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ABSTRACT: Isoprene is an important reactive gas that is produced mainly in terrestrial G

ecosystems but is also produced in marine ecosystems. In the marine environment,
isoprene is produced in the seawater by various biological processes. Here, we show that
photosensitized reactions involving the sea-surface microlayer lead to the production of
significant amounts of isoprene. It is suggested that H-abstraction processes are initiated
by photochemically excited dissolved organic matter which will the degrade fatty acids
acting as surfactants. This chemical interfacial processing may represent a significant

abiotic source of isoprene in the marine boundary layer.

B INTRODUCTION

Aerosols and low-altitude reflective clouds in the marine
boundary layer have been shown to impact the climate system
as a whole,"” triggering substantial research on the origin and
chemical composition of marine aerosols. While primary
sources originate from bubble bursting (producing sea-salt),
secondary sources are believed to derive from the gas-to-
particle conversion of phytoplankton-emitted trace gases such
as dimethylsulfide (DMS) and various organic precursors such
as isoprene and other terpenes.’ ' While global modeling
tends to identify a possible missing source of organic aerosol in
the troposphere,''~'* the nature of the chemical compounds
and their source fluxes remain poorly characterized.

Since the initial identification of marine emissions of
isoprene,'>'® its production rates have been determined for
"7 macroalgae,” and various microbial commun-
ities,”> with light-sensitivity of isoprene production from
phytoplankton observed resulting in a midday maximum.”*
Field observations have shown isoprene levels up to several
hundreds of pptv,” which could be high enough to affect
marine pristine regions. Vaattovaara et al.”® found that under
coastal nucleation events, 11—47% of the mass fraction could
be attributed to an organic fraction produced by secondary
organic aerosols (SOA) formation processes. These authors
suggested that isoprene was a probable precursor to SOA.
Despite this potential importance, large discrepancies still exists
between emission flux measurements, so-called “bottom-up”
methods'"*” and the “top-down” approach which tries to
combine in situ observations and simulations'**”** with fluxes
ranging from ~0.1 to 1.9 Tg C yr* and ~11.6 Tg C yr’},
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respectively."'®**%° There is therefore a clear need of
identifying possible sources of isoprene, including abiotic
processes.

It has been shown that various alkenes can be photochemi-
cally produced, possibly via the degradation of the dissolved
organic matter, in the upper region of the oceanic mixed
layer.”’ To date, only little or even no attention has been
devoted to atmospherically relevant photochemistry taking
place at the air—water interface.”> The sea-surface microlayer
(SML), defined as the uppermost tens to hundreds of
micrometers of the surface of the ocean, covers more than
70% of the Earth’s surface.”> The SML is known to concentrate
organic matter (i.e., dissolved organic matter including UV
absorbing humic substances, amino acids, proteins, lipids,
phenolic compounds) and surfactants (i.e., fatty acids).” This
interface, having different chemical, physical and biological
properties compared to subsurface waters, plays a significant
role in biogeochemical processes on a global scale (i.e., air—sea
gas exchange, trace gas deposition to the ocean, and secondary
organic aerosol formation).****

It is only very recently, that the interfacial photoproduction
of a series of unsaturated volatile organic compounds (VOCs)
has been reported as arising from the photosensitized
degradation of organic surfactants.*>*® The main produced
VOCs were corresponding to the oxidation products of the
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surfactant, but in addition a series of functionalized and
unsaturated compounds was also observed. A mechanism
initiated by the H-abstraction of the surfactant (nonanoic acid)
in the presence of exited photosensitizer (humic acid) was
proposed. We present here new experimental evidence that
such photosensitized reactions at the air—sea interface can also
led to the abiotic production of isoprene.

B EXPERIMENTAL SECTION

Photochemical Reactor. Gas phase products produced
upon illumination of various SML samples were investigated in
a quartz cell (2 cm diameter and 5 cm length) filled with 7 mL
of solutions (see below), creating a S cm” air—water interface
irradiated by means of a 150W, water filtered, xenon lamp
positioned 10 cm away so that the photon flux entering the cell
was almost mimicking solar irradiation (for more details, see
Ciuraru et al.”®). This cell was continuously purged with 200
sccm of purified air, entraining the gas phase products to
various analytical tools described below. This simple
approach™ enabled the reproduction of the air—sea exchange
on quiescent water covered by an (synthetic or authentic)
organic film, mimicking low wind conditions.

Blank experiments were routinely performed on 18 MQ
deionized water and solutions containing solely the surfactant
or the humic acids to assess background signals when
irradiating. The resulting data are presented in the Supporting
Information.

Analytical Methods. The gas-phase products were
analyzed using a commercial SRI-PTR-ToF-MS 8000 (Selective
Reagent Ionization Proton Transfer Reaction Time of Flight
Mass Spectrometer) instrument from Ionicon Analytik GmbH
(Innsbruck, Austria) in its standard configuration (V mode)?’
with H;O" and NO" as reagent ion. The PTR-MS sampled
continuously 50 sccm from the emissions stream through 1.5 m
of 6 mm id. peek tubing. No particle filter was placed at the
inlet to avoid artifact from possible organics deposition on the
filter. Internal calibration of the ToF data and peak extraction
were performed according to the procedure described in detail
by Lindinger et al.”’ PTR-ToF-MS spectra were collected at a
time resolution of 8s. Measurements using H;O" ionization
were performed using a drift voltage of 600 V, drift temperature
of 60 °C and a drift pressure of 2.25 mbar resulting in an E/N
of about 130 Td (1 Td = 107" cm?® V™'). The ionization
conditions in the NO* mode were maintained at a drift voltage
of 600 V and a drift pressure of 2.25 mbar. The instrument was
operated at an E/N value of 132 Td. The VOCs concentrations
are expressed in ppbv and they have been calculated according
to the formula described in Cappellin et al.”® We have used the
same value of k = 2 X 107 cm®/s for all masses exceptin
isoprene, which has a value of k = 1.94 X 10™° cm3/s.?
Uncertainties in our data may arise from systematic errors in
the concentration determination because the accuracy for
compounds concentration has been estimated using calculated
values for the collision rate constant which should equal the
reaction rate constant within +30%.

One of the main weaknesses of PTR-ToF-MS is that the
VOC identification relies solely on mass spectrometry;
therefore, comparison of PTR-ToF-MS measurements to
those by means of a GC-MS technique was used for accurate
identification of individual VOCs. This comparison was only
used to validate the chemical speciation made with the PTR-
ToF-MS. The GC-MS data were not used to extract yield or
fluxes information. An advantage of the PTR-ToF-MS used in

this study relies on the possibility of the simultaneous use of
different ionization modes (H;O* and NO¥) in order to
eliminate or reduce possible interferences and therefore obtain
a more accurate compound identification.

Analysis of VOCs were also performed by Automatic
Thermal Desorption (ATD Markes Thermal Desorber Unity
with an Markes Autosampler Ultra 2) coupled with GC/MS,
using an Agilent 6890 GC (DB-VRX column of 60 m X 0.25
mm X 1.4 ym, J&W, 122—1564) and an Agilent MSD 5973 N
MS with electron impact ionization mode. A Tenax sorption
tube of 200 mg (L = 3 1/2 in, o.d. = 1/4 in.) has been used.

The surface tension was measured using a Kriiss tensiometer
K6 (measuring range between 0 and 90 mN/m). For the
measured surface tension, the errors are estimated at 10%.

Chemicals. The proxy organic layer for the experiments
within the present study was either nonanoic acid (a simple
proxy for fatty acids) as an organic surfactant or authentic SML
samples from Bergen (Norway). The bulk solutions contained
dissolved organic matter in the form of humic acids as
environmental photosensitizer present in dissolved organic
matter (DOM).*

To our knowledge, there is no direct measurements of
nonanoic acid concentration in SML. This acid is a product of
the oxidation of oleic acid; elevated concentrations of C9 acid
being attributed to the ozonolysis of the latter which is enriched
in the SML.*' King et al.** reported a high yield of nonanoic
acid (87%), which remained at the surface of the water after
being produced by the reaction of ozone with oleic acid. Some
other measurements showed 4.9 ng m™ of nonanoic acid in
fine particulate organic acids in marine areas."'

For the experiments with artificial SML, a salt solution
composed of 1 mol L' sodium chloride (99+%, Sigma-
Aldrich), 1 mmol L™" sodium bromide (99+9%, Sigma-Aldrich),
and 10~° mmol L™" sodium iodide (99+9%, Sigma-Aldrich), with
additional concentrations of humic acids (Fluka), was prepared
by dissolving known amounts of the products in 18 MQ
deionized water. The surfactant monolayer was prepared by
adding a known concentration of nonanoic acid in these
solutions. The pH of the solution was raised to approximately 8
using a sodium hydroxide solution; experiments were
performed using solutions to which base was not added,
these having a pH in the range of 4—5. The nonanoic acid was
purchased at Alfa Aesar (97%).

In some experiments, nonanoic acid was previously purified
by bubbling ozone before irradiation. In this case, the PTR-
ToF-MS spectra showed no differences compared to those
acquired without purification. All the experiments presented
here represent the results without purification.

The authentic SML samples were collected by means of the
glass plate technique, out of the coast in the Raune fjord and
are therefore “coastal samples”, which can be naturally more
continentally influenced compared to samples collected in the
open ocean. Sampling was performed on a sunny day under
calm conditions (low wind speed of 4 m s™*) at 1:00 p.m. UTC
(Coordinated Universal Time), and the collected SML film was
around 200 pm thick. Salinity and dissolved organic carbon
(DOC) and particulate organic carbon (POC) content of the
SML sample are reported elsewhere.”> Nonfiltered samples
were used in this study. We did not add any reagents such as Ag
or Hg to terminate biological activity.

Quantification of Fluxes. Fluxes (molec mW™' s7!) were
calculated according to
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where C is the isoprene concentration (molecules cm™), Q is
the flow rate of air into the cell (cm® s™'), S is the surface area
of the solution (cm?), and L is the light intensity (mW cm™2).
Assuming, that only the UV-A fraction of the Xe lamp output
triggers the observed photochemistry, the calculated flux was 8
mW cm™ for the wavelength below 400 nm.

B RESULTS

Figure 1 shows that when nonanoic acid is used as a synthetic
proxy of the SML, isoprene is readily produced after switching

Light ON

—— MVK+MACR
—— Isoprene

mixing ratios (ppb)

T T
100 150

time (min)

Figure 1. Typical irradiation experiment of a solution containing salt
water, humic acid (30 mg L™") and nonanoic acid (1 mM) showing
the formation of isoprene (red line) and sum of methyl vinyl ketone
and methacrolein (MVK+MACR, blue line) measured by PTR-ToF-
MS with H;O" as reagent ion.

on the light. That is the outcome of a typical experiment. The
time scale required to produce it is very short as the residence
time of the carrier gas in the glass reactor is in the order of a
few seconds depending on the gas flow. It can be seen that a
steady-state concentration is reached very rapidly and
maintained through the irradiation period. In contrast, no
isoprene formation was observed using only water, humic acid,
or the surfactant (Figures S1 and S2). In addition to the
formation of isoprene, methacrolein, and methyl vinyl ketone
are also detected and separated by PTR-ToF-MS in NO*
ionization mode.” These compounds are isoprene first-
generation oxidation products.

It is well described in the literature that the chromophores
contained within the humic acid substances of dissolved organic
matter will be excited.*" Subsequently, they will initiate the
degradation of an organic surfactant at the air—water interface.
Such processes are well documented** for bulk water and are
known to initiate a series of potential oxidative pathways such
H-abstraction, charge transfer reactions, hydrated electrons,
HO, or singlet oxygen production.***® All these processes have
the potential to chemically degrade aqueous organic com-
pounds leading to formation of different classes of molecules
(i.e, unsaturated compound, alcohols, aldehydes, or ketones),
their structure depending on their parent molecule.*

In addition to these classes of products, in the experiments
performed here, we also observed the photoinduced formation
of dienes (Figure 1), including isoprene at m/z 69.069
(detected in H;O" ionization mode) and 68.062 (in NO*
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mode).* These chemical attributions were verified by two
techniques (ie, ATD-GC-MS measurements and PTR-ToF-
MS in different ionization gases (H;O* and NO*)).

In H;0" mode, the proton transfer reaction of MACR and
MVK with H;O" giving rise dominantly to a single ion, thus
only the sum of their mixing ratios can be reported.”” Gas
chemistry in our experiments is expected to be unimportant
due to the absence of added oxidant and to the short residence
time preventing, for instance, the building-up of ozone.
Therefore, these compounds may not only arise for the air—
water interface chemistry but also, depending on the ionization
mode (especially for H;0"), from secondary processes in the
ion cell of the PTR-MS. Table 1 also lists the emission fluxes of
these compounds assuming that their photochemical produc-
tion do not interfere with ionization processes in the mass
spectrometer.

Table 1. Marine Isoprene Seawater Flux Measurements and
Estimates Taken from Shaw et al.”* Compared to our
Estimated Values (Laboratory Maximal and Minimal Fluxes
and from the Authentic Sample)”

3 24
measured isoprene flux

location dates (molecules cm~2 s71) x 10°
North Sea July 1993—July 0.017
1994

Northeast Pacific July 2002 0.02
Raunefjord, Southern May—June 0.1

Norway 2005
Mace Head, Ireland ~ Sep—Oct 1998 0.68
Coastal Crete Feb—Oct 2004 6

this study (molecules cm™ s™") x 10°

isoprene MACR MVK
lab conditions EF 2 EF 1.5 EF 1
max 230 23 17.3 11.5 23 37
min 7 0.14 0.1 0.07 12 4.7
SML 17 1.7 13 0.8 2.1 1.1

“The values from this study have been multiplied by the mean solar
flux (21 mW cm™2)°¢ estimated for latitude and time of the year. The
laboratory conditions refer to the measured flux with a saturated
surface and high enrichment factors (EF), while the column at
different EFs present the data scaled to observed marine conditions
(see text).

Similar observations were also made with authentic SML
samples taken in Bergen. In these samples, 30 mg L™' humic
acid was added to mimic DOM. When irradiating the samples,
the results reveal a close matching with the artificial samples
(Figure S4).

Using the authentic SML samples, a formation of 17 X 10°
molecules cm™ s™' of isoprene is observed during irradiation
with 4 > 300 nm, which represents the same order of
magnitude as for isoprene production by phytoplankton.”* A
production of methacrolein and methyl vinyl ketone was also
observed during irradiation.

To obtain further insights into the underlying processes, we
measured the yield of isoprene on synthetic samples as a
function of the nonanoic and humic acids concentrations. The
actual isoprene yield was observed to linearly depend on the
humic acid concentration (Figure S3) but nonlinearly with the
nonanoic acid concentration. The surface concentration of the
later is related to the surface tension of the corresponding acid/
water mix.”> A strong correlation between the measured surface
tension and the isoprene concentration was clearly evidenced
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(Figure 2). In fact, both the yield of isoprene and the surface
tension are leveling-off at surface tension lower than
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Figure 2. Evolution of gaseous isoprene concentration as a function of
the nonanoic acid surface tension.

39 mN m™}, corresponding to surfactant concentrations larger
than ca. 1.5 mM, and clearly the isoprene yield is not
proportional to the nonanoic acid bulk concentration.
Furthermore, in the absence of a surfactant film, isoprene
production was never observed. These results represent direct
evidence of photochemical production of isoprene by interfacial
chemistry (i.e., the air—aqueous interface tends to concentrate
the organic molecules at the surface, enhancing chemical
pathways otherwise too slow to occur).

Some experiments have been performed with longer
irradiation times (about 12 h). In these experiments, the
isoprene signal was stable during the entire irradiation time.
This means that the surfactant replenishes itself, just by
diffusion from the bulk water to the surface, during the
irradiation time. At this point, a loss of surfactant over time
cannot be calculated because the nonanoic acid concentration is
constant over time and we are only measuring the emitted
VOCs.

We varied the carbon chain length of the surfactant to help
understand if the length will contribute to the isoprene
formation. The experimental results, performed with pentanoic
and hexanoic acid as surfactants, showed no photochemical
isoprene formation, indicating that gaseous isoprene is emitted
from organic monolayers containing at least seven atoms of
carbon. Because pentanoic and hexanoic acids are more water-
soluble than nonanoic acid, the equilibrium will be then
displaced toward the bulk, leading to a lower concentration of
the acid at the surface than in the bulk. It has been shown that if
the carbon number of the hydrocarbon tail of an acid is greater
than eight, it will be immiscible in water and act as a surfactant,
as it is the case of nonanoic acid.*® Pentanoic acid is then
unable to form a monolayer on the water surface under our
experimental conditions. These results highlight again the
importance of the surfactant for this specific chemistry at the
air—water interface.

Experiments as a function of pH have also been performed
using nonanoic acid as surfactant (pK, = 4.9) within a pH range
of 4 to 12. The pH of the solution was raised to approximately
8 using a sodium hydroxide solution; experiments were
performed using solutions to which base was not added,
these having a pH in the range of 4—5. When the pH of the
solution was increased to 12, no isoprene was identified in the
PTR MS spectra. This can be explained by the ability of an
alkaline solution to dissolve completely nonanoic acid and
depleting the organic surfactant (ie., corresponding to a
reduced surface concentration which directly reduces the

emitted VOCs). Figure 3 illustrates the flux of isoprene as a
function of the pH of the solution.

surfactant insoluble:
full surface coverage

__ o4 °
v
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E
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=
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0 .
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Figure 3. Evolution of gaseous isoprene flux as a function of the pH of
the solution.

A key feature of interfacial reactions is that they favor
protonation and self-reactions (due to higher concentrations),
which will lead to the formation of dimers as already suggested
by Griffith et al.* (Scheme 1).

The isoprene production may be explained by the formation
of these dimers followed by subsequent oxidation via H-transfer
and unimolecular decay of the peroxy intermediates. Further
hydrogen abstraction reactions result in shorter alcohols, acids,
aldehydes, or ketones (due to the variety of highly oxygenated
and substituted products obtained in the various oxidations
steps) which can in turn lead to the formation of unsaturated
products as identified in the PTR-ToF-MS spectra in our
previous study.’

Due to the high concentration of nonanoic acid at the
interface, we expect a direct abstraction of an H atom at the
alkyl chain by OH radicals to form an a-carboxyalkyl radical.
The H-abstraction followed by oxygen addition will lead to a
hydroxy acid. Primary photochemical reactions of an excited
carbonyl group (as hydrogen-atom abstraction) will produce
radical-pair or biradical intermediates.”® The reaction of these
excited triplet ketones with the hydroxy acid can lead, after
decarboxylation, to the formation of a ramified unsaturated diol.
The hydoxyalkyl-hydroxy-elimination from the diol formed will
lead to isoprene and smaller ketones. The reactions of diols in
which at least one OH group is tertiary, can be cleaved in an
acid-catalyzed environment.”' This reaction is then privileged
by the surfactant excess at the interface and its favorable H-
abstraction and decarboxylation51 (Scheme 2,a). Another
plausible pathway for the isoprene formation is represented
by the reaction of the a-carboxyalkyl radical (Scheme 2) with
the excited triplet ketone. After decarboxylation and H-
abstraction of this radical, the O, addition will form a peroxyl
radical. The recombination of two RO, radicals will lead to an
alcohol and a carbonyl formation. The alcohol can be afterward
converted into isoprene by water elimination and fragmentation
(Scheme 2, b).

B DISCUSSION

Hydrophobic surfactant films are typically believed to play the
role of a physical barrier to air—sea exchanges, especially at low
wind speed.’” This inhibiting effect targets only gases present
the underlying bulk water. However, and as shown here, if
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Scheme 1. Suggested Reaction Mechanisms Leading to Nonanoic Acid Dimer
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Scheme 2. Suggested Reaction Mechanisms Leading to the Photosensitized Production of Isoprene at the Air—Sea Interface
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chemistry is taking place in the SML, then the associated
chemical products may still be released into the gas phase. In
other words, while surfactant films may isolate the bulk
seawater from the gas phase, the composition of the latter will
be mostly affected by products arising from interfacial
processes, corresponding to the degradation products of the
surface layer.

In fact, our results suggest that when H-abstraction reactions
are predominately occurring in an organic monolayer at the
air—water interface (i.e., on a fully covered surface), unsaturated
gaseous compounds, such as isoprene, can be emitted. Wurl>®
et al. studied the surfactants concentration in the SML in
different regions of the ocean (subtropical, temperate, polar).
They suggested that the ocean surface microlayer is enriched
with surfactants to a much larger extent than previously
recognized and can be assumed as fully covered by an organic
layer, mostly during fall. It has been also shown that the
surfactant enrichments persisted at wind speeds of up to 10
ms~, without any observed depletion above $ ms™.>* Table 1
compares favorably the isoprene flux derived from our studies,
at 1 and 5 mM surfactant concentrations, to those of Shaw et
al.** (real marine fluxes), so far assigned to phytoplankton and
macroalgae,24 for a solar flux of 21 mW cm™>, estimated for a
solar zenith angle of 40° corresponding to fall conditions>* (as
those encountered during the sampling of the SML samples).
Considering such typical actinic fluxes, the chemical (photo-
sensitized) isoprene production under the present conditions is
ranging from 7 X 10° to 23 X 10'° molecules cm™ s~ which
are at the upper limit or much larger than reported in situ
measurements (Table 1). It must be emphasized that these data
arise from a laboratory study that certainly tends to maximize
such fluxes by isolating these processes or by using slightly
broader wavelength regions as compared to the actinic fluxes,
or by environmentally too large enrichment factors (EF). In
fact, the maximum achievable surface concentration by a C9
carboxylic acid is ca. 0.01 mol m™%;° assuming that this evenly
distributed throughout a 100 ym thick water layer, matching
operationally defined SML thickness, one can calculate
enrichment factors of 20 or even 100 for 5 and 1 mM
nonanoic acid solutions respectively, which is much larger than
typically encountered values. While the laboratory based values
are providing unrealistic high fluxes, scaling to marine
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conditions (i.e, EF = 1, 1.5 or 2, matching for instance the
values reported by Wurl et al.>*), realistic fluxes ranging from
0.01 to 23 X 10° molecules cm™ s™! are derived (see Table 1),
which are in the order of the observed emission fluxes.
However, as pointed out by Wurl et al,” surfactant
production by nonchlorophyll-containing organisms (i.e.,
bacteria and zooplankton) may become more important in
oligotrophic conditions, leading to a much larger extent of
surfactant as compared to chlorophyll-based estimates. In turn,
this would mean that photochemical production of isoprene
discussed above could take place on a wider extent than those
estimates based solely on biological activity, estimated again on
chlorophyll levels.”” This may help reducing the gap between
“top-down” and “bottom-up” estimations of the isoprene fluxes.
Finally, while this study is focusing on photochemistry at the
air—sea interface, one could also expect that particles produced
by bubble bursting would carry some features similar to the
air—sea interface allowing such photochemical process to take
place also on the surface of aerosols and therefore at various
altitudes, which could be a source not captured by bottom-up
approaches. If we roughly estimate that around 30% of the
ocean surface (assumed to be 3.8 X 10° km?) is enriched by
surfactant, depending on season,” and that 50% of the time the
surface of the ocean is illuminated, then we can estimate that
the photochemical flux of isoprene ranges from 0.2 to 35 T%
yr™!, adding to reported biological sources. Arnold et al.,”
combining satellite maps of the global distribution of
phytoplankton functional type and new measurements of
phytoplankton-specific isoprene productivities, found a mean
“bottom-up” oceanic isoprene emission of 0.31 =+ 0.08
(16)Tgyr™!, while modeling produced a “top-down” source
estimate of 1.9 Tg yr~'. Therefore, such differences could be
partially explain by the suggested abiotic source of isoprene.
This study clearly points toward a global impact of the
interfacial chemistry at the air—sea interface. The existence of
organic films on the ocean surface due to biological activities
influences therefore air—sea exchanges in an unexpected
significant manner, as interfacial photosensitized chemistry
may represent a significant source of isoprene in the absence of
any biological sources in the marine boundary layer. This
interfacial chemistry involves only fatty acids as surfactants and
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dissolved organic matter as photosentitizers, and both are
ubiquitous in the marine environment.
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