumed to correlate with it (CO+, H2O+, OH+, and O+) are included, the mass fraction
of the organic signal is approximately 52 %. In the top panel of Fig. 5, the total amount
of each of the ions in the particle mass spectra is shown. To obtain this, the ion signal
was divided by the sulfate signal to correct for wall losses. The sulfate-normalized ion
signal was then scaled by its average value at the peak concentration. In the mid-20

dle panel, the fractional contribution of each ion to the total organic signal is shown.
The bottom panel shows the particle diameter (Dp) of the maximum of the suspended
particle size distribution. The most rapid change in Dp occurs during the first 5 h of
irradiation. The amount of each of the 4 ions in the particles increases during this time
(top panel). After 5 h, Dp changes more slowly, and the contribution of each ion to25

the spectra begins to peak. CHO+ reaches a maximum most quickly, followed by CH+
3

and C2H3O+. CO+
2 peaks later than the other ions. After most of the ions peak, their

contribution to the spectra decreases for the remainder of the experiment; however,
the amount of CO+

2 shows much less of a decrease, suggesting that compounds that
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contribute to the CO+
2 signal have a lower tendency to be removed from the particles

than those that contribute to the other ion signals.
Shortly after the onset of irradiation, CO+

2 constitutes the largest fraction of the or-
ganic signal, likely from the condensation of low-volatility organics. As irradiation con-
tinues, the CO+

2 fraction of the organic signal decreases as semivolatile material repre-5

sented by the other ions, especially C2H3O+, begins to partition to the particles. Once
the rate of particle growth slows, the fraction of CO+

2 increases because the contribu-
tion of CO+

2 to the mass spectra is still increasing, whereas the amounts of the other
ions are beginning to stabilize and then decrease. The increase in the organic frac-
tion of CO+

2 continues throughout the duration of the experiment caused by a larger10

decrease in the amounts of the other ions in the particle mass spectra than CO+
2 .

3.3 Fate of SOA after peak growth

One explanation for the decrease of most of the major organic ions and the total or-
ganic mass (Fig. 1) is repartitioning of semivolatiles to the gas phase. As irradiation
continues, semivolatiles in the gas phase can undergo reaction with OH or photolysis15

to form higher-volatility products, or they may be lost to the walls. As the concentra-
tion of a semivolatile in the gas phase decreases from fragmentation reactions or wall
loss, repartitioning can occur to maintain gas-particle equilibrium. OH can also react
with the particle surface, forming higher volatility fragmentation products that evaporate
and decrease the particle organic mass. These processes are summarized in Fig. 6.20

The decrease in ∆Mo corresponding to the upper bound wall loss correction is greater
than the lower bound wall loss correction. Evaporation of semivolatiles has a greater
effect on ∆Mo in the upper bound limit because all particles are assumed to undergo
gas-particle partitioning, opposed to only the suspended particles in the lower bound
limit.25

Semivolatile species are expected to repartition from the particle phase more eas-
ily than low volatility species. This behavior is observed with the organic ions
C2H3O+, characteristic of semivolatile oxygenated organic aerosol (SV-OOA), and
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CO+
2 , characteristic of low volatility oxygenated organic aerosol (LV-OOA). The amount

of C2H3O+ in the particle mass spectra increases faster than CO+
2 and shows a much

greater decrease than CO+
2 as the experiment progresses. There is a slight decrease

in CO+
2 at longer irradiation times, and it is possible that the uptake of low volatility

species is not completely irreversible, allowing for some evaporation.5

Evaporation of particles is characterized by a shift of the Dp at the maximum of the
size distribution to smaller size. This shift was not observed in the aging experiments,
as shown in the bottom panel of Fig. 5 where Dp increased slightly after the peak or-
ganic loading was attained around 12 h. The two main processes affecting the particle
size distribution in chamber experiments are gas-particle partitioning and wall loss. In10

the Caltech chambers, wall loss rates are at a minimum for particles of diameters be-
tween 200 and 300 nm. During the aging experiments, the Dp at the size distribution
maximum is below the 200–300 nm minimum in wall loss. If evaporation is occurring,
the rate of wall loss will increase as particles get smaller. As a result, the greater loss of
small particles will cause the size distribution, characterized by the Dp at its maximum,15

to shift slightly toward the 200–300 nm minimum in wall loss rate. Both the evaporation
and wall loss processes are slow; therefore, the two processes will tend to counteract
each other with respect to their effects on the dynamics of the aerosol size distribution,
and no change in Dp at the maximum of the size distribution is observed.

To determine the extent to which photochemical processes are affecting the aerosol20

after peak growth, an experiment was performed in which the lights were turned off
after 12.4 h of irradiation (Fig. 7). Production of OH ceases, and shortly thereafter, OH
is no longer present in the chambers. The m-xylene concentration stabilizes after lights
are turned off, and the substantial decrease in the upper bound ∆Mo is not observed
with the lights off. No decrease in ∆Mo for the lower bound limit is observed. After25

the lights are turned off, the chemical composition of the particles also stops chang-
ing significantly. This is shown in f44 − f43 space in Fig. 8. While the aerosol forms,
f43 decreases and f44 increases; however, after the lights are turned off, the rates of
change of both f43 and f44 decrease substantially. In the absence of irradiation, a
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semivolatile species in the gas phase, Ag, can partition to and from particles or be lost
to the walls (Fig. 6). After irradiation stops, no change in the amount and composition
of the particles is observed; therefore, no significant repartitioning is occurring. Un-
der these conditions, only vapor phase wall loss is expected to cause repartitioning;
therefore, vapor phase wall loss is not significant in this system. If no repartitioning is5

observed without irradiation, and if there are no substantial vapor phase wall losses,
then repartitioning must be driven by photochemical processes that affect the chemical
composition of the gases and SOA.

It was not possible to distinguish among the photochemical process occurring:
reaction of OH with semivolatiles; reaction of OH with particles; and photolysis10

of semivolatiles. The photochemical model was used to estimate lifetimes for
semivolatiles against OH reaction, particles against OH reaction, and semivolatiles
against photolysis. The lifetime of OH against reaction with gas-phase species Ag,
τA+OH (s), is

τA+OH =
1

kA+OHcA
(7)15

where kA+OH (cm3 molec.−1 s−1) is the reaction rate constant and cA (molec. cm−3)
is the gas-phase concentration of A. Using the combined concentrations of species
ROOH, ROHOH, ROHOOH, and EPOXOOH and an average rate constant kOH =
1×10−10 cm3 molec.−1 s−1, τA+OH

∼= 0.2 s. Three of these species, ROOH, ROHOOH,
and EPOXOOH, can also undergo photolysis. The lifetime of these species against20

photolysis, τA+hν, is calculated by,

τA+hν =
1

jROOH
(8)

where jROOH is the photolysis rate constant of an organic peroxide, as described in
Appendix A. The characteristic lifetimetime against photolysis is estimated as 4.7×
105 s. The heterogeneous reaction of OH with a particle surface is assumed to be25
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pseudo-first order in terms of OH (Seinfeld and Pandis, 2006). The characteristic time
for this process, τP+OH (s), can be calculated by,

τP+OH =
1

1
4γcOHAp

(9)

where γ is an uptake coefficient, here assumed to be 1, Ap (cm2 cm−3) is the surface

area concentration of the particles, and cOH (cm s−1) is given by5

cOH =
(

8RT
πMWOH

) 1
2

(10)

where T (K) is temperature and MWOH (kg mol−1) is the molecular weight of OH. Based
on the upper and lower bound wall loss corrections, τP+OH ranges from 6–13.5 s. The
estimated characteristic time for reaction of OH with semivolatile vapors is an order of
magnitude shorter than that for OH reaction with particles, and both are considerably10

shorter than that for photolysis of semivolatiles; therefore, it appears that 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 apparent upon examination of pos-
sible gas-phase m-xylene oxidation products using the CIMS (Fig. 9). The top panel15

shows the time trace of m/z 207, which has the same m/z as the predicted reagent ion
clustering of first-generation oxidation products ROH (MW+85) and ROOH (MW+19)
in the model (Table 4). This m/z signal increases rapidly and peaks at 3–4 h of ir-
radiation. When lights are turned off during the experiment, the decay slows signifi-
cantly. The middle panel shows the time trace of m/z 223, which has the same m/z as20

the predicted reagent ion clustering of second-generation oxidation products ROHOH
(MW+85), ROHOOH (MW+19), and EPOXOOH (MW+19). Again, this m/z signal in-
creases rapidly and peaks slightly later at 4–5 h irradiation. When the lights are turned
off, the signal stabilizes. The bottom panel shows the time trace of m/z 271, which
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has the same m/z as the predicted reagent ion clustering of third-generation oxidation
product (MW+85) formed by the EPOXOOH+OH reaction (prodEPOXOOH+OH in the
model). From model predictions, this compound with predicted reagent ion clustering
at m/z 271 should form more slowly. The signal at m/z 271 peaks at 13–14 h of irradi-
ation and does not decrease after irradiation ceases. The behavior of these signals is5

consistent with multiple generations of oxidation. The changes are clearly photochem-
ically driven. Vapor-phase wall loss is not a significant sink of compounds contributing
to these signals indicated by the absence of decay after the lights are turned off.

3.4 Acidic seed effects

Aging experiments were also performed using acidic MS+SA seed to determine the ex-10

tent to which particle acidity affects chemical aging of m-xylene SOA. Figure 10 shows
the elemental ratios for both AS and MS+SA seeded experiments. No difference be-
tween the acidic and neutral seeds for m-xylene-derived SOA is observed. Ng et al.
(2007) did not observe a difference in yields for low-NOx m-xylene SOA with neutral
and acidic seed particles; therefore, it is plausible that the chemical composition of the15

aerosol condensed onto the two types of seed particles is similar.

4 Conclusions

Laboratory chamber studies provide fundamental information on the mechanisms of
formation of SOA. The duration of chamber experiments is limited by several factors,
including wall loss of particles and vapors and depletion of chamber air through instru-20

ment sampling. Laboratory experiments attempt to approach durations of OH radical
exposure corresponding to those of particles in the atmosphere, the order of a week,
through enhanced OH radical levels. In the present work we extend the duration of
chamber experiments by sampling protocols that minimize the amount of chamber
air removed over the course of the experiment. The protocol developed here allows25
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experiments up to 36 h duration. Hydroxyl radical levels in the experiments reported
here are roughly at atmospheric levels. We address SOA formation from the photoox-
idation of m-xylene, an important anthropogenic precursor to organic aerosol. The
extended duration experiments provide a view into the multi-generational chemistry
involved in m-xylene SOA formation that can be expected to be occurring in the at-5

mosphere. Although the current work studies only low-NOx chemistry, the m-xylene
oxidation mechanism leading to SOA formation under high-NOx conditions is also ex-
pected to follow multi-generational chemistry (Kwok et al., 1997; Zhao et al., 2005; Ng
et al., 2007; Song et al., 2007; Noda et al., 2009; Birdsall et al., 2010). The genera-
tions of oxidation of a precursor volatile organic compound can lead to functionalized10

products of ever decreasing volatility, characterized by increasing elemental O:C ratio,
as well as to products of higher volatility that do not contribute to SOA. The evolution
of the O:C ratio in the m-xylene system exhibits behavior characteristic of gas-particle
partitioning in which initially only highly oxidized products condense when the overall
aerosol loading is small, followed by a decrease in O:C ratio as products of somewhat15

higher volatility condense into the growing amount of aerosol. As the gas-phase ox-
idation progresses through higher generations, products of higher oxidation state are
generated and condense; however, the continued oxidation can also lead to fragmen-
tation reactions forming products of higher volatility that do not condense. Based on
CIMS measurements, there is strong evidence of gas-phase loss of higher generation20

products. That this process involves photooxidation or photolysis is confirmed by the
absence of changes in total aerosol amount when irradiation is stopped. Wall loss of
vapor can be excluded as the cause of this behavior. Estimates of reaction timescales
suggest that gas-phase processes are most likely involved in this latter stage of aging,
although direct OH reaction with the surface of the particles cannot be ruled out. Fi-25

nally, the present work offers a protocol for laboratory chamber experiments to attain
times approaching more closely those of atmospheric aerosol residence times.
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Appendix A

Photochemical model

To estimate both OH concentration and the importance of OH reaction with later-
generation oxidation products, a photochemical model (Reactions R1–R23 below) was
constructed. Products through three generations of oxidation are included. Primary
oxidation products are those suggested by Birdsall et al. (2010) and Zhao et al. (2005)
with product yields and further oxidative pathways as derived from the MCM (Jenkin
et al., 2003; Bloss et al., 2005). Values of rate constants are listed in Table 3, and com-
pounds represented in the model are given in Table 4. Photolysis rate constants are
calculated using the irradiance spectrum measured for the chamber lights and absorp-
tion cross section values and quantum yields from Sander et al. (2011). The following
reactions are included:

H2O2+hν
jH2O2−→ 2OH (R1)

H2O2+OH
k1−→ HO2+H2O (R2)

RH+OH
k2−→ 0.54RO2 (R3)
k2−→ 0.29EPOX+0.29HO2 (R4)
k2−→ 0.17ROH+0.17HO2 (R5)

RO2+RO2
k3−→ prodRO2+RO2

(R6)

RO2+HO2
k4−→ ROOH (R7)

EPOX+OH
k5−→ EPOXO2 (R8)

EPOX+hν
jEPOX−→ prodEPOX+hν (R9)

ROH+OH
k6−→ 0.51ROHO2 (R10)
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k6−→ 0.42ROHOH (R11)
k6−→ 0.07RO (R12)

ROOH+OH
k7−→ prodROOH+OH+OH (R13)

ROOH+hν
jROOH−→ prodROOH+hν+OH (R14)

EPOXO2+HO2
k8−→ EPOXOOH (R15)

EPOXOOH+OH
k9−→ prodEPOXOOH+OH+OH (R16)

EPOXOOH+hν
jROOH−→ prodEPOXOOH+hν+OH (R17)

ROHO2+HO2
k10−→ ROHOOH (R18)

ROHOOH+OH
k11−→ ROHO2 (R19)

ROHOOH+hν
jROOH−→ prodROHOOH+hν (R20)

ROHOH+OH
k12−→ prodROHOH+OH (R21)

HO2+HO2
k13−→ H2O2+O2 (R22)

OH+HO2
k14−→ H2O+O2 (R23)
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Table 1. Instrument sampling protocol (times reported in elapsed hours).

Experiment duration
Group 18 h 24 h 30 h 36 h

Ia 0–18 0–24 0–30 0–36
IIa 0–18 16–24 22–30 28–36

a Group I instruments are the AMS and a RH and T probe.
b Group II instruments are the DMA, CIMS, GC/FID, O3 analyzer, and NOx analyzer.
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Table 2. Experimental conditions for 18-h irradiation experiments.

Seed Initial m-xylene Seed vol. Final m-xylene Final ∆Mo
a

(ppb) (µm3 cm−3) (ppb) (µgm−3)

AS 32.2±0.7 11.1±0.3 2.46±0.66 21.9±1.7
AS 31.8±0.7 12.3±0.3 0.84±0.66 24.7±1.9
MS+SA 32.9±0.7 10.5±0.4 1.94±0.66 22.5±1.8
MS+SA 32.4±0.7 10.8±0.4 1.15±0.66 21.7±1.7

a Lower bound limit
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Table 3. Rate constants for the photochemical model.

Rate constant Source
(cm3 molec.−1 s−1)

jH2O2
=2.9×10−6 (s−1) Sander et al. (2011)

k1 =1.8×10−12 Sander et al. (2011)
k2 =2.31×10−11 Calvert et al. (2002)
k3 =9.8×10−13 Birdsall et al. (2010)
k4 =1.96×10−11 MCM (Jenkin et al., 2003; Bloss et al., 2005)
k5 =8.02×10−11 MCM
jEPOX =1.24×10−4 (s−1) MCM and Sander et al. (2011)
k6 =9.1×10−11 MCM
k7 =1.17×10−10 MCM
jROOH =2.1×10−6 (s−1) Sander et al. (2011)
k8 =1.96×10−11 MCM
k9 =7.41×10−11 MCM
k10 =1.96×10−11 MCM
k11 =1.13×10−10 MCM
k12 =2.05×10−10 MCM
k13 =1.4×10−12 Sander et al. (2011)
k14 =1.1×10−10 Sander et al. (2011)
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Table 4. Compounds represented in the photochemical model.

Compound Structure Formula

RH C8H12

RO2
O O

HO

OO
C8H11O5

EPOX

O

O

O

C8H10O3

ROH OH C8H10O

ROOH O O

HO

OOH
C8H12O5

EPOXO2

O

O

OO

HO

O

C8H11O6

ROHO2

O
O

HO

HO OO C8H11O6

ROHOH OH
OH

C8H10O2
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Table 4. Continued.

Compound Structure Formula

RO O C8H9O

EPOXOOH

O

O

OOH

HO

O

C8H12O6

ROHOOH
O
O

HO

HO OOH C8H12O6

prodEPOXOOH+OH e.g.

O

O

O

HO

O
C8H12O5
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Fig. 1. SOA mass (left axis), corrected for particle wall losses, and m-xylene (right axis) for
36 h of OH exposure using AS seed. The lower bound ∆Mo is calculated assuming that, once
deposited, particles on the walls do not interact with gases in the chamber. The upper bound
∆Mo assumes that, once deposited, particles continue to exhibit the same gas-particle parti-
tioning 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 and deposited, and
includes seed volume. The fraction on the wall for the upper bound is the ratio of organic mass
concentration on the wall to the total organic mass concentration.
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Fig. 2. SOA mass (right axis) and O:C elemental composition (left axis) over 36 h of OH
exposure using AS seed. After hour 5, the O:C increases at a rate of 0.0012 h−1 (dashed
line).
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Fig. 3. Evolution of f43, f44, and O:C for 36 h of OH exposure. This system lies to the right of
the triangular region in which typical ambient aerosol resides, as shown by the dashed lines in
the inset (Ng et al., 2010).
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the end of the experiment (final growth) for the 36-h aging experiment. Prominent peaks are
identified. The mass of CO+ is estimated to equal that of CO+

2 .
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Fig. 5. Evolution of SOA chemical composition from high-resolution AMS measurements and
diameter of the maximum number distribution of suspended particles. In the top panel, the ion
signal is normalized by sulfate to account for particle wall losses. The sulfate-normalized ion
signal is then scaled by the average value at the peak concentration. The middle panel shows
the fractional contribution of each ion to the total organic mass signal. A relative ionization
efficiency of 1.4 is used when calculating the organic ion concentration. The dashed line at 5 h
corresponds to the reversal in trend of O:C.
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Fig. 6. Sources and sinks of a semivolatile gas-phase species, Ag, and particles containing
the condensed semivolatile species, Ap, during SOA aging. We do not explicitly indicate in
the sketch processes by which the particle-phase Ap attains a semisolid state, greatly affect-
ing continued exchange with the gas phase (Virtanen et al., 2010; Vaden et al., 2010, 2011;
Shiraiwa et al., 2011).
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Fig. 7. Trends in m-xylene concentration (left axis) and ∆Mo (right axis) when irradiation is
stopped once peak ∆Mo is attained.
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Fig. 8. Evolution of f43, f44, and O:C of m-xylene SOA. Irradiation was stopped after 12.4 h,
corresponding to the peak of ∆Mo. This point is denoted by the “x”. After irradiation stops, the
chemical composition of the SOA does not change significantly. The inset shows the position
of the data with respect to the triangular region characteristic of ambient SOA bounded by the
dashed lines, as defined by Ng et al. (2010).
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Fig. 9. Time evolution of products formed during m-xylene oxidation detected by the CIMS.
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Fig. 10. Elemental ratios of m-xylene aerosol condensed onto neutral (AS) and acidic (MS+SA)
seed particles.
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