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We have studied the oxidation of submicron aqueous aerosols consisting of internal mixtures of sodium
oleate (oleic acid proxy), sodium dodecyl sulfate, and inorganic salts by O3, NO3/N2O5, and OH. Experiments
were performed using an aerosol flow tube and a continuous flow photochemical reaction chamber coupled
to a chemical ionization mass spectrometer (CIMS). The CIMS was fitted with a heated inlet for volatilization
and detection of organics in the particle phase simultaneously with the gas phase. A differential mobility
analyzer/condensation particle counter was used for determining aerosol size distributions. The oxidation of
oleate by O3 follows Langmuir-Hinshelwood kinetics, withγO3 ≈ 10-5 calculated from the observed loss
rate of oleate in the particle phase. The best fit Langmuir-Hinshelwood parameters arekmax

I ) 0.05( 0.01
s-1 andKO3 ) 4((3) × 10-14 cm3molec-1. These parameters showed no dependence on the ionic composition
of the aerosols or on the presence of alkyl surfactants. Several ozone oxidation products were observed to be
particle-bound at ambient temperature, including nonanoic acid. We observed efficient processing of oleate
by OH (0.1e γOH e 1), and we suggest an upper bound ofγΝÃ3 < 10-3. We conclude that for the aerosol
compositions studied, oxidation occurs near the gas-aerosol interface and that the 1 e-fold lifetime of
unsaturated organics at the aerosol surface is∼10 min due to O3 oxidation under atmospheric conditions. In
the context of a Langmuir-Hinshelwood mechanism, different underlying aerosol compositions may extend
the lifetime of oleic acid at the surface by reducingKO3.

Introduction

Internal mixtures of inorganic and organic material are typical
of tropospheric aerosols.1-11 Naturally occurring, surface-active
fatty acids are common components of the organic fraction.12-15

Biological material at the sea surface, including fatty acids and
unsaturated organics such as chlorophyll, may be incorporated
into marine aerosols via bubble bursting. Little is known about
the physical state of internally mixed aerosols, although
inorganic aerosols with organic coatings have been observed,4-7,11

as well as organic particles with inorganic inclusions7 and gel-
like mixtures.8,9 Surface active molecules, such as fatty acids,
may partition to the gas-aerosol interface of aqueous particles,
lowering the surface tension and creating an organic surface
layer.16-18 However, fatty acids and fatty acid salts also exhibit
complex phase behavior that depends on temperature, pH, and
ionic content.19-21 The formation of liquid crystal phases may
be important for fatty acids in atmospheric aerosols, as well as
separation into aqueous and oil-like phases, which could result
in an organic surface coating.19 Films can also develop on
aqueous seed particles through condensation of semivolatile
organics that are the oxidation products of unsaturated volatile
organic precursors.

An organic surface layer on aqueous aerosol particles would
be important as it can create a resistance to the transfer of gas-
phase species to and from the aerosol surface, thus affecting
the particles’ ability to act as cloud condensation nuclei (CCN)
and their heterogeneous chemistry.22-25 Therefore, it is of

interest to understand the lifetime of organic surface films due
to oxidation, as well as to explore the potential impacts of aged
films on gas-aerosol mass transfer.

Atmospheric aerosols are exposed to oxidants such as the
hydroxyl radical (OH), ozone (O3), and the nitrate radical (NO3),
leading to oxidation and possible shortening of carbon chains26,27

located at the surface. Ozone is a particularly efficient oxidant
of unsaturated organics. The reaction of O3 with oleic acid (cis-
9-octadecenoic acid, C18H34O2), has been studied intensely in
recent years. Oleic acid has been detected in urban, rural, and
marine aerosols and is used as a marker for meat cooking in
continental aerosol.12,28-36 Several factors have motivated these
studies, including: quantifying the time scale for organic aerosol
to be converted from hydrophobic to hydrophilic via oxidation
thereby influencing their CCN ability, estimating the lifetime
of unsaturated organics in aerosol particles, and evaluating
organic aerosol oxidation as a potential source of volatile
organics. The reaction has been studied using pure oleic acid
aerosols,37-45 2-30 nm thick films on polystyrene beads,46 ∼1
µm thick films on aqueous sea salt aerosol47 and on macroscopic
films in coated wall flow tube studies.48-52 Both volatile and
involatile products of oleic acid ozonolysis have been identified,
including nonanaldehyde, nonanoic acid, 9-oxononanoic acid,
and azelaic acid.38,46,48It has also been suggested that ozonolysis
may lead to polymerization in pure oleic acid particles41,42and
for other unsaturated organics in self-assembled monolayers53,54

and thin films.55

Overall, existing experimental data suggest that the reactive
uptake coefficient,γO3, for O3 on pure oleic acid is on the order
of 10-3 at room temperature.37,38,40,48,50This implies that the
lifetime of oleic acid at the aerosol surface in the presence of
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50 ppb O3 should be on the order of seconds, and that whole
particle oxidation could take place in less than 1 h for pure
submicron oleic acid particles. This efficient oxidation observed
in the laboratory is somewhat in contrast with the fact that oleic
acid is commonly observed in aged particles.12,28,36Furthermore,
there remains considerable debate regarding the mechanism and
kinetics of oleic acid oxidation at the gas-aerosol interface. It
has been suggested from studies of macroscopic surfaces that
the phase and morphology of the organic coating can affect the
oleic acid oxidation efficiency.49,52,56To our knowledge, there
are no data available on the kinetics of oleate oxidation, or that
of other alkenoic acids, in mixed organic-aqueous particles. It
is possible that oleate in aqueous inorganic aerosols will exhibit
different reaction kinetics and product formation than a pure
oleic acid system, because oleate may exist in either a thin
surface layer or in a separate organic subphase.

This work provides novel kinetic and mechanistic information
for the oxidation chemistry of organic film-forming compounds
in aqueous particles using real-time chemical ionization mass
spectrometry for gas and particle composition measurements.
Because aqueous aerosol particles can be highly ionic, nonideal
solutions, extrapolating measurements from macroscopic sys-
tems to the submicron particle regime carries significant
uncertainty. Using the relatively wide body of existing work
related to the O3 oxidation of oleic acid in pure particles or
macroscopic systems as a pivot, we have explored the O3

oxidation kinetics of submicron mixed aqueous-organic aero-
sols containing sodium oleate. On the basis of N2O5 uptake and
O3 oxidation kinetics, we conclude that oleate oxidation occurs
at the aerosol surface and that, due to the thinness of the surface
layer relative to the reactive diffusive length, the oxidation of
oleate in our particles is not as efficient as observed in pure
oleic acid particles or macroscopic films. We also provide new
kinetic measurements of OH oxidation of oleate in these particles
and set an upper limit to the reaction rate of NO3/N2O5 with
oleate in mixed aqueous particles. If sodium oleate is a proxy
for oleic acid in particles containing water and inorganic ions,
the overall lifetime of oleic acid is still likely to be short when
subject to oxidation in the atmosphere, but the inferred mech-
anism implies the lifetime will depend on the partitioning of
O3 to relevant atmospheric aerosol surfaces.

Experimental

Experiments were performed using an aerosol flow tube or a
continuous flow photochemical reactor coupled to a custom-
built chemical ionization mass spectrometer (CIMS) featuring
a heated inlet for volatilization of particle phase organics. A
differential mobility analyzer/condensation particle counter
(Grimm Technologies) was used for measuring aerosol size
distributions and determining aerosol surface area. A schematic
of the experimental setup is available in the Supporting
Information.

Aerosol Generation and Characterization. Submicron
aqueous sodium chloride (NaCl) or sodium sulfate (Na2SO4)
aerosols were generated by atomizing a dilute salt solution (0.05
M NaCl, or 0.06 M Na2SO4) in deionized water using a
commercial constant output atomizer (TSI). To create aerosol
doped with sodium oleate, atomizer solutions with 10-3 M
sodium oleate were generated as follows: 0.0005 mol oleic acid
were added to 500 mL of 0.001 M NaOH solution. After stirring
for ∼1 h, the oily oleic acid droplets were observed to go into
solution, at which point the salt (NaCl or Na2SO4) was added.
The sodium oleate/salt solutions were diluted volumetrically
with salt solution to achieve lower oleate concentrations for the

N2O5 uptake experiments. An atomizer solution of 0.0005 M
sodium dodecyl sulfate (SDS) and 0.0005 M sodium oleate in
0.05 M NaCl was created for the mixed film experiments.
Sodium oleate is known to be soluble in water up to∼0.1 M,
and reported values of its critical micelle concentration (cmc)
in water range from∼0.001 to 0.01 M.57,58 Particles used in
calibration experiments were generated as follows: Pure azelaic
acid and oleic acid particles were generated via homogeneous
nucleation following Thornton et al.59 Particles containing NaCl
and nonanoic acid were generated by atomizing a saturated
solution of nonanoic acid and 0.05 M NaCl.

SEM-EDAX elemental analysis of single particles generated
by atomizing NaCl solutions containing SDS or sodium oleate
was performed. Particles emitted by the atomizer were dried
using excess dry N2 and impacted on a 1.27 cm aluminum
specimen mount (Ted Pella) using a custom-built low-pressure-
drop impactor with a d50 cut-point of ∼300 nm (near the
maximum in the surface area distribution). An FEI Sirion
scanning electron microsope (SEM) with an energy dispersed
spectrometer system (EDAX), and magnification of 20 000×,
was used, with 5 kV or 10 kV acceleration. For every particle
examined, peaks for C, O, Na, Cl, and S (when SDS was
present) were observed, with Na and Cl dominating the mass
fraction, suggesting that the particle population was internally
mixed. For the oleate-containing particles, on average, the ratio
of Cl/C mass fractions was 17( 13 during a measurement at
a particular location in the horizontal (compared to 21.5 in the
atomizer solution), and for the SDS-containing particles, the
Cl/C mass ratio was 12( 7 (compared to 10.8 in the atomizer
solution). The samples consisted of multiple layers of particles;
therefore, it is difficult to be more quantitative, but we cannot
rule out that the atomization process led to an enhancement of
the organic material in the aerosol phase relative to its
concentration in the atomizer.

The aerosol-laden flow from the atomizer (∼1 slpm) was
mixed with a∼4 slpm humidified N2 flow and transported (∼10
s) to the kinetics flow tube or photochemical reactor. The RH
of the equilibrated N2/aerosol stream was monitored at the outlet
of the reaction vessels with a commercial hygrometer (Vaisala).
Reported values for RH are accurate to within 2%. Experiments
were performed at 62%-67% RH. The aerosol population was
also continuously sampled at the outlets of the reaction vessels
by a differential mobility analyzer (DMA) coupled to an ultra-
fine condensation particle counter (CPC). The DMA/CPC drew
humidified bulk flow for∼1 h prior to starting experiments in
order to equilibrate the RH of DMA sheath flow with the sample
flow. The aerosols exhibited log-normal size distributions with
a typical geometric standard deviation of 2.0. The Na2SO4/
sodium oleate aerosols had a surface area weighted mean radius,
rp, of 109( 18 nm, while for the NaCl/sodium oleate aerosols,
rp ) 136 ( 13 nm. Total aerosol surface area was typically
10-3 cm2 cm-3.

When the saturated atomizer output combines with the drier
bulk flow, water evaporates, causing the aerosols to become
concentrated relative to the bulk atomizer solution. For example,
at 62% RH, an aqueous Na2SO4 aerosol will contain 10.6 M
Na2SO4, and an aqueous NaCl aerosol will contain 8.6 M
NaCl.60,61 We believe the 10-second transit time to the reactor
at the experimental RH is sufficient for the aerosol particles to
approach their equilibrium size and composition. Assuming the
same proportional increase in concentration (176×), and a
homogeneous atomizer solution, we estimate that 0.001 M
sodium oleate in the atomizer solution corresponds to 0.176 M
sodium oleate in the aerosol. On the basis of a surface area
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weighted mean volume of 1.5× 10-17 L, 0.176 M sodium oleate
would correspond to an average of 1.6× 106 sodium oleate
molecules per particle. To avoid confusion concerning bulk-
surface partitioning of oleate and the total amount of oleate
available per particle, we will refer to oleate concentration as a
solute mass fraction (wt%), instead of molarity and continue
assuming that composition is approximately uniform across the
aerosol population. This latter assumption is largely supported
by the SEM-EDAX analysis and results discussed later. Thus,
atomizing a solution containing 0.001 M sodium oleate and 0.05
M Na2SO4 yielded aerosols at 62% RH that were∼3.2 wt %
oleate. It is possible that the aqueous particles become slightly
acidic during transport through the tubing and reactors, which
have been exposed to trace levels of HNO3 and HCl, from many
experiments in addition to these reported here. But, given the
available aerosol volumes and reasonable estimates of acid
backgrounds from the CIMS, we feel the pH of the particles is
likely greater than 5 implying that there is a mixture of oleic
acid and oleate. We continue to refer to the aqueous system as
oleate with this caveat and note that in the atmosphere fatty
acids in aqueous solutions will be mixtures of dissociated and
undissociated acid.

Synthesis and Delivery of Gas-Phase Reactants.O3 was
generated online during experiments by flowing 5-80 sccm of
O2 with a carrier gas of 500 sccm N2 through a photocell
containing a Hg pen-ray lamp (UVP) operating at 185 nm. O3

concentration immediately downstream of the photocell was
monitored using a UV absorption cell equipped with another
Hg pen-ray lamp (Jelight) coated to primarily emit 254 nm, a
254 nm interference filter, and a photodiode (Thorlabs).

HONO was generated for use as an OH source by flowing
dry N2 over an acidified, stirred solution of 0.001 M sodium
nitrite (NaNO2) in deionized water.62 This method produces both
HONO and NO2, so we can only estimate an upper limit for
the initial HONO concentration based on the predicted vapor
pressure over the solution (20 ppm).

N2O5 was synthesized, stored, and delivered as in McNeill
et al.25 NO3 exists in equilibrium with N2O5 according to:

whereK1 ) 4.2× 10-11 cm3molec-1 at 21°C.63 Typical initial
concentrations in the flow reactor during the N2O5 uptake
experiments were∼5 × 1011 molec cm-3 (20 ppb) N2O5 and
∼1 × 1011 molec cm-3 NO3. Both NO3 and N2O5 are detected
as NO3

- in our CIMS detection scheme. NO3 was obtained by
allowing N2O5 to thermally decompose prior to injection into
the reactor. NO3 concentrations in the flow tube during NO3

oxidation experiments ranged from 3 to 100 ppb.
Flow Reactors.N2O5 uptake kinetics were measured as in

McNeill et al.25 Ozone oxidation experiments were carried out
in a horizontally oriented, 7.5 cm o.d. Pyrex flow tube, 50 cm
in length. The RH-equilibrated aerosol stream was introduced
at one end of the flow tube through a perpendicular sidearm.
The O3/N2 flow was introduced to the aerosol flow tube through
a moveable injector consisting of a 6 mm o.d. stainless steel
tube. After dilution, the O3 concentration in the aerosol flow
tube varied from 0.3 to 6 ppm. The injector position was
changed to vary reaction time and thus obtain kinetic informa-
tion. All experiments were performed at ambient temperature
(∼21 °C) and pressure (760 Torr). RH and the aerosol size
distribution were monitored at the outlet of the flow tube.

The flow velocity through the reactor, diffusion tube, and
heated inlet was maintained by a critical orifice at the entrance
to the low-pressure CIMS region, downstream of the heated

inlet. The total flow through the reactor was 1.3 or 2.3 slpm,
resulting in a flow velocity of 0.5 or 0.9 cm s-1. To study
kinetics under well-mixed, fully developed laminar flow condi-
tions, experiments were limited to the region between 15 and
35 cm. To quench the reaction and protect a mechanical pump
at the CIMS, the flow tube effluent was passed through a
diffusion tube (TSI) filled with O3-scrubbing catalyst (Carus
Chemical Company) after leaving the flow tube and before
entering the heated inlet. This catalyst absorbs significant
amounts of water vapor, effectively acting as a diffusion drier
as well as an O3 scrubber. The RH at the output of the scrubber
was typically,40%, likely leading to the crystallization of salts
in the aerosol particles.64 Crystallization after the reaction has
been quenched has little impact on our conclusions about the
kinetics. Crystallization prior to volatilization provides a measure
of the partitioning of semivolatile organics to crystalline salt
particles. But, we refrain from a strong quantitative assessment
of gas-particle partitioning at this time because it is possible
that gas-phase oxidation products were taken up by the O3

scrubber.
OH photoxidation experiments were carried out by flowing

the RH-equilibrated aerosol stream along with a dilute HONO
or O3 stream through a quartz photocell 25 cm long and 5 cm
in diameter with a 1 cminner sleeve containing an ozone-free
Hg pen-ray lamp (Jelight, 254 nm). Aerosols and OH precursors
were mixed in a T-type fitting at the entrance to the photocell.
When HONO was used as a precursor, OH was generated
according to:

When O3 was the precursor, OH was formed from the reaction
of excited oxygen with water:

The initial concentration of HONO in the photocell was∼20
ppb, whereas that of O3 was∼4 ppm.

OH experiments consisted of establishing a baseline oleic acid
signal for unreacted aerosol, acquiring a baseline mass spectrum
for the aerosol in the presence of the OH precursors but in the
absence of UV light, and then turning the lamp on and obtaining
mass spectra. Kinetic information was obtained by varying the
flow rate through the photocell. Total flow rate varied from
1.0 to 2.3 slpm, corresponding to a residence time in the
photocell of 12-30 s. RH and the aerosol size distribution were
monitored at the outlet of the photocell. When O3 was used for
OH generation, the flow tube effluent was passed through the
O3-scrubbing diffusion tube after leaving the flow tube and
before entering the heated inlet.

The resulting time-dependent gas-phase concentrations of OH
and other photochemical byproducts were calculated using a
box model which incorporates 48 reactions and uses rate data,
absorption cross sections, and quantum yields given in DeMore
et al.63 HONO absorption into the aqueous aerosols is expected
to be negligible due to their high ionic content.65 On the basis
of the model, we estimate that the OH concentration in the
photoreactor was∼4 × 108 molecules cm-3. In the case of OH
generation by HONO, HONO was the dominant OH sink in
the system and thus the OH concentration was largely inde-
pendent of the actual HONO concentration.

CIMS Detection of Reactants and Products.A major
difference between the experimental setup used in this study

N2O5 T NO2 + NO3 (1)

HONO + hν f OH + NO (2)

O3 + hν f O(1D) + O2 (3a)

O(1D) + H2O f 2OH (3b)
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and those used previously25,59 was that we employed a heated
inlet upstream of the critical orifice and chemical ionization
region for volatilization of particle phase organics in a manner
similar, but not identical to, that described by Hearn and
Smith.37,66 The inlet consisted of a 23 cm, 1.27 cm OD PFA
tube wrapped with heating tape (VWR). Inlet temperature was
monitored and controlled using a thermocouple and temperature
controller (Omega). A heat transfer model was used to infer
the temperature of the gas and particle stream from the measured
external temperature. At 150°C, an offset of 10 to 20°C exists
between the measured external temperature and the exit tem-
perature of the gas inside, for flow rates between 1 and 2 slpm.
Results presented in this paper are reported in terms of the mean
internal gas temperature in the heated region rather than the
exit temperature.

N2O5, NO3, oleate (detected as oleic acid), and the oxidation
products were detected via CIMS using I- as the reagent ion.
I- was generated by flowing trace amounts of CH3I in 1-2
slpm N2 through a 210Po ionizer (NRD) into the chemical
ionization region, which consists of a 3.8 cm OD stainless steel
tube manifold. The ionizer was positioned perpendicular to this
manifold, with the effluent N2/I- flow entering the chemical
ionization region through a port∼5 cm away from the mass
spectrometer front aperture. The pressure in the CIMS region
was ∼60 Torr, yielding an ion-neutral reaction time of∼20
ms. N2O5 and NO3 were monitored as NO3- (62 amu), with a
sensitivity of 1.6 Hz ppt-1 at 50% RH.

Oleate was monitored as the cluster of oleic acid with I-,
I-‚C18H34O2 (409 amu), with a sensitivity of∼1 Hz ppt-1.
Oxidation products were also detected as clusters with I-.
Therefore, when monitoring particle composition, the electric
field inside the collisional dissociation chamber (CDC) was
reduced to minimize declustering. With the heated inlet upstream
of the CIMS, we observed a step increase in oleic acid signal
∼30 s after turning on the aerosol flow. The delay is roughly
equal to the residence time calculated for the flow system, and
the step-like increase is indicative of rapid response. The
response of the oleic signal to varying the mass concentration
of mixed oleate/salt particles used throughout the study was
linear. A representative figure is available in the Supporting
Information.

Figure 1 is a representative mass spectrum obtained during
an O3 oxidation experiment. Mass-to-charge ratios consistent

with nonanoic acid, 9-oxononanoic acid, azelaic acid, and oleic
acid were detected. Calibration experiments performed for
azelaic acid and nonanoic acid indicate that they are detected
with a factor of∼3 higher sensitivity per molecule than oleic
acid, perhaps due, in part, to the difference in mass (188 amu
for azelaic acid vs 283 amu for oleic acid). By this argument,
and from comparing relative signal changes, it is likely that
9-oxononanoic acid is also detected with higher sensitivity than
oleic acid, and that it is present in higher abundance than the
other products. This notion is consistent with the observations
of other investigators.37,39,43,46At this time we cannot rule out
other species contributing to the observed signal. Sensitivity to
pure oleic acid was∼2× that for oleate in the aqueous particles.

Results and Discussion

N2O5 Uptake and Inferred Aerosol Mixing State. We
studied the interaction of N2O5 with the aqueous oleate-doped
aerosols to probe the surface state of the droplets. A significant
body of evidence suggests that N2O5 reactive uptake rates are
sensitive to the presence of organics at the aerosol surface.23,25,67-69

First-order rate coefficients for N2O5 loss,kI, were determined
from the slopes of measured N2O5 decay curves (see Supporting
Information). The reactive uptake coefficient,γN2O5, for each
experiment was calculated fromkI as described in McNeill et
al.25 Figure 2a showsγN2O5 as a function of oleate content in
the aerosol. When less than 0.05 wt % oleate was present, no
effect was observed, i.e.,γN2O5 was the same as when no
surfactant was present. Signs of N2O5 uptake supression began
at 0.08 wt % oleate, andγN2O5 decreased further with increasing
oleate concentration until 3.2 wt %, whereγN2O5 ) 0.001 (
0.001. This behavior is analogous to what we observed with

Figure 1. Mass spectrum of oleate ozone oxidation products obtained
via CIMS using I- as reagent ion. Mass spectrometer signal is shown
as a function of mass-to-charge ratio. Organic acids are detected as
their clusters with I-.

Figure 2. N2O5 uptake by aqueous aerosols containing varying amounts
of oleate. Reaction probability,γN2O5, is plotted (a) versus oleate
concentration in the aerosol and (b) as a function of overall fractional
surface coverage in the aerosol population, assuming 1 monolayer)
2 × 1014 molec cm-2 (see text for details). Data shown is for∼20 ppb
N2O5 reacting with sodium oleate-doped Na2SO4 aerosols at 62% RH.
Data for reaction of SDS-doped NaCl aerosols at 60% RH from McNeill
et al.25 are also shown for comparison.
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SDS,25 another soluble surfactant, and is suggestive of an organic
monolayer forming at the gas-aerosol interface. That is, the
quantity 1-γN2O5 appears qualitatively like a surface adsorption
isotherm for oleate.

Following McNeill et al.,25 we take 3.2 wt % oleate as the
concentration at which “full surface coverage” is reached
becauseγN2O5 plateaus at that point. Distributing that amount
of oleate over the surface of a 150 nm radius particle, we infer
an oleate footprint of 50 Å2, which is consistent with the
literature value for oleic acid in surface films 48 Å2.70 This
agreement would be a remarkable coincidence if oleate were
unevenly distributed across the particle population to a signifi-
cant degree, and implies that oleate partitions to the surface of
most particles. The polydisperse nature of our particle population
means that the actual surface coverage of an individual particle
is a function of its size even if oleate is uniformly distributed
in a constant ratio to NaCl or Na2SO4, because there is a
distribution of surface area-to-volume ratios. We can estimate
the fraction of the total available surface area of our polydisperse
aerosol population that is occupied by oleate according to:

where θi is fractional surface coverage of the aerosol in the
DMA size bin i and Ni is the number density in bini.25 The
coverage in a specific size bin,θi, is determined by using the
established footprint of oleic acid in surface films of 48 Å, which
corresponds to 2× 1014 molec cm-2 for complete monolayer
coverage. Under the assumptions that oleate is distributed across
the aerosol population in a constant ratio to NaCl or Na2SO4,
and that all oleate in the particle partitions to the surface until
a saturation surface coverage is reached, we calculateΘ ≈ 0.9
(90% overall surface coverage) for a typical aerosol population
used in the oxidation studies. Implicit in this formulation is the
idea that, atΘ ≈ 0.9, there are smaller particles (i.e., with larger
surface area-to-volume ratios) that do not have sufficient oleate
to cover the surface. We also assume that the small fraction of
large particles containing more oleate than can be accommodated
at the surface still have a complete surface coverage.

Figure 2b shows the data from Figure 2a plotted as a function
of overall fractional oleate surface coverage,Θ, calculated for
each point according to eq 4. Data from McNeill et al. for N2O5

uptake at 60% RH to NaCl particles containing SDS are shown
for comparison.25 For a given oleate concentration, the standard
deviation ofΘ due to variation in the particle size distributions
between decays was found to be less than 5% of theΘ value.
The similar effect of SDS and oleate onγN2O5 is not unexpected,
given their similar footprints and that both form expanded
films.71,72

For an aerosol pHe7 at room temperature, micelles are not
expected to form in the bulk but other aggregates are possible.19

Given the predicted composition of the aerosol particles used
in the oxidation experiments (3.2 wt %) and their high surface
area-to-volume ratio, assuming that oleate ions partition to the
gas-aerosol interface results in essentially no monomer remain-
ing in the aerosol bulk for a particle with the surface area
weighted mean radius. The phase behavior of many surfactants
is dependent on ionic strength and, to our knowledge, has not
been determined for sodium oleate in an aqueous system that
is supersaturated in NaCl or Na2SO4. However, our experimental
results show no evidence of micelle or aggregate formation in

the atomizer leading to a nonuniform distribution of oleate in
the aerosol population. The results of the SEM-EDAX analyisis,
which showed that the particles were internal mixtures consisting
mostly of inorganics, together with the N2O5 uptake behavior
and our observation that the oxidation of oleate in our aerosols
follows a Langmuir-Hinshelwood dependence on O3 (see
below) all point to oleate partitioning to the gas-aerosol
interface in a manner that is similar to what we observed in our
previous work with SDS.25 That said, the composition of our
particles is likely more complex than that of a monodisperse
population of uniformly coated particles and more detailed
experiments probing size dependence are warranted.

NO3 Oxidation. We investigated processing of oleate by NO3

using the aerosol CIMS technique to monitor oleate in the
presence of NO3/N2O5. We did not observe a measurable decay
in oleic acid signal on the timescales of our experiments for up
to 100 ppb NO3. Thus,γNO3 < 10-3 is a conservative upper
limit to the reaction probability for NO3 loss to oleate in our
particles. This result is generally consistent with what was
observed by Knopf et al. on saturated organic SAMs73 and by
Moise and Rudich74 on bulk unsaturated and saturated organic
films. Docherty and Ziemann observed oligomeric organonitrate
products upon exposure of pure liquid oleic acid particles to
∼80 ppb NO3 in an environmental chamber, indicating that a
reaction certainly occurs.75

Ozone Oxidation Kinetics and Mechanism.In the presence
of O3, we observed a decrease in oleic acid signal along with a
concomitant increase in the nonanoic acid, 9-oxononanoic acid,
and azelaic acid product signals. The injector position was
changed relative to the flow tube exit to obtain the decay in
oleic acid signal as a function of reaction time in the flow tube.
Data from a representative decay experiment obtained at 2 ppm
O3 are shown in Figure 3. Oleic acid signal is plotted on a log
scale as a function of the reaction time, which is proportional
to the injector position in the flow tube (distance from the flow
tube outlet). The error bars represent the standard deviation in
the raw data used in the average. The linearity of the curve
suggests first-order kinetics over the time scale investigated.
Therefore, a pseudo-first-order rate coefficient for O3 loss,kI,
can be determined from the slope of a weighted linear least-
squares fit to the decay curve. Representative product growth
curves for mass-to-charge ratios consistent with nonanoic acid,
9-oxononanoic acid, and azelaic acid are available in the
Supporting Information.

The rate constants derived from a number of experiments
with varying O3, aerosol substrate, and organic composition are

Θ )

∑
i

θiNi

∑
i

Ni

(4)

Figure 3. Representative oleic acid signal decay for oxidation of
aqueous NaCl aerosol containing 3.2 solute wt% oleate by 2 ppm O3.
The natural logarithm of the signal at 409 amu is plotted versus the
reaction time, which is a function of injector position in the flow tube.
The error bars represent the standard deviation in the raw data used in
the average. The line is the result of a weighted linear least-squares fit
to the decay curve.
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plotted versus O3 concentration in Figure 4a. The measured rate
constant increases with [O3] at low O3 concentrations and
reaches a plateau, becoming independent of further increases
in [O3]. The lines fit to the data are based on a Langmuir-
Hinshelwood model, in which the gas-phase reactant (O3) must
first adsorb to the surface according to a Langmuir isotherm
before the reaction takes place. Other kinetic models that have
been applied to ozone oxidation of pure oleic acid particles
exhibit a linear dependence ofkI on [O3] and can be ruled out
on this basis.39,40The kinetic data for Na2SO4 aerosols and mixed
SDS-oleate films are consistent with that observed for the oleate/
NaCl aqueous system (see Figure 4a), but not enough data is
available to confirm Langmuir-Hinshelwood behavior for those
systems.

Within the Langmuir-Hinshelwood framework, the pseudo-
first-order rate coefficient may be parametrized as follows:76

wherekmax
I is the pseudo-first-order rate constant for a satu-

rated surface, andKO3 is the equilibrium constant for O3 at the
surface, representing a ratio of the adsorption/desorption rate
constants coefficients involving both bulk phases.77 The best-
fit Langmuir-Hinshelwood parameters achieved from a weighted
nonlinear least-squares fit of eq 5 to the rate data in Figure 4a
are kmax

I ) 0.05 ( 0.01 s-1 and KO3 ) 4((3) × 10-14

cm3molec-1. The best-fit curve is shown in Figure 4a (black
line) along with the confidence intervals (dashed lines). Our
value forKO3 is greater than that observed for anthracene at the
gas-liquid interface78,79and lies within the range of equilibrium
adsorption constants reported for PAH-coated solid systems:
10-15 < KO3 < 10-13 cm3molec-1.80,81

O3 oxidation of unsaturated surface organics has been reported
to follow a Langmuir-Hinshelwood mechanism for many
systems.53,78-81 Most of these systems have been solid surfaces,
although particularly relevant are the findings of Mmereki and
Donaldson that ozone oxidation of anthracene at the gas-aqueous
interface also follows this mechanism.78,79 To our knowledge,
this is the first demonstration of Langmuir-Hinshelwood
kinetics for mixed organic-inorganic submicron aqueous
aerosols. If the oleate arranges predominantly in a monolayer
film on an aqueous substrate, as our N2O5 kinetics suggest, then
the “reactive surface” in our system would differ from a classical
Langmuir surface in that (a) the reactive sites (the oleate double
bonds) are in a liquid-like film on an aqueous surface, rather
than on a solid surface, (b) O3 may diffuse through the film
into the aqueous bulk of the particle, and out again, and (c) the
surface to which O3 adsorbs might be changing over the course
of an oxidation experiment. Figure 4 clearly shows that our
observations are consistent with saturation of the reactive surface
at high [O3]. We can rationalize the observed agreement with
the Langmuir-Hinshelwood model as follows: A steady-state
concentration of O3 develops in a surface layer due to the flux
of O3 from the gas phase and into and out of the aqueous aerosol
core. As the gas-phase O3 concentration increases, the steady-
state concentration in the layer increases along with the oxidation
rate. At a certain O3 concentration, the oxidation rate is no longer
limited by the availability of O3 in the film but by the probability
of reaction per double-bond encounter, resulting in the reaction
rate being limited at high [O3]. The significant water flux in
and out of the particle expected at 65% RH may act to maintain
an interface which is similar to O3 throughout the oxidation
period. In addition, it may be that the change in the surface
during oxidation is slow compared to the adsorption and
desorption rates of O3.

Continuing to apply the Langmuir-Hinshelwood model to
our system, we calculate the apparent reaction probability,γO3,
following Ammann et al.:82

whereω is the molecular velocity of O3 andσ is the oleic acid
cross section (5× 10-15 cm2). In eq 6a,γO3 is defined as the
fraction of collisions between O3 gas molecules and oleate at
the surface that result in reactive loss of oleate. IfkI were linearly
dependent on the gas-phase O3 concentration,γO3 would be
independent of [O3]. Equation 6b modifies 6a to be in accord
with the Langmuir-Hinshelwood mechanism, allowing a
saturation phenomenon to be replicated. It is not necessary to
correct for a reduction in collision rate as the surface oleate is

Figure 4. Reaction kinetics for O3 + oleate in surface films. Data are
shown for the oxidation of aqueous NaCl (() and Na2SO4 (b) aerosols
containing 3.2 solute wt% oleate, and aqueous NaCl aerosols containing
a 50/50 mixture of SDS and sodium oleate (4). (A) Pseudo-first-order
rate coefficients. Measured pseudo-first-order rate coefficient,kI, is
shown as a function of [O3]. The best fit curve based on the Langmuir-
Hinshelwood mechanism is shown (black line) along with the confi-
dence intervals (dashed lines). (B) Reaction probability. Apparent
reaction probability,γO3, calculated according to eq 6, is shown as a
function of [O3]. The curve based on the Langmuir-Hinshelwood
mechanism are shown (black line) along with the confidence intervals
(dashed lines).

kI )
kmax

I KO3
[O3]

1 + KO3
[O3]

(5)

γO3 ) 4kI

σω[O3]
(6a)

)
4kmax

I KO3

σω(1 + K[O3])
(6b)
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depleted during reaction because we monitor the loss of the
particle-phase reactant (oleate) in excess O3, and [O3] can be
assumed constant over the course of a decay.82

The reaction probability calculated using eq 6a from the NaCl/
sodium oleate aerosol data in Figure 4a is shown as a function
of [O3] in Figure 4b. Values ofγO3 range from 10-5 at the
highest [O3] to 5 × 10-5 at the lowest O3 levels. The best-fit
Langmuir-Hinshelwood parameters based on the rate data in
Figure 4a were used in eq 6b to calculate the parametrization
for γO3, which is shown along with the confidence intervals in
Figure 4b. The uptake coefficient exhibits a dependence on O3

that is again similar to other systems.53,78-81 However, our values
of γO3 are more than a factor of 10 lower than those measured
on bulk oleic acid film or droplet systems,37,38,40,48,50and about
a factor of 10 lower than that measured on terminal alkene self-
assembled monolayers (TASAMs).49 On the basis of our inferred
aerosol mixing state, there are three differences between this
study and those performed on macroscopic or pure oleic acid
aerosol systems and TASAMs: (1) the oleate/O3 “reactive zone”
on our aerosol particles is likely to be approximately a single
molecule thick, (2) the double bond is not terminal, and (3) the
film exists on an aqueous substrate. In a pure oleic acid aerosol
or macroscopic film, O3 will encounter a double bond several
times as it diffuses through the bulk, and thus, per collision
with the surface, there are a greater number of chances for a
reactive encounter. The reactive diffusive length,l, for ozone
reacting in bulk oleic acid systems has been estimated to be 10
to 20 nm.38,40 The reactive diffusive length is defined as

wherekI is the pseudo-first-order reaction rate andDl is the
diffusion coefficient for O3 in oleic acid.83 Dl has been estimated
to be 10-5 cm2 s-1.38 Thus, for macroscopic oleic acid films
and pure oleic acid particles, the reactive diffusive length is
much smaller than the characteristic length of the system,a
(particle radius or coating thickness). The characteristic length
of our oleate films, on the other hand, assuming monolayer
coverage, is∼1 nm, which is much smaller thanl. Given that
an O3 molecule diffusing through the organic layer into the
aqueous bulk could diffuse out, we can double this characteristic
length toa ≈ 2 nm. Drawing an analogy to a pure oleic acid
droplet of Dp ) 2 nm, and using the correction proposed by
Hanson et al.,83

we find that a correction factor of 0.03-0.07 would apply if
extrapolating bulk reactivity (γbulk

O3 ) to that of a surface film
(γsurf

O3 ). Assuming γbulk
O3 ) 10-3, we predict values ofγsurf

O3

between 3× 10-5 and 7× 10-5sconsistent with our observa-
tions. An underlying assumption of this analysis is that the
properties of bulk oleic acid systems, such as O3 solubility,
diffusivity, and reaction rate constants, are the same for an oleate
surface layer. Katrib et al.46 studied the ozone oxidation of oleic
acid films as thin as 2 nm on polystyrene beads but did not
report kinetic information. Because the characteristic length for
the thinnest films they studied was similar to that in our system,
we predict similar values ofγO3 assuming that the RH during
the experiment was the same as ours.

The notion of a single molecule characteristic length for
reaction in our system makes it similar in some respects to the
TASAM systems studied by Moise and Rudich and Finlayson-

Pitts and co-workers, with the exception that our substrates are
aqueous salt solutions.49,53,54However, our measured reactive
uptake coefficient was a factor of 10 lower than the measure-
ments made on TASAMs by Moise and Rudich.49 One explana-
tion for this difference may be that the oleate double bond lies
in the center of the molecule and is therefore likely to be less
accessible than in the TASAMs. Furthermore, the aqueous
nature of our surface and high partial pressures of water may
further inhibit the reaction.

To conclude this section, we note that a coating on atmo-
spheric aerosol would likely be a mix of saturated and
unsaturated surfactants. Depending on the aerosol age, some
components would likely be oxygenated. Here we found that
the ozonolysis of sodium oleate in a mixed film with SDS, a
saturated alkyl surfactant, exhibited the same oxidation kinetics
as a pure sodium oleate film. It is possible that a mixed film
containing surfactants known to exhibit tight packing, such as
stearic acid, would affect the kinetics of oleate oxidation
differently. Wadia et al. observedγO3 ≈ 3 × 10-6 for O3

oxidation of OPPC, an organic phospholipid with moieties
analogous to oleic acid and palmitic acid.84 The low value of
γO3 observed by Wadia et al. may be due to the relative
inaccessibility of the double bond. Experiments using macro-
scopic systems or aerosols composed of oleic and other fatty
acids suggest that the presence of other organics affects oleic
acid oxidation by altering the phase and morphology of the
particles or bulk liquid film.43,45,52Similarly, our results suggest
that oxidation of an alkenoic double bond becomes slower as
the overall aerosol composition becomes more complex (i.e.,
oxidation is apparently slower for mixed organic-inorganic
aerosols than for pure oleic acid aerosols). However, no
significant effect of introducing a second organic species, SDS,
was observed. We note here that surface active organics in
atmospheric aerosol particles are not limited to fatty acids. In
the seawater system alone, much work remains in order to assess
the effects of other possibilities such as amino acids, proteina-
ceous material, and polysaccharides.

OH Photoxidation. The primary goal of the OH photooxi-
dation experiments was to qualitatively examine the interaction
of our mixed organic-inorganic aerosols with another oxidant.
In the presence of HONO or O3/H2O, we observed a decrease
in oleic acid signal when the 254 nm lamp was turned on. No
loss of oleate was observed due to photolysis in the absence of
OH precursors. Many products were observed in the presence
of OH, including several species that were volatile at 298 K, in
contrast to the O3 oxidation products. Most notable was the
appearance of mass-to-charge ratios consistent with acetic and
formic acids upon OH generation as well as the decrease in
signals consistent with O3 oxidation products.

Figure 5 shows kinetic data for the oxidation of oleate in the
mixed particles by∼2 × 108 molec cm-3 OH. The natural
logarithm of the oleic acid signal is plotted on a log scale as a
function of the reaction time, which was varied by changing
the flow rate through the photochemical reactor. The error bars
represent the standard deviation in the raw data used in the
average. The point at zero time represents the average change
in oleic acid signal upon turning the lamp on in the absence of
OH precursors. Data are shown for both methods of OH
generation used: HONO photolysis (diamonds) and O3 + H2O
(square). The data in Figure 5 were simulated using our
photochemical box model and several scenarios for OH
heterogeneous reaction, accounting for gas-phase diffusion
limitations to the particle and diffusion-limited wall loss within
the reactor. Scenarios tested included: OH reaction with oleate

l ) (Dl

kI )1/2

(7)

γsurf
O3 ) [coth(al ) - (al )-1]γbulk

O3 (8)
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only, OH reacting with a constant monolayer coverage of
reactive organic material (to simulate OH reactions with both
oleate and oxidation products), and varying precursor concentra-
tions and particle radii. After examining the range of possibili-
ties, we find that our experimental results are consistent with
0.1 e γOH e 1. Non-steady-state conditions and unknown
mixing patterns within the photoreactor contribute uncertainty
to this value. Efficient loss of OH to unsaturated organics at
the aerosol surface is consistent with other studies of OH
oxidation of surface organics, and this study represents an
important extension in the sense that oxidation occurs in mixed
aqueous organic/inorganic aerosols at ambient levels of humid-
ity.26

Gas-Particle Partitioning of Oxidation Products. Our
observation of volatile products after exposing the mixed
particles to OH is consistent with Molina et al., who observed
OH-initiated volatilization of SAMs and solid organic surfaces.27

However, in our system, a number of unidentified products
between 150 and 250 amu remained in the particle phase after
the relatively short OH exposure times.

Although product yields were not a focus of the current study,
our observations suggest that 9-oxononanoic acid was the most
abundant ozone oxidation product. This is consistent with the
mechanisms proposed by other investigators that include reaction
of oleic acid with the Criegee biradical in pure oleic acid
particles.37,39,43,46The ozone oxidation products that we are able
to observe using CIMS with I- as a reagent ion (nonanoic acid,
9-oxononanoic acid, and azelaic acid) were associated with the
particle phase at ambient temperature. A temperature-pro-
grammed desorption experiment was performed to investigate
the gas-particle partitioning of the ozone oxidation products.
In this experiment, O3 oxidation was initialized with the heated
inlet at room temperature, and then the temperature was slowly
increased to 160°C, corresponding to 100°C mean internal
gas temperature in the heated region. Increasing the inlet
temperature beyond this temperature did not result in an increase
in the oleic acid or product signals. The results of the desorption
experiment are shown in Figure 6. For each mass-to-charge ratio,
any background signal that was present prior to initiating O3

oxidation was subtracted, and then the signal was normalized
to the maximum value observed for that product. Temperatures
shown are inferred from measured external inlet temperature

using a heat transfer model. At least 90% of the nonanoic acid
and 9-oxononanoic acid,∼80% of the azelaic acid, and 100%
of the oleic acid molecules were observed to be in the particle
phase at ambient temperature. The fact that we observe a non-
negligible signal for azelaic acid at room temperature points to
a possible interference at that mass, since azelaic acid is less
volatile than oleic acid in the pure state.85 This interference is
present only after ozone oxidation of oleate.

To begin our discussion of the partitioning results, we note
that we do not directly observe volatilization from aqueous
particles. First, aqueous NaCl or Na2SO4 particles would
crystallize in the heated region due to the significant decrease
in relative humidity. Second, although we control the relative
humidity in the aerosol kinetics flow tube to be∼60%, the
ozone-scrubbing catalyst we use downstream of the flow tube
absorbs water, such that the outlet stream is∼10% RH, further
ensuring that the aerosol particles are effectively dried before
volatilization in the heated inlet. Thus, we infer products were
partitioned to the aqueous particles because they were observed
to be partitioned to the crystalline particles. Detection of
volatilized products occurs∼2 s after crystallization (and after
more than 10 s of oxidation), which is on the order of the time
required for gas-particle equilibrium to be established for
nonanoic acid and our aerosol population, assuming unity mass
accommodation and a gas-phase diffusion coefficient of 0.1 cm2

s-1. Because it is possible that gas-phase fractions of the semi-
volatile ozone oxidation products were taken up by the tubing
walls and the O3 scrubbing catalyst, we refrain from quantita-
tively stating the fraction present in the gas and particle phases
after oxidation.

Our partitioning results for the oleate O3 oxidation products
in mixed aqueous salt particles are in qualitative agreement with
those of Hearn and Smith37 and Katrib et al.,46 who observed
that nonanoic acid, 9-oxononanoic acid, and azelaic acid are
present in the condensed phase after ozone oxidation of pure

Figure 5. Reaction kinetics for OH oxidation of oleate in surface films.
Results are shown for∼4 × 108 molec cm-3 OH. Signal is plotted
versus reaction time, which is a function of flow rate through the
photolysis cell. The error bars represent the standard deviation in the
raw data used in the average. Data are shown for O3+H2O (square)
and HONO (diamonds) OH precursors. The lines represent photochemi-
cal box model simulations which include OH loss to oleate (solid) or
OH loss to oleate and oleate products (dashed), with 0.1e γOH e 1.
See text for details.

Figure 6. Temperature-programmed desorption study of O3 oxidation
product volatility. Normalized mass spectrometer signal is shown for
azelaic acid (diamonds), nonanoic acid (circles), 9-oxononanoic acid
(triangles), and oleic acid (squares) as a function of mean heated inlet
temperature. For each mass-to-charge ratio, any background signal
present prior to initiating O3 oxidation was subtracted, and then the
signal was normalized to the maximum value observed for that peak.
The error bars represent the standard deviation in the raw data used in
the average, also normalized to the maximum signal. For some points
the error bars are smaller than the symbols. Mean inlet temperatures
shown are inferred from the measured external inlet temperature using
a heat transfer model.
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oleic acid droplets or multilayer thick films of oleic acid. In
aerosol generated from seed oil cooking, the gas-to-particle ratio
of nonanoic acid was measured by Schauer et al. to be
approximately 99:1 (partition coefficientKp ≈ 10-4).30 However,
the same investigators found that aerosols generated by meat
charbroiling exhibit what appears to be a nonequilibrium
partitioning of volatile material to the particle phase, despite
relatively long equilibration times.86 They suggest that this could
be due to mass transfer limitations in the particles, which were
expected to be solid.

To further explore our nonanoic acid partitioning observa-
tions, we performed additional gas-particle partitioning measure-
ments using nonanoic acid/NaCl aerosols. The nonanoic acid
signal was insensitive to inlet temperature, indicating that
nonanoic acid was present largely in the gas phase even after
passing through the ozone scrubbing catalyst. This suggests that
the additional organic content present in the oxidized oleate-
salt particles enhances the partitioning of nonanoic acid. In
support of this conclusion, even though nonanoic acid is
sparingly soluble in water,85 a Henry’s law analysis, accounting
for the high ionic strength of the aqueous aerosols87 and acid
dissociation at pH 7, underestimates the observed partitioning
of nonanoic acid to the aqueous particle phase by a factor of
∼10.

Following Pankow,88 assuming nonanoic acid partitions to
an organic subphase in the particle underestimates the signals
from particle-bound nonanoic acid that we observe, unless the
organic subphase is a nonideal mixture with an activity
coefficient<10-1, or an activity coefficient between 0.1 and 1
with the average molecular weight,〈MW〉, of the absorbing
phase<100 amu. An〈MW〉 < 100 amu would imply significant
amounts of water in the absorbing phase.89 Due to the
compounded uncertainty in the parameters used as inputs for
gas-aerosol partitioning calculations such as this one, applying
this model to our system requires caution. Below we explore
some possible interpretations of the disagreement between our
observations and the partitioning model.

The discrepancy between the equilibrium partitioning model,
which assumes solution ideality, and our observed particulate
nonanoic acid can be explained by several possibilities, includ-
ing: (1) organic oligomer formation by oleate oxidation
products, (2) aggregate formation in the aqueous phase by fatty
acids, and (3) mass transfer limitations due to the surface film.
High-molecular-weight oligomers have been detected upon oleic
acid ozonolyis;41,42,53-55 perhaps nonanoic acid is a monomer
unit in such oligomers and is released during the 0.5 s of heating
in the presence of water vapor that precedes detection. At
sufficiently high concentrations, fatty acids under neutral to
acidic conditions form oil or lamellar phases, or crystals
depending on temperature and pH.19 Aggregate formation by
surface active material may result in scavenging of aerosol
organics from the surface.90 It is possible that such a phenom-
enon would result in enhanced partitioning to the particle phase.
Both of these cases would be accounted for in the partitioning
model as an activity coefficient less than 1. Additionally, it is
known that the presence of a surface organic film slows mass
transport between the gas and aqueous phases.22-25 If an organic
film does remain after oxidation, (a) the time required to achieve
Henry’s law equilibrium between the aqueous and gas phases
will be extended, and (b) equilibrium between the aqueous and
condensed organic subphases must be considered. It is also
possible that other unidentified O3 oxidation products contribute
to the signals we assume to be nonanoic acid, though we are
unaware of any specific examples.

The heat of vaporization of organic species from particles is
critical for predicting the temperature dependence of organic
aerosol mass throughout the atmosphere. A Clausius-Clapeyron
analysis91 of the data in Figure 6 yields effective heats of
vaporization of 43( 5 kJ mol-1 for nonanoic acid and∼70 kJ
mol-1 for 9-oxononanoic and azelaic acids. These∆Hvap

eff

values are approximately 40% lower than∆Hvap for the pure
substances in this temperature range (note: no data is available
for 9-oxononanoic acid).85 For oleic remaining in the film, we
find ∆Hvap

eff ) 86 ( 5 kJ mol-1, compared to∼110 kJ mol-1

for pure oleic acid over this temperature range.85 We validated
the temperature programmed desorption/Clausius-Clapeyron
technique using pure palmitic acid aerosols and found that the
observed∆Hvap agreed with the literature value to within 7%.

A reduction in apparent heat of vaporization over a mixture
compared to the pure component∆Hvap is to be expected.92

Similar inferences of reduced∆Hvap
eff in mixed organic aerosols

have been made. For the semivolatile ozonolysis products of
R-pinene, Donahue et al. and Offenberg et al. estimate∆Hvap

eff

≈ 30-44 kJ mol-1 from the temperature dependence of aerosol
mass, whereas the typical single-component∆Hvap of suspected
products ranged from 100 to 120 kJ mol-1.93,94

Summary and Atmospheric Implications.The sum of our
results implies that the oxidation of oleate present in submicron
aqueous salt particles at∼3.2 wt % occurs at the particle surface.
To our knowledge, these data are the first to show that the ozone
oxidation of oleate in aqueous aerosols follows Langmuir-
Hinshelwood kinetics. This mechanism is in general agreement
with previous observations of ozone oxidation of other surface-
bound unsaturated organics.78,80,81 We measure an apparent
reactive uptake coefficient for O3, γO3, of ∼1 × 10-5 to 6 ×
10-5, which can be reconciled with previous observations of
γO3 ≈ 10-3 in macroscopic or pure oleic acid aerosol sys-
tems37,38,40,48,50by assuming a small characteristic length for
reaction, as would be the case in a surface-based process. The
oxidation of oleate in these particles by OH is very efficient,
with our measurements suggesting an apparent reaction prob-
ability for OH and oleate between 0.1 and 1. In contrast, we
were unable to measure a loss of oleate in the presence of up
to 100 ppb NO3 or N2O5 on the timescales of our experiment,
suggestingγNO3 < 0.001, which is consistent with other
studies.73,74 The low reactivity of N2O5 on mixed oleate-salt
particles was also consistent with the formation of an oleate
monolayer at the surface of most particles in our aerosol
populations. This latter result lends support to a surface-based
mechanism for ozone oxidation, the inefficient ozone oxidation
due to a small characteristic length, and the efficient loss due
to OH.

The main atmospheric implication of our results is that the
lifetime of unsaturated, surface active organics at the surface
of aqueous aerosols would be∼10 min due to ozone oxidation
under atmospheric conditions (50 ppb O3). Accounting for
diffusion limitations, OH oxidation is a factor of∼100 slower
if γOH ) 1 and [OH]≈ 1 × 106 molec cm-3. In other studies,
the ozone equilibrium adsorption constant,KO3, has been
observed to vary from<10-16 cm3molec-1 to ∼10-13 cm3molec-1

for PAH-coated solid NaCl and soot substrates, respectively,
indicating that the underlying substrate can affect the reaction
rate for unsaturated organics with ozone.80,81 If a similar trend
exists for surface-adsorbed oleic acid, it could be one possible
explanation for observations of oleic acid in aged ambient
aerosol. Robinson et al. observed 80% oxidation of alkenoic
acids, suggesting thatγO3 ≈ 10-6.36 Allowing KO3 in our system
to vary from 10-16 to 10-13 cm3molec-1, at 50 ppb O3, γO3 for

Oxidation of Oleate in Aqueous Salt Aerosols J. Phys. Chem. A, Vol. 111, No. 6, 20071081



oleic acid at the gas-aerosol interface could vary from 10-7 to
10-4. This corresponds to a wide range of estimated lifetimes
for an unsaturated organic molecule at the surface of a
submicron aerosol particle, i.e., from minutes to days. Obviously,
this suggestion requires experimental validation. The question
remains as to whether surface active organics are likely to exist
at the gas-aerosol interface in nature, affecting mass transfer,
heterogeneous reactivity, and the gas-particle partitioning of
other semivolatile organics.
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