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Abstract. The species and chemistry responsible for sec-
ondary organic aerosol (SOA) formation remain highly un-
certain. Laboratory studies of the oxidation of individual,
high-flux SOA precursors do not lead to particles with mass
spectra (MS) matching those of ambient aged organic ma-
terial. Additionally, the complexity of real organic particles
challenges efforts to identify their chemical origins. We have
previously hypothesized that SOA can form from the atmo-
spheric oxidation of a large suite of precursors with varying
vapor pressures. Here, we support this hypothesis by using
an aerosol mass spectrometer to track the chemical evolu-
tion of diesel exhaust as it is photochemically oxidized in
an environmental chamber. With explicit knowledge of the
condensed-phase MS of the primary emissions from our en-
gine, we are able to decompose each recorded MS into con-
tributing primary and secondary spectra throughout the ex-
periment. We find that the SOA becomes increasingly oxi-
dized as a function of time, quickly approaching a final MS
that closely resembles that of ambient aged organic particu-
late matter. This observation is consistent with our hypothe-
sis of an evolving suite of SOA precursors. Low vapor pres-
sure, semi-volatile organic emissions can form condensable
products with even a single generation of oxidation, resulting
in an early-arising, relatively less-oxidized SOA. Continued
gas-phase oxidation can form highly oxidized SOA in sur-
prisingly young air masses via reaction mechanisms that can
add multiple oxygen atoms per generation and result in prod-
ucts with sustained or increased reactivity toward OH.

Correspondence to:N. M. Donahue
(nmd@cmu.edu)

1 Introduction

Based on available emissions profiles and laboratory-
generated yield curves, secondary organic aerosol (SOA) has
been estimated to comprise around 60% of the global bur-
den of organic aerosol (OA) (Kanakidou et al., 2005). A
recent global mass-balance calculation for the removal of
volatile organic compounds (VOCs) from the atmosphere
suggests that this estimate underpredicts SOA production
rates by as much as an order of magnitude (Goldstein and
Galbally, 2007). Ambient data from major urban areas in
North America, Europe and Asia support this higher result,
indicating that SOA concentrations downwind of anthro-
pogenic sources are considerably greater than current mod-
els predict (de Gouw et al., 2005; Johnson et al., 2006; Heald
et al., 2005; Volkamer et al., 2006; Zhang et al., 2007).

Discrepancies between modeled and measured SOA for-
mation are not limited solely to concentration differences; the
kinetics and products of SOA-generating chemistry are also
problematic. Inexplicably high mass loadings of oxidized
organic aerosol (OOA) in photochemically young air masses
in Mexico City indicate that SOA formation is rapid enough
that SOA can be the dominant component of OA there, even
locally, at certain times of day (Volkamer et al., 2006). The
oxidation chemistry of the high-flux VOCs that have tradi-
tionally been included in models as SOA precursors cannot
explain these observations. Nor do chamber studies of the
SOA resulting from these precursor produce particulate mat-
ter with mass spectra (MS) matching those of ambient OOA
(Alfarra et al., 2006; de Gouw et al., 2005).

Taken together, these observations point to serious deficits
in our understanding of the chemical nature of SOA, making
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it a relatively poorly characterized contributor to atmospheric
aerosol. In response, efforts have been made to speciate am-
bient OA (Schauer et al., 1999; Rogge et al., 1993; Williams
et al., 2006). However, these efforts are challenged by the
complexity of the samples, which have been shown to con-
tain tens of thousands of compounds (Hamilton et al., 2004),
with the molecular identity of the majority of the organic
mass still unknown. Molecular-level approaches confirm
that SOA is the product of complicated, uncontrolled radical
chemistry that results in compositionally complex particles;
the identities of the individual compounds are unlikely to un-
ambiguously indicate their origins. Consequently, there is
a need for physically meaningful parameterizations that will
allow this chemistry to be efficiently and accurately incorpo-
rated into atmospheric chemistry models.

Due to this need, investigations of the chemical nature of
bulk SOA are also underway. Recent advances in aerosol
mass spectrometry have yielded a wealth of information
about the composition of ambient particles. However, the
time-averaged sampling necessary to generate acceptable
signal and the high-energy ionization methods standard to
mass spectrometry, when combined with the complexity
typical of atmospheric organics, result in spectra that can-
not be deconvolved to a molecular level. Still, consider-
able progress has been made in determining the properties
of OA based on its total signal. For example, laboratory
studies have confirmed the formation of “oligomeric” oxi-
dation products with masses several times those of the reac-
tants (Kalberer et al., 2004). Combined thermal desorption
and aerosol mass spectrometry provides insight into the va-
por pressures of particle constituents (Chattopadhyay et al.,
2001). And, several mathematical methods for the analy-
sis of bulk spectra, informed by existing knowledge of at-
mospheric organic chemistry, can classify organic material
by source, functionality, and oxidation state (Bahreini et al.,
2005; Marcolli et al., 2006; Zhang et al., 2005a; Lanz et al.,
2007).

Zhang et al.(2005b) have convincingly applied one such
method to ambient data collected during the Pittsburgh Air
Quality Study. Their approach, employing a custom prin-
cipal component analysis (CPCA), mathematically decon-
volves the organic MS from an Aerodyne quadrupole aerosol
mass spectrometer (Q-AMS) into two time-invariant factors:
hydrocarbon-like organic aerosol (HOA) and oxygenated or-
ganic aerosol (OOA). These two factors combine to explain
99% of the variance in the Pittsburgh data set. Additionally,
they show the temporal trends of HOA to be strongly corre-
lated with those of elemental carbon, NO, and CO, indicating
that HOA is associated with primary emissions; OOA is sim-
ilarly correlated with sulfate, suggesting that it constitutes
SOA. Results from other locations have also demonstrated
success using similar approaches (Zhang et al., 2007; Kondo
et al., 2007). Interestingly, the OOA component derived from
the CPCA method is not the MS of SOA formed in typical
chamber experiments, suggesting that these experiments are

not accurately reproducing either the species or the chem-
istry involved in ambient SOA formation. This points to the
need for laboratory SOA experiments carried out under more
atmospherically relevant conditions.

In response, we have exposed whole diesel exhaust (va-
pors and particles), without explicit knowledge of its molec-
ular composition, to atmospheric oxidants in an environmen-
tal chamber. The goal of this paper is to use Q-AMS data to
characterize the chemistry of SOA formation from the UV-
initiated oxidation of this exhaust. A unique advantage of
these experiments is that we know the spectrum of the pri-
mary organic aerosol (POA) because it is monitored prior to
the initiation of chamber chemistry. With this knowledge, we
are confident that we can remove the POA spectrum from the
total organic MS with fidelity.

In these experiments, SOA was formed rapidly and in
high concentrations (Robinson et al., 2007; Weitkamp et al.,
2007). Here, we carefully consider the the MS of this SOA.
We track the evolution of the MS in time and discuss what
that evolution suggests about the species and chemistry driv-
ing SOA formation. We compare this MS to the OOA
MS derived from the CPCA method to reconcile the time-
dependence observed in our SOA with the time-invariant
OOA component used to describe ambient data. And, we
evaluate the atmospheric relevance of our experiments by
comparing the composition of our oxidized OA to that of am-
bient aged OA.

2 Methods

The experiments discussed here have been described in detail
in a companion publication (Weitkamp et al., 2007). Briefly,
several experiments were conducted to observe UV-initiated
oxidation chemistry of diesel exhaust in the Carnegie Mel-
lon University smog chamber. The chamber (described in
detail inHuff Hartz et al., 2005; Presto et al., 2005) is com-
prised of a 10 m3 Teflon bag filled with clean, dry air. The
bag is suspended in a temperature-controlled room banked
with UV lights. In these experiments, small amounts of ex-
haust from a single-cylinder diesel generator (Yanmar) oper-
ated under several engine loads were added to the chamber.
After injection of the exhaust, the UV lights in the chamber
were turned on to initiate oxidation. The chamber was held
at 23◦C±1◦C and∼5% relative humidity. The evolution of
the resulting aerosol was observed for several hours using a
Q-AMS (Aerodyne Research, Inc.), a scanning mobility par-
ticle sizer (SMPS, TSI 3080), and a proton transfer reaction
mass spectrometer (Ionicon).

In each experiment we observed significant particle
growth after illumination – in most cases the wall-loss cor-
rected particle mass roughly doubled after a few hours. We
observed ten times more SOA than we expected based on
oxidation of volatile aromatic precursors such as trimethyl
benzene (Weitkamp et al., 2007). Our conclusion, discussed
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elsewhere, is that oxidation of semi-voltile gas-phase species
is responsible for this mass increase (Robinson et al., 2007).

Here we wish to explicitly consider the chemical nature of
the SOA that was formed. Toward this end, the composition
of the non-refractory portion of the diesel particulate matter
was monitored using a Q-AMS. The Q-AMS alternated be-
tween operating in mass spectrum (MS) scanning mode and
in particle time-of-flight (PToF) mode every fifteen seconds
(Jayne et al., 2000; Jimenez et al., 2003). The sample aver-
aging time was five minutes, and the vaporizer temperature
was 600◦C. This instrument has unit mass resolution, and
therefore cannot distinguish among fragments with the same
integer mass.

2.1 AMS data interpretation

The AMS data were analyzed using the standard fragmen-
tation and batch tables, with corrections applied for particle
mass appearing at a mass-to-charge ratio (m/z) of 28 and
for increased gas-phase CO2 concentrations when necessary
(Allan et al., 2004a,b).

The AMS signal atm/z=28 is normally attributed entirely
to gas-phase N+2 . This signal is used as an internal standard
to quantify and correct for normal electron multiplier degra-
dation over the course of a study. However, organic com-
pounds that produce either CO+ or C2H+

4 fragments can also
produce signal atm/z=28. In order to both accurately re-
port the organic mass and reliably apply the multiplier-decay
correction, we must properly apportion the observed signal
between the gas and condensed phases. To facilitate this ap-
portionment, we sample chamber air through a HEPA filter
for at least 20 minutes prior to and after each of our experi-
ments. We attribute the signal atm/z=28 during these filter
samples entirely to N+2 , and we use it to quantify the mag-
nitude of the multiplier decay over the course of the experi-
ment. Additionally, we includem/z=28 on our list of masses
monitored in PToF mode. Using these PToF data, we can
plot dm/d(logDva) versus log(Dva) (whereDva is the vac-
uum aerodynamic diameter) and observe a bimodal size dis-
tribution. We integrate these curves to find the fraction of
the mass atm/z=28 in the particle-phase throughout an ex-
periment. We attribute this fraction of the mass recorded at
m/z=28 to the organic MS; the balance of the mass is at-
tributed to gas-phase N+2 . This allows us to constrain the
shape of the multiplier decay curve between the two HEPA-
filter sampling periods.

The signal appearing atm/z=44 is normally appor-
tioned assuming a constant atmospheric CO2 abundance of
370 ppm, but engine exhaust can have considerably higher
CO2 concentrations. We rely heavily on the organic sig-
nal at m/z=44 in our analysis, and so adjusted this frac-
tion to ensure that we reliably attributed the observed sig-
nal. The gas-phase CO2 concentration in the chamber was
found by attributing the entire signal atm/z=44 during the
post-experiment HEPA sampling period to gas-phase CO2.

This concentration (corrected for multiplier degradation) was
taken to be representative of concentrations throughout the
experiment. CO2 concentrations varied from 350 to 640 ppm
in the experiments discussed here. These concentrations
make gas-phase CO2 a minor contributor (< 1%) to the to-
tal mass atm/z=44, so we do not expect our results to be
sensitive to this correction.

With higher resolution data, it would be possible to con-
sider additional corrections to the fragmentation table. For
example, there is undoubtedly organic signal atm/z=30 due
to CH2O+, which is currently being attributed to nitrate. We
cannot quantify this signal because the AMS-fragmentation
pattern for NO3 originating from organic nitrates is un-
known. This hampers our ability to quantify organic nitrate
formation, a potentially interesting source of early-forming
SOA, in these experiments.

All of the spectra presented here are normalized by total
organic mass to facilitate comparisons among experiments
and methods. Differences in the collection and ionization ef-
ficiencies between primary and secondary organics may ex-
ist, but this normalization eliminates any need to explicitly
consider these variations with particle composition.

2.2 Decomposition of organic MS

The MS recorded by the Q-AMS are time- and spatially-
averaged composite spectra of a complex mixture of hun-
dreds of chemical compounds, which are further com-
plicated by the fragmentation characteristic of the high-
temperature vaporization and electron-impact ionization of
organic species. The deconvolution of these spectra into in-
dividual chemical components is an overwhelmingly difficult
task, and we instead aim to describe the chemical evolution
of the SOA that is formed from properties of the bulk spectra.

We use two methods to decompose the bulk organic MS
into reduced and oxidized components. The first is our resid-
ual analysis method, described below, and the second is the
CPCA method ofZhang et al.(2005a). In our residual anal-
ysis method, we exploit the advantage provided by the con-
trolled nature of a smog-chamber study: it is a batch process
with a known POA MS. Using this primary MS (MSPOA) and
assuming that the chemical composition of the POA remains
constant throughout the experiment, we can obtain the MS
of the secondary material (MSresidual) that is formed during
the experiment by subtracting the known MSPOA from the
observed total spectrum at timet :

MSresidual= MSt − f57 MSPOA (1)

wheref57 is the maximum fraction of MSPOA that can con-
tribute to MSt . We define MSPOA as the MS recorded prior
to the initiation of oxidation at timeto=0, and assume that it
is an invariant and known component of the total MS at each
subsequent timet . f57 is calculated as:

f57 =
mm/z=57(t)

mm/z=57(to)
(2)
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wheremm/z=57 is the mass appearing at am/z=57 in the or-
ganic MS. Values off57 slightly exceeding unity occasion-
ally occur in the first few samples after the chamber lights
are turned on and are attributed to incomplete mixing in the
chamber. This residual analysis method of apportioning or-
ganic mass between primary and secondary material is in
good agreement with independent wall-loss estimates from
SMPS data, as shown below.

We have also applied the CPCA method ofZhang et al.
(2005a) to data from these experiments (Zhang, 2005). This
method deconvolves observed organic mass spectra into two
factors: HOA and OOA. These component MS are deter-
mined iteratively, starting from an initial guess based on the
time series of the organic mass appearing at representative
peaks (m/z=57 andm/z=44, respectively, for HOA and
OOA) that is refined based on the results of multiple multi-
variate linear regressions. The MS observed at any time dur-
ing an experiment can be expressed as a linear combination
of the resulting HOA and OOA spectra for that experiment.

Both apportionment methods provide insight into the
chemical processes occurring in the chamber. However, there
is a fundamental difference: the two factors (HOA and OOA)
in the factor analysis method are, by definition, constants,
with a time-evolving mixing term that describes the tempo-
ral evolution of the overall mass spectrum; on the other hand,
in the residual analysis method MSPOA is a constant, fixed at
its initial value, but MSresidualcan and does evolve in time.

2.3 Uncertainties involved in the residual analysis method

Implicit in our use of a single MS peak as a scaler for the en-
tire MSPOA is the assumption that the initially recorded MS
accurately represents the chemical composition of the con-
densed fraction of the primary emissions throughout an ex-
periment. This assumption excludes consideration of spec-
tral changes due to both repartitioning of primary emissions
and condensed-phase chemistry. The first exclusion we can
validate based on our observations that the MSPOA from the
engine used in these experiment varies little between experi-
ments and control experiments that show that it changes neg-
ligibly in the absence of light. Over the conditions of these
experiments (initial mass concentrations of 5 to 80µg/m3, as
measured by the SMPS assuming spherical particles with a
density of 1 g cm−3), changes in partitioning do not appear
to affect the basic features of the averaged MSPOA.

The second assumption is more difficult to evaluate. Am-
bient observations of molecular-marker decay and laboratory
studies of the heterogeneous reactions in organic particles
suggest that condensed-phase primary organics are oxidized
under atmospheric conditions (Robinson et al., 2006; Rudich
et al., 2007). However, in their analysis of OA in Pittsburgh,
Zhang et al.(2005b) show a strong correlation between OOA
and sulfate concentrations, indicating that the OOA signal is
primarily due to SOA, not oxidized POA. Here, we assume
an invariant MSPOA, but small changes in this spectrum due

to, for example, heterogeneous processing, could affect the
apportionment of organic aerosol between primary and resid-
ual components. We can estimate the potential effects of het-
erogeneous oxidation by assuming that it is dominated by
OH uptake. With an OH uptake coefficient of unity, 100 nm
particles with a density of 1 g cm−3 and a mean molar mass
of 150 g mol−1 would have a lifetime with respect to OH ox-
idation on the order of 2 days in our experiments. Therefore,
at the conclusion of a 5-h experiment, no more than 12% of
the POA should be oxidized.

Accounting for either partitioning or heterogeneous oxida-
tion would increase the fraction of the material identified as
primary, and decrease the fractional contribution of oxidation
marker peaks, such asm/z=44, to the MSresidual, making it
appear relatively less oxidized. However, based on our con-
trol experiments and our knowledge of the oxidation condi-
tions in the chamber, we cannot explain our results in terms
of these two phenomena. Neither shows an effect within an
order of magnitude of the changes we observe.

The use ofm/z=57 as the single marker peak that dictates
how much of a given MS is attributed to primary material is
in general agreement with the identification ofm/z=57 by
Zhang et al.(2005a) as the single best tracer for HOA based
on a combination of its intensity and unique source (C4H+

9 )
in the MS of combustion exhaust. However, beyond its well-
documented correlation with anthropogenic POA, our choice
of m/z=57 is purely phenomenological: it is the first MS
peak to reach zero when we progressively increase the frac-
tion of MSPOA that is subtracted from the observed total MS
(Zhang et al., 2005a; Canagaratna et al., 2004). Ambient data
suggest that attributing all of the signal atm/z=57 may over-
estimate the contribution of POA. Application of the CPCA
method in field campaigns has found that oxidized organic
material has a signal atm/z=57 that is between 2% and 6%
of that atm/z=44 (Zhang et al., 2005b). In our experiments,
we find that reducing the amount of MSPOA subtracted from
MSt to meet this criterion results in only a slightly less oxi-
dized MSresidual; the change inf57 is on the order of 1%.

3 Results and Discussion

In each of the experiments discussed here, the MS of the con-
densed phase changes with time. The fractions of the total
organic mass appearing atm/z=44 (CO+

2 ) and 31 (CH3O+),
two masses that are indicative of oxidized material, increase
with time, while the fractions appearing at masses associated
with reduced organic material, such asm/z=57 (C4H+

9 ) and
71 (C5H+

11), decrease (Zhang et al., 2005a). From the in-
creasingly oxidized nature of the condensed-phase material
and accompanying observations of increases in its mass, we
conclude that substantial amounts of SOA are formed from
the oxidation of diesel emissions (Weitkamp et al., 2007).

Atmos. Chem. Phys., 8, 1139–1152, 2008 www.atmos-chem-phys.net/8/1139/2008/
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Fig. 1. Results of the organic mass apportionment from the residual analysis method for three experiments:(a) low (6.5µg m−3), (b)
medium (10.2µg m−3) and (c) high (68µg m−3) initial aerosol mass concentrations. Masses are reported from SMPS data assuming
spherical particles with a density 1.0 g cm−3. Results from an inverse wall-loss model are also shown. Dotted lines assume wall loss rates to
be independent of particle size while dashed lines explicitly incorporate a size-dependence.

3.1 Decomposition of organic MS

Using the residual analysis method in Eqs. (1) and (2), the
decomposition of the organic mass into primary and residual
components in three different experiments is shown by the
solid lines in Fig.1. The three experiments vary in both ini-
tial mass concentrations of primary aerosol and engine loads.
Each experiment, however, shows the same trend. Within 15
minutes of the initiation of oxidation, the primary MS frac-
tion begins to diminish. Within 1 h, the primary MS only
accounts for 70% of the observed organic mass. The primary
MS fraction continues to decline throughout the experiments,
though at a slowing rate, until, after 3 h, only between 30 and
60% of the observed mass is primary.

We wish to verify that the residual analysis gives us a rea-
sonable POA/SOA split, but as in all static chamber experi-
ments, uncertainties in the wall-loss rates limit our accuracy.
Direct observation of wall loss in these experiments is con-
founded by concurrent SOA production. Using SMPS data
and an inverse model (Aerosol Parameter Estimation model:
APE), we have estimated wall losses in the chamber during
these experiments (Pierce et al., 20071). The APE model al-
lows us to explicitly calculate the primary mass in the cham-
ber. With this we can apportion the recorded SMPS mass be-
tween primary and new (secondary) and then compare this
apportionment to the MS-based apportionment. Although
both approaches require a number of assumptions (as dis-
cussed above and inWeitkamp et al.(2007)), the two meth-
ods are independent, and their overall agreement is reason-
able. The results are compared in Fig.1. The discrepancies
that do exist suggest that the residual analysis method and
wall-loss model estimates of the POA/SOA split converge as
aerosol mass increases. At lower aerosol masses, the resid-
ual analysis method may underestimate the primary fraction

1Pierce, J. R., Engelhart, G. J., Weitkamp, E. A., Pathak, R. K.,
Pandis, S. N., Donahue, N. M., Robinson, A. L., and Adams, P. J.:
Constraining particle evolution from wall losses, coagulation, and
condensation-evaporation in smog- chamber experiments: optimal
estimation based on size distribution measurements, Aerosol Sci.
Tech., submitted, 2007.

of the organic mass. In the following section, our detailed
analysis focuses on the third, highest mass (68µg m−3) ex-
periment where the two approaches are in excellent agree-
ment. Here, we are confident that the residual MS reflects
the composition of the SOA that is formed. We will then
show that these results are consistent with our observations
from and hence generalizable to the other experiments.

3.2 Evolution of MSresidual

The time-dependent evolution of the MSresidual is demon-
strated by the results of a typical experiment shown in Fig.2.
In Fig. 2a, the organic mass measured by the Q-AMS is ap-
portioned between primary and residual components as dis-
cussed above. The MS of the grey portion is MSPOA. The
MS of the green portion is MSresidual; this spectrum evolves
in time as indicated in Figs.2b and c. According to this ap-
portionment, secondary material begins to form immediately
after the chamber lights are turned on and accounts for over
10% of the total organic mass within 15 min. After 5 h, the
MSresidualaccounts for approximately 40% of the suspended
organic mass.

One of the most straightforward indicators of the oxida-
tion state of organic aerosol is the mass appearing atm/z=44
(Zhang et al., 2005a). The CO+

2 fragment appearing at this
mass is believed to form in the AMS primarily from the
degradation of pyrolyzable material on the AMS vaporizer
surface. Signal at this mass is a good indicator for OOA and
is emerging as a decent surrogate for tracking the O:C ratio
in unit-resolution instruments (Aiken et al., 2008). Figure2b
shows the percentage of the mass in the MSresidualappearing
at m/z=44 as a function of time. This simple metric shows
the residual becoming progressively more oxidized over the
course of the experiment. The percent of the MSresidualap-
pearing atm/z=44 increases by a factor of three, from 4%
to 12%, during this five-hour experiment. The combination
of the residual becoming more oxidized (Fig.2b) and the de-
creasing fractional contribution of MSPOA (Fig. 2a) means
that the organic particles are becoming increasingly oxidized
with time.

www.atmos-chem-phys.net/8/1139/2008/ Atmos. Chem. Phys., 8, 1139–1152, 2008
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Fig. 2. Results of reisdual anlaysis.(a) Apportionment of organic signal among primary (grey) and residual (green). The MS of the grey
portion is constant and is shown in Fig.4; the evolving MS of the green portion is shown to the right. The colored lines indicate the times
for which residual spectra are shown.(b) Percent of the residual MS mass appearing atm/z=44 as a function of time. The colored circles
indicate the times for which residual spectra are shown.(c) Changes in the residual MS with time starting at 0.15 h after the initiation of
oxidation (bottom, red) and shown every hour until 5.25 h (purple, top). The dashed line marksm/z=44.

Figure 2c shows the evolving oxidation of the residual
fraction of the organic mass in more detail. Six residual spec-
tra are shown at one-hour intervals starting 15 min after the
initiation of oxidation. These times are designated by the col-
ored lines and circles in Figs.2a and b, respectively; the ear-
liest spectrum is shown in red at the top of the column and the
last in purple at the bottom. Two features of the time series of
these MSresidualare readily apparent. The first is that the ba-
sic structure of the residual spectrum emerges quickly, being
established only 15 min into the experiment. The dominant
peaks in the first MSresidualremain dominant throughout the
experiment. The second is that the ratio of the height of the
peak atm/z=44 to that atm/z=43 (the 44:43 ratio) steadily
increases throughout the experiment. In the early spectra,
m/z=43 is the strongest peak, whereas in the later ones it is
m/z=44 (andm/z=18, which is set equal tom/z=44 in the
fragmentation table used here (Allan et al., 2004a,b)).

Traditional single-precursor SOA experiments often dis-
play behavior opposite that observed here (Zhang et al.,
2006). In those experiments, terpenes react with ozone
at carbon-carbon double bonds, leading to products whose

composition does not evolve in time because they are no
longer reactive with the oxidant. Increased precursor oxida-
tion simply increases the total product mass without chang-
ing the product composition, and the most oxidized SOA is
observed to condense first, at the lowest aerosol loadings.
This is presumably because the most highly oxidized mate-
rial generally has the lowest vapor pressure; therefore, it con-
denses earlier, at the lower OA concentrations. This differ-
ence between our current results and those looking at SOA
formation from ozonolysis of biogenic precursors strongly
suggests that the chemistry occurring in the diesel experi-
ments involves a suite of precursors that form condensable
products after varying numbers of oxidation reactions. Our
observations match more closely with recent chamber pho-
tolysis studies, which also show SOA that is becoming pro-
gressively more oxidized with time (Baltensperger et al.,
2005). We attribute this to continuing oxidation of semi-
volatile gas-phase species: when reaction products remain
reactive with the oxidant, the gas-phase chemistry will con-
tinue until its products are of sufficiently low vapor pressure
to condense.

Atmos. Chem. Phys., 8, 1139–1152, 2008 www.atmos-chem-phys.net/8/1139/2008/
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Fig. 3. Detailed evolution of the residual MS as a function of time during a typical experiment. The cumulative changes occurring at each
m/z ratio relative to the initial MSresidualat t=0.25 h (in red in Fig.2c are shown. The height of a bar indicates the change in the percent
contribution at thatm/z ratio and the color of the bar indicates the time elapsed.

The spectra shown in Fig.2 are expressed in terms of per-
centage of the total organic signal, so the relative increase in
signals atm/z=44 and 18 (more than 15% of the total organ-
ics) must be counterbalanced by corresponding losses else-
where. These losses are dispersed, appearing as small rela-
tive decreases at most masses greater thanm/z=62. The pro-
gressive changes observed in the MSresidual over the course
of this experiment are shown in the difference spectrum in
Fig. 3. This spectrum shows the cumulative changes oc-
curring at eachm/z ratio relative to the initial MSresidual at
t=0.25 h, shown in red in Fig.2c. Masses that are increasing
in importance with time are shown as positive; those that are
decreasing are negative. Examples of masses of increasing
and decreasing importance arem/z=44 and 91, respectively.
The height of a bar indicates the change in the percent contri-
bution at thatm/z ratio and the color of the bar indicates the
time elapsed. For example, the mass appearing atm/z=44
is shown in Fig.2b to increase from 4% to 14% of the total
organic mass betweent=0.25 andt=5.25 h; this 10% change
is indicated by the purple bar atm/z=44 in Fig.3. Masses in
Fig. 3 that show the same color progression shown in Fig.2c
are changing systematically with oxidant exposure. Initial in-
creases (shown in orange) followed by subsequent decreases
(shown in blue and violet) in the fractional contribution of
m/z=28 interestingly suggest that the CO+ fragment is im-
portant in the early, rapid phase of SOA formation, but not as
much in the later, slower phase. Overall, this spectrum shows
a characteristic typical of increasingly oxidized organic ma-

terial: as long carbon chains become more functionalized
with oxidation, they are increasingly fragmented by electron
impact ionization, and signal in their MS shifts to smaller
masses. Hence, small masses become increasingly dominant
as oxidation progresses.

Our fundamental conclusions from the data shown in
Figs. 2 and 3 are that a large amount of SOA is formed
from oxidized diesel emissions and that the MS of that SOA
is changing as a function of time. Moreover, our residual
analysis indicates that the compounds comprising this SOA
are becoming substantially oxidized on surprisingly short
timescales. This observation is consistent with ambient ob-
servations that show rapid production of relatively oxidized
SOA (Salcedo et al., 2006). Based on our knowledge of con-
ditions in the chamber during these experiments, we expect
that the observed SOA formation results from a high-NOx ,
OH-initiated oxidation scheme such as that outlined byLim
and Ziemann(2005). The organic mass was dominated by
hydrocarbons, the OH concentrations were calculated to be
3±1×106 molecules cm−3, and NOx concentrations, though
not measured, were assumed to be high. High-NOx oxida-
tion of saturated hydrocarbons initiates a rapid sequence of
radical reactions and isomerization steps that lead to substan-
tially oxidized, stable products. In this mechanism, a single
OH attack can result in the addition of three oxygen atoms
to a saturated hydrocarbon almost immediately. Hence, the
oxidation of semivolatile organic vapors can rapidly produce
relatively oxidized SOA.

www.atmos-chem-phys.net/8/1139/2008/ Atmos. Chem. Phys., 8, 1139–1152, 2008
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Fig. 4. Variations in the(a) primary and(b) residual spectra among experiments. Colors correspond to the three experiments shown in Fig.1.

As product oxygen-content increases, volatility will gener-
ally decrease (Lim and Ziemann, 2005). If this volatility de-
crease is sufficient given background aerosol mass loadings,
that product will condense to form SOA. The point at which
a species’ volatility is lowered enough so that it will con-
dense depends strongly on the original precursor’s volatility
(well-represented in alkanes by the carbon-chain length), the
background aerosol mass loading, and the number of gener-
ations of oxidation chemistry this precursor has undergone.
With time, increasingly volatile precursors (with shorter car-
bon chains) will have accumulated enough oxygen so that
they can condense. Hence, the O:C ratio (represented here by
the fraction of the mass appearing atm/z=44) observed in the
particle increases steadily with time both because of the ad-
dition of one to three oxygen atoms to a precursor with each
generation of gas-phase chemistry and because the length of
the carbon backbone capable of condensing decreases with
each generation of chemistry.

At the OH levels present during these experiments and
using rate constants typical of large saturated and unsatu-
rated species, one generation of oxidation occurs every 3–5 h
(Atkinson and Arey, 2003). Remembering that the genera-
tional lifetime refers to the point at which the reactant con-
centration has dropped to 1/e of its initial concentration (i.e.,
the chemistry of that generation is nearly complete), it is rea-
sonable to expect that the particles at the end of even these
relatively short experiments are comprised of multiple gen-
erations of products.

The results shown in Figs.2 and3 are typical of those ob-
served in all three experiments. The variations among the
MSPOA and the final MSresidual in the three experiments are
compared in Fig.4. All three MSPOA show patterns charac-
teristic of samples dominated by long alkyl chains. Similar
spectra have been observed for fuel and lubricating oil in lab-
oratory studies and for fresh vehicle emissions in New York
City chase studies (Canagaratna et al., 2004). This pattern is
also characteristic of the HOA-component of ambient spectra
analyzed using the CPCA method ofZhang et al.(2005a). It
is worthwhile to note, that 2 to 4% of the mass in our MSPOA

appears atm/z=44. It is possible that this signal is due to
C3H+

8 , to pyrolysis or, since engines are oxidizing devices,
to some oxidation resulting in a contribution from CO+

2 . Re-
gardless of its source, there is material at thism/z ratio in
our primary fraction that is not found in analyses of ambient
emissions (Zhang et al., 2005a; Canagaratna et al., 2004).
The modest variations among our primary spectra are due,
most likely, to changing engine loads, initial mass concen-
trations, and exhaust injection-port temperatures, but these
variations have not been systematically explored.

Figure 4b shows the final MSresidual, averaged over the
last five sampling periods (25 minutes) of each experiment.
Each spectrum has the same basic structure, dominated by
the peaks atm/z=18 and 44. All show that the 44:43 ratio
exceeds unity, though not by as much as in spectra of aged
organic material from field studies downwind of Vancouver
or in the OOA component of the total spectrum in Pittsburgh
(Alfarra et al., 2004; Zhang et al., 2005b). Our data suggest
that this ratio continues to increase with time, but our ability
to explore this evolution further is limited by loss of mass
to the chamber walls. The high mass experiment shown in
the bottom panel of Fig.4b was the longest of the three and
shows a correspondingly larger mass fraction atm/z=44.

3.3 Analysis method comparison

The residual analysis method is uniquely suited to laboratory
studies, because it requires explicit knowledge of MSPOA.
This knowledge, however, provides us with some confidence
in attributing our MSresidual to the SOA being formed in the
experiment. Ambient conditions do not easily accomodate
measurements of a representative MSPOA, making it nec-
essary to mathematically deconvolve ambient organic MS.
Zhang et al.(2005b) have used their CPCA method on data
from Pittsburgh, Pennsylvania to convincingly apportion or-
ganic aerosol between two components: an oxidized com-
ponent (OOA) that closely tracks processes associated with
SOA formation and a reduced component (HOA) that is well
correlated with markers for primary emissions.

Atmos. Chem. Phys., 8, 1139–1152, 2008 www.atmos-chem-phys.net/8/1139/2008/
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Fig. 5. Results of the CPCA method for the experiment shown in Figs.2 and3. (a) The OOA (top, pink) and HOA (bottom, grey) spectra
found for this experiment.(b) The primary spectrum measured prior to the initiation of oxidation in the chamber for this experiment.(c) The
HOA/OOA split for the experiment shown in Fig.2. (d) The ratio of the absolute residual of the two factor fit to the the organic mass.

The CPCA method is designed for use in situations where
only two components affect the data. In our application of
this method, our goal is to determine how well our cham-
ber data can be represented by two constant components: an
HOA component representing the POA and an OOA compo-
nent representing the SOA. Additionally, we are interested in
how the components derived from our chamber studies com-
pare to those found in ambient datasets. Wall losses in the
chamber complicate this comparison, but thoughtful appli-
cation of the CPCA method combined with results from our
residual analysis provide greater insight into SOA formation.

Figure 5 shows the results of the CPCA method for the
same experiment analyzed using the residual method in
Figs.2 and3. This method describes the total MS observed
at any time as a linear combination of the OOA MS (shown in
pink) and the HOA MS (in grey) shown in Fig.5a. While the
OOA MS is similar to the final MSresidual from our residual
method (see Fig.2c), there are key differences. Most signifi-
cantly, the 44:43 ratio in the OOA spectrum is less than unity.
In fact, the OOA MS more closely resembles the MSresidual
much earlier in the experiment. The HOA spectrum is very
similar to our primary spectrum, which is shown again in
Fig. 5b for reference. Both the HOA MS and MSPOA display
the picket-fence pattern characteristic of primary emissions
from fossil-fuel combustion. However, there are again im-
portant differences. Most notably, our MSPOA shows a sig-
nificantm/z=44 signal, while the HOA signal atm/z=44 is
nearly zero. Them/z=28 data were not used in the CPCA.

Figure 5c, shows how the CPCA method apportions the
mass among OOA and HOA. The apportionment is very sim-
ilar to that obtained from the residual analysis method (see
Fig. 2a), but the amount of OOA determined by the CPCA
method is greater than the fraction of material attributed to

the residual by a relatively constant offset of 10 to 15%. This
offset is due to the differences between our MSPOA and the
derived HOA MS, which are most obvious atm/=44, and re-
sult in the CPCA method apportioning 15% of the initial MS
to OOA. The HOA/OOA division thus lies about 15% below
the primary/residual division, in agreement with our obser-
vation that the primary emissions in this experiment had 2%
of their organic mass atm/z=44.

The quality of the fit result obtained with the CPCA
method is shown in Fig.5d. This is expressed as the ratio
of the absolute residual of the least-squares fit to the total
organic mass as a function of time and shows that the re-
construction of the total MS from only two component spec-
tra becomes increasingly poor as the experiment progresses.
Even at its worst, this ratio is less than 10% of total organic
mass, suggesting that these two components reproduce more
than 90% of the variation in the recorded spectra, but the
systematic increase suggests a trend in these data that is not
being captured by this approach.

In order to further investigate this trend, we divided the
data into three 105-min sections (designated early, middle,
and late) and applied the CPCA method to each section in-
dividually. This division allows us to exploit the mathe-
matical rigor of the CPCA method while permitting some
time-dependent variation in the resulting components. The
three OOA components calculated using this approach are
shown in Fig.6, alongside the results of the residual analy-
sis method, which have simply been averaged over the same
time periods. The early OOA MS shown in Fig.6a, is nearly
identical to the OOA MS determined from analysis of the
entire dataset (shown in Fig.5a). However, analysis of the
data collected later in the experiment produces a more ox-
idized OOA component (as measured by the 44:43 ratio).

www.atmos-chem-phys.net/8/1139/2008/ Atmos. Chem. Phys., 8, 1139–1152, 2008
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Fig. 6. Results of piecewise analyses performed by breaking the dataset shown in Fig. 2 into three 105-min segments. Shown are the oxidized
components of the mass spectrum as calculated by the CPCA (left, pink) and residual (right, green) methods for the early, middle and late
periods of the experiment.

Analyzing the data in this piecewise fashion reveals that the
44:43 ratio in the OOA MS increases from approximately
1:1 to more than 2:1 over the course of the 5-h experiment.
The HOA spectra (not shown) remain relatively constant over
time except for a 2% increase in the fraction of the HOA mass
appearing atm/z=43 between the middle and late segments.
Reassigning this entire increase in the late HOAm/z=43
mass to the late OOA MS would decrease the final 44:43
ratio to 1.4:1, which is still considerably larger than the ra-
tio determined using the CPCA method when applied to the
initial period of the experiment or to the entire dataset.

These piecewise components are better able to reconstruct
the observed MS over the course of the experiment. The
largest error in any of the three time periods is 3.5% of the
organic mass, again at the end of the last time period. Even
with this piecewise approach, there remains a generally in-
creasing trend in the residual ratio over time, both within
a single time period and over the course of the experiment.
This suggests that further subdivision of the data would con-
tinue to show the OOA component becoming progressively
more oxidized with time, similar to the results from our resid-
ual analysis shown in Fig.2c.

When viewed using the piecewise approach, the results
of the CPCA and the residual analysis agree qualitatively.
Both methods show the secondary aerosol becoming pro-

gressively more oxidized with time. Both also give MS that
are dominated by peaks atm/z=18 (H2O+), 29 (CHO+), 43
(C2H3O+ and C3H+

7 ), and 44 (CO+2 ). The MS determined
by the two methods differ most notably by the percentages
of their total mass located atm/z=44, which indicate that the
OOA component is more oxidized than the final, averaged
residual. This difference is likely attributable to the oxidized
material that is included in the MSPOA according to the resid-
ual analysis but attributed to OOA in the CPCA.

Our conclusion from both of these analyses is that the MS
of the oxidized component formed from oxidation of diesel
emission is evolving in time. This is chemically intuitive: rel-
atively low vapor pressure, gas-phase species should require
little oxidation before condensing, whereas more volatile
species will require more oxidation and, consequently, more
time before they begin to condense under atmospheric condi-
tions. Therefore, we expect and observe different mass spec-
tra from SOA formed earlier and later in this experiment.
However, this result appears to run counter to the success-
ful application of the two-component CPCA to ambient data,
which describes recorded MS as a linear combination of two
time-invariant component spectra and captures the evolution
in the total organic MS using a time-dependent mixing term.

The piecewise application of the CPCA method suggests
a source for this incongruity. Each successive application of

Atmos. Chem. Phys., 8, 1139–1152, 2008 www.atmos-chem-phys.net/8/1139/2008/
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Fig. 7. Comparison between laboratory and ambient spectra. The top panel shows the final organic MS for the low mass experiment with an
inset that shows the fraction of the total organic mass appearing atm/z=44 as a function of time throughtout the experiment. Red line is an
exponential fit. The middle panel shows ambient oxidized aerosol fromAlfarra et al.(2004). The bottom panel shows the difference between
the two.

CPCA method results in a more oxidized OOA component,
while the HOA component remains relatively constant. As
SOA continues to form, the 2-component CPCA solution is
approaching the type of solution that is typical of its suc-
cessful ambient application: situations where the two types
of organic aerosol present are very fresh, primary material
(HOA or POA) and aged, secondary material in a regional
air mass (OOA or SOA). When applied to the entire dataset,
however, the method results in a substantially less-oxidized
OOA component which is remarkably similar to that in the
earliest one-third of the experiment. In a chamber experi-
ment, this is the period with the highest mass loading. Be-
cause the fit strives to minimize the difference between the
recorded and reconstructed MS, it inherently weights peri-
ods of high signal where that difference will be the largest.

Our batch, chamber experiments have a well-definedt=0
and chemistry that evolves unambiguously, while field mea-
surements are always complicated by mixing of parcels with
different ages. Even relatively small error ratios (absolute
residual to total organic mass), such as the 10% which is typ-
ical of the fits resulting from application of this method to

ambient data, can be seen in the lab to mask trends that can
elucidate SOA formation chemistry. Recent work that builds
on the CPCA method by increasing numbers of components
considered and parallel work using positive matrix factoriza-
tion to describe ambient organic MS show that fit quality im-
proves when one includes multiple oxidized-component MS
(Lanz et al., 2007; Zhang et al., 2007).

3.4 Comparison with ambient measurements

Efforts to understand SOA formation have traditionally fo-
cused on the particle-forming potential of a few high-flux,
reactive species. Results from laboratory oxidation studies of
these species have not generally been qualitatively nor quan-
titatively congruous with ambient observations. We have
shown here and elsewhere the similarity between the com-
ponent MS observed in our laboratory studies and those cal-
culated from ambient data (Robinson et al., 2007). But the
larger question is whether the condensed-phase organic ma-
terial we study in the lab is chemically representative of that
found in the atmosphere. Figure7 strongly suggests that it
is. The figure compares the total final MS of the suspended

www.atmos-chem-phys.net/8/1139/2008/ Atmos. Chem. Phys., 8, 1139–1152, 2008
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aerosol in our chamber at the end of an experiment (top MS)
to the MS of aged material collected downwind of Vancou-
ver, Canada (middle MS) (Alfarra et al., 2004). The labora-
tory MS is from the experiment with the lowest initial mass
concentration (shown in blue in Fig.1), as this experiment
was most representative of ambient aerosol loadings. The
bottom spectrum in Fig.7 is the difference between the top
two. A few peaks stand out in this difference spectrum. Most
notably, the ambient aerosol is more oxidized than ours, with
a higher 44:43 ratio and less mass at higherm/z ratios. How-
ever, its most striking characteristic is the absence of major
differences outside of those that are to be expected from in-
complete oxidation. The inset at the top right of the figure
shows that our aerosol is increasingly oxidized with time,
and there is no indication that this oxidation has stopped at
the end of the experiment. Therefore, with continued oxi-
dant exposure, we would expect the chemical composition
of our laboratory aerosol to further converge toward ambient
observations.

4 Conclusions

Upon exposure to atmospheric oxidants, diluted emissions
from a diesel generator react to form substantial amounts of
SOA. This chemistry is reflected in changes to the MS of
the organic aerosol with increasing oxidant exposure time,
and its results can be isolated when the MS of the primary
emissions is known. Our analyses reveal that the chemical
composition of the SOA formed in these experiments is not
constant in time. As an experiment progresses, the SOA (and
also, consequently, the total OA) becomes increasingly oxi-
dized. This evolution appears as a progressive shift of sig-
nal in the MS over time from higher masses characteristic of
unsubstituted hydrocarbons to the smaller masses that indi-
cate more highly functionalized species, and as the increas-
ing dominance of the CO+2 fragment atm/z=44 with time. At
the end of each of our experiments, the residual MS, which is
the MS of the non-primary organic mass, closely resembles
the oxidized component of organic material that has been ob-
served in several field studies. Additionally, the MS of the
total aerosol appears to be asymptotically approaching that
of ambient aged organic aerosol.

Overall, the experiments described here form SOA with
two features consistent with ambient observations. Both fea-
tures have been difficult for earlier chamber experiments to
match. First, SOA is formed rapidly, quickly reaching a mass
loading comparable to the primary organic aerosol mass.
Second, the mass spectrum of the SOA is quite highly ox-
idized and matches the mass spectrum of ambient OOA after
a few hours. Both of these features suggest that these experi-
ments may be a good model for OOA formation processes in
the atmosphere.

Our results support the hypothesis that the species in an
air mass that are responsible for SOA formation change as

a function of time. The precursors of early-forming SOA
give rise to condensable organics that are less oxidized than
those which contribute to later SOA formation, illustrating
that vapor pressure has a controlling influence on SOA
composition. This influence is only partially captured by
considering a compound’s oxidation state; molecular weight
is also important. Large, saturated semi-volatile species with
low vapor pressures may contribute significantly to ambient
SOA concentrations. We attribute the SOA formation pattern
that we observe to the presence of relatively reduced, but
low vapor-pressure species that react to form condensable
products. These species likely contribute to rapid, early SOA
formation with very high efficiency. Further confirmation
of our hypothesis awaits quantification of the atmospheric
burdens of these semi-volatile species, laboratory studies of
their SOA yields and chemistry, and higher-resolution mass
spectrometry data that can better constrain the contribution
of primary material to the overall MS in chamber studies.

Acknowledgements.This research was supported by the EPA
STAR program through the National Center for Environmental
Research (NCER) under grants RD-83108101 and R832162. This
paper has not been subject to EPA-required peer and policy review,
and therefore does not necessarily reflect the views of the Agency.
No official endorsement should be inferred. The PTR-MS and Q-
AMS were acquired with support from the NSF (ATM-0420842).
A. M. Sage acknowledges the support of P.E.O. International. We
thank Q. Zhang and J. Jimenez for stimulating discussions.

Edited by: R. Cohen

References

Aiken, A. C., DeCarlo, P. F., Kroll, J. H., Worsnop, D. R., Huff-
man, J. A., Docherty, K., Ulbrich, I. M., Mohr, C., Kimmel, J.
R., Sueper, D., Zhang, Q., Sun, Y., Trimborn, A., Northway,
M., Ziemann, P. J., Canagaratna, M. R., Alfarra, R., Prevot,
A. S. H., Dommen, J., Duplissy, J., Metzer, A., Baltensperger,
U., and Jimenez, J. L.: O/C and OM/OC ratios of primary, sec-
ondary, and ambient organic aerosols with high resolution time-
of-flight aerosol mass spectrometry, Environ. Sci. Technol., in
press, 2008.

Alfarra, M. R., Paulsen, D., Gysel, M., Garforth, A. A., Dommen,
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