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ABSTRACT: Per- and polyfluoroalkyl substances (PFAS) and
hexavalent chromium (Cr(VI)) frequently coexist in industrial
waters, but their contrasting redox requirements complicate
simultaneous remediation. Here we show that aqueous micro-
droplets transform this apparent incompatibility into cooperative
interfacial reactivity. At the air—water interface, perfluorooctanoic
acid (PFOA) and Cr(VI) undergo mutually promoted trans-
formation under ambient conditions. Cr(VI) increases PFOA
defluorination by approximately 63%, whereas PFOA enhances
Cr(VI) reduction by approximately 41%. Mechanistic analyses
identify an oxygen-coupled interfacial redox network in which O,-
derived peroxides, H,0, turnover and Cr-mediated radical
generation maintain the flux of reactive intermediates. Molecular
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dynamics simulations and density functional theory calculations indicate that PFOA spontaneously enriches at the interface and
reorganizes the ionic environment to promote K*-mediated co-localization of Cr(VI). This association electronically activates the
headgroup-proximal C—F bond and, together with interfacial confinement, reduces the a-C—F cleavage barrier from 2.80 to 1.39 eV.
Together, these findings reveal how microdroplet interfaces spatially and electronically coordinate organofluorine bond cleavage with
metal reduction, providing a framework for cooperative remediation of complex contaminant mixtures.

B INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS), widely used in
nonstick coatings, surfactant formulations, firefighting foams,
and fluoropolymer manufacturing, are now recognized as highly
persistent anthropogenic contaminants.”” Perfluorooctanoic
acid (PFOA), a representative long-chain perfluorinated
carboxylate, epitomizes this persistence: its densely fluorinated
carbon backbone resists transformation under ambient aqueous
conditions, and effective degradation requires activation of
otherwise inert C—F bonds.>~® PFOA and related fluorinated
surfactants have historically been used as mist suppressants in
chromium electroplating, and consequently persist alongside
hexavalent chromium (Cr(VI)) in effluents from electroplating
and metal-finishing operations.7’8 Cr(VI) is itself a redox-active
inorganic contaminant that poses a distinct but equally relevant
remediation challenge.” Whereas PEOA remediation centers on
C—F bond activation,'”"" Cr(VI) detoxification is governed by
oxidation-state control; reduction to Cr(III) generally lowers
environmental risk by shifting chromium speciation toward less
soluble and less bioavailable forms. This environmental linkage
makes PFAS-Cr(VI) systems a relevant organofluorine—metal
contaminant pair, particularly in electroplating-related waste
streams and chromium-associated exposure scenarios where
PFAS and Cr species can coexist.'” Despite this connection,
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PFAS degradation and Cr(VI) reduction have largely been
investigated as separate remediation processes, leaving their
transformation behaviors and pathways under coexisting
conditions poorly understood."*~"*

The key challenge, therefore, is not simply whether PFOA and
Cr(VI) can be transformed in the same aqueous system, but
whether their distinct transformation pathways can be made
mutually reinforcing rather than competitive. PFOA degrada-
tion proceeds through electron-mediated and radical-mediated
pathways that initiate C—F bond activation and drive stepwise
chain transformation, with gas—liquid interfacial environments
recently emerging as active sites for PFOA activation.'*™"® In
contrast, Cr(VI) reduction requires sustained multi-electron
transfer and can itself modulate oxygen-derived radical
chemistry.'”~>' When both processes operate simultaneously,
they may compete for shared reducing equivalents, radical
intermediates, or interfacial reaction space, leading to mutual
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inhibition. Alternatively, if one contaminant reshapes the
reactive-species flux or local electronic environment in a manner
that facilitates the transformation of the other, the two processes
may become chemically complementary rather than antago-
nistic. In homogeneous bulk water, such proximity is difficult to
maintain because short-lived intermediates are rapidly diluted,
quenched, or spatially separated from surface-active contami-
nants. A confined interfacial microenvironment that concen-
trates reactants while sustaining localized charge separation and
radical flux could therefore provide a route to cooperative redox
transformation.

Aqueous microdroplets offer precisely such a microenviron-
ment. Over the past decade, microdroplets have emerged as
reactive media in which chemical transformations can proceed
with kinetic and thermodynamic behavior distinct from those in
bulk solution.””** Numerous studies report rate enhancements
of several orders of magnitude at the air—water interface of
micron-sized droplets.””** These phenomena are generally
attributed to a unique constellation of factors: interfacial
structural asymmetry, intense localized electric fields,**”’
incomplete solvation,”®*’ and remarkably high surface-to-
volume ratios.”” For solute-containing microdroplets, these
interfacial features can act collectively: surface-active molecules
may become enriched near the boundary, adsorbed reactants
may experience altered solvation and polarization, and charge-
transfer events may occur within a confined region rather than
throughout the bulk phase.’*> Such spatial organization
provides a plausible basis for sustaining reactive-intermediate
fluxes that are difficult to maintain in homogeneous aqueous
solution.

For the present problem, the most relevant feature of
microdroplets is their capacity to support interfacial redox
chemistry.”* Air—water interfaces have been proposed to
promote oxygen-coupled reactive processes through charge
asymmetry and electron-transfer events,”’® although the
microscopic origin and generality of spontaneous reactive
oxygen species (ROS) formation in pristine water droplets
remain under active discussion.”” In solute-containing micro-
droplets, reactive-species fluxes are shaped by interfacial
enrichment, dissolved O,, and the redox properties of the
solutes, providing a chemically tunable setting for probing
coupled transformations.”**” Whether aqueous microdroplets
can spatially and electronically organize PFOA transformation
and Cr(VI) reduction into a cooperative redox network, rather
than merely hosting them as independent or competing
reactions, has not been tested.**™**

Herein, we investigate the coupled transformation of PFOA
and Cr(VI) in aqueous microdroplets, with the aim of
determining whether the air—water interface can organize C—
F bond activation and Cr(VI) reduction into a cooperative,
mutually reinforcing redox process. Rather than treating PFAS
degradation and Cr(VI) reduction as independent remediation
pathways, this study focuses on how interfacial solute
organization, reactive intermediate generation, chromium-
mediated redox cycling, and electronic structure reorganization
converge within a confined air—water microenvironment.
Through integrated experimental and theoretical analysis, we
seek to elucidate the molecular basis of microdroplet-organized
redox coupling. More broadly, this work tests the concept that
confined air—water interfaces act as active redox-organizing
media that support the concurrent and mutually promoted
transformation of mechanistically distinct contaminants,

advancing microdroplet chemistry beyond reaction acceleration
toward cooperative redox orchestration.

B MATERIALS AND METHODS

Experimental Setup

The aqueous microdroplet reaction system consisted of an ultrasonic
atomization device and a sealed reaction chamber placed in a room-
temperature water bath. Microdroplets were generated from the
reaction solution within the sealed chamber by ultrasonic atomization
and collected at predetermined reaction times for chemical analysis.
Unless otherwise specified, all reactions were conducted at room
temperature under ambient air without external light irradiation, added
oxidants, or applied potential. To distinguish bulk-phase ultrasonic
cavitation from the effects associated with microdroplet formation,
bulk-phase sonication controls were performed by slightly adjusting the
reactor angle so that ultrasonic cavitation occurred within the bulk
liquid without producing visible atomization. These controls were
conducted using the same solution composition, reaction volume,
ultrasonic operating settings, and reaction time as the corresponding
microdroplet experiments. For droplet size characterization, freshly
generated microdroplets were deposited onto hydrophobically coated
glass slides to minimize spreading and substrate-induced deformation,
followed by optical microscopy imaging and Image] analysis. The
schematic and photographs of the experimental setup are shown in
Figure S1.

Experimental Procedures

In a typical experiment, 6 mL of the reaction solution was loaded into
the 20 mL headspace vial, which served as the microdroplet reaction
chamber. Unless otherwise specified, the initial PFOA concentration
was 5 mg-L™!, and the Cr(VI) concentration was varied according to
the experimental design. Concentration-dependent transformation
behavior was evaluated through additional experiments performed at
different initial PFOA concentrations, as described in the Supporting
Information (Figure S4). For atmosphere-controlled experiments, the
reaction solution and the sealed headspace were purged with air, N, or
O, prior to ultrasonic atomization. Unless otherwise specified, all
control experiments followed the same procedure.

Analysis Methods

Detailed procedures for the quantitative analysis of PFOA, identi-
fication of transformation products, and determination of fluoride, total
organic carbon, and residual Cr(VI) are provided in Text S2. Reactive
oxygen species were detected by electron paramagnetic resonance
spectroscopy (A300-6/1, Bruker), DMPO was employed as the spin-
trapping agent for *OH-related radicals. Electron paramagnetic
resonance (EPR) measurements were performed at room temperature
with the following parameters: center field, 3475 G; sweep width, 100
G; microwave frequency, 9.42 GHz; microwave power, 10 mW;
modulation amplitude, 1.0 G; and modulation frequency, 100 kHz.
*OH and H,0, were further quantified using benzoic acid and the
Amplex Red/horseradish peroxidase assay, respectively.”> Vibrational
changes of PFOA and PFOA-Cr(VI) microdroplets were probed by in
situ Fourier transform infrared spectroscopy (TENSOR 27, Bruker)
equipped with a ZnSe attenuated total reflectance accessory.** The
interfacial electric field was probed by in situ surface-enhanced Raman
spectroscopy (XploRA Plus, HORIBA) using gold nano‘?articles as the

SERS substrate and SCN™ as a vibrational Stark probe.™
Computational Methods

Classical MD Simulations. Classical molecular dynamics simu-
lations were performed using GROMACS to characterize the interfacial
distributions of PFOA, K,Cr,0,, and their binary mixture at the air—
water interface. Three liquid slab models were constructed: a PFOA-
only system, a K,Cr,O;-only system, and a binary PFOA—-K,Cr,0,
system, each containing two air—water interfaces. PFOA, water, and
K,Cr,0; were described using the GAFF, TIP4P, and UFF-derived
force fields, respectively.**™** After equilibration at 300 K under the
NVT ensemble, each system was propagated under production
conditions, and number-density profiles along the surface-normal
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Figure 1. Cooperative removal of PFOA and Cr(VI) in aqueous microdroplets. (a) Schematic illustration of ultrasonic microdroplet generation. (b)
Optical micrograph of the generated microdroplets. (c) Corresponding droplet-size distribution. (d) PFOA removal efficiency and (e) fluoride-
release-based defluorination efficiency as functions of the initial Cr(VI) concentration; dashed lines indicate the corresponding PFOA-only baselines.
(f) Cr(VI) reduction efficiency as a function of initial Cr(VI) concentration for Cr(VI) alone and the coexisting PFOA-Cr(VI) system. (g) Total
organic carbon (TOC) removal for PFOA alone and the coexisting system. (h) Kinetic profiles of Cr(VI) reduction and PFOA removal in the single-
contaminant and coexisting systems. (i) Effect of gas atmosphere (air, N,, O,) on Cr(VI) reduction in the single-contaminant and coexisting systems.
Reaction conditions: [PFOA]4 =5 mg-L™"; [Cr(VI) ] = 10—200 uM for (d—f£), S0 uM for (g, h); reaction time, 2 min for (d, e) and 20 min for
(f—1). For bar plots, individual points represent replicates and bars indicate the mean.

direction were calculated to evaluate interfacial enrichment and solute
co-localization.

Ab Initio MD Simulations. Ab initio molecular dynamics
simulations were performed using CP2K 2024.3 to compare the local
solvation structure and electronic response of a representative PFOA—
K,Cr,0; assembly under different hydration environments. The
electronic structure was described at the PBE-D3 level using DZVP-
MOLOPT-SR-GTH basis sets and GTH pseudopotentials.*” ' Two
solvation conditions were modeled: a fully solvated bulk model and a
partially desolvated microdroplet model, each propagated in the NVT
ensemble at 300 K.

Quantum Chemistry Calculations. Static electronic-structure
calculations of the PFOA—K,Cr,0, assembly were carried out using
ORCA 6.1.0 at the B3LYP-D3(BJ)/def2-TZVP level.*>** The B3LYP-
D3(BJ) functional was employed consistently for comparative
electronic-structure analysis of isolated PFOA and the PFOA-Cr(VI)
assembly. Conceptual DFT descriptors, condensed Fukui functions,

Mayer bond orders, and molecular electrostatic potentials were
analyzed using Multiwfn.>* To compare the kinetic accessibility of
C—F bond activation, the activation barrier for a representative a-C—F
bond cleavage step was further evaluated by periodic DFT calculations
using VASP at the PBE-D3 level,>® with the climbing-image nudged
elastic band (CI-NEB) method used to locate the transition state.”
Detailed model construction, force-field parameters, simulation time
scales, convergence criteria, and post-processing procedures are
provided in Text S8.

B RESULTS AND DISCUSSION

Synergistic Enhancement of PFOA Degradation and Cr(VI)
Reduction in the Coexisting Microdroplet System

In this study, aqueous microdroglets were produced by
ultrasonic nebulization (Figure 1a).”” The generated droplets
exhibited a polydisperse size distribution in the micrometer
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range, with diameters mainly spanning approximately 2—20 ym
(Figure 1b,c). Using this confined interfacial environment, we
then examined whether the coexistence of PFOA and Cr(VI)
could affect their respective transformation behaviors.*

Before analyzing the binary PFOA-Cr(VI) system, we
established the single-solute behavior of PFOA and Cr(VI)
under atomized microdroplet conditions. As shown in Figure S3,
PFOA removal and Cr(VI) reduction were both below
approximately 1% in the non-atomizing bulk-phase sonication
controls but increased markedly upon atomization. These
results establish the baseline for evaluating their coupled
behavior and demonstrate that bulk-phase ultrasonic cavitation
alone could not account for the observed reactivity. At an initial
PFOA concentration of 5 mg-L_1 and a reaction time of 2 min,
the parent-PFOA removal efficiency (Figure 1d) and fluoride-
release-based defluorination efficiency (Figure le) were
approximately 41.05% and 36.74%, respectively, in the PFOA-
only system. As the initial Cr(VI) concentration increased from
10 to 200 uM, both efficiencies increased, reaching approx-
imately 62.55% and 59.88%, respectively, at 200 M Cr(VI).
The parallel increase in PFOA depletion and F~ release suggests
that Cr(VI) promotes not only the disappearance of the parent
compound but also C—F bond cleavage. This interpretation is
further supported by the TOC results, where removal increased
from 43.27% for PFOA alone to 52.86% in the binary system,
indicating a greater extent of transformation in the presence of
Cr(VI) (Figure 1g). Consistent with this trend, quantitative
headspace analysis showed that the CO, concentration
increased from approximately 0.048% (v/v) in the air blank to
0.083% in the PFOA-only system and 0.091% in the PFOA-
Cr(VI) system (Figure SS). The higher headspace CO,
concentration in the binary system further supports enhanced
PFOA oxidation and mineralization in the presence of Cr(VI),
although the absolute increase in CO, remained small.
Separately, to exclude equilibrium gas—liquid partitioning as
an alternative explanation for the observed decrease in aqueous
PFOA concentration, the distribution of PFOA between the
aqueous phase and the headspace was estimated using Henry’s
law (Text S4). The calculated equilibrium gas-phase fraction
was negligible under the experimental conditions, indicating that
the decrease in aqueous PFOA concentration cannot be
explained by equilibrium partitioning into the headspace.
Cr(VI) reduction showed the opposite concentration depend-
ence in the single system, decreasing from approximately 95.14%
at 10 uM to approximately 39.49% at 200 uM as the initial
Cr(VI) loading increased. Adding 5 mg-L™" PFOA consistently
improved Cr(VI) reduction, with the effect becoming more
evident at higher Cr(VI) concentrations; at 200 uM Cr(VI), the
reduction efficiency increased to approximately 55.68% (Figure
1f). Total Cr measurements further confirmed that chromium
was largely retained in solution across the tested Cr(VI)
concentration range in both the Cr(VI)-only and PFOA-Cr(VI)
microdroplet systems (Figure S6). Thus, the observed decrease
in Cr(VI) was not primarily attributable to chromium loss
through precipitation, adsorption, or deposition on the reactor
surface, but reflected a net change in chromium speciation. On
this basis, the enhanced Cr(VI) depletion in the presence of
PFOA can be interpreted as promoted net Cr(VI) reduction
within the coexisting microdroplet system. These trends indicate
that PFOA transformation and Cr(VI) reduction reinforce each
other in microdroplets, rather than simply competing within the
same reactive environment.

In the coexisting PFOA-Cr(VI) system, Cr(VI) reduction
reached a given conversion within a shorter reaction time than in
the corresponding single-solute system, and PFOA removal also
proceeded more rapidly in the presence of Cr(VI) (Figure 1h).
These results show that the difference between the single-solute
and binary systems is not limited to end point efficiencies, but is
also reflected in the temporal evolution of the reactions. The
simultaneous enhancement of an oxidative pathway (PFOA
defluorination) and a reductive pathway (Cr(VI) reduction) is
consistent with the involvement of an interfacial redox network
in the microdroplet environment, in which interfacial reactive
species can simultaneously support oxidative and reductive
transformations.>® At this stage, however, the identities of the
specific reactive intermediates remain tentative and require
further mechanistic verification. To determine whether the
enhanced Cr(VI) reduction arose solely from PFOA-derived
products, sequential reagent-addition experiments were per-
formed under matched ultrasonic nebulization times (Figure
S7a,b and Text S5). PEOA pretreatment before Cr(VI) addition
increased Cr(VI) reduction relative to the water-pretreatment
control, confirming a contribution from PFOA-derived species.
However, the greatest reduction was consistently observed when
PFOA and Cr(VI) were introduced simultaneously, indicating
that pre-generated products alone cannot explain the enhance-
ment and highlighting the key promoting role of PFOA during
Cr(VI) exposure. This conclusion was further supported by
chain-length-dependent experiments using perfluorocarboxylic
acids (PFCAs), with kg, increasing with PFCA chain length
(0.073—0.081 min™"), compared with 0.061 min™" for Cr(VI)
alone (Figure S7c,d). The chain-length-dependent trend
suggests that the molecular structure of the parent PFCAs
influences Cr(VI) reduction, while the activity of shorter-chain
PFCAs indicates that PFOA-derived transformation products
may also contribute. Overall, the enhancement arises from the
combined effects of PFOA and its transformation-derived
species, with PFOA present during Cr(VI) exposure providing
the strongest promotion.

Experiments conducted under different gas atmospheres
provided additional mechanistic insight (Figure 1i). Under N,
sparging, Cr(VI) reduction decreased substantially relative to
ambient air, whereas an O,-enriched atmosphere maintained or
slightly enhanced the reduction efficiency. This trend is difficult
to reconcile with a mechanism governed solely by direct
interfacial electron transfer to Cr(VI), for which O, removal
would be expected to increase the availability of reducing
equivalents. Instead, the atmosphere dependence suggests that
dissolved O, helps sustain oxygen-derived redox intermediates
involved in Cr(VI) conversion. Recent studies have shown that
dissolved O, redox underpins H,O, and *OH formation in
aqueous microdroplets,”® and that suppression of dissolved O,
strongly inhibits H,O, accumulation.”” Together with the
known reactivity between Cr(VI) and peroxide species, these
observations support the involvement of an oxygen-coupled
peroxide/ROS pathway in Cr(VI) transformation. The effect of
PFOA on Cr(VI) reduction was atmosphere-dependent: PFOA
enhanced Cr(VI) reduction under ambient air but decreased the
reduction efficiency under N, and O, relative to the
corresponding Cr(VI)-only controls. This mutual promotion
also persisted across different water matrices (Figure S8). In
each case, the coexisting PFOA-Cr(VI) system outperformed
the corresponding single-contaminant controls and bulk-phase
counterparts under microdroplet conditions. These results
demonstrate that the synergistic interaction in the PFOA-
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Figure 2. Reactive oxygen species generation and proposed PFOA degradation pathways in aqueous microdroplets. (a) Electron paramagnetic
resonance (EPR) spectra recorded with DMPO as the spin trap for the PFOA, Cr(VI), and coexisting PFOA-Cr(VI) microdroplet systems, together
with the bulk control without microdroplet generation. (b) *OH concentration as a function of Cr(VI) concentration in the absence and presence of
PFOA; dashed line denotes the H,O-only baseline. (c) H,0, accumulation over reaction time for deionized water, PFOA, Cr(VI), and the coexisting
system. (d) Proposed PFOA degradation pathways assigned from detected mass-to-charge ratios: Route A, decarboxylation/hydroxylation-mediated
chain shortening; Route B, a-defluorination with H/F exchange; and Route C, ROS-mediated oxygenated chain shortening. Atom color code: C, gray;
O, red; F, blue; H, white. Reaction conditions: [PFOA] i = S mg-L™"; [Cr(VI) ]y = S0—200 uM for (b); reaction time, 10 min for (b).

Cr(VI) system remains operative in complex aqueous environ-
ments, suggesting that microdroplet-based interfacial redox
coupling may provide a promising strategy for treating
multicomponent wastewaters containing both fluorinated
organics and redox-active metals.

Interfacial ROS in the Synergistic Transformation

To clarify whether the enhanced PFOA defluorination
originated from Cr(VI)-specific redox chemistry rather than
nonspecific salt or reduced-chromium effects, two control
electrolytes were examined under identical microdroplet
conditions. K,SO, (5—300 uM), spanning the relevant ionic-
strength range, produced no enhancement in PFOA defluori-
nation, whereas Cr(III) sulfate (10—200 uM), tested as a proxy
for in situ-formed reduced chromium, caused only a weak
concentration-dependent inhibition of F~ release rather than
promotion (Figures S9 and S10). These results exclude
electrolyte and reduced-chromium effects as the origin of the
cooperative enhancement, consistent with a Cr(VI)-driven
interfacial redox pathway at the microdroplet air—water
interface.

Electron paramagnetic resonance (EPR) spin-trapping experi-
ments were systematically performed to identify the ROS
generated in microdroplets containing PFOA, Cr(VI), and their
coexisting system. As shown in Figure 2a, *OH was detected in
all three microdroplet systems. The signal intensity was
markedly stronger in the Cr(VI)-containing systems than in
the PFOA-only system, indicating that Cr(VI) promoted *OH
generation at the microdroplet interface. Notably, the coexisting
PFOA-Cr(VI) system retained a strong DMPO-*OH signal,
although the intensity was slightly lower than that observed in
the Cr(VI)-only system. This pattern suggests that PFOA did
not abolish Cr(VI)-promoted *OH formation but may consume
part of the generated *OH during interfacial transformation.
This interpretation is further examined by the quantitative *OH
and H,O, data discussed below. Atmosphere-controlled EPR
experiments provided further evidence for the oxygen-depend-
ent pathway of *OH formation (Figure S11). The DMPO-*OH
signal was dramatically enhanced under O, saturation and nearly
abolished under N, purging, supporting an important role of
dissolved O,, or oxygen-derived intermediates, in the formation
of DMPO-trappable *OH-related signals. This atmosphere
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Figure 3. Interfacial co-enrichment and persistent association of PFOA and Cr(VI) at the microdroplet air—water interface. (a) Schematic
representations of the interfacial distributions of PFOA-only, coexisting PFOA-K,Cr, 05, and K,Cr,O,-only systems. Classical-MD number-density
profiles along the surface normal for (b) the single-solute and (c) the binary PFOA-K,Cr,0; systems. Peak-normalized AIMD radial distribution
functions for (d) O—Cr and (e) O—K in the bulk and microdroplet models. (f) In situ ATR-FTIR spectra of PFOA and PFOA-K,Cr,O; systems. (g)
Surface-enhanced Raman spectra of the SCN™ Stark probe in the droplet interior and at the air—water interface.

dependence is consistent with recent reports that dissolved O,
contributes to H,O, and *OH generation in aqueous micro-
droplets, while the detailed elementary steps of oxygen
activation may involve multiple short-lived intermediates.*”
Quantitative *OH measurements revealed a non-monotonic
dependence on Cr(VI) concentration in the absence of PFOA,
peaking at 100 uM before declining at 200 uM (Figure 2b),
consistent with Cr-mediated Fenton-like chemistry at the
microdroplet air—water interface.'”*® Upon PFOA addition,
*OH concentrations remained above the DI water baseline at all
Cr(VI) levels, but were lower than those in the corresponding
Cr(VI) system at 100 and 200 uM Cr(VI). This attenuation
supports partial *OH consumption during PFOA trans-
formation, while the sustained signal indicates continued
Cr(VI)-promoted *OH generation. Meanwhile, the k, values
converged to a narrow range (0.194—0.205 min™", Table S1),

close to that of the PFOA-only system (0.214 min~"), suggesting
that interfacially enriched PFOA moderates the Cr(VI)-driven
increase in radical availability rather than abolishing it. Time-
resolved profiles further confirmed continuous *OH accumu-
lation over 10 min, with the PFOA-Cr(VI) groups consistently
exceeding the PFOA-only baseline (Figure S12). Together,
these results suggest a dynamic balance between Cr(VI)-
enhanced *OH generation and PFOA-mediated radical
consumption at the microdroplet interface, sustaining radical
availability for the coupled transformation of PFOA and Cr(VI).

The temporal evolution of H,0, was monitored to assess
peroxide formation and its modulation by Cr species in
microdroplets (Figure 2c). H,0, accumulated over 10 min in
all systems. Although these measurements do not reveal its
molecular origin, they are consistent with electrochemical
evidence of H,0, formation in aqueous microdroplets.*’
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Together with the atmosphere-dependent EPR results and
previous reports on dissolved-O,-derived peroxide and *OH-
related intermediates,”®*” these data support the involvement of
an oxygen-coupled peroxide/ROS pathway. H,0, accumulation
was highest in the PFOA-only system but decreased markedly in
the presence of Cr(VI), whereas DMPO-trapped *OH-related
EPR signals increased. These opposing trends suggest that Cr
species promote peroxide turnover. One plausible pathway is
that lower-valent Cr intermediates formed during Cr(VI)
reduction react with H,0,, thereby accelerating peroxide
consumption and contributing to the formation of *OH-related
oxidizing species.”” The combined H,0, and EPR responses are
consistent with Cr-mediated peroxide activation during
concurrent Cr(VI) reduction and PFOA oxidation at the
microdroplet interface.

To elucidate the degradation pathways of PFOA in the
microdroplet system, HPLC-MS analysis was performed to
identify the transformation intermediates and products formed
in both the PFOA-only and PFOA-Cr(VI) systems. Notably, the
degradation intermediates detected in the PFOA-Cr(VI) system
largely overlapped with those observed in the PFOA-only
system (Figure 2d), suggesting that the presence of Cr(VI) does
not substantially alter the primary degradation network of
PFOA, but rather enhances the turnover of transformation
channels that are intrinsically accessible at the microdroplet
interface. On the basis of the detected intermediates, PFOA
transformation proceeds through three parallel pathways:
stepwise decarboxylation—hydroxylation chain shortening,'®
a-defluorination coupled with H/F exchange,'”** and a ROS-
mediated oxygenated chain-shortening pathway.*®°' The
coexistence of short-chain PFCAs, defluorinated/hydrogenated
products, and oxygen-containing intermediates indicates a dual-
redox interfacial environment. Here, oxygen-derived radical
chemistry and reductive electron-transfer processes operate
concurrently on interfacially enriched PFOA.®” In this system,
Cr(VI) does not appear to create a new PFOA degradation
network, but functions primarily as a kinetic and redox
modulator. By accepting interfacial electrons and promoting
H,0, activation to *OH through Cr redox cycling, it increases
the steady-state flux of reactive intermediates and thereby
enhances both PFOA defluorination and Cr(VI) reduction. The
detailed reaction sequences, intermediate assignments, and mass
spectrometric evidence for each pathway are provided in the
Supporting Information (Figure S13).

Collectively, these results demonstrate that the microdroplet
air—water interface provides a redox-active environment capable
of sustaining both oxidative and reductive chemistry. This
interfacial redox network enables PFOA degradation and
Cr(VI) reduction to proceed concurrently and cooperatively,
providing a mechanistic basis for their mutually promoted
transformation in microdroplets.

Molecular-Level Insights into Interfacial Co-Enrichment
and Complex Formation

To clarify the structural origin of the experimentally observed
synergistic PFOA-Cr(VI) interaction, we examined how the two
species organize at the air—water interface of the microdroplet.
Two complementary simulations operating at different length
and time scales were employed: classical MD to resolve the
ensemble-level spatial organization of multiple PFOA and
K,Cr,0; units in slab models of the air—water interface, and ab
initio molecular dynamics (AIMD) to probe the local electronic
and structural stability of a representative PFOA-Cr(VI)

assembly (modeled as PFOA-K,Cr,0,) under both bulk-
solvated and partially desolvated interfacial conditions. This
multiscale framework is well suited to microdroplet systems,
where collective interfacial organization and local site-specific
reactivity must be addressed simultaneously.

To characterize the interfacial distribution of PFOA and
Cr(VI), classical MD simulations were performed on three
independent slab systems: a PEOA-only system, a K,Cr,O-only
system, and their binary mixture (Figure S14). In the single-
solute simulations, PFOA migrated spontaneously from the
aqueous subphase to the air—water interface within the
equilibration period, generating pronounced density maxima
at both interfacial boundaries (Figure 3b). The resulting steady-
state interfacial population substantially exceeded that in the
bulk aqueous subphase, reflecting the thermodynamic prefer-
ence of the perfluorinated tail for the low-polarity vapor side of
the interface and the electrostatic anchoring of the carboxylate
headgroup within the aqueous phase.”> This surface-active
behavior is consistent with prior molecular dynamics studies of
PFOA and structurally related perfluoroalkyl surfactants at
fluid—fluid interfaces.”* In the K,Cr,O,-only system, by
contrast, Cr,0,*~ and K remained distributed uniformly
throughout the aqueous phase, showing no statistically
significant accumulation at either interface, in accord with the
strong hydration free energy of dichromate and the absence of
any hydrophobic driving force for interfacial adsorption.®**®

A qualitatively distinct spatial organization emerged in the
binary system. Beyond the anticipated interfacial enrichment of
PFOA, both Cr,0,*” and K developed a marked population
near the PFOA-rich interfacial layer rather than remaining
dispersed in the aqueous subphase (Figure 3c). The probability
of finding K*/Cr,0,*” in the interfacial region was substantially
higher in the binary system than in the corresponding single-
solute simulation, indicating that adsorbed PFOA facilitates
redistribution of the K,Cr,0,-derived ions toward the interface.
This co-enrichment is most plausibly attributed to electrostatic
association between the PFOA headgroup and its counterions,
together with local cation-mediated screening that lowers the
energetic penalty for Cr,0,>” residing in the same interfacial
region. This interpretation is consistent with the broader
framework of charged-amphiphile interfacial organization, in
which favorable fluorocarbon-chain interactions and unfavor-
able Coulomb interactions can nearly compensate, making
counterion distribution and ionic screening key determinants of
interfacial structure.”” Recent MD studies further reveal that
PFOA in particular tends to form in-plane clusters with its
counterions at the air—water interface, owing to the strong
localization of negative charge on the carboxylate oxygens.” The
resulting spatial co-localization of an oxidizable organic
substrate and a reducible inorganic oxidant within a shared
interfacial domain provides the structural foundation for the
coupled redox transformations observed experimentally.

Spatial co-localization, however, does not by itself imply that
PFOA and Cr(VI) form an electronically coupled assembly
under the partially desolvated conditions of the microdroplet
interface. To assess whether such co-localization yields a
persistent assembly with a distinct electronic structure, we
combined AIMD simulations of a representative PFOA-Cr(V1)
assembly (modeled as PFOA-K,Cr,0;) in a fully solvated bulk
model and in a partially desolvated microdroplet model (Figure
S15) with in situ ATR-FTIR and vibrational Stark-effect
measurements. Peak-normalized radial distribution functions
reveal that the first hydration environment around the Cr(VI)
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Figure 4. Electronic structure and interfacial C—F bond activation of the PFOA-Cr(VI) system from DFT calculations. (a) Frontier molecular orbitals
(HOMO and LUMO) and relative HOMO—LUMO gaps for isolated PFOA and the PFOA-Cr(VI) assembly calculated at the same theoretical level;
orbital energies are provided for qualitative comparison. (b) Condensed Fukui function isosurfaces for the PFOA-Cr(VI) assembly: f* (electron-
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configurations of the two environments. (d) Electrostatic potential (ESP) mapped onto the molecular surface of PFOA (top) and the PFOA-Cr(VI)
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oxyanion is largely preserved in both environments, while the
outer coordination shells are markedly attenuated in the
microdroplet model, consistent with partial desolvation at the
droplet surface (Figure 3d,e). These observations indicate that
the air—water interface induces partial desolvation of the
assembly without disrupting its local coordination geometry,
producing instead a compressed and reorganized hydration
environment.”® These results suggest that interfacially co-
localized PFOA and K,Cr,O,-derived ions remain locally
associated over the AIMD simulation time scale. Partial
desolvation attenuates the outer hydration shells without
substantially disrupting the first coordination environment.
Complementary in situ ATR-FTIR spectroscopy was used to
probe the vibrational response of PFOA microdroplets upon
Cr(VI) addition (Figure 3f). Relative to PFOA alone, the
PFOA-Cr(VI) system showed more pronounced absorption in
the C—F stretching region near 1200 cm™" without an obvious
peak shift, suggesting a modified local environment of the
perfluorinated chain rather than substantial disruption of the C—
F framework. The broadened O—H band near 3000 cm™
further indicates reorganization of the hydrogen-bonding
network around the PFOA headgroup. Meanwhile, the
enhanced Cr—O feature near 880 cm ™' supports the presence
of Cr(VI) oxyanions within the ATR sampling region. Although
ATR-FTIR probes the vibrational response within the ATR
sampling region rather than exclusively the outermost air—water

interface, these vibrational changes corroborate that Cr(VI)
addition modifies the local solvation and bonding environment
of PFOA-containing microdroplets, consistent with the
interfacial organization suggested by the MD simulations. To
further verify that these spectral changes were not specifically
induced by ultrasonic aerosolization, ATR-FTIR measurements
were additionally performed using non-sonicated spray-
generated aqueous microdroplets. Similar spectral variations
between PFOA and PFOA-Cr(VI) systems were observed
(Figure S16), supporting the intrinsic interfacial association
between PFOA and Cr(VI) in aqueous microdroplets. To
experimentally probe the local electrostatic environment of this
coexisting system in microdroplets, we used SCN™ as a
vibrational Stark-effect probe in surface-enhanced Raman
measurements.”””" As shown in Figure 3¢, the v(C=N) band
shifted from 2068 cm™ in the droplet interior to 2089 cm™" at
the air—water interface, corresponding to an electric field
strength of 5.8 X 10’ V. cm™". This value is on the same order of
magnitude as those reported for aqueous microdroplet surfaces
and is consistent with the presence of a strong interfacial electric
field in the PFOA-Cr(VI) coexisting system.”> Taken together,
the MD density profiles, AIMD structural analysis, and Stark-
probe measurements indicate that the microdroplet interface
serves not only as a site of solute co-enrichment but also as an
electrostatically distinct reaction microenvironment, thereby
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providing a structural and electrostatic basis for the electronic
polarization and C—F bond activation examined below.

Electronic Structure and Interfacial C—F Bond Activation in
the PFOA-Cr(VI) System

Having established the interfacial co-enrichment and persistent
association of PFOA and Cr(VI), we next sought to determine
how the air—water interface electronically organizes PFOA
oxidative defluorination and Cr(VI) reduction within a shared
reaction microenvironment. This question is central to the
cooperative transformation observed experimentally: PFOA
must be activated toward C—F bond cleavage, while Cr(VI)
must remain positioned as a proximal multi-electron acceptor.
We therefore combined frontier-orbital analysis, conceptual
DEFT descriptors, electrostatic-potential mapping, and climbing-
image nudged elastic band calculations to clarify how Cr(VI)
association and microdroplet confinement jointly reshape the
electronic and kinetic landscape of the coupled redox process.
As a molecular reference for the PFOA-only system, free
PFOA displays a large HOMO~—LUMO gap of 7.153 eV and a
negative vertical electron affinity, reflecting the intrinsic
electronic inertness of perfluorinated carboxylates (Figure
4a)."* 1t should be noted that B3LYP may not provide
quantitatively accurate absolute frontier orbital energies due to
its limited long-range exchange correction.”' ~7® Therefore, the
calculated HOMO—LUMO values are interpreted here as
relative descriptors of electronic structure evolution upon
Cr(VI) association. Association with Cr(VI) fundamentally
changes this picture by converting the otherwise inert PFOA
terminus into part of a polarized donor—acceptor contact zone
(Figure S17). As shown in Figure 4a, the HOMO—LUMO gap
decreases from 7.153 to 3.993 eV upon formation of the PFOA-
Cr(VI) assembly, indicating substantially enhanced electronic
susceptibility. Consistent with this, the global electrophilicity
index @ more than doubles from 1.275 eV (PFOA) to 2.642 eV
(PFOA-Cr(VI) assembly) at the same level of theory (Table
S2), confirming the greater capacity of the assembly to accept
electron density. The Fukui-function distributions further reveal
how this enhanced electronic susceptibility is spatially organized
within the PFOA-Cr(VI) assembly (Figure 4b). Pronounced f*
contributions emerge around the Cr center and coordinated
dichromate oxygens, identifying the Cr(VI) moiety as the
dominant electron-accepting domain. In contrast, the head-
group-proximal region of PFOA remains the most chemically
susceptible site for activation. The corresponding f~ distribution
localizes on a different subset of dichromate oxygens, producing
a spatial separation between electron-accepting and electron-
donating regions across the Cr—O—PFOA contact region. Thus,
Cr(VI) does not merely act as an external oxidant in solution; it
becomes electronically integrated with PFOA at the interface,
creating a contact zone in which electron release from PFOA
oxidative defluorination can be coupled to Cr(VI) reduction.
These results point to the a-C—F bond next to the carboxylate
group as a likely initiation site for PFOA activation. The
electrostatic potential map of free PFOA shows pronounced
headgroup polarization, with electron-rich carboxylate oxygens
and an electron-deficient region near the carboxylate carbon
(Figure 4d). Upon association with Cr(V1), this polarized region
extends toward the dichromate moiety, placing the a-C—F bond
in a strongly perturbed electrostatic environment. This
configuration favors activation near the carboxylate terminus
over the more remote C—F bonds along the perfluorinated
chain. This feature indicates enhanced susceptibility of the

headgroup-proximal C—F bond to interfacial polarization and
electron-coupled activation (Figure 4d). This assignment is also
chemically reasonable because the a-C—F bond experiences the
strongest inductive influence from the carboxylate group and
remains more sterically accessible than C—F bonds along the
distal perfluorinated chain.”* Consistently, Mayer bond-order
analysis identifies the headgroup-proximal C—F bond (bond
order 0.916) as the weakest C—F bond in PFOA, well below the
average value of 1.07 for the remaining C—F bonds, supporting
its preferential activation (Table S3). Therefore, the Cr(VI)-
associated headgroup region represents a chemically plausible
initiation site for oxidative defluorination. This conclusion is
consistent with the a-defluorinated and chain-shortened
intermediates detected by mass spectrometry, supporting a
mechanism in which C—F activation can initiate near the
carboxylate terminus and proceed in parallel with internal-chain
oxidation and chain-shortening pathways.'”*’

We next asked whether this electronically preferred activation
pathway is kinetically enabled by interfacial confinement.
Reaction-energy profiles for the representative a-C—F bond
cleavage step show that the activation barrier decreases from
2.802 eV in the bulk model to 1.390 eV in the microdroplet
model, corresponding to a barrier reduction of 1.412 eV (Figure
4c). Thus, the air—water interface not only polarizes the
headgroup-proximal C—F bond but also lowers the kinetic
threshold for initiating PFOA oxidative defluorination. Several
interfacial features are likely to contribute to this kinetic
advantage. Partial desolvation at the interface lowers the solvent-
reorganization energy required to reach the transition state. In
addition, the strong interfacial electric field polarizes the C—F
bond and stabilizes charge-separated transition states.””””> This
field-assisted activation picture is consistent with recent
experimental and computational evidence from contact-
electrified polymer-water interfaces, where strong interfacial
electrostatic fields polarize PFOA and markedly lower the
activation barrier for O,* -initiated defluorination at the a-CF,
site.”® AIMD-derived hydrogen-bond analysis further supports a
more labile interfacial solvation environment: although O—H---
O hydrogen bonds dominate in both models, their average
maximum continuous lifetime decreases from 279.0 fs in the
bulk-like model to 227.3 fs in the microdroplet model, and the
survival probability at 500 fs decreases from approximately 0.20
to 0.06 (Figure S18). The absence of a long-lived decay plateau
at the interface indicates a dynamically reconfigurable hydrogen-
bond network that can more readily accommodate evolving
reactive configurations. Although the CI-NEB pathway models a
single elementary step rather than the full degradation network,
it captures a clear kinetic distinction between bulk water and the
microdroplet interface.

Taken together, these results indicate that the microdroplet
interface does not simply accelerate C—F bond cleavage in
isolation. Instead, it organizes PFOA oxidative defluorination
and Cr(VI) reduction into a shared, electronically polarized
redox microenvironment. Cr(VI) association narrows the
frontier-orbital gap, redistributes local Fukui reactivity, and
establishes a proximal multi-electron accepting domain adjacent
to the PFOA headgroup. Concurrently, the partially desolvated
and electrostatically polarized air—water interface lowers the
barrier for the headgroup-proximal C—F activation step,
enabling electron release from PFOA degradation to be
electronically coupled to Cr(VI) reduction within the same
contact zone. This combination of interfacial co-localization,
donor—acceptor electronic polarization, and kinetic barrier
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lowering provides a molecular-level rationale for the exper-
imentally observed mutual promotion of PFOA defluorination
and Cr(VI) reduction in microdroplets.

Integrated Mechanism of Electron-Coupled Redox
Chemistry at the Microdroplet Interface

Based on the foregoing experimental and computational
evidence, we propose an integrated mechanism for the coupled
transformation of PFOA and Cr(VI) at the microdroplet air—
water interface. In this model, the amphiphilic structure of
PFOA drives its spontaneous enrichment at the droplet
surface,”® with the perfluorinated chain oriented toward the
low-polarity interfacial region and the carboxylate headgroup
retained on the aqueous side. This PFOA-rich interfacial layer
reorganizes the local ionic environment and promotes the co-
enrichment of K* and Cr(VI) oxyanions through PFOA
headgroup—K" association and cation-mediated electrostatic
screening, thereby confining an oxidizable perfluorinated
substrate and a reducible inorganic oxyanion within the same
reactive interfacial domain.

Within this co-enriched interfacial region, charge separation
and the strong local electric field support oxygen-coupled redox
chemistry, giving rise to a network of reactive intermediates that
includes O,*~/*OOH, H,0,, and *OH-related signals.”® Cr(VI)
is proposed to act as a proximal electron acceptor and, through
subsequent Cr redox chemistry, promotes H,0, activation to
*OH,” thereby increasing the local radical flux available for
PFOA transformation. However, the product distributions
indicate that Cr(VI) does not redirect PFOA degradation into
an entirely new pathway. Instead, it accelerates degradation
pathways that are already accessible at the microdroplet
interface,’ including chain shortening, headgroup-proximal
C—F activation, and localized oxidative modification.

This coupled behavior is further amplified by the unique
solvation environment of the microdroplet interface. Partial
desolvation, a more reconfigurable hydrogen-bond network, and
interfacial electrostatic polarization stabilize a persistent PEFOA-
Cr(VI) assembly and lower the kinetic barrier for C—F bond
cleavage.””*® Thus, PFOA degradation and Cr(VI) reduction
are not independent parallel reactions, but are coupled through
interfacial redox coupling.36 The microdroplet interface there-
fore acts as an active redox-organizing medium that preconcen-
trates reactants, sustains oxygen-derived radical chemistry, and
integrates organic defluorination with inorganic reduction
within a confined reaction microenvironment.

B CONCLUSIONS

This study shows that the spatial organization of redox demand
at the air—water interface governs the coupling of PFAS C—F
bond activation with multi-electron metal reduction under
ambient conditions. In aqueous microdroplets, electrostatic
polarization co-enriches PFOA and Cr(VI) within a confined
interfacial domain, promoting Cr-associated reactive-species
generation and concurrent PFOA transformation. This coupling
increases PFOA defluorination by approximately 63% and
Cr(VI) reduction by approximately 41%. The results support a
mechanism involving interfacial co-localization, oxygen-coupled
ROS generation, Cr-mediated H,0O, activation and micro-
droplet-specific solvation. Partial desolvation and dynamic
reorganization of the hydrogen-bond network further lower
the barrier to a—C—F cleavage. Together, these effects create a
shared interfacial redox environment that facilitates both
organofluorine defluorination and Cr(VI) reduction. These

findings position aqueous microdroplets as interfacial reactors
capable of coordinating mechanistically distinct contaminant
transformations. The present study focuses on the mechanistic
behavior of PFOA and Cr(VI) in an ultrasonically generated
microdroplet system. Because ultrasonic atomization requires
external energy, its energy efficiency and scalability should be
further evaluated when considering engineered treatment
applications. Further work combining ultrafast transient
absorption and vibrational sum-frequency generation spectros-
copy with enhanced-sampling AIMD and QM/MM simulations
could resolve the underlying electron- and radical-transfer
events. Validation in complex industrial matrices, including
electroplating effluents and PFAS-contaminated groundwater,
will be essential to determine the practical viability of this
approach for the simultaneous remediation of PFAS and redox-
active metals.
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