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Per- and polyfluoroalkyl substances are widely distributed persistent pollu-
tants in water resources that pose serious environmental and health threats.
Current per- and polyfluoroalkyl substance destruction strategies are energy-
intensive, nonselective, and often generate recalcitrant short-chain fluorinated
byproducts. Herein, we report a near-ultraviolet to visible light-driven com-
plete defluorination approach of per- and polyfluoroalkyl substance based on
ligand-to-metal charge transfer, wherein commercially available Cu** salts
serves as the electron acceptor from per- and polyfluoroalkyl substance to
initiate the defluorination reaction. The feasibility of the degradation reaction
is explored under controlled conditions, in which perfluorooctanoic acid is
completely degraded and defluorinated within 300 min. Spectroscopic ana-
lyses, intermediates identification, and density functional theory calculations
confirm that electron transfer from perfluorooctanoic acid to Cu** selectively
initiates a single-pathway chain-shortening degradation mechanism. The
degradation rate of perfluoroalkyl acids increases as chain length decreased.
Ultrashort-chain trifluoroacetic acid achieves more than 99% degradation and
defluorination within 60 min. This degradation approach is also effective for
perfluoroalkyl ether carboxylic acids and is potentially adaptable to a broader
range of per- and polyfluoroalkyl substance classes, offering opportunities for
extension to other homogeneous or heterogeneous Cu®-based remediation
systems, as the reactivity pattern has been substantiated.

Per- and polyfluoroalkyl substances (PFAS) have been extensively uti-
lized since the 1940s for the production of various industrial and
consumer products, such as textiles, firefighting foams, pesticides, and
paper products, owing to their unique physicochemical properties*.
However, their widespread and prolonged use has raised significant
environmental and public health concerns’. Among them, per-
fluoroalkyl acids (PFCA) such as perfluorooctanoic acid (PFOA) and
legacy alternatives, ether-containing PFAS such as hexa-
fluoropropylene oxide dimer acid (HFPO-DA, commonly known as
GenX), have been widely studied* because of their widespread

distribution, detection in rivers, groundwater, oceans, and even in
drinking water>®. Stable and high-energy C-F bonds (=536 kj/mol)
contribute to the environmental persistence of these compounds,
leading to their designation as “forever chemicals.”” Prolonged expo-
sure to even low concentrations of these compounds has been linked
to severe health risks, including developmental disorders, immune
system dysfunction, reproductive toxicity, and increased risk of
cancer®™. In response to these environmental and health concerns,
the US Environmental Protection Agency (EPA) has proposed stringent
limits of 4 ng/L for PFOA and 10 ng/L for GenX in drinking water”,
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thereby intensifying the demand for effective PFAS removal
technologies.

Various promising technologies, including electrochemical*™*,
advanced oxidation and reduction”, sonochemical, and
thermochemical” treatments, have been investigated for degrading
PFAS. However, these chemical techniques often fail to achieve highly
efficient degradation and complete mineralization of PFAS in aqueous
environments due to high energy requirements, the formation of
refractory intermediates, and interference from complex matrices,
which significantly limit their sustainability and practical
applicability'®. Currently, nondestructive technologies such as carbon
adsorption, membrane filtration, and ion exchange systems are com-
monly used to remove PFAS from water”. Nevertheless, these physical
removal methods generate concentrated PFAS organic waste solvents
(e.g., dimethyl sulfoxide (DMSO), methyl alcohol (MeOH), and acet-
onitrile (MeCN)) that require further treatment to prevent secondary
pollution®™. As a result, a key research focus is the treatment of high-
concentration PFAS*?2, Recent advancements in reaction systems for
the degradation of high-concentration PFAS include NaOH-mediated
defluorination in DMSO at 120 °C*, electrochemical degradation in
MeCN using Cu* electrocatalysts with triazole-based ligands®, the
reaction system of a super-reducing photocatalyst (KQGZ) at 60 °C in
DMSO?, and multiphoton visible-light systems based on benzo[g,h,i]
perylenemonoimide (BPI) that selectively cleave C-F bonds?. Despite
achieving partial defluorination of PFAS, these reaction systems
require elevated temperatures or complex, strongly reducing cata-
lysts. There remains an urgent need for strategies that enable rapid and
complete defluorination under mild conditions.

Photoredox methods have emerged as valuable tools for
degrading PFAS”, utilizing photons as a clean and selective energy
source to generate aggressive oxidative species (e.g., hydroxyl radicals
(HO-) and holes (h")) or reductive species (e.g., hydrated electrons
(€aq)) under mild conditions (Fig. 1a). However, these methods are
hindered by uncontrolled degradation pathways and the generation of
harmful byproducts (e.g., trifluoroacetic acid (TFA), fluorotelomer
carboxylic acids (FTCA), and fluoromethane)>*, which are relatively
difficult to degrade, resulting in partial defluorination of PFAS.
Recently, Nocera et al. . reported that TFA can be activated to gen-
erate trifluoromethyl radicals and react with a variety of arenes to form
C(sp2)-CF; bonds via the photoexcitation of Ag**-centered complexes
through a ligand-to-metal charge transfer (LMCT) process. Inspired by
this work, we propose that a mild LMCT process can be employed for
the degradation of PFAS. LMCT involves complexes of transition
metals with an empty valence shell, wherein an electron from a high-
energy ligand orbital is excited and transitioned into a low-lying metal-
centered orbital, and it has shown promise as an effective approach for
generating reactive intermediates from inert substrates®*%. Cu?* is an
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Fig. 1| Potential of the LMCT process for PFAS degradation under mild con-
ditions. a Comparison of the reported photoredox PFAS degradation via reactive
species with the present targeted Cu**-based LMCT approach for photochemical

ideal candidate for environmental applications because of its low cost,
terrestrial abundance, and low toxicity®’, and it can initiate photo-
catalysis reactions via single-electron transfer and directly interact
with substrates in its coordination sphere®. Recent studies have also
shown that LMCT activation enabled the formation of alkyl radicals
from alkyl acids via near-UV excitation of Cu?* carboxylates, followed
by carbon dioxide (CO,) extrusion (Fig. 1b)***’. For PFAS containing
carboxyl groups, decarboxylation is often the critical step in the oxi-
dative degradation process. Thus, Cu** has significant potential for
PFAS degradation through the LMCT process under mild visible light,
which avoids the challenges of uncontrolled reactive species-based
methods (Fig. 1a).

This study investigated the complete degradation and defluor-
ination of PFOA in a model system using a Cu*-initiated photo-
chemical approach under near-UV to visible light. Key experimental
parameters, including light source, Cu®** source, solvent, and PFOA
concentration, were systematically evaluated. Both experimental and
computational analyses were conducted to elucidate the LMCT-
induced degradation mechanism, which aligned well with the identi-
fied degradation intermediates. Additionally, the photodegradation
efficiencies of other legacy and novel PFAS, including PFCA with dif-
ferent chain lengths and ether-containing PFAS, were assessed under
identical conditions. This comprehensive investigation provides valu-
able insights into the potential of Cu®*-initiated degradation as a pro-
mising strategy for PFAS treatment.

Results

Photochemical degradation of PFOA in the presence of Cu**
We set out to develop a simple, low-energy, and highly effective pho-
tochemical method for efficient defluorination of PFAS by combining a
commercially available copper salt with an affordable and efficient
light source. We initially explored this model in the context of the
degradation of PFOA, one of the most extensively detected PFAS*. A
mixture of PFOA (1.0 equiv.), cupric trifluoromethane sulfonate
(Cu[OTfl; 2.0 equiv.), and sodium hydroxide (NaOH; 1.0 equiv.) in
MeCN was exposed to a Ayax = 365 nm light-emitting diode lamp (LED)
for 300 min, resulting in a 100% degradation rate (dpras) and a 100%
defluorination rate (dg-) of PFOA. These results were further validated
by the complete absence of PFOA and fluorinated intermediate signals
in both the fluorine nuclear magnetic resonance (*’F NMR) spectra and
the high-performance liquid chromatography-tandem mass spectro-
metry (HPLC-MS/MS) chromatograms (Fig. 2a, entry 1 and 2b, c; Sup-
plementary Fig. 2). This result is remarkable, as few technologies
can achieve the complete breakdown of PFOA with such low energy
consumption and and simplicity, especially considering that fluori-
nated intermediates are typically more challenging to degrade than
PFOA itself*.

pronpee

Oxidizing L MC T

ngan Reaction

Exchange

Electron
transfer

decarboxylation (using PFOA as an example). b Photoexcited LMCT decarboxyla-
tion pathway for radical generation via Cu?* activation.
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Fig. 2| Reaction trials and condition evaluations. a Evaluation of reaction conditions. b Concentration and (c) defluorination rate changes of PFOA over time (purple and
pink lines correspond to entries 1 and 2 in (a), respectively). Error bars represent standard deviation.

Control reactions were conducted to substantiate the proposed
transformation mechanism of PFOA. The concentrations of fluoride
ions (F") and trifluoromethanesulfonic acid ions ([OTf]") were mea-
sured at regular intervals using an ion-selective electrode and HPLC-
MS/MS, respectively, to confirm that the F~ in the solution originated
exclusively from the degradation of PFOA (Supplementary Fig. 3). No
degradation was observed in the absence of Cu® or light irradiation
(Fig. 2a, entries 2-3). Additional testing of LED light sources***
revealed that near-UV to visible light could effectively induce the
defluorination reaction (Supplementary Figs. 4, 5). Increasing the
excitation wavelength to A,.x=405nm and 445 nm resulted in pro-
nounced decreases in both the degradation rate and the defluorination
rate. Nevertheless, >99% defluorination was still achieved within
900 min (15h) and 2700 min (45h), respectively (Supplementary
Fig. 5). In contrast, irradiation with a A;,,x=500nm LED produced
negligible reactivity (Supplementary Fig. 5). Furthermore, the pre-
sence of an equimolar base was found to be essential for the depro-
tonation of PFOA, a prerequisite for its effective coordination with
copper (Fig. 2a, entry 4; Supplementary Fig. 6). Notably, effective
defluorination can also be achieved by replacing NaOH with potassium
hydroxide (KOH) or aqueous ammonia (NH4,OH) (Supplementary
Fig. 6), which extends the range of applications of this method. As
expected, the omission of oxygen (0O,) (under nitrogen (N,) condi-
tions) resulted in minimal degradation and defluorination of PFOA,
owing to the absence of an external oxidant required to reoxidize Cu*
to Cu?. (Fig. 2a, entry 5).

The choice of solvent was critical, with only MeCN being efficient
(Fig. 2a, entry 6; Supplementary Fig. 7). It has been suggested that
nitrile ligation to copper might have been necessary to stabilize the
copper complexes for the LMCT process*’. Furthermore, MeCN is a
suitable solvent for slowing the inefficient ligand exchange process
because of its lower coordination energy with copper, which was
supported by density functional theory (DFT) calculations (Supple-
mentary Fig. 8)*’. Further evaluation of cost-effective commercial
copper sources revealed that replacing Cu(OTf), with other Cu?* salts
were also capable of promoting the degradation and defluorination of
PFOA (Fig. 2a, entry 7; Supplementary Fig. 9). Cu sources with low
solubility, such as cupric sulfate (CuSQ,), cupric oxide (CuO), cupric

hydroxide (Cu(OH),), and cupric fluoride (CuF,), or those with non-
dissociating anions, such as cupric chloride (CuCl,), could not effi-
ciently react with deprotonated PFOA to form photosensitive copper
perfluorocarboxylate, leading to reduced photoreactivity. Notably,
cupric tetrafluoroborate (Cu(BF,4),) was also effective in facilitating
this transformation, likely due to the superior leaving ability of the
BF4~ group*’. Finally, to validate the scalability of the reaction,
experiments were conducted across a wide range of scales, from an
environmentally relevant level (0.0001 mmol) (Fig. 2a, entry 8) to a
larger scale (5.0 mmol) (Fig. 2a, entry 9), consistently achieving effi-
cient degradation and defluorination of PFOA.

Structural and photophysical features of Cu?*
perfluorocarboxylate

To investigate the photoexcitation properties of Cu? per-
fluorocarboxylate, a series of UV-Vis spectroscopies was conducted. In
solutions containing only the Cu** salt or deprotonated PFOA, an
absorption peak appeared at approximately 200 nm. However, the
combination of the Cu®" salt, PFOA, and NaOH resulted in a pro-
nounced absorption band at A,,,x = 265 nm, extending beyond 400 nm
and partially overlapping with the emission spectrum of the LED light
source (Fig. 3a).

To determine the stoichiometry of the complex, Job’s method*
was employed by maintaining constant total concentrations of the
deprotonated PFOA and Cu?* while systematically varying their molar
ratios. The analysis revealed a molar fraction of 0.67 for deprotonated
PFOA within the complex under sufficient component availability,
suggesting that two PFOA molecules coordinate with one Cu®* (Fig. 3b,
Supplementary Fig. 10). When the Cu?* concentration exceeds that of
PFOA, the coordination stoichiometry can shifts to 1:1. To explore this
phenomenon theoretically, both 1:1 and 1:2 stoichiometric complexes
were constructed using the B3LYP functional with DFT-D3BJ dispersion
correction (Fig. 3¢, d)*. In both structures, the carboxylate group of
PFOA chelated the copper center through its two oxygen atoms. The
calculated LMCT excitation energies were 3.68 eV and 3.79 eV for the
1:1 and 1:2 Cu*-PFOA complexes, respectively (Supplementary Figs. 11,
12). Notably, the lowest excitation energy of uncoordinated PFOA is as
high as 5.91eV, accounting for its intrinsic resistance to direct
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photolysis. These results of these calculations indicate that higher Cu2*
concentrations facilitate the formation of coordination complexes
with reduced LMCT excitation thresholds, thereby enhancing the
accessibility of the electron transfer process under light irradiation.

This computational insight was further supported by experi-
mental data. At a fixed concentration of deprotonated PFOA, stepwise
increases in Cu®" concentration led to an increase in intensity that
plateaued at a 1:1 Cu*/PFOA molar ratio, accompanied by a redshift of
the absorption maximum from 249 to 265 nm (Supplementary Fig. 13).
Correspondingly, substoichiometric additions of Cu*" (e.g., 0.1-0.75
equiv.) resulted in sluggish degradation, whereas stoichiometric
addition (1.0 equiv., 1:1 Cu®*/PFOA molar ratio) significantly enhanced
both degradation and defluorination efficiencies (Supplementary
Fig. 14). Further increases in Cu?* concentration beyond stoichiometric
levels (e.g., 4 equiv.) offered no markedly improvement.

Preliminary mechanistic studies supported that photoexcited
LMCT from PFOA to Cu*" initiated the degradation process. Under a N,

atmosphere, the initial addition of 1.0 equiv. Cu* resulted in minimal
defluorination (<1% after 60 min) (Supplementary Fig. 15). Sub-
sequent addition of another 1.0 equiv. Cu
improve the defluorination efficiency. In the absence of an external
oxidant (e.g., O,), the Cu* species generated via LMCT could not be

> did not significantly

reoxidized to Cu*, thereby disrupting the reaction cycle of Cu*/Cu®
(Supplementary Fig. 15). This accumulation of Cu* was confirmed by
the formation of the purple [Cu(biq),]* complex (Ayax =546 nm) upon
the addition of 2,2-biquinoline (biq) (Supplementary Fig. 16)*.
Although the introduction of 2.0 equiv. peroxide oxidant moderately
enhanced the defluorination, a substantial increase in efficiency was
observed only after transferring the system to aerobic conditions
(Supplementary Fig. 15). Sustained regeneration of Cu*" is thus essen-
tial to maintain the photoreaction, supporting the electron transfer
from PFOA to Cu? and subsequently proposed mechanism (Fig. 4,
complete defluorination of 1.0 equiv. of PFOA required 7.0-14.0 equiv.

of Cu®).
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Fig. 3 | Analysis of the photoexcited LMCT process and PFOA degradation.

a Absorption spectra of various solutions ([Cu?']: [PFOA]: [NaOH] = 2:1:1, [PFOA] =
(0.5 mmol/L)). b Job’s method for deprotonated PFOA and Cu?* salt. Solid lines
represent the best fit. View of the molecular structure of the (c) 2:1 and (d)

1:1 stoichiometric complexes (carbon, gray; oxygen, red; copper, orange; and
nitrogen, blue). e In situ FTIR analysis of CO, evolution and C-F signal reduction
during the reaction. f Concentrations of intermediates and (g) F mass balance over
time. Error bars represent standard deviation.
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Fig. 5 | Potential energy surface for PFOA degradation. Calculated potential energy profile showing the relative energies of intermediates and transition states along the

degradation pathway.

Using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin-trapping
agent, electron spin resonance (ESR) spectroscopy provided compel-
ling evidence for the involvement of O, in the reaction. In the presence
of Cu*" and deprotonated PFOA, a distinct DMPO-Superoxide radical
(O,*7) adduct signal was detected in the system (Supplementary
Fig. 17a), which was absent in the control system containing only Cu®".
These results provide direct evidence for the involvement of O,: fol-
lowing the LMCT process, Cu** species can be regeneration through
the oxidation of Cu® by O, (Ecyan/cuay=—1.54V vs SCE; Eox=+0.33V
for 0,)", as described in Eq. 15,

Mechanisms of photochemical degradation of PFOA

The photoexcited LMCT process can generate perfluoroalkyl carboxyl
radicals®’, which subsequently lead to the release of CO,, as confirmed
by in situ FTIR spectroscopy (Fig. 3e). A continuous increase in the CO,
signal at 2343 cm™ was observed during the course of the reaction®.
Meanwhile, the characteristic C = O band at 1650 cm™ remained largely
unchanged*’, while the C-F stretching signals (1000-1300 cm™) gra-
dually diminished after 9 min of irradiation®. This spectral evolution is
consistent with a chain-shortening mechanism involving the sequen-
tial removal of the CF, unit and the formation of short-chain carboxylic
acids, as previously documented in the literature®.

As described above, the presence of O,+~ was confirmed by ESR
spectroscopy in our reaction system. We also investigated the poten-
tial involvement of other reactive oxygen species (ROS) in the
defluorination of perfluoroalkyl carboxyl radicals, particularly HO- and
singlet oxygen (*0,). Notably, no signal corresponding to TEMP -'0,
was observed (Supplementary Fig. 17c). A weak DMPO — HO- signal was
detected in the presence of Cu?* alone (Supplementary Fig. 17b), which
likely originated from the photochemical LMCT process between
coordinated water molecules and Cu?* under light irradiation®*>
(Eq. 2). In contrast, a markedly stronger DMPO - HO- signal was
observed in the system containing both Cu** and deprotonated PFOA,
suggesting that O,»~ may be converted to HO-, as supported by pre-
vious literature (Eqs. 3, 4)**. A number of studies have demonstrated
that although O,+™ and HO- cannot initiate PFOA degradation, they can
facilitate specific steps in the degradation process, such as the
hydroxylation during chain-shortening® . Given their comparable
auxiliary roles, the higher oxidative potential of HO-, and the technical
challenges associated with effectively quenching O,+™ in MeCN, our
investigation primarily focused on the involvement of HO-. The addi-
tion of tert-butanol (‘BuOH) and MeOH, both known HO- scavengers
(kpjo.=3.8-7.6 x10° and 9.7 x 108 M s}, respectively)®, caused only a
slight decrease in the defluorination efficiency (Supplementary
Fig. 18), indicating that HO- plays a minor promotional role and is not

the dominant factor responsible for PFOA defluorination in this reac-
tion system.

Cu* +0, — Cu?* +0,~ @
Cu?*" +H,0 — Cu* +HOe +H" 2)
20,."+2H" - H,0,+0, 3)
Cu* +H,0, — Cu** +OH™ +HOe “)

Degradation intermediates of PFOA were identified. Ultrahigh-
performance liquid chromatography (UPLC) coupled with high-
resolution Orbitrap mass spectrometry (HRMS) was used for sus-
pected screening. In addition to the chain-shortening products (short-
chain PFCA), no other possible fluorinated byproducts, such as H/F
exchange products (for example, C;F,,HCOO™ and C,F;3H,COO"), were
detected (Supplementary Fig. 19). Target analysis of PFCA, including
PFOA, perfluoroheptanoic acid (PFHpA, C7), perfluorooctanoic acid
(PFHXA, C6), perfluoropentanoic acid (PFPeA, C5), perfluorobutanoic
acid (PFBA, C4), perfluoropropanoic acid (PFPrA, C3), and TFA (C2),
was quantified via HPLC-MS/MS (Supplementary Fig. 2b).

As the reaction time increased, the concentrations of PFCA
(C2-C7) initially increased but then decreased, with nearly all PFCA
disappearing within 300 min (Fig. 3f, Supplementary Fig. 2b). The
fluorine mass balance*® showed that HF was the primary product of
PFOA degradation, which steadily increased over time. Short-chain
PFCA concentrations peaked at 60 min (51%), before declining. As the
irradiation time increased, the fluorine mass was close to 100% and
remained stable, confirming that all degradation intermediates and
products (HF) of PFOA were accounted for (Fig. 3g)%°.

The mechanism of PFOA chain-shortening photochemical degra-
dation was proposed based on the detected degradation inter-
mediates and DFT calculations (Fig. 4a). According to previous studies,
the formation of C,;F;sCOO« marked the initial step in PFOA
degradation'®?”!, Under basic conditions, PFOA predominantly exis-
ted as an anion with an electron removal energy of 138.73 kcal/mol
(Fig. 5, Supplementary Table 2, step I), making its degradation difficult
without Cu?. In contrast, through photoexcited LMCT of Cu* per-
fluorocarboxylate, C;F;sCOO” could lose an electron to form
C,F15COO- with a favorable change in Gibbs free energy between the
byproduct and reactant (AG) of —85.63 kcal/mol, which was also sig-
nificantly lower than that for the reaction with HO (Fig. 5,
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Fig. 6 | Analysis of LMCT photochemical degradation of C2-C9 PFCA and PFECA.
a Concentration and (b) defluorination rate changes of C2-C9 PFCA over time.
c Relationship between the PFCA chain length and excited energy level.

d Concentration and defluorination rate changes of GenX. e HPLC-MS/MS chro-
matograms of GenX degradation. f Concentration and defluorination rate changes
of three additional PFECA. Error bars represent standard deviation.

Supplementary Table 2, step ). This radical subsequently underwent
decarboxylation to generate C,Fse with a transition state (TS) energy
barrier AG* of only 2.53 kcal/mol, indicating that the reaction occurred
easily (Fig. 5, Supplementary Table 2, step I). Given the well-known
strong oxidizing ability of Cu** toward carbon-centered radicals, the
resulting C,Fyse radical was likely oxidized by Cu?* to form a cationic
species (AG =-75.48 kcal/mol). This cationic intermediate then reac-
ted with OH™ to produce C;F;sOH (AG =-88.62 kcal/mol) (Fig. 5, Sup-
plementary Table 2, step Il). A direct reaction between C;F;s* and HO-
was also plausible, as it resulted in a highly negative AG (-94.31kcal/
mol) (Fig. 5, Supplementary Table 2, step Il). Both pathways are plau-
sible for this system. The Cu* generated in steps | and Il could be
reoxidized to Cu* by O,, concurrently producing O,+~, which led to the
formation of HO- by Egs. 3, 4. C;F;sOH subsequently eliminated HF to
form C4F;3COF. Although this elimination reaction exhibited a high
energy barrier (AG*=42.12 kcal/mol) under standard conditions, the
barrier decreased to 7.85kcal/mol in the presence of two water
molecules, enhancing the feasibility of this reaction (Fig. 5, Supple-
mentary Table 2, step Il1)°2. C¢F;3COF was attacked by OH™ to form
CeF13FCOOH", with the AG of —56.28 kcal/mol. This intermediate then
underwent an additional low-barrier HF elimination step
(AG*=6.87 kcal/mol) to yield C¢F13CO0", which has one fewer carbon
atom than PFOA (Fig. 5, Supplementary Table 2, step V). Degradation
of C¢F13CO0O™ occurred through similar chain-shortening and defluor-
ination steps, ultimately converting PFOA into CO, and HF.

LMCT photochemical degradation of other PFAS

To assess whether similar degradation occurred in other PFAS systems,
we first conducted photochemical degradation experiments on addi-
tional C2-C9 PFCA. As shown in Fig. 6a, b, both degradation and
defluorination rates progressively declined with increasing PFCA chain
length. TFA (C2), the most abundant PFAS in the environment and a
terminal degradation product of many PFAS®, exhibited the fastest
kinetics, reaching >99% degradation and defluorination within 60 min
and complete removal by 120 min. In contrast, perfluorononanoic acid

(PFNA, C9) displayed the slowest reactivity. Notably, C4 and C6 PFCA,
which are increasingly employed as alternatives to PFOA®, achieved
degradation and defluorination efficiencies exceeding 99% and 98%,
respectively, within 180 min. These findings contrast with prior studies
reporting greater stability and lower reactivity of short-chain
PFCA®%%7, Most of these earlier works investigated PFCA degrada-
tion through strong oxidative or reductive processes, in which the
inherent chemical stability of short-chain PFCA limited their suscept-
ibility to bond cleavage. In this system, however, the degradation is
initiated by the LMCT pathway. Coordination with Cu?®* yielded similar
excited-state energies across chain lengths (Fig. 6c, Supplementary
Table 3), resulting in comparable electron loss rates. This indicates that
the initial step of degradation—electron loss from PFCA triggered by
LMCT—proceeds at a similar rate regardless of chain length. However,
during the degradation process, longer-chain PFCA were converted
into shorter-chain PFCA, which remained reactive, thereby slowing the
overall degradation and defluorination of the parent PFCA. As a con-
sequence, long-chain PFCA exhibit overall slower degradation and
defluorination rates compared to their short-chain counterparts.
Photodegradation experiments were also conducted on per-
fluoroalkyl ether carboxylic acids (PFECA), representing another major
class of PFAS contaminants. GenX, a six-carbon PFECA formed by the
dimerization of two hexafluoropropylene oxide (HFPO) molecules
(structural formula in Supplementary Table 6), is a substitute for PFOA
that exhibits comparable or even higher toxicity and bioaccumulation
compared to PFOA®, As shown in Fig. 6d, GenX exhibited >99%
degradation and defluorination rates within 180 min in this system.
Targeted analysis of possible degradation products was performed,
identifying TFA and PFPrA as intermediates (Fig. 6e, Supplementary
Fig. 20). The concentrations of these intermediates initially increased
and then decreased as GenX degraded. Unlike PFOA, the literature
concerning the photooxidation degradation pathway of GenX is
limited®. It has been reported that GenX degrades poorly in a UV/
persulfate system, likely due to the CF; group at the a-carbon acting as
a barrier to prevent cleavage by SO, or HO- at the carboxyl group’.
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Instead of relying on radical attack, we exploited its reaction char-
acteristics (Fig. 4b). In the presence of Cu*, GenX first lost an electron
through the LMCT process, with a favorable AG of -85.07 kcal/mol,
followed by decarboxylation to generate CsF;OCF(CF3)*
(AG*=2.76 kcal/mol) (Supplementary Fig. 21, Supplementary Table 4).
Owing to the ether oxygen replacing the y-carbon, the generated
radical could directly cleave the C - O bond, producing CF;COF and
CsF5e, with a calculated AG* of 13.08 kcal/mol (Supplementary Table 4,
Path A)**”'. These two species could then follow the defluorination
pathway described for PFOA to form TFA and PFPrA. Alternatively,
C5F,0CF(CF3)- reacted similarly to a perfluoroalkyl radical, forming a
perfluoroalkyl alcohol (C3F;OCF(CF3;)OH), which then lost hydrogen
fluoride to generate a perfluoroalkyl ester (CsF;OC(CF3)OF). Through
hydrolysis, the ester continued to defluorinate via the PFOA reaction
pathway (Supplementary Table 4, Path B)*”2,

Other PFECA also exhibited efficient degradation (Fig. 6f),
including perfluoro(4-methoxybutanoic) acid (PFMOBA), perfluoro-
2,5-dimethyl-3,6-dioxaheptanoic acid (HFPO-TA(C7)), and perfluoro-
2,5-dimethyl-3,6-dioxaoctanoic acid (HFPO-TA(C8)). As a representa-
tive linear monoether-PFECA”, PFMOBA exhibited a degradation effi-
ciency comparable to that of PFPeA with the same carbon chain length.
Targeted HPLC-MS/MS screening revealed that the degradation of
PFMOBA did not produce short-chain PFCA such as TFA or PFPrA
(Supplementary Fig. 22). Based on these observations, we propose that
PFMOBA degradation proceeds through progressive CF, unit removal
near the carboxyl group, leading to the formation of
CF;-0-CF,COOH. Subsequent LMCT-induced decarboxylation
generates CF; — O — CF,e radical, which follows parallel A/B pathways
similar to those proposed for GenX degradation, ultimately producing
CF50H and COF, that can rapidly hydrolyze.

For the diether-PFECA, HFPO-TA(C7) and HFPO-TA(C8) were
first identified and reported by Yao et al. ”* in 2022 in the High-Tech
Fluorochemical Industrial Zone of Changshu (China), with their
concentrations showing significant increases from 2016 to 2021.
Notably, HFPO-TA(C7) was detected at an exceptionally high con-
centration (0.447 mg/L) in wastewater treatment plant effluents,
accounting for 82% of the total PFAS load, likely indicating its
application as a substitute for PFOA in fluoropolymer
manufacturing’. In this current study, both HFPO-TA(C7) and HFPO-
TA(C8) exhibited comparable overall degradation efficiencies. In the
initial stage, their degradation followed pathways analogous to those
proposed for GenX, and subsequently proceeded through linear

monoether-PFECA degradation routes similar to PFMOBA. Targeted
HPLC-MS/MS analysis detected only TFA as an intermediate (Sup-
plementary Fig. 22). Importantly, due to the presence of a methyl
group rather than an ethyl group at the ether linkage distal to the
carboxyl group, HFPO-TA(C7) generated fewer TFA intermediates
during degradation and achieved complete defluorination more
rapidly than HFPO-TA(CS).

Advantages and challenges of the present system

In contrast to recently reported PFOA degradation methods con-
ducted in organic concentrates or diluted aqueous systems, our pho-
tochemical reaction platform achieved rapid and highly efficient
degradation and defluorination (Fig. 7a, Supplementary
Table 5)'¢*-°1677580 Ag discussed in the Introduction section, most
previously reported strategies relying on reactive species-based
pathways were limited by uncontrolled degradation reactions and
suffered from incomplete defluorination and the formation of multiple
fluorinated byproducts. Our system harnessed the intrinsic reactivity
of PFOA to trigger a single-pathway chain-shortening degradation via a
photoinduced LMCT mechanism, ultimately achieving up to 100%
defluorination. Moreover, this strategy exhibited exceptional efficacy
toward short-chain PFCA, as exemplified by its remarkable perfor-
mance in TFA, along with significant advantages in reaction rate and
energy efficiency (Fig. 7b, Supplementary Table 5)2*%°%¢ TFA was
widely regarded as a persistent end-product of PFAS degradation, and
previously reported methods for its decomposition were extremely
limited and inefficient®>®***, Therefore, our system addressed a critical
bottleneck in the remediation of short-chain PFCA, extending the
applicability of photochemical strategies to even the most recalci-
trant PFAS.

Moreover, the reaction proceeded effectively under near-UV to
visible light without requiring elevated temperatures or an inert
atmosphere, offering a practical and adaptable strategy. This feature
was particularly advantageous for the treatment of MeCN-based des-
orption eluates from PFCA-laden adsorbents, where PFCA pre-
dominantly existed in their anionic form (thereby disrupting both
electrostatic and non-electrostatic interactions involved in PFCA
adsorption)®*¢, Building upon this observation, we designed an inte-
grated adsorption-degradation experiment (Supplementary Text 3,
Supplementary Fig. 23a). A total of 50.0L of simulated PFCA-
contaminated water was treated using our previously reported
home-made capture column filled with carbonaceous adsorbents®.
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PFCA was subsequently desorbed using MeCN containing NH,OH,
achieving recovery rates exceeding 98% from the adsorbent (Supple-
mentary Fig. 23b). The resulting eluates were then directly subjected to
photocatalytic degradation after introducing Cu[OTf],, achieving
degradation and defluorination rates exceeding 99% for PFCA within
540 min under the described conditions (Supplementary Fig. 23c).
This approach effectively integrated adsorption enrichment and light-
driven degradation into a single streamlined workflow. Therefore, this
integrated adsorption-degradation workflow illustrates a promising
strategy for translating the mechanistic insights from our study into a
scalable and practical solution for PFAS remediation.

Despite the high efficacy of Cu(OTf), and Cu(BF,), in driving the
photochemical degradation, a key limitation of this method lies in the
use of fluorinated copper salts in homogeneous systems. This raises
concerns regarding the introduction of additional fluorochemicals,
difficulties in metal recovery, and post-reaction effluent management.
To address these challenges, we implemented a straightforward liquid-
liquid extraction protocol for post-reaction separation. Upon com-
pletion of the reaction, 5.0 mL of 1.0 mol/L NaOH aqueous solution was
added to the 20 mL MeCN-based reaction mixture, followed by vig-
orous shaking and phase separation (Supplementary Fig. 24). lon
analysis confirmed that the resulting H,O phase effectively captured all
the [OTf], F, and Cu®. Upon drying the MeCN phase with 3 A mole-
cular sieves, the solvent was directly recyclable and retained its efficacy
in promoting PFOA complete degradation and defluorination within
300 min. To further improve the environmental sustainability and
practical applicability of this strategy, future efforts should prioritize
the development of heterogeneous copper-based systems that retain
the high reactivity of Cu(OTf), and Cu(BF,), while eliminating the need
for fluorinated components. Given that the photoexcited LMCT of Cu?*
perfluorocarboxylate has been established as the key trigger for
defluorination reaction, promising directions include immobilizing
Cu?* centers onto solid supports or designing ligand-engineered fra-
meworks to enable recyclable reaction platforms.

Discussion

This study provides a comprehensive investigation of the near-UV to
visible light-driven photochemical degradation mechanism of PFAS in
the presence of Cu®*. Leveraging the LMCT of Cu* per-
fluorocarboxylate, the described photoexcited degradation mechan-
ism enables energy-efficient permineralization of PFAS under light
excitation, featuring a straightforward system, well-defined inter-
mediate, high fluoride ion recovery, and a singular degradation path-
way. This thorough mechanistic investigation, supported by
experimental data and DFT calculations, revealed that the chain-
shortening degradation reaction was initiated by the LMCT process.
PFCA with different chain lengths and various perfluoroalkyl ether
carboxylic acids exhibited excellent degradation and defluorination
efficiencies in this system. The observed reactivity of perfluoroalkyl
anions underscores their potential for developing targeted degrada-
tion strategies for various PFAS. Understanding the unique chemical
properties and reactivity patterns of PFAS is crucial for designing
effective remediation methods. Furthermore, these insights guide
future research into the degradation pathways of other persistent
organic pollutants and have valuable implications for pollutant
degradation in concentrated nonaqueous phases under near-UV to
visible light. This work provides valuable perspectives for tackling
PFAS contamination and advancing environmental remediation
efforts.

Methods

Chemicals

A full list of chemical reagents is provided in Supplementary Table 6.
Unless otherwise specified, all chemicals were procured from com-
mercial suppliers and were used without further purification.

Photochemical degradation of PFAS
Batch photochemical degradation of PFAS was conducted in a pho-
tochemical reactor equipped with a 365 nm LED lamp and 40.0 mL
quartz tubes (Supplementary Fig. 1). Specifically, 0.2 mmol of the Cu
sources was added to a 10.0 mL MeCN solution containing 0.1 mmol
PFAS, followed by 0.1 mmol (4.0 mg) NaOH. The mixture was exposed
to air, covered with a lid featuring gas exchange holes and stirred
thoroughly in the dark. For reactions under 405, 445, and 500 nm
LEDs, a sealed lid without gas exchange holes was used instead. The
quartz tube was placed 5.0 cm in front of a 365 nm LED light source
and irradiated while being maintained at 21.4 +0.2°C using a fan
cooling system (Supplementary Table 1). The emission spectrum of the
LED is shown in Supplementary Fig 4. The reaction mixture was mag-
netically stirred at 500 rpm. An N, atmosphere was established either
by experimenting with a N, glove box. For the dark control group, the
quartz tube was completely covered with aluminum foil to prevent
light exposure. Aliquots (50.0 uL or 500.0 uL) were withdrawn at pre-
determined time intervals and stored at 4 °C until subsequent analysis.
Each experiment was performed in triplicate to ensure data accuracy.

The dpras and dg- are two key parameters used to evaluate the
extent of PFAS destruction in the system. The dppas refers to the
reduction in the concentration of PFAS molecules in solution over
time, indicating the breakdown of the parent PFAS compound. In
contrast, the di- reflects the extent to which fluorine atoms from both
the parent PFAS and its fluorinated degradation products are con-
verted into inorganic fluoride ions (which would demonstrate C-F
bond cleavage). This parameter assesses the overall efficiency of
fluorine removal from the system, rather than merely the dis-
appearance of the parent PFAS compound.

The dpeas was calculated by Eq. 5:

dppas =(Co_Cp)/Co S

where C; is the measured PFAS concentration (mol/L) attime ¢, Cy is the
initial PFAS concentration (mol/L), ¢ is time (min).
The dg- was calculated by Eq. 6:

dp_=Cg_/(Coxn) (6)

where G- was the concentration of fluoride ion (mol/L); Co was the
initial concentration of PFAS (mol/L); and n corresponded to the
number of fluorine atoms in one PFAS molecule.

Analytical methods

Target analysis and quantification of PFAS were performed using HPLC
(Agilent Technologies 1260 series, U.S.) coupled with MS/MS (Agilent
6460 Triple Quad system, U.S.). The degradation intermediates of
PFOA and GenX were identified using UPLC (Ultimate 3000 Series,
Thermo Fisher Scientific, Bremen, Germany) coupled with HRMS
(Thermo Fisher Scientific, Bremen, Germany), and their detailed
operation conditions and procedures are described in Supplementary
Text 1. The ESR signal detection and spectroscopic analyses are
described in detail in Supplementary Text 1. The concentration of F
was determined using an ion-selective electrode connected to an
HQ30D portable multimeter (HACH, U.S.). The detection limit for F~
was 0.01 mg/L. The F~ concentration was further verified by ion chro-
matography using a Thermo Scientific ICS5000+ system.

Computational methods

Theoretical calculations were performed using DFT with the Gaussian
16 C.01 software package. The structures of the studied PFAS mole-
cules were fully optimized using the B3LYP functional with the DFT-
D3B] dispersion correction. The molecular excitation transitions were
analyzed by the natural transition orbital (NTO) method using the
Multiwfn program. The NTO method simplifies complex excitations by

Nature Communications | (2025)16:11628


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66739-z

representing them as pairs of “hole” and “electron” orbitals derived
from the transition density matrix. This approach provides intuitive
visualization of electronic transitions and facilitates the interpretation
of excited states. Details are provided in Supplementary Text 2. Car-
tesian coordinates of optimized structures are provided in the Source
Data file.

Data availability

The data supporting the findings of the study are included in the main
text and supplementary information files. Source data are provided
with this paper. Extra data are available from the corresponding author
upon request. Source data are provided with this paper.
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