
© 2026 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2026, 7, 3101–3146 |  3101

Cite this: Mater. Adv., 2026,

7, 3101

Multifaceted advances in TiO2-based
photocatalysts for PFAS degradation: a
critical review of mechanisms, modifications,
and challenges

Avtar Singh * and Thiagarajan Soundappan

The global persistence of per- and polyfluoroalkyl substances (PFAS), often referred to as ‘‘forever

chemicals,’’ poses significant environmental and human health risks, driving regulatory action and intensified

research into effective remediation strategies. Photocatalysis has emerged as a promising, sustainable

approach for PFAS degradation via light-driven redox processes. Titanium dioxide (TiO2) remains the

benchmark photocatalyst due to its chemical stability, low toxicity, and strong oxidative potential; however,

its practical application is limited by rapid electron–hole recombination, restricted visible-light absorption,

and pH-dependent surface charge behavior, necessitating acidic conditions for optimal performance. These

constraints reduce its efficacy against the robust carbon–fluorine bonds characteristic of PFAS and compli-

cate large-scale deployment. Recent advances focus on multifunctional TiO2-based systems, including

metal and nonmetal doped systems, carbonaceous composites, heterojunctions, molecularly imprinted

polymers, and adsorptive concentrate-and-destroy supports. Integration with advanced oxidation and

reactor-level engineering approaches, such as photoelectrocatalysis (i.e., photocatalysis under applied bias)

and hybrid oxidants, has further advanced photocatalytic degradation technology under broader operating

conditions. This review provides a critical comparative assessment of these strategies, highlighting

mechanistic insights, structure–activity relationships, and practical limitations related to pH, stability, and

scalability. By consolidating recent innovations and operational considerations, this work offers guidance for

the rational design of efficient, field-relevant, and sustainable photocatalytic technologies for global PFAS

remediation.

1. Introduction

Scientific and technological progress has transformed modern
society, improving healthcare, sanitation, transportation, and
daily life. Central to these advances, materials science has
enabled breakthroughs, from polymers to semiconductors
and nanomaterials, elevating global living standards. However,
history highlights the unintended environmental consequences
of innovation, exemplified by chlorofluorocarbons (CFCs), asbes-
tos, dichlorodiphenyltrichloroethane (DDT), and plastics.1–4

Today, per- and polyfluoroalkyl substances (PFAS) represent a
pressing concern. Often termed ‘‘forever chemicals,’’ PFAS are
characterized by strong C–F bonds, high chemical stability,
bioaccumulation potential, and extreme environmental
persistence.5–8 First synthesized in the late 1930s and commercia-
lized by the 1940s,9 PFAS have been extensively applied in Teflont

coatings, Scotchgardt treatments, aqueous film-forming foams
(AFFFs), textiles, semiconductor manufacturing, food packaging,
and aerospace industries.9,10 United States (US) annual produc-
tion of basic fluoropolymers reached 85 000 tons in 2018, forming
the start of the PFAS value chain10,11 and contributing to wide-
spread contamination of industrial zones, remote ecosystems,
Arctic wildlife, and human blood samples worldwide.12 Their
persistence, mobility, and toxicity now pose severe environmental
and public health challenges.13

Diverse remediation strategies have been explored for PFAS
contamination, including adsorption (activated carbon, ion-
exchange resins, MOFs, and engineered clays);14–20 advanced
oxidation processes (AOPs) such as Fenton chemistry, persulfate
activation, and electrochemical oxidation;21–23 photocatalysis;24

thermal methods (incineration and supercritical water oxida-
tion);24–26 biological approaches with PFAS-tolerant microbial
consortia;27–29 plasma-based treatments;30,31 membrane separa-
tion (nanofiltration and reverse osmosis);32,33 and hybrid strate-
gies integrating ultrasound, photolysis, or catalysis.34–36 Among
these, photocatalysis has gained attention as a sustainable,
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environmentally benign approach. By harnessing sunlight or
artificial UV light, photocatalysis generates reactive oxygen species
(ROS) capable of cleaving robust C–F bonds.24,37–39 While numer-
ous new strategies and materials are being explored in this field, a
few recent examples of advancements include carbazole-cored
super-photoreductants for low-temperature PFAS and PTFE
defluorination,40 CdIn2S4 micro-pyramids,41 Fe/g-C hybrids,42

rGO/WO3 nanoflowers,43 and Pb-doped TiO2/rGO composites,44

many achieving near-complete PFAS degradation through syner-
gistic redox and radical-mediated pathways.

Within this context, TiO2 remains at the core of photocatalysis,
alone and in hybrid systems, owing to its high stability, low
toxicity, cost-effectiveness, and strong oxidative potential under UV
irradiation.45–49 The d0 electronic configuration of Ti4+ results in Ti
3d-O 2p hybridization, producing a B3.0–3.2 eV bandgap suitable
for UV-driven photocatalysis. Upon excitation, TiO2 generates
electron–hole (e�–h+) pairs that drive ROS formation, particularly
�OH and O2

��, which are central to pollutant degradation.50,51

Photocatalytic performance is strongly influenced by crystal
polymorphs (anatase, rutile, and brookite), lattice structure,
and facet-specific reactivity. For example, anatase {001} facets
(surface energy B0.90 J m�2) exhibit a higher reactivity than {101}
facets (B0.44 J m�2).52–54 A representative strategy involves
selective Pt single-atom deposition on facet-engineered TiO2,
stabilization of {001} facets using fluoride ions, APTMS (amino-
propyltrimethoxysilane) anchoring to guide Pt precursors to
{101}, and mild UV irradiation to reduce Pt to single atoms.
This spatially separates oxidative and reductive sites; holes
migrate to {001} for �OH generation, while Pt atoms on {101}
trap electrons for reductive defluorination, enabling simulta-
neous oxidative–reductive PFAS degradation. Surface chemistry
further modulates TiO2 activity, with hydroxyl groups, coordina-
tively unsaturated Ti sites, oxygen vacancies, and Ti3+ centers
serving as active sites for adsorption, charge separation, and
visible-light absorption.55–60 Controlled defect introduction via
hydrogenation, electrochemical reduction, ion-thermal processing,
ultrasonication, NaBH4 treatment, microwave irradiation, plasma,
or laser ablation enhances photocatalytic efficiency by suppressing
e�–h+ recombination and extending optical response. Additional
strategies include metal and nonmetal doping for bandgap
tuning, heterojunction construction and fabrication of plasmo-
nic–carbonaceous composites for charge separation, co-catalyst
loading to enhance e�–h+ utilization, surface functionalization
to promote pollutant adsorption, modulation of reactive species
for optimized ROS balance, fabrication of hierarchical nanos-
tructures, and formation of mixed anatase–rutile interfaces that
facilitate charge migration.61–65 Hydrophilic or fluorophilic sur-
face tailoring has been shown to enhance interactions with
polar and fluorinated substrates.66,67 Synergistic integration of
TiO2 photocatalysis with electrochemical,68 photo-Fenton,69 or
piezocatalytic70 processes generates additional radical path-
ways, while immobilization in thin films and porous monoliths
improves scalability. TiO2-based photocatalytic systems, owing
to their intrinsic stability, structural tunability, and broad
adaptability, continue to serve as a cornerstone for ROS-
mediated pollutants degradation. Fig. 1 shows key strategies

for enhancing photocatalysts’ performance in environmental
remediation.

This review presents a comprehensive evaluation of TiO2-
based photocatalysts for PFAS degradation, covering pristine
and modified materials, including defect-engineered, single-
atom, carbonaceous, heterojunction, and adsorptive designs.
It critically examines operational parameters, mechanistic path-
ways, and structural modifications that govern adsorption,
charge separation, reactive species generation, and oxidative–
reductive defluorination. Hybrid and integrated strategies, such
as photoelectrocatalysis, advanced oxidation, and reactor-level
innovations, are discussed to address inherent limitations like
charge recombination, UV dependence, and mass-transfer con-
straints. By connecting mechanistic insights with practical
considerations, including stability, recyclability, matrix effects,
energy efficiency, and scalability, this review provides guiding
principles for designing next-generation TiO2-based photocata-
lysts that are efficient, robust, and field-relevant for sustainable
PFAS remediation.

2. Chemical, environmental, and
health context of PFAS

Per- and polyfluoroalkyl substances (PFAS) are a global environ-
mental concern due to their chemical stability, persistence, and
widespread application. PFAS originated in 1938 when Dr Roy
J. Plunkett at DuPont accidentally synthesized polytetrafluoroethy-
lene (PTFE) while developing chlorofluorocarbon refrigerants.71,72

Commercialized as Teflont in 1948, PTFE’s robust C–F bonds
confer thermal and chemical stability, catalyzing thousands of

Fig. 1 Key strategies for enhancing photocatalysts’ performance in envir-
onmental remediation to improve light absorption, charge separation, and
pollutant degradation, enabling next-generation, effective, and field-
applicable solutions.
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PFAS compounds used in firefighting foams, surfactants, textiles,
microelectronics, and other applications.73,74 These properties also
make PFAS ‘‘forever chemicals,’’ leading to persistence and bioac-
cumulation in soil, water, air, and biota.75–78 Despite phase-outs of
legacy PFAS such as perfluorooctanoic acid (PFOA) and perfluoro-
octanesulfonic acid (PFOS), new analogues continue to be pro-
duced with similar mobility and toxicity.79 PFAS comprise over
14 000 compounds, broadly classified as non-polymeric or poly-
meric (Fig. 2).80,81 Non-polymeric PFAS contain a hydrophobic
perfluoroalkyl chain (–CnF2n–) linked to polar groups
(carboxylate and sulfonate), enabling surfactant applications
like aqueous film-forming foams (AFFFs), metal plating, and
cleaning agents.82 Polymeric PFAS, including PTFE and FEP
(fluorinated ethylene propylene), are high-molecular-weight
fluoropolymers used in cookware, electronics, and waterproof
fabrics. The chain length and functional groups influence mobi-
lity, bioaccumulation, and degradability: short-chain PFAS are
highly mobile yet hard to remove, whereas long-chain PFAS
readily bioaccumulate.83,84 Emerging variants with unknown fate
challenge regulatory and analytical frameworks, prompting tools
like PFAS-Atlas for chemical mapping and prioritization.85,86

PFAS are detected in surface water, groundwater, drinking
water, soils, vegetation, and biota worldwide, including remote
Arctic and Antarctic regions.87–91 HRMS and LC-MS/MS detect
PFAS at parts-per-trillion levels, revealing widespread contam-
ination and bioaccumulation.92–94 Human exposure occurs via

ingestion, inhalation, and dermal contact.95–97 Epidemiological
studies, the C8 Health Project (469 000 individuals), link chronic
PFOA exposure to testicular and kidney cancers, thyroid disorders,
ulcerative colitis, and pregnancy-induced hypertension.98,99 PFAS
interact with nuclear receptors (PPARa, CAR, and PXR), perturb
lipid metabolism, immunity, and hormonal regulation, and cross
the placental barrier.100–102 Blood levels correlate with diet, smok-
ing, and use of PFAS-containing products.103,104

Ecologically, PFAS induce biochemical disturbances at environ-
mental concentrations. Metabolomic studies reveal altered gene
expression in zebrafish larvae, liver glycogen depletion, and shifts
in earthworm metabolites;105–107 rodent studies report neurological
and metabolic effects at low doses.108,109 Risk assessments indicate
low-to-moderate global risk, though industrial discharges can
elevate exposure.110–112 AFFFs remain a major source, with con-
tamination documented at military, industrial, and civilian
sites.112–120 Research now focuses on fluorine-free alternatives,
supported by United States Department of Defence (DoD), Strategic
Environmental Research and Development Program (SERDP) and
Environmental Security Technology Certification Program (ESTCP)
initiatives.120,121 In parallel, international regulations are also emer-
ging: most Australian states restrict PFAS foams for non-aviation
use,122,123 and in 2023, five European Union (EU) member states
proposed banning all PFAS in firefighting foams.124 These exemp-
tions highlight the need to integrate material innovation, regula-
tion, and deployment to mitigate legacy and future PFAS exposure.

Fig. 2 Classification of PFAS based on structural features: categorized into polymeric and non-polymeric groups, redraw from ref. 81. A few parts of this
figure are adapted from open-source graphical elements available on Freepik (https://www.freepik.com), designed by macrovector/Freepik.
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3. Prospective approaches to PFAS
elimination

PFAS contamination in aqueous and soil matrices presents distinct
remediation challenges. Water treatment strategies include adsorp-
tion, membrane filtration, and advanced oxidative or reductive
methods, such as photocatalysis, electrochemical oxidation, elec-
tron beam irradiation, and hydrothermal alkaline treatment.125–127

While adsorption and membrane separation effectively concentrate
PFAS, they often generate secondary waste requiring destructive
post-treatment.125 Advanced oxidative and reductive processes
target mineralization but typically demand high energy, specialized
catalysts, or extreme conditions, limiting large-scale applicability.
Hybrid treatment trains that combine selective concentration with
destructive pathways improve degradation efficiency while mitigat-
ing cost and secondary pollution.125 However, complex aqueous
matrices containing competing ions or natural organic matter can
inhibit reactive species, underscoring the need for site-specific
optimization.128 As summarized in Fig. 3, PFAS treatment technol-
ogies include both destructive methods, such as photocatalysis,
electrochemical oxidation, and hydrothermal or mechanochemical
degradation, and non-destructive approaches, including adsorp-
tion, membrane filtration, and phytoremediation.125 Hybrid sys-
tems that combine selective concentration with destructive
pathways are also highlighted, illustrating strategies to enhance
mineralization efficiency while minimizing secondary pollution.

Soil remediation faces additional hurdles due to heterogeneity
and strong C–F bonds promoting PFAS retention.129 Physical
approaches, such as soil washing or amendment-induced immo-
bilization, usually provide only temporary containment.130,131 Ther-
mal strategies, including incineration and smoldering combustion

(4500–900 1C), effectively destroy PFAS but require careful control
of toxic fluorinated emissions.129,132–135 Energy-efficient smolder-
ing of PFAS-laden granular activated carbon (GAC) and soils has
achieved complete destruction, B44% of PFAS on GAC and B16%
in soils, with emissions efficiently scrubbed by GAC.136 Hydrother-
mal and supercritical water oxidation under alkaline conditions
can remove 495% of PFAS, though effluent management remains
critical.137 Mechanochemical degradation using high-energy ball
milling with additives (KOH and persulfate) provides non-thermal,
onsite alternatives.138,139 Advanced oxidative and reductive meth-
ods, including electron beam irradiation and use of persulfate-
based systems, generate radicals capable of cleaving C–F bonds but
face high energy demands and matrix interference.125,138 Electro-
chemical remediation shows promise, particularly for short-chain
PFAS, while phytoremediation offers a low-cost, sustainable option
by sequestering PFAS in biomass for subsequent treatment.140–147

Artificial intelligence (AI) and machine learning (ML) offer
transformative potential for catalyst design and process optimiza-
tion. By analyzing large PFAS datasets and reaction pathways, ML
can predict outcomes and guide selection of optimal materials and
operational conditions.148–151 Hybrid systems combining photoca-
talysis with electrochemical or mechanochemical processes exploit
synergistic effects, enhancing mineralization efficiency and redu-
cing by-product formation. Circular economy strategies, such as
mechanochemical defluorination recovering fluorine as reusable
salts, further enable sustainable PFAS waste management.152

Among destructive methods, photocatalysis is particularly
attractive, as it harnesses solar energy under ambient conditions
to generate reactive oxygen species capable of mineralizing PFAS
into environmentally benign products. Catalyst design approaches,
including size-exclusion, charge heterogeneity, amphiphilic surface

Fig. 3 Overview of destructive and non-destructive technologies for PFAS treatment, highlighting conventional approaches and advanced degradation
strategies. Note: a few parts of this figure are adapted from open sources like Freepik (https://www.freepik.com/) and Pixabay (https://pixabay.com/).
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modification, and molecular imprinting, enhance PFAS adsorption
and orientation, improving degradation even in complex
matrices.153–155 TiO2-based photocatalysts are especially prominent
due to their intrinsic tunability and versatility, allowing strategies
such as facet engineering, doping, and heterojunction construction
to create structurally and functionally diverse photocatalysts. This
multifaceted platform underpins the focus of this review on
strategies to enhance photocatalytic efficiency and selectivity for
PFAS degradation.

4. Mechanistic foundations and
limitations of TiO2

Titanium dioxide (TiO2) is widely recognized as a benchmark
photocatalyst due to its strong oxidation potential, chemical

stability, and cost-effectiveness.156 Upon absorption of photons
with energy equal to or greater than its band gap (B3.2 eV for
anatase), electrons are excited from the valence band to the
conduction band, generating e�–h+ pairs. Valence-band holes
(h+) serve as potent oxidants, while conduction-band e� parti-
cipate in interfacial reduction reactions, including oxygen
reduction, leading to secondary reactive species under aerobic
conditions3,157–159 (Fig. 4a). The overall photocatalytic efficiency
is governed by the quantity of photo-generated charge carriers,
their oxidation–reduction potentials, and charge-carrier recom-
bination dynamics.

Per- and polyfluoroalkyl substances (PFAS), particularly per-
fluorocarboxylates (PFCAs) and perfluorosulfonates (PFSAs), pos-
sess exceptionally strong carbon–fluorine (C–F) bonds,160 which
underpin their environmental persistence and resistance to con-
ventional radical-mediated oxidation.125 For representative

Fig. 4 (a) General photocatalytic mechanism depicting electron–hole pair formation and subsequent redox reactions; (b) general pathway of photo-
oxidative degradation of PFOA; (c) typical pathway of photo-reductive degradation of PFOA.
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compounds such as PFOA and PFOS, the fully fluorinated alkyl
chains lack abstractable hydrogen atoms, rendering hydroxyl radi-
cal (�OH) attack largely ineffective for initiating degradation.161 As a
result, indirect oxidation pathways involving �OH contribute mini-
mally to PFAS transformation, and reaction initiation is increas-
ingly attributed to direct interfacial electron transfer between the
pollutant and the photoexcited semiconductor via valence-band
(VB) holes.161–163 For PFCAs, adsorption onto TiO2 surfaces facil-
itates direct VB hole oxidation, triggering Kolbe-type decarboxyla-
tion of the head group (Fig. 4b) and generating carbon-centered
radicals that undergo stepwise chain shortening to progressively
shorter PFCAs (e.g., PFHpA, PFHxA, PFPeA, PFBA, and PFPrA),
accompanied by the formation of CO2 and fluoride ions.125,162,163

These transformations are surface-controlled, making adsorption
affinity and interfacial charge-transfer efficiency the primary deter-
minants of degradation kinetics. Although photoexcited electrons
react readily with dissolved oxygen to form superoxide radicals
(�O2

�), this species is widely regarded as ineffective for PFAS
degradation, and its role remains controversial.162 In oxygenated
systems, electron scavenging by O2 further suppresses reductive
pathways by limiting the availability of excited electrons.164

Complementary photoreductive pathways (Fig. 4c) have also
been reported, particularly under anoxic conditions and in the
presence of hole scavengers.161,162 In these systems, conduction-
band electrons or hydrated electrons (eaq

�) are injected into the
PFAS molecule, leading to direct reductive cleavage of C–F bonds
(Fig. 4c) or, in some cases, reductively induced decarboxylation
of PFCAs.165 However, such reductive mechanisms are strongly
disfavored under environmentally relevant conditions due to
efficient electron scavenging by oxygen and the generally low
sorption affinity of semiconductors for PFAS.166 While some
studies report that �O2

� scavengers hinder PFOA degradation,
suggesting a possible role in initiating decarboxylation via
nucleophilic substitution, others propose that �O2

� may indir-
ectly generate �OH under acidic conditions, thereby contributing
to oxidative pathways.162 Consequently, the role of superoxide
remains unresolved. Ateia et al.163 proposed that PFAS degrada-
tion is primarily triggered by direct electron transfer to valence-
band holes, with �OH and �O2

� playing a minimal role in
initiating the reaction. In contrast, earlier studies conducted by
Hori et al.167 showed that the presence of moisture does not alter
the primary degradation rate of fluorotelomer alcohols on TiO2

but does enhance the breakdown of fluorinated byproducts and
the formation of CO2. This suggests that �OH radicals may be
more important for the secondary oxidation and mineralization
of intermediates rather than for the initial activation of PFAS
molecules.

TiO2’s intrinsic properties, including polymorphism, defect
tolerance, electronic tunability, high dielectric constant, and
chemical robustness, support diverse modification strategies. Its
polymorphs (anatase, rutile, and brookite) can accommodate
dopants, enabling band-gap modulation and the introduction of
defect or mid-gap states that extend light absorption and influ-
ence charge-carrier dynamics. Facet engineering, particularly
exposure of high-energy anatase {001} facets (B0.90 J m�2),
provides selective adsorption and reaction sites that enhance

surface redox processes.168 Surface features such as coordinatively
unsaturated Ti sites, oxygen vacancies, and Ti3+ species improve
charge separation, broaden optical absorption, and facilitate PFAS
adsorption and interfacial electron transfer.169–171 Morphologi-
cal flexibility, from nanoparticles to ordered mesoporous films,
allows tuning of surface area, porosity, and light-harvesting
efficiency, directly influencing adsorption, charge migration, and
catalytic performance.172,173 Combined with chemical robustness
under diverse aqueous conditions, TiO2 remains durable for long-
term photocatalytic applications.174

Compared with alternative photocatalysts such as ZnO,
g-C3N4, or CdS, which can suffer from photocorrosion, limited
charge mobility, or toxicity, TiO2 provides a balanced combi-
nation of stability, tunability, and cost-effectiveness.175,176 This
multifaceted nature underpins rational design strategies,
including doping, defect engineering, composite formation,
and morphological control, that enhance PFAS degradation.
The following sections focus on these intrinsic and engineered
advances, highlighting their relevance for efficient PFAS miner-
alization under environmentally realistic conditions.

5. Pristine TiO2 photocatalysis
performance and challenges

Among TiO2 polymorphs, anatase (Eg E 3.2 eV) is the most widely
employed for photocatalysis due to its more negative conduction
band potential, slower e�–h+ recombination, and higher surface
area compared to rutile (B3.0 eV) and brookite (B3.3 eV).177,178

Rutile offers superior thermal stability, and brookite remains
underexplored due to synthetic challenges, while anatase generally
exhibits higher photocatalytic activity for pollutant degradation
under typical conditions, partly because its formation is kinetically
favored at temperatures below B600 1C, leading to smaller crystal-
lite sizes and a higher density of active surface sites.179,180 TiO2

synthesis via chemical (sol–gel, hydrothermal, and precipitation),
physical (thermal oxidation and vapor deposition), or green/biolo-
gical routes imparts control over size, crystallinity, morphology,
and surface chemistry, which govern charge dynamics, reactive
oxygen species (ROS) generation, and PFAS adsorption.181–184 Both
commercial TiO2 (e.g., P25) and laboratory-tailored variants serve
as references for mechanistic studies and catalyst development.

Foundational studies show that while TiO2 efficiently miner-
alizes conventional organics, PFAS resist degradation due to
strong C–F bonds and thermodynamically stable perfluoroalkyl
backbones.185–187 Perfluorocarboxylic acid (PFCA) degradation
typically follows a photo-Kolbe decarboxylation pathway,
initiated at the terminal carboxyl group (Fig. 5a).186 Solution
pH is a critical factor influencing TiO2 photocatalytic activity, as
it affects surface charge, PFAS adsorption, aggregation, and
reactive species generation.187 The point of zero charge (pHpzc)
of TiO2 is approximately 6.25. PFOA exists as an anion
(C7F15COO�) above its pKa (2.8).187 When pH ranges from 2.8
to 6.25, adsorption of C7F15COO� on the positively charged
TiO2 surface (Ti–OH2

+) is enhanced by electrostatic interac-
tions, facilitating oxidative degradation. Above pH 6.25, the
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surface is negatively charged (Ti–O�), reducing adsorption and
photocatalytic efficiency. Acidic conditions thus favor PFCA
adsorption and degradation, whereas perfluorosulfonic acids
(PFSAs) show limited reactivity, highlighting functional group-
dependent degradability.185 Panchangama et al. reported
499% decomposition of long-chain PFCAs (PFOA, PFNA, and
PFDA) under acidic conditions, though overall mineralization
reached only 38–54%.186 Solution pH also influences the dis-
tribution and reactivity of key species. Acidic conditions favor
heterogeneous ROS-driven oxidation, while alkaline conditions
can enhance the formation of hydrated electrons (eaq

�) in
homogeneous systems, supporting reductive mineralization
pathways. High H3O+ concentrations in acidic media can
scavenge eaq

�, reducing reductive contributions, whereas alka-
line conditions stabilize eaq

�, facilitating C–F bond cleavage
and minimizing short-chain PFCA accumulation.161 Optimal
TiO2 loadings (B0.66 g L�1) enabled complete PFOA removal

within 7 h; higher doses reduced efficiency due to light scatter-
ing and aggregation. Sonication-assisted TiO2 photocatalysis
under near-neutral conditions improved mass transfer, ROS
formation, and dispersion, achieving 64% PFOA degradation
over 8 h, with sol–gel TiO2 outperforming P25.187 Surface charge
effects were decisive: below the point of zero charge (BpH 6–7),
TiO2 is positively charged, enhancing adsorption; above it,
repulsion limits efficiency (Fig. 5b).

Reductive TiO2 photocatalysis complements oxidative path-
ways for highly resistant PFAS. Conduction-band electrons,
stabilized by hole scavengers (e.g., oxalic acid), facilitate the
formation of CO2

�� radicals that promote stepwise C–F bond
cleavage.188,190–192 Wang et al. achieved 86.7% PFOA degrada-
tion at pH 2.47 with oxalic acid (as a hole scavenger) versus
17.8% with perchloric acid (used to maintain the same pH but
without providing hole-scavenging ability), with the pseudo-
first-order rate constant k = 1.16 � 10�2 min�1 (Fig. 5c), over

Fig. 5 (a) Proposed photocatalytic decomposition cycle of PFCAs on TiO2 under UV light, involving ionization, electron transfer, decarboxylation, and
oxidation. Successive CF2-unit losses yield shorter-chain PFCAs until complete mineralization to CO2 and F� ions. Reproduced from ref. 186 with
permission from Elsevier BV, copyright 2009; (b) schematic of TiO2 surface charge effects on PFOA degradation across pH: Ti–OH2

+ dominates at acidic
pH, Ti–OH at neutral (pH 6–7, zero-point charge), and Ti–O� at basic pH. Despite expected higher degradation at low pH due to electrostatic attraction,
experiments showed greater PFOA removal at basic pH (10), indicating that radical-driven processes outweigh surface charge effects. Reproduced from
ref. 187 with permission from Elsevier BV, copyright 2009;187 (c) photocatalytic degradation of PFOA by TiO2 under 254 nm UV. Adsorption was o8%.
After 180 min, removal reached 10.5% (O2), 12.4% (N2), 6.6% with oxalic acid (O2), and 86.7% with oxalic acid (N2). At pH 2.47 (HClO4), only 17.8% removal
occurred. Rate constants were 1.16 � 10�2 min�1 (oxalic acid) vs. 1.0 � 10�3 min�1 (HClO4). Defluorination was 16.5% with TiO2/oxalic acid but o1%
otherwise. Reproduced from ref. 188 with permission from Elsevier BV, copyright 2011; proposed reaction mechanism for PFOA degradation in the
presence of a TiO2 photocatalyst, incorporating both photo-redox (d) and b-scission (e) pathways. Reproduced from ref. 189 with permission from
Elsevier BV, copyright 2015.189
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11 times higher than that under oxidative-only conditions.188

Kinetic and mechanistic studies highlight two key PFAS degra-
dation pathways under UV/O2, a stepwise photo-redox route gen-
erating shorter-chain PFCAs and a direct b-scission pathway
producing CO2 and HF189 (Fig. 5d and e). Fluoride accumulation
on TiO2 surfaces can passivate active sites, limiting mineralization
(B32%) and fluoride release (B29%). Oxygen availability modu-
lates pathway selectivity: varying atmospheres (air, O2, and N2)
shifts the balance between photo-redox and b-scission.193 Bio-
synthesized TiO2 nanoparticles offer sustainable alternatives. Plant
extracts or microorganisms produce nanoscale TiO2 with tunable
size and morphology, enhancing PFAS adsorption and ROS
generation.194–196 Albizia lebbeck-derived TiO2 achieved 95.6%
PFOS degradation and 56.1% defluorination at pH 2 under UV-vis
irradiation.196 Smaller crystallites (8.8 nm at pH 12 vs. 12.1 nm at
pH 8) improved charge separation and surface activity, illustrating
the dual advantage of green synthesis: environmental benignity
and enhanced photocatalytic efficacy. All the above studies indi-
cated that pristine TiO2 efficiently decomposes PFAS under opti-
mized conditions, yet challenges including surface interactions,

catalyst passivation, functional group specificity, and reaction
condition control constrain complete mineralization, highlight-
ing the need for advanced material design and hybrid strategies.

Murgolo et al.197 evaluated nanostructured TiO2 films on
stainless steel mesh and P25 TiO2 (50–100 mg L�1) for ground-
water PFOS (200–400 mg L�1) under UV (254 nm, 60 min, pH
7.85), observing negligible degradation and highlighting the
importance of reaction optimization. Furtado et al.198 applied
response surface methodology (RSM) to assess pH, catalyst
dosage, and irradiation time. Acidic pH enhanced TiO2 proto-
nation and PFOS adsorption, while moderate catalyst loadings
optimized light penetration and active site availability. Pareto
analysis identified pH as the dominant factor (Fig. 6a), and
response surface plots (Fig. 6b) indicated optimal removal at
low pH and moderate-to-high TiO2 loadings. Under optimized
conditions (1.45 g L�1 TiO2, pH 4.0), PFOS (100 mg L�1)
degradation reached 83% after 8 h, with a predicted maximum
oxidation of 86% and an initial rate of 0.64 h�1 (Fig. 6c).

Sansotera et al. studied PFOA photomineralization on com-
mercial P25 TiO2, monitoring TOC and fluoride release and

Fig. 6 Optimization of PFOS removal using TiO2/UV photocatalysis via response surface methodology (RSM): (a) Pareto chart showing the relative
effects of suspension pH and TiO2 dosage on PFOS removal; bars crossing the significance line (p = 0.05) indicate statistically significant factors,
highlighting pH as the dominant parameter, (b) response surface plot highlighting maximum removal at low pH with moderate catalyst loading, (c) time-
dependent PFOS degradation measured by HPLC-MS/MS: (blue dots) TiO2/UV photocatalysis, (red dots) direct photolysis. Reproduced from ref. 198 with
permission from Elsevier BV, copyright 2021; (d) FT-IR spectra of TiO2 during PFOA photodegradation: early spectra (2–4 h) show adsorption of PFOA
and intermediates via C–F and carboxylate vibrations, while signals decrease after 9 h, reflecting progressive mineralization. Reproduced from ref. 199
with permission from Elsevier BV, copyright 2014; (e) stepwise decomposition of PFOA under UV-visible light, showing direct photolysis and TiO2-
assisted photocatalysis. PFOA undergoes sequential C–C cleavage, F� elimination, and hydrolysis to form shorter-chain perfluorocarboxylic acids,
ultimately mineralizing to CO2 and F�. Reproduced from ref. 200 with permission from American Chemical Society, copyright 2011; (f) mass balance of
representative PFAA precursors after 4 h of TiO2/UV treatment, showing chain-length–dependent PFCA distributions. Reproduced from ref. 201 with
permission from American Chemical Society, copyright 2022.201
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characterizing the photocatalyst by XPS and XRD.199 The reac-
tion followed pseudo-first-order kinetics (kapp = 0.033–0.057 h�1)
via Kolbe decarboxylation, producing C7 radicals, shorter-chain
PFCAs, and HF. FT-IR spectra (Fig. 6d) indicated adsorption via
carboxylate and C–F interactions within 2–4 h, with transient
perfluorinated alcohols at 1210 cm�1, followed by signal
reduction after 9 h as mineralization progressed. XPS indicated
early-stage surface fluorine (85–90%) with mineralization pla-
teauing at B32% and fluoride release at B29%. XRD revealed
stable anatase (B25 nm) and partially amorphized rutile
(47 - 33 nm), highlighting that surface interactions, radical
dynamics, and adsorption, rather than crystal structure, control
efficiency.

The UV irradiation type strongly affects TiO2 performance.
Low-pressure (LPUV, 254 nm) lamps provide narrow spectra,
whereas medium-pressure (MPUV, 200–400 nm) lamps deliver
higher photon flux and broader irradiation.202 Ochiai et al.200

achieved near-complete degradation of 5 mM PFOA using
1.5 wt% P25 under MPUV (250–375 nm, B600 mW cm�2

at 254 nm), with pseudo-first-order kinetics (k = 8.6 �
10�2 dm3 h�1), B6� faster than direct photolysis and 5–100�
faster than other catalysts (e.g., tungstic heteropoly acid 2.1 �
10�3 and b-Ga2O3 1.7 � 10�2 dm3 h�1).203,204 Fig. 6e describes
the TiO2-assisted photocatalytic pathway where MPUV light
initiates C–C bond cleavage in PFOA, leading to sequential
shortening of perfluoroalkyl chains and eventual mineralization
into CO2 and F�.

PhotoTOP is a TiO2-based platform for PFAS precursor
characterization that operates under mild conditions (B60 1C)
without added chemicals, enabling direct LC-MS analysis with
minimal matrix interference.201 It uses anatase TiO2

(B390 nm, pHpzc 3.6) to generate steady-state hydroxyl radi-
cals (�OH, 1.1–1.5 � 10�12 M), allowing controlled oxidation
that preserves the original perfluoroalkyl chain lengths. This
contrasts with the higher-temperature TOP assay (85 1C) and
persulfate-based methods, which often produce ultrashort
PFCAs such as trifluoroacetic acid due to harsher conditions
and stronger chain-shortening potential.201,205,206 PhotoTOP
quantitatively converted eight PFAA precursors into PFCAs
with mass balances of 82–115% after 4 h (Fig. 6f), performing
reliably across complex matrices including soil extracts
(15 mg L�1 dissolved organic carbon (DOC)), PFAS-coated
papers, and technical mixtures. Unlike traditional methods,
it also allows direct oxidation of solids, capturing non-
extractable precursors, although this proceeds approximately
10� slower than extract oxidation. Compared to literature-
reported TOP assays and chemical oxidation approaches,
PhotoTOP offered milder, more selective oxidation, higher
tolerance to matrix effects, and mechanistic insight into
precursor-PFCA transformations (R2 = 0.88). Its main limita-
tion is the need for a controlled UV setup, but this enables
reproducible �OH generation and predictable oxidation kinetics.
PhotoTOP provided a practical and mechanistically informative
approach that bridges analytical characterization and photocata-
lytic treatment of PFAS precursors, complementing existing
methods in the literature.

6. TiO2 modification and hybrid
strategies

Pristine TiO2 generates reactive species capable of degrading
PFAS; however, low visible-light absorption, rapid e�–h+ recom-
bination, and the high stability of C–F bonds limit its perfor-
mance. To address these challenges, TiO2 modifications and
hybrid strategies aim to enhance light harvesting, charge
separation, and surface reactivity. Approaches include metal
and non-metal doping, single-atom incorporation, semicon-
ductor coupling, immobilization on supports, and hybrid sys-
tem design, all intended to maximize photocatalytic potential
for persistent contaminants.

6.1. Modified TiO2 systems

Metal and non-metal doping of TiO2 is a widely employed strategy
to enhance photocatalytic activity under visible light, addressing
the intrinsic wide bandgap of anatase TiO2 (B3.2 eV) that limits
UV-only activation207–210 (Fig. 7). Metal doping introduces mid-gap
states, improves visible-light absorption, promotes charge separa-
tion, and generates oxygen vacancies that facilitate PFAS adsorp-
tion and reactive oxygen species formation.211 Transition metals
(Fe, Co, and Cu) create Ti3+ centers and oxygen defects; noble
metals (Ag, Au, and Pt) enhance interfacial charge transfer and
suppress e�–h+ recombination; rare-earth metals (La3+, Ce3+, Gd3+,
and Nd3+) serve as electron traps and increase surface area.211–215

Dopants are incorporated via sol–gel, hydrothermal, electrospin-
ning, or surface impregnation methods.216,217 Non-metal doping
extends visible-light activity without metal toxicity by introducing
states above the valence band and narrowing the bandgap. Sub-
stitutional N (B0.14 eV above the VB) and interstitial N (B0.73 eV)
reduce the bandgap to B2.6 eV, while S lowers it from 3.203 eV to
2.753–2.545 eV depending on concentration.218–221 Excessive dop-
ing can create recombination centers, necessitating careful
optimization.222 Although, these modifications are extensively
studied in general photocatalysis, their application for PFAS degra-
dation on TiO2 remains emerging. Early reports suggest that such
modifications enhance visible-light absorption, promote charge
separation, and increase ROS generation, thereby potentially
improving degradation kinetics and defluorination efficiency.

Estrillan et al.223 demonstrated visible-light photocatalytic
degradation of PFOA using Fe and Nb co-doped TiO2 (Fe:Nb-
TiO2) via sol–gel synthesis. XRD confirmed retention of the
anatase phase with reduced crystallite size (11.4 nm), suppressing
anatase-to-rutile transformation. Under UV-vis irradiation (200–
600 nm) with 0.1 mM PFOA, pH 4.3, and a catalyst loading of
0.5 g L�1, Fe:Nb-TiO2 achieved nearly double the degradation
efficiency of SG–TiO2, whereas AO-TiO2 P25 showed minimal
activity. Enhanced performance was attributed to larger surface
area (4120 m2 g�1 vs. B114 m2 g�1 for SG–TiO2), Fe-induced
bandgap narrowing, and Nb sites that trap photogenerated
electrons, suppressing recombination and extending visible-
light absorption. Maximum PFOA removal occurred at pH 4
due to electrostatic attraction between negatively charged per-
fluorooctanoate anions and positively charged TiO2, facilitating
valence band hole-driven oxidation. At neutral or higher pH,
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surface speciation shifts to Ti–OH or Ti–O�, weakening adsorp-
tion, while the Fe–TiO2 point of zero charge (pzc 7.2) and PFOA’s
low pKa (2.8) limit adsorption and photocatalytic activity under
alkaline conditions.186,187

UV-activated TiO2 modified with transition metals such as
Fe and Cu was studied for PFOA degradation (Fig. 8a–c).224 XRD
characterization revealed mixed anatase-rutile phases, with Fe–
TiO2 containing zero-valent Fe and Cu–TiO2 showing Cu0 and
Cu2O. Under UV irradiation (0.5 g L�1 catalyst, pH 5, 298 K, 12 h),
Cu–TiO2 achieved 91% PFOA decomposition with 19% defluor-
ination, outperforming UV/TiO2 (14% decomposition) and UV/
Fe–TiO2 (69% decomposition, 9% defluorination). Enhanced
activity of Cu–TiO2 arises from stronger electron trapping via
Cu0/Cu+ species, suppressing e�/h+ recombination more effec-
tively than Fe2+/Fe0 (standard reduction potentials: +0.34 V vs.
�0.44 V), increasing valence band hole availability.225 Cu deposi-
tion also introduces localized energy levels in the TiO2 bandgap,
enhancing UV absorption, while redox cycling of Cu facilitates
electron transfer and perfluoroalkyl radical formation. Studied by
Li et al.,226 noble-metal-doped TiO2 (Pt, Pd, and Ag) was investi-
gated for PFOA degradation. Unlike transition metals, noble
metals with high work functions efficiently capture electrons,
suppress e�/h+ recombination, and enhance valence band hole-
driven oxidation, with localized surface plasmon resonance
(LSPR) extending absorption into the visible range.227,228 Li
et al.226 reported Pt-, Pd-, and Ag-modified TiO2 (5 nm metal
nanoparticles on 20–40 nm TiO2 aggregates) for PFOA degrada-
tion. At pH 3, 60 mg L�1 PFOA and 0.5 g L�1 catalyst, Pt–TiO2,
achieved 100% decomposition and 34.8% defluorination after
7 h UV irradiation, with the pseudo-first-order rate constant
12.5� higher than that of pure TiO2. Pd–TiO2 and Ag–TiO2

achieved 94.2% and 57.7% decomposition with defluorination
of 25.9% and 8.1%, respectively. Larger work functions of Pt
(5.65 eV), Pd (5.55 eV), and Ag (4.26 eV) form Schottky barriers,
efficiently trapping conduction-band electrons. Degradation pro-
ceeds via hVB

+ -driven stepwise CF2 cleavage, producing shorter-
chain PFCAs and fluoride ions (Fig. 8d and e). Rate constants
increase with higher initial PFOA concentrations, demonstrating
sustained photoactivity under elevated pollutant loads.

Pb-modified TiO2 has explored as an effective non-noble
alternative. Pb introduced via photodeposition maintains the

anatase-rutile framework, with XRD confirming Pb0, PbO, and
PbO2 incorporation without lattice disruption.229 Pb species act
as electron traps, enhancing charge separation. Under UV irra-
diation, Pb–TiO2 exhibited a pseudo-first-order rate constant of
0.5136 h�1, 32.5� higher than that of UV/TiO2 (0.0158 h�1),
achieving nearly complete PFOA decomposition (99.9%) in 12 h,
with a half-life of 1.3 h compared to 43.9 h for pristine TiO2.
Acidic conditions (pH 3) and O2-rich environments further
promoted decomposition via �OH formation, while N2 sparging
drastically reduced activity (Fig. 8f). Mechanistic analysis
(Fig. 8g) indicates sequential C–C cleavage, �OH attack, and
chain shortening to CO2 and F�, with Pb acting as an efficient
electron trap. The optimal Pb : TiO2 ratio (2 : 100) and catalyst
loading (0.5–1.0 g L�1) maximized degradation efficiency. Com-
pared to noble-metal doped-TiO2, Pb–TiO2 leverages acidic,
oxygenated conditions to achieve faster kinetics and more com-
plete degradation, highlighting the potential of strategic heavy-
metal doping for PFAS remediation. Noble-metal doped TiO2

catalysts (Pt, Pd, and Ag) achieve faster and more complete PFOA
degradation with higher defluorination than transition-metal
doped TiO2, highlighting the effect of the dopant type on both
reaction kinetics and partial mineralization. Pb–TiO2 also shows
high activity, reaching 99.9% degradation and 22.4% defluorina-
tion in 7 h,229 comparable to Pt–TiO2 but slightly lower in
defluorination. Among transition metals, Cu–TiO2 shows mod-
erate performance, while Fe–TiO2 is less effective, and Fe:Nb–
TiO2 mainly promotes stepwise chain-shortening.223,228

6.2. Single-atom catalysis (SAC) on TiO2

Single-atom catalysts (SACs) have gained considerable attention
in photocatalysis due to maximal metal atom utilization, uni-
form active sites, and unique reaction pathways compared to
conventional nanoparticles.230–232 TiO2-based SACs are particu-
larly attractive for PFAS remediation, as isolated metal atoms
can modulate charge separation, electronic structure, and inter-
facial interactions, enhancing pollutant degradation.233,234

Weon et al. (2021) demonstrated the integration of facet-
engineered TiO2 with single-atom Pt (Pt1) cocatalysts.52 Anatase
TiO2 crystals with {001} and {101} facets were synthesized, with
fluoride ions stabilizing {001} (B80% surface area) and APTMS
anchors selectively immobilizing PtCl6

2� on {101}, followed by

Fig. 7 Schematic illustrating the effects of metal and non-metal dopants on the properties and activity of TiO2-based photocatalysts.
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photoreduction to atomically dispersed Pt1 (B0.2 nm, con-
firmed by HAADF-STEM). This design exploited intrinsic band-
driven charge separation; electrons migrated to {101} and holes
to {001}, ensuring site-specific Pt1 placement and maximizing
electron utilization. Pt1/facet-engineered TiO2 exhibited substan-
tially more �OH generation than PtNP/TiO2 and showed B15�
higher PFOA degradation (Fig. 9a). The single-atom design
facilitated (i) efficient electron transfer from the TiO2 conduction
band to Pt1, (ii) selective proton reduction forming Pt–Hd�

species, and (iii) hydrogen spillover onto TiO2 to generate reactive

Ti–Hd+ species that cleave C–F bonds, forming Ti–F (Fig. 9b). XPS
confirmed Ti–F formation, and fluorine mass balance indicated
B58% retention in Ti–F bonds, with minimal free F� or HF. This
accumulation of Ti–F bonds represents a key catalyst deactivation
pathway, as surface fluorination progressively blocks active Ti–
OH sites and suppresses interfacial redox reactions. Importantly,
Weon et al. demonstrated that this fluoride-induced deactivation
is fully reversible. A mild NaOH washing step converted inactive
Ti–F back to catalytically active Ti–OH (4Ti–F + OH� 2

4Ti–OH + F�), restoring photocatalytic activity without Pt loss

Fig. 8 Photocatalytic degradation of PFOA using TiO2-based materials: (a) comparison of degradation and defluorination efficiency: bare TiO2 (B14%
degradation in 12 h), Fe–TiO2 (B69% degradation, 9% defluorination), (b) Cu–TiO2 (B91% degradation, 19% defluorination), (c) schematic of PFOA
decomposition under UV/TiO2: �OH-mediated C–C bond cleavage and stepwise defluorination to shorter-chain PFCAs and F�, with Fe or Cu doping
enhancing �OH generation and electron–hole separation. Reproduced from ref. 224 with permission from Elsevier BV, copyright 2015; (d) rate constants
for PFOA degradation using pure TiO2 and noble-metal-doped TiO2; Pt and Pd show superior electron-trapping effects, (e) mechanism of PFOA
degradation on TiO2 and M–TiO2: UPLC-MS showed stepwise CF2 loss, mainly forming PFHpA (up to 19.1 mg L�1). Pt–TiO2 and Pd–TiO2 accelerated
PFHpA generation (16–19 mg L�1 in 3–5 h) vs. Ag–TiO2 (9.7 mg L�1 in 7 h). About 80% F� remained in solution, with B20% lost to adsorption/gas.
Decomposition followed Kolbe decarboxylation and HF elimination, yielding shorter PFCAs, CO2, and F�. Reproduced from ref. 226 with permission from
Elsevier BV, copyright 2016; photocatalytic decomposition of PFOA by Pb–TiO2: (f) PFOA decomposition and defluorination at different pH values and
under different atmospheres: highest at pH 3 (B99%/30%) with air; low under N2 (B26%/1%), (g) mechanistic pathway: UV-excited Pb–TiO2 generates
perfluoroalkyl radicals that undergo stepwise HF elimination and hydrolysis, forming shorter-chain PFCAs and finally CO2 and F�. Pb improves efficiency
by trapping electrons and reducing electron–hole recombination. Reproduced from ref. 229 with permission from Elsevier BV, copyright 2016.
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or aggregation. This regeneration strategy directly addresses long-
term durability concerns by decoupling high defluorination
efficiency from permanent catalyst poisoning. Moreover, the
atomically dispersed Pt1 remained stable during reaction and
regeneration cycles, indicating strong metal–support interactions
and resistance to sintering or leaching, two common degradation
routes in Pt nanoparticle-based systems.

As an alternative to noble-metal modification strategies, non-
precious single-atom catalysts (SACs) have gained increasing
attention. In this context, Bi single-atom catalysts (Bi-SACs) on
TiO2, synthesized via green, UV-assisted methods, exhibit uniform
metal dispersion and strong photocatalytic performance.235 N–Bi/
TiO2 (from Bi(NO3)3) and Cl–Bi/TiO2 (from BiCl3 forming BiOCl
nanoclusters) were investigated for PFOA degradation. N-10Bi/
TiO2 achieved B85% defluorination under xenon lamp irradia-
tion in 4 h, while Cl-10Bi/TiO2 achieved B76% (Fig. 9c–e). Pristine
TiO2 and Fe- or Pd-modified TiO2 showed negligible activity.
Enhanced performance of Bi–TiO2 arises from improved charge
separation (photocurrent, EIS), side-on PFOA adsorption, and
Bi� � �F interactions that polarize C–F bonds, as supported by
DRIFTS, DFT, and FDTD simulations.236 Unlike Pt1/TiO2 systems
that proceed via reductive hydrodefluorination, Bi–TiO2 operates

through oxidative-defluorination, enabling rapid breakdown of
PFOA and shorter-chain PFCAs. N-10Bi/TiO2 also demonstrated
excellent recyclability, maintaining 490% PFOA removal over four
cycles with only a slight decrease in defluorination (B65%). These
results establish Bi–TiO2 as an efficient, stable, and sustainable
non-noble-metal SAC for PFAS remediation.

6.3. Hybrid photocatalysts

Hybrid photocatalysts have been widely investigated for PFAS
remediation, wherein TiO2 is integrated with complementary
materials to tailor its physicochemical and photochemical char-
acteristics and broaden its functional scope. This section discusses
key hybridization strategies studied for PFAS degradation, includ-
ing coupling TiO2 with other semiconductors or oxides to form
heterojunctions or Z-scheme architectures, use of carbon-modified
TiO2 to facilitate electron transport and pollutant adsorption, and
the integration of advanced material hybrids.

6.3.1. TiO2 coupled with other semiconductors or oxides.
TiO2-based heterojunctions have been explored as a means to
modify charge-transfer pathways and light-response character-
istics for PFAS degradation.237,238 Coupling TiO2 with semicon-
ductors such as Sb2O3, BiOBr, BN, or ReS2 enables the formation

Fig. 9 Photocatalytic hydrodefluorination of PFOA using Pt-loaded TiO2: (a) facet-engineered TiO2 shows negligible PFOA degradation, Pt nanopar-
ticle/TiO2 improves performance moderately, and single-atom Pt1/facet-engineered TiO2 achieves the highest degradation, with the pseudo-first-order
rate constant B15� higher than that of PtNP/TiO2, demonstrating efficient C–F bond hydrodefluorination. (b) Single-atom Pt1/TiO2 and Pt1/facet-
engineered TiO2 show higher PFOA degradation than Pt nanoparticles due to efficient hydrogen spillover. Ti–F bonds form (58% of fluorine), with
negligible free fluoride. Performance decline from Ti–F accumulation is reversible via NaOH. Facet engineering with Pt1 shifts the pathway from O2

�� to
surface hydrogen species, enabling effective hydrodefluorination. Reproduced from ref. 52 with permission from American Chemical Society, copyright
2021;52 photocatalytic defluorination of PFOA by Bi single-atom-loaded TiO2. (c) Pure TiO2 shows low PFOA degradation (B15%) and defluorination
(B2%). Fe or Pd doping slightly improves activity, while Bi single atoms (Bi SAs) significantly enhance defluorination (up to 70%), (d) under a xenon lamp,
N-10Bi/TiO2 achieves complete PFOA removal within 2 h and high defluorination (B85%) after 4 h, outperforming Cl-10Bi/TiO2, (e) short-chain PFCAs
(PFHpA, PFHxA, and PFPeA) are detected as intermediates. N-10Bi/TiO2 shows rapid defluorination and maintains 465% activity over four cycles,
demonstrating stability and practical potential. Reproduced from ref. 235 with permission from American Chemical Society, copyright 2023.
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of type-II, p–n, and S-scheme heterojunctions, promoting
spatial separation of charge carriers and expanded utilization
of visible light. These hybrid systems provide additional elec-
tron- and hole-driven pathways that help degrade
persistent PFAS.

Yao et al. developed mesoporous Sb2O3/TiO2 heterojunctions
for PFOA degradation.239 SEM and TEM revealed bowl-like
anatase TiO2 particles (B10 nm) uniformly embedded with
Sb2O3 nanocrystals, producing red-shifted light absorption
and a narrowed bandgap (3.30 - 2.91 eV). At 10 ppm PFOA
and 0.25 g L�1 catalyst, 3%-Sb2O3/TiO2 achieved 81.7% removal
in 120 min, with the pseudo-first-order rate constant 4.2� faster
than P25 (12.6 � 10�3 min�1 vs. 6.3 � 10�3 min�1, Fig. 10a).
ESR, PL, and TR-PL analyses identified O2

�� and h+ as dominant

reactive species, while �OH was negligible, indicating a shift
from conventional hydroxyl-mediated pathways (Fig. 10b).

BiOBr-modified P25 (P25/BiOBr) forms a p–n heterojunction,
facilitating efficient charge separation.240 Under simulated solar
irradiation, P25/BiOBr achieved 99.7% PFOA degradation within
100 min, outperforming P25 (o1%), BiOBr alone (13.4%), and
commercial In2O3 (16.8%, Fig. 10c).242 ATR-FTIR and adsorption
studies indicated unidentate binding of PFOA to Bi3+, enhancing
surface adsorption (qm = 21.94 mg g�1) and direct hole-mediated
oxidation. Mechanistically, photogenerated holes dominated,
with negligible contribution from �OH, electrons, or superoxide
anions, consistent with BiOBr’s VB energy (1.99 V vs. NHE) being
insufficient for water oxidation (Fig. 10d).243,244 In real water
from Tangxun Lake (pH 3.5), degradation was efficient but

Fig. 10 Photocatalytic degradation of PFOA: (a) comparison of calculated degradation rate constants for P25, TiO2, and TiO2 modified with 1%, 3%, 7%,
and 10% Sb2O3, (b) schematic showing how the 3%-Sb2O3/TiO2 heterojunction enhances photocatalytic PFOA degradation. Reproduced from ref. 239
under the Creative Commons Attribution (CC BY), Frontiers, 2021; (c) PFOA degradation under simulated solar light, where P25/BiOBr achieved 99.7%
removal in 100 min, significantly higher than that of BiOBr (13.4%), commercial In2O3 (16.8%), P25, or blank, attributed to its high adsorption capacity
(qm = 21.94 mg g�1), (d) proposed photodegradation pathway over P25/BiOBr: holes generated on P25 migrate to BiOBr, oxidizing adsorbed PFOA,
followed by stepwise decarboxylation and hydrolysis, producing short-chain PFCAs and ultimately CO2 and F�. Reproduced from ref. 240 with
permission from Elsevier BV, copyright 2022; (e) fluoride ion release profiles during PFOA degradation under natural sunlight irradiation using BN/TiO2,
compared with controls. Reproduced from ref. 37 with permission from Elsevier BV, copyright 2022; (f) degradation rate constants for different x% ReS2–
TiO2 samples, (g) proposed electron transfer mechanism in the ReS2–TiO2 S-scheme heterostructure, illustrating band bending and internal electric field
formation driven by Fermi level differences, (h) proposed photocatalytic mechanism of the ReS2–TiO2 system under UV irradiation, showing charge
transfer, oxygen vacancy trapping, radical generation (�O2

� and �OH), and subsequent PFOA degradation. Reproduced from ref. 241 with permission
from Elsevier BV, copyright 2025.
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slowed at natural pH 6.8 due to reduced adsorption and compet-
ing ions (Cl�, SO4

2�, and NO3
�) and NOM, low NO3

� or humic
acid (B10 mg L�1) slightly enhanced removal (as NO3

� can act as
scavengers of electrons), while higher concentrations (4100 mg L�1)
inhibited it.245

The development of BN/TiO2 composites advanced PFAS
photocatalysis degradation.37 Combining commercial TiO2

(P25, 80 wt% anatase/20 wt% rutile, 21 nm) with hexagonal BN
(B1 mm) via simple calcination forms a type-II n–n heterojunc-
tion that promotes efficient interfacial charge separation.246,247

Ultraviolet photoelectron spectroscopy (UPS) and diffuse reflec-
tance UV-vis (DR-UV) spectroscopy revealed valence band posi-
tions of�7.0 eV (TiO2) and�6.9 eV (BN), with band gaps of 3.1 eV
and 5.4 eV, respectively. This configuration allows TiO2 photo-
excitation under UV-C (254 nm) and UV-A (365 nm), while BN
primarily facilitates e�–h+ separation. Transient photocurrent
measurements showed B47� and B70� higher steady-state
current for BN/TiO2 relative to BN and TiO2, indicating enhanced
charge separation and reduced recombination. Under UV-A, BN/
TiO2 degraded 120 mM PFOA to o2.4 mM within 120 min (t1

2 =
55 min), compared to 77 mM remaining with TiO2 alone (t1

2 E
350 min), achieving 37% versus 19% defluorination. Under UV-C,
BN/TiO2 further accelerated mineralization (t1

2 = 13 min) and
reached 450% defluorination after 60 min, outperforming BN
(t1

2 = 10 min, 29% defluorination) and TiO2 (t1
2 = 80 min, 7%

defluorination, Fig. 10e). BN/TiO2 also showed practical advan-
tages, requiring fluence doses of B4–8 J cm�2 and EE/Ooutput

values of 102 and 253 kWh m�3 order�1 under UV-C and UV-A,
representing 410� improved energy efficiency compared to
TiO2.

Chen et al. constructed an S-scheme ReS2–TiO2 heterostruc-
ture via electrostatic self-assembly, combining oppositely
charged semiconductors to enhance interfacial electron transfer
and suppress recombination.241 Transmission and electron
microscopy (TEM) and elemental mapping confirmed uniform
Re, S, Ti, and O distribution, while XPS and Raman analyses
revealed increased oxygen vacancies (21 to 26%) and surface
–OH groups (13 to 17%), boosting radical generation. Photo-
catalytic tests demonstrated that 2% ReS2–TiO2 achieved 98%
PFOA removal with B75% defluorination in 120 min under UV,
surpassing TiO2 (62%) and ReS2 alone. Radical trapping and
ESR studies identified �O2

� and �OH as dominant species, with
ReS2 coupling significantly enhancing their formation. In situ
XPS and DFT calculations elucidated the S-scheme mechanism:
an internal electric field drives electron transfer from TiO2 to
ReS2 in the dark, while upon illumination, TiO2 CB electrons
migrate to the ReS2 VB, promoting charge separation, extending
carrier lifetime, accelerating electron transfer, and increasing
active site availability (Fig. 10f–h).248,249 For TiO2 heterojunc-
tions, 3% Sb2O3/TiO2 achieved 81.7% PFOA degradation in
2 h,239 BN/TiO2 degraded 120 mM PFOA to o2.4 mM in
120 min with 37% defluorination under UV-A and 450% under
UV-C in 60 min,37 and ReS2–TiO2 (2 wt%) removed 98% PFOA
with B75% defluorination in 120 min.241

6.3.2. Carbon-based hybrid photocatalysts. Carbon materi-
als enhance TiO2 photocatalysis by improving charge transfer,

suppressing electron–hole recombination, and increasing pol-
lutant adsorption.250–254 p-Conjugated structures act as elec-
tron reservoirs, enabling rapid electron migration, while the
high surface areas of carbon nanotubes, graphene, and acti-
vated carbon concentrate pollutants near catalytic sites. This
synergy boosts reactive oxygen species generation and extends
TiO2’s light response into the visible range.

Fe/TNTs@AC demonstrated a ‘‘concentrate-and-destroy’’
mechanism, achieving 91.3% PFOA removal in 4 h under UV
irradiation, outperforming TNTs@AC (23.8%), non-calcined Fe/
TNTs@AC (68.7%), and calcined TNTs@AC (83.3%) (Fig. 11a).255

Fe modification and calcination enhanced defluorination (B62%),
1.5–4� higher than that of other materials. Optimal calcination
(550 1C) and 1 wt% Fe loading maximized performance. Fe/
TNTs@AC adsorbed B99% of PFOA over pH 4–11 within 2 h,
with a-Fe2O3/TNTs interacting electrostatically with the carboxylate
head and AC providing hydrophobic and anion–p interactions
with the tail.256 Adsorption orientation shifted from side-on
(acidic/neutral) to tail-on (alkaline), slightly reducing defluorina-
tion at pH Z 9. Reusability tests confirmed stable adsorption
(499%) and B60% defluorination over six cycles, with minimal
Fe (o1.7 mg L�1) and no Ti leaching. Mechanistic studies revealed
h+-driven oxidation as dominant, with �OH mediating stepwise
defluorination of perfluoroalkyl radicals, �O2

� was negligible
(Fig. 11b). Fukui index and ESP analyses identified the carboxylate
head as the primary reactive site, supporting the proposed degra-
dation pathway.257

Titanate nanotubes (TNTs) have been further modified to
enhance photocatalytic PFAS degradation through metal doping
and carbon integration.258–261 Gallium-doped TNT-activated
carbon composites (Ga/TNTs@AC) demonstrated synergistic
adsorption-photocatalysis for PFOS removal. Both TNTs@AC
and 2%Ga/TNTs@AC achieved near-complete PFOS adsorption
within 10 min, far exceeding bare AC (equilibrium in 120 min)
despite its higher surface area.258 Langmuir analysis indicated a
maximum surface-area-normalized adsorption capacity of
0.225 mg m�2 for 2%Ga/TNTs@AC, B2.1� higher than that
of AC, highlighting the combined effects of Ga doping and AC in
creating electrostatic, hydrophobic, and p-anion binding
sites.260,261 Under UV irradiation, 2%Ga/TNTs@AC achieved
75% PFOS degradation and 66.2% defluorination within 4 h,
significantly outperforming TNTs@AC (13.1%/6.2%) and AC
alone (Fig. 11c), with the underlying mechanism illustrated in
Fig. 11d. The system exhibited broad pH tolerance (3.5–10.5),
with alkaline conditions favoring O2

�� generation and defluor-
ination. XPS and EPR confirmed Ga3+ induced oxygen vacancies
that acted as electron traps, improving charge separation and
ROS formation, supported by reduced PL emission.

Indium-doped TNT–AC composites (In/TNTs@AC) were
developed for PFOA remediation.259 Characterization showed
an interwoven TNT-AC framework, with In present mainly as
In2O3 and minor In0 phases.262,263 XRD confirmed anatase
retention with reduced interlayer spacing, while FTIR and N2

adsorption indicated partial surface-group removal and slightly
reduced pore volume, favoring PFOA adsorption. Batch tests
achieved 499% PFOA removal within 30 min via hydrophobic
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and electrostatic/Lewis acid–base interactions at In2O3 sites.264

Under UV irradiation, In/TNTs@AC achieved nearly complete
PFOA degradation within 4 h with B60% defluorination, out-
performing AC, TNTs@AC, and In2O3@AC due to synergistic
adsorption and enhanced charge separation via heterojunction
formation (Fig. 11e and f). TNT-based composites exhibit clear
dopant-dependent behavior in PFAS degradation.255,258,259 Fe
modification promotes redox-driven pathways and enhances
defluorination, Ga doping improves oxygen-vacancy-mediated
charge separation favoring sulfonated PFAS removal, and In
doping enables combined hydrophobic and Lewis acid–base
adsorption with In2O3 heterojunction-assisted photocatalysis,
favoring carboxylated PFAS. Overall, dopant selection governs
charge transport, vacancy chemistry, and PFAS-specific interac-
tions, providing a mechanistic basis for rational design of TNT-
based photocatalysts.

Multi-walled carbon nanotubes (MWCNTs) serve as supports
to improve adsorption and charge separation.265 TiO2–MWCNT
composites synthesized via sol–gel with varying TiO2 : MWCNT
ratios were tested under 365 nm UV (8 h) with 30 mg L�1 PFOA.
Adsorption equilibrium on MWCNTs occurred within 30 min
(B18% PFOA). A 5 : 1 TiO2-MWCNT composite achieved 89%
PFOA degradation, surpassing P25 (37%) and physical mixtures
(60%) (Fig. 12a). Optimized 10 : 1 loading yielded 94% degrada-
tion, whereas 20 : 1 caused aggregation and reduced efficiency.

TiO2 photocatalysis is significantly boosted through integra-
tion with reduced graphene oxide (rGO), which has been studied
for the degradation of various pollutants.266–269 Ruiz et al. inves-
tigated TiO2–rGO composites for PFOA degradation under UV
irradiation.266 While bare TiO2 removed only 24 � 11% of PFOA
after 12 h, TiO2–rGO achieved 93 � 7% removal under identical
conditions (Fig. 12b), representing an B4-fold improvement. The
enhanced activity is attributed to: (i) one-atom-thick rGO sheets
that reduce light screening, (ii) efficient electron transfer from
TiO2 to rGO, and (iii) prolonged charge-carrier lifetimes, which
enhance �OH and O2

�� generation (Fig. 12c). Total organic carbon
decreased by 62%, and 20% of fluorine was removed through
combined adsorption (6.8%) and partial volatilization of short-
chain products. Kinetic analysis revealed chain-length-dependent
degradation: kPFPeA = 2.14 h�1 4 kPFHxA = 0.54 h�1 4 kPFHpA =
0.27 h�1 4 kPFOA = 0.163 h�1, indicating faster degradation of
shorter-chain PFCAs. In subsequent studies, TiO2–rGO degraded
both dichloroacetic acid (DCA) and PFOA, but complete miner-
alization occurred only for DCA, highlighting the strong recalci-
trance of fluorinated compounds.268 Chowdhury et al. developed
a synergistic Pb-doped TiO2/rGO system (TiO2–Pb/rGO) for PFOA
remediation under UVC irradiation267 (Fig. 12d). The composite
achieved 98% PFOA removal and 32% defluorination, surpassing
TiO2–Pb, TiO2/rGO, and TiO2–Fe/rGO. Pb outperformed Fe for
defluorination (34% vs. 15%) due to its more favorable standard

Fig. 11 (a) Photocatalytic defluorination of PFOA, showing B62% conversion of organic fluorine to F� by Fe/TNTs@AC under UV irradiation, significantly
higher than that of TNTs@AC and other controls, (b) proposed photocatalytic degradation mechanism of PFOA on iron (hydroxide-impregnated
nanoparticles under UV irradiation, showing adsorption, hole/electron generation, radical formation, and stepwise defluorination via photo-Kolbe-like
decarboxylation. Reproduced from ref. 255 with permission from Elsevier BV, copyright 2020; (c) kinetics of PFOS defluorination for neat AC, TNTs@AC,
and Ga/TNTs@AC with varying Ga content under UV irradiation, (d) proposed mechanism for enhanced solid-phase photocatalytic degradation and
defluorination of PFOS by Ga/TNTs@AC, highlighting multi-point adsorption, Ga-induced oxygen vacancies, charge separation, and generation of
reactive species (h+ and O2

��). Reproduced from ref. 258 with permission from Elsevier BV, copyright 2021;258 (e) Photodegradation and defluorination
of PFOA pre-adsorbed on In/TNTs@AC under UV irradiation, showing rapid degradation (450% in 30 min) and B60% defluorination after 4 h, (f)
proposed stepwise photocatalytic degradation and defluorination pathways of PFOA on In/TNTs@AC, highlighting dual adsorption, In-facilitated redox
cycling, and formation of perfluoroalkyl intermediates during UV irradiation. Reproduced from ref. 259 under the Creative Commons CC-BY licence,
Elsevier BV, 2022.
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reduction potential. The TiO2–Pb/rGO system was effective under
UVA, UVB, and UVC, with UVC slightly more efficient, achieving a
low electrical energy per order (EEO) of 4.05 kWh m�3 for 98%
PFOA removal.

Ultra-small TiO2 quantum dots (QDs) have been developed
and uniformly distributed on supports to enhance photocata-
lytic efficiency by maximizing the active surface area.269–271

Sodium dodecyl sulfate (SDS) was used to regulate Ti3+ ion
distribution, minimizing TiO2 particle size. The resulting QDs
(B2.55 nm) were assembled into three-dimensional sulfonated
graphene (SG) aerogels, forming 3D SG–TiO2 QD aerogels.272

Compared to conventional TiO2 nanoparticles (15–40 nm),
these QDs exhibit enhanced photon absorption and reduced
e–h+ recombination. Photocatalytic PFOA degradation followed
first-order kinetics, with QDa (SG–TiO2 QDs synthesized at
higher SDS concentration) achieving the highest rate constant
(kapp = 1.898 � 10�4 s�1), outperforming QDb (SG–TiO2 QDs
synthesized at lower SDS concentration) (1.530 � 10�4 s�1) and
aggregated TiO2 NPs (9.283 � 10�5 s�1) (Fig. 13a). The syner-
gistic combination of SG aerogels and TiO2 QDs enhanced
adsorption, promoted uniform QD dispersion, reduced band
gap, and improved photogenerated charge utilization, enabling

persistent and high-efficiency PFAS degradation even in flow-
through setups (Fig. 13b).

Carbon quantum dots (CQDs) have emerged as effective
modifiers of TiO2 photocatalysts, enhancing visible-light absorp-
tion and promoting efficient charge separation.275,276 High-purity
CQDs synthesized via hydrothermal treatment of mussel shell
biomass (MCQD) and electrochemical exfoliation of graphite
rods (Exfol.CQD)273 were coupled with TiO2 to form composite
photocatalysts. Photocatalytic experiments under UVC and visible
light demonstrated substantially improved degradation of per-
fluorooctanoic acid (PFOA) and short-chain PFCAs (C3–C6). Step-
wise decomposition of longer-chain PFCAs (e.g., PFHxA-C6 and
PFPeA-C5) to shorter intermediates (PFBA-C4 and PFPrA-C3) was
observed, with higher intermediate concentrations under UVC
irradiation (PFHxA 11.5 mg L�1, PFPeA 11.9 mg L�1) than under
visible light (PFHxA 9.8 mg L�1, PFPeA 8.2 mg L�1), reflecting more
rapid generation of reactive species at higher photon energies.
Corresponding defluorination efficiencies reached 32% (visible)
and 34.5% (UVC) for Exfol. CQD/TiO2, compared to 11.6% and
21.8% for bare TiO2. Photocurrent and IMVS/IMPS analyses
confirmed faster electron transfer (tt = 0.317 ms) and longer hole
lifetimes (TR = 35.9 ms), highlighting the role of CQDs in charge

Fig. 12 Photocatalytic degradation of PFOA and PFOS over various TiO2-based and modified photocatalysts: (a) comparison with a physical mixture of
P25 and MWCNTs (5 : 1). Reproduced from ref. 265 with permission from Elsevier BV, copyright 2012;265 (b) comparison of PFOA degradation after 12 h
under UV irradiation using TiO2, TiO2–rGO composite, and GO control, showing enhanced removal with TiO2–rGO due to improved light penetration
and reduced electron–hole recombination, (c) proposed photocatalytic degradation pathway of PFOA over TiO2–rGO, highlighting the role of rGO in
enhancing charge separation, radical generation (�OH and O2

��), stepwise perfluoroalkyl cleavage, and eventual formation of CO2 and F�. reproduced
from ref. 266 with permission from Elsevier BV, copyright 2018; (d) PFOA removal under UVC irradiation using TiO2, Pb, rGO, TiO2–Pb, TiO2/rGO, and
TiO2–Pb/rGO, showing enhanced degradation with composite materials due to synergistic effects of rGO and Pb doping. Reproduced from ref. 267 with
permission from Wiley, copyright 2023.
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separation. Fig. 13c shows improved PFOA photodegradation by
CQD/TiO2 under UVC due to enhanced charge separation, while
Fig. 13d illustrates a mechanism involving direct hole oxidation
and ROS-driven stepwise defluorination.

Similarly, peanut-shell biomass-derived CQDs (PCQD/TiO2)
extended TiO2’s photoresponse from UV to visible light and
reduced the band gap from 3.04 to 2.92 eV, acting as electron
reservoirs and further enhancing e�/h+ separation.274 PFOA and
other long-chain PFCAs degraded into shorter intermediates,
with defluorination efficiencies significantly improved (PFOA:
56.2% UVC, 46.6% visible vs. 23.2% and 11.6% for bare TiO2)
(Fig. 13e). Both Exfol.CQD and PCQD composites exhibited
stepwise PFCA degradation driven by superoxide (�O2

�), hydroxyl
radicals (�OH), and photogenerated holes, maintaining stable
performance over multiple cycles. Fig. 13f illustrates the mecha-
nism: extended light absorption, improved e�–h+ separation, and
reactive radical generation drive chain shortening, decarboxyla-
tion, and H/F exchange, achieving efficient mineralization.
Among the three CQDs, PCQD/TiO2 demonstrates the highest
overall efficiency, achieving 67.2% degradation of long-chain

PFOA under UVC and 48.5% under visible light, while also
effectively degrading short-chain PFCAs such as PFHxA (41.3%)
and PFPeA (52.1%). Exfol.CQD/TiO2 performs comparably for
long-chain PFOA (69% UVC, 50% visible) but is less effective
for short-chain PFCAs (PFHxA 40%, PFPeA 35%, PFBA 31.6%,
and PFPrA 21.6%). In contrast, mussel shell-derived CQDs
(MCQD)/TiO2 consistently exhibits the lowest activity (PFOA
29% UVC, 20% visible) with limited short-chain PFCA data. This
quantitative comparison underscores that both the CQD precur-
sor and synthesis method critically influence TiO2 photocatalytic
performance, with biomass-derived PCQDs offering a sustainable
and broadly effective approach for PFAS remediation under both
UVC and visible light.

6.3.3. Emerging hybrid systems. Supporting materials have
been explored to enhance TiO2 photocatalysis by improving
catalyst stability, dispersion, and charge transport, leading to more
effective utilization of photogenerated charge carriers.277–281

Among these, MXenes and zeolites exemplify distinct strategies
for augmenting TiO2 performance in PFAS degradation. MXenes,
two-dimensional transition metal carbides and nitrides, combine

Fig. 13 (a) PFOA degradation profiles and simulated concentrations over time for 3D SG–TiO2 QDa, 3D SG–TiO2 QDb, 3D SG–TiO2 NP, and 3D SG,
showing faster kinetics for smaller TiO2 QDs and supporting stepwise formation of shorter-chain PFCAs, (b) proposed mechanism for PFOA removal by
3D SG–TiO2 QDa, showing combined adsorption on the hydrophobic aerogel surface and photocatalytic degradation via h+-induced and �OH-mediated
pathways, leading to stepwise formation of shorter-chain PFCAs and fluoride release. Reproduced from ref. 272 with permission from Elsevier BV,
copyright 2020; (c) photodegradation of PFOA over TiO2, Exfol.CQD/TiO2, and MCQD/TiO2 under UVC (200–280 nm). Exfoliated CQDs enhance
electron transfer, reduce electron–hole recombination, and improve photocatalytic efficiency compared to bare TiO2, (d) proposed mechanism for
PFOA decomposition using TiO2 and CQD/TiO2 photocatalysts. Upon light irradiation, electron–hole pairs are generated; holes in the valence band
directly oxidize PFOA, while electrons in the conduction band participate in reactive oxygen species formation, enabling stepwise defluorination and
formation of shorter-chain PFCAs. Reproduced from ref. 273 with permission from Elsevier BV, copyright 2025; (e) defluorination efficiency of PFOA and
short-chain PFCAs (C3–C6) under UVC and visible light using TiO2 and PCQD/TiO2 photocatalysts. The PCQD/TiO2 composite showed significantly
higher defluorination percentages (46.6–56.2% for PFOA and 10.9–12.9% for short-chain PFCAs) compared to pristine TiO2, (f) PFCA degradation over
PCQD/TiO2 proceeds via two main pathways: chain shortening, where reactive holes and radicals break C–C bonds to form shorter-chain PFCAs, and
H/F exchange, where a–C–F bonds are sequentially replaced by hydrogen, releasing fluoride ions. Reactive oxygen species (�OH and O2

��) generated by
the photocatalyst drive these processes. Reproduced from ref. 274 with permission from Elsevier BV, copyright 2025.
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high conductivity, tunable surface chemistry, and layered archi-
tecture, enabling rapid electron transfer and heterojunction
formation with TiO2.277 Hydrophilic surfaces and interlayer
expansion enhance nanoparticle interaction, light utilization,
and accessibility of active sites.

In one approach, hydrothermally synthesized MXene/TiO2

composites demonstrated a layered structure with TiO2 nano-
particles anchored on MXene sheets, as confirmed by SEM,
XRD, and XPS.282 These composites coupled rapid adsorption
with photocatalysis: PFOA adsorption reached equilibrium

within 30 min (qm E 16.06 mg g�1), following pseudo-second-
order kinetics and Langmuir isotherms, with efficiency strongly
influenced by pH. Under UV irradiation, MXene/TiO2 achieved
94.6% degradation and 58.4% defluorination within 9 h, sur-
passing UV alone, UV/MXene, or UV/TiO2 systems (Fig. 14a). The
Schottky barrier at the MXene–TiO2 interface facilitated hole
transfer, improving e�–h+ separation and extending catalyst
durability. Comparative analysis with advanced photocatalytic
systems including MXene nanosheets, Ti4O7/MXene, COFs/
MOFs and ZIF-67/Au-PCN reveals that the MXene/TiO2 system

Fig. 14 (a) Photocatalytic degradation of PFOA under different systems: UV alone, MXene, hydrothermally treated MXene (180 1C), TiO2, and MXene/
TiO2 composite. The MXene/TiO2 composite achieved the highest degradation (94.6%) due to enhanced light absorption and improved electron–hole
separation, while UV alone showed minimal PFOA removal (13.96%). Reproduced from ref. 282 with permission from Elsevier BV, copyright 2025;
photocatalytic degradation of PFOA using Ti3C2/TiO2-based catalysts: (b) PFOA removal under adsorption, UV photolysis, Ti3C2-HF/TiO2, P25, and Ti3C2/
TiO2–80, (c) fluoride ion (F�) generation and defluorination efficiency for the same systems, (d) TiO2 distribution within Ti3C2-DES showing intercalation
into interlayers, (e) TiO2 growth on the Ti3C2-HF surface for comparison. The intercalation strategy (Ti3C2/TiO2–80) significantly enhances both PFOA
degradation (499.9%) and defluorination (49%) compared to conventional TiO2 systems. Reproduced from ref. 283 with permission from Elsevier BV,
copyright 2020; three-dimensional RS (response surface) diagrams illustrating the optimal operating conditions for maximum treatment efficiency:
(f) effect of catalyst dosage (0.5–0.7 g) and zeolite mixing ratio (B10%) on efficiency; (g) influence of the zeolite ratio (B10%) and reaction temperature
(up to 85 1C); (h) effect of the zeolite ratio (B10%) and pH (up to 13). The diagrams indicate that treatment efficiency improves with decreasing zeolite
ratio, increasing temperature, and higher pH under the specified conditions. Reproduced from ref. 284 with permission from Elsevier BV, copyright 2024;
(i) PFOA degradation by MIL-125, F-MIL-125, TiO2@MIL-125, and F-TiO2@MIL-125 showed fastest kinetics for F-TiO2@MIL-125 with Kapp = 1.221 �
10�4 s�1, higher than that of other TiO2-based catalysts, while only TiO2@MIL-125 and F-TiO2@MIL-125 continued significant degradation after 2 h.
Reproduced from ref. 66 with permission from Elsevier BV, copyright 2022.66
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has competitive advantages in persistent pollutant remediation.
In a separate study, an intercalation strategy using deep eutectic
solvents (DESs) was developed to overcome the limited inter-
layer spacing of Ti3C2 MXene, which typically hinders in situ
TiO2 crystal growth.283 The resulting Ti3C2-DES exhibited
expanded c-lattice parameters compared to the hydrofluoric
acid (HF)-etched MXene, allowing greater water intercalation
and more effective Ti atom oxidation. This promoted in situ
TiO2 crystal growth with exposed (001) and (101) facets, forming
heterojunctions for enhanced charge separation. Combined
with the high conductivity of the Ti3C2 substrate, this system
enabled efficient carrier transport, achieving nearly 100% PFOA
removal and 49% defluorination in 16 h. In contrast, Ti3C2-HF/
TiO2 and commercial P25 TiO2 exhibited only modest efficien-
cies (22% removal, 12% defluorination, and 30% removal, 9%
defluorination, respectively) (Fig. 14b and c), consistent with the
morphological and mechanistic insights highlighted in Fig. 14d
and e. Quantitatively, these results illustrate that faster C–F
bond cleavage does not always correspond to higher overall
PFOA removal. Altogether, these studies282,283 demonstrate that
MXene/TiO2 hybrids can be engineered through hydrothermal
or DES-driven strategies to maximize synergistic adsorption-
photocatalysis, enhance charge separation, and significantly
boost PFAS degradation, highlighting the versatility of MXenes
as co-catalysts and structural supports for next-generation water
treatment photocatalysts.

TiO2/zeolite nanocomposite materials were studied for photo-
catalytic pentafluoropropionic acid (PFPA) degradation, lever-
aging the complementary properties of both components.284

TiO2 provides photocatalytic activity, while zeolites offer ther-
mally and chemically stable scaffolds with high surface area and
porous, hydrophobic structures that pre-concentrate pollutants,
prevent nanoparticle aggregation, and, when modified (e.g.,
alum-coated), enhance fluoride adsorption. Waste-derived Na–Y
zeolite (68.7% purity) supported TiO2 via sol–gel or hydrothermal
methods, resulting in higher surface area (273 m2 g�1 vs.
46.3 m2 g�1 for P25), reduced bandgap (2.75 eV vs. 3.28 eV),
and preserved structural integrity (EDX Ti : Si : Al = 42.4 : 34.9 :
22.7). Systematic evaluation using ANOVA and response surface
(RS) methodology identified pH (alkaline, pH 13) as the most
influential factor, followed by dosage and the TiO2/zeolite ratio,
with reaction temperature contributing moderately. The RS 3D
plots (Fig. 14f–h) visually depict the interplay between these
factors, highlighting the optimal ranges of dosage, zeolite ratio,
temperature, and pH for maximum defluorination. Under these
optimal conditions (0.5 g L�1 catalyst, 10% TiO2/zeolite, 85 1C, pH
13), PFPA defluorination reached 58.7–60.2%, with elevated sur-
face area, pore structure, and charge properties promoting �OH-
mediated degradation. These results highlight the synergy of TiO2

and zeolite scaffolds and demonstrate a statistically validated
approach for optimizing photocatalytic PFAS remediation.

Further advancement is represented by F-TiO2@MIL-125, inte-
grating tailored adsorption and photocatalytic functionalities.66

While MOF (MIL-125(Ti)) displayed smooth plate-like morphology
(1 nm), TiO2@MIL-125 retained disc-like structure with smoother
surfaces, and F-TiO2@MIL-125 preserved structural integrity with

superficial nano-debris despite fluorine functionalization. BET
analysis showed a surface area decrease from 1201.71 m2 g�1

(MIL-125) to 85.25 m2 g�1 (F-TiO2@MIL-125), accompanied by
an increase in pore diameter (2.13 - 12513.48 nm), favoring PFOA
diffusion. F-TiO2@MIL-125 exhibited rapid adsorption (within
200 s) and superior monolayer capacities (185.151 mmol g�1),
outperforming MIL-125, F-MIL-125, and TiO2@MIL-125. Photo-
catalytic tests (Fig. 14i) under simulated sunlight demonstrated
that only TiO2@MIL-125 and F-TiO2@MIL-125 sustained PFOA
degradation beyond 2 h, with F-TiO2@MIL-125 achieving the
highest rate constant (Kapp = 1.221 � 10�4 s�1), surpassing TiO2–
rGO (0.453 � 10�4 s�1) and fluorinated TiO2 (0.360 � 10�4 s�1).
This enhanced performance was attributed to a narrowed bandgap
(3.12 eV), redshifted absorption (460 nm), increased VB electron
density, and improved electron–hole separation, as confirmed by
UV-vis, Mott–Schottky, photocurrent, and EIS analyses. Mechan-
istically, PFOA removal involved F� � �F interactions for enrichment,
followed by h+ and �OH-mediated oxidation through stepwise
defluorination. These studies highlight that MXenes, zeolites,
and MIL-125-derived supports enhance TiO2 photocatalysis via
complementary mechanisms: adsorption, heterojunction-facilitated
charge separation, structural stability, and tailored surface
chemistry, achieving superior PFAS removal and defluorination
compared to conventional TiO2 catalysts.

6.4. Advanced photocatalysis-centric approaches

Recent developments in TiO2-based photocatalysis have focused
on integrated strategies that improve overall performance by
combining structural and functional modifications. Among these,
photoelectrocatalysis (PEC) combines photocatalysis with an
applied bias to accelerate interfacial reactions, while advanced
oxidation processes (AOPs) exploit synergistic reactive oxygen
species (ROS) pathways to mineralize persistent contaminants
efficiently.285–288 Molecularly imprinted photocatalysts (MIPs)
offer selective adsorption and degradation by creating tailored
recognition sites for specific pollutants.289–291 This section high-
lights the mechanistic advantages and potential of these advanced
strategies for PFAS degradation.

6.4.1. Photoelectrocatalysis. Photoelectrocatalysis (PEC) and
bias-enhanced electrochemical photocatalysis (BEEP) demonstrate
significant advantages over conventional photocatalysis for PFAS
degradation. PEC improves photocatalytic performance by apply-
ing an external bias to semiconductor photocatalysts, enhancing
e�–h+ separation, accelerating surface redox reactions, and pro-
moting radical-mediated oxidation and defluorination.292–294

Laboratory studies using graphene oxide-deposited TiO2 nanotube
arrays (GO/TNAs) showed that defluorination efficiency depends
on initial PFOA concentration and surface pH, with maximum
degradation (B83%) at pH 3.295 Increasing the temperature from
25 1C to 75 1C accelerated degradation kinetics from 0.34 h�1 (83%
in 4 h) to 1.63 h�1 (complete degradation in 2.5 h). Applying a 2 V
external bias further improved removal efficiency to 97% by
promoting charge separation, enhancing OH radical generation,
and enabling anodic oxidation, although higher pH reduced
efficiency due to competing OH� adsorption (Fig. 15a).295 Similarly,
bias-enhanced electrochemical photocatalysis (BEEP) demonstrates
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significant PFAS degradation.296 BEEP combining UVA irradia-
tion with a 2 V bias enabled complete mineralization of long-
chain PFCAs (C13–C17) within 24 h, with shorter-chain intermedi-
ates progressively degraded (Fig. 15b and c). Sulfonamide-
containing PFAS were fully removed, while PFOS and PFOA
showed measurable defluorination (B15% for PFOS in 24 h).
Mass spectrometry confirmed PFOS degradation, with decreased
molecular ion intensity during photocatalysis (Fig. 15d) and
under BEEP treatment (Fig. 15e), providing molecular-level evi-
dence of PFAS breakdown. The enhanced performance results

from reduced e�–h+ recombination, accelerated redox kinetics,
and electrostatic attraction of PFAS to the biased TiO2 surface,
highlighting BEEP as an energy-efficient, scalable alternative to
conventional treatments.

Field-relevant PEC studies further support these findings. In
groundwater from the Veneto Region, Italy, the site of one of
the largest PFAS environmental disasters in Europe, a total of
48 PFAS species, including long- and short-chain compounds,
were monitored, with up to 9 species detected in the wells.297

The PEC treatment was carried out using immobilized TiO2

Fig. 15 (a) Photoelectrocatalytic degradation of PFOA on GO/TNAs under UV light was tested with external bias from 0 to 2.0 V. Degradation increased
with applied potential due to enhanced electron transfer from TNAs to graphene oxide sheets. Reproduced from ref. 295 with permission from Elsevier
BV, copyright 2018;295 photocatalytic degradation of PFAS using the BEEP reactor: (b) concentration changes of PFCAs after 24 h, showing complete
removal of long chains (C12–C17) and progressive breakdown of shorter chains (C8–C12) into smaller intermediates, (c) removal of PFSAs, with the
longest PFDS (C10) achieving 90% degradation, while shorter chains (C7–C9) show lower removal, (d) mass spectra of PFTeDA (C14) during BEEP
treatment, illustrating stepwise decarboxylation and formation of smaller PFCAs ([C8F17]� and [C6F13]�), (e) MS spectra of PFOS (C8) showing B30%
removal and 15% defluorination after 24 h, highlighting BEEP’s efficiency in degrading both long- and short-chain PFAS, including resistant compounds
like PFOS and PFOA. Reproduced from ref. 296 with permission from Royal Society of Chemistry, under CC BY-NC 3.0;296 effect of UV power and PFAS
chain length on removal efficiency: (f) influence of UV intensity on PFOA removal: in photolysis (PL), reducing power from P1 to P2 decreased removal
from 68% to 50%, whereas in photoelectrocatalysis (PEC), removal remained high (65–72%) due to the catalytic activity of the TiO2-coated mesh.
(g) Removal of PFAS with different chain lengths under PL and PEC: in PL at P2, removal increased with decreasing chain length (PFHpA 18.5% - PFBA
61%), while at P1, removal ranged 55–61% for PFHpA, PFHxA, and PFPeA and 89% for PFBA. In PEC, removal rates at P2 were equal or higher than at P1,
demonstrating efficient degradation across all chain lengths. Reproduced from ref. 297 under the Creative Commons CC-BY 4.0.

Review Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/2

0/
20

26
 1

0:
37

:5
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01247c


© 2026 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2026, 7, 3101–3146 |  3121

photoanodes (TiO2 film grown on titanium mesh by plasma
electrolytic oxidation), achieved overall PFAS reduction of 63%
in well 1 and 65% in well 2, with individual removal efficiencies
ranging from 96% (PFOA) to 1% (PFBS).297 The average degra-
dation order followed PFOA 4 PFHpA 4 PFHxA = PFPeA 4
PFBA for PFCAs and PFOS 4 PFHpS for PFSAs. Laboratory tests
in ideal PFOA solutions confirmed that PEC degradation pro-
ceeds via decarboxylation followed by stepwise CF2-unit loss, with
transient formation of shorter-chain intermediates. Laboratory
comparisons between photolysis (PL) and PEC under two UV
lamp power settings (P1 = higher, P2 = lower) illustrate the
advantages of bias-assisted PEC: as shown in Fig. 15f, reducing
UV intensity from P1 to P2 decreased PL removal from 68% to
50%, while PEC removal remained stable or slightly increased,
ranging from 65% to 72%.297 Fig. 15g shows that for individual
PFCAs, PL removal strongly depended on the chain length and
light intensity, whereas PEC maintained consistent or higher
removal across all chain lengths regardless of UV power. These
results indicate that PEC is less dependent on radiation density
and that bias-assisted charge separation is a key driver of robust
kinetics. In terms of operational efficiency, PEC was more energy-
efficient than PL: EEO values were 36 kWh m�3 for PEC versus 46–
59 kWh m�3 for PL, outperforming most other advanced oxida-
tion processes and showing comparable performance to plasma
and advanced reduction processes. PEC, including advanced
configurations such as BEEP, has shown potential for both
laboratory and field-relevant PFAS-contaminated waters, enabling
high removal and defluorination rates while maintaining energy
efficiency and stability under varying UV conditions. These
studies also indicate the importance of non-target analyses to
further elucidate reaction pathways and identify by-products, as
well as the potential value of pilot-scale reactors for evaluating
energy consumption and process feasibility.

6.4.2. TiO2-based advanced oxidation processes (AOPs). TiO2

photocatalysis has been combined with advanced oxidation pro-
cesses (AOPs) to achieve higher pollutant removal efficiencies than
TiO2 alone.298–301 In these hybrid systems, the addition of oxidants
such as H2O2, O3, peroxymonosulfate (PMS), or related species
promotes the formation of reactive oxygen species, leading to
accelerated degradation and improved mineralization of persistent
contaminants.

Photocatalytic ozonation represents a highly effective TiO2-AOP
strategy.302,303 Pairing TiO2 with ozone generates additional �OH,
complementing photocatalytic oxidation. Using this approach,
99.1% PFOA degradation and 44.3% defluorination were achieved
within 4 h (Fig. 16a).304 TiO2/PMS systems were evaluated for PFOA
degradation under both visible and UV light.305 Under optimized
conditions (0.25 g L�1 TiO2, 0.75 g L�1 PMS, pH 3, 300 W visible
light), 50 mg L�1 PFOA was degraded nearly completely within 8 h
(Fig. 16b), with a pseudo-first-order rate constant of 0.310 h�1,
approximately 11� higher than that of TiO2 alone (0.028 h�1).
Scavenger studies indicated that sulfate radicals (SO4

��) from PMS
and photogenerated holes (h+) from TiO2 were the primary reactive
species. In real wastewater, PFOA removal decreased to 65%
(influent) and 82% (effluent) in 8 h (k = 0.136 and 0.070 h�1)
due to coexisting organic compounds, highlighting matrix effects

(Fig. 16c). Under UV light (254 and 185 nm, 32 W), degradation
reached nearly 100% within 1.5 h, reflecting higher catalyst
absorbance and stronger photon energy. For comparison with
other TiO2-based systems, TiO2/PMS exhibits the highest appar-
ent kinetics (k = 1.09 h�1),305 followed by Pt-modified TiO2 (k =
0.726 h�1) and Pd-modified TiO2 (k = 0.438 h�1), while
Ag-modified TiO2 shows the lowest reaction rate (k =
0.126 h�1).226 This comparison reflects differences in kinetic
performance among TiO2-based systems when evaluated strictly
by apparent rate constants.

Venkatesan et al.306 evaluated seven pilot-scale AOPs for
PFAS and 1,4-dioxane removal from New York groundwater,
including UV/TiO2. While these AOPs transformed PFAS precur-
sors, complete mineralization was not achieved, and concentra-
tions of individual PFAS often increased due to precursor
conversion. Specifically, average increases were observed for PFBS
(E405%, range 0–1220%), PFOA (E14%, 0–48%), PFOS (E13%,
3–25%), PFHxA (E1%, �7 to 9%), PFHpA (E3.8%, 0–9.5%),
PFHxS (E3.3%, �11 to 13%), and PFNA (E2%, 0–5.2%)
(Fig. 16d). These increases were dependent on UV and oxidant
dose, indicating that hydroxyl radical-based AOPs primarily facili-
tated precursor transformation rather than full degradation.
Importantly, at one site, PFOA concentrations exceeded the New
York State drinking water standard (10 ng L�1) after treatment,
highlighting the importance of considering AOP-induced PFAS
formation when designing treatment systems. These findings
highlight the challenges associated with AOPs, including limited
removal efficiency and the potential for increasing certain PFAS
concentrations, which complicates water treatment and regulatory
compliance.

Photocatalytic ozonation, combining WO3/TiO2 catalysts
with ozone under UVA-visible light, has been applied for the
removal of five PFAS (PFOA, PFHxS, PFBS, 6 : 2 FTS, and GenX)
from water.307 Four catalysts with varying WO3 contents (0, 1, 3,
and 5 wt%) were synthesized and the 5 wt% WO3/TiO2 catalyst
(TW5) exhibited optimal properties and achieved 82% methy-
lene blue removal in model tests. PFAS degradation after 4 h
remained low (SPFAS removal E16%, range 4–26%), with
photocatalytic ozonation only marginally improving removal
compared to photocatalysis alone (Fig. 16e). Photolysis and
ozone photolysis were less effective, and ozonation alone had a
negligible effect. These results demonstrate both the potential
and current limitations of AOPs for PFAS removal, highlighting
the need to optimize catalyst design and treatment conditions
across multiple PFAS types.

6.4.3. TiO2 nanotube arrays (TNAs) with molecularly
imprinted polymers (MIPs). In environmental remediation,
selectivity is critical when targeting trace pollutants in complex
matrices containing multiple chemical species. While advanced
technologies such as photocatalysis, adsorption, and membrane
separation perform efficiently under laboratory conditions, their
effectiveness often declines in real water due to interference
from coexisting compounds.308–313 Components such as natural
organic matter (NOM), dyes, pharmaceuticals, or metal ions can
occupy active sites, scavenge reactive species, or alter solution
chemistry, particularly when target pollutants are present at
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trace levels. To address these challenges, molecularly imprinted
polymers (MIPs) have been employed for selective adsorption.
For example, MIPs tailored for diclofenac achieved nearly
100% removal within 3 min at 5 mg L�1, with high adsorption
capacity (160 mg g�1) and selectivity over structurally similar
pharmaceuticals.314 Hydrophilic MIPs synthesized via bulk
polymerization removed B90% of diclofenac in 10 min using
only 5 mg of the material, compared to 8% removal by a non-
imprinted polymer.315 These studies demonstrate that molecu-
lar recognition-based materials can efficiently remove trace
pollutants even in chemically complex environments.

Similarly, research has applied MIPs for selective PFAS
removal. One strategy involves modifying TiO2 nanotube arrays
with MIPs, using PFAS molecules (e.g., PFOA) as templates. The
imprinted cavities selectively capture target PFAS near the TiO2

surface, facilitating localized photocatalytic degradation.316 Wu
et al. demonstrated that MIP–TiO2 nanotubes (MIP-TiO2

NTs) selectively degrade PFOA in real secondary effluent. The
material showed higher degradation efficiency for PFOA than
that for PFHA, PFOS, or 2,4-dichlorophenoxyacetic acid (2,4-D),
with apparent rate constants significantly greater for PFOA.

In secondary effluent (TOC 10.2 mg L�1, pH 7.2), MIP–TiO2 NTs
achieved 81.1% PFOA removal in 8 h, comparable to 84% in
pure water, whereas non-imprinted TiO2 NTs reached only
50.2%. Furthermore, surface-molecularly imprinted TiO2 nano-
tubes (S-MIP–TiO2 NTs) was studied for enhanced photocatalytic
degradation of PFAS in secondary municipal wastewater
effluents.317 S-MIP–TiO2 NTs achieved significantly higher PFOA
degradation under 8 h UV irradiation compared to TiO2 NTs and
non-imprinted controls, with defluorination efficiency markedly
improved. Adsorption studies indicate selective binding driven
by functional group recognition and electrostatic interactions at
pH 4–6. Photocatalytic reactions follow Langmuir–Hinshelwood
kinetics, resulting in rate constants exceeding those of nonmo-
leculary imprinted polymer-TiO2 NTs (NIP–TiO2 NTs). This study
demonstrated that S-MIP–TiO2 NTs can selectively and efficiently
degrade multiple short- and long-chain PFCs from real waste-
water effluents at environmentally relevant concentrations. Com-
plementing nanostructured MIP–TiO2 systems, 3D-printed TiO2–
polylactic acid (PLA) composites were developed for pilot-scale
PFAS treatment in landfill leachate.318 Customized 3D-printed
tiles containing 20 wt% TiO2 achieved over 80% PFAS removal,

Fig. 16 (a) PFOA degradation and defluorination over 4 h under different treatments. Sole ozonation: 0.5% F defluorination; direct UV photolysis: 17.5%
decomposition, 8.3% defluorination; TiO2 photocatalysis (UV/TiO2/O2): 46.4% decomposition; UV/O3: 27.1% decomposition, 10.6% defluorination;
photocatalytic ozonation (UV/TiO2/O3) achieved 99.1% decomposition and 44.3% C–F cleavage, highlighting strong synergistic effects. Reproduced
from ref. 304 with permission from Elsevier BV, copyright 2016; photocatalytic degradation of PFOA (50 mg L�1) using TiO2/PMS: (b) under weak visible
light (30 W) or darkness, PMS, TiO2, and TiO2/PMS showed negligible removal. Under powerful visible light (300 W), TiO2 alone removed B20% of PFOA,
PMS alone was ineffective, and TiO2/PMS achieved nearly 100% degradation within 8 h, demonstrating a strong synergistic effect, (c) in real wastewater
samples, TiO2/PMS under 300 W visible light degraded 65–82% of PFOA within 8 h (k = 0.136 h�1 for influent, 0.070 h�1 for effluent), lower than that in
pure water (k = 0.310 h�1) due to coexisting organics. UV light (254 and 185 nm) maintained degradation efficiency comparable to pure water, showing
stable photocatalytic performance in complex matrices. Reproduced from ref. 305 with permission from Elsevier BV, copyright 2020; (d) fate of PFAS in
pilot-scale AOP systems. Most targeted PFAS showed no significant removal, except PFHxA and PFHxS, which decreased by 7% and 11%, respectively, in
the O3/H2O2 effluent at Site 3. All other PFAS increased after treatment, with PFBS rising by 405% and PFOA/PFOS increasing by 14% and 13%,
respectively. Variations between AOP technologies and sites reflect differences in precursor composition and source water quality. Reproduced from ref.
306 with permission from Elsevier BV, copyright 2022; (e) PFAS degradation after 4 h under different treatments. Photocatalysis and photocatalytic
ozonation showed significantly higher removal of total PFASs, PFOA, PFHxS, and 6 : 2 FTS compared to photolysis (p o 0.05). Ozonation alone removed
only B4% and was not statistically different from adsorption. Reproduced from ref. 307 with permission from Elsevier BV, copyright 2022.
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including PFOS, PFNA, PFDA, and PFOSAm, within 24 h, with
even higher efficiency upon extended retention. This study
highlighted the potential of additive manufacturing for creating
scalable and efficient photocatalytic systems adaptable to real-
world PFAS remediation.

7. Critical assessment of parameters,
mechanisms, and modifications

Table 1 summarizes the comparative performance of TiO2-
based photocatalysts, including pristine, doped, composite, and
immobilized systems, for PFAS degradation, highlighting key
design strategies, degradation efficiencies, and operational stabi-
lity. A critical comparative evaluation of these systems reveals clear
performance hierarchies. Pristine TiO2 (including P25) exhibits low
degradation efficiency and defluorination (o30%), serving mainly
as a benchmark.186,193,239 Noble-metal-modified TiO2 (Pt–TiO2)
achieves complete PFOA degradation in 7 h with high kinetics
(0.727 h�1) and substantial defluorination (B35%).52,226 Hetero-
junctions such as BiOBr/TiO2 provide high defluorination (B65%)
and full degradation in 8 h.235 Carbon-supported hybrids (Fe/
TNTs@AC) combine fast kinetics, high degradation (B90%), and
excellent stability.255,259 Emerging MXene/TiO2 systems show up to
94.6% degradation and B58% defluorination, providing scalable,
noble-metal-free alternatives.282,283 Photoelectrocatalytic TiO2 sys-
tems achieve the highest overall performance (B99.5% degrada-
tion, 1.63 h�1) though requiring applied bias and more complex
reactors.296,297

A comprehensive understanding of TiO2-based PFAS photo-
catalysis necessitates the simultaneous evaluation of operational
parameters, mechanistic pathways, and structural modifications
(Fig. 17). These factors collectively determine degradation effi-
ciency, selectivity, and stability. In this section, we critically assess
the influence of key operational parameters, elucidate mecha-
nistic insights into reactive species generation and C–F bond
cleavage, and examine how structural and compositional modifi-
cations enhance charge separation and photocatalytic reactivity.

7.1. Influence of operational parameters

7.1.1. pH and surface charge effects. Photocatalytic perfor-
mance of TiO2-based photocatalysts in PFAS degradation is
strongly governed by solution pH and the associated surface
charge of the catalyst, which control PFAS adsorption, interfacial
electron transfer, and reactive species generation. Acidic condi-
tions favor degradation by protonating the catalyst surface,
enhancing electrostatic attraction toward anionic PFAS molecules
and promoting the formation of reactive species such as �OH and
h+.185,186,196,198 At higher pH, surface deprotonation occurs, and
OH� ions compete with PFAS for adsorption, reducing surface
interactions and limiting photocatalytic activity. This behavior is
directly related to the point of zero charge (pHpzc) of the catalyst,
which defines the pH at which the surface has a net neutral
charge. When the solution pH exceeds pHpzc, the surface
becomes negatively charged, decreasing the adsorption of anio-
nic PFAS and hindering subsequent photocatalytic reactions.

To overcome these pH-dependent limitations, various surface
modifications and composite strategies have been employed. In
Fe/TNTs@AC composites, for instance, pH-related limitations
are mitigated through surface modification.255 Pristine TNTs
(pHpzc = 2.57) show negligible PFOA adsorption due to their
negative charge. Incorporation of Fe2O3 on TNT@AC raises pHpzc

from 3.8 to 5.2, reducing repulsion and enhancing anionic PFOA
adsorption. a-Fe2O3 (pHpzc = 6.7) attracts PFOA’s carboxylate head
(pKa r 3) via electrostatic and Lewis acid–base interactions, while
AC supports hydrophobic and anion–p interactions with the
perfluorinated tail. This cooperative adsorption aligns PFOA for
efficient hole-driven decarboxylation at the a-Fe2O3/TNTs inter-
face. The composite achieves B99% PFOA adsorption (pH 4–11)
and B61% defluorination at pH 4–8, declining to 56.8%, 42.7%,
and 36.1% at pH 9–11. Other TiO2 composites show similar
adaptability: Fe:Nb–TiO2 maintains activity from pH 4.3 to 9 via
Fe-induced bandgap narrowing and Nb-assisted charge
separation,223 In/TNTs@AC supports hole-driven decarboxylation
over pH 4–11,259 TiO2–Pb/rGO sustains ROS-dominated degrada-
tion (h+, �O2

�, and 1O2) at pH 4.5–7.5267 and TiO2-assisted
photocatalytic ozonation achieves 99.1% PFOA removal and
44.3% defluorination under UV across pH 3–9.304 These advances
extend TiO2’s operational pH window, enhancing its practicality
for PFAS remediation.

7.1.2. Catalyst loading and atmosphere. Catalyst dosage
also plays a dual role: moderate TiO2-based photocatalysis loadings
optimize UV light absorption and active site availability, while
excessive loading leads to light scattering and reduced photon
penetration, resulting in decreased degradation efficiency.186,193,239

For example, in the Sb2O3/TiO2 heterojunction system, an optimal
3 wt% Sb2O3 content achieved 81.8% PFOA degradation within
120 min, but higher catalyst concentrations suppressed activity due
to agglomeration and recombination losses.239 The type of oxidiz-
ing atmosphere further dictates reaction kinetics, oxygen-rich
conditions favor reactive oxygen species (ROS) formation, while
N2 atmospheres can enhance reductive degradation pathways
involving CO2

�� radicals, particularly in the presence of organic
electron donors like oxalic acid.188

7.1.3. Temperature and light effects. Temperature and
light conditions introduce additional complexity. While TiO2

typically operates efficiently at ambient temperature (B25–
30 1C), elevated temperatures can increase reaction rates up to
an optimal limit before desorption effects dominate.193,201 The
wavelength and intensity of illumination directly affect photon
utilization; UV-C (254 nm) irradiation remains the most effective
for initiating C–F bond scission, yet visible-light-responsive sys-
tems, achieved through metal or nonmetal modification, are
gaining attention.223,235,274 Temperature also influences charge
carrier dynamics and radical generation. For instance, TiO2/
zeolite nanocomposites demonstrated enhanced PFPA degrada-
tion, where defluorination efficiency increased from 47.1% at
25 1C to 48.4% at 85 1C, with optimal performance below 100 1C
to prevent thermal interference with photocatalytic pathways.284

Elevated temperature promoted �OH radical formation and accel-
erated surface oxidation by improving charge carrier mobility and
reducing recombination losses. These findings demonstrate that
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fine-tuning operational parameters is crucial for balancing
adsorption, photon flux, and charge transfer dynamics in TiO2-
driven PFAS degradation systems.

7.2. Mechanistic insights

A commonly proposed degradation pathway for PFOA begins with
photoinduced oxidative decarboxylation, producing perfluoroalkyl
radicals (�CnF2n+1). These radicals then undergo reactions with O2

or H2O to form perfluoroalcohol intermediates, which subse-
quently yield shorter-chain PFCAs through b-scission and hydro-
lysis. The chain-shortening continues stepwise until CO2 and F�

are released. This mechanism has been supported by LC-MS and
ion chromatography analyses, revealing time-dependent decreases
in PFOA and corresponding increases in fluoride ions.186,188,239

While oxidative routes dominate under oxygen-rich conditions,
reductive pathways have also been recognized as critical for
effective defluorination, especially under UV irradiation in the
presence of organic hole scavengers (e.g., methanol or oxalic acid).
The conduction band electrons in TiO2 can react with O2 to
form O2

�� or directly attack the carbon–fluorine bonds via
hydrated electrons (eaq

�) or CO2
�� intermediates, enabling

partial reduction of highly stable PFAS.188 This dual-pathway
mechanism, where oxidative and reductive routes operate con-
currently, explains why systems with balanced oxygen availabil-
ity and sacrificial donors often exhibit superior degradation
rates compared to purely oxidative setups.52

Moreover, the crystal phase and exposed facets of TiO2 critically
influence charge separation and ROS generation. Anatase TiO2

typically exhibits superior photocatalytic activity compared to rutile,
owing to its higher surface area and lower e�–h+ recombination
rates.37,52,223 Surface modifications, such as fluorination or oxygen
vacancies (TiO2–x), further enhance electron trapping and extend
carrier lifetimes, promoting �OH radical formation and effective
C–F bond cleavage.235,274 Incorporation of carbon-based materials,
including graphene oxide or MWCNTs, improves electron conduc-
tivity and facilitates p–p interactions with PFAS molecules, enhan-
cing charge transfer and radical-mediated degradation.265

The reaction kinetics of PFAS degradation generally follow a
pseudo-first-order model, highlighting the importance of elec-
tron transfer between TiO2 and adsorbed PFAS molecules.
Degradation rates can be influenced by PFAS’ chain length,
surface adsorption, and operational conditions such as pH,
dissolved oxygen, light intensity, temperature, and the presence
of co-contaminants. Short-chain PFAS may degrade more slowly
due to weaker adsorption, whereas long-chain PFAS, despite
stronger initial adsorption, often undergo slower complete
mineralization. These insights underscore the need to optimize
both the interplay of surface adsorption and e�–h+ utilization
and the operational parameters to achieve efficient defluorina-
tion and total organic carbon removal in TiO2-based PFAS
remediation systems.

7.3. Structural and compositional modifications

7.3.1. Bandgap engineering via doping and decoration.
Transition-metal doping and noble-metal decoration have two
recurring effects: narrowing the optical bandgap or introducingT
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midgap states that extend light absorption toward visible
wavelengths and acting as electron traps that reduce recombi-
nation. Cu- and Fe-doped TiO2 systems outperformed bare TiO2

in PFOA decomposition, with Cu doping particularly effective at
lowering the bandgap and enhancing e� trapping.224 Noble
metals (Pt, Pd, and Ag) act as efficient electron sinks and promote
hole-driven oxidation; the ordering Pt 4 Pd 4 Ag 4 TiO2

observed in one comparative study evidences the benefit of
strong electron trapping and Schottky junction formation for
enhanced hvb

+ activity and intermediate PFCA formation
(PFHpA–PFPrA) leading toward CO2 + F�.226 Most striking
mechanistic advances come from single-atom catalysts: facet-
engineered TiO2 with atomically dispersed Pt (Pt1) not only
improved charge separation but uniquely enabled both oxidative
(�OH generation) and reductive (H spillover and hydrodefluor-
ination) routes; the study reported substantial Ti–F surface bind-
ing (E58% of fluorine associated with Ti–F), underscoring strong
surface-mediated defluorination and single-atom stability via Pt–
O coordination.52 These single-atom platforms therefore broaden
the mechanistic toolkit from purely oxidative chain-shortening
toward hybrid oxidative–reductive defluorination, an important
step for challenging C–F bond cleavage.

7.3.2. Heterojunctions for enhanced photocatalysis. Creat-
ing intimate interfaces between TiO2 and other semiconductors
(BiOBr, ReS2, BN, Sb2O3, etc.) enhances spatial charge separa-
tion and tailors the dominant ROS. S-scheme heterostructures
such as ReS2–TiO2 introduce an internal electric field and
oxygen vacancies that selectively retain high-energy electrons
and holes at appropriate sites, thereby increasing �O2

� and �OH
formation and producing measurable gains in PFAS degrada-
tion over bare TiO2.241 Sb2O3 loading is another demonstrable

success: an optimized 3 wt% Sb2O3/TiO2 composition achieved
B81.8% PFOA degradation in 120 min with good reusability
(B88% retained after five cycles), while excessive loadings were
detrimental due to light attenuation and recombination, illus-
trating the criticality of tuning interfacial content to balance
light harvesting and charge dynamics.239

7.3.3. Conductive carbon supports for enhanced PFAS
photocatalysis. Incorporation of conductive carbon supports,
rGO, MWCNTs, CQDs, and graphene oxide fulfills multiple
roles: electron conductivity to prolong charge carrier lifetimes,
light absorption extension, and in some cases adsorption
enhancement that localizes PFAS near reactive sites. Quantita-
tively, rGO decoration reduced the TiO2 bandgap from
3.25 to 2.94 eV and improved photocatalytic performance, while
MWCNT/TiO2 composites with an optimal 10 : 1 ratio combined
adsorption with efficient electron storage to suppress
recombination and drive stepwise CF2 cleavage.265,266,268 Exfo-
liated CQD/TiO2 composites demonstrated markedly superior
PFOA degradation (69% under UVC, 50% under visible) com-
pared to bare TiO2 (41%/24%), linking improved interparticle
electron transfer and reduced aggregation to measurable
gains in both conversion and defluorination stability.273 These
results collectively show that conductive carbon frameworks are
among the most practical routes to visible-light activity and
suppressed recombination without relying solely on scarce
noble metals.

7.3.4. Adsorptive and 2D supports for PFAS photocatalysis.
Adsorptive enrichment increases local PFAS concentration at
photocatalytic sites and can convert dilute, hard-to-treat streams
into effectively treatable loads. Fe/TNTs@AC and In/TNTs@AC
exemplify this strategy: low Fe loadings (B1 wt%) on TNTs@AC

Fig. 17 Overview of strategies, operational parameters, and remaining challenges involved in TiO2-based photocatalysis. Note: some elements of this
figure are adapted from graphics designed by Freepik (rawpixel.com/ Freepik, https://www.freepik.com/) and Pixabay (https://pixabay.com/), used in
accordance with their licenses.
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enabled robust adsorption followed by h+-dominated Kolbe-like
decarboxylation, producing stepwise C–F cleavage with reduced
energy consumption compared to bulk aqueous approaches.255,259

Zeolite supports with TiO2 achieved 54.5% defluorination at 85 1C
and pH 13 (0.5 g L�1 catalyst), highlighting that support choice
and operating pH are decisive for defluorination yields.284 Mole-
cularly imprinted polymer coatings (MIP–TiO2 NTs) provide an
additional level of selectivity for low-concentration PFAS
in complex matrices, improving capture and subsequent photo-
catalytic turnover though attention must be paid to the
risk of concentrating toxic intermediates if mineralization is
incomplete.316,317 MXene/TiO2 composites (Ti3C2/TiO2) and
related 2D supports have emerged as powerful synergies of
adsorption and electron transport. Intercalation strategies (e.g.,
DES-assisted NaBF4 intercalation) enlarge MXene spacing to favor
TiO2 growth and intimate contact, producing composites that
outperform P25 in adsorption/photocatalysis and that display
stable, reusable behavior (optimal NaBF4 B80 mM; pzc E
5.8).283 MXene-based composites often report the active species
order �OH 4 �O2

� 4 h+ and optimal pH values around 5.2, but
like other high-adsorption supports they must be carefully dosed
to avoid aggregation and UV scattering.282,283

7.3.5. Reactor and hybrid process engineering. Beyond
materials chemistry, reactor innovation (PEC, applied bias, photo-
electrocatalytic meshes, and 3D-printed TiO2 tiles) materially
affects scalability and energy efficiency. Applied bias in nanopor-
ous arrays (BEEP technology) enhanced charge separation suffi-
ciently to operate across salinity ranges (0–35 g L�1) and to
preferentially degrade longer-chain PFAS first, generating short-
chain intermediates that can then be further treated in down-
stream units.296 Photoelectrocatalytic treatment of groundwater in
Veneto achieved B63–65% removal across mixed PFAS com-
pounds with lower energy input than photolysis at higher lamp
power, illustrating that process integration (PEC vs. PL) can lower
EEO while maintaining comparable efficacy.297 Hybrid oxidant
strategies coupling TiO2 with PMS or O3 represent another prac-
tical path: TiO2/PMS delivered 100% PFOA removal under 300 W
visible light (0.25/0.75 g L�1 TiO2/PMS at pH 3) and UV/TiO2/O3

reached 99.1% degradation with 44.3% defluorination under
acidic conditions, highlighting that the radical type (SO4

�� vs.
�OH) and oxidant dosing strategy critically determine both con-
version and defluorination efficacy.304,305

8. Challenges and knowledge gaps

Despite the remarkable progress summarized above, the practical
application of TiO2-based photocatalytic systems for PFAS degra-
dation remains constrained by a combination of scientific, engi-
neering, and environmental challenges (Fig. 17). These challenges
extend beyond catalytic activity alone and encompass incomplete
mineralization, energy efficiency, reactor scalability, matrix effects,
catalyst stability, and mechanistic uncertainty. Addressing these
interconnected limitations is essential for translating laboratory-
scale successes into viable treatment technologies.

8.1. Incomplete mineralization and transformation limitations

The foremost limitation of TiO2-based PFAS photocatalysis is
incomplete mineralization, even when high apparent degradation
efficiencies are reported. In many systems, the disappearance of
parent PFAS compounds does not correspond to full defluorination
or conversion to CO2 and inorganic fluoride. Instead, short-chain
perfluorinated intermediates, particularly C2–C5 perfluorocarboxy-
lates, tend to accumulate, some of which are equally or more
recalcitrant and mobile than their long-chain precursors.186,304

This behavior arises from the exceptionally high C–F bond dis-
sociation energy and the reduced adsorption affinity of short-chain
PFAS toward TiO2 surfaces. Consequently, extended irradiation
times or secondary treatment stages are often required, under-
scoring that achieving selective and complete defluorination, rather
than partial molecular transformation, remains a central mecha-
nistic and catalyst-design challenge.

8.2. Material stability and environmental safety

Material stability and environmental safety represent critical chal-
lenges for the practical deployment of modified TiO2 photocata-
lysts. Under prolonged irradiation, surface processes such as Ti–F
bond accumulation can occur, leading to active-site passivation and
suppression of further photocatalytic reactions. In parallel, leaching
of dopant metals (e.g., Cu, Fe, Sb, and Pb) or the release of
nanoscale catalyst fragments during operation poses risks of
secondary contamination and long-term performance deteriora-
tion.239,283 Although several modified TiO2 systems exhibit accep-
table recyclability over five to ten laboratory cycles with minimal
activity loss, extended aging, fouling, mechanical integrity, and
durability under realistic continuous-flow conditions remain largely
uncharacterized. Beyond catalytic performance, comprehensive
evaluation of toxicity and environmental compatibility is essential
prior to large-scale implementation. Modified TiO2 systems must
be assessed for the formation of potentially harmful transformation
by-products, metal ion release, and long-term ecological impacts
under realistic water treatment conditions. Life-cycle considera-
tions, including material synthesis, operational stability, and end-
of-life disposal, remain largely overlooked in current photocatalysis
studies but are critical for ensuring sustainable deployment.

Emerging composite materials further complicate stability and
safety considerations. For example, MXene–TiO2 hybrids are sus-
ceptible to surface oxidation and structural degradation in aqu-
eous and oxidative environments,319 particularly under prolonged
illumination and in the presence of dissolved oxygen. Such
degradation can reduce electrical conductivity, disrupt interfacial
charge transfer, impair photocatalytic efficiency, and increase the
likelihood of metal species release. Consequently, systematic long-
term stability, leaching, toxicity, and environmental impact assess-
ments under realistic operational conditions are required before
modified TiO2 catalysts, especially advanced composite systems,
can be considered viable for sustained PFAS remediation.

8.3. Water matrix effects and process complexity

Matrix effects represent a significant challenge for the real-
world application of photocatalytic systems. Constituents
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commonly present in natural and wastewater matrices, such as
bicarbonates, chlorides, natural organic matter (NOM), and
competing inorganic anions, can substantially suppress photo-
catalytic activity by scavenging ROS or occupying active surface
sites.320,321 Suspended solids, colored components, natural
antioxidants, and mixed pollutants in real water matrices can
further reduce photon penetration and pollutant-catalyst con-
tact, exacerbating activity losses relative to idealized laboratory
conditions. Beyond reducing degradation rates, these matrix
components can alter reaction pathways and shift product
distributions. Laboratory experiments conducted under idea-
lized aqueous conditions often overestimate performance com-
pared to complex environmental matrices. Dissolved oxygen
(DO) is a critical chemical factor that interacts with water
matrix effects. DO can enhance PFAS degradation in systems
dominated by holes (h+) by suppressing electron–hole recom-
bination and promoting hydroxyl radical formation. Conver-
sely, in systems where electron-mediated or direct photolysis
pathways are dominant, high DO can suppress degradation
efficiency. Matrix components and DO together influence real-
water photocatalytic performance, affecting both reaction rates
and pathways. Therefore, standardized testing protocols that
incorporate realistic water chemistry, including DO levels, are
essential for meaningful cross-study comparisons and scalable
reactor design.

8.4. Energy efficiency and practical considerations

The energy required for PFAS photocatalytic degradation is a
critical factor in evaluating the feasibility of treatment
technologies.125 Photocatalytic systems relying on UV-C irradiation
or high-intensity mercury lamps may exhibit high electrical energy
per order (EE/O) values when photon utilization is inefficient,
potentially limiting large-scale implementation unless reactor
design and irradiance are carefully optimized.322 Despite its
importance, EE/O is not reported consistently across studies,
complicating direct techno-economic comparisons. Some studies
have considered energy consumption metrics to evaluate and
compare system performance. For example, BN/TiO2 composites
have been reported to achieve lower EE/O values than bare TiO2,
with lamp output-based EE/O values of B102 kWh m�3 order�1

under 254-nm irradiation and B253 kWh m�3 order�1 under 365-
nm irradiation.37 A TiO2–Pb/rGO system achieved 98% PFOA
removal with an EE/O of 4.05 kWh m�3.267 PEC generally requires
lower energy than PL, with EEO ranges of 20–150 kWh m�3 (PEC)
and 60–240 kWh m�3 (PL).297 In ultrapure water, PEC EEO values
for PFOA (35.8–62.6 kWh m�3) are much lower than sonolysis and
photochemical oxidation and comparable to plasma and advanced
reduction processes. Higher energy demand in groundwater is due
to matrix complexity and lower PFAS concentrations.

8.5. Hybrid photocatalytic systems and operational
complexity

Hybrid photocatalytic systems, including TiO2/PMS and TiO2/
O3, have been widely investigated for the enhanced degradation
of persistent pollutants by combining direct photocatalytic
oxidation with radical-mediated pathways.323,324 Although

these systems often outperform standalone photocatalysis under
laboratory conditions, their practical implementation remains
constrained by chemical complexity and operational limitations.
A major challenge is the formation of undesirable transforma-
tion products. The generation of ROS (e.g., �OH and SO4

��) can
promote rapid pollutant degradation, but competing side reac-
tions are common in real water matrices.325 In the presence of
nitrate or nitrite, reactive nitrogen species may form and induce
nitration reactions, leading to nitrogen-containing by-products
that can be more persistent and toxic than the parent com-
pounds. As a result, high removal efficiencies do not necessarily
correspond to reduced environmental risk, highlighting the
importance of transformation product analysis and toxicity
evaluation alongside conventional performance metrics.

Scalability is further limited by operational complexity.
Hybrid systems depend on external oxidants such as persulfate,
ozone, or hydrogen peroxide, which increase energy consump-
tion, chemical usage, and process cost. Precise control of
oxidant dosing and reaction conditions is required to avoid
inefficiencies, secondary reactions, or residual oxidant release.
Alternative hybrid configurations, such as photocatalysis com-
bined with adsorption, membrane processes, or photoelectro-
catalysis, can improve specific aspects of performance but
introduce additional challenges related to reactor design, mass
transfer, fouling, and material stability.326,327

8.6. Engineering challenges and scalability considerations

TiO2-based photocatalysis for PFAS degradation is still largely
at the laboratory research stage, with most studies conducted
under controlled ideal conditions. While these studies demon-
strate the significant potential for photocatalysts, translating
laboratory-scale findings into continuous-flow or field applica-
tions faces multiple engineering, operational, and scalability
challenges.

8.6.1. Photocatalyst immobilization and stability. Immobi-
lization remains a major bottleneck. Suspended or slurry-phase
photocatalysts offer high surface areas but complicate separa-
tion, recovery, reuse, and containment.322,328 Immobilized con-
figurations, including porous coatings, supported membranes,
structured reactors, and 3D-printed monoliths, enhance reten-
tion, operational safety, and continuous-flow capability while
minimizing secondary contamination. However, long-term sta-
bility under prolonged irradiation and in complex water
matrices remains poorly understood. Immobilization can intro-
duce mass-transfer limitations and reduced active-site accessi-
bility, while activity losses may arise from surface deactivation,
fluoride accumulation, photocorrosion, dopant leaching, or
adsorption of intermediates. Prolonged operation may induce
surface restructuring and active-site passivation, contributing
to gradual performance decline.

8.6.2. Flow reactor design and mass transfer. Most lab studies
employ batch reactors, which do not replicate continuous-flow
conditions.329,330 Scaling up requires optimization of hydrody-
namics, residence time, photon delivery, and pollutant-catalyst
contact. Optical non-uniformities and mass-transfer limitations
may arise upon scale-up.322 Hybridized systems combining
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membranes, cross-flow configurations, or adsorption-photo-
catalysis approaches can mitigate fouling, enhance catalyst utiliza-
tion, and improve operational flexibility.

8.6.3. LED and solar-assisted light sources. Light-emitting
diode (LED)- and solar-assisted systems offer improved energy
efficiency, wavelength tunability, and operational safety.331 Lim-
ited light penetration and non-uniform photon distribution
remain critical, especially in large-volume or continuous-flow
reactors. UV reactors often rely on mercury-vapor lamps, with
associated environmental issues, whereas visible-light-active com-
posites enable LED use, though fabrication still involves rare earth
elements.332 Strategies to improve photon distribution include use
of optimized LED arrays, reflective optics, and thin-film or immo-
bilized catalysts, and solar-assisted hybrid operation.

9. Conclusions and perspectives

TiO2-based photocatalysis has emerged as a versatile and
promising strategy for PFAS remediation, offering sustainable
pathways to break the highly resilient C–F bond. Advances in
material modification, heterojunction engineering, and inte-
gration with conductive or carbonaceous supports have
enhanced charge separation, light harvesting, and reactive
species generation, leading to significant progress in PFAS
degradation and establishing TiO2-based systems as a leading
and well-studied photocatalytic platform for PFAS treatment. In
summary, this review not only highlighted recent advances in
TiO2-based photocatalysis for PFAS remediation but also criti-
cally assessed the influence of operational parameters, mecha-
nistic pathways, structural and compositional modifications,
hybrid and system-level strategies, and associated engineering
and environmental challenges, providing a comprehensive
overview of opportunities and remaining mechanistic gaps.

Looking forward, future research should prioritize hybrid
and system-level strategies to improve efficiency and scalability.
Photoelectrocatalytic configurations under low external biases
can enhance charge separation, improve defluorination, and
reduce energy consumption; coupling TiO2 with conductive or
tailored carbon materials such as graphene, carbon nitride, or
MXenes can facilitate interfacial charge transport, lower over-
potentials, and improve catalyst stability; and S-scheme hetero-
junctions help maintain strong redox potentials and suppress
charge recombination. Integrated ‘‘concentrate-and-destroy’’
approaches, where TiO2-coated adsorbents capture PFAS from
dilute streams followed by in situ photodegradation, may over-
come mass-transfer limitations and minimize secondary waste.
To bridge laboratory innovation with field-scale applications,
future efforts must emphasize environmental compatibility,
sustainability, and safety, with rigorous evaluation of catalyst
toxicity, transformation byproducts, and life-cycle impacts,
combined with durable, scalable reactor designs and energy-
efficient operation. Coordinated advances across materials
science, process engineering, and policy frameworks, guided
by molecular design principles and data-driven discovery, can
transform TiO2-based photocatalysis from a promising

research platform into a field-ready solution for one of today’s
most persistent forever chemicals.
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R. Keppels, H. Makarem, L. R. A. P. Hoogenboom, L. de
Pagter-de Witte and B. J. A. Berendsen, Development and
Application of a Liquid Chromatography–Tandem Mass
Spectrometry Method for the Analysis of 20 Perfluoroalkyl
Substances in Fruit and Vegetables at Sub-Parts-per-Trillion
Levels, J. Agric. Food Chem., 2024, 72(33), 18731–18741, DOI:
10.1021/acs.jafc.4c01172.

90 J. Garnett, C. Halsall, H. Winton, H. Joerss, R. Mulvaney,
R. Ebinghaus, M. Frey, A. Jones, A. Leeson and P. Wynn,
Increasing Accumulation of Perfluorocarboxylate Contami-
nants Revealed in an Antarctic Firn Core (1958–2017),
Environ. Sci. Technol., 2022, 56(16), 11246–11255, DOI:
10.1021/acs.est.2c02592.

91 L. Zhu, R. Bossi, P. N. Carvalho, F. F. Rigét, J. H.
Christensen, P. Weihe, E. C. Bonefeld-Jørgensen and
K. Vorkamp, Suspect and Non-Target Screening of Chemi-
cals of Emerging Arctic Concern in Biota, Air and Human
Serum, Environ. Pollut., 2024, 360, 124605, DOI: 10.1016/
j.envpol.2024.124605.

92 R. Kause, S. van Leeuwen, K. Krätschmer, B. van Dooren,
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