Open Access Article. Published on 02 July 2025. Downloaded on 6/10/2026 5:56:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 13564

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

and Jae-Hoon Hwang*?

Samaneh Yaghoobian,® Manuel A. Ramirez-Ubillus,® Lei Zhai

I ROYAL SOCIETY
PPN OF CHEMISTRY

A perspective of emerging trends in integrated
PFAS detection and remediation technologies with
data driven approachest

*b

Per- and polyfluoroalkyl substances (PFAS) are highly persistent synthetic chemicals that pose severe
environmental and health risks, prompting increasingly stringent regulations. The recent crises caused by
PFAS contamination underscore the urgent need for rapid, sensitive, and on-site monitoring, along with

effective removal and degradation from water sources. To address these challenges, a key future

direction involves

integrating detection with

remediation, shifting from a singular focus to

a comprehensive approach that facilitates both monitoring and elimination. This integration enhances

cost-effectiveness,

real-time process control, and treatment efficiency, ensuring proactive PFAS

mitigation. Additionally, artificial intelligence (Al) and machine learning (ML) are emerging as powerful
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data-driven tools for optimizing detection sensitivity and treatment performance, offering new

opportunities for improving integrated PFAS management systems. This perspective critically evaluates
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1 Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of
synthetic chemicals widely used in industrial and consumer
applications since the 1940s. Their unique chemical properties,
particularly their hydrophobic and lipophobic nature, have led
to their extensive use in products such as non-stick cookware,
water-resistant textiles, food packaging, and firefighting foams.
However, their remarkable stability and resistance to environ-
mental degradation have resulted in widespread contamination
of water, soil, and air. The persistence of PFAS in the environ-
ment, combined with their bioaccumulative nature, has raised
significant concerns regarding their impact on human health
and ecosystems. Chronic exposure to PFAS has been linked to
adverse health outcomes, including thyroid disorders, liver
damage, immune suppression, developmental toxicity, and
certain cancers. Among PFAS compounds, perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonic acid (PFOS) are the
most extensively studied and are widely recognized as critical
threats to environmental and public health.”* Recent studies
have identified harmful health effects associated with PFAS
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the advancements, challenges, and future potential of integrated detection—remediation strategies for
scalable PFAS management in water systems.

precursors, such as fluorotelomer alcohols (FTOHs) and poly-
fluoroalkyl phosphoric acids (PAPs), which convert into per-
fluoroalkyl carboxylic acids (PFCAs).> Humans are exposed to
these compounds through inhalation and ingestion. Indoor air
and dust, particularly air conditioning filter dust,® have been
identified as significant sources of PFAS exposure,” with
detectable levels of PFOA, PFOS, and short-chain PFAS. Volatile
organic compounds (VOCs) exacerbate this issue by increasing
indoor FTOH levels. Additionally, polyfluoroalkyl phosphates in
wastewater sludge contribute to FTOH formation, further
elevating the risk of exposure via water consumption.® These
findings underscore the urgent need for improved treatment
methods and regulatory measures to manage emerging PFAS
compounds. Regulatory agencies have responded by setting
stringent limits on PFAS concentrations in drinking water, such
as the recent U.S. Environmental Protection Agency (EPA)
maximum contaminant levels (MCLs) of 4 parts per trillion (ppt)
for PFOA and PFOS, with additional limits on other PFAS
compounds.®*’

Current regulations require effectively detecting and miti-
gating PFAS contamination that remains a major challenge. The
detection of PFAS needs high sensitivity and selectivity at trace
concentrations. Traditional analytical techniques, such as
liquid chromatography-tandem mass spectrometry (LC-MS/
MS), are highly accurate but expensive, time-consuming, and
impractical for real-time monitoring."* Alternative detection
strategies, including electrochemical sensors, fluorescence-
based methods, etc., offer promising advantages in terms of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cost-effectiveness, portability, and real-time capabilities, yet
require further in detection limits and
robustness.>*?

The PFAS can be removed through non-destructive and
destructive approaches. Non-destructive methods include
physical adsorption using activated carbon, ion exchange
resins,” and filtration (e.g. microfiltration, ultrafiltration,
nanofiltration and reverse osmosis)."* These techniques
primarily serve as separation techniques rather than complete
degradation solutions, resulting in secondary waste disposal
challenges. Destructive approaches include incineration, ultra-
sonication, plasma-based oxidation, advanced oxidation
processes (AOPs), and oxidative sulfur species.****” Complete
PFOA mineralization has also been reported,>'® achieving 100%
defluorination using oxidative species such as persulfate,
hydroxyl radicals, and aprotic solvents. However, adding extra
chemicals to an aquatic ecosystem cannot meet the goal of
removing PFAS without introducing other chemicals. Further-
more, other parameters such as the cost of chemical trans-
portation and storage, and complex operational processes will
increase the treatment cost.' In addition, traditional PFAS
removal operation relies on periodic lab testing to assess
contamination levels. A combined system with real-time
monitoring allows for immediate adjustments, optimizing the
removal process and preventing breakthrough contamination.
Continuous monitoring ensures that removal technologies only
operate when needed. It prevents overuse or underuse of
treatment materials in the PFAS removal process, extending the
lifespan of the removal system and reducing waste.

Recognizing these challenges, recent efforts have focused on
integrating PFAS detection and remediation into multifunc-
tional platforms capable of both monitoring and removal/
degradation.”* Electrochemically active materials, conjugated
polymers, metal-organic = frameworks (MOFs), and
nanomaterial-based hybrid systems have emerged as potential
candidates for achieving simultaneous PFAS detection and
removal. These integrated approaches not only enhance the
PFAS detection and removal efficiency but also reduce resource
consumption and enable real-time monitoring, providing
a more effective strategy for PFAS management. However,
several limitations, including mass transfer constraints at ultra-
trace concentrations, material stability, and long-term perfor-
mance, must be addressed to transform these technologies
from laboratory-scale research to practical applications.
Furthermore, artificial intelligence (AI) and machine learning
(ML) are playing an increasingly vital role in PFAS monitoring,
recognition, classification, and remediation.””>* Al-driven
models have been employed for predictive analytics, opti-
mizing treatment conditions, and enhancing sensor perfor-
mance. By leveraging real-time data from detection systems, Al
can dynamically adjust remediation processes, improving effi-
ciency and reducing operational costs. Despite these advance-
ments, the full integration of AI into PFAS detection-
remediation frameworks remains largely unexplored and
represents a promising avenue for future research.

This perspective critically examines the current landscape of
PFAS detection and remediation technologies, highlighting

improvements

© 2025 The Author(s). Published by the Royal Society of Chemistry
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recent advancements in integrated solutions. It evaluates the
challenges associated with conventional and emerging
approaches, discusses the role of nanomaterials and electro-
chemical and optical-based strategies, and explores the poten-
tial of Al-driven tools in PFAS management. By addressing the
key scientific and technological gaps, this work aims to provide
insights into the development of more effective, scalable, and
sustainable strategies for tackling PFAS contamination in water
systems.

2 Current PFAS management
technology trends
2.1 PFAS removal technologies

As previously discussed, selecting an appropriate treatment
method depends on factors such as the specific PFAS
compounds present, their concentrations, the characteristics of
the contaminated medium, and economic considerations.
Among existing PFAS removal technologies, electrochemical
treatment offers several advantages. First, it operates using only
electricity and electrodes, reducing the need for added chem-
icals. Its byproducts—harmless salts, gases, and degraded
organic matter—minimize secondary waste production.
Second, electrochemical oxidation can completely degrade
PFAS to non-detectable levels under optimized conditions.
Unlike some other methods, it is effective against both short-
chain and long-chain PFAS. Third, electrochemical systems
can be designed as compact, modular units, making them ideal
for on-site treatment at industrial sites, wastewater facilities,
and contaminated groundwater locations. This reduces the
need for transporting contaminated water or disposing of spent
treatment media. Fourth, electrochemical detection and
removal can be integrated into a single system, enabling real-
time monitoring and remediation for more efficient PFAS
management. Therefore, the discussion of PFAS removal tech-
nologies focuses on electrochemical degradation.

Electrochemical degradation of PFAS involves both oxidation
and hydrolysis and has the potential to achieve complete
degradation to HF and CO, free of external chemicals. For
PFOA, the degradation mechanism comprises the following
steps:

(i) Initially, direct electrooxidation and Kolbe decarboxyl-
ation of the carboxylate group (COO™) generate C,F;s5°
radicals.>**

(ii) Subsequently, as reported in the literature, these radicals
can react with 0,,**° H,0,*® or OH'" radicals (see ESIT), leading to
stepwise cleavage of the C,F,," molecular chain. This reaction
produces CF, units (released as CO, and HF) and shorter
C,_1F2,»" chains. The degradation proceeds via repeated cycles
until complete mineralization of the original PFAS molecule is
achieved. However, the degradation rate and degree of miner-
alization depend on the recalcitrance of the intermediate by-
products. Thus, shorter-chain degradation products may
inhibit the catalytic reaction by increasing the activation energy
required, thereby reducing removal efficiency over time.

Chem. Sci., 2025, 16, 13564-13573 | 13565
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The progress of the electrochemical removal of PFAS has
been nicely reviewed.*** The electrochemical degradation
mechanism of PFAS suggests that PFAS can be removed
completely. As a matter factor, an early study by Gomez-Ruiz
and coworkers achieved the successful removal of up to 99.7%
of PFAS using boron-doped diamond electrodes.** It is impor-
tant to note that efficient generation of radicals is necessary for
the effort. The electro-Fenton process, which applies electrical
potential in an electrochemical cell to generate oxidative species
such as H,0,, is considered a viable option. Conventional AOPs
are less effective for PFAS degradation due to the negligible
reactivity of OH' radicals*> and the absence of hydrogen in
PFAS. However, electrochemical processes can oxidize PFAS on
the anode, generating radicals like C,F,,.;", while in situ
hydrogen peroxide production enhances the degradation rate
through hydroxyl radical formation. For instance, Liu and
coworkers reported a 90% mineralization of PFOA at an initial
concentration of 50 ppm using an electro-Fenton system with
H,0, electro-generated in situ on hierarchically porous
carbon.* These advanced electrochemical methods provide
a promising pathway for overcoming the challenges of PFAS
degradation, offering efficient, scalable solutions that minimize
reliance on external chemicals while effectively addressing the
persistence of PFAS in environmental water sources.

2.2 PFAS detection techniques

The detection of PFAS, even at trace levels, is essential due to the
significant health risk posed by even minimal exposure.** To
address this concern, regulatory agencies such as the U.S.
Environmental Protection Agency (EPA) have implemented
stringent maximum contaminant levels (MCLs) for certain PFAS
compounds in drinking water. These MCLs, such as 4 parts per
trillion (ppt) for PFOA and PFOS, and 10 ppt for per-
fluorononanoic acid (PFNA), perfluorohexane sulfonate
(PFHXxS), and hexafluoropropylene oxide dimer acid (HFPO-DA,
commonly known as GenX Chemicals), require highly sensitive
analytical techniques capable of detecting PFAS at ultra-trace
levels.***** Low PFAS concentration results in limited mass
transfer to electrodes in electrochemical detection methods. To
mitigate this issue, a pre-adsorption step can be beneficial when
operating in the ppt range.

Chromatographic techniques coupled with mass spectrom-
etry (e.g., GC-MS, LC-MS, and HPLC-MS/MS) have remained the
benchmark for PFAS analysis due to their high sensitivity and
accuracy. The EPA-approved Method 537.1 utilizes solid-phase
extraction (SPE) followed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). This approach enables detec-
tion at concentrations as low as 0.71-2.8 ppt which aligns with
current regulatory thresholds. However, while LC-MS/MS is
highly effective, it requires expensive equipment, trained
personnel, and lengthy sample preparation steps, making it less
suitable for routine, large-scale monitoring, or rapid field
assessments.”'>** Consequently, alternative detection strategies
have emerged, including techniques based on optical and
electrochemical principles. These methods offer advantages
such as versatility, high sensitivity, portability, simplicity, cost-
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effectiveness, and real-time monitoring capabilities, making
them promising tools for rapid PFAS detection.®*

Optical detection methods, including fluorescence (“turn-
on” or “turn-off”), colorimetric techniques, surface-enhanced
Raman scattering (SERS), resonance light scattering, and
surface plasmon resonance approach, have gained significant
attention because of high sensitivity, simplicity, and suitability
for on-site and real-time monitoring.>**> Although these
methods show promise for rapid screening, further develop-
ment is necessary to lower their detection limits and expand
their applicability to different PFAS molecules. Many optical
techniques currently have difficulties in reaching the stringent
detection limits required for environmental and regulatory
purposes, such as the EPA's health advisory levels for drinking
water. Moreover, improvement is needed to enhance the
selectivity to differentiate ppt-level PFAS from other interfering
substances with similar functional groups. Therefore, further
advancement in detection sensitivity, specificity, and applica-
bility to various PFAS species is essential.*** Innovations in
nanomaterials, molecular imprinting, and signal integration
across optical modalities offer pathways to meet the require-
ment. For instance, some optical methods have achieved the
detection limit of sub-ppb levels.***> A molecularly imprinted
polymer incorporated with carbon quantum dots (QDs) ach-
ieved the detection limit of 65 parts per quadrillion (ppq) for
PFOS detection.” In addition, lanthanide-doped nanocrystals
combined with covalent organic frameworks attained an
impressive PFOS detection limit of 75 ppq.*® Other approaches,
such as colorimetric and fluorescence bioassays using gold
nanoparticles (AuNPs) and QDs, have reached detection limits
as low as 5, and 2.5 ppt.*”*® Genetically engineered bacterial
biosensors have also been explored, achieving 10 ppt detection
limits for PFOS and PFOA.* SERS-based sensors,* fiber optic
biosensors,* and MIP-based optical fiber sensors® have also
shown high sensitivity, detecting PFAS at sub-ppb levels.
Furthermore, Chen et al.>®* and Harrison and Waters®* have re-
ported optical platforms capable of detecting and discrimi-
nating multiple PFAS molecules, demonstrating advanced
selectivity and multiplexing capabilities.

Electrochemical sensors are increasingly recognized as
robust, cost-effective, highly sensitive, and portable solutions
for PFAS detection. These sensors rely on electron transfer at the
electrode-solution interface, generating an electrical signal that
can be measured and used for analyte quantification through
techniques such as voltammetry, amperometry, potentiometry,
impedimetry, electrochemiluminescence (ECL), and
photochemical-based sensing.>****> However, the electro-
chemical inertness of PFAS presents a significant challenge that
requires the development of advanced strategies to enhance
detection performance.**® To address this challenge, modified
electrodes, and redox mediators have been employed, achieving
detection limits as low as sub-ppb levels in many cases.*»**%
Beyond optical and electrochemical sensors, other techniques
such as high-performance liquid chromatography (HPLC)
combined with optical or electrochemical systems have shown
strong potential for PFAS analysis.®® Furthermore, innovative
non-conventional approaches, such as flow rate analysis,*” and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Application Al-based techniques Key results/performance Ref.
Source identification k-Nearest neighbors algorithm Best performance with DNNs 22
(AFFF vs. non-AFFF) (k-NN), support vector (accuracy = 96.3%)

machines (SVM), RF, deep

neural network (DNN)
Detection and characterization Principal component analysis Distinguishing the Raman spectra of 40 23

(PCA), t-distributed stochastic different PFAS compounds

neighbor embedding (¢-SNE)
Prediction of GenX contamination risk in Bayesian networks High accuracy (AUC = 0.85) 24
private wells by integrating data on land
use, proximity to PFAS sources, and
weather patterns
Prediction of four different short-chain Bayesian networks High predictive accuracy with AUC > 0.96 25
PFAS occurrence in groundwater using
data of potential PFAS sources, soil and
hydrogeologic characteristics, and land
use
Prediction of private wells at risk of PFAS RF classifier Area under the receiver operating characteristics 26
contamination by integrating data on curve (AUROC) scores = 0.74 to 0.86
PFAS sources, geology, hydrology, and
soil properties
Prediction of PFAS concentration in wells Linear and RF regressors RF achieved spearman correlation of 0.64 and 27
by integrating co-contaminant accuracy of 91% (AUC = 0.90)
fingerprints, hydrological and soil
properties, and proximity to
contamination sources
Classification DNN High accuracy 28
Liquid chromatography retention time No-code ML (orange) with High internal validation (R* > 0.98, MAE < 6.5 s); 29
prediction for over 2000 PFAS multi-linear regression, SVM external robustness

(R* > 0.80, MAE ~40 s)
Prediction of PFAS bioactivity RF, DNN Best performance with DNN (average area under 30
the curve (AUC) = 0.916)

C-F bond dissociation energy prediction RF, DNN, ¢-SNE Best performance with DNN 31
and chemical trends categorization (R* = 0.93)
Prediction of PFAS removal via XGBoost High accuracy 32
adsorption
Prediction of PFAS removal in DNN High accuracy (MAE = 27.27) 33

constructed wetlands

thermal detection using molecular imprinting,*® have also
achieved detection limits as low as the sub-ppb range.

A comparative evaluation of current PFAS detection tech-
nologies reveals critical trade-offs among sensitivity, practi-
cality, and applicability. = Chromatographic = methods,
particularly LC-MS/MS, remain the regulatory benchmark due
to their exceptional sensitivity and specificity at ultra-trace
levels. However, these techniques require expensive instru-
mentation, highly trained personnel, and involve labor-
intensive procedures, limiting their suitability for rapid or in-
field monitoring. In contrast, optical sensing technologies
offer advantages including portability, cost-efficiency, and
potential for real-time detection, though challenges persist in
achieving parts-per-trillion detection limits and sufficient
selectivity within complex environmental matrices. Electro-
chemical sensors provide a promising compromise between
sensitivity and affordability and are well-suited for miniatur-
ized, field-deployable platforms; nonetheless, the inherent
electrochemical inertness of PFAS necessitates advanced

© 2025 The Author(s). Published by the Royal Society of Chemistry

surface modification strategies to enhance sensor performance.
Biosensors, incorporating molecularly imprinted polymers or
engineered biological elements, demonstrate improved selec-
tivity but may face stability issues under variable environmental
conditions. The choice of an appropriate detection method
depends on specific requirements such as detection limit,
operational context (laboratory vs. field), infrastructure avail-
ability, and the balance among accuracy, cost, and operational
complexity.

2.3 Al applications for PFAS monitoring and management

Al and ML have emerged as transformative tools in PFAS
management, detection enhancement, predictive modeling,
and remediation strategies. Table 1 summarizes key Al-driven
approaches relevant to PFAS research.

In detection and source identification, ML-based classifica-
tion models have been employed to differentiate between PFAS
contamination sources, achieving over 96% accuracy in dis-
tinguishing aqueous film-forming foam (AFFF) and non-AFFF

Chem. Sci., 2025, 16, 13564-13573 | 13567
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origins.”> Chemometric techniques combined with Raman
spectroscopy have enabled the classification of PFAS structures
based on molecular fingerprints, aiding non-targeted analysis.*
Bayesian networks have been used to predict the contamination
risks and occurrence mapping of GenX,”* and four different
short-chain PFASs.*® Random forest (RF) models have also
predicted PFAS concentrations and contamination risks in wells
with high accuracy by integrating environmental and contami-
nation source data.”®*” Additionally, tools such as PFAS-Atlas
have been developed for PFAS classification and visualization
of chemical space, streamlining structure-property analyses.?
Al models have also optimized liquid chromatography retention
time predictions, minimizing the need for extensive experi-
mental calibration in PFAS quantification.” Furthermore, Al
has shown promise in predictive modeling to assess PFAS
behavior and transformation,*>** and in PFAS removal optimi-
zation. ML techniques, including extreme gradient boosting
(XGBoost), have identified key factors influencing adsorption
efficiency,® while artificial neural networks (ANNs) have
improved PFAS removal predictions in constructed wetlands
compared to traditional isotherm models.** Beyond conven-
tional supervised ML methods, recent advances in transfer
learning and semi-supervised learning have shown strong
potential for PFAS modeling under data-scarce conditions. For
instance, a transfer learning framework employing graph
attention networks (GATs) and a weighted loss function signif-
icantly improved the identification of persistent, bio-
accumulative, mobile, and toxic (PBMT) chemicals, including
PFAS, even with limited and imbalanced datasets.®® In addition,
a semi-supervised metric learning approach was developed to
predict PFAS bioactivity across multiple biological targets,
achieving high classification accuracy and offering interpret-
able structure-activity relationships.” These next-generation Al
models enhance the robustness and generalizability of predic-
tions for environmental occurrence and toxicological effects. As
integrated detection-remediation frameworks evolve, the
incorporation of such advanced AI approaches with real-time
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monitoring and treatment data will be crucial for developing
adaptive and responsive PFAS control systems.

3 Advanced PFAS technologies for
integrated detection—remediation
systems (current approaches,
challenges and gaps)

Integrated approaches for PFAS detection and remediation are
still in the early stages, with limited research exploring multi-
functional platforms that combine fluorescence, adsorption,
and electrochemical methods. Although these preliminary
studies show promise for simultaneous detection and treat-
ment, further advancements in material design, system inte-
gration, and scalability are essential to overcome existing
limitations and enable practical applications. This section
overviews significant advancements, addresses challenges, and
highlights innovative materials and hybrid strategies that can
pave the way for more effective PFAS management.

3.1 Detection and removal of PFOA and PFOS using a two-in-
one platform

A novel multifunctional system (Fig. 1) has been developed to
address the simultaneous detection and removal of PFOA and
PFOS from water. Chen and co-workers have incorporated
a detection module utilizing a signal-amplified conjugated
polymer (PF-DBT-Im) donor-acceptor architecture to enable
hypersensitive and selective ratiometric fluorescence moni-
toring.” Through aggregation-induced Forster resonance
energy transfer (FRET), PF-DBT-Im exhibits a distinct blue-to-
magenta emission color change upon interaction with PFOA
or PFOS under UV light. This mechanism facilitated a precise
detection with limits of 6.12 nM for PFOA and 14.3 nM for
PFOS, overcoming challenges like environmental interference
and emission fluctuation errors. A smartphone-integrated
portable device further facilitated real-time, on-site

PFOA/PFOS (uM)

S A

30 25 20 1S 10 'S

(H ; PF-DBT-Im

© i Fe,0,@NH&Fyy %% 3+ PFOS

I
(=
TR

Detecti
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= AaRe

-

Weak FRET

Fig. 1 Schematic illustration of the two-in-one platform for PFOA/PFOS detection and removal.®

13568 | Chem. Sci,, 2025, 16, 13564-13573

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01624j

Open Access Article. Published on 02 July 2025. Downloaded on 6/10/2026 5:56:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

monitoring, leveraging a simple UV-light chamber and mobile
application for capturing and analyzing emission changes.

For the removal process, surface-functionalized magnetic
nanoparticles (Fe;0,@NH,&F;3) served as smart adsorbents.
Functionalized with amino groups and perfluorinated n-octyl
chains, these nanoparticles exhibited strong electrostatic and
hydrophobic interactions with PFAS molecules, enabling
selective adsorption and rapid magnetic separation. Removal
efficiencies of 95.68% for PFOA and 96.99% for PFOS were
achieved, with the design preventing secondary pollution and
enabling effective pollutant capture using an external magnet.
These removal efficiencies were obtained using authentic
environmental water samples, including tap water, pool water,
and river water from the Weihe River (Xi'an, Shaanxi, China).
The samples underwent pretreatment to reduce matrix inter-
ferences, involving heating and the addition of Ba®>* and Cl~
ions to remove organic solvents and surfactants such as sodium
dodecyl sulfate (SDS) and sodium dodecyl benzene sulfonate
(SDBS). Subsequently, the pretreated samples were spiked with
known concentrations of PFOA and PFOS to assess the system's
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performance under controlled contamination conditions."
Additionally, the dual functionality of PF-DBT-Im supported
real-time monitoring of the adsorption process.

This integrated system represents a significant advancement
in PFAS management by combining ultra-sensitive detection
with efficient remediation. However, the reliance on adsorption
necessitates further treatment of separated PFAS or spent
adsorbents to achieve complete degradation. Future advance-
ments could enhance detection sensitivity to sub-ppb levels and
integrate degradation mechanisms, creating a more compre-
hensive and sustainable solution for PFAS contamination.

3.2 Detection and degradation of PFOA with a bi-functional
electrode

A novel approach has been introduced for the simultaneous
detection and degradation of PFOA in water, utilizing a bi-
functional molecularly imprinted polymer (MIP)-based MOF-
driven carbon nanofiber (Co/Fe@CNF) electrode. This system
integrated highly sensitive electrochemical detection with
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(a) Schematic representation of the MIP Co/Fe@CNF fabrication process, (b) electrochemical detection mechanism of PFOA using MIP

Co/Fe@CNF, (c) probable degradation pathway for PFOA using MIP Co/Fe@CNF.2°
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efficient electro-Fenton (EF) degradation, showcasing a signifi-
cant advancement in PFAS management.”® The electrode
combines Co/Fe alloy-deposited carbon nanofibers, derived
from bimetallic MOF precursors, with a polypyrrole-based MIP
layer.

The fabrication process (Fig. 2a) involved synthesizing Co/Fe
MOFs using a solvothermal method with Fe(acac)s;, Co(NOs),-
-6H,0, and terephthalic acid as precursors. These MOFs were
electrospun with a polyacrylonitrile (PAN)-DMF solution and
carbonized to form Co/Fe@CNF. To impart molecular recogni-
tion, an MIP layer was electropolymerized onto the nanofiber
surface using pyrrole and PFOA as a template molecule, fol-
lowed by template removal. This process created molecularly
imprinted cavities, enabling selective recognition and adsorp-
tion of PFOA through O-H-m hydrogen bonding.

For detection, the MIP Co/Fe@CNF electrode served as an
anode in differential pulse voltammetry (DPV), achieving an
impressive detection limit of 1.073 x 10~° M. The detection
mechanism (Fig. 2b) involved the oxidation of PFOA to
C,F;5CO0" and subsequent reduction. The molecularly
imprinted cavities facilitated the strong adsorption of PFOA at
the electrode surface, significantly enhancing the sensitivity
and selectivity.

In addition to detection, the MIP Co/Fe@CNF electrode was
employed as a cathode in the EF system for PFOA degradation.
The electrode catalyzed the generation of hydrogen peroxide
(H,0,) via the oxygen reduction reaction, which decomposed
into hydroxyl radicals (HO") for effective degradation. Imprinted
cavities on the electrode enhanced the adsorption of PFOA and
its intermediates, reducing the distance between free radicals
and target molecules and increasing degradation efficiency.
Under optimal conditions, the system achieved a remarkable
degradation efficiency of 93% within 180 minutes (Fig. 2c),
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along with an 86.3% reduction in total organic carbon (TOC)
and a 67.5% defluorination rate, indicating substantial
mineralization.

This integrated approach demonstrates excellent stability,
reusability, high sensitivity, and effective degradation, providing
a promising solution for PFOA management. However, chal-
lenges remain in broadening the platform's applicability to other
PFAS compounds, addressing pH dependence, achieving
complete mineralization, and simplifying the fabrication process
for large-scale implementation. Future developments could focus
on overcoming these limitations, enabling a more versatile and
scalable technology for real-world applications.

3.3 Detection and real-time monitoring of photocatalytic
degradation of PFOA using a ratiometric fluorescent probe

An innovative approach for detecting PFOA and monitoring its
photocatalytic degradation in real-time was proposed using
lanthanide-based MOFs (Ln-MOFs) as ratiometric fluorescent
probes.”* Fluorescence sensing methods have proven effective
for PFOA detection, as discussed in Section 2.2. However, the
novelty of this research lies in the development of a fluorescent
probe that can detect both PFOA (reactants) and fluoride ions
(F~, products), enabling real-time monitoring of the catalytic
reaction.

MOF-76 (Tb:Eu = 29:1) was identified as the optimal
ratiometric fluorescent probe due to its distinct fluorescence
properties, which allowed the discrimination between PFOA
and fluoride ions. The probe was synthesized via a solvothermal
method (Fig. 3a), using a specific molar ratio of Tb** and Eu**
precisely tune its fluorescence characteristics. The synthesis
process involved dissolving TbCl;-6H,0 and EuCl;-6H,0 in
a mixture of DMF, ethanol, and water, followed by heating in

80°C 24h ]
; P, i,

p’ 11

DMF/H,0/Z E% SJOL 3 ~JLIL @1
&. ! e ",» ® Eu
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Fig. 3 The conceptual framework for (a) the synthesis of MOF-76 (Tb: Eu = 29 :1) and (b) the ratiometric fluorescence-based monitoring of

PFOA degradation during photocatalysis.?*
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a stainless-steel reactor at 80 °C for 24 hours. The unique
fluorescence mechanism was based on photo-induced electron
transfer (PET) between MOF-76 and PFOA molecules, leading to
fluorescence quenching. As degradation progressed, solvent
water molecules in the MOF pores were replaced by F~ ions,
resulting in fluorescence enhancement. The schematic in
Fig. 3D illustrates the probe's functionality: PFOA quenches the
red fluorescence of Eu*", leaving the dominant green fluores-
cence from Tb*". However, as F~ is released during degradation,
the red fluorescence was restored and enhanced, causing
a visually distinguishable color transition from green to orange-
red. This change directly correlated with degradation progress,
and the G/R fluorescence intensity ratio allowed for quantitative
tracking. A three-dimensional relationship graph of the G/R
ratio, conversion rate, and time enables real-time, naked-eye
visualization of PFOA degradation. This method represents
a significant advancement over conventional techniques, such
as LC-MS, which require extensive pre-treatment and complex
instrumentation.

The photocatalytic degradation process, facilitated by Pt-
TiO, under UV light irradiation, efficiently broke down PFOA
into fluoride ions and short-chain perfluoroalkyl intermediates.
The probe demonstrated detection limits of 0.0127 mM for
PFOA and 0.00746 mM for F~, with recoveries of 99.3-102.7%
(RSD = 2.2-4.4%) for PFOA and 100.7-105.3% (RSD = 3.9-6.8%)
for F~ in real water samples. These results highlight the probe's
practical applicability for dynamic and quantitative monitoring
of catalytic reactions in environmental systems.

The limitation of this system includes a relatively high
detection limit, potential interferences from other anions, and
the need for further optimization to extend its applicability to
a broader range of PFAS compounds. Additionally, while the
system enables efficient real-time tracking of PFOA degrada-
tion, it does not directly contribute to the complete minerali-
zation or removal of PFAS. Therefore, further integration with
remediation technologies, such as photocatalytic degradation
or adsorption processes, is necessary to achieve comprehensive
PFAS elimination.

4 Future directions for integrated
(detection and remediation) solutions
for PFAS management through data-
driven approaches

PFAS contamination in environmental systems varies signifi-
cantly in concentration, composition, and co-contaminants,
requiring adaptable detection and treatment solutions. Nano-
technology has enabled the development of highly sensitive
sensors and efficient degradation materials,” selective PFAS
capture, real-time sensing, and PFAS degradation in an integrated
step. However, challenges such as material recyclability, toxicity
concerns, and the long-term environmental impact of nano-
materials must be thoroughly evaluated before scaling beyond
laboratory conditions. Most nanomaterial-based systems lack
comprehensive life cycle assessments (LCA) to evaluate their
sustainability and stability.”* A promising direction is the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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development of multifunctional nanomaterials capable of
detecting, adsorbing, and degrading PFAS while incorporating
cost-effective, reusable, and environmentally sustainable mate-
rials to improve economic feasibility and long-term safety. Hybrid
nanostructures, such as bimetallic catalysts (e.g., Co/Fe-based
MOFs), plasmonic nanoparticles, and functionalized carbon
nanotubes, can offer high surface area, selective binding sites,
and catalytic activity for electrochemical oxidation and photo-
catalysis. Additionally, bio-based sorbents or MOFs with tunable
porosity should be explored to enhance the sustainability and
cost-effectiveness of detection-remediation systems.

Electrochemical methods hold great potential for enabling
simultaneous PFAS detection and treatment. Electrochemically
active materials, such as nanomaterials, alloys, chalcogenides,
and nitrides, can be incorporated onto electrode surfaces to
facilitate direct or indirect PFAS electrooxidation, correlating
measured current with pollutant concentration.”””® These
systems optimize resources by reducing energy consumption,
chemical usage, and processing time while enabling real-time
monitoring and minimizing by-products. However, key chal-
lenges remain, including achieving a detection limit in the ppt
range, improving sensitivity and selectivity for specific PFAS
compounds, and enhancing degradation efficiency. To address
these challenges, future efforts should focus on developing
advanced electrocatalytic materials with tailored surface prop-
erties and enhanced active sites.

Mass transfer limitations at ultra-trace concentrations, espe-
cially under recently established EPA MCLs, call for more effective
electrochemical and optical techniques. Future research could
prioritize strategies like pre-adsorption steps to enhance PFAS
transport to reactive surfaces. Functionalized adsorbents, such as
amine-modified magnetic nanoparticles or fluorophilic polymer
membranes, can serve as pre-concentration materials to enhance
PFAS accessibility to degradation sites. Moreover, surface modi-
fications of electrode materials using oxygen vacancies, hydroxyl
radicals, or co-catalysts can increase electron transfer rates and
improve degradation efficiency. Hybrid treatment approaches
that combine removal (e.g;, adsorption) with degradative
processes (e.g., electrochemical oxidation and photocatalytic
processes) may also improve the performance of integrated PFAS
detection-remediation systems.

Advancements in data processing technologies such as Al
and machine learning are playing an increasingly vital role in
optimizing PFAS detection and remediation, as discussed in
Section 2.3. However, their application in integrated PFAS
detection and remediation systems remains largely underex-
plored, representing a promising area for future research.
Beyond conventional supervised learning,*>**2%3%3%33 recent
developments in transfer learning and semi-supervised
modeling offer enhanced generalizability and predictive power
under limited labeled data conditions,*>”® which are critical for
addressing complex and evolving PFAS scenarios. To fully
realize the potential of Al in integrated systems, future efforts
should prioritize the development of feedback-driven frame-
works capable of autonomously interpreting real-time sensor
data, evaluating system performance, and dynamically adjust-
ing treatment conditions. Al-enhanced sensors could also
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enable continuous real-time monitoring of PFAS contamina-
tion, thereby reducing reliance on costly and time-intensive
laboratory analysis. Incorporating advanced techniques such
as reinforcement learning or digital twin modeling could
further support intelligent process control that adapts and
improves over time, optimizing performance while minimizing
chemical and energy input. When paired with multifunctional
nanomaterials and real-time electrochemical or optical sensing,
such adaptive Al-based platforms may pave the way toward
highly efficient, scalable, and responsive PFAS management
systems. These innovations have the potential to deliver precise
and adaptable solutions that address the complexities of PFAS
contamination across diverse water systems, thereby bridging
existing gaps in field deployable detection and remediation
technologies and supporting more sustainable and regulation-
compliant PFAS management strategies.

5 Conclusion

PFAS contamination is an intensifying environmental concern
that necessitates the development of integrated detection and
remediation solutions that are both efficient and scalable. This
perspective highlights emerging technologies designed to bridge
current gaps in PFAS management. Despite recent advancements,
significant challenges remain, particularly in scalability, material
recyclability, and regulatory compliance. Future research should
prioritize the development of multifunctional nanomaterials, the
optimization of Al-driven monitoring systems, and the enhance-
ment of treatment efficiency for ultra-low PFAS concentrations.
Moreover, integrating real-time sensing with adaptive remedia-
tion strategies will be crucial for advancing field deployable
solutions. Addressing these challenges will pave the way for next-
generation PFAS management technologies that are sustainable,
cost-effective, and regulatory compliant, ultimately mitigating the
persistent threat of PFAS contamination in environmental and
drinking water sources.
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