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Abstract. A variety of tools are used to simulate atmospheric
aging, including smog chambers and flow reactors. Traditional, large-scale smog chambers age emissions over the
course of hours to days, whereas flow reactors rapidly age
emissions using high oxidant concentrations to reach higher
degrees of oxygenation than typically attained in smog chamber experiments. The atmospheric relevance of the products
generated under such rapid oxidation warrants further study.
However, no previously published studies have compared the
yields and chemical composition of products generated in
flow reactors and smog chambers from the same starting mixture.
The yields and composition of the organic aerosol
formed from the photo-oxidation of α-pinene and of woodcombustion emissions in a smog chamber (SC) and two flow
reactors: a potential aerosol mass reactor (PAM) and a microsmog chamber (MSC), were determined using aerosol mass
spectrometry. Reactants were sampled from the SC and aged
in the MSC and the PAM using a range of hydroxyl radical
(OH) concentrations and then photo-chemically aged in the
SC.
The chemical composition, as well as the maximum yields
and emission factors, of the products in both the α-pinene
and wood-combustion systems determined with the PAM and
the SC agreed reasonably well. High OH exposures have
been shown previously to lower yields by breaking carbon–
carbon bonds and forming higher volatility species, which
reside largely in the gas phase; however, fragmentation in
the PAM was not observed. The yields determined using the

PAM for the α-pinene system were slightly lower than in
the SC, possibly from increased wall losses of gas phase
species due to the higher surface area to volume ratios in
the PAM, even when offset with better isolation of the sampled flow from the walls. The α-pinene SOA results for the
MSC were not directly comparable, as particles were smaller
than the optimal AMS transmission range. The higher supersaturation in the flow reactors resulted in more nucleation
than in the SC. For the wood-combustion system, emission
factors measured from the MSC were typically lower than
those measured from the SC. Lower emission factors in the
MSC may have been due to considerable nucleation mode
particles formed in the MSC which were not detected by the
AMS or due to condensational loss of gases to the walls inside or after the MSC. More comprehensive coverage of the
potential particle size range is needed in future SOA measurements to improve our understanding of the differences in
yields when comparing the MSC to the SC. The PAM and
the SC agreed within measurement uncertainties in terms of
yields and composition for the systems and conditions studied here and this agreement supports the continued use of the
PAM to study atmospheric aging.

1

Introduction

The complex mixture and constant transformation of compounds in the atmosphere is a major challenge for complete
aerosol characterization. Studying simplified systems in the
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laboratory greatly improves our understanding of the chemical and physical properties of primary emissions and secondary products formed during atmospheric processing. Secondary organic aerosol (SOA), formed from the oxidation
and condensation of gas phase species, is a large fraction of
the submicron aerosol measured in the atmosphere (Zhang
et al., 2007) and is of importance in understanding the impacts of aerosols on health (Pope and Dockery, 2006; Baltensperger et al., 2008), climate (IPCC, 2013) and visibility
(Went, 1960). Several tools are used to simulate atmospheric
aging, including smog chambers (e.g., Cocker et al., 2001;
Paulsen et al., 2005; Rohrer et al., 2005; Lee et al., 2009;
Presto et al., 2011; Platt et al., 2013) and flow tube reactors
(e.g., Bertram et al., 2001; Esteve et al., 2004; George et al.,
2007; Hearn and Smith, 2007; Kang et al., 2007; McNeill
et al., 2008; Smith et al., 2009; Ezell et al., 2010; Lambe et
al., 2011a; Keller and Burtscher, 2012). These techniques allow for aging under a variety of conditions (e.g., different
temperatures, relative humidity, light sources and oxidants)
and on varying timescales. Smog chambers, which range in
size from a few liters to 270 m3 (Rohrer et al., 2005), allow
for the simulation of aging on the order of hours to days in
the atmosphere when operated in batch mode. In comparison,
flow tube reactors, which range in size from less than 0.1 L
to over 1 m3 (Ezell et al., 2010; Keller and Burtscher, 2012),
typically operate on relatively short timescales with high oxidant concentrations allowing for higher degrees of aging in
a shorter time period than possible in traditional smog chambers.
Smog chambers and flow reactors are each subject to
unique limitations. Traditional smog chamber experiments
are often unable to achieve the degree of oxygenation observed in the atmosphere (Ng et al., 2010). This limitation is
due to high SOA precursor concentrations and/or insufficient
oxidant exposure (concentration × time) compared to the atmosphere. Also, smog chambers and large flow reactors are
typically stationary, making it necessary to perform experiments in a single location. This restriction is not practical for
studying emissions from large-scale devices, such as aircraft
or ship engines, although recent efforts have been made to
mobilize medium-scale chambers (Presto et al., 2011; Platt
et al., 2013).
Portable flow reactors are an attractive tool for simulating
atmospheric aging at different locations. However, smaller
flow reactors utilize oxidant concentrations that are much
higher than those typically observed in the atmosphere to
simulate days of atmospheric aging within seconds to minutes, and the relevance of such rapid aging to atmospheric
processes needs further investigation. Although the reaction
kinetics of heterogeneous OH oxidation of squalane and 2octyldodecanoic acid have been shown to be independent of
OH concentration and time, as long as the same OH exposure is achieved (Renbaum and Smith, 2011), the OH concentration may be important in SOA formation due to kinetic competition between gas-particle partitioning and fur-

ther gas phase oxidation. High oxidant concentrations may
result in underestimated SOA yields in flow reactors due to
an increased importance of fragmentation reactions (carbon–
carbon bond breakage leading to higher volatility products
and loss of aerosol mass) relative to functionalization reactions (addition of oxygen leading to lower volatility products and increased aerosol mass) (Kroll et al., 2009; ChaconMadrid and Donahue, 2011; Lambe et al., 2012). Finally,
flow reactors typically have higher surface area to volume
(SA / V) ratios compared to smog chambers, which can result in significantly higher losses of material to the walls,
depending on reactor design. At the same time, the lower
residence times and reduced convective mixing in flow reactors present an opportunity for better isolation of the sampled
flow from the flow near the walls.
The potential aerosol mass reactor (PAM) is a flow reactor that has been used to study SOA formation from a variety of atmospherically relevant systems and emission sources
(Kang et al., 2007, 2011; Massoli et al., 2010; Cubison et al.,
2011; Lambe et al., 2011a, 2012, 2013, 2015; Bahreini et al.,
2012; Saukko et al., 2012; Wang et al., 2012; Chen et al.,
2013; Li et al., 2013; Ortega et al., 2013; Tkacik et al., 2014;
Chhabra et al., 2015). Previous work has investigated yields
and elemental composition of SOA generated from the oxidation of individual SOA precursors such as α-pinene in the
PAM (Kang et al., 2007; Lambe et al., 2011a, 2015; Chen
et al., 2013; Chhabra et al., 2015). Results were compared
to previously published smog chamber experiments; however, conditions varied between the PAM and smog chambers
(e.g., presence of seed aerosol). Although the composition
of SOA produced in the PAM from α-pinene, m-xylene and
p-xylene has been shown to resemble that of oxygenated organic aerosol measured in the ambient (Massoli et al., 2010;
Kang et al., 2011), questions remain on the comparability of
these different aging techniques for SOA yields and chemical
composition, particularly for more complex mixtures.
Recently, a micro-smog chamber (MSC) was designed for
real-time monitoring of the SOA production potential during emissions testing of combustion systems (Keller and
Burtscher, 2012). The MSC was designed to sample under
high concentration, “plume-like” conditions; however, emissions are often diluted to atmospherically relevant concentrations for other experimental aspects and the performance
of the MSC under these more dilute conditions is unknown.
Also, yields determined using the MSC have not been compared to yields determined using smog chambers or other
flow reactors measuring the same emissions. The chemical
composition of SOA generated in the MSC remains to be investigated.
We compare aerosol yields and chemical composition
from the photo-oxidation of residential wood-combustion
emissions and of α-pinene using a 7 m3 smog chamber
(SC), a PAM and an MSC across a range of OH exposures. High-resolution time-of-flight aerosol mass spectrometer (AMS) measurements provided insight into particulate
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indicated in parentheses.
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56
55
54
65
53
33
58
5
6
7
8
9
10
11
12

a All measurements correspond to SC sampling unless otherwise noted. SC and PAM values take particulate wall losses into account. Two sample standard deviations are given in parentheses. b The OH radical source in the SC was the photolysis of HONO. The source of OH radical in the PAM
and MSC was the photolysis of O3 in the presence of H2 O(g) . The peak emission of UV light was at a wavelength of 368 nm in the SC. (Platt et al., 2013) and at wavelengths of 185 nm and 254 nm in both the PAM and MSC. c Direct sampling during SC injection period through device
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The original concept of the PAM is described by Kang et
al. (2007), and the PAM used here is an earlier version of the
one described by Lambe et al. (2011a). Briefly, this version
of the PAM is a single, 0.015 m3 cylindrical glass chamber
(0.46 m length, 0.22 m diameter) flanked by two UV lamps
(185 and 254 nm emission lines, BHK Inc.), which were
cooled by a constant flow of pure air (250 series, Aadco Instruments, Inc.). Prior to entering the PAM, humidified pure
air (1 L min−1 , Nafion membrane, Perma Pure LLC) was
merged with the incoming reactant flow to provide sufficient
H2 O for OH formation. In the PAM, O3 generated by the
lamps undergoes photolysis to form O(1 D), which reacts with
H2 O to form OH. The OH concentration was adjusted by
varying the light intensity. Hereafter, PAMhigh corresponds
to the maximum light intensity and PAMlow corresponds to
a light intensity of ∼ 70 % of the maximum. The incoming
reactant flow was radially dispersed in the PAM by passage
through a perforated mesh screen at the inlet flange. To reduce interactions with the wall, air was sampled along the
center of the chamber (∼ 2 L min−1 ) as well as along the
perimeter of the chamber (∼ 6 L min−1 ). Instruments sampled from the inner sample flow only and the outer ring flow
was discarded. The total flows through the PAM were constant, giving a gas phase half-life of 53 ± 10 s. All reported
deviations are two standard deviations (2 s) of the measurements. The temperature in the PAM was likely slightly higher
than ambient due to heating from the lamps; however, products cooled during transport from the PAM to the AMS. As
no direct temperature measurements were made, no temperature correction was applied to the yields.
The MSC is described in detail by Keller and
Burtscher (2012). Briefly, the MSC is composed of two
76 mL cylindrical quartz chambers (0.25 m length, 0.02 m
diameter) in series. As in the PAM, OH radical is generated from the photolysis of O3 in the presence of H2 O. The
incoming sample was exposed to UVC (ultraviolet-C) light
(5 total lamps at 4 W each; 185 and 254 nm emission lines;
Heraeus, type GPH212T5VH/2) in the first chamber and to
UVA (ultraviolet-A) light (Panacol-Elosol, type UV-H 255)
in the second chamber. The light intensity was varied during the experiments by adjusting the number of UVC lights
used denoted as MSClow (1 light on), MSCmid (3 lights on)
and MSChigh (5 lights on). The total flow rate through the
MSC was constant at 1.2 L min−1 , giving a gas phase halflife of 13 ± 2 s, except in experiment 5 (Table 1) where the

Seed aerosol

Smog chamber and flow reactors

OH exposure (106 molec cm−3 h)b

2.1

Methods

Table 1. Experimental conditions.a

2

Direct samplingc

chemical composition and a proton transfer reaction time-offlight mass spectrometer (PTR-MS) was used to determine
OH exposures for comparison of the different reactors.

0.12 (MSC)
0.11 (MSC)
0.78 (PAM)
0.24 (MSC)
0.15 (PAM)
0.14 (MSC)
1.3 (MSC)
2.1 (MSC)
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flow rate was 0.7 L min−1 . As with the PAM, no temperature
correction to the yields was applied.
The smog chamber, similar to the one described by Platt et
al. (2013), was located inside temperature-controlled housing to maintain a constant temperature in all experiments
(292 ± 2 K). The smog chamber was flanked by 4 sets of 10
UV lights (90–100 W, Cleo Performance, Philips).
The PAM and MSC were cleaned prior to each experiment
by flushing with pure air (dry air in the MSC and humidified air in the PAM) while irradiating with UV light. The
SC was cleaned prior to each experiment by filling with humidified air and O3 and irradiating with UV light for at least
1 h, followed by flushing with dry, pure air for at least 10 h.
After cleaning, the SC was partially filled with humidified
pure air and d9-butanol (butanol-D9, 98 %, Cambridge Isotope Laboratories). Using a rate constant with respect to OH
of 3.4 × 10−12 cm3 molec−1 s−1 (Barmet et al., 2012), OH
exposures were calculated by monitoring the decay of d9butanol ([M+H-H2 O]+ fragment, m/z 66) using a PTR-MS
([H2 O+H]+ reagent ion, Ionicon Analytik). Unlike in the
PAM and MSC, OH in the SC was formed from the photolysis of nitrous acid (HONO), as described below. Without
the injection of HONO, similar OH exposures in the SC and
flow reactors were not achieved within the experimental time
frame dictated by the chamber size.
When the reactants were sampled directly from the SC
through the flow reactors, the dilution ratios were identical for the MSC and the SC. The small additional flow of
humidified air into the PAM resulted in a ∼ 15 % dilution
of the reactants, which was accounted for when calculating
yields and emission factors. The additional dilution step in
the PAM may shift the partitioning of the incoming semivolatile species towards the gas phase. However, once inside
the PAM, these semi-volatile, gas phase species are expected
to repartition to the particle phase as they undergo oxidation
to form lower volatility species and thus yields and emission
factors were likely not affected.
The flow reactors use lower wavelength/more intense UV
lamps than the SC and this could influence aerosol yields in
both the α-pinene and wood-burning experiments by altering the product volatility distribution. For example, Presto et
al. (2005) found that yields from α-pinene oxidation were
reduced by 20–40 % in the presence of UV light compared
to dark conditions (i.e., ozonolysis) due to the photolysis of
species prior to partitioning to the aerosol phase. However,
Hodzic et al. (2015) calculated that the gas phase photolysis of species formed during the photo-oxidation of α-pinene
(α-pinene / NOx ratio of ∼ 0.1) decreased the SOA yield by
only ∼ 15 % and there was negligible effect on the bulk particulate oxygen-to-carbon ratio. Although O3 was not measured in the current experiments and OH radical is expected
to be the main oxidant in all systems, it is possible that the
relative amount of ozonolysis relative to OH oxidation varied between the devices, which would also influence relative
yields.

2.2
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Wood combustion

The experimental set-up is shown in Fig. 1. As described
in detail below, experiments began with the injection of
the wood-combustion emissions into the SC with concurrent sampling through either the PAM or MSC (“direct sampling”). After filling the SC, primary emissions were characterized in the SC followed by sampling the primary emissions from the SC through the flow reactors (“SC sampling”).
Finally, emissions were aged in the SC.
Combustion occurred in a modern log-wood burner
(Avant, Attika) using an average of 3 ± 1 kg of beech wood
(3–4 logs, 4–5 pieces of kindling and 3 fire starters comprised
of pine wood shavings, paraffin and natural resin). After a
burning period of 15–30 min to allow the fire to reach stable
burning conditions, emissions were sampled from the chimney, diluted using an ejection diluter (DI-1000, Dekati Ltd.)
and injected into the SC (Fig. 1) for 9–26 min. The diluter
and the sample line from the chimney to the diluter were
held at 473 K and the sample line between the diluter and
the SC was held at 423 K to minimize condensational losses
of the hot emissions. After emission injection, the relative
humidity (RH) in the SC ranged from 33–65 % (Table 1).
During the injection period, gas phase compounds were measured after a second ejector diluter (DI-1000, Dekati Ltd.)
using a CO2 /CO/CH4 /H2 O analyzer (Picarro, Inc.), a NOx
(NO+NO2 ) analyzer (42C, trace level, Thermo Environmental Instruments) and a total hydrocarbon (THC) analyzer
(APHA-370, Horiba Ltd.) to determine the dilution factor
into the SC. A particulate filter at ambient temperature was
located upstream of the gas phase instruments. Total dilution
factors of the raw emissions in the SC ranged from ∼ 100–
250.
During SC filling, either the PAM or MSC concurrently
sampled the emissions, referred to as direct sampling. During MSC direct sampling, emissions were sampled from the
sample line used for smog chamber injection (factor of ∼ 9
dilution of the raw emissions into the MSC). After oxidation
in the MSC, the sample was diluted by an additional factor
of 22 ± 3 with pure air using a rotating disc diluter. Rotating disc diluter dilution ratios were determined by measuring CO2(g) before (Carbondio-002, Pewatron AG) and after
(LI-7000, LI-COR, Inc.) the rotating disc diluter. As these
measurements were not made during experiments 5 and 6,
the average dilution ratio from the other experiments was applied to these experiments. The OH exposures during direct
sampling are not known, but may be substantially lower than
when sampling from the SC due to higher reactant concentrations in the MSC. For PAM direct sampling, emissions were
sampled from the same sample line as the smog chamber injection and then diluted in a second ejector diluter (DI-1000,
Dekati Ltd.) at ambient temperature before entering the reactor. Emissions into the PAM were diluted by a total factor
of ∼ 150, similar to that of the SC. Despite differences in
the dilution factors in the SC and flow reactors during direct
www.atmos-meas-tech.net/8/2315/2015/
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Figure 1. Experimental design for wood-combustion experiments (not drawn to scale). Emissions were sampled through the PAM or MSC,
either from the wood burner or from the SC after emission injection. The rotating disc diluter after the MSC and the second ejector diluter
before the PAM were only used when sampling from the burner. AMS and PTR-MS measurements alternated among the three systems. TD
refers to the thermal desorber upstream of one Aethalometer.

sampling, useful information can be gained during the direct
sampling, particularly for the MSC as it was operated under
the conditions for which it was designed. After oxidation in
either flow reactor, the aged products were characterized using an AMS as described below and a PTR-MS.
After the emissions were injected into the SC, nonrefractory particle mass, chemical composition and size measurements were made using a high-resolution time-of-flight
AMS with a standard inlet lens (Aerodyne Research, Inc.)
(DeCarlo et al., 2006). Based on the results of several previous wood-combustion measurements, the AMS collection efficiency was assumed to be 1 (Hennigan et al., 2011; Heringa
et al., 2011; Eriksson et al., 2014). Equivalent black carbon
(EBC) mass loadings were determined using two Aethalometers (AE33, Magee Scientific Company). A thermal desorber comprised of a 50 cm heating section held at 423 K followed by a 50 cm denuder section was placed directly upstream of one Aethalometer to volatilize and remove organic species (Burtscher et al., 2001). A condensation particle counter (CPC, 3776 TSI) measured total particle number
concentrations and a scanning mobility particle sizer (SMPS;
CPC 3776 and DMA 3081 TSI Inc.) measured particle size
distributions. Particles were dried (Nafion membrane, Perma
Pure LLC) upstream of the AMS. Gas phase compounds
were characterized using the PTR-MS, CO2 /CO/CH4 /H2 O
analyzer, NOx analyzer and THC analyzer described above.
After characterizing the primary emissions in the SC, both
the PAM and MSC sampled the primary emissions from the
SC, referred to as “SC sampling”. To minimize losses, the
sample line between the SC and flow reactors was heated
to 353 K. During SC sampling, the rotating disc diluter and
ejector diluter were not used.

www.atmos-meas-tech.net/8/2315/2015/

After measuring from the SC with the flow reactors, nitrous acid (HONO) in N2 (2.0–2.7 L min−1 , 5.0, Messer)
was continuously injected into the SC to provide an OH
source when the SC lights were turned on. Nitrous acid
was generated by bubbling N2 though a mixture of H2 SO4
(95–97 %, Merck) in water (10 mM, 18.0 M cm, MilliQ, Reference A+) and NaNO2 (4 mM, ≥ 99.0 %, Fluka)
in water. The resulting mixture was passed through a
particle filter and injected into the chamber (Taira and
Kanda, 1990; Pfaffenberger et al., 2013). Emissions were
then aged in the SC for ∼ 2–4 h. Exposures from OH
ranged from (0–1.9) × 108 molec cm−3 h in the SC, to
(0.25–2.5) × 108 molec cm−3 h in the PAM and to (0.32–
3.4) × 108 molec cm−3 h in the MSC (Table 1). At an atmospheric OH concentration of 1 × 106 molec cm−3 , this corresponds to aging in the atmosphere on the order of 0–8 days
in the SC, 1–10 days in the PAM and 1–14 days in the MSC.
When sampling through the flow reactors, HONO was not
injected; however, as significant concentrations of NOx are
emitted during wood combustion, this additional source of
NOx is not expected to influence the results significantly. Initial NOx mixing ratios in the SC prior to aging are presented
in Table S1 in the Supplement.
2.3

α-Pinene oxidation

During α-pinene photo-oxidation experiments, seed aerosol
was injected into the humidified chamber (Table 1).
Seed aerosol was generated by nebulizing a solution of
(NH4 )HSO4 in water (10 mM) and injected into the chamber
to reach concentrations of ∼ 10–60 µg m−3 . Then, α-pinene
(98 %, Sigma-Aldrich) was injected into the SC through a
heated injection system (353 K) to give mixing ratios of
Atmos. Meas. Tech., 8, 2315–2332, 2015
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137–347 ppbv, measured using the PTR-MS. After the injection and mixing of α-pinene and seed aerosol in the
SC, the mixture was sampled from the SC into the PAM
or the MSC. Oxidation of the mixture in the flow reactors occurred in the same manner as oxidation of woodcombustion emissions during SC sampling. After sampling
through the flow reactors, a continuous HONO injection
was started as described for the wood-combustion experiments and the SC UV lights were turned on for ∼ 2–3 h.
The AMS and PTR-MS measured from each device and additionally, the SMPS measured from the SC. The AMS collection efficiency was assumed to be 1 in all experiments.
Exposures to OH ranged from (0–1.0) × 108 molec cm−3 h in
the SC, (0.97–3.3) × 108 molec cm−3 h in the PAM and (1.7–
4.6) × 108 molec cm−3 h in the MSC. At an atmospheric OH
concentration of 1 × 106 molec cm−3 , this corresponds to aging in the atmosphere on the order of 0–4 days in the SC,
4–14 days in the PAM and 7–19 days in the MSC.
The injection of HONO into the SC resulted in NO formation upon irradiation, which was not present in the flow reactors, and may decrease the SOA yields in the SC (Ng et al.,
2007). When maximum SOA yields were reached, NOx mixing ratios in experiments 2 and 3 were ∼ 100 and 120 ppbv,
respectively (Fig. S1 in the Supplement). Ng et al. (2007)
found that SOA yields from α-pinene photo-oxidation were
decreased by ∼ 40 % in the presence of an initial NOx mixing ratio of 198 ppbv. However, in our study, α-pinene / NOx
ratios were 20–25 times higher than those used by Ng et
al. (2007) and they started with high levels of NOx whereas
here initial NOx concentrations were 0. Thus, the reduction
in yields due to the presence of NOx is expected to be lower
than observed by Ng et al. (2007). The temporal evolution
of NOx and organic aerosol (OA) in the SC throughout aging is shown in Fig. S1. As observed in previous studies
(Chhabra et al., 2011; Lambe et al., 2015), no differences
in the bulk aerosol composition are expected due to the presence/absence of NOx .

ulate wall-loss rates were determined using the decay of EBC
measured after the thermal desorber at the end of the experiment for the wood-combustion experiments and the decay
of particulate organic mass at the end of the α-pinene experiments. PTR-MS analysis showed that > 99 % of the αpinene reacted before the period in which the wall-loss rate
was determined. The particulate half-lives in the SC were
1.7 ± 0.2 h for α-pinene experiments and 4 ± 1 h for woodcombustion experiments. The difference in particle half-lives
between the systems was largely due to differences in particle sizes. After aging in the SC, the mode of the SMPS number based size distribution for the wood-combustion experiments was ∼ 250 nm, compared to only ∼ 100 nm for the αpinene experiments. As diffusional losses of particles scale
with the square root of diameter, particle losses due to diffusion are expected to be ∼ 1.6 times higher than in the woodcombustion experiments (McMurry and Grosjean, 1985).
Particle wall losses in the PAM have been quantified previously (Lambe et al., 2011a), but not yet with an analysis similar to Zhang et al. (2014), which takes into account the loss
of semi-volatile gases. As described earlier, the ring flow in
the PAM provides a barrier between the sample flow and the
wall, thus reducing particulate losses to the walls. The PAM
aerosol yields reported in this study (Table 1) account for particulate wall losses using the size-dependent transmission efficiency data from Lambe et al. (2011a). As mobility diameter measurements were not available, this correction was performed by converting vacuum aerodynamic diameters (dva )
measured by the AMS to mobility diameters (DeCarlo et al.,
2004), assuming spherical particles and an organic aerosol
density of 1.2 g cm−3 (Turpin and Lim, 2001). For comparison, yields without accounting for particulate wall losses in
the PAM are reported in Table S2. When AMS size distribution data were not available, an average correction factor
from the other experiments from the same system was applied. For the α-pinene system, yields increased by a factor
of 1.42 and for the wood-combustion experiments, yields increased by an average factor of 1.31 ± 0.04 (Table S2) when
accounting for PAM particulate wall losses. Reported MSC
yields do not take into account losses of particles to the walls;
however, Keller and Burtscher (2012) calculated diffusional
losses to be ∼ 11 % for 10 nm diameter particles and < 1 %
for 100 nm particles due to the low residence time in the device.

2.4

Wall losses

Smog chambers and flow reactors suffer from the loss of particulate and gaseous material to the walls to varying degrees
(McMurry and Rader, 1985; Zhang et al., 2014). Minimizing
surface area to volume ratios, using inert wall materials and
attempting to isolate the sampled flow from the walls help
reduce losses, but challenges remain. As shown by Zhang et
al. (2014), wall losses of semi-volatile species are particularly difficult to quantify and were not corrected for here in
either flow reactor or the SC. Corrections for losses due to
impaction of particles on the walls in each system were estimated independently for the different systems as follows.
Wall losses of particles in the SC were accounted for using
the method described in Weitkamp et al. (2007), assuming
all particles were lost equally to the walls and that condensable material partitioned only to suspended particles. ParticAtmos. Meas. Tech., 8, 2315–2332, 2015

2.5

Yields/emission factors

OA yields from the α-pinene oxidation experiments were
calculated by dividing the amount of OA formed during aging by the amount of reacted α-pinene. The total OA formed
per mass wood burned (referred to hereafter as an emission
factor, although the total OA is taken after aging of the emissions) was determined for each wood-combustion experiment. The amount of wood burned was calculated using a
www.atmos-meas-tech.net/8/2315/2015/
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carbon balance approach described previously (Andreae and
Merlet, 2001; Bruns et al., 2015).

resent POA. Note that this method cannot distinguish SOA
from aged POA, and implicitly assumes that the aging of
POA does not exert a significant influence on the ensemble
mass spectrum.

2.6

Wood-combustion product composition

Bulk aerosol composition was influenced by the chemical
transformations of the reactants in each device as well as
by the ratio of primary to secondary products. To separate
the effects of chemistry and yields on the composition, the
primary organic aerosol (POA) and SOA components measured after each device were separated using positive matrix
factorization (PMF). PMF represents a mass spectral time
series as a linear combination of static factor profiles (i.e.,
mass spectra) and their time-dependent intensities (Paatero
and Tapper, 1994; Paatero, 1997) and has been widely applied to AMS ambient and smog chamber data (Lanz et al.,
2007; Zhang et al., 2011; Craven et al., 2012). In the present
study, PMF was used to extract a POA mass spectrum and its
associated time series for each experiment. The POA contribution was then subtracted from the mass spectral time series, and the remainder was assumed to be SOA. PMF was
implemented using the Multilinear Engine (ME-2) (Paatero,
1999), with model configuration and data analysis performed
with the source finder (SoFi) toolkit (Canonaco et al., 2013)
for the Igor Pro software environment (WaveMetrics, Inc.).
In contrast to conventional PMF analyses, ME-2 allows full
exploration of the rotational ambiguity of the solution space,
enabling improved factor separation and a more physically
meaningful solution. In the present study, the POA factor
mass spectrum was constrained using the a-value approach
(Canonaco et al., 2013), in which the factor spectrum is allowed to vary from a predefined anchor spectrum by factor
of a; other factor spectra and all factor time series were unconstrained.
For each experiment, high-resolution and unit-massresolution AMS data from the smog chamber, PAM and MSC
were combined into a single data set for PMF analysis. Data
uncertainties were estimated according to the method of Allan et al. (2003). Ions mathematically dependent on [CO2 ]+
in the AMS analysis process were removed from the data set
for the model calculations and manually recalculated afterwards. The anchor mass spectrum for POA was calculated
individually for each experiment as the average mass spectrum of the primary aerosol sampled from the smog chamber. The investigated solution space consisted of 1–10 factors
and a-values from 0 to 0.5. Within this space, multiple solutions were found for each experiment in which (1) more than
95 % of the organic mass in the smog chamber was contained
in the POA factor; (2) the POA factor mass spectrum and
time series were highly correlated across solutions; (3) residuals were acceptably low and indicated no mass spectral or
temporal regions with significant unexplained features; and
(4) all non-POA factors displayed temporal behavior consistent with secondary aerosol formation. From these solutions,
the average factor profile and time series were chosen to repwww.atmos-meas-tech.net/8/2315/2015/
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3.1

Results and discussion
α-Pinene

OA yields measured after the PAM ranged from 0.31–0.67
at OH exposures of (0.97–3.3) × 108 molec cm−3 h (Fig. 2,
Table 1), which are within or exceed the range of those
reported by Lambe et al. (2011a) (0.19–0.38 at OH exposures of ∼ (0.06–3) × 108 molec cm−3 h when reacting 78–
88 ppbv α-pinene), Chen et al. (2013) (∼ 0.3 at an OH exposure of ∼ 1.5 × 108 molec cm−3 h when reacting 50.5 ppbv
α-pinene) and Lambe et al. (2015) (∼ 0.35 at an OH exposure
of ∼ 1.56 × 108 molec cm−3 h when reacting 41–100 ppbv
α-pinene) from the photo-oxidation of α-pinene in the PAM.
The higher yields in these experiments are due to higher αpinene amounts (Kang et al., 2007) and the presence of seed
aerosol.
Maximum OA yields determined using the PAM were
within a factor of ∼ 1.5 of those of the SC; however during
the same experiments (Fig. 2, Table 1). Chen et al. (2013)
and Lambe et al. (2011a) also compared OA yields from the
PAM and the SC; however, the PAM and the SC experiments
were conducted under significantly different conditions. For
example, in the studies by both Chen et al. (2013) and Lambe
et al. (2011a), the SC experiments were conducted using
seed aerosol, whereas the PAM experiments were not. This
is in contrast to the experiments in the current study, where
seed aerosol was present in both the SC and the PAM. Despite these differences, Lambe et al. (2011a) observed good
agreement between the maximum yields at similar OH exposures. Chen et al. (2013) measured a ∼ 1.5 factor difference
in yields between the PAM (∼ 0.3) and the SC (∼ 0.5), although particulate wall losses in the PAM were not taken into
account, which would bring these yields into better agreement. The most recent work by Lambe et al. (2015) showed
that SOA yields are enhanced by a factor of ∼ 3–5 in the
presence of acidic seed aerosol when oxidizing isoprene in
the PAM, although this enhancement is expected to be less
for compounds with higher SOA yields, such as α-pinene.
Although agreement within a factor of 1.5 between the
PAM and the SC is reasonable considering the uncertainties associated with both methods, the PAM yields were consistently lower where direct SC comparisons were available.
Lower volatility gases formed from the oxidation of α-pinene
can undergo several fates including the following: (1) condensation onto the reactor surfaces (e.g., wall and outlet);
(2) condensation onto pre-existing aerosol; (3) homogeneous
nucleation; and (4) further oxidation in the gas phase. The
probability of each of these fates will affect the observed
Atmos. Meas. Tech., 8, 2315–2332, 2015
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Figure 2. SOA yields determined using the PAM and the SC from
α-pinene photo-oxidation experiments as a function of (a) OH exposure and (b) organic aerosol loading. Color designates experiment number and marker shape designates aging device. Legend in
(a) also applies to (b).

yields. Although the isolation of each effect is beyond the
scope of this work, likely all effects occur to some degree in
both the SC and flow reactors.
Particle wall losses in the SC and the PAM were accounted
for as described earlier; however, accurate accounting of
semi-volatile losses is challenging (Weitkamp et al., 2007;
Matsunaga and Ziemann, 2010; Zhang et al., 2014) Zhang
et al. (2014) found that when the losses of semi-volatile vapors to chamber walls were not accounted for, α-pinene SOA
yields were underestimated by a factor of 1.3 and 1.6, under
high and low NOx conditions, respectively. For toluene oxidation, this bias decreased with increasing reactant mixing
ratios, as well as with faster oxidation. As α-pinene mixing
ratios were much higher in these experiments (Table 1) compared to the 46–47 ppbv used by Zhang et al. (2014), these
biases are expected to be lower in our study. There is a ring
flow along the outer circumference of the cylindrical PAM
reactor in an attempt to reduce interaction of the inner samAtmos. Meas. Tech., 8, 2315–2332, 2015

ple flow with the walls; however without careful analysis it
is not known how much this design actually reduces the effects of the walls on the sampled flow. For example, Lambe
et al. (2011a) concluded that wall losses in the PAM have the
largest effect on yields. Although the SA / V ratio is higher in
the PAM (∼ 18 m−1 ) than the SC (∼ 3 m−1 ), the residence
time in the PAM is lower, which would decrease the loss of
vapors to the walls.
The OH concentrations in the PAM were significantly
higher than in the SC to allow for rapid aging, but the
higher OH concentrations also increases the probability that
molecules reach higher oxidation states before condensing.
Collisional theory (Atkins and de Paula, 2014) predicts that
under the experimental conditions, the probability of colliding with an OH molecule or with a seed aerosol was on the
same order of magnitude in the SC, whereas the probability
of colliding with an OH molecule in the PAM was 3 orders
of magnitude greater than the probability of a seed–aerosol
collision. Differing product volatility distributions can affect
measured yields as more oxygenated/lower volatility products can overcome the Kelvin effect more easily to grow
freshly nucleated particles, which would increase yields in
the PAM relative to the SC due to an increase in aerosol surface area relative to the walls. The temporal evolution of the
particle number concentration in the SC showed a rapid increase when the UV lights were turned on, indicating that
there was nucleation (Fig. S2). Although SMPS measurements were not made after the PAM, it is likely nucleation
also occurred, as aging is much faster in the PAM. Conversion of mass-based size distributions measured using the
AMS to number distributions shows that the number of particles in the PAM were ∼ 2–3 orders of magnitude greater
than in the SC, further indicating that nucleation occurred
in the PAM. However, the relatively high gas phase concentrations allowed freshly nucleated particles in both systems
to grow despite possible differences in oxidation state. Differences in product volatility can also affect condensation
rates. For example, products with sufficiently low volatility
may condense irreversibly, whereas higher volatility products may undergo multiple condensation/evaporation events
increasing the likelihood of collision with the wall. The resulting size distribution is bimodal (Fig. S3) with one mode
corresponding to the seed aerosol and one mode at lower
diameters, suggesting that nucleation and condensation on
the newly created particles were significant mechanisms for
SOA formation in the PAM chamber in these experiments.
As the transmission efficiency of particles in the AMS decreases when dva is below ∼ 100 nm and above ∼ 500 nm
(Liu et al., 2007), the measured yields will be lower if there
is significant mass outside this optimal AMS transmission
range. In the PAM, the mode of the mass-based size distribution of the nucleated particles measured by AMS was at a dva
of ∼ 100 nm, compared to that of the SC (Fig. S3), which was
at a dva of ∼ 230 nm. The distributions also suggest that there
were particles greater than 1 µm in the SC. It is not possible
www.atmos-meas-tech.net/8/2315/2015/
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to preclude that significant mass formed in the PAM was below the optimal transmission range of the AMS, which would
contribute to lower yields in the PAM compared to the SC, or
that significant mass formed in the SC was above the transmission range, which would lower yields measured in the SC.
These differences in the size distributions between the PAM
and the SC at both edges of the optimal transmission range of
the AMS make measurements with a single instrument difficult and future work to quantitatively measure particles with
sizes both above and below the detection range of the AMS
would provide further insight.
Increased oxidation, either in the gas phase or through heterogeneous chemistry, can result in fragmentation to form
smaller, higher volatility products that partition predominately to the gas phase, resulting in lower aerosol yields
(Kroll et al., 2009; Chacon-Madrid and Donahue, 2011;
Lambe et al., 2012). Lambe et al. (2011a), Chen et al. (2013),
Chhabra et al. (2015) and Lambe et al. (2015) found decreasing yields in the PAM in α-pinene oxidation experiments at
OH exposures above ∼ (1.5–2) × 108 molec cm−3 h, which
were attributed to an increasing importance of fragmentation
relative to functionalization reactions. As only one experiment was conducted at each reactant mixing ratio, the significance of any trends in yields with OH exposure is difficult to
determine. For example, SOA production from vehicle emissions measured by Tkacik et al. (2014) varied by up to a factor of ∼ 8 at the same OH exposure.
In addition to yields, chemical composition is a critical parameter influencing health, visibility and climate. Elemental ratios (oxygen to carbon (O : C) and hydrogen to
carbon (H : C)) provide insights into the OA composition
and chemical processes occurring with aging (Aiken et al.,
2008) (Fig. 3a–d). Another measure of composition is the
+
fraction of OA signal from [CO]+
2 (f CO2 ) compared to
+
+
that from [C2 H3 O] (f C2 H3 O ) determined using AMS
data. Carboxylic acids contribute largely to [CO2 ]+ , whereas
[C2 H3 O]+ is largely from compounds containing non-acid
oxygenated functionalities, such as carbonyls and alcohols
(Ng et al., 2011). As the organic signals at [H2 O]+ and
[CO]+ could not be determined for the present data set
(Aiken et al., 2008; Chen et al., 2011), elemental ratios and
fractional signals were estimated using the method of Aiken
et al. (2008). The triangular space drawn by the lines in
Fig. 3e–h shows the region in which ambient measurements
typically fall (Ng et al., 2010). The data points from α-pinene
photo-oxidation typically lie on the right-hand side of this
plot (Ng et al., 2010; Chhabra et al., 2011; Kang et al., 2011;
Lambe et al., 2011b; Pfaffenberger et al., 2013), as also observed here. The space encompassing the data of Pfaffenberger et al. (2013), the only study to report high resolution
+
data, in the f CO+
2 -f C2 H3 O plot are shown in Fig. 3. The
+
SC and the PAM f C2 H3 O values were higher than Pfaffenberger et al. (2013), which is likely due to the higher αpinene mixing ratios used here (Kang et al., 2011). In the SC
and the PAM, O : C and f CO+
2 generally increased and H : C
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Figure 3. Ratio of H : C as a function of O : C (a–d, experiments 1–
4 respectively) and the ratio of [CO2 ]+ to the total organic aerosol
as a function of the ratio of [C2 H3 O]+ to the total organic aerosol
(e–h, experiments 1–4 respectively) for each α-pinene experiment.
Color scale indicates OH exposure. In (e)–(h), dashed lines indicate
the region in which ambient OA measurements typically lie (Ng et
al., 2010) and gray boxes encompass the measurements from Pfaffenberger et al. (2013).

and f C2 H3 O+ decreased with increasing OH exposure, as
expected (Fig. 3). Although the PAM aerosol was slightly
less oxidized compared to the SC aerosol for the same OH
exposure, for the uncertainties associated with both devices,
the agreement between the PAM and the SC in Fig. 3 at comparable OH exposures is satisfactory.
For the MSC, there was little SOA mass above the optimal transmission range of the AMS (Fig. S3). Nucleation
was evident with a mass mode at ∼ 20–30 nm, making it difficult to draw conclusions about the yields determined using the MSC for this system. In the MSC, oxidation was
faster and the residence time was significantly shorter than
in the PAM. This promotes faster nucleation and reduces the
time for particle growth, making particle transmission limitations more significant in the MSC than in the PAM. Although
yields are not reported for the MSC, the OA size distributions were mono-modal, suggesting that the particles formed
via the same mechanisms and thus the measured composition
is considered representative of the bulk SOA. For the MSC,
O : C and f CO+
2 increased with increasing OH exposure in
the experiments with the highest α-pinene mixing ratios (3
Atmos. Meas. Tech., 8, 2315–2332, 2015

E. A. Bruns et al.: Organic aerosol yield and composition
13% total OA > m/z 100

0.10

normalized organic signal

normalized organic signal

2324

0.08
0.06
0.04
0.02

a: 5

0.00
200

300

400

0.06
0.04
0.02

500

e: 9
0

13%m/z
total OA > m/z 100

normalized organic signal

normalized organic signal

100

0.08
0.06
0.04
0.02

b: 6

0.00

100

200

300

400

500

20% total OA > m/z 100

0.10
0.08
0.06
0.04
0.02

f: 10

0.00
0

100

0.10

200

300

400

500

0

100

0.08
0.06
0.04
0.02

200

300

400

0.02

0.01

c: 7

0.00

500

53%m/z
total OA > m/z 100

13% total OA > m/z 100

normalized organic signal

normalized organic signal

Normalized intensity

0

g: 11
0.00

0

100

200

300

400

500

0

16%m/z
total OA > m/z 100

normalized organic signal

normalized organic signal

0.08

0.00

0.10

0.10

19% total OA > m/z 100

0.10

0.08
0.06
0.04
0.02

100

200

300

400

0.01

d: 8
0.00

500

57% total OA > m/z 100

0.02

h: 12
0.00

0

100

200

300

400

500

0

100

m/z

200

300

400

500

m/z
m/z

Figure 4. Primary organic aerosol mass spectra normalized to the
total organic signal measured by the AMS from the SC for woodcombustion experiments 5–12 (a)–(h). Experiments are ordered according to ascending contribution of mass above m/z 100 to the total OA mass, which is given for each experiment.

and 4), as expected. For the two lowest α-pinene mixing ratios, the measurement uncertainties are large due to the low
mass loadings, so no conclusions were drawn.
The OH concentration influenced the rate of nucleation
and thus the size of the resulting aerosol. At similar OH exposures, the mode of the largest OA peak in the size distribution was smaller in the PAM than in the SC after aging. The
MSC had higher OH concentrations, a shorter residence time
and produced an OA mode at smaller diameters compared
to the PAM. Faster oxidation increases the nucleation rate
which in turn results in smaller particle sizes. Oxidation rate
may even vary within the same system as the OH concentration increases. As a consequence, it may not be possible to
separate the effect of fragmentation from size detection limitations as the OH concentration increases.
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3.2

Wood combustion

There was significant variability in POA composition among
the wood-combustion experiments, as seen in the mass spectra (Fig. 4). For experiments 11 and 12, the contribution
to the total OA mass from ions at higher m/z values (i.e.,
m/z > 100), which are largely attributable to PAHs (polycyclic aromatic hydrocarbons) (Elsasser et al., 2013; Eriksson et al., 2014; Bruns et al., 2015), was significantly greater
than for the other experiments. For example, the contribution of OA above m/z 100 to the total OA mass for experiments 11 and 12 was 53–57 %, compared to 19–20 % for
experiments 9 and 10, and 13–16 % for experiments 5–8 (Table S1). The gas phase composition of the primary emissions
also varied among experiments. In the PTR-MS mass spectra, signals at m/z 79, 95 and 129 were attributed largely
to aromatic compounds (benzene, phenol and naphthalene,
respectively). The sum of these tracers in experiments 11
and 12 contributed 35 and 41 % to the total volatile organic
compound (VOC) signal (cps) measured using the PTR-MS,
compared to 4 and 17 % in experiments 9 and 10, and 1–2 %
to experiments 5–8.
In the wood-combustion experiments, the modes of the
mass-based size distributions were all within the optimal
AMS transmission range (Fig. S4), which reduces possible
biases in the measured emission factors between the devices
due to AMS limitations compared to the α-pinene experiments. However, a mode originating from nucleation during
aging may have existed but remained undetected by the AMS
(Corbin et al., 2015).
In contrast to the α-pinene experiments, the maximum total OA emission factors in all wood-combustion experiments
were observed with the PAM (Fig. 5, Table 1). OA emission
factors as a function of OA mass are shown in Fig. S5. For all
experiments except the two with the highest aromatic content
(11 and 12), the PAM and the SC maximum emission factors
were within a factor of 2, which is reasonable considering the
uncertainties associated with both devices. It is interesting
that the emission factors in the PAM were consistently higher
compared to the SC, whereas in the α-pinene experiments,
the yields in the PAM were generally lower compared to the
SC. This difference is probably not due to differences in integrated OH exposure, as the OA signal in the SC plateaued at
a maximum value by the end of most experiments. Notably,
the starting aerosol mass was higher in the PAM compared
to the α-pinene experiments (Table S1), which reduces wall
losses by providing additional surface onto which particles
can condense. A shift in the mode of the mass-based size
distributions to larger diameters may also have contributed
to increases in the measured emission factors from the PAM
relative to the SC, although mass may be missed at the upper size range in both the SC and the PAM, as well as at the
lower size range in the case of the PAM (Fig. S4).
In the PAM, higher OH concentrations increase the probability that a compound undergoes further oxidation in the
www.atmos-meas-tech.net/8/2315/2015/
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Figure 5. Total organic aerosol after aging normalized to the mass
of wood burned as a function of OH exposure for each woodcombustion experiment (a–h; experiments 5–12). Individual data
points correspond to the SC and the PAM and MSC when sampling
from the SC and the dashed lines correspond to direct sampling (unknown OH exposure). For (c) and (e) (experiments 7 and 9), direct
sampling corresponds to the PAM and for all other experiments, direct sampling corresponds to the MSC.

gas phase before condensing on a particle or fragmenting
to higher volatility products which largely remain in the
gas phase. In the two experiments with the highest aromatic content (11 and 12), the emission factors measured
from the PAM relative to the SC were largest. This may
be due to the fact that aromatic (or other cyclic) organics can undergo ring-opening rather than fragmentation reactions upon carbon–carbon bond breakage (Lim and Ziemann, 2009; Chhabra et al., 2011), which would result in
aerosol with less volatile/higher molecular weight products
and increased aerosol mass. Slower reaction rates of aromatic compounds with OH relative to non-aromatic species
could also result in less fragmentation on the same oxidation
timescale. However, there is a lack of data on non-aromatic
species emitted during wood combustion which contribute
significantly to SOA formation. VOC mixing ratios were also
higher in the high aromatic content experiments (Table S1),
which is expected to improve emission factor agreement between the PAM and the SC by increasing partitioning to the
particle phase and thus providing additional surface area onto
which species can condense. Although the SOA formation
www.atmos-meas-tech.net/8/2315/2015/
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pathways in the PAM may be much different than in the atmosphere, previous work has shown that reasonable O : C
and H : C values are achieved in the PAM when compared
to ambient measurements (Ortega et al., 2013), which was
also observed here, as discussed below.
Although relative PAH concentrations were not high in all
experiments, low levels can still contribute significantly to
SOA formation. For example, Chan et al. (2009) estimated
that gas phase PAHs, despite being only half the concentration of light aromatics, produced four times more SOA during the first 12 h of oxidation of emissions from the burning of pine wood under normal conditions. However, previous oxidation of PAH reactants in the PAM did not result in
higher-than-expected yields compared to literature (Lambe
et al., 2011a; Chhabra et al., 2015). For example, Chhabra
et al. (2015) found yields from naphthalene photo-oxidation
in the PAM ranging from 0.01 to 0.14, which are lower
than expected from literature (Kautzman et al., 2010). However, Chhabra et al. (2015), also observed significantly lower
yields in the α-pinene system than previous PAM studies,
which may be a reflection of the instrumental measurement
technique.
For all wood smoke experiments, PAM emission factors
increased with increasing OH exposure indicating that fragmentation was not as significant as functionalization reactions in the PAM. In agreement with this result, Ortega et
al. (2013) oxidized emissions from open biomass burning
and did not observe a decrease in emission factors with increasing OH exposure up to a maximum exposure ranging
from 5.42 × 107 to 1.58 × 108 molec cm−3 h depending on
the experiment.
When sampling from the SC, the MSC emission factors
were lower than those in the SC by a factor of 1.5–8 for
all experiments except for the two with the highest aromatic
content. For the experiments with the highest aromatic content, the maximum emission factors in the MSC were higher
than in the SC, which as for the PAM, may be due to the increased ability of aromatics to resist fragmentation to higher
volatility products with multiple oxidation steps or higher
VOC mixing ratios in these experiments.
At the highest OH exposure for each experiment, the mode
of the measured mass size distribution from the MSC was
within the optimal AMS transmission range (Fig. S4), except
for experiment 7 which showed a bi-modal distribution with
one mode around 100 nm. At lower OH exposures, there was
evidence of bi-modal distributions in some cases (Fig. S4),
which may be underestimated in the AMS. Although there is
not an obvious mode below a dva of ∼ 100 nm at the highest OH exposure as observed in the α-pinene experiments
(Fig. S3), except for experiment 7, contributions to the total OA mass from particles below the optimal transmission
range of the AMS cannot be excluded.
In addition to possible contribution to the mass from nucleation mode particles not observed with the AMS, other
factors may contribute to the reduced yields in the MSC.
Atmos. Meas. Tech., 8, 2315–2332, 2015

a

1.6

1.4

1.4

1.2

1.2

1.0

1.0

0.8

e

SC
PAM
MSC

6

300x10
250

0.8

200

1.6

0.2
0.4 0.6 0.8 1.0
b

1.6

0.2
0.4 0.6 0.8 1.0
f

150
100

1.4

1.4

1.2

1.2

1.0

1.0

0.8

0.8

1.6

0.2 0.4 0.6 0.8 1.0
c

1.6

1.4

1.4

1.2

1.2

1.0

1.0

0.8

0.8

1.6

0.2 0.4 0.6 0.8 1.0
d

1.6

1.4

1.4

1.2

1.2

1.0

1.0

0.8

0.8
0.2 0.4 0.6 0.8 1.0

O:C

50
0

-3

Atmos. Meas. Tech., 8, 2315–2332, 2015

1.6

OH exposure (molec cm h)

Unlike the PAM, there is no outer ring flow to separate the
sample flow from the reactor walls and the MSC SA / V ratio (∼ 200 m−1 ) is about 10 times higher than the PAM and
over 50 times higher than the SC. The temperature inside the
MSC is higher than in the PAM, which is expected to reduce
the condensation of vapors on the reactor surfaces. However,
the temperature drop upon exiting the MSC can result in condensation of gas phase species not only onto the particles, but
also on the sample lines, where the SA / V ratio is higher than
inside the MSC. The heating inside the MSC can also shift
the partitioning of material towards the gas phase.
Higher concentrations of starting aerosol (Table S1) are
expected to increase emission factors in the MSC relative
to the SC, as this provides additional surfaces onto which
species can condense. Interestingly, the agreement between
the SC and MSC did not improve at higher aerosol concentrations (Figs. S5 and S6b). This may suggest that nucleation
was the dominant gas-to-particle conversion mechanism and
there was insufficient growth of the particles into the optimal AMS detection range in the MSC and that there was
significant loss of material on the surfaces either inside the
MSC or afterwards. There was no evidence of a significant
mass mode below the optimal AMS transmission range, as
observed in the α-pinene experiments, although the presence
of such a mode cannot be excluded and further measurements
including the lower size range are needed. Increased VOC
concentrations are also expected to increase emission factors, as this would form larger particles as more material condenses. However, there was no clear trend in emission factor
with starting VOC mixing ratio (Fig. S6a) as the majority of
the burns produced similar VOC mixing ratios. The emission
factors from the MSC increased with increasing OH exposure in the two experiments with highest aromatic content.
However, in the experiments with the lowest VOC and aromatic contributions (5–8), the emission factors from the MSC
decreased with increasing OH exposure, indicating that fragmentation may have been significant. Increased nucleation
rates at higher OH concentrations may have also shifted the
particle size distribution towards smaller sizes, which are not
transmitted as well in the AMS. Higher OH exposures in the
MSC are obtained by increasing the UV light intensity, which
in turn increases the temperature in the reactor. As discussed
before, this can shift the partitioning of material towards the
gas phase and thus lower yields.
Direct sampling with the MSC and the PAM resulted in
emission factors within the range observed when sampling
from the SC. For the PAM, the dilution factor compared to
SC sampling was roughly the same, and thus emission factors
from the two sampling schemes are not expected to vary significantly. The dilution factor in the MSC was ∼ 9 when direct sampling compared to ∼ 100–250 when sampling from
the SC. Increases in emission factors with increasing primary
emission concentrations were not observed here, which may
have been due to insufficient OH exposure or the possibilities
described above for the SC sampling.
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Figure 6. Elemental ratios of SOA generated during each woodburning experiment (a–h, experiments 5–12, respectively) as a function of OH exposure. Data points correspond to the SC and the PAM
and MSC when sampling from the SC.

The bulk composition of the aged emissions is influenced
by composition as well as the relative contributions of POA
and SOA to total OA. Figures 6 and 7 compare the elemental
+
ratios and f CO+
2 –f C2 H3 O plot for the SOA generated in
each device, determined using PMF as described previously.
Figures S7 and S8 show the same plots for the bulk-aged
OA. There was reasonable compositional agreement of the
SOA generated in the PAM and the SC at similar OH exposures, as observed for α-pinene photo-oxidation. At higher
OH exposures, O : C increased in the SC and the PAM to
varying degrees, indicating that the bulk SOA composition
changed with aging. The increased oxygenation of SOA with
aging could be due to the volatility distribution of the primary emissions. For example, products with lower volatility
may only require one oxidation step to partition significantly
to the particle phase, whereas higher volatility products may
require multiple oxidation steps prior to partitioning. In the
PAM, an increased likelihood of further oxidation in the gas
phase prior to condensing at higher OH concentrations could
also have contributed to changes in SOA composition. Increasing fragmentation relative to functionalization has also
been shown to increase O : C (Lambe et al., 2012); however, emission factors in the PAM and the SC increased with
increased aging, suggesting functionalization dominated. It
www.atmos-meas-tech.net/8/2315/2015/
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spectra for SOA generated during each wood-combustion experiment when OH exposures were within 30 % (Table 1). Theta (θ ),
the angle between two mass spectral vectors, describes the degree of
similarity between the two mass spectra (Kostenidou et al., 2009).
Dashed vertical lines indicate θ of 15 and 30◦ . Values of θ less
than 15◦ indicate good agreement between the mass spectra, values
between 15 and 30◦ indicate that there are similarities, but also important differences, and values greater than 30◦ indicate poor agreement (Bougiatioti et al., 2014).
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Figure 7. Plot of f CO+
2 as a function of f C2 H3 O for SOA generated during each wood-burning experiment (a–h, experiments 5–
12, respectively). Data points correspond to the SC and the PAM
and MSC when sampling from the SC.

should be noted that significant particulate [CO]+ is expected
in the AMS from wood combustion, which would influence
reported O : C ratios; however, quantification is challenging
due to interference from the large [N2 ]+ signal from air at the
same nominal mass (Ortega et al., 2013; Corbin et al., 2015).
The standard approach of assuming particulate [CO]+ and
[CO2 ]+ are equal was applied here.
In the MSC, O : C and f CO+
2 was higher than in the SC,
particularly in the experiments with lower aromatic contributions, although there was typically less overlap in OH exposure between the systems. Increased oxygenation in the MSC
may be due to the higher probability of gas phase oxidation prior to condensation/nucleation in the MSC compared
to the SC or increased fragmentation relative to functionalization. In these experiments, the emission factors also decreased with increasing OH exposure, suggesting fragmentation increased at higher OH concentrations. Fast oxidation at
higher OH concentrations may also produce smaller particles
which fall below the optimum transmission size range of the
AMS.
Variation in the SOA mass spectra can be summarized by
determining the angle (θ ) between two mass spectral vecwww.atmos-meas-tech.net/8/2315/2015/

tors (Kostenidou et al., 2009). As described by Bougiatioti
et al. (2014), θ values less than 15◦ indicate good agreement
between mass spectra, values between 15 and 30◦ indicate
similarities, but also important differences and values greater
than 30◦ indicate poor agreement. Figure 8 shows θ for each
flow reactor for each experiment compared to the SC when
OH exposures were within 30 %. Mass spectral similarities
with the SC were greater for the PAM than for the MSC, as
expected based on the level of agreement in Figs. 6 and 7.
There was generally better agreement between the flow reactors and the SC at lower aromatic fractions, suggesting that
the chemistry occurring in the devices is dependent on reactant composition.

4

Conclusions

For the first time, the quantities and the chemical composition of organic aerosol generated from the oxidation of αpinene and of wood-combustion emissions with the same
precursor mixture were determined using an SC, PAM and
MSC. The PAM and the SC agreed reasonably well in terms
of quantity and composition for the systems and conditions
studied here, considering the challenges associated with both
approaches (e.g, wall losses of semi-volatile species). The
agreement supports the continued use of the PAM to study atmospheric aging, which is encouraging as it is advantageous
due to its portability and its ability to age on the timescale
of seconds to minutes. The PAM is also advantageous for
simulating extended aging in the atmosphere, which is chalAtmos. Meas. Tech., 8, 2315–2332, 2015
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lenging in smog chambers due difficulties in reaching high
oxidant exposures.
One concern with the ability of flow reactors to simulate
atmospheric processes is that slower processes contributing
to the evolution of the particle phase (e.g., condensed phase
reactions) are not able to proceed during the relatively short
residence time in these flow reactors. However, the similarity
in terms of yields and composition shown here between the
SC and the PAM indicate that either these slow processes do
not significantly alter bulk aerosol yields or composition or
that these slow reactions are accelerated and/or compensated
for by the fast oxidation in the PAM.
Discrepancies in yields and emission factors between the
MSC and the SC were larger than between the PAM and the
SC, possibly due to significant mass below the AMS detection range and/or the design of the MSC (i.e., higher oxidant
concentrations leading to fragmentation and insufficient time
for condensation of material onto particles inside the reactor). During α-pinene experiments, nucleation was observed
in all three systems, higher OH concentrations increased the
rate of nucleation and, depending on the residence time, similar OH exposures produced a range of OA sizes. The slowest
system, the SC, produced OA in a size range corresponding to the seed, whereas the PAM and the MSC produced an
OA mode smaller than the seed. In the case of the MSC, the
fastest system, this mode was below the optimum transmission range of the AMS. For wood-burning experiments, this
size dependency was difficult to establish due to the presence
of primary OA.
Further work with more comprehensive coverage of the
potential particle size range (i.e., include dva range less
than 100 nm and greater than 1 µm) would improve our understanding of the differences in yields and emissions factors when comparing the MSC to the SC. Determining the
sources of discrepancy between the MSC and the SC is critical for determining the applicability of the MSC for OA
quantification.
For the wood smoke emissions with the highest aromatic
content, the maximum emission factors measured in the
MSC and the PAM were largest relative to those measured
in the SC, which may be due to the increased ability of aromatics to resist fragmentation to higher volatility products
with multiple oxidation steps or higher VOC mixing ratios in
these experiments. Further work comparing the yields from
oxidation of aromatic species in the flow reactors and the SC
would clarify the applicability of flow reactors when analyzing reactants with high aromatic content.
In all cases, the OA loadings, although atmospherically
relevant for some parts of the world, were generally high.
Complementary work is needed at lower concentrations (e.g.,
< 50 µg m−3 ) to determine the representativeness of atmospheric flow reactor studies across a broader range of atmospheric concentrations.

The Supplement related to this article is available online
at doi:10.5194/amt-8-2315-2015-supplement.
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