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ABSTRACT

Perfluorooctanoic acid (PFOA) is a toxic and recalcitrant perfluoroalkyl substance commonly detected in the
environment. Its low concentration challenges the development of effective degradation techniques, which de-
mands intensive chemical and energy consumption. The recent stringent health advisories and the upgrowth and
advances in photocatalytic technologies claim the need to evaluate and compare the state-of-the-art. Among
these systems, chemical-free photocatalysis emerges as a cost-effective and sustainable solution for PFOA
degradation and potentially other perfluorinated carboxylic acids. This review (I) classifies the state-of-the-art of
chemical-free photocatalysts for PFOA degradation in families of materials (Ti, Fe, In, Ga, Bi, Si, and BN), (I)
describes the evolution of catalysts, identifies and discusses the strategies to enhance their performance, (II)
proposes a simplified cost evaluation tool for simple techno-economical analysis of the materials; (IV) compares
the features of the catalysts expanding the classic degradation focus to other essential parameters, and (V)
identifies current research gaps and future research opportunities to enhance the photocatalyst performance. We
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aim that this critical review will assist researchers and practitioners to develop rational photocatalyst designs and
identify research gaps for green and effective PFAS degradation.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are widely distributed
persistent pollutants that pose various adverse effects on human health,
e.g., carcinogenicity, cell membrane disruption, neurotoxicity, endo-
crine disruptor, and among others [1,2]. Perfluorooctanoic acid (PFOA)
is the most iconic PFAS compound [3] released into the water systems
from direct industrial discharge, air emissions, landfill leachate, and
firefighter foams. The structure of PFOA is highly stable because the
hydrogen atoms of the hydrocarbon chain are fully substituted with
fluorine atoms, and the C—F bond (536 kJ/mol) [4] confers high sta-
bility to the molecule favoring its introduction and bioaccumulation in
living organisms [5]. Furthermore, PFOA is typically found in pg/L to
ng/L concentrations, which challenges the application of conventional
separation and degradation technologies. The primary and secondary
treatments in wastewater treatment plants (WWTPs) are not effective to
remove and degrade PFAS [6,7], making WWTPs point sources for these
contaminants discharged into the aquatic environment [8]. The addition
of tertiary treatments becomes a must even though the treatment costs
increase [9]. Therefore, chemical-free and low energy-demanding
treatments are preferred to deal with high water volumes, since they
do not involve chemical consumption which decreases the process costs
and environmental friendliness of the processes. Besides, the
ever-stringent proposed regulation limit of 4 ng/L for PFOA in the US
[10] and 0.5 pg/L for all PFAS in the EU [11] along with the new up-
coming regulations [12] attract intensive interest to find economically
feasible solutions for PFAS removal and degradation (Fig. 1).

In recent years, photocatalysis has emerged as one of the main
research technologies in water treatments (Fig. 1) [13], due to its high
defluorination efficiency on PFOA, mild pH and temperature conditions,
low energy consumption, sustainability of the process [14], synergistic
capacity with other treatment methods (e.g., concentration technolo-
gies). However, photocatalysis-based technologies require further ef-
forts to overcome critical drawbacks such as restricted light absorption

range, low quantum yield, lack of stable/reusable materials, or depen-
dence on the water matrices. Meanwhile, it was found degradation of
perfluoroalkyl carboxylic acids (PFCAs) is easier over perfluoroalkyl
sulfonic acids since the last require 3 times higher C—F bond activating
energy compared to PFCAs [15]. Thus, photocatalysis is a preferred
technology for PFOA degradation, which results in short-chain
byproducts, fluoride ions (F ), and innocuous species (e.g., COs,
H,0). In this review, we use the term degradation for the PFOA fraction
transformed to byproducts and the term defluorination for the F
fraction produced due to PFOA destruction. It is worth noting that only a
few studies focus on the defluorination efficiency (Fig. 1, inset), which
is critical to eliminate the associated toxicity related to short-chain
byproducts[2]. The length and charged nature of short-chain PFAS in-
crease the mobility [16] and solubility [17] of these compounds opening
new paths to bioaccumulate and interact with biological processes and
molecules [18].

As we will expand on in later sections, PFOA photodegradation
varied depending on parameters such as irradiation wavelength, catalyst
dose, and concentration. Thus, the development of novel photocatalysts
and understanding the effect of operating parameters are key to pro-
moting PFOA degradation. Despite the recent upgrowth in the number
of published works, it remains challenging to directly compare photo-
catalysts operated under different parameters. The difficulty scales up
when comparing different PFCAs. Given the urgency to find suitable
PFAS solutions and the upswing of photocatalysis as a sustainable green
technology, it is necessary and timely to evaluate and rationalize the
current state-of-the-art of photocatalysis. To this end, we use PFOA in
this work as a model long-chain PFCA due to the significant data
availability with photocatalytic technologies compared to other PFAS.
This critical review starts by introducing the main families of materials
for PFOA photocatalytic degradation to compare their performance,
practical strengths, and drawbacks. Then, we discuss the main strategies
for effective photocatalytic degradation of PFOA and provide insights on
future research trends to overcome the limitations of traditional
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photocatalysts.
2. Chemical-free photocatalysts for PFOA degradation

This section structures, discusses, and compares the main families of
photocatalysts (Ti, Fe, Ga, In, Bi, Si, and BN) and their performance. A
previous literature study [19] classified the photodecomposition per-
formance of PFAS photocatalysts families as Iny03 > GagOs > TiOq,
while newer reports include Bi-materials [20]. However, current liter-
ature does not include novel materials, which tend to overcome the
practical limitations of classic photocatalysts. Literature summaries also
omit the difference between chemical and chemical-free systems and
they are unspecific for different PFAS, which challenges the effective
comparison between works (Table S1).

In this section, we aim to determine the effectiveness and evolution
of the photocatalyst families, through the generation of reactive spices
(RS), understanding the differences in the photocatalytic degradation
mechanisms. The RS are produced with a light source emitting irradia-
tion with a certain wavelength, that determines the photon energy, to
excite the electrons of semiconductors. Most literature studies were
performed under Ultraviolet (UV) light C (100-280 nm), typically
254 nm. Although PFOA photodegradation was also reported under
UVB (280-320 nm), UVA (320-400 nm), and even sunlight. Photo-
chemically generated RS including hydroxyl radicals (¢OH), superoxide
(°03), singlet oxygen (*0y), and holes (h™) are hypothesized as PFOA
degradation pathway initiators.

Photocatalysts typically degrade PFOA through h'-mediated oxida-
tion [21-23] at the valence band (VB) following a stepwise defluori-
nation mechanism. The h* degradation depends on I) the interaction
capacity between the h™ and the PFOA molecule; II) the sufficient
oxidative potential for the photogenerated h" to degrade PFOA
(Table S2); and III) the abundance and availability of " to complete the
PFOA degradation. From a thermodynamic perspective, the
h*-oxidation is favored when the maximum VB potential is more posi-
tive than the potential needed to form a perfluorocarboxyl radical [24]
(2.18 eV vs Normal Hydrogen Electrode (NHE) [25]). Avoiding
electron-hole recombination, and maximizing the RS production can
also enhance the kinetics of the process [26]. The roles of other photo-
catalytic RS on the PFOA degradation mechanisms are still under debate
(Fig. 2A). For example, the ¢OH (2.31 eV vs NHE [27]) is ineffective for
most PFOA degradation processes since it cannot break the C—F bond
[28]. Therefore, novel pathways are needed to justify the facilitating
role of eOH, if any, in the degradation mechanisms [25,26]. Similarly,
*0O2 degradation (0.91 eV vs NHE [27]) has been reported as the main
RS for PFOA [29,30], but recent reports claim *O; might not be initi-
ating the degradation process [21]. However, *O may still be relevant
in some cases, such as activated systems decarboxylation [21] and
facilitating the degradation of byproducts [26]. 10, (0.81 eV vs NHE
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[27]) is a widely known RS in chemical-free systems, however, it is
scarcely discussed in PFOA-degrading systems. Initial PFOA decarbox-
ylation and byproduct degradation with 10, was proposed after major
degradation inhibition with L-histidine[31]; however, additional scav-
enging tests with 2,2,6,6-tetramethylpiperidine report that 10, can not
initiate the decarboxylation [32]. Finally, photogenerated hydrated
electrons (eqq) are effective PFOA-degrading species through advanced
reduction processes (ARPs) [33-35]. Noble metals like Pt are commonly
employed to promote electron trapping and C—F bond activation for
direct F extraction or intermediate radical formation [34,36,37].
However, electron attacks preferentially occur in anoxic conditions due
to the fast scavenging capacity of oxygen (k = 1.9 x 101°M 's 1) [38].
Interestingly, the recent interest in systems based on vacuum UV (VUV)
with wavelengths shorter than 200 nm showed direct PFOA degradation
in catalyst-free and chemical-free processes. PFOA was decarboxylated
by forming unstable perfluoroalkyl radicals that are further decomposed
to shorter-chain PFAS [39-41]. It is worth noting that monitoring VUV
and its contribution in PFOA degradation is fundamentally critical to
differentiate the influence of catalysts, simple irradiation, and syner-
gistic effects.

2.1. Titanium-based photocatalysts

TiO9 and its derivates are attractive for PFOA degradation due to
their abundance, low cost, and broad acceptability. TiO, typically pre-
sents limited defluorination efficiency (<10%) [36,43-46] compared to
other PFOA degrading materials. However, high PFOA concentrations
below critical micelle concentration (i.e., <7.80 x 103 mol L ! at 25 °C)
can be defluorinated between 22% [47] and 29% [48] after up to 6 h
treatments. These studies demonstrated surface modification due to F
ions incorporation in the TiO; crystalline structure, which may warrant
further studies to verify the role of crystallinity in controlling defluori-
nation. However, surface modification may present a drawback in terms
of catalyst stability and leaching. Likewise, TiOy derivates such as tita-
nate nanotubes (TNTs) are positively charged at pH 4 [49], which pro-
motes electrostatic interactions. Besides, TNTs typically present a higher
specific surface area, resulting in more active sites for the PFOA mole-
cules. However, modest PFOA defluorination is observed (i.e. <10% in
8 h) [49,50]. Overall, the low performance of Ti-based materials drove
research attention to two main strategies: I) adding doping agents, and
II) preparing composites coupled with carbonaceous materials to
enhance the adsorption and promote the interaction between the pho-
togenerated RS and PFAS degradation (Table 1).

2.2. Doping of TiO,

The addition of a doping agent can modify the structure, the optical
properties of the materials and form heterojunctions with the
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Fig. 2. A) PFOA degradation by photogenerated RS; B) Bidentate (In,O3) and monodentate (TiO5) adsorption mechanisms[42].
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Table 1
Summary of parameters for metal-doped Titanium-based composites for PFOA defluorination (Simulated sunlight = SS; *check the work for details).
Catalyst Dose, g L Pollutant, mg L Power, W pH Time, h Wavelength, nm Removal, % Defluorination % Ref
TiO, 0.66 1656 500 6 310-400 ~30 22 [47]
TiOy 0.66 1656 500 - 6 315-400 ~44 29 [48]
TNT 0.2 30 23 5 8 254 > 40 5.4 [50]
TNT 0.25 50 400 4 24 254 59 <5 [49]
TiOy 0,5 50 400 5 12 254 14 - [43]
TiO, 0.5 50 400 5 12 254 18.3 - [44]
TiO2 0.5 60 125 3 7 365 31.1 3.3 [46]
Fe-TiO, 0.5 50 400 5 12 254 69 9 [43]
Cu-TiO, 0.5 50 400 5 12 254 91 19 [43]
Pb- TiO, 0.5 50 400 5 12 254 > 99 22.4 [44]
Ag-TiOy 0.5 60 125 3 7 365 57.7 8.1 [46]
Fe:Nb-TiOy 0.5 41,4 150 4.3 3 200-600 ~14 - [45]
Pd-TiO, 0.5 60 125 3 7 365 94.2 259 [46]
Pt-TiO, 0.5 60 125 3 7 365 > 99 34.8 [46]
SA Pt-TiOy 0.25 41,4 5 2 254 < 40 ~40 [36]
Sb,03-TiO2 0.25 1 4 3.5 2 254 ~82 - [51]
Ce-Co- TiO4 0.50 1 450 6 1.5 200-410 > 99 74.8 [53]
F-MOF-TiO, 0.02 124.2 400 10 SS > 90 ~37.5 [66]
TiO,-MWCNT 1.6 30 300 5 8 365 94 - [55]
TiO,-GO * 0.05 8 7 3 254 ~50 1.5 [61]
TiO,-1GO 0.1 ~100 150 3.8 12 200-600 93 20 [142]
TiO,-GO 0.2 ~5 8 4-5 8 254 93.6 - [62]
TiO2-1GO 0.2 ~5 8 4-5 8 254 99.2 - [62]
TiO,-rGO 0.1 ~100 150 3.8 8 200-600 ~80 ~30 [131]
TiO,-PTFE 0.4 50 18 4 5 254 ~80 < 40 [671
TiO,-GO 0.4 50 18 4 5 254 > 80 ~40 [67]
TiO,-PE 0.4 50 18 4 5 254 ~90 ~50 [67]
SG-TiO,-QD 20 ~125 150 7 10 200-600 > 90 35 [64]
IP-TNT - 30 23 5 8 254 84 30.2 [50]
In/TNT@AC 1 0.1 18 7 4 254 > 99 ~60 [57]
Fe/TNT@AC 1 0.1 18 7 4 254 > 99 62 [56]

semiconductor materials. This strategy enhances the PFOA defluorina-
tion by promoting electron trapping, decreasing the bandgap, and/or
shifting the zero-point charge (PZC) of the composite in favor of PFOA-
catalyst interaction. The structural distortion of the doped metals in the
semiconductor lattice can create oxygen vacancies (OVs) [45], which
affects the UV/Vis absorption of the material and therefore the bandgap
properties and the energy required to excite the electron. For example,
TiO5 modified with Fe and Cu resulted in defluorination values of 9%
and 19%, respectively [43], since the higher conductivity of Cu favors
electron trapping and thus PFOA defluorination. Other composites such
as Pb-TiO5 (~99.9% degradation and >22% defluorination) [44] and
Sby03-TiOy (double degradation rate vs commercial TiO2) [51] also
favored the breakdown of PFOA molecules. Similarly, codoped TiO,
with Nb and Fe also improved the degradation of PFOA by ~15%
compared to commercial TiO5[45]. However, the use of toxic metals
should be limited to the strictly necessary application since it challenges
the green chemistry principles. Additionally, the leaching of those toxic
metals should be carefully monitored to avoid additional treatment
technologies [52].

The high conductivity of precious metals Ag, Pd, and Pt increased the
defluorination of PFOA to 8.1%, 25.9%, and 34.8%, respectively after
7 h of irradiation [46]. Specifically, Pt-TiO, degraded 50% PFOA anions
in just 2 h, due to the electron trapping capacity and positive charge of
Pt [46]. Further investigations lead to a method to site-selectively load
single-atom Pt onto TiOs, which formed a semiconductor-metal (S-M)
heterojunction with an increased number of active sites per unit mass of
Pt. The new composite achieved ~40% defluorination of PFOA in 2 h
[36]. The reductive mechanism consists of C—F bond activation, and
hydrodefluorination onto the Ti-surface. While evaluating these cata-
lysts, it is necessary to extract and characterize the analytes on the
surface of the material after degradation to obtain reliable mass bal-
ances. Recently, complex materials such as a trimetallic-oxide, based on
Ti, Ce, and Co, with PZC at 8.5, defluorinated 74.8% of PFOA within
90 min [53]. Note that Ce is one of the most electropositive elements,
which can favor the electrostatic interaction with the PFOA anions.

Therefore, doping materials with electropositive atoms such as Ca, Mg,
or Ce (Table S3) may improve the adsorption and degradation, not only
for PFOA but also for other anionic PFAS and micropollutants.

2.2.1. Carbonaceous titanium-based composite materials

Ti materials have been coupled with carbonaceous materials for
micropollutants remediation [54], due to their high surface area and
relatively low cost. For example, adsorptive multi-walled carbon nano-
tubes (MWCNT) coupled with TiO; demonstrated an increase in the
adsorption of PFOA by 7% compared to TiO,. However, the PFOA
removal after 8 h increased by 41% [55]. Recently, a composite
coupling TNT with activated carbon (AC) adsorbed as much as 80.2 mg
PFOA g_l, although the defluorination remained modest (<20% in 4 h)
[56]. Hence, doping of TNT@AC-based materials with Fe, In, and Ga
[56-60] was tested to form a multicomponent heterojunction reaching
~50% defluorination in 4 h.

Graphene oxide (GO) and reduced GO (rGO) are among the most
popular carbon materials due to their high surface area, 2D structure,
and excellent electrical conductivity. TNT@GO composite material
could effectively degrade 30% of PFOA in 3 h, although the defluori-
nation rate was just 1.5% [61]. In comparison, TiOy @GO and TiO,
@rGO composites obtained 93.6% and 99.2% degradation of PFOA in
8 h, respectively [62]. The rGO presents fewer functional groups, which
increases its conductivity and electron trapping capacity. Furthermore,
the enhanced defluorination performance of TiOy @rGO suggests that
the hydrophobic structure enhances the electron trapping capacity of
rGO. Despite the effective semiconductor-carbon (S-C) heterojunction
with TiO, GO and rGO materials play a limited role in the adsorption of
PFOA. The low PFOA adsorption of GO/rGO can be attributed to its
negative surface charge under neutral pH [63], given the PZC of ~2.8
for rGO and negative charge for GO along the pH range (2—12). Func-
tionalized graphene materials, such as sulfonated graphene aerogel
(SGA) loaded onto TiO2 quantum dots (SGA-TiO2-QD) could adsorb
0.17-0.19 mmol PFOA g71[61] and defluorinated up to ~35% of the
adsorbed PFOA in 10h [64]. Amination also promotes adsorption
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achieving a positive surface charge at neutral pH [65]. Besides carbo-
naceous adsorbents, novel adsorptive photocatalysts were designed to
concentrate and destroy PFOA. This includes molecularly-imprinted
acrylamide polymers coupled with TNT [50] and TiO» coupled with
metal-organic-frameworks (MOFs) [66]. A novel study proposed a novel
role of the TiOy carbon-based heterojunctions comparing GO and
non-conductive polymers such as (e.g., polyethylene, polytetrafluoro-
ethylene). The results also suggest that the potential charge separation
of GO did not significantly contribute to PFOA degradation, but the
formed heterojunction was responsible for a dual PFOA adsorption
mechanism based on hydrophobic and electrostatic interactions that
promoted its degradation [67].

2.3. Iron-based photocatalysts

Iron-based catalysts present high defluorination efficiencies besides
their magnetic properties and low costs. Zn, Cu, Mg, and Mn ions show
very limited defluorination of PFOA [68], compared to Fe3*. The su-
perior photodegradation properties suggest unique Fe>* complexation
properties for PFOA (Table 2), which are different from other metal
oxides and cations. Fe complexation decreases the decarboxylation en-
ergy of PFOA from 396.19 kJ/mol in the anion form to 370.41 kJ/mol in
the complexed system [69], which is not reported for other cations. The
mechanism is based on a ligand-to-metal charge transfer (LMCT) upon
light irradiation [40,41,68], which opens a research line to under-
standing ion-PFAS interactions. Initial research on PFOA degradation
using Fe species focused on Fe>' ions irradiation (i.e., not using solid
catalysts) and the mechanism did not follow classic photodegradation
pathways. In Fe3*/VUV systems Fe3* complexate PFOA, which favors its
decarboxylation. The process results in a two-fold increase in the
defluorination rate compared to VUV systems [41]. Besides catalyst dose
[68], the irradiation source is also critical: VUV systems [41] present a
51.21% defluorination, while UVC [68] present 31.2% in 4 h with
similar Fe>" doses (30-40 uM). In fact, complete defluorination was
achieved after 72 h using VUV and Fe3+[40], demonstrating the po-
tential and effectiveness of Fe ions for PFOA treatment. In this context,
sunlight decomposition of the Fe>*/PFOA system can achieve complete
removal of PFOA under 28 days of irradiation, yet low defluorination
(12.7%) [70]. The pH is a critical parameter in Fe-systems since it de-
termines the Fe phases, the reaction mechanisms, and the defluorination
performances [71].

The Fe-based solid catalysts did not outperform Fe-ions systems.
Apparently, the difference in the defluorination efficiency is due to the
less effective PFOA complexation. For example, zero-valent iron (ZVI)
nanoparticles (NPs) only exhibited a moderate degradation rate (~15%
in 25 h) [72]. Interestingly, Qian et al. [73] designed a novel composite
using a hydrophobic zeolite adsorbent with low Fe content (1.3%).
Interestingly, this material presented high PFOA defluorination (~40%
in 24 h) under UVA light at a relatively high pH of 5.5 by combining the
homogeneous catalytic properties of Fe ions and the heterogeneous
catalysis nature of zeolites. Similarly, concentrate-and-destroy catalysts
combining carbonaceous and Fe-based materials have also been devel-
oped to facilitate catalyst recovery and overcome pH limitations for Fe
ions-based catalysts [74].
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2.4. Post-transition metal-based photocatalysts

Post-transition metal catalysts can complex and activate the PFOA
molecules at the catalyst surface (Fig. 2B) [42]. The most studied
post-transition metals of Ga, In, and Bi are rare and expensive, therefore
it is critical to optimize the material design by increasing the catalyst
recovery, ensuring the catalyst reusability, and minimizing the dose and
the leaching.

2.4.1. Gallium catalysts

Gallium oxide exists in 5 different phases, among which $-GayOs is
the only stable phase [75]. The bandgap (4.18 eV) of p-GayO3 requires
energetic wavelengths (<300 nm) for effective charge separation.
Table 3 summarizes the parameters for the discussed gallium-based
composites for PFOA degradation. The PFOA degradation mechanism
by B-Gaz0s is still inconclusive. Under Ny atmosphere, 40% degradation
and 15% defluorination of PFOA in 3 h were observed [76]. The pres-
ence of Ny is essential since O3 scavenges the eqq inhibiting the reaction
[76,771, likely due to the production of hydrogen peroxide [76]. The
high conduction band (CB) potential (—2.95 eV vs vacuum) for p-Gaz03
permits a direct reaction between PFOA and eqy[77]. However, other
studies suggested that h™ played a major role in PFOA degradation [78],
which was confirmed by quenching ¢OH and h" using tert-butanol and
ammonium oxalate, respectively [79].

Nanocomposite facet engineering and design is a useful tool to pro-
mote photodegradation. Among the developed nanostructures, needle-
like B-GayO3 doubled the surface area and degraded PFOA 7.5 times
faster than commercial p-GayOs, reaching 58% defluorination in 3 h
[78]. Sheaf-like f-Gay03 also enhanced the surface area and promoted a
preferentially exposed (100) crystal facet, compared to TiO3 (001). This
bidentated PFOA and completely degraded PFOA in 45 min, which is
much higher than commercial p-GayO3 (~25% in 45 min) [80]. p-Gaz03
nanorods (NRs) achieved similar results under anoxic conditions (98.8%
degradation and 56.2% defluorination) in just 90 min [81]. GayOs3
nanosheets (NSTs) were modified with different metals (M = In, Cu, Zn,
Co, and Mn). Among them, In-Ga;O3 NSTs composite created a strad-
dling gap heterojunction which degraded PFOA 7.8 times faster than
pristine GaOs, increasing the defluorination in 4 h from 13% to 57% at
pH 4.5 [79]. The high performance of Ga materials encourages its
further use for PFOA degradation; however, the scarcity and high price
limit its practical application, resulting in its limited use as a doping
agent.

2.4.2. Indium-based photocatalysts

A direct comparison of the PFOA degradation with TiO, demon-
strated the superior capacity of InpO3[42]. The positive charge, biden-
tate adsorption mechanism (Fig. 2B), and the optical properties of
indium enhanced the degradation by ~65%, compared to TiO», reaching
defluorination values over 30% in 4 h [42]. Similarly, InOOH could
improve by 27 times the PFOA degradation compared to commercial
P25 [82]. The relatively small bandgap of InyO3 (~2.8 eV) reduces the
energy required to excite an electron. However, the computationally
calculated redox potential to form a perfluorocarboxyl radical (2.18 eV
vs NHE) [25] is close to the maximum reported VB of InyOj3

Table 2

Summary of parameters for Iron-based composites for PFOA defluorination (* equals pM).
Catalyst Dose, g L™! Pollutant, mg L™ Power, W pH Time, h Wavelength, nm Removal, % Defluorination % Ref
Fe3* 80 * 20 23 <4 4 254 80.2 47.8 [68]
Fe3* 480 * ~20 24 4.6 672 SS 97.8 12.7 [70]
Fe3* 12* ~15 12 <4 4 185 & 254 > 85 51.2 [41]
Fe®* 20 * ~15 5 <4 72 185 & 254 > 99 > 99 [40]
Fe3* 50 * ~20 14 2 4 254 > 99 > 99 [71]
Fe(0) 0.1 1 112 4.8 25 254 58 > 15 [72]
Fe-BEA 0.5 20 4 5.5 24 365 > 99 38 [73]
FeO/CS 1 0.2 18 7 4 SS 95.2 57.2 [74]
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Table 3
Summary of parameters for Gallium-based composites for PFOA defluorination.
Catalyst Dose, g ! Pollutant, mg ! Power, W pH Time, h Wavelength, nm Removal, % Defluorination % Ref
p-Gay03 0.5 40 15 - 3 254 ~40 ~15 [77]1
p-Gag03 0.5 ~31 15 - 3 254 43.6 ~15.7 [76]
Needle-like p-GazO3 0.5 0.5 14 4.8 3 254 > 99 58 [78]
sheaf-like f-Gao03 0.5 ~0.5 14 ~4.7 3 254 > 99 > 60 [80]
sheaf-like p-Ga03 1.8 ~54 18 ~4 2 254 > 60 ~30 [116]
NRs p-Gay03 0.5 10 50 3.8 1.5 254 98.8 56.2 [81]
In- GaO3 NSTs 0.5 20 200 4.5 4 200-1000 > 99 57 [79]
Iny03 0.5 41.4 23 3.8 4 254 80 ~30 [42]
In,03 NPs 0.5 30 23 3.9 3 254 > 90 29.7 [83]
In,03 NCs 0.5 30 15 3.9 2 254 > 99 - [84]
Iny,O3 NPTs 0.5 30 15 4.2 1.5 254 53.50 21.33 [22]
In,03 NPTs 0.5 30 15 3.9 0.67 254 > 99 - [84]
In,03 porous NPTs 0.5 30 15 - 0.5 254 > 99 - [85]
In,03 Microspheres 0.5 30 15 3.9 0.33 254 > 99 - [84]
InOOH 0.25 20 18 - 3 254 83.4 ~18 [82]
In heterojunctions 0.33 20 100 - 7 254 85.5 - [87]
In;03 NSTs hetero 0.4 200 500 - 1 - 96 - [86]
In;03 NSPs 0.5 30 23 3.9 3 254 > 99 71.0 [83]
In,O3 NSPs 0.2 10 32 - 8 254 > 99 ~56 [88]
In,03 NRs 0.2 10 32 - 8 254 > 99 ~48 [88]
N-doped In,03 0.125 0.414 350 5 6 > 250 ~90 36.1 [89]
Iny03-Graphene 0.5 30 15 - 3 254 > 99 60.9 [91]
CeO,-Iny03 0.4 100 500 2.84 1 uv > 99 53.3 [93]
Pt- InpO3 NRs 0.4 200 500 1.85 1 uv 98 - [94]
MnOy-In,03 0.5 50 500 3.8 3 uv 99.8 17.4 [92]
Fe®*-Iny05 0.5 10 32 ~4 4 254 > 99 ~30 [90]

nanostructures (2.17-2.44 eV vs NHE, Table S2). This situation points
out the importance of the valence band characterization to demonstrate
the thermodynamically favored PFOA h'-oxidation. Unlike gallium,
research on indium materials includes the development of nano-
structures and the development of composite materials (Table 3).

2.4.2.1. Indium nanostructures. The modification of surface and struc-
tural properties was also adopted for In,O3 nanocrystals and nano-
spheres (NSPs). The NSPs presented uniform size and higher surface area
(39.0 m? g’l) compared to commercial InpO3 nanocrystals (12.7 m?
g’l). Compared to commercial TiOs, the NSPs, and nanocrystals
enhanced the PFOA adsorption by over 25% and 15%, respectively, and
the defluorination rates were above 20% for nanocrystals and 65% for
NSPs [83]. Other morphologies such as nanocubes (NCs), nanoplates
(NPTs), and porous microspheres increased the surface area, to 13.6,
18.9, and 42.3 m? gfl, respectively. As expected, the microspheres
outperformed NCs and NPTs materials, with complete PFOA degrada-
tion in 20 min. According to XPS tests, the microspheres presented a
higher density of defects named OVs, compared to NPTs and NCs, which
promoted bidentate adsorption of PFOA [84]. Micro-sized materials are
attractive options in water treatment applications because of their
practical recovery.

In the synthesis process, control of the process parameters is critical
to tune the crystalline structure of catalysts. For example, ethylenedi-
amine-H,O systems produced high surface area NPTs (156.9 m? g™ !)
[85]. Meanwhile, the hydrothermal time and precursor ratio applied to
NSTs can lead to different crystallinity, namely cubic, rhombohedral,
and intergrowth of the two phases. Such intergrowth created a hetero-
junction between the In crystalline structures (e.g., InOOH/In,03 and In
(OH)3/InOOH) [86,87], thus presenting a new tool to form hetero-
junctions. The intergrowth narrows down the interfacial region to a few
atomic scales, decreases the band bending, and produces less mismatch
of their band structures to facilitate charge transfer.

Novel strategies for the formation of NSPs, and NRs calcining MOFs
as sacrificial templates increased the surface area and the number of
OVs. The newly adapted synthesis method reached ~56 and ~48%
PFOA defluorination in 8 h for the NSPs and NRs, respectively [88].
N-doping strategies of InpO3 demonstrated a PFOA defluorination rate of
36.1% in 6 h due to the redshift of the UV/Vis absorption spectrum, and

a bandgap reduction compared to its parent material [89]. The coupling
of Fe salts and InyO3 enhanced the PFOA degradation by a factor of 3 due
to the complexation of PFOA via Fe>" and calcination ensured the
catalyst stability. However, high temperatures (>400 °C) were unfa-
vorable because the number of OVs and surface area decreased [90].

2.4.2.2. Indium composites. The two main approaches to producing In
composites are by 1) coupling In with carbonaceous materials, and 2)
creating heterojunctions with different metals and metal oxides to form
S-M and semiconductor-semiconductor (S-S) heterojunctions. Among
the carbon-based photocatalysts, InoO3 NPs-graphene composite ach-
ieved over 60% defluorination of PFOA in 3 h. The addition of graphene
in a small amount (2.5%) was beneficial for electron-hole separation due
to the conductive graphene-layered structures which created an S-C
heterojunction [91]. The low graphene content avoided significant
semiconductor surface coverage, and heat treatment (400 °C) stabilized
the material.

In recent years, a major trend is to couple InpO3 materials with other
metals and metal oxides, such as Co304, NiOyx and MnOx to increase the
number of OVs in the material. Interestingly, MnOx-InoO3 composite
outperformed commercial InyO3 reaching 40% defluorination after
16 h, which represents a ~20% increase [92]. Under optimum Ce con-
tent, the CeOy/In,03 composite defluorinated over 50% PFOA in 1 h,
due to the effective staggered gap heterojunction formation [93].
Coupling Pt with InpO3 NRs increased the PFOA degradation by over
35% in 1h [94]. Quenching agent tests with benzoquinone, t-butyl
alcohol, and KI, (for *O5, eOH, and h', respectively) demonstrated a
dual mechanism based on direct h" oxidation and *O; degradation. The
Pt cost and the acidic pH emerges as drawbacks. In addition, low pH is
generally undesirable, due to the need for chemical addition, and the
potential leaching of ionic species.

2.4.3. Bismuth-based photocatalysts

Bismuth oxyhalide (BiOX) materials present high photocatalytic ac-
tivity (Table 4). The spaced BiyO3 layered structure polarizes the related
halogen atom slabs and orbitals creating an electric field (Fig. 3A) that
can prevent electron-hole recombination [95]. Different halides have
been tested as BiOX materials for PFOA defluorination, but chloride and
bromide exhibited the best performance. Besides the influence of the
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Table 4
Summary of parameters for BiOX-based composites for PFOA defluorination (*combination of lamps).

Catalyst Dose, g L™ Pollutant, mg L™ Power, W pH Time, h Wavelength, nm Removal, % Defluorination % Ref

BiOF 0.5 15 500 6 uv > 99 26 [95]

In-MOF/BiOF 0.5 15 500 - 3 > 300 >99 ~34 [99]

BiOCl NST 0.5 8.28 10 4.8 24 254 > 99 59.3 [26]

BiOCl 1 20.70 300 3.9 8.5 > 300 ~70 13 [104]
BiOCl 1 20 500 4 12 SS >99 ~70 [100]
BiOCl 1 20 500 4 4 SS > 90 29.93 [105]
BiOCl 0.05 20 32 3.8 1 254 > 99 > 55 [117]
BiPO,4/BiOCl 0.05 20 32 3.8 1 254 > 99 > 55 [117]
BiOCl NST 1 8.28 10 4.6 8 254 > 99 59.6 [106]
BiOCI NST 0.5 50 500 4 2 365 > 99 41.0 [102]
OV-BiOCl PPS 1 10 500 4 uv > 99 ~60 [107]
OV-BiOCl 1 10 125 - 2 ~365 91.1 17 [103]
Zn-Al/ BiOCl 0.5 0.5 500 2 6 350-780 94 ~32 [24]

BiOI@BisO;1 0.5 15 800 3 2 400-760 ~80 - [108]
BisO71@Zn0O 0.5 1 500 4 6 > 420 91 ~40 [109]
Bi/BiOly gFo.2 0.4 40 800 5 3 SS >99 ~10 [110]
BiOIg.95Br¢.05 0.4 20 300 - 2 > 400 > 99 - [111]
BiOCI@TiO2 0.1 10 30 4.85 8 254 > 99 82 [113]
BiOBr@TiO, 0.1 10 30 4.85 8 254 96 65 [113]
BiOBr@TiO» 0.5 100 300 3.5 1.7 > 320 99.5 39.8 [114]
BiOI@TiO, 0.2 10 30 4.85 8 254 88 ~20 [113]
BizO(OH)(PO4)2 1.8 ~54 18 4 2 254 >99 > 60 [116]
BizO(OH)(PO4)2 0.5 20 18 4.5 3 254 >99 57.6 [118]
BiPO4 0.05 20 32 3.8 1 254 > 99 > 43 [117]
Pt-BiyO4 0.2 0.1 300 7 6 > 420 - <7 [34]

Bi,0,S 0.25 50 - 4 10 254 >99 60.6 [120]
Biy0,Se 0.25 50 - 8.17 10 254 > 99 54.2 [120]
Pb-BiFeO3/rGO 0.1 50 5 2 8 254 69.6 37.6 [122]
BiOHP/CS 1 0.2 18 7 4 254 >99 32.5 [123]
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Fig. 3. A) BiOX built-in electric fields and atomic structure. EP denotes parallel to the normal direction of the Bi,O, layer, which can be divided into two subfields.
EV denotes that it is vertical to the normal direction of the Bi,O, layer [101]; B) Pt-Bi;O4 photoreduction mechanism based on direct F extraction [34].

halide in VB modification [96,97], crystallinity control of the BiOX
materials [98] allows the tunability of the facets, OVs, and bandgap, to
enhance the PFOA defluorination. Additionally, other Bi-based mate-
rials, although less reported, are also effective in PFOA degradation
(Table 4).

The halide in the Bi3O3 layer determines the nature and performance
of these materials. In the synthesis of bismuth oxyfluoride (BiOF),
ethylene glycol was introduced to populate the OVs and to increase the
surface area of BiOF. The OVs provided stronger PFOA interaction and
increased the light absorbance capacity, which enhanced the PFOA
photodegradation [95]. The performance of BiOF was further enhanced
by constructing a built-in electric field in In-MOF/BiOF, which

defluorinated up to 34% PFOA in 3 h. Theoretical calculations
confirmed that pre-adsorption of PFOA is a key step in the photo-
degradation processes [99].

As the most common BiOX catalyst, the PZC of BiOCl is 2.8 [100] and
thus the electrostatic attraction does not account for the adsorption of
PFOA anions. Instead, the adsorption process is driven by the coordi-
nation of PFOA with the OVs to complex the carboxylic head of PFOA
[100]. The PFOA defluorination by BiOCl is 1.7 and 14.6 times higher
than InpO3 and TiOs, respectively [26]. In addition, the h*-mediated
oxidation is thermodynamically favored due to the positive oxidation
potential of BiOCI (VBgjoc) = 3.3 €V) compared with InyO3 (VBp203 =
2.8 eV) and TiO5 (VB Tj02 = 3.2 €V) [26].
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BiOCl can be tuned with preferential crystal facets to promote OVs
for bidentate PFOA adsorption and enhanced photodegradation. For
example, the PFOA degradation at the (010) facet was 2.64 times higher
than that of the (001), due to the increased adsorption capacity
(55.6-32.7 mg g~' h™! for 010 and 001, respectively) and decreased the
adsorption energy (—0.265 eV for (001) to — 0.399 eV for (010)) [102].
In addition, the oxygen atoms in [Bis02]%" easily escape from the (010)
facets due to the larger space compared to the (001) facet, which favors
the e4q capture [103]. These results highlight the importance of under-
standing the catalyst’s structural properties to reach optimum catalytic
properties.

The synthesis strategies also matter when increasing the OVs of
BiOCl. Microwave solvothermal synthesis exhibited almost 3 times
better defluorination rates for PFOA compared to precipitation and
solvothermal methods [104]. Similarly, acetic acid was the solvent that
achieved the highest separation rate of photo-induced charge pairs
[105]. The alkaline source also affected the density of OVs following the
order of (CO(NH3)2(0.573) < NH3-H0(0.643) < NaOH(0.750)
< NayC03(0.981)) [106]. The addition of modifiers, such as poly-
phenylene sulfide promotes the OVs formation, and enhances PFOA
defluorination by ~40% after 4 h, compared to non-modified BiOCl
[107].

Likewise, BiOBr and BiOI materials have formed heterojunctions
with other BiOX materials and semiconductors. Among the most rele-
vant materials, p-n BiOI@BisO7I[108] and n-n BisO7I@ZnO [109]
exhibit high defluorination efficiencies. In addition, F was doped into a
BiOI structure to decrease the bandgap of the individual material [110],
while Br was doped into BiOI to promote the (001) crystal facet [111].
Recently, different BiOX/TiO2 heterojunctions (X = Cl, Br, I) were syn-
thesized and outperformed the pristine BiOX or TiO; due to the forma-
tion of a staggered bandgap structure [112]. BiOCl/TiO, BiOBr/TiO,
and BiOI/TiO, defluorinated ~80, ~60, and ~20% of PFOA in 8 h,
confirming BiOCl is among the best BiOX materials for PFOA defluori-
nation under UVC [113]. Separate studies observed comparable results
(~40% defluorination in 100 min) for BiOBr/TiO, even irradiating at
320-780 nm [114], suggesting the potential application of BiOX under
solar light irradiation.

The high performance of BiOX materials also raised interest in other
Bi-based materials targeting PFOA degradation. For example, Bi3O(OH)
(PO4)5[115,116] and BiPO4 showed over 60% PFOA defluorination in
2h [116] and 40% in 1h [117], respectively. Interestingly,
photo-induced OVs at the surface of BigO(OH)(PO4)2[118], and the
synthesis parameters [119] promoted the initial limiting decarboxyl-
ation step enhancing the PFOA degradation. Pt was also coupled with a
novel hydrothermally synthesized BixO4 catalyst for PFOA photore-
duction [36], where the direct F abstraction by an eqq was realized under
visible light due to the Pt atoms (Fig. 3B) [34]. Biz0,S and BisO»Se
materials could reach ~55% defluorination after 10 h without pH
adjustment [120]. Noted that BiO2Se exhibits its highest performance
at near-neutral pH, which is a practical advantage. To enhance PFOA
adsorption and recovery, magnetic BiFeO3/GO and Pb-BiFeO3/rGO
photocatalysts were prepared [121]. The latter photocatalyst defluori-
nated PFOA up to 37.6% in 8h [122]. Similarly, the
concentrate-and-destroy approach was also realized by combining bis-
muth phosphate (BiOHP) with modified carbon spheres (CS), which
present complete PFOA removal (0.2 mg L ! PFOA with 1 gL ! cata-
lyst) and crystalline structural stability after degradation compared to
BiOHP [123].

The effective PFOA defluorination results from Bi-based materials
justify their potential application in PFAS remediation, especially the
BiOX. However, the charged nature of most Bi materials may be affected
by the polarity and ionic spices of the environment. Therefore, moni-
toring and reporting the structural stability, material recovery, and
catalyst leaching is encouraged. In addition, the influence of ionic spe-
cies and complex water matrixes should be systematically studied and
discussed in-depth.
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2.5. Emerging photocatalysts

This section summarizes and discusses new families of materials
based on novel semiconductors (Table 5) aiming to improve the mod-
erate performance of Ti-based materials, the practical limitations of
homogeneous Fe ions, and the scarcity, and cost of the post-transition
metal catalysts.

2.5.1. Silica-based materials

Silicon carbide (SiC) catalysts degrade PFOA due to their suitable CB
position and the activation capacity of the C-F bonds. Graphene was
coupled with SiC to enhance the availability of the eqq[35]. The PFOA
degradation rate constant of SiC/Graphene, and SiC were over 3 and 1.5
times higher than TiO,. Besides, Pt atoms anchored on the surface of the
SiC defluorinated 50.6% of PFOA due to the favored C—F bond activa-
tion and formation of a reactive Si-H bond. As a result, F is anchored at
the surface of the silica due to hydrogen spillover from single atom Pt to
SiC surface [37]. Given a synergy between the redox capabilities, high
stability, and large surface area (896 m? g ), phosphotungstic acid
bimodal mesoporous silica (HPW/BMS) composite achieved 3 times
higher degradation rate (50% defluorination in 4 h) than direct VUV
photolysis [124]. These works confirm the potential application of
Si-based materials as effective adsorptive [73] and/or degrading mate-
rials for PFOA.

2.5.2. Boron nitride materials

Boron nitride (BN) is a novel high-performing photocatalyst with
simple or no preparation requirements. A ball milling modification can
induce defects on the BN material to enhance the PFOA degradation by
~20% and ~40% compared to commercial BN and TiO,, respectively
after 2 h [125]. Interestingly, when coupled with TiO, a novel com-
posite degrades PFOA even under natural sunlight conditions with 68%
defluorination after 7 h [126]. The band diagram indicates the forma-
tion of a staggered gap heterojunction, which promotes the role of
photogenerated h"[126]. The leaching tests confirmed the stability of
the materials and the sunlight irradiation facilitated its practical use in
real water treatment applications. These results provide an alternative
approach to integrating abundant and cost-effective TiO5 to enhance the
catalyst performance with simple synthesis methods.

2.5.3. Other photocatalysts

Recently, a novel diamond-based photocatalytic system avoided the
chemical addition and pH dependence of sulfite-based e,q production.
The negative electron affinity of diamond promotes the electron emis-
sion into the aqueous phase to defluorinate PFOA (~60% in 3 h) with
UV irradiation [33]. Higher PFOA defluorination (87.3% in 5 h at 45 °C)
was observed by a core-shell CeO, @NiAl double-layered hydroxide
(LDHs) nanocomposite. The photocatalyst consisted of a z-scheme het-
erojunction, which accumulated A" in the VB of the CeO5 and electrons
in the CB of NiAl LDH [30]. The material’s defluorination performance is
attributed to the high surface area of LDHs and the extended visible light
response and electropositivity of CeO,. Meanwhile, a novel method for
interlayer expansion of 2D titanium carbide (Ti3Cy) MXene using deep
eutectic solvents combined with hydrothermal preferential-facet TiO5
growth promoted charge separation and PFOA defluorination. The
composite defluorination was approximately 5 times more (49% in 16 h)
than P25 in 24 h [127]. Despite the challenging synthesis of the layered
structure, sensitive handling, and low structural stability emerging as
MXene limitations [128], these works demonstrate the potential of
MXenes and LDHs as photocatalytic materials.

3. What we know: evaluation of the materials
3.1. Performance evaluation

Chemical-free photocatalysis is a well-known technology in the
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Table 5
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Summary of parameters for other composites for PFOA defluorination. *see work for details.

Catalyst Dose, g L™ Pollutant, mg L™ Power, W pH Time, h Wavelength, nm Removal, % Defluorination % Ref
SiC@Graphene 0.5 ~50 5 7 6 254 ~60 - [35]
Pt-SiC 0.5 ~50 5 7 1.5 254 > 95 50.6 [371
BN 2.5 50 24 6.5 4 254 >99 ~52 [125]
BN@TiO, 0.5 50 24 3.2 7 SS >99 68 [126]
BN@TiO, 0.5 50 24 3.2 4 365 > 99 37 [126]
BN@TiO, 0.5 50 24 3.2 1 254 >99 55 [126]
HPW/BMS 0.2 5 8 4 4 185 & 254 > 90 ~50 [124]
CeO, @NiAl-LDHs 0.5 50 500 9 5 400-800 90.2 87.3 [30]
Ti3Cy/TiOo 0.2 8.28 - 3 16 uv >99 49 [127]
Diamond * 8.28 500 7 3 uv >99 ~60 [33]

catalysis community, yet there is a lack of comparison among published
works on the performance and the economic viability of the materials.
Among the number of operational parameters involved in PFOA pho-
tocatalytic degradation, the initial concentration, non-neutral pH con-
ditions, and defluorination profiles are key parameters to describe
photocatalysts’ performance in water treatment to mimic real water
conditions and ensure near-zero fluoropollution. However, they are
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often omitted arbitrarily selected, which challenges their comparison
and demonstrates the need to establish relevant parameters to accu-
rately describe the photocatalysts’ performance.

Our analysis of the current literature captured the lack of compre-
hensive material characterization and the overlooked operational pa-
rameters. Specifically, a few works reported on the photon flux, the
fluence dosed, the leaching of the materials, the pH stability, types of
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Fig. 4. Map of the reported PFOA treatment efficiency of different chemical-free photocatalytic materials: A) Titanium and Iron-based materials, B) Indium and
gallium-based materials, and C) Bismuth and novel materials. The (x) symbol refers to VUV irradiation.
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irradiations, and the effect of complex water matrixes, which hinder a
fully reliable and constructive comparison. Particularly, organic matters
and inorganic ions’ interaction with RS, such as h" or eqq, may result in
materials underperformance. Fig. 4 compares the chemical-free photo-
catalysts in terms of practical (PFOA concentration, pH), energy
demanding (irradiation wavelength) and performance (degradation
rate) perspective, based on the most available data in publications. It can
be noted that photocatalysts operate under a wide range (10*10°
mg g’l) of concentrations, further discussion on the application of
concentration technologies, specific contamination sites, or analytical
limitations is needed to justify the initial concentrations. Moreover, the
materials tend to work under acidic conditions and just a small fraction
operate in neutral environments (e.g., dark blue, purple). TiO5 and Fe-
based (Fig. 4A) materials tend to underperform In/Ga-based materials
(Fig. 4B), and Bi-based and novel photocatalysts (Fig. 4C), while some of
these catalysts present higher degradation performance compared to
TiO, they rarely exhibit optimum performance at near-neutral pH.
Moreover, degradation and defluorination are not the only important
parameters identifying performance. Parameters such as stability, cost,
and energy input are important for the application of photocatalysts.
Table 6 shows — based on the criteria described in Text S2 — practical
considerations for the application of photocatalysts in water treatment
applications, in which ease of synthesis, chemical stability, type of
wavelength, quantum efficiency, optimum pH, and cost are considered.
This critical and wholistic overview allows for identifying both prom-
ising options for PFOA treatment as well as capturing areas for further
improvements. For example, Ti-based materials have been implemented
in combination with other semiconductors or carbon materials. Yet,
their performance remains modest even under optimum non-realistic
conditions. Similarly, Fe-based materials are attractive due to their

Table 6
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low-cost, but their homogenous catalysis chemistry and acidic pH re-
quirements challenge their recovery and practical application. The post-
transition metal InoO3 and GapO3 photocatalysts present slightly better
degradation performance, yet their high cost limits their implementa-
tion for bulk water treatments. Indeed, novel materials such as SiC, BN,
and Fe-BEA zeolite present practical advantages (i.e., pH dependency,
negligible secondary pollution, and low-energetic wavelengths), which
drive photocatalysis a step forward to its application for PFOA treat-
ment. Accordingly, research on novel photocatalytic materials should
first aim to focus on the defluorination efficiency of the materials, which
is often underreported, and it is essential to avoid releasing short-chain
PFAS byproducts. It is also essential to overcome the practical limita-
tions of the materials, as discussed for the novel photocatalysts, to apply
the material under realistic water conditions (e.g., pH, salinity).

3.2. Mechanistic degradation

Based on the current literature, we identified that h* and eqq are the
main RS initiating the PFOA degradation processes (Fig. 5). Despite
mechanism descriptions rarely involving reaction sites (i.e., catalyst
surface or solution), h*-oxidation of anionic PFOA forms unstable in-
termediate radicals that undergo decarboxylation to form short-chain
PFCAs, ¢OH and °O; can further accelerate the degradation. Simi-
larly, Fe ions present PFOA complexation properties, which allow the
electron transfer from the PFOA to Fe>* in an LMCT mechanism to form
unstable radicals as occurring in h'-oxidation. A plausible degradation
model involves a  four-step process named decarbox-
ylation-hydroxylation—elimination-hydrolysis, which is common in
both initiation mechanisms in Fig. 5. Similarly, eqq reduction is reported
to undergo two main mechanisms, named attack the alcohol termination

Summary of the relative practical performances of the main families of photocatalysts according to Text S2.
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TiO>@Carbon C= GO, rGO, MWCNT, SGA ! ! I 1 x A $ | [43,44,46-48,55,61,62,131,142]
M-TiO> M=Fe, Cu, Pb, Pd, Pt ! ! L] 2 ! x A $ [43,44,46]
Fe’* Fe’* ! ! Tl ! x A $ [41,68,70,71]
In203, Ga203 In203, NCs, NPs, NRs, Ga203 ! ! O ! x A | 38 [42,76,77,83.88]
Nano In/Ga oxides Needle, sheaf, NRs, NSTs, NSPs
1 Tl ! vV | A | $$ [79-81,83,91,93]
In/Ga composites Fe¥', CeO2
BiOX BiOCI, NST, 1 1 L] 2 1 x A $ [102,105-107]
Bi catalysts BiPOs, TiOz, In-MOF, 1 1 ! ? 1 x A $ [99,114,116-118]
Bi3O(OH)(PO4)2 1 1 L] ! x A | 33 [116]
Pt-SiC 1 1 ! ? ! v v | 888 [37]
Fe@Zeolite 1 1 1 ? 1 v A $ [73]
BN materials 1 1 1 1 "M v A $ [125,126]
HPW/BMS 1 1 1] ! x A $ [124]
CeO>@NiAl-LDHs 1 1 12 1 x B $ [30]
TizC2/TiOz 1 1 l ? ! x ? $ [127]
Cldiamond 1 1 1 ? ? v vl $$S [33]
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PFOA photodegradation mechanisms
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Fig. 5. Proposed initiating chemical-free photodegradation mechanisms for PFOA degradation based on h* oxidation, Fe** complexation, and eqq reduction [26,30,
34,35,41]. This image does not include activated systems where *O5 or 'O, may initiate the degradation.

or directly attack the C-F bond.

3.3. Techno-economic evaluation

The current proposed regulatory limits highlight the importance of
identifying cost-effective methods that can reliably destroy PFAS down
to the ng/L range. It is therefore imperative for the photocatalysis
research community to determine the viability of applying photo-
catalysis to meet these requirements. Thus, we argue that significant
focus is needed to cover innovative reactor designs and techno-
economic analysis (TEA) to move PFOA photocatalytic research to
real-world applications. TEA is a critical step to ensure the feasibility of
the materials and technology as medium and large-scale processes.
Unfortunately, academic articles rarely present enough information on
the catalyst synthesis cost or process energy requirements to directly
compare materials. Besides, the activity parameters are not uniformly
presented in publications. For example, defluorination kinetics and
irradiation parameters are essential benchmarks often omitted.

Accounting for these limitations, we designed a TEA model (addi-
tional details in Text Sla, Fig. S1). To compare the effectiveness of
representative catalysts (Fig. S2) described in this review, we calculated
two metrics (Table S4): the defluorination output (Text S1b) and the
operational cost of technology (Text S1c). Despite the limitations of the
TEA model (e.g., variable materials and energy price), this novel tool
can describe general trends for each family and highlight the need to
report costs for effective materials comparison. For example, TiO, ma-
terials have a low price (below $1.5) and low defluorination output but
they can enhance their performance when paired with other materials.
Materials such as some M-TiO3 and BN@TiO» have substantially better
performance without a significant increase in cost. An interesting trend
is observed coupling BN and TiO; compared to BN alone. The novel
heterojunction formation promotes the price decrease of the material
while increasing its performance. Conversely, coupling rare metals to
semiconductors increase the cost of the composite formation (i.e., Pd-
TiO») and challenges its practical application, while common metals (e.
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g., Fe) are more cost-effective. Its abundance and spread are used to
make it a suitable candidate, despite the defluorination performance,
remaining modest. Additionally, the opportunities to improve this ma-
terial are limited.

The performance of post-transition metal-based catalysts was re-
ported in previous studies [19] and confirmed by our model. These
materials outperform Ti-based materials due to their band positions and
enhanced adsorption properties. In addition, surface geometry modifi-
cation produces higher reactivity. Our model suggests that modifying In
and Ga catalysts can enhance the defluorination output but often require
more operational costs. Further studies are encouraged to determine
these benefits. Bismuth-based catalysts outperform the In and Ga-based
materials in terms of cost, despite their typically moderate performance.
Surprisingly, BisO(OH)(PO4)2 outperforms in terms of degradation and
its price is in an intermediate range based on our estimations ($1.5/g to
$3/g). The bidentate adsorption of the catalyst and the fast defluorina-
tion kinetics of the catalyst results in a high defluorination output. Novel
materials overperform TiO,, but they fall under the low-price, low--
performance category. Therefore, post-transition metal-based catalysts
tend to outperform Ti semiconductors and novel catalysts. However, this
TEA analysis focuses on the defluorination outcome, and it effectively
excludes other benefits and strategies summarized in Table 6, which are
essential for the practical application of the technology.

4. Where we go from here: perspectives and research lines

Many studies have reported that photocatalysts can achieve com-
plete degradation of PFOA under different initial concentrations, irra-
diation wavelengths, and pH values in hours. However, complete
defluorination of any PFAS is still challenging and drawbacks associated
with the technology are present. This section summarizes the main
challenges related to the performance, which are associated with the
effective charging separation and surface properties, and the scale-up
evaluations, which are related to the irradiation parameters, the sta-
bility of the materials, and the concentration of the streams. We also
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provide perspectives on the technology development for enhanced
photocatalytic defluorination of PFOA and other PFAS.

4.1. Charge separation

Effective charge separation is essential for producing RS to improve
PFOA degradation. The most common strategy to enhance the charge
carrier’s lifetime is to form a heterojunction. From the materials
perspective, we identified are 4 main types of heterojunctions to deal
with PFOA: S-S [93,126], S-M [34,36,37], S-C [55,91], and
multi-component heterojunctions of more than two materials in a
composite [56,129]. The most fabricated heterojunctions used in PFOA
degradation are S-S and S-C heterojunctions. Heterojunctions can also be
classified into non-p-n [57] and p-n [130] heterojunctions depending on
the electronic density of the materials. The different electronic density of
p- and n-semiconductors is determined by the lack and excess of elec-
trons in the crystalline structure, respectively. The formation of a p-n
heterojunction creates an electric field that favors the diffusion of
electrons from the n-semiconductor to the p-semiconductor, and the
other way for the h™[112]. This charge separation process prolongs RS
lifetime for PFOA degradation.

The S-S heterojunction result from the interface between two
different semiconductors with unequal band structures. Based on their
band alignment, there are three types of heterojunctions (Fig. 6). In
Fig. 6A electrons and h' are accumulated in semiconductor 2 resulting
in inefficient charge separation. Fig. 6B represents the staggered gap,
which is the most effective system to enhance photocatalytic perfor-
mance. The photogenerated electrons are transferred to semiconductor
2 and h" are transferred to semiconductor 1 for efficient charge sepa-
ration. In Fig. 6C the bands do not overlap, therefore charge separation
cannot occur. Additionally, z-scheme heterojunctions are a different
type that relies on an electron donor/acceptor pair to migrate the
electron between two semiconductors [30,112].

The material design is a critical step to produce effective hetero-
junctions and promote charge separation for PFOA degradation. As for
the S-C heterojunctions, graphene [62] and rGO [122,131] could
decrease electron-hole recombination because of their electron-trapping
capacity. Identifying the effective RS is essential to understand the re-
action mechanisms and limitations of the photocatalytic materials.
Therefore, determining the semiconductor’s band diagrams is essential,
and often omitted, for mechanistic understanding in novel photo-
catalytic materials and composites. Further, characterization of the
components, and the type of heterojunction, can shed light on the VB
and CB positions, which are critical to determining the oxidative po-
tential of the RS that plays a role in the PFOA degradation process. For
example, the S-M heterojunction relies on conductive metals such as Pt
[36], Ag, or Pd [46] to trap photogenerated electrons [36], reduce the
bandgap or extend the h* lifetime to degrade PFOA [46]. However,
heterojunctions can also be preferentially produced to improve the

A: Straddling gap

B: Staggered gap
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PFOA adsorption and promote the reactivity of the RS, as occurs with
carbon nanotubes [55] or AC [58].

4.2. Surface structure

The absorption spectrum of photocatalysts depends on the structure
and composition of a material. Modifying the optical properties to
visible light can improve the energy efficiency in PFOA photo-
degradation. The optical properties have typically been modified by
three different strategies. First, doping the structure to alter the order of
a crystal and create structural (i.e., atomic substitution [45,110]), and
surface defects (i.e., OVs [95,100,102,103]). Second, annealing treat-
ments change the crystalline structure by altering either the crystallite
size or the crystalline phase[132,133]. Third, reducing the material to
the nanoscale, so that the density of states in the CB [134] shifts the
absorption spectrum to blue and increases the energy required to excite
the electron. Since nanocatalysts have enhanced optical and structural
properties and exhibited higher adsorption capacity, many photo-
catalyst morphologies were nanoengineered, including tubes [55], dots
[64], spheres [83], flower-like shapes [109] in 1D to 3D dimensional
structures [64,86,110], along with various crystal facets. The absorption
range, bands, and adsorption capacity can also be modified by under-
standing and tuning the catalyst structure. Fundamental research on the
crystallography, structural information, and mechanistic interaction of
the materials with PFOA provide insights to enhance the degradation
and design of novel materials. In addition, this research broadens the
application spectra of the materials to other fields (i.e. antibacterial
coatings, water splitting, or self-cleaning functions).

4.3. Photocatalyst irradiation

4.3.1. Irradiation wavelength

PFOA can be directly degraded and defluorinated below 200 nm
[41] because the irradiation promotes the initial decarboxylation step.
Most photocatalysts for PFOA degradation operate in intermediate UV
regions of 200-400 nm. In this context, efforts are encouraged to
research solar-driven PFOA photocatalysts [108,126]. The usage of
solar-active outdoor photocatalysts can reduce the costs related to
reactor design and energy consumption, and it can enhance the safety of
the overall process [135]. However, the interrupted and seasonal
availability of solar light prevents the continuous and effective use of
this energy source. Therefore, photocatalysis research is not only limited
to material development but also to technological advances to minimize
the use of external photoreactors, maximize the photon flux, and ensure
continuous flow, which are practical advantages to drive the PFOA
degradation one-step forward to the near-zero discharge goal.

4.3.2. Reactor design
The reactor design is critical, especially when scaling up the

C: Broken gap

Oxidation

Oxidation

Fig. 6. Types of non-p-n heterojunctions A) accumulation of charges, B) effective charge separation, C) no charge separation.
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technology [136,137], to understand the influence of operational pa-
rameters such as incident irradiation, light distribution, energy usage,
and aeration needs [138,139]. Research currently focuses on the
development of mechanistic and novel materials rather than novel
photoreactor configurations for real water treatment applications. The
lack of applicable reactor designs challenges the practical implementa-
tion of photocatalytic technologies in PFAS remediation. It is strongly
recommended that current research progressively turns the focus from
the lab to the pilot scale. Few studies report PFOA treatment in
continuous flow reactors which might be a simple solution to scaling up
the technology. However, the continuous operation might require
additional technologies (i.e., membranes) and treatment of the sepa-
rated catalyst slurry. In this context, immobilization of the photocatalyst
on the reactor wall [140] may overcome the drawback. However, it may
decrease the light penetration and catalyst efficiency.

At the lab scale, the irradiation surface and its distance from the
emitting source affect the irradiation treatment. Short distances can
increase the light intensity, but the homogeneity of the irradiation de-
creases [141]. Mixing is effective to increase the interaction between
PFOA and catalysts, ensuring the homogeneity of the system and pre-
venting particle settling and screening [142]. In fact, each material
presents an optimum dose, which has to be considered to scale up the
process [138]. In addition, instrument materials adsorbing PFOA could
result in misleading results [143]. Therefore, it is critical to report and
confirm the adsorption of the materials employed during the experi-
mental process. The reactor material is also related to the irradiation
wavelength because it only transmits certain wavelengths. For example,
heterogeneous photocatalysts operating at 254 nm require quartz re-
actors to prevent light absorption. Further research in this field is needed
to develop effective materials, normalize the results, and establish reli-
able methods to compare state-of-the-art reactors. The fabrication and
utilization of those materials are important considerations for
large-scale reactors.

4.4. Recovery, leaching, and reusability of catalysts

The recovery of photocatalysts in water treatment applications is a
practical concern. The need to develop nanoscale materials to achieve
high removal efficiency challenges its recovery [144]. The catalyst
coupling with separation technologies, such as membranes, emerges as
an alternative to AC adsorption and ion-exchange resins [145]. Never-
theless, fouling, insufficient separation, and membrane lifetime [146,
147] often challenge the membrane application for non-pure streams
and large water bodies. In this context, engineering porous microsized
materials with high surface area and settling properties can facilitate
recovery [144], but separation from water is still required. The devel-
opment of magnetic materials is an alternative separation strategy
[148]. For example, anchoring the photocatalyst onto magnetic reactor
walls with an external magnetic force to limit the manipulation and
facilitate the recovery.

In addition, the leaching of the materials must be minimized to meet
the discharge regulations and ensure water quality. Effective bonding of
photocatalytic materials has been achieved by different methods (i.e.,
hydrothermal [56,81], sol-gel [45,55], calcination [56,90,132]), but
any leaching must be monitored. Additionally, morphology changes
during the process can also shed light on the catalyst stability. The
reusability tests are an indicator of the catalyst stability that is often not
accurately assessed since the catalyst lost is not specified (e.g., material
attached to the reactor walls). The reusability of the material can be
monitored by spiking pollutants in the reaction solution after each
degradation cycle, while the recovery can be reported as the mass of
material recovered after each cycle.

4.5. Treatment of low-concentrated streams

Due to their typically low concentration, the design of adsorptive
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composite materials concentrates PFOA and promotes its reactivity with
active RS [21,58,74]. In general, the mechanism of PFOA adsorption
mainly relies on (I) electrostatic interactions with charged groups on the
adsorbent, (II) hydrophobic interactions between the adsorbent and
PFOA molecules, and (III) physical constraining by morphology and
porosity of the adsorbent.

The concentrate-and-destroy approach provides a new perspective
for remediating low-concentration PFOA. There are four main strategies
to improve the adsorption and reaction at the composite surface. First,
coupling a photocatalyst with a sorbent material (i.e., AC [56], graphene
[142,149], zeolite [73], MOFs [150]). Second, tuning the functional
groups of the material to selectively target PFOA. For example, posi-
tively charged functional groups, such as amine [151], are favored to
attract the negatively charged PFOA [152]. Third, increasing the surface
area and creating defects (i.e., OVs) in the photocatalyst to create active
sites for the PFOA to react. Fourth, doping the photocatalyst with a more
surface-positive material (i.e. metal oxide [56], single-atom doping
[37]) to displace the PZC of the composite and enhance the PFOA
adsorption.

Specifically, Liu et al. reported a TNT@AC composite capable to
concentrate-and-destroy phenanthrene by removing 90% of the initial
volume [153]. The doping of this base material with different metal
oxides (Fig. 7) such as Fe [56,154], In [57], and Ga [58] is effective for
PFAS defluorination. The addition of these metals allows the shift of the
PZC of the material favoring PFOA adsorption. In addition, their PFOA
bidentate adsorption mechanism, and the produced heterojunctions
provide an extra path for PFOA degradation (Fig. 2b). Similar types of
materials are also successful in PFAS treatment, such as iron oxides [74]
and BiOHP [123] loaded onto CS or zeolites [73].

Despite those obvious advantages, the usage of rare and expensive
materials, the time required for the material to settle, the selective
adsorption, and the catalyst separation and leaching may emerge as
concerns for the practical application of the concentrate-and-destroy
strategy. In addition, WWTP and industrial processes operate in a
continuous flow, which requires a process modification to integrate the
concentrate-and-destroy concept. In this context, the combination of
membrane processes (i.e., microfiltration[144] or ultrafiltration[155])
with photocatalytic technologies have been commercially used for
slurry-based photocatalytic systems, for enhanced recovery of adsorp-
tive photocatalysts [156,157]. Photocatalytic membrane reactors have
also been produced to concentrate and destroy micropollutants in-situ
[146,156,158] which can be extended to PFOA degradation.

5. Conclusions

In this review, we provide a critical overview of the state-of-the-art
photocatalytic materials for PFOA treatment. We summarize the main
families of photocatalysts for PFOA degradation (Ti, Fe, Ga, In, Bi, Si,
and BN), and discuss their strengths, drawbacks, and perspectives to
address the needs of the technology. To date, many different catalysts,
synthesis methods, and strategies have been tested, yet byproducts will
be released in the reaction solution due to incomplete defluorination. To

3) Reuse

2) Destroy

1) Concentrate

uw

A PFOA TNT e¢AC aM

Fig. 7. Scheme of the concentrate-and-destroy strategy of a TNT@AC-based
composite material. The green shape corresponds to the doping agent, which
can be in the form of a metal or a metal oxide material.
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further enhance the performance and practical usage of photocatalysts,
the following key directions are suggested.

Zero discharge of per- and polyfluoroalkyl substances (PFAS) is a
crucial objective, and efforts must be directed toward the design of
materials that can achieve this goal. The focus of material design
should be on (I) effective adsorption of PFOA and short-chain PFAS;
(II) development of effective heterojunctions (i.e., type B and p-n)
and electron trapping strategies (i.e., Pt, and graphene) to enhance
the lifetime of the RS and the defluorination kinetics; (III) production
of sufficient RS capable of degrading PFOA using facet-engineering
and crystal phase tuning.

For the practical application of this technology at full scale, it is
essential to develop engineering strategies that can work with large-
scale water volumes. Therefore, it is critical to produce simple and
cost-effective materials, develop solar-driven catalysts, and recover
the material.

The integration of photocatalysis with emerging and established
technologies such as filtration, ion exchange, or adsorption is a
research direction that can further improve PFOA treatments and
overcome the limitations of single-treatment technologies.
Understanding the effects of ions, organic matter, and coexisting
species in complex water matrices on PFOA degradation at both lab
and pilot scales is important. Coexisting species also include non-
PFAS micropollutants such as pesticides, phenols, industrial chem-
icals, or pharmaceuticals.

Optimizing the synthesis methods and utilizing green, simple, and
stable materials is recommended to produce feasible and cost-
effective catalysts. It is critical to report the leaching and recovery
of the material before every reuse to determine stability and ensure
no secondary pollution.

e At present, the available information published in the literature is
insufficient to perform an accurate TEA of the catalysts required to
homogenize the reporting parameters. Therefore, it is essential to
perform economical evaluations of the costs of materials, imple-
mentation of the technology, operational costs, energy consumption,
and further treatments at both lab and large scale.
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Statement — Chemical-Free PFOA Degradation — What we know and where
we go from here?

The growing concerns about PFAS have motivated research into cost-
effective methods to prevent their release into the environment. Pho-
tocatalytic degradation, chemical-free process utilizing light energy, has
garnered increasing interest for PFAS remediation in recent years.
However, numerous novel photocatalytic materials and overlooked
experimental parameters make systematic comparison between
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materials challenging. This work categorizes and compares photo-
catalytic materials by composition-based families. Focusing on PFOA,
key practical characteristics of the materials are identified (e.g. optimal
pH, stability, defluorination capacity, cost) to elucidate promising
research avenues. Generation of reliable, comparable data is critical for
advancing photocatalytic technology development and scale-up for
PFAS remediation.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2023.132651.
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