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Experiments were conducted to investigate the effects of photo-oxidation on organic
aerosol (OA) in wood smoke by exposing diluted emissions from soft- and hard-wood
fires to UV light in a smog chamber. Particle- and gas-phase concentrations were
monitored with a suite of instruments including a Proton Transfer Reaction Mass Spectrometer (PTR-MS), an Aerosol Mass Spectrometer (AMS) and a thermodenuder to
measure aerosol volatility. The measurements highlight how in-plume processing can
lead to considerable evolution of the mass and volatility of biomass burning OA. Photochemical oxidation produced substantial new OA, increasing concentrations by a factor
of 1.5 to 2.8 after several hours of exposure to typical summertime hydroxyl radical
(OH) concentrations. Less than 20% of this new OA could be explained using the measured decay of traditional secondary organic aerosol (SOA) precursors and a state-of◦
the-art SOA model. Aging also created less volatile OA; at 50 C between 50 and 80%
of the fresh primary OA evaporated but only 20 to 40% of aged OA. Therefore, the data
provide additional evidence that primary OA is semivolatile. They also raise questions
about the current approach used to simulate OA in chemical transport models, which
assume that primary OA are non-volatile but that SOA is semivolatile. Predictions of a
volatility basis-set model that explicitly tracks the partitioning and aging of low-volatile
organics are compared to the chamber data. This model demonstrates that the OA
production observed in these experiments can be explained by oxidation of low volatility organic vapors. The basis-set model can also simulate observed changes in OA
volatility and composition, predicting the OA production and the increased oxygenation
and decreased volatility of the OA.
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Combustion of biomass is a major source of gas- and particle-phase air pollutants on
the urban (Robinson et al., 2006; Schauer and Cass, 2000), regional (Wotawa and
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Trainer, 2000) and global (Lelieveld et al., 2001) scales. Biomass-burning is estimated
to contribute approximately one-third of total PM2.5 in the US (Watson, 2002) and 90%
of the global emissions of primary particulate organic carbon (OC) from combustion
sources (Bond et al., 2004). Light-absorbing carbonaceous aerosols emitted by large
scale biomass fires in South America, Asia and Africa are thought to have continentaland global-scale climate impacts (Andreae et al., 2004; Ramanathan et al., 2007).
Biomass burning encompasses a range of sources including space heating, cooking,
wildfires and prescribed burns. The emissions from all of these sources are highly
variable, with fuel type, moisture content and combustion conditions all having large
influences on the chemical and physical make up of gas- and condensed-phase emissions (Reid et al., 2005).
Biomass burning emits a complex mixture of organics that span a wide range of
volatility. Some of the organics have very low vapor pressures and thus partition directly
into the particle phase creating primary organic aerosol (POA). Biomass burning also
emits volatile organic compounds (VOCs); some of these, such as light aromatics, are
known precursors for secondary organic aerosol (SOA). SOA is formed when photooxidation of VOCs produces low-volatility products that partition into the condensed
phase. Source dilution experiments have shown that a large fraction of wood smoke
POA is semivolatile (Lipsky and Robinson, 2006; Shrivastava et al., 2006). Therefore,
a pool of low-volatility organic vapors exists in plumes.
A number of field studies report substantial production of organic aerosol (OA) in
biomass burning plumes that cannot be explained with current models (Reid et al.,
2005). Lee et al. (2008) inferred a 1.5- to 6-fold enhancement of OA in a prescribed
burn plume within 3 to 4 h after emission. Sizeable production has also been reported
for savannah fire plumes in South Africa (Abel et al., 2003; Hobbs et al., 2003). Concentrations of organic acids can also be enriched in biomass-burning plumes (Nopmongcol et al., 2007; Peltier et al., 2007; Reid et al., 1998). Nopmongcol et al. (2007)
proposed that the excess OA levels were due to acid-catalyzed heterogeneous SOA
formation; Lee et al. (2008) speculated that they might be due to enhanced isoprenoid
15701
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emissions.
Recent laboratory experiments have shown that photochemical aging of semi-volatile
organic compounds (SVOCs) in diluted diesel exhaust produces large amounts of OA,
much more than can be explained with traditional SOA precursors (Robinson, 2007;
Sage et al., 2008; Weitkamp et al., 2007). That work demonstrated the important
linkages between the gas-particle partitioning of SVOCs and aging; elucidating this
relationship for other emission sources is an important need.
This paper describes laboratory aging experiments carried out to investigate OA
production in emissions from hard- and soft-wood fires at plume-like conditions. The
experiments are designed to bridge the gap between field observations and laboratory
studies of source emissions and SOA formation from single precursors. The specific
objectives include:
1. quantifying the production of OA due to photo-oxidation of biomass smoke
plumes;

15

2. assessing whether or not this production can be described by measured decay of
known SOA precursors;
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3. measuring the effects of aging on OA volatility; and
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4. comparing the measured behavior to predictions of the model proposed by Robinson et al. (2007) that explicitly accounts for partitioning and aging of primary emissions.
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2 Methods
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The effects of photochemical aging on wood smoke were investigated by injecting emissions into the Carnegie Mellon University (CMU) smog chamber and then aging the
diluted emissions via photochemistry initiated by UV lights. The smog chamber is
3
a temperature-controlled room containing a 12 m Teflon-bag (Presto et al., 2005a).
15702

Printer-friendly Version
Interactive Discussion

5

10

15

20

Before each experiment, the chamber was cleaned by irradiation, heat (40◦ C), and
continuous flushing with dry, HEPA-filtered and activated-carbon-filtered air overnight.
After cleaning, the lights were turned off, and the chamber temperature was reduced
◦
to 22 C with an initial relative humidity of ∼5%.
A small amount of exhaust was added to the chamber through a heated inlet connected to a small wood stove (Cabela’s Sheepherder Packer Stove). The fuels included
(in separate experiments) mixed hardwoods, Laurel Oak and Yellow Pine and injection
occurred during a variety of combustion conditions, from smoldering to active flaming.
The fuel wood was cut into small (approximately 4×4×20 cm) pieces and the fire was
allowed to burn for ∼30 min to allow the stove and chimney to reach a normal operating temperature. Exhaust was injected into the chamber using ejector dilutor (Dekati DI
1000) connected to the stack of the stove about 30 cm above the fire box. The ejector
◦
diluter was operated with HEPA and activated-carbon-filtered air heated to 350 C. All
◦
sampling and transfer lines were also maintained at 350 C. Upon entering the chamber,
the exhaust is rapidly diluted and cooled. Initial particulate matter concentrations were
tens to hundreds of µg m−3 of predominantly carbonaceous material. Conditions were
thus “near ambient”, consistent with plumes downwind of a point source. In two experiments, NOx levels in the wood smoke were very low, so additional NO was injected
with a target concentration of 50–150 ppb.
After allowing time for mixing and initial data collection, the UV lights in the smog
chamber (General Electric Model 10526 blacklights) were turned on to initiate photooxidation reactions. These lights yield an NO2 photolysis rate (JNO2 ) of approxi−1

25

◦

mately 0.2 min (roughly equivalent to solar radiation at a 70 zenith angle; Carter
◦
et al., 2005). The experiments were conducted at 22±2 C. The basic experimental
procedures were similar to the diesel aging experiments described by Weitkamp, et
al. (2007), with the addition of continuous aerosol black carbon (BC) and volatility measurements and a more extensive set of VOC measurements.

15703

ACPD
8, 15699–15737, 2008

Laboratory studies of
the atmospheric
aging of wood smoke
A. P. Grieshop et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

Full Screen / Esc

Printer-friendly Version
Interactive Discussion

2.1 Instrumentation

5

10

15

20

25

The evolution of the physical and chemical properties of the aerosol was monitored with
continuous and semi-continuous gas- and particle-phase instrumentation. Gas-phase
measurements included: CO2 (LI-820, Li-Cor Biosciences), CO (Model 300A, APITeledyne), NOx (Model 200A, API-Teledyne) and O3 (Model 1008-PC, Dasibi). VOCs
were measured with a Proton Transfer Reaction Mass Spectrometer (PTR-MS, Ionicon) and semi-continuous Gas Chromatograph-Mass Spectrometer (GC-MS, based
on the design of Millet et al. (2005)). The PTR-MS and GC-MS systems were calibrated using standards (TO-15 Standard, Spectra Gases, a custom blend of light- and
heavy hydrocarbons from Scott Gases, and vaporized toluene, acetone, acetonitrile
and acetaldehyde). The PTR-MS was operated in full-scan mode (scanning from 22 to
142 amu) during the first experiment, after which masses showing substantial change
during the course of the experiment were selected; the remaining experiments were
run in selected-ion mode with a time resolution of ∼2.5 min.
Aerosol size and composition distributions were measured with an Aerodyne
Quadrapole Aerosol Mass Spectrometer (AMS; Canagaratna et al., 2007) and two
Scanning Mobility Particle Sizers (SMPS, TSI, Inc., Models 3071 and 3080). The
SMPS systems sampled particles with mobility diameters (Dma ) from 16 to 760 nm,
overlapping with the AMS particle transmission window (Canagaratna et al., 2007).
The AMS alternated every 10 s between mass spectrum (MS) scanning, Jump Mass
Spectrum (JMS; Crosier et al., 2007) and particle time of flight (PToF) modes with a
sample averaging time of 5 min and a vaporizer temperature of 600◦ C. The AMS signal
at m/z 44 was corrected for the contribution from gas-phase CO2 and the particle+
+
phase contribution at m/z 28 (CO and potentially C2 H4 ) was estimated via comparison with particle-free samples1 . AMS data are here used to quantify organic aerosol
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1

Grieshop, A. P., Donahue, N. M., and Robinson, A. L.: Laboratory investigation of photochemical oxidation of organic aerosol from wood fires – Part 2: Analysis of aerosol mass
spectrometer data, TBD, in preparation, 2008.
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concentration; detailed discussion of chemical composition measurements is contained
1
in a companion paper .
Aerosol black carbon (BC) was measured with a Magee Scientific 7-channel
aethalometer (Model AE-31). BC was quantified using either the 880 or 590 nm channel; these longer wavelengths are more strongly associated with BC versus other lightabsorbing (brown) carbonaceous species (Kirchstetter et al., 2004). There was no
evidence of secondary production of light-absorbing aerosols during aerosol aging at
these wavelengths. Aethalometer attenuation measurements were corrected for particle loading effects using the method of Kirchstetter and Novakov (2007).
At the end of every experiment but one, filter packs containing two pre-fired quartzfiber filters were collected and analyzed with a Sunset Laboratory TOT Organic Carbon/Elemental Carbon (OC/EC) Analyzer using a modified version of the NIOSH 5040
protocol (Subramanian et al., 2004). The back-up filter is used to correct the front filter
for OC positive artifact from gas phase organics; see (Subramanian et al., 2004; Turpin
et al., 2000). The filter results were compared to the aethalometer and AMS data. The
aethalometer BC concentration and filter EC concentrations were in good agreement
2
2
(slope=0.83, R =0.99); AMS organic and filter OC were well correlated (R =0.97).
Aerosol volatility was investigated using a thermodenuder (TD) system which heated
a sample continuously drawn from the chamber and then stripped the evaporated vapors using an activated-carbon denuder (An et al., 2007). The residence time in the
heated section was approximately 16 s. The TD was operated at gas temperatures
◦
between 50 and 85 C. An SMPS and the AMS were used to characterize the aerosol
◦
downstream of the TD and on a bypass line maintained at 25 C. The measurements
alternated between these two lines every 15–30 min. Total number loss in the TD system was found to be less than 2% at ambient temperatures (An et al., 2007) and AMS
mass loss in the system (in bypass mode) was less than 5%.
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Quantifying the production of OA requires correcting for losses of particles and vapors
to the chamber walls. These corrections have been extensively discussed in earlier
papers (Grieshop et al., 2007; Weitkamp et al., 2007; Pierce et al., 2008). In this paper
we use two independent methods to correct for wall losses. First, we use black carbon
as a tracer for primary emissions. Under the assumption that the aerosol is internally
mixed OA and BC have the same wall-loss rate and changes in the ratio of OA to BC
mass indicate condensation or evaporation of semi-volatile vapors. We quantify these
changes using the OA enhancement ratio (ER):
E R(t) =
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OA(t)
BC(t)

(1)

OA(t=t0 )
BC(t=t0 )

where t0 refers to the time when the lights were turned on.
The second approach used to estimate OA production is based on calculating particle mass balance inside the chamber as discussed by Weitkamp et al. (2007). Briefly,
the SMPS data are corrected for wall-loss using a first order wall-loss rate measured
during periods with no production (when the black lights are off). Both approaches
assume that the OA deposited to the walls remains in equilibrium with the suspended
material. Evidence from other chamber aging and dilution experiments suggests that
this is generally the case (Grieshop et al., 2007; Weitkamp et al., 2007) and that there
2
are negligible direct losses of organic vapors to the wall .
OA production was also estimated by decomposing the AMS organic mass spectra
(MS) into primary and secondary MS as outlined by Sage et al. (2008). This method
and results from its application are discussed in a companion paper1 .
2

Epstein, S. A. and Donahue, N. M.: Adsorptive wall losses of semi-volatile vapors in smogchamber experiments, in preparation, 2008.
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2.2.2 OA Volatility
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The AMS measurements made with the TD system were analyzed to quantify the OA
volatility throughout the experiment. Organic mass evaporation from the aerosol phase
during residence in the TD is presented as the mass fraction remaining (MFR), defined
as the ratio of the OA mass concentration measured through the TD (CT D ) to that
measured through the bypass line (Cbypass ):
MFR=

CT D

(2)

Cbypass
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The measured decay of VOCs was used in conjunction with the SOA model SOAM II
to estimate the SOA production from traditional precursors (Koo et al., 2003; Strader
et al., 1999; Weitkamp et al., 2007). In this work, SOAM II was further updated with
recently measured higher SOA yields for the low-NOx photo-oxidation of aromatics (Ng
et al., 2007). This update will maximize the calculated SOA contribution from traditional
precursors.
Following the approach of Weitkamp et al. (2007), SOAM II was implemented as a
box model which considers 13 lumped precursor species that represent 67 individual
aromatic, alkane and alkene VOCs. The model uses the measured decay of these
precursors to generate condensable products; the partitioning of these products is calculated using absorptive partitioning theory under the assumption that the species are
in equilibrium with the wall-loss corrected total aerosol mass concentration (Weitkamp
et al., 2007).
We directly measured the decay of 10 traditional SOA precursors with the PTR-MS
and GC-MS systems. This included major aromatic and biogenic precursors such
as benzene, toluene, ethylbenzene, m- and o-xylenes and α-pinene. Concentrations
of other, minor SOA precursors were estimated by using emission ratios with both
15707

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

Full Screen / Esc

Printer-friendly Version
Interactive Discussion

5

10

toluene and organic carbon emission factors from a published pine wood-combustion
emission profile (Schauer et al., 2001). A comparison of emission ratios of compounds
we measured indicates that this is a reasonable assumption. For example, Schauer’s
benzene-to-toluene emission ratio of 2.4 and methacrolein-to-toluene emission ratio of
0.15 are reasonably consistent with our campaign-average values of 4.8 and 0.12, respectively. In some cases, unambiguious identification of a precursor was not possible
– for example, xylenes, ethylbenzenes and benzaldehyde all appear at mass 107 in
the PTR-MS and were not all separately calibrated-for in the GC-MS. In such cases,
VOC concentrations were attributed to the species with the higher SOA yields to give
a conservative, upper-limit estimate for SOA production.
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Figure 1 shows time-series of results from a typical aging experiment. Figure 1a plots
the measured organic aerosol concentration (COA ) and an estimate of the POA mass
based on the initial COA and the wall-loss rate determined from the BC data. There is
clear evidence of substantial production of OA. During the first hour of photo-oxidation,
the production rate was greater than wall-loss rate and the COA increased by a factor of
1.3. After about an hour aerosol production slows and absolute concentrations in the
chamber fall due to wall loss. Particle size distributions measured with the SMPS are
shown in Fig. 2. Before aging, the mass mode was around 90 nm; after aging for four
hours, it was about 190 nm. The increase in the particle size was primarily driven by
condensational growth.
Figure 1b shows a time series of the total wall-loss-corrected OA. There is good
agreement between the BC- and SMPS-based approaches. The initial POA concentration in this experiment was 50 µg m−3 ; photo-oxidation increased the total wall-loss−3
corrected OA to approximately 130 µg m . These levels are consistent with near15708

Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

Full Screen / Esc

Printer-friendly Version
Interactive Discussion

5

10

15

20

25

source conditions and concentrations observed in concentrated plumes in the free
troposphere associated with long-range continental-scale transport of plumes from in−3
tense wildfires (e.g. OM>75 µg m after 1000s of km in; Peltier et al., 2007). The
AMS measurements indicate that the dominant component of both the primary and
secondary aerosol is organic material, with minor contributions from nitrate (equivalent
to 1–5% of the organic mass), ammonium (0.5 to 2% of the organic mass) and chloride
(<1% or organic mass).
Figure 1c shows the relative change in gas-phase species measured with the PTRMS. For example, m/z 81 is associated with monoterpenes and rapidly decays to
background levels within an hour. Benzene is detected at m/z 79 by the PTR-MS; it
decays very slowly during photo-oxidation. As discussed below, the decay of these
and other traditional SOA precursors cannot explain the generation of OA observed
in these experiments. Although the gas-phase measurements were primarily used to
quantify the decay of known SOA precursors, Fig. 1c also shows a few other PTRMS fragments that exhibited large changes in multiple experiments. In all experiments,
photo-oxidation substantially increased the PTR-MS signals at m/z 31 (formaldehyde),
46 (nitric acid), 47 (formic acid), and 59 (acetone, propanol, methyl vinyl ether, glyoxal or 2,3-butanedione). All of these tentative species designations are based upon
instrument inter-comparison studies conducted with biomass-burning emissions, e.g.
(Christian et al., 2004; Karl et al., 2007). Across the set of experiments, the PTRMS signal at m/z 31 increased by a factor of 1.5 to 2.1; the signals at m/z 46 and
m/z 47 increased between 2.5 and 7.5 times; and the signal at m/z 59 increased by
a factor of 1.2 to 2.2 times. Other masses showing enhancement in more than one
+
+
experiment were m/z 43 (potentially propene, but also CH3 CO and C3 H7 fragments
(Christian et al., 2004)), 45 (acetalaldehyde) and 61 (acetic acid and glycolaldehyde).
Acetic acid production was observed downwind of African savannah fires (Hobbs et al.,
2003) but not in plumes from boreal fires (de Gouw et al., 2006) and is not predicted
by photochemical plume models (Trentmann et al., 2005).
Measured O3 , NOx and CO concentrations are shown in Fig. 1d. O3 levels in this
15709
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experiment increased by about 200 ppb and NOx concentration dropped from 63 to
35 ppb during aging. These changes are qualitatively consistent with both field measurements (Hobbs et al., 2003) and model predictions (Trentmann et al., 2003). The
ozone concentrations are somewhat higher than might be seen in a real plume due to
the lack of continued dilution in the chamber. CO is often used as tracer in plume measurements; Fig. 1d indicates that CO levels were constant throughout the experiment.
Hydroxyl radical (OH) concentrations were inferred from the measured decay of multiple light aromatics and published kinetics data. The estimated average concentration
6
−3
was 4(±3)×10 molecules cm , comparable to daytime conditions in the summer. OH
concentrations were reasonably constant throughout the experiment. Therefore, on the
basis of observed photochemical activity and mass loading, the experiment conditions
are representative of daytime aging of a high-concentration biomass-burning plume.
Figure 1a and b shows an estimate of traditional SOA based on measured precursor
decay and SOAM II. Traditional SOA only explained 15% of the observed OA increase.
Light aromatics were the most important traditional precursors, contributing 70% of the
predicted SOA mass. As illustrated in Fig. 1c, the oxidation rate of light aromatics was
much too slow to explain the rapid initial increase in OA concentrations. For example,
initial benzene concentration in this experiment was 4 ppb but only 13% of it was oxidized after 5.5 h of aging. The initial toluene concentration was 1 ppb but only 30% of
it was oxidized during this experiment. Monoterpenes contributed only 20% of the predicted SOA formation. It is highly unlikely that uncertainty in SOA yields from traditional
precursor could explain the large amounts of unaccounted-for OA production.
Substantial OA production was observed in multiple experiments. Figure 3 compiles
OA ER calculated using the BC approach for six different experiments. Excluding one
high NOx experiment discussed below, OA ER ranged between 1.8 and 2.7 after 4
to 6 hours of aging. These estimates also agree with results from spectral decom1
position of the AMS data . The estimated campaign-average OH concentration was
6
−3
3.6 (±0.5)×10 molecules cm (± standard deviation of experiment mean estimates);
levels that are representative of typical daytime conditions during the summer. O3 pro15710
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duction was a consistent feature and occurred throughout the “lights-on” period during
each experiment. Figure 3 indicates that, in some experiments, OA production continued after the UV lights were turned off, potentially through ozone chemistry, as ozone
−1
levels declined after the lights were turned off (first order decay of 0.24±0.16 ppb hr ).
As is summarized in Table 1, the traditional SOA is predicted to contribute only a
small fraction of the observed OA production in all experiments. Over the five low-NOx
experiments, modeled SOA production represents an average of 17% of the total SOA
production (range 5–30%).
Figure 3 plots data from experiments that aged diluted emissions from soft- and
hardwood fires that burned under different combustion conditions. Table 1 summarizes
the experimental conditions. Modified combustion efficiencies (MCE; Koppmann et al.,
2005) ranged between 0.69 and 0.95 with a median value of 0.91. Reid et al. (2005)
uses an MCE value of 0.9 to differentiate between flaming (high MCE) and smoldering (lower MCE) combustion; based on this definition, two of these experiments were
performed with emissions from smoldering combustion while the other four were from
flaming combustion. OC-to-EC ratios also depend on combustion conditions. The
smoldering combustion experiments are OC-dominated while flaming combustion produces substantially more EC. Although experiments were conducted with different fuels
and combustion conditions, we did not see any general correlation between OA production and MCE or OC-to-EC ratio.
The conditions of these experiments appear to be reasonably comparable to data
from field measurements of biomass plumes. For example, CO/CO2 mass emission
ratios in our experiments range from 5 to 45% with a median of 10% versus a range
between 2 and 20% reported by field studies (Koppmann et al., 2005). Table 1 indicates that our OC-to-EC ratio ranged from 1.1 to 13, with lower values associated
with flaming combustion (high MCE values) and larger values associated smoldering
fires (low MCE values). Field studies report OC-to-EC ratios ranging from 1.7 to 17.3
(Reid et al., 2005) though 5 to 8 are more typical (Andreae and Merlet, 2001). The
−4
−1
average NOx emission ratio for our experiments was 4 (±1)×10 kg NO (kg CO2 ) ,
15711
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which is on the low end of field data (Andreae and Merlet, 2001). The campaign primary OC emission factor (assuming an OM:OC ratio of 2.1 (Turpin and Lim, 2001))
−1
was 0.7±1.0 g C (kg CO2 ), (average ± standard deviation) which is also somewhat
lower than field data (Andreae and Merlet, 2001). However, OC emissions measured
in source tests may be biased high due to sample collection at high COA influencing
the gas-particle partitioning of semivolatile organic compounds (Lipsky and Robinson,
2006; Shrivastava et al., 2006) and because many studies do not account for filter
sampling artifacts .(Subramanian et al., 2004). Ratios of benzene and toluene with CO
(shown in Table 1) were quite variable, but generally show reasonable agreement with
values from literature (de Gouw et al., 2006). The acetonitrile-to-CO ratios measured
were a factor of 2 to 10 lower than most literature values.
Much less OA was produced in one experiment in which 220 ppbv of NO was added
to the chamber before turning on the UV lights. This experiment is labeled as high NOx
in Fig. 3. The chemistry for this experiment appeared to be fundamentally different
than any of the other experiments. After adding the NO, O3 concentration dropped for
about an hour indicating titration. In addition, Fig. 3 shows that the OA ER initially decreased after the lights were turned on, presumably due to evaporation. This suggests
that OA production from photo-oxidation of wood smoke depends on the VOC-to-NOx
ratio. Such dependence has been observed for traditional SOA precursors due to peroxy radical chemistry (Ng et al., 2007; Presto et al., 2005b). However, NOx levels in
this experiment are likely much higher than typical fire plumes: the NOx -to-benzene
and toluene ratios in this experiment were a factor of 5–100 higher than typical plumes
(Andreae and Merlet, 2001). In addition, chamber CO and CO2 levels were also much
lower during this experiment, which potentially indicates there may have been a problem with the sampling.
3.2 Organic Aerosol Volatility
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The volatility of the OA was measured with the thermodenuder (TD). The SMPS size
distributions shown in Fig. 2 indicate that the passing both the fresh and aged aerosol
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through the TD substantially reduced particle volume, especially for the fresh emissions. To quantify the changes in aerosol mass with temperature, Fig. 4a shows the
MFR of fresh and aged OA measured with the AMS as a function of TD temperature
(a plot referred to here as a thermogram).
Figure 4a indicates that between 50% and 80% percent of fresh POA evaporated at
50◦ C. Therefore, the majority of wood smoke POA should be classified as semivolatile
at typical atmospheric conditions, consistent with recent dilution sampler (Lipsky and
3
Robinson, 2006; Shrivastava et al., 2006) and thermal denuder measurements . For
3
example, Huffman et al. report that POA in emissions from 9 of the 15 different
biomass samples lost 50% or more of their mass at a TD temperature below 100◦ C.
The aged OA was always less volatile than freshly emitted POA. For example, Fig. 4a
◦
indicates that only 20 to 40% of the aged OA mass evaporated at 50 C in our TD. Such
a shift is consistent with photo-oxidation creating more oxygenated but less volatile
compounds. For example, the AMS m/z 44 signal increases during aging, indicating that the OA is becoming progressively more oxygenated1 . However, it is counter to
current treatments of OA in chemical transport models, which assume that POA is nonvolatile and that SOA is semivolatile (Shrivastava et al., 2008). Recent TD measure3
ments of both ambient and biomass burning aerosols suggest a similar conclusion .
◦
Figure 5 shows the time series of OA MFR at 50 C measured during several experiments. In every experiment, the OA volatility decreased substantially during the first
hour of photo-oxidation, but then remained essentially constant with subsequent aging.
This step-change-like behavior means that the OA formed during the initial stages of
photo-oxidation is much less volatile than the POA. However, a step change in volatility
is somewhat surprising considering that there was sustained production of OA in every
experiment (Fig. 3) and that the AMS data indicates that OA becomes more progres3

Huffman, J. A., Aiken, A. C. Docherty, K. S., Ulbrich, I. M., DeCarlo, P. F., Jayne, J. T.,
Onasch, T. B., Trimborn, A., Worsnop, D. R., Ziemann, P. J., and Jimenez, J. L.: Volatility of
primary and secondary organic aerosols in the field contradicts current model representations,
Environ. Sci. Technol., submitted, 2008

15713

ACPD
8, 15699–15737, 2008

Laboratory studies of
the atmospheric
aging of wood smoke
A. P. Grieshop et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

Full Screen / Esc

Printer-friendly Version
Interactive Discussion

1

5

10

sively more oxygenated as the experiment progresses . Somehow the changes that
occurred after about an hour of photo-oxidization did not alter the observed overall OA
volatility.
An uncertainty when interpreting TD data is whether or not the aerosol has reached
equilibrium given its limited residence time inside the heated section of the TD (An
et al., 2007). If the OA is not in equilibrium then the TD underestimates its volatility;
under these conditions the TD is measuring relative evaporation rates, which depend
on particle size (Seinfeld, 1998). The increase in particle size due to condensational
growth will slow evaporation, potentially biasing our interpretation that the aged OA
is less volatile than fresh OA. A dynamic mass transfer model of the aerosol in the
TD indicates that the measured changes in particle size were insufficient to cause a
substantial change in particle equilibration time (Stanier et al., 2007). We suggest two
potential explanations for the step-change in particle volatility:
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1. time-varying OA composition (as discussed above); or
15

2. evolving kinetic limitations, either due to accommodation at the particle surface or
other uptake processes, which limit the evaporation of the bulk aerosol.
As described in the companion paper1 , TD data for individual AMS fragments provides
some support for the latter explanation, but further investigation is needed.
4 Basis-set modeling

20

25

As previously discussed, traditional SOA cannot explain the large production of OA
observed in these experiments. In this section we compare our data to predictions of
the model of Robinson et al. (2007) to investigate the hypothesis that the unaccounted
for OA production is due to oxidation of low-volatility organic vapors. This hypothesis is
motivated by several pieces of evidence. Wood smoke contains thousands of individual
organic compounds, distributed across a wide range of volatilities. Source dilution
15714
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experiments have shown that a large fraction of wood smoke POA evaporates upon
isothermal dilution (Lipsky and Robinson, 2006; Shrivastava et al., 2006). Therefore,
a substantial pool of low-volatility organic vapors exist in plumes (and our chamber).
Oxidation of these vapors will produce acids, nitrates, and carbonyls, which have lower
vapor pressures than the parent compounds (Pankow and Asher, 2008). Given the low
initial volatility of the parent compounds, we expect oxidation of these vapors to form
OA with high efficiency; for example, SOA yields from n-alkanes increase with carbon
number (Lim and Ziemann, 2005).
The model is described in detail by Robinson et al. (2007) and Shrivastava et
al. (2008). Table 3 summarizes the input parameters, most of which are from Robinson
et al. (2007). The model is based on the volatility basis-set framework (Donahue et
al., 2006), which was implemented in a box model. The model tracks the concentration of low-volatility organics using a nine-bin volatility basis set; the bins have effec6
−3
tive saturation concentrations (C*) that are distributed between 0.01 and 10 µg m
at 298 K. Gas-particle partitioning is calculated using absorptive partitioning theory
(Pankow, 1994) assuming that all of the organics form a quasi-ideal solution and that
the bulk gas and particle phases are in equilibrium.
The initial concentration in each bin was determined based on the measured POA
concentrations and an assumed volatility distribution. We consider the two volatility
distributions proposed by Robinson et al. (2007) to represent the POA emissions (separate simulations are done with each distribution). These distributions are shown in
Fig. 6a; one distribution is based on the partitioning measurements of the organics collected on quartz filters and the second includes additional emissions of intermediate
volatility organic compounds (IVOCs) that are presumably not captured on the quartz
filters.
Figure 6b examines the suitability of applying these distributions, which are based
on diesel exhaust data, to represent wood smoke. The curves plotted show the gasparticle partitioning for the two volatility distributions vary as a function of COA . Also
shown in Fig. 6b are gas-particle partitioning data for wood smoke measured with
15715
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dilution samplers (Lipsky and Robinson, 2006; Shrivastava et al., 2006). The predicted
gas-particle partitioning based on either distribution agrees well with the experimental
data, justifying their use in our simulations. It also supports the approach of Robinson
et al. (2007) to use one distribution to represent all POA emissions.
After determining the initial concentrations of low-volatility organics, the model simulates aging by reacting the vapors with OH. Following Robinson et al. (2007), the OH
−11
3
−1 −1
reaction rate constant (kOH ) is 4×10
cm molec s (slightly higher than that expected for the OH oxidation of a large n-alkane) and the scheme assumes a modest
(7.5%) net increase in mass per reaction to account for added oxygen (equivalent to
adding a single oxygen atom to a C15 alkane). Each reaction reduces the volatility
of the vapors by a factor of ten (i.e. shifts the material to the next lower volatility bin),
which changes the gas-particle partitioning and creates new OA. The aging mechanism is driven by the OH concentrations inferred from the measured decay of several
VOCs.
Figure 7a compares the OA ER predicted by the Robinson et al. (2007) aging mechanism to the average measured value for the five low-NOx experiments. The measured
ER shown in Fig. 7a has been corrected for predicted SOA from traditional precursors;
therefore it only represents the unaccounted-for OA production. The simulation using
the filter-only volatility distribution reproduces the measured OA production. The fact
that this model predicts the magnitude of the production is not surprising since the
dilution sampler data plotted in Fig. 6b indicate that under the conditions of a typical
−3
experiment (initial COA ∼100 µg m ) there are sufficient low-volatility vapors to double
or triple the OA concentrations.
Figure 7a indicates the model based on the filter-plus-IVOC volatility distribution outpaces the observed production after about 2 h of aging. Likely explanations are that this
model overestimates the concentrations of IVOC vapors and/or that the aging mechanism is not appropriately altering the volatility distribution. The comparisons in Shrivastava et al. (2008) suggest that wood combustion emits relatively less IVOCs than
motor vehicles, lending support to the first concern. Furthermore, the aging mecha15716
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nism assumes that the reaction products all have lower volatility than the precursors;
this assumption likely breaks down after the multiple generations of processing that are
required to transfer IVOC vapors into the condensed phase.
Figure 7a indicates that none of the models reproduce the detailed dynamics of the
OA production rate. For example, all of the experiments show an initial rapid burst of
OA production that slows after about an hour or so of aging, a behavior which is not
captured by the model.
The OA composition measured with the AMS can also be used to evaluate the basis1
set model. As described in a companion paper , the AMS data indicate that aging
continuously increases the amount of oxygenated OA. Aiken et al. (2008) define a
relationship to estimate the OA O:C ratio based on the AMS signal at m/z 44 (CO+
2 ).
Figure 7b shows the average O:C ratio calculated for the five low-NOx experiments (see
Grieshop et al., 20081 for further discussion of the AMS data). Also plotted in Fig. 7b
is the modeled O:C as a function of age. Results are only shown for the volatility
distribution based on the filter data because the addition of IVOCs to the distribution
minimally affected the predicted O:C ratio. The initial condition for this calculation is
the estimated experiment average O:C ratio (0.32) of the POA. The model then tracks
the added oxygen, based on the assumed 7.5% increase in mass per generation. The
base Robinson et al. (2007) model only increases the predicted O:C ratio from 0.32 to
0.38 after 4 h of aging versus an average measured increase of 0.32 to 0.48. Therefore,
it does not add enough oxygen to the OA.
To determine if the observed changes in O:C ratio can be plausibly reproduced
by this aging mechanism, the model parameters were slightly modified. The modified model reduces the volatility of gas-phase material by a factor of 100 with
each generation of oxidation (a two bin shift), the OH reaction rate was halved to
−11
3
−1 −1
2×10
cm molec s and the organic mass was increased by 40% for each generation of oxidation (equivalent to adding about 5 oxygen atoms to a C15 alkane). As
shown in Fig. 7a these modifications have little effect on the predicted OA enhancement; however, they improve the predictions of OA oxygen content. A reduction of C*
15717
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by a factor of 100 per generation oxidation is supported by the effects on volatility of
additional molecular functionality (Pankow and Asher, 2008). However, the amount of
added oxygen per generation is somewhat higher than what would be expected; for
example, the mechanism of Lim and Ziemann (2005) adds up to four oxygen atoms
per generation. A potential explanation is that fragmentation reactions that break the
carbon backbone may play an important role in the photochemical aging of primary
emissions. Reducing the size of the carbon backbone will lead to more rapid increases
in O:C while also limiting the overall OA growth due to volatilization of the lighter fragments. It thus has the potential to explain the sharp initial increase in OA, the sharp
initial decrease in volatility, and the progressive increase in particle-phase O:C.
The OA volatility measurements made with the TD provide a final test of the model.
In order to compare the model predictions to the data, the calculated volatility distributions were analyzed with a TD model that is similar to that used by Stanier et al. (2007).
The TD model calculates the MFR of a multi-component organic particle as a function
of temperature and TD residence time. It uses the Clausius-Clapeyron equation to
calculate the effects of temperature on C∗ . Table 3 lists the enthalpies of vaporization
and molecular weights for this calculation; they are based on data for large saturated
species commonly found in primary emissions (Donahue et al., 2006). The other key
input parameter for the TD model is the uptake coefficient. We term this an uptake coefficient here because it is unclear whether mass accommodation (which would call for
the use of an accommodation coefficient) or some other process is limiting the particle
evaporation rate. Figure 4b compares measured and predicted OA MFR as a function
of temperature for both fresh and aged OA. Results are only shown for the modified
set of input parameters; results for the base model with the filter-only distribution are
similar to these predictions. If the TD model uses an uptake coefficient of one (which
means that the OA has reached equilibrium at the end of the TD), Figs. 4b and 7c indicate that the model over-predicts the extent of OA evaporation. Figure 7c shows that
much better agreement is observed if the uptake coefficient is reduced to 0.05 or 0.01.
Recent studies report that similarly small uptake coefficients are required to reproduce
15718
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the measured evaporation rates of SOA (Grieshop et al., 2007; Stanier et al., 2007)
4
and POA volatility. The experimental data can also be reproduced by assuming an
uptake coefficient of one and using very small (and physically unrealistic) enthalpies of
vaporization. This second approach has been used to parameterize aerosol volatility
(Pathak et al., 2007; Stanier et al., 2007); however, we believe an uptake coefficient
that is less than one is more physically justifiable than an enthalpy of vaporization less
−1
than about 50 kJ mol . More research is needed to address these issues, but this is
beyond the scope of this paper.
◦
Figure 7c shows campaign-average MFR data at 50 C as a function of aging time
along with output from the coupled aging and TD models. We only show results for
the modified set of input parameters for three different uptake coefficients. Results
for the other sets of input parameters are similar to these. The predicted MFRs show
that the aging mechanism progressively reduces the OA volatility, consistent with the
experimental data. However, the model predicts that the extent of particle evaporation
decreases continuously with increasing age while the experimental data shows a step
change. Limitations in our understanding of evaporation kinetics restrict our ability to
make quantitative comparisons between the measured and predicted MFRs. However,
the model predictions are at least qualitatively consistent with the observed shift in
volatility.
5 Discussion and Conclusions
Photo-oxidation of diluted wood combustion emissions in a smog chamber rapidly produces substantial OA, greatly in excess of what can be explained by the measured
decay of traditional SOA precursors. The rate and magnitude of the OA production in
our experiments is consistent with field observations of aerosol mass production down4

Grieshop, A. P. and Robinson, A. L.: Gas-particle partitioning of fresh diesel emissions at
near-ambient concentrations, in preparation, 2008.
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wind of large fires (Reid et al., 2005). For example, Lee et al. (2008) report 1.5 to 6-fold
enhancements of OA concentrations after 3 to 4 h of aging downwind of a prescribed
burn in Georgia. Substantial OA production downwind of fires may help explain carbonisotope studies indicating that modern carbon is often the dominant contributor to OA,
even in urban areas (Hildemann et al., 1994; Szidat et al., 2006; Tanner et al., 2004;
Zheng et al., 2006).
Field studies have attributed OA production in fire plumes to slow condensation of
large hydrocarbons (Reid et al., 1998), enhanced isoprenoid emissions (Lee et al.,
2008), and acid-catalyzed reactions (Nopmongcol et al., 2007). Given the complexity
of these experiments, which feature actual emissions with pre-existing aerosol and a
complex mixture of gas-phase compounds at plume-like conditions, it is difficult to identify the source of the unexplained OA. We attribute the production of the unexplained
OA to the oxidation of low-volatility organic vapors. Dilution sampler measurements
indicate that large hydrocarbons do not condense but evaporate as the plume continues to isothermally disperse at atmospheric temperatures (Lipsky and Robinson, 2006;
Shrivastava et al., 2006). Fires do emit isoprenoid such as monoterpenes, but in our
experiments these emissions were almost two orders of magnitude too low to explain
the observed OA production. Finally, the lack of inorganic acidity likely reduces the
potential for acid-catalyzed reactions in our experiments.
The reasonable agreement between the measured OA production and predictions
of the model of Robinson et al. (2007) indicate that the large excess OA formed in
our experiments can be explained by photo-oxidation of low-volatility organic vapors.
This is the same conclusion reached in our recent work with diesel exhaust (Robinson,
2007; Sage et al., 2008; Weitkamp et al., 2007). In fact, the similarity between these
results and our previous work with diesel exhaust is striking. It underscores the fact
that most combustion systems emit substantial amounts of low-volatility organics that
exist as vapors at typical atmospheric conditions. In fact, the concentrations of these
vapors appear to greatly exceed POA at atmospheric conditions (Lipsky and Robinson, 2006; Shrivastava et al., 2008; Shrivastava et al., 2006; Grieshop and Robinson,
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2008 , consistent with the observed doubling or tripling OA concentrations after modest amounts of aging of diluted emissions in a smog chamber. A challenge is that the
chemical identity of the vast majority of low-volatility organics is not known because
they appear as an unresolved complex mixture (UCM) in traditional gas chromatographic analysis (Schauer et al., 2001). The volatility basis-set approach provides a
semi-empirical framework to treat the partitioning and aging of this complex mixture.
The success of the basis-set model in simulating these experiments is encouraging, but
the model-measurement comparison indicates that more research is needed to accurately represent the volatility and aging of primary emissions. Important uncertainties
include the treatment of IVOCs, fragmentation in the aging mechanism, and the rapid
increases in OA oxygen content.
The thermodenuder data provide new insight into OA volatilty. They demonstrate
that fresh POA is more volatile than the aged OA produced from photo-oxidation. This
is in contrast to the current treatment in chemical transport models, which assumes
that POA is non volatile and SOA is semivolatile. Analysis of recent thermodenuder
3
measurements of ambient OA reached a similar conclusion . Photo-oxidation adds
functionality (nitrate, carbonyl, acid groups, etc.) creating compounds with substantially lower volatility than the original species (Pankow and Asher, 2008). The fact
that the aged OA is less volatile than the POA supports the conclusion that oxidation
of low-volality organic vapors is an important source of OA as opposed to oxidation
of traditional, very volatile SOA precursors. Oxidation of low-volatility vapors creates
products with even lower volatilities, potentially much lower than semivolatile POA and
traditional SOA formed from very volatile precursors.
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Table 1. Summary of experimental conditions of fresh emissions before turning on the UV
lights.

Experiment

MCE

POA

OC:EC

NOax

∆COb

µg m−3

ratio

ppb

ppm

Injection
∆CO/
∆COb2
molar %

∆Benzene/
∆COb
ppb ppm−1

∆Toluene/
∆COb
ppb ppm−1

∆Acetonitrile/
∆COb,c
ppb ppm−1

1
2
3

Laurel Oak
smoldering and flaming
flaming w/ embers
smoldering and flaming

0.90
0.95
0.93

40
90
40

1.6
1.9
1.1

113
150
60

19
13
6

17
7
11

0.8
1.3
1.1

0.2
0.2
0.1

0.1
0.3
0.5

4
5

Yellow Pine
flaming w/ embers
smoldering/dying flame

0.92
0.79

770
50

2.2
13

103 (39)
63

10
37

14
41

4.3
0.1

1.5
0.0

0.6
0.1

6

High NOx (Pine)
flaming w/ embers

0.69

70

13

244 (18)

2

71

3.7

1.1

0.8

a

The values in parenthesis for experiments 4 and 6 show the NOx levels before additional
NO was injected into the chamber

b

Values show the increase in chamber concentrations with injection of wood smoke

c

Uncertainty in acetonitrile concentrations were about a factor of 2 due to problems with
the calibration for this compound during these experiments
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Table 2. Summary of experimental parameters related to aerosol aging.

ACPD
8, 15699–15737, 2008

Experiment

(OH)
−3
molec cm

∆O3
ppb

Aging
b
c
BC-OA ER
SOAM ER
ratio
Ratio

a

d

AMS O:C
initial final

1
2
3

Laurel Oak
smoldering and flaming
flaming w/ embers
smoldering and flaming

4.2E+06
3.6E+06
3.6E+06

148
275
102

1.9
1.8
2.1

1.16
1.24
1.21

0.36
0.34
0.25

0.56
0.55
0.42

4
5

Yellow Pine
flaming w/ embers
smoldering/dying flame

3.1E+06
3.9E+06

220
196

2.6
2.7

1.08
1.25

0.13
0.2

0.38
0.5

6

High NOx (Pine)
flaming w/ emberse

2.9E+06

43

1.2

1.15

0.22

0.4
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a

∆O3 is the increase in chamber O3 mixing ratio during photo-oxidation

b

BC-OA ER is the end-of-experiment OA ER determined using BC-scaling (Eq. 1)

c

SOAM ER is the predicted SOA formation based on measured VOC precursor decay
modeled in SOAM II

d

AMS O:C ratio is determined using the fractional contribution at m/z 44 to the AMS
organic spectrum and the relation from Aiken et al. (2008)
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Table 3. Parameters used in basis-set and thermodenuder models.
∗

C
µg m−3

∆Hvap
kJ mol−1

Molecular Weight
g mol−1

0.01
0.1
1
10
100
1000
10000
100000
1000000

77
73
69
65
61
57
54
50
46

524
479
434
389
344
299
254
208
163

kOH
Oxygen
Volatility shift
a

a

POA volatility distributions
Filter only Filter+IVOC
0.03
0.06
0.09
0.14
0.18
0.3
0.2
0
0

cm3 molec−1 s−1
Mass/generation
Bins/generation

0.03
0.06
0.09
0.14
0.18
0.3
0.4
0.5
0.8
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6

Fig. 1. Time series plots from aging experiment 5 conducted with emissions from smoldering
Yellow Pine. (A) Measured OA, estimated POA based on BC data, and predicted traditional
SOA. (B) Wall-loss-corrected OA concentrations of primary, predicted traditional SOA and total OA based on the BC data (red). The dashed line in (B) is the SMPS wall-loss-corrected
estimate. (C) PTR-MS data showing the change in relative signal intensity for select mass
fragments. (D) CO, O3 and NOx levels. The large increase in NOx at hour 4.8 was due to an
injection of additional NO into the chamber, which titrated some O3 .
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Fig. 2. SMPS mass-weighted particle size distributions measured before the UV lights were
turned on (fresh) and after 4 h of aging. Dashed lines show size distributed measured after the
aerosol was passed through the TD system at 50◦ C. Calculations based on a particle density
of 1 g cm−3 .
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Fig. 3. Compilation of OA ER calculated using AMS and BC data (Eq. 1). The traces are shown
in a lighter color after lights-off. Experimental conditions are listed in Tables 1 and 2.
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Fig. 4. Thermograms of OA mass fraction remaining (MFR) for fresh and aged aerosols. (A)
Measured data for five experiments. Data points for fresh OA are shown with triangles and
aged OA with squares. The dashed lines in (A) indicate average fresh and aged thermograms.
The colored fans in (A) illustrate the inter-experiment variability in the thermal denuder data.
(B) Comparison of average measured OA MFR values with predicted values based on modified
model as discussed in the text. The TD model uses an uptake coefficient of 0.05. The dashed
line in (B) indicates TD model predictions assuming that the aerosol has reached equilibrium.
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Fig. 6. (A) Volatility distributions proposed by Robinson et al. (2007) for POA. (B) Measured
gas-particle partitioning data for wood smoke expressed as the fraction of the semivolatile
organics found in the particle phase. The curves in (B) show predicted partitioning based on
volatility distributions shown in (A). Measured partitioning data is from wood smoke dilution
experiments (Lipsky and Robinson, 2006; Shrivastava et al., 2006).
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lines and symbols are used consistently in all three panels; they symbols indicate model predictions using the different sets of parameters listed in Table 3. Numbers in (C) indicate uptake
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