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ABSTRACT: The exceptional stability of carbon—fluorine (C—F) Bulk phase Interface

bonds in perfluorooctanoic acid (PFOA) presents a fundamental <
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methods struggle to break these bonds under mild conditions. Here, ¢
we demonstrate that the air—water interface in microdroplets can be L\g»x
strategically utilized to dramatically enhance PFOA (C, = 20 mg L™") L‘\

degradation through a simple Fe(III)-Oxalate photochemical system, -
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achieving complete destruction with 99% defluorination within 4 h at : e /T ; — e P >
room temperature - a rate 2 orders of magnitude faster than "t& Yeay ,”:" C)\\ A D
conventional methods. Through comprehensive spectroscopic and iy, g j N j
computational investigations, we reveal that this remarkable enhance- P . Etabiize

ment stems from three synergistic interfacial effects: concentrated
generation of superoxide radicals (O, ) from earth-abundant Fe(III)-
Oxalate complexes, significantly enhanced O, nucleophilicity due to disrupted solvation shells, and a strong interfacial electric field
that catalyzes C—F bond activation. These molecular-level insights into interfacial chemistry not only provide an efficient and
economical strategy for PFOA remediation but also establish a new paradigm for enhancing nucleophilic reactions in aqueous
systems. Our findings highlight the transformative potential of air—water interfaces in activating traditionally inert chemical bonds,
offering new opportunities for both environmental protection and chemical synthesis.
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Bl INTRODUCTION (h*)) or reductive species (e.g, hydrated electron (eaqf)).
However, traditional redox treatment approaches are generally
inefficient for complete PFOA defluorination due to the
challenges in cleaving highly stable C—F bonds (116 kcal/
mol)." Even though we have previously demonstrated that the
air—water interface could enhance PFOA decomposition with
reactive nitrogen species, the degradation efficiency was still
not satisfactory, especially in large-scale applications.'®

The origin of the particular strength of the C—F bond is its
high polarity. The electron density is substantially located at
the fluorine atom. This leads to the unusual stability of C—F
derived from the electrostatic attraction between C°* and F°~
components, rather than the more classical electron pair
sharing in the middle of a covalent bond."” It is therefore not
surprising that conventional redox agents would struggle to
homolytically cleave C—F bonds; injection or removal of one

Per- and polyfluoroalkyl substances (PFASs) are synthetic
chemicals extensively utilized by human society and contain at
least one fully fluorinated methyl (—CF;) or methylene
(—CF,—) group. Among the numerous PFAS compounds,
perfluorooctanoic acid (PFOA) is particularly notorious, which
has been widely used in industrial manufactures of firefighting
foams, waterproofing materials, textiles, and personal care
products over the past 60 years.' > Unfortunately, given the
escalating releases of PFOA, it has caused global concerns
owing to its persistence, toxicity, and bioaccumulation, as well
as the severe human health outcomes like cancer, immune
system dysfunction, and developmental disorders.”> A lot of
remediation methods have emerged for PFOA treatment over
recent decades. Typically, PFOA is physically extracted from
polluted water by using active carbon adsorptlon, ion
exchange, and high-pressure membrane technologies,” and
then the concentrated PFOA residues would be subjected to Received: May 26, 2025
destructive treatment approaches like photochemistry,”* Revised:  July 15, 2025
electrochemistry,”'® sonochemistry,'" photocatalysis,"*> plas- Accepted: August 19, 2025
ma-based, and radiolytic processes. ”'* Most of these chemical Published: August 28, 2025
treatment techniques rely on oxidative species (e.g., hydroxyl

radical ((OH), sulfate radical (SO, ), and photogenerated hole
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Figure 1. PFOA decomposition performances in microdroplets and bulk phase. (a) Schematic illustration of typical experimental procedures for
microdroplet and bulk phase reaction; (b) time dependence of PFOA photochemical degradation and pseudo-first-order reaction kinetics fitting;
(c) Defluorination ratio of PFOA in microdroplet and bulk phase; (d) impact of initial oxalic acid concentration on PFOA photochemical
defluorination ([PFOA] = 20 mg L™/, [Fe(III)] = 1 mM, reaction time = 40 min); (e) defluorination ratio of PFOA for scale-up applications; (f)
scale-up instrumental setup of “Droplet-Spraying Photoreactor” (inlet: photograph of reactor in operation).

electron through a single electron transfer (SET) mechanism
can only decrease the bond covalent character, which, however,
is less prevalent over C—F bonding. Thereby, new chemical
reactivity must be explored to break the C—F bond more
efficiently. Superoxide radical (O, ), with negative reduction
potential (Eo(0,/0,7) = —0.33 V), is endowed with an
additional electron within one of its #* antibonding orbitals,
which renders it a pronounced nucleophilic property.'® It was
reported that O, is highly selective in the dehalogenation of
electrophilic halogenated contaminants such as carbon
tetrachloride and butyl bromide for their nucleophilic
features.'"® ™' This exceptional reactivity may arise from the
sterically small and strongly electron-withdrawing nature of
halogen atoms (X), which induces a significant positive charge
density on the C—X carbon and a low-lying ¢* C-X
antibonding orbital. In this regard, as an electron-rich
nucleophile, O, is expected to smoothly overlap the 6* C—
X orbital with its oxygen lone pairs, and the halogen moiety
contributes stabilization to the negative charge brought by
O,7. Consequently, such substitution-dehalogenation, as
proceeding via an electron-pair transfer mechanism, could be
a preferable way over the conventional redox-based process.
While most of these reactions were carried out with —Cl or
—Br substituted compounds, there were some early reports
that PFOA defluorination can also be achieved in similar
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mechanisms. In 2014, Watts’s group reported that approx-
imately 68% of PFOA removal in the H,0, propagation
systems could be attributed to the O,~.>* These researchers
also noted a strong solvent effect on the O, reactivity. Later,
Guo et al. found that O, ™ was insignificantly scavenged by
coexistent contaminants compared to '‘OH, rendering O,~
highly available for PFOA removal in the ozonation
processes.”> Furthermore, Bai et al. pointed out that the C—
F bond cleavage by O,~ through bimolecular nucleophilic
substitution (Sy2) pathway is thermodynamically favorable,
with AGR® = —4.09 kcal mol=.**

Despite these pioneering studies, the mechanism of O,~
induced C—F cleavage is still not completely resolved and
under debate.”> One open question is that the full potential of
O,” nucleophilicity can be largely untapped in aqueous
systems due to two major issues: (1) quick disproportionation
upon interaction with protons, and (2) rapid stabilization
through hydrogen bondings with water.'®*® The latter implies
that a breaking of existing hydrogen bonds in the O,~-(H,0),
complex is needed in order to permit an effective nucleophilic
attack by O,”. To maintain the nucleophilicity, the use of
costly ionic liquids, spatial confinement, or phase-transfer
catalysts is often required.””’ "> These limitations have led to
low catalyst turnovers and restricted the practical application of
O, in PFOA remediation. It came to our attention that recent
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advances in microdroplet chemistry have revealed remarkable
rate accelerations (10°—10° times) and even enabled
previously unfeasible reactions.’’™>” Of particular relevance,
theoretical studies predict enhanced nucleophilicity of O, at
air—water interfaces, with its redox potential decreased by 0.32
V compared to bulk water.**™* Since the interfacial ordered
water molecules cannot participate as an efficient hydrogen
bond donor,”" O, will not be stabilized by hydrogen bonding,
This phenomenon diminishes to the Sy2 transition state (TS)
because the Sy2 adduct possesses more dispersed charges, and
the -F moiety holds four lone pairs tightly, which are reluctant
to get involved in hydrogen bond interactions. Additionally,
the strong electric field at the microdroplets’ surface may
further contribute to the alignment of the O, with C—F
bonds.** So we can expect a decrease in Sy2 activation energy
while an increase in exothermicity at the air—water interface.
However, this theoretical prediction has not been exper-
imentally validated or exploited for practical applications.

In the present paper, we are motivated to explore the
possibility that microdroplets and the associated air—water
interface might offer a more favorable environment than the
bulk phase for “unlocking” the intrinsic nucleophilicity of O,~
for C—F bond breaking. PFOA decomposition was inves-
tigated with photochemically generated O, from Fe(IIl)-
Oxalate chelates. Our results suggest that the microdroplet-
based approach achieved nearly complete PFOA (C, = 20 mg
L") destruction with 99% defluorination within 4 h at room
temperature, a performance that significantly surpasses
conventional methods. Through comprehensive mechanistic
investigations using advanced spectroscopic techniques and
theoretical calculations, we uncover how the unique phys-
icochemical environment at the air—water interface synergisti-
cally promotes O,” generation, extends its lifetime, and
facilitates its reaction with PFOA. Most importantly, we
successfully translated this fundamental breakthrough into a
practical application by developing a scale-up “Droplet-
Spraying Photoreactor” capable of treating PFOA-contami-
nated water at the liter scale. This work not only provides new
fundamental insights into interfacial chemistry but also offers a
promising solution to one of the most pressing environmental
challenges of our time.

B MATERIALS AND METHODS

Typical experimental procedures are depicted in Figure la.
Microdroplets were generated using a custom-built nebulizer
and deposited onto a preprepared superhydrophobic quartz
wafer, which exhibited water contact angles of 142 + 1° (as
shown in Figure S1). The wafer was positioned approximately
3 cm away from the outlet of the nebulizer, and the solution in
the nebulizer (composed of 1 mM FeCl;, 10 mM H,C,0,, and
20 mg L™ PFOA, pH = 1.84) was thoroughly mixed prior to
spraying. As illustrated in Figure S2a, the diameters of
microdroplets deposited on the wafer were predominantly
ranged from 130 to 240 ym with an average size of 188 ym.
The wafer was then placed into a custom-designed reaction
chamber (Figure S3a) under high relative humidity conditions
(RH > 90%). The chamber was irradiated by a low-pressure
mercury lamp centered at 254 nm with a power density of 2.55
mW cm ™% Due to the strict control of low temperature and
high relative humidity, the size of microdroplets experienced
negligible changes during the reaction (Figure S2).**** For
comparison, the bulk phase reaction was performed in a
miniature quartz Petri dish in the same reaction chamber

under identical irradiation conditions, containing 3 mL of
solution with a thickness of ~1 cm (Figure S3b). The
absorption of PFOA by a superhydrophobic wafer or quartz
dish was minimal, as shown in Figure S4.

For scale-up reactions, a novel “Droplet-Spraying Photo-
reactor” was fabricated by the authors. A standard 1.5 L
volume of solution (composed of 1 mM FeCl;, 10 mM
H,C,0,, and 20 mg L' PFOA) was introduced into the
reactor. The photochemical reactions within the reactor were
driven by a 180 W LED light source (255 + 1S nm narrow
band irradiation) and cooled with 15 °C circulating water.
Microdroplets were formed and regenerated by an ultrasoni-
cally nebulizer (95 W) located at the bottom of the reactor.
Bulk phase reaction was conducted without operation of the
ultrasonic nebulizer. Aliquots of the solution were taken at
time intervals of 40 min for up to 280 min. Detailed
descriptions of the scale-up reaction settings are provided in
Supporting Information (SI).

All control experiments were conducted following typical
experimental procedures with the reaction time fixed at 40
min. Solution pH was adjusted with 0.1 M H,SO, and 0.1 M
NH;-H,O to investigate the effects of pH. In order to explore
the role of microdroplet size on photochemical decomposition
of PFOA, the average diameter of the microdroplets <500 ym
was controlled by adjusting the number of sprays of the
nebulizer. Single spray events produced small droplets that
collided and merged on the superhydrophobic wafer, gradually
forming larger droplets of various sizes. Droplets >500 pum
were directly dispensed onto the superhydrophobic substrate
using a 2.5 uL micropipette. Figure SS displays representative
micrographs of microdroplets with distinct average sizes. After
predetermined time intervals, samples were collected and
quantitatively diluted using 0.01 M HCI containing S vol %
TBA to inhibit iron precipitation and cease the reaction.”® The
obtained samples were filtered using a 0.45 ym polycarbonate
membrane before analysis, and all experiments were performed
in triplicate. The descriptions of analytic methods, stimulated
Raman spectroscopy, interfacial electric field, and transient
absorption spectroscopy measurements, and density functional
theory calculations are provided in the SL

B RESULTS AND DISCUSSION

Enhanced PFOA Decomposition in Microdroplets.
Fe(III)-Oxalate chelates are common composites in natural
waters and have been reported to be effective photo-Fenton
catalysts. Under light irradiation, the complexes can undergo a
ligand-to-metal charge transfer (LMCT) process to generate
reactive oxygen species (ROS, typically O,~ and ‘OH) (egs
1-8). Hence, we explored the PFOA (20 mg L', the
concentration is comparable to that found in an air station
using aqueous fire-fighting foam)*® photodegradation effi-
ciency by using Fe(IlI)-Oxalate chelates photochemistry in
both microdroplet and bulk phase (as shown in Figure 1a, for
typical experimental procedures). Figure 1b illustrates the
substantial enhancement of PFOA removal efficiency in
microdroplets compared to the bulk phase: after 80 min of
UV light irradiation, the microdroplet reaction achieved almost
complete PFOA removal with a degradation efficiency of
98.02%. In stark contrast, the bulk phase counterpart only
yielded 7% PFOA degradation after the same duration, with a
removal efficiency of merely 10.43% even after 4 h. Pseudo-
first-order reaction kinetic fitting showed that the PFOA
degradation rate constant was 2.964 h™' in microdroplets,
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which was about 88.74 times faster than that in the bulk phase
counterpart (0.0334 h™’, Figure 1b dashed lines). Defluorina-
tion ratio was adopted to further evaluate PFOA elimination
performances, as the strong persistence of PFOA mainly
resulted from its highly stable C—F bonds. According to Figure
lc, the defluorination ratio continuously increased with time.
After 40 min, the defluorination efficiency in microdroplets
reached 23.72%, 235 times larger than the bulk phase reaction
(0.101%). After 240 min of irradiation, the final defluorination
ratio reached 88.49 and 1.65% in microdroplets and the bulk
phase counterpart, respectively. To clarify the individual
contributions of UV irradiation, Fe(IIl)-Oxalate catalyst, and
microdroplets, a series of control experiments was conducted
(Table S1). The results showed that neither microdroplets
alone (not detected), UV alone (0.03%), nor the combination
of UV and microdroplets without Fe(IIl)-Oxalate (0.06%) can
lead to appreciable defluorination after 4 h, indicating that the
high efficiency is attainable only when all three components are
present and highlighting the unique advantage of micro-
droplets in promoting PFOA photochemical decomposi-
tion. "'~
[Fe(1I1)(C,0,)3~ + hv k=004M"s"

— [Fe(11)(C,0,)2]*” + C,0;

(1)

— — 6 -1 -
C,0; - CO;, +CO, k=2x10°M"'s™" )
CO;, +0, > CO, +0; k=65x10°M"'s"  (3)
O, + H" - HO, k=10"M"'s" (4)

HO, + HO, - H,0, + 0, k=83 x 10°M 's™"

(5)
Fe(Il) + H,0, k=63M's™!
— Fe(Ill) + OH™ + -OH (6)
C,0; + -OH k=77x10°M"s!
- CO, + CO, + OH™ (7)
oy TH20, = 07 /HO, k=33 x 100 M s
+ H,0 (8)
Fe(I) + -OH + HY k=43 x10°M's™"
— Fe(lll) + H,0 9)
CO; + [Fe(IID)(C,0,), I~ k=10’ ~ 10"
-1 -1
— Fe(Il) + CO, + 3C,0;” M s (10)

Additionally, the defluorination ratio of PFOA was found to
be first increased and then decreased with increasing the initial
concentrations of oxalic acid (Figure 1d). The highest
defluorination ratio (29.78%) was observed in the presence
of 15 mM H,C,0, after 40 min of irradiation. The volcano-
type variation trend could be explained by the dependence of
speciation of Fe(IIl)-Oxalate chelates on the concentration
ratio of H,C,0, to Fe(III). The majority of Fe(III)-containing
species would shift from [Fe(C,0,)]* and [Fe(OH)]** to
[Fe(C,0,),]™ and [Fe(C,0,);]*” as H,C,0, concentrations
increased.” [Fe(C,0,),]™ and [Fe(C,0,);]* exhibit stronger

photochemical reactivity compared to [Fe(C,04)]" and
[Fe(OH)]*", thereby resulting in the faster PFOA defluorina-
tion rate at higher H,C,0, concentrations. However, excessive
H,C,0, (>15 mM) had a detrimental effect on PFOA
defluorination. This was likely because surplus H,C,0,
scavenged ‘'OH (eq 7), and thus inhibited O, generation
through eq 8, and retarded Fe(Ill) recycling (eq 9) for
continuous photo-Fenton reactions. In addition, PFOA
degradation showed high sensitivity to pH, with the highest
defluorination ratio (23.22% after 40 min of irradiation)
observed at pH = 2 (Figure S8). High concentrations of
H,C,0, would lead to a more acidic solution, with pH values
of 1.99, 1.84, 1.74, 1.69, and 1.56 for §, 10, 15, 20, and 30 mM
H,C,0,, respectively. The lower pH accelerated O,
disproportionation with H* (eqs 4 and S). When pH rose
above 3, Fe(III) began to precipitate, which in turn terminated
the photochemical activity of the Fe(III)—Oxalate complex.
The precipitation also disrupted the coordination between
Fe(III) and the departing F atom, an interaction that may play
a potential role in activating the C—F bond through Lewis acid
catalysis.”” As a result, the overall efficiency of PFOA
defluorination declined sharply under basic conditions.

Further investigations were conducted to evaluate the
influences of initial PFOA concentration and real water
matrices on photochemical defluorination of PFOA. The
defluorination ratios increased with decreasing initial concen-
trations of PFOA in both microdroplets and bulk phase
systems, suggesting that the photochemical processes mediated
by Fe(Ill)-oxalate complex are particularly advantageous for
PFOA elimination at lower concentrations (Figure S9).
Besides, the detected defluorination ratios of PFOA in various
actual water matrices were also higher in microdroplets than in
bulk solutions, confirming the feasibility of using microdroplets
for PFOA defluorination in natural environments (Figure
$10).

Scale-Up Applications. The aforementioned findings
collectively suggest that microdroplets can substantially
improve the photochemical degradation of PFOA. However,
these experiments are conducted at small scales (microliter
level). To facilitate scale-up applications, we have extended our
work to the design of a “droplet-Spraying Photoreactor” aimed
at treating multiliter quantities of PFOA-contaminated waste-
water. Figures 1f and SS present the instrumental design and
setup. In this advanced system, microdroplets can be
continuously produced by an ultrasonic nebulizer at the
bottom of the reactor and diffuse within the ring-shaped
column outside the immersion well. The thickness of this ring-
shaped column is 30 mm (50 mm ID, 110 mm OD) to ensure
that the LED light source located in the immersion well can
sufficiently irradiate the droplet zone. After condensation on
walls, droplets can be directed back to the bottom of the
reactor for recycling and respraying. As shown in Figure le, for
a standard 1.5 L solution (20 mg L™" PFOA in 1 mM FeCl,
and 10 mM H,C,0,), the photoreactor achieved nearly
complete defluorination (99.05%) within 280 min. This rate
was 120 times faster than that in the bulk phase reaction
(0.82%). When the light source was off, the defluorination
ratio significantly decreased, only 0.11% with spraying and
0.08% without spraying droplets (Table S2). This indicates
that PFOA is difficult to degrade solely through the energetic
cavities generated by ultrasound and is instead primarily
degraded through the ROS produced by photochemical
processes of Fe(Ill)-Oxalate. Additionally, the defluorination
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photochemical defluorination ([PFOA] = 20 mg L_1 [Fe(1II)] = 1 mM, [H,C,0,] = 10 mM, reaction time = 40 min). Reaction pathways of

PFOA degradation induced by (d) O,, and (e) €,q in microdroplets.

efficiency obtained in the scale-up reaction exceeds that
observed in the typical experimental procedure at the
microliter level (88.49%, Figure 1c). The improved perform-
ance is likely due to the creation of charged,”® and smaller
droplets (<10 um)>’ by the ultrasound atomization compared
to that deposited on a hydrophobic wafer (~188 um, Figure
S2). The interfacial charges may alter the hydration enthalpy of
the ROS,*° while a smaller size ensures the droplet features a
larger air—water interface, which is critical in modulating the
generation and reactivity of ROS, as explored in subsequent
sections.

Identification of Dominant ROS Responsible for
PFOA Decomposition. Radical quenching experiments
were performed to investigate the ROS responsible for
PFOA degradation. As displayed in Figure 2a, the PFOA
defluorination efliciency was significantly inhibited with the
addition of 20 mM p-benzoquinone (p-BQ), a typical
scavenger of O,7, indicating the pivotal role of O, in
PFOA elimination. The defluorination was almost completely
suppressed under a high-purity Ar atmosphere, while the
continuous supply of high-purity O, and magnetic stirring
evidently increased the defluorination ratio (Figure 2b). These
results confirmed that the presence of O, indeed participated
in PFOA photochemical decomposition in the dominant form
of O,”. The introduction of 0.5 mM isopropanol (IPA)
resulted in a slight decrease in defluorination efficiency from
23.37% to 20.91%, suggesting that -OH played a relatively
insignificant role in PFOA decomposition, consistent with
previous reports.61_63 An unexpected increase in the
defluorination ratio to 40.52% was observed when IPA
concentration was elevated to 20 mM. Such anomalies were
also reported in other O,” involved halogenated pollutants
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20,6
treatment processes,””**®® which may underscore the nuanced

phenomenon of the solvation effect on O,

Hydrated electron, e €,q s CAN also be generated in our system,
either by Fe(III) Oxalate through charge-transfer-to-solvent
(CTTS) process,”® or by electrolysis of H,O in the presence of
interfacial electric field.””* To investigate the decomposition
of PFOA by e, , electron quenching experiments were
conducted using CdSO4 as a specific scavenger of e,;~ (k =
64 x 10" L mol™ s71).% As shown in Figure 2a, PFOA
defluorination with the addition of 20 mM CdSO, was weakly
inhibited (from 23.37 to 21.81%) compared with that in the
presence of 20 mM p-BQ (from 23.37 to 11.75%), which
indicates that e, is less responsible for PFOA degradation in
this reaction system. This can be explained by the low
quantum yield of e,,~ through Fe(IIl)-oxalate CTTS process
(0.05), and extremely slow kinetics for water electrolysis at
the air—water interface. As Zhou et al. have quantitatively
elucidated, only ~1 of 65,000 H,O molecules at the interface
can be converted to H,0, and e, per second, with a
maximum e, generation rate of 15.4 nmol m™ min~*
(assuming the stoichiometric ratio of e,,~ to H,0, is 2:1).7°
Moreover, e,;~ only preferred anoxic and basic conditions; e,;~
generated in current system can be substantially consumed by
Fe(IlI), O, and H* rather than for defluorination, with the
corresponding rate constants of k = 6.0 X 10'°, 1.9 X 10", and
23 x 10" M7' s717%7% which are at least 3 orders of
magnitude higher than that for e,;~ and PFOA (k=17+05
x 10" M~!s71).”* Consequently, while €,q could contribute to
the reductive degradation of PFOA in the current system, its
impact was very limited.

Previous studies also suggested that Fe(III) could be
complexed with PFOA and participate in the PFOA photo-
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degradation through the LMCT process.”* However, in the
presence of excess oxalic acid, the Fe(IIIl) would predom-
inantly form Fe(Ill)-Oxalate chelates rather than Fe(III)-
PFOA complexes. The preference can be attributed to the
equilibrium constant of Fe(III)-PFOA complexes (10**) is
lower by 3 orders of magnitude compared to that of Fe(III)-
Oxalate chelates (3.9 x 107).>7° Besides, the photochemical
process of Fe(III)-Oxalate complexes could generate CO,”,
which has a redox potential of —1.9 eV’ and has been proved
to cleave C—Cl bonds.”® However, due to the rapid reaction
between CO,” and O, (k = 6.5 X 10° M™' s71),* the
generated CO,” would rapidly transform to O, in the
presence of O,. Therefore, the roles of Fe(IIl)-PFOA
complexes and CO,” in PFOA photodegradation were
negligible.

Overall PFOA Degradation Pathways in Microdrop-
lets. HPLC-MS/MS analysis illustrated that the degradation of
PFOA was accompanied by the formation of short-chain
perfluoroalkyl carboxylic acids (PFCAs) containing 2—7
carbon atoms, such as perfluorohexanoic acid (PFHxA) and
perfluorobutanoic acid (PFBA), as depicted in Figure S11. The
production of the short-chain PFCAs exhibited an initial
increase, followed by a subsequent decrease, indicative of a
stepwise degradation process for PFOA and its degradation
intermediates. Based on the detected degradation intermedi-
ates and insights from radical quenching experiments, we
propose that the degradation of PFOA primarily follows the
pathways outlined below:

The PFOA decomposition would initiate with an Sy2
process, where O, ™ acts as the nucleophile and attacks the a-C
atom, whose C—F bond dissociation energy (BDE) has been
reported to be the lowest on PFOA (107.2 = 04 kcal
mol™")."” This step leads to the formation of an Sy2 adduct
[0, 7--C¢F3CECOO™-F], followed by a concerted cleavage
of the C—F bond and formation of a peroxy radical

19073

(CF1;CF(0—0)COO0™) (eq 11).** The peroxy radical is an
excellent electron acceptor, which can be smoothly reduced by
means of single electron transfer from the various reducing
species present in the reaction medium (Fe(II), O, and e,;~)
to generate peroxy anion (CgF;;CF(O—07)COO0™)."*” The
oxyanion on the terminal of the peroxy group is nucleophilic
due to the filled nonbonding orbital, and can further interact
with the empty o* orbital of the second C—F bond, leading to
the C—F cleavage and generation of a three-membered cyclic
intermediate. Such cyclic intermediate features a high ring
strain, which can be readily released by homolytic cleavage of
the O—O bond (BDE < 45 kcal/mol),*>*" and coupled with
decarboxylation of the peroxy group in the form of CO,. This
process results in the production of one fewer —CF,— unit (in
this stage, perfluoroheptanoic acid) compared to its parent
compounds and is considered to be the primary mechanism for
PFOA chain shortening without the involvement of other
ROS. The generated short-chain PFCAs would repeat the
above process, ultimately achieving complete decomposition.
The schematic diagram of the overall degradation mechanism
is present in Figure 2d.

05 + C4E;CECOO0™
S\2
<> [0 -+C4F;CFCOO ++F]

& C4F,CF(O — 0-)COO™ + F~ (11)

Additionally, the formation of less fluorinated fluorotelomer
carboxylate species (FTCAs, Figure S12) indicated that the
e, involved reductive defluorination-hydration pathway also
existed. PFOA destruction pathways by e, -assisted H/F
exchange or decarboxylation—hydroxylation—elimination—hy-
drolysis (DHEH) mechanism has been extensively studied and
reviewed (Figure 2e)."'>**® Additionally, H/F exchange
products, for example, C¢F;CH,COOH, can be oxidatively
decomposed by 'OH for chain shortening, which might
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elucidate the role of ‘OH as demonstrated in ROS scavenging
experiments. A recent study has also proposed a novel e, -
induced “two-carbon shortening” process for the degradation
of low-concentration PFOA in water droplets.84 However,
given the unimportant role of e,,~ and its limited efficacy in
treating short fluorocarbon chains (Figure 2a), a mechanistic
investigation into these unfavorable pathways is beyond the
scope of this study; instead, priority is given to clarifying the
mechanism of the PFOA removal enhancement by O,

Mechanism Study for Rate Acceleration in Micro-
droplets. As an anionic surfactant, PFOA tends to accumulate
at the air—water interface due to the intrinsic amphipathy.*
Here we found that the introduction of cetyltrimethylammo-
nium bromide (CTAB, cationic surfactant) enhanced the
defluorination ratio, while the addition of sodium dodecyl
sulfate (SDS, anionic surfactant) showed a negative effect on
PFOA defluorination (Figure S13). The converse effects might
be because CTAB improved PFOA concentration enrichment
at the water surface due to the electrostatic attraction between
the oppositely charged molecules, as observed also in ref 86,
while SDS suppressed the PFOA interfacial enrichment.
Besides, as shown in Figure 2c, the photochemical defluori-
nation ratio was significantly improved as the microdroplet size
decreased from around 1350 to 150 pm. The impacts of CTAB
and SDS suggest that PFOA photodegradation primarily
occurs at the air—water interface, and the microdroplet size
effects verify the important role of the air—water interface in
PFOA photodegradation. Hence, investigating the potential
roles of the microdroplet air—water interface is crucial, which
might predominantly involve the following three factors that
synergistically augment the collision frequency of reactants
within the confined interfacial space and decrease the reaction
barriers.

Increased O,~ Generation at the Air—Water Interface.
Previously, Jungwirth and co-workers reported that highly
polarizable ions, such as oxalate anions, would preferentially
accumulate at the air—water interface due to the polarization
by the interfacial asymmetric water dipoles.””** Studies based
on molecular dynamic simulation also suggest that there is a
minimum free energy at the interfacial Gibbs dividing surface,
indicating a pronounced surface affinity of solutes to the air—
water interface.”*® In this study, we experimentally analyzed
the interfacial concentration enrichment of oxalate anions by
Stimulated Raman Spectroscopy (SRS) measurements.

As shown in Figures 3a—c and S12, the oxalate
concentration at the air—water interface, represented by the
peak intensity ratio of ¥(C—C) to v(O—H) with the O—H of
the H,O molecule as internal standard, is considerably higher
than that in the microdroplet interior. This disparity becomes
more pronounced (2.3—4.7 folds) as the droplet size decreased
from 120 to 30 um (Figures 3d and S15), indicating a
significant surface excess of oxalate anions, particularly in
smaller droplets. Although Fe(III) cations may not inherently
exhibit surface affinity due to their poor polarizability,*” they
can be dragged to the subsurface by the Coulomb force of the
negatively charged oxalate and PFOA anions on the surface,
resulting in a substantially higher concentration of Fe(III)-
Ogxalate chelates in the interfacial region. Besides, it is worth
noting that the availability of dissolved oxygen (DO) at the
air—water interface of microdroplets can exceed 300 mg/L,*
which is remarkably higher compared to the bulk solution (~8
mg/L). Under such abundant DO conditions, higher
concentrations of Fe(III)-Oxalate are associated with increased

O,” generation, consequently resulting in more effective
defluorination of PFOA (Figure S16).

To further analyze the disparity in O, generation between
microdroplets and the bulk phase, O, was semiquantitatively
analyzed by the nitro blue tetrazolium (NBT) detection
method.”® The reaction product between NBT and O,
formazan, was extracted and quantified by using UV—vis
absorption spectroscopy. Figure 3e shows that the absorbance
of formazan in microdroplets is approximately 4 times higher
than that in the bulk phase counterpart, demonstrating that
more of the O, was generated in microdroplets. In addition,
‘OH (the subsequent product of O,”) was also quantifica-
tionally analyzed by benzoic acid oxidation,”" and results
showed that -OH generation was about 10 times higher in
microdroplets than that in the bulk phase system (Figure S17).
These results suggest that the interfacial concentration
enrichment of Fe(III)-Oxalate complexes and highly efficient
O, accessibility made the interfacial photochemical ROS
generation far beyond the bulk phase system. In the bulk
phase, O, production is not only limited by the uniform
distribution of Fe(III)-Oxalate complex, but also by the
scarcity of DO, which can even alter the fate of CO,™ (the
precursor for O,7): CO, ™ is a powerful reducing agent and
exhibits comparable reaction rates toward O, and Fe(III) (with
rate constants of kg, = 6.5 X 10° and Kgequr) = 10°~10"° M™*
s, egs 3 and 10).*”° The absence of sufficient O, would
result in an undesired pathway in which CO,~ depletes Fe(III)
and generates large amounts of Fe(II) in bulk phase in a short
reaction time (as depicted in Figure 3f); in contrast, CO,~ can
more easily interact with O, at the air—water interface (eq 3),
leading to substantial generation of O, within microdroplets.

Enhanced O, Reactivity at the Air—Water Interface. 1t is
noteworthy that the observed 10>~10° acceleration on
defluorination in microdroplets cannot be solely attributed to
the increased ROS generation or O, availability. This is
supported by the observations that the augmentation of
Fe(III)-Oxalate concentration in bulk solution (Figure S16) or
O, availability (Figure 2b) only leads to a moderate increase in
reaction rates. Indeed, the rate of an Sy2 reaction is directly
related to the effectiveness of the nucleophilicity, which is
strongly dependent on the degree of solvation. As O, is
generated in the aqueous phase, solvents are intimately
involved in the reaction process, and the ion-dipole
interactions first produce 0,7-(H,0), association complexes.
This is related to a decrease in O, free energy prior to any
intrinsic chemical barriers of orbital overlap in the Sy2 process.
On the other hand, the TS of Sy2 adducts can also be solvated
by water from the point of view of thermal equilibrium, which
must in turn compensate for the desolvation energy of O, in
the activation process—although this aspect has been
frequently overlooked in most cases. An estimation of how
solvents preferentially solvate reactants and TS must be made
in order to judge the rate acceleration at the air—water
interface.

As the reaction transferred from the bulk phase to the air—
water interface, the relative modification in solvation energy
can be quite different from reactants to TS, depending on their
specific structures. One paramount factor is the molecular
charge density, given that the interactions between solvents
and solutes are typically the result of electrostatic forces. The
rate-determining step of O, induced defluorination is the
negatively charged nucleophile of O,” to attack the C—F
carbon to give Sy2 adducts [0, +«C4F;CFCOO™-+-F]. The
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Figure 4. Solvation effect, interfacial electric field, and reaction energy barrier analysis. (a) PFOA defluorination ratio in the presence of various
low-polarity solvent ([PFOA] = 20 mg L™, [Fe(IlI)] = 1 mM, [H,C,0,] = 10 mM, reaction time = 40 min); (b) scheme of solvation states of
O, under different reaction scenarios; nanosecond transient adsorption spectra of O, at (c) air—water interface and (d) bulk phase; (e) Raman
spectra of y(C=N) at different regions of microdroplet with size of 50 m; (f) scheme of mechanisms for the accelerated PFOA degradation at the
air—water interface. The direction of the electric field is defined according to the convention used in the Gaussian package;” (g) energy profiles for
PFOA degradation processes conducted by O, in bulk solution and at the air—water interface. Red, white, gray, and green spheres in Figure b,f

denote O, H, C, and F atoms.

charge localized in O, can be strongly stabilized by water
through ion-dipole interactions and hydrogen bonding. Such
stabilization would be less prevalent for the [0, -
C¢F;CFCOO™+F] in TS, as the charge of O, is diffused
over [O—C—F]~ atoms and thus [0, ~++-C¢F;CFCOO™--F] is
less polar. This hydration difference makes the reactivity of
O,” diminish in water while contributing to the observed
extremely high activation energy in the bulk phase. In contrast,
solvents with low dielectric constant may fail to solvate O,~
well, making O, ™ more reactive; [0, ™---C¢F 3CFCOO™---F] is
less in need of solvation due to charge dispersion, which
implies a lower decrease in hydration enthalpy of TS compared
to that of reactants, and so the net reaction would be faster.
Therefore, we investigated the solvation effects of O, through
introducing dimethyl sulfoxide (DMSO), isopropanol (IPA),
and acetone with a concentration of 1 M into the pristine
reaction medium (DI water). These cosolvents assisted in
perturbing the solvation shells of O, and reduced the
solvation number of water. Meanwhile, owing to their larger
molecular size and less acidic hydrogen (C—H or alcoholic O—
H), these low-polarity solvents are relatively poor electron-pair
acceptors (EPA) to accommodate O, (as illustrated in Figure
4b). Consequently, the dipole-ion interactions between the
solvents and the O, ™ anions weakened, which led to a decrease
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in the hydration enthalpy of the O, ™. According to Figure 4a,
the defluorination ratio of PFOA in microdroplets after 40 min
photoirradiation was improved in the order of acetone
(76.68%) > IPA (69.65%) > DMSO (56.16%) > DI water
(23.71%), approximately in reverse order of their dielectric
constants (78.0, 47.0, 19.9, and 21.0 for DI water, DMSO, IPA,
and acetone respectively). Especially in the presence of 1 M
aprotic solvent of acetone, a remarkable defluorination ratio of
76.68% was achieved, which is greater than almost all previous
reports. The shift in IPA and acetone can be explained by the
specific interaction of hydrogen bonding between IPA and
O, . The energy required to disrupt hydrogen bonding adds
to the activation energy in IPA.

We propose that the environment at the air—water interface
could be closely analogous to those low-polarity solvents, as
they both have structure breaker properties similar to those of
the O, solvation shells and are less efficient at solvating the
O, charges. Air—water interface is characterized by low water
density and an asymmetric hydrogen bonding network, which
intuitively reduces the degree of solvation of O,~.”*"
Especially for O, located on the water surface, they are
partially solvated and partially exposed to the air, thereby the
interaction between O, and interfacial water molecules is
dramatically weakened, leading to almost naked O, for
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nucleophilic reaction. This is evidenced by a very recent work
employing molecular dynamics simulation, wherein O, is
found to stay on the droplet surface with a relatively higher
energy level, forming only 1~2 weak hydrogen bonds with
interfacial H,O compared to 4 hydrogen bonds in the bulk
phase.94 Moreover, electric fields at the air—water interface can
reach as high as MV/cm (in the present case, 86.1 MV/
cm).”™7 The electric field can not only catalyze reactions
directly; it can also lead to dielectric saturation at the air—
water interface,’° where the dipole moments of water
molecules become preferentially immobilized along the
direction of the electric field, as justified by the decrease of
local dielectric constant from 78.0 (bulk phase value) to 2.1 at
the interface.”® In this case, water would undergo structure
increase and is not able to reorient its dipoles to solvate the
O,” anion. This effect could be more significant in the
presence of a high ionic concentration at the surface of
microdroplets (as depicted by SRS data in Figure 3a—d), in
which scenario water molecules are tightly packed around
charged ions of Fe(IIl) and oxalate as their hydration shells.
Consequently, water loses its dipolar characteristic to interact
with the developing charge when O, is created at the air—
water interface, and the O, is partially solvated and thus more
reactive than in the bulk phase (as shown in Figure 4b). Bulk
water, on the other hand, can rapidly respond to any charge
fluctuations and heavily stabilize O, ™. This is confirmed by
transient absorption spectroscopy (TAS) measurements
(Figure 4c,d). Due to the incomplete solvation shell of O, 7,
the protonation-induced O, disproportionation (eqs 4 and )
is retarded at the air—water interface. The half-life span (7) of
O, ™ at the air—water interface reaches 107.25 ns, nearly twice
as long as the bulk phase value of 68.51 ns. All these
observations pointed to the fact that the O, generated at the
air—water interface is more reactive and has a longer lifetime
for nucleophilic reaction with PFOA compared to the bulk
phase counterpart.

Catalytic Role of the Interfacial Electric Field. Micro-
droplet chemistry studies revealed the presence of a strong and
oriented electric field on the air—water interface, which may
arise from the nonuniformly distributed ions and the broken
symmetry of the neat water surface.”>”® The interfacial electric
field can significantly impact molecule spectroscopy (such as
Stark Effect)'?”'" and facilitate electron transfer and redox
reaction,””'** thus influencing reaction free energy and
impacting chemical reaction rates. Here, a confocal micro-
Raman spectrometer was employed to directly measure the
interfacial electric field in microdroplets based on the Stark
vibrational effect.'"’”'”" C=N was chosen as the vibrational
probe for its large dipole moment (~3D) to maximize the
interaction with the electric field.'"*

In a 50 pm diameter microdroplet, the obvious blue shift of
the Raman peak of v(C=N) was observed as measured from
microdroplet interior (2060.8 cm™") to the interfacial region
(2091.2 cm™"), corresponding to an electric field strength of
86.1 MV/cm (Figure 4e). Additionally, the electric field
strength became stronger with decreasing microdroplet size
(Figure S18). Such a high interfacial electric field is capable of
influencing the chemical reactivity of Sy2 defluorination, which
is stereochemically constrained and requires the transfer of an
electron pair from the nucleophile to the leaving group.'’* In
the absence of an electric field, there is no external constraint,
the distribution of PFOA and O, is random, and it is difficult
for O, to attack the backside a-carbon atom on PFOA to

interact with the o* antibonding orbital of the C—F bond. In
the electric field present case, the polarized C—F would exhibit
a large axial preference.'” C—F and O, are forced to align
along the direction of the electric field due to the strong
charge-dipole interactions for binding. The interfacial electric
field thereby served as a tweezer that fixed the reagents to be
prepared for Sy2 displacement.”” As such, even though the
direction of the electric field may fluctuate significantly, as to
be Lorentzian distributed at the air—water interface, °° one
could expect the reaction axis “O—C—F” would synchronously
align along the axis of the external field in space (as exemplified
in Figure 4f). This collinear configuration substantially
compensated for the negative activation entropy for the Sy2
mechanism, and allowed the electric field to maximally polarize
the C—F bond at the given moment to push the electron pair
in O, toward the terminal fluorine atom, thus intensifying the
intermolecular bonding between the O, and electrophilic a-
carbon. Moreover, electrostatic theory allows us to qualitatively
predict the external stabilization/destabilization effect of the
electric field according to eq 12:”

AAE = 48F -A% (keal/mol) (12)

The term AAE represents the stabilization energy difference

between reactants and the TS under the electric field F (V/A),

while A% denotes the dipole moment change (in Debye)
along the reaction coordinate.”” The polarized C—F bond and
elongated geometry of the Sy2 adduct would lead to an
increased dipole moment in the TS, which is oriented from F
toward O due to the charge transfer toward the more

_)
electronegative leaving group. In this case, vectors of F and

AX are relatively opposite to each other, thus pointing to a
negative value of AAE that indicated a greater stabilization of
the electric field on TS as compared to that of the ground state
reactant, and thereby demonstrating an overall catalytic effect
of the electric field on the reaction (Figure 4f). To
demonstrate the validity of our proposals, a DFT calculation
was carried out to compare the reaction free energy for O,~
induced PFOA degradation between the bulk phase and the
air—water interface. As shown in Figure 4g, the C—F cleavage
steps exhibited the highest activation energies of AGil(bulk) =
18.76 kcal/mol and AGiz(bulk) = 28.47 kcal/mol in the bulk
phase. In comparison, the same reaction steps that proceeded
at the air—water interface are more barrierless with
AGil(imerface) = 15.78 kcal/mol and AG*Z(imeace) = 26.35
kcal/mol, predicting the rate constants of approximately 35—
150 times higher than those in the bulk phase based on the
Eyring equations.'”” This enhancement is in a level of
agreement with our experimental observation of an 88.74-
fold increase in the pseudo-first-order rate constant, as fitted in
Figure 1b. The elimination of the second F~ is more
challenging, which could be due to the steric hindrance of
the three-membered ring configuration that inhibited the
oxyanion from aligning with the ¢* orbital of the residual C—F
bond. Compared with defluorination steps, the decarboxyla-
tion step experienced relatively small energy barriers of 15.42
and 15.08 kcal/mol for bulk and interface. As this step involved
the homolytic cleavage of O—O and C—C bonds, no
significant charge reorganization occurred during the process.
Consequently, the kinetic advantages of solvent effect on the
decarboxylation step at the interface were limited, with the
reaction energy barrier merely reduced by 0.34 kcal/mol,
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practically through the catalytic role of the electric field.
Overall, DFT calculation indicates that O,~ experienced
significantly lower energy barriers to get to the stabilized TS1
and TS2 by 2.98 and 2.12 kcal/mol, respectively, leading to
accelerated PFOA defluorination at the air—water interface in
microdroplets.

B ENVIRONMENTAL IMPLICATIONS

This work presents a fundamental breakthrough in PFOA
remediation by harnessing the unique properties of air—water
interfaces in microdroplets, demonstrating degradation rates 2
orders of magnitude faster than conventional bulk-phase
treatments. Our mechanistic investigations reveal three
synergistic factors driving this exceptional performance:
enhanced O,” generation at the interface, dramatically
improved O, reactivity due to weakened solvation effects,
and the catalytic role of the strong interfacial electric field in
lowering reaction barriers. These molecular-level insights into
interfacial chemistry not only provide new fundamental
understanding of C—F bond activation at the air—water
interface but also establish a novel strategy for enhancing
nucleophilic reactions in aqueous systems. Furthermore, we
successfully translate these principles to practical applications
through a scalable reactor design, opening new horizons for
addressing persistent environmental contaminants through
interface engineering.
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