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ABSTRACT: Breaking waves, marine biological activity, and
submarine geological processes continuously generate vast micro-
bubble populations in seawater, yet the chemical consequences of
bubble−bubble interactions remain poorly understood. Here, we
address an apparent contradiction in saline interfacial chemistry:
although high ionic strength suppresses oxidative responses at
isolated bubble interfaces, dense microbubble swarms sustain
transient photon emission and reactive oxygen species formation
during bubbling. This contrast suggests that salinity weakens single-
bubble interfacial reactivity, whereas collective bubble−bubble
interactions create localized redox microenvironments through
interfacial screening, conductivity effects, and repeated close
interbubble encounters. The localized photon bursts observed during close bubble−bubble encounters, together with concurrent
radical formation, are consistent with interbubble discharge-like events termed microlightning. Using dimethyl sulfide (DMS) as a
representative marine organic sulfur compound, we further demonstrate that microbubble-mediated transformation redirects DMS
toward inorganic sulfur species, including sulfate (SO4

2−) and reduced inorganic sulfur species. Electron spin resonance, oxidative
fluorescence, spin-trapping mass spectrometry, and ion chromatography support a proposed branched radical-mediated network
involving sulfur-centered activation, C−S fragmentation, oxygenation, and aqueous sulfur redox conversion. These findings reconcile
salt-suppressed isolated-bubble reactivity with sustained swarm-level redox chemistry, identifying dense microbubble swarms as
collective interfacial microreactors for aqueous sulfur transformation in seawater.
KEYWORDS: microbubble, marine sulfur transformation, interfacial chemistry, microlightning, reactive oxygen species

■ INTRODUCTION
Water at aqueous−hydrophobic interfaces exhibits physico-
chemical properties that differ sharply from the bulk, as
asymmetric hydrogen-bonding environments and selective ion
partitioning can create conditions favorable for redox
chemistry, including intense interfacial electric fields.1,2 Recent
studies demonstrate that when water microdroplets carrying
different electric potentials approach closely, the resulting
interdroplet field can exceed the breakdown threshold of
surrounding gas, producing transient discharge events known
as “microlightning.”3 These events can emit photons and
generate reactive oxygen species (ROS) such as hydroxyl
radicals (•OH), hydrogen peroxide (H2O2), and superoxide
(O2

•−), expanding the scope of interfacial chemical reactivity
beyond single-interface and bulk processes.3−5

Microbubbles share many physical and chemical attributes
with microdroplets, as their highly curved gas−liquid interfaces
can also sustain interfacial electric fields,6 charge separation,7

and radical chemistry.8,9 In natural waters, microbubbles are
frequently generated as dense, dynamic plumes,10 where
neighboring bubbles repeatedly approach, deform, separate,
and collide, providing abundant opportunities for transient

interfacial interactions. The ocean is a particularly important
setting for such processes: breaking waves, marine biological
activity, and submarine geological events continuously
generate bubbles spanning from micrometers to millimeters
in diameter.11,12

In seawater, high ionic strength compresses the electrical
double layer at individual bubble surfaces and attenuates long-
range electrostatic fields, which would be expected to weaken
isolated-bubble interfacial fields and associated oxidative
responses.6,13 At the same time, however, higher conductivity
and interfacial charge screening can modify the local
electrostatic environment during close bubble−bubble en-
counters without precluding short-lived charge redistribution
across the interbubble layer, which may create conditions
favorable for transient interbubble emission and discharge-like
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chemistry.14 This apparent tension motivates us to examine
whether dense microbubble swarms in seawater can generate
discharge-like optical events despite single-bubble suppression,
and whether such collective interactions can initiate redox
processes relevant to marine chemistry.

In this study, we show that dense microbubble swarms
produce transient optical emission during bubble−bubble
interactions and that such emission persists under seawater-
relevant high-ionic-strength conditions. Oxidative fluorescence
and electron spin resonance (ESR) further demonstrate that
although seawater suppresses isolated-bubble oxidative fluo-
rescence, dense swarms still generate ROS, including •OH,
under bubbling conditions. We then connect this interbubble
microlightning-like phenomenon to marine sulfur chemistry by
showing that dimethyl sulfide (DMS, CH3SCH3), an
important marine sulfur species15−17 undergoes microbubble-

mediated transformation into inorganic sulfur species,
including sulfate (SO4

2−) and reduced inorganic sulfur species.
This transformation shares key radical features with atmos-
pheric DMS oxidation and fragmentation18−23 but occurs
within the aqueous phase during collective microbubble
interactions. Together, these findings reconcile salt-suppressed
isolated-bubble reactivity with sustained swarm-level redox
chemistry, suggesting that marine microbubbles are not merely
passive carriers of gases and solutes but collective interfacial
microreactors that may contribute to previously overlooked
sulfur transformations in seawater.

■ EXPERIMENTAL SECTION
Dense microbubble swarms were generated in deionized water, saline
solution, or natural seawater using a pump-driven, self-aspirating
Venturi microbubble generator. During operation, rapid liquid flow

Figure 1. Optical evidence for interbubble microlightning in microbubble swarms. (A) Marine microbubble generation and an illustration of
proposed interbubble discharge process. (B) Microbubble generation and optical detection setup. (C) Representative high-speed images showing
bubble approach, discharge, and departure. The dashed circle marks the emission site. Scale bar represents 150 μm. (D) Photocurrent traces
recorded during bubbling. (E) PMT photon counts collected under dark, saline-water bubbling, and seawater bubbling conditions.
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entrained air without external gas pressurization and sheared the
entrained air into dense microbubble swarms. Under the standard
bubbling condition, approximately 1.0 L of liquid was circulated
through the generator, and the nominal liquid-jet power density was
estimated to be approximately 40.7 W/L from the measured liquid
flow rate and jet-forming inlet geometry.

Transient optical emission was monitored by high-speed imaging,
photodiode readout, and photomultiplier tube photon counting.
Radical formation was examined using ADHP fluorescence imaging,
terephthalic-acid fluorescence quantification, and ESR spin trapping
with DMPO. For sulfur-transformation experiments, 5 mM DMS was
bubbled in deionized water or seawater, and inorganic sulfur products
were analyzed by ion chromatography. DMPO spin-trapping high-
resolution mass spectrometry was used to identify representative
radical adducts formed during DMS bubbling. Full reagent
information, seawater composition, calibration procedures, instrument
settings, and computational details are provided in the Supporting
Information.

■ RESULTS AND DISCUSSION
Breaking waves continuously generate dense microbubble
plumes in nearshore waters, creating abundant and dynamic
gas−water interfaces (Figure 1A). We hypothesized that when
neighboring microbubbles with transiently different interfacial
charge distributions approach one another, charge imbalance
and field focusing across the thin interbubble water layer may
promote transient discharge-like events, termed microlight-
ning, accompanied by photon emission and radical formation
(Figure 1A). Bubble breakage and interfacial renewal may also
create Lenard-type charge separation,24 adding to the local
electrostatic heterogeneity within the swarm. Using the

microbubble system described in the Experimental Section
(Figures 1B and S1), we first examined whether dense seawater
microbubble swarms generate transient optical emissions
under controlled bubbling conditions. This condition
represents an intensified laboratory analogue of localized
active bubble-generation regions rather than an ocean-averaged
energy input.

Time-resolved imaging revealed intermittent, localized
optical emission during close bubble−bubble encounters. In
the representative sequence shown in Figure 1C and Movie S1,
a bright event appeared in the intervening region as
neighboring bubbles approached and then separated. To
complement these event-level observations, we quantified the
ensemble optical response using photodiode readout and PMT
photon counting under matched bubbling conditions. Photo-
current increased upon bubble generation, indicating detect-
able light emission, and the signal amplitude varied with
solution composition (Figure 1D). Photon-counting measure-
ments with a PMT provided an independent measure of
optical emission (Figure 1E). Photodiode measurements
showed clear optical signals during bubbling in saline water
and seawater, and PMT photon counts exceeded the dark-
count background. In an additional measurement under
comparable bubbling conditions, deionized water also gave a
measurable PMT signal of 6500 ± 750 counts s−1. The
transient optical signals appeared as localized flashes between
neighboring bubbles during close approach or separation,
whereas static solutions and no-bubbling controls showed no
comparable events under the same optical settings.

Figure 2. Hydroxyl-radical generation from single bubbles and dense microbubble swarms. (A) Single-bubble fluorescence quantification showing
strong interfacial fluorescence in deionized water and suppressed response in seawater. (B) ESR spin-trapping spectra comparing hydroxyl-radical
signals from dense microbubble swarms in deionized water and seawater. (C) Seawater matrix-matched fluorescence calibration based on the
formation of 2-hydroxyterephthalic acid from terephthalic acid hydroxylation. (D) Time-dependent hydroxyl-radical concentration in seawater
during bubbling, calculated from the calibration in (C).
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Together, the high-speed imaging, photodiode response, and
PMT photon-counting data provide optical evidence for
transient emission events during bubble−bubble interactions
under high-ionic-strength aqueous conditions. Their transient
nature and localization between neighboring bubbles are
consistent with microdischarge-like events. This behavior is
distinct from conventional cavitation- or sonoluminescence-
type emission, which is commonly associated with bubble
oscillation and collapse under acoustic or strong pressure-field
excitation. In our experiments, no external acoustic driving
force was applied, and the representative emission events
appeared in the interbubble region during bubble approach or
separation, without an isolated bubble-collapse event in the
high-speed sequence. The matrix-dependent optical response
suggests that ionic strength and conductivity influence
interbubble photon emission, possibly by modulating inter-
facial charge screening, double-layer compression, and local
field focusing within dense bubble swarms. Importantly, this
interpretation does not require a persistent bulk voltage
between stationary bubbles. Although the individual contribu-
tions of these factors remain unresolved, the optical trend was
reproducible across repeated measurements.

Building on the optical evidence for transient interbubble
emission, we next distinguished isolated-bubble responses from
collective swarm behavior and evaluated oxidant formation
under seawater-relevant saline conditions. Around an isolated
microbubble, oxidative fluorescence using 10-acetyl-3,7-dihy-
droxyphenoxazine (ADHP)25 produced a clear interfacial
signal in deionized water but was strongly diminished in
seawater under the same optical conditions (Figures 2A and
S2, Movies S2 and S3). This trend is consistent with ionic-

strength-induced double-layer compression at isolated bub-
ble−water interfaces. Several controls support the assignment
of the fluorescence response to bubble-associated oxidation
rather than bulk artifacts: the probe remained stable in static
solutions over the acquisition window, no-bubble controls
produced only baseline signals, and increasing salt concen-
tration in deionized water monotonically decreased the single-
bubble response within the same optical geometry (Figure S3).
In contrast, under dense microbubble swarm conditions, where
bubbles frequently approach, separate, and interact, ESR spin
trapping resolved hydroxyl-radical signatures in both deionized
water and seawater (Figure 2B). ESR was used as a salt-
tolerant radical-detection method for comparing deionized
water and seawater. Together, these results indicate that
salinity suppresses the oxidative response at isolated bubble
interfaces but does not eliminate radical formation in dense
microbubble swarms, where repeated bubble−bubble inter-
actions can sustain ROS generation in seawater.

The single-bubble and dense-swarm experiments used
different fluorescence readouts: ADHP for spatially resolved
imaging of the bubble interface, and terephthalic acid for •OH
quantification through formation of 2-hydroxyterephthalic acid
(TAOH). A matrix-matched TAOH calibration was estab-
lished in seawater (Figure 2C) and applied to bubbling
samples, yielding apparent •OH concentrations as a function of
bubbling time (Figure 2D). The •OH concentration increased
monotonically over the observation window, consistent with
sustained radical production during repeated bubble−bubble
interactions within the swarm. Together with the ESR spin-
trapping results, this matrix-matched quantification shows that
radical formation persists in seawater even when the isolated-

Figure 3. Microbubble-mediated transformation of dimethyl sulfide and formation of inorganic sulfur species in aqueous phases. (A)
Representative ion chromatograms of DMS solution in deionized water before and after bubbling, showing newly formed inorganic sulfur species
together with other small anionic products. (B) Time-dependent sulfate formation in deionized water under the standing and bubbling conditions.
(C) Ion chromatograms of DMS in seawater before and after bubbling. The inset magnifies the sulfate region, highlighting the bubbling-induced
sulfate increment above the seawater background. (D) Time-dependent ΔSO4

2− in seawater derived from the sulfate peak area in (C), fitted with a
pseudo-first-order accumulation model. Data in (B, D) are presented as mean ± standard deviation from three independent measurements.
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bubble fluorescence response is strongly suppressed. These
results further support the view that dense microbubble
swarms can sustain ROS generation through collective
interbubble processes. The present measurements focus on
•OH because it was consistently detected by ESR, terephthalic-
acid fluorescence, and spin-trapping HRMS, while other
oxygen-derived oxidants, such as O2

•−, HO2
• and H2O2,

remain possible parallel products during bubbling.
Having established radical formation in microbubble

swarms, we next examined whether oxidants generated in
these gas−water interfacial environments could affect marine
sulfur cycling, a major redox-active component of ocean
chemistry. We selected dimethyl sulfide (DMS), a representa-
tive reduced marine sulfur compound whose atmospheric
oxidation is largely radical-mediated, to test whether analogous
oxidative chemistry could occur within microbubble-contain-
ing aqueous phases. Ion chromatography was then used to

monitor the formation of inorganic sulfur species during
bubbling.

In deionized water, ion chromatography revealed the
formation of inorganic sulfur species after bubbling, including
sulfate (SO4

2−) and reduced inorganic sulfur signals (Figure
3A) that matched S2− and HS− standards. Sulfate accumulated
over time under bubbling conditions, whereas standing
controls showed little change (Figure 3B). In seawater, the
chromatograms were dominated by chloride (Cl−) and a large
sulfate background, but a reproducible bubbling-induced
sulfate concentration increment (ΔSO4

2−) was resolved after
matrix-matched baseline subtraction and standard-addition
calibration, as shown in Figure 3C−D.

We report the bubbling-induced sulfate increment, ΔSO4
2−,

rather than the absolute sulfate concentration, to isolate the
newly formed contribution from the seawater background; the
time-dependent ΔSO4

2− increased monotonically and ap-
proached a plateau, broadly paralleling the seawater •OH trend

Figure 4. Spin-trapping evidence and proposed reaction network for DMS transformation during bubbling. (A) Representative DMPO spin-
trapping mass spectrum collected during bubbling of DMS solution. Colored markers indicate radical-adduct signals assigned or tentatively
assigned based on mass spectral patterns, with proposed structures shown on the right. (B) Proposed branched reaction network for DMS
transformation in the interbubble aqueous environment. Green, orange, and purple arrows represent ROS-induced sulfur-centered oxidation,
interfacial electric-field/discharge-induced excitation and fragmentation, and minor methyl-H abstraction, respectively. Blue boxes denote shared
radical or sulfur-containing intermediates, and gray/black boxes denote downstream inorganic sulfur products. The dashed regions indicate the
conceptual first- and second-demethylation stages leading from DMS to inorganic sulfur species.
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shown in Figure 2D. This plateau indicates finite liquid-phase
sulfate accumulation under continuous bubbling, with addi-
tional sulfur partitioning possible through gas exchange and
volatile or intermediate products. Control experiments without
bubbling or without DMS did not exhibit sulfate growth
beyond instrumental drift (see Supporting Information),
supporting the assignment of the observed sulfate increment
to microbubble-swarm-mediated DMS transformation.
Although seawater contains a substantial sulfate reservoir and
multiple potential scavengers, the detectable ΔSO4

2− indicates
that oxidants generated within dense microbubble swarms can
promote DMS transformation toward inorganic sulfur species
in the liquid phase under high-salinity conditions. Because
DMS is volatile and continuously exchanged with the gas phase
during bubbling, the observed ΔSO4

2− represents a con-
servative lower-bound liquid-phase marker of DMS-derived
inorganic sulfur formation. DMS transferred to the gas phase
or converted to other volatile or intermediate sulfur species is
outside this sulfate-only measurement. The 5 mM initial DMS
concentration in both deionized-water and seawater experi-
ments was used to resolve product formation above the large
seawater sulfate background and to examine the reaction
pathway under controlled conditions. In natural marine
environments, the contribution of this process may vary with
DMS availability, bubble dynamics, gas exchange, and
competing seawater reactions. Because seawater contains
many dissolved species that can consume oxidants, DMS
should be viewed as a representative sulfur substrate that
reveals one way in which microbubble-generated oxidants can
enter seawater redox chemistry.

Ion chromatography results established that bubbling
promotes the transformation of DMS-derived organic sulfur
into inorganic sulfur species, whereas the optical, fluorescence,
and ESR results indicate that radical chemistry is involved in
the microbubble swarm. To further probe possible radical
pathways of DMS transformation, we employed DMPO as a
spin-trapping agent26,27 and used high-resolution mass
spectrometry to analyze representative spin-trapped radical
adduct signals generated under bubbling conditions. As shown
in Figure 4A, the spectrum contains a prominent hydroxyl-
radical adduct signal assigned to DMPO−OH (m/z
130.0816), together with signals consistent with adducts of
methyl radical (DMPO−CH3, m/z 128.1031), and other
sulfur-containing radicals.

These spin-trapping results are consistent with several
radical processes in DMS transformation, including hydroxyl-
radical-initiated oxidation, methyl C−H abstraction, C−S
fragmentation/demethylation, and sulfur-radical oxygenation.
Together with the IC-detected inorganic sulfur products and
reported DMS radical chemistry, these DMPO-HRMS assign-
ments were used to construct the proposed branched scheme
shown in Figure 4B. The scheme summarizes one plausible
way in which the detected products and spin-trapped radical
adducts can be connected through established DMS radical
chemistry. Considered together with the ESR and fluorescence
detection of ROS, these results identify dense seawater bubble
swarms as a distinct aqueous oxidizing environment. Micro-
bubble-generated ROS, particularly •OH, can initiate DMS
chemistry through two ROS-driven pathways: sulfur-centered
activation and methyl C−H abstraction. Because DMS
contains an electron-rich and highly polarizable sulfur center,
•OH addition or attack to sulfur likely provides an efficient
entry point to DMS−OH•-type intermediates. These activated

sulfur-centered species can undergo C−S cleavage and first
carbon loss, yielding CH3S• with a closed-shell C1 product
such as CH3OH. Discharge-assisted or secondary fragmenta-
tion can also generate CH3

•, and the resulting sulfur-centered
radicals can enter oxygenation pathways that generate CH3S−
OO• and CH3SOx-type intermediates. A separate methyl C−H
abstraction by •OH can form CH3SCH2

•, consistent with the
corresponding DMPO adduct observed by HRMS, which is
shown as an alternative pathway and may undergo secondary
oxidation or fragmentation.

After convergence into the shared CH3S•/CH3SOx
•

intermediate pool, subsequent oxygenation and oxidative
fragmentation can promote second carbon loss and formation
of SO2/SO3-derived inorganic sulfur. Hydration of SO2 yields
aqueous S(IV) species such as HSO3

−/SO3
2−, which can be

further oxidized by O2 and ROS to SO4
2−, consistent with

previous literature.28 In parallel, the reduced inorganic sulfur
signal is consistent with a reduced-sulfur branch involving C−S
bond fragmentation coupled to proton- and electron-transfer
processes. At the seawater pH used here, this IC feature is best
described as part of the dissolved reduced-sulfur pool.29 Thus,
the detected products are best described as SO4

2− reflecting
oxidative inorganic-sulfur-forming channels and reduced
inorganic sulfur signals reflecting parallel reduced-sulfur
fragmentation channels. A set of proposed reaction steps
consistent with these assignments is provided in the
Supporting Information as Scheme S1.

To provide qualitative thermodynamic context for selected
branches of the proposed network, density-functional theory
(DFT) calculations were performed for representative formal
steps in the DMS transformation network (Figure 4B, Scheme
S1, and Tables S1−S2). These steps cover hydroxyl-radical-
initiated activation, C−S cleavage, oxygenation, demethylation,
and inorganic-sulfur-forming steps. Because the reactions are
expected to occur in a heterogeneous microbubble environ-
ment spanning gas−liquid interfaces, species were evaluated
under both gas-phase and bulk-aqueous conditions as limiting
cases. Following the partial-hydration picture used for water
microdroplet surface chemistry,30 the averaged gas-phase and
aqueous values are reported as qualitative partial-hydration
estimates, not as rigorous interfacial free energies. These
calculated values provide branch-level thermodynamic checks
for selected formal steps and help assess the qualitative
plausibility of the proposed initiation, fragmentation, oxygen-
ation, and inorganic-sulfur-forming channels, without defining
a complete kinetic mechanism or relative rates. Together, the
spin-trapping MS spectra, ESR/fluorescence detection of ROS,
and ion chromatographic product analysis support a proposed
radical-mediated DMS transformation scheme driven by
microbubble interactions. The DFT calculations add qual-
itative thermodynamic context for selected formal steps in this
scheme.

To conclude, these results reconcile an apparent contra-
diction in saline interfacial chemistry: although seawater
suppresses isolated-bubble oxidative responses through
double-layer screening, dense microbubble swarms can still
sustain optical emission, ROS generation, and aqueous sulfur
transformation through collective interbubble interactions. In
this view, the most chemically active moments may occur not
at isolated bubble surfaces under steady conditions, but during
transient close approaches between neighboring bubbles,
where local optical emission and radical generation become
coupled to aqueous redox chemistry. The DMS example
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illustrates the consequence of this collective behavior: a volatile
reduced sulfur compound can be redirected toward liquid-
phase inorganic sulfur formation before or during bubble-
mediated exchange with the atmosphere. This microbubble-
mediated route complements established biological and
atmospheric sulfur pathways by adding a seawater interfacial
process whose importance will vary with local bubble dynamics
and chemical composition.
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