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substances — dream or reality? R
Jan-Max Arana Juve ?, Bo Wang?, Michael S. Wong?, i

Mohammed Ateia® and Zongsu Wei'

The consensus of removing per- and polyfluoroalkyl
substances (PFAS) from the environment is widely recognized
and enlightened by the near-zero standards released from the
U.S. Environmental Protection Agency in 2023. The only way to
achieve the goal of zero fluoro-pollution is to fully defluorinate
or mineralize PFAS, but current technologies only partially
defluorinate a limited number of PFAS, which can lead to the
creation of potentially more toxic short-chain intermediates.
Therefore, we discuss herein the need to broaden the scope of
tested PFAS, summarize the state-of-the-art degradation
technologies, and provide perspectives to achieve complete
defluorination. Besides fundamental knowledge gaps in
defluorination reactions, technological gaps in the aspects of
water matrix effects, pilot tests, and cost analysis also limit the
application and comparison of different treatment technologies.
This work would shed light on further research to find solutions
in the complete defluorination of PFAS.
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Introduction

Per- and polyfluoroalkyl substances (PFAS), manu-
factured and utilized for decades, are widespread in both
natural and engincered water systems [1ee 2], The

PFAS classification is still under discussion, but novel
inclusive investigations propose the molecular structure
and fluoride content as the determining parameters [3¢].
PFAS degradation in different environmental media is
extremely challenging due to the persistency of their
C—F bond (485 kJ/mol [4e¢]), a large variety of analogs
(~15,000) [3¢], and low concentration in water, yielding
increasing interest in defluorination (DeF) research
(Figure 1).

In 2023, the U.S. Environmental Protection Agency
announced new standards for perfluorooctanesulfonic
acid (PFOS) and perfluorooctanoic acid (PFOA) in
drinking water to be 4.0 ppt. To meet this near-zero
standard, technological innovations enabling complete
DeF, not only degradation, of parent PFAS compounds,
are desired. Specifically, the term DeF refers to the
percentage of F~ ions released from the PFAS mole-
cules. Complete DeF is critical since partial DeF can
lead to potentially more harmful and persistent short-
chain byproducts with a higher degree of bioaccumula-
tion in animal or human bodies [5]. While the global
occurrence of PFAS highlights the challenge to transi-
tion the aims from degradation to DeF, the development
of zero fluoro-pollution technologies becomes im-
perative to ensure human and environmental safety
(e.g., clean water supply) [2]. Therefore, the comparison
and improvement of the state-of-the-art destruction
technologies should be pursued for PFAS com-
plete DeF.

In the context of ‘Zero Pollution’ reinforced by the
European Commission, current technologies need to be
updated or innovated to address challenges associated
with operational conditions, energy consumption, and
chemical addition in PFAS remediation. Particularly, the
low PFAS concentrations at the ppt level will lead to
increased energy and chemical usage for high DeF,
which is not sustainable. Furthermore, the concern on
PFOA and PFOS (Figure 1, subgraph) should not ex-
clude the presence of a broad spectrum of PFAS in
testing environments [6], demonstrated through a
variety of PFAS identification assays (e.g., total oxidiz-
able precursor, target and non-target analysis). The
novel compounds reported [7¢] and upcoming regula-
tions justify the need to expand the degradation spec-
trum. A broadened PFAS spectrum can shed light on the
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Number of publications involving the term “PFAS” and “Degradation” (orange bar) and “Defluorination” (green bar). Subgraph: composition of the
PFAS publications in 2022 (searching the terms “PFAS” and “Degradation” and each term in the legend excluding the others. Data obtained in Web of

Science (26/01/2023).

PFAS structural influence [8ee], provide insights into
the degradation mechanisms, and design effective and
structure-independent degradation strategies. In this
article, we specifically discuss the state-of-the-art PFAS
degrading technologies and identify their feasibility to
achieve complete DeF and thus the zero fluoro-pollution
goal (Figure 2). This zero fluoro-pollution ambition
protects not only human health but also biodiversity,
consistent with the climate, energy, and circular
economy goals. It should be noted that the current re-
view mainly focuses on PFOA and PFOS degradation
studies, which allows holistic comparisons of different
treatment technologies.

Current PFAS defluorination technologies
This section summarizes and compares the DeF per-
formance of state-of-the-art technologies (Table 1) by
highlighting the feasibility of reaching complete DeF for
each technology.

Direct irradiation

Direct irradiation can be a chemical-free technology in
water purification. Compared with ultraviolet A (UVA),
ultraviolet C (UVC) and visible light, vacuum ultraviolet
(VUV) irradiation is the best-performing technology for
PFAS degradation, reaching 17% DeF of PFOA in 2
hours [9]. Due to the high energy intensity of light ir-
radiation, water molecules are ionized to form reactive
species (RS) such as hydrated electrons (¢,q ), hydroxyl
radical ("OH), and hydrogen atom ("H) [10]. The addi-
tion of oxidative and reductive chemicals further pro-
motes reactive species (RS) production and thus PFAS

degradation. In UV/persulfate system, oxidative RS like
sulfate radical (SO4"7), ‘OH, and superoxide radical
(0,7 result in effective PFOA degradation, despite the
long treatment time (8 hours) to achieve satisfactory
DeF rates (59%) [11]. Likewise, reductive UV/Sulfite
[12,13] and UV/lodide [14] systems form ¢,,~ (NHE =
-2.9V) [15] that effectively defluorinate perfluoroalkyl
carboxylic acids (PFCAs), and perfluoroalkyl sulfonic
acids (PFSAs). Specifically, the ¢,, -induced reduction
reaction in the indole-derivates system achieved 74.8%
PFOA DeF in 8 hours [16]. The formed ¢,, enhances
the DeF compared to other advanced oxidation pro-
cesses (AOPs), which produce less effective species
(e.g., "OH) to start the degradation [17,18]. Furthermore,
the addition of  surfactants (e.g., cetyl-
trimethylammonium bromide [CTAB]) can create mi-
celles that accumulate PFOA/PFOS and thus enhance
the transfer of photogenerated electrons from a photo-
sensitive substance (e.g., indole acetic acid [TAA]) to the
PFAS [19]. This process can reach 90% DeF in 2.5
hours for PFOA, under an ambient atmosphere and
neutral pH conditions. The positively charged micelle is
also prone to interact with the produced ¢,, to promote
internal reactions with PFAS [19]. Although the che-
mical addition promotes RS production and DeF in the
irradiation systems, chemical-free processes are pre-
ferred in terms of green chemistry.

Complete DeF in a simple, chemical-free process is still
a far-fetched goal for PFAS treatment, even though the
use of low-energetic photolytic systems is an attractive
approach that deals with concentrated streams. Scaling
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Figure 2
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Summary of the zero-PFAS discharge goal technological context and main general considerations.

up the technology to completely defluorinate PFAS in
threshold concentration must consider the presence of
complex water matrixes, pH limitations, light intensity
decrease, chemical overuse, and techno-economic ana-
lysis (TEA) on the energy and supplies consumed.

Photocatalysis

Semiconductor photocatalysts excite electrons (¢”) to the
conduction band, generating holes (4%) in its valence
band when an irradiation wavelength meets its bandgap
requirements [4¢¢]. The ¢ and 4" can directly react with
PFAS or react with H,O and O, to generate RS such as
H,O,, “OH, 0," [4e¢]. Metallic ions, typically Fe®*, are
not semiconductors but they can complex PFAS leading
to a ligand-to-metal charge transfer degradation process.
It is reported that Fe**/VUV [20] systems completely
defluorinated PFOA after 72 hours, despite the strict

acidic conditions (pH = 3—4). Likewise, the Fel* catalyst
is later regenerated from Fe®* with system oxidant
species (e.g., “OH and O,) [20,21].

Similar to direct photolysis, the performance of semi-
conductor photocatalysis is also influenced by the irra-
diation wavelength. The boron nitride (BN) coupled
with titanium dioxide (BN/TiO;) can defluorinate
PFOA in different extends under UVC (55% in 1 hour),
UVA (37% in 4 hours), and solar light (68% in 7 hours)
irradiation [4ee]. Apparently, further studies are con-
sidered necessary to demonstrate the feasibility of pho-
tocatalysis to complete DeF. Catalyst design is critical to
enhancing the DeF, with heterojunctions and optimized
adsorption sites (e.g., monodentate and bidentate com-
plexation) [22]. By harnessing the advantages of cutting-
edge photocatalysts and strong adsorbent materials, an
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Table 1

Summary of the defluorination performance for different technologies. Abbreviations: titanate nanotubes (TNT); activated carbon (AC);
perfluoroalkyl carboxylic acids (PFCAs); perfluoroalkyl sulfonic acids (PFSAs).

Method Source Dose Chemical/Catalyst pH N, Time (h) DeF % Pollutants Ref
PFAS (ppm) Dose (mM)

Irradiation UVC - Persulfate 62.11 15 2.81 No 8 59 PFOA [11]
Irradiation UVC - Sulfite 25uM 10 12 No 1 >39 PFCAs/PFSAs [12]
Irradiation UVC - KI 10 0.3 9 Yes 14 >99 PFOA [14]
Irradiation UVC - Indole ~10 1 6 Yes 8 74.8 PFOA [16]
Irradiation UVC - IAA/CTAB 10 1/0.14 6 Yes 25 >90 PFOA/PFOS  [19]
Irradiation VUV 14.9 - 39 No 144 >99 PFOA [20]
Photocatalysis ~ Solar - TiO,@BN 50 0.5¢g/L 3.2 No 7 68 PFOA [4]

Photocatalysis VUV - Fe®* 14.9 0.02 39 No 72 >99 PFOA [20]
Photocatalysis UVC - Fe/TNT@AC 0.1 1g/L 7 No 4 62 PFOA [25]
Sonication 900 W / 20 kHz 0.5 - - No 4 >99 PFOA [28]
Thermal AC/700°C - - - Yes 0.5 >80 PFOA/PFOS  [35]
HT Subcritical ~ 350°C 16.5 MPa - NaOH 50 1000 >13 No 1.5 >80 PFOS [37]
HT Supercritical 650°C 25 MPa 43.32 - - No 0.0078 >99 PFOS [38]
Electrochemical 50 mAcm 2 - NaCl / 0.2 10 / 500 ppm - No 74 >87.3 PFOS [46]

NEQSO4
Electrochemical 4 mAcm 2 - Na,SO, 8.28 100 - No 2.5 72 PFOS [47]
Mechanical BN / 580 rpm / Steel or 0.23 mmol 19-21 mmol BN - No 4 ~100 PFOA, PFOS [52]
Zr ball
H, Reduction Ho/Pd 41.4 ~0.9 g/m? 4 Yes 35 46 PFOA [48]
Plasma 40 Hz, 30 kV 8.3 0.1M NaCl 46 No 2 >58 PFOA, PFOS [41]
DMSO/NaOH 120°C - NaOH 36 800 30eq - No 24 >78 PFCA [51]
innovative "concentrate-and-degrade" strategy was pollutants onto cavitation bubbles. Although sonication-

practiced [23]. However, only a few adsorbents (e.g.
activated carbon [24,25] or zeolites [21]) have been
tested as adsorptive photocatalysts for PFOA/PFOS de-
gradation. PFOA/PFOS adsorption mainly relies on hy-
drophobic interactions, which is not a dominant process
for hydrophilic short-chain analogs. By shifting the ma-
terial charge, for example, through amination processes
[26], electrostatic interactions with negatively charged
short-chain PFAS would be promoted. Besides, the fast-
settling properties of these composite materials allow
simple catalyst separation resulting in the reuse of the
materials following the complete degradation of surface-
bound PFAS.

The novel designs of different composite formations,
solar-driven materials, and adsorptive photocatalysts
promoted PFAS destruction, yet their applications are
limited by the harsh pH requirements, long treatment
time, lack of tests on the full PFAS spectrum, light
utilization efficiency, and catalyst leaching and recovery.
It is of both fundamental and practical importance to
innovate catalyst design that can overcome these draw-
backs to realize complete PFAS DeF through photo-
catalysis.

Sonolysis

Sonication of the water medium creates cavitation bub-
bles, the collapse of which yields hot spots with extreme
temperatures (4000-10000°C) and pressure conditions
(1000 bar) [27]. The high performance of sonication in
PFAS DeF is due to the adsorption of the surfactant

induced RS was ascribed to the PFAS decomposition in
some studies [27], thermolysis of PFAS in the bubble
core, and at the bubble-water interface is the main DeF
mechanism [28e, 29]. The power input and oscillation
frequency are the main energy-dependent and de-
gradation-controlling parameters [27]. The power input
determines the system’s energy density, collapse pres-
sure, and maximum temperature. Generally, the de-
gradation increases with the power input [30]. Similarly,
the oscillation frequency affects the critical bubble size,
the lifetime of cavitation bubbles, and the RS formed
[27,30]. High frequencies rapidly induce bubble collapse
increasing the number of cavitation bubble events and
thus the PFAS degradation. An optimal frequency exists
because the mass transfer to the bubble-water interface
eventually becomes the rate-limiting step [31].

Since it is not energy-economic to treat low-concentra-
tion PFAS because of the high energy consumption and
localized effects, sonication is a candidate to deal with
preconcentrated PFAS streams from membrane filtration
or ion exchange processes. Besides the complete DeF
capacity for PFOA in 4 hours, sonication is also a che-
mical-free treatment [28¢]|. However, further enhance-
ments of the technology involve its coupling with other
technologies, such as radical oxidation [27] and UV ir-
radiation [29]. Synergies created from hybrid processes
can reduce energy consumption. For example, the VUV/
sonication system requires less energy (0.348 kWh) than
sonication (0.400 kWh) to achieve the same PFOS
DeF [29]. The synergy, originating from the thermal
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degradation by sonication and the C-S bond cleavage by
VUV, led to a cooperative DeF mechanism. Specifically,
at pH 7, the DeF constant of the combined process
(k = 7650 min™") outperformed VUV (k =220 min~') and
sonication (k = 5790 min™") systems for 10 ppm PFOS. In
addition, leveraging localized effects that limit its ap-
plication can increase the final DeF performance for
possible zero PFAS discharge.

Thermolysis

Thermal processes in the temperature range of
300-1000°C can degrade PFAS through combustion (O,
presence) and pyrolysis (O, absence) [32]. Combustion
processes tend to outperform pyrolysis in PFAS de-
composition, but release carbonyl fluoride (COF,), CO,,
CO, and HF [32]. Noted, the emission of colorless,
odorless, and toxic gases (e.g., COF,) is an apparent
limitation of the process. Similarly, pyrolysis also emits
fluorinated greenhouse gases (e.g., CFy, C,Fy) [33]. It is
therefore critical to limit the emissions of these fluori-
nated gases [34]. When combined with catalysts
(e.g., CaO, SiO,, and Al,O3), further decomposition of
these fluorinated gases was observed [32,34]. Since it is
not practical to directly thermolyze PFAS in wastewater,
an attractive approach is to adsorb PFAS on activated
carbon [35,36¢] and undergo thermolysis afterwards. In
this context, the development of novel adsorbents may
promote the treatment of a broader PFAS spectrum,
particularly short-chain analogs, and reduce energy
consumption for material regeneration [36¢].

Hydrothermal processes are alternative thermal methods
employing subcritical (100-350°C) [37] or supercritical
(>375°C; >22.5MPa) waters [38e]. Subcritical water
systems generally require less energy but need additives,
typically NaOH [37] that promote the nucleophilic
substitution of OH™ for F~. The high temperature and
pressure of the supercritical system, sometimes fa-
cilitated by the presence of oxidizable hydrocarbons,
form oxidative RS ("OH and H,0,) for PFAS degrada-
tion [38e]. Li et al. recently scaled up the process to
demonstrate its superior effectiveness (99.9% DeF at
650°C and 25 MPa) in an ethanol-water mixture under
continuous conditions and a reduced residence time of
28 s [38¢]. Microwave is often considered to assist the
hydrothermal processes (60-130°C and 15-40 psi). In the
presence of persulfate, microwave treatment can reach
87.4% PFOA DeF in 12 hours [39].

Thermal degradation technologies can achieve complete
DeF rates. However, thermal treatments often suffer
from high energy demand, especially when dealing with
bulk waters. Therefore, a preconcentration step might
be critical to reducing energy utilization and closing the
PFAS cycle [36¢]. In addition, regenerable materials and
green additives are preferred to avoid secondary con-
tamination [40].

Path to Zero Fluoro-pollution Arana Juve et al. 5

Plasma irradiation

Plasma technologies produce a complex mixture of oxi-
dative and reductive RS (e.g., O,"", O3, and aq ) in the
aqueous and gas phases under ambient conditions. This
emerging method can achieve high DeF in short treat-
ment times (77% and 58% for PFOA and PFQOS, re-
spectively, in 2 hours) [41], although energy efficiency
remains a drawback [42]. Extending the reaction times
might lead to complete DeF, which encourages testing
of different PFAS compounds and further analysis of the
degradation byproducts [43]. The plasma treatment can
be enhanced by creating bubbles or foams to attract
hydrophobic pollutants like long-chain PFAS [44].
Heterogeneous catalysts (e.g., TiO, and WO3) were
used to harvest plasma-generated light for additional RS
production [43]. However, further mechanistic studies
and TEA analysis on energy consumption might shed
light on the large-scale application of the technology.

Electrochemical methods

Electrochemical oxidation is an energy-efficient, scal-
able, and modular process, where an electrolyte affects
the transport of PFAS to the reactive anode allowing
different operability to defluorinate PFAS [45]. The
electrode materials are critical in terms of performance
since it limits electron transfer which drives the DeF
process. The oxidation reactions occur at the anode
made of Ti-based or boron-doped diamond materials
[45,46], while the cathode is typically stainless steel
[46,47]. As a common anode material, Magnéli-phase
(T1,0;,.1) demonstrates extremely high electrical en-
ergy per order (EEO) of 4,000 kWh m™ with around
90% DeF for PFOS [46]. Therefore, research on new
materials and strategies is strongly encouraged. For ex-
ample, porous anode membranes with enhanced mass
transfer were synthesized from Ti-based materials ser-
ving as wastewater filters and anodes simultaneously,
achieving over 80% DeF for PFOS [47].

Electrochemical methods present high DeF efficiencies,
yet limitations such as high cost, short electrode lifetime,
toxic metal leaching, and energy efficiency; all these
limitations challenge their application in water treat-
ments. In addition, studies related to water matrixes are
still lacking to fully understand the effect of real water
analytes on PFAS transport and electrode performance.

Other emerging technologies

a) Reductive H, hydrodefluorination
Reductive hydrodefluorination is a novel approach that
uses the H, co-adsorbed onto a Pd’ catalyst to re-
ductively defluorinate PFOA [48]. The degradation
mechanism is based on H,-dissociation and activation at
the Pd” surface and the subsequent DeF of the F-chain
adsorbed onto the hydrogenated catalyst surface. It can
achieve 66% degradation and 46% DeF of PFOA in 35h,
leading to partially fluorinated octanoic acids, i.e., a direct
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fluoride extraction mechanism. The technology is fea-
tured by the upswing of H, as green gas and the sim-
plicity in operation, but its DeF performance to different
PFAS needs to be further verified. In addition to insights
into the hydrodefluorination mechanism, catalyst selec-
tion and the control of H, use can decrease the de-
gradation time and operational cost, which are the main
drawbacks of the technology.
b) Organic solvents
Interestingly, it is found that perfluoroalkyl ether
carboxylic acids can degrade in common polar aprotic
solvents, such as acetone, acetonitrile, and di-
methylsulfoxide, without any external energy inputs
[49]. The H-bond accepting nature of these polar
solvents promotes a proton transfer mechanism from
the PFAS molecules to the solvent [49], which de-
stabilizes PFAS functional groups and promotes de-
composition (e.g., decarboxylation) [50]. Further
studies on the degradation pathways are needed to
design effective processes and reduce the treatment
time. In addition, PFAS degradation in organic sol-
vents may be enhanced in combination with other
processes, such as mild temperatures. For example,
the combination of an organic solvent with NaOH at
relatively low temperatures (80-120°C) has achieved
78 to ~100% DeF for PFCAs within 24 hours [51ee].
T'his process can reduce energy consumption com-
pared to thermal treatments and achieve complete
mineralization of PFCAs. However, the use of or-
ganic solvents is undesirable in terms of green
chemistry and strategies to treat PFAS-containing
wastewater. Hence, recovery and reuse of the sol-
vents and extending the performance beyond PFCAs
are needed to achieve the zero PFAS discharge goal.
¢) Mechanochemical methods

Mechanochemical methods based on ball milling are
high-performing solid-state PFAS degradation tech-
nologies. The process involves the base addition for
nucleophilic OH™ substitution reaching 40% and
50% DeF for PFOA and PFOS, respectively [52e¢].
Effective PFAS destruction with co-milling materials
(e.g., BN [52e¢] and SiO, [53]) was also observed.
For example, BN can reach complete DeF of PFOA
and PFOS in 4 hours due to the atomic displacement
produced by mechanical impact, which generates a
piezoelectric redox potential (>4 Viyg) that can
oxidize PFAS through electron transfer from the
micropollutant to BN [52e¢]. However, their appli-
cation is still limited in solid-phase PFAS treatments,
and the stability of the co-milling materials needs to
be further evaluated.

PFAS degradation mechnisms

Up to date, mechanistic elucidation involves indirect
evidence such as byproduct analysis based on mass
spectrometry or theoretical calculations of reactive spe-
cies reacting with PFAS molecules. It is revealed that

Path to Zero Fluoro-pollution Arana Juve et al. 7

oxidative methods degrade PFOA/PFOS through initial
head group removal, such as decarboxylation, and then
stepwise degradation through a hydroxylation-elimina-
tion-hydrolysis (DHEH) process (Figure 3). In compar-
ison, reductive methods can also involve hydrated
electrons (¢,4) to directly extract F from the C—F bond
(Figure 3), where anoxic conditions become critical to
avoid the scavenging of ¢,,~ by oxygen [54] to form less
reactive O,° (1.9 x 10 M s [17]. For the thermal
degradation of PFAS, little research has focused on de-
termining the byproduct composition due to the chal-
lenging quantification of gaseous streams and ashes. The
generation of many alternative byproducts suggests that
thermal degradation processes did not follow a certain
mechanistic pathway compared to classic oxidation/re-
duction processes. Therefore, the mechanistic elucida-
tion in thermal treatment is process-dependent.

Meanwhile, operational parameters are essential for
mechanistic determination and technology application.
For example, the reactivity of radical species is different
for protonated and deprotonated forms (e.g., HO," and
0,"7) at different pH. Although PFAS are mostly anions
in the tested pH range, the performance of added cata-
lysts varied at different pH since the catalyst surface
charge, along with solution chemistry (e.g., conductivity
or interfering species), are pH-dependent. Therefore,
the PFAS degradation mechanisms should be elucidated
carefully under different conditions.

Outlook

Although current technologies can defluorinate PFAS to
some extent ("T'able 1), the goal of complete DeF is still
far-fetched. The achievement of complete DeF includes
several stages: 1) demonstration of a complete degrada-
tion profile of different PFAS classes; 2) tailored design
of green chemicals and materials for effective DeF re-
actions, and 3) engineering of applicable systems is cri-
tical to finally achieve the near-zero PFAS discharge
regulation. Specifically, we identified the following key
research directions to complete PFAS DeF:

® The low PFAS concentration is one of the limiting
factors to applying degradation technologies. We
forecast that application of PFAS treatments, such as
sonication, pyrolysis, and photocatalysis, would ben-
efit from an initial concentration step. In this context,
the development of reusable concentration technol-
ogies (e.g., ion exchange, adsorption, or membrane
filtration) coupled with high-performing degradation
strategies should be encouraged to reach near-zero
PFAS regulations.

® The scope of PFAS selection can focus on the regu-
lated substances to meet the regulations, or different
classes of PFAS to determine the limitations of the
technology since PFAS degradation varies upon the
chain length and headgroups.
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® The zero fluoro-pollution goal involves complete
PFAS DeF to avoid byproduct formation. Meanwhile,
the development of chemical-free and green catalytic
technologies with reusability is encouraged to prevent
any secondary contamination. Employing renewable
solar or wind energy is also critical to driving the water
treatment technology one step forward to carbon
neutrality in the water sector.

® The lack of effort in studying, comparing, and discussing
the process optimization should be recouped, including
water matrices effect (pH, salt effects, coexistence of
pollutants), reactor design, and synergies with different
treatment technologies. It is essential to drive the re-
search one step forward to the real application by fo-
cusing on practical considerations (e.g., realistic PFAS
concentrations, removal efficiency, and energy input).

® UV treatment technologies present relatively low
EEO (<1kWh/m?), compared to plasma or electro-
chemical methods (1-100 kWh/m?) and photocatalysis
or ultrasound (> 100 kWh/m3) [42]. However, current
technical comparisons lack homogenous parameters
to compare energy spending and costs during PFAS
remediation. We hence suggest the development of
more relevant TEA methods to find economically
practical threshold values. Since DeF is the most
critical parameter to ensure zero pollution ambitions,
the cost comparison versus DeF constants in different
concentrations and systems should be emphasized.
For example, the extended use of EEO normalized
by DeF rates can be an adequate indicator to compare
and elucidate different destruction technologies.

Data Availability

Data will be made available on request.
Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This work was supported by the Aarhus University Centre for Water
Technology (AU-WATEC), Start-Up Fund from Grundfos Foundation,
Aarhus University Research Foundation Starting Grant (No. AUFF-E-
2019-7-28), Novo Nordisk Fonden (No. NNF200C0064799), and
Independent Research Fund Denmark Green Transition (No.
1127-00181B) and Sapere Aude Award (No. 1051-00058B).

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

o of special interest
ee of outstanding interest.

1. Cousins IT, Johansson JH, Salter ME, Sha B, Scheringer M:
ee Qutside the safe operating space of a new planetary boundary
for per- and polyfluoroalkyl substances (PFAS). Environ Sci

Technol 2022, 56:11172-11179, https://doi.org/10.1021/acs.est.
2c02765.
Elevates the PFAS concern to a hardly reversible planetary perspective.

2. Podder A, Sadmani AHMA, Reinhart D, Bin Chang N, Goel R: Per
and poly-fluoroalkyl substances (PFAS) as a contaminant of
emerging concern in surface water: a transboundary review of
their occurrences and toxicity effects. J Hazard Mater 2021,
419:126361, https://doi.org/10.1016/j.jhazmat.2021.126361

3. Gaines LGT, Sinclair G, Williams AJ: A proposed approach to
defining per- and polyfluoroalkyl substances (PFAS) based on
molecular structure and formula. Integr Environ Assess Manag
2023, 00:1-15, https://doi.org/10.1002/ieam.4735.

Novel inclusive PFAS definition, not only based on structure but also
fluoride content.

4. Duan L, Wang B, Heck KN, Clark CA, Wei J, Wang M, Metz J, Wu

ee (G, Tsai AL, Guo S, Arredondo J, Mohite AD, Senftle TP, Westerhoff
P, Alvarez P, Wen X, Song Y, Wong MS: Titanium oxide improves
boron nitride photocatalytic degradation of perfluorooctanoic
acid. Chem Eng J 2022, 448:137735, https://doi.org/10.1016/j.cej.
2022.137735.

High-performing solar photocatalyst for PFOA degradation.

5.  Evich MG, Davis MJB, McCord JP, Acrey B, Awkerman JA, Knappe
DRU, Lindstrom AB, Speth TF, Tebes-Stevens C, Strynar MJ, Wang
Z, Weber EJ, Henderson WM, Washington JW: Per- and
polyfluoroalkyl substances in the environment. Science 2022,
375:eabg9065, https://doi.org/10.1126/science.abg9065

6. Rodgers KM, Swartz CH, Occhialini J, Bassignani P, Mccurdy M,
Schaider LA: How well do product labels indicate the presence
of PFAS in consumer items used by children and adolescents?
Environ Sci Technol 2022, 56:6294-6304, https://doi.org/10.1021/
acs.est.1c05175

L]

7. Place BJ, Ragland JM: Speaking the same language: the need
for accurate and consistent reporting of novel per- and
polyfluoroalkyl substances. Environ Sci Technol 2022,
56:10564-10566, https://doi.org/10.1021/acs.est.2c04273.
Reports guidelines and recommendations to consistently report PFAS
and avoid unambiguous structure identifications.

8. Tenorio R, Maizel AC, Schaefer CE, Higgins CP, Strathmann TJ:

ee Application of high-resolution mass spectrometry to evaluate
UV-Sulfite-induced transformations of per- and polyfluoroalkyl
substances (PFASs) in aqueous film-forming foam (AFFF).
Environ Sci Technol 2022, 56:14774-14787, https://doi.org/10.
1021/acs.est.2c03228.

Reflects the need to test different PFAS due to the different degradation

of each PFAS class.

9. Jing C, Peng-yi Z, Jian LIU: Photodegradation of
perfluorooctanoic acid by 185 nm vacuum ultraviolet light. J
Environ Sci 2007, 19:387-390, https://doi.org/10.1016/S1001-
0742(07)60064-3

10. Zoschke K, Boérnick H, Worch E: Vacuum-UV radiation at 185nm
in water treatment — A review. Water Res 2014, 52:131-145,
https://doi.org/10.1016/j.watres.2013.12.034

11. QianY, Guo X, Zhang Y, Peng Y, Sun P, Huang CH, Niu J, Zhou X,
Crittenden JC: Perfluorooctanoic acid degradation using UV-
Persulfate process: modeling of the degradation and chlorate
formation. Environ Sci Technol 2016, 50:772-781, https://doi.org/
10.1021/acs.est.5b03715

12. Liu Z, Chen Z, Gao J, Yu Y, Men Y, Gu C, Liu J: Accelerated
degradation of perfluorosulfonates and perfluorocarboxylates
by UV/Sulfite + lodide: reaction mechanisms and system
efficiencies. Environ Sci Technol 2022, 56:3699-3709, https://doi.
org/10.1021/acs.est.1c07608

13. Ren Z, Bergmann U, Leiviskd T: Reductive degradation of
perfluorooctanoic acid in complex water matrices by using the
UV/sulfite process. Water Res 2021, 205, https://doi.org/10.1016/
j-watres.2021.117676

14. QuY, Zhang C, Li F, Chen J, Zhou Q: Photo-reductive
defluorination of perfluorooctanoic acid in water. Water Res
2010, 44:2939-2947, https://doi.org/10.1016/j.watres.2010.02.019

15. Bao Y, Deng S, Jiang X, Qu Y, He Y, Liu L, Chai Q, Mumtaz M,
Huang J, Cagnetta G, Yu G: Degradation of PFOA substitute:

Current Opinion in Chemical Engineering 2023, 41:100943

www.sciencedirect.com


https://doi.org/10.1021/acs.est.2c02765
https://doi.org/10.1021/acs.est.2c02765
https://doi.org/10.1016/j.jhazmat.2021.126361
https://doi.org/10.1002/ieam.4735
https://doi.org/10.1016/j.cej.2022.137735
https://doi.org/10.1016/j.cej.2022.137735
https://doi.org/10.1126/science.abg9065
https://doi.org/10.1021/acs.est.1c05175
https://doi.org/10.1021/acs.est.1c05175
https://doi.org/10.1021/acs.est.2c04273
https://doi.org/10.1021/acs.est.2c03228
https://doi.org/10.1021/acs.est.2c03228
https://doi.org/10.1016/S1001-0742(07)60064-3
https://doi.org/10.1016/S1001-0742(07)60064-3
https://doi.org/10.1016/j.watres.2013.12.034
https://doi.org/10.1021/acs.est.5b03715
https://doi.org/10.1021/acs.est.5b03715
https://doi.org/10.1021/acs.est.1c07608
https://doi.org/10.1021/acs.est.1c07608
https://doi.org/10.1016/j.watres.2021.117676
https://doi.org/10.1016/j.watres.2021.117676
https://doi.org/10.1016/j.watres.2010.02.019

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

GenX (HFPO-DA ammonium salt): oxidation with UV/persulfate
or reduction with UV/sulfite? Environ Sci Technol 2018,
52:11728-11734, https://doi.org/10.1021/acs.est.8b02172

Chen Z, Teng Y, Mi N, Jin X, Yang D, Wang C, Wu B, Ren H, Zeng
G, Gu C: Highly efficient hydrated electron utilization and
reductive destruction of perfluoroalkyl substances induced by
intermolecular interaction. Environ Sci Technol 2021,
55:3996-4006, https://doi.org/10.1021/acs.est.0c07927

Javed H, Metz J, Eraslan TC, Mathieu J, Wang B, Wu G, Tsai A,
Wong MS, Alvarez PJJ: Discerning the relevance of superoxide
in PFOA degradation. Environ Sci Technol Lett 2020, 7:653-658,
https://doi.org/10.1021/acs.estlett.0c00505

Javed H, Lyu C, Sun R, Zhang D, Alvarez PJJ: Discerning the
inefficacy of hydroxyl radicals during perfluorooctanoic acid
degradation. Chemosphere 2020, 247:125883, https://doi.org/10.
1016/j.chemosphere.2020.125883

Chen Z, Li C, Gao J, Dong H, Chen Y, Wu B, Gu C: Efficient
reductive destruction of perfluoroalkyl substances under self-
assembled micelle confinement. Environ Sci Technol 2020,
54:5178-5185, https://doi.org/10.1021/acs.est.9b06599

Liang X, Cheng J, Yang C, Yang S: Factors influencing aqueous
perfluorooctanoic acid (PFOA) photodecomposition by VUV
irradiation in the presence of ferric ions. Chem Eng J 2016,
298:291-299, https://doi.org/10.1016/j.cej.2016.03.150

Qian L, Kopinke FD, Georgi A: Photodegradation of
perfluorooctanesulfonic acid on Fe-zeolites in water. Environ
Sci Technol 2021, 55:614-622, https://doi.org/10.1021/acs.est.
0c04558

Li X, Zhang P, Jin L, Shao T, Li Z, Cao J: Efficient photocatalytic
decomposition of perfluorooctanoic acid by indium oxide and
its mechanism. Environ Sci Technol 2012, 46:5528-5534, https://
doi.org/10.1021/es204279u

Li H, Junker AL, Wen J, Ahrens L, Sillanpaa M, Tian J, Cui F,
Vergeynst L, Wei Z: A recent overview of per- and
polyfluoroalkyl substances (PFAS) removal by functional
framework materials. Chem Eng J 2022, 452:139202, https://doi.
org/10.1016/j.cej.2022.139202

Arana Juve J-M, Li F, Zhu Y, Liu W, Ottosen LDM, Zhao D, Wei Z:
Concentrate and degrade PFOA with a photo-regenerable
composite of in-doped TNTs@AC. Chemosphere 2022,
300:134495, https://doi.org/10.1016/j.chemosphere.2022.134495

Li F, Wei Z, He K, Blaney L, Cheng X, Xu T, Liu W, Zhao D: A
concentrate-and-destroy technique for degradation of
perfluorooctanoic acid in water using a new adsorptive
photocatalyst. Water Res 2020, 185:1-14, https://doi.org/10.1016/
j-watres.2020.116219

Ateia M, Alsbaiee A, Karanfil T, Dichtel W: Efficient PFAS removal
by amine-functionalized sorbents: critical review of the current
literature. Environ Sci Technol Lett 2019, 6:688-695, https://doi.
org/10.1021/acs.estlett.9b00659

Lei YJ, Tian Y, Sobhani Z, Naidu R, Fang C: Synergistic
degradation of PFAS in water and soil by dual-frequency
ultrasonic activated persulfate. Chem Eng J 2020, 388:124215,
https://doi.org/10.1016/j.cej.2020.124215

. Xiong X, Shang Y, Bai L, Luo S, Seviour TW, Guo Z, Ottosen LDM,

Wei Z: Complete defluorination of perfluorooctanoic acid
(PFOA) by ultrasonic pyrolysis towards zero fluoro-pollution.
Water Res 2023, 235:119829, https://doi.org/10.1016/j.watres.
2023.119829.

Complete PFOA DeF using ultrasound technologies.

29.

30.

31.

wei Yang S, Sun J, you Hu Y, hua Cheng J, yan Liang X: Effect of
vacuum ultraviolet on ultrasonic defluorination of aqueous
perfluorooctanesulfonate. Chem Eng J 2013, 234:106-114,
https://doi.org/10.1016/j.cej.2013.08.073

Cao H, Zhang W, Wang C, Liang Y: Sonochemical degradation of
poly- and perfluoroalkyl substances — A review. Ultrason
Sonochem 2020, 69:105245, https://doi.org/10.1016/j.ultsonch.
2020.105245

Campbell TY, Vecitis CD, Mader BT, Hoffmann MR: Perfluorinated
surfactant chain-length effects on sonochemical kinetics. J

32.

33.

34.

35.

Path to Zero Fluoro-pollution Arana Juve et al. 9

Phys Chem A 2009, 113:9834-9842, https://doi.org/10.1021/
jp903003w

Wang J, Lin Z, He X, Song M, Westerhoff P, Doudrick K, Hanigan D:
Critical review of thermal decomposition of per- and
polyfluoroalkyl substances: mechanisms and implications for
thermal treatment processes. Environ Sci Technol 2022,
56:5355-5370, https://doi.org/10.1021/acs.est.2c02251

Longendyke GK, Katel S, Wang Y: PFAS fate and destruction
mechanisms during thermal treatment: a comprehensive
review. Environ Sci Process Impacts 2022, 24:196-208, https://doi.
org/10.1039/d1em00465d

Wang F, Lu X, Li XY, Shih K: Effectiveness and mechanisms of
defluorination of perfluorinated alkyl substances by calcium
compounds during waste thermal treatment. Environ Sci
Technol 2015, 49:5672-5680, https://doi.org/10.1021/es506234b

Xiao F, Sasi PC, Yao B, Kubatova A, Golovko SA, Golovko MY, Soli
D: Thermal stability and decomposition of perfluoroalkyl
substances on spent granular activated carbon. Environ Sci
Technol Lett 2020, 7:343-350, https://doi.org/10.1021/acs.estlett.
0c00114

Sonmez Baghirzade B, Zhang Y, Reuther JF, Saleh NB, Venkatesan
AK, Apul OG: Thermal regeneration of spent granular activated
carbon presents an opportunity to break the forever PFAS
cycle. Environ Sci Technol 2021, 55:5608-5619, https://doi.org/10.
1021/acs.est.0c08224.

Process approach that demonstrates PFAS concentration in common
granular activated carbon and further destruction and adsorbent re-
generation.

37.

Wu B, Hao S, Choi Y, Higgins CP, Deeb R, Strathmann TJ: Rapid
destruction and defluorination of perfluorooctanesulfonate by
alkaline hydrothermal reaction. Environ Sci Technol Lett 2019,
6:630-636, https://doi.org/10.1021/acs.estlett.9b00506

. Li J, Austin C, Moore S, Pinkard BR, Novosselov |V: PFOS

destruction in a continuous supercritical water oxidation
reactor. Chem Eng J 2023, 451:139063, https://doi.org/10.1016/j.
cej.2022.139063.

Continuous operation process for complete PFOS DeF using super-
critical water.

39.

40.

41.

42.

43.

44.

45.

46.

Lee YC, Lo SL, Te Chiueh P, Chang DG: Efficient decomposition
of perfluorocarboxylic acids in aqueous solution using
microwave-induced persulfate. Water Res 2009, 43:2811-2816,
https://doi.org/10.1016/j.watres.2009.03.052

Arana Juve JM, Christensen FMS, Wang Y, Wei Z: Electrodialysis
for metal removal and recovery: a review. Chem Eng J 2022,
435:134857, https://doi.org/10.1016/j.cej.2022.134857

Singh RK, Fernando S, Baygi SF, Multari N, Thagard SM, Holsen
TM: Breakdown products from perfluorinated alkyl substances
(PFAS) degradation in a plasma-based water treatment
process. Environ Sci Technol 2019, 53:2731-2738, https://doi.org/
10.1021/acs.est.8b07031

Miklos DB, Remy C, Jekel M, Linden KG, Drewes JE, Hibner U:
Evaluation of advanced oxidation processes for water and
wastewater treatment — a critical review. Water Res 2018,
139:118-131, https://doi.org/10.1016/j.watres.2018.03.042

Palma D, Richard C, Minella M: State of the art and perspectives
about non-thermal plasma applications for the removal of
PFAS in water. Chem Eng J Adv 2022, 10:100253, https://doi.org/
10.1016/j.ceja.2022.100253

Zhang H, Li P, Zhang A, Sun Z, Liu J, Héroux P, Liu Y: Enhancing
interface reactions by introducing microbubbles into a plasma
treatment process for efficient decomposition of PFOA. Environ
Sci Technol 2021, 55:16067-16077, https://doi.org/10.1021/acs.
est.1c01724

Sharma S, Shetti NP, Basu S, Nadagouda MN, Aminabhavi TM:
Remediation of per- and polyfluoroalkyls (PFAS) via
electrochemical methods. Chem Eng J 2022, 430:132895,
https://doi.org/10.1016/j.cej.2021.132895

Fenti A, Jin Y, Rhoades AJH, Dooley GP, lovino P, Salvestrini S,
Musmarra D, Mahendra S, Peaslee GF, Blotevogel J: Performance
testing of mesh anodes for in situ electrochemical oxidation of

www.sciencedirect.com

Current Opinion in Chemical Engineering 2023, 41:100943


https://doi.org/10.1021/acs.est.8b02172
https://doi.org/10.1021/acs.est.0c07927
https://doi.org/10.1021/acs.estlett.0c00505
https://doi.org/10.1016/j.chemosphere.2020.125883
https://doi.org/10.1016/j.chemosphere.2020.125883
https://doi.org/10.1021/acs.est.9b06599
https://doi.org/10.1016/j.cej.2016.03.150
https://doi.org/10.1021/acs.est.0c04558
https://doi.org/10.1021/acs.est.0c04558
https://doi.org/10.1021/es204279u
https://doi.org/10.1021/es204279u
https://doi.org/10.1016/j.cej.2022.139202
https://doi.org/10.1016/j.cej.2022.139202
https://doi.org/10.1016/j.chemosphere.2022.134495
https://doi.org/10.1016/j.watres.2020.116219
https://doi.org/10.1016/j.watres.2020.116219
https://doi.org/10.1021/acs.estlett.9b00659
https://doi.org/10.1021/acs.estlett.9b00659
https://doi.org/10.1016/j.cej.2020.124215
https://doi.org/10.1016/j.watres.2023.119829
https://doi.org/10.1016/j.watres.2023.119829
https://doi.org/10.1016/j.cej.2013.08.073
https://doi.org/10.1016/j.ultsonch.2020.105245
https://doi.org/10.1016/j.ultsonch.2020.105245
https://doi.org/10.1021/jp903003w
https://doi.org/10.1021/jp903003w
https://doi.org/10.1021/acs.est.2c02251
https://doi.org/10.1039/d1em00465d
https://doi.org/10.1039/d1em00465d
https://doi.org/10.1021/es506234b
https://doi.org/10.1021/acs.estlett.0c00114
https://doi.org/10.1021/acs.estlett.0c00114
https://doi.org/10.1021/acs.est.0c08224
https://doi.org/10.1021/acs.est.0c08224
https://doi.org/10.1021/acs.estlett.9b00506
https://doi.org/10.1016/j.cej.2022.139063
https://doi.org/10.1016/j.cej.2022.139063
https://doi.org/10.1016/j.watres.2009.03.052
https://doi.org/10.1016/j.cej.2022.134857
https://doi.org/10.1021/acs.est.8b07031
https://doi.org/10.1021/acs.est.8b07031
https://doi.org/10.1016/j.watres.2018.03.042
https://doi.org/10.1016/j.ceja.2022.100253
https://doi.org/10.1016/j.ceja.2022.100253
https://doi.org/10.1021/acs.est.1c01724
https://doi.org/10.1021/acs.est.1c01724
https://doi.org/10.1016/j.cej.2021.132895

10

47.

48.

49.

50.

PFAS (1)

PFAS. Chem Eng J Adv 2022, 9:100205, https://doi.org/10.1016/j.
ceja.2021.100205

Shi H, Wang Y, Li C, Pierce R, Gao S, Huang Q: Degradation of
perfluorooctanesulfonate by reactive electrochemical
membrane compose of magnéli phase titanium suboxie.
Environ Sci Technol 2019, 53:14528-14537, https://doi.org/10.
1021/acs.est.9b04148

Long M, Donoso J, Bhati M, Elias WC, Heck KN, Luo YH, Lai YJS,
Gu H, Senftle TP, Zhou C, Wong MS, Rittmann BE: Adsorption and
reductive defluorination of perfluorooctanoic acid over
palladium nanoparticles. Environ Sci Technol 2021,
55:14836-14843, https://doi.org/10.1021/acs.est.1c03134

Zhang C, Mcelroy AC, Liberatore HK, Alexander NLM, Knappe
DRU: Stability of per- and polyfluoroalkyl substances in
solvents relevant to environmental and toxicological analysis.
Environ Sci Technol 2022, 56:6103-6112, https://doi.org/10.1021/
acs.est.1c03979

Liberatore HK, Jackson SR, Strynar MJ, Mccord JP: Solvent
suitability for HFPO-DA (“GenX” parent acid) in toxicological
studies. Environ Sci Technol Lett 2020, 7:477-481, https://doi.org/
10.1021/acs.estlett.0c00323

51.

Trang B, Li Y, Xue XS, Ateia M, Houk KN, Dichtel WR: Low-
temperature mineralization of perfluorocarboxylic acids.
Science 2022, 377:839-845, https://doi.org/10.1126/science.
abm8868.

Novel approach for PFAS degradation using mild temperatures and
novel modifications strategies to form stable decarboxylated PFAS.

52.

Yang N, Yang S, Ma Q, Beltran C, Guan Y, Morsey M, Brown E,
Fernando S, Holsen TM, Zhang W, Yang Y: Solvent-free
nonthermal destruction of PFAS chemicals and PFAS in
sediment by piezoelectric ball milling. Environ Sci Technol Lett
2023, 10:198-203, https://doi.org/10.1021/acs.estlett.2c00902.

Novel solvent-free, non-thermal destruction process using simple BN/
ball-milling set-up for complete PFOA and PFOS DeF.

53.

54.

Gobindlal K, Zujovic Z, Jaine J, Weber CC, Sperry J: Solvent-free,
ambient temperature and pressure destruction of
perfluorosulfonic acids under mechanochemical conditions:
degradation intermediates and fluorine fate. Environ Sci Technol
2023, 57:277-285, https://doi.org/10.1021/acs.est.2c06673

Cui J, Gao P, Deng Y: Destruction of per- and polyfluoroalkyl
substances (PFAS) with advanced reduction processes (ARPs):
a critical review. Environ Sci Technol 2020, 54:3752-3766, https://
doi.org/10.1021/acs.est.9b05565

Current Opinion in Chemical Engineering 2023, 41:100943

www.sciencedirect.com


https://doi.org/10.1016/j.ceja.2021.100205
https://doi.org/10.1016/j.ceja.2021.100205
https://doi.org/10.1021/acs.est.9b04148
https://doi.org/10.1021/acs.est.9b04148
https://doi.org/10.1021/acs.est.1c03134
https://doi.org/10.1021/acs.est.1c03979
https://doi.org/10.1021/acs.est.1c03979
https://doi.org/10.1021/acs.estlett.0c00323
https://doi.org/10.1021/acs.estlett.0c00323
https://doi.org/10.1126/science.abm8868
https://doi.org/10.1126/science.abm8868
https://doi.org/10.1021/acs.estlett.2c00902
https://doi.org/10.1021/acs.est.2c06673
https://doi.org/10.1021/acs.est.9b05565
https://doi.org/10.1021/acs.est.9b05565

	Complete defluorination of per- and polyfluoroalkyl substances — dream or reality?
	Introduction
	Current PFAS defluorination technologies
	Direct irradiation
	Photocatalysis
	Sonolysis
	Thermolysis
	Plasma irradiation
	Electrochemical methods
	Other emerging technologies
	PFAS degradation mechnisms

	Outlook
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	References and recommended reading




