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Abstract: Recent studies have shown that photochemical reactions occurring at the air-water
interface are a source of volatile organic compounds (VOCs) to the atmosphere. We report here
the photosensitized formation of VOCs from illuminated freshwater and seawater mimics
containing nonanoic acid (NA) and/or Suwannee River natural organic matter (SRNOM). Under
an atmosphere of air, the total blank-corrected steady-state concentration of VOCs formed from
illuminated seawater coated with nonanoic acid is somewhat smaller than that formed from
freshwater, suggesting some differences in photochemical pathways for the two substrates. The
total blank-corrected steady-state concentration of VOCs more than doubles from both
freshwater and seawater NA-coated surfaces under nitrogen compared to air. The addition of
SRNOM as a photosensitizer induces some photochemistry from the seawater sample under air,
but no chemistry is seen with freshwater, or under nitrogen for either substrate. Adding SRNOM
to the nonanoic acid-containing solutions roughly doubles the total steady-state concentration of
VOCs emitted from both freshwater and seawater surfaces under air. The small differences in
product formation for the two substrates implies some difference in the photochemical
mechanisms operating in freshwater versus seawater, which may be due to the presence of

halides and metals as well as pH differences between the two aqueous systems.

Introduction
The ocean-atmosphere interface covers 70% of the Earth’s surface, and the chemistry that occurs
there plays a crucial role in the exchange of species between the atmosphere and the

hydrosphere. Heterogeneous chemistry taking place at the air-water interface is therefore of
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importance and interest.* The presence of an organic coating, even as little as a sub-monolayer,
at a water surface may alter the kinetics of heterogeneous reactions there, with the exact effect
depending upon the composition of the monolayer.®® The air-water interface is also exposed to
sunlight for large portions of time, suggesting the importance of heterogeneous photochemistry

processes that may occur there.’

Recent studies have focused on understanding how the air-water interface influences the
formation of volatile organic compounds (VOCS) in the aqueous phase and their release into the
atmosphere. Field studies found evidence to suggest that the air-water interface is a source of

VOCs, such as isoprene and formic acid,®**

which suggests that a marine source of VOCs is
more important than previously thought for the global VOC budget.>** In addition, it has been
suggested that the type of aquatic environment (fresh versus saline) may influence the production

of VOCs.™ Recent laboratory studies,*®

using simplified aquatic environments, have shown
that photochemistry at the air-water interface serves as a major abiotic source of functionalized
VOCs,* 2" which has further implications towards the oxidative capacity of the atmosphere and

the formation of secondary aerosols.

These laboratory studies have also highlighted the importance of a microlayer in the formation of
the gas-phase products. The sea surface microlayer (SML) has been shown to play a crucial role
as a boundary in the physical and chemical exchange between the ocean and the atmosphere.?#
The SML is defined operationally as the uppermost 1 pm to 1 mm of the surface of the ocean,
and has been shown to persist at windspeeds up to 13 ms™.3%*! This microlayer, which covers a
large portion of the ocean surface, is mainly composed of biogenic organic species such as lipids,
hydrocarbons, proteins, and polysaccharides.®*~* Similarly, microlayers have been reported to be
present on freshwater lakes and rivers, and the chemical composition of those organic
microlayers are thought to be similar to the SML.>**? For the purposes of this paper, microlayers

on both fresh and seawater surfaces are referred to as SMLs.

Laboratory studies have commonly used fatty acids, such as nonanoic acid, 1-octanol, heptanoic

acid, octanoic acid and hexanol,* %

as SML proxies, because these compounds are found in
sea surface waters at concentrations of 3-200 pgL™.3*"*® One study compared the formation of
VOCs from a proxy microlayer, using nonanoic acid, to an SML sample collected from Norway

and found that there were limited differences between the gas-phase products from the two



microlayers.?* Another study?* found that nonanoic acid was able to initiate its own
photochemistry, highlighting the importance of the different chemical properties at the interface
relative to the bulk aqueous phase. Overall, the illumination of these fatty acid microlayers
produce functionalized VOCs at different concentrations, similar in composition to those

detected in field studies.® 18202124

Laboratory and field studies have also noted that a photosensitizer, such as natural organic matter
(NOM), is typically required to initiate the formation of VOCs at the interface, and may
influence the concentration and identity of the VOCs produced.>?*#4 NOM is an important

L %4 and is

component of surface waters, present at concentrations between 0.1 and 20 mg
strongly enriched at the air-water interface, particularly when a microlayer is present.®**#8 |n the
aquatic environment, NOM is photochemically active due to the presence of chromophoric

species, as it can act as a photosensitizer via its excited triplet state,**>°

and the excited triplet
state also leads to the formation of different reactive intermediates such as singlet oxygen
(*0,)***® and the hydroxyl radical (OH").%*®® Additionally, it has been reported that riverine and
oceanic natural organic matter exhibit different photosensitizing properties,®” which are highly
variable due to the intrinsic link with local geology and biology. In particular, the activity of
marine natural organic matter shows even day to day variability, related to its origin and the
sampling procedures used.®®®° It has also been shown previously that the water composition,
such as the presence of halides and different metals, alters the formation of the different reactive

intermediates, "

thereby affecting the role that NOM plays in the photochemistry of surface
waters. NOM can also participate in heterogenous, light-induced reactions at the interface with
trace gases, such as NO,,”* and ozone with chlorophyll.”” These studies suggest that
photosensitized reactions at the interface could be particularly important in the production and

transformation of volatile species, although the reaction mechanisms are poorly understood.

In this study, we investigated the total formation of VOCs from fresh and seawater mimics to
understand whether there are differences in VOC formation linked to water compositional
differences such as pH and the presence of halides, as well as differences when a surfactant
and/or photosensitizer are present. Since the interactions between NOM and the SML are
relatively unknown and there is a lot of variability in NOM samples, we used an available

commercial standard, Suwannee River natural organic matter (SRNOM), to serve as a proxy



photosensitizer and to obtain more reproducible experiments. Nonanoic acid was used as a proxy
surfactant. By changing the chemical conditions of water bodies, we probe how the
photochemical formation mechanisms of VOCs differ by reporting the blank corrected steady-
state concentrations of VOCs formed. To the best of our knowledge, a direct comparison

between the two water bodies has not been done previously.

Methods

Materials

The Natural Organic Matter sample used in this project was Suwannee River natural organic
matter (SRNOM), purchased from the International Humic Substances Society (reference
2R101N) and used without any workup. Instant Ocean Sea Salt (10), a synthetic sea salt used to
make seawater solutions, was purchased from the company Instant Ocean (Product No. SS15-
10). The chemical composition of Instant Ocean has been reported previously by Langer et al.”
Nonanoic acid (Alfa Aesar; 97% pure) was used as delivered. Solutions containing only Milli-Q
deionized water or 40.1gL™ 10 in Milli-Q deionized water were used as blanks to identify any
trace contamination from the aqueous substrates. Stock SRNOM solutions were made at a
concentration of 10 mgL™!. Freshwater mimics with 10 mgL™* SRNOM were made using Milli-Q
deionized water (Elga Purelab Classic, 18.2 MQ) while seawater solutions of 10 mgL™ SRNOM
were made with 40.1 gL™ 10. The freshwater mimics were at a pH of 5 while the seawater
mimics were at a pH of 8.1, mimicking typical pH of natural aquatic samples. These pHs were

true for the blanks as well as the mimics containing SRNOM and/or nonanoic acid.

Quartz Cell Experiments: Instrument Set-Up Details

A schematic of the experimental setup can be seen in Figure 1 below. The experiments were
performed using a 14 mL, 5 cm pathlength quartz cell with an inlet at the top on either end
(Starna, UK). The quartz cell was clamped in place 5 cm in front of the output of a Xenon lamp
(150 W Xe, LOT-QuantumDesign, France) equipped with a water filter of 5 cm in length and a
Pyrex filter to remove infrared radiation and short wavelengths (A <290 nm). The experimental
design was such that the photon flux entering the cell was very similar to solar radiation. More

details are provided in Ciuraru et al.,*

where in a similar experiment it is also shown that the
location of the lamp does not limit production of VOCs. For each experiment, the cell was half-

filled with 6 mL of the aqueous solution being studied; the resulting surface-to-volume ratio was



approximately 1.4 cm™. The experiments investigating the formation of VOCs from SRNOM
only used either 10 mgL™* SRNOM in pure DI water or 10 mgL™ SRNOM in artificial seawater.
For experiments using nonanoic acid, approximately 2.5 pL of neat nonanoic acid was added to
the water surface in the quartz cell using a micro-pipette, to reach a bulk concentration of 2 mM
nonanoic acid — sufficient to form a microlayer. The cell was gently stirred to promote the
creation of the microlayer of acid over the aqueous surface, and then was left to sit for over 20
minutes before the experiment started. For the experiments involving SRNOM and nonanoic
acid, 2.5 pL of neat nonanoic acid was added to the water surface of solutions containing either
10 mgL™ SRNOM in pure DI water or 10 mgL™> SRNOM in artificial seawater. The temperature
inside the quartz cell was not controlled during all experiments as a previous study by

Bruggemann et al.*?

determined that only a small increase in temperature would be seen during
experiments using this set-up, and that a small increase in temperature would not induce a

change in the VOC production.

The gases used for the experiments were either VOC-free compressed dry air (purified by means
of a series of Donaldson purifying filters) or pure dry nitrogen passing through a Hydrocarbon
Trap (Supelco, Supelpure® HC) prior to injection into the reactor. A gas flow was introduced
into the quartz cell for all experiments at a flow rate of 200 sccm. A portion - 80 sccm - of the
outgoing gas flow from the quartz cell was sampled for analysis by a high-resolution proton
transfer reaction mass spectrometer (PTR-TOF-MS 8000, lonicon Analytik).

Zero Airor N,

Supelco filter

HR-PTR-ToF-MS$S

Pyrex filter
Water filter

|
=0

Figure 1: Schematic of experimental set-up.
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The quartz cell was connected to a Silcosteel inlet (1.5 m of 6 mm i.d.) of the HR-PTR-ToF-MS
instrument using PTFA tubing, less than 5 cm in length, and PTFE connections. The sample inlet
of the PTR-ToF-MS was kept at 60 °C during experiments to minimize the adsorption and
condensation of VOCs. The H3O" reagent ions were generated using water vapor in a hollow
cathode discharge ion source; this process has been described in detail elsewhere.”*® The spectra
were registered by co-adding single ToF-extractions between 1 and 10 s, which lead to the
resolution of approximately of 4500 m/Am. The instrument was internally calibrated by fixing
values for hydronium ion isotope (Hs'®0* m/z 21.022) and protonated acetone (CsH;0* m/z
59.049). A calibration gas standard including 14 different VOCs with a concentration of 100 +
10 ppb in nitrogen (TO-14A Aromatic Mix, Restek Corporation, Bellefonte, USA) was
systematically used to evaluate the instrument performance, including mass resolution, mass
accuracy, sensitivity, and relative mass-dependent transmission efficiency. Additional analytical

details can be found in the SI.

Experimental Details

Experiments were done in freshwater and in seawater mimics, under both dry air and dry
nitrogen. Background mass spectra were taken with an empty quartz cell (only air or N flowing
through the cell), a pure water blank (referred to as a freshwater blank), and a seawater blank. All
blanks were collected in triplicate; this was done once during the experiments under dry air and
once under dry nitrogen. Three different systems were studied: in the first the sample only
contained SRNOM, the second only contained nonanoic acid, and the third contained both
SRNOM and nonanoic acid. All experiments were done in triplicate, with new solutions made
for each replicate. The replicates for the blanks and all experiments with nonanoic acid showed
good agreement. The first two replicates for the experiments with SRNOM-only showed good
agreement, however the third replicate showed little to no formation of gas-phase products under
dry air, for reasons that are unknown. The data from these third replicates were therefore not
included in the data analysis.

Each individual experiment ran for 5 to 10 minutes, depending upon the type of experiment. The
experiments without nonanoic acid were around 5 minutes in length, while the experiments with
nonanoic acid took longer for product levels to stabilize, meaning they ran for 10 minutes. This

difference in the time required for the product levels to stabilize is likely due to the presence of



nonanoic acid, which lengthens the time required for the products to diffuse to the surface as
well as transit time to the detector. Following stabilization of the PTR signals, the lamp was
turned on, initiating an experiment. The light was turned off once the commonly monitored
fragments of m/z 45 and/or m/z 59 plateaued. Since m/z 59 was not formed in all experiments, it
was only monitored when it was photochemically produced from the illumination of the water
surface. While m/z 45 was monitored during experiments, it was not included in the data work
up due to concerns about potential acetaldehyde contamination during the experiments. The
experiment ended once the product concentrations were stable at background concentrations for
approximately 1 minute. In between experiments, the flow rate through the quartz cell was
turned up to 500 sccm to flush the system; this was done until no VOCs were detected by the
HR-PTR-ToF-MS.

Identification of Photoinduced Gas-Phase Products

The analysis of the gas-phase products was performed using the HsO" ionization mode. The data
treatment was done using the PTR Viewer 3.2.8 software (lonicon Analytik, Innsbruck, Austria),
where isotope m/z 21.022 was used to calculate the intensity of H;O". Since no quantitative
calibration was performed, concentrations reported are those obtained by the PTR Viewer
software. Uncertainties on the absolute concentrations can be estimated to be about 30 — 40%.
The mass-to-charge ratios of the detected gas-phase species were identified for each

experimental condition.

The data from the PTR Viewer software was transformed into time traces to monitor the
evolution of gas-phase species that were formed upon illumination for each set of experiments.
Shown in Figure 2 are representative time traces for seven of the commonly-observed gas-phase
products produced photochemically in experiments with SRNOM in freshwater and seawater
under air (Figure 2a and b), and experiments with nonanoic acid only in freshwater and seawater
under air (Figure 2c and d). The m/z ratios depicted in Figure 2 a-d are seven common species
that were formed in all the experiments performed. The ratios are displayed to demonstrate the
differences in the shape of the photochemical time traces between the different experiments.
Tables S1 — S3 contain the full lists of mass-to-charge ratios of the products formed under the
different experimental conditions. Additional information on the identification of gas-phase

products and the resulting data analysis can also be found in the SI.
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Figure 2: Select time traces for (a) 10 mgL™ SRNOM only in freshwater, (b) 10 mgL*SRNOM only in seawater, (c) 2 mM
nonanoic acid only in freshwater, and (d) 2 mM nonanoic acid only in seawater. All four experiments were run under air. In each
case, the highlighted yellow region indicates the time during which the sample was illuminated during the experiment.

The plateauing of VOC time profiles is commonly observed in such experiments*®!°22* and
depends upon whether the observed VOC species are first, second, or higher-generation
products. The appearance of a steady state level for a particular gas-phase mass-to-charge ratio is
due to a conjunction of processes, namely possible mass transport limitations in all phases, the
sustained photochemical production, and various losses both in the aqueous and condensed
phases. Previous work has shown that rich chemistry is also taking place in the aqueous phase'®
and that analyzing only the gas phase, as done here, prevents any mass balance closure or
detailed kinetics analysis from being completed. Accordingly, the analysis done below only

focuses on the evolution of the observed gas-phase steady-state concentrations.

Quantification of Results

We fit each individual m/z time trace in Origin using the following Kinetic rate equation (Egn 1),

with t=0 being the start time of illumunation:



y=Ax(1—-e™)+b Eq. 1

where A is the steady state gas-phase concentration of VOCs formed under irradiation, Kk is the
photochemical growth rate constant, and b is the offset from zero. Sample fits for two gas-phase
products are shown in Figure S1. The steady-state concentrations (A-values) calculated for each
m/z were averaged over the replicates and the error was propagated using the reported standard
deviations from the fitted equation. From these, the total steady-state concentration of VOCs
from under each experiment was calculated by summing the averaged steady-state
concentrations of the individual photochemically produced species. The error of the total steady-
state concentration of VOCs was calculated by averaging the relative errors over each of the
individual species, and then multiplying that average by the total steady-state VOC
concentration. This was done for all traces from each set of experiments, including the blanks.
Finally, to account for the trace formation of VOCs from the blanks (under air and N), the total
concentration of VOCs in the appropriate blank was subtracted from that in the specific

experiment.

Additionally, the appearance rate for the gas-phase products represents a convolution of the rates
of photochemistry, gas phase diffusion, different formation mechanisms, and transit time to the
detector. For this reason the growth rate constants calculated from Equation 1 are not particularly
meaningful here. However, the results of the fits, calculated using the same process as described

above, are reported in the Sl for completeness (Table S4).

Results

Photo-initiated formation of VOCs was observed from both aqueous substrates even in the
absence of added photochemical agents, and so all steady-state concentrations reported and
discussed here have been blank-corrected, in order to reflect any increase in VOC emission

under the specific experimental conditions and remove any background noise.

Photochemistry of SRNOM-Only in Freshwater versus Seawater

First, we establish whether the SRNOM photosensitizer by itself produces VOCs under
illumination when present in fresh- or seawater. NOM is known to act as a photosensitizer for
other species in the aqueous environment,®” but whether or not it can initiate its own

photochemical processes is less understood. Figure 3 displays the total emitted blank-corrected
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steady-state concentrations of VOCs, calculated as described above, from illuminated solutions
containing only SRNOM with the freshwater experiments shown in red and the seawater
experiments in blue.

30 —
SRNOM only

25 = Fresh
= Sea

20 — T

15 —

10 —

Total Blank-Corrected [VOClgg (ppb)

0 = I—I—]
Under nitrogen ! Under air !

Figure 3: The total blank-corrected steady state concentrations (A-values) pulled from the kinetic growth fitting are shown for
SRNOM only in freshwater (red) and seawater (blue). The experiments under nitrogen are shown on the left and the experiments
under air are shown on the right. The error bars represent the error propagation of the standard deviation from the fitted
equation.

The first important finding is that no gas-phase products are observed upon illumination of
seawater or freshwater solutions under nitrogen with only SRNOM present, as shown in Figure
3. This observation implies that direct photodegradation of SRNOM does not lead to the
formation of gas-phase species, either in seawater or freshwater. Very minute VOC
concentrations were detected from the blanks and from the solutions containing SRNOM and
were attributed to trace contamination. The apparent negative steady-state concentrations in

Figure 3 are due to small variations between the blanks and the mimics.

The same experiments conducted under air (shown on the right side of Figure 3) show no VOC
emission from the freshwater mimics, and a modest emission from the seawater mimics. There
were again very minute concentrations detected from the freshwater blank and freshwater
SRNOM mimic, which were attributed to trace contamination. For the seawater experiments,
there were more VOC fragments detected from the SRNOM seawater mimic than the
corresponding blank. Although we cannot rule out a symbiotic or collective effect of seawater

components and oxygen on the photodegradation of SRNOM itself in seawater, there were no
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VOC fragments detected from the freshwater SRNOM-containing mimics that were not also seen
from the seawater blank. This observation suggests that SRNOM is somehow photochemically
active in seawater under air, promoting a greater amount of photochemistry than is due to just the

trace contaminants observed in the blank experiments.

One potential reason for the difference between the freshwater and seawater observations may be
interactions between SRNOM and seawater components, such as halide species and metal ions,
opening up different chemical pathways as discussed in Stirchak et al.” As a caveat to that
hypothesis, we note that there was greater VOC emission (both number of fragments identified
and their steady-state concentrations) seen from the illuminated seawater blank mimics (i.e., pure
water containing instant ocean salts) than from the freshwater blank mimics (i.e., pure water),
suggesting different contaminants present in the two water mimics. Nevertheless, the total
steady-state concentration of VOCs emitted from SRNOM in seawater remains quite small,
particularly when compared to the steady-state concentrations of the gas-phase species formed

from the experiments with nonanoic acid.

Photochemistry of Nonanoic Acid in Freshwater versus Seawater

To understand any fresh vs. seawater differences in VOC production from the direct
photochemistry of a nonanoic acid (NA) coating in the absence of a photosensitizer, experiments
were run under nitrogen using a solution with a bulk concentration of 2 mM NA, which gives
rise to just over a monolayer of surface coverage.?* The freshwater experiments were done to
replicate the study by Rossignol et al., which originally determined that VOCs were produced
from the illumination of nonanoic acid on freshwater surfaces.?* These results are shown in
Figure 4, with a complete list of the photochemically produced mass-to-charge ratios reported in
Table S2. The freshwater results obtained here are in good agreement with those reported by

Rossignol et al.?*
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Figure 4: Plot showing the total blank-corrected steady-state concentrations) from the kinetic fits for nonanoic acid as a
microlayer on freshwater and seawater mimics under air and under nitrogen. The freshwater experiments are shown in red while
the seawater experiments are shown in blue. Note the very different scale from that of Figure 3. The error bars are the
propagated error of the standard deviations from the fit. All these experiments were conducted in the absence of SRNOM.

Under nitrogen, the illumination of a NA coating on both freshwater and seawater mimics
produces a noticeable amount of products, with the total steady-state concentration produced
from freshwater slightly larger than the total steady-state concentration from seawater. This
suggests that direct photochemistry of NA at both fresh- and seawater surfaces is an important
source for VOCs, consistent with the mechanism reported by Rossignol et al.** Results illustrated
in Figure 4 demonstrate that under air, there is a definite reduction in the total steady-state
concentration of gas-phase species emitted from both freshwater and seawater surfaces compared
to the same surfaces under N». The reduction is somewhat greater for seawater than the
freshwater. Again consistent with the trend seen in Rossignol et al.,?* this finding suggests that
there are VOC formation mechanisms that operate under N, that do not occur in the presence of
oxygen. Additionally, or alternatively, the decrease in the total steady-state concentrations of
VOCs under air from the freshwater and seawater mimics may be due to the formation of less

volatile species, which cannot be detected by the PTR-MS.

Photochemistry of Nonanoic Acid — SRNOM Mixtures in Freshwater versus Seawater

To probe whether SRNOM acts as a photosensitizer for nonanoic acid chemistry, we ran
experiments with 10 mgL™ SRNOM added to the 2 mM nonanoic acid solutions as a
photosensitizer, in the freshwater and seawater mimics. Experiments were carried out under

nitrogen and air; the nitrogen results are given in the Sl for reference (Figure S2). Figure 5
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displays a comparison of the VOC emissions obtained from fresh- and seawater mimics with
nonanoic acid coatings under air, in the absence (Figure 5b) and presence of (Figure 5a) SRNOM
as a photosensitizer, and the full list of products is reported in Table S3. Overall, the addition of
SRNOM as a photosensitizer to the nonanoic acid-containing solutions gives rise to an
approximately factor-of-two increase in the total steady-state concentrations of gas-phase
products from both freshwater and seawater solutions. This suggests that the addition of SRNOM
as a photosensitizer may change the photochemical formation mechanisms of the gas-phase
species. Interestingly, there is no striking difference in the total steady-state concentrations of
VOCs emitted between the freshwater and seawater experiments, which contrasts with the results

from the experiments which looked at only nonanoic acid.

600 —| @) SRNOM + NA e4 Fresh
71 Sea

600 —{ b) NA only @ Fresh
@ Sea

500 — 500 —

400 — 400 —

300 — 300 —

200 — ? 200 —

100 — 100 —

Total Blank-Corrected [VOClgg (ppb)

\Q
N
\\\
N
Total Blank-Corrected [VOClgg (ppb)
I
=

o
o

Under air Under air

Figure 5: On the left (a) is a plot showing the total blank-corrected steady-state concentrations from the kinetic fits for SRNOM
added to the nonanoic acid freshwater and seawater mimics under air. On the right (b), the results for the NA-only experiments
are reproduced from Figure 4. The experiments done in freshwater are in red while the experiments in seawater are shown in
blue. The error bars are the propagated error of the standard deviations from the fit.

Discussion

Experiments with SRNOM Only

[llumination under air of artificial seawater containing SRNOM showed evidence of
photosensitized chemistry of very small steady-state concentrations of gas-phase species. Since

49.81-83 spawater

NOM photochemistry is thought to be mediated through the triplet state,
components may well alter the triplet state chemistry of SRNOM. The requirement for oxygen to
be present for the formation of VOCs suggests a potential mechanism. Interactions between
NOM and ionic species in seawater has been shown to alter the formation of different reactive
intermediates such as >NOM* and 0,.”>"3">84 |t has been reported previously that the formation

rates of >SRNOM™* decrease in seawater due to the formation of SRNOM-Mg complexes, "
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which leads in turn to a decrease in the formation of singlet oxygen. However, there may be an
increase in other reactive oxygen species, such as superoxide (O, or OH",#*®" due to *SRNOM*

quenching by seawater components, which could lead to the formation of VOCs.

Alternately, the high concentration of halides, and other ionic species, in seawater has also been
shown to promote intersystem crossing, which might increase the steady-state concentration of
SSRNOM.™®8 In turn, this higher excited triplet concentration may give rise to the increased
formation of singlet oxygen and other reactive oxygenated species (ROS) via reaction with
atmospheric O, at the aqueous surface. Grossman et al.” found that the photodegradation of
anthracene was increased in the presence of halides relative to freshwater degradation rates, and
that this increase was due to the increased formation of singlet oxygen in the presence of halides.
This mechanism would explain why no gas-phase products were produced under nitrogen from

the freshwater and seawater substrates.

Experiments with Nonanoic Acid

Rossignol et al.?*

reported the formation of gas-phase saturated and unsaturated aldehydes from
the illumination of nonanoic acid present at the surface of freshwater and showed that this
chemistry occurs because in highly concentrated systems, such as a compressed surface layer,
nonanoic acid weakly absorbs at actinic flux wavelengths, allowing the formation of the excited
triplet state followed by interface-specific radical initiated reactions. The authors proposed that if
the excited triplet behaves as a traditional photosensitizer, it can initiate an intermolecular
Norrish type Il reaction, as it can abstract a proton from an adjacent NA molecule to form a diol
radical and an acid radical. The triplet could also undergo homolytic cleavage.* Both of these
proposed mechanisms can also occur in deoxygenated environments, which could explain the
formation of gas-phase species that we see under N, when nonanoic acid is present. In
oxygenated environments however, the excited state triplet mechanisms appear to compete with
an H-abstraction mechanism which is initiated by the hydroxyl radical. The H-abstraction
mechanism favors oxygen addition, leading to oxidation products and aldehydes which is
consistent with results reported from studies using nonanoic acid and 1-octanol as

surfactants.*®

It is expected that these same formation mechanisms proposed by Rossignol et al.?* would occur

when nonanoic acid is present as a microlayer on the seawater surface. In addition, the formation
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mechanisms of VOCs involving NOM* and X", as previously described, would also be
expected to occur. However, the total concentration of VOCs formed from nonanoic acid on
seawater was lower than from freshwater. One possibility for the lower production of VOCs
observed is that the seawater photochemistry produces more soluble products at the expense of
gas-phase compounds, perhaps due to the participation of halogen radicals, formed via halide
oxidation. Since we do not analyze the solution phase, we can neither confirm nor exclude this

hypothesis.

There are two further explanations for why there is a lower concentration of VOCs formed from
the illumination of nonanoic acid on seawater than on freshwater. First, it is likely that nonanoic
acid has different solubilities at the surface in the two water systems which would affect the
formation of gas-phase species. Ciuraru et al.?’ found that the flux of isoprene decreased as a
function of pH, which the authors attributed to the increasing solubility of nonanoic acid. In

another study by Ciuaru et al*

it was determined that the formation of VOCs can only occur at
the interface, not in the bulk. As nonanoic acid becomes more soluble at a higher pH, there will
be less surface coverage and therefore less interfacial chemistry will occur, leading to fewer gas-
phase species. Our seawater experiments were done at a pH of 8, at which point nonanoic acid is
completely dissociated. The negative charge on the end group will make it more likely to be
soluble, as well as lead to sparser surface coverage due to repulsive interactions between the
charged headgroups. Therefore, at the higher pH in seawater, nonanoic acid will not fully cover
the surface, which may lead to lower steady-state concentrations of gas-phase products detected

by the PTR-MS.

It is also possible that the interactions between nonanoic acid at the interface and the components
of seawater, such as halides and metal ions, leads to different formation mechanisms for gas-

phase products from seawater. Lee et al®®

found that the surface propensity of iodide and
bromide depended upon the identity of the different organic surfactants. They found that 1-
butanol enhanced the presence of halides at the surface while butyric acid led to a reduction of
interfacial halide ion density. The authors attribute this difference to the head groups, which can
change the electrostatic interactions at the interface. This would imply that at higher pHs, the
charged headgroups on the dissociated nonanoic acid would reduce the presence of halides at the

interface, which may have led to the reduction in photochemistry from seawater when oxygen is
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present. Huang et al,?® in contrast, found that Fe(l11) enhanced the formation of VOCs from
nonanoic acid. This could be due to the fact that Fe(I11) rapidly quenches *NOM* *** which
could increase the importance of intersystem crossing, leading to a greater *NOM*
concentration. However, the experiments were done at acidic pH, which would cause a greater
surface coverage with NA than in our experiments at pH 8, thereby changing the distribution of

results.

It has been shown that when an organic-soluble photosensitizer and an organic surfactant are
present together in a sample, the photosensitizer will migrate to the interfacial surfactant thereby
changing the distribution of products because the formation mechanisms are changing.'®*?* This
matches the results from our experiments, as the addition of SRNOM resulted in greatly
increased VOC formation from both seawater and freshwater under air. Previous studies have
seen that the addition of either a surfactant® or a photosensitizer’®?° has led to some products
being more favored than others. Both studies argued that these trends could be explained by
competition for H-abstraction between the excited photosensitizer and the excited nonanoic acid.
The present results suggest that this competition may occur in both freshwater and seawater, as
similar trends were observed for favored products in the presence of the photosensitizer.
Although we do not confirm the identities of the products formed in these experiments, previous
studies have reported the formation of isoprene,? alkenes,*>*#?* dienes,* and C2-C9 unsaturated
aldehydes.?>?* Finally, the production of gas-phase products from nonanoic acid, with and
without SRNOM, is not completely shut down in deoxygenated systems. The production of
alkenes, such as C4Hg and CsHjo, under nitrogen has been reported previously and it is thought

that these species are likely formed via the degradation of nonanoic acid.*®**

Conclusions
The abiotic production of VOCs at the air-sea interface has been suggested as potentially a major

source of VOCs depending on seasons and locations ***** This hypothesis is mainly based on
data obtained from the air-water interface of freshwater samples, extrapolated to marine
conditions. Here we demonstrate that this hypothesis is valid, as we detect VOCs from
illuminated freshwater and seawater surfaces. We also unraveled differences in the formation of
VOCs that are seemingly tied to the presence of halides and the higher pH in the seawater
samples, which introduce additional formation mechanisms and alter the physical properties of

the sea surface microlayer. Additional systematic studies which investigate the formation of
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VOC:s as a function of salinity, metal composition, and pH should be completed. This will allow
for the development of proposed reaction mechanisms for VOCs from different aquatic
environments. Those studies should also determine the actual identities of the different gas-phase
species formed to really probe the mechanistic differences. In addition to gas-phase species, it is
necessary to investigate the aqueous phase products as it has been shown that highly oxygenated
species are produced from illuminated mimics with a surfactant in the presence and absence of a
photosensitizer, and that these species are detected in the bulk aqueous phase.'®***® The presence
of halides may increase the reactivity of the system, which could form more soluble products.
Therefore, the decrease in gas-phase products reported in this study may suggest that more
soluble, and possibly more oxygenated, products are being formed; we just cannot detect them
with the PTR-MS. From freshwater to seawater environments, there is a rich chemistry occurring
at the air-water interface which changes the pattern of VOC emissions.
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