
Interdroplet Electrostatic Interactions Contribute to Dark Oxidation
in Nighttime Sea Sprays
Yu Xia, Jing Song, Jinheng Xu, Juan Li, Yong Liang, Jianbo Shi,* and Richard N. Zare*

Cite This: Environ. Sci. Technol. 2026, 60, 21992−21999 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Nighttime oxidative processing in the marine
boundary layer remains poorly understood because conventional
photochemical oxidant sources are strongly diminished after
sunset. Here we show that freshly emitted sea spray exhibits
enhanced oxidative activity under dark conditions, with oxidative
signals consistently exceeding those of the corresponding source
seawater at three coastal sites in China. Controlled laboratory
experiments further demonstrate that salinity strongly suppresses
oxidation in isolated droplets, whereas interacting droplet
populations retain pronounced hydrogen peroxide and hydroxyl
radical formation, indicating that the oxidative behavior of real sea
sprays cannot be fully explained by single-droplet action. Numerical simulations, high-speed imaging, photon-emission
measurements, and flow-controlled chamber experiments support a mechanism in which droplet interactions create localized
electrostatic environments that promote hydroxyl radical and hydrogen peroxide formation and are linked to measurable changes in
gas-phase oxidants under controlled spray conditions. Nighttime observations from three coastal stations show that elevated wave
activity coincides with higher ozone and lower NOx and SO2 during hours when photochemical oxidant production is minimized,
consistent with sea-spray-associated oxidative processing. These results identify droplet interactions as a previously underappreciated
contributor to dark oxidation in sea sprays.
KEYWORDS: sea spray aerosol, reactive oxygen species, nighttime oxidation, marine boundary layer, interdroplet microdischarge,
droplet interactions

■ INTRODUCTION
Nighttime oxidative processing in the marine boundary layer
remains incompletely understood because conventional photo-
chemical sources of oxidants are strongly diminished after
sunset.1−3 Sea spray aerosols are a plausible contributor to this
chemistry because they are emitted continuously from the
ocean surface and generate abundant fresh air−water interfaces
during droplet formation.4−7 Recent studies have reported
reactive oxygen species (ROS) in marine microdroplets even in
the absence of light, suggesting that freshly emitted sea sprays
may sustain oxidation through nonphotochemical path-
ways.4,8−11 However, the physicochemical origin of this dark
oxidative activity remains unidentified.
This behavior is particularly puzzling in saline systems such

as seawater. Chemical reactivity in aqueous microdroplets is
often attributed to strong interfacial electric fields arising from
charge separation and molecular orientation at the air−water
boundary, which can promote radical formation and lower
reaction barriers.12−21 In seawater, however, the high ionic
strength compresses the electrical double layer and should
weaken the interfacial potential gradients that sustain such
field-driven chemistry.22−26 From this perspective, oxidative
activity in sea spray would be expected to diminish

substantially with increasing salinity. But both recent studies
and our observations indicate that marine microdroplets can
still exhibit substantial ROS formation under dark con-
ditions.9,10,27 This inconsistency suggests that classical single-
droplet interfacial models do not explain oxidation in real sea
spray.
A key distinction between real sea spray and idealized

droplet systems is that freshly emitted droplets rarely exist in
isolation. Instead, they are generated as dense and highly
dynamic ensembles that continuously undergo approach,
separation, coalescence, fragmentation, and clustering.28−30

Such interactions can create transient electrostatic coupling
between neighboring droplets when droplets carrying opposite
charges are brought into close proximity.18,31,32 We therefore
considered whether localized electric fields formed between
oppositely charged droplets, rather than only at individual
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droplet surfaces, could provide an additional pathway for
oxidation in saline spray systems. Under this framework,
droplet spacing and interaction dynamics become critical
determinants of oxidative activity, even when the classical
surface field of a single saline droplet is weakened.
Here, we investigate dark oxidation in nighttime sea spray

from the perspective of droplet interactions. We first compare
•OH and H2O2 formation in sea spray collected from three
coastal sites with that in the corresponding source seawater.
We then integrate laboratory simulations, single-droplet and
droplet-ensemble measurements, electron spin resonance

(ESR), isotope labeling, electric-field modeling, and photon-
emission detection to examine whether droplet interactions
can sustain ROS formation under high-salinity conditions.
Finally, we analyze nighttime coastal atmospheric observations
to assess whether sea-spray-associated oxidation may contrib-
ute to oxidative processing in the marine boundary layer.
These measurements identify electrical discharges between
oppositely charged droplets, which has been given the name of
microlightning,18 as a previously underappreciated contributor
to dark oxidation in sea spray and further suggest a link

Figure 1. Freshly emitted sea spray exhibits enhanced oxidative activity under dark nighttime conditions. (A) Fluorescence in sea spray samples
collected at three coastal sites shows stronger oxidative signals than the corresponding source seawater and deionized water controls. Inset:
representative fluorescence response of the oxidized probe under 480 nm excitation. (B) Schematic representation of three characteristic droplet
states relevant to sea-spray formation: isolated droplets, droplet fission, and droplet coalescence. (C) Isolated droplets generated by a piezoelectric
droplet-on-demand device with a diameter of approximately 10 μm. (D) Droplet fission and coalescence generated by pneumatic spraying,
producing a broader droplet population resembling natural sea spray.
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between microscale spray dynamics and nighttime marine
atmospheric chemistry.

■ MATERIALS AND METHODS
Nighttime sea spray microdroplets were collected at three coastal sites
in eastern China, including Weihai, Qingdao, and Lianyungang, at
approximately 22:00 under stable onshore wind conditions. Sea spray
droplets were captured on a vertically positioned high-density
polyethylene plate placed about 15 cm above the sea surface, and
the collected liquid was immediately transferred into precleaned vials.
Oxidant-related fluorescence signals in field samples were measured
using ADHP (Amplex Red) under HRP-free conditions, while
hydrogen peroxide (H2O2) was quantified by PTO colorimetry.
Hydroxyl radicals (•OH) were identified by ESR spin trapping
(DMPO) and isotope-labeling experiments.
Laboratory simulations of sea spray were carried out with real

seawater in a custom bubble-bursting system. High-purity argon was
introduced through a porous frit to generate bubbles, and the
resulting spray droplets were carried upward and collected directly for
ROS analysis. Hydroxyl radicals were identified by ESR spectroscopy
with DMPO as a spin trap. Droplet behaviors during spray generation
were recorded using a high-speed camera fitted with an 8×
magnification lens.
To compare isolated droplets with interacting droplet populations,

two complementary droplet-generation approaches were used.
Isolated droplets of approximately 10−15 μm were produced by a
piezoelectric droplet-on-demand (DOD) generator32 and, when
required, trapped in air with an acoustic tweezer device for
fluorescence measurements. In these experiments, ADHP was used
without added peroxidase, and the fluorescence signal was assigned to
oxidized ADHP products formed by highly reactive oxidants in the

droplets, consistent with •OH generation evidenced by ESR and
isotope labeling. Given this evidence, •OH is a plausible major
contributor to the observed ADHP oxidation under these conditions.
Interacting droplet populations were generated by pneumatic
spraying, which produced frequent coalescence and fission events.
Charge transfer in both systems was measured with a Faraday cup
connected to an electrometer, and H2O2 levels were quantified by
PTO assays.
Isotope-labeling experiments with D2O and H218O were used to

verify the water origin of the detected radicals, and the resulting
DMPO adducts were analyzed by high-resolution mass spectrometry.
Electric-field distributions between neighboring droplets were
simulated in COMSOL Multiphysics using two charged spherical
droplets separated by variable distances. Photon emission during
droplet interactions was monitored with a photomultiplier tube
coupled to a monochromator.
To evaluate environmental relevance, nighttime atmospheric data,

including O3, NOx, SO2, and wave height, were obtained for the three
coastal sites. Only data collected between 20:00 and 05:00 were used
to minimize the influence of daytime photochemistry. Temporal
relationships were assessed using time-series analysis and Spearman
correlation analysis.

■ RESULTS AND DISCUSSION
Sea spray samples collected at three coastal sites in China
exhibited markedly higher oxidant-related fluorescence signals
than the corresponding source seawater and deionized water
controls, as indicated by ADHP fluorescence measurements
(Figure 1A). This enhancement shows that oxidative species
are generated during sea-spray formation rather than being
simply inherited from bulk seawater. The consistency of this

Figure 2. Salinity suppresses oxidation in isolated droplets but not in interacting droplet populations. (A) PTO measurements show that oxidative
activity decreases with increasing NaCl concentration in isolated droplets, whereas interacting droplet populations retain substantially higher H2O2
levels under the same saline conditions. (B, C) ESR spectra show that hydroxyl radical generation in isolated droplets is negligible in seawater (B),
whereas pronounced •OH signals remain detectable in interacting droplet populations for both deionized water and seawater (C).
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trend across geographically separated coastal sites indicates
that elevated oxidative activity is an intrinsic feature of freshly
emitted sea spray under nighttime conditions. To examine how
this activity arises during droplet generation, we constructed
laboratory models representing three characteristic droplet
states associated with sea spray formation: isolated droplets,
droplet fission, and droplet coalescence (Figure 1B). Isolated
droplets were generated with a piezoelectric droplet-on-
demand device that produced uniform droplets of approx-
imately 10 μm in diameter (Figure 1C), whereas fission and
coalescence events were reproduced using a pneumatic
atomizer that generated a broader droplet population
resembling natural sea spray (Figure 1D). Although the two
systems differed in droplet morphology and dynamic behavior,
they exhibited comparable total charge per unit volume of
water (Figure S1), providing a suitable basis for comparing
oxidation in isolated and interacting droplet states. The
dynamic nature of the interacting droplet population generated
by pneumatic spraying is illustrated in Movie S1, which shows
frequent coalescence and breakup events during flight. In
contrast, droplets generated by the piezoelectric device
remained well separated along their trajectories (Movie S2),

providing a suitable representation of isolated droplet behavior.
Electric-field deflection measurements further showed that
individual DOD droplets were negatively charged, with an
estimated charge of approximately −8 × 10−17 C per droplet
(Figure S2 and Movies S3 and S4). This single-droplet value is
consistent in order of magnitude with the average charge
estimated from the Faraday cup measurement, supporting the
presence of small incidental net charges during DOD droplet
ejection.
To determine whether the oxidative activity of sea sprays

can be explained by individual droplets alone, we compared
isolated droplets with interacting droplet ensembles under
controlled ionic conditions. H2O2 quantification by the PTO
method showed that oxidative activity was highest in deionized
water and decreased progressively with increasing NaCl
concentration, consistent with suppression of classical
interfacial electric fields in high-ionic-strength solutions
(Figure 2A). This trend was clearly expressed in isolated
droplets. In contrast, interacting droplet ensembles generated
by pneumatic spraying maintained substantially higher H2O2
levels than isolated droplets under the same saline conditions,
indicating that oxidation persisted even when the classical

Figure 3. Droplet interactions under controlled spray conditions are associated with oxidant formation and gas-phase oxidative conversion. (A)
Schematic of the flow-controlled spray chamber used to simulate sea-spray generation and monitor gaseous products. (B) Calibration curve of PTO
absorbance versus H2O2 concentration. (C) High-speed images showing frequent droplet coalescence and fission in the spray zone. (D)
Dependence of emitted droplet flux on pump flow rate. (E) Ozone concentration increases with flow rate during active droplet generation. (F)
NOx concentration decreases under the same conditions, indicating enhanced oxidative processing associated with droplet interactions.
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surface-field mechanism should have been strongly weakened.
Fluorescence measurements of acoustically levitated single
droplets further confirmed the strong inhibitory effect of
salinity on isolated droplet oxidation, with the signal following
the order deionized water > water containing 10−9 M NaCl >
seawater (Figure S3). The lack of an observable fluorescence
response in an isolated seawater droplet under acoustic
levitation is directly visualized in Movie S5. ESR measurements
provided direct evidence for this contrast: clear •OH signals
were detected only for deionized water in the isolated-droplet
mode, whereas pronounced •OH signals remained observable
in the interacting-droplet mode for both deionized water and
seawater (Figure 2B,C). In the isolated droplets, hydroxyl
radicals are generated primarily through electron transfer from
hydroxide ions at the droplet interface, with dissolved oxygen
and, to a lesser extent, water molecules acting as electron
acceptors. In high-ionic-strength seawater, this electron
transfer is strongly suppressed, explaining the absence of
detectable •OH signals in isolated seawater droplets. Isotope-

labeling experiments with D2O and H218O further verified that
these radicals originated from water rather than from trace
organic impurities (Figure S4). These results show that salinity
suppresses oxidation in isolated droplets but does not eliminate
ROS formation in interacting droplet populations, indicating
that oxidation in real sea spray cannot be fully explained by the
interfacial field of a single droplet.
The persistence of oxidation in saline droplet ensembles

points to a mechanism beyond the classical surface field of an
isolated droplet. To examine this possibility, we evaluated how
droplet interactions influence the local electrostatic environ-
ment. Numerical simulations showed that the electric field in
the gap between neighboring droplets increased sharply as
droplet spacing decreased and could reach magnitudes
comparable to those previously associated with reactive
microdroplet interfaces (Figure S5A,B). Unlike the classical
interfacial field of an isolated droplet, which is governed by
interfacial molecular orientation and ion distribution, this gap
field arises primarily from net droplet charges and potential

Figure 4. Nighttime coastal observations are consistent with sea-spray-associated oxidation. (A) Locations of the three coastal monitoring stations
in eastern China. (B−D) Nighttime (20:00−05:00) time series of O3, NOx, SO2, and wave height at each site, showing that elevated wave activity
coincides with higher O3 and lower NOx and SO2. (E−G) Correlation matrices showing positive associations between wave height and O3 and
negative associations between wave height and NOx or SO2 across the three sites.
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differences between neighboring droplets. In this framework,
the laboratory charge density is used as a controlled
mechanistic parameter rather than as a direct quantitative
representation of natural sea-spray charge density. High-speed
imaging further showed that coalescence and fission occurred
frequently during spray generation (Figure S5C), indicating
that real sea spray continuously samples configurations in
which transient field intensification can occur. Photon emission
detected during these interaction events (Figure S5D) is
consistent with localized electronic excitation under high-field
conditions, supporting the view that droplet interactions create
electrostatically active regions that are not captured by single-
droplet models.
To assess whether these interaction-associated processes

extend beyond condensed-phase •OH and H2O2 formation, we
carried out flow-controlled chamber experiments that simu-
lated sea-spray generation under laboratory conditions (Figure
3A). PTO calibration confirmed the reliability of H2O2
quantification in the spray samples (Figure 3B), and high-
speed images again showed frequent coalescence and fission
within the spray zone (Figure 3C). A representative
coalescence event is shown in Movie S6, illustrating the
rapid collapse of interdroplet spacing during droplet
interaction. A representative fission event accompanied by
photon emission is shown in Movie S7, providing visual
support for transient excitation associated with interaction-
driven high-field conditions. As the pump flow rate increased,
the emitted droplet flux increased and then approached a
steady state (Figure 3D). Under the same conditions, ozone
concentrations increased continuously, whereas NOx concen-
trations declined (Figure 3E,F). These coupled trends indicate
that more intense droplet interactions are associated with
stronger oxidative processing and support a link between
localized electrostatic activation in droplet ensembles and
oxygen conversion in the surrounding gas phase. This behavior
provides a mechanistic basis for connecting microscale droplet
interactions with broader oxidative transformations relevant to
sea-spray plumes.
To evaluate whether the laboratory observations have

relevance under real coastal conditions, we analyzed nighttime
atmospheric data from three coastal stations in Weihai,
Qingdao, and Lianyungang (Figure 4A). The analysis was
restricted to the period from 20:00 to 05:00, when photo-
chemical oxidant production is strongly reduced, so that
variations in oxidative indicators could be examined in the
context of nonphotolytic processes. Across all three sites,
periods of elevated wave activity were consistently accom-
panied by higher ozone concentrations and lower levels of
NOx and SO2 (Figure 4B−D). We note that these atmospheric
correlations may also be influenced by nighttime meteoro-
logical factors, including variations in wind direction and
speed, different air masses, and changes in the boundary layer
height. Therefore, the observed trends should be interpreted as
environmental consistency with the laboratory mechanism
rather than direct proof of causality. Because wave height is
closely linked to the intensity of sea-spray generation, these
recurring covariations suggest that enhanced spray emission
may be associated with stronger nighttime oxidative processing
in the coastal atmosphere. This pattern is particularly notable
because the three stations differ in geographic setting and local
background, yet they display the same directional response,
suggesting that this relationship may reflect a broader coastal
process rather than a site-specific trend. Correlation analysis

further reinforced this interpretation, showing positive
associations between wave height and O3 and negative
associations between wave height and NOx or SO2 across all
three data sets (Figure 4E−G). The field observations are
consistent with our laboratory results, in which interacting
droplet populations sustained H2O2 formation and hydroxyl
radical production under saline conditions and were further
associated with oxygen activation and oxidative conversion in
the surrounding gas phase. In this context, sea spray is not
simply a passive carrier of sea salt, but a dynamic interfacial
system that may participate directly in nighttime oxidation by
promoting the transformation of reduced atmospheric species
and the formation of secondary oxidants. At the same time,
these atmospheric correlations do not isolate sea spray as the
only factor controlling nighttime O3, NOx, or SO2. Nighttime
ozone enhancement in coastal regions can also be influenced
by vertical transport from residual or upper marine boundary
layers, horizontal transport from inland urban areas, changes in
wind direction and wind speed, variations in nighttime
boundary layer height, and reduced NO titration. Instead,
they provide field-based support for the environmental
relevance of sea-spray-associated oxidative chemistry rather
than direct proof of a causal relationship, and our results
indicate that droplet interactions may represent a previously
underappreciated contributor to oxidative processing in the
marine boundary layer after sunset.
Overall, freshly emitted sea spray exhibits substantial

oxidative activity under nighttime dark conditions, with
oxidant-related fluorescence levels exceeding those of the
corresponding source seawater. This behavior indicates that
oxidative species are generated during spray formation rather
than simply transferred from the bulk phase. Although
increasing salinity suppresses oxidation in isolated droplets,
interacting droplet populations maintain pronounced H2O2
formation and hydroxyl radical production, showing that the
oxidative behavior of real sea spray cannot be fully explained by
the classical interfacial field of a single droplet. While the
interfacial electric field of an individual droplet has been shown
to drive chemical reactivity in previous studies, our current
results indicate that in high-salinity sea spray, the single-droplet
field alone is insufficient. Interdroplet interactions generate
additional localized electrostatic environments that maintain
oxidative activity, providing a complementary mechanism that
operates under realistic marine conditions. Numerical simu-
lations, high-speed imaging, photon-emission measurements,
and flow-controlled chamber experiments further support a
framework in which droplet interactions create localized
electrostatic environments that promote H2O2 formation and
hydroxyl radical production and coincide with measurable
changes in gas-phase oxidants under controlled spray
conditions. Nighttime observations from three coastal stations
are consistent with this picture, linking enhanced wave activity
with increased ozone and decreased NOx and SO2 during
hours when photochemical oxidant production is minimized,
providing field-based consistency with, rather than direct proof
of, sea-spray-associated oxidative processing. These findings
identify interactions between oppositely charged droplets as a
previously underappreciated contributor to dark oxidation in
sea spray and indicate that sea-spray-associated interfacial
chemistry may play a role in oxidative processing in the marine
boundary layer after sunset.
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Movie S6 (MP4)
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