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Abstract

Toluene and other aromatics have long been viewed as the dominant anthropogenic
secondary organic aerosol (SOA) precursors, but the SOA mass yields from toluene
reported in previous studies vary widely. Experiments conducted in the Carnegie Mel-
lon University environmental chamber to study SOA formation from the photo-oxidation
of toluene show significantly larger SOA production than parameterizations employed
in current air-quality models. Aerosol mass yields depend on experimental conditions:
yields are higher under higher UV intensity, under low-NO, conditions and at lower
temperatures. The extent of oxidation of the aerosol also varies with experimental
conditions, consistent with ongoing, progressive photochemical aging of the toluene
SOA. Measurements using a thermodenuder system suggest that the aerosol formed
under high- and low-NO, conditions is semi-volatile. These results suggest that SOA
formation from toluene depends strongly on ambient conditions. An approximate pa-
rameterization is proposed for use in air-quality models until a more thorough treatment
accounting for the dynamic nature of this system becomes available.

1 Introduction

Fine particles affect climate (IPCC, 2007) and human health (Dockery et al., 19983;
Davidson et al., 2005). The organic component of aerosol particles comprises about
one half of the fine-particle mass on average (Kanakidou et al., 2005; Zhang et al.,
2007). Recent work has shown that most of the organic-aerosol mass is oxygenated
organic aerosol (OOA) (Volkamer et al., 2006). Most of the OOA is expected to be sec-
ondary organic aerosol (SOA), which is produced when volatile organic compounds
(VOCs) or semi-volatile organic compounds (SVOCs) are oxidized in the gas phase,
forming less volatile products that can then partition to the particle phase. Thus, SOA
is expected to comprise a significant fraction of the atmospheric fine-particle mass.
Air-quality models currently under-predict the concentrations of organic aerosol in the
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atmosphere, especially in the summer and in urban areas (Volkamer et al., 2006; Gold-
stein and Galbally, 2007; Karydis et al., 2007), suggesting that we do not understand
anthropogenic SOA formation well.

Toluene (methylbenzene) and other light aromatics are thought to be the dominant
anthropogenic SOA precursors (Pandis et al., 1992; Koo et al., 2003; Vutukuru et al.,
2006). The emissions of toluene in the US are approximately 1 Tg Cyr'1, and seasonal
variations are small (LADCO, 1999). In addition to being an important SOA precursor
itself, toluene serves as a model system to study the formation of SOA from other
aromatic VOCs.

The ability of a precursor to form SOA is usually described by a fractional aerosol
mass yield — the mass of aerosol formed divided by the mass of VOC reacted. The
aerosol mass yields from the photo-oxidation of toluene reported in the literature vary
widely. In general, earlier studies (Stern, 1988; Izumi and Fukuyama, 1990; Forstner,
1996; Kleindienst et al., 1999, 2004; Hurley et al., 2001) reported smaller yields than
more recent studies (Takekawa et al., 2003; Ng et al., 2007), but a direct comparison
is often difficult because studies were conducted under different conditions and with
different aerosol mass loadings. Forstner (1996) measured a yield of 0.2% at 1 ug m=3
aerosol mass loading, Kleindienst et al. (1999) 1.6% at 8 ug m~3, Stern (1988) 2.5%
at 30 ug m~ and Hurley et al. (2001) 2.5% at 50 ug m~3. In more recent studies, Ng
et al. (2007) reported a yield of 11% at 23 ug m~° under high-NO, conditions and an
approximately constant yield of 30% under low-NO, conditions. Ng et al. (2007) sug-
gested that the constant yield with aerosol loading under low-NO, conditions implies
that the SOA formed can be represented as a single product with very low volatility (Ng
et al.,, 2007). Takekawa et al. (2003) found a yield of 20% at 283 K under high-NO,
conditions and a yield about a factor of 2 smaller at 303 K.

Differences in experimental conditions may cause these differences in measured
aerosol yields. For example, Hurley et al. (2001) did not use seed aerosol in their
experiments, which can affect the losses of semi-volatile compounds to the chamber
walls (Kroll et al., 2007; Pathak et al., 2007). Forstner (1996), Stern (1988), Kleindi-
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enst et al. (1999), Takekawa et al. (2003) and Hurley et al. (2001) conducted “classi-
cal” photo-oxidation experiments, starting with a toluene/NO, mixture plus propylene
or CH3;ONO to enhance photochemistry by increasing OH concentrations. More re-
cent studies have used more direct OH sources: HOOH in low-NO, experiments and
HONO in high-NO, experiments (e.g. Ng et al., 2007). Takegawa et al. (2003) did not
add OH enhancers in their high-NO, experiments. Several studies have suggested that
the SOA from toluene is formed from further oxidation of initial toluene photo-oxidation
products (Hurley et al., 2001; Takekawa et al., 2003), implying that several oxidation
steps are required before aerosol can be formed from toluene. The presence of mul-
tiple generations of oxidation products could well explain the variability among various
experiments. Using a more direct OH source such as HOOH or HONO may result in
higher OH concentrations and therefore faster oxidation, leading to more functionalized
products with lower volatility, resulting in higher aerosol mass yields.

Temperature is also an important factor in determining aerosol yields (Takekawa et
al., 2003). Stern (1988) and Forstner (1996) conducted their experiments in an outdoor
chamber without temperature control, resulting in average temperatures as high as
49°C. These high temperatures are expected to result in lower aerosol mass yields. In
addition, none of the studies mentioned above accounted for the loss of condensable
vapors to the walls of the chambers. Over the course of each chamber experiment,
organic mass builds up on the walls of the chamber by the deposition of particles.
Organic vapors can then condense on this organic wall mass. This effect is expected
to increase over the course of an experiment, so it might be particularly significant for
long experiments with slowly reacting VOCs like toluene.

Other experimental conditions seem not to have a significant effect. The organic
aerosol yields do not seem to be affected by acidities typically found in the atmosphere
(Ng et al., 2007). Aerosol yields also seem to be independent of the amount of liquid
water in the seeds (Edney et al., 2000).

This work addresses a number of questions raised by the previous studies. Toluene
photo-oxidation experiments are performed under different conditions in order to:
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1. Investigate the discrepancy between the low yields measured in earlier studies
(less than 3% for ambient conditions) and the higher values (10-30% for similar ACPD

conditions) reported more recently. O R B

2. Propose and apply a method to correct aerosol mass yields for the loss of organic

vapors to the walls of the chamber. High formation of

3. Study the dependence of aerosol mass yields on UV intensity, temperature and secondary organic
the level of NO,. aerosol from toluene

4. Directly measure the volatility of the organic aerosol using a thermodenuder sys- L. Hildebrandt et al.
tem.

5. Characterize organic aerosol formed under the different experimental conditions
for extent of oxidation, and

6. Suggest new parameters to be used in air-quality models for aerosol yields from
toluene and other small aromatic compounds.

2 Materials and methods
2.1 Experimental setup

Batch experiments were conducted in the environmental chamber of Carnegie Mellon’s
Center for Atmospheric Particle Studies (CAPS). The chamber is a 12m?® Teflon bag
(Welch Fluorocarbon) suspended inside a temperature-controlled room. Before each
experiment, the bag was cleaned with dry, clean air created by passing compressed
air through high-efficiency particulate air (HEPA) filters and activated-carbon filters to
remove particles and organic vapors, and through silica gel to remove moisture. Hydro-
gen peroxide (H,0,) was then introduced into the chamber by bubbling clean, heated
air through a 50/50 solution of H,O, in water (Sigma Aldrich). Ammonium sulfate
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((NH4),S0O,4, Sigma Aldrich, 99.99%) seed particles were created using a constant-
output atomizer (TSI, model 3075) and were passed through a diffusion dryer and
a neutralizer into the chamber. Nitric oxide (NO) was added to the chamber for high-
NO, (=NO+NO,) experiments using a high-pressure gas cylinder of 0.01% NO in N,
(Valley National Gas). Toluene (Sigma-Aldrich, 99%) was introduced to the chamber
via a septum injector in which clean air was passed over the injected liquid toluene to
vaporize and transfer it to the chamber. The walls of the temperature-controlled room
are lined with UV lights (General Electric model 10526 black). After the particles and
gases were injected into the chamber and allowed to mix, the UV lights were turned on
to initiate photo-oxidation reactions and SOA formation.

Particle number and volume inside of the chamber were measured using a scanning
mobility particle sizer (SMPS, TSI classifier model 3080, CPC model 3071 or 3010). In
order to convert the SMPS volume measurements to mass concentrations, an organic
mass density of 1.4gcm'3 was used based on literature data (Ng et al., 2007). Par-
ticle mass was also measured directly by a Quadrupole Aerosol Mass Spectrometer
(Q-AMS, Aerodyne Research, Inc). The Q-AMS alternated between operating in mass
spectrum (MS) scanning mode and in particle time-of-flight (PToF) mode every fifteen
seconds (Jayne et al., 2000; Jimenez et al., 2003). The sample averaging time was set
at five minutes, and the vaporizer temperature was 600°C to ensure complete vapor-
ization of the ammonium sulfate seed. Measurements of organic mass using the AMS
are not dependent on an assumed organic density. The collected data were analyzed
using the standard AMS fragmentation table (Allan et al., 2004), with a few modifica-
tions. The particle mass appearing at mass-to-charge ratio (m/z) 39, entirely attributed
to potassium in the standard fragmentation table, was here attributed to organic mate-
rial. The particles formed in these experiments are not expected to contain potassium,
and the time trend of m/z 39 clearly followed that of the organic signal. Further, all
nitrate observed by the AMS in these chamber experiments is assumed to be due to
organic nitrate; therefore, the nitrate signal from the AMS was added to the organic
signal for aerosol mass yield calculations. The AMS provides three separate quantities
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important to the SOA measurements: the aerosol size distribution based on the vac-
uum aerodynamic diameter, the total organic mass, and the ratio of organic to sulfate
mass. The organic to sulfate ratio is the most precise of these measurements and thus
forms the basis for our estimates of net SOA formation.

Concentrations of toluene were monitored using a proton-transfer reaction mass
spectrometer (PTR-MS, lonicon Analytik GmbH). PTR-MS measurements of toluene
were corrected for ion-source intensity and humidity as suggested by de Gouw
et al. (2003) using their measured, compound-specific parameter for toluene. Toluene
measurements were calibrated in two different ways: 1) Off-line, by comparison to
toluene concentrations measured via gas chromatography with a flame ionization de-
tector (GC-FID, Perkin-Elmer AutoSystem XL; J&W Scientific DB-624 capillary column,
30 mx0.530 mm) after preconcentration (Entech 7100A); and, 2) On-line, by compar-
ison to the toluene volume injected into the chamber. Online calibrations were pre-
formed for each experiment; offline calibrations were performed periodically, and they
agreed well with online calibrations. A sensitivity factor (ppb toluene/ normalized counts
measured by the PTR-MS) was thus calculated and applied to all experiments.

Ozone and NO, concentrations were measured by gas-phase analyzers (Monitor
Labs model 8410, API model 200A). Temperature and relative humidity were measured
using thermistors and a commercial humidity sensor (Vaisalla). Table 1 summarizes
the experimental conditions of the experiments presented here.

The volatility of SOA produced from the photo-oxidation of toluene was analyzed
using the thermodenuder system described by An et al. (2007). The SOA generated in
the chamber passes alternatively through the thermodenuder, heated to a predefined
temperature, or a bypass line. The aerosol flow direction is controlled by two 3-way
valves. Activated charcoal is used in the cooling stage to absorb the organic vapors
and thereby avoid recondensation. Particles are sent through the same sampling line
to an SMPS for measurement of the online particle size distribution and to the Q-AMS
for real-time measurement of the aerosol chemical composition. The volatility is then
determined by comparing the residual aerosol after the thermodenuder to the aerosol
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that was passed through the bypass.
2.2 Quantifying SOA production

The aerosol mass yield, Y, is defined as the ratio of the concentration of aerosol
formed, divided by the mass of VOC reacted:

v Con (1)
ACtoI

where Cq, is the total mass concentration of organic aerosol in the system and AC,,

is the change in the mass concentration of toluene. The objective of an experiment is

thus to measure the above two quantities and therefore the aerosol mass yield.

The SOA is assumed to be in equilibrium, and the partitioning of organic compounds
between the gas and particle phase can be characterized by an effective saturation
mass concentration C;. The fraction of a given compound / in the condensed (particle)
phase is given by (Donahue et al., 2006):

* -1
&= <1+ € > with Coa= > Cié; )

Con

where C; is the concentration of compound / in the particle phase.
2.2.1 Calculating the total SOA concentration in the chamber

Observations of the suspended particle mass concentration must be corrected for
losses to the chamber walls. Wall losses come in two forms: direct deposition of
particles to the walls, and mass transfer of condensable vapors to the walls — most
probably onto previously deposited particles. Deposition of particles has been ad-
dressed extensively before (Crump and Seinfeld, 1981; McMurry and Rader, 1985;
Pierce et al., 2008). Mass transfer of organic vapors to the walls has not received as
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much attention, and it is a more vexing problem because it is not directly constrained
by measurements.

The presence of inorganic seeds allows us to formulate the problem in terms of the
mass balance of inorganic and organic material. The mass of the inorganic material
changes only due to deposition of particles to the walls, consequently,

d CSUS

E seed = _/(W(l“)csuS (3)

seed

where ngzd is the concentration of seed aerosol in suspension and k,(f) is the time-
dependent rate constant for mass loss due to particle deposition onto the walls (hence-
forth referred to as wall deposition constant). Similarly, the change in the seed-particle

mass on the walls is:

d I

— |cua] = koness,. @
The change in the suspended organic particle mass in the chamber Cg“:‘ is:

d CSUS _ k (t)CSuS +PSUS (5)
dt L7oa] = "Twi¥/ oA

where k,,,,(z‘)Cf)‘fAs is the loss rate of organic particle mass to the chamber walls due to
deposition and P*"° is the net rate of mass transfer of organic vapors to the suspended
particles (condensation — evaporation). In the above equation we implicitly assume
that the wall deposition constant k,(f) of the organic material is the same as that
of the inorganic material, i.e. that organics and inorganics are internally mixed. This
assumption will be addressed in Sect. 3. The change in organic particle mass on the
walls Cgf\" is given by:

% [Cgi‘"] = k, (t)C3, + pwall .
where P"@ is the net rate of mass transfer of organic vapors to the chamber walls.

The methods to determine P%*S and P"" from SMPS and AMS data are described in
701
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more detail below. The goal is to determine the total organic aerosol concentration,
COA=CSf+CgZ”, so that we can use it in Eq. (1) to calculate the corresponding aerosol

mass yield. C"O"f\" and C;":;'d are ratios of the mass on the wall to the volume of the
3

chamber and therefore have units of ugm™".
The wall deposition constant depends on the particle size and charge distribution
and the level of turbulence inside the chamber. It is estimated semi-empirically here by
fitting the observed wall loss before and after each experiment, using measurements
when the UV lights are turned off and wall loss is the only process changing the to-
tal particle mass suspended in the chamber. To account for wall loss throughout the
experiment, k,, is interpolated linearly with time for the duration of the experiment.

2.2.2 Condensation of organic vapors to chamber walls

To determine P‘”a", we assume that condensable vapors are not lost to the clean Teflon

walls, but instead condense onto particles that have been deposited to the walls. This
is a complex process, so here we will limit our analysis to constraining the problem with
two limiting cases. Case 1 assumes that the condensable products only partition to
the suspended particles, so there is no wall condensation and P"-0. Previous wall-
loss treatments that only account for particle deposition onto the chamber walls are
consistent with this assumption. Case 2 assumes that condensation to the particles on
the walls is not slowed by any additional mass-transfer resistances, so the particles on
the walls are in equilibrium with the organic vapors and behave exactly as if they were
suspended. There is no obvious reason why particles deposited to the chamber walls
should completely lose contact with the vapors in the chamber, a conclusion supported
by the precursor spiking experiments of Weitkamp et al. (2007). However, we cannot
rule out a mass-transfer limitation to the walls, and a conservative approach is to treat
these two limiting cases, while noting that the true behavior of the system may be
somewhere in between. Mass transfer of organic vapors to the walls (Pwa") in case 2
scales with the particle mass fraction on the walls. Therefore, the limiting cases diverge
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and uncertainty in the observed SOA production increases during an experiment.
2.2.3 Estimating SOA production based on SMPS data

Using k,(t) estimated as explained above, the initial inorganic seed aerosol concen-
tration measured by the SMPS and the inorganic density 0.4, the predicted seed
aerosol mass in suspension throughout the experiment is

t

C25(1) = Puaed @) 0xp | - [ (010t | -
0
The suspended organic-aerosol mass concentration measured by the SMPS is propor-

tional to the difference between the measured volume, Vgpg and the inorganic aerosol
volume:

sus C:g:d(t)
Con(t) = Poa | Vsmps(t) - — ] - (8)

seed

An inorganic density of pgeeq=1.779 cm™3 (ammonium sulfate) and organic density of
Poa=1 .4gcm'3 based on literature data (Ng et al., 2007) is used to convert aerosol
volume to suspended aerosol mass concentrations.

In the two limiting cases, the calculations are straightforward. Neglecting condensa-

tion onto the walls (case 1), P*®(+)=0 and
t

Conlt) = C3(0) + [ k(103 Dt ©
0

where the second term is just the integral of Eq. (6). This case provides a lower limit for
SOA formation, and it is by far the most widely applied in the literature. For case 2, the
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organic to sulfate ratio remains the same for the suspended and wall-deposited parti-
cles because there are no mass-transfer limitations between the particles in suspen-
sion and those on the walls. Because the mass of ammonium sulfate is conserved in
the combined system (suspended+walls): % [Cseed] =0, the amount of organic aerosol
formed can be calculated by multiplying the ratio of suspended organic aerosol to inor-
ganic seed aerosol by the total initial mass of seed aerosol. Thus,
Conl)
= CSs (t =0) (10)
Ciaedlt) >
where t=0 corresponds to the time when the lights were turned on, starting photo-
chemistry and the formation of organic aerosol.

oal(?)

2.2.4 Estimating SOA production from AMS data

In the AMS, Cox(t) and CZosy(t) are measured directly and do not need to be calcu-
lated. The ratio of suspended organic mass and suspended seed mass can thus be
determined without the need to estimate the wall deposition constant. Assuming that
the particles are internally mixed, this ratio is independent of the collection efficiency
(CE) of particles in the AMS, which is uncertain and can change over the course of
an experiment. In the experiments conducted here, for example, the CE of the parti-
cles increases when organics start forming on the seed particles, presumably because
the organic material reduces particle bounce on the vaporizer of the instrument. This
variation of CE in the AMS and the associated uncertainty in the absolute mass mea-
surement is why we do not use the AMS to calculate Cq, for case 1. For case 2, where
the wall-deposited particles behave as if they were suspended, the amount of aerosol
formed can be calculated by Eq. (10). The SMPS measurement of the initial ammonium
sulfate concentration is used for this calculation since it is not prone to uncertainties
regarding the collection efficiency and is thus deemed to be more accurate.

Figure 1 shows C3,\/Ceay Measured using the AMS during a typical low-NO, ex-
3

periment (Experiment 12). The initial ammonium sulfate concentration was 47 ugm™.
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After 80min of photo-oxidation, 126 ug m™ of toluene had been oxidized and

CoR/C ~1, s0 47 ugm™ of SOA had been formed and the SOA mass yield was
37% for this case.

2.3 Composition of organic aerosol — extent of oxidation

Relative spectra, the fractional contributions of the organic fragment at each m/z to the
total organic mass, are calculated from the Q-AMS data. The mass fragment at m/z 44
mostly corresponds to the cog ion (Aiken et al., 2008) and can therefore be used as
a semi-empirical measure of the extent of oxidation in the system. Aiken et al. (2008)
have shown that the fraction of organic mass at m/z 44 can be used to approximate the
oxygen to carbon (O/C) ratio in the organic aerosol. They found significant correlation

between O/C and m/z 44 described by the following least-squares fit:

[m/z 44](ug/m°)

Coalug/m?)

This correlation was mostly derived from ambient measurements in Mexico City, so the
applicability to the data presented here is uncertain. However, it can still provide an
estimate of the O/C ratio of the organic aerosol formed in these experiments, and the
fraction of the organic signal at m/z 44 is still expected to be correlated with the extent
of oxidation of the SOA.

(0/C)=3.82 +0.0794. (11)

2.4 \Volatility of SOA

. . . £SUS_ ASUS /ASUS
The volatility of the organic aerosol can be calculated from changes in ~"=CJ, /Ceony

measured by the AMS, comparing fﬁgS(TTD), the organic fraction of the aerosol after
it was sent through the thermodenuder at temperature T7p, to ftf;;aSS(Tbypass), the or-
ganic fraction of the aerosol after it was sent through the bypass, maintained at a con-

stant temperature 7y, .5 (room temperature). The mass fraction remaining (MFR) after
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volatilization in the thermodenuder is given by:

frp (Trp)
fSUS

MFR(Trp) =
bypass (Tbypass)

(12)

Using the organic fractions °“° rather than the total organic aerosol mass to calculate
MFR removes the need for a wall-loss correction and avoids the associated uncertain-
ties.

2.5 Parameterizing aerosol yields

Even simple SOA systems involve 10’s to 100’s of chemical products, and often rel-
atively small mass yields of aerosol are important. This means that the compounds
contributing to SOA formation may be numerous and also relatively minor reaction
products. Furthermore, they may evolve over time, and their physical properties, such
as vapor pressures and activity coefficients, are usually not known. Because of this,
we characterize SOA formation with an empirical approach known as the Volatility Ba-
sis Set (VBS), in which products are separated based on their most relevant property
— volatility — given by C*. Equation (2) suggests that C* is simply the organic aerosol
mass concentration at which a given compound is found 50% in the gas phase and
50% in the particle phase. It is convenient to separate products into volatility bins that
are regularly spaced by factors of 10 in C*-space (Donahue et al., 2006). The exact
set depends on the problem at hand, and here we shall consider 4 bins ranging from
1ug m~> to 1000 Mg m~2, because that is the approximate range of SOA mass covered
in these experiments. We can then describe an SOA forming reaction in terms of mass
yields a; of products P;. The product yields a; are related to the aerosol yield Y by

Y = z a;$; (13)

where ¢; is the mass fraction of bin / in the condensed phase, as given by Eq. (2).
The simplest case is one in which a single reaction connects the precursor to first-
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generation products with yields a; that do not change over time. The product concen-
trations F; are then just a simple product of the precursor consumption AC

P = aiACprec : (14)

An example is the ozone+a-pinene system (Presto and Donahue, 2006). In this case,
Odum et al. (1996) showed that one can simply observe the SOA mass yields as a func-
tion of SOA concentration in one or a succession of experiments, obtaining {Y(Cga)}
and invert these data using Egs. (1) and (2) to obtain the a;. This can be accomplished
via nonlinear least-squares fitting (Stanier et al., 2008).

However, when progressive oxidation (aging) occurs, as with OH oxidation experi-
ments such as the ones presented here, the product distribution may not be constant,
and the simple fit mentioned above may not be valid. The situation is more compli-
cated when the aging is continuous, especially when the precursor is relatively non-
reactive and the oxidation products are significantly more reactive, which is probably
the case here. Several generations of products will emerge and change in concentra-
tion continuously over the course of an experiment. Here, we approximate basis-set
parameters for this system for use in air-quality models until a more thorough treatment
of these dynamic systems becomes available. These parameters do not capture the
full dynamic evolution of the toluene SOA (the aging), but they do reasonably reproduce
the chamber data.

3 Results

The increasing organic to ammonium sulfate ratio shown in Fig. 1 implies that organic
mass is transferred to the suspended particles (those we measure with the AMS)
throughout the experiment. The aerosol mass concentration calculated from SMPS
volume measurements for this experiment (Egs. 9 and 10) are shown in Fig. 2. Time is
referenced to the onset of photolysis (t=0). The total suspended aerosol mass (black
solid line) declines continuously due to wall losses, even as the organic to ammonium
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sulfate ratio increases. For {<0 the aerosol is entirely inorganic seed and its evolu-
tion is entirely due to wall losses. The modeled inorganic suspended aerosol mass
(black dotted line) calculated from Eq. (8) thus tracks the total suspended mass Cg‘jf'(t)
for t<0. When the UV-lights are turned on, initiating toluene oxidation, the measured
mass deviates from the modeled inorganic mass, consistent with net condensation of
organic aerosol and C(S)Ljf(t)>0 (Eq. 9).

The suspended particles all consist of ammonium sulfate cores coated with toluene-
derived SOA, but the organic to sulfate ratio is a function of the particle size. Three
pieces of evidence confirm this. First, the particle size distribution measured by the
SMPS remains monomodal as it grows after oxidation commences, consistent with
the mass transfer of organic material to the pre-existing ammonium sulfate seed. The
absence of a second particle mode suggests that nucleation does not occur to a mea-
surable extent. Second, the apparent sulfate signal in the AMS rises after SOA con-
densation commences, consistent with an SOA coating leading to increased particle
collection efficiency (and thus internally mixed particles). Third, the organics clearly
appear on the existing sulfate mode, albeit shifted somewhat toward smaller sizes.
This is shown in Fig. 3, which plots the AMS particle time-of-flight aerodynamic size
distribution for experiment 12 averaged between 1 and 2 h after the onset of photol-
ysis. These time-of-flight spectra are consistent with condensational coating of the
inorganic seeds, which will scale with inorganic surface area and not mass. Because
the organics appear to be coating the sulfate, and not mixing with it, this also supports
the hypothesis that the seed particles have little effect on the SOA mass yields, other
than to prevent the “induction effect” caused by wall condensation before new particle
formation sometimes observed in “nucleation” (non-seeded) experiments (Kroll et al.,
2007; Pathak et al., 2007).

The offset in the aerodynamic size distributions of organic and inorganic material
shown in Fig. 3 suggests that 7°“® does depend on particle size. The assumption
that k, is the same for ammonium sulfate and organics may thus introduce some
error in the mass yield calculations. If particle wall loss is dependent on particle size,
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ammonium sulfate and organics will be lost at slightly different rates. The wall loss
of organics is probably higher than that of ammonium sulfate since the aerodynamic
size distribution of the organics is shifted to smaller sizes relative to that of ammonium
sulfate, and smaller particles in this size range are expected to have higher wall-loss
rates. This introduces a negative bias in the organic aerosol mass yield calculations.
Given that the difference in the mode diameters was less than 0.1 um (aerodynamic
diameter; the difference is smaller in mobility diameter) and that the depositional loss
curve is relatively flat in this size region (Pierce et al., 2008), we estimate that the error
introduced by assuming a common k,, is only a few percent.

3.1 Quantifying SOA production

Assumptions regarding the wall-loss correction represent the largest uncertainty for
quantifying the SOA production. To illustrate this uncertainty, the two extreme estimates
of the wall-loss corrected mass are shown in Fig. 2, where the uncertainty in the wall
correction is represented by the area between these two curves. The area increases
throughout the experiment as the uncertainty due to the wall-condensation correction
increases. Because of this increasing uncertainty with time, we focus on yield data for
the first 3 h of each experiment.

Using the wall-loss corrected masses presented in Fig. 2 and the decay of toluene
measured by the PTR-MS (not shown), we can calculate the fractional aerosol mass
yield for these two bounding cases (Fig. 4). When presented as a function of Cq,, the
uncertainty resulting from the wall correction is small. This is because, neglecting wall
condensation results in smaller aerosol yields (y-axis), but also in smaller Cp (x-axis).
This is reassuring since traditional air-quality models as well as newer formulations us-
ing the basis-set approach (Donahue et al., 2006) essentially model the formation of
aerosol as a function of the total organic aerosol concentration. In addition, the uncer-
tainty is even smaller for Cop<10 g m'3, which is the more atmospherically relevant
range of organic aerosol concentrations.

The yield data for the case of no wall condensation (case 1) are presented in two
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different ways in Fig. 4. One (open circles) is consistent with previous studies: the
total organic aerosol mass COA(t)zcg“,'f(t)+Cg?\"(t) is used for the aerosol mass yield
calculations (Eqg. 1) and as the dependent variable (x-axis). However, there is a logical
flaw in this representation: Neglecting wall condensation assumes that there are no
interactions between organic vapors in suspension and the organic vapors deposited
on the walls. Therefore, while Cgf\"(t) describes organic-aerosol mass that was formed
and should therefore be included in the calculation of mass yield, it is assumed to not
affect the partitioning behavior in the system and should therefore not be included on

sus wall

the x-axis. A consistent representation of this case would plot Yzﬁ as a function

of C(S)‘jf. Plotting the case 1 mass yield data in this way for experiment 7 results in
case 1 yields (no wall condensation, solid circles) that are higher than case 2 yields
(wall-vapor equilibrium, solid diamonds). Note from Fig. 4 that the difference in either
of the case 1 models and the case 2 model is small. The remaining analysis will utilize
the case 2 aerosol mass yields, which are not only more consistent with equilibrium
thermodynamics but also with earlier studies (Weitkamp et al., 2007).

Figure 5 compares the aerosol mass yields from experiment 7 from the SMPS data
and the AMS data, assuming wall-vapor equilibrium (Eq. 10). Note that these measure-
ments agree very well for this experiment. However, the agreement between yields cal-
culated from SMPS data and those calculated from AMS data is not always this good.
The agreement in the yields as a function of time calculated from both instruments is
usually within 50%; the agreement is better for yields as a function of Cq,. However,
in low-mass experiments in which total organic aerosol loading and *“° are small,
SMPS yields cannot be calculated reliably because they rely on calculating a small
difference. In this system, it is not advisable to use SMPS yield data when, after one
hour of photo-oxidation, C3 is less than 10ugm™ and £°*° is less than 0.3. In gen-
eral, and particularly for smaller organic aerosol loadings, the precision of the AMS
data is expected to be superior since the mass-yield calculations from AMS data are
based on the directly measured organic to sulfate mass ratio, while the calculations
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from SMPS data rely on computing the small difference between two number size dis-
tribution measurements. Furthermore, the mass yields calculated from the SMPS are
strongly dependent on the measured particle wall deposition constant k,(f), which
introduces additional uncertainty and potential for error. Consider, for example, exper-
iments 11 and 12, which were run at very similar conditions and are hence expected
to give similar results (Fig. 6). The AMS yields calculated from these two experiments
agree well; however, the SMPS yields do not agree well, especially not in the later
stages of the experiment. This difference might be due to the estimated wall deposition
constant: k, of experiment 11 increased by almost a factor of 2 during the experiment,
while k, of experiment 12 changed by less than 10%, which is more consistent with
other experiments. This high measured k,, in experiment 11 leads to an overestimation
of the wall loss and therefore an overestimation of the organic aerosol formed.

3.2 Dependence on experimental conditions

The yields measured in this study clearly depend on experimental conditions. In this
section we shall compare experiments where a single parameter (e.g. temperature)
varies while other conditions remain the same or similar. We are thus experimentally
determining partial derivatives of this complex yield surface.

Figure 7 shows the effect of the UV intensity on the aerosol yield under high-NO, con-
ditions: When all UV lights are used (experiment 3) the aerosol mass yield is higher
than when one third of the UV lights are used (experiment 1). The NO, photolysis
rate, measured in separate experiments, was 0.18 min~' when all UV lights were used
and 0.06 min~" when one third of the UV lights were used, thus the photolysis rate is
proportional to the number of UV lights used, as expected. Even though less SOA is
formed under the less active photochemical conditions (fewer UV lights used), the OH
levels (based on the observed toluene decay rate) are not significantly lower at lower
UV intensity. Other factors (photolysis of organic hydroperoxide intermediates, HO,
levels) may drive these changes. What is clear is that the toluene SOA system is sen-
sitive to UV intensity. The photolysis rate of 0.18 min~" is more similar to atmospheric
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conditions (0.53 min~" at solar zenith angle 0° and 0.21 min~" at solar zenith angle 70°
(Carter et al., 2005)); hence all UV lights were used in experiments 2 to 13. A sum-
mary of the aerosol mass yields at 10 ug m~ and 20 Hg m™ measured for the different
experiments is presented in Table 1.

Figure 8 compares experiments conducted at different temperatures. The aerosol
yield data from experiments 5 and 6 show the temperature dependence under high-
NO, conditions: at 10 ug m™3 organic aerosol loading, aerosol yields are 80% higher at
11°C (experiment 5) than at 32°C (experiment 6). Experiments 9 and 10 show the tem-
perature dependence under low-NO, conditions: at 10 ug m™> organic aerosol loading
aerosol yields are 120% higher at 11°C (experiment 9) than at 32°C (experiment 10).
Aerosol yields are higher at lower temperature under both low-NO, and high-NO, con-
ditions. This is consistent with equilibrium partitioning of semi-volatile products.

Figure 9 compares the yields at different NO, levels. At 11°C (top panel), the aerosol
mass yield at 10 pg m~3 organic aerosol loading is 50% higher in experiment 9 (low
NO,) than in experiment 5 (high NO,); at 20°C (not shown), the aerosol mass yield at
10 g m~2 is 30% higher in experiment 7 (low NO,) than in experiment 2 (high NO,);
at 32°C (bottom panel), the aerosol mass yield at 10 ug m~2 is 20% higher in exper-
iment 10 (low NO,) than in experiment 6 (high NO,). Thus, at all temperatures in-
vestigated, aerosol yields are lower under high-NO, conditions, suggesting that the
products formed under high-NO, conditions may be more volatile than those formed
under low-NO, conditions. The NO, level appears to have a smaller effect at higher
temperatures.

3.3 Composition of organic aerosol — extent of oxidation

The oxidation state of the organic aerosol, presented the percent of the organic signal
due to mass at m/z 44 (henceforth referred to as %44) is presented in the inset of
Fig. 7 for a long toluene photo-oxidation experiment (experiment 3). Note that the oxi-
dation state of the aerosol did not change appreciably throughout the experiment. The
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same was observed in all other experiments presented in this study. This is in contrast
to “simple” SOA cases such as terpenes+ozone (Zhang et al., 2006; Grieshop et al.,
2007), where the oxidation state decreases markedly as Cgj rises. Those simple cases
are consistent with the hypothesis that terpene ozonolysis produces a stable distribu-
tion of products in which the more oxidized compounds tend to have lower saturation
concentrations; in that case increased Cq, Will result in a reduced %44. Conversely,
in oxidized systems that are already dominated by low-volatility material (for example
diesel emission), %44 increases with Co, (Sage et al., 2007). The signature of a fixed
product distribution (i.e. ozone+terpenes) is thus often a decrease in %44 with a large
increase in Cop While the signature of chemical aging (i.e. evaporated primary emis-
sions) is a sharp increase in %44 with a modest increase in Cp,. It appears that the
toluene system may be a mixture of these two phenomena.

Even though %44 does not change over the course of an experiment, there is sig-
nificant variability in %44 between experiments, as noted in Figs. 7-9 and summarized
in Table 1. The oxidation state of the aerosol, represented by %44, is higher for ex-
periments conducted at higher temperature (Experiment 6 vs. 5 and experiment 10
vs. 9). This is consistent with the notion that less oxidized compounds (lower %44)
have higher volatility, resulting in less partitioning of these products into the aerosol
phase at higher temperatures. There is no clear trend in %44 in the low- versus high-
NO, experiments of this study. This is not inconsistent with the mass-yield data since
lower volatility (and therefore higher mass yields) can be caused by increased branch-
ing, not just increased oxidation of the aerosol products. Aerosol formed under higher
photochemical activity (more UV lights, experiment 3) is more oxidized (higher %44)
than aerosol formed under lower photochemical activity. This variation in %44 be-
tween experiments indicates that the product distribution of SOA formed from toluene
photo-oxidation may depend on experimental conditions. The range of different %44
measured in these experiments (6% to 13%), corresponds to an aproximate range in
O/C of 0.3 t0 0.6 using Eq. (11).
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3.4 Volatility of SOA

Volatility measurements show that the aerosol formed under low- and high-NO, con-
ditions is clearly semi-volatile. Under high-NO, conditions, approximately 60% of the
organic-aerosol mass evaporates at 38°C and 16.5 s centerline residence time (exper-
iment 13). Under low-NO, conditions approximately 55% of the organic aerosol mass
evaporates at 39°C and 16.5s residence time (experiment 8) and more than 90% of
the organic aerosol mass evaporates at 52°C. This behavior is inconsistent with the
suggestion of Ng et al. (2007) that the toluene SOA under low-NO, conditions could be
described by a single, non-volatile product. This illustrates the difficulty of interpreting
yield data for this complex system. The observation that the aerosol is semi-volatile is
consistent with the presence of a yield dependence on temperature. The product distri-
bution of the SOA seems to change upon heating, as %44 is higher in the aerosol after
the thermodenuder than in the aerosol after the bypass line. In experiment 8, %44 was
about 20% higher in the thermodenuder aerosol than in the bypass aerosol when the
thermodenuder temperature was 52°C, and about 10% higher when the temperature
was 39°C. We plan to characterize the volatility of organic aerosol formed from toluene
photo-oxidation more thoroughly in future work.

3.5 Comparison to previous studies

The yields observed in these experiments are higher than those reported previously.
Potential explanations for differences between older studies and the more recent stud-
ies were addressed in Sect. 1.1. Here we shall focus on the relatively smaller differ-
ences between the present study and the recent study of Ng et al. (2007).

The top panel of Fig. 10 compares the results from this study’s low-NO, experiments
conducted at 20°C and the low-NO, experiments conducted by Ng et al. (2007, solid
circles) at similar temperatures. Quantitatively, the results from these two studies agree
reasonably well. But, the qualitative behavior of aerosol yield with organic aerosol con-
centration is different: the yields observed in this study increase steadily with aerosol
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concentration while the yields observed by Ng et al. (2007) are constant. This dif-
ference may be due to differences in the interpretation of the data: while this study
presents dynamic yields that have been corrected for condensation of organic material
onto wall particles, the yields reported by Ng et al. (2007) are maximum yields that
have not been corrected for wall condensation (Ng et al., 2007).

The bottom panel of Fig. 10 compares the results from this study’s high-NO, experi-
ments conducted at 20°C and the high-NO,, experiments conducted by Ng et al. (2007)
under similar conditions. The vyields reported in this study are higher than those re-
ported in the previous study. One difference between these experiments is that, in the
present study, the NO, is present mostly as NO, since all NO is quickly converted to
NO, in a few minutes after the UV lights are turned on. Therefore, while the experi-
ments are conducted under high-NO, conditions, the conditions are low NO for most
of the time, which may affect gas-phase chemistry. A further difference is that the
average temperatures in the experiments of Ng et al. (2007) were slightly higher and
less controlled than in the experiments reported here. Finally, the yields reported by
the previous study were not corrected for the condensation of organic vapors onto wall
particles. Applying this correction is expected to result in higher organic aerosol yields.
Aerosol mass yields appear to be highly sensitive to experimental conditions as well
as corrections of the data for losses to the chamber walls.

3.6 Aerosol yield parameterizations

Volatility basis set (VBS) parameters consistent with the data at 20°C are presented
in Table 2 for low-NO, and high-NO, conditions, and yield curves resulting from these
parameterizations are shown in Fig. 10. These basis-set parameters do not account
for the dynamic nature of the system. A new framework and application for dynamic
basis-set parameters will be presented in a future publication.

Table 2 also records “historical parameters”, the parameters currently used in air-
quality models for small aromatic anthropogenic VOCs such as toluene (Lane et al.,
2007), and the resulting VBS yield curves are shown in Fig. 10. Note that the param-
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eters consistent with the data presented in this paper far exceed the historical param-
eters. This means that air-quality models employing these new parameters will predict
significantly more anthropogenic SOA, partially closing the mass gap between model
predictions and ambient observations (Volkamer et al., 2006).

4 Conclusions

The SOA yields from the photo-oxidation of toluene are higher than previously reported
values. Though the SOA yields show variability consistent with complex toluene pho-
tochemistry, in all cases they are significantly higher than current model parameteri-
zations predict. The main differences between this study and previous studies which
reported lower yields are: First, experimental conditions such as temperature, the lev-
els of NO and NO, and the amount of UV lights used, which affect measured SOA mass
yields. Second, the use of the AMS to calculate SOA mass yields. Yields calculated
from the SMPS are frequently not reliable, especially when organic aerosol loading
and/or the ratio of suspended organic mass to inorganic mass is low. And third, the
correction for the condensation of organic vapors to the walls of the chamber. We are
the first to apply this correction, which is more important in this dynamic, slowly reacting
system. The correction is also more important for experiments conducted without seed
aerosol, and experiments conducted in smaller environmental chambers. We suggest
yield parameters consistent with these data which should be used in air-quality models
as an approximation of a more thorough treatment of this dynamic system.
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Table 1. Experimental conditions and summary of results.

ACPD
9, 693-733, 2009

Exp. [Toluenely [NO,], vag [VOC],/[NO,], Lights Aerosol mass® Aerosol mass® m/z 44°
Yield at Yield at
Coa=10pgm™>  Cop=20pgm™
(ppb) (ppb)  (°C) ppbC/ppb (%) (%) (%) (%)
1 940 1300 20 5.1 30 8 12 5.8
2 380 720 20 3.7 100 16 21 9.2
3 950 570 20 12 100 11 17 9.2
4 190 320 17 4.2 100 28 37 10.5
5 180 270 11 4.7 100 32 44 9.4
6 200 430 32 3.3 100 19 26 11
7 380 <5 20 High 100 26 41 8.1
8 270 <5 11 High 100 29 40 7.3
9 180 <5 11 High 100 49 66 7.9
10 200 <5 32 High 100 23 31 13.4
11 570 <5 21 High 100 18 26 7.6
12 570 <5 21 High 100 20 26 8.4
13° 180 330 11.6 3.8 100

High formation of
secondary organic
aerosol from toluene

L. Hildebrandt et al.

& Subscript 0 denotes initial condition (immediately before UV lights are turned on).

b Temperature averaged for the duration of the experiment. Temperature fluctuations during the

experiment are less than 2°C.
¢ Mass concentration of SOA calculated from the AMS for case 2.
4 Calculated from relative organic spectra from the AMS.

© Experiment was not used for yield calculations due to poor AMS calibration that day. The
calibration does not affect

fSUS

, used for volatility calculations.
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Table 2. SOA mass yields using a four-product volatility basis set.

Saturation 1 10 100 1000
concentration

(Hg/m°)

Historical” 0.01 0.03 0.075 0.25

Low NO,,20°C 0.01 0.24 0.7 0.9
High NO,, 20°C 0.01 0.24 045 0.7

* Historical parameters assuming OA density of 1g cm™ (Lane et al., 2007).
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Fig. 1. Evidence for sustained SOA production: time series measurements of the ratio of

organic to seed mass as measured by an AMS for experiment 12.
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Fig. 2. Aerosol mass calculated from SMPS measurements for experiment 12, showing the
modeled decay of inorganic seed, the slower decay of measured mass, and the mass of or-
ganic aerosol formed assuming no wall condensation (case 1) and wall condensation without
additional mass-transfer limitations (case 2). The shaded area represents the uncertainty in
the wall loss correction.
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Fig. 3. AMS particle time-of-flight aerodynamic size distribution for experiment 12. The organic

mass appears on the existing sulfate mode though shifted to smaller sizes. This suggests that
the SOA condenses onto the seed particles but does not form a perfect mixture with them.
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Fig. 4. Aerosol yield for experiment 7 as a function of total aerosol concentration, Cp,, cal-
culated from SMPS volume measurements, assuming no communication between vapors and
particles deposited on the walls (case 1, circles) and facile communication between vapors
and particles deposited on the walls (case 2, solid diamonds). Two different conventions are
used for the case 1 aerosol mass calculation: using total organic mass on the x-axis (open
circles, conventional method but inconsistent) and using only suspended organic mass on the
x-axis (closed circles, suggested to be more consistent).
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Fig. 9. NO, effect on aerosol yield at 11°C (top panel, Expt. 9: low NO,, Expt. 5: high NO,) and _
32°C (bottom panel, Expt. 7: low NO,, Expt. 2: high NO,). Yields from low-NO, experiments
(solid diamonds) are higher than yields from high-NO, experiments (open diamonds). _
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Fig. 10. Summary of experimental data at 20°C under low NO, (top panel) and high NO,
(bottom panel) conditions. The yield parameters consistent with these data (suggested new
parameters) are much higher than those currently used in air quality models (historical param-
eters). Historical organic aerosol yields (y-axis) and total organic aerosol concentration (x-axis)
multiplied by organic aerosol density of 1.4g cm™ for better comparison with the experimental
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data, which were derived from direct mass measurements.
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