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ABSTRACT: Oils are hydrophobic, but their degradation is frequently
found to be accelerated in the presence of water microdroplets. The
direct chemical consequences of water—oil contact have long been
overlooked. We show that aqueous microdroplets in emulsified water—
hexadecane (C,;¢Hy,) mixtures can spontaneously produce CO,, oH,
H,, and short-chain hydrocarbons (mainly C,; and C,) as detected by
gas chromatography, electron paramagnetic resonance spectroscopy,
and mass spectrometry. This reaction results from contact electrifica-
tion at the water—oil microdroplet interface, in which reactive oxygen
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species are produced, such as hydrated hydroxyl radicals and hydrogen
peroxide. We also find that the H, originates from the water microdroplet and not the hydrocarbon it contacts. These observations
highlight the potential of interfacial contact electrification to produce new chemistry.

B INTRODUCTION

Water is the most abundant substance on the Earth’s surface,
and it ubiquitously forms charged interfaces caused by
preferential adsorption of positive or negative ions at the
surface where the hydrophobic and hydrophilic phases meet.
As will be shown, this contact electrification can allow us to
manipulate chemical transformations that otherwise would not
occur in bulk water. Recent work suggests that electron
transfer dominates contact electrification between water and a
hydrophobic medium." This electron transfer at water
microdroplet interfaces is more recently shown to give rise
to unexpected redox reactions.” The potential applications of
this chemistry range from ecosystem to industry, where contact
electrification at the water—gas and water—solid interfaces of
water microdroplets makes possible formation of aqueous
reactive oxygen species (ROS) and what are believed to be
hydrogen radical (eH).>~"> We extend the contact-electric
redox chemistry to the highly deformable water—oil micro-
droplet interfaces by describing the spontaneous generation of
H, and ROS from microdroplets of water in contact with the
model oil hydrocarbon, hexadecane, which leads to the
evolution of CO, and the production of short-chain hydro-
carbons (mainly C, and C,).

Gaseous hydrocarbons in the natural environment, mainly
C, and C,, are important energy resources and greenhouse gas.
Their formation can be biotic or abiotic in origin. Conven-
tional models predict that abiotic gases created from the
thermal cracking of oil form above ~150 to 160 °C.'*'* At
lower temperatures, methane is considered to be generated
dominantly by microbes.'® In recent years, the origin of
methane from abandoned oil wells has been ascribed as
predominantly thermogenic, with light hydrocarbon concen-
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tration ratios (C,_,/C;) much higher than microbial sources.'”
However, no positive correlation was observed between the
concentration of the emitted methane and the well depth,"*"’
although the thermal cracking of oil in a reservoir into gas is a
consequence of the rising temperature that accompanies
increasing burial depth.”” Thus, the question has remained
unsettled regarding whether the overlooked abiotic origins of
gaseous hydrocarbons exist at low temperatures. Considering
the common occurrence of very stable or even permanent
aqueous microdroplets in oil wells arising from the
coproduction of water and oil,”' we present evidence that
this might be a previously unrecognized source of methane.
We suggest that water—oil microdroplet chemistry may be
important for interpreting and manipulating oil transforma-
tions.

In this regard, it is well-known that adding water to diesel oil
to form a fuel emulsion is advantageous in providing diesel
engines more power and less pollution from unburnt
hydrocarbons and NO,.””**> A number of reasons have been
advanced to explain this fact:***° the reduction of the
maximum temperature of the combustion chamber that can
reduce NO, formation owing to the large latent heat for water
evaporation, the accelerated oxidation of soot by reaction with
water, and microexplosions of evaporating water droplets that
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Figure 1. Water—hexadecane emulsion. (a) Schematic illustration and microscopy of the water—oil microdroplets. Here, green represents oil, light
blue represents bulk water, and dark blue represents hydrophobic hydration shell. (b) Brightfield/fluorescence merged images of dynamic water—
hexadecane contact. (c) Observed formation of eH and ®OH in the emulsion and anaerobically aged emulsion in Ar with EPR spectroscopies.
Scale bars: 10 ym (a, b). Dashed circles indicate the zone for the refilling of cavities.

can increase fuel-air mixing and reduce soot formation. We
hypothesize that the ability of water microdroplets to
transform long-chain hydrocarbons to short-chain hydro-
carbons and to produce H, might be another important
contributing factor.

Here, with hexadecane as the oil model, we report the
spontaneous generation of a redox reaction at the water—oil
interface of the aqueous microdroplets in emulsion as a result
of a mechanism based on contact-electric charging, followed by
the reduction of water that leads to the evolution of H, and the
formation of ROS, such as the hydroxyl radical (¢OH) and
hydrogen peroxide (H,0O,). The spontaneous cracking on both
the hydrophobic and aqueous sides of the droplet interface
shows that water—oil contact can cause considerable chemical
consequences at normal temperatures.

Bl RESULTS AND DISCUSSION
Highly Deformable Water—Oil Microdroplet Inter-

faces. In an enclosed system, deoxygenated ultrapure water
was mixed with hexadecane and nebulized using high-
frequency (2.4 MHz) ultrasonication, which exhibits low
dissociation of water,”® for 4 h, as shown in Figure S1, resulting
in a water—hexadecane emulsion. The small size of micro-
droplets in this ultrasound-prepared emulsion, consisting of
microdroplets with an average diameter of 5.4 pm and
submicrometer droplets with an average diameter of 0.25
pum, resulted in a stable emulsification that lasted for more than
a week (Figures S2 and S3). The emulsion was thoroughly
purged 15 times using argon gas (inflated to 2 atm and then
released to atmospheric pressure) and subjected to a vacuum
treatment for 20 min (10 min for H,) to eliminate potential H,
and C,—C, products formed during the ultrasonication
process. Then, the aforementioned purging process was

repeated to further mitigate possible interference of the
ultrasonication process on subsequent experimental results. It
is well-known that ultrasonication of water can produce
radicals.””*® In order to demonstrate that the H, generated
from the evacuated emulsion is not a result of dissolution
during ultrasonication followed by slow release from the
emulsion, we used a simple titration method that employs a
methylene blue-platinum colloid reagent to determine the
concentration of H, in an aqueous solution.”” One drop of the
colloid reagent reacts with approximately 100 ppb of H,
dissolved in 6 mL of water, equivalent to 0.3 ymol of H,. If
more than 0.3 umol of H, dissolves in the solution, the color
will change from blue to colorless. We added 1 mL of water
solution containing a drop of the reagent to each of the two
different samples: a H, saturated water solution and a fresh
emulsion after ultrasonication and evacuation. We found that
the H,-saturated water solution remained colorless throughout
the injection of the reagent solution (Movie S1), while the
evacuated emulsion quickly turned blue without color fading
(Movie S2). This indicates that H, dissolved in the emulsion is
less than 0.3 gmol. Thus, the H, of more than 0.3 ymol that is
produced from the evacuated emulsion cannot come from the
residual H, in the fresh emulsion. We are confident that the
experiments we describe next are free from artifacts caused by
the preparation of the oil—water emulsion. The resulting oil—
water emulsion is then sprayed by nebulization using argon
gas.

A violent fluctuation in the position of these aqueous
droplets was observed (Figure la and Movie S3) in the
emulsion, which may be described as a Brownian motion. To
obtain insight into the deformable water—oil interface, we
analyzed the breakup behavior of the stretched emulsion on a
glass slide using Nile red fluorescence microscopy (Figure 1b).
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Figure 2. Evolution of H,. (a) GC spectra of H, escaping from evacuated aqueous solution in 90 min using 2 mL of He as internal standard. (b)
Mass spectrometric detection of hydrogen gas in the gas phase above evacuated D,0-hexadecane emulsion. (c) Time course of H, product

formation.

The alkane-sensitive fluorescent probe of Nile red demon-
strated a hexadecane coating at the surface of the emulsion
droplet as well as the existence of submicrometer-sized
aqueous hexadecane droplets in the emulsion. A fast
contraction of water was observed after the ligament breakup
(Movie S4). It was found that hexadecane did not tend to drift
along the contracting water. This led to the separation of the
hexadecane-coated layer from the emulsion surface within 0.1 s
of ligament breakup. In the subsequent 0.2 s, the residual oil
layer flowed to the exposed water surface as a result of the
Marangoni effect (Figure SS). In the emulsion, the formation
of stretched cavities stripped of hexadecane was observed in
the initial 0.1 s, and these cavities were refilled with hexadecane
in the following 0.2 s. We can deduce that Brownian motion of
submicro- and microdroplets would enable similar destruction
and restoration of the water—oil contact between the
hexadecane droplets and hydrophobic hydration shells.

Although no solvated electrons have been directly observed
at this time, we believe that this dynamic behavior of
deformable water—oil interface, which exhibits charge transfer
across C—H:+-O hydrogen bonds at the water—oil interface,”
satisfies the conditions for contact-electric charging that can be
facilitated during the approach-contact-separation process.”'
This was verified by the indirect observation of «OH and eH
in the emulsion with electron paramagnetic resonance (EPR)
spectroscopies using S,5-dimethyl-1-pyrroline N-oxide
(DMPO) as the probe (Figure Ic). As shown in the
publication by Chen et al.” and supported by many studies
of Wang and co-workers,***® the electron transfer comes
about through contact electrification and the development of a
strong electric field at the interface. It is also facilitated by the
loss of three-dimensional hydrogen bonding through the
development of partial solvation of the two ions. As we have
shown in the formation of H,O, by the condensation of water
vapor, friction is unnecessary to cause contact electrification.*
Simple contact is sufficient. ®H disappeared upon subsequent
aging of the emulsion under stirring in an argon (Ar)
atmosphere for 1.5 h. The hydroxyl radical eOH represents
the primary radical in the aged emulsion. These results imply
the spontaneous switching of redox properties from reductive
to oxidative in the emulsion, possibly owing to the evolution of
reduction products that can carry electrons away from the
emulsion.

Evolution of H, from the Water—Hexadecane
Emulsion. The existence of electrons that come about
accompanying the formation of eOH at the gas—water
interface of the microdroplets has been supported by the
unique reduction reaction over water microdroplets.”>%*>~*
Formation of H, has been suggested to be the fate of the
electrons pulled from the water microdroplet interface.*>*' To
verify the possible formation of H, at the water—oil

microdroplet interface, we initially evacuate the fresh emulsion
for 10 min, which can exclude interference from potentially
dissolved H, in water (Figure 2a, see the materials for the
detailed procedure). The absence of dissolved H, in the fresh
evacuated emulsion was further confirmed by the molecular
hydrogen test kit that can detect dissolved H, at ppb level”
(Movies S1 and S2). Then, the evacuated emulsion was sealed,
charged with Ar, and aged for 1.5 h while stirring. We observed
the generation of H, in the atmosphere above the aged water—
hexadecane emulsion with both gas chromatography (GC)
(Figure 2a) and mass spectrometry (MS) (Figure 2b, Figure
S6). D, and DH instead of H, was observed upon replacing
H,0 with D,0 (Figure 2b), confirming that H, primarily
comes from water and not the hydrocarbon. Figure 2¢ shows
the time course of H, evolution measured using GC (See the
materials, Figure S7 for the GC spectrum). In contrast to the
emulsion, the bulk mixture of hexadecane and water did not
produce H,. Moreover, demulsification with dioxane com-
pletely extinguished the H, evolution. Thus, the water—oil
interface of a microdroplet has been unambiguously demon-
strated to be capable of producing H,. Herein, H, evolution
could also be observed over the evacuated emulsion in the
absence of stirring (Figure S8), verifying that simple contact is
sufficient for electron transfer at the interface. The H,
evolution reaction proceeded but reached a plateau after 0.5
h. It was found that about 4 umol of H, was generated per
milliliter of C;;H;, (see the materials, Figure S9 for the
standard curve), indicating a gradual detachment of electron
from the microdroplets in emulsion, which should be
accompanied by generation of ROS and organic oxidation
reactions. The subsequent generation of H, might be hindered
by the accumulation of aqueous ROS and other oxidative
products as competitive electron acceptors or H, scavengers at
water interfaces.

ROS Formation and Subsequent Oxidation Reactions
at the Water—Oil Microdroplet Interface. To investigate
the possible ROS formation reactions that may emerge at the
water—oil interface of microdroplets, we performed fluorescent
microscopy with the H,O,-sensitive water-soluble probe, 10-
acetyl-3,7-dihydroxyphenoxazine, for hexadecane-dispersed
water droplets prepared in a microfluidic chip. Water
microdroplets spontaneously generate ROS during contact
with hexadecane, as evidenced by the gradual appearance of
orange fluorescence (Figure 3a, Movie SS). The accumulation
of ROS over the water—oil interface of the water microdroplet
is slow but long-lasting relative to the water—silica system,
which reached a maximum value within seconds.” This
sustained increase in ROS concentration might result from
the continuous evolution of H, and other electron carriers.

The transformation of interfacial oil might also be
noteworthy if inert water could be split at the water—oil
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Figure 3. ROS and C,—C, gaseous product formation. (a) Fluorescence microscopy images of ROS generation in a hexadecane-dispersed water
droplet. (b) Time course of C;—C, products from the evacuated emulsion. (c) Observed formation of alkane radical cations determined by mass

spectrometry.
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Figure 4. Schematic overview of the contact-electric chemical reactions at the water/oil microdroplet interfaces.

interface of microdroplets. After evacuating the fresh emulsion
(see the materials for the detailed procedure), CO, was
observed as the primary gaseous product (Figure 3b), possibly
produced by the complete oxidation reaction with aqueous
oOH. Accompanied by CO, evolution, C,—C, hydrocarbons,
mainly C,H,, were detected in the gas phase (Figure 3b; see
the materials, Figures S10—S12 for the GC spectra, Figure S13
for the MS spectrum of C,H,), demonstrating the power of the
water microdroplet interface to crack hydrocarbons. Although
the proportion of methane increased upon prolonging the
aging time, its fraction remained lower than that of C,
hydrocarbons in 120 h. The low fraction of methane might
result from the inefficient hydrogenation of CO,. This is quite
different from the conventional anaerobic oil degradation by
microor§anisms, in which formation of CH, is predom-
inant.'®"* Carbon monoxide (CO) is an important product in
aqueous reforming reactions driven by solar and ultrasonic
energy. Herein, no CO was observed (Figure S14), indicating
that the cracking reaction pathway at the water—oil interface of
microdroplets in emulsion is distinctive.

To understand how hexadecane was cracked into C,
hydrocarbons, the intermediate species in the emulsion were
probed using MS without applied potential (Figure 3¢, Figures
$15—S17). To minimize the possible iron contamination that
might lead to Fenton reactions at the water interface,*>** silica
tubing instead of stainless-steel tubing was used to export the
emulsion to the MS inlet. The cationic adducts of hexadecane,
n-tetradecane, and n-dodecane with three H,O were observed
at m/z 280, 252, and 224, respectively, indicating the
occurrence of sequential C—C bond fragmentation which
yields C, fragments. As the ionization potential of water (12.58
€V for water trimer)*® is much higher than the ionization
potential of hexadecane (9.64 eV),* the possibility of a neutral
alkane molecule combined with a H,0e*(H,0), cation could
be ruled out. The C—C bond fragmentation by losing C,
intermediates is a typical process for long-chain alkane ¢
radical cations,”””*® which is consistent with the formation of
C, hydrocarbons (Figure 3c). Therefore, we conclude that the
microdroplet generated the C H,,,,®" adduct of three H,O.
Apart from the C H,,,,0"--3H,0 cations, a strong peak with
an m/z of 229 was detected, which is ascribed to mono-(2-
hydroxyethyl) terephthalic acid--H;O0* (MHET--H;0%)
leached from the PET container. This is consistent with a
previous report showing that H;O0*(H,0), became the
dominant water cluster ions under the circumstance of room
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temperature and extremely low water vapor pressure in the
MS.* According to the presence of hydrates of alkane o-
radical cations, the microdroplet ¢OH and eH are proposed to
be consumed in the oxidative cracking of hexadecane, which
might explain the above-mentioned slow accumulation of ROS.
Subsequent C—C bond fragmentation to the products in the
100—176 Da region also yields C, fragments. Additional loss of
oH or H, was observed over the products with lower carbon
numbers.

Mechanism of the Contact-Electric Chemical Reac-
tions at the Water—Oil Microdroplet Interface. An
outline for the aqueous oil autoxidation reaction driven by
contact electrification at the water—oil microdroplet interface
can be developed based on the above results (Figure 4). The
evolution of H, from eH led to electron detachment from the
water—oil microdroplet interface. Concomitantly, ROS con-
sisting of ®OH and H,0, were spontaneously formed and
accumulated as a result of electron detachment. Microdroplet
ROS could oxidatively crack the hexadecane to C, hydro-
carbons via generating cationic radical intermediates of
C,H,,.,®"--3H,0, as well as completely oxidize hexadecane
to CO,. The e,y as well as eH could reduce the cracked
products to afford saturated short-chain alkanes, such as
methane and ethane. Since the initial evolution of H, led to the
electron detachment from the water—oil microdroplet interface
and the accumulation of aqueous ROS in emulsion, the
oxidation reaction predominated the cracking of hydrocarbons
at the water—oil microdroplet interfaces of emulsion. This
might account for the higher abundance of C,H, as the
oxidative product in comparison with C,Hg as the reductive
product.

More mechanistic interpretations are required to elucidate
what happens at the oil—water interface. Given the electric
field created by the contact electrification, we consider a
possible reaction pathway initiated by the enhanced auto-
ionization of interfacial water dimer [ (H,0O),];, which has been
called the Wien effect:>°

[(H,0),]; = H30+ + OH" (1)

The OH™ and H;O" cluster together at the interface, with a
preference for one or the other to be at the extreme outside.
This charge separation provides a strong localized electric field
that can drive processes that cannot otherwise occur in the
bulk water. Herein, this electric field drives the loss of electrons
from OH™" to form eOH and from (H,0),’” to form eOH-
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H,O". This gives rise to a measurable current for a solid
interface, which we have observed.” This may also account for
the electrons being formed. The electrons can be accepted by
H" ions to form eH. We also have the process occurring at the
interface H + OH™ — oH + ¢OH, as proposed by Colussi.*”
Hence, at the interface but not the bulk or the interior of the
droplet, we have

OH™ + H;0" > eOH + oH + H,0 )

This reaction is aided by the partial desolvation of H* and
OH™ at the interface.'” The H atom can go on to hydrogenate
other species at the interface such as N, adsorbed on a metal
oxide surface,®” but it can also recombine with itself, ¢H + oH
— H,.

The H atom is more likely to react with water because of the
overwhelming presence of water:

eH + H,O - H, + ¢OH (3)

The oH may also react with hydrocarbon RH to form H, +
Re.”* The Re might go on to fragment or form a double bond.

The hydroxyl radicals do recombine to form hydrogen
peroxide:

¢OH + ¢OH —» HOOH 4)

By adding together eqs 1—4, we have the overall reaction:
[(H,0),]; » HOOH + H, (s)

Support for this mechanism is provided by the observation
of eH by electron paramagnetic resonance spectroscopy
(Figure 1c) and H, by gas chromatography (Figure 2a) and
mass spectrometry (Figure 2b).

It should be noted that the liquid—liquid interface is not
identical with the gas/solid—liquid interface. The distance of
electron transfer from the aqueous side to the oil side of the
water—oil interface has been investigated by Poli et al.”>> and
Pullanchery et al.* In the electron-stripped aqueous side of the
water—oil interface, there is a layer >1 nm, which has charge
density oscillations. In comparison, the water—gas interface is
only ~2 solvation layers deep, having a thickness within 0.35
nm.”® In addition, the ejected electrons are quite delocalized
over all interfacial oil molecules and can penetrate up to ~0.5
nm into the oil phase. Pullanchery et al. demonstrated that
water at the oil droplet surface had a stronger H-bonding
network compared with the planar air—water interface,*® which
might account for the longer thickness of water—oil interfaces.
Based on these pioneering works, we tentatively propose that
the relatively long thickness of the water—oil interface leads to
increased charge separation distance, which should be
beneficial to the spontaneous formation and stabilization of
H, and reactive oxygen species.

Implications for Engineering Water—Oil Contact-
Electric Microdroplet Chemistry. The present experimental
observations clearly suggest that the contact-electric chemistry
of the water—oil microdroplet interface in emulsion offers a
guide to addressing contemporary environmental and energy
challenges. For example, in order to satisfy the requirement of
aircraft and ship engines for cleaner fuels,>” ™ researchers
have been motivated to conduct research on water-fuel
emulsions that can reduce nitrogen oxides and smoke
emissions.” "’ We suggest a previously unrecognized mecha-
nism that is important to engineering the emulsion fuel,
namely, the action of water droplets in transforming long-chain
hydrocarbons to short-chain hydrocarbons, as demonstrated in
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the studies made by us. In addition, contact chemistry might
be of potential importance for the petroleum industry,
considering the existence of large amounts of water as well
as oil hydrocarbons in reservoirs after normal oil extraction.
Nonmicrobial methane that is not in economically substantial
amounts forms in abandoned reservoirs over multiple years
and likely decades,'® which contributes to greenhouse gas
levels that adversely affect the environment.'” If the gasification
of remaining oil hydrocarbons can be accelerated by
emulsification with water and rational contact-electrocatalyst
design, the profitable recovery of fossil fuels, particularly as
value-added C, hydrocarbons, might be greatly enhanced.

In summary, we have shown that contact electrification at
water—oil microdroplet interfaces in an emulsion initially
enabled a spontaneous evolution of H, and the accumulation
of ROS. The accumulation of ROS in the aqueous micro-
droplets leads to the oxidative cracking of oil at ambient
temperature to produce CO,, CH,, C,Hy, C,H,, and C,H,.
Hence, the demonstration of the unique features of contact-
electric microdroplet chemistry in aqueous hydrocarbon
degradation may fundamentally change our view of oil
degradation in reservoirs and how oil—water emulsions confer
benefits in combustion engines. The present study also
demonstrates the power of oil—water contract electrification
in affecting chemical transformations.
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