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Abstract

Unsaturated fatty acids are important constituents of the organic fraction of atmo-
spheric aerosols originating from biogenic or combustion sources. Oxidative process-
ing of these may change their interaction with water and thus affect their effect on
climate. The ozonolysis of oleic and arachidonic acid aerosol particles was studied5

under humid conditions in a flow reactor at ozone exposures close to atmospheric
levels, at concentrations between 0.5 and 2 ppm. While oleic acid is a widely used
proxy for such studies, arachidonic acid represents polyunsaturated fatty acids, which
may decompose into hygroscopic products. The hygroscopic (diameter) growth fac-
tor at 93% relative humidity (RH) of the oxidized arachidonic particles increased up to10

1.09 with increasing RH during the ozonolysis. In contrast, the growth factor of oleic
acid was very low (1.03 at 93% RH) and was almost invariant to the ozonolysis condi-
tions, so that oleic acid is not a good model to observe oxidation induced changes of
hygroscopicity under atmospheric conditions. We show for arachidonic particles that
the hygroscopic changes induced by humidity during ozonolysis are accompanied by15

about a doubling of the ratio of carboxylic acid to aliphatic functional groups. We sug-
gest that, under humid conditions, the reaction of water with the Criegee intermediates
might open a pathway for the formation of smaller acids that lead to more significant
changes in hygroscopicity. Thus the effect of water to provide a competing pathway
during ozonolysis observed in this study should be motivation to include water, which20

is ubiquitously present in and around atmospheric particles, in future studies related to
aerosol particle aging.

1 Introduction

Atmospheric aerosols consist of both inorganic and organic compounds. Field mea-
surements indicate that the organic fraction of atmospheric aerosols is in the range25

from 20 to 90%, depending on the location and sources (Kanakidou et al., 2005; Ja-
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cobson et al., 2000; Novakov and Penner, 1993; Seinfeld and Pandis, 1998). Fatty
acids, i.e., n-alkanoic and n-alkenoic acids, can make up a significant contribution to
the organic fraction, they have been found in emissions from biomass burning (Oros
and Simoneit, 2001), coal burning (Oros and Simoneit, 2000), fossil fuel combustion
(Rogge et al., 1993), cooking (Rogge et al., 1991; Schauer et al., 1999), plants of the5

terrestrial biosphere (Cheng et al., 2004; Simoneit et al., 1988; Simoneit and Mazurek,
1982), and also in marine aerosols, where they are associated with sea salt aerosol
and stem from degradation of marine biota (Mochida et al., 2002; Tervahattu et al.,
2002). In all these sources, a significant fraction of fatty acids are unsaturated alkenoic
acids (Kawamura and Gagosian, 1987; Wang et al., 2006). Some of these are polyun-10

saturated fatty acids, i.e., have more than one double bond, and their concentration
may exceed the concentrations of monounsaturated fatty acids (Polzer and Bachmann,
1991). Given their amphiphilic nature, fatty acids can be considered as potentially im-
portant aerosol surfactants (Ellison et al., 1999; Tervahattu et al., 2002).

Processing of organic particulate matter by oxidants in the atmosphere is believed to15

significantly contribute to aerosol hygroscopicity and CCN activity that in turn influence
the direct and indirect aerosol effects on the Earth’s radiation balance (Kanakidou et al.,
2005). A number of studies suggested the importance of the transformation of fatty acid
surfactants by oxidative processing (Ellison 1999; Finlayson-Pitts, 1999). Thereby, the
organic layer can be transformed from an inert, hydrophobic film to a reactive, optically20

active hydrophilic layer. Unsaturated fatty acids are particularly susceptible to oxidation
due to the reactivity of the double bond with ozone.

A number of laboratory studies has used ozonolysis of oleic acid as a model system
of fatty acids to investigate the chemistry of organic particle aging and its relation to
aerosol hygroscopicity (Zahardis and Petrucci, 2007). However, significant absorption25

of water by oxidized oleic acid drops and films was only evident at very high ozone
concentration (up to 500 ppm) (Asad et al., 2004; Hung and Ariya, 2007), and it has
been argued that these conditions may not have been relevant for the atmosphere
(Zahardis and Petrucci, 2007).
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In this paper, we expose oleic acid (OA) and arachidonic acid (AR) aerosol particles
to ozone and humidity under conditions as close as possible to ambient to establish
a link between condensed phase alkene oxidation and hygroscopic growth. The goal
was to determine the hygroscopic growth factor (GF) as function of ozone concentration
and humidity and to relate the observed hygroscopic changes with the functional group5

composition of product particles. OA is a C18 monounsaturated fatty acid with a double
bond at the C9 position, and AR is a polyunsaturated fatty acid with four double bonds
at the C5, C8, C11 and C14 positions. Ozone attacks at the carbon-carbon double
bonds, which leads to primary ozonides that then decompose into a range of products.
For OA these are non-hygroscopic C9 acids, aldehydes and oligomers thereof (Za-10

hardis and Petrucci, 2007). The AR-ozone reaction may lead to shorter chain species,
including hygroscopic C3 and C5 dicarboxylic acids. The effect of water on condensed
phase alkene oxidation has not been investigated so far, even though the reaction of
the Criegee intermediates with water has been suggested to be significant in the gas
phase (Hasson et al., 2001a). Product particles from both OA and AR oxidation are15

expected to represent the organic fraction of aged particles from emissions rich in fatty
acids, such as in marine aerosol. For the purpose of these laboratory studies, the pre-
cursor particles are of sufficiently low volatility, and the product particles (for AR) are
expected to contain a sufficient density of hygroscopic products.

2 Experimental20

The aerosol particles were generated by passing a flow of nitrogen (1 l min−1) over a
reservoir containing OA or AR in an oven kept at 130◦C±2◦C or 160◦C±2◦C, respec-
tively, downstream of which OA or AR particles form by homogeneous nucleation by
cooling to laboratory temperature. The particle number concentration and size dis-
tribution were continuously measured with a Scanning Mobility Particle Sizer system25

(SMPS). The resulting aerosol particles had a geometric mean diameter of 77 nm and
55 nm for OA and AR (±2% for both types), respectively, with a number concentration
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of 5×106 particles cm−3 (±30% (1σ)). RH in the system was controlled from 0 to 95%
at a precision of ±2%.

Ozone was generated by irradiating a 0.6 l min−1 flow of a mixture of 40% O2 in N2
in a quartz tube with an ultra-violet lamp (Pen-Ray 3SC-9, UV Products Ltd., USA) and
diluting it to a flow of 1 l min−1. The aerosol and ozone flows were mixed together di-5

rectly in front of the 6.27 l Teflon reactor kept at room temperature and with a residence
time of 6 min. The concentration of ozone (0.5–2 ppm with variations <1% during a 2 h
time period) was measured with a photometric ozone analyzer (model ML 9810, Moni-
tor Labs Inc, USA) downstream of the reactor in absence of aerosol. Ozone remained
in excess with a depletion of at maximum 30%, if aerosol was present in the reactor,10

consistent with reported uptake kinetics. Ozone remaining at the exit of the reactor was
scrubbed from the gas using a potassium iodide denuder to avoid secondary chemistry
in the sampling devices.

We use an hygroscopicity tandem differential mobility analyzer (H-TDMA), to char-
acterize the particles exiting the flow reactor (Sjogren et al., 2007; Weingartner et al.,15

2002). Hygroscopic growth, i.e., the change in diameter due to uptake of water, of
particles with diameters between 20 and 250 nm was determined at room temperature
and in the humidity range of 10% to 95% RH with an accuracy of 0.1◦C and 1.6%, re-
spectively. In the present experiments, the aerosol particles (flow rate: 0.3 l min−1) first
entered a silica gel diffusion dryer in order to dry the sample to <10% RH at 25◦C. The20

dry aerosol is then brought to equilibrium charge with a diffusion charger (85Kr) and
fed into the first differential mobility analyser (DMA), where a narrow size range of dry
aerosol (100 nm for OA and 68.5 nm for AR) is chosen. The monodispersed aerosol is
then conditioned to a well-defined higher RH during 1 min. We have tested that 1 min.
is sufficient to establish equilibrium between aerosol and water vapour. The aerosol25

particle diameter (D) is then measured using the second DMA and a condensation
particle counter (CPC, 3022A, TSI, USA). The GF is defined as the ratio of the humid-
ified particle diameter (D) to the dry particle diameter (D0). A humidogram describes
the GF as a function of RH. Some substances show a hysteresis behaviour (forming
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a meta-stable supersaturated solution). Therefore, in addition to the procedure de-
scribed above, during which the aerosol is exposed to a certain RH from an initially dry
condition, denoted as hydration case, the monodisperse aerosol is also exposed first
to RH>80%, and then to the final RH, which is denoted as the dehydration case.

We use proton nuclear magnetic resonance spectroscopy (1H-NMR), which is a suit-5

able method to characterize complex mixtures of organic compounds, also with vari-
able water content, in terms of its functional group composition (Decesari et al., 2000;
Samburova et al., 2006). Filter samples were collected at the exit of the flow reactor
during 2 h on a Teflon coated quartz fiber filter (TQFF) (PALLFLEX Membrane Fil-
ters, PALL Gelman, USA). 1H-NMR spectra were obtained at a frequency of 600 MHz10

on a model LA-400 spectrometer from JEOL (Tokyo, Japan) with a model FG-400
probe from Nanorac Cryogenics Corp. (Tokyo, Japan). Chemical shifts are reported
in ppm. The filters were extracted with fully deuterated methyl sulfoxide-d6 (DMSO-
d6) (99.9 atom % D, Aldrich), which allows observing the proton signals of the main
functional groups directly in the spectra (Samburova et al., 2006). Dibromomethane15

(CH2Br2) was added as internal quantification standard, as it gives a well resolved
peak in the region of vinyl protons at 5.5 ppm. A detailed description of this procedure
is given by Samburova et al. (2006). Carboxylic acid protons appeared as a group of
peaks (14–10.5 ppm), well separated from aliphatic protons (0.5–2 ppm), which are in
β-position and further away from an acid or carbonyl group. The unavoidable signals20

from DMSO-d6 and trace amounts of water at 2.50 and 3.31 ppm, respectively, partially
overlap with signals from aliphatic protons (-CHn) in α-position to a carboxylic (COOH)
or carbonyl group. Only those in β-position or further away from oxygenated groups
were included to calculate COOH/CH ratios.

3 Results and discussion25

Figure 1a shows typical humidograms of processed and unprocessed OA aerosol.
They show that the unprocessed OA particles take up only insignificant amounts of
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water, with the GF of OA being 1.01 at 93% RH. This would correspond to about 2.5
formal monolayers of water on the surface or to about 1% volume fraction, consistent
with the very low solubility of OA due to its long hydrophobic C18-chain. Similar re-
sults were observed on OA films and drops (Asad et al., 2004; Hung et al., 2005). A
humidogram of OA aerosol processed by 1.84 ppm ozone (corresponding to an expo-5

sure of 6.7×10−4 atm s) and at 75% RH in the reactor is also shown in Figure 2a. The
measured GF of the processed OA aerosol slightly increased to 1.03 at 93% RH as
compared to unprocessed OA aerosol. We did not observe a significant change to
this GF, when we performed the experiment at lower ozone concentration and lower
humidity. As shown previously, the reaction of ozone with OA produces a variety of10

oxygenated products such as azelaic acid, nonanoic acid, 9-oxo-nonanoic acid and
nonanal (Hung et al., 2005; Katrib et al., 2004; Moise and Rudich, 2002; Smith et
al., 2002; Thornberry and Abbatt, 2004; Zahardis et al., 2005; Ziemann, 2005), some
polymeric products (Hearn and Smith, 2005; Hung et al., 2005; Zahardis et al., 2005;
Ziemann, 2005; Reynolds et al., 2006) and high-molecular-weight organic compounds15

(Hung et al., 2005; Zahardis et al., 2005; Ziemann, 2005). Even though some of the
smaller products contain carboxylic acid groups that lead to a slightly increased water
uptake, they are insoluble in water and not hygroscopic, as shown previously for pure
azelaic acid (Andrews and Larson, 1993). In addition, the recent aerosol studies by
Hearn and Smith (2005) and Katrib et al. (2005) suggest that these species are only20

minor reaction products.
In contrast, at ozone exposures orders of magnitude higher than in our study, Asad

et al. (2004) (0.81 atm s) and Hung et al. (2005) (0.16 atm s) observed a significant
increase of adsorbed water mass on an OA film and hygroscopic volume growth of de-
posited OA drops, respectively. Comparable to the hygroscopic behavior, Broekhuizen25

et al. (2004) measured an increased CCN activity at a supersaturation of 0.6% after
ozone exposures higher than 0.14 atm s. These effects were probably due to further
destruction of primary reaction products into smaller, more soluble organic species
(Nepotchatykh and Ariya, 2002). Therefore, the previous experiments were only able
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to demonstrate increased water uptake after oxidation at ozone concentrations high
enough to allow secondary chemistry leading to soluble products that will not be op-
erative under atmospheric conditions (Zahardis and Petrucci, 2007). Our present data
obtained at ozone concentrations of 0.5 to 2 ppm demonstrate that OA ozonolysis un-
der atmospheric conditions is not leading to hygroscopic products.5

As in the case of OA, the humidogram of unprocessed AR aerosol shows only very lit-
tle size changes with relative humidity (Fig. 1b). When AR aerosol was processed with
ozone under dry conditions and an ozone concentration of 0.5 or 2.0 ppm, correspond-
ing to exposures of 1.8×10−4 atm s and 6.7×10−4 atm s, respectively, no increase
in hygroscopic properties was observed, similar to the OA case. However, when the10

humidity in the reactor was set to 75%, a significantly increased hygroscopic growth
was observed, e.g. at 1.84 ppm ozone, as shown in Fig. 1b. Here, the processed AR
aerosol shows a monotonically increasing humidogram, and the observed GF at 95%
RH in the H-TDMA is 1.09.

In contrast to the case of OA, ozonolysis of AR results in short C3-C6 multifunctional15

organic compounds that contain carboxylic and carbonyl groups, some of which are sol-
uble and hygroscopic. For example malonic (MA) and glutaric acid (GA) have GFs 1.73
and 1.29 at 90% RH (Prenni et al., 2003), respectively. They have sufficiently low va-
por pressures that they are expected to remain in the particulate phase (Makar, 2001).
Nevertheless, we observed only significant changes in hygroscopicity in presence of20

water during ozonolysis at our moderate exposures, so that either water significantly
accelerated the kinetics or changed the chemical mechanism. At high humidity (75%),
the GF gradually increased with increasing ozone concentration (Fig. 2a). Similarly, the
GF increased gradually with increasing humidity during ozonolysis at constant ozone
exposure of 6.7×10−4 atm s (Fig. 2b).25

Using 1H-NMR, the ratio of acid protons (-COOH) to aliphatic (-CHn) protons in β-
position and further away from the COOH groups was determined for each sample.
The plot of this ratio (included in Fig. 2b) exhibits a gradual increase with increasing
RH in the flow reactor from 0.055 to 0.12, in good correlation with hygroscopic GFs
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measured online. It therefore seems that the increased hygroscopicity is related to an
increased concentration of carboxylic acids in the particles with increasing humidity
during ozonolysis, which indicates that the chemical mechanism under humid condi-
tions promotes the formation of acids more than under dry conditions.

According to the “dry mechanism” of condensed phase alkene ozonolysis (see5

Fig. 3), the ozonolysis starts with the addition of ozone into the double bond and the
formation of the primary ozonide, which is unstable and decomposes into an aldehyde
and the Criegee Intermediate (CI). This CI, according to current thinking, could: (1)
isomerize and form an acid group, (2) react with an aldehyde and form a secondary
ozonide, (3) react with an acid group and form a hydroperoxide, (4) react with another10

CI and form a diperoxide. Depending on the matrix, these reactions can continue and
lead to high-molecular weight compounds or further to oligomers.

The presence of water vapor during ozonolysis could influence this mechanism in
several ways, e.g., by inhibiting or promoting isomerization or the reaction with an acid.
Most likely, in analogy to the corresponding gas phase chemistry, water can react with15

a CI and form a hydrohydroxyperoxide (HHP, pathway (5)), that in turn decomposes
heterogeneously to form either a carbonyl and H2O2 or a carboxylic acid and H2O
(Hasson et al., 2001a; Horie et al., 1994). Therefore, this pathway (5) competes with
(3), the reaction of CI with an acid. As our results show, the reaction with water seems
to promote the formation of small water soluble acids, possibly at the expense of larger20

molecular weight complexes formed under dry conditions. We also note that even if in
(5) only a small fraction decomposes into the acid and the majority into the aldehyde,
the short aldehydes formed in AR ozonolysis are volatile and mostly lost to the gas
phase, while the acids remain in the aerosol phase. This additionally increases the
overall COOH content in the aerosol phase and especially the small dicarboxylic acid25

fraction, which are the most hygroscopic. The 1H-NMR measurements support the
view that the presence of water shifted the reaction mechanism towards the production
of carboxylic acids.

The 1H-NMR measurements of the COOH/CH ratio along with the range of expected
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products allows to compare predicted and measured hygroscopic growth factors. For
this, we assume that all new COOH contributing to the COOH/CH ratio of the product
aerosol would be tied up in a 3:1 mixture of MA and GA and that the remainder of the
products has a COOH/CH ratio similar to that of the parent AR. Taking into account
a COOH/CH ratio of the parent AR of about 0.12 (at 83% RH in the reactor) and5

of a 3:1 mixture of MA and GA assumed as products of about 0.40, the measured
COOH/CH ratio of the product aerosol would correspond to a mixture of 23.5% MA,
6.5% GA and 69.9% other products and AR, assuming that all these other products
have a density of 1 g cm−3. Using the Zdanovskii, Stokes, and Robinson (ZSR) method
(Cruz and Pandis, 2000), we may predict the GF of the product aerosol by assuming10

ideal behaviour of solutes present. We take a GF of 1.73 for MA, 1.27 for GA, and
1.01 for the remaining fraction. This would result in a GF of 1.27 at 90% RH in the
H-TDMA, which is much higher than the measured value of 1.07 obtained at 85% RH
in the reactor and 90% in the H-TDMA. Note that this estimate is highly uncertain and
it is likely that the growth behaviour is more complex. Nevertheless, it may indicate that15

also at high humidity, still about 75% of the newly formed acid groups are tied up in
less hygroscopic compounds (monocarboxylic acids, oxoacids) or has participated in
secondary reactions, e.g., with the CIs.

4 Conclusions and atmospheric implications

This study shows that a polyunsaturated fatty acid, such as AR, is a good model sys-20

tem to follow hygroscopic changes induced by oxidation of organic aerosol particles
with an atmospherically relevant ozone exposure, and that water plays an important
role in condensed phase alkene oxidation. Similar effects could not be demonstrated
with a widely used proxy for such studies, OA, under these conditions. The ozone
exposures used in the present experiments, namely from 0.5 to 2 ppm during the ex-25

perimental reaction time (6 min) correspond to about 20 h exposure in the remote at-
mosphere. Under dry conditions, ozonolysis of condensed phase alkenes, either pure
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or in mixtures with a protic matrix such as acids, is characterized by the formation of
non-hygroscopic high molecular weight products. Under humid conditions, the reac-
tion of water with the CIs might open a pathway for the formation of smaller acids that
lead to more significant changes in hygroscopicity and possibly also in CCN activity. In
spite of the nice correlation between the functional group analysis and the hygroscopic5

growth factors, this relation remains somewhat qualitative in character, as without more
detailed product information a direct quantitative prediction of the growth factor is not
possible. Thus the effect of water to provide a competing pathway during ozonolysis
observed in this study is a reminder that the properties of a complex aerosol are not a
simple superposition of the properties of its individual components.10
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Fig. 1. Humidograms of OA (a) and AR (b) particles as function of RH. Squares and circles
denote the GF of particles processed with 1.85 ppm ozone at 75% RH in the reactor and of
unprocessed particles, respectively. Plain and empty symbols denote the hydration and dehy-
dration modes, respectively.
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Fig. 2. (a) Hygroscopicity of the AR particles as function of ozone concentration. The humidity
in the aerosol flow reactor was 75% RH. (b) (◦) COOH/CHn ratio determined by 1H-NMR and
(•) GFs of AR particles processed with ozone as function of the RH in the aerosol flow reactor.
The initial ozone concentration was 1.84 ppm. H-TDMA measurements were corrected to 90%
RH in both cases. The error bars represent the standard deviations.
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Fig. 3. Proposed reaction mechanism for the ozonolysis of an unsaturated double bond. For-
mation pathways of acids, aldehydes, secondary ozonides, α-hydroxyalkyl peroxides and diper-
oxides in presence and absence of water.
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