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active oxygen species in water
droplets levitated in air

Yu Xia, ac Xiaoxu Li,b Fengjie Chen,a Jinheng Xu, c Xufeng Gao,b Bolei Chen, *ad

Xinxing Zhang *b and Richard N. Zare *c

Water droplets exceeding 100 mm in diameter are commonly found in natural aerosols, where the surfaces

of these droplets often acquire charges owing to contact and friction with the surrounding air and

particulates, influencing various atmospheric processes. This study reports the generation of reactive

oxygen species (ROS) in millimeter-sized droplets levitated in air. The friction between the droplets and

air results in positive charge accumulation on the droplet surface, which leads to ROS production from

the water while smaller, negatively charged droplets escape from the surface. The concentration of ROS

increases with droplet suspension time. Under electrostatic fields, such as those present in

cumulonimbus clouds, corona discharge occurs on the droplet surface, further enhancing ROS

formation. These findings offer a new mechanistic explanation for the presence of ROS in raindrops,

arising from chemical processes at the charged air–water interface of atmospheric droplets.
Introduction

Water droplets, commonly present in clouds, mist, and aero-
sols, play a pivotal role in atmospheric processes and air quality
control.1–7 These droplets typically range in size from a few
micrometers to several millimeters in diameter.8 Recent
research has highlighted unique chemical phenomena at the
gas–liquid interface of microdroplets, generally dened as
those with diameters below ∼60 mm, including markedly
accelerated reaction rates and a broad spectrum of redox
processes. In contrast, larger droplets (hundreds of microme-
ters to millimeters) display distinct physicochemical charac-
teristics, such as complex internal circulation and highly
dynamic interfacial behavior, which remain comparatively less
explored. By adopting this established size threshold, we seek to
clearly delineate the well-studied domain of microdroplets from
the millimeter-sized droplets that constitute the focus of the
present study.9–12

The chemical behavior of millimeter-sized droplets, which
exhibit signicant internal ows and positive charging, remains
and Health Effects of Persistent Toxic
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poorly understood.13,14 Unlike microdroplets, which maintain
relatively uniform internal ow caused by surface tension,
millimeter-sized droplets exhibit more complex internal
dynamics, which results in a highly dynamic gas–liquid inter-
face.15 This internal ow leads to continuous friction between
the droplet and the surrounding air, causing the droplet to
acquire a positive charge, a phenomenon consistent with
contact electrication principles.16,17

Despite these advancements, the impact of contact electri-
cation on the interfacial chemical processes in millimeter-
sized droplets has yet to be extensively investigated. In this
study, we explore the gas–liquid interfacial chemistry of
aqueous millimeter droplets levitated in air, focusing on how
the evolution of surface charge inuences these processes.

Previous studies have shown that electrons in water mole-
cules can escape from the droplet surface during interactions
with surrounding materials, including the gas phase.16 Our
earlier work demonstrated that electron transfer from water to
solid surfaces, coupled with the formation of interfacial electric
elds induced by water–solid contact electrication, can drive
redox reactions at the interface.17–19 Based on these ndings, we
hypothesize that the contact electrication of aqueous droplets
with air could similarly inuence interfacial chemical
processes. Understanding the physicochemical processes gov-
erning electron loss from the hydrogen-bonded network in
millimeter droplets is therefore crucial for advancing our
knowledge of water droplet chemistry.

It is important to note that reaction acceleration is not
universal across all droplet systems, with some studies report-
ing minimal effects even in smaller droplets.20 Therefore, the
phenomena observed in millimeter-sized droplets may arise
Chem. Sci.
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View Article Online
from distinct mechanisms, such as their extended lifetimes and
the dynamic charge separation described herein, rather than
from factors dominant at smaller scales (e.g., extreme
curvature).21

Results and discussion

To model an aqueous millimeter droplet dynamically levitated
in air, we used an acoustic levitator comprising an ultrasonic
transmitter and a reector, which was inspired by previous
work.10,22 The acoustic eld generated by these arrays success-
fully levitated a millimeter-sized droplet with a diameter of
1.5 mm (Fig. 1A), using an ultrasonic frequency of 38.5 kHz. The
entire experimental setup was enclosed in a sealed plastic
chamber to minimize large-scale convective air currents that
could displace the droplet. However, the localized air motion
generated by the acoustic eld was maintained, ensuring
a stable yet dynamic gas–liquid interface essential for droplet
levitation and interfacial interactions. The acoustic pressure
eld between the transmitter arrays was simulated using the
COMSOL Multiphysics soware, with a typical wave node
Fig. 1 (A) Schematic experimental setup of the acoustic levitator. (B) S
emission of the droplet. (D) A typical relationship between ROS concen
benzoic acid in the H2O2, levitated H2O and H2

18O droplets. Data poin
replicate measurements (n = 3). The PTO assay was confirmed to be lin

Chem. Sci.
highlighted by the black circle in Fig. 1B. When the droplet was
positioned at one of these nodes, the upward force exerted by
the acoustic eld counterbalanced the droplet's gravitational
force (Fig. S1), enabling it to remain levitated.

A water-soluble probe (10-acetyl-3,7-dihydroxyphenoxazine)
was used to detect the generation of reactive oxygen species
(ROS) in the droplet levitated in air. As shown in Fig. 1C,
a strong orange uorescence emission was observed from the
oating droplet containing the probe under 530 nm laser exci-
tation. This observation suggests that the spontaneous gener-
ation of ROS occurs not only in sprayed microdroplets
(diameter < 60 mm), as extensively studied before,9,23 but also in
oating millimeter droplets. The generation of ROS in the
droplets was further conrmed by using potassium titanium
oxalate (PTO; K2TiO(C2O4)2$H2O) according to a previously re-
ported method,9,19 as shown in Fig. 1D and S2. ROS with an
oxidation capacity comparable to that of hydrogen peroxide at
a concentration of 16 mMwere detected in the droplet. As shown
in Fig. S3, the generation of hydroxyl radicals was conrmed by
the mass spectrum of the levitated droplets.
ound pressure level in the levitator. (C) Digital image of fluorescence
tration a suspension time. (E) Mass spectrum analysis of 4-hydroxy-
ts represent the mean ± standard deviation from three independent
ear under the experimental conditions used.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To identify the origin of ROS in the droplet, we examined
water droplets containing heavy oxygen (H2

18O). Which were
levitated in air for 10 minutes. The generated ROS in the droplet
was reacted with 4-carbonxyphenylboronic acid (4-CPB)
(Fig. S4). By comparing the mass spectra of 4-hydroxybenzoic
acid productions from commercial H2O2, levitated H2O and
H2

18O droplets, the observed increase in the peak at 139.04 m/z
indicates that the O atoms in ROS originate from H2

18O in the
droplet, as shown in Fig. 1E. Additionally, the simultaneous
generation of both 16O-labeled (137.04 m/z) and 18O-labeled
(139.04 m/z) products with comparable signal intensities were
observed in H2

18O droplets. This result can be attributed to the
abundant lighter isotopic water molecules (H2

16O) present on
the surface of the heavy water, which could mitigate the ex-
pected isotopic effect of H2

18O on the redox reactions.19

To elucidate the relationship between the dynamic gas–
liquid interface of millimeter droplets and ROS generation, we
rst simulated the internal ow within the droplets. As shown
in Fig. S5, the interplay between the air ow induced by the
acoustic pressure and the surface tension of the droplet created
an internal vortex, resulting in continuous air–liquid friction.
Millimeter-scale droplets (∼2 mm in diameter) were levitated to
investigate their interfacial dynamics and the resulting ROS
generation. The dynamic behavior of the oating millimeter
droplet was captured using a high-speed camera. Notably, we
observed the motion of a microbubble within the droplet (Video
S1), marked by the yellow dashed circle in Fig. 2A. The motion
of this microbubble provides evidence of the internal vortices
and air–water friction at the droplet's surface. Simultaneously,
the uorescence of the levitated droplet was captured using the
high-speed camera. As shown in Fig. 2B, S6, and Video S2, the
uorescence intensity emitted by the droplet increased with
prolonged suspension time. These droplets are substantially
larger than typical microdroplets, and their internal circulation
and interfacial dynamics therefore differ accordingly.

The detection of ROS using these probes is well-established,
yet each method has specic characteristics that warrant
consideration. 10-Acetyl-3,7-dihydroxyphenoxazine (Amplex
Red) is highly specic for ROS,24 while potassium titanium
oxalate (PTO) provides a robust colorimetric assay for the same
analyte.25 4-Carboxyphenylboronic acid (4-CPB) selectively
reacts with hydroxyl radicals to form a phenolic product.9 To
ensure reliability, calibration curves were constructed for each
assay to conrm a linear response within the measured
concentration range. The convergent results obtained from
these orthogonal methods signicantly reduce the likelihood of
false positives. Furthermore, control experiments with non-
levitated samples and reagent blanks were consistently per-
formed to account for any background signal or non-specic
reactions.

Subsequently, we measured the real-time charge on the
levitated droplet. A gold probe was inserted into the droplet,
and the electrical signal from the probe was measured with an
electrometer. As shown in Fig. S7, the millimeter droplet
exhibited a net positive charge,26 contrasting with a previous
nding where sprayed microdroplets with diameters less than
60 mm were typically negatively charged. The charge
© 2025 The Author(s). Published by the Royal Society of Chemistry
accumulation rate of the levitated droplet is about 0.125 nC s−1.
Notably, we do not interpret that the increasing charge transfer
curve without saturation indicates a continued accumulation of
positive charge on the droplet surface. Instead, this result was
caused by the transfer of droplet surface charge through the
metal probe to the electrometer. Fig. 2C shows a linear rela-
tionship between the accumulated positive charge on the levi-
tated droplet surface and the enhancement of uorescence
intensity, consistent with the hypothesis that charge transfer at
the droplet–air interface promotes ROS generation, while the
underlying mechanism awaits further investigation. To further
investigate the surface charge transfer mechanism in the
millimeter droplet, we quantied the charge transfer on the
surface of the levitated droplet under controlled variations in
temperature, humidity, and atmospheric composition. As
shown in Fig. 2D, the amount of charge transfer on the droplet
surface increases signicantly as the temperature rises from
20 °C to 40 °C. This trend likely reects several coupled factors:
(1) elevated temperatures enhance charge exchange during air–
water friction, (2) accelerated evaporation promotes the release
of ne negatively charged droplets, and (3) reduced viscosity
and surface tension at higher temperatures facilitate internal
circulation and surface deformation, thereby increasing the
effective interfacial area for charge exchange. Fig. 2E shows that
the amount of charge transfer on the droplet surface decreases
slightly with increasing humidity. This effect may be attributed
to the higher water vapor content in the air, which increases its
viscosity and hinders the release of ne droplets. Fig. 2F shows
that the composition of the atmosphere surrounding the levi-
tated droplet also affects the charge transfer on its surface. The
amount of charge transfer in air is higher than that in methane
and nitrogen, which can be attributed to the differing electron
affinities of these gases, a nding that aligns with previous
studies.22 Additionally, we propose that the generation of ROS in
the levitated millimeter droplet arises from the ultra-strong
electric eld established between the net positive charge on
its surface and the negatively charged ne droplets released
during evaporation. This hypothesis is primarily supported by
the strong linear correlation observed between the accumulated
positive charge and the increase in ROS production (Fig. 2C). It
is important to qualify that the chargemeasurement, conducted
via insertion of a gold probe, could theoretically be inuenced
by factors such as trace surface contaminants, although
rigorous cleaning protocols were employed. However, the
systematic dependence of the charge signal on environmental
conditions (Fig. 2D–F), coupled with its direct correlation with
an independent measure of ROS, strongly suggests that the
measured trend robustly reects a physical phenomenon
intrinsic to the droplet–air interaction. Therefore, we conclude
that the friction-induced charge separation and the associated
interfacial electric eld are the dominant drivers of ROS
generation in this system.

It might be wondered whether acoustic cavitation or direct
ultrasonic irradiation affect the results we report. To test this
hypothesis, we added another set of ultrasonic generators to the
original experimental setup, and its structure is shown in
Fig. S8A. The ultrasonic generator parallel to the direction of
Chem. Sci.
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Fig. 2 (A) A microbubble rotating at high speed in the droplet. (B) Increase of fluorescence emission of the droplet depended on levitated time.
(C) Lineal relationship between fluorescence intensity and transferred charge of the droplet. (D) Transferred charge increase at different envi-
ronmental temperatures. (E) Transferred charge increase at different relative humidity. (F) Transferred charge increase in different atmosphere.
The scale bars are 1 mm for both panel A and B.
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gravity is used to counteract the effect of gravity and suspend
the liquid droplets. Ultrasonic waves perpendicular to the
direction of gravity exert another sound eld force on the
droplet. We compared uorescence signals of ROS generated
from droplets in two experimental setups and found that their
ROS concentration was at the same level, as shown in Fig. S8B.
This result indicates that the uorescence signal of the droplet
we observed mainly comes from the interaction between the
droplet and the air.

In the atmosphere, millimeter-sized droplets are found most
commonly in cumulonimbus and stratus clouds. There is no
doubt that we need to consider the inuence of electric elds in
cumulonimbus clouds on the interfacial chemistry of charged
droplets. Given that electric eld intensities in cumulonimbus
clouds range from a few kV m−1 to several hundred kV m−1, we
placed a levitated droplet in an electrostatic eld (30 kVm−1). As
shown in Fig. 3A and B, we observed a typical corona discharge
on the side of the droplet surface near the negative electrode
aer 70 ms of suspension. This discharge persisted for 8 ms.
Following the discharge, the droplet recharged itself over 2 ms,
aer which a second corona discharge occurred. As shown in
Fig. 3C and Video S3, this process repeated cyclically.
Chem. Sci.
Additionally, we observed a weaker corona discharge on the side
of the droplet near the positive electrode (Fig. S9 and Video S3).
This phenomenon can be attributed to the fact that the levitated
millimeter droplet is positively charged, and the polarization
electric eld intensity, resulting from the accumulation of
positive charge under the inuence of an external electrostatic
eld, is signicantly higher than that of the negative charge.
Corona discharge from a charged sphere in an electrostatic eld
is intrinsically complex. Small deviations from perfect
symmetry in droplet shape or surface condition can cause one
side of the droplet to initiate discharge rst. Once discharge
begins, the resulting redistribution of the local electric eld can
reinforce this asymmetry, allowing the initially discharging site
to remain dominant. For a charged sphere, discharge rarely
occurs exclusively at a single location; more commonly, two
discharge points are formed with unequal intensities. It is
worth noting that previous studies have reported corona
discharge phenomena on the surfaces of microdroplets.21 While
corona discharges can occur on both millimeter-sized droplets
and microdroplets, we propose that they arise from different
physical mechanisms. In millimeter-sized droplets, the
discharge is primarily driven by the accumulation of positive
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Digital image of the initial state of a levitated droplet in an electrostatic field. (B) Digital image of corona discharge on the surface of
levitated droplet placed in an electrostatic field. (C) Charge and discharge on the surface of the levitated droplet repeated cyclically. The scale
bars are 1 mm for both panel A and B.
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charges generated through water–air contact electrication. In
contrast, the discharge observed in microdroplets stems from
the build-up of negative charges. These ndings suggest that
multiple physicochemical processes may coexist at the water
droplet interface, collectively inuencing its charging behavior
and subsequent redox reactions.

We have also examined how the change in droplet size
affects ROS generation. As shown in Fig. S10, we observed the
reactions of ROS generation in droplets with diameters of 2000,
1500, 1000, and 500 mm respectively. The uorescence intensity
of its ROS-sensitive probe decreases as the droplet diameter
decreases. However, it is difficult for us to simply attribute this
phenomenon to the change in droplet size. This is because
when the size of the droplet decreases, the gravitational force of
the droplet reduces. To ensure its stable suspension, we must
lower the power of the ultrasonic generator to balance the forces
acting on the droplet. Although the previous experiments
conrmed that the change of ultrasonic power has a limited
inuence on the ROS generation process, the reduction of
ultrasonic power can also lead to a decrease in the air ow
velocity around the droplets. In addition, as the droplet size
decreases, the inuence of its surface tension on the interfacial
ow of the droplet increases, which also affects the interaction
between the droplet and the air. Therefore, the change in
droplet size leads to the variation of multiple dependent vari-
ables in the entire experimental system.

To evaluate the effect of droplet discharge on the generation
of ROS, we examined the uorescence intensity of droplets
containing ROS uorescent probes. As shown in the Fig. 4A,
when a droplet was levitated in the electrostatic eld for 10 min,
its uorescence intensity is signicantly higher than that of
a droplet levitated without the presence of the electrostatic eld.
Quantitative analysis of ROS based on their reaction with PTO
shows that the concentration of ROS in the levitated droplet is
comparable with the H2O2 solution with concentration of 18 mM
in the absence of electrostatic eld, while the concentration of
ROS doubled in the droplet levitated in the electrostatic eld
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Fig. 4B). As shown in Fig. 4C, we measured the generation of
hydroxyl radicals (cOH) and superoxide radical anions (cO2

−)
with and without an applied electrostatic eld, respectively.
Quantitative comparison is supported by the consistent exper-
imental conditions and the clear relative intensity changes
observed between samples.27 Electron spin resonance spectra
show that the signals of these two kinds of free radicals increase
obviously in the presence of electrostatic eld. In general, these
results suggest that the radical generation observed in the
levitated millimeter-sized droplet may be induced by the ultra-
strong electric eld at the water–air interface, which is in
good agreement with our previous works.20

To further understand the potential correspondence
between our model and natural phenomena, we used COMSOL
soware to simulate the air ow eld around the levitated
droplets. Our results indicate that the air ow rate surrounding
the droplet is approximately 2–10m s−1 (Fig. S11). Furthermore,
if we assume that the microbubble in the droplet moves along
the surface of the droplet sphere (shown in Fig. 2A and Video
S1), the bubble in the droplet moves at a speed of 2 m s−1.
Therefore, our model aligns with the behavior of droplets in the
atmosphere under strong breeze conditions.22 Given that the
bottom of a cumulonimbus cloud is typically negatively
charged, we hypothesized that the ROS generation process
caused by electric eld at millimeter droplet surface, as
observed in the laboratory, also occurs in raindrops within
cumulonimbus clouds, particularly as they gravitationally
approach the bottom of the clouds. Whereas stratospheric
ozone (O3) is thought to arise from the UV photodissociation of
O2, tropospheric ozone is usually attributed to chemical reac-
tions between oxides of nitrogen (NOx) and volatile organic
compounds (VOC), which occur when pollutants chemically
react in the presence of sunlight. The present study offers yet
a different mechanism, namely, electrical discharge of the
droplets, which can take place in the dark as well as in
sunlight.23
Chem. Sci.
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Fig. 4 (A) Fluorescence intensity profiles of ROS generation in droplet levitated with and without electric field. (B) Corresponding ROS
concentration in droplet levitated with and without electric field. (C) Corresponding ESR spectra of radicals generated in droplet levitated with
andwithout electric field. Data points represent themean± standard deviation from three independent replicatemeasurements (n= 3). The PTO
assay was confirmed to be linear under the experimental conditions used.
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Conclusions

In conclusion, our study provides strong evidence that reactive
oxygen species (ROS) are generated in levitated millimeter
droplets. These droplets acquire a net positive charge, and when
placed in an electrostatic eld, a corona discharge is observed at
the droplet surface. This discharge process further enhances
ROS generation. We propose that the generation of ROS is
driven by the ultra-strong electric eld at the dynamic liquid–
gas interface of millimeter-sized droplets as they oat in air.
This discovery not only deepens our understanding of chemical
reactions occurring at aqueous interfaces but also reveals
previously unrecognized chemical processes that may take
place in clouds and raindrops.
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