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ABSTRACT: Ultrasonication of biphasic mixtures involving water
and oil forms water microdroplets, offering a promising platform
that spontaneously generates hydrogen peroxide and hydrogen
gas. However, the redox mechanisms underpinning these transfor-
mations are poorly understood, and most existing studies rely
heavily on petroleum-derived alkanes like hexadecane. Herein, we
introduce a sustainable alternative by utilizing ethyl palmitate, a
renewable and plant-based oil as the organic phase. We move
beyond the reactive microdroplet narrative to provide a mechanistic
framework that captures redox transformations in sonicated emul-
sive water microdroplets (SEWMs). We demonstrate the catalyst-
free production of hydrogen peroxide (∼12 mM) and hydrogen
 7502
gas (∼0.75 μmol) via reduction and simultaneous oxidation of e
749/​sc-2026-05673j.​pdf by
thyl palmitate into value-added organic products (generating
millimolar amounts of methanol, ethanol, methanediol, oxydimethanol, formic acid, and acetic acid), thus completing a redox coupled
process within the microdroplet environment. Bright-field microscopy imaging analyses reveal that increased droplet populations and
decreased droplet size correlate with higher reactivity. Furthermore, H2O2 and H2 formation exhibits anticorrelated trends, indicating
competing interfacial reaction pathways and tunable product selectivity by varying the gaseous environment during ultrasonication.
Together, these findings expand microdroplet chemistry to plant-based oil systems and highlight SEWMs as a renewable platform
for sustainable redox chemical transformations.
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Generating chemicals through redox reactions using renewable
sources, such as water, air, and biofeedstocks, is an attractive
strategy for decarbonizing the chemical industry.1–5 This shift
allows for the reinvestigation of novel synthetic pathways
that minimize hazardous chemical utilization and explore alter-
native energy inputs. The urgent need for such decentralized
technologies is best illustrated by the current production
methods of hydrogen peroxide (H2O2) and hydrogen gas
(H2). Currently, H2O2 is produced almost exclusively (>95%)
by the centralized anthraquinone auto-oxidation (AO) process,6

a capital-intensive process that relies on hazardous organic sol-
vents and energy-intensive separations.7 These constraints make
on-site H2O2 production nonfeasible in many applications. On
the other hand, H2 is considered to be a promising clean fuel8,9

but is predominantly produced by the steam methane reforming
process,10 which is a fossil-based and CO2-intensive process11

that accounts for ∼95% of global H2 supply. Consequently,
new approaches capable of generating both H2O2 and H2
cess development.
Among the emerging technologies, the unique chemistry

occurring at the water microdroplet interface has garnered sig-
nificant attention as a transformative platform for catalyst-free
chemical synthesis.12 Aqueous microdroplets, whether gener-
ated via electrospray, nebulization, or ultrasonication, can
enable or accelerate the rate of certain chemical reactions by
several orders of magnitude compared to the same reactions
in the bulk.13–19 This phenomenon is largely attributed to
microdroplets’ high interfacial area, intrinsic electric fields
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formed at their interfaces, excess charge, and contact electrifica-
tion.20–22 The synergy of two or more of these features could
promote the formation of reactive oxygen species (ROS) such
as H2O2 and highly oxidizing radical intermediates such as the
hydroxyl radical, ·OH.20,22–24 Recently, we reported that the
ultrasonication of water-in-hexadecane emulsions, generating
sonicated emulsive water microdroplets (SEWMs), enables
the spontaneous reduction of O2 in air to produce H2O2
at mM concentrations.23 Despite the formation of highly
oxidising ROS, this work showed that conditions within
SEWMs are reductive, capable of producing both H2O2 through
the oxygen reduction reaction (ORR) and also hydrogen gas
(H2).

23 The microenvironment within SEWMs resulting from
confinement in a droplet, redox, and sonochemical excitation
can be exploited for complex redox reactions such as
biopolymer deconstruction to valorized products,25 opening
new avenues for analogous reaction classes encountered with
sprayed microdroplets, e.g., in the production of urea, uracil,
and complex inorganic materials.26–29 However, elucidating
the origin of the redox pathways and the role that the oil plays
in SEWMs is necessary to advance this field of research.

A fundamental aspect of redox transformations is the need
for an electron donor and an acceptor to complete the reactive
cycle. This requirement has led to significant discussion in the
microdroplet community about the origin of redox intermedi-
ates and products at the water/oil and water/air interfaces.30−34

Prior work showed that H2 and H2O2 are spontaneously gener-
ated via reduction in SEWMs, and a significant oxidative trans-
formation of hexadecane to hexadecanol was identified via
nuclear magnetic resonance (NMR).23 Previous studies in
SEWMs have also pointed toward the transformation of the
oil phase.35–37 These findings lead to two important questions:
Can oil/water microdroplet-enabled redox reactions be extended
to renewable, plant-derived oils rather than relying on petroleum
products such as hexadecane? Can oil transformations be lever-
aged to produce value-added products sustainably at the water–
oil interface?

In this work, we extend the microdroplet redox narrative by
transitioning from petroleum-based alkanes to renewable, plant-
based oil. We demonstrate that SEWMs produced with ethyl pal-
mitate (EP), a natural palm oil derivative with multiple applica-
tions in the chemical and cosmetic industry, can achieve similar
redox outcomes, facilitating the catalyst-free generation of H2O2
and H2. Given that palm oil is a major biofeedstock produced at
approximately 72 million metric tons annually worldwide, EP rep-
resents a readily available platform for sustainable redox sys-
tems.38 Notably, our results demonstrate an anticorrelation
betweenH2 andH2O2 produced in EP SEWMs, a key observation
toward establishing how the redox budget within these microdro-
plets is utilized. Furthermore, we explore a comprehensive “paired
redox” pathway that has been largely overlooked in previous
microdroplet studies. We propose that EP does not act merely
as a passive solvent but functions as a sacrificial redox agent to
close the charge balance. Our results show that while H2O2
and H2 are generated through reduction pathways, the oxidative
transformation of EP yields useful organic compounds such as
alcohols, aldehyde derivatives, and carboxylic acids. Thus,
SEWMs offer a potential path forward providing a new frame-
work for understanding how biomass-driven materials can be
leveraged in micro-electrochemical reactors to drive the next
generation of sustainable chemical synthesis, on-demand pro-
duction, modularity, and distribution.
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■ EXPERIMENTAL SECTION

Chemicals and Materials

All microdroplet experiments were performed using ultrapure water
from a Millipore Sigma Synergy UV Water Purification System. Ethyl
palmitate (≥99%), hexadecane, soluble starch powder, soybean oil,
sunflower oil, and corn oil were purchased from Sigma-Aldrich.
Potassium nitrate (KNO3, 99%), potassium iodide (KI, 99%), and
hydrogen peroxide (H2O2, 30% ACS grade) were obtained from
Fisher Chemicals. A platinum (Pt) wire (99.9%) with a diameter of
25 μm was obtained from Goodfellow. The platinum wire counter elec-
trode, with a diameter of 0.4 mm, was purchased from Gamry
Instruments. The Ag/AgCl reference electrode was purchased from
CH Instruments. Disposable glass scintillation vials purchased from
VWR (article no. 66022-128) with a capacity of 20 mL were used
for ultrasonication. Centrifugation was performed using a Vulcan
Clinaspin centrifuge. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was
purchased from Enzo Life Sciences. The water-in-oil microdroplets were
generated using a Bransonic M1800H ultrasonic bath operating at 70 W
and a frequency of 40 kHz. A Hamilton 2.5 mL gas-tight syringe was
used for headspace gas chromatography (GC) analysis.

Microscopy and Optics

Bright-field imaging of droplets was performed using an inverted epi-
fluorescence microscope (IX71, Olympus), equipped with a CMOS
camera (Grasshopper 3, FLIR), which captured images using a
1920 × 1200 pixelated array at 30 Hz. A 0.6 numerical aperture
(NA) 40× objective lens (Olympus) was used for imaging.

Electrochemical Detection of H2O2

A 12.5 μm Pt-ultramicroelectrode (Pt-UME) was used for the detec-
tion of H2O2. The electrochemical measurements were conducted
using a CH Instruments 601E potentiostat in a Faraday cage.

UV–Vis Spectroscopy

The iodometric detection of H2O2 was carried out at room tempera-
ture using a Shimadzu UV-1280 Spectrophotometer with a quartz
cuvette (with a 1 cm path length). To prepare the samples, 200 μL
of the aqueous phase extracted from the ultrasonicated emulsions
was added to a mixture of 1 mL of 0.1 M HCl, 200 μL of 1 M KI,
and 200 μL of 0.5% (w/v) starch solution. The mixture was allowed
to stand for 10 min to ensure the complete reaction of H2O2. The
resulting dark blue solution was then transferred to a quartz cuvette,
and absorbance was recorded at a wavelength of ∼580 nm.

GC Analysis

GC analysis was conducted using a Thermo Fisher Scientific Trace
1610 Permanent Gas Analyzer equipped with dual thermal
conductivity detectors (TCD) and an auxiliary valve oven. The oven
temperature was maintained at 80 °C. Both TCDs were held at
200 °C with a filament temperature of 300 °C. Reference flows were
maintained at 1.0 mL/min (He for Aux L-TCD, N2 for Aux R-
TCD). Samples were injected at a volume of 2.5 mL.

Nuclear Magnetic Resonance (NMR) Spectroscopy

All NMR measurements were conducted on a Bruker NEO 600 MHz
NMR spectrometer, equipped with a 5 mm BBO prodigy probe. For
analysis of products in the distinct phases after forming SEWMs,
600 μL of the aqueous phase was diluted in 60 μL of D2O, and
250 μL of the oil phase was diluted in 350 μL of CDCl3 in NMR tubes
for 1H and 13C NMR spectra. 1H NMR spectra for the aqueous phase
were acquired with 128 scans, and 13C NMR spectra were acquired
with 10,000 scans. The 1H NMR spectra for the oil phase were
acquired with 64 scans, whereas the 13C NMR spectra were acquired
with 512 scans. Two-dimensional heteronuclear single quantum coher-
ence spectroscopy (HSQC) and correlation spectroscopy (COSY)
https://doi.org/10.1021/acssuschemeng.6c05673
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spectra of the aqueous phase were recorded with 32 and 16 scans,
respectively, and additional HSQC and heteronuclear multiple bond
correlation (HMBC) spectra were collected in D2O with 8 and
128 scans, respectively. For quantitative NMR (qNMR), 48.5 mM tri-
phenylphosphate (TPP) in CDCl3 was used as the external calibration
compound. To confirm spectral assignments, the aqueous extract was
spiked with authentic standards (1 mM each of acetic and formic acid,
0.5 mM each of ethanol and methanol), and spectra were recorded
before and after spiking with 128 scans.
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Infrared Spectroscopy

Attenuated total reflectance–surface-enhanced infrared absorbance
spectroscopy (ATR-SEIRAS) experiments were performed utilizing a
PerkinElmer Spectrum 3 FTIR with a liquid nitrogen-cooled MCT
detector. The FTIR was fitted with a VeeMax III (PIKE technologies)
specular reflection accessory and coupled with a Jackfish electrochem-
ical cell (PIKE Technologies). The specialized internal reflection ele-
ment (IRUBIS) was used with a 35° angle of incidence.39 The
spectra were collected between 4000 and 700 cm–1 at a 4 cm–1 resolu-
tion using an 8.94 mm J-stop with a scan speed of 1 cm–1 s–1. For
SEIRAS measurements, the scan accumulation was 256 scans. All elec-
trochemical ATR-SEIRAS experiments used a CHI 1242C potentiostat
(CH Instruments, Inc.) with a carbon rod for the counter electrode
and an Ag/AgCl reference electrode (3 M KCl) connected via a
0.1 M NaClO4 agar salt bridge. The internal reflection element and
working electrode used for all ATR-SEIRAS experiments were a
graphene-on-gold substrate reported in prior work.40 All EC-SEIRAS
experiments used the gold-plated IRE as the working electrode, a
carbon rod as the counter electrode, and an Ag/AgCl (3 M) as the ref-
erence electrode.
Figure 1. (a) Schematic of the experimental setup. (b) Optical image of mi
ethyl palmitate. (c) Size distribution of microdroplets (diameter in μm) as a
diameter as a function of time after ultrasonication, with the color intensity a
unique individual droplets) in each time-size bin. (e) Distribution of the drop
droplets detected per frame (not unique individual droplets).
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Electron Paramagnetic Resonance (EPR) Spectroscopy

5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was utilized as a radical spin
trap for the detection of the radical species. For preparing the samples
for EPR spectroscopy, a 1:10 water-ethyl palmitate mixture was prepared
by adding 200 μL of 50 mM aqueous DMPO to 2 mL of oil in a 20 mL
glass scintillation vial and ultrasonicating for 25 min under continuous
oxygen purging conditions. The aqueous phase for EPR measurements
was then removed after centrifugation of the emulsion formed.
Aliquots of the water phase were transferred to a Wilmad Glass quartz
flat cell. The spectra were acquired at room temperature (∼298 K) with
an EMXPlus X-band instrument. The measurements conditions were
center field = 3480 G, sweep width = 100 G, sweep time = 30 s, aver-
ages= 8 scans, microwave power = 20 mW, receiver gain= 30 dB, mod-
ulation amplitude = 1 G, and microwave frequency = 9.783382 GHz.

■ RESULTS AND DISCUSSION

H2O2 Generation from Ethyl Palmitate
(EP)-Based Microdroplets

EP-based SEWMs were generated using ultrasonication at a fre-
quency of 40 kHz (Figure 1a). Vials containing different water-
to-oil ratios of 10:1, 5:1, 1:5, and 1:10 were ultrasonicated to
determine the optimal ratio to identify the water-to-oil ratio
that resulted in the highest hydrogen peroxide and hydrogen
production among the conditions tested (Note S1 and
Figure S1). This resulted in the formation of a homogeneous
emulsion. Although we attempted to measure the zeta potential
and characterize microdroplet size distribution using dynamic
light scattering, our efforts were unsuccessful as the highly
crodroplets formed during ultrasonication of a 1:10 ratio of water and
function of time during ultrasonication. (d) Distribution of the droplet
nd z-axis representing the number of droplets detected per frame (not
let count over time, where the droplet count represents the number of
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dynamic nature of the formed microdroplets, the lack of surfac-
tant, and the large amounts of oil in some compositions resulting
in high turbidity rendered such results unreliable. Consequently,
bright-field optical microscopy combined with digital image
analysis was used that allowed us to directly observe the micro-
droplets and obtain a size distribution histogram without the
aforementioned physical limitations. Figure 1b shows a character-
istic image of 1:10 water-to-EP SEWMs generated under ambient
conditions for 5 min of ultrasonication (Note S2). We deter-
mined the size distribution of the water microdroplets over a
40 s time after ultrasonication for 5 min (Figure 1c), and the
average size of microdroplets generated was 3.5 ± 0.9 μm.
Figure 1d shows the temporal analysis of the microdroplets over
a glass slide after the samples were sonicated for 5 min and a
∼10 s transfer to the microscope. For at least ∼40 s, the emul-
sions were sufficiently stable on the glass slide for imaging. The
full analysis of these results for the different water-to-EP ratios
(Figures S2–S4) shows that the number of droplets and their size
changed dramatically when comparing different compositions.
In the water-rich compositions (10:1 and 5:1), the droplets
consisted of oil rather than water, whereas in the oil-rich compo-
sitions (1:5 and 1:10), the droplets consisted of water, i.e., strictly
ultrasonicated emulsified water microdroplets (SEWMs). Bright-
field microscopy imaging analysis revealed that a 1:10 ratio of
water-to-EP generated the largest number of SEWMs obtained
across this set of conditions. Notably, temporal changes in the
per-frame droplet counts suggest progressive droplet coalescence
over time (Figure 1e and Figures S2–S4).

To assess the reactivity of water/EP microdroplets on the
spontaneous generation of H2O2, we first ultrasonicated the
Figure 2. H2O2 and H2 generation as a function of the water:oil ratio. Cyclic
phase from emulsions formed by ultrasonication of (a) 10:1, (b) 5:1, (c) 1:
electrode setup using a 12.5 μm Pt-UME. All electrochemical measurements w
after extracting the aqueous phase by centrifugation (5× dilution). (e) Gas c
after 30 min of ultrasonication under sealed conditions, showing a peak for H2
gas. (f) Corresponding quantified H2 produced in the headspace of the sam
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oil/water mixtures under ambient conditions (i.e., in an open
system exposed to oxygen from air) for 30 min. The emulsions
were then centrifuged to extract the aqueous phase containing
H2O2. Peroxide formation was detected electrochemically
using a Pt-ultramicroelectrode and confirmed using commercial
H2O2 detection strips via a colorimetric assay using a
peroxidase-catalyzed reaction. Although the peroxide strips
showed a small amount of H2O2 generated in the 10:1 and
5:1 system of ∼30 μM, a larger amount was detected in the 1:5
and 1:10 systems with ∼0.6 and ∼0.8 mM each, implying at least
one order of magnitude increase in the concentration. Cyclic
voltammograms for H2O2 detection, shown in Figure 2a–d, indi-
cated stark differences for samples with an excess of oil (1:10,
1:5) compared to an excess of water (10:1, 5:1), with only the
former clearly showing the formation of detectable amounts of
H2O2. Chronoamperometry measurements performed using a
Pt-UME biased at 0.9 V vs an Ag/AgCl/3 M KCl corroborated
this result (Figure S5a,b). H2O2 concentrations were obtained
using a calibration curve (Figure S5c,d), which showed that 1:5
and 1:10 ratios of water-to-ethyl palmitate produce ∼0.8 and
∼1.4 mM H2O2, respectively. Overall, these measurements
showed an increase in the concentration of H2O2 with an
increasing amount of oil in the system, conditions under which
water-in-oil microdroplets form, i.e., strictly SEWMs.

H2 Generation from Ethyl Palmitate (EP)-Based Microdroplets

We next characterized hydrogen gas generation from SEWMs
in Ar-purged solutions (i.e., in the absence of O2 from air).
Combinations of 10:1, 5:1, 1:5, and 1:10 ratios of water-to-EP
voltammograms (CVs) showing H2O2 oxidation responses in the water
5, and (d) 1:10 water-to-oil ratios. The CVs were recorded in a three-
ere performed using 0.1 M KNO3 as the supporting electrolyte, added
hromatograms (GC) of samples prepared with varying water:oil ratios
detection; the peak labeled * indicates the signal for residual He carrier
ples in (e).

https://doi.org/10.1021/acssuschemeng.6c05673
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were ultrasonicated under sealed conditions for 30 min to pre-
vent the escape of any gases formed. Gas samples were
extracted from the headspace of the sealed vial and analyzed
for H2 using gas chromatography (GC). The amount of H2
gas evolved was quantified using a calibration curve generated
by injecting different volumes of 4.8% H2 in an Ar gas mixture
into the GC, with distinct H2 peaks at t ≈ 0.94 min
(Figure S6a,b). Gas chromatograms (Figure 2e) and the corre-
sponding amounts of H2 produced (Figure 2f) quantified using
the calibration curve in Figure S6 show once more that the 1:5
and 1:10 ratios of water-to-EP SEWMs generate larger quanti-
ties of H2 compared to the 10:1 and 5:1 ratios of water-to-EP.
These results further indicate that water-in-oil microdroplets
are more reactive than their oil-in-water counterparts for both
H2O2 and H2 generation.

To assess whether the observed H2O2 and H2 were gener-
ated specifically due to the formation of the microdroplet inter-
face, we performed control experiments by ultrasonicating
pure water and pure oil separately for 30 min under identical
conditions. Electrochemical measurements (performed only
on ultrasonicated water samples) and peroxide test strips
revealed no detectable H2O2 in either of these control systems
(Figure S7a,b). There was a small measurable signal for H2 pro-
duction on pure EP, but results from GC analysis revealed
the amount to be 10 times lower compared to the
1:10 water:EP SEWMs (Figure S7c,d). Such quantities are con-
sistent with the amounts observed for the oil-in-water droplets as
shown in Figure 2f, suggesting that oil-in-water droplets do not
generate H2 above the background level of pure EP. It is known
that ultrasonication can induce H2 generation in single-phase
systems.41,42

We further estimated the total interfacial area exposed to the
1:5 vs the 1:10 water-to-EP SEWMs during the initial 40 s pos-
tultrasonication window to capture the microdroplets before
significant phase separation occurred. Assuming that the
imaged droplets within this observation window are representa-
tive of the immediate postultrasonication emulsion state, the
total surface area was estimated by multiplying the number of
analyzed droplets by their average surface area (Note S3).
The total surface areas of SEWMs on the microphotographs
for the 1:5 and 1:10 water-to-EP ratios were 7.62 × 104 and
4.22 × 105 μm2, respectively. Our results indicate that the total
area exposed in the 1:10 SEWMs is at least one order magni-
tude larger than in the 1:5 SEWMs, consistent with larger
amounts of H2O2 generation in the former. While this calcula-
tion represents a transient operational estimate rather than a
static equilibrium value due to inevitable droplet coalescence
over time, this sharp 10-fold increase in the total surface area
directly correlates with the larger amounts of H2O2 generation
observed in the 1:10 system. However, the results for H2 pro-
duction are similar in both cases, suggesting that the total area
exposed in each case is not the sole driver of differences in
reactivity. Prior work has shown that microdroplet reactivity,
particularly with respect to H2O2 formation, increases with
the decreasing droplet radius.43,44 Consistent with this trend,
our experimental results indicate that microdroplets formed at
a 1:5 water-to-EP ratio are larger than those formed at a
1:10 ratio (Figure 1e and Figure S4d), providing additional
support for the enhanced H2O2 formation observed in the lat-
ter system. Our results clearly show that the production of two
redox products, H2 and H2O2, is significantly increased in
SEWMs involving at least 1:5 and 1:10 water:EP in contrast
1585
to single phases, highlighting a unique chemical effect that
underscores the critical role of the water–oil microdroplet
interface. Based on these results, we focused on characterizing
the 1:10 water-to-oil ratio SEWMs, which generated significant
amounts of H2O2 and H2 for subsequent experiments.
We next turned to enhancing the generation of H2O2 and H2

from the most reactive 1:10 SEWM system using EP under
varying ultrasonication times. The corresponding SEWMs
were prepared by ultrasonicating the 1:10 water-ethyl palmitate
mixture for 10, 20, 30, and 60 min under ambient conditions
(for H2O2) and Ar-purged, sealed conditions (for H2).
Electrochemical measurements revealed that H2O2 production
increased progressively with longer ultrasonication times, as
shown in Figure 3a–d and Figure S8a. Across this set of condi-
tions, the maximum amount of H2O2 was generated in SEWMs
formed by ultrasonicating the emulsions for 60 min, reaching up
to 2.4 mM (Figure S8b). This trend can be attributed to the
continuous reduction of dissolved oxygen to H2O2 and its sub-
sequent accumulation during ultrasonication. Because ultrasoni-
cation was carried out under ambient conditions, oxygen from
the atmosphere continuously diffused into the samples, thereby
sustaining and enhancing peroxide formation. This trend was
further supported by the positive iodometric assay. In this assay,
H2O2 oxidizes iodide (I

−) ions to iodine (I2), which then forms
a blue complex with starch. The increasing absorbance at λ ≈
580 nm observed with longer ultrasonication times confirmed
the formation of higher H2O2 concentrations, up to 3.8 mM,
as shown in Figure S9. Further, gas chromatograms for H2
detection also revealed an increase in H2 production with the
increase in ultrasonication time (Figure 3e,f). This trend arises
from the sustained formation of reactive microdroplets during
ultrasonication, which continuously drive redox reactions and
allow H2 to accumulate in the headspace.
Given that ethyl palmitate has an ester functional group, we

examined whether this might quench or decompose the gener-
ated H2O2. To test this, samples containing 10 mM H2O2 were
ultrasonicated with ethyl palmitate in a 1:10 ratio under Ar for
30 min. The resulting peroxide concentrations were then com-
pared to those from parallel experiments in which water and oil
were ultrasonicated under identical conditions without added
H2O2. As shown in Figure S10, the electrochemical analyses
revealed no significant loss of H2O2, confirming the chemical
stability of H2O2 in this system. This was also confirmed statis-
tically using the Welch’s t-test, which indicated no difference
between the expected and experimental concentrations of
H2O2 (Note S9 and Table S1).

The Redox Budget for H2 and H2O2 Generation

Beyond increasing the yield of H2 or H2O2 by increasing
the ultrasonication time, we further sought to understand
how the production of these two species is correlated. Here,
we modified the atmosphere in which H2O2 was produced
by forming the emulsions under saturated oxygen conditions
while ultrasonicating for 60 min. Increasing dissolved O2
availability led to substantially higher anodic (oxidative) cur-
rents (Figure S11a–c). These results indicate that greater
dissolved O2 availability significantly enhances H2O2 genera-
tion.23 Quantitative electrochemical analysis revealed that
H2O2 concentrations reached up to 8.5 mM after optimal ultra-
sonication conditions, i.e., ultrasonicating a 1:10 mixture of
water and ethyl palmitate under continuous O2 purging for
60 min (Figure S11d). These results were corroborated by
https://doi.org/10.1021/acssuschemeng.6c05673
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Figure 3. H2O2 and H2 generation as a function of ultrasonication time. Cyclic voltammograms (CVs) showing H2O2 oxidation responses in the
water phase from emulsions formed by ultrasonication of a mixture of a 1:10 water-to-oil ratio for (a) 10, (b) 20, (c) 30, and (d) 60 min. The increas-
ing current response with increasing ultrasonication time indicates enhanced generation of H2O2, corroborated by a corresponding increase in color
intensity observed in qualitative peroxide test strips. All measurements were performed after a 5× dilution. (e) Gas chromatograms (GC) of samples
prepared with varying ultrasonication times for a 1:10 water:oil sample under sealed conditions; the peak labeled * indicates the signal for residual He
carrier gas. (f) Corresponding quantified H2 produced in the same samples.
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complementary UV–vis spectroscopic H2O2 detection and quan-
tification (Figure S12a,b) using the iodometric assay. This
resulted in 11.3 mM H2O2 calculated using the calibration curve
(Figure S12c,d) showing good agreement with electrochemical
data, indicating method consistency and robustness. Repeated
measurements (n = 3) demonstrated high reproducibility, with
relative standard deviations under 3%.

Although measuring the H2 generated during continuous
oxygenation is not practical due to the open system used in
the experiments described above, it is possible to measure H2
production in an O2-saturated solution vs that equilibrated with
ambient conditions. As shown in the chromatogram in
Figure 4a, the SEWMs under an O2 atmosphere produced sig-
nificantly lower levels of H2 compared to those ultrasonicated
under ambient air or Ar-purged (oxygen-free) conditions.
Both the production of H2 and H2O2 results from reductive
processes uniquely triggered in SEWMs, as suggested previously
for hexadecane.23 In oxygen-rich environments, this reducing
power is directed toward transforming oxygen to H2O2 as the
concentration of oxygen rises from ∼0.3 mM in water under
ambient conditions to ∼1.1 mM under oxygenation.45,46 In
contrast, under a deoxygenated solution obtained by saturating
in argon, the reduction is shifted toward H2 production. These
observations are summarized in Figure 4a and Figure S13a,
which highlights an anticorrelated relationship between H2O2
and H2 production, as well as their dependence on the ultraso-
nication atmosphere. This trend is not specific to ethyl palmi-
tate but is generally observed in microdroplets formed by
ultrasonicating water with organic oils such as hexadecane,
which was also characterized at a 1:10 ratio under the identical
conditions (Figure 4b and Figure S13b). Although hexadecane,
1585
a previously studied organic oil in the literature, produces
roughly twice the amount of H2 and H2O2 compared to ethyl
palmitate, the latter emerges as an attractive alternative utilizing
a renewable, biodegradable feedstock, representing a more
viable path for decentralized chemical production. This advan-
tage is evident in the discussion below, where we describe the
sacrificial role of the oil to produce small organic molecules as
a result of closing the redox cycle.

Oxidative Transformation of Ethyl Palmitate at the
SEWM Interface

It is a well-established fact that redox processes must be charge-
balanced, i.e., the reductive process resulting in the formation of
H2O2 or H2 must be accompanied by an oxidation. Here, we
characterize the ability of SEWMs to induce the oxidation of
EP during ultrasonication. We performed NMR measurements
on the aqueous phase obtained after ultrasonicating an
1:10 water:EP mixture for an hour under continuous O2 purg-
ing. Results from 1H NMR analysis showed the appearance of
numerous new signals upon ultrasonication. Upon structural
analysis based on the chemical shift values, integrations, and
the splitting pattern of each NMR peak, we identified a triplet
at 1.08 ppm and a corresponding quartet at 3.56 ppm corre-
sponding to ethanol, a singlet at 1.96 ppm corresponding to
acetic acid, a singlet at 3.27 ppm corresponding to methanol,
and a singlet at 8.3 ppm corresponding to formic acid
(Figure 5a). These assignments were corroborated by 13C
NMR (Figure 5b), which showed characteristic signals for each
compound, and further confirmed through 2D-1H-13C HSQC
and 2D-1H-1H COSY spectra (Figures S14 and S15).
Additional verification was achieved by spiking the sample with
https://doi.org/10.1021/acssuschemeng.6c05673
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Figure 4. Correlation plots illustrating an inverse relationship between
the amount of H2O2 and H2 produced under ambient, Ar-, and O2-
saturated conditions for (a) ethyl palmitate and (b) hexadecane. Gas
samples were extracted from the headspace of sealed vials, and
2.5 mL was injected into the GC using He as the carrier gas. H2O2 con-
centrations were determined electrochemically from the aqueous phase
of the same samples.
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known standards of each compound, which increased the corre-
sponding peak intensities (Figure S16 and Table S2).

Two intense additional resonances at 81.72 and 92.66 ppm in
the 13C NMR were observed (Figure 5b). These peaks did not
show clear cross-correlation peaks in the 2D-HSQC due to
overlap with a strong residual water signal (Figure S14). To
identify these peaks, the experiment was repeated using D2O
instead of H2O under the identical conditions. Under these
conditions, correlations were observed at 4.74 ppm/
81.72 ppm and 4.96 ppm/92.66 ppm in the 1H/13C spectra,
respectively (Figure 5c). Additionally, both cross peaks dis-
played the opposite phase relative to the CH/CH3 signals in
this multiplicity-edited HSQC (Figure S17), indicating that
they correspond to a CH2 group bonded to an electronegative
substituent. The signal pair at 4.74 ppm/81.72 ppm is assigned
to methanediol, with a structure shown in Figure 5c and sup-
ported by HMBC analysis (Figure S18). The latter analysis
only showed the doublet centered at 4.74 ppm with a 1J-CH
coupling constant of ∼163.4 Hz, consistent with a CH2 group
directly bonded to a carbon bearing two electronegative substit-
uents, and a downfield 1H shift also corroborated hydroxyl
substitution. We further confirmed this species through the
agreement with the 1H and 13C spectra of the methanediol stan-
dard measured in water/D2O (Figure S19). We provide addi-
tional evidence for the presence of methanediol through
1585
SEIRAS measurements, which showed a characteristic band at
∼1030 cm–1 (Figure S20a).47 Potential-dependent SEIRAS
further confirmed its identity: the signal diminished under oxi-
dizing potentials, consistent with conversion of methanediol
to formic acid (Figure S20b). The second correlation at
4.96 ppm/92.66 ppm arose from a species that was also formed
reproducibly under these conditions. Based on its chemical
shifts, the absence of observable proton–proton coupling
(singlet), and the concurrent formation of short-chain alcohols
and acids, we tentatively attributed this resonance to oxydi-
methanol. The observed 1H and 13C chemical shifts closely
matched those predicted from simulated spectra (Figure S21).
Quantification of the identified peaks was carried out by

qNMR using triphenylphosphate (TPP, 48.5 mM in CDCl3)
as an external calibration standard. The calculated concentra-
tions of methanol, ethanol, formic acid, and acetic acid are
0.44, 0.79, 4.10, and 2.93 mM, respectively. The concentrations
of methanediol and oxydimethanol were determined from the
13C spectrum by comparing their integrals to that of the meth-
ylene carbon of ethanol. Although ethanol generally has the lon-
gest T1 (spin-lattice relaxation) among the three compounds,
under the current 13C acquisition parameters, its signal intensity
is likely lower than that of a fully relaxed spectrum. As a result,
using the 13C intensity of ethanol as a reference may overesti-
mate the concentrations of the other two compounds.
Nevertheless, the integration ratio of ethanol:methanediol:oxy-
dimethanol is 1:7.24:6.17, resulting in estimated concentrations
for methanediol of 5.72 and 2.44 mM for oxydimethanol. These
results are summarized in Table S3.
No new peaks were detected in the oil phase, suggesting that

only small, water-soluble products were formed (Figure 5d and
Figure S22). Together, these findings demonstrated that
SEWMs formed under saturated oxygen conditions (most reac-
tive) produced ethanol and oxidative products (formic and ace-
tic acid, methanol, methanediol, and oxydimethanol). This
mixture of oxidized C1–C2 compounds highlights the dual
redox nature of microdroplet environments, where ROS forma-
tion (notably via two-electron reduction of O2 to H2O2) occurs
simultaneously with oxidative fragmentation of the organic
phase. Moreover, a balance is observed between reduction
products (H2O2 and H2) and oxidation products, as detailed
in the following section. This redox behavior underscores the
potential of SEWMs as self-sustaining reaction environments
capable of driving spontaneous chemical conversions without
added catalysts.

Mechanistic and Redox Analysis

We posit that a balance sheet of redox equivalents reflecting the
charge exchange across the oil–water microdroplet interface is
useful to understand the mechanistic pathways for paired redox
in SEWMs generated by EP. This is because the oxidation of
ethyl palmitate fragments should be counterbalanced by reduc-
tive processes, which we primarily ascribe to the two-electron
ORR of dissolved oxygen at the microdroplet interface:23

O2 + 2H+ + 2e– →H2O2

The continuous generation and subsequent redox or thermal
homolysis of H2O2 create conditions for hydroxyl radical
(·OH) generation in SEWMs.23 Furthermore, we posit that
H2 generation is an additional plausible electron sink. As
https://doi.org/10.1021/acssuschemeng.6c05673
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Figure 5. Formation of small water-soluble molecules via oxidative transformation of ethyl palmitate during microdroplet generation.
(a) 1H NMR (600 MHz, H2O/D2O): δ 1.08 (t, J = 7.22 Hz, 3H, Ha), 1.96 (s, 3H, Hb), 3.27 (s, 3H, Hc), 3.56 (q, J = 7.18 Hz, 2H, Ha’),
4.95 (s, 4H, Hd), 8.3 (s, 1H, He); the negative peak represents water suppression signal. We do not observe the signal for methanediol in 1H
NMR as it is suppressed during water suppression. Signals for hydroxyl protons were also not observed as these protons undergo rapid exchange
with water. (b) 13C NMR (151 MHz, H2O/D2O): δ 17.11 (Ca), 21.1 (Cb), 49.25 (Cc), 57.79 (Ca’), 81.72 (Cd), 92.66 (Ce), 169.29 (Cf), 177.67
(Cb’) of the aqueous phase extracted from the emulsion generated by ultrasonicating a 1:10 ratio of water and ethyl palmitate under a saturated
oxygen environment. (c) HSQC 2D NMR of the aqueous phase extracted after an hour of ultrasonication of a 1:10 ratio of D2O-to-ethyl pal-
mitate under saturated O2 conditions, for structural correlation and assignments of the NMR peaks obtained for methanediol and oxydimethanol.
The NMR spectrum was acquired in D2O. The red contours represent the presence of CH2 groups. The peak with a negative and positive signal
at 4.7 ppm represents the water suppression signal. (d) 1H NMR (600 MHz, CDCl3): δ 0.79 (t, 3H, A), 1.13–1.25 (m, 25H, B), 1.52 (m, 4H,
C), 2.18 (t, 2H, D), 4.02 (q, 2H, E) of ethyl palmitate before and after ultrasonication; it shows no visible difference in the oil phase before and
after ultrasonic treatment.
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demonstrated by Chen and co-workers, interfacial electric fields
at the biphasic oil–water boundary can drive the formation of
H2 from water.35 Asserghine and co-workers reported that
SEWMs generate sufficient reducing driving force for H2 evolu-
tion either via combination of ·H generated from oil degrada-
tion or via the hydrogen evolution reaction involving protons
in the aqueous solution.23 Together, these complementary
reductive sinks effectively balance the concurrent oxidation of
the oil phase. Regarding this oxidation, two pathways have been
described in the sonochemical literature to account for the deg-
radation of organic compounds: (1) pyrolytic thermal reactions
induced by bubble cavitation, which occurs especially in sol-
vents of high volatility, and (2) formation of high energy radi-
cals, e.g., ·OH, and subsequent reaction with the surrounding
media.42,48,49 In particular for long chain nonvolatile alkanes,
C–C bond cleavage leads to the formation of alkyl radicals
1585
through sonochemical effects (e.g., ethyl and methyl).42

Additionally, it has been reported by Chen and co-workers that
oils such as hexadecane undergo oxidative cracking in the pres-
ence of microdroplet-generated ROS such as ·OH.35 These
alkyl radicals together with the microdroplet-mediated forma-
tion of ·OH create conditions to form species such as methanol
and ethanol. We hypothesize that the subsequent oxidation of
these alcohols leads to the formation of methanediol (hydrated
form of formaldehyde), oxydimethanol (condensation product
of formaldehyde and methanediol), acetic acid, and formic acid.
One of the defining features of SEWMs is that, distinct to ultra-
sonication of a single-phase system, the biphasic system helps
accelerate reactivity and increase the yield of redox products
(i.e., H2O2 as we previously reported).

23 To this point, one of
the levers that we can use to explore product formation is reg-
ulating the source of redox, in this case, controlling the
https://doi.org/10.1021/acssuschemeng.6c05673
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oxygenation of the emulsion. To show radical formation in
SEWMs, we performed EPR on a 1:10 ratio of water-to-ethyl
palmitate sample containing 50 mM DMPO as the radical trap-
ping agent, under continuous oxygen conditions. We observed a
strong signal for the DMPO-OH adduct, indicating the forma-
tion of highly oxidizing ·OH, which could further generate oxy-
genated products by reacting with the EP (Figure S23).

Another way of exploring the impact of ROS such as ·OH is
to compare product distribution in the presence and absence of
O2. We generated microdroplets by ultrasonicating a 1:10 ratio
of water and ethyl palmitate in an Ar environment for 60 min.
The sample was purged with Ar for 20 min and then properly
sealed to ensure that no oxygen could diffuse into the system.
After 60 min of ultrasonication, the emulsion was centrifuged
and the aqueous phase was characterized using 1H NMR. We
observed the formation of methanol, ethanol, formic acid, and
acetic acid (Figure S24a). However, the concentration of
organic products obtained in this sample is significantly lower
than in samples purged with oxygen (Table S4). For example,
formic acid production decreased 35-fold in the absence of oxy-
gen, showing the necessity of this coreactant to perform subse-
quent oxidation of alcohols to form aldehydes and acids in
significant amounts. Critically, we did not observe the forma-
tion of methanediol and oxydimethanol in an Ar-purged sam-
ple. Sonolysis in (single-phase) solutions saturated with Ar,
compared to those saturated with O2, has been shown to
improve the degradation of organic compounds due to differ-
ences in the cavitation efficiency.48 If previously described sono-
chemical effects were uniquely responsible for the effects
observed here, we would expect an increase in the yield of
organic compounds in Ar-saturated SEWMs instead of a
decrease. Lastly, we ultrasonicated pure ethyl palmitate under
continuous O2 purging conditions for 60 min, followed by ultra-
pure water wash three times to extract any small organic prod-
ucts formed. 1H NMR shows that there is a formation of the
above-mentioned products (Figure S24b), but their concentra-
tion is ∼1.5 orders of magnitude less than the reported concen-
trations for the biphasic system (Table S4). These results reveal
an interaction leading to redox processes between water and oil
that is unique to SEWMs.

To better understand the electron sources and sinks of
redox species, we analyzed the redox equivalents for species
formed within a formal redox framework. To construct the
overall electron balance, oxidation products and H2O2 concen-
trations were evaluated under continuous O2 purging for
60 min. Since continuous gas flow prevents the collection of
gaseous products formed, H2 evolution was determined using
a sealed setup for 60 min, which allows for headspace gas accu-
mulation, providing a representative quantification of H2. In
this analysis, the formation of H2O2 via the 2-electron ORR
and H2 formation via proton reduction represent the identified
electron sinks, while the formation of organic products (meth-
anol, ethanol, methanediol, oxydimethanol, formic acid, and
acetic acid) through the oxidation of ethyl palmitate represents
the electron source. This analysis is intended to provide a con-
ceptual accounting of electron flow rather than a definitive,
closed reaction mechanism. After mapping the electron source
and sinks quantitatively (Tables S5 and S6), we estimated about
∼75 mmol vs ∼22 mmol redox equivalents for oxidation and
reduction, respectively, accounting for ∼30% charge balance.
This indicates that while H2O2 and H2 are important, identifi-
able reduction products, they are not the sole electron sinks.
1585
Given that oxygen is continuously purged throughout, the
remaining ∼70% of the generated electron equivalents could
be consumed by the 4-electron reduction of O2 to water or
other unidentified reduction pathways. Additionally, H2 was
quantified via headspace gas extraction, this value strictly repre-
sents the gas-phase fraction. Due to gas–liquid equilibrium, a
portion of the generated H2 remains dissolved in the biphasic
oil–water emulsion and is therefore unquantifiable by the head-
space analysis. In addition, the formation of gaseous products
such as CO2, CO, CH4, C2H2, C2H4, and C2H6 has been
reported previously in microdroplets generated by ultrasonica-
tion of hexadecane and water.35 Although not quantified in
the primary electron balance, the generation of these volatile
species could serve as an additional pathway for redox transfor-
mation of ethyl palmitate. Furthermore, the shift in reaction
environments for H2 evolution likely alters the product distribu-
tion, adding to the greater difference in our calculations for
redox balance. Finally, as we have mentioned before while dis-
cussing the origin of ·OH in EP-based SEWMs, it is possible
that ·OH derived from H2O2 as a reductive product could find
its way as an oxidizing agent that would be hard to account for
in the amounts reported in Tables S5 and S6. Because of these
limitations, a 100% closed quantitative balance was not feasible.
Overall, the proposed mechanistic pathways and the approxi-
mate electron-equivalent balance confirm that despite the com-
plexity of the system, oxidative transformation of oil is coupled
to a degree to the generation of reduction products and is sum-
marized in Figure 6.

Exploring Other Plant-Based Oils

To explore the broader applicability of microdroplet formation
beyond hexadecane and ethyl palmitate, we extended our study
to include various common vegetable oils such as soybean oil,
corn oil, and sunflower oil. Detailed characterization and yield
comparisons for these systems are provided in the Supporting
Information (Supplementary Note S14 and Figures S25 and
S26). Furthermore, we have compared the yields of the two
reduction products, H2O2 and H2, among various oils tested
so far in this work against hexadecane (Figure S27). The consis-
tent generation of H2O2 and H2 across all the tested oils
strongly verifies the universality of the system, opening new
opportunities to tune microdroplet reactivity using other
oils, thereby enabling broader applications and control in
renewable chemistry.

■ CONCLUSIONS

In this work, we established that sonicated emulsive aqueous
microdroplet formation and their chemistry are not limited to
petroleum oils, such as hexadecane; a variety of bioderived,
renewable oils such as ethyl palmitate can also serve as alterna-
tives. We found that a 1:10 water-to-ethyl palmitate ratio yields
SEWMs producing the maximum H2O2 and H2. H2O2 genera-
tion was enhanced by continuously purging with O2 during
ultrasonication, whereas O2-free conditions boost H2 genera-
tion and decrease the formation of H2O2, suggesting that these
reduced products are the result of a budgeted, redox-mediated
process at the oil/water interface.
Critically, our results identified a redox balance where the EP

oil phase underwent catalyst-free oxidative transformation into
various small, organic molecules such as methanol, ethanol, ace-
tic acid, formic acid, methanediol, and oxydimethanol during
https://doi.org/10.1021/acssuschemeng.6c05673
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Figure 6. Proposed catalyst-free mechanistic redox reaction pathways occurring at the water–oil interface in ultrasonicated emulsive water micro-
droplets (SEWMs) generated using plant-based ethyl palmitate. Ethyl palmitate acts as the electron source as it is oxidized to various organic
oxidation products such as methanol, ethanol, methanediol, oxydimethanol, formic acid, and acetic acid. This oxidation of the oil is primarily
coupled to the reduction of oxygen to form H2O2 and reduction of protons or radical combination of ·H to form H2 gas. Products marked with
* exhibit enhanced concentrations in SEWMs compared with sonochemical degradation of the single-phase pure components, whereas products
marked with ** are unique to SEWMs and are not detected during sonochemical degradation. Red indicates oxidation pathways, and blue indicates
reduction pathways.
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the reductive formation of H2O2. The formation of these prod-
ucts resquires some degree of redox activation and C–H and
C−C cleavage, which are uniquely provided by these catalyst-
free microdroplets. Moreover, we found that the formation of
SEWMs and, consequently, their reactivity are influenced by
the chemical composition and viscosity of the oil used.

The interfacial reactivity for SEWMs described here could
support multielectron processes with implications ranging from
atmospheric chemistry to sustainable chemical synthesis.50 One
potential application would be the on-demand production of
species like H2, thus turning the oil into a hydrogen carrier, or
the in situ generation of species like H2O2, which in combina-
tion with different oil chemistries under ultrasonication could
be leveraged to drive the selectivity of these reactions. From a
practical perspective, the steady-state concentrations of H2O2
(8.5–11.3 mM; ∼0.03 wt %) in our system are below those of
bulk industrial commodities (30–50 wt %). Consequently, the
primary utility of the SEWM platform may not lie in centralized,
energy-intensive chemical isolation, but rather in decentralized,
in situ utilization. Millimolar thresholds of H2O2 coupled with
active ·OH generation can be directly used in situ for down-
stream oxidation, disinfection, or environmental remediation
applications.51 While SEWMs offer a powerful, catalyst-free
platform for sustainable synthesis, practical deployment requires
addressing the inherent limitations of sonochemical scaleup.52

The conventional batch scaleup is inefficient due to the
localized nature of acoustic cavitation and nonuniform energy
distribution.53 Instead, moving toward continuous-flow sono-
chemical reactors with minimized path lengths represents the
most viable path to ensure uniform acoustic energy distribu-
tion.54 Overall, the catalyst-free nature of these systems, and
their instrumental simplicity, with reactions carried out in low-
cost ultrasonic baths, makes them greatly attractive to explore
applications of these sonochemically triggered redox processes
1585
for sustainable chemical production from biofeedstocks such
as plant-based oils.
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