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Showecasing research from the Richards, Trewyn & Vyas
Research Groups, School of Chemistry, Colorado School of
Mines, United States.

Light-driven interfaces for polyfluoroalkyl substances
(PFAS) detection and destruction

The Richards, Trewyn, and Vyas research groups at the
Colorado School of Mines are developing innovative
methods for per- and polyfluoroalkyl substance (PFAS)
remediation. By integrating materials science, organic
chemistry, and computational tools, they aim to create the
next generation of PFAS degradation materials. This article
highlights recent advancements in light-driven technologies
for PFAS detection and destruction. New developments in
photocatalysis are improving the efficiency of degrading
these persistent chemicals, while plasmonic materials are
proving effective for detecting PFAS, especially as detection
targets become lower and harder to measure. Key features
that contribute to the success of these materials are also
discussed to guide future developments.
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Light-driven interfaces for PFAS detection and
destruction

Frank R. A. Schrama, Scott E. Massimi, Michael R. Dooley, @ Brian G. Trewyn, (D}
Shubham Vyas* and Ryan M. Richards ®*

Due to exposure risks and health concerns, global limitations on per- and polyfluoroalkyl substances (PFAS)
have become increasingly restrictive over the last few years, with limitations of some legacy PFAS in
drinking water reaching single digit ppt in the United States and certain European countries. As the allotted
maxima for contamination have reached such low levels, broad research efforts in the degradation and
detection of PFAS materials are being intensely investigated. Light driven technologies (photocatalysis and
plasmonics) represent important interfacial phenomena with potential to detect and/or decompose PFAS.
Despite the commonalities at the interface, little discussion merging detection and destruction exists,
thereby resulting in minimal transference of concepts, experimental success, and potential dual
functionality systems. This review will cover the basics of photocatalytic degradation technologies
surrounding PFAS, the basics of plasmonics for PFAS detection, and a discussion on how these fields can

rsc.li/RSCApplinter progress in future work.

1. Introduction

As scrutiny on the release of per- and polyfluoroalkyl
substances (PFAS) into the environment and contamination
of all environmental matrices has increased over the years, so
too have the breadth of technologies being investigated to
mitigate, capture, and/or destroy PFAS pollutants."” This
increased scrutiny is due to the numerous adverse health
impacts associated with PFAS exposure including several
forms of cancer and connections to birth defects.*® This
negative impact on health is partially due to the long half-life
of PFAS within the human body, and the half-life of PFAS
under oceanic conditions is around 250 years, thus, the
longevity of these pollutants is significant for future
generations.” Preventative technologies that have been
investigated so far include electrochemical oxidation, plasma
treatment, oxidative and reductive photocatalysis, sonolysis,
supercritical water oxidation, hydrothermal alkaline treatment
and thermal degradation."

PFAS materials are known for their unique chemical
features, namely their hydrophobic and oleophobic nature,
high stability in ambient environments, and resistance to
degradation via oxidation and reduction pathways. These
features result in a material which offers many utilitarian
advantages as a protective or preventative layer that has been
used in paints, non-stick cookware, cleaning products, fire-
resistant and fire dousing materials, and many more.'*"?
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While the uses of PFAS have been ongoing for over half a
century,”® the harmful effects of these materials have only
been investigated in recent times. Legacy PFAS, such as
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS), have been deemed toxic and pervasive within
the human body, causing them to be phased out of
production over the years.

While it is generally the unique properties of PFAS that
make them difficult to remove from the environment,
researchers are attempting to exploit these same properties
to help remove these materials from our environment. For
example, as PFAS molecules have a hydrophilic head group
and a hydrophobic tail, they tend to aggregate onto
interfaces. Materials have been designed to take advantage of
this behaviour, for example the capture of PFAS onto granular
activated carbon or via foam fractionation techniques."*'® By
designing materials that PFAS readily adsorb to and which
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Fig. 1 A notable increase in PFAS destruction and removal
technologies can be seen in the last decade. A large portion of these is
associated with photolysis and photocatalysis.'®
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serve a specific function, such as materials that can degrade
recalcitrant materials near their surface, additional
optimization via leveraging the nature of PFAS can be
achieved. Finally, intelligent material design can go one step
further by creating materials that are able to adsorb and
interact with PFAS yet require little energetic input, such as
the light interacting materials presented in this review.

A recent review summarized the types of PFAS degradation
strategies prevalent in the literature as seen in Fig. 1.°
Technologies based on light, such as photocatalysis for PFAS
destruction, are promising due to their unique benefits, such
as having relatively low energy consumption compared to
thermal treatments, end-products that are typically less- or
non-harmful, the ability to target multiple pollutants in
wastewater, the capability to be used in both aqueous and
gaseous phases, and typical mild reaction condition
requirements with reasonable reaction kinetics, to mention a
few."” With significant advancements in UV-light treatment
technology, commonly employed in water treatment plants
for organic pollutant removal, photocatalytic degradation
methods could leverage existing infrastructure, leading to
simpler implementations compared to some other
methods."®

Due to the increased concerns of PFAS toxicity in recent
years, the suggested PFAS concentration levels in drinking
water have decreased significantly (for example, PFOA limits
have been set as low as 4 ppt in April 2024).">%° As a result,
there is an urgent need to develop detection methods capable
of measuring PFAS at these extremely low concentrations that
can be utilized on-site at water treatment plants with rapid
response times. While the traditional methods such as liquid
chromatography mass spectrometry (LC-MS) can reach low
concentration limits of quantification (LOQ), the low mobility
and long run-times of the said methods in addition to the
initial cost of instrumentation are often inefficient for testing
of water at treatment plants on a national scale.

A different light-driven technology which has gained
increased traction is plasmonic driven photo-detectors for
bio(chemical) systems.*’>* These detectors have increased
mobility for portable, on-site testing applications, offer quick
response times, and have demonstrated significant
improvement over the last decade in the LOQ concentrations
they can achieve.”® Alternatively, efforts are also ongoing for
PFAS detection via electrochemistry based sensing
approaches. However, significant research is still needed to
improve the sensitivity and selectivity of such methods.**>*

In recent decades, the technology of plasmonic sensors
has been advanced via the addition of optical fibres, used to
improve the spatial resolution and detection limits.>**° The
use of plasmonic sensors is based on the property that all
materials have a unique diffraction angle when hit with an
incident light source. A surface layer of pre-defined receptors
is designed and deposited on a gold (Au) film, which will
have a specific angle of incidence as light reflects off the
surface. If the specific binding sites on top of the gold
surface bind to the analyte, the overall system changes,
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resulting in the specific angle of reflection to shift. The
appearance of this shift indicates the presence of the analyte,
and as the technology improves, the extent of the shift can
be correlated to the concentration of the analyte (Fig. 2).**

In terms of degradation, there have been many recent
developments in photocatalytic materials capable of
destroying PFAS. These materials come in a wide variety and
are able to trap PFAS in a reactive environment after the
target binds to the surface and the material is excited. These
materials are a promising direction for degradation efforts.

In this review, we strive to provide an overview of the two
predominant light-driven technologies utilized in the
decomposition and detection of PFAS materials, namely
semiconductor photocatalysts for degradation and plasmonic
photo-sensors for the detection of PFAS. This review aims to
discuss these topics under the lens of the surface
functionality that can be utilized for PFAS. As this review
focusses on photocatalysis and plasmonic materials due to
their similar light interactions, other pertinent light-based
detection methods, such as fluorescence,®> Raman and
resonance scattering,®® and UV-detection,*
the respective review papers provided.

can be found in

2. Plasmonic materials

Plasmonic materials, also sometimes termed
nanoplasmonics, are sensitive to the frequencies of the IR
and visible light spectra when irradiated along the dielectric
surface. Surface plasmonic materials have found utility in a
variety of environmental remediation technologies. Due to
the capabilities of plasmonic materials to act as hot electron
generators, they have demonstrated application in near-
surface heat transfer, enhancements for absorbers, emitters,
and reflectors, and enhancement for photocatalytic
processes, as well as other technologies.?® Included in these
are the detection and destruction of environmental
pollutants, including recalcitrant organics.*®?” A large focus
of the work done on plasmonic materials with respect to
PFAS surrounds specific PFAS detection at ultra-low
concentrations.

Recently, the United States Environmental Protection
Agency (USEPA) implemented a regulation concerning the
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Fig. 2 Depiction of the SPR sensor technology in a Kretschmann
configuration. A specific angle of reflectance will instigate SPR, causing
a decrease in measured light intensity. As the analyte binds, the angle
at which SPR occurs will shift. This figure was created by the authors.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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maximum contamination level of PFOA and PFOS to be 4 ppt
in drinking water with other countries setting lower limits
(e.g. Denmark setting the limit for certain PFAS to 2 ppt).*® In
an effort to achieve sufficient PFAS detection, one potential
solution is the use of plasmonic sensors. In general,
plasmonic sensors work via measuring the angle of incident
light at which surface plasmon resonance (SPR) occurs by
measuring a decrease in reflected light intensity. As the
analyte binds to the reflective material (typically gold), the
specific angle at which SPR occurs shifts and this shift is
noted as the presence of the analyte. A more detailed
description of this effect is discussed in section 2.2 SPR fibre-
optic sensors. As plasmonic detectors become more mobile,
analyte specific, and become easier to use, their potential use
for on-site testing of toxic PFAS substances becomes more
possible.

2.1 Light interactions with plasmonic materials

Plasmonic materials function via the generation of plasmons,
which are the collective oscillations of the free electron cloud
activated via light. Plasmons can be considered as bosonic
quasiparticle excitations. Bosonic quasiparticles refer to the
fact that while individual electrons act as fermions (clear
separation between each particle), the synchronous
oscillation of the electron cloud can be considered to act as if
it were one particle (quasiparticle), with the components free
to stack upon themselves (bosonic). Within the bulk of
plasmonic materials, the generation of plasmons occurs via a
direct electron beam; however, excitation via electromagnetic
radiation or light is not allowed. This is due to the energy
dispersion curves of photons and plasmons not crossing
when in bulk. On the surface of these materials however
there can exist an electromagnetic radiation driven excitation
of the free electron cloud, resulting in the displacement of
the free electron cloud with respect to the stationary positive
ion lattice. This excitation results in propagating surface
plasmon polaritons (PSPPs) which propagate across along
with the light wave (Fig. 3).>%*°

In certain cases, metallic nanoparticles (NPs) such as gold
can induce a type of surface plasmon different than the
PSPPs. If the total size of the NPs is similar to that of the
skin-depth surface, (ergo before a significant bulk-depth is
reached), and the NP size is significantly smaller than the
wavelength of the incident light, the NPs can generate

Dielectric
hv
N IAANAANATY
S
Metallic surface

Fig. 3 A simplified diagram of PSPPs (left) and LSPs (right) when light
interacts with either the surface of a bulk metal or nanoparticles. This
figure was created by the authors.
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plasmons throughout the whole volume of the material.*
Due to the entire volume of the particle participating in the
generation of the plasmon, no propagation is able to take
place within the material resulting in localized surface
plasmons (LSPs) or localized surface plasmon resonance
(LSPR). As the generated plasmons involve the whole of the
particles, a dipole is formed over the entire material of
stationary positive ions and the oscillating free electron
cloud, which collectively act as a mass-spring harmonic
oscillator. If the incident light wave is of a wavelength
which is in resonance with the oscillation of the electron
cloud, the LSP can be formed. The generated plasmon
system is also known as a surface plasmon resonance (SPR)
system. Once the plasmon is generated within the NP,
electron relaxation occurs via multiple pathways. The
predominant pathway of energy loss is via intraband
transitions. In the example of gold NPs, which have been
extensively researched as plasmonic materials due to their
relatively facile plasmon generation ability combined with
chemical stability, the energy loss of the LSP occurs mainly
through the intraband excitation of 5d orbital electrons into
the unoccupied 6s-p orbitals, generating electron-hole
pairs.”® This energy loss from the LSP eventually dissipates
as heat, resulting in highly condensed regions of intense
heat that have been studied as pollutant degradation
technologies via thermal dispersion and via the generation
of hot electrons (Fig. 4).*%*%*

2.2 SPR fibre-optic sensors

In a SPR system, there exists an angle of the incident light
where the light wave vector is in resonance with the
dielectric/metal surface plasmons, which is known as the SPR
angle (0spr). The PSPP on the surface is very sensitive to the
dielectric properties of the system, enabling sensory detection
methods. These detection methods are angular-modulated,
wavelength-modulated, or intensity-modulated, with angular-
modulated systems being the most common and sensitive. In
the angular-modulated system, a monochromatic beam of
light is directed towards the dielectric/surface interface with
the angle of incidence changing over time. Any changes to
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and e~-phonon scattering
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Fig. 4 Plasmon induced hot hole generation resulting in thermal
dissipation with time frames.*°
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the dielectric/surface interface will result in a shift in the
Ospr, noted as a shift in the wavelength at which reflected
light intensity drops.®’

A simple modification to the metal can be used to allow
detection of specific materials. By attaching binding sites for
the target analyte onto the opposite end of the metal surface
(see Fig. 5(a)), a shift in the characteristic fspr can be seen,
as shown in Fig. 5(b). As the analyte of interest is introduced
into the system, the binding sites become increasingly
occupied, causing a further shift in the fspr until reaching a
binding-unbinding equivalence point for the corresponding
analyte concentration (see Fig. 5(c)). Using this binder-
analyte property, low concentrations of analyte can be
measured within complex matrices. The main concern for
Ospr analysis is non-analyte molecules causing false positives
by attaching to binding sites.

In the literature, the SPR technology used for PFAS is
mainly focused on probing. As the allowed concentration of
PFAS is set on the scale of a few parts per trillion, a surge of
analytical techniques has appeared to meet the low LOQ
required for sufficient testing. The current state-of-the-art
technologies for ultra-low PFAS concentrations are LC-MS
and gas chromatography-mass spectroscopy (GC-MS), with
other techniques currently investigated including capillary
zone electrophoresis (CZE), colorimetric sensors, fluorous
membrane-based ion-selective electrodes, fluorescence-based
sensors, electrochemical impedance spectroscopy (EIS),
impedance sensors, and ion-transfer stripping voltammetry.>®
These techniques all require expensive equipment and are
often non-portable, require high levels of user training, and
are time consuming in both the instrumental analysis and
the analyte preparation.>®

SPR-based sensing technologies aim to circumvent these
challenges while still providing an accurate detection
method for ppt levels of PFAS concentrations. A limitation
of SPR-POFs (plastic optical fibres) is that SPR surface

A

® Laser Photodetector A M A‘_ Zis:;?::‘gnitio"
PY ® ~—— Flow of analyte
Au film —&
SP NN\
Sample
(8) (©) 2
Yy
g 0”spq |
8
& oYy
< D'SPR
Time

Fig. 5 Example of SPR sensing technology. As the analyte binds onto
the sensor's surface (a), a shift in the incident angle for SPR is noted
(b), indicating that the analyte is present. As more analyte binds, the
change in angle levels off (c).>” This figure has been modified from its
original publication.
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binding to the analyte has used bioreceptors, resulting in
the detection of low concentrations (LOD-limit of detection
around 0.2 ppb), but not ultra-low concentrations. Recently,
attempts have been made to improve on the SPR system by
replacing the bioreceptors on the SPR-POF system with
molecular imprinted polymers (MIPs), specifically targeting
PFOA.*® MIPs have similar selectivity and specificity as
bioreceptors while being more stable and having more facile
production steps. The authors showed that MIP addition
lowered the LOD to 0.81 ppt, which falls within the extreme
low concentrations required for legacy PFAS limits. Their
testing included an analysis of a simulated sea water matrix
which was spiked with known amounts of PFOA. The results
shown in Fig. 6 indicated that the SPR-MIP sensor setup
was able to detect small changes in PFOA concentration
within a more complex matrix, with a notable shift in the
SPR angle fspr with each subsequent increase in PFOA
concentration.

As a measure of responsivity for the SPR-MIP sensor,
the authors used a Langmuir fitting of the change in the
observed wavelength (A4 nm) compared to the PFOA
concentration at the ppt level and noted that compared to
the Langmuir fitting of the sensor in Milli-Q water, the
performance was reduced when placed in a more complex
matrix. The authors attributed this decrease in
performance to the chloride anions in the seawater matrix
binding to the vinylbenzyl trimethylammonium chloride
monomers within the MIP, where an equilibrium state is
reached between PFOA and the chloride anions. This

competition results in lower sensitivity in the probe
readings.
20
= Experimental values
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Fig. 6 Test results by Pitruzzella et al. for their MIP sensor within a
simulated seawater matrix. The data readings (top) combined with the
noted change in the observed wavelength with increasing
concentration (bottom) indicate that the sensitivity of the sensor
decreases with higher concentrations.
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2.3 Plasmonic devices for light driven PFAS degradation

Plasmonic devices have been used in a variety of technologies
including the degradation of organic pollutants, catalysis via
direct electron transfer, sensing, and others.>****™*> Due to
the generation of highly energetic hot carriers within the
plasmonic system, potential degradation pathways are made
possible. For example, generated hot electrons within
plasmonic systems are theoretically able to undergo a similar
photo-oxidative degradation mechanism to that of other
photocatalysts mentioned earlier.

More research is required in the field of plasmonic-driven
degradation of PFAS materials to determine the optimal
parameters, whether the system should be designed as an
oxidative photocatalyst, a photoelectrochemical system, or a
reductive  photocatalyst via  generated  ‘hot-holes’.
Fig. 7(a) and (b) show two depictions of surface plasmon
induced photocatalysis. In Fig. 7(a), the gold nanoparticle
acts as both an electron generator via SPR and an electron
sink for the titanium dioxide (TiO,) exciton, which is then
able to perform reduction processes, while Fig. 7(b) shows an
autonomous solar water-splitting device where the majority
of generated electrons come from gold nanoparticles
undergoing LSPs via light-driven excitation.®”

With any technology, certain challenges need to be
recognized and addressed to improve the field. In the
current literature, the main factors which can limit the
effectiveness of plasmonic based systems are efficient light
absorption, effective and specific surface adsorption for
potential analyte destruction, and the ability to generate
hot electrons.®

Work done in the field of plasmonic -catalysis is
widespread. A previous study showed that via a facile
impregnation route, Au nanoparticles (NPs) could be
integrated into a TiO, anatase and P25 crystal phase. This
integration of gold resulted in an anisotropic flow of SPR
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Acceptor oo oo
TiO,
) Al
u
~
~) e
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@ Co-OEC
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Fig. 7 Examples of non-sensor based plasmonic technologies. (a)
Plasmonic gold (Au) nanoparticle acts as an electron sink for excited
semiconductor electrons as well as an independent electron generator
for a more efficient photoactive catalyst. (b) A collection of gold
nanoparticles excited via light generates SPR electrons which are then
used within the electrochemical cell.>®
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generated hot electrons from gold NPs within the crystal
structure to the edge of the overall TiO, crystal, resulting in
easily accessible electrons for further reaction and increased
recombination times due to the separation of holes and
electrons.*

More current work in the field shows advancements of
plasmonic catalysis for a variety of uses. Recently, it has been
demonstrated that a plasmonic nanohybrid system enabled
the hydrogen evolution reaction in which plasmonic
generated hot electrons would transfer into the nanohybrid
system's ligands and facilitate the concerted proton-electron
transfer step and promote hydrogen formation.**

A recent investigation across multiple studies aimed to
elucidate the effect of LSPR generated hot electrons on CO,
methanation. These studies found that via the modification
of Ag-doped Ni catalysts,*> Au-doped Ni catalysts,*® and TiN-
doped Ni catalysts,”” the generated hot electrons from the
plasmonic active materials (Ag, Au, TiN) were able to improve
the CO, methanation conversion. One recent paper partially
ascribes the increased efficiency for the CO, methanation via
Ni to the hot electrons increasing the Ni surface charge,
resulting in more strongly bound CO (a competing end-
product for the methanation reaction), and as such lowering
the amount of CO products to be removed from the Ni
surface before full completion of the CH, production.*”

As shown, plasmonic catalysts have been shown to be of
use in a variety of catalytic processes. Investigations into the
potential uses of plasmonic materials for PFAS degradation
via photocatalytic means (discussed in section 3
Photocatalytic degradation of PFAS) could be a worthwhile
venture into increasing photocatalytic efficiency.

3. Photocatalytic degradation of PFAS

3.1 Photocatalytic activation

A photocatalyst is a type of catalyst which is excited when
irradiated by light of a higher energy than the band gap of
the material. An electron (e”) within the catalyst absorbs the
energy from the photon and is excited from the valence band
to the conduction band. This generates an excited electron
within the conduction band (e, ) and leaves behind a
positive hole in the valence band (h,;,"). The generated charge
carriers are then able to drive redox reactions, with electrons
driving reduction reactions and holes driving oxidation
reactions. However, there are often competing processes that
either prevent the desired reactions from taking place or
change the reactivity of the excitons. The first of these
processes is recombination, or when the excited electron
returns to the conduction band, losing the absorbed energy
typically through heat or light, and refills the hole.
Recombination is generally not desired, and the
recombination rate is a good indicator of the efficiency of a
photocatalyst. Another process that can occur is referred to
as trapping, in which the excited charge -carriers are
“trapped” in an energy state between the valence band and
the conduction band. The middling energy state slows down
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the process of recombination, allowing more time for charge
carriers to perform redox reactions. In titanium dioxide,
defects such as oxygen vacancies provide excellent electron
traps, and while these trapped electrons are generally less
reactive, the holes that would otherwise be quenched by the
trapped electrons are more likely to participate in oxidation
reactions. The descriptions below for the most common and
state-of-the-art ~ photocatalytic ~ driven  processes  are
summarized in a previous review.'® For further in-depth
analysis of the mechanistic and Kkinetic overview of
photocatalytic interactions for PFAS materials, the authors
advise reading this article (Fig. 8).

3.2 Photo-oxidative degradation of PFCA via heterogeneous
catalysts

Various mechanistic routes are proposed in the literature as
to the actual degradation mechanism of perfluoroalkyl
carboxylic acid (PFCA) in water via the photo-generated hole
(hyp") under UV light. The consensus on the mechanism
involves the generated hole abstracting an electron from its
surroundings forming a radical species. The competing
mechanisms are for the hy," to either abstract the electron
from hydroxyl anions (HO") in solution, producing hydroxyl
radicals (HO’), or the h,," abstracts an electron from the
PFAS head group, taking PFCA (C,F,,.;COO) as an example,
and generates a PFCA radical (C,F,,+1COO’). In the case of
hydroxyl radical formation, the radical attacks the acid head
group, abstracting the hydrogen and transferring the radical
species onto the carbonyl group, generating the PFCA
radical.*®* However, such H-atom abstraction requires the
headgroup of the PFCA to be protonated which is unlikely in
the aqueous phase near neutral pH since the pK, of PFCA is
known to be very low. A surface coordination of PFCA
however may cause the polar headgroup to be protonated.
Nonetheless, of the two options, the experimental
observations indicate that PFCA coordination onto the
surface is the more influential pathway. This is due to an
observed dependence on the PFCA chain length, which has
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Fig. 8 Diagram depicting the absorbance of a photon in a
semiconducting material, resulting in the generation of an exciton. The
generated electron exists within the conduction band, whereas the
hole exists within the valence band. By ‘trapping’ either the
conduction band electron or valence hole, the lifetime of the
generated exciton pair can be elongated. Generated electrons undergo
reduction and generated holes undergo oxidation. This figure was
created by the authors.
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been attributed to shorter chains being unable to adsorb
onto the catalytic surface. As a result, the longer PFCA is
degraded more quickly, and hence there is a chain length
dependence in such degradation approaches.*””* Meanwhile,
the hydroxyl radical flows freely through solution and has no
such restriction based on chain length due to adsorption.
Once the PFCA radical is formed, a variety of degradation
pathways are proposed with the common result being a loss
of one CF, group from the carbon chain length, producing
CO, and HF as the end products. The resulting shorter chain
PFCA (C,-1F,,-1COO /C,_1F,,-COOH) then undergoes the
degradation cycle again, removing a CF, group each time.
Fig. 9 shows the proposed degradation mechanisms via the
radical formation.

Regardless of the mechanism involved, the overall lifetime
of photoexcited holes is crucial. A longer hole lifetime
enhances the catalyst's ability to directly oxidize PFCA or
water, thereby initiating the degradation mechanism.
Therefore, improvements in photocatalysis, such as more
efficient charge separation leading to prolonged hole
lifetimes, are likely to enhance PFCA degradation.

When discussing PFCA degradation, it is important to
note that chain shortening or other carbon-carbon bond
breaking is insufficient for PFCA destruction, as those will
result in PFCA with a shorter chain length. These shortened
PFCA molecules are similarly detrimental to health and the
environment but harder to detect and destroy. For true PFCA
and other PFAS degradation, the carbon-fluorine bonds must
be broken. This is one of the advantages of reduction over
oxidation (section 3.3 Photo-reductive degradation of PFAS).
Reduction pathways typically directly attack the carbon-
fluorine bonds while oxidation pathways are chain
shortening. Complete oxidation and mineralization are
required for the desired result of complete PFAS
destruction.”
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Fig. 9 Diagram of potential PFCA degradation pathways via radical
generation. Photo-redox pathway (blue arrows (a)) and p-scission
pathway (orange arrows (b)).>? This image has been modified from its
original publication.
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3.2.1 Titanium dioxide. Titanium dioxide (TiO,) is one of
the most studied heterogeneous photocatalysts due to its low
toxicity, abundance, and effectiveness for common
applications such as the decomposition of H,0O. The extensive
knowledge based on the material means that there are
reliable options for modifications to suit the desired
application. For example, it is well known that the band gap
can be tuned through chemical modifications or the
morphology can be altered for different adsorption
capabilities. Additionally, titanium dioxide is an FDA
approved food additive making it an attractive candidate for
drinking water purification.>?

Anatase TiO, has been studied for over a decade as a
potential photocatalyst for PFCA degradation with little
success. TiO, has been found to degrade PFCAs through
charge transfer mediated oxidation as described
above.'®****7  The main challenges regarding TiO,
semiconductors are the short lifetime of the photogenerated
exciton as well as the difficulty of oxidizing PFCAs with
hydroxyl radicals at moderate pH values, the main reactive
species generated from titania. Various methods of
improving the exciton lifetime, and by extension
photocatalytic capabilities, have been investigated via anatase
TiO, compared to the baseline of P25 (P25 is a 3:1 ratio of
the anatase to rutile phase), a combined phase of TiO,. These
improvements include nanostructured carbon supports,
transition metal doping, and the formation of
heterojunctions with other semiconductors."®*”

A study recently demonstrated that by adding noble metal
nanoparticles to titania, the PFOA decomposition rate can be
greatly increased. Silver, palladium, and platinum
nanoparticles were deposited onto commercial P25 titania
and the resultant photocatalytic properties were tested. The
measured rate constants were up to 12.5 times higher in the
case of the platinum modified nanoparticles than for the
native P25. The increased reactivity was attributed to the
metal nanoparticles acting as an electron sink, which
increased the lifetimes of the exciton and, specifically, the
holes, which participate in the decomposition. The authors
also concluded that the catalysts became more effective as
the work functions of the doped metals increased. This is
because as the work function of the nanoparticle increases,
the potential difference between the metal and the TiO,
increases, allowing electrons to transfer from the TiO, to the
metal faster.”® This method of increasing decomposition is
similar to the effect of adding electron scavengers to the
reaction. Removing excess electrons from the catalyst will
decrease recombination rates and make the photocatalyst
more active. The addition of noble metal nanoparticles to
TiO, allows for a similar effect that electron scavengers
provide, without the need to add additional chemicals to the
reaction, which could be undesirable when attempting to
clean ground or drinking water.

One of the most successful examples of PFOA degradation
with titanium dioxide was shown in a study by Wong and
coworkers. A composite material of TiO, and boron nitride
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(BN) was made through a simple calcination procedure. This
material was found to act as a type-Il heterojunction
semiconductor. This TiO,-BN heterojunction yields a high
concentration of holes on the BN with few electrons to
recombine with, increasing recombination times and
therefore overall efficiency of the exciton generation.>
Further discussion of the effectiveness of BN photocatalysis
for PFCA degradation can be found in section 3.2.4 Boron
nitride. The use of carbon supports has been shown to
improve TiO, photocatalytic degradation capabilities;
however, the nature of the effect is disputed. While most
reports agree that carbon support systems (such as graphene
and carbon nanotubes) provide a route for the generated e,
to ‘escape’ the exciton due to the conductive nature of the
carbon support, other studies argue that the role of carbon is
not related to its conductive properties but rather to its
hydrophobic properties. The effect other hydrophobic
supports had on the measured PFOA degradation by UV/TiO,
photocatalysts was recently examined.®® This work found that
polytetrafluoroethylene (PTFE), polyethylene (PE), and
graphene oxide (GO) all resulted in similar levels of PFOA
degradation despite PTFE and PE being non-conductive. The
authors postulated that rather than an electronic effect
occurring via the nanostructured carbon supports, the
hydrophobic nature of the carbon created zones of
dehydration on the titania surface. These zones allowed for
direct adsorption of PFCA to the titania surface and therefore
facilitated faster charge transfer, as depicted in Fig. 10.

3.2.2 Indium oxide. Indium oxide (In,O3) semiconductors
have been investigated as an alternative to TiO, for
photocatalytic degradation. The primary motivation is that
with In,03, PFOA is able to bind to the surface metal sites in
a bidentate fashion.’® This bidentate formation results in a
favoured direct exciton hole radical formation, rather than an
intermediate pathway through hydroxyl radicals. Li et al
concluded that an In,O; system generated substantially fewer
hydroxyl radicals as compared to TiO,, concluding that more
exciton holes were directly generating radicals onto the PFOA
carboxyl groups. The main benefit of this result is that the
direct hole oxidation route has much faster kinetics to
degrade the PFOA materials than via the hydroxyl radical
intermediate resulting in more efficient degradation.

E] IE & })?,/
Conductive X
£ Pparticle (Buk solution) |
&

TiO,

Fig. 10 Schematic depicting the hypothesized interaction between
the hydrophobic graphene support and the TiO, semiconductor for
PFOA oxidation.®°
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Analogous methods of enhancing the photocatalytic
strength of TiO, have been investigated for In,0;. Carbon
materials have been found to increase the photocatalytic
activity of In,0O3, where they are believed to act as transport
materials for electrons, although it is possible that they act
as hydrophobic supports as discussed within section 3.2.1
Titanium dioxide. The formation of heterojunctions has also
been investigated, where the heterojunction allows for either
the h,,"” or es to be transported away resulting in an
increase in exciton lifetime.*® An example of this
heterojunction is a recent effort that doped In into carbon-
supported titanite nanotubes. This composite material
showed 99% efficiency in PFOA degradation under optimal
conditions.®? The researchers attribute the success to the
heterojunction, which facilitates electron transfer and
stepwise defluorination, achieving ~60% defluorination after
only 4 hours.

3.2.3 Gallium oxide. Another post-transition metal
semiconductor  investigated for photocatalytic = PFOA
degradation is gallium oxide (Ga,0;). Of the 5 stable
structures Ga,O3 can form, monoclinic (B) Ga,0; is known to
be the most stable and is often the subject of photocatalytic
studies. Similar to TiO,, Ga,O; has been found to exhibit
different levels of photocatalytic activity with different
morphologies. A study by Fu et al. found that at a pH of 3.0,
the photocatalytic degradation of PFOA yielded Ga,0; > TiO,
> CeO, > In,0O; > CdS. The authors determined that this
result aligned with increasing band gap energies (Ga,0;) 4.57
eV > (TiO,) 3.14 eV > (CeO,) 2.93 €V > (In,03) 2.80 eV >
(CdS) 2.42 eV. The authors deemed that the initial pH and
quantum yield were less indicative to the resulting order.®®

3.2.4 Boron nitride. Researchers tested the photocatalytic
activity of boron nitride (BN), a known semiconductor,
compared to that of the standard P25.°* They found that the
presence of BN would decrease the concentration of PFOA
when irradiated with 254 nm light. While the band gap of BN
is around 6 eV and is therefore considered an electrical
insulator and should not be excited via UV radiation,® the
study determined that under similar conditions, the BN
outperformed the P25 in its ability to decompose PFOA and
its subsequent C3;—C; by-products. The authors attributed this
ability to generate the required exciton pair for radical
formation to defects within the hexagonal BN structure. By
introducing more edge sites and vacancies via ball milling,
the authors showed an increase in PFOA degradation rates
from 0.24 to 0.44 mg of PFOA L' min™', supporting the
notion that defect sites were indeed enabling the activation
of excitons on the BN surface.

As previously mentioned, the addition of BN to TiO, was
also found to improve photocatalytic activity via the
formation of a type-Il heterojunction. A type-II
heterojunction means that the band gaps of the conjoined
materials have an overlap, which allows excited electrons to
go from the lower energy band gap into the higher energy
band gap to prevent recombination. The defect sites in BN
act as a secondary conduction band, with a much lower
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band gap than BN has natively. However, even with defect
sites, the BN has a band gap that is considerably higher
than other semiconductors such as TiO,. This is evident by
the fact that BN can be excited under higher energy
ultraviolet C radiation (254 nm) but not ultraviolet A (365
nm). The benefit that the composite heterojunction
provides is in irradiating with UV-C, electrons are excited
in both materials and are then transferred to the lower
energy conduction band of TiO,, whereas the holes are
transferred to the higher energy valence band of the BN.
This yields a high concentration of holes on the BN with
few electrons to recombine with.>

In a later study, it was found that BN is a superior active
site for oxidation of PFCAs due to its high hydrophobicity,
which promotes PFCA adsorption and prevents formation of
hydroxyl radicals, which are less effective at oxidizing
PFOA.®°

3.2.5 Fe-exchanged zeolites. A recent investigation found
that certain metal ion-exchanged zeolites were capable of
PFOA adsorption and photodegradation. The H' ions in the
zeolites were exchanged with different metal ions, such as
Fe’*. Among the various zeolites tested in their
experiments, Fe-exchanged beta (BEA) zeolites were found
to be the most effective for PFOA degradation. Most
specifically, Fe-BEA35 was the morphology and 1.26 wt% Fe
was the iron content they identified as the most effective.
These zeolites have iron atoms present both externally and
internally, and the researchers identified the internal iron
sites as being effective for adsorbing PFOA in
concentrations in the range of 8 to 20 ug L™ with an
adsorption coefficient (Kq) of up to 105 L kg '. Once the
material was excited, photo-induced holes were able to
oxidize the bound PFOA in the same mechanism as
previously discussed photocatalysts. Notably, this material
is excited by light in the UV-A range, the lower energy end
of the UV spectrum. The material performed well, with
95% PFOA degradation within 8 hours, and 99.9%
degradation and a 44% defluorination ratio were achieved
within 24 hours. However, the researchers found a notable
difference in the adsorption of linear PFOA versus branched
chain isomers, with the branched chain isomers being only
barely adsorbed after 24 hours. They attribute this to the
branched chain isomers being unable to enter the narrow
pores of the material due to their size. It is reasonable to
assume that photocatalysts which have adsorption sites on
the outside of the material may therefore be better suited
to degrade the variety of PFCA isomers found under
environmental  conditions. = However, if the pore
environment is the main factor affecting the efficiency of
this catalyst, perhaps wider pores may be able to
accommodate the branched chain isomers but still create
the correct reactive chemical environment. Future research
directions include examining different morphologies with
different pore sizes and exchanging different transition
metals into zeolites to elucidate which of these factors are
the most important in the material success.®”
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Fig. 11 Proposed cyclic pathways of PFOA and PFOS degradation via
aqueous electrons. Numbers in parentheses (e.g. (26), (31), etc.)
correspond to equations within the original paper.*®

3.3 Photo-reductive degradation of PFAS

In contrast to the oxidative processes described above, photo-
reductive pathways for PFAS materials involve the generation
of reducing radicals via an activation source such as UV light
and reducing compounds such as sulfites and sulfides."®®®
These reducing radicals mainly occur as either hydrated
electrons (e,q ) and hydrogen atoms (H’), with side-products
from reducing agents occurring as well (SO;™ in the case of
sulfite). The hydrated electron is the most studied reducing
radical due to its strong reducing power and is found to
cleave the PFAS molecule at the o-CF bond. This cleavage can
occur due to the reduction potential of the C-F bond (E <
—2.7 V) being lower than that of the e,q (£ = -2.9). Once the
o-site cleavage is instigated, cyclic stepwise degradation of
the PFAS molecule occurs as shown in Fig. 11. Unlike the
oxidative degradation pathways where the polar headgroup
loses an electron, the reductive degradation mechanisms are
shown to be more complicated. A recent study showed that
the defluorination due to the reactivity of PFAS with a
hydrated electron depends on the polar head group.®® In the
case of carboxylates, the defluorination occurs at the alpha-
carbon (the carbon next to the carboxylic acid), whereas the
defluorination occurs at the middle of the perfluoroalkyl
chain in the case of the sulfonate head group. This
mechanistic computational study aligns well with the known
observed rate constants of PFAS with hydrated electrons in
constant irradiation experiments in the aqueous phase.”®”?
Series of other studies also demonstrated the use of C-F
bond dissociation energies as a marker to probe the
feasibility of reductive degradation of PFAS. The
defluorination event is followed by H/F exchange as shown in
Fig. 11. Molecular mechanisms involved in reductive
degradation of PFAS are less established when compared to
the oxidative degradation pathways. Nevertheless, since the
reduction of PFAS is energetically more feasible when
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compared to oxidation, chemical reduction is a more
attractive technique. In terms of scaling up of photocatalytic
reductive degradation approaches for PFAS, one must pay
attention to the co-constituents which can also act as non-
target scavengers of hydrated electrons as demonstrated by a
recent study.”*”>

4. Future outlooks
4.1 Hydroxyl radical and TiO, debate

Within the PFAS photocatalyst literature, there is an ongoing
discussion on the effectiveness of the TiO, material as a
photocatalyst for oxidative degradation of PFAS, typically
targeting PFOA. A paper by Li et al compared the
performance of TiO, to that of In,O; for PFOA degradation
via UV-light irradiation.”® The paper claims that TiO,
decomposes PFOA by generating hydroxyl radicals which in
turn react with PFOA, and that the interaction between HO’
and PFOA is not favourable. The paper goes on to claim that
In,0; is able to perform direct radicalization of PFOA via
favourable surface interactions, and showed that In,O;
degrades approximately 5 times more PFOA than TiO, after 4
hours of irradiation under 254 nm UV light (80% and 15.9%,
respectively).>®

A paper by Javed et al. attempted to show the effectiveness
of HO® for PFOA degradation.”® In the study, the authors use
H,0, irradiated with UV light to form HO' to act as the
oxidizing agent. The authors concluded that compared to
photolysis, the process of PFOA degradation via direct UV
irradiation, the UV + H,0, system showed no enhancement
and that at higher concentrations, it hampered PFOA
degradation.”®

Bouteh et al. analysed the impact of graphene oxide (GO)
supports on TiO, and its photocatalytic degradation of PFCA
including PFOA. The authors determined that due to binding
of hydroxyl groups onto the TiO, surface, the ability to bind
PFCA close enough for direct photooxidative reactions was
hampered. Contrary to some published reports, which state
that GO supports increase the lifespan of generated excitons
by creating pathways for generated electrons, the authors
compared other non-conductive hydrophobic supports and
concluded that the hydrophobicity of the GO is the defining
factor in improving the TiO, activity. The paper claims that
the hydrophobic supports are able to retain PFAS near the
surface of TiO, sufficiently long enough for a photooxidative
process to occur and alludes to the low performance of TiO,
photocatalysts.*®

Future research involving different support materials that
bind more strongly to PFAS is required to elucidate the role
of the support. One possibility is measuring the degradation
of different length PFCA, because of the chain length
dependence of this hydrophobic interaction. If there is a
more pronounced chain length dependence with the
supporting material, then it is likely that the hydrophobic
interaction is the main driving force, and vice versa.
Alternatively, it may be possible using advanced surface

RSC Appl. Interfaces, 2024, 1, 833-845 | 841


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lf00171k

Open Access Article. Published on 05 juli 2024. Downloaded on 3.2.2026 09:27:43.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

analysis techniques to examine how PFAS coordinates to the
surfaces in these systems.

In the three example publications (vide supra), the
photocatalytic activity of TiO, is viewed as poor, with points
of contention including the ineffectiveness of generated HO'
for degrading PFOA, the slow surface-to-PFOA direct
oxidation pathways, and the low binding affinity of PFCAs
onto the catalyst surface. Taken in isolation, these papers
paint a clear picture that TiO,, typically used in its P25 form,
is inefficient at degrading PFAS compounds.

A paper by Fu et al. attempted to categorically compare
the commonly tested semiconductors and their ability to
degrade PFOA. In this paper, the authors compared Ga,O3,
In,0;, CeO,, TiO,, and CdS, with all materials tested under
the same PFOA starting concentration, temperature, initial
pH, and UV irradiation conditions. The results of the study
indicated that the highest impact of effectiveness of PFOA
degradation after 10 hours mirrored the size of the
semiconductor band gap, resulting in the following ranking
from the most to least efficient: Ga,O; > TiO, > CeO, >
In,0; > CdS. Here, the effectiveness of TiO, was measured to
be 84%, while In,0; was measured to degrade 20% of the
initial PFOA.®® These results are nearly in direct opposition
of those of Li et al.

An important factor mentioned in both papers is the pH.
Li et al. mentioned that at pH < 2, the TiO, activity for PFOA
degradation is increased significantly, with their experiments
run under pH conditions of 3.8. One may argue that at pH <
2, some fraction of PFOA will be protonated, thereby
undergoing oxidation via electrons in the conduction band as
weak as via H-atom abstraction by HO". However, Fu et al
ran their experiments with an initial pH of 3.0 + 0.2, resulting
in a much higher activity in the TiO, semiconductor
compared to Li et al. While this is an indicator of the effect
of pH on TiO, photocatalytic activity, it is important to note
that these two investigations had other variables in their
experimental setup. Fu et al. conducted their experiments
with a 32 W low-pressure UV lamp with 254 nm light and a
starting PFOA concentration of 50 ng L™". Li et al ran their
experiments with a 23 W low-pressure UV lamp with 254 nm
light and a starting PFOA concentration of 100 umol L™, or
41 mg L™, which is 6 orders of magnitude greater than Fu
et al. The reasoning behind this large concentration was to
reduce the impact of In,0; adsorption onto PFOA, reducing
activity.

The lack of surface area measurements for complete
comparison has been noted in many studies. We believe that
by adding this lens to compare various photocatalysts, a
more complete picture can be drawn. Until differences in
surface areas can be removed as a potential factor in PFAS
degradation performance, a conclusive statement on the
effectiveness of the said photocatalysts will also be up for
debate.

A recent paper by Carre-Burritt et al attempted to
determine the effectiveness of PFCA destruction via
generated HO' radicals in an aqueous solution using

842 | RSC Appl Interfaces, 2024, 1, 833-845

View Article Online

RSC Applied Interfaces

computational methods. They noted that as the reduction
potential (E°) of the (HO/HO') couple is around 1.9 V
compared to the range of (PFCA'/PFCA") E° of 2.2-2.5 V, the
ability of the HO' radical to oxidize PFCA compounds is
unfavoured. At pH 0 however, the E° of (HO', H'/H,0) is
noted to be around 2.73 V, indicating that hydroxyl radicals
generated at lower pH should have a thermodynamically
favoured reaction with PFCA compounds. The paper shows
that within a range of pH -1.0 to 1.5, their chosen PFCA,
perfluorobutanoic acid, was more effectively destroyed at
lower pH values and that a significant portion of the
degradation occurred via H-abstraction.*®

In general, the effectiveness of hydroxyl radicals and by
extension TiO, photocatalysts is less than that of other
available photocatalysts. However, the key takeaway we would
like to provide is that the efficiency can be increased
significantly via low and ultralow pH and thereby would
provide a more accurate comparison of P25 activity as a
baseline.

4.2 Other post-transition metals as semi-conductor
photocatalysts

Ga, In and Bi are three post-transition metals whose oxides
are commonly investigated as potential semiconductors for
oxidative PFAS degradation. These metals are found in
groups 13 and 15. As elements within the same group are
often found to have similar chemical activity, it is worth
noting that Tl, As, and Sb and their respective oxides are not
included in investigations into light driven semiconductor
technology for PFAS degradation. While these elements are
known to be toxic, their potential uses in PFAS destruction
are worthy of further attention particularly as a means to gain
deeper fundamental insights. Recent work studying SbO;
supports for a TiO, photooxidative system was published and
showed results of increased PFAS degradation when
compared to standalone TiO,. The generated heterojunction
of Sb,0;/TiO, resulted in a removal of 81.83% of initial PFOA
compared to the standalone P25 removal of 32.3% and
mesoporous TiO, removal of 55.9% of initial PFOA.>’

4.3 Effect of porosity on PFAS photocatalysis

An underexplored tool for PFAS photodegradation is the use
of porous catalysts. One major issue with the use of
photocatalysts for PFCA degradation is that the oxidation
product is the same PFCA but one chain length shorter. This
results in total mineralization becoming more difficult as
each shorter chain PFCA is less prone to oxidation. Oxidation
becomes more difficult with shorter chains because there is a
chain length dependence in PFOA adsorption onto most
catalysts. And so as the PFCA has chain lengths removed, it
becomes more difficult to adsorb and undergo oxidation. A
possible solution to this problem would be to use porous
photocatalysts. The effect of the pore would be to keep the
oxidized PFCA adsorbed within the pore volume, preventing
desorption and bypassing the issue of needing to readsorb.
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However, there are inherent issues with using a porous
photocatalyst. Namely, as a photocatalyst interacts with light
primarily on the surface, it becomes difficult for charge
carriers to be activated in the bulk, where the majority of the
surface area is in a porous material. Yet there are a plurality
of effective porous photocatalysts in the literature which are
able to take advantage of the drastically increased surface
area and mass transfer that the materials provide.”””®

5. Conclusions

This review covers aspects of the light-driven technologies of
photocatalysis and plasmonic processes, concerning both
how light enables their effects and how they are used in
relation to PFAS. The field of PFAS remediation research is
vast however, and many knowledge gaps and future
challenges still need to be addressed. Some of these
challenges are identified below:

- Almost all papers performing initial testing on
photocatalytic degradation of PFCA focus on PFOA as their
primary PFCA. While the PFOA molecule is known to be
toxic, well studied for comparison, and is a known
recalcitrant molecule within the PFCA family, some
techniques which have shown promise for breaking down
PFOA have shown no to little effect on PFOS. As PFOA and
PFOS are both legacy PFAS with very low limits of allowed
concentrations within drinking water, a more diversified
spread of PFAS degradation testing will be beneficiary for
narrowing down potential large-scale implementations for
effectively breaking down different PFAS molecules.

- While research has compared the photocatalytic
capabilities of various materials, no standard baseline has
been determined for accurate photocatalytic testing. While
LC-MS is typically considered as the most reliable technique,
due to the relatively high amount of user training and analyte
set-up required, many researchers have sought out other
techniques such as F~ ion probing. Certain concerns have
been raised on potential false-positive readings of other
anions within solution, and in porous systems, the F ions
can be trapped within the system and therefore read as false-
negatives. Reliable and facile benchtop testing of PFAS
degradation would allow for more streamlined comparisons
of degradation results.

- When PFAS degradation research is reported, the
parameters which are given to determine catalytic
effectiveness can vary greatly. When reporting catalytic
improvement, authors tend to compare their material to P25,
which has been determined with some consensus to be a
baseline photocatalyst. However, as P25 will be active only in
lower pH ranges, tests run at a higher pH will result in an
increase in perceived activity of the new material, as P25 is
essentially not able to perform. Not only that, but when
comparisons are made, rather than detailing catalyst reaction
rates, some papers compare their material to their P25 via
percentages and magnitude of activity noted. While such
statements can aid in the discussion of improvements found

© 2024 The Author(s). Published by the Royal Society of Chemistry
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within novel materials, without having a baseline in which
P25 is active (ergo a high pH and low pH comparison), any
claims made about the relative activity of the novel
photocatalyst fall short. Additionally, we believe that an
agreement of set parameters, including pH, light intensity,
PFAS loading, exposure time, and others, should be
established for PFAS photodegradation to ensure that just
comparisons can be made throughout the literature.

- Most testing done on both light-driven technologies
tends to be conducted under only ideal conditions. Initial
testing for advancements being done in a simple solution
and under ideal conditions is logical, as it allows for more
comprehensive result analysis and comparison to other
studies done in the literature. However, by not following up
on these tests with more complex matrix analysis, certain
capabilities of novel materials may be overstated as their
functionality under real-world conditions is not expressed.
Real world PFAS contaminated systems will have multiple
types of PFAS and can include a wide range of non-PFAS type
organic pollutants, as well as other contaminants. Only by
adding some rudimentary testing with a more complex
matrix can the applications of these materials be judged for
environmental remediation.
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