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Abstract. The heterogeneous processing of organic aerosols
by trace oxidants has many implications to atmospheric
chemistry and climate regulation. This review covers a
model heterogeneous reaction system (HRS): the oleic acidozone HRS and other reaction systems featuring fatty acids,
and their derivatives. The analysis of the commonly observed
aldehyde and organic acid products of ozonolysis (azelaic
acid, nonanoic acid, 9-oxononanoic acid, nonanal) is described. The relative product yields are noted and explained
by the observation of secondary chemical reactions. The secondary reaction products arising from reactive Criegee intermediates are mainly peroxidic, notably secondary ozonides
and α-acyloxyalkyl hydroperoxide oligomers and polymers,
and their formation is in accord with solution and liquidphase ozonolysis. These highly oxygenated products are of
low volatility and hydrophilic which may enhance the ability
of particles to act as cloud condensation nuclei (CCN). The
kinetic description of this HRS is critically reviewed. Most
kinetic studies suggest this oxidative processing is either a
near surface reaction that is limited by the diffusion of ozone
or a surface based reaction. Internally mixed particles and
coatings represent the next stage in the progression towards
more realistic proxies of tropospheric organic aerosols and a
description of the products and the kinetics resulting from the
ozonolysis of these proxies, which are based on fatty acids or
their derivatives, is presented. Finally, the main atmospheric
implications of oxidative processing of particulate containing fatty acids are presented. These implications include the
extended lifetime of unsaturated species in the troposphere
facilitated by the presence of solids, semi-solids or viscous
phases, and an enhanced rate of ozone uptake by particulate
unsaturates compared to corresponding gas-phase organics.
Correspondence to: G. A. Petrucci
(giuseppe.petrucci@uvm.edu)

Ozonolysis of oleic acid enhances its CCN activity, which
implies that oxidatively processed particulate may contribute
to indirect forcing of radiation.

1

Introduction

As of late the atmospheric chemistry and physics research
community has been giving increasing attention to the role of
organic aerosols (OA) in the troposphere. This concern has
initiated a number of recent reviews focusing on OA and addressing topics including: laboratory methodology (Rudich,
2003); the aging of OA (Rudich et al., 2007); the role of
organic acids in forming CCN (Sun and Ariya, 2006; Yu,
2000); the role of bio-aerosols in forming CCN (Sun and
Ariya, 2006); the role of OA in global climate modeling
(Kanakidou et al., 2005); humic-like substances (HULIS)
(Graber and Rudich, 2006); the significance of organic films
at the air-aqueous interface (Donaldson and Vaida, 2006); as
well as comprehensive works that span many of these disciplines (Jacobson et al., 2000) (Fuzzi et al., 2006). A common
theme that echoes throughout many of these works is the importance of developing a better understanding of oxidative
processing of OA and its implications to the troposphere.
It is clear that our understanding of the role of oxidative
processing of OA is in its nascent stage. While typical OA
in the troposphere has hundreds to thousands of components,
we need to develop simple model systems to distill key features of oxidative processing of atmospheric OA. In this review we present an emerging reaction system, the oleic acidozone heterogeneous reaction system (OL-O3 HRS, oleic
acid is cis-9-octadecenoic acid) that has become the benchmark for future experiments. As we discuss in Sect. 1.2,
OL is a monounsaturated fatty acid found in tropospheric
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aerosols (Gill et al., 1983; Rogge et al., 1993c; Schauer et al.,
1996; Stephanou and Stratigakis, 1993) and is employed as a
tracer for cooking aerosols (Rogge et al., 1993c; Schauer et
al., 1996; Stephanou and Stratigakis, 1993). We also discuss
the very recent progression towards more complicated internally mixed OA and coatings that are more realistic proxies
to tropospheric OA.
A recent workshop organized by the International Geosphere Biosphere Programme (IGBP) – International Global
Atmospheric Chemistry Project (IGAC), Integrated Land
Ecosystem Atmosphere Process Study (iLEAPS), and Surface Ocean-Lower Atmosphere Study (SOLAS) was held on
atmospherically related phenomena and has been summarized (Fuzzi et al., 2006). In regards to OA four broad areas of concern were addressed: 1) sources; 2) formation and
transformation; 3) physical and chemical state, and 4) atmospheric modeling.
Herein, we present a summary of experimental results and
implications for the OL-O3 HRS and address points 2) and
3) above, with implications to 4). The results of these studies
suggest that oxidatively processed OA may be good cloud
condensation nuclei (CCN) suggesting OA may play an important role in climate regulation by indirect aerosol effects.
1.1

Scope of this review

As we shall highlight in this review, it is clear that exposure to ozone has a strong effect on the chemical composition and physical properties of OL particles and has atmospheric implications. Therefore, there is a need to develop
a better description of the oxidative processing of OA in the
atmosphere. This includes a more detailed chemical and microphysical description of ozonolysis that includes reactive
uptake, product description, and accounts for secondary reactions. Most importantly, correlation must be drawn between
the roles of oxidative processing and the impact that OA has
on atmospheric processes, such as indirect aerosol effects,
where great uncertainty remains.
As of late, OL-O3 HRS has emerged as a benchmark for
studying the heterogeneous oxidation of unsaturated organics by ozone. In light of this, we present what has been
learned about the OL-O3 HRS in recent years. To set the
stage we shall present a brief overview of sources of FA, including OL, to establish that it is ubiquitous in the troposphere and, importantly, highlight the interfacial role of FA
in the troposphere. For more extensive details on the role of
organic interfaces in general, the reader should consult the
recent review by Donaldson and Vaida (2006). This will be
followed by a concise summary of experimental methodologies. Emphasis will be placed on describing product formation of the OL-O3 HRS, most notably on the products of secondary chemistry. This is followed by a description of the
resistor model of reactive uptake and a summary of the measurements of the reactive uptake of ozone by OL and related
systems. Also discussed will be the kinetics of internally
Atmos. Chem. Phys., 7, 1237–1274, 2007

mixed particles and coatings, and the effects of phase equilibrium, morphology, and other factors on reactive uptake.
The discussion will focus on the broad tropospheric implications of oxidative processing of OA, from the perspective
of what we have learned from this model system. Special attention will be given to the role of oxidized OA in acting as
CCN and indirect aerosol effects.
1.2

Sources of fatty acids and their role as surfactants in the
troposphere

Organic acids are ubiquitous in the troposphere and fatty
acids (FA) make up a significant contribution to this fraction
(Cheng et al., 2004; Duce et al., 1983; Hahn, 1980; Limbeck and Puxbaum, 1999). FA have both anthropogenic and
biogenic sources, which we will briefly describe next. This
is followed by an account of the important role of FA to act
as organic surfactants in the troposphere and will also summarize some of the key experiments that have elucidated the
importance of the FA and other organic interfaces in the troposphere.
Marine aerosols contribute significantly to the global organic aerosol load. Photosynthesis by marine organisms, especially autotrophic organisms such as phytoplankton, produces about 30-60 Pg of organic carbon annually (Duarte and
Cebrián, 1996; Charpy-Roubaud and Sournia, 1990) including lipids. Typical total FA concentrations (dissolved plus
particulate) in seawater range from ∼3–200 µg l−1 (Marty
et al., 1979). FA, along with n-alkanes and total hydrocarbons, are typically enriched on the microlayer (i.e. the air-sea
interface) compared to the subsurface; for example, Marty
et al. (1979) determined an enrichment of these chemical
classes in the microlayer by a factor of 2–5 in the northeastern Atlantic. The similarities between the ratios of the quantities of FA in the marine microlayer and in marine aerosols
have long been noted (Barger and Garrett, 1970, 1976).
These surface active agents are ejected into the marine troposphere by a bubble bursting mechanism (Blanchard, 1963,
1964; Barger and Garrett, 1970, 1976; Bezdek and Carlucci,
1974), with estimates of up to 200 Tg C yr−1 of hydrocarbons
available for incorporation into marine OA proposed (Ellison et al., 1999). Organics comprise a significant fraction of
marine aerosol, with estimates between ∼10–50% (wt/wt%)
(Maßling et al., 2003; Putaud et al., 2000) and may correlate
with times of high biological activity (Mochida et al., 2002),
notably plankton blooms (O’Dowd et al., 2004).
In the marine troposphere, C12–C19 FA are commonly
observed, with the saturated FA being dominant (Mochida
et al., 2002; Marty et al., 1979; Barger and Garrett, 1976;
Quinn and Wade, 1972). They make a significant contribution to the organic coatings of sea salt particles (Tervahattu et al., 2002; Tervahattu and Juhanoja, 2002; Mochida
et al., 2002). Unsaturated FA, including OL, have been observed (Mochida et al., 2002; Fang et al., 2002; Kawamura
and Gagosian, 1987), and usually are at lower concentrations
www.atmos-chem-phys.net/7/1237/2007/
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than saturated FA (Mochida et al., 2002; Fang et al., 2002;
Kawamura and Gagosian, 1987) . The detection of unsaturated FA in marine aerosols has been suggested to be indicative of recent biological origin (Fang et al., 2002), since
they can me oxidized readily in the atmosphere. For example, Kawamura and Gagosian (1987)sampled remote marine aerosols on Enewetak Atoll 1 (Marshall Islands) and
found stearic acid was 0.083 ng m−3 , while the monounsaturated C18 (i.e., OL) was below the limit of detection. Similarly, in the North Pacific Ocean, stearic acid was detected at
0.21 ng m−3 , while its monounsaturated analogue (e.g. OL)
was 0.043 ng m−3 with other remote locations and fatty acid
concentrations detailed in Table 1 of the report by Kawamura
and Gagosian (1987). Similar trends were observed with
the C16 saturated and monounsaturated FA (cf. palmitic and
palmitoleic acid). Mochida et al. (2002) have also noted the
lower abundance of unsaturated FA compared to saturated
FA in aerosols in the marine boundary layer of the North Pacific. This study detected FA (C14–C32) and showed a positive correlation between C14–C19 FA with sea salt and biological activity. In this study, it was estimated that between
0.3–14% surface coverage for sea salt aerosols was due to
C14–C19 saturated FA (Mochida et al., 2002).
In rural and remote continental locations, direct forest
emissions, especially from vascular plants, are a significant
biogenic source of FA (Cheng et al., 2004; Pio et al., 2001;
Simoneit et al., 1988, 1991; Simoneit and Mazurek, 1982) including unsaturated FA. The unsaturated FA in these aerosols
are often observed to be at lower concentrations than their
saturated analogues due to oxidation. For example, in Harmattan aerosols of Nigeria, the ratio of saturated to unsaturated C18 FA generally favored the saturated species by factors of 0.6–230 (Simoneit et al., 1988). Similarly, this ratio
was determined to be in the range 1.4–56 in aerosols in the
western USA (Simoneit and Mazurek, 1982). The presence
of unsaturated FA was considered to be a good indicator of
recent biogenesis since they are rapidly oxidized (Simoneit
et al., 1988).
There is a growing appreciation to the contribution bacteria (Ahern et al., 2006; Agranovski and Ristovski, 2005;
Lee et al., 2007; Marks et al., 2001; Matthias-Maser and
Jaenicke, 1995), pollen (Diehl et al., 2001, 2002; MatthiasMaser and Jaenicke, 1995), fungi (Elbert et al., 2006; Lee et
al., 2007; Marks et al., 2001) and other microbial emissions
from the biosphere make on the primary biogenic aerosol
load. These primary biogenic emissions may have roles in
acting as CCN (Sun and Ariya, 2006) and ice nuclei (Ahern
et al., 2006; Diehl et al., 2001, 2002).
Gas and diesel powered vehicles contribute significant
amounts of organics to the urban particulate load (Rogge
et al., 1993a; Simoneit, 1985, 1986; Sodeman et al., 2005;
Zheng et al., 2000; Huang et al., 2006; Hou et al., 2006;
Fraser et al., 1999; Feng et al., 2006; Cheng et al., 2004).
Rogge et al. (1993a) have shown that internal combustion engines burning gasoline and diesel contribute over 21% of the
www.atmos-chem-phys.net/7/1237/2007/
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primary fine particulate organic carbon in Los Angeles. Similarly, Fraser et al. (1999) have shown that up to 19.1% of fine
particulate organic material can be traced to motor vehicles
during the morning traffic peak in Los Angeles. This fine particulate typically has more than 100 organic components and
n-alkanoic acids, including saturated FA make up a considerable fraction of the total organic mass. Rogge et al. (1993a)
found that for non-catalyst automobiles that the main portion of the identifiable organic mass (61.2%) was polyaromatic hydrocarbons (including oxy-polyaromatic hydrocarbon classes); however, in contrast, in catalyst-equipped automobiles n-alkanoic acids, including saturated FA were the
major component (53.4%). In catalyst-equipped automobiles, palmitic acid was the most prevalent of the FA emissions, with an emission rate of 63.9 µg/km (Rogge et al.,
1993a). Of unsaturated FA, OL was the most prevalent with
an emission rate of 5.0 µg/km in the catalyst-equipped automobiles (Rogge et al., 1993a).
Cooking emissions are established as an important anthropogenic source of FA in urban environments (Zheng et al.,
1997; Robinson et al., 2006; Rogge et al., 1991; Schauer
et al., 1999). Very recently, a series of reports from China
(Feng et al., 2006; Guo et al., 2003; He et al., 2004; Hou
et al., 2006; Huang et al., 2006; Wang et al., 2006; Zhao
et al., 2007) and Hong Kong (Sin et al., 2005; Zheng et al.,
2000) have indicated that Chinese-style cooking can lead to
significant FA emissions. Wang et al. (2006) studied organic
aerosols in 14 coastal and inland mega-cities in China during the winter and summer 2003. The levels of fatty acids
were very high, having an annual average of 769 ng m−3 .
Unsaturated FA (OL and palmitoleic acid) were found in
all samples and had an annual total average concentration
of 93.6 ng m−3 . Their concentration ratios compared to saturated FA (SA and C16) were 1.14±0.98 in winter versus
0.43±0.09 in summer, suggesting an enhanced photochemical degradation of the unsaturated FA during the summer
(Wang et al., 2006; Kawamura and Gagosian, 1987). The
high levels of FA in Chinese cities have been noted by others. Huang et al. (2006) reported a seasonal average concentration of FA at 260–483 ng m−3 in PM2.5 in Beijing, with
unsaturated FA being present but at lower concentration than
saturated FA. Zhao et al. (2007) studied four Chinese cooking styles in Guangzhou and determined that FA composed
about 73–85% of the quantified particulate organic matter in
PM2.5 . This is similar to an earlier study on emissions of
fine particulate from Chinese cooking in Shenzhen by He et
al. (2004) that reported FA at over 90% in the quantified organic mass. In a study by Zheng et al. (2000)of solvent extractable organic compounds in PM2.5 of ambient aerosols
in Hong Kong, FA were the major component at 46–80%
by weight. It should be noted that these authors considered
the role of microbial and vascular plant emissions as well
as cooking emissions (Zheng et al., 2000). A study in Mong
Kok, Hong Kong by Sin et al. (2005) determined OL to be the
predominant FA at ∼180 ng m−3 (our estimate from Fig. 5
Atmos. Chem. Phys., 7, 1237–1274, 2007
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in their work) and attributed this to evaporation of cooking
oils from the many “snack-bars/snack-counters” in that region that deep and stir fry foods in open kitchens in Mong
Kok. As described in that work, OL was not the dominant
FA in other sites in Hong Kong they monitored.
As noted in our discussion of marine aerosols, organics
have been observed as coatings on sea salt particles (Tervahattu et al., 2002; Tervahattu and Juhanoja, 2002; Mochida
et al., 2002) and there is recent, direct evidence that FA may
be a more common coating on continental sulfate aerosols
(Tervahattu et al., 2005) than has been previously suggested.
These observations are helping to elucidate the importance
of FA as organic surfactants in the troposphere. In prior
works, organic surfactants had been hypothesized to reside
on atmospheric particulate (Gill et al., 1983; Ellison et al.,
1999; Finlayson-Pitts and Pitts Jr., 1999) and the transformation of these surfactants by oxidative processing had
been suggested. Ellison et al. (1999) proposed a chemical
model for the structure, composition and processing of organic particulate. Their model described organic aerosol in
the form of an inverted micelle with an aqueous core and
an organic surfactant coating, the latter being of biological
origin. This model was important in that it suggested that
the organic layer was transformed from an inert, hydrophobic film to a reactive, optically active hydrophilic layer via
oxidation by atmospheric radicals. Subsequent studies have
shown that these organic films are susceptible to oxidation by
common tropospheric oxidants (Eliason et al., 2003, 2004;
Asad et al., 2004; Mmereki and Donaldson, 2003; Moise
and Rudich, 2001), with the oxidized films typically showing considerable change in composition and increased hydrophilicity (Asad et al., 2004; Demou et al., 2003; Moise
and Rudich, 2001). Further details on how organic films
at the air-aqueous boundary influence atmospheric processes
are given in the recent review by Donaldson and Vaida (Donaldson and Vaida, 2006).

2

Methodology

Two main methodologies have been employed to study the
OL-O3 HRS: coated-flow tubes (CFT) and aerosol flow tubes
(AFT). Both methodologies typically rely on mass spectral
detection of chemical products. They differ in the way the
organic-phase is presented to the trace oxidizing gas (cf.
coating vs. particle); magnitudes of ozone exposure; as well
as the chemical species that are monitored: in coated-wall
studies of uptake, ozone decay is monitored while in the AFT
studies the loss of the condensed-phase OL is typically monitored. Experiments employing CFT have a long tradition and
therefore will be described only briefly in this report.
Atmos. Chem. Phys., 7, 1237–1274, 2007

2.1

Experiments with coatings and films

The CFT method has been adapted to organic solid and liquid
coatings, as well as mono-layers (Rudich, 2003) and semisolid coatings (Knopf et al., 2005). Typically, for liquid coating studies a wetted reactor is coated by placing a small volume of organic liquid within the reactor tube and rotating
the reactor (de Gouw and Lovejoy, 1998; Moise and Rudich,
2000; Thornberry and Abbatt, 2004). With semi-solid coatings (Knopf et al., 2005), the preparative procedure affects
the uptake of ozone as shall be discussed in detail later in
this report. Ozone uptake is typically determined by monitoring the loss of O−
3 that is generated by chemical ionization
with SF−
(de
Gouw
and Lovejoy, 1998; Knopf et al., 2005;
6
Moise and Rudich, 2000; Thornberry and Abbatt, 2004).
Another means of assaying the oxidative processing of
organic films employs quartz crystal microbalances. This
method has been used to study the effects of ozone exposure on thin films of OL, including the way that oxidation
can affect water uptake (Asad et al., 2004). A good description of this methodology as it is applied to organic thin films
has been given by Demou et al. (2003). In CFT studies, the
films are exposed to variable relative humidity (RH) while
the oscillation frequency of a piezoelectric oscillator balance
is monitored. As shall be discussed, recent studies employing
this method show that water uptake is dramatically enhanced
with OL after ozone exposure.
2.2

Experiments with particles

To date, aerosol-ozone studies of OL that have focused on
kinetics, mechanism and/or product evolution have utilized
pure OL particles (Hearn et al., 2005; Hearn and Smith,
2004b; LaFranchi et al., 2004; Morris et al., 2002; Smith
et al., 2002; Zahardis et al., 2005, 2006a; Ziemann, 2005),
internally mixed particles containing OL (Hearn et al., 2005;
Hearn and Smith, 2004b, 2005; Katrib et al., 2005a; Ziemann, 2005; Mochida et al., 2006; Nash et al., 2006), and OL
coatings on inert latex spheres (Katrib et al., 2004, 2005b).
Very recently, complex OA such as meat-cooking (Hearn
and Smith, 2006) and olive oil aerosols (Zahardis et al.,
2006c), both with high OL content, have been evaluated.
Both monodisperse and polydisperse aerosols have been interrogated. Kinetic studies on particulate OL typically monitor its decay directly and correlate it with the uptake of ozone.
Most particle studies have employed AFT but environmental
chambers have recently been used in the particle generation
and reaction processes (Ziemann, 2005).
Motivation of OA studies in this size range include:
– The richness in organics of this range compared to that
in the Aitken mode and in coarse particles (Hahn, 1980;
Hoffman and Duce, 1977; Ketseridis and Eichmann,
1978)
www.atmos-chem-phys.net/7/1237/2007/
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– The great uncertainty in magnitude of the impact of fine
OA on radiative effects, with the greatest uncertainty on
CCN mediated indirect aerosol effects
– The choice of this size range is in accord with particle dimensions that may have greatest impact on human
health (Schwartz et al., 1996; Schwartz and Neas, 2000)
2.2.1

Aerodyne aerosol mass spectrometry

Morris et al. first employed an Aerodyne aerosol mass spectrometer (AMS) to study the OL-O3 HRS (Morris et al.,
2002). Numerous reports have appeared since on the use
of the Aerodyne AMS to measure the loss of OL due to
O3 uptake and reaction (Katrib et al., 2005a; Morris et al.,
2002), determine stoichiometry (Katrib et al., 2004; Morris et al., 2002), identify chemical products (Katrib et al.,
2004; Mochida et al., 2006), measure the volatility (Morris et al., 2002) of products formed by particles undergoing
ozonolysis, observe changes in particle size (Katrib et al.,
2005b) and morphology (Katrib et al., 2005a, b; Morris et al.,
2002), and changes in particle density (Katrib et al., 2005b)
due to ozonolysis. The Aerodyne AMS has been used to investigate particles with core-shell morphology (Katrib et al.,
2004, 2005b) and has provided valuable information about
changes in particle density, the O:C ratio and OL layer thickness as a function of ozone exposure. Very recently, Aerodyne AMS was utilized to determine the relative importance
of competing pathways to high-molecular weight peroxides
in the ozonolysis of mixed particle systems of methyl oleate
(MOL) mixed with either dioctyl adipate (DOA) or myristic
acid (C14) (Mochida et al., 2006).
2.2.2

2.2.3
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Single-particle mass spectrometry

Single-particle MS has shown applicability in the quantitative analysis of mixed particles, including OL and glycerol (Sykes et al., 2002), as well as measuring the uptake
of ozone by OL (Smith et al., 2002). This method has recently been applied to the ozonolysis of mixed particles of
OL and C14, revealing the presence of a solid surface layer
and showing the effects of this surface layer on the reactive
uptake of ozone (Nash et al., 2006). In these experiments,
particles pass through an adjustable injector into a flow tube
where they are reacted with ozone. Particle residence times
are determined by light scattering. The OL decay is monitored by dual-laser, single-particle MS where an IR CO2
laser evaporates single particles and vacuum ultraviolet radiation is used to ionize the resultant molecular vapor. This
decoupled scheme for vaporization and ionization has been
used successfully to minimize molecular fragmentation and
simplify product identification (Smith et al., 2002; Woods III
et al., 2001, 2002) (Nash et al., 2005). The products observed
and measured uptake coefficients of ozone by this method are
summarized in Tables 1 and 2, respectively.
Similarly, experiments using synchrotron radiation in the
vacuum ultraviolet range coupled with time-of-flight-MS
(TOF-MS) are currently being adapted for real time analysis of OA including OL, and other FA (Mysak et al., 2005).

2.2.4

Photoelectron resonance capture ionization aerosol
mass spectrometry

Chemical ionization mass spectrometry

Chemical ionization mass spectrometry (CIMS) has been
coupled to AFT-based experiments (Hearn et al., 2005;
Hearn and Smith, 2004a, b, 2005) to measure the reactive
uptake of ozone by OL, oleyl alcohol, linoleic acid, and 1octadecene. Particles are entrained in a jacketed flow tube,
exposed to ozone with the aerosol’s velocity determined by
light scattering (Hearn and Smith, 2004a, b). Reacted particles are vaporized by a heated tube and chemical ionization of the vapor phase species is by proton exchange. Little
fragmentation occurs with this soft-ionization process. Other
methods of chemical ionization have been employed in these
studies (Hearn and Smith, 2004a, b). The direct detection of
the commonly observed products of ozonolysis (azelaic acid,
nonanal, nonanoic acid, and 9-oxononanoic acid) and HMW
species was reported for the ozonolysis of OL as well as relative product yields of some of these products (Hearn and
Smith, 2004b) (Table 1). CIMS has also been applied to the
study of internally mixed particles (Hearn et al., 2005; Hearn
and Smith, 2004b, 2005) including complex particles such as
meat-cooking aerosols (Hearn and Smith, 2006).
www.atmos-chem-phys.net/7/1237/2007/

Photoelectron resonance capture ionization aerosol mass
spectrometry (PERCI-AMS) (LaFranchi et al., 2004; Zahardis et al., 2005, 2006a, b) is a relatively new method to
be applied to the OL-O3 HRS. Again, aerosol is sampled
into a flow tube where it is reacted with ozone. Particles
are then sampled with an aerodynamic lens into the ionization region of MS, where they are deposited onto a resistively
heated wire. The resulting vapor is ionized with low-energy
electrons and the gas-phase anions are monitored by TOF
MS (LaFranchi and Petrucci, 2004; LaFranchi et al., 2004;
LaFranchi and Petrucci, 2006). PERCI-AMS has been used
for the direct and simultaneous measurement of all four of
the commonly observed products of the ozonolysis of OL
(LaFranchi et al., 2004; Zahardis et al., 2005), HMW peroxidic species (Zahardis et al., 2005) including polymers (Zahardis et al., 2006a), and has been applied to mixed particles
(Zahardis et al., 2006b). Some of these products are summarized in Table 1. Recently this method has been applied to
the analysis of the ozonolysis products of linolenic acid (LN)
and olive oil (Zahardis et al., 2006c), a complex mixture of
both saturated and unsaturated FA.
Atmos. Chem. Phys., 7, 1237–1274, 2007
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Table 1. Products observed in the ozonolysis of OL particles and coatings.
Aerosol experiments
OL dimension
(diameter or
thickness)

O3 conc
(molecules cm−3 )

reacn
time (s)

OL conc
(molecules cm−3 )

OL conc
(molecules
particle−1 )

<2×1012b

(8–200)×106

200–600 nm

2.5×1014

7

103 µm

1.0×1014

0.1

1.4–4.9 µm

3.4×1015

8

ca. 50 µm

1011 –1012

>0.1

2–30 nm

2.5×1014

3

<1×1014d

Coated-wall experiments
flow
no. of molec
(cm3 s−1 ) of OL

no. of molecules of
O3 (intg’d quantity)

50–200

1.9×1021

1.0×1015

1.8

2×1021

>2×1010

(3–100)×109

3×1018e

3×106e

NN

OX

AA

NA

>102

7×10−5

n/a

n/a

n/a

n/a

10−6

4×10−7

25c

n/a

P

P

>30

1×10−3

n/a

P

n/a

n/a

>10−11

>10−9

25c

n/a

n/a

n/a

106

1×10−5

0f

35e

2e

2e

ca. 100 µm

1014 –1016

300

140g

8×10−2g

n/a

n/a

n/a

n/a

2.5×1015

4

<5×1013h

5×108

>50

4×10−4

42i,j

42i

6

9i

161 nm

1.0×1016

300

<4×1010b

4×106

>2×105

4×10−1

n/a

n/a

n/a

n/a

155 nm

4.5×1015

10

4×1011

4×106

1×104

2×10−3

P

P

P

P

0.6–1.2 µm

2.5×1014 to
2.5×1015

4

<5×1013h,k

5×108

>50k

4×10−4j

n/a

n/a

n/a

n/a

polydisperse, submicron

7.0×1013

300

4×1012

n/a

18

8×10−4

0

28l

4l

0

0.5–3 mm

7.5×1015

2000

16

1

30f

14

6

7

1.7

1.9×1018

3×1019g

Carbon-based yield of products (%)
O3 expos.
(atm s)

0.6–1.0 µm

17

2.1×1017

molar ratio of
O3 to OL

3×1019

other

35% yield of Cx Hy Oz products; 25% increase in particle density
increase in water uptake at
95% relative humidity
1% yield of OOA

increase in CCN activity but
only for high ozone exposure
cyclic oxygenates having
oxygen-oxygen moieties,
including SO and cyclic
geminal diperoxides
uptake results suggest 36%
OL loss because of reactions with CI
major products include
AAHP, SO, other peroxides
and oxocarboxylic acids
major yield of ester polymerization products of high
molecular weight (specifically,AAHP); 1% yield of
octanoic acid

Ref.

Morris
et
al. (2002)
Moise
and
Rudich
(2000, 2002)
Smith
et
al. (2002)
Thornberry
and Abbatt
(2004)
Katrib
et
al.
(2004,
2005b)
Asad
et
al. (2004)
Hearn
and
Smith
(2004b)
Broekhuizen
et al. (2004)
Zahardis et
al. (2005)

Hearn
et
al. (2005)
Ziemann
(2005)
Hung
et
al. (2005)

a The designation “n/a” indicates that the analysis was not performed for these chemical species. “P” indicates the chemical species was

present but its yield not quantified. Key: NN, nonanal; OX, 9-oxononanoic acid; AA, azelaic acid; NA, nonanoic acid. All other abbreviations
correspond to the text and are compiled in Appendix A. b Assumption is made of an upper-limit of 104 particles cm−3 based on use of
electrostatic classification of a polydisperse source. c Gas-phase NN. d Assumption is made of an upper-limit of 103 particles cm−3 based
upon use of vibrating orifice generator. e Results shown are for a 30 nm coating. f Condensed-phase NN. g A range of ozone concentrations
was used. Results are summarized for 6.5×1014 molecules of O3 cm−3 . h Assumption is made of an upper-limit of 105 particles cm−3 based
upon use of a Meinhard TR-30-A1 polydisperse source. i These yields are tentative because relative detection sensitivities are assumed. See
original publication. j Combined condensed-phase and gas-phase NN. k 800 nm particles and 2.5×1015 molecules of O3 cm−3 are employed
for these calculations. l These yields are estimated mass percentages (Table adapted from Hung et al., 2005).

2.2.5

Thermal desorption particle beam mass spectrometry

The ozonolysis of pure OL particles or mixed particles of OL
and a second organic (for example, dioctyl sebacate (DOS),
hexadecanoic acid (C16, palmitic acid), or heptadecanoic
acid (C17) have been studied in an environmental chamber using thermal desorption particle beam mass spectrometry (TDPBMS) (Ziemann, 2005). In these studies typically
the OL is introduced by evaporation into an environmental
chamber, after which particle formation proceeds via homogeneous nucleation. Mixed particles on the other hand are
produced by nebulization of the appropriate solution. After
reaction with ozone, the particles are analyzed in real-time by
TDPBMS, collected and then vaporized by temperature programmed thermal desorption (TPTD) (Tobias and Ziemann,
1999), or their size distribution determined with a scanning
mobility particle sizer, (SMPS). Vaporized particles are ionized by electron impact and mass analyzed by a quadrupole
MS.
TDPBMS-TPTD has been utilized to measure the loss of
OL due to O3 uptake and reaction in one-component and internally mixed particles, elucidation of mechanism, and the
Atmos. Chem. Phys., 7, 1237–1274, 2007

observation of many products of ozonolysis of OL, including HMW peroxidic species (Ziemann, 2005). These results
are summarized in Tables 1 and 2. Recently TDPBMS has
been applied to the heterogeneous reaction of OL with NO3
(Docherty and Ziemann, 2006) as well as the formation of
SOA by reactions of this oxidant with linear alkenes (Gong
et al., 2005).
2.2.6

Field-induced droplet ionization mass spectrometry

Field-induced droplet ionization (FIDI) is a new technique
(Grimm and Beauchamp, 2003) that very recently has been
applied to the study of interfacial chemistry (Grimm et al.,
2006). One variation of FIDI involves the suspension of 1–
2 mm droplets, from a capillary that can undergo a heterogeneous reaction between the liquid- and gas-phase species
(Grimm et al., 2006). After a given reaction time, a high
electric field induces FIDI into the droplets, forming fine jets
of smaller progeny droplets that are characterized by mass
spectrometry. The potential applicability of FIDI to the analysis of heterogeneous processing is demonstrated in the very
recent investigation (Grimm et al., 2006) that included the
www.atmos-chem-phys.net/7/1237/2007/
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Table 2. Reactive uptake of ozone by OL, other FA and related compounds, and select mixed particles and coatings.
Hearn and Smith (2004b)

Morris et al. (2002)

Smith et al. (2002)

Hearn et al. (2005)

Ziemann (2005)

Katrib et al. (2005a)

Knopf et al. (2005)

Moise and
(2002)

Rudich

Method
Detection
OL

AFT
CIMS
(7.5±1.2)×10−4

AFT
AMS
(1.6±0.2)×10−3

AFT
Single particle MS
(0.99±0.09) –
(7.3±1.5)×10−3c
(5.8–9.8)×10−3d

AFT
CIMS
(1.38±0.06)×10−3
(8.8±0.5)×10−4e

Env. Chamber
TDPBMS
(1.3±0.2)×10−3

AFT
AMS
(1.25±0.2)×10−3

CFT
CIMS (O−
3)
(0.64±0.05)×10−4 s
(7.9±0.3)×10−4 l

LA

(1.1±0.2)×10−3

CFT
CIMS (O−
3)
(8.3 ± 0.02) x
10−4 l
(5.2 ± 0.1) x 10−5 s
(1.2±0.2)×10−3 l
(1.4±0.1)×10−4 s

Thornberry and Abbatt (2004)
CFT
CIMS (O−
3)
(8.0±1.0)×10−4

(1.3±0.1)×10−3
(1.8±0.2)×10−3

LN
MOL
OL/SA

(1.23±0.10)×10−3
(1.25±0.2) –
(0.6±0.15)×10−3f
(0.15±0.1)×10−3g
(4–7.2)×10−4 l
(0.2–1.7)×10−4 s-l
(4–7.2)×10−4 l
(0.2–1.7)×10−4 s-l

OL/C12
OL/C14
(0.13±0.1)×10−3
(0.25±0.2)×10−3
(1.1±0.4)×10−3

OL/C16
Oleic/C17
Oleic/DOS
meat-cooking acids h
dp (µm)

0.8–1.5 a

0.2–0.6

0.340–1.22

max O3 exp. (atm s)

5×10−4

∼1×10−4

1×10−3

(1.6–6.9)×10−5
0.6–1.2 (OL)
0.6–1.110 (MOL)
∼ 5 x 10−4

0.02–0.5

0.300 (mobility)

∼1.4×10−3

3.00×10−4

0.6 mm film (ave.)
∼1.5×10−8

∼2.4×10−9

∼2.1×10−8 (OL)

b

a Polydisperse aerosols with a mean diameter of 800 nm. b The symbol (∼) indicates we estimated the maximum exposure of ozone from
data presented in the original work. c This corresponds with a radii range of monodisperse particles respectively from 2.45 µm to 680 nm
with other values of γ for different diameter particles given in the original work. d These are the corrected values of γ accounting for the
diffusion of OL; see original work for more details. e This is a corrected value accounting for OL loss via secondary chemistry; see the
original work for more details. f These values correspond to OL/SA from 100/0 to 60/40, by weight. g This values correspond to OL/SA
from 50/50 to 0/100 by weight. h See original work for details on the multicomponent coatings.

ozonolysis of single droplets of OL as well as oleyl-L-αlysophosphatidic acid. In this preliminary work, Grimm et
al. were able to identify two of the frequently observed products of ozonolysis of OL. Although more work is needed to
quantify product yields, this method appears promising for
the study of heterogeneous reactions.

3

Pathways and products in the ozonolysis of oleic acid

OL is a monounsaturated fatty acid (FA) that is susceptible
to oxidation from common gas-phase oxidants, most notably
OH, NO3 , and O3 (Finlayson-Pitts and Pitts Jr., 1999; Seinfeld and Pandis, 1998), the last of which is the focus of this
work. OH and NO3 add to the double bond of alkenes rather
than abstracting a hydrogen atom, which is common with
their reactions with alkanes (Finlayson-Pitts and Pitts Jr.,
1999; Seinfeld and Pandis, 1998). There have been several
studies of the heterogeneous processing of organic films by
OH (Cooper and Abbatt, 1996; Bertram et al., 2001; Molina
et al., 2004) and NO3 (Moise et al., 2002; Knopf et al., 2006)
that acted as proxies of atmospheric OA. There are only a
limited number of studies of the heterogeneous processing of
OL particles by NO3 (Docherty and Ziemann, 2006; Hung et
al., 2005), and to the best of our knowledge none with OH.
Docherty and Ziemann (Docherty and Ziemann, 2006) found
the major products of the reaction of NO3 radicals with liquid OL aerosol particles in the presence of NO2 , N2 O5 , and
O2 to be hydroxy nitrates, carbonyl nitrates, dinitrates, hydroxydinitrates, and more highly nitrated compounds. Hung
www.atmos-chem-phys.net/7/1237/2007/

et al. (2005) found that the heterogeneous oxidation of deposited, millimeter-sized OL droplets by the nitrate radical
resulted in products with functional groups -ONO2 , -O2 NO2 ,
and -NO2 and high molecular weight products. More studies with NO3 and OH of both organic films and particles are
needed for us to get a more accurate understanding of oxidative processing in the troposphere.
Ozonolysis is an oxidative reaction between ozone and the
carbon-carbon double bond of an unsaturated compound. OL
is an ideal model monounsaturated FA for studies of heterogeneous processing with ozone, being abundant and ubiquitous in the troposphere.
– It is the aim of researchers in this field to adapt the
methods employed in the OL-O3 HRS to more complicated organics and, importantly, multicomponent mixtures that reflect naturally occurring OA
A brief summary of ozonolysis is given below. While the emphasis of this review is on heterogeneous chemistry of tropospheric relevance, inference shall be drawn from mainly from
ozonolysis of unsaturated organics in solution and to a lesser
extent gas-phase ozonolysis.
3.1

Overview of ozonolysis

A simplified version of the ozonolysis of an unsaturated compound in solution is often described by the following three
step mechanism (Fig. 1) (Bailey and Ferrell, 1978; Criegee,
1975; Harding and Goddard III, 1978; Hiberty, 1976; Murray, 1968):
Atmos. Chem. Phys., 7, 1237–1274, 2007
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STEP 1:

2005; Ziemann, 2005; Mochida et al., 2006) and other peroxidic products (Hung et al., 2005; Zahardis et al., 2005,
2006a; Ziemann, 2005; Hearn et al., 2005; Mochida et al.,
2006; Nash et al., 2006). As will be explained, these products arise primarily from the reactivity of stabilized CI.

O
oleic acid
282 u

OH

O3

O

– “Secondary chemistry” will be defined as the reactions
of the CI and aldehydes that arise from decomposition
of the PO, as well as any subsequent reactions of the
products of the aforementioned reaction

OH

a O b
O
O
c
(primary ozonide, 330 u)

STEP 2:
ac-cleavage

bc-cleavage
O
O

9-oxononanoic acid (172 u)
+

+
O

O

OH

O

nonanal (142 u)

O

O

O

As will be evident throughout this review, the reactivity of
the CI is of central importance in understanding the heterogeneous oxidative processing of OL and similar unsaturated
species by ozone. Hence the following two sections dedicated to describing key features of the CI antecede the discussion of products of ozonolysis. The first of these sections summarizes important points on what is known about
the electronic structure of the CI; the section following then
distills notable differences between what is known about the
gas- and liquid-phase reactivity of the CI.

OH
II (158 u)

I (188 u)

3.2

STEP 3:
O

O

O

O
OH

O O
O

O
OH

Secondary ozonide, 330u

Fig. 1. Three-step reaction sequence of ozonolysis adapted to OL.
Step 1: The formation of the PO; Step 2: Decomposition of the PO
to nonanal, 9-oxononanoic acid and two stabilized CI; Step 3: An
example of dipolar cycloaddition (for ac-cleavage route products)
of CI (I) with nonanal.

Step 1) formation of a primary ozonide (PO)
Step 2) decomposition of the PO to aldehydes (or ketones) and carbonyl oxides (or Criegee intermediates,
CI)
Step 3) recombination of the carbonyl oxide and the
aldehyde (or ketone) to form secondary ozonides (SO)
In the ozonolysis of unsaturated species in solution, particularly at low temperature, SO are often observed and have
been isolated in high yield (Bailey, 1978). As shall be discussed, the heterogeneous ozonolysis of OL and related compounds results in the formation of a medium rich in peroxides, including SO (LaFranchi et al., 2004; Zahardis et al.,
Atmos. Chem. Phys., 7, 1237–1274, 2007

Criegee intermediates: electronic structure

CI are depicted as both zwitterions and biradicals (a.k.a. diradicals) in the literature on the heterogeneous ozonolysis of
OL. The discord in this description has its roots in part in
the debate on the electronic structure of these intermediates
that are extant in the organic chemistry literature (Bunnelle,
1991; Harding and Goddard III, 1978; Sander, 1990).
Criegee showed that for ozonolysis in solutions there was
evidence indicating CI were zwitterionic (Criegee, 1975)
based on reactivity trends (Criegee, 1975; Criegee and Wenner, 1949). On the other hand, as presented in a review by
Bunnelle (1991), other researchers gave computational evidence that CI were singlet biradicals (Goddard III et al.,
1973; Wadt and Goddard III, 1975). Revised considerations of some early calculations (Harding and Goddard III,
1978; Wadt and Goddard III, 1975) indicated the energy difference between the biradical and zwitterionic forms of the
smallest CI were artificially large. Most subsequent computational studies focus on simple CI. Semiempirical calculations have been employed to investigate the effects of larger
substituents on the electronic structure of CI and mostly indicate that substituted CI have significant biradical character
(Bunnelle, 1991). The distilling conclusion of these investigations is that the CI electronic structure is best represented
as a resonance between the biradical and the zwitterion.
More recent investigations have focused on substituted CI
in solution. Density functional theory calculations indicate
that the dipolar character is enhanced by progressive methylation (Selçuki and Aviyente, 1998). Solvent effects and resonance have also been considered (Parrondo et al., 1995)
and it has been indicated that zwitterionic character was enhanced with increasing dielectric constant of the solution.

www.atmos-chem-phys.net/7/1237/2007/
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In summary:
– CI most likely have zwitterionic and biradical resonances
– Computational work to date has primarily focused on
smaller CI, especially CH2 OO
– We do not have an accurate description of the electronic state of CI generated in the ozonolysis of OL,
let alone mixed OA. The electronic state of CI affects
reactivity trends (Criegee, 1975; Criegee and Wenner,
1949); hence the predictions of product formation from
ozonized OA will largely rely on empirical observations.
3.3

Criegee intermediates: gas-phase vs. liquid-phase reactivity trends

In regards to the fate of CI in the OL-O3 HRS there has been
a question as to whether they react in a manner similar to
what is observed in ozonolysis in the gas-phase or that in solution. In this section we will present a concise summary of
the established reactivity of CI for these cases and in the following sections provide discussion that the CI react more in
accord with solution chemistry. We will not present any details regarding a third experimental regime, namely investigations of CI in inert matrices under cryogenic conditions but
interested readers can find several reviews (Bunnelle, 1991;
Sander, 1990) that cover this topic of extensive research.
As noted by Neeb et al. (1998) regarding the differences
in gas-phase and liquid-phase ozonolysis of ethene: “While
the formation of the secondary ozonide is the most important
reaction of the Criegee intermediate in the liquid-phase, its
reaction pathways are quite different in the gas-phase, due to
the generally much lower concentrations employed and the
absence of solvent molecules.” This statement is applicable
towards the ozonolysis of most unsaturated compounds. A
significant fraction of gas-phase CI undergoes unimolecular
decomposition and these channels have been established for
the simplest CI, CH2 OO (Horie and Moortgat, 1991; Su et
al., 1980; Herron and Huie, 1977). These products include
OH and other free-radicals (Martinez et al., 1981; Neeb et al.,
1998; Fenske et al., 2000; Gutbrod et al., 1997; Lewin et al.,
2001; Aschmann et al., 2002; Ariya et al., 2000; Atkinson et
al., 1995; Gutbrod et al., 1996).
As summarized by Neeb et al. (1998), in the gas-phase CI
can undergo collisional stabilization and then can react with
a variety of other species including aldehydes, SO2 , CO, water NO, and NO2 as well as hydroxyl containing compounds
(e.g. alcohols, organic acids) (Neeb et al., 1995, 1996).
In the gas-phase, CI can undergo spontaneous isomerization to a dioxirane, which by a 1, 2-hydrogen shift isomerizes to an acid (see review by Bunnelle, 1991). This acid is
formed in a high energy state and may undergo dissociation if
www.atmos-chem-phys.net/7/1237/2007/
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not quenched (Bunnelle, 1991; Herron et al., 1982). Numerous calculations summarized by Bunnelle (Bunnelle, 1991)
indicate there is a considerable activation energy barrier between a thermally equilibrated CI and the dioxirane. For the
channel of isomerization of the CI to the dioxirane to compete successfully against bimolecular channels the CI must
be in a vibrationally excited state. As stated by Bunnelle
(1991): “Depending on the excess energy between products,
and further on the efficiency of collisional deactivation, the
carbonyl oxides (i.e. CI) can be formed with sufficient internal energy to isomerize (to the dioxirane) spontaneously.”
These discussions focus, for the most part, on small CI, most
notably, CH2 OO. Other fates of the CI, such as ejection of
atomic oxygen are considered by Bunnelle (1991).
The fate of CI in solutions is often quite different than in
the gas-phase. As summarized by Bailey (1958) the CI has
the following possible fates in solution:
1. The CI can undergo 1, 3-dipolar cycloaddition with the
carbonyl containing product that was formed from the
decomposition of the PO. The products of these reactions are SO and polymeric ozonides
2. The CI can undergo 1,3-dipolar cycloaddition with
other CI to form geminal diperoxides or polymeric peroxides
3. The CI can undergo rearrangement
4. The CI can react with protic solvents (e.g. alcohols, water, acids) and form hydroperoxides
While SO are often described as the major products of
ozonolysis, there are some important exceptions. One of the
most notable exceptions for this discussion is case (4) listed
above; namely when the solvent is protic. In that case the
CI may react with the protic species as or more efficiently
than undergoing 1, 3-dipolar cycloaddition with the carbonyl
containing product formed from the decomposition of the
PO (Bailey, 1958, 1978). This route may tend to favor hydroperoxide products (Bailey, 1958, 1978). This is of significance for the laboratory based observations that indicate
that α-acyloxyalkyl hydroperoxides are important products
of the heterogeneous ozonolysis of OL and related unsaturated compounds (Zahardis et al., 2005, 2006a; Mochida et
al., 2006; Ziemann, 2005; Hung et al., 2005; Hearn et al.,
2005; Katrib et al., 2005a; Nash et al., 2006), and, as shall be
discussed may be of significance in naturally occurring OA
that contain water and other protic species.
As will be discussed, the results of these investigations on
the OL-O3 HRS and related heterogeneous reaction systems
are more in accord with solution chemistry than gas-phase
ozonolysis. As will be described, in the OL-O3 HRS, OL
can be viewed as the solvent and appears to affect the product identity and yields in accord with solution chemistry. In
subsequent sections we will make predictions on subsequent
Atmos. Chem. Phys., 7, 1237–1274, 2007
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product types and yields relative to the OL-O3 HRS for naturally occurring OA that can be admixtures of hundreds or
more constituents that form the “solution”. In light of this,
the following solvent effects should be noted:
– Product distributions (i.e. the types and/or relative
yields of products) in solutions that are treated by
ozonolysis often depend on the solvent (Bailey, 1958,
1978; Greenwood, 1945; Pryde et al., 1968)
– The presence and types of peroxidic products appears
especially sensitive to the type of solvent (Bailey et al.,
1974; Fliszár et al., 1966; Murray, 1968; Zelikman et
al., 1971; Bailey, 1958; Bernatek et al., 1967)
– Treatment of ozone-reacted mediums with acids
(Bernatek et al., 1967; Bernatek and Ledaal, 1960; Bailey, 1978) may decompose ozonides and cause the formation of peroxyacids along with carbonyls. It is also
well-established that bases can decompose ozonides
and other peroxidic products of ozonolysis, forming ketones or aldehydes and carboxylic acids (Bailey, 1978).
Ozonolysis in an aqueous medium can lead to the formation of α-alkoxyalkyl hydroperoxides (Bailey, 1978),
which can undergo decomposition (Pryde et al., 1968;
Sturrock et al., 1963; Bailey, 1978)
3.4

Organic acid and aldehyde products of the ozonolysis
of oleic acid

There are four commonly observed lower molecular weight
(i.e. that is weigh less than OL) organic acid and aldehyde
products observed in the heterogeneous ozonolysis of OL:
azelaic acid, nonanal, nonanoic acid, and 9-oxononanoic
acid. These products have been directly observed independently (Katrib et al., 2004; Moise and Rudich, 2002; Morris et al., 2002; Smith et al., 2002; Thornberry and Abbatt,
2004; Ziemann, 2005; Grimm et al., 2006) and simultaneously by researchers employing a variety of methodologies
(Hearn and Smith, 2004b; Hung et al., 2005; LaFranchi et
al., 2004; Zahardis et al., 2005). The yields of these products
have been measured by some researchers and a recent compilation adapted from Hung et al. (2005) is given in Table 1.
In the following sections we will describe these four commonly observed aldehyde and organic acid products. These
sections will concisely summarize under what conditions
these products are observed and, when available, their yields.
This is followed by a discussion of the secondary products of
ozonolysis of OL and similar FA and their derivatives. These
secondary products are mainly peroxides. This section antecedes a discussion which addresses the origin of the four
commonly observed products and the likelihood that these
products are, at least in part, third generation products arising from solvolysis of the peroxidic products.
Atmos. Chem. Phys., 7, 1237–1274, 2007

3.4.1

Azelaic acid

Azelaic acid is a 9-carbon dicarboxylic acid that is a commonly observed product in the heterogeneous ozonolysis of
OL. Azelaic acid has been independently measured at 6%
by Hearn and Smith (2004b) and Hung et al. (2005) on the
carbon-based yield scale (Hung et al., 2005). As summarized in Table 1, Hearn and Smith used CIMS to assay polydisperse aerosols with a mean diameter of 800 nm, while
Hung et al. oxidized OL as sub-millimeter to mm diameter
droplets. Hung et al. had only a slightly larger number density of ozone compared to Hearn et al., but a much higher
exposure due to the long time the droplets were exposed to
the oxidant.
The yield of azelaic acid was also quantified by Katrib and
coworkers in their studies of particles with core-shell morphology (Katrib et al., 2004) using an Aerodyne AMS. The
yield was between 1–3% on the carbon-based yield scale for
coatings between 2–30 nm in thickness. There appears to be
a slight increase in azelaic acid yield with increasing thickness of OL.
Ziemann estimated that the mass fraction of azelaic acid is
∼4% for the reactions of submicron aerosols of OL in an environmental chamber as determined by TDPBMS (Ziemann,
2005).
As summarized on Table 1, other groups have detected,
but not quantified, azelaic acid in the OL-O3 HRS using AFT
and CFT. Azelaic acid was also observed in the very recently
reported heterogeneous ozonolysis of OL droplets by FIDI
MS (Grimm et al., 2006).
– It should be noted that azelaic acid is often described in
the literature as arising from the rearrangement of the CI
that stems from the ac-route cleavage of OL (Hearn and
Smith, 2004b; Katrib et al., 2004; Moise and Rudich,
2002; Rebrovic, 1992; Thornberry and Abbatt, 2004;
Zahardis et al., 2005). As we discussed previously, the
isomerization of a CI to the acid via a dioxirane is more
typical of gas-phase reactivity than what is observed in
solutions. There is strong experimental evidence that
suggests this is may not be the case; rather that azelaic acid arises from the solvolysis of peroxidic products in accord with ozonolysis in solution (Mochida et
al., 2006).
3.4.2

Nonanal

Nonanal is another commonly observed product of the heterogeneous ozonolysis of OL. This aldehyde can arise, at
least in part, from the second step of ozonolysis by the acroute cleavage of the PO. Nonanal is the most volatile of
the four commonly observed products. In many cases, especially with the AFT based methodologies, this high volatility
makes it difficult to measure nonanal. As shown in Table 1,
Hearn and Smith (Hearn and Smith, 2004b) have measured a
yield of 42% for this product on the carbon-based yield scale,
www.atmos-chem-phys.net/7/1237/2007/
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with details provided by the authors of how they accounted
for volatility losses. The authors assumed: a) the two acroute products were azelaic acid and nonanal; b) these products were detected with equal efficiencies; c) a sum of moles
of the products per mole of OL of this route is unity. The
authors note that caution should be taken with these values
since they are based on rather broad assumptions.
Hung and coworkers (Hung et al., 2005) reported a 30%
yield of nonanal on the carbon-based yield scale with their
studies of OL droplets. This yield accounted for only nonanal
in the condensed-phase, as opposed to Hearn and Smith,
whose measure accounted for both the condensed- and gasphase nonanal. Furthermore, Hung and coworkers reported
that 48±5% of the carbon was not detected. Indeed, the
volatility of this species may be the cause for this discrepancy. Loss of nonanal by evaporation is in accord with the
considerable loss of particulate mass measured in their experiments – upwards of 30% by carbon number. The radii
of the droplets used by Hung et al. and the particles of OL
used by Hearn and Smith were much larger than the coating
thickness used by Katrib et al., which may account for the
apparent difference in nonanal yield. Similarly, Ziemann did
not observe nonanal with the ozonolysis of polydisperse submicron OL aerosol and attributed this to the high volatility of
the aldehyde (Ziemann, 2005).
PERCI-AMS has been used for the detection of nonanal
in the ozonolysis of submicron particulate (LaFranchi et al.,
2004; Zahardis et al., 2006a, 2005). Although not quantified, the small relative signal intensity of nonanal compared
to azelaic acid in these experiments (LaFranchi et al., 2004;
Zahardis et al., 2006a, 2005) suggest that the former product
may be lost to volatilization.
CFT based methods have been used to quantify the
nonanal yield and studies to date report carbon-based yields
of 25% (Moise and Rudich, 2002; Thornberry and Abbatt,
2004). Thornberry and Abbatt detected the aldehyde product
using CIMS with proton-transfer from H3 O+ (Thornberry
and Abbatt, 2004). Only gas-phase species were detected
in this study so no comparison to the yield of azelaic acid is
possible. The authors note that the high volatility of nonanal
caused some irreproducibility in their calibrations (Thornberry and Abbatt, 2004). A nonanal yield was reported by
Moise and Rudich, with details of the mass spectral assignments given in the original article (Moise and Rudich, 2002)
and details of the conditions given on Table 1. The yield
of this aldehyde seems to be a function of temperature, with
the yield decreasing from 296 K to 279 K with all other experimental conditions identical. Interestingly, the yield increases again if the temperature is decreased further (i.e., below 279 K). Similar behavior was observed with LA. Readers
interested in further details on the temperature dependency of
product evolution, ozone consumption, and its uptake by OL
and related organic liquids, solids, and monolayers should
consult the original works on these coated-wall reactor experiments (de Gouw and Lovejoy, 1998; Moise and Rudich,
www.atmos-chem-phys.net/7/1237/2007/
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2000, 2002; Thornberry and Abbatt, 2004).
In summary:
– The yield of nonanal is difficult to quantify due to
volatilization losses
– Yields vary considerably between experiments probably
due to differences in sizes of particles and droplets and
thicknesses of coatings. Yields may be a function of
temperature
3.4.3

Nonanoic acid

Nonanoic acid is a commonly observed product in the heterogeneous ozonolysis of OL. The yield of nonanoic acid has
been quantified at 7% for droplets (Hung et al., 2005) and
9% particles (Hearn and Smith, 2004b) and 2% for coated
particles (Katrib et al., 2004), with all values adjusted to
the carbon-based yield scale. Hearn and Smith used aerosol
CIMS; however, for this particular measure the reaction was
performed offline, complicating comparison of yields from
different routes. As summarized in Table 1, nonanoic has
been detected in several other AFT experiments and in at
least one CFT experiment, but in these cases the yield was
not quantified. Ziemann did not observe nonanoic acid in his
environmental chamber studies and attributed this to losses
due to volatility (Ziemann, 2005).
– As was described previously for azelaic acid; nonanoic
acid is often described in the literature as arising from
the rearrangement of the CI that stems from the bcroute cleavage of OL (Hearn and Smith, 2004b; Katrib
et al., 2004; Moise and Rudich, 2002; Rebrovic, 1992;
Thornberry and Abbatt, 2004; Zahardis et al., 2005). As
noted, there is strong experimental evidence that suggests this is may not be the case; rather that nonanoic
acid may arise from the solvolysis of peroxidic products in accord with ozonolysis in solution (Mochida et
al., 2006).
3.4.4

9-oxononanoic acid

9-Oxononanoic acid is another commonly observed product of the heterogeneous ozonolysis of OL and can arise, at
least in part, from the second step of ozonolysis by the bcroute cleavage of the PO. Hearn and Smith (2004b) report
a carbon-based yield of 42%, while Hung et al. (2005) report a yield of 14% from their OL droplet experiments after
a relatively long exposure time of 2000 s. This product yield
increases with ozone exposure as shown in the original work
(Hung et al., 2005). Katrib et al. (2004) report a 35% yield of
9-oxononanoic acid for 30 nm coatings of OL. Ziemann reported 9-oxononanoic acid at approximately ∼28% by mass
in the reactions of submicron aerosols of OL in an environmental chamber as determined by TDPBMS (Ziemann,
2005).
Atmos. Chem. Phys., 7, 1237–1274, 2007
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3.5.1
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(e) ketone / aldehyde formation
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Fig. 2. Secondary chemistry arising from CI: (a) (i) Dipolar cycloaddition of CI with a carbonyl containing species forming a SO
and (ii) Dipolar addition of two CI forming a cyclic geminal diperoxide (1, 2, 4-trioxolane); (b) Addition of CI to an organic acid
leading to AAHP (when R or R0 contains a carbonyl group polymer propagation can occur); (c) Reaction of AAHP with an aldehyde forming a peroxyhemiacetal; (d) Further reaction of a peroxyhemiacetal with an organic acid forming a bis(α-acyloxy-α-alkyl)
peroxide; (e) CI reaction with an unsaturated compound forming a
ketone.

As summarized in Table 1, 9-oxononanoic acid has been
detected by other AFT experiments but not quantified. Very
recently, 9-oxononanoic acid was also detected FIDI MS
(Grimm et al., 2006), but not quantified.

3.5

Peroxides and hydroperoxides

O

R'

O

Products of secondary chemistry in the ozonolysis of
oleic acid

A variety of products, mainly peroxidic in nature, have been
observed in the heterogeneous ozonolysis of OL, other unsaturated FA, and their derivatives. These products have been
attributed to the reactivity of the CI and are discussed in the
following section. This is followed by an account of nonperoxidic products, namely ketones, which have been observed in the OL-O3 HRS and in a related study with the
methyl esters of FA.
Atmos. Chem. Phys., 7, 1237–1274, 2007

The formation of peroxides, including hydroperoxides, is a
key feature in the secondary chemistry of the OL-O3 HRS.
This is in accord with established observations of ozonolysis of unsaturated compounds in solution, where it has long
been noted that CI can undergo dipolar cycloaddition with
aldehydes and other CI forming SO and geminal diperoxides,
respectively (Bailey, 1978; Criegee, 1975; Murray, 1968) or
can react with solvents, for example reacting with carboxylic
acids forming α-acyloxyalkyl hydroperoxides (AAHP) (Bailey, 1978, 1958). An extensive compilation of this type of
secondary chemistry is given elsewhere (Bailey, 1978, 1958).
As shown in Step 3 of Fig. 1, SO forms from the 1, 3dipolar cycloaddition of a CI with the carbonyl group of an
aldehyde (or ketone), with both of these species arising from
the decomposition of the PO. These SO can be formed by two
main routes: a) the dipolar cycloaddition of the CI and the
aldehyde that originate from the same route of decomposition of the PO; and, b) the dipolar cycloaddition of the CI and
the aldehyde from opposite decomposition routes (Criegee,
1975). (Here we are ignoring the reaction with an aldehyde
from an external source.) For simplicity, the former shall
be referred to as the “conventional” SO and the latter as the
“cross” SO, because the former appears to be the predominant type of SO formed in most studies in solution (Murray,
1968; Murray and Williams, 1969). Three geminal diperoxides are possible, two by the “conventional” route and one
by “cross” cycloaddition. Two of these species were identified by Zahardis et al. (2005), with similarly weak signal
intensity, though not quantified.
Recent work, in which organic peroxides were detected directly (Zahardis et al., 2005, 2006a; Ziemann, 2005; Hung et
al., 2005; Mochida et al., 2006), suggests that organic peroxides may be a significant contributor to the OL-O3 HRS.
In one study it was estimated that the organic peroxides
comprised 68% of the total aerosol product mass, while 9oxononanoic acid and azelaic acid were respectively only 28
and 4% (Ziemann, 2005). The classes of peroxidic products
that have been detected include: α-acyloxyalkyl hydroperoxides (AAHP), SO, α-alkyloxyalkyl hydroperoxides, and oxocarboxylic acids. Figure 2 gives some illustrative examples
of the reactions leading to some of these types of products.
One of the assigned AAHP was proposed to be formed from
either the reaction of 9-oxononanoic acid with a secondary
CI or from an SO with the acid moiety of OL followed by
oxidative cleavage about the double bond (Ziemann, 2005).
The reactivity of AAHP has also been demonstrated by addition of octanal to the OL-O3 HRS after ozonolysis (Ziemann, 2005). This lead to the formation of a peroxyhemiacetal, which further reacted with 9-oxononanoic to form an
observed bis (α-acyloxy -α-alkyl) peroxide. Finally, the high
degree of functionality of many of the measured reaction
products implies the existence of numerous pathways leading to the formation of HMW products or oligomers.
www.atmos-chem-phys.net/7/1237/2007/
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Fig. 3. The formation of peroxidic polymers (AAHP and corresponding polyanhydrides). Depicted are products arising from the addition
of CI (I) (see Fig. 1) with OL. Underlined are the products directly observed in the PERCI mass spectrum shown in the inset (adapted from
Zahardis et al., 2006a).

There is a growing body of evidence that the formation of
AAHP is one of the most important secondary reactions of
the CI in the OL-O3 HRS. Hung and coworkers (Hung et al.,
2005) have studied the reactions of mm-sized droplets of OL
with ozone and a number of products observed by IR indicated the presence of ester groups. Theses HMW products
were separated by masses corresponding to 9-oxononanoic
acid and the azelaic acid CI, which, by their description,
acted as polymerization propagators. In their description,
this polymerization is quite general; the CI adding to OL,
carboxylic acids, or aldehydes. The authors also depict other
novel polymers that contain both AAHP motifs and SO moieties on the same polymeric backbone. There was also a
discernable increase in viscosity of these droplets that could
be attributed to the HMW polymers formed during ozonolysis. Zahardis and coworkers (Zahardis et al., 2006a) also observed polymer formation in the OL-O3 HRS, with a series
of products differing by 170 u suggesting polymerization by
a similar mechanism, namely the addition of an in situ generated CI to the carboxyl group of OL forming AAHP products
(Fig. 3).
The recent work by Mochida et al. (2006) with particles
of MOL mixed with DOA and C14 investigated the relawww.atmos-chem-phys.net/7/1237/2007/

tive importance of the pathways to peroxidic products including SO, diperoxides, monoperoxide oligomers, AAHP,
α-acyloxyalkyl hydroxyalkyl peroxides, and bis(acyloxy-1alkyl) peroxides (the combination of the latter three classes
of compounds, in accord with the notation of the original
work, we abbreviate as “αAAHP-type” compounds). Using
Aerodyne AMS they identified two SO to be the major products of the ozonolysis of pure MOL as well as in mixed particles with an inert matrix of DOA, to a mole fraction as low
as 0.04 for MOL. Conversely, ozonolysis of mixed particles
of MOL and C14 formed αAAHP-type compounds in high
yields for mole fractions of MOL of 0.5 or less. The authors
suggested that the stabilized CI efficiently reacted with carboxylic acid functional group of C14 and therefore competed
with the reactions of the stabilized CI with aldehydes to form
SO, provided that both types of functionalities (stabilized CI
and carboxylic acid) were present at significant concentrations (Mochida et al., 2006). This suggests that αAAHPtype compounds may be favored over SO in tropospheric OA
that is rich in mono- and dicarboxylic acids. As shall be explained in the Discussion of this report, this has implications
to atmospheric OA in that stabilized CI may help transform
organic acids and other protic species to HMW peroxidic
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species that may have important ramifications to CCN properties (Shilling et al., 20071 ).
Polymerization of OL has also been observed in thin films
(Asad et al., 2004), noting a concomitant increase in water
uptake to OL film exposure to ozone. Chemical changes
were monitored in the thin films by IR spectroscopy, with
broad absorption features in the exposed film that “probably correspond to OH stretching transitions of the polymeric
species and associated carboxylic acids, respectively” (Asad
et al., 2004). By direct comparison to the IR spectrum of azelaic acid, Asad et al. concluded this species was not present
in the condensed-phase and that the reacted medium was
“a substance or mixture which was much more highly oxidized”. Although not assigned in the original work, this IR
spectrum suggests AAHP products (Colthup et al., 1975).
Several other studies have strongly suggested secondary
chemistry involving CI, and the formation of peroxidic products, primarily through uptake and kinetic measurements
(Hearn et al., 2005; Nash et al., 2006; Katrib et al., 2005a)
and shall be discussed in the upcoming sections on reactive
uptake.
Some notable points regarding the richness of the secondary chemistry in the OL-O3 HRS include
– The yield of peroxidic products may be significant in
the OL-O3 and related HRS
– There are a variety of different reactions that can lead to
peroxides, which can react further. Classes of products
including αAAHP-type compounds and SO have been
identified. These products are HMW, low volatility oxygenates, and notably include oligomers and polymers
This suggests
– Oxidative processing of OA that has unsaturated constituents, may show considerable peroxide formation
that may enhance CCN ability
– Ozonolysis of unsaturated FA may play a role in HULIS
formation in the troposphere
3.5.2

Ketones

One of the first products of secondary chemistry reported in
the OL-O3 HRS was 9-oxooctadecanoic acid (OOA) (298 u)
(Hearn and Smith, 2004b). This product was proposed to
have been formed by the addition of the CI to the double
bond of OL, which subsequently decomposes to OOA and
either 9-oxononanoic acid or nonanal. The mechanism for
this type of reaction had been proposed originally by Katrib
et al. (2004), although this secondary product was not directly detected. The products formed can also be explained
1 Shilling, J. E., King, S. M., Mochida, M., Worsnop, D. R., and

Martin, S. T.: Mass spectral evidence that small changes in composition caused by oxidative aging processes alter aerosol CCN properties, J. Phys. Chem. A, submitted, 2007.
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by the mechanism of partial cleavage (Bailey, 1978), which
competes with the ozonolysis of unsaturated organics. In this
mechanism only one atom of ozone reacts by electrophilic
addition with the double bond of the unsaturated compound
to give both epoxides and ketones and releases molecular
oxygen. This reaction may compete efficiently with ozonolysis with unsaturated organics that have steric hindrance about
the double bond, with many examples compiled by Bailey
(1978).
Zahardis et al., have also reported ketone formation in the
OL-O3 HRS as detected by PERCI-AMS (Zahardis et al.,
2006a). Follow-up studies with related FA and methyl esters of FA (Zahardis et al., 2006b) showed that stearic acid,
which is the saturated analogue of OL, did not undergo similar oxygenation when undergoing ozonolysis. Also the saturated methyl ester, methyl palmitate, showed no oxygenation
after ozonolysis, while unsaturated methyl esters showed evidence of oxygenation, which the authors ascribed to the formation of ketones (Zahardis et al., 2006b).
The channel(s) to ketones, whether by the mechanism proposed by Katrib et al. (2004) or by the mechanism of partial
cleavage(Bailey, 1978), is probably a minor pathway(s) compared to the other channels of secondary reactivity in OL-O3
HRS and related unsaturated FA and their derivatives. The
yield reported by Hearn and Smith was very small (Hearn
and Smith, 2004b), ∼1% on the carbon-based yield scale.
Similarly, with the study of unsaturated methyl esters, though
not quantified, the signal associated with the ketone products
was weak (Zahardis et al., 2006b). None of the aforementioned studies considered the possibility of the mechanism
of partial cleavage so the case of epoxide formation (Bailey,
1978) in the OL-O3 HRS and related systems has been ignored as of late by researchers in this field.
3.6

Key features regarding pathways and product formation

The ozonolysis of OL, other FA and FA derivatives shows
product formation in accord with liquid-phase or solution
trends that are long established (Bailey, 1958, 1978)in synthetic organic chemistry, with the most notable of these
trends being the formation of SO and αAAHP-type compounds.
There have been comparable studies of the ozonolysis
of OL in solution that directly support the peroxidic products observed in the HRS. Ledea et al. (2003) carried out
the ozonolysis of OL in hexane, water, carbon tetrachloride, ethanol and water and found in all cases that AAHP
were formed as major products with all the solvents employed as determined by 1 H NMR . The 1 H NMR resonance
studies reported by Rebrovic (1992) determined αAAHPtype compounds, SO and aldehydes as the major types of
products in the ozonolysis of OL in carboxylic acid solutions. Very recently, Reynolds et al. (2006), using tandem
MS, have identified a complex mixture of AAHP, SO, and
www.atmos-chem-phys.net/7/1237/2007/
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cyclic diperoxides as major products for the ozonolysis of
OL in ethyl acetate. The degree of oligomerization increased
with reaction time. It should be noted that nonanal, nonanoic
acid, 9-oxononanoic acid, and azelaic acid were also observed by negative ion electrospray ionization MS for the
same reaction system. One of the important observations
of this study was that ozonized OL samples showed clear
evidence of oligomerization occurring after storage in ethyl
acetate at 4◦ C in the dark. These samples were analyzed 1
week and 3 months after exposure to ozone and the oligomerization was attributed to alternative routes of oligomer formation, including decomposition and recombination of the
smaller oligomers or the reaction of dissolved ozone with OL
remaining in solution (Reynolds et al., 2006).
Many of the reports to date have drawn correlation between gas-phase ozonolysis of alkenes and the OL-O3 HRS,
most notably in attributing the formation of nonanoic acid
and azelaic acid to the rearrangement of CI to the corresponding acid (Hearn and Smith, 2004b; Katrib et al., 2005a;
Moise and Rudich, 2002; LaFranchi et al., 2004; Zahardis et
al., 2005; Ziemann, 2005; Thornberry and Abbatt, 2004). As
was very recently suggested (Martin, 2006b), this correlation
is likely to be erroneous. As we discussed in Sect. 3.3, there
is a high activation energy barrier between the CI and the
dioxirane isomer that precedes formation of the acid, which
to compete with bimolecular channels (e.g. cycloaddition to
SO) requires the CI to be in a vibrationally excited state. In
solution, the unimolecular channel of isomerization of the CI
to the carboxylic acid is not significant and probably just a
minor channel to the formation of acidic products (e.g. azelaic and nonanoic acid in the OL-O3 HRS), hence stabilization of the CI and subsequent bimolecular processes leading
to peroxidic products is favored (Bailey, 1958, 1978).
The stabilization of the CI in the heterogeneous ozonolysis of liquid aerosols of unsaturated organics was recently
demonstrated by Mochida et al. (2006). In their study, the
ozonolysis of pure MOL resulted in a high yield of SO and
the absence of αAAHP-type compounds, which has been observed in studies of bulk liquids of MOL (Nishikawa et al.,
1995). These results suggested a low yield of nonanoic acid
and azelaic acid monomethyl ester that would arise from the
pathway of the CI rearrangement to the carboxylic acid. This
implies that stabilization of the CI, rather than isomerization to the carboxylic acid, is the dominant fate of the CI
(Mochida et al., 2006). This was also noted by Hung et
al. (2005) in studies of OL droplets.
As was recently suggested (Martin, 2006a), the azelaic
acid and nonanoic acid products observed in the OL-O3 HRS
likely arise, at least in part, from the decomposition of SO,
i.e. third generation products. This is in accord with acidolysis in an acidic solution or solvolysis in the case of ozonolysis
in a pure protic liquid. A detailed mechanism and description is given in Chapter VIII of Bailey’s work on ozonolysis (Bailey, 1978) for acidolysis and solvolysis of peroxides. Other routes of decomposition of peroxides, including
www.atmos-chem-phys.net/7/1237/2007/
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thermal, photolytic and base catalyzed are considered in Bailey (Bailey, 1978) as well. More investigations are needed
to assess the role of decomposition of peroxidic products of
ozonolysis and the aging of OA in the troposphere.
In summary:
– The products observed in the heterogeneous ozonolysis of OL, other unsaturated FA and derivatives are in
accord with products observed in well-established reactions in solution, favoring products of bimolecular reactions i.e. peroxidic products
– Stabilized CI can react efficiently with protic species,
such as carboxylic acids, to form αAAHP-type compounds.
– Lower molecular weight products may arise, in part,
from decomposition of peroxidic products. Rearrangement of CI to carboxylic acids is probably a minor channel
4

Reactive uptake of ozone: overview

Atmospheric heterogeneous processing can be described as
the transformation of one species on or close to a particulate’s surface. Although this review focuses on the ozonolysis of OA, with emphasis on OL, much of the framework for
describing heterogeneous processing comes from considerations of inorganic aerosols (namely water and sulfate) with
trace gases. Much of the early work in this regard focused on
the uptake of halogenated species by sulfuric acid aerosols
(Abbatt and Nowak, 1997; Donaldson et al., 1997; Hanson,
1998; Hanson and Lovejoy, 1995; Hanson and Ravishankara,
1993; Hanson et al., 1996). The models developed for describing inorganic HRS were adapted to the uptake model
used for OL and other organics.
Understanding uptake of ozone is central to describing the
processing of OA and in the Discussion we will address the
tropospheric implications based on insight gained from the
OL-O3 HRS. We will try to apply these implications to some
of the extant questions regarding the role of oxidative processing of OA by ozone in tropospheric chemistry:
– What effect does oxidative processing by ozone of unsaturated OA have on the atmospheric aging process of
OA?
– Can OA act as CCN after oxidative processing by
ozone? Under what tropospheric conditions is this activation likely?
– Are there any other radiative effects associated with oxidative processing of OA by ozone that might impact the
global radiation budget in the troposphere?
– How is the lifetime of an unsaturated species in OA affected by ozonolysis? Furthermore, how is this lifetime
Atmos. Chem. Phys., 7, 1237–1274, 2007
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Fig. 4. The resistor model, an electric circuit analogue applied to
reactive uptake microphysics of organic aerosols. In this model microphysical processes are represented as resistances, with gas-phase
diffusion (0diff ), surface reaction (0s ), mass accommodation (α),
chemical reaction within the particle (0rxn ), diffusion-limited mixp
ing within particle (0diff ), and the adsorption coefficient (S) depicted.

affected in real OA with many components and the possibility of different phases and phase separation?
We shall address some aspects of these questions in the Discussion after describing the experimental results on the determination of the reactive uptake of ozone by OL and related
compounds, including internally mixed particles and coatings.
4.1

# molecules entering particle phase
# molecules that collide with surface

(1)

As described by Worsnop et al. (2002), in the absence of surface reactions the mass accommodation is directly proportional to the flux, Jx , of the trace gas, x, into the liquid
Jx =

nx c α
4

(2)

where nx is the number density of gas-phase ozone
molecules (cm−3 ) and c is the mean thermal velocity
(cm s−1 ) of gas-phase ozone. Equation (2) is valid only
when the trace gas has no surface reaction with other gaseous
molecules at the surface, itself, or with the liquid- phase
species.
In equilibrium systems there is no net uptake of the trace
gas by the liquid. However, reactions of the solvated trace
gas can act as a sink for that gaseous species and the flux is
now proportional to the uptake coefficient, γ :
Jx =

nx c γ
4

(3)

The uptake coefficient is less than or equal to unity since the
flux must be less than or equal to the collision frequency of
the gas with the surface. In considering the OL-O3 HRS, if
the stoichiometry of ozone loss and OL loss is the same, it
can be shown that the particle-phase OL loss is given by:

Models of reactive uptake
−

The formalism developed by Worsnop et al. (2002) adapts the
model of uptake of gaseous species by liquids (Davidovits et
al., 1991; Hanson, 1997; Hanson and Lovejoy, 1995; Kolb
et al., 2002; Shi et al., 1999) to reactive transforms of the
condensed-phase organic species because the particle MS
methods monitor the loss of the organic substrate. In the
OL-O3 HRS, this involves monitoring OL loss and using this
loss to calculate the uptake coefficient, γ . We shall discuss
and present uptake data garnered from AFT and CFT experiments, the latter of which typically monitor the loss of ozone.
The latter method is well-established with a long tradition,
hence we will only give the results employing this method
and the interested reader is referred to the literature for details on the kinetics formalism (Lovejoy et al., 1995; Moise
and Rudich, 2000; Thornberry and Abbatt, 2004; Utter et al.,
1992).
We shall provide a summary of the formalism developed
by Worsnop et al. (2002) and others (Smith et al., 2002) in regards to reactive uptake. Complete descriptions including the
formal derivations are available to interested readers (Hearn
et al., 2005; Smith et al., 2002; Worsnop et al., 2002). Figure 4 illustrates the key parameters invoked in the uptake of
a trace gas by OL as it is described to date. One of the key
parameters is the mass accommodation coefficient,α which
Atmos. Chem. Phys., 7, 1237–1274, 2007

3 nx c γ
d[OL]
=
dt
4a

(4)

where “a” is the particle radius and the ratio of 3 to 4a accounts for the surface to volume ratio of the particle. Analytical solutions to Eq. (4) are not known (Worsnop et al.,
2002), so analysis proceeds by considering limiting regimes
in a fashion developed by Crank (1975) and Danckwerts
(1970). As of late, it has been shown that a general assumption of ozone loss and OL (or other unsaturated FA, or
derivative) loss having the same stoichiometry is not valid,
due to secondary reactivity. For example, as we discussed
in Sect. 3.5.1, it now appears that in these HRS that CI react with carboxylic acids of OL forming AAHP (Mochida
et al., 2006; Nash et al., 2006; Katrib et al., 2005a; Hearn
et al., 2005; Zahardis et al., 2006a; Ziemann, 2005; Hung
et al., 2005), and this acts as another channel of loss of the
condensed-phase species. We shall discuss corrections to the
resistor model in this regard as well as other kinetic methods employed to the OL-O3 and related HRS in the sections
following a discussion the resistor model.
4.2

The resistor model

A model has been developed that attempts to decouple the
measured uptake coefficient,γmeas , into constituent chemical
www.atmos-chem-phys.net/7/1237/2007/
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and physical processes (Fig. 4) including gas- and particlep
phase diffusion (0diff and 0diff , respectively), mass accommodation (α), adsorption (S) and reactivity term(s) (0rxn )
(Worsnop et al., 2002).
The loss of ozone to the particle can be described by Fick’s
second law, accounting for the chemical reactivity with the
k[O3 ] term in Eq. (5), which is an expression for ozone loss:
−

∂[O3 ]
= −D ∇ 2 [O3 ] + k[O3 ]
∂t

4.3

Case 1: Rapid diffusion of ozone throughout the particle. In this case l>a and the right hand factor in Eq. (9)
is approximately equal to a/3l when a/l<1 (Smith et al.,
2002)

(5)

Case 2: Reaction limited by ozone diffusion or a near
surface reaction. In this case l<a/20, and in Eq. (9)
the factor [coth(a/l)–a/l] approaches unity (Smith et al.,
2002)
Case 3: Reaction at the surface. This assumes the
reaction of OL and ozone is at the surface and second
order (Smith et al., 2002), with δ being the surface depth

It has been shown (Smith et al., 2002) that applying finite
ozone boundary conditions at the origin and assuming its
concentration at the surface to be constant that
H PO3 a sinh(r/ l)
r sinh(a/ l )


l=

D
k

1/2
(8)

where D is the diffusion coefficient of ozone in the reactive
matrix (cm2 s−1 ) and k is the pseudo-first order rate constant
(s−1 ). The gradient and the flux of ozone through the gasparticle boundary can be derived from Eq. (7) (Smith et al.,
2002) and normalization of the surface flux to the collision
frequency with the surface, gives the uptake coefficient. Substitution of the uptake coefficient into Eq. (4) is used to derive a rate of change of OL in terms of key parameters and
variables:
!
d[OL]
−3 PO3 H (k2 D [OL])1/2
=
(9)
dt
a
"

 !

1/2 #
k2 [OL] 1/2
1
D
coth a
−
D
a k2 [OL]
No general solution is known for Eq. (9); however, solutions
have been found in four limiting regimes. These solutions
have been derived previously (Smith et al., 2002; Worsnop et
al., 2002) and we only present an outline of the methodology
and physical assumptions.
www.atmos-chem-phys.net/7/1237/2007/

Case 4: Uptake limited by OL diffusion. Notice in
this case DOL is the diffusion coefficient of OL and
should not be confused with D, which is the diffusion
coefficient of ozone in OL (Worsnop et al., 2002)

(7)

In Eq. (7) H is Henry’s law constant and l is the diffusoreactive length and is effectively the length the ozone must
diffuse into the particle to react. PO3 is the pressure of ozone
(atm). The diffuso-reactive length is given by

Limiting cases of reactive uptake

The solutions to Eq. (9) for the four limiting regimes are
summarized in Table 3 in terms of the ratio [OL]/[OL]t=0 ,
since particle-based methods measure the concentration of
condensed-phase OL prior to and post reaction with ozone.
In summary, these cases are:

An assumption that OL diffuses rapidly is made to ensure
that the OL concentration can be assumed to be uniform
throughout the particle, especially near the surface. This
allows for the pseudo-first order approximation to be made
i.e. k=k2 [OL]. The steady-state approximation is typically
evoked (i.e., ∂ [O3 ]/∂t=0), and, assuming only a radial dependency of [O3 ], gives


1 ∂
∂
D ∇ 2 [O3 ]=k [O3 ], with ∇ 2 = 2
(6)
r2
∂r
r ∂r

[O3 ]=
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4.4

Experimental determination of reactive uptake

This section will begin with a summary of experiments that
place emphasis on the measured uptake of ozone by OL, with
the results of coated-wall studies presented first, and then the
AFT studies. Secondly, the results from studies on related
FA, internally mixed particles containing OL and/or other
FA, and some other related organics will be presented. Emphasis will be placed on noting the approximations utilized
in calculating the uptake coefficient, and all kinetic information that gives insight into the extent of secondary chemistry
in these systems.
4.4.1

Reactive uptake by one-component coatings

Early measurements of the uptake of ozone by organic liquids on coated-wall reactors were performed by de Gouw
and Lovejoy (de Gouw and Lovejoy, 1998). They measured
the reactive probability (i.e. uptake coefficient) of ozone
by a variety of organic liquids including canola oil, which
is predominately OL (Mag, 1990). Employing a rotating
wetted-wall reactor they determined an uptake coefficient of
∼8×10−4 . (A complete list of numerical values of reactive
probability as a function of temperature was not provided in
the original work; we estimated this value for ∼25◦ C by interpolation from the plot provided in the original work.)
Moise and Rudich (2002) employed a rotating wall flow
reactor to measure uptake coefficients for liquid and frozen
OL of (8.3±0.2)×10−4 and (5.2±0.1)×10−5 , respectively.
Atmos. Chem. Phys., 7, 1237–1274, 2007
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Table 3. The limiting cases of O3 uptake by particulate OL. Derivation of γ for Cases 1–3 is given in the original works (Worsnop et al.,
2002; Smith et al., 2002) and details on Case 4 are given by Worsnop et al. (2002). An outline of the resistor model is given in Sect. 4.2 of
this report; a summary of the approximations of these Cases is given in Sect. 4.3.
Limiting cases
Case 1: Rapid diffusion of ozone
throughout the particle
Case 2: Reaction limited by ozone diffusion. (A near surface reaction.)

γ

[OL]/[OL]t=0
exp −H k2 PO3 t

4 H R T r k2 [OL]
3c




2
3 H (D k2 )1/2 PO3 t
1−
1/2
2 r ([OL])



−3 δ 2 H k2surf PO3 t
r

Case 3: Reaction at the surface

exp

Case 4: Uptake limited by OL diffusion



exp −12 D2 OL t



4 H R T ( D k2 [OL])1/2
c
4 H R T δ 2 k2surf [OL]
c
16 D [OL]
PO3 c r

r

The uptake coefficient for liquid-phase OL is in good agreement with the value of de Gouw and Lovejoy’s for canola
oil, despite the fact that most of the OL in canola oil is in
the form of triacylglycerols (Mag, 1990). Comparable measurements were performed on LA, with the liquid and frozen
phases having uptake coefficients of (1.2±0.2)×10−3 and
(1.4±0.1)×10−4 , respectively. LA has a considerably larger
uptake coefficient compared to OL because the molecule
contains two sites of unsaturation, effectively giving it twice
the reactive capacity of OL.
Moise and Rudich (2002) suggested that for the liquidphases the reaction in the bulk of the medium may contribute
significantly to the uptake of ozone. This suggestion was
based in part on previous observations of uptake of ozone by
alkenes and other reaction systems (Moise and Rudich, 2002;
Moise et al., 2001) and similar conclusions could be drawn
from studies employing monolayers and bulk liquids (Moise
and Rudich, 2000).
As noted by Moise and Rudich (2002) for the liquid FA,
if the reactivity towards ozone is proportional to the FA concentration and each carbon-carbon double bond reacts independently, then the ratio, R, of uptake coefficients of OL to
LA is given by
s
2 × ρLA × MWOL
R=
(10)
ρOL × MWLA

experiments. In regards to OL and LA, their results were
in accord with those of Moise and Rudich (2002); the uptake coefficient of ozone for OL was (8.0±1.0)×10−4 , for
LA (1.3±0.1)×10−3 , and for LN (1.8±0.2)×10−3 . Again,
the correlation between the uptake coefficient and degree of
unsaturation is evident.
Key conclusions from these experiments are

with ρ denoting the density (g cm−3 ) of the respective FA.
The theoretical value of R in this case is 1.43. The experimental value calculated by Moise and Rudich for the liquids is 1.45±0.19, which lead the authors to conclude that
“the reactant activity is directly related to the concentration
of double bonds, supporting the conclusion that the uptake
has a dominant contribution from reaction in bulk” (Moise
and Rudich, 2002).
Thornberry and Abbatt (2004) investigated the uptake of
ozone by liquid-phase OL, LA and LN, in coated-wall tube

4.4.2.1 Reactive uptake: aerodyne aerosol mass spectrometry

Atmos. Chem. Phys., 7, 1237–1274, 2007

– γ has a value ∼8×10 −4 for the OL-O3 HRS
– γ increases with degree of unsaturation
– The limiting case regime is probably Case 2 and/or 3
4.4.2

Reactive uptake of ozone by one-component particles

Since 2002, the results dedicated to the online analysis
of the uptake of ozone by OL and other FA particulate
have been presented to the atmospheric community. These
methods include Aerodyne AMS, single-particle MS, CIMS,
and TDPBMS and have directly monitored decay of the
condensed-phase species (i.e. OL) to calculate the uptake coefficient of ozone. These new methods aim to monitor the
reactions of condensed- phase species and determine γ from
their decay; however, since γ is not measured by monitoring
the decay of ozone directly, these results should initially be
compared with those of coated-wall reactor methods.

The Aerodyne AMS methodology has been applied to study
the uptake of ozone by size-selected particles of OL (Morris et al., 2002). Based on the measured gas-phase diffusion uptake coefficient (0.30 to 2.0) compared to the uptake
coefficient determined by others (∼10−3 ), the authors used
Case 2 as the limiting regime. They calculated the diffusoreactive length, l, to be approximately 5 nm by Eq. (8), using D∼10−6 cm2 s−1 and k2 ∼106 M−1 s−1 and treating [OL]
www.atmos-chem-phys.net/7/1237/2007/
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as the initial concentration of OL, 3.15 M. The radius of the
OL particle was assumed constant, and the product PO3 t was
taken as an experimental variable. The curves were then fit
by adjusting two parameters: H (Dk2 )1/2 and τ . (The latter
is a correction for the mixing time of ozone into the particle beam (Morris et al., 2002)) and an uptake coefficient of
(1.6±0.2)×10−3 was calculated for a maximum O3 exposure
of ∼10−4 atm s.
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a)(a)

4.4.2.2 Reactive uptake: single-particle mass spectrometry
The uptake of ozone has also been measured by singleparticle MS (Smith et al., 2002) with particles with radii
from 680 nm to 2.45 µm. The diffuso-reactive length was
estimated to be 20 nm as described previously, with the
only difference in the calculation being the diffusion constant of ozone in OL, which in this case was estimated to be
10−5 cm2 s−1 (as opposed to 10−6 cm2 s−1 ). Figure 5 shows
decay curves of OL determined by this method. Two limiting cases of reactive uptake, namely Cases 2 and 3, were
suggested and as noted by the authors “it is possible that the
O3 reacts at both the surface and the bulk of the particle, but
it is difficult to estimate the relative contributions of the two
cases without accurate knowledge of k2 , k2surf , H and D.” The
authors noted further that Case 2 fit the data better when all
particle sizes were considered and was used for the calculations with H (Dk2 )1/2 estimated as previously described.
The uptake coefficient ranged from (0.99±0.09)×10−3 to
(7.3±1.5)×10−3 for particles with radii ranging, respectively, from 2.45 µm to 680 nm with a maximum ozone exposure on the order of 10−3 atm s.
Careful consideration of the data in Fig. 5 shows an
anomaly noted by the authors: although Case 2 has no explicit dependency of γ on the particle radius, there is a clear
linear dependence when γ is plotted as a function of the particle radius. The authors acknowledge that the model does
provide a good fit for the data; however “(the model) does
not describe our data adequately” (Smith et al., 2002). The
authors suggest the decrease in γ with increasing particle
radius may stem from the diffusion of OL, with this effect
more pronounced in larger particles. The authors estimated
that the value of the uptake coefficient would be about (5.8–
9.8)×10−3 for small particles, where this OL diffusion is not
the limiting factor in uptake. They then numerically solved
a coupled set of reaction-diffusion equations for [O3 ] and
[OL], without making the steady-state assumption for ozone
or assuming rapid diffusion of OL. The value of the selfdiffusion constant of OL, DOL , was varied and it was found
that Case 2 was applicable when DOL =3×10−7 cm2 s−1 . It
was reasoned that as ozonolysis of OL proceeds, the formation of reaction products and the loss of OL near the surface may slow the diffusion of OL to that region. They
found that only by lowering the value DOL to between (4–
10)×10−10 cm2 s−1 , as a function of the particle size, could
www.atmos-chem-phys.net/7/1237/2007/
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Fig. 5. OL decay profiles as measured by single-particle MS. (a)
Decay profiles of four particle sizes: () 680 nm, (•) 1.38 µm, (N)
1.86 µm, () 2.45 µm. (b) Radial dependence evidenced in reactive
uptake coefficients, although no radial dependency is predicted by
Case 2 (from Smith et al. , 2002).

they fit the numerical solutions for [OL] to all their experimental data(Smith et al., 2002).
In summary
– The value of γ is dependent on particle radius with values of (0.99±0.09)×10−3 to (7.3±1.5)×10−3 for particles with radii ranging, respectively, from 2.45 µm to
680 nm
– OL diffuses more slowly in the particles than is predicted by its self-diffusion coefficient

Atmos. Chem. Phys., 7, 1237–1274, 2007
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In summary
– CIMS gave a value of ∼7×10−4 for polydisperse OL
particles assuming Case 2, a value in better agreement
with coated-wall reactor measures than other particle
based methods
– This method appears very convenient for measuring
polydisperse particles, but the radial dependency on γ
is not readily extracted

Fig. 6. Real-time TDPBMS signal of oleic acid (oleic acid is denoted OA in figure, while DOS, C17 and C16 correspond to our
notation) decay for pure and mixed particles undergoing ozonolysis. Longer times of reaction are shown in Fig. 10 of the original
work (adapted from Ziemann, 2005).

This suggests
– The formation of HMW products, such as polymers,
from ozonolysis, can have a considerable effect on subsequent uptake
4.4.2.3 Reactive uptake: chemical ionization mass spectrometry
Hearn and Smith applied aerosol CIMS methodology to
polydisperse particles of OL (Hearn and Smith, 2004b). In
light of previous results (Moise and Rudich, 2002; Morris et
al., 2002; Smith et al., 2002), they assumed kinetics governed
by the limiting Case 2. The polydisperse OL decay data was
fit in a similar fashion as described previously. The best fit of
γ for polydisperse OL with an average diameter of 800 nm
was (7.5±1.2)×10−4 . Polydisperse particles with other average diameters, namely 1.20 and 1.50 µm were assayed with
γ determined to be 7.2×10−4 and 7.3×10−4 , respectively.
The authors noted that their results were in good agreement
with those from coated-wall experiments (Moise and Rudich,
2002; Thornberry and Abbatt, 2004) but were lower than the
results for the other two previously mentioned aerosol-based
methods(Morris et al., 2002; Smith et al., 2002).
By a similar method, Hearn and Smith (Hearn and Smith,
2004b) determined the uptake coefficient of polydisperse LA
with a mean diameter of 800 nm to be (1.1±0.2)×10−3 . Two
other single component polydisperse particles were studied:
oleyl alcohol and 1-octadecene (Hearn and Smith, 2004b).
The former is the alcohol analogue of OL and had the identical value for the uptake coefficient as OL: 7.5×10−4 for particles with an 800 nm average diameter. The value of γ for
1-octadecene was considerably smaller than that of OL, only
2.4×10−4 for polydisperse particles with an 800 nm average
diameter, possibly due to the position of the double bond, or
inhibited solubility or diffusion of ozone within the alkene
(Hearn and Smith, 2004b).
Atmos. Chem. Phys., 7, 1237–1274, 2007

Additional studies with CIMS have been conducted with
monodisperse OL, but analysis of the results involved insight
from the mixed particle studies, so we will refrain from discussing these results until Sect. 4.4.3.1.
4.4.2.4 Reactive uptake: thermal desorption particle beam
mass spectrometry
The TDPBMS method has also been applied to study the
ozonolysis of submicron (∼0.02–0.5 µm diameter) OL particles assuming Case 2 kinetics. Figure 6 shows a typical
kinetic plot, with the slopes giving the value of H (Dk2 )1/2 .
An uptake coefficient of (1.3±0.2)×10−3 was calculated for
pure OL particles. Interestingly, this study, which is the only
one to date employing an environmental chamber, gave results similar to those with the CFT and AFT.
4.4.3

Reactive uptake by internally mixed particles and
coatings

Organic particles in the troposphere are mixed particles
(Alves et al., 2001; Duce et al., 1983; Guo et al., 2003;
Hahn, 1980; Huang et al., 2006; Pio et al., 2001; Simoneit et
al., 1988; Simoneit, 1986). Recently, a succession of papers
has appeared in the literature reporting on the application of
instrumental methods and models developed for the OL-O3
HRS to examine the kinetics and/or products of ozonolysis
of internally mixed particles (Hearn et al., 2005; Hearn and
Smith, 2004b, 2005, 2006; Katrib et al., 2005a; Zahardis et
al., 2006b, c; Ziemann, 2005; Mochida et al., 2006; Nash
et al., 2006) and multicomponent organic coatings (Knopf et
al., 2005) that are more complex than this model system and
more closely approximate real OA.
4.4.3.1 Reactive uptake of mixed particles: chemical ionization mass spectrometry
Hearn and Smith (2004b) have also measured the uptake coefficient of mixed particles of LA and OL with CIMS (Table 2). They found that the ratio of the uptake coefficients
in the mixed particles of LA vs. OL is 1.37, which is slightly
smaller than the theoretical value of 1.42 anticipated for doubling k2 , and smaller than the ratio they measured for pure
OL and LA particles (1.47) (Hearn and Smith, 2004b). As
they note, this may indicate enhanced solubility and/or diffusion of O3 in pure LA particles (Hearn and Smith, 2004b).
www.atmos-chem-phys.net/7/1237/2007/

J. Zahardis and G. A. Petrucci: Review of oleic acid-ozone heterogeneous chemistry

1257

CIMS was applied to internally mixed, monodisperse particles of OL and MOL (Hearn et al., 2005). For 650 nm OL
particles, the authors noted that all the cases that had exponential solutions for decay, namely Cases 1, 3 and 4, fit the
data well. The authors eliminated Case 4 because the decay
and G. A.pressure
Petrucci: Review
of oleic acid-ozone
heterogeneous chemistry
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Fig. 8. Appearance of CI rearrangement products (9-methoxy-9oxononanoic acid) with progressive ozone exposure. The yield is
lower in mixed OL/MOL particles (4) (methyl oleate is denoted
MO on this figure) than pure MOL particles (N), indicating a sizable
reaction between CI and OL. Lines are to guide the eye and do not
represent fits to the data (from Hearn et al., 2005).

stated that “the linearity of this plot indicates that other secondary reactions involving (OL) and (MOL) must be negligible” (Hearn et al., 2005). The loss of OL to CI was used
as a correction for γ : the resulting corrected value of γ of
(8.8±0.5)×10−4 is in good agreement with the coated-wall
studies (Moise and Rudich, 2002; Thornberry and Abbatt,
2004). It is also slightly lower than the value of the uptake
coefficient of MOL, which the authors suggest is due to an
enhanced solubility or diffusion of ozone in MOL compared
to OL. They attribute this to the lower degree of order in
MOL compared to OL. Under ambient conditions OL is an
ordered liquid (Iwahashi et al., 2000, 1995, 1991) (Fig. 9),
while MOL is probably an isotropic liquid under these conditions. Hearn et al. have proposed that this ordered liquid
has a high density of carbon-carbon double bonds at the surface and therefore “reduces the rate of O3 diffusion into the
bulk and results in a surface-dominated reaction between O3
and the double bonds of (OL).” Most or all of the ozonolysis
occurs in the first monolayer of the ordered liquid OL by this
model. In contrast, the low-ordered MOL has deeper diffusion of ozone and less surface reactions and follows Case 2
kinetics.
Key results and conclusions of the CIMS studies on mixed
particles include
– Loss of CI to OL may be a significant loss route, with
AAHP the dominant products
– Secondary reactions of CI can consume OL and this
should be accounted for in uptake calculations
– Accounting for these secondary reactions gives a value
of γ similar to coated-wall reactor based measurements
Atmos. Chem. Phys., 7, 1237–1274, 2007
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Fig. 9. Quasi-smectic condensed-phase structure of OL dimers stabilized by hydrogen bonding. As suggested by Hearn et al. (2005),
the alkyl chains will be more mobile than the rigid double bonds
and form an O3 “funnel” directing the O3 towards the double bonds
while inhibiting diffusion past them. This has been proposed to be
the basis of the surface reactivity of this system evidenced by Hearn
et al. (2005). The spacing indicated on the figure has been determined by Iwahashi et al. (1991) (adapted from Hearn et al., 2005).

where ozone loss is measured directly. Other particlebased methods that do not account for secondary chemistry may have an artificially large value for γ
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4.4.3.2 Reactive uptake of mixed particles: Aerodyne aerosol
mass spectrometry
Katrib et al. (2005a) studied the uptake of ozone by internally
mixed particles of OL and SA. An Aerodyne AMS was used
to study nearly monodisperse 300 nm particles with OL concentration ranging from 0% to 100% relative to SA. SA is the
saturated analogue to OL so it does not undergo direct oxidative processing by ozone. Figure 10 shows the decay profile
of SA in particles with different OL:SA ratios as a function
of ozone exposure. The authors proposed that the increase
in SA decay with ozone exposure and OL concentration is
due to the secondary chemistry facilitated by stabilized CI
that are formed by ozonolysis of OL. They proposed that the
CI reacts with the carboxylic acid of the SA forming AAHP.
They also noted that the decay profiles of SA and OL are very
similar for 90/10 (OL: SA), 75/25 and 60/40 particles; however, with SA content greater than 50% the decay behavior
of OL and SA differs.
The applicable limiting case for these mixed particles was
not clear. This stems, in part, from our limited description
of the phase behavior of binary FA mixed particles; which
are well-described in bulk mixtures (Inoue et al., 2004a, b,
c, 1992; Iwahashi et al., 2004). It was noted that classification of the reactive uptake for a mixed particle that may
contain some solid- phase (SA) of uncertain morphology was
an even more complex issue than for the simpler system of
pure OL, for which there exists still a degree of uncertainty.
The authors therefore opted for a data driven approach over
the model driven approach (Katrib et al., 2005a) to determine the reactive uptake. The data-driven approach applies
the steady-state assumption to the concentration of dissolved
ozone in the particle, such that further ozone uptake is driven
by chemical reaction and it is assumed that monitoring the
loss of volume-averaged ozone is equal to measuring the rate
of reaction of OL. The authors acknowledge that the second
assumption has inherent inaccuracies since some of the OL
is consumed by CI generated in ozonolysis.
The authors applied this method to non-spherical particles, such as those with SA (which was inferred from microscopy), then further adapted the expression for γ for the
Aerodyne AMS method that measures the mass of an aerosol
population. This approach yielded:
γ =

−dmOL /dt
(PO3 c / 4RT )(MWOL NA)

(11)

Here mOL is the aerosol mass of OL, N is the number concentration of particles, and A is the particle surface area. Because [OL] and γ both decrease over time, the authors extrapolated their decay data to zero time and calculated and
initial uptake coefficient, γo . The pressure of ozone was varied at a fixed exposure time and dmOL /dt was approximated
as 1mOL / (1t), with A calculated for a known diameter particle, giving an upper-limit estimate of γo by Eq. (11). This
process was repeated for other ozone pressures, with further
www.atmos-chem-phys.net/7/1237/2007/
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Hearn et al. (2005) is made, the value of γ (∼8×10−4 ) is in

good agreement with that of Hearn et al (∼9×10−4 ). Katrib
et al. found that the upper-limit value of γo decreased linearly from OL/SA 100/0 to 60/40, from (1.25±0.2)×10−3
to (0.60±0.15)×10−3 ; however, at OL/SA 50/50 the authors noted an abrupt drop in the upper-limit value of γo to
(0.15±0.1)×10−3 which remained approximately constant
toward higher particle content of SA. Similar decreases have
been observed by Knopf et al. (2005) for alkanoic acid/ oleic
acid mixtures, as shall be discussed in Sect. 4.4.3.5.
Katrib et al. (2005a) compared the results of the parameters of their Aerodyne AMS experiments: unreacted OL and
SA at high ozone exposure, the initial uptake coefficient, and
particle beam width and discerned there were three distinct
composition regions that have different effects on these parameters (Fig. 11). In the first region, the linear increase in
SA corresponds with a linear trend in the parameters. In region 2 there is an abrupt change in all the parameters, though
the change appears monotonic. In the third composition region, there are no changes in the parameters or the change is
minimal with increasing SA content
The authors suggest three postulates to explain the trends
in the parameters, all of which relate to morphological
changes in the particles:
Atmos. Chem. Phys., 7, 1237–1274, 2007
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4.4.3.3 Reactive uptake of mixed particles: thermal desorption particle beam mass spectrometry

Fig. 11. Summary of results for increasing SA composition
in OL/SA mixed particles: (a) initial reactive uptake coefficient
(γo ); (b) beam width before (N) and after (4) ozone exposure
(300×10−6 atm s O3 ); (c) unreacted OL fraction after ozone exposure; (d) unreacted SA fraction after ozone exposure. Quantities
are shown for increasing SA weight percent composition, with the
balance being OL. Lines are to guide the eye and do not represent a
model fit. The amount 4 wt% indicates the composition of a liquid
with pure, solid SA at 298 K (Inoue et al., 2004b) (from Katrib et
al., 2005a).

– Supersaturation
– SA binding OL as an impurity in its crystal lattice
– Formation of semi-permeable gels of SA that contain
some liquid OL
The authors noted (Katrib et al., 2005a), in regards to OL:
“For all compositions having SA content greater than 90/10,
the reaction kinetics appear to have a two-step behavior,
showing an initial fast decay for low ozone exposure followed by an apparent absence of further reaction at high
ozone exposure.” Similar kinetic effects have been observed
in other mixed particle studies (Hearn and Smith, 2005; Ziemann, 2005), as noted by the authors.
In summary:

Ziemann applied TDPBMS to mixed particles (Ziemann,
2005) employing an environmental chamber. The internally
mixed particles included 10/90 (OL) mixtures with nonvolatile components: DOS, C17 and C16. None of these
species are susceptible to oxidative cleavage by ozone, allowing for assessment of how liquids and solids affect reactive
uptake.
Figure 6 shows the decay profiles of pure OL and the three
internally mixed particles. Case 2 of the resistor model was
applied, assuming a thin diffuso-reactive layer relative to the
particle diameter. The kinetics of pure OL and DOS/OL are
seen to be very similar, reacting essentially completely with
ozone within 2–3 min. It was noted by the author that the
reaction of the mixtures containing the alkanoic acids, C16
and C17, are “initially almost as fast (as pure OL), but then
slow down dramatically within ∼2 min such that ∼65% and
∼80% of the OL has reacted after ∼8 min.” These effects
are attributed to the phase equilibria. In the particles with
C16 and C17, the fast and slow regimes may be due to the
particles having two phases, one that is pure liquid OL, the
other being a semi-solid mixture of OL and the alkanoic acid
and diffusion impeded in these regions leading to a slower
reaction rate (Knopf et al., 2005).
Using the results of Case 2, Ziemann calculated uptake coefficients for OL/DOS, OL/C16 and OL/C17 at
(1.1±0.4)×10−3 , (0.13±0.1)×10−3 and (0.25±0.2)×10−3
(Ziemann, 2005). Notice that the OL/DOS uptake coefficient
is very similar to that of pure OL, (1.3±0.2)×10−3 . Conversely, for the mixed particles with alkanoic acids, the values are about one order of magnitude lower than the uptake
coefficient of pure OL, which is attributed to the trapping of
OL. This is quite different from the value of γo determined
by Katrib et al. (2005a) for the corresponding composition of
OL/SA; the OL/SA particles with 90% OL had an estimated
γo of ∼1×10−3 . However, the mixed particles of OL and
C16 or C17 are very similar to the value of γo for OL/SA
particles with 50% or less OL content, (0.15±0.10)×10−3 .
In summary:
– γ decreases by about one order of magnitude (to ∼
10−4 ) in mixed particles that may have semi-solid
phases

– A data driven approach was used to determine
γ ∼1×10−3 for OL, similar to other particle-based
methods that do not correct for secondary chemistry

4.4.3.4 Reactive uptake of mixed particles: single-particle
mass spectrometry

– Secondary chemistry via CI was indicated including reactions with a saturated FA (SA) that is not susceptible
to direct ozonolysis

Nash et al. (2006) have recently applied single-particle MS
to investigate the ozonolysis of 2 µm diameter mixed particles of OL and C14. They accounted for secondary reactions
from the stabilized CI (denoted SCI in the following discussion) in their calculations of γ , with the following mechanism used to analyze their data:

– Nonlinearity in γ and other parameters may arise from
morphological changes in the particle
Atmos. Chem. Phys., 7, 1237–1274, 2007

www.atmos-chem-phys.net/7/1237/2007/

J. Zahardis and G. A. Petrucci: Review of oleic acid-ozone heterogeneous chemistry
1. OL + O3

k1

−→SCI
k0

2. OL + SCI −→products
km

3. C14 + SCI −→products
In the second and third steps above the products are assigned
as hydroperoxy esters by the authors (i.e. AAHP). The steady
state (SS) approximation was made for the SCI:
[SCI]ss =

k1 [OL]
ko [OL] + km [C14]

(12)

Since this method explicitly accounts for secondary chemistry in calculating the reactive ozone uptake coefficient, we
shall present some of the details for the formulation. The
above expression for [SCI]ss was used to show the reaction
rates for OL and C14 loss:
−d[OL]
k1 k0 [OL]2
= k1 [OL] +
dt
k0 [OL] + km [C14]
−

d[C14]
k1 km [C14][OL]
=
dt
ko [OL] + km [C14]

(13)
(14)


Solving the above equations for the ratio ko km then assuming this ratio was ∼1, based on the assumption that the rate
of reaction of the SCI with OL and C14 is about the same
Nash et al. showed:


(1 − χC14 )
nOL,particle
nOL,avail = 1 −
(15)
2
In Eq. (15) nOL,avail denotes the number of OL molecules in a
particle available for ozonolysis; nOL,particle is the total number of OL molecules in a particle of a given composition; and
χC14 is the mole fraction of C14 relative to OL. The derivation of the equation is based on the prior mechanism and their
finding that 100% of the SCI reacted with the carboxylic acid
groups (Nash et al., 2006). As noted by the authors (Nash et
al., 2006), this contrasts the results of Hearn et al. (2005) of
only 36% of the SCI reacting with the acid groups.
Nash et al. then calculated the ozone uptake coefficient in
terms of nOL,avail :
γ =

reaction rate
k1 nOL,avail
= − 
collision rate
π c d2
4 ρ O3

(16)

In Eq. (16) k1 is the observed pseudo first order rate constant
−

(s−1 ), c is the mean kinetic speed of O3 molecules in the
gas-phase (cm s−1 ), d is the particle diameter (cm), and ρO3
is the number density of ozone (molecules cm−3 ).
For pure OL the uptake coefficient was calculated to be 3.4
(±0.3)×10−4 after taking the secondary reactions into account (Nash et al., 2006); however, at the C14 crystallization
point, where only 2.5% of the particle was in the solid-phase,
the uptake coefficient was reduced to 9.7 (±1.0)×10−5 .
www.atmos-chem-phys.net/7/1237/2007/

1261

Nash et al. attributed this dramatic drop in γ to the presence
of a crystalline monolayer of C14, which reduces O3 diffusion by several orders of magnitude, relative to liquid OL.
Scanning electron microscopy was used to confirm that the
particles surface is crystalline for C14 mole fractions greater
than 0.125 (Nash et al., 2006).
4.4.3.5 Reactive uptake of mixed coatings
Knopf et al. (2005) have applied a rotating-wall flow tube reactor to study the ozonolysis of lauric acid/OL (C12/OL) and
myristic acid/OL (C14/OL) mixtures. Also investigated by
this method were multicomponent mixtures that were proxies
to meat-cooking aerosols similar to those observed in field
studies (Hildemann et al., 1994; Rogge et al., 1991; Schauer
et al., 1999). A key difference in this methodology as compared to the AFT experiments is that in the former less than
3% of the film is oxidized, as compared to the aerosol based
experiments where most or all of the particle is often subjected to longer exposures. Further, Knopf et al. (2005) used
atmospherically relevant ozone concentrations (on the order
of 1012 molecules cm−3 (Fenger, 1999)), which are several
orders of magnitude lower than those used in most of the
AFT experiments.
The authors varied the C12 and C14 concentrations relative to OL such that they had completely liquid mixtures as
well as solid-liquid mixtures that, in the latter case, had liquid OL and the alkanoic acid as a solid. Additionally, films
were prepared by two different methods to investigate the effects of preparation on uptake of ozone. The “slow cooling
method” involved melting a solid-liquid mixture and crystallizing it on the wall of the tube and slowly cooling, while
in the “fast cooling method”, a preheated tube was rapidly
immersed in liquid N2 to prepare a solid film. It should be
noted that the films appear as wax-like solids with different
overt morphology, but, as the authors note, although solids in
appearance, the films must contain liquid by the lever rule.
By monitoring ozone loss, γ of liquid OL (at T∼286–
298 K) and solid OL (at T∼278–285 K) were determined
to be (7.9±0.3)×10−4 and (0.64±0.05)×10−4 , respectively
(Knopf et al., 2005). As shown in Table 2, these values are
in good agreement with other studies employing CFT (Moise
and Rudich, 2002; Thornberry and Abbatt, 2004), and somewhat smaller than γ measured in most aerosol based studies that do not employ corrections accounting for secondary
chemistry (Katrib et al., 2005a; Morris et al., 2002; Smith
et al., 2002; Ziemann, 2005). As in the case of the coatedwall studies by Moise and Rudich (2002), the solid-phase OL
coatings have an uptake approximately one order of magnitude smaller than the liquid. Unlike the uptake of pure solid
and liquid OL, the uptake of C12/OL and C14/OL are not
continuous functions (Knopf et al., 2005) of the mixture ratio. As the authors note: “When a small amount of (C12) or
(C14) is added to (OL), there appears to be a step change in
Atmos. Chem. Phys., 7, 1237–1274, 2007
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the uptake coefficient, after which the uptake follows a continuous function.”
The values of γ for the liquid and solid-liquid binary mixtures are given in Table 2. Notice that the value of γ for the
C12/OL and C14/OL liquid mixtures is very similar, ranging from (4–7.2)×10−4 , decreasing with increasing concentration of the alkanoic acid and of similar order of magnitude of pure liquid OL. The uptake coefficient for the mixed
phase coatings decreases by up to an order of magnitude,
compared to the liquid mixtures. As noted by Knopf et al.
this decrease in γ probably originates from “the solid (forming) an interconnected network by dendritic growth, aggregation of crystals, or eutectic solidification, which can result
in lamellar or rod microstructures.” These structures slow the
diffusion of ozone and OL, trap OL, and/or have other effects
that cause the uptake of ozone to be smaller than the liquidphase. The slow-cooled solid-liquid mixtures generally had
a smaller value of γ than the corresponding fast-cooled mixtures (Knopf et al., 2005) with the authors proposing that the
slow cooling structure trapped more OL than the fast cooling
one.
OA in the troposphere are far more complex than proxies investigated to date in the laboratory. In this regard,
films with compositions resembling meat-cooking aerosols
(Rogge et al., 1991; Schauer et al., 1999) have been prepared
(Knopf et al., 2005) and subjected to ozonolysis. Mixed particles with 5, 9, and 15 components were prepared, with OL
as the major component in all cases, followed in order of
mass by other FA, then by the other classes of organics i.e.
dicarboxylic acids, alkanes, alkanones, and amides. These
mixtures may represent the most realistic organic mixture
found in aerosol particles with respect to identified mass. The
phase behavior of these complex mixtures is not well-known,
but the authors evoked thermodynamic arguments to speculate that OL should remain in the liquid state, while the alkanoic acids may be solids (Knopf et al., 2005). The value of
γ ranged from (1.6–6.9)×10−5 for these mixtures, less than
their γ for liquid OL by at least one order of magnitude, with
the upper-limit similar to solid OL with the slower-cooled
films having smaller values of γ . The differences in γ of the
slow- and fast-cooling systems probably stem from the trapping of OL and morphological differences in the coatings as
a function of preparative procedure.
The trapping of OL suggested from studies on these these
proxies is in accord with a very recent report on complex particle analysis employing aerosol CIMS that included an investigation of real meat-cooking aerosols (Hearn and Smith,
2006). In that study, polydisperse meat-cooking aerosols
were generated by pan frying ground hamburger that was
followed by ozonolysis in a flow reactor (Hearn and Smith,
2006). The authors showed that ∼35% of the OL remained trapped in the particle even after an ozone exposure of ∼5×10−4 atm s. Meat-cooking proxies of OL/C16
(χOL =0.3) investigated in that study also showed OL trapping at the same ozone exposure, as opposed to pure OL that
Atmos. Chem. Phys., 7, 1237–1274, 2007

reacted to completion (Hearn and Smith, 2006).
In summary:
– Morphological differences can lead to significant
changes in γ which, compared to pure OL, decrease by
about one order of magnitude when a medium is frozen
or is a complex mixture
4.5

Supercooling in mixed particles

Hearn and Smith have described the uptake of ozone by
OL/C14 with CIMS (Hearn and Smith, 2005), revealing that
mixed particles can exist in a supercooled, non-equilibrium
state. Particles were formed by homogeneous nucleation of
heated vapors (100–150◦ C), without solvent, as simple proxies to meat-cooking aerosols. At room temperature, the rate
of decay of OL to completion in OL/C14 mixtures was approximately the same as for pure OL, indicating a supercooled mixture. This was not the expected result since C14
is a solid at room temperature and should slow the rate of decay (Knopf et al., 2005). The authors estimated that mixtures
with the most C14 enrichment had the largest supercooling
(32◦ C) at room temperature. This estimate was based on the
assumption that the complete loss of OL in the ozonized particles corresponded with completely liquid particles, giving
the lower-limit of supercooling for the C14/OL particles.
The possibility of supercooling in these particles was
tested by further cooling the particles to −2◦ C, then allowing
them to warm back up to room temperature before performing ozonolysis. These pre-cooled particles reacted significantly more slowly than the particles which were not precooled, e.g. by a factor of 12 more slowly for particles with
a mole fraction of 0.25 OL. Moreover, even with long ozone
exposure (>6.0×10−4 atm O3 s) there was still evidence of
OL in the pre-cooled particles while the supercooled particles that did not undergo the pre-cooling cycle had all the
OL consumed by ozone at less than half this exposure. The
supercooling was further supported by FTIR analysis as detailed by the authors (Hearn and Smith, 2005).
As noted by the authors (Hearn and Smith, 2005), the presence of supercooled OA in the troposphere and the implications on ozone loss is an unexplored area, which we will
elaborate on further in the Discussion.

5

Discussion

The OL-O3 HRS continues to serve as a proxy to aid in elucidating themes of processing of HRS consisting of condensedphase organics by gas-phase trace oxidants. The following
sections discuss the atmospheric implications of oxidative
processing, especially by ozone, of OA, based upon what has
been learned from OL and related proxies. The most important implications regard atmospheric lifetime, CCN ability of
OA, and subsequently the effects on radiative forcing.
www.atmos-chem-phys.net/7/1237/2007/
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5.1

Lifetime of unsaturated organics in particulate in the
troposphere

There is clearly an enhancement in the rate of loss of unsaturated organics, such as OL, from ozone, when the organic is
in the form of particulate or a coating as compared to the gasphase (Hearn and Smith, 2004b; Moise and Rudich, 2001;
Morris et al., 2002; Thornberry and Abbatt, 2004; Wadia et
al., 2000). For example, the uptake coefficient of pure liquid
OL is on the order of 10−3 (Hearn and Smith, 2004b; Katrib
et al., 2005a; Knopf et al., 2005; Moise and Rudich, 2002;
Morris et al., 2002; Smith et al., 2002; Thornberry and Abbatt, 2004; Ziemann, 2005), which corresponds to approximately one reaction (oxidative cleavage of OL) per 1000
collisions. For comparison, analogous homogeneous gasphase reactions have rate constants on the order of 10−15 –
10−17 cm3 molecule−1 s−1 (Atkinson, 1997; Atkinson et al.,
1997; Finlayson-Pitts and Pitts Jr., 1999), which corresponds
to approximately one reaction per 105 –107 collisions (Hearn
and Smith, 2004b).
There is an anomaly in the atmospheric half-life (and lifetime) of OL, regarding loss to ozone, between laboratory
based kinetic measurements and field measurements. This
was noted by Morris et al. (2002) who used their experimental value of H (Dk2 )1/2 to estimate an atmospheric half-life
on the order of minutes for submicron OL with 100 ppb O3,
while field measurements suggested lifetimes on the order of
days (Rogge et al., 1991). Experimentally based calculations
by Smith et al. support the estimate by Morris and coworkers; at [O3 ]=100 ppb, a 50 nm particle of OL would take less
than two minutes for 99% of the OL to react (Smith et al.,
2002). Similarly, Hearn and Smith (2004b) estimated that
for the same concentration of ozone, particulate OL would
have a lifetime of a few minutes.
This anomaly in OL half-life between laboratory and field
studies probably arises from the OL in the latter case being part of a multicomponent viscous, semi-solid particle
(Morris et al., 2002). For example, in the urban environment, meat-cooking aerosols contain not only OL but SA and
palmitic acid as well as many other components (Schauer et
al., 1999). Smith et al. (2002), using an organic aerosol density of 1.5×105 particles cm−3 typical of an urban setting
(Heintzenberg, 1989), estimated that for particles with radii
of 25 nm and an average OL content of 1%, the OL lifetime
with respect to ozonolysis is 36 h. This is also demonstrated
by Ziemann (2005), who calculated OL lifetimes of ∼30 min
for pure OL particles vs. 15 h for OL in mixed particles with
alkanoic acids.
The diffusion of OL would most likely be impeded in
a viscous multicomponent particle, such as meat-cooking
aerosol, which would increase the OL lifetime compared to
that of pure OL particulate. Moreover, in multicomponent
particles with liquid and solid-phases, OL could be trapped
in the solid-phase (Katrib et al., 2005a). For example, this
was demonstrated in SA-OL mixed particles: OL in liquid
www.atmos-chem-phys.net/7/1237/2007/
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regions reacts quickly, while OL trapped in the solid SA is
“essentially unavailable for reaction” (Katrib et al., 2005a).
Katrib et al. (2005a) noted this second effect may impact
quantitative source apportionment, where OL is used to apportion the contribution of meat-cooking to urban particulate.
The OL in the solid fraction would be detected and used in
quantitative source apportionment, with the amount of OL
in the liquid portion diminished due to ozonolysis; hence,
meat-cooking would suffer from a negative bias in quantitative source apportionment assessment (Katrib et al., 2005a).
The coated-wall studies of multicomponent proxies of
meat-cooking aerosols by Knopf et al. (2005) indicate that
the lifetime of OL is not significantly affected by the addition of a second component, such as an alkanoic acid if there
is no corresponding change in phase, the presence of a solidphase can cause the lifetime of OL to increase by more than
an order of magnitude. They estimated that the lifetime of
OL in their 15 component proxy to meat-cooking aerosol was
∼75 min as opposed to simpler proxies (OL/C12 or C14) that
had lifetimes ∼3.5–5 min for the liquid solutions (Knopf et
al., 2005).
The recent report by Hearn and Smith (2006) appears to
be the first study to show OL trapping in an authentic meatcooking aerosol (i.e. pan fried ground hamburger) and is in
accord with the results of Knopf et al. (2005) using multicomponent proxies. Hearn and Smith (2006) noted in their
report: “Extrapolation of these results to a polluted atmosphere (i.e. 100 ppb O3 ) suggests that some of the oleic acid
will have a short half-life (i.e. several minutes), while the rest
will have a much longer half-life (i.e. several hours to days).”
The physical state of the FA in the condensed-phase
medium has a significant impact on the uptake of ozone.
Moise and Rudich (Moise and Rudich, 2002) showed the uptake of ozone by OL and LA decreased by approximately an
order of magnitude upon freezing. Changes in temperature
without a corresponding change in phase probably have less
of an impact on reactive uptake, as shown for the case of OL,
LA, and LN, which all have a small positive temperature dependency as liquids (Thornberry and Abbatt, 2004).
Uptake has also been shown to be affected by the microstructure of the organic medium (Knopf et al., 2005).
With multicomponent coatings, slow cooled solid-liquid
mixtures generally had a smaller uptake coefficient than
fast cooled mixtures with similar composition. This was
attributed to the microstructure of the solid (Knopf et al.,
2005), with the film produced by slow cooling having a microstructure that either more effectively traps OL or reduces
diffusion compared to its congener prepared by fast cooling.
Moreover, aging of the semi-solid films affects the uptake of
ozone, with older films having an increased γ , and a maximum value at ∼10 h. The authors attributed this affect to
either the relaxation of a non-equilibrium phase to a stable
phase, or to Ostwald’s ripening (Chou and Hong, 2004).
As noted earlier, Hearn and Smith (2005) demonstrated for
the first time that mixed organic particles (OL/C14) can exist
Atmos. Chem. Phys., 7, 1237–1274, 2007
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5.2

Fig. 12. CCN/Condensation nuclei (CN) ratio as a function of initial dry particle diameter at a supersaturation of 0.6% for several
ozone exposures. All dry diameters represent the diameter after oxidation. Results for both pure OL and OL/methanol mixed particles
are shown (from Broekhuizen et al., 2004).

as supercooled droplets. OL in a 200 nm solid-liquid particle exposed to 100 ppb O3 would have a lifetime of 60 min
from the noted reaction of solid OL/C14; however in the supercooled droplet this lifetime would be only ∼5 min. The
different reactive uptake by supercooled OA may have atmospheric implications, particularly for the urban environment. In the experiments by Hearn and Smith (2005), organic
particulate was generated by homogeneous nucleation of
heated vapors, at a similar temperature of real meat-cooking
aerosols (Rogge et al., 1991) suggesting these aerosols might
be supercooled. To our knowledge, there have been no field
studies to confirm the presence of supercooled mixed OA in
the troposphere. The observation of the longer lifetime of
OL in urban particulate (Rogge et al., 1991) than that of OL
in laboratory measurements, would appear to indicate that
supercooling of OA does not persist under atmospheric conditions; however, the OL may react quickly with ozone, increasing γ , while the particle is supercooled prior to achieving equilibrium and having a solid-phase form (Hearn and
Smith, 2005).
Little is known about the thermodynamics of real atmospheric organic particulate and these experimental observations from HRS featuring relatively simple OA and coatings
elucidate many of the challenges faced by researchers needed
to understand the processing of organic particulate in the troposphere. Factors including aging, temperature, and motif
of particulate formation, composition, and phase equilibrium
all appear to affect the uptake and need further, more progressive consideration.
Atmos. Chem. Phys., 7, 1237–1274, 2007

Oxidatively processed organic aerosols as cloud condensation nuclei

Ozonolysis results in an oxygen enriched OA containing
hydrophilic species including monocarboxylic acids, dicarboxylic acids, and a variety of peroxides, including HMW
polymers that are formed by secondary reactions. Oxygen
enrichment has been demonstrated to be concomitant with
an increase of particle density. This effect is significant, with
density increasing from 0.89 g cm−3 to 1.12 g cm−3 and continuing to increase along with oxygen enrichment with prolonged exposure, even after all the OL has reacted (Katrib et
al., 2005b). This is most likely due to secondary chemistry
in the system. Oxygen enrichment generally corresponds to
greater hygroscopicity (Asad et al., 2004; Broekhuizen et al.,
2004; Hung et al., 2005) and the presence of more water soluble components and is a good indicator of CCN activation
(Cruz and Pandis, 1997; Moise and Rudich, 2000; Novakov
and Corrigan, 1996). The enhanced hygroscopicity afforded
by ozonolysis of OL was shown by Asad at al. (2004) in the
four-fold increase in the water-sorbing capacity of a highly
processed film compared to an unprocessed one. Hung et
al. (2005) also showed that the critical RH at which OL
droplets took on water was reduced from over 99% to 91%
after exposure to ozone, which is indicative of increased hygroscopicity.
Another consequence of increased oxygen enrichment of
OA by ozonolysis is a decreased contact angle with water
(Moise and Rudich, 2000, 2001), again leading to an enhancement of the CCN ability (Raymond and Pandis, 2002).
Typical FA have relatively large activation diameters as predicted from Köhler theory (Köhler, 1936); for example,
palmitic acid and SA have experimental activation diameters of over 200 nm at supersaturations of 0.3 and 1% (Raymond and Pandis, 2002) and OL has been shown not to activate (0.6% supersaturation) with a dry diameter up to 140 nm
(Kumar et al., 2003). In short, the low solubility of water
in HMW FA renders them particularly poor CCN; however,
studies on submicron OL and LA particles, employing a tandem differential mobility analyzer coupled to a flow reactor,
showed that high exposure to ozone (0.42 atm s) had an effect on the CCN activity of OL and the critical activation
diameter (Broekhuizen et al., 2004). At low ozone exposures
(<1×10−4 atm s), there was a loss of about 25% of the original particle volume for OL, due to volatilization of nonanal;
however, there was no increased CCN activity. However, at
the higher ozone exposure, pure OL became CCN active with
a critical activation diameter of 161 nm at 0.6% supersaturation. This appeared to be a direct effect of the oxidation of
OL, since its saturated congener, SA, showed no activation
at 0.6% supersaturation with an ozone exposure of 0.5 atm s
and particle sizes up to 300 nm. It should be noted that the
doubly unsaturated LA never became activated even at high
exposures. The inability of the unsaturated LA to activate
is not as clear cut as for the saturated SA and the authors
www.atmos-chem-phys.net/7/1237/2007/
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suggested that this might be due to the reactivity of the CI
with the double bonds of LA, with a faster rate of polymer
formation (than OL) and these products being more highly
branched and complex (Broekhuizen et al., 2004). Clearly,
the nuances of the oxidative processing of specific FA and
the implications to the troposphere, including the ability to
act as CCN, need further investigation.
Mixed particulate shows a markedly different behavior
than pure FA aerosol in terms of activation (Broekhuizen et
al., 2004). As shown in Fig. 12, mixed OL/methanol particles became activated by ozone under atmospherically relevant exposures. This is an important result in that not only
are organic particles in the troposphere composed of many
components (Alves et al., 2001; Duce et al., 1983; Guo et
al., 2003; Hahn, 1980; Huang et al., 2006; Pio et al., 2001;
Simoneit et al., 1988) but alcohols are commonly observed
in biogenic particulate (Alves et al., 2001; Pio et al., 2001;
Rogge et al., 1993b; Simoneit et al., 1988, 1991; Simoneit
and Mazurek, 1982).
More detailed studies need to be engaged similar to that
of Broekhuizen et al. (2004) that look at the role of oxidative processing on activation of more realistically formulated
multicomponent organic particulates that are better proxies
for actual aerosols of the troposphere.
As noted throughout this review, the ozonolysis of OL produces a variety of peroxidic products; the possible role of
these species in the CCN activation of OA needs to be thoroughly investigated. One upcoming report (Shilling et al.,
20071 ) strongly suggests that small changes in particle composition can increase the CCN activity of tropospheric OA.
In this study, the CCN activity and the chemical composition
of fine OL particulate undergoing ozonolysis was simultaneously monitored. Notably, Shilling et al. show that the oxidation of aldehyde groups to the corresponding carboxylic
acids was responsible for CCN activation. As detailed in
this work, for the ozonolysis of OL, the experimental observations and Köhler modeling indicate that the production
of surface-active species, which reduce surface tension, is
probably more important than the formation of more soluble
species for CCN activation (Shilling et al., 20071 ).
5.3
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Lohmann and Feichter, 2005) and are perhaps the greatest
source of uncertainty in understanding radiative forcing in
the atmosphere (McFiggans et al., 2006). Oxidative processing of OA forms more hygroscopic particulate and may
promote the Twomey effect by an increase in small droplets
in clouds. The Twomey effect is a negative forcing due to
scattering of solar radiation by smaller droplets in clouds
with constant water content (Lohmann and Feichter, 2005;
Twomey, 1959).
The role that oxidative processing of OA has in contributing to the radiative forcing is a complicated problem and still
in the early stages of description. To fully describe radiation
budgeting in the Earth-atmosphere system we have to develop a better description of the contribution of OA to cloud
albedo and CCN mediated indirect effects from OA. Understanding these roles is imperative in light of current uncertainties in our predictions of global warming trends and climate sensitivity, which depend in part on radiation budgeting
by OA.

6

Conclusions

The OL-O3 HRS is a proxy system that has been used to
improve our understanding of the oxidative processing of
OA that occurs in the troposphere. More complex multicomponent systems are being investigated, but these aerosols
and films are in most cases still far simpler than real OA.
In this paper we have tried to present a key theme emerging from these experiments – heterogeneous processing by
ozone, even with simple proxies, is complicated by secondary chemistry, phase equilibria and other thermodynamic
effects such that to accurately access the details of reactive
uptake and product formation presents a formidable task.
What have we learned and what are the implications?
• In most studies, the measured uptake coefficient of
ozone by OL is ∼(0.7–1×10−3 ), with the smaller value
probably being more accurate for atmospheric OA:

Radiative forcing by oxidatively processed organic particulate

(a) Direct measure of ozone loss by CFT tends towards
the lower-limit

There are broad implications of oxidatively processed OA
on forcing mechanisms that affect the energy budget of the
Earth-atmosphere system. The most important of these implications probably stem from the enhancement of the processed OA to act as CCN. As summarized in a recent review
(Lohmann and Feichter, 2005), aerosols affect the global climate by scattering both solar and thermal radiation, as well
as acting as CCN and ice nuclei. The first two mechanisms
are considered direct forcing effects (Haywood and Boucher,
2000), while the formation of CCN and ice nuclei are considered indirect aerosol effects (Haywood and Boucher, 2000;

(b) Methods that correct for secondary chemistry tend
towards the lower-limit

www.atmos-chem-phys.net/7/1237/2007/

• Implication: The uptake of ozone by particle-phase unsaturates is probably more significant per unit mass than
corresponding gas-phase organics, being enhanced by
2–4 orders of magnitude. However, tropospheric OA
is probably not a significant sink of ozone compared
to gas-phase unsaturates because of the much higher
loading of unsaturated gas-phase species (e.g. isoprene)
(Calvert et al., 2000)
Atmos. Chem. Phys., 7, 1237–1274, 2007
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• We need to accurately describe the types and yield of
peroxides formed and under what conditions they are
formed. Notably, we need to do more experiments that
use concentrations of ozone (as opposed to “ozone exposure”) similar to tropospheric levels and compare the
yields of peroxidic and other products to extant data

• The uptake coefficient may decrease significantly (∼1
order of magnitude) in mixed-particles and coatings, especially when a solid- or semi-solid phase is present
• Implication: OL lifetime in the troposphere may be extended by the morphology of real OA and could bias
quantitative source apportionment

• We need to understand how peroxide yields and the
types formed vary with the addition of ubiquitous protic
species, most notably water

• The formation of peroxides through the secondary reactions of CI appears to be significant, and high yields are
possible

• We need to accurately measure the lifetime of these peroxides in oxidatively processed aerosol

1. A diversity of peroxidic have been observed including :

• We need to understand the role of these peroxides in the
activation of OA to CCN

(a) Secondary ozonides
(b) Geminal diperoxides

• Is there a significant enough yield of these products that
they contribute significantly to HULIS?

(c) α-Acyloxyalkyl Hydroperoxides
(d) α-acyloxyalkyl alkyl peroxides

• Proxies that specifically model atmospheric aerosol
types need to be developed. This includes proxies for
both biogenic and anthropogenic emission.

(e) bis(acyloxy-1-alkyl) peroxides
2. These products are generally HMW, low volatility, and
hydrophilic

• A better thermodynamic description of multicomponent
OA is needed to understand the potential roles of phase
equilibria, supercooling and other effects that may affect reactive uptake and chemical kinetics, lifetime of
specific analytes, and other processes

• Implication: The formation of these products may correspond with increases in CCN ability, including lowering the activation radius of the particle. Tropospheric
OA may contain protic species, such as water, that may
promote the formation of peroxides, enhancing these effects further.

• We need to look at the effects of more complicated (realistic) processing by multiple gas-phase species, including systems with multiple oxidants

• Implication: Ozonolysis of OA may enhance the negative forcing associated with indirect aerosol effects that
are largely mediated by CCN
What are some important questions and topics that must be
addressed?
• We need to establish whether the resistor model represents an accurate physical description of the heterogeneous microphysical processing or if it is just a convenient method to fit data. Although this model gives values for γ that are reasonably close to those determined
by coated-wall tubes, there are some problems:
(a) There is a linear dependence of γ on the particulate
radius in some experiments but this is not observed
in other experiments (cf. Hearn et al., 2005; Smith
et al., 2002)
(b) There is no direct accounting for secondary chemistry by the model
• We need to perform multiple quantitative assessments
of the total peroxides yielded by ozonolysis of OL and
other unsaturated organics, especially in multicomponent proxies
Atmos. Chem. Phys., 7, 1237–1274, 2007

• We need to place emphasis on studies at elevated humidity that exam all of points noted
7

Addendum

At the time of submission of the final version of this review several breaking reports have come to our attention and
though we cannot address them in detail we would like to
make members of our community aware of them.
The recent results of Shilling et al. (2007)1 were noted
in Sect. 5.2 and are significant in that it suggests that small
changes in chemical composition from oxidative processing
can increase CCN activity of tropospheric aerosol.
Hung and Ariya (2007) have recently reported results on
experiments on the heterogeneous processing of OL and
OL/NaCl (aq) droplets by ozone at two relative humidities.
High molecular weight peroxidic products (up to C45) were
evidenced and possibly formed from secondary reactions initiated by SCI. While at high RH (87±5%) ozonized OL
droplets only take up water slightly, internally mixed particles of OL/NaCl (aq) had complex water uptake behavior.
The hygroscopic properties or growth factors of the internally mixed particles are altered as the oxidation products of
the OL exist concurrently with NaCl (aq).
www.atmos-chem-phys.net/7/1237/2007/
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McNeill et al. (2007) have recently reported on the oxidation of submicron aqueous aerosols consisting of internal
mixtures of sodium oleate, sodium dodecyl sulfate and inorganic salts (NaCl, Na2 SO4 ) by O3 , NO3 /N2 O5 , and OH. The
oxidation of oleate by O3 follows Langmuir-Hinshelwood kinetics, with γ O3 ∼10−5 . Langmuir-Hinshelwood parameters
are also given for the ozonolysis of oleate and appear to have
no dependence on the ionic composition of the particulate or
presence of alkyl surfactants. OH appears to efficiently oxidize oleate, and the reactive uptake coefficient was estimated:
0.1≤γ OH ≤1. There was no detectable oxidation of oleate by
NO3 /N2 O5 at 100 ppb NO3 for the timescales of their experiments and they estimate γ NO3 <10−3 as a conservative upper
limit to the reaction probability for NO3 loss to oleate in their
particles.

IGBP
iLEAPS
IR
LA
LC-MS
LN
MOL
MS
MW
OA
OL
OL-O3 HRS
OOA
PERCI-AMS

Appendix A
List of abbreviations
αAAHP-type

AAHP
AFT
AMS
ATR-IR
CCN
CFT
CI
CIMS
C12
C14
C16
C17
DOA
DOS
E-O3 RS
FA
FIDI
FT-IR
GC
HMW
HULIS
HRS
IGAC

α-Acyloxyalkyl Hydroperoxide(s) + αacyloxyalkyl hydroxyalkyl peroxides +
bis(acyloxy-1-alkyl) peroxides
α-Acyloxyalkyl Hydroperoxide(s)
Aerosol flow tube(s)
Aerosol Mass Spectrometer (Spectrometry)
Attenuated Total Internal Reflectance
Infrared Spectroscopy
Cloud Condensation Nuclei
Coated-flow tube(s)
Criegee Intermediate(s)
Chemical Ionization Mass Spectrometry (Spectrometer)
Lauric Acid
Myristic Acid
Hexadecanoic Acid (i.e. palmitic acid)
Heptadecanoic Acid
Dioctyl Adipate
Dioctyl Sebacate
Ethene-Ozone Homogenous Reaction
System
Fatty Acid(s)
Field-Induced Droplet Ionization
Fourier Transform Infrared Spectroscopy (Spectrometer)
Gas Chromatography
High Molecular Weight
Humic-like Substances
Heterogeneous Reaction System(s)
International Global Atmospheric
Chemistry Project
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PO
RH
SA
SCI
SMPS
SO
SOA
SOLAS
SS
TDPBMS
TOF
TPTD
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International Geosphere Biosphere
Programme
Integrated Land Ecosystem Atmosphere Process Study
Infrared
Linoleic Acid
Liquid Chromatography Mass Spectrometry
Linolenic Acid
Methyl Oleate
Mass Spectrometer (Spectrometry)
Molecular Weight
Organic Aerosol
Oleic Acid
Oleic Acid-Ozone Heterogeneous Reaction System
9-Oxooctadecanoic Acid
Photoelectron Resonance Capture Ionization Aerosol Mass Spectrometry
Primary Ozonide
Relative Humidity
Stearic Acid
Stabilized Criegee Intermediate(s)
Scanning Mobility Particle Sizer
Secondary Ozonide(s)
Secondary Organic Aerosol
Surface Ocean-Lower Atmosphere
Study
Steady State (approximation)
Thermal Desorption Particle Beam
Mass Spectrometry
Time-of-Flight
Temperature Programmed Thermal
Desorption
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