molecules

Review

Research Updates on the Mechanism and Influencing Factors
of the Photocatalytic Degradation of Perfluorooctanoic
Acid (PFOA) in Water Environments

Jie Liang '*, Lingling Guo >*, Biao Xiang !, Xueyi Wang !, Jiaxi Tang I"* and Yue Liu 1*

check for
updates

Citation: Liang, J.; Guo, L.; Xiang, B.;
Wang, X.; Tang, J.; Liu, Y. Research
Updates on the Mechanism and
Influencing Factors of the
Photocatalytic Degradation of
Perfluorooctanoic Acid (PFOA) in
Water Environments. Molecules 2023,
28,4489. https://doi.org/10.3390/
molecules28114489

Academic Editors: Francis Verpoort,

Jingtao Bi and Yingying Zhao

Received: 30 March 2023
Revised: 27 May 2023
Accepted: 29 May 2023
Published: 1 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Environmental Science and Engineering, Liaoning Technical University, 47 Zhonghua Road,
Xihe District, Fuxin 123000, China; liangjie2021202110@163.com (J.L.)

Microbial Research Institute of Liaoning Province, Chaoyang 122000, China

*  Correspondence: tangjiaxi1986@163.com (J.T.); yueliu000@163.com (Y.L.)

t These authors contributed equally to this work.

Abstract: Perfluorooctanoic acid is ubiquitous in water bodies and is detrimental to the health of
organisms. Effectively removing perfluorooctanoic acid (PFOA), a persistent organic pollutant, has
been a hot topic around the world. With traditional physical, chemical, and biological methods, it
is difficult to effectively and completely remove PFOA, the costs are high, and it is easy to cause
secondary pollution. There are difficulties in applying some technologies. Therefore, more efficient
and green degradation technologies have been sought. Photochemical degradation has been shown
to be a low-cost, efficient, and sustainable technique for PFOA removal from water. Photocatalytic
degradation technology offers great potential and prospects for the efficient degradation of PFOA.
Most studies on PFOA have been conducted under ideal laboratory conditions at concentrations
that are higher than those detected in real wastewater. This paper summarizes the research status
of the photo-oxidative degradation of PFOA, and it summarizes the mechanism and kinetics of
PFOA degradation in different systems, as well as the influence of key factors on the photo-oxidative
degradation and defluoridation process, such as system pH, photocatalyst concentration, etc. PFOA
photodegradation technology’s existing problems and future work directions are also presented. This
review provides a useful reference for future research on PFOA pollution control technology.
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1. Introduction

Perfluorooctanoic acid (PFOA) is a synthetic chemical in which fluorine atoms replace
all the carbon-linked hydrogen atoms [1]. PFOA has good hydrophobic and oleo-phobic
properties and high chemical stability and has been used in papermaking, leather, material
packaging, textile, cosmetics, fire protection, and other industries [2—4]. Due to the high C-F
bond energy (484 KJ/mol), it is not easily degraded under high temperatures, intense light,
and certain biological conditions [5]. It has been detected in air, soil, water, plants, and even
human serum all around the world [6-8]. In addition to their persistence in environmental
media, PFASs are also harmful to human health, causing diseases of the thyroid, repro-
ductive system, respiratory system, and kidney system [9,10]. In 2009, perfluorooctane
sulfonate (PFOS) and its salts were officially included in the list of additional POPs at the
fourth Conference of the Parties to the Stockholm Convention. In 2019, perfluorooctanoic
acid (PFOA) and related compounds were added [11,12]. At present, many developed
countries have restricted or eliminated the production and use of PFAS-based products,
especially PFOS and PFOA. However, the production and use levels of PFASs in China
have increased yearly, and China has become the primary producer and consumer of PFASs
and related substances [13].
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In recent decades, PFASs have been widely detected in the environment, and they
are present in almost all water bodies, such as surface water, groundwater, etc. [14]. It is
estimated that approximately 23-506t of PFOA is discharged into the atmosphere every
year. In total, 1 to 13 tons of PFOA are deposited into terrestrial environments [15]; the
water environment is the final destination of PFOA, and this may ultimately affect the
safety of drinking water. It is reported that drinking water in many cities and regions
of China has been contaminated by varying degrees of PFOA. In particular, a higher
content of PFOA was detected in the cities distributed along the Yangtze River basin, e.g.,
Zigong (502.9 ng/L), Lianyungang (332.6 ng/L), and Changshu City (122.4 ng/L), among
others [16]. It’s first suggested health advisory values of 85 ng/L for PFOA for China,
in 2019 [17].

Due to the chemical structure of PFOA, PFOA shows high stability against chemical
and thermal damage, and most degradation techniques cannot fundamentally damage
it [18]. Currently, pollution control technologies for PFOA mainly include photocatalytic
degradation, ultrasonic pyrolysis, adsorption treatment, electrochemical oxidation, and
microbial degradation [19-23]. Ultrasonic thermal degradation technology is not mature
enough, and most studies are limited to experimental conditions with unknown practical
applications [19]. Adsorption treatment needs to consider the secondary recovery of the ad-
sorbent. Electrochemical oxidation has a poor treatment effect on low concentrations, high
energy consumption, and high costs [24]. The degradation speed of microbial treatment
technology is not efficient [25].

Meanwhile, photocatalytic degradation has been associated with PFOA degrada-
tion due to its high efficiency, low cost, and environmentally friendly characteristics [26].
Studies have shown that catalysts or oxidants are usually added to improve degradation
efficiency [27,28].

Therefore, this paper explores the indirect photodegradation mechanism of PFOA in
different systems. Compared with other reviews, this paper summarizes a more comprehen-
sive system and summarizes the main factors affecting PFOA photodegradation. Since the
cost of photolysis treatment increases with increased reaction time, we added degradation
kinetics and byproducts to the analysis, which has rarely been seen in previous studies, to
provide a theoretical basis for improved degradation technology. Additionally, the paper
presents the problems and challenges of PFOA photodegradation technology in practical
applications. It is hoped that this article will provide readers with deep insights into the
mechanism of photo-oxidative degradation of PFOA and contribute to the development of
effective photocatalytic technologies.

2. Mechanisms of PFOA Photo-Oxidation Degradation
2.1. Direct Photodegradation Mechanisms

The absorption band of PFOA has an overlap with the UV absorption spectrum, and
PFOA absorption is strong from the deep UV zone up to 220 nm and weak from 220 to
460 nm, which enables the direct photolysis of PFOA under UV light [29]. First (Figure 1),
PFOA undergoes direct illumination, causing the breakage of C—C bonds between C7Fi5
and COOH (Equation (1)); then, the water detachment fluoride forms a short-chain perfluo-
rinated compound (Equations (2)—(4)).

C7F15' + H20—>C7F15OH +H (2)
C7F15OH—>C6F13COF+ H* +F~ (3)

C6F13COF + H20—>C6F13COOH+ H*+F~ (4)
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Figure 1. Direct photodegradation of the PFOA.

2.2. Mechanism of Oxidative Photodegradation of PFOA

Given the visible light response, electronic band structure, and thermal and chemical
stability [28], by adding oxidants (persulfate, periodate, carbonate, etc.), free radicals with
strong oxidation properties (such as sulfate radicals, periodate radicals, and carbonate
radicals) can be produced under ultraviolet irradiation to improve the degradation rate of
PFOA [30].

Table 1 shows the reaction conditions and degradation efficiency levels of the PFOA ox-
idative photodegradation technique. The processes and mechanisms of PFOA degradation
will be described in detail according to the degradation system.

The photodegradation mechanisms of PFOA in the different systems are analyzed below.

The PFOA degradation ratio is calculated using (Equation (5)):

dppOA = CO&)Ct x 100%

©)

Here, dproa is the degradation ratio of PFOA, Cj is the initial PFOA concentration
before irradiation (uM), and C; is the PFOA concentration at time ¢ (LM).
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Table 1. Photo-oxidative technologies for PFOA degradation.

. Initial Con- .

Photochemical Wa‘];; :lr: th Power centration of Reaction :i): ];:?1?12(1)';;1 ;Ia{t?(-m Ref
Catalyst & (W) PFOA Time/h uor :

(nm) (mmol/L) Rath/ %o
254 200 1.35 72 89.5/33 [31]
None 185 15 6 x 1072 2 61.7/17.1 [32]
185 23 2.4 x 1072 3 100/50 [33]

24 %1073 92.5/25
185 + 254 20 1.2 x 1073 4 98.6/- [34]

12 x 1074 94.7/-
Persulfate égi 200 1.3572 4 6111'080//1182.3 [35]
(184) 23 6 x 10 2 (87.4/18) [36]
FeZ*-Persulfate 254 9 2 x 104 5 93.9/63.6 [37]
TO 254 500 4 6 30/22 [38]
2 310-400 75 1.5 24 -/47 [39]
S
Doped metal Pt-TiO, 365 125 0.145 7 100/34.8 [41]
Cu-TiO, 254 400 0.121 12 91/19 [42]
Ag-TiO, 365 125 0.145 7 57.7/8.1 [41]
Loaded TiO,-MWCNT ! 365 300 0.0725 8 94.4/- [43]
;;ftg’g{;l rGO-TiO, 2 200-600 150 0.24 12 93 +7/62 [44]
Fe/TNTs@AC 3 254 30 0.241 4 >90/62 [45]
Build hetero- Sb,y05-TiO, 200-800 4 0.0241 2 81.7/- [46]
junction Ce/TiO,/g-C3Ny 420-800 300 9.64 x 1073 3 94.4/38.6 [27]
Ti3Cy /TiO, 254 45 0.02 16 >99.9/49.0 [47]
In, O3 254 23 0.1 4 83.1/33.7 [48]
In,O3 NpNSs 4 254 23 0.0725 3 100/71 [49]
In;O3-graphene 254 15 0.0725 3 87/60.9 [50]
20 min
Different (mligosl?here)
nanosiructure 254 15 0.0725 (nanoplates) 100/- [51]
23
(nanocubes)

g-C3Ny-Iny O3 254 500 0.482 - 91 (1 h)/96 (3 h) [52]
In,O5-GR ° 254 15 0.0723 3 100/60.9 [50]
0.86%Ce0, /Iny O3 254 500 0.241 1 100/53.3 [53]
MnOy-In, O3 Natural 500 0.1205 3 99.8/17.4 [54]
Fe(III) Natural light - 0.0483 28d 97.8/12.7 [55]
Fe(IIl) 185 12 0.048 48 98/100 [56]
254 23 0.048 4 78.9/38.7 [57]
Fe? NPs © 254 - 0.24 25 45.8 + 6.5%/- [58]
Periodate 254 23 0.010 2 70/17 [59]
Phosphotungstic 254 200 1.35 24 99.9/30 [31]
Carbonate 254 400 0.12 12 100/82.3 [60]

1: TiO,-MWCNT: Composite TiO, of multiwalled carbon nanotubes. 2: rGO-TiO,: Reduced GO compound TiO,.
3: Fe/ TNTs@AC: Tron-modified titanate nanotubes and activated carbon. 4: InyO3 NpNSs: In,O3 nanoporous
nanospheres. 5: Iny03-GR: In, O3 graphene composite material. 6: Fe¥ NPs: zero-valent iron nanoparticles.

The defluorination ratio of PFOA is calculated using (Equation (6)):

— Cr~ xMwPFOA 0
d[.‘ - W X 100 /0 (6)
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where dr~ is the PFOA defluorination ratio, Cr~ is the fluorine ion concentration at time ¢
(uM), C is initial concentration of PEFOA (uM), My, PFOA is the molecular mass of PFOA,
M, F is molecular mass of fluorine, and 7 is the number of fluorine atoms in the PFOA
molecule (n = 15).

Pseudo-first-order kinetics (Equation (7)):

—ln&:klt—i-b (7)
Co
where C; indicates the concentration of PFOA at some point after degradation, pg/L;
Cp indicates the concentration of PFOA before degradation, ug/L; g—(’) represents the degra-
dation rate of the PFOA; k; indicates the first-order kinetic reaction constants; t indicates
the reaction time; and b is the constant.
Pseudo-second-order kinetics (Equation (8)):

== =kt ®)

where C; indicates the concentration of PFOA at some point after degradation, pug/L; Cy
represents the concentration of PFOA before degradation, ug/L; k; represents the second-
order kinetic reaction constants; and t is the indicated reaction time.

2.2.1. Degradation Mechanism in Persulfate Systems

The degradation process of PFOA using persulfate can be explained using the results
in Figure 2. During the decarboxylation process of carbon chain reduction, 5,02~ is trans-
formed into SO4-~ via illumination (Equation (9)), and the strongly oxidized SOy4-~ takes
one of the PFOA'’s electrons to form C;F15COO- (Equation (10)). Carboxyl is electrically
liberated to form -C;F;5 (Equation (11)). It then reacts with SO4%~ to form C;F150S0; ™~
(Equation (12)); and then form C;F;50H (Equation (13)) [61,62]. The C¢F13COOH is gener-
ated by sequential removal of the HF (Equations (14) and (15)).

ﬁ

C,F.COOH -CF,
&
AN
F15C7 O H C:F-:COOH /\i 5
\4 -COOH CsF1:COOH /\i
o

C.F;COOH
CFi;:0H \H'COOH
J \l/ -COOH
C:FsCOF C:Fi;:0H \’Y

v v

4_.

C:FsCOOH CsFuuCOF CF,,OH
O\ B \l/
O
O\\ 2 g /\ 4 C:F,,COOH C,FsCOF
_/ffs O \\ J/
’ \\ ’ C,F;COOH

O

Figure 2. Photocatalytic degradation of PFOA using the persulfate system.

The other stage refers to the gradual hydrogenation of and reduction in carboxylic acid
where electrons are obtained directly by the PFOA at the cathode. Perfluorinated carboxylic
acids are hydrogenated to form mono-hydrogen-substituted perfluorinated carboxylic acids,
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and then they are reduced to aldehydes and alcohols before being eliminated to generate
alkenes. Finally, oxygen is added to generate mono-hydrogen or dihydrogen-substituted
perfluorinated alkanes, as demonstrated in previous studies. In order to produce more in
the system SOy~ the Fe?* is combined with UV light for persulfate activation purposes,
which then increases the degradation rate of the PFOA.

$,08%~ + hv—250,-~ 9)
CyF15COOH + SO4-~ —C7F15C00- + SO4%~ (10)
CyF15COOH: —-CyFy5 + CO, + H* (11)
-CyFy5 + SO~ —CyF 150805~ (12)
CyF15050;3~ + HyO—CyF150H + HSO, ™ (13)
CyF150H—HF + C¢F13COF (14)
C¢F13COF + H,O—HF + C¢F13COOH (15)

2.2.2. Degradation Mechanism in the TiO, System

The band structures of some semiconductors offer photocatalytic activity and are often
used as photocatalyst tools. The band structure is usually composed of a low valence
band filled with electrons and an empty high-energy conduction band, located between the
valence band and the conduction band. The energy difference is the band gap energy. When
the catalyst is illuminated with sufficient power (greater than or equal to the band gap
energy), the electrons in the valence band are excited and move from the forbidden band
into the conduction band, generating holes at the position of the original electrons, as well
as an electron-hole pair (e~-h*). Electron holes (h*) have strong oxidation; photobiology
electronics (e™) can react to form reactive oxygen radicals, which can react with the organic
matter adsorbed on the catalyst’s surface in order to mineralize its degradation.

We did not show any diffraction peaks on the XRD map of the untreated TiO, nanopar-
ticles, indicating that they have indefinite morphology. Their amorphous structure was
also further demonstrated by high-resolution transmission electron microscopy testing of
TiO, [63].

In the PFOA /TiO; system, PFOA is connected to its carboxylate group in the mon-
odentate mode, allowing PFOA to form a tilted configuration on the TiO; surface. The
-CF; group on the carbon chain of PFOA may interact with the OH group on the TiO,
surface through hydrogen bonds [48]. The degradation process is shown in (Figure 3a).
Photogenerated holes and electrons (Equation (16)) are generated on the surface after TiO,
receives electrons, and the electron hole capture an e~ from the PFOA to form less stable
C7F15COO- (Equation (17)), which decarboxylates to produce CyF;5- and COO-, and C7F5-
continues to react with -OH to form C;F15COOH, which is defluorinated to form C¢F,3COEF.
CgF13COF is easily hydrolyzed into C¢F13COOH. F~ is released into the water, and in this
process, -CF, is removed, and then short-chain perfluorinated carboxylic acids gradually
remove -CF; in the same way to achieve gradual degradation of intermediate products.
Besides -OH, the main active composite material also has h* with strong oxidation ability,
which can also participate in the reaction to remove -CF, in the unit process. It can be seen
(Equation (18)) that h* is a key ion for PFOA degradation.
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Figure 3. Photocatalytic degradation of PFOA using Ti O, system (a) and InyO3 system (b).

Since PFOA is inert to -OH, the fluoride ions produced during degradation hinder
the further action of TiO,, which makes pure TiO; less effective at degrading PFOA [38].
The case of whether PFOA can be adsorbed on the surface of the catalyst in each system is
crucial for the whole degradation process [64,65]. However, the degradation rate of PFOA
can be significantly increased by the modification of TiO,. The modified mode is mostly
concentrated in transition noble metallic-TiO, transitions [40] and metal-TiO, [41]. The
modified TiO, can effectively solve electron-hole binding and enhance the ability to react
with water molecules to produce -OH, thus improving the degradation rate of PFOA.

TiO, + hv — TiOy(h* +e7) (16)
C7F15COO~ +h* — C;F5COO- (17)
h* + HO™ — -OH (18)

2.2.3. Degradation Mechanism in the InyO3 System

By using scanning electron microscopy (SEM), In,O3 shows nanosheet-like structure,
and lattice stripes can be clearly observed using high resolution transmission electron
microscopy (HRTEM) [66].

Unlike the hole of TiO,, which converts to -OH and then reacts with PFOA, the hole of
In, O3 directly reacts with PFOA to form CyF;5 radicals (Figure 3b). Photogenerated holes
and electrons (Equation (19)) are generated on the surface after In, O3 receives electrons.
Hydrolysis of h* occurs to generate the -OH (Equation (20)), CyF1sCOO™ and h* to generate
C7F15COO- (Equation (17)). The residual degradation pathway is similar to that of TiO,.
The bidentate or bridging mode between the PFOA and In,Oj facilitates the transfer of
electrons from the PFOA to the hole of In,O3. For In,O3 with different nanostructures, the
unique porous structure gives it a larger surface area and a higher degradation rate of PFOA
under the same mild conditions. Graphene-modified In,;O3 increases the degradation rate
of PFOA by increasing the reaction sites [50].

InyO3z + ho — InyOz(h* +e7) (19)

h* + Hb,O — H" + -OH (20)
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2.2.4. Degradation Mechanism in the Fe3* System

Fe3* is easy to use to generate complex carboxylic acids with obvious photochemical
characteristics, which undergo electron migration via ultraviolet radiation, making organic
objects undergo oxidative degradation [67]. Fe** (Figure 4) will first form a complex with
the PFOA [C;F;5COO-Fe]** (Equation (21)) and then decompose into Fe?* and C;F;5COO-
(Equation (22)) under UV light excitation. Afterwards, a hydrolysis reaction will generate
CeF13COOH, HCOOH, and F~ (Equation (23)). Among them, Fe?* forms after the PFOA is
easily oxidized with Fe>* using O; in the air. Fe3* can continue to be oxidized. However,
Fe3* is unstable and prone to precipitation under neutral or alkaline conditions, so the
degradation efficiency of PFOA in the Fe3* system is greatly affected by pH value [68-72].

C;F15CO0™ + Fe** — [C;F15COO-Fe]* (21)
[C;F15CO0-Fel** + hv — Fe** + C;F15COO0- (22)
C,;F15COO- + 3H,0 — C4F13COOH + HCOOH + 2F~ +2H* + -OH (23)
o)
(Il
Feli”  OH
lFe3+
0 0;
(ll Fe 2 —_— |C|) + 72+
[ B o™ ] - Fe
(|I|) Repeated " co,
p Fe*+H,0
F11Cq OH 2
HHE N\ C7F 5
H.0 _“OH
0
ll; * i C-FisOH
FuCs™  F
H+F

Figure 4. Photocatalytic degradation of PFOA using the Fe>* system.

2.2.5. Degradation Mechanism in the HyO, /O3 System

When oxidants such as HyO, and Oj are irradiated by UV light and absorb enough
energy, non-selective OH radicals with strong oxidation properties are generated. PFOA gen-
erates -C;F15 and -COOH (Equation (24)) under illumination; -CyF;5 reacts with -OH to form
unstable C7F;50H (Equation (25)). CyF150H generates CqF13COF (Equation (26)). CsF13COF
hydrolysis generates C¢F13COOH (Equation (27)). Based on Equations (25) and (26), the
reaction is achieved following the detachment from a unit of HF; the reactant C;F;5COOH
to product C¢F13COOH, due to the removal of the -CF, group. C4F;3COOH undergoes the
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same degradation pathway, and -CF, gradually removes the degradation until mineral-
ization is complete, and it finally forms carbon dioxide [73]. The process of removing the
-CF; group is also named the “flake off” [74].

C7F15COOH + hv—-CyFy5 + -COOH (24)
-C7F15 + -OH—CyF;50H (25)
C;F150H—C¢F13COF + HF (26)
C¢F13COF + H,O—C¢F13COOH + HF (27)

2.2.6. Degradation Mechanism in the NalO4 System

When the system is NalOy (Table 1), the photolysis of IO~ forms oxidized free radicals,
such as IO3- and -OH (Equation (28)). IO3- reacts with PFOA to generate [C;F14COOH]*-
(Equation (29)) or generate C;F1,COOH (Equation (30)). Then, [C;F;4COOH]*-/C;F;5COOH
and -OH reactions generate unstable C¢F130H (Equation (31)). C¢F130H generates C5F12COF
(Equation (32)).

10,~ + hv — 105- + -OH (28)
105- + C;F;5COOH — [C;F1,COOH]*- + F~ (29)
105 + C;F;5COOH — C;F14COOH: + F~ (30)
[C7F14COOH]* -/ C7F1,COOH.+ -OH — C¢F130H (31)
CgF130H — C5F;,COF + HF (32)

2.2.7. Degradation Mechanism in the H3PW1,049 System

Heteropolacid is a wide band material, which is prone to separate [75,76] from elec-
tron holes under ultraviolet radiation, and it can degrade some persistent organic mat-
ter [77]. In the H3PW1,049 system (Figure 5), efficient degradation of both CF;COOH
and C;F5COOH can be achieved; the final degradation produces fluoride ions and carbon
dioxide [75,78]. In this process, [PW12040]?~ converts to an excited-state species via UV ir-
radiation [PW1,049]>~* (Equation (33)). It takes one electron of the PFOA and is reduced to
[PW1,040]4~ (Equation (34)). Oy can regenerate [PW1,041°7, allowing the entire reaction
cycle to proceed (Equation (35)). Subsequently, a decarboxylation reaction of the PFOA*
occurs to generate -C;Fi5 (Equation (36)), followed by a hydrolysis reaction to generate
C4FyCOOH (Equation (37))[30,79].

[PW120401>~ + v — [PW12049]°* (33)
[PW1,040]> * + PFOA — [PW1,040]*~ + PFOA* (34)
[PW1,04]*" + Oz — [PW1,040> + O~ (35)
PFOA* — -CyF5 + CO, (36)

-C7F5 + Oy + H,O — CO, + F~ + C4,F9COOH (37)
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Figure 5. Photocatalytic degradation of PFOA using H3PW1,04¢ system.

From the above system, although different oxidized radicals are produced in each
system, it is clearly demonstrated that a common intermediate C;F;5COO™ is produced
during the degradation of PFOA. Due to the presence of the carboxylic acid group, the
active substance will first attack the C—C bond between -C;F;5 and -COOH, generating
CyFi5- and CO,. C;F5- will hydrolyze or react with -OH to form an unstable C;F150H;
C7F150H then undergoes an elimination reaction to generate C¢F13COF, and it is then
subjected to hydrolysis to generate C¢F13COOH. C¢F13COOH repeats the same degra-
dation process, and the degradation of the PFOA is completed by gradually removing
the —CF, group. Finally, complete mineralization is realized. As different systems will
produce different active substances, the degradation of PFOA will therefore vary. The
photocatalytic degradation mechanism of PFOA can be divided into three groups according
to the functional groups involved in the reaction:

(1) In the decarboxylation-hydroxylation-elimination-hydrolysis (DHEH) mechanism,
the h* or -SO4 ™~ radicals first form the carboxyl group, then seize carboxyl, form C;F;5COO~,
initiate spontaneous Kolbe decarboxylation, and convert into C;F;5- and CO,. C7Fy5 reacts
with H,O or -OH to form C;F150H. C;F;50H eliminates HF to form C;F;5COF. C;F;5COF
is easily hydrolyzed and then removes HF and forms C¢F13COOH. The C¢F13COOH cycle
mentioned in the above steps works by removing CO, and HF in order to remove -CF; [80].

(2) In the reductive decarboxylation mechanism, the photocatalyst surface produces
photogenerated electrons; they first attack an a-carbon to generate unstable C;F15CO0%~ -,
then C;F;5CO0?~ - reacts with H* to form C;F;5- and HCOO™, and the subsequent reaction
is consistent with the DHEH mechanism [81].

(3) -0~ and -OH directly attack the C—C bond to convert C;F;5COO™ into C7F;5 with
the DHEH mechanism [82].
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3. Byproducts

During the degradation of PFOA, numerous intermediates are produced. Attention
should be paid to the intermediates with toxicity. According to the literature, during
the degradation of PFOA, the intermediates are mainly short-chain perfluorocarboxylic
acids containing 2-6 carbon atoms. C4F13COOH, C5F;;COOH, C4F9COOH, C3F;COOH,
and C,F5COOH were the most observed in experimental studies [83-85]. During the
degradation process, the concentration of the above intermediates tends to first increase
and then decrease [82]. The accumulation of short-chain perfluorine gradually increases,
and the accumulation is positively correlated with the length of short chain perfluorine,
indicating that the degradation is broken by the carbon chain, which is consistent with the
degradation process reported in the literature [86].

Among them, the perfluorinated compounds containing 3-8 carbons can cause damage
to the human respiratory tract. The longer the carbon chain, the more toxic it is to the
organism [73].

The content of F- in the system is directly proportional to irradiation time. According
to Table 1, the defluorination rate is lower than the degradation rate, which indicates that
there are other fluoride compounds in the degradation process [87]. The total F content in
the aqueous solution comprises the remaining PFOA, short-chain PFCAs, F~, and PFCAs,
maintained at around 88%. Another 12% of the F content can be converted into gas-phase
products [73].

In actual treatment, an understanding of how to reduce the toxicity of intermediates
and further transform these substances until complete mineralization occurs remains to
be studied.

4. The Main Factors Affecting the Photocatalytic Degradation of PFOA

The degradation of PFOA is influenced by solution pH, catalyst dosage, concentrations
of PFOA, and coexistence ion, et al.

4.1. The pH in the Solution

In the photocatalytic degradation system of PFOA, the optimal pH value is related
to the properties of the catalyst and PFOA [27]. It has been found that the degradation
efficiency of PFOA under acidic conditions is better in the TiO, system [40,88,89]. In the
compound catalyst, the TiO, surface is positively charged, and PFOA exists in the form of
an anion, is adsorbed onto the surface of the catalyst material, and is oxidized by the active
group on the surface of the material, thus promoting its degradation [56].

The pH value of the solution affects the degradation rate by affecting the distribution
of the oxidant, the state and conversion of the free radicals, and the quantum yield of
the oxidant [85]. The different results indicate that the optimal pH value for the other
degradation conditions is in the acid range because the free radical yield is highest under
these conditions [36,90]. The change in the hydrogen ion concentration in the reaction
process may cause changes in active species and thus affect degradation. Under the constant
conditions of the initial PFOA concentration and catalyst dosage, the degradation rate of
PFOA decreases with an increase in pH value. Under the continuous needs of the initial
PFOA concentration and catalyst dosage, the degradation rate of PFOA decreases with
an increase in pH value [91]. A low pH may enhance free radical-radical interactions
rather than free radical-pollutant interactions [92]. For example, Bentuo Xu [93] studied the
degradation rate of PFOA (pH = 3, 5, 7, and 10) under different initial solution pH values,
and the results show that the photodegradation rate of PFOA decreases from nearly 100%
to 27%. This is because when the high pH oxidizes the holes to produce excess hydroxyl
radicals, it inhibits PFOA degradation [45]. Generally speaking, pH has an important
impact on the degradation of target pollutants in the persulfate system. When the pH of
the system is alkaline, SO~ - will react with OH™ in the system to form SO42~. However,
at a lower pH, the degradation rate increases. This is likely due to the sulfate associated
with the generated hydroxyl radical. However, in the Fe** system, precipitation occurs



Molecules 2023, 28, 4489

12 0f 18

easily under neutral or alkaline conditions by transforming the electrons in the system.
In addition, pH can also affect the dissociation of ionizable chemicals such as PFOA in
solution, which in turn affects the photocatalytic properties. PFOA in the aqueous solution
is mainly affected by C;F15COOH at pH < 2.8 and CyF;5COO™ at pH > 2.8 [93]. At pH 2
and 3, after 3 h of light, the degradation rates of PFOA are 94.4% and 61.3%, respectively;
when the pH of the reaction system increases to 4, 5, and 6, the degradation rates after 24 h
of illumination are only 41.5%, 26.9%, and 20.7%, respectively. After 24 h of light at the pH
of 2, 3,4, 5, and 6, the defluorination rates are 38.6%, 34.1%, 23.8%, 18.1%, and 15.3% [27],
respectively, and this changing pattern is consistent with the degradation rate. However,
the defluorination rate is significantly lower than the degradation rate due to the C-F bond
energy (485 kJ /mol) that is more significant than the C—C bond energy (332 k] /mol).

4.2. Catalyst Dosage

In general, the degradation rate of PFOA increases with an increase in the transfer rate
of electrons in the catalyst within a certain range. As the catalyst concentration increases,
the reaction sites also increase, thus promoting the degradation rate. However, a high
concentration of the catalyst will make the solution cloudy, reduce the transmittance of
ultraviolet light, and reduce the degradation rate. Furthermore, with the continuous
increase in catalyst concentration, the degradation rate only slightly increases and even
decreases. At 0.5, 1.0, 1.5, and 2.0 g-L !, the quasi-primary reaction kinetic equation is
fitted with rate constants of 0.356, 0.522, 0.297, and 0.246 h—1 [27]. The degradation rate of
PFOA increases with an increase in the S,0g%~ dose, especially at low dose levels, and the
defluorination rate also increases with an increase in the dose of persulfate [94]. When the
S,052~ concentration exceeds 26.8 mM, the degradation rate of PFOA reaches a maximum
and subsequently begins to decrease due to the saturation of SO4-~ concentration. The
results show that when the concentration of Ti (IV)-doped Bi, O3 (BTO) is 0.5 g-L’l, BTO
has the best PFOA removal efficiency (81.9%). When the catalyst concentration is higher
than 0.5 g-L. 7!, solid particles block the propagation of light in the reaction system and
increase the scattering of ultraviolet light. A strong light-shielding effect is generated, and
the penetration thickness is reduced, resulting in a decrease in the utilization rate of light
energy and the degradation effect of the catalyst [95]. When the concentration of Pd-TiO; is
1g-L~!, the degradation rate of PFOA reaches the maximum, but when the concentration of
Pd-TiO; continues to increase, the fluoride concentration actually decreases [96]. When the
Pd-TiO; increases, the amount of H* and -OH produced in the system also increases, which
then increases the ratio of the concentration of active species to the concentration of PFOA;
thus, the defluorination rate of PFOA is accelerated. However, when the concentration of
Pd-TiO, is too high, the particles gather together, reducing the production of surfactant and
increasing the ultraviolet light scattering, leading to a reduction in the amount direct light
in the solution and affecting the photocatalytic degradation rate. Therefore, the degradation
of PFOA can be significantly promoted by adding an appropriate amount of catalyst. When
added in excess, self-quenching can occur, hindering the degradation of PFOA.

4.3. Concentrations of PFOA

The degradation rate of PFOA increases with the electron transfer rate of the catalyst
and PFOA, especially at low dose levels. The defluorination rate also increases with an
increase in the dose of PFOA [97]. A PFOA concentration of 4 mM produces the highest
PFOA degradation in the TiO; system [61]. At a reaction temperature of 25 °C, without
adjusting the initial pH reaction atmosphere in the air, the charge transfer rate of PFOA
decreases with an increase in its concentration after 4 h of reaction [38]. At 3 h, the
degradation rates of 1, 4, 7, and 10 Ing'L_1 of PFOA are 98.1%, 94.4%, 80.4%, 80.3%, and
68.2%, respectively [27]. From the principle of photochemistry, under the condition of
constant power of a UV lamp, the light density is constant. When the concentration of
PFOA is low, the number of photons is large enough to react with PFOA and ensure a
defluorination rate. When the concentration of PFOA is high, there are too many PFOA
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reaction points, and the number of generated photons cannot meet the charge transfer
when generating excessive PFOA, leading to an increase in the defluorination rate [98].

4.4. Coexistence Ion

In the actual water environment system, multiple ions will coexist in the environment,
and it will affect the degradation rate, so it is of great significance to study their impact
on the degradation rate for actual water treatment. For example, PFOA usually coexists
with mechanical pollutants, natural organic matter, bicarbonate, etc. Some can promote
final degradation, while others do the opposite. Bicarbonate and organic matter can largely
inhibit the decomposition of PFOA in wastewater. The competitive adsorption of UV light
via bicarbonates and photocatalysts is important in order to decrease the degradation rate.
Still, the effect of inhibition can be eliminated by regulating the pH value and adding
ozone [48]. For the persulfate system, with nitrate and isopropanol (-OH capture agent),
the degradation effect of PFOA significantly improves (91%), which may be attributed
to a large number of -NO, radicals in the system, which greatly increases the removal
rate of PFOA. In NaHCO3, the degradation effect of PFOA is greatly inhibited, due to the
quenching of HCO3™ [58,99]. In real water, there will be other perfluorinated compounds,
and the degradation rate of PFOA needs further study.

5. Kinetic Parameter

The degradation rate and defluorination rate depend on the target pollutant and
the reaction conditions, such as the initial concentration of the target pollutant, solu-
tion pH, and catalyst concentration. The degradation of PFOA fits with a pseudo-first-
order kinetic model, ranging from 7.5 x 1073 to 1.44 min~!. Due to the presence of the
C-F bond, the reaction time varies between 2 and 12 h. Different studies show that the
defluorination rate is much lower than the degradation rate, indicating that PFOA is not
fully converted to fluoride ions after the final degradation [73]. With the high degradation
and defluorination rates in the UV /S,0g%~ system, the reaction rate constant ranges from
0.81 to 1.44 min—! [37]. The CO3-~ process induced by HCO3; ™ during UV/H;0; can
improve the degradation of PFOA, with weak alkaline conditions facilitating the degra-
dation of PFOA under UV and HCO3~ binding [60]. For PFOA, the defluorination rate is
essentially lower than the degradation rate, indicating the formation of byproducts. Since
the defluorination rate equals the mineralization rate, when the degradation rate is constant,
the defluoridation rate is positively correlated with the degradation effect of PFOA.

Yao et al. selected a removal rate of PFOA between 20 and 120 min to calculate
degradation kinetics and the process of pseudo-first-order kinetics and mesoporous TiO,
films of 6.3 x 102 min~! and 3%-5by03/TiO; 12.6 x 1073 min~! [46]. It was found that
with the addition of 3.6 mmol/L of the PFOA, the degradation rate constantly increases
from 0.48/h to 0.88/h [30,87]. This is because zero-valent iron transforms FeZ* to activate
persulfate and promote the formation of SOy4-~.

To better compare these photodegradation systems, the degradation kinetics of PFOA
are summarized in Table 2.

Table 2. Comparison of PFOA degradation kinetics in different photodegradation systems under
UV irradiation.

Kinetic Degradation Rate
Photocatalyst Model (Optimal) Ref.
III203 .
Pseudo-second-order 0.0175 L/(mg-min) [100]
nanosphere
TiO,-rGO Pseudo-first-order 0.163h1 [44]
H,0,/NaHCO;3 Pseudo-first-order 0.370h~1! [60]

Fe(NO3)3 Pseudo-first-order 226h71 [101]
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6. Conclusions and Prospect

By studying the photocatalytic degradation of PFOA in various locations, we sum-
marized the degradation pathway of PFOA in different systems and the factors affecting
degradation rate. Meanwhile, deficiencies in studies of the degradation of PFOA were also
found during the summary process. First, understanding degradation mechanisms and
degradation intermediates is not comprehensive, and incomplete mineralized compounds
can not be ignored; second, in the existing studies, the synergy of multiple degradation
technologies is lacking; and lastly, current PFOA degradation studies are performed under
laboratory conditions, and thus an actual water environment is lacking. To achieve rapid
and efficient photocatalytic degradation, corresponding methods were adopted in different
scopes. Future research directions will also focus on the following aspects:

(1) There is a need to enhance photocatalytic fluoride reduction and improve the
defluorination efficiency of optimization strategies, while strengthening the type and
toxicity of degradation intermediates. Further improvements to the catalyst are also
required, such as noble metal surface deposition, metal ion and non-metal ion doping, etc.

(2) While degrading PFOA, the byproducts generated may threaten the environment.
Finding ways to completely remove byproducts in the photocatalytic degradation process
of PFOA is also a topic in current research. Further, studies will focus on the advantages of
cooperative processing technology in PFOA degradation, improving the utilization rate of
catalytic materials and reducing processing costs.

(3) While actively exploring green and efficient degradation technology of PFOA,
alternatives to PFOA should also be explored. Research on the catalytic degradation of
PFA As under natural environmental conditions will lay the foundation for the practical
application of water PFOA pollution remediation technology.

Author Contributions: J.L. and L.G. wrote and proofread the manuscript, helped with graphing, and
proofread and modified the format; B.X. conducted the graphing of figures and oversaw the proof-
reading of the manuscript; X.W. collected data and checked the manuscript; J.T. provided funding
acquisition and supervised the formation of the manuscript; and Y.L. supervised the formation of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Applied Basic Research Project of Liaoning Province (2022JH2/
101300123), the “Liaoning Bai Qian Wan Talents Program” (2021921100), and the Liaoning Science
Public Welfare Research Fund (2022JH4,/10100111).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no competing interest.

References

1. Miller, M.A ; Sletten, E.M. Perfluorocarbons in Chemical Biology. ChemBioChem 2020, 24, 3451-3462. [CrossRef] [PubMed]

2. Xia, C; Diamond, M.L,; Peaslee, G.F,; Peng, H.; Blum, A.; Wang, Z.; Shalin, A.; Whitehead, H.D.; Green, M.; Schwartz-Narbonne,
H.; et al. Per- and Polyfluoroalkyl Substances in North American School Uniforms. Environ. Sci. Technol. 2022, 56, 13845-13857.
[CrossRef] [PubMed]

3. Schwartz-Narbone, H.; Xia, C.; Shalin, A.; Whitehead, H.D.; Yang, D.; Peaslee, G.F.; Wang, Z.; Wu, Y.; Peng, H.; Blum, A; et al.
Per- and Polyfluoroalkyl Substances in Canadian Fast Food Packaging. Environ. Sci. Technol. Lett. 2023, 10, 343-349. [CrossRef]

4. Whitehead, H.D.; Venier, M.; Wu, Y.; Eastman, E.; Urbanik, S.; Diamond, M.L.; Shalin, A.; Schwartz-Narbonne, H.; Bruton, T.A.;
Blum, A.; et al. Fluorinated Compounds in North American Cosmetics. Environ. Sci. Technol. Lett. 2021, 8, 538-544. [CrossRef]

5. Zhu, Y.L,; Tang, J.X.; Li, M.; Wang, H.; Yang, H. Contamination Status of Perfluorinated Compounds and Its Combined Effects
with Organic PollZutants. Asian J. Ecotoxicol. 2021, 16, 86-99. (In Chinese)

6. Cui, WJ.; Peng, J.X. Pollution Characteristics of Perfluorinated Alkyl Substances (PFASs) in Seater, Sediments, and Biological
Samples from Jiaozhou Bay, China. Environ. Sci. 2019, 40, 3990-3999. (In Chinese)

7. Abdallah, M.A.E.; Wemken, N. Concentrations of Perfluoroalkyl Substances in Human Milk From Ireland: Implications for Adult

and Nursing Infant Exposure. Chemosphere 2020, 246, 125724. [CrossRef]


https://doi.org/10.1002/cbic.202000297
https://www.ncbi.nlm.nih.gov/pubmed/32628804
https://doi.org/10.1021/acs.est.2c02111
https://www.ncbi.nlm.nih.gov/pubmed/36129192
https://doi.org/10.1021/acs.estlett.2c00926
https://doi.org/10.1021/acs.estlett.1c00240
https://doi.org/10.1016/j.chemosphere.2019.125724

Molecules 2023, 28, 4489 15 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Xie, L.N.; Wang, X.C. Concentration, Spatial Distribution, and Health Risk Assessment of PFASs in Serum of Teenagers Tap Water
and Soil Near a Chinese Fluorochemical Industrial Plant. Environ. Int. 2021, 146, 106166. [CrossRef]

Tang, ].X.; Zhu, Y.L. Pollution Status and Ecological Risk Assessment of Perfluorinated Compounds in the Liao River Basin
and Surrounding. Ecol. Environ. 2021, 30, 1447-1454.

Felizeter, S.; Jiirling, H.; McLachlan, M.S. Uptake of Perfluorinated Alkyl Acids by Crops: Results From a Field Study. Environ.
Sci. Process. Impacts 2021, 23, 1158-1170. [CrossRef]

Liu, B.L.; Zhang, H. Perfluorinated Compounds (PFCs) in Soil of The Pearl River Delta, China: Spatial Distribution, Sources, and
Ecological Risk Rssessment. Arch. Environ. Contam. Toxicol. 2020, 78, 182-189. [CrossRef]

Brown, J.B.; Conder, ] M. Assessing Human Health Risks From Per- and Polyfluoroalkyl Substance (PFAS) -Impacted Vegetable
Consumption: A Tiered Modeling Approach. Environ. Sci. Technol. 2020, 54, 15202-15214. [CrossRef]

Guo, H.R;; Liu, Q.Y. Research progress on the effects of per-and polyfluoroalkyl substances on biological environment. Environ.
Eng. 2023, 1-19.

Lenka, S.P.; Kah, M. A review of the occurrence, transformation, and removal of poly- and perfluoroalkyl substances (PFAS) in
wastewater treatment plants. Water Res. 2021, 199, 117187. [CrossRef] [PubMed]

Wei, C.; Wang, Q. Distribution, source identification and health risk assessment of PFASs and two PFOS alternatives in ground-
water from non-industrial areas. Ecotoxicol. Environ. Saf. 2018, 152, 141-150. [CrossRef]

Johansson, J.H.; Salter, M.E. Global transport of perfluoroalkyl acis via sea spray aerosol. Environ. Sci. Process. Impacts 2019,
21, 635-649. [CrossRef]

Liu, L.Q.; Qu, Y.X. Per-and polyfluoroalkyl substances (PFASs) in Chinese drinking water: Risk assessment and geographical distribution.
Environ. Sci. Eur. 2021, 33, 1-12. [CrossRef]

Zhang, S.; Kang, Q. Relationship between perfuorooctanoate and perfuorooctane sulfonate blood concentrations in the general
population and routine drinking water exposure. Environ. Int. 2019, 126, 54-60. [CrossRef]

Phong, V.H.N.; Ngo, H.H. Poly-and perfluoroalkyl substances in water and wastewater: A comprehensive review from sources
to remediation. J. Water Process. Eng. 2020, 36, 101393. [CrossRef]

Deng, Y.; Liang, Z. The Degradation Mechanisms of Perfluorooctanoic Acid (PFOA) and Perfluorooctane Sulfonic Acid (PFOS) by
Different Chemical Methods: A Critical Review. Chemosphere 2021, 283, 131168. [CrossRef]

Yang, ].S.; Lai, W.W. Photoelectrochemical Degradation of Perfluorooctanoic Acid (PFOA) with GOP25/FTO Anodes: Intermedi-
ates and Reaction Pathways. J. Hazard. Mater. 2020, 391, 122247. [CrossRef]

Uwayezu, ].N.; Carabante, I. Electrochemical Degradation of Per- and Poly-fluoroalkyl Substances Using Boron-doped Diamond
Electrodes. J. Environ. Manag. 2021, 290, 112573. [CrossRef] [PubMed]

Pierpaoli, M.; Szopiriska, M. Electrochemical Oxidation of PFOA and PFOS in Landfill Leachates at Low and Highly Boron-doped
Diamond Electrodes. J. Hazard. Mater. 2021, 403, 123606. [CrossRef] [PubMed]

Wang, K.; Huang, D. Enhanced Perfluorooctanoic Acid Degradation by Electrochemical Activation of Peroxymonosulfate in
Aqueous Solution. Environ. Int. 2020, 137, 105562. [CrossRef] [PubMed]

Liang, Y.; Ma, A.Z. Advances in Bioderadation of Perfluorooctane Sulfonate (PFOS). Microbiol. China 2020, 47, 2536-2549.
(In China)

Lu, D.N.; SHA, S. Treatment Train Approaches for the Remediation of Per-and Polyfluoroalkyl Substances (PFAS): A Aritical Review.
J. Hazard. Mater. 2020, 386, 121963. [CrossRef] [PubMed]

Tang, L.; Xia, J.F. Fabrication of a Ce/TiO,/g-C3sNsheterojuncion and the Photocatalytic Decomposition Mechanism of Perfluo-
rooctanoic Acid with Visible Light. Acta Sci. Circum. 2020, 40, 950-958. (In Chinese)

Fu, C.; Xu, X. Photocatalysis of Aqueous PFOA by Common Catalysts of In,O3, GapO3, TiO,, CeO, and CdS: Influence Factors
and Mechanistic Insights. Environ. Geochem. Health 2022, 44, 2943-2953. [CrossRef]

Shen, D.H.; Yao, ].G. Photocatalytic and Electrocatalytic Degradation of Typical Perfluoroalkyl Acids: Performance Improvement
Strategies and Reaction Mechanisms. Environ. Chem. 2023, 1-16.

Wang, S.; Qi, Y. Photocatalytic degradation of perfluorooctanoic acid and perfluorooctane sulfonate in water: A critical review.
Chem. Eng. J. 2017, 328, 927-942. [CrossRef]

Hori, H.; Hayakawa, E. Decomposition of environmentally persistent perfluorooctanoic acid in water by photochemical approaches.
Environ. Sci. Technol. 2004, 38, 6118-6124.

Chen, ].; Zhang, P.Y. Photodegradation of perfluorooctanoic acid by 185 nm vacuum ultraviolet light. J. Environ. Sci. 2007,
17, 387-390. [CrossRef] [PubMed]

Sansotera, M.; Persico, F. The effect of oxygen in the photocatalytic oxidation pathways of perfluorooctanoic acid. J. Fluor. Chem.
2015, 179, 159-168. [CrossRef]

Hori, H.; Yamamoto, A. Photochemical decomposition of environmentally persistent short-chain perfluorocarboxylic acids in
water mediated by iron(II)/(III) redox reactions. Chemosphere 2007, 68, 572-578. [CrossRef]

Hori, H.; Yamamoto, A. Efficient decomposition of environmentally persistent perfluorocarboxylic acids by use of persulfate as a
photochemical oxidant. Environ. Sci. Technol. 2005, 39, 2383-2388. [CrossRef] [PubMed]

Chen, J.; Zhang, P. Photodegradation of perfluorooctanoic acid in water under irradiation of 254 nm and 185nm light by use
of persulfate. Water Sci. Technol. 2006, 54, 317. [CrossRef] [PubMed]


https://doi.org/10.1016/j.envint.2020.106166
https://doi.org/10.1039/D1EM00166C
https://doi.org/10.1007/s00244-019-00674-1
https://doi.org/10.1021/acs.est.0c03411
https://doi.org/10.1016/j.watres.2021.117187
https://www.ncbi.nlm.nih.gov/pubmed/34010737
https://doi.org/10.1016/j.ecoenv.2018.01.039
https://doi.org/10.1039/C8EM00525G
https://doi.org/10.1186/s12302-020-00425-3
https://doi.org/10.1016/j.envint.2019.02.009
https://doi.org/10.1016/j.jwpe.2020.101393
https://doi.org/10.1016/j.chemosphere.2021.131168
https://doi.org/10.1016/j.jhazmat.2020.122247
https://doi.org/10.1016/j.jenvman.2021.112573
https://www.ncbi.nlm.nih.gov/pubmed/33873022
https://doi.org/10.1016/j.jhazmat.2020.123606
https://www.ncbi.nlm.nih.gov/pubmed/33264854
https://doi.org/10.1016/j.envint.2020.105562
https://www.ncbi.nlm.nih.gov/pubmed/32062439
https://doi.org/10.1016/j.jhazmat.2019.121963
https://www.ncbi.nlm.nih.gov/pubmed/31896004
https://doi.org/10.1007/s10653-021-01127-2
https://doi.org/10.1016/j.cej.2017.07.076
https://doi.org/10.1016/S1001-0742(07)60064-3
https://www.ncbi.nlm.nih.gov/pubmed/17915698
https://doi.org/10.1016/j.jfluchem.2015.06.019
https://doi.org/10.1016/j.chemosphere.2006.12.038
https://doi.org/10.1021/es0484754
https://www.ncbi.nlm.nih.gov/pubmed/15871280
https://doi.org/10.2166/wst.2006.731
https://www.ncbi.nlm.nih.gov/pubmed/17302335

Molecules 2023, 28, 4489 16 of 18

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Song, Z.; Tang, H. Activation of persulfate by UV and Fe?* for the defluorination of perfluorooctanoic acid. Adv. Environ. Res.
2014, 3, 185-197. [CrossRef]

Sansotera, M.; Persico, F. Decomposition of perfluorooctanoic acid photocatalyzed by titanium dioxide: Chemical modification of
the catalyst surface induced by fluoride ions. Appl. Catal. B Environ. 2014, 148-149, 29-35. [CrossRef]

Zhang, X.; Cui, N.X. Preparation of b-N-TiO, / Ag3PO, Photocatalyst and Its Photocatalytic Degradation of Harmful Algae. Res.
Environ. Sci. 2021, 34, 2645-2654. (In Chinese)

Chen, M.].; Luo, S.L.; Li, Y.C.; Kuo, J.; Wu, C.H. Decomposition of perfluorooctanoic acid by ultraviolet light irradiation with
Pb-modified titanium dioxide. J. Hazard. Mater. 2016, 303, 111-118. [CrossRef]

Li, M.; Yu, Z. Photocatalytic decomposition of perfluorooctanoic acid by noble metallic nanoparticles modified TiO,. Chem. Eng. ].
2016, 286, 232-238. [CrossRef]

Chen, M.J.; Lo, S.L. Photocatalytic decomposition of perfluorooctanoic acid by transition-metal modified titanium dioxide.
J. Hazard. Mater. 2015, 288, 168-175. [CrossRef] [PubMed]

Song, C.; Chen, P. Photodegradation of perfluorooctanoic acid by synthesized TiO,-MWCNT composites under 365 nm UV irradiation.
Chemosphere 2012, 86, 853-859. [CrossRef]

Gomez-Ruiz, B.; Ribao, P. Photocatalytic degradation and mineralization of perfluorooctanoic acid (PFOA) using a composite
TiO, —1GO catalyst. J. Hazard. Mater. 2018, 344, 950-957. [CrossRef] [PubMed]

Li, F; Wei, Z.S. A concentrate-and-destroy technique for degradation of perfluorooctanoic acid in water using a new adsorp-
tive photocatalyst. Water Res. 2020, 185, 116219. [CrossRef]

Yao, X.Y.; Zuo, ].Q. Enhanced photocatalytic degradation of perfluorooctanoic acid by mesoporous Sb,O3/TiO, heterojunctions.
Front. Chem. 2021, 9, 690520. [CrossRef] [PubMed]

Song, H.R.; Wang, Y.W. Enhanced photocatalytic degradation of perfluorooctanoic acid by TizC; MXene derived heterojunction
photocatalyst: Application of intercalation strategy in DESs. Sci. Total. Environ. 2020, 746, 141009. [CrossRef]

Li, X.; Zhang, P. Efficient photocatalytic decomposition of perfluorooctanoic acid by indium oxide and its mechanism. Environ.
Sci. Technol. 2012, 46, 5528-5534. [CrossRef]

Li, Z.; Zhang, P. InpO3 nanoporous nanosphere: A highly efficient photocatalyst for decomposition of perfluorooctanoic acid.
Appl. Catal. B Environ. 2002, 125, 350-357. [CrossRef]

Li, Z.; Zhang, P. Synthesis of In,O3-graphene composites and their photocatalytic performance towards perfluorooctanoic
acid decomposition. J. Photochem. Photobiol. A Chem. 2013, 271, 111-116. [CrossRef]

Li, Z.; Zhang, P. Different nanostructured In;O3 for photocatalytic decomposition of perfluorooctanoic acid (PFOA). J. Hazard.
Mater. 2013, 260, 40-46. [CrossRef]

Xu, CM.; Qiu, PX. Fabrication of two-dimensional indium oxide nanosheets with graphitic carbon nitride nanosheets as
sacrificial templates. Mater. Lett. 2019, 242, 24-27. [CrossRef]

Jiang, E.; Zhao, H.T. Enhancement of photocatalytic decomposition of perfluorooctanoic acid on CeO,/InyO3. RSC Adv. 2016,
6, 72015-72021. [CrossRef]

Wu, Y.Y;; Li, Y.Q. Highly efficient degradation of perfluorooctanoic acid over a MnOx-modified oxygen -vacancyrich InyO3 photocatalyst.
ChemCatChem 2019, 11, 2297-2303. [CrossRef]

Liu, D.; Xiu, Z. Perfluorooctanoic acid degradation in the presence of Fe(Ill) under natural sunlight. |. Hazard. Mater. 2013,
262, 456-463. [CrossRef] [PubMed]

Ohno, M.; Ito, M. Photochemical decomposition of perfluorooctanoic acid mediated by iron in strongly acidic Conditions.
J. Hazard. Mater. 2014, 268, 150-155. [CrossRef] [PubMed]

Wang, Y.; Zhang, P. Ferric ion mediated photochemical decomposition of perfluorooctanoic acid (PFOA) by 254 nm UV light.
J. Hazard Mater. 2008, 160, 181-186. [CrossRef]

Xia, C.; Qu, S. Degradation of perfluoroalkyl substances using UV /Fe0 system with and without the presence of oxygen. Environ.
Technol. 2022, 21, 1-12. [CrossRef]

Cao, B.B.; Wang, H.S. Photochemical decomposition of perfluorooctanoic acid in aqueous periodate with VUV and UV light irradiation.
J. Hazard. Mater. 2010, 179, 1143-1146. [CrossRef]

Thi, L.A.P,; Do, H.T.; Lee, Y.C.; Lo, S.L. Photochemical decomposition of perfluorooctanoic acids in aqueous carbonate solution
with UV irradiation. Chem. Eng. J. 2013, 221, 258-263.

Ji, P.; Zhu, F. Synthesis of Superparamagnetic MnFe;O4/mSiO, Nanomaterial for Degradation of Perfluorooctanoic Acid by
Activated Persulfate. Environ. Sci. Pollut. Res. Int. 2022, 29, 37071-37083. [CrossRef] [PubMed]

Lu, L].; Tang, M.K. Research Progress on the Removal Technology of Typical Perfluorinated Compounds. Sichuan Environ. 2016,
35, 135-141.

Chang, K. Preparation, Photocatalytic Photolelctrochemical Properties of Nanostructured Titanium Dioxide. Ph.D. Thesis, Beijing
University of Chemical Technology, Beijing, China, 2013.

Chong, M.N,; Jin, B. Recent developments in photocatalytic water treatment technology: A review. Water Res. 2010, 44, 2997-3027.
[CrossRef] [PubMed]

Chen, E; Yang, Q. Enhanced photocatalytic degradation of tetracycline by Agl/BiVO, heterojunction under visibl e-light
irradiation: Mineralization efficiency and mechanism. ACS Appl. Mater. Interfaces 2016, 8, 32887-32900. [CrossRef]


https://doi.org/10.12989/aer.2014.3.3.185
https://doi.org/10.1016/j.apcatb.2013.10.038
https://doi.org/10.1016/j.jhazmat.2015.10.011
https://doi.org/10.1016/j.cej.2015.10.037
https://doi.org/10.1016/j.jhazmat.2015.02.004
https://www.ncbi.nlm.nih.gov/pubmed/25704293
https://doi.org/10.1016/j.chemosphere.2011.11.034
https://doi.org/10.1016/j.jhazmat.2017.11.048
https://www.ncbi.nlm.nih.gov/pubmed/29197229
https://doi.org/10.1016/j.watres.2020.116219
https://doi.org/10.3389/fchem.2021.690520
https://www.ncbi.nlm.nih.gov/pubmed/34095090
https://doi.org/10.1016/j.scitotenv.2020.141009
https://doi.org/10.1021/es204279u
https://doi.org/10.1016/j.apcatb.2012.06.017
https://doi.org/10.1016/j.jphotochem.2013.08.012
https://doi.org/10.1016/j.jhazmat.2013.04.042
https://doi.org/10.1016/j.matlet.2019.01.101
https://doi.org/10.1039/C6RA09856H
https://doi.org/10.1002/cctc.201900273
https://doi.org/10.1016/j.jhazmat.2013.09.001
https://www.ncbi.nlm.nih.gov/pubmed/24076481
https://doi.org/10.1016/j.jhazmat.2013.12.059
https://www.ncbi.nlm.nih.gov/pubmed/24491439
https://doi.org/10.1016/j.jhazmat.2008.02.105
https://doi.org/10.1080/09593330.2022.2041104
https://doi.org/10.1016/j.jhazmat.2010.02.030
https://doi.org/10.1007/s11356-021-17782-y
https://www.ncbi.nlm.nih.gov/pubmed/35031993
https://doi.org/10.1016/j.watres.2010.02.039
https://www.ncbi.nlm.nih.gov/pubmed/20378145
https://doi.org/10.1021/acsami.6b12278

Molecules 2023, 28, 4489 17 of 18

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Yang, L. Preparation of Indium Oxide (InpO3)-Based Nanocomposites and Its Performance for Photocatalytic Hydrogen Produc-
tion Coupled with Organic Pollutants Degradation from Wastewater. Master’s Thesis, Beihua University, Jilin, China, 2022.
Hutzinger, O. The Handbook of Environmental Chemistry, 2 Reactions and Processes Part M; Springer: Berlin/Heidelberg, Germany;
New York, NY, USA, 2005; pp. 266-267.

Heqing, T.; Qing, Q.X. Efficient Degradation of Perfluorooctanoic Acid by UV-Fenton Process. Chem. Eng. ]. 2012, 184, 156-162.
Qian, L.; Kopinke, ED.A. Photodegradation of Perfluorooctanesulfonic Acid on Fe-Zeolites in Water. Environ. Sci. Technol. 2021,
55, 614-622. [CrossRef]

Bentuo, X.; Mohammad, B.A. Photocatalytic Removal of Perfluoroalkyl Substances From Water and Wastewater: Mechanism,
Kinetics and Controlling Factors. Chemosphere 2017, 189, 717-729.

Patch, D.; O’Connor, N. Elucidating Degradation mechanisms for a Range of Per- and Polyfluoroalkyl Substances (PFAS) Via
Controlled Irradiation Studies. Sci. Total. Environ. 2022, 832, 154941. [CrossRef]

Giri, R.R.; Ozaki, H.; Okada, T.; Taniguchi, S.; Takanami, R. Factors Influencing UV Photodecomposition of Perfluorooctanoic
Acid in Water. Chem. Eng. J. 2012, 180, 197-203. [CrossRef]

Wang, X.; Chen, Z. A Review on Degradation of Perfluorinated Compounds Based on Ultraviolet Advanced Oxidation. Environ.
Pollut. 2021, 291, 118014. [CrossRef]

Yang, X.; Huang, J. Stability of 6:2 Fluorotelomer Sulfonate in Advanced Oxidation Processes: Degradation Kinetics and Pathway.
Environ. Sci. Pollut. Res. Int. 2014, 21, 4634-4642. [CrossRef] [PubMed]

Hori, H.; Takano, Y. Decomposition of environmentally persistent trifluoroacetic acid to fluoride ions by a homogeneous
photocatalyst in water. Environ. Sci. Technol. 2003, 37, 418-422. [CrossRef] [PubMed]

Hori, H.; Takano, Y. Photochemical decomposition of pentafluoropropionic acid to fluoride ions with a water-soluble heteropoly-
acid photocatalyst. Appl. Catal. B Environ. 2003, 46, 333-340. [CrossRef]

Hori, H.; Hayakawa, E. Decomposition of nonafluoropentanoic acid by heteropolyacid photocatalyst H3PW1,0O49 in aqueous solution.
J. Mol. Catal. A Chem. 2004, 211, 35-41. [CrossRef]

Yamase, T.; Kurozumi, T. Photoreduction of polymolybdates(VI) in aqueous solutions containing acetic acid. J. Chem. Soc. Dalton
Trans. 1983, 2205-2209. [CrossRef]

Zhang, C.; Yu, Q. Photochemical degradation of PFOA using irradiation: A critical review. Sci. Sin. Chim. 2011, 41, 964-975.
Wu, D,; Li, X K M. Mechanism Insight of PFOA Degradation by ZnO Assisted-photocatalytic Ozonation: Efficiency and Intermediates.
Chemosphere 2017, 180, 247-252. [CrossRef]

Li, T.E; Wang, C.S. Highly Efficient Photocatalytic Degradation Toward Perfluorooctanoic Acid by Bromine Doped BiOI with
High Exposure of (001) Facet. Appl. Catal. B Environ. 2020, 268, 118442. [CrossRef]

Wang, J.Z.; Wang, Y.N. Decomposition of Highly Persistent Perfluorooctanoic Acid Hollow Bi/BiOI; _ Fy: Synerg istic Effects of
Surface Plasmon Resonance and Modified Band Structures. J. Hazard. Mater. 2021, 402, 123459. [CrossRef] [PubMed]

Liu, X.; Wei, W. Photochemical Decomposition of Perfuorochemicals in Contaminated Water. Water Res. 2020, 186, 116311.
[CrossRef] [PubMed]

Trojanowicz, M.; Bojanowska-Czajka, A. Advanced Oxidation/Reduction Processes Treatment for Aqueous Perfuorooctanoate
(PFOA) and Perfuorooctanesulfonate (PFOS)-A Review of recent Advances. Chem. Eng. |. 2018, 336, 170-199. [CrossRef]

Yang, L.; He, L. PersulfateBased Degradation of perfuorooctanoic Acid (PFOA) and Perfuorooctane Sulfonate (PFOS) in Aqueous
Solution: Review on Infuences, Mechanisms and Prospective. J. Hazard. Mater. 2020, 393, 122405. [CrossRef]

Zhan, YH.; Qin, Y.X. Photodegradation technology and mechanism of perfluorooctanoic acid(PFOA) and perfluorooctane sulfonic
acid (PFOS): A critical review. Environ. Chem. 2022, 41, 46-56. (In Chinese)

Song, Z. Photochemical Oxidation or Redution Degradation of Perfluorooctanoic Acid Using UVirradation; Huazhong University of
Science and Technology: Wuhan, China, 2014.

Estrellan, C.R.; Salim, C. Photocatalytic decomposition of perfluorooctanoic acid by iron and niobium co-doped titanium dioxide.
J. Hazard. Mater. 2010, 179, 79-83. [CrossRef]

Huang, J.; Wang, X. Efficient degradation of perfluorooctanoic acid (PFOA) by photocatalytic ozonation. Chem. Eng. J. 2016,
296, 329-334. [CrossRef]

Wan, H.; Mills, R. Rapid Removal of PFOA and PFOS Via Modified Industrial Solid Waste: Mechanisms and Influences of
Water Matrices. Chem. Eng. J. 2022, 433 Pt 2, 133271. [CrossRef] [PubMed]

Yin, P; Hu, Z. Activated Persulfate Oxidation of Perfluorooctanoic Acid (PFOA) in Groundwater under Acidic Conditions. Int. J.
Environ. Res. Public. Health 2016, 13, 602. [CrossRef] [PubMed]

Liang, C.; Wang, Z.S. Influence of pH on Persulfate Oxidation of TCE at Ambient Temperatures. Chemosphere 2007, 66, 106-113.
[CrossRef]

Xu, B.; Zhou, ].L. Improved Photocatalysis of Perfluorooctanoic Acid in Water and Wastewater by Ga;O3/UV System Assisted
by Peroxymonosulfate. Chemosphere 2020, 239, 124722. [CrossRef]

Lee, Y.C,; Lo, S.L. Efficient Decomposition of Perfluorocarboxylic Acids in Aqueous Solution Using Microwave-induced Persulfate.
Water Res. 2009, 43, 2811-2816. [CrossRef]

Li, HH,; Zhang, Y.Z. Study on Mechanism of Photocatalytic Degradation of PFOA Under UV-light by Ti(IV) Doped Bi,Os.
Environ. Chem. 2020, 39, 1202-1209.


https://doi.org/10.1021/acs.est.0c04558
https://doi.org/10.1016/j.scitotenv.2022.154941
https://doi.org/10.1016/j.cej.2011.11.049
https://doi.org/10.1016/j.envpol.2021.118014
https://doi.org/10.1007/s11356-013-2389-z
https://www.ncbi.nlm.nih.gov/pubmed/24352540
https://doi.org/10.1021/es025783y
https://www.ncbi.nlm.nih.gov/pubmed/12564917
https://doi.org/10.1016/S0926-3373(03)00225-X
https://doi.org/10.1016/j.molcata.2003.09.029
https://doi.org/10.1039/dt9830002205
https://doi.org/10.1016/j.chemosphere.2017.03.127
https://doi.org/10.1016/j.apcatb.2019.118442
https://doi.org/10.1016/j.jhazmat.2020.123459
https://www.ncbi.nlm.nih.gov/pubmed/32683157
https://doi.org/10.1016/j.watres.2020.116311
https://www.ncbi.nlm.nih.gov/pubmed/32836148
https://doi.org/10.1016/j.cej.2017.10.153
https://doi.org/10.1016/j.jhazmat.2020.122405
https://doi.org/10.1016/j.jhazmat.2010.02.060
https://doi.org/10.1016/j.cej.2016.03.116
https://doi.org/10.1016/j.cej.2021.133271
https://www.ncbi.nlm.nih.gov/pubmed/36505940
https://doi.org/10.3390/ijerph13060602
https://www.ncbi.nlm.nih.gov/pubmed/27322298
https://doi.org/10.1016/j.chemosphere.2006.05.026
https://doi.org/10.1016/j.chemosphere.2019.124722
https://doi.org/10.1016/j.watres.2009.03.052

Molecules 2023, 28, 4489 18 of 18

96.

97.

98.

99.

100.

101.

Yuan, Y,; Feng, L. Efficient Removal of PFOA with an In,O3/persulfate System Under Solar Light Via the Combined Process of
Surface Radicals and Photogenerated Holes. . Hazard. Mater. 2022, 423 Pt B, 127176. [CrossRef]

Jin, L.; Zhang, P. Photochemical decomposition of perfluorooctane sulfonate(PFOS) in an anoxic alkaline solution by 185 nm
vacuum ultraviolet. Chem. Eng. . 2015, 280, 241-247. [CrossRef]

Liang, X.Y.; Cgeng, J.H. Influence Factors of VUV /Fe?* System on the Defluorination of Perfluorooctanoic Acid (PFOA) in Water.
Acta Sci. Circum. 2013, 3, 2432-2438. (In Chinese)

Qian, Y.; Guo, X. Perfuorooctanoic acid degradation using UV-persulfate process: Modeling of the degradation and chlorate formation.
Environ. Sci. Technol. 2016, 50, 772-781. [CrossRef]

Liu, X.Q.; Xu, B.T. Facile preparation of hydrophilic InyO3 nanospheres and rods with improved performances for photocatalytic
degradation of PFOA. Environ. Sci. Nano 2021, 8, 1010-1018. [CrossRef]

Yuan, Y].; Feng, L.Z. Rapid photochemical decomposition of perfluorooctanoic acid mediated by a comprehensive effect of
nitrogen dioxide radicals and Fe?* /Fe?* redox cycle. J. Hazard. Mater. 2020, 388, 121730. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jhazmat.2021.127176
https://doi.org/10.1016/j.cej.2015.06.022
https://doi.org/10.1021/acs.est.5b03715
https://doi.org/10.1039/D0EN01216E
https://doi.org/10.1016/j.jhazmat.2019.121730
https://www.ncbi.nlm.nih.gov/pubmed/31784137

	Introduction 
	Mechanisms of PFOA Photo-Oxidation Degradation 
	Direct Photodegradation Mechanisms 
	Mechanism of Oxidative Photodegradation of PFOA 
	Degradation Mechanism in Persulfate Systems 
	Degradation Mechanism in the TiO2 System 
	Degradation Mechanism in the In2O3 System 
	Degradation Mechanism in the Fe3+ System 
	Degradation Mechanism in the H2O2/O3 System 
	Degradation Mechanism in the NaIO4 System 
	Degradation Mechanism in the H3PW12O40 System 


	Byproducts 
	The Main Factors Affecting the Photocatalytic Degradation of PFOA 
	The pH in the Solution 
	Catalyst Dosage 
	Concentrations of PFOA 
	Coexistence Ion 

	Kinetic Parameter 
	Conclusions and Prospect 
	References

