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ABSTRACT: In this study, we evaluated photosensitized chemistry at the air−sea
interface as a source of secondary organic aerosols (SOA). Our results show that, in
addition to biogenic emissions, abiotic processes could also be important in the
marine boundary layer. Photosensitized production of marine secondary organic
aerosol was studied in a custom-built multiphase atmospheric simulation chamber.
The experimental chamber contained water, humic acid (1−10 mg L−1) as a proxy
for dissolved organic matter, and nonanoic acid (0.1−10 mM), a fatty acid proxy
which formed an organic film at the air−water interface. Dark secondary reaction
with ozone after illumination resulted in SOA particle concentrations in excess of
1000 cm−3, illustrating the production of unsaturated compounds by chemical
reactions at the air−water interface. SOA numbers via photosensitization alone and
in the absence of ozone did not exceed background levels. From these results, we
derived a dependence of SOA numbers on nonanoic acid surface coverage and dissolved organic matter concentration. We
present a discussion on the potential role of the air−sea interface in the production of atmospheric organic aerosol from
photosensitized origins.

■ INTRODUCTION

Although the dominant mass fraction of sea-spray aerosol is
inorganic sea salt, organic matter can also contribute to the
overall mass of aerosols in the marine boundary layer (MBL).1,2

Recent field measurements clearly documented the presence of
organic matter in oceanic particles.3,4 Cavalli et al.5 and
O’Dowd et al.6 found a significant and dominating fraction of
organic matter in the submicrometer size range, while the
supermicrometer size range predominately consisted of
inorganic sea salt. During high biological activity, the organic
fraction ranges from 40 to 60% of the submicrometer aerosol
mass, while during low biological activity periods, this fraction
decreases to 10−15%. Concentrations of organic aerosol mass
in air advected over regions of high biological activity were up
to 4 μg m−3 and comparable to polluted air masses.7 The
concentration of organic aerosol formed by secondary
processes has also been correlated with biological activity.8

Volatile sulfur species greatly impact the formation of
secondary marine aerosols9−13 and are included in general
circulation models predicting climate evolution.13−15 Together,
these findings potentially link ocean biota with marine derived
organic aerosols.16 As a result, the organic fraction of the
marine aerosols as well as the trace gas composition over the
ocean are controlled by the chemical and physical properties of
the sea-surface microlayer (SML).17−19 Indeed, recent studies
reported the use of natural seawater to generate sea spray
aerosol (SSA) in order to evaluate how SML composition
drives the composition and associated properties of freshly
emitted SSA.20,21

Organic material present at the sea surface includes
amphiphiles derived from oceanic biota (fatty acids, fatty
alcohols, sterols, amines, etc.) and more complex colloids and
aggregates exuded by phytoplankton, which mainly consist of
lipopolysaccharides.22−31 All of these compounds can be highly
enriched in this microlayer.32,33 The presence of complex and
potentially photoactive compounds, such as a fatty acid film at
the air−sea interface and therefore in the primary marine
aerosol, was reported on the surface of continental and marine
aerosols.34−36 This could give rise to the assumption that new
processes affect the chemistry in the MBL. Indeed, Reeser et
al.37,38 showed that photoexcited chlorophyll can oxidize halide
anions at the salt water surface, producing atomic halogens. A
similar chemistry is expected for nitrate and nitrite anions,
suggesting a rich new source of oxidants in the MBL. These
studies stress the need for a better understanding of the
chemistry and potential photochemistry of the surface micro-
layer. Indeed, the photochemistry at the air−sea interface has
not been adequately considered over the past years.39 Previous
works from our group have shown that such photochemical
processing of a surfactant in the presence of a photosensitizer
led to the formation of unsaturated and highly functionalized
volatile organic compounds (VOCs).40,41 The use of humic
acid as a photosensitizer initiates chemical transformation of
surfactants, such as nonanoic acid40 and octanol,41 through
multiple pathways. The initial step is H-abstraction on the alkyl
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chain, possibly by OH reaction, leading to the formation of α-
carboxyalkyl radicals (R-CHCOOH) which further react with
of O2, forming an α-peroxyl carboxylic acid (R−CH(O2)-
COOH). The unimolecular rearrangement of α-peroxyl radical
revealed the production of α-oxygenated VOCs (i.e., saturated
carbonyls, saturated acids). In addition, due to the high
concentration of surfactants at the interface, disproportionation
or dimerization reactions of the α-carboxyalkyl radical has been
suggested, yielding functionalized and unsaturated products
(i.e., alkenes, dienes, C2−C9 unsaturated aldehydes, unsaturated
acids).40,41 These observations of a double-bond formation (i.e.,
water elimination) highlight the fact that the mechanism
occurred preferentially in an organic-enriched environment
rather than in a bulk aqueous media. Furthermore, the reaction
between excited triplet ketones and hydroxyl acid forming an
unsaturated diol, followed by decarboxylation and hydroxyalkyl-
hydroxy elimination, may explain the formation of observed
isoprene, which represents a new abiotic source in marine
environments.42 The formation of these compounds from
photosensitized interfacial chemistry likely contributes to SOA
formation. In order to address this question, we propose that
photosensitized reactions, initiated by a substance capable of
absorbing light and transferring the energy to the desired
reactants at the air−sea interface, are a key process leading to
the formation of marine SOA in the marine boundary layer.
Here, we present an experimental study using a multiphase

atmospheric simulation chamber which aimed at investigating
aerosol formation from photoinduced chemical processes at the
air−water interface. Photosensitized reactions were based on
the photodegradation of nonanoic acid (NA) as a surfactant in
the presence of humic acid (HA) used as a proxy for dissolved
organic matter. Particle concentrations were measured and the
gas phase composition was monitored over the experimental
time scale. The relationship between the observed particle and
chemical processes that occurred at the air−water interface is
presented and the atmospheric implications of these photo-
sensitized reactions as a source of SOA loading in the marine
boundary layer are discussed.

■ EXPERIMENTAL SECTION

Multiphase Simulation Chamber. Air−sea interface
experiments were performed in a multiphase atmospheric
simulation chamber (Figure 1). The 2 m3 rectangular chamber
(length (1 m) × width (1 m) × height (2 m)) was made of
FEP film (fluorinated ethylene propylene) and equipped with a
glass water container with a capacity of 89 L and an exposed
surface of 0.64 m2. The chamber was continuously filled with
purified air. Photochemical reactions were initiated through UV
irradiation (centered at 365 nm) of an aqueous solution of HA
used as a photosensitizer and NA as a surfactant with water. We
positioned 12 UV lamps (OSRAM lamps, Eversun L80W/79-
R) in two banks as the light source, with six by six lamps
mounted on opposite sides. The spectrum of the UV lamps is
shown in Supporting Information (Figure S1).
Particle number and volume size distribution was measured

by a scanning mobility particle sizer (SMPS model 3936, TSI)
consisting of a long differential mobility analyzer (DMA 3081,
TSI) and a condensation particle counter (CPC 3772, TSI, d50
> 10 nm). Sheath and sample flow rates were 6 and 0.6 L
min−1, respectively, scanning a particle size range of 9.8−414
nm. The density of measured particles was assumed to be 1 g
cm−3. Ultrafine particle formation was monitored using an
ultrafine condensation particle counter (UCPC 3776, TSI, d50
> 2.5 nm). The UCPC sampling inlet was positioned at the
bottom of the chamber, 30 cm above the liquid surface. The
SMPS inlet was placed an additional 150 cm higher in order to
observe particle growth. The gas phase concentration of volatile
organic compounds (VOCs) in the chamber was monitored
using a high-resolution proton transfer reaction mass
spectrometer (PTR-TOF-MS 8000, Ionicon Analytik) operated
with a 2.2 mbar drift tube pressure and 600 V drift tube voltage
at 60 °C. Hydronium ions (H3O

+) were used as ionization
source to protonate VOCs. The atmospheric simulation
chamber was also equipped with trace gas analyzers
continuously measuring NOX (Thermo Environmental Instru-
ments Model 42C and Eco Physics CLD88p coupled to a
Photolytic NO2 Converter PLC860) and ozone (Thermo
Environmental Instruments Model 49i). In order to compen-
sate for leaks and sampling flow rates from the connected

Figure 1. Scheme of the multiphase atmospheric simulation chamber used for the investigation of chemical processes at the air−sea interface.
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analytical instruments, a dilution flow rate of 3 L min−1 was
continuously added, maintaining a slight overpressure in the
chamber. Temperature and relative humidity were measured
using a combined sensor (Vaisala HUMICAP Humidity and
Temperature Probe HMP110), and the differential pressure
was monitored using a sensor (Vaisala Differential Pressure
Transmitter PDT101). Prior to any experiment, NA was
purified by bubbling ozone (generated via O2 photolysis using a
Hg lamp) in the liquid phase for few hours before use. For the
purification of NA, ozone was generated via O2 photolysis using
a Hg lamp. Under these experimental conditions, the use of
commercialized NA (unpurified) produces particles when
ozone is added in contrast to the use of purified NA, where
no particle formation was observed.
A known volume of NA was injected using a syringe through

a septum installed on a Teflon line, in which ultrapure water
(18.2 MΩ cm resistivity at 25 °C) circulated. HA solutions
were prepared in an amber glass bottle mounted on a magnetic
stirrer where an aliquot was dissolved in ultrapure water. The
volume of ultrapure water introduced in the glass container was
time-controlled using a peristaltic pump running at a known
liquid flow rate. The final volume in the glass container was 30
L. Surfactant concentration in water ranged from 0.1 mM to 10
mM and the concentration of HA from 1 to 10 mg L−1. Based
on Henry’s law, the estimated concentrations of NA in the gas
phase ranged from ∼100 ppb to ∼2.0 ppm (using Henry’s law
constant for NA, KH = 0.101 Pa m3 mol−1).43,44 Water
solubility of NA is 210 mg L−1 (1.8 mM) at 25 °C.45 Bulk
acidity, in agreement with the acid strength of NA in water, was
measured at pH ∼ 4.9 and did not change over the
experimental time scale. Although the pH at the air−water
interface is still under discussion,46 previous work based on
theoretical calculations and experimental observations has
shown accumulation of hydronium ions at the surface at high
concentrations, leading to increased acidity, whereas in the
bulk, higher pH values were observed.47,48 This observation is
consistent with the acidic properties of the experimental
conditions used in this study. As the bulk acidity of the ocean
has an average pH value of about 8, a lower pH at the interface
might be observed due to the migration properties of
hydronium ions to the interface, which is also consistent with
the interface properties of this study.
After introducing about 15 L of ultrapure water (during 20

min) in the glass container, NA was injected. With the
introduction of NA, the surface exhibited some small “organic
islands” of NA that were minimized, but not avoided, by our
experimental procedure. Over the experimental time scale,
these islands tended to agglomerate, leading to a larger size, but
decreasing in terms of number. At the lowest concentration of
NA used (0.1 mM), these islands disappeared rapidly after the
end of the introduction of NA and were almost invisible to the
naked eye. HA was usually injected around 25 min after NA.
This time interval corresponded to the equilibrium time of NA
between the gas and liquid phases. Lamps were switched on 90
min after the introduction of the liquid components for a
homogeneous distribution of NA and HA over the surface
exposure. The experiments were conducted as follows:
solutions were introduced into the chamber; lighting was the
switched on and off prior to ozone injection (avoiding OH
production in the chamber from ozone photolysis). At each
step, the gas and particle phases were monitored.
Exposure of the liquid mixture to UV light lasted for at least

14 h. During the irradiation period, temperature and relative

humidity were stable at about 300 K and 84%, respectively.
After the irradiation period, ozone was generated using a
commercial generator (Biozone corporation, USA) based on
electric discharge from oxygen flow and introduced in the
chamber in the dark (avoiding OH production in the chamber
from ozone photolysis). Care was taken that no seed particles
were introduced simultaneously. This allowed a fast introduc-
tion of ozone in the chamber, reaching the desired
concentration within a few minutes. After the experiments,
the chamber was flushed with purified air for at least 24 h under
maximum irradiation in the presence of ozone at several ppm
levels. The glass container was evacuated and filled with
ultrapure water several times, in which sodium hydroxide
([NaOH] ∼ 10 mM) was also added in order to promote the
dissolution of organic materials.

Chemicals. Chemicals were purchased with the following
purities from: nonanoic acid (Alfa Aesar, 97%) and humic acid
(Fluka, Technical grade), NaOH (Chimie-Plus laboratoire,
Solution at 30%). Oxygen used for ozone generation was
purchased from Linde (O2, 99.9991%).

■ RESULTS
Particle Formation. Figure 2 illustrates a typical experi-

ment where photosensitized production of aerosol was

observed. Table 1 shows a complete list of experiments and
corresponding initial conditions. Particles in the chamber were
subject to dilution, wall loss, and coagulation processes, which
represented sink processes in the multiphase simulation
chamber. Reported particle concentrations were not corrected
for these losses. Background concentrations of particles before

Figure 2. Multiphase simulation chamber experiments conducted in
the presence of ([HA] = 10 mg L−1 and NA = 1 mM). Top graph:
time−concentration profile of ozone; Middle graph: time concen-
tration profiles of VOC identified and measured by the PTR-ToF-MS;
Bottom graph: Corresponding time series of particle number size
distributions. The yellow part represents the period when the lights
were on (Exp. 9 in Table 1).
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the irradiation period were found in the range of 150−500
cm−3. It should be noted that the presence of particles as
background level did not affect our observations on the aerosol
concentration number. As shown in Figure 2, a significant
production of SOA was observed about 30 min after the ozone
injection, while the initial composition of the gas phase did not
carry any chemical functionality that was expected to react with
ozone that is, the photosensitized chemistry produced some
SOA precursors. These observations differed strongly from our
blank experiments, which were performed by injecting either
HA or NA solutions in separate experiments while monitoring
particle concentrations under irradiation and after ozone
addition in the gas phase.
With [HA] = 20 mg L−1 and in the absence of any surfactant,

particles did not exceed background concentrations. It is
important to note that the HA concentration used in the blank
experiment was higher than that for mixed HA and NA

experiments. When introducing NA only, in the absence of any
photosensitizer, no significant particle formation was observed
during irradiation and from the gas phase reaction with ozone
in the dark (as compared to the results shown below) during
the course of these experiments (Supporting Information
Figure S2). This highlights the involvement of HA in the
photochemical transformation of NA and thus demonstrates
that particle formation originated from the photosensitized
reaction.
The temporal profiles of NA and gas phase volatile organic

compounds were continuously monitored using PTR-ToF-MS.
Numerous VOCs were identified from the light-induced
reaction of NA in the presence of HA: saturated aldehydes
(C7−C9), unsaturated aldehydes (C6−C9), alkanes (C7−C9),
alkenes (C5−C9), and dienes (C6−C9). The concentration of
VOCs was estimated using the reaction rate coefficient between
H3O

+ and VOCs, using the simple kinetic calculation reported
in Lindinger et al.49 For the compounds with rate coefficient
data available, an estimated value of 2 × 10−9 cm3 s−1 was used.
Uncertainties in our data may arise from systematic errors
associated with the reaction rate constant, accurate within
±30%. Typical detection limits, precisions, and accuracies for
the measured VOCs are 5 ppt, 3%, and 6%, respectively.
Measured concentrations of the VOC identified for 1 mM of
NA and 1 mg L−1 of HA during irradiation before the
introduction of ozone were: ∼74 ppb for unsaturated
aldehydes, ∼27 ppb for saturated aldehydes, ∼32 ppb for
saturated acids, ∼14 ppb for unsaturated acids, ∼57 ppb for
alkanes, ∼11 ppb for alkenes, ∼34 ppb for dienes. Typical
time−concentration profiles of VOC from the simulation
chamber experiments conducted in the presence of humid acid
and nonanoic acid ([HA] = 10 mg L−1 and NA = 1 mM) are
presented in Supporting Information Figure S3. A list of the
identified VOCs during the photochemistry of NA in the
presence of HA can be found in the Supporting Information
(Table S1). As the observed products are arising from an

Table 1. Initial Experimental Conditions: Dark Ozone
Reaction after UV Light Processing of the Liquid Mixture of
Nonanoic Acid (NA) and Humic Acid (HA)

exp. [NA] [HA] [O3] particle numbera

mM mg L−1 ppb cm−3

1b 20 829 112
2 0.1 10 250 285
3b 0.1 526 64
4 0.1 10 500 396
5 0.1 1 301 68
6b 2 534 84
7 2 10 461 3057
8 0.5 10 476 568
9 1 10 391 887

aParticle number concentrations were subtracted from the particle
background. bControl experiments.

Figure 3. Proposed mechanism for the photochemical degradation of nonanoic acid at the interface in the presence of humic acid as a
photosensitizer.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b03520
Environ. Sci. Technol. 2016, 50, 8678−8686

8681

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03520/suppl_file/es6b03520_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03520/suppl_file/es6b03520_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03520/suppl_file/es6b03520_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03520/suppl_file/es6b03520_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03520/suppl_file/es6b03520_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b03520


interfacial process, degassing and solubilization are in
competition. Therefore, the solubility of products may affect
their gas phase yield. In order to bring more comprehension
into the distribution of the identified VOCs, ranges of Henry’s
law constants in water at 298.15 K (in unit of mol m−3 Pa−1)
taken from Sander et al.43 are given: saturated aldehydes, (1.0−
7.5) × 10−2; unsaturated aldehydes, (5.8−20) × 10−2; saturated
acids (1.2−2.3) × 101; alkanes, (1.8−12) × 10−6; alkenes,
(1.0−4.4) × 10−5; dienes, (4.6−7.3) × 10−5; isoprene, (2.3−
3.4) × 10−4. According to these values, saturated acids exhibit
the highest solubility in water among the detected products,
followed by unsaturated and saturated aldehydes. Henry’s law
solubilities of nonoxygenated compounds are several orders of
magnitude lower than those of oxygenated compounds.
Alkanes, alkenes, and dienes were mostly partitioned in the
gas phase.
The mechanistic pathways leading to the observed gas phase

products from an NA-HA system are presented in Figure 3 and
have been reported in detail in previous work.40,41 A detailed
description of the mechanism can be found in the Supporting
Information.
Light processing, without the subsequent ozonolysis of the

NA−HA system, did not lead to a significant fraction of SOA
under our experimental conditions. Particle concentrations
during the irradiation period were 150−700 cm−3 and similar to
the background concentrations of particles before irradiation.
These results demonstrate that the photochemical processes
did not represent a direct source of SOA under our
experimental conditions.
After irradiation, ozone was added in the dark 30 min after

the lights were turned off. For all the experiments conducted
with NA in the presence of HA, particle formation was
observed after ozone addition, supporting the presence of SOA
precursors among the VOCs formed during irradiation.
Maximum observed particle number concentrations (subtracted
from the background concentration) ranged from 70 to 3060
cm−3. As shown in Figure 2, particle formation was observed
when ozone was added in the presence of NA and HA, whereas
the addition of ozone in the presence of NA only did not lead
to any increase of particle concentration. Although performed
at [NA] = 0.1 mM, which is below the limit of solubility, the
observation of SOA production demonstrated the presence of a
surface film. New particles were produced after an induction
time ranging from 1.4 and 11.5 min, corresponding to the time
when the increase of particle levels was quantitatively
significant. In addition, about 2 h after the last introduction
of ozone, UV lamps were turned on. As shown in Figure 2, a
new particle formation event was observed when photo-
chemistry occurred for the second time in the presence of
ozone. This increase of particle number concentration was
caused by a reactivation of the photosensitized reaction. Indeed,
under these experimental conditions, the concentrations of OH
radicals may be very limited since the photolysis of ozone in the
presence of water is inefficient. In addition, based on simple
kinetic calculation, more than 55% of OH radicals formed
through irradiation would be scavenged by NA, which
represents a lower limit, since numerous saturated VOCs
present in the gas phase would also deplete OH radicals. We
can therefore consider that OH chemistry is a minor process in
SOA formation, where ozonolysis of additional formed SOA
precursors in the gas phase is the main pathway of particle
formation. Although temperature increased by about 4 °C and
reached a stable value of 26 °C after 1.5 h, the formation of new

particles was not believed to originate from the increase of
temperature. The observed delay between the beginning of
irradiation and the observable increase of particle concentration
resulted from a combination of the transport and kinetic
processes in the gas chamber. A bar graph in Figure 4 displayed
the particle formation rate obtained during the blanks and the
experiments. Values of formation rate originated from the
average of individual blanks and experiments.

Representative time series of the number size distributions
over the experimental time scale are presented in Figure 2.
Monomodal distributions were measured. Particle number
concentrations measured by the scanning mobility particle sizer
(SMPS) were systematically lower than those measured with
the ultrafine condensation particle counter (UCPC) due to
different cutoff diameters and the position of the SMPS
sampling inlet, positioned one meter above the CPC. As ozone
concentration ranged from 250 to 500 ppb, we observed no
dependence on ozone concentration.
Minimum concentration of particles formed (68 cm−3) was

obtained with the lowest concentrations of NA (0.1 mM) and
HA (1 mg L−1), and maximum particle concentration (3057
cm−3) was obtained with the highest concentrations of NA (2
mM) and HA (10 mg L−1). This shows that the concentration
of the surface film as well as the concentration of dissolved
organic matter in the bulk impacts SOA formation. In addition,
the total particle mass concentration (ΔM0) formed under
these experimental conditions did not exceed 1 μg m−3 during
the dark ozonolysis reaction. These observations suggest that
the dark ozonolysis reaction of VOCs formed through the light
induced reaction of NA in the presence of HA led to the
formation of condensable organic vapors,50−52 hereby promot-
ing the formation of new particles as seen by the increase of
particle numbers, also followed by some condensation
processes (promoting an increase of the volume/mass of
particles). This observation was experimentally supported by
adding ozone in the gas phase after irradiation, leading to a low
mass concentration of particles (Supporting Information Figure
S4). It is well established that aqueous phase OH radicals are
generated through light absorption of humic substances,53−55

but are not expected to degas into the gas phase. In addition,
under these experimental conditions, the high concentration of
NA in gas and liquid phases combined with the high reactivity
of OH radicals (kOH+NA = 9.76 × 10−12 cm3 molecule−1 s−1, EPI
suite)45 would make NA an efficient OH scavenger, acting as an

Figure 4. Bar graph representing particle formation rate (dN/dt)
under different experimental conditions followed by ozone addition.
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inhibitor of any interfering OH reaction. This assumption has
been verified, since no particle formation event was observed
during the photosensitization period, underlying the absence of
any contribution of OH reaction in particle formation. SOA
production from the dark addition of ozone sustained the
presence of unsaturated VOCs, bearing one or several
unsaturations, which are potential VOC candidates in SOA
formation.

■ DISCUSSION
SOA Formation Potential from Photosensitized

Reactions Followed by Ozone Addition. In this section,
the relationship between the observed particle formation and
the light processing of NA in the presence of HA at the air−
water interface followed by ozone addition will be tentatively
established. The modification of the surface tension at the
interface induced by addition of surface-enriched organic
compounds is described by the Gibbs adsorption isotherm,
where the surface excess concentration of NA is as follows:56

γΓ = − ×
⎛
⎝⎜

⎞
⎠⎟RT

d
d

1
CNA

NA (1)

with ΓNA, the surface excess concentration of NA (in molecule
cm−2), which represents the amount of NA at the air−sea
interface, CNA, the concentration of NA (in mol cm−3), γ, the
surface tension (in N m−1), R, the gas constant (8.314 J K−1

mol−1), and T, the temperature in Kelvin. The corresponding
surface tensions were measured previously using a Krüss K6
(Krüss GmbH) tensiometer by varying the concentration of
NA.40 In this work, the estimated surface excess concentration
ranged from 1.66 × 1014 to 3.99 × 1014 molecule cm−2.
As HAs are fully soluble under slightly acidic conditions used

in this study,57 we can then easily assume that the humic acids
were homogeneously distributed in the water tank in the
chamber. In addition, as the surface concentration of the
surfactant drives the chemical transformation rate, a correlation
between the measured number of particles and the production
rate of gaseous organic material is expected,58 as shown in
Figure 5. In fact, assuming that both NA and HA were present
in excess, that is, neglecting the influence of mass transport or
dilution in the chamber, can be simplified as

∝ × Γ × ×P k A/[HA] ( V)g NA (2)

where k can be regarded as a global rate coefficient for the
photosensitized reaction of NA in the presence of HA
(including reactions kinetics, product yield and phase transfer
kinetics, etc.) (in cm3 molecule−1 s−1), A is the surface area of
the liquid (in m2), and V is the internal volume of the chamber
(in m3). The amount of condensable vapor is then related to
the ozonolysis of unsaturated products (functionalized
alkenes). Assuming that the ozonolysis reaction occurred
under pseudo-first-order conditions, the amount of conden-
sable products (in molecule cm−3) can be expressed as

∝ × Γ × × ×

× − − × ×

k t A/V

k t

[condensable vapors]

[HA] ( )

[1 exp( [O ] )]
NA irr

O3 3 ind (3)

where kO3 is the bimolecular ozone reaction rate coefficient
with the alkenes (in cm3 molecule−1 s−1), tirr is the irradiation
time (in s), and tind is the induction time (in s) corresponding

to the time interval between the introduction of ozone and the
formation of particles. However, the concentration of
condensable vapors was not determined accurately, since
many factors remained unknown. Indeed, the SOA precursor
concentration in the gas phase could not be measured in this
work. Modeling such condensable vapor concentrations would
be possible, but would be implicitly associated with numerous
assumptions, increasing the level of their uncertainties. Jokinen
et al.51 reported the formation yields of ELVOCs from the
ozonolysis of terpenes, but with very high uncertainties (−50/
+100%). Furthermore, as they are extremely low-volatility
organic compounds, loss on the surface of the chamber would
be highly expected. All combined assumptions would lead to a
very uncertain estimate of ELVOC or condensable vapor
concentrations in these experiments.
Thereby, we assumed that the ratio of the SOA precursor

concentration to the total amount of products is similar
whatever the initial liquid phase concentrations are. As
displayed in Figure 5, correlations were indeed observed,
similar to the one reported by Boulon et al.58 between the
particle production rate and the surface excess concentration
and also the concentration of condensable vapors, highlighting
the direct role of the air−water interface in the production of
SOA particles. It is also underlined that, under our experimental
conditions, the formation of particles was dictated by the
surface process and not by ozone concentration, which was in
large excess and simply titrated away all unsaturations.

Atmospheric Implications. Secondary organic aerosol
production from a photosensitized reaction was evaluated in a
new multiphase atmospheric simulation chamber. Obviously,
the experiments described were not necessarily conducted
strictly under atmospheric conditions, but they clearly highlight
the fact that the light-induced reaction of a simple fatty acid
(i.e., NA) in the presence of dissolved organic matter (HA) led
to a significant production of aerosol precursors, which upon

Figure 5. Correlation between the light-induced reaction of surface
excess nonanoic acid (NA) in the presence of humic acid (HA) and
the number of particles (N) formed through the addition of ozone. In
addition, correlation between the number of particles (N) and
estimated levels of condensable vapors (proportional to molecules
cm−3) is presented.
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ozonolysis was the main pathway leading to SOA production.
We found evidence that unsaturated compounds were the
aerosol precursors among the other VOCs formed during the
photochemical process. We are aware that the concentration of
ozone necessary in this work is equivalent to several hundreds
of ppb (250−830 ppb), which is an order of magnitude higher
than the concentration in the marine boundary layer (i.e., ∼ 0−
50 ppb). High ozone concentrations compared to atmospheric
conditions were used to compensate: (1) the low light intensity
of the UV lamps compared to solar radiation (about seven
times lower at 365 nm) and (2) the possible loss of reactive
VOC through heterogeneous loss on the chamber wall,
reducing the amount of condensable vapors in the gas phase,
therefore lowering SOA particle production.59 Overall, the high
ozone concentration compensated for these effects and led to
rapid SOA formation. Furthermore, the low particle mass yield
observed in those experiments confirmed the formation of
extremely low-volatility oxidation products, preferentially
leading to an increase in particle number in higher proportion
than the concentration of semivolatile oxidation products.
Numerous other VOCs characterized by a low vapor pressure
originating from light processing likely participated in aerosol
growth. Furthermore, the approach used in this study focused
on an unexplored photochemical process and its contribution
to the production of marine SOA. Considering the studies
reported by Prather and co-workers,20,21,60 who used a quasi-
realistic approach to describe the chemical complexity of SSA,
an evaluation of the contribution of the photochemistry in the
formation of VOCs and SOA would be of interest, especially at
low wind speed where mechanical SSA production is reduced
while the SML are still covering the air−sea interface. This
work highlights the need to conduct future experiments more
closely mimicking marine conditions.
While our study was not directly performed under realistic

conditions, the results presented here may still be related to real
environmental issues. In fact, Wurl et al.,61 by studying the
organic enrichment in the sea surface microlayer (SML) in
different regions of the ocean (subtropical, temperate, polar),
observed a much larger coverage than previously assumed and
showed that part of the oceans can be assumed as fully covered
by an organic layer, mostly during fall, with wind speeds of up
to 10 m s−1. These conditions are similar to those reproduced
in our chamber by simulating an almost molecular coverage of
the air−sea interface with a fatty acid (i.e., nonanoic acid). In
the case of such a C9 carboxylic acid, and assuming a
homogeneous distribution throughout a 100 μm thick water
layer at the interface (matching operationally defined SML
thickness), the enrichment factors simulated in the chamber
were between 10 and 100 and therefore higher than typical
marine values. While DOM is present at low concentrations in
the open oceans (0.5−1.0 mg L−1),19 with concentrations
possibly peaking near estuaries, the high range of reported
values is overlapping the conditions used in this study. Under
such conditions, the lowest values of (Excess coverage ×
[Humic acid]), as reported in Figure 5, are nevertheless
approaching real marine conditions in which photosensitized
SOA production could lead to a particle increase of ca. 100−
500 # cm−3. For instance, Covert et al.62 reported new particle
formation (assigned at that time to SO2 processing) in the
marine boundary layer along the coast of Washington State,
with an increase of a few hundreds of particles per cm3 within a
few hours. While their measurements could not distinguish
between changes in number concentration caused by particle

nucleation versus advection or vertical mixing, they underlined
a continuous particle production on a mesoscale in the air mass.
Such changes are in the same range as those estimated above;
therefore, one could hypothesize that SML photoprocessing
could contribute significantly to such events, especially in view
of the recent advances in the description of nucleation in which
not only sulfuric acid is the key, but also its interaction with
complex organic molecules (even if present at very low mixing
ratios).63

This study clearly points toward a possible impact of
photochemistry of the organic films at the air/water interface
on the production of organic aerosols (and their gaseous
precursors). As such chemistry involves only fatty acids as
surfactants and dissolved organic matter as photosensitizers,
both being ubiquitous in the marine environment, its
quantitative importance will have to be assessed during further
studies.
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