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ABSTRACT: The efficient elimination of per- and polyfluoroalkyl substances (PFASs) from
the environment remains a huge challenge and requires advanced technologies. Herein, we
demonstrate that perfluorooctanoic acid (PFOA) photochemical decomposition could be
significantly accelerated by simply carrying out this process in microdroplets. The almost
complete removal of 100 and 500 μg/L PFOA was observed after 20 min of irradiation in
microdroplets, while this was achieved after about 2 h in the corresponding bulk phase
counterpart. To better compare the defluorination ratio, 10 mg/L PFOA was used typically,
and the defluorination rates in microdroplets were tens of times faster than that in the bulk
phase reaction system. The high performances in actual water matrices, universality, and scale-
up applicability were demonstrated as well. We revealed in-depth that the great acceleration is
due to the abundance of the air−water interface in microdroplets, where the reactants
concentration enrichment, ultrahigh interfacial electric field, and partial solvation effects
synergistically promoted photoreactions responsible for PFOA decomposition, as evidenced
by simulated Raman scattering microscopy imaging, vibrational Stark effect measurement, and DFT calculation. This study provides
an effective approach and highlights the important roles of air-water interface of microdroplets in PFASs treatment.
KEYWORDS: PFASs, photochemistry, microdroplet, air−water interface, reaction acceleration

■ INTRODUCTION
Per- and poly-fluoroalkyl substances (PFASs) have been widely
used in the manufacturing of domestic and industrial materials,
leading to significant dissemination in environments around
the world.1,2 The production and usage of perfluorooctanoic
acid (PFOA) began in the 1940s, and it has become one of the
most notorious PFASs, due to the extraordinary persistence,
instant bioaccumulation, and high toxicity. The concentrations
of PFOA in natural water environments are often in the range
of ng/L to mg/L (e.g., drinking water, 4300 ng/L; surface
water, 11,000 ng/L; wastewater, ppm level),3,4 which are
significantly higher than the EPA health advisory level in
drinking water [70 ppt, total concentration of PFOA and
perfluorooctanesulfonate (PFOS)], causing severe adverse
effects on human health like cancer, birth defects, infertility,
and immune dysfunction.5−7 Highly efficient approaches are
urgently required for PFOA and other PFASs elimination.
Adsorption is a simple method for pollutants removal, but

the treatment is nondestructive and requires further disposal
and adsorbents regeneration.8,9 Besides, owing to the
extremely high dissociation energy of C−F bonds and strong
electronegativity of fluorine atoms, PFASs show negligible
elimination in biodegradation and conventional advanced
oxidation processes.6 Photochemistry is considered as a
promising approach for PFASs decomposition because which
could integrate with the already widespread UV disinfection

technologies.10,11 The photochemical reductive decomposition
initiated by hydrated electrons (eaq−) is generally conducted
under anaerobic and alkaline conditions and requires the
addition of sulfite and iodide.12−14 However, the presence of
sulfite in water is harmful to water quality, agricultural field,
and human health (e.g., lung and brain cancer and headaches),
and metal ions like Ca2+, Mg2+, and Fe3+ will form precipitates
under alkaline conditions.15,16 In comparison, UV photo-
chemistry of the earth-abundant Fe3+ and NO3

− could be
operated under ambient conditions and is also studied for
PFOA treatment.17,18 However, the application of photo-
chemical processes for PFOA elimination is limited by the low
space-time-yield. Thus, it is of great significance to improve the
photochemical treatment efficacy of PFASs-contaminated
water through the exploiting of advanced strategies.
The C−F bonds in PFASs are of hydrophobic character

while the carboxyl group is hydrophilic, making them
preferentially accumulate at the gas−liquid interface and
influence their adsorption, transport, and removal behav-
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iors.5,19 It was reported that PFOA degradation mainly
occurred at the interfacial region between microbubbles and
bulk solution in ultrasonication and plasma treatment
processes, because the enrichment of PFOA to the gas−liquid
interface could improve the contact with reactive species.20,21

Besides, Gu et al. found that the addition of alcohols could
promote PFOA removal through improving the dispersion of
PFOA in aqueous solution for efficient attack of active
species.22 Accordingly, the sluggish PFOA photochemical
treatment in bulk solution might be due to the strong surface
activity of PFOA and limited radicals attack. The partition
extent of PFOA to the gas−liquid interface is proportional to
the water surface area: the more abundant gas−liquid interface,
the more significant interfacial enrichment.23 Thus, it is
anticipated that providing abundant gas−liquid interface would
be favorable to the photochemical PFASs decomposition.
Microdroplet, as emerging chemical reactor, possesses

extremely large surface-area-to-volume ratio (S/V) [namely,
abundant air−water interface (AWI)],24 which might be
greatly conducive to the PFOA interfacial enrichment. Recent
studies show that chemical reactions (e.g., organic syn-
thesis,25,26 •OH production,27 and SO2 oxidation

28) could be
accelerated by 10−106 times in microdroplets compared to the
corresponding bulk phase counterpart. Microdroplets could
also induce spontaneous H2O2 formation,29,30 HAuCl4
reduction,31 and I− oxidation32 in the absence of any external
reagent. The intriguing behaviors were preliminarily attributed
to the “on water catalysis” characteristic at microdroplet
AWI.33,34 Microdroplet AWI might provide an attractive
reaction environment for PFASs photochemical decomposition
but has not been explored, to the best of our knowledge.
Herein, we report that performing PFOA treatment by UV/

Fe(NO3)3 photochemistry in a microdroplet reactor could
significantly improve the decomposition efficacy and defluori-
nation ratio, particularly for lower concentration PFOA and in
smaller microdroplets. We thoroughly investigated the
acceleration mechanisms through using simulated Raman
scattering (SRS) spectra measurement, interfacial electric
field study, and theoretical calculation. We further studied
the treatment efficacy in natural water bodies and the feasibility
of scale-up application. The results demonstrate that micro-
droplet photochemistry is highly efficient for environmental
remediation.

■ MATERIALS AND METHODS
Microdroplets Generation and Photochemical Reac-

tion. Microdroplets, generated from a homemade nebulizer,
were collected on an as-prepared superhydrophobic quartz
wafer that was placed about 3 cm away from the nebulizer
outlet. The superhydrophobic treatment could give a water
contact angle of 145 ± 2°, and the superhydrophobicity will
not be influenced by UV light irradiation (Figure S1). As
shown in Figure S2, the diameters of microdroplets were
mainly in the range of 50−300 μm, and the microdroplet
generation method was of great repeatability. To study the
microdroplet size effects, the average diameter of micro-
droplets was controlled through changing the spraying times.
Typical micrographs of microdroplets with obviously different
average sizes are shown in Figure S3. After microdroplet
generation, the quartz wafer was sealed into a custom-designed
reaction chamber (Figure S4a) under high relative humidity
conditions (RH > 93%). The details can be found in our
previous study.35 To avoid the impact of gas−liquid interface

concentration enrichment of PFOA on microdroplet gen-
eration, the solution in nebulizer was mixed by 1 min
oscillation before immediate spraying. The bulk phase reaction
was carried out using a miniature beaker containing 5 mL
solution with a thickness of ∼15 mm, and the top was covered
with a quartz plate (Figure S4b).
The typical PFOA photodegradation experiments were

conducted in the presence of 10 mM Fe(NO3)3 and 10 mg/
L PFOA without pH adjusting (the original pH was about 2.4),
under 254 nm UV light irradiation with a power density of
∼2.35 mW/cm2. The microdroplet size negligibly changed
after the photochemical reaction due to the low temperature
and high relative humidity control (Figure S5). After a
predesigned time interval, the microdroplets were collected
and quantificationally diluted using 0.01 M HCl containing 5
vol % TBA for inhibiting iron precipitation and ceasing
reactions, as well as for bulk phase reaction. The obtained
samples were filtered with 0.45 μm polycarbonate membrane
for analyses because the adsorption of PFASs on the
polycarbonate membrane was negligible (as displayed in
Figure S6).36 All experiments were performed at least in
triplicate, and the average values with standard deviation were
reported. The detailed information about analytical methods
was provided in Supporting Information.
Simulated Raman Scattering Spectra Measurements.

The hydrophobic PFASs, Fe(III) species, and NO3
− generally

present water surface propensity, and the spatial separation of
anions and cations could form electric double layer, resulting in
reactants’ concentration enrichment and strong electric field at
the air−water interface.37,38 In this study, micro-Raman-based
technologies were applied to measure the interfacial concen-
tration enrichment and ultrahigh electric field. The SRS spectra
were recorded using a SRS microscope, and the details on the
setup are described in previous works.39,40 Because of the
requirement for high concentrations of target molecules and
laser-induced shrinkage of the pure Fe(NO3)3 droplet (as
displayed in Figure S7), the mixtures of 1 M NaNO3 and 30
mM Fe(NO3)3 with and without addition of 10 mg/L PFOA
were employed for SRS measurements. The microdroplets
were generated on a superhydrophobic coverslip using a
homemade nebulizer and then the coverslip was flipped over
onto the center perforated slide to form a sealed cell with the
help of another coverslip and sealant, as shown in Figure S8.
The closed chamber was held for 10 min to stabilize
microdroplets under ambient condition. Because there is no
Raman signal for Fe3+ and PFOA in aqueous solution (Figure
S9), the Raman vibrational bands of NO3

− (v(NO3
−)) and

H2O (v(H2O)) were measured at pump laser wavelengths of
940 and 776 nm, respectively. The internal standard method
using H2O as internal standard was applied to qualitatively
evaluate the spatial distribution of NO3

− concentration,
namely, the SRS peak intensity ratio of v(NO3

−) to v(H2O)
is proportional to the NO3

− concentration.41

Interfacial Electric Field Measurements. The interfacial
electric field in microdroplet was measured using micro-Raman
spectroscopy based on the vibrational Stark effect.37 Due to the
high-sensitive local electric field response characteristic of C�
N bond and strong chemical adsorption of SCN− on Au
nanoparticles that are of surface-enhanced Raman scattering
property,42 the Raman spectra of SCN− were detected at
microdroplet interior and interface region (illustrated in Figure
S10). The bulk solution containing NaSCN and Au nano-
particles in the presence and absence of NaNO3 was prepared
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following the procedures, as shown in Supporting Information.
Because Fe3+ can react with SCN− (Figure S11),43 it is
infeasible to measure interfacial electric field in microdroplet
containing Fe3+.
Microdroplets were sprayed onto a superhydrophobic quartz

wafer, which was then placed into a homemade flow cell
(Figure S12). To suppress water evaporation, high-purity air

with high relative-humidity (RH > 93%) was purged into the
flow cell at a flow rate of 50 mL/min. The Raman spectra of
C�N bond (v(C�N)) were recorded using a XploRA Plus
confocal Raman spectrometer (Jobin Yvon, HORIBA Gr,
France) coupled with ×50 Olympus microscope objective and
785 nm excitation laser. The Raman signal was collected using
a multichannel EMCCD device ranging from 2000 to 2200

Figure 1. PFOA decomposition performance in bulk solution and microdroplets. (a) PFOA photochemical removal efficacy and (b) pseudo-first-
order reaction kinetics fitting in the bulk phase and microdroplets. (c) Time dependence of defluorination ratio of 10 mg/L PFOA. Error bars
represent the standard deviation from at least three independent experiments. Some of the standard deviations were smaller than the corresponding
symbols.

Figure 2. Impacts of experimental parameters and universality of accelerated photochemical defluorination. (a) Effects of the initial concentration
of PFOA. (b) Defluorination ratios of PFOA in actual water matrices. (c) Defluorination ratio of PFHxA and PFOS in microdroplets and bulk
phase. (d) Defluorination ratio of PFOA induced by different photoactive species. Unless otherwise stated, the experiments were conducted under
254 nm UV light irradiation and reaction time was 2 h, in the presence of 10 mg/L PFOA. Error bars represent the standard deviation from at least
three independent experiments.
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cm−1, with 2 spectrum accumulation at a 30 s acquisition time
per spectrum. The electric field strength (E) is calculated from
the following conversion equation (eq 1),42 where Δv(C�N)
is the difference value of detected Raman shift of v(C�N)
between the microdroplet interior and interface.

E v( (C N)/0.36) 10 (V/cm)/cm6 1= × [ ] (1)

■ RESULTS AND DISCUSSION
Accelerated PFOA Photochemical Decomposition in

Microdroplets. The PFOA photochemical degradation
kinetics induced by UV photolysis of Fe(NO3)3 were first
investigated through monitoring PFOA concentration as
photoreaction proceeded. The diffusion of PFOA from
aqueous solution to gas phase was insignificant because
PFOA mainly existed in the forms of deprotonated anions
and Fe3+-carboxylate chelates in the reaction system (discussed
later). As shown in Figure 1a, with PFOA concentrations of
100 and 500 μg/L, the almost complete removal was achieved
after only 20 min of irradiation in microdroplets. However, in
bulk phase reaction, the corresponding removal efficacy was
about 91.6 and 85.3% after 2 h. For high concentration PFOA
with 10 mg/L, the treatment efficacy reached about 98.8 and
93.6% after 1 and 4 h of irradiation in microdroplets and bulk
solution, respectively. Meanwhile, the corresponding TOC
removal efficacy was around 55.8 and 1.7% with 4 h of
photoirradiation in microdroplet and bulk phase systems
(Figure S13), indicating that microdroplet photochemistry is
highly sufficient for PFOA mineralization. The pseudo-first-
order reaction kinetics fitting (Figure 1b and Table S1)
determined that the reaction rate constants were improved by
approximately 7 times in microdroplets compared to the
corresponding bulk phase counterpart. Overall, the results
indicate that microdroplets are essentially favorable to PFOA
photochemical decomposition at concentrations of environ-
mental and industrial levels.
The defluorination ratio was adopted to further evaluate the

PFOA treatment performances, as the cleavage of C−F bonds
and defluorination are critical for completely eliminating the
adverse effects of PFOA.44 To better detect defluorination,
typically 10 mg/L PFOA was used. Figure 1c shows that the
almost complete defluorination was achieved in microdroplets
after 4 h of photoirradiation, which was approximately 40.6-
fold greater than that in the corresponding bulk phase
counterpart (96.3 vs 2.4%). In the absence of Fe(NO3)3 or
PFOA, the detected concentrations of F− were similar to the
background value even after photoreaction (Figure S14),
suggesting the efficient defluorination was actually induced by
UV/Fe(NO3)3 photochemistry. The defluorination ratios of
PFOA with various initial concentrations were further
investigated. As shown in Figure 2a, in the bulk phase system,
the defluorination ratio (<1%) was first raised and then
declined with increasing PFOA initial concentration from 1 to
30 mg/L. The lower defluorination ratio at lower PFOA initial
concentration might be because of the stronger interfacial
concentration enrichment, which decreased the reaction
opportunity with active species that were dominantly
generated in the interior of bulk solution. In sharp contrast,
in microdroplets, the defluorination ratio was continuously
increased with decreasing the initial concentration of PFOA.
The defluorination ratio reached about 74.4% in the case of 1
mg/L PFOA after 2 h photoirradiation, which was

approximately 98.2-fold greater than that in the corresponding
bulk phase counterpart. Besides, the enhancement factors were
higher in the presence of lower PFOA concentration (Figure
S15), suggesting that microdroplets are more promising for the
treatment of PFOA with a concentration of environmental
significance. The degradation rate and defluorination ratio
obtained in microdroplets are significantly higher than those in
previous studies (Table S2), demonstrating the great
superiority of microdroplets on PFOA photochemical treat-
ment.
Influences of Fe(NO3)3 Concentration and Actual

Water Matrices. In both bulk phase and microdroplet
systems, as shown in Figure S16a, the defluorination ratio
was first increased and then decreased with an increment of
Fe(NO3)3 concentration, and the highest defluorination ratio
was observed in the presence of 10 mM Fe(NO3)3. In general,
the production of reactive species responsible for PFOA
decomposition would increase with increasing Fe(NO3)3
concentration. Nevertheless, the strengthened dimerization of
•NO2 probably can bring driving force to inhibit PFOA
defluorination in the presence of excess NO3

−.45 In addition,
Figure S16b shows that the enhancement factors on
defluorination between microdroplets and bulk phase
presented a volcano-type variation trend to the Fe(NO3)3
concentration, indicating that the inhibition effects of high
concentration Fe(NO3)3 on PFOA photochemical removal
were more evident in microdroplets than that in the bulk
phase, probably owing to the strong NO3

− concentration
enrichment at AWI of microdroplet (discussed later).
The PFOA defluorination in real water matrices (tap water,

source water, surface water, and secondary wastewater effluent;
see Table S3 for water chemistry) spiked with 10 mg/L PFOA
and 10 mM Fe(NO3)3 was further tested. Figure 2b shows
that, after 2 h of photoirradiation, the PFOA defluorination in
microdroplets was significantly higher than that in bulk phase
reaction for the four actual water matrices, with the
corresponding enhancement factor of 64.3, 35.6, 37.8, and
57.1. The results demonstrate that microdroplet reactors are
highly efficient for PFOA treatment in actual water environ-
ments. Besides, it could be observed that the defluorination
ratios in actual water matrices were lower than that in
deionized water, which might be attributed to the coexistence
of various inorganic and organic substances. As shown in
Figure S17, the presence of common anions (SO4

2−, Cl−,
H2PO4

−, and CO3
2−) with concentration of 1 mM and humic

acid of 10 mg/L inhibited PFOA photochemical defluorination
in both microdroplet and bulk phase reaction, indicating the
decrease in defluorination might be due to the competition for
the reactive species.4

Universality. Furthermore, the photochemical defluorina-
tion performances of perfluorohexanoic acid (PFHxA) and
PFOS were investigated. As shown in Figure 2c, after 2 h UV
light irradiation, the defluorination ratios were about 25.4 and
15.1% in microdroplets for PFHxA and PFOS, respectively,
which were about 35.2- and 41.6-fold greater than that in the
corresponding bulk phase reaction (0.72 and 0.37%,
respectively). Meanwhile, the removal efficacy of PFOS (98.2
vs 26.4%) and the desulfurization ratio (38.1 vs 4.5%) were
also obviously higher in microdroplets than that in the
corresponding bulk phase reaction (Figure S18). As shown in
Figure 2d, the level of PFOA defluorination induced by UV/
NaNO3 and UV/FeCl3 was also dramatically higher in
microdroplets than in the corresponding bulk phase reaction.
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Besides, Figure 2c shows that the defluorination ratio of 30.8%
and enhancement factor of 43.2 were observed in micro-
droplets compared to the bulk phase counterpart, under 310
nm UV light irradiation that exists in the atmospheric layer.46

Furthermore, the degradation efficacy of methyl orange (MO)
and bisphenol A (BPA) by UV/Fe(NO3)3 photochemistry was
also obviously higher in microdroplets than that in the bulk
systems (Figure S19, experimental conditions are shown in
Supporting Information). All the above results demonstrate
that the microdroplet reactor is highly sufficient for environ-
mental pollutants treatment, and microdroplet photochemistry
would provide important implications in the understanding of
atmospheric chemistry.
Acceleration Mechanism Study. As displayed in Figure

3a, the addition of 25 μM ferulic acid (FA, •NO2 scavenger)
obviously inhibited PFOA defluorination, indicating the crucial
roles of •NO2 generated from NO3

− photolysis in PFOA
treatment.45,47 The addition of 50 mM tertiary butanol (TBA,
•OH quencher) also suppressed PFOA defluorination,
implying the contributions of •OH to PFOA decomposition.
Although •OH cannot directly attack the PFOA molecule, it
could promote defluorination through reacting with degrada-
tion intermediates.45,47 Figure S20 shows that the inhibition
effects of FA and TBA on PFOA photochemical defluorination
were more significant in the bulk phase than that in
microdroplets, probably because the production of •NO2 and

•OH through UV photolysis of Fe(NO3)3 was enhanced in
microdroplets.
Under UV light irradiation, Fe(III)-containing species,

mainly in the forms of [CnF2n+1COO-Fe]2+, Fe(OH)2+, and
[Fe(H2O)6]3+, would occur ligand-to-metal charge transfer
(LMCT) process to contribute to PFOA photodegradation
(reactions shown in Supporting Information).45,48 As shown in
Figure 3b, Fe2+ production in microdroplets was significantly
higher than that in the bulk phase, indicating that the LMCT
processes were faster in microdroplets. It could also be
observed that the photolysis of Fe(III)-containing species
became sluggish in microdroplets as photoreaction proceeded.
Under an Ar environment, PFOA photochemical defluorina-
tion was inhibited while Fe2+ generation was improved in both
microdroplet and bulk phase systems (Figure 3a,b). The
results suggest that O2 plays roles in PFOA photodegradation,
particularly in microdroplets with highly sufficient O2
availability.49 Meanwhile, the presence of 1 mM p-BQ (a
typical quencher of O2

•−) slightly decreased the photochemical
defluorination in microdroplets (Figure S21a), indicating that
O2

•− played a negligible role in the PFOA photodegradation
and suggesting that O2 contributed to PFOA decomposition
mainly through participating Fe2+ reoxidation and radical chain
reactions. Besides, in the bulk phase system, the continuous
purge of high-purity O2 increased the defluorination ratio by
about 3.6 times, while the defluorination in microdroplets was
not significantly influenced by O2 pure (Figure S21b).
Moreover, the increment of light irradiation intensity also

Figure 3. Reactive species and microdroplet size effect. (a) Effects of radical scavengers and reaction atmosphere on PFOA photochemical
defluorination. (b) Fe2+ generation in microdroplets and bulk phase under air and Ar atmospheres. (c) Influences of CTAB and SDS on PFOA
photochemical defluorination. (d) Microdroplet size effects on PFOA photochemical defluorination. Error bars represent the standard deviation
from at least three independent sample.
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negligibly impacted photochemical defluorination in the bulk
solution (Figure S21c). Therefore, the different physical
characteristics (O2 availability and light irradiation intensity)
between microdroplets and bulk solution were not consid-
erable reasons behind the significantly accelerated PFOA
decomposition. In other words, the air−water interface of the
microdroplet with special physicochemical properties might
play critical roles in the acceleration.
To verify the important roles of the gas−liquid interface in

PFOA photochemical decomposition, the effects of CTAB
(cationic surfactant) and SDS (anionic surfactant) on
defluorination were investigated. Because PFOA is an anionic
surfactant, its gas−liquid interface accumulation would be
strengthened by attractive force between anionic and cationic
surfactants, but the concentration enrichment would be
weakened due to the competing adsorption for AWI between
two anionic surfactants.50,51 As shown in Figure 3c, in both
microdroplet and bulk phase systems, the defluorination was
improved with addition of CTAB, while it was suppressed by
introducing SDS. Meanwhile, the impacts of CTAB and SDS
on PFOA photochemical defluorination were more significant
in microdroplets than that in the bulk phase. The S/V of
microdroplets is orders of magnitude larger than that of bulk
solution (e.g., S/V = 0.03 μm−1 for 200 μm-diameter
microdroplet and S/V = 6.3 × 10−4 μm−1 for bulk phase in
this study), which is favorable to the AWI concentration
enrichment. Accordingly, PFOA photochemical decomposition
would mainly occur at microdroplet AWI.
The size effects of the microdroplet on PFOA photo-

chemical defluorination were further studied to show the
influences of AWI abundance. Figure 3d shows that, after 2 h
photoreaction, the defluorination ratios were increased from
∼20.7 to ∼82.2% with decreasing average diameter of the
microdroplet from around 2500 to 130 μm. With decreasing
microdroplet size, the specific surface area of microdroplet
would increase. The positive correlation between microdroplet
S/V and defluorination ratio further confirms the dictating
roles of microdroplet AWI in PFOA photodegradation.52 AWI

would provide unique reaction environment that is obviously
distinct from the aqueous phase,34,37,53 which probably can
alter thermodynamics and kinetics of photoreactions respon-
sible for PFOA decomposition. Accordingly, the roles of
microdroplet AWI in accelerating photochemical defluorina-
tion were further investigated.

Reactant Concentration Enrichment at AWI. Undoubt-
edly, the hydrophobic PFOA could be intrinsically enriched at
the air−water interface.23 Besides, Allen et al. have reported
the AWI accumulation characteristic of Fe(III) species and
Chen et al. found the water surface-enriched nonanoic acid
could attract Fe(III) to the air−water interface through
chelation interaction.54,55 Therefore, Fe(III)-containing spe-
cies would be enriched at the AWI of microdroplets. NO3

−

also presents water surface affinity and the Coulombic
attraction between NO3

− and Fe(III)-containing species
might enhance their concentration enrichment.56,57 To verify
the reactant concentration enrichment at microdroplet AWI,
the spatial distribution of NO3

− concentration in micro-
droplets was qualitatively investigated through SRS measure-
ments. Figure 4a, b and Figure S22a,b represent the SRS
spectra of v(H2O) and v(NO3

−) in individual microdroplet
with a diameter of about 49 μm in the presence of PFOA and
with a size of around 46 μm in the absence of PFOA,
respectively. The SRS peak intensities were decreased as
measuring from microdroplet interior to the air−water
interface because the number of excited molecules gradually
decreased.58 Figure 4c−f and Figure S22c,d show that the SRS
peak intensity ratios of v(NO3

−) to v(H2O) were distinctly
larger at AWI of microdroplets with varying diameters,
demonstrating the strong concentration enrichment of NO3

−

at interfacial region. Moreover, as displayed in Figure 5a, the
volume fractions of the NO3

− concentration enrichment region
were larger in the presence of PFOA and in smaller
microdroplets, confirming PFOA strengthened interfacial
reactants concentration enrichment and indicating the
concentration enrichment would be stronger with decreasing
microdroplet size. Figure 2d shows that in microdroplets, the

Figure 4. Concentration enrichment at AWI. The measured SRS spectra of (a) v(H2O) and (b) v(NO3
−) in a 49 μm-diameter-microdroplet in the

presence of 10 mg/L PFOA, respectively. (c) SRS peak intensity ratios of v(NO3
−) to v(H2O) in a 46 μm-diameter microdroplet in the absence of

PFOA. (d−f) SRS peak intensity ratios of v(NO3
−) to v(H2O) in microdroplet with size of about 110, 49, and 40 μm in the presence of 10 mg/L

PFOA, respectively. The areas between black and white dashed lines represent the NO3
− concentration enrichment regions. All the scale bar is 20

μm.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c05470
Environ. Sci. Technol. 2023, 57, 21448−21458

21453

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c05470/suppl_file/es3c05470_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c05470/suppl_file/es3c05470_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c05470/suppl_file/es3c05470_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c05470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c05470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c05470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c05470?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c05470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


defluorination ratio and enhancement factor induced by UV/
Fe(NO3)3 (48.2% and 49.9) were much higher than the sum of
values obtained from UV/NaNO3 (6.8% and 8.6) and UV/
FeCl3 (27.6% and 31.1), but which was not observed in the
corresponding bulk phase counterpart. The results verify the
synergistic effects of NO3

− and Fe3+ on PFOA photo-
degradation in microdroplets, probably due to the interfacial
Coulombic attraction force.
Ultrastrong Interfacial Electric Field. There may exist a

strong electric field at microdroplet AWI due to the charge
separation in the electric double layer,59−61 which may
influence the reactions at AWI. In this study, we measured
the interfacial electric field in microdroplets containing NaNO3
based on the vibrational Stark effect.42,62 As displayed in Figure
5b, in a ∼55 μm-diameter-microdroplet, compared to the
Raman peak of v(C�N) measured in microdroplet interior,
the obvious blue shift was observed for that detected at AWI
(2066.3 vs 2090.4 cm−1), indicating the existence of an
ultrastrong interfacial electric field in the microdroplet.
According to the conversion formula, the interfacial electric
field strength was about 6 × 107 V/cm. Meanwhile, it was
found that (inset in Figure 5c) the strength of the interfacial
electric field was stronger in smaller microdroplets. Theoretical
simulations further support that the interfacial electric field

would be strengthened with decreasing microdroplet size
(Figure 5c).63 Although the interfacial electric field in
microdroplets containing Fe(NO3)3 could not be experimen-
tally measured due to the side reactions between SCN− and
Fe3+, the ultrahigh interfacial electric field would also exist
because of the intrinsic charges separation at AWI.60,61 The
ultrahigh electric field can lower the transition state barrier or
raise the reactant state energy through bond activation,59,64

which would contribute to the significant accelerations on
PFOA photochemical decomposition.

Decreased Reaction Energy Barrier at AWI. For elucidating
the reaction energy barriers (ΔE) of treatment processes
responsible for PFOA decomposition at microdroplet AWI and
in bulk solution, possible PFOA degradation pathways were
investigated. Based on the detected short-chain perfluorocar-
boxylic acids (e.g., PFHpA, PFHxA, PFPeA, PFBA, PFPrA, and
TFA), PFOA decomposition might follow decarboxylation−
hydroxylation−elimination−hydrolysis (DHEH) processes, as
illustrated in Figure 6a and the detailed descriptions could be
found in Supporting Information.6,65 Noticeably, PFPrA and
TFA were readily detected in microdroplets after 2 h of
photoirradiation, while they were not measured in the bulk
phase reaction system even after 4 h (Figure S23). Besides, the
hydrophobicity of PFCAs becomes comparatively weak with

Figure 5. Ultrastrong electric field and reduced reaction energy barrier at the microdroplet AWI. (a) Volume fraction of the NO3
− concentration

enrichment region (interfacial blue color region) in microdroplets with and without 10 mg/L PFOA. (b) Raman spectra of v(C�N) measured in a
NaNO3 microdroplet interior and at interface. Microdroplet size (Φ), ∼55 μm. (c) Simulated microdroplet electric field strength. The inset is
experimentally measured electric field strength in microdroplets with varying diameters. (d) Scheme of potential energy surface for PFOA
photodegradation processes in bulk solution and at microdroplet AWI.
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shortening carbon chain length,66 which probably can weaken
interfacial concentration enrichment of reactants and slow Fe2+
production in microdroplets.
At AWI, molecules would be in partial solvation state rather

than full solvation that exists in bulk solution, which could
decrease energy barrier of desolvation and enhance reactivity
of reactants.34,53 Accordingly, the ΔE of photoreactions
responsible for PFOA decomposition might be altered, which
was then investigated through DFT calculation (details are
shown in Supporting Information). As shown in Figure 5d, the
ΔE of Route-A and Route-B was about 219.8 and 41.4 kJ/mol
at microdroplet AWI, respectively, which was obviously lower
than the ΔE in bulk phase reaction (237.1 and 57.8 kJ mol−1,
respectively), favoring the C7F15COO• generation. The
enhanced Fe2+ production in microdroplets compared to the
bulk phase counterpart might be due to the lowered reaction
energy barrier of the LMCT processes at microdroplet AWI.
The ΔE of subsequent radical chain reactions was negative and
almost similar between microdroplet AWI and bulk solution,
indicating that the formation of C7F15COO• was the rate-
determining step for PFOA decomposition. In addition,
Wingen et al. found that NO3

− photolysis could be
dramatically improved at the water surface because NO3

−

experienced weakened solvent cage effects, which would
benefit to •NO2 generation and PFOA decomposition.67

Therefore, the predominant photoreactions responsible for

PFOA degradation were both kinetically and thermodynami-
cally more favorable at microdroplet AWI than in bulk
solution, resulting in significant accelerations on photo-
chemical defluorination. The acceleration mechanisms were
then illustrated in Figure 6b. The hydrophobic nature of PFOA
and the surface affinity of Fe3+ and NO3

− promote photo-
reactions to predominantly occur at the AWI of microdroplets.
In the microdroplet, the ultrahigh interfacial electric field and
partial solvation effects at AWI lowered reaction energy
barriers of the rate-determining step of C7F15COO• formation,
thus leading to significant accelerations on PFOA elimination.
Scale-Up Application. Finally, as a proof-of-concept, the

practical applicability of microdroplet photochemistry for
PFASs treatment was demonstrated through using an electrical
nebulizer for microdroplets generation (setup shown in Figure
S24). The removal efficacy and defluorination ratio of PFOA
were approximately 3.8- and 14.4-fold greater than those in the
corresponding bulk phase reaction system, respectively (Figure
S25). The PFOA decomposition performances obtained from
electrical nebulization were lower than that from the above
static experiments, probably because the real photochemical
reaction time was much shorter than the light irradiation time
due to the settlement of microdroplets. Besides, as shown in
Figure S26, there was negligible PFOA degradation and
defluorination observed in microdroplets during electrical
nebulization in the absence of UV light irradiation and

Figure 6. Degradation pathways and acceleration mechanisms. (a) Possible PFOA decomposition pathways induced by UV/Fe(NO3)3. (b)
Scheme of mechanisms for significantly accelerated PFOA photodegradation.
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Fe(NO3)3, indicating that the significant PFOA decomposition
was induced by microdroplet photochemistry. The potential
economic cost of the bench scale setup for applying
microdroplet photochemistry to treat PFASs-containing waste-
water is discussed in Supporting Information. Moreover, for
incorporating microdroplet process into current UV-based
water treatment technologies, it would be feasible to use
commercial water sprinkler for microdroplets generation and a
reaction tank could be designed to make it easier to reflux
condensates for secondary treatment and to provide UV light
irradiation efficiently.

■ ENVIRONMENTAL IMPLICATIONS
For the first time, microdroplets were demonstrated to be
effective for the photochemical treatment of recalcitrant PFASs
with various concentrations and in actual water matrices. The
defluorination ratio was improved by tens of times in
microdroplets compared with the corresponding bulk phase
counterpart. The acceleration mechanisms were experimentally
and theoretically investigated, showing that PFASs decom-
position mainly occurred at microdroplet AWI due to the
water surface affinity of reactants, as verified by SRS
measurements. The ultrahigh interfacial electric field and
partial solvation effects synergistically decreased reaction
energy barriers and thus accelerated photochemical treatment.
The universal efficacy of enhanced PFASs photochemical
decomposition in microdroplets was demonstrated along with
its potential for large-scale application. This study provides an
innovative technology for environmental remediation and
highlights the important role of AWI in environmental
chemistry.
The eaq−, I−, and Cl− tend to accumulate at the gas−liquid

interface as well,61,68,69 thus the PFASs photochemical
treatment induced by other photochemical processes (e.g.,
UV/I−, UV/Cl−, and even semiconductor photocatalysis)
probably can also be accelerated by using microdroplet
reactors. Besides, owing to the significantly abundant AWI,
microdroplets would be of great promise for eliminating other
hydrophobic micropollutants like phenolic compounds and
alkanes.70,71 In natural environments, the microlayer of lakes
and oceans, as well as the atmospheric aerosols and water
droplets generated from bubble burst at water surfaces,72

provide a prevalent air−water interface for concentration
enrichment of PFASs and may display different reaction
environment from the bulk interior. The fate and transport of
PFASs in natural water bodies and atmosphere will be
influenced by air−water interface chemistry and should be
re-evaluated based on the current study, as well as the redox
cycle of Fe(II)/Fe(III).
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