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INTRODUCTION
As a class of emerging contaminants of global concern, per- and polyfluoroalkyl sub-

stances (PFAS) are characterized by their exceptional persistence against environ-

mental and biological degradation, leading to their designation as “forever chem-

icals”
[1,2]

. They have been widely utilized in extensive applications across various

industries such as synthetic surfactants, flame retardants, and protective coatings
[3-5]

.

In April 2024, the U.S. Environmental Protection Agency (EPA) issued new regula-

tions establishing a maximum allowable level of 4 ng·L
-1

 for perfluorooctanoic acid

(PFOA) and perfluorooctane sulfonate (PFOS) in drinking water
[6]

.

PFAS comprise over 4,700 synthetic substances with carbon backbones in which

hydrogen is partially or fully replaced by fluorine
[7]

. The C–F bond is the strongest

covalent single bond in organic chemistry, with a bond dissociation energy (BDE), of

up to ~485 kJ/mol, which significantly exceeds those of C–C (~ 330 kJ/mol) and C–H

(~ 410 kJ/mol) bonds
[8,9]

. Physical adsorption is widely used for large-scale PFAS treat-

ment but only transfers PFAS from water to an adsorption phase
[10]

. Eliminating their
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Figure 1. Schematic illustration of the LMCT-mediated degradation pathway of perfluoroalkyl carboxylates. LMCT: Ligand-to-metal charge
transfer; PFAS: per- and polyfluoroalkyl substances.

environmental risks requires chemical degradation

and complete mineralization. Beyond hydrolysis and

high-temperature thermocatalysis, oxidative and

reductive defluorination are the most widely

investigated approaches under milder conditions
[11]

.

Many redox-based techniques such as advanced oxi-

dation processes (AOPs)
[12]

, electrochemical oxida-

tion
[13]

, semiconductor photocatalysis
[14 ,15]

, and

hydrated electron (e
aq

-
)-mediated reduction have

been employed for the degradation of PFAS. In the

oxidation techniques, PFAS is degraded by losing

electrons to sulfate radicals (SO
4

•-
), the electrode or

photocatalyst, or through electrophilic attack of the

reactive oxygen species such as hydroxyl radicals

(•OH)
[16]

. Due to fluorine’s strong electron-withdraw-

ing nature, PFAS forms a robust “electron shield”

that renders oxidative degradation ineffective. While

its lowered lowest unoccupied molecular orbital

(LUMO) energy makes it susceptible to reduction

via high-energy electrons, these reduction methods

suffer from high energy consumption, incomplete

defluorination, and low efficiency for short-chain

PFAS
[17]

. Furthermore, abundant co-existing interfer-

ents in real water matrices further severely inhibit

PFAS degradation.

Cleavage of inert C–C and C–F bonds is funda-

mental to PFAS degradation. This Perspective high-

lights recent advances in enhancing PFAS degrada-

tion by tuning PFAS-catalyst interactions to activate

these bonds. We show that the interaction modes of

PFAS and the catalyst, such as the metal coordina-

tion of the polar head groups
[18]

, F-site interactions
[19]

and hol ist ic intercalat ion of PFAS
[ 2 0 ]

, would

markedly determine the cleavage of C–C and C–F

bonds. Besides activating the bond cleavage, the

interaction mode of PFAS with a catalyst would also

largely influence enrichment and enhance the selec-

tive degradation of PFAS from the water matrices.

CRITICAL ROLE OF METAL COORDINATION
OF PFAS POLAR HEAD GROUPS
PFAS polar head groups, especially carboxylates (-

COO
-
), can coordinate with high-valent metal

centers. Under suitable irradiation, the resulting

complexes undergo ligand-to-metal charge transfer

(LMCT) [Figure 1], generating a reduced metal

center and an oxidized PFAS ligand. Subsequent

Kolbe-type decarboxylation cleaves the C–C bond

and initiates PFAS oxidative degradation.

For example, Guo et al. have successfully triggered a

highly efficient degradation process under mild

near-ultraviolet (UV) to visible light irradiation by
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Figure 2. (A) Photoexcited LMCT decarboxylation pathway for radical generation via Cu2+ activation[18]. Figure 2A is reproduced under the
CC BY-NC-ND license; (B) Proposed dual-site activation of PFOA through Ti–O and Bi–F interaction[22]. Figure 2B is reproduced under the
CC BY4.0 license. LMCT: Ligand-to-metal charge transfer.

specifically leveraging the complexation between

Cu
2+

 and perfluoroalkyl anions
[18]

 [Figure 2A]. In this

system, near-complete mineralization was achieved,

with intermediates of various perf luoroalkyl

carboxylic acid (PFCA) chain lengths and ether

carboxylic acids. The deep defluorination was

attributed to the increasing degradation rates of

perfluoroalkyl acids with decreasing chain length in

the PFAS/Cu
2+

 system, together with the rapid degra-

dation and defluorination of trifluoroacetic acid.

This observation is remarkable because the intrinsic

stability of perfluoroalkyl acids generally increases as

their chain length decreases. Notably, this coordina-

tion-based strategy was also effective for GenX, an

emerging ether-based alternative to legacy PFAS.

Under the same LMCT-driven reaction conditions,

GenX also underwent near-complete degradation

and defluorination within 180 min, demonstrating

the potential of terminal carboxylate coordination

for activating alternative perfluoroalkyl ether

carboxylic acids. While investigating the photochem-

ical degradation of PFAS in the presence of Fe
3+

,

Chen et al.
[21]

 observed an “excessive defluorination”

process, besides the LMCT reaction pathway. They

attributed this process to hydrolysis occurring in par-

allel with the LMCT reaction, due to the formation

of [PFOA-Fe]
2+

. By time-dependent density function-

al theory (TDDFT), they showed that the coordina-

tion induces remarkable electron density perturba-

tion within the complex, fundamentally diminishing

the robust electron shielding effect along the perfluo-

rinated carbon chain. Consequently, the dissociation

energy of internal C–C bonds can be dramatically

reduced by up to 53%, rendering the fluorinated

backbone highly susceptible to scission in the hydrol-

ysis reaction.

In addition to promoting direct C–C cleavage, coord-

ination-mediated LMCT-like processes can facilitate

PFAS activation through interfacial e lectron

transfer. Bai et al. reported coordinatively unsaturat-

ed Ti sites bind the carboxylate group of PFOA

through Ti-O coordination
[22]

. The resulting surface

complex anchors PFOA and draws electron density

from the carboxylate group toward the electron-de-

ficient Ti center, making PFOA more susceptible to

decarboxylation. This process contributes to

efficient degradation at an ultralow catalyst loading

[Figure 2B]. In addition to Cu, Fe, and Ti, the head-

-group coordination effect has also been applied to

other metal-based systems for PFAS remediation

(e.g., Co
[23]

, Pd
[24]

, and Ce
[25,26]

).

It should be pointed out that this coordination inter-

action usually occurs between the carboxylic acids

and the metal centers. Therefore, it is mainly applica-

ble to perfluorocarboxylic acids [e.g., PFOA
[18]

,

perfluorohexanoic acid (PFHxA)
[27]

]. For PFAS bear-

ing sulfonic acid groups or lacking anionic groups,

which coordinate weakly with metals, the applicabil-

ity of the LMCT pathway remains relatively limited.

LOCALIZED C–F BOND ACTIVATION BY F-
SITE INTERACTIONS
Beyond carboxylate groups, the abundant F atoms

within PFAS molecules themselves can also serve as

interaction sites and influence the defluorination

reaction.
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Metal-fluorine (M-F) coordination uses Lewis acid-

base interactions to withdraw electron density from

specific F atoms, elongating C–F bonds and reducing

localized bond dissociation energies (BDEs)
[28]

. For

instance, it is reported that, in Ti- and Bi-bearing

bimetallic coordination polymers, coordinatively

unsaturated Bi sites induce strong Bi–F bond

complexation, which physically elongates the adja-

cent C–F bond from 1.330 to 1.362 Å, disrupting the

stability of the perfluorinated backbone
[22]

. The

Ga
2
O

3
/Bi single-atom catalyst reported by Huang et

al. demonstrates that this activation originates from

deep orbital hybridization between Bi 6p and F 2p

orbitals
[19]

. This robust coordination selectively

decreases the Mayer bond order of localized C–F

bonds, substantially lowering the thermodynamic

energy barrier for subsequent cleavage. This Bi–F

coordination strategy achieved complete PFAS degra-

dation within 8 min of irradiation, accompanied by

a defluorination efficiency of 67.1%. Furthermore,

this M-F affinity principle also governs macroscopic

electrochemical reductive environments. Specif-

ically, in lithium-mediated processes, the extreme

electronegativity difference between Li metal and F

atoms drives rapid electron injection into C–F anti-

bonding orbitals, cleaving the bonds to form thermo-

dynamically stable Li–F
[29]

. Consequently, M-F coord-

ination acts as a critical thermodynamic and kinetic

lever that transforms random, non-selective attacks

into precision defluorination by penetrating the

electron shield, inducing localized bond distortion.

Despite its effectiveness, the lithium-mediated reduc-

tion system requires large volumes of organic sol-

vents, creating secondary pollution risks and making

it impractical for direct PFAS remediation in real-

world waters.

ENHANCING PFAS SELECTIVITY THROUGH
HOLISTIC MOLECULAR CAPTURE
Compared to targeted anchoring limited to the

carboxyl terminal group or local activation of a sin-

gle C–F bond, overall recognition of the entire molec-

ular chain is gradually becoming the key to overcom-

ing degradation bottlenecks
[30,31]

. Previous studies

have confirmed that precise capture of the entire

perfluorinated chain can be achieved by utilizing the

inclusion complexation of macrocycl ic host

molecules such as cyclodextrins. This mechanism

has already demonstrated extremely high specificity

in environmental sensing and detection
[32-34]

.

This fundamental recognition logic is currently

being introduced into the field of catalytic degrada-

tion. Molecular imprinting technology constructs

surface recognition cavities that match the three-di-

mensional structure of the target molecule, which

enables the overall anchoring of the perfluorinated

molecules
[35]

. Taking recent photoelectrocatalytic

research as an example, functionalizing a titanium

dioxide photoanode with highly exposed (201) facets

via molecular imprinting successfully converted the

adsorption configuration of PFOA on the catalyst

surface
[20]

. It forced a shift from the traditional

carboxylate monodentate adsorption to a preferen-

tial adsorption along the perfluoroalkyl backbone.

This transformation in adsorption configuration

directly causes an enhancement in efficiency. Specif-

ic backbone anchoring promotes mass transfer of tar-

get molecules on the catalyst surface and signif-

icantly lowers the energy barrier for the decarboxyla-

tion reaction, which is the rate-determining step.

Consequently, the utilization efficiency of photogen-

erated holes increased substantially from 9.6% to

39.3%, accompanied by a significant reduction in the

accumulation of short-chain intermediates.

Beyond M-F coordination, non-metal fluorine inter-

actions, particularly F-F interactions, provide

another route for PFAS recognition. Fluorinated met-

al-organic frameworks (MOFs) have been used for

highly selective PFAS sensing
[36,37]

. These interactions

arise from the “fluorous effect”: fluorine’s high

electronegativity and low polarizability make perfluo-

rinated chains both hydrophobic and lipophobic,

driving “like-seeks-like” aggregation that lowers the

system’s free energy
[10]

. This effect could guide the

design of catalysts that combine selective PFAS

recognition with deep mineralization.

Although highly selective for PFAS, molecularly

imprinted polymers and fluorous-affinity materials

face synthesis, cost, and environmental barriers.

Future research should develop scalable, green syn-

thetic routes and robust, reusable interfaces with less

reliance on persistent fluorinated precursors, which

is vital for translating these systems from lab con-

cepts to practical remediation.

SUMMARY AND PERSPECTIVE
In summary, complete PFAS mineralization requires

a shift from nonselective attack to precision degrada-
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tion through coordination and recognition. Ter-

minal-group complexation modulates local electron

density and initiates charge transfer. Targeted fluo-

rine interactions weaken selected C–F bonds by pene-

trating the electron shield of the perfluorinated

backbone. Finally, molecular imprinting promotes

whole-backbone recognition, overcoming mass-

-transfer limitations at trace concentrations by

enriching PFAS within catalytic microenvironments.

Together, these local-to-global strategies provide a

framework for overcoming PFAS chemical inert-

ness. Moreover, these three interaction-engineering

strategies are not limited to legacy PFAS but also

show potential for emerging PFAS, including GenX,

PFHxA, and 6:2 fluorotelomer sulfonate (6:2 FTS).

Although these mechanisms show substantial poten-

tial at both the fundamental and laboratory scales,

translating them into real-world aquatic remediation

remains a formidable challenge. Future research on

PFAS degradation should prioritize the following

three critical dimensions:

Catalyst durability and practical applicability in
real water matrices

The practical application of PFAS degradation cat-

alysts requires improved stability, reusability, and

performance in realistic water matrices. Most

current studies remain limited to short-term tests,

typically involving only a few reuse cycles or several

hours of operation, which are insufficient to demons-

trate long-term durability. Future work should evalu-

ate continuous operation, catalyst structural evolu-

tion, and metal leaching in the presence of coexist-

ing ions and natural organic matter. These efforts

are essential to assess the environmental safety, scala-

bility, and real-world feasibility of PFAS treatment

technologies.

Tracking intermediates and fluorine mass
balance

Comprehensive fluorine mass balance is essential for

evaluating PFAS degradation, yet non-standardized

protocols hinder reproducibility. Harmonized

workflows should combine validated fluoride

quantification [e.g., Ion chromatography (IC) with

matrix-matched calibration, blanks, and recovery

tests] targeted l iquid chromatography-mass

spectrometry (LC-MS) for known PFAS and short-

-chain perfluoroalkyl acids (PFAAs), and liquid

chromatography-high-resolution mass spectrometry

(LC-HRMS) for suspect/non-target screening of

transformation products. Where concentrations per-

mit, quantitative fluorine-19 nuclear magnetic reso-

nance spectroscopy (
19

F NMR) can complement

organofluorine and fluorine-recovery analyses.

Reporting detection limits, recoveries, sampling pro-

cedures, and mass-balance calculations is crucial for

comparable defluorination assessment.

AI-assisted design of integrated adsorption-
degradation systems

AI-assisted screening can accelerate integrated

adsorption-degradation system design for PFAS

remediation. Machine learning and high-throughput

calculations can identify materials that combine

strong PFAS binding with favorable charge-transfer

properties, C-F activation barriers, stability, and

resistance to metal leaching. By enriching PFAS near

active sites, these systems may overcome mass-

-transfer limitations at environmentally relevant con-

centrations and enable in situ degradation. AI-guid-

ed designs should be validated in realistic water

matrices under long-term operation, with attention

to regeneration, competing ions, desorption, and

secondary release.
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