Science of the Total Environment 915 (2024) 169675

Contents lists available at ScienceDirect

Science orre
Total Eny

vironment

Science of the Total Environment

4
L

I.SEVIER journal homepage: www.elsevier.com/locate/scitotenv

Check for

Defluorination of perfluorooctanoic acid and perfluorooctane sulfonic acid — [%&
by heterogeneous catalytic system of Fe-Al;03/03: Synergistic oxidation
effects and defluorination mechanism

Yumin Zhang?, Zhijie Guan ", Xiaojian Liao”, Yu Huang®, Zhenhua Huangf‘, Zhihua Mo %,
Baixuan Yin?, Xingfan Zhou®, Wencan Dai?, Jialin Liang ¢, Shuiyu Sun %"

@ Guangzhou Key Laboratory Environmental Catalysis and Pollution Control, Guangdong Key Laboratory of Environmental Catalysis and Health Risk Control, School of
Environmental Science and Engineering, Institute of Environmental Health and Pollution Control, Guangdong University of Technology, Guangzhou 510006, China

Y Guangdong Eco-Engineering Polytechnic, Guangzhou 510520, China

¢ Guangdong Province Solid Waste Recycling and Heavy Metal Pollution Control Engineering Technology Research Center, Guangdong Polytechnic of Environmental
Protection Engineering, Foshan 528216, China

4 Engineering and Technology Research Center for Agricultural Land Pollution Integrated Prevention and Control of Guangdong Higher Education Institute, College of
Resources and Environment, Zhongkai University of Agriculture and Engineering, Guangzhou 510225, China

HIGHLIGHTS GRAPHICAL ABSTRACT

e Fe-Al,03 showed excellent catalytic
performance.
e Using DFT calculations to find specific

attack sites for PFOA and PFOS. Degradation
e The co-existence of ROS and Fe(IV) @7‘“’5@

constituted a synergistic oxidation .ﬁlm"“

motem. - 23 % e ®—
e The degradation and defluorination T, 0

pathways of PFOA and PFOS had been c
revealed. @ G
o PFOS exhibited a higher DeF rate due to e
its susceptibility to electrophilic attack.

%
ARTICLE INFO ABSTRACT
Editor: Jay Gan In this study, catalytic ozonation by Fe-Al;03 was used to investigate the defluorination of PFOA and PFOS,
assessing the effects of different experimental conditions on the defluorination efficiency of the system. The
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PFOA and PFOS were determined. Results showed that compared to the single O3 system, the defluorination rates
of PFOA and PFOS increased by 2.32- and 5.92-fold using the Fe-Al;03/03 system under optimal experimental
conditions. Mechanistic analysis indicated that in Fe-Al;O3, the variable valence iron (Fe) and functional groups
containing C and O served as important reaction sites during the catalytic process. The co-existence of 10y, *OH,
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*Oz and high-valence Fe(IV) constituted a synergistic oxidation system consisting of free radicals and non-
radicals, promoting the degradation and defluorination of PFOA and PFOS. DFT theoretical calculations and
the analysis of intermediate degradation products suggested that the degradation pathways of PFOA and PFOS
involved Kolbe decarboxylation, desulfonation, alcoholization and intramolecular cyclization reactions. The
degradation and defluorination pathways of PFOA and PFOS consisted of the stepwise removal of -CFs-, with
PFOS exhibiting a higher defluorination rate than PFOA due to its susceptibility to electrophilic attack. This study
provides a theoretical basis for the development of heterogeneous catalytic ozonation systems for PFOA and

PFOS treatment.

1. Introduction

Perfluorinated compounds (PFAS) are a class of compounds pri-
marily composed of carbon and fluorine atoms. Due to their unique
surfactant properties and thermal stability, they are widely used in
various industrial processes such as the production of fire suppressing
foams, electroplating, textiles and leather (Ji et al., 2020). Per-
fluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS)
are the most common PFAS found in the environment. Due to the
presence of numerous stable C—F bonds, they exhibit extremely high
chemical and thermal stability (Trojanowicz and Koc, 2013), resisting
degradation under natural conditions. The degradation process for
PFOA and PFOS involves the cleavage of both C—C and C—F bonds. The
cleavage of C—C bonds does not effectively achieve the degradation of
PFOA and PFOS, as it produces short-chain perfluorinated compounds.
Therefore, the mineralization and defluorination process caused by C—F
bond cleavage is crucial for the effective degradation of PFOA and PFOS.
Organic pollutants generally exhibit strong hydrophobicity, resulting in
low water solubility. However, molecules such as PFOA and PFOS
contain hydrophilic groups like sulfonic acid and carboxylic acid, which
contribute to their relatively low pK, values (PFOS: pK, = —3.27, PFOA:
pK, = —0.2 (Eva and Reinhard, 2008; Goss, 2008) and result in PFOA
and PFOS exhibiting a certain degree of water solubility, making them
more prone to environmental migration. The widespread occurrence
and migration of PFOA and PFOS are of concern as previous studies have
shown that these substances are carcinogenic (Vieira et al., 2013),
neurotoxic (Mariussen, 2012), genotoxic (Liu et al., 2014) a induce
reproductive toxicity (Logeshwaran et al., 2021), with their accumula-
tion throughout the food chain posing a significant threat to human
health. Therefore, there is an urgent need to develop effective methods
for the treatment and removal of PFOA and PFOS to ensure environ-
mental safety and human health.

In recent years, advanced oxidation processes (AOPs) have been
widely used for the treatment of recalcitrant organic pollutants, such as
PFOA and PFOS (Guan et al., 2022; Lee et al., 2020). However, the
practical application of AOPs has some notable limitations. For example,
photocatalysis and electrochemical technologies have high energy
consumption requirements and are prone to degradation, resulting in a
reduced removal performance, while Fenton-based methods cause sec-
ondary pollution due to the addition of metals into the reaction solution
(Saravanan et al., 2022). In contrast, catalytic O3 oxidation technologies
are not limited by these issues, as pollutants in water can be degraded
via a direct reaction with O3 molecules or an indirect reaction with
reactive oxidative species (e.g., *OH, *O3, 1oy generated by O3 (Yu
et al., 2020). To further improve the mass transfer efficiency of Ogs,
various physicochemical techniques have been combined with Os3
oxidation systems (Wang and Chen, 2020). Among these techniques,
catalysis by transition metals, particularly Fe, has received significant
attention due to its easy availability and broad practical applicability
(Jothinathan et al., 2022; Shi et al., 2023; Yang et al., 2022). For
example, Ouyang et al. (2021) used computational simulations to show
that the Fe(Ill) configuration had a lower reaction barrier as an O3
catalyst, than the Fe(II) configuration. Furthermore, the addition of Fe
(II) can effectively promote the decomposition of O3, leading to the
generation of more reactive oxidative species. Studies have also

demonstrated that the Lewis acid sites and porosity of Fe-based Os
catalysts can achieve a higher catalytic activity for pollutant degrada-
tion reactions (Song et al., 2022; Yu et al., 2019b). Chen and Wang
(2021) utilized a Co304-C@FeOOH catalyst for the catalytic O3 oxida-
tion degradation of norfloxacin, showing that the valence state transi-
tion between Fe(IlI) and Fe(Il) plays a crucial role in the catalysis of
norfloxacin degradation, achieving 100 % degradation within 10 min.
Xu et al. (2023) prepared a Fe-Mn-C catalyst for the catalytic Os
oxidation degradation of ibuprofen, achieving 97 % degradation effi-
ciency within 10 min, while Yu et al. (2019a) prepared a Fe-based O3
catalyst for the degradation of 4-nitrophenol, achieving 100 % degra-
dation within 30 min.

In this regard, it can be reasonably inferred that the Fe-Al;03/03
system has good potential for the degradation and defluorination of
PFOA and PFOS. However, in existing studies, the mechanism of this
system is still not well understood. In fact, the investigation of the re-
action sites of ROS and Fe plays an important role in the degradation and
defluorination process of PFOA and PFOS (Lee et al., 2020; Yu et al.,
2019b). Additionally, using DFT calculations to find specific attack sites
of pollutants is of significant importance for the development of selec-
tive treatment techniques (Gao et al., 2021).

Therefore, the aim of this study is to comprehensively investigate the
degradation and defluorination mechanisms of PFOA and PFOS in the
Fe-Al,03/03 system. Specifically, this study targets to (1) to investigate
the influence of different initial pH values, Os carrier gas flow rates and
catalyst dosages on the PFOA and PFOS defluorination effectiveness of
the Fe-Aly03/03 system; (2) to explore the mechanisms of action of free
radicals (such as *OH and *O3) and non-free radicals (such as !0, and
electron transfer) during the processes of PFOA and PFOS defluorina-
tion; (3) to elucidate the transformation pathways of PFOA and PFOS by
combining DFT theoretical calculations with the identification of
degradation products. Overall, the aim of this study was to provide
guidance for the development and improvement of catalytic O3 oxida-
tion treatments for PFOA and PFOS.

2. Materials and methods
2.1. Experimental material

The commercial catalyst Fe-Al,03 was purchased from Shandong
Haizhiyan Environmental Technology Co. Ltd. All reagents used were of
analytical grade or higher purity, with detailed information on the re-
agents used provided in the Supplementary Materials (Text S1).

2.2. Characterization analysis

The catalysts elemental composition, surface morphology, crystal
structure, surface functional groups, elemental oxidation states and
electrochemical properties were analyzed using X-ray fluorescence
spectroscopy (ED-XRF, EDX-7000, Shimadzu, Japan), scanning electron
microscopy-energy-dispersive X-ray spectroscopy (SEM-EDS, Sigma
300, Zeiss, Germany), X-ray diffraction (XRD, Rigaku, SmartLab, Japan),
X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Fisher,
UK) and an electrochemical workstation (CHI660E, Chen Hua, China).
Active oxidation species were identified using an electron paramagnetic
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Fig. 1. (a) SEM and (b) EDS images; (c) The proportion of elements identified by EDS and (d) XRF; (e) Adsorption-desorption curve; (f) Aperture distribution; (g)

FTIR; (h) XRD; (i) XPS.

resonance spectrometer (EPR, EMXplus-10/12, Bruker, Germany).

2.3. Experimental method

The experiment was conducted at room temperature, in plastic
beakers containing 250 mL of solution spiked with an initial concen-
tration of 2.5 mg-L~! PFOA or PFOS. The catalyst was added and an Og
generator was used to evenly disperse Os into the solution through an
aeration disc at the bottom of the beaker. Samples were collected at
designated time intervals and after filtration through a 0.22 pm syringe
filter membrane, the F~ ion concentration was determined by ion
chromatography. The defluorination rate (DeF) of PFOA and PFOS was
calculated according to Eq. (1). All experiments and tests were per-
formed in triplicate and the results were expressed as a mean value.

F,
DeF = — x 100% (@]
Fo

Where, DeF represents the defluorination rate; F; indicates the concen-
tration of inorganic F~ in the solution at a specific time (mg-L_l); and Fy
represents the initial concentration of organic F~ in the solution
(mg-L’l).

Fo—F,

In =

—kt
Fy

(2)

kre—A0s/05

SF =
ko, + kre—an0,

3

Where, k pe-a1203/03, ko3, and kpe_Alzog(min’l) are the first-order kinetic
constant of PFOA and PFOS removal under synergetic treatment, solo
ozone treatment, and solo Fe-Al,O3 treatment, respectively.

EPR (electron paramagnetic resonance) was used to determine the
*OH, *03 and 10 species in the system following capture by DMPO and
TEMP. The contribution of *OH, *O3 and 'O, to the defluorination of
PFOA and PFOS were calculated through quenching experiments using

25 mmol-L™! TBA, d-BQ and FFA as quenchers for *OH, *O3 and 10,,
respectively. The presence of Fe(IV) in the system was identified indi-
rectly by monitoring the degradation of PMSO and the formation of
PMSO,. The PFOA and PFOS conversion intermediates formed during
the degradation process, were observed via ultra-high resolution
quadrupole-Orbitrap mass spectrometry.

2.4. Analytical methods

The F~ concentration in solution was analyzed using an ion chro-
matograph (ICS-900, DIONEX, America). The conversion intermediates
of PFOA and PFOS were analyzed using an ultra-high resolution
quadrupole-Orbitrap mass spectrometer (UPLC-Q-Orbitrap HRMS,
Thermo Fisher Scientific, China). PMSO and PMSO, were analyzed using
a liquid chromatograph equipped with a UV detector (Waters Alliance
€2695, US). A detailed description of the analytical methods used is
provided in the Supplementary Materials (Text S2).

2.5. Theoretical calculation

All calculations were performed using Gaussian v.09 software. The
B3LYP method within the density functional theory (DFT) framework
was employed to optimize the PFOA and PFOS models at the 6-31G*
basis set level, with frequency calculations and analysis conducted
based on the optimized structures. The data was visualized using Gauss
View v.6 software. The active sites of PFOA and PFOS were determined
based on highest occupied molecular orbital (HOMO) and Fukui func-
tion calculations (Lu and Chen, 2012, 2022).

2.6. Characterization of Fe-Al;03

The morphology and structure of the Fe-Al;O3 catalyst were
analyzed by scanning electron microscopy (SEM), with images revealing
a rough, block-like structure at the micro-scale, as shown in Fig. la.
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Table 1
Fukui index of PFOA.

Atom qN) q(N+1) q(N-1) f f 0 CDD

1(C) 0.2012 0.0656 0.2597 0.0585 0.1356 0.097 0.0771
2(C) 0.1891 0.1436 0.2201 0.031 0.0456 0.0383 0.0146
3(C) 0.18 0.1474 0.1993 0.0194 0.0326 0.026 0.0133
4(C) 0.1797 0.1488 0.2001 0.0204 0.0309 0.0257 0.0105
5(C) 0.1793 0.1504 0.1999 0.0207 0.0289 0.0248 0.0083
6(C) 0.1787 0.1523 0.1991 0.0204 0.0264 0.0234 0.0061

7(C) 0.1765 0.1558 0.1948 0.0183 0.0208 0.0195 0.0025
8(C) 0.278 0.264 0.2916 0.0136 0.0139 0.0138 0.0003
90) -0.2503 -0.397 -0.0734 0.1768 0.1467 0.1618 -0.0301
10(0) -0.1499 -0.2317 -0.0787 0.0712 0.0818 0.0765 0.0106
11(F) -0.0941 -0.1401 -0.0486 0.0456 0.046 0.0458 0.0004
12(F) -0.0967 -0.14 -0.043 0.0537 0.0433 0.0485 -0.0104
13(F) -0.0949 -0.125 -0.0637 0.0313 0.03 0.0306 -0.0012
14(F) -0.0875 -0.1162 -0.0514 0.0361 0.0287 0.0324 -0.0074
15(F) -0.0899 -0.1176 -0.0547 0.0352 0.0277 0.0315 -0.0074
16(F) -0.0913 -0.1186 -0.0546 0.0367 0.0273 0.032 -0.0093
17(F) -0.0908 -0.1161 -0.0561 0.0347 0.0253 0.03 -0.0095
18(F) -0.0896 -0.1141 -0.0527 0.0368 0.0245 0.0307 -0.0123
19(F) -0.0905 -0.1153 -0.0564 0.0341 0.0248 0.0295 -0.0093
20(F) -0.0917 -0.1136 -0.0555 0.0361 0.022 0.029 -0.0142
21(F) -0.0912 -0.1127 -0.0607 0.0305 0.0215 0.026 -0.009
22(F) -0.0916 -0.1099 -0.0575 0.034 0.0183 0.0262 -0.0158
23(F) -0.0888 -0.112 -0.0609 0.0279 0.0232 0.0256 -0.0047
24(F) -0.0907 -0.1045 -0.0711 0.0196 0.0139 0.0167 -0.0058
25(F) -0.091 -0.1046 -0.0692 0.0217 0.0136 0.0177 -0.0081
26(H) 0.2078 0.1612 0.2436 0.0358 0.0466 0.0412 0.0108

Elemental distribution analysis of the Fe-Al,O3 catalyst was performed
using energy-dispersive X-ray spectroscopy (EDS), with the results
shown in Fig. 1b-c. Preliminary results indicated that aluminum (Al) was
the major constituent element of the Fe-Al,O3 catalyst, while combined
analysis of the SEM and EDS images, showed that iron (Fe) was irreg-
ularly embedded within the Al,O3 matrix. The results of elemental
composition analysis by X-ray fluorescence (XRF) are shown in Fig. 1d,
further demonstrating that Al was the main element in the Fe-Al,O3
catalyst, which is consistent with the results of EDS analysis.

The specific surface area of the Fe-Al;03 catalyst was measured and
calculated using a physical adsorption instrument, with the results
shown in Fig. 1e-f and Supplementary Materials (Table S1). The nitrogen
adsorption-desorption isotherm exhibited a hysteresis loop, indicative of
a type IV isotherm, suggesting that the Fe-Al,O3 catalyst possesses a
mesoporous structure. The average specific surface area, average pore
volume and average pore diameter of the Fe-Al,O3 catalyst are pre-
sented in Table 1, showing that the pore sizes were mainly distributed in
the range of 1-10 nm, further indicating a mesoporous structure (Guan
et al., 2022). This finding is consistent with the results obtained from the
nitrogen adsorption-desorption isotherm.

The surface functional groups of the Fe-Al,O3 catalyst were analyzed
by Fourier-transform infrared spectroscopy (FTIR), with the results

shown in Fig. 1g. Absorption peaks were observed at around 3453 cm™!

and 1637 cm ™2, corresponding to the vibration and stretching of H—O
bonds (Guan et al., 2020); a peak at around 587 em ™! was attributed to
the vibration and stretching of Fe—O bonds (Wu et al., 2021); peaks at
around 7770 cm~! were assigned to the vibration and stretching of
Al—O bonds (Zhou et al., 2022); peaks observed around 1081 cm !
indicated the vibration and stretching of C—O bonds (Liu et al., 2020).
The results of FTIR analysis indicated the abundant presence of oxygen-
containing functional groups on the Fe-Al,O3 catalyst, such as hydroxyl
groups, ethers and carboxyl groups (Wang et al., 2020), which play a
crucial role in promoting the catalytic oxidation of Oz and organic
pollutants (Song et al., 2019).

XRD analysis was conducted to examine the crystalline phase and
structural composition of the Fe-Al;O3 catalyst (Fig. 1h). Results
revealed that the characteristic diffraction peaks of the Fe-Al,03 catalyst
matched those of the standard reference cards of SiOy (PDF#79-1906)
and o-Fe;O3 (PDF#33-0664) (Mahajan and Jeevanandam, 2018).
However, no diffraction peaks corresponding to Al;O3 were observed
during XRD analysis, which was attributed to the core-shell structure of
the Fe-Al,Os catalyst. The active metallic elements were located in the
shell layer, while Al was located in the core layer, leading to the unde-
tectability of Al in the core layer during analysis.
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Fig. 2. (a), (d) Effects of different initial pH values on PFOA and PFOS defluorination, respectively; (b), (e) Effects of different O3 carrier gas flow rates on PFOA and
PFOS defluorination, respectively; (c), (f) Effects of different catalyst dosages on PFOA and PFOS defluorination, respectively.

XPS analysis was conducted to examine the surface elemental
composition and oxidation states of the Fe-AlyO3 catalyst (Fig. 1i). The
results of XPS analysis identified the main metallic elements as Fe, Al, C
and O, with Fe 2p peaks observed at binding energies of 710.5 and
724.4 eV, corresponded to the Fe 2ps/» and Fe 2p; /5 orbitals. By fitting
the Fe 2p XPS spectra, the peaks located at 710.3, 712.2, 724.1 and
725.5 eV were assigned to Fe(Il) 2ps 2, Fe(IIl) 2ps,2, Fe(II) 2p; /2 and Fe
(II) 2p1 /2, respectively (He et al., 2023). The peak of Al 2p at a binding
energy of 74.5 eV was assigned to Al—O bonds (Guan et al., 2022). By
fitting the C 1s XPS spectra, the peak positions located at 284.8, 285.6,
286.7 and 289.2 eV were assigned to C—C, C—0—C/C—0, C=0, and
O—C=0 (Chella et al., 2015), while the peaks in the O 1s XPS spectra at
530.6, 531.7 and 532.9 eV were assigned to metal hydroxyl oxygen (M-
OH) or lattice oxygen (Olo), surface-adsorbed oxygen (Oao) or oxygen
vacancies (Ovo) and surface hydroxyl oxygen (Oso) (Bing et al., 2015;
Guan et al., 2022). Overall, the results of XPS analysis indicate the
presence of mixed-valence Fe and an abundance of oxygen-containing
functional groups in the Fe-AlyOs catalyst. The process of redox
cycling by metals between different oxidation states, has a positive effect
on the catalysis of O3 oxidation to generate active oxygen species (Lai
et al., 2019). Furthermore, the abundance of oxygen-containing func-
tional groups also enhances the catalytic performance of the Fe-AlyO3
catalyst. These findings are consistent with the results of FTIR analysis.

3. Results and discussion
3.1. Effect of reaction condition parameters

3.1.1. Effect of initial solution pH on PFOA and PFOS defluorination

The influence of the initial solution pH on the PFOA and PFOS
defluorination efficiency of the system was investigated within an initial
pH range of 5.0 to 12.0, with the result presented in Fig. 2a and d. Within
the initial pH range of 5-10, both PFOA and PFOS defluorination rates
increased under higher initial pH conditions. The optimal defluorination
efficiency was achieved at pH 10.0, with a PFOA defluorination rate of
52.07 % after 30 min and a PFOS defluorination rate of 82.97 % after 12
min. However, further increase in the initial pH to 12, resulted in the

PFOA and PFOS defluorination rates decreasing sharply. Possible rea-
sons for this phenomenon are as follows: 1) Under acidic conditions, O3
directly reacts with pollutants in their molecular state (Zhang et al.,
2019a); 2) Under alkaline conditions, the surface electron density of the
catalyst is higher than under acidic conditions (Zhang et al., 2021). 3)
Due to the electrophilic nature of O3 (Gardoni et al., 2012), O3 molecules
are more easily adsorbed by the catalyst under alkaline conditions.
Through activation and decomposition on the catalyst's surface active
sites (such as electron-rich oxygen-containing groups) (Zhang et al.,
2021), O3 molecules can undergo chain decomposition reactions to
produce active oxygen species (Garcia-Ballesteros et al., 2019; Zoum-
pouli et al., 2020), leading to more efficient pollutant degradation.
However, the defluorination rates of PFOA and PFOS sharply decrease at
an initial pH of 12. We speculate that the reason is that pH 12 belongs to
strong alkaline conditions, and studies have shown that under strong
alkaline conditions, ozone decomposition is inhibited. Additionally,
CO%~ produced in strong alkaline systems quenches and clears *OH
(Alatona et al., 2002; Khuntia et al., 2015), leading to a decrease in the
defluorination rates of PFOA and PFOS.

3.1.2. Effect of O3 carrier gas flow on PFOA and PFOS defluorination
The influence of Og carrier gas flow rate on the defluorination effi-
ciency of PFOA and PFOS was investigated in the range of 2 to 8
L-min~}, with the results presented in Fig. 2b and e. Results show that
the O3 carrier gas flow rate was negatively correlated with the
defluorination rates of both PFOA and PFOS. The optimal defluorination
performance for both PFOA and PFOS was achieved at an O3 carrier gas
flow rate of 2 L-min~?, achieving a PFOA defluorination rate of 52.07 %
after 30 min and a PFOS defluorination rate of 82.97 % after 12 min. The
negative correlation between the defluorination rates of both PFOA and
PFOS and the Os carrier gas flow rate can potentially be attributed to
two factors. Firstly, previous research has shown that a negative corre-
lation exists between O3 concentrations and the carrier gas flow rate,
with increasing carrier gas flow rates leading to a decrease in the
generated O3 concentration (Guan et al., 2020) and subsequently, lower
O3 concentrations participating in the reaction system. Secondly, when
the gas flow rate was excessively high, the contact time between O3 and
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Fig. 3. (a) XPS Fe 2p, Al 2p, Cls and O 1s spectra of Fe-Al;03 before and after the reaction; (b) XRD spectra of Fe-Al,O3 before and after the reaction; (c) FTIR spectra

of Fe-Al,0O3 before and after the reaction.

the catalyst or the solution is reduced. Os molecules that are not
promptly adsorbed by the catalyst escape from the reaction system,
leading to a decrease in the Oz utilization efficiency and incomplete
reaction progression (Guan et al., 2020).

3.1.3. Effect of catalyst dosage on PFOA and PFOS defluorination

The influence of catalyst dosage on the defluorination efficiency of
PFOA and PFOS was investigated, at varying solid-liquid ratios of
catalyst to liquid volume ranging from 1:1 to 1:4 (Fig. 2c and f). Results
showed that the catalyst dosage was positively correlated with the
defluorination rates of both PFOA and PFOS, with the optimal
defluorination efficiency achieved at a solid-liquid ratio of 1:1. Under
optimal conditions, a PFOA defluorination rate of 52.07 % was reached
after 30 min and a PFOS defluorination rate of 82.97 % was reached
after 12 min. The addition of a catalyst significantly improved the
defluorination rates of both PFOA and PFOS in the reaction system, with
a solid-liquid ratio of 1:1 resulting in a 2.32-fold higher PFOA
defluorination rate as compared to the Os-oxidation system, while the
PFOS defluorination rate was 5.92-fold higher than the Os-oxidation
system. The catalyst dosage was found to be positively correlated to the
defluorination rates of both PFOA and PFOS, which was speculated to be
due to two factors. Firstly, the adsorption of O3 by the catalyst prolongs
the contact time between O3 and the liquid phase in the system, facili-
tating the decomposition of O3 molecules, generating reactive oxidative
species (Garcia-Ballesteros et al., 2019; Zoumpouli et al., 2020) and
promoting the defluorination of PFOA and PFOS. Secondly, previous
research has shown that as a catalytically active metal, a-FepO3, can
effectively enhance the generation of reactive oxidative species within
the system (Kohantorabi et al., 2022; Liang et al., 2023), which is
beneficial to the defluorination of PFOA and PFOS.

3.2. Mechanistic analysis
3.2.1. Catalytic mechanism analysis
a Analysis of reaction sites

XPS analysis results of the Fe-Al,O3 catalyst before and after multiple
cycles of use (Fig. 3a), showed that the proportions of Fe?* and Fe3*
before the reaction were 50.6 % and 49.4 %, while after the reaction the
relative proportions were 42.5 % and 57.5 %, indicating that a small
portion of Fe?" was converted to Fe>' during the reaction. The pro-
portions of C—C, C-O-C/C-O, C—=0 and O-C=0 functional groups before
the reaction were 53 %, 24.8 %, 7.8 % and 14.4 %, respectively, while
after the reaction their proportions were 45.3 %, 23.7 %, 19.9 % and
11.6 %, respectively, showing a change in certain carbon functional
group structures during the reaction. The proportions of M-OH or Olo,
Oao or Ovo, and Oso functional groups before the reaction were 28.6 %,
56.5 % and 14.9 %, while after the reaction their proportions were 29.1
%, 46.5 % and 24.4 %, indicating changes in certain oxygen-containing
functional group structures during the reaction process. In summary, the
elements Fe, C and O all played significant roles in the catalytic process.

A comparison of the catalysts XRD spectra before and after use
(Fig. 3b), showed that the elemental diffraction peak signals weakened
slightly after use, indicating degradation of the catalyst materials
structure due to gas and liquid flow. Although some loss in catalytic
performance was observed with use, the overall change in activity was
not significant, suggesting that the surface lattice structure of the cata-
lyst was relatively stable. A comparison of the FTIR results for the
catalyst before and after use (Fig. 3c), shows a reduction in the abun-
dance of functional groups after use, indicating the involvement of
oxygen-containing functional groups in the catalytic process. In
conclusion, C and O functional groups and the variable valence metal Fe
are important reaction sites for the catalytic process.

b Identification of active oxides
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Fig. 4. (a) EPR spectra of '0,, “OH and *O3 in the Fe-Al,03/03 system; (b) Quenching test results in the Fe-Al,05/05 system; (c) PMSO degradation and PMSO,
generation curve for the Fe-Al;03/03 system; (d) CV, LSV and EIS curves for Fe-Al,03.

The possible reactive oxygen species within the system were iden-
tified through EPR, with the results shown in Fig. 4a. The system
exhibited characteristic signal peaks of 1:1:1 for 105, 1:2:2:1 for *OH and
1:1:1:1 for *O3 (Guan et al., 2022), confirming the presence of 10,, *OH
and *O3 in the system, with peak intensities following the ranked order
of 10, > *OH > *03. The reactive oxygen species generation pathways
are shown in Egs. (4)-(16), in which Og self-decomposes with water to
generate *OH, initiating a free radical chain reaction that gradually
generates 10, and *03. The contribution of each reactive oxygen species
to the defluorination of PFOA and PFOS was explored through
quenching experiments, allowing the specific contribution rates of each
reactive species to be calculated according to Eq. (17). As shown in
Fig. 4b, the PFOA defluorination rate decreased by 14.64 %, 1.54 % and
31.64 % when TBA, d-BQ and FFA were added, respectively, while the
PFOS defluorination rate decreased by 17.68 %, 3.75 % and 35.23 %,
respectively. These results indicate that during the process of PFOA and
PFOS defluorination, the contribution of each reactive oxygen species
followed the ranked order of 105 > *OH > *O3, which was consistent
with the results of EPR. However, previous research has indicated that
the defluorination of PFOA and PFOS does not solely rely on the activity
of 105, *OH and *O3, with other reactive species or processes potentially
involved in the defluorination reaction. For example, studies have
shown that electron transfer plays an important role in the degradation
of pollutants such as PFOA and PFOS by advanced oxidation processes
(Huang et al., 2016; Kong et al., 2022; Li et al., 2022b). Considering the

characteristics of this catalyst, it may be speculated that an electron
transfer pathway exists within the system and this possibility will be
explored further in the following discussion.

0; + H,0-20H + 0, )]
0; + OH—-HO, + 0, )
0; +HO, -»HO; ™ +0, (6)
HO;—0, + OH @)
HO;~0,” +'0, +H* ®)
0,"—»OH+ '0,+OH" 9
0,” +H*='0, + H,0, 10
0™ +2H"—20H 1)
Fe*t + 0, »Fe* + 0, 12)
Fe’™ + HO,—Fe’™ + 0,+ H' 13
0; +Fe*" -0, + FeV O** a4
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Fe’* + O3 +4H">Fe'VO* +HO- +2H,0 (15)
Fe'VO* +Fe?* + 2H'—>2Fe*" + H,0 (16)
DeF, = DeF — DeFguencn 17

¢ Electron transfer mechanism.

The electrochemical properties of the catalyst material were
analyzed using an electrochemical workstation and the results are
shown in Fig. 4d, in which CV represents the oxidation-reduction po-
tential, showing that the material exhibits a high oxidation current,
indicating good electron transfer performance (Ren et al., 2019). LSV
represents the current, with the material exhibiting a high LSV current,
indicating good conductivity for electron transfer (Chen et al., 2023).
EIS represents the charge transfer resistance and a smaller arc indicates
lower resistance. The catalyst material exhibited a smaller degree of
impedance (Chen et al., 2022), which is beneficial for chemical reactions
(Afzal et al., 2017; Li et al., 2019). The activation of O3 involves inter-
face electron transfer and redox cycling is an important rate-limiting

step in the activation of O3 (Chen et al., 2023). The difference in elec-
tronegativity of metals leads to the rearrangement of electron distribu-
tion, forming dual reaction centers on the catalyst materials surface (i.e.,
electron-deficient and electron-rich regions), helping the catalyst ach-
ieve electron balance (Lyu et al., 2016).

High-valence metals also play a significant role in the acceleration of
electron transfer. High-valence Fe species have a wide applicable pH
range, serving as strong oxidants under both acidic and alkaline condi-
tions (Lai et al., 2020). Previous studies have indicated that Fe?* and
Fe®' can react with O3 to produce Fe(IV), as described in Egs. (4)-(16)
(Wang et al., 2018; Zhang et al., 2013). In this study, 0.43 mmol-L~!
PMSO was added to the Fe-Aly03/03 system as a probe to determine the
presence of Fe(IV), as described in Eq. (18), with the identification
principle involving the reaction of high-valence metal oxides with PMSO
through oxygen atom transfer to generate PMSO,. The presence of Fe
(IV) was determined by assessing the degradation of PMSO and the
formation of PMSO, (Fig. 4c). However, the observed rate of PMSO,
production was only 31 %, suggesting the presence of other substances
in the system that contribute to the consumption of PMSO.
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Table 2
Fukui index of PFOS.
Atom q(N) q(N+1) q(N-1) f f £ CDD
1(C) 0.1792 0.1346 0.2093 0.0301 0.0446 0.0374 0.0146
2(C) 0.1776 0.1377 0.1973 0.0196 0.0399 0.0298 0.0203
3(C) 0.1797 0.1386 0.1992 0.0196 0.0411 0.0303 0.0215
4(C) 0.1794 0.1407 0.1993 0.0199 0.0387 0.0293 0.0188
5(C) 0.1794 0.1441 0.1995 0.0201 0.0354 0.0277 0.0153
6(C) 0.1789 0.1486 0.1988 0.0199 0.0303 0.0251 0.0104
7(C) 0.1767 0.154 0.1948 0.0181 0.0227 0.0204 0.0046
8(C) 0.2781 0.2634 0.2915 0.0134 0.0147 0.0141 0.0014
9S) 0.5158 0.4572 0.5671 0.0513 0.0586 0.0549 0.0073
10(0) -0.2814 -0.3554 -0.1832 0.0982 0.074 0.0861 -0.0243
11(0) -0.2961 -0.3408 -0.2147 0.0814 0.0448 0.0631 -0.0366
12(0) -0.1841 -0.2295 -0.1407 0.0434 0.0455 0.0444 0.0021
13(F) -0.0729 -0.1073 -0.0295 0.0434 0.0344 0.0389 -0.009
14(F ) -0.0778 -0.1107 -0.0337 0.0442 0.0329 0.0385 -0.0113
15(F) -0.0812 -0.1163 -0.0481 0.0331 0.0351 0.0341 0.002
16(F ) -0.0927 -0.122 -0.0651 0.0275 0.0293 0.0284 0.0018
17(F) -0.089 -0.1219 -0.0563 0.0328 0.0329 0.0328 0.0001
18(F) -0.0867 -0.12 -0.0548 0.0319 0.0333 0.0326 0.0014
19(F) -0.0876 -0.1191 -0.0538 0.0339 0.0315 0.0327 -0.0024
20(F) -0.0898 -0.1211 -0.058 0.0319 0.0313 0.0316 -0.0005
21(F) -0.0895 -0.1177 -0.0546 0.0349 0.0282 0.0315 -0.0067
22(F) -0.089 -0.1194 -0.0553 0.0337 0.0304 0.0321 -0.0033
23(F) -0.0901 -0.1148 -0.055 0.0351 0.0247 0.0299 -0.0104
24(F) -0.09 -0.1176 -0.0573 0.0328 0.0276 0.0302 -0.0052
25(F) -0.0915 -0.1112 -0.0583 0.0332 0.0197 0.0265 -0.0135
26(F) -0.0906 -0.1141 -0.0605 0.0302 0.0234 0.0268 -0.0067
27(F) -0.0902 -0.1048 -0.0711 0.0191 0.0146 0.0168 -0.0046
28(F) -0.0902 -0.1047 -0.0688 0.0214 0.0146 0.018 -0.0068
29(F) -0.0879 -0.1125 -0.0607 0.0272 0.0246 0.0259 -0.0026
30(H) 0.2036 0.1622 0.2224 0.0188 0.0414 0.0301 0.0226
O O suggests a higher susceptibility to electrophilic attack (Gao et al., 2021).
The calculation results presented in Fig. 5a, Table 1, Table 2 and Fig. S1
]SI + FelVOz*‘ e :\S/< + Fez+ (Supplementary Materil:a)ls), show thatg the HOMO overlap of PFOSgwas
R/ \C H 3 R CH 3 larger than that of PFOA, indica.ting that PF.OS is more susceptible to
18) electron transfer and attack from its surroundings. For PFOA, C(1), 0(9),

3.2.2. Degradation and defluorination mechanism analysis

The highest occupied molecular orbital (HOMO) and Fukui functions
of PFOA and PFOS were calculated using the DFT method. The HOMO
can be used to characterize the electron-donating capability of pollut-
ants, while the Fukui indices f", f~ and fo, represent nucleophilic,
electrophilic and radical activity, respectively, with larger values indi-
cating higher reactivity (Niu et al., 2013; Zhang et al., 2019b). The
ground-state charge density difference (CDD) reflects the electrophilic
and nucleophilic properties of an atom, where a higher CDD value im-
plies a greater susceptibility to nucleophilic attack, while a lower value

0(10), F(11), F(12), F(16) and F(18) were found to have relatively
higher f~ values, suggesting that these sites are more susceptible to
electrophilic attack leading to electron transfer, decarboxylation and
defluorination reactions. In addition, sites C(1), C(2), C(3), 0(9), 0O(10),
F(11), F(12) and H(26) exhibited larger f" values, indicating that these
sites are more prone to nucleophilic attack resulting in carbon-carbon
bond cleavage, decarboxylation and defluorination reactions. C(1), C
(2), 0(10), F(11), F(12) and H(26) had larger 0 values, suggesting that
these sites were more susceptible to radical attack leading to decar-
boxylation. Similarly, PFOS was also found to be able to undergo elec-
tron transfer, carbon-carbon bond cleavage, desulfonation and
defluorination reactions through electrophilic, nucleophilic and radical
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in the Fe-Al,03/03 system.

attack. CDD value analysis indicated that the sulfonic acid group of
PFOS was more susceptible to electrophilic attack than the carboxylic
acid group of PFOA, while the a-C of PFOA was more susceptible to
nucleophilic attack than the a-C of PFOS.

This study employed LC-MS/MS for the qualitative detection of in-
termediate products of PFOA and PFOS degradation in this system.
Based on the experimental results and the analysis of relevant literature,
it may be preliminarily speculated that the intermediate products of
PFOA mainly include six short-chain perfluorocarboxylic acids, while
the intermediate products of PFOS mainly include three per-
fluorosulfonic acids, seven perfluorocarboxylic acids and five per-
fluoroalkanes. A complete list of the specific substances are presented in
Table S2 (Supplementary Materials) and the degradation and defluori-
nation pathways are illustrated in Fig. 5b.

It may be speculated that PFOA can undergo two degradation
pathways: 1) The formation of short-chain perfluorocarboxylic acids:
PFOA is initially adsorbed to the catalyst surface (rich in oxygen groups)
through -COO- bonds and undergoes direct electron transfer with the
catalyst surface via ROS to form C;F15COO* (Fu et al., 2022). Nucleo-
philic substitution results in Kolbe decarboxylation, generating C7F;5*
(Yang et al., 2023), which further reacts with *OH to form the unstable
molecule C;F150H, which then undergoes defluorination to form
CgF13COF. Subsequent hydrolysis and defluorination leads to the for-
mation of CgF13COOH (Guo et al., 2022; Kundu and Radian, 2022), with
further degradation of CgF13COOH occurring via similar pathways to
form shorter-chain perfluorocarboxylic acids. 2) Mineralization into
CO5 and F: C;F;5* is formed from the Kolbe decarboxylation of PFOA,
which then reacts with *OH or 10, to generate C;F150°, with further
decomposition into CgFy3* and COFs. COF5 can be easily hydrolyzed to
CO9 and F~, while CgF;3* participates in subsequent reactions generating
shorter-chain perfluoroalkyl radicals, eventually leading to the forma-
tion of CO3 and F~ through mineralization (Fu et al., 2022).

It may be speculated that PFOS can undergo four degradation
pathways: 1) Formation of short-chain perfluorosulfonic acids: PFOS is
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first adsorbed to the oxygen group rich surface of the catalyst through
-SO3- bonds, followed by *SOs- removal to form CgFy7°, which then re-
acts with *OH to generate CgF;yOH and subsequently, undergoes
defluorination to form C;F;5COF. Further hydrolysis and defluorination
lead to the formation of C;F15COOH, which forms CyF;5* after electron
transfer and Kolbe decarboxylation, before finally reacting with *SOs- to
regenerate short-chain perfluorosulfonic acids (Kim et al., 2019; Liet al.,
2022a; Yang et al, 2021). 2) Formation of short-chain per-
fluorocarboxylic acids: As described for the PFOA degradation pathway,
PFOS can also generate short-chain perfluorocarboxylic acids. 3)
Mineralization into CO, and F: As described for the PFOA degradation
pathway, PFOS can also undergo mineralization into CO3 and F . 4)
Formation of perfluoroalkanes: PFOS undergoes desulfonation and C—F
bond cleavage, followed by intramolecular free radical cyclization to
form perfluoroalkanes (Singh et al., 2019). Further removal of -CF»-
leads to the formation of C4Fg. Previous studies have shown that PFOA
and PFOS degradation and defluorination pathways involve the stepwise
removal of -CFs- (Bruton and Sedlak, 2018; Kim et al., 2019; Saleh et al.,
2017), which is consistent with the results of theoretical calculations in
the present study and the inferred degradation pathways.

3.2.3. Synergistic effects analysis

To explore the synergistic defluorination effect of Fe-Al;03/03 on
PFOA and PFOS, the concept of synergistic factor (SF) was introduced
(Liang et al., 2021; Sun et al., 2023). It is generally believed that when
the synergy factor is greater than 1, the synergy effect is better. Ac-
cording to e Egs. 2-3, it can be calculated that the synergistic factor of
Fe-Al,03/03 for defluorination of PFOA is 4.25, and for defluorination
of PFOS is 10.26 (Table S4). The synergistic factors are all greater than 1,
indicating that Fe-Al,03/03 has a strong synergistic effect on the
defluorination of PFOA and PFOS.



Y. Zhang et al.
3.3. Toxicity evaluation

Using the Toxicity Estimation Software Tool (T.E.S.T.), six major
PFOA intermediates and fifteen major PFOS intermediates were evalu-
ated in terms of their toxicity. The evaluation criteria included the
bioconcentration factor (BCF) and acute aquatic toxicity (LC50-96 h) to
the fathead minnow. As shown in Fig. 6, the BCF values for PFOA and
PFOS were 2.34 and 2.96 (Fig. 6a and c), indicating that both have a
high bioaccumulation potential. The predicted LC50-96 h values for
PFOA and PFOS were 4.66 mgL™! and 0.91 mgL~!, respectively
(Fig. 6b and d), indicating a high degree of aquatic toxicity. After the
reaction, both the BCF values and the acute aquatic toxicity of PFOA and
PFOS decreased significantly, indicating that during the reaction process
they were gradually transformed into substances with a lower bio-
accumulation potential and toxicity. These findings suggests a signifi-
cant reduction in ecological risk following treatment. In conclusion, the
Fe-Al,03/03 system is a safe, sustainable and effective method for the
treatment of PFOA and PFOS.

4. Conclusions

The optimal conditions for PFOA and PFOS defluorination using the
Fe-Al,03/03 system were found to consist of an initial pH of 10, with a
carrier gas flow rate of 2 L-min ! and a solid-to-liquid ratio of 1:1. Under
these conditions, the PFOA defluorination rate reached 52.07 %, while
the PFOS defluorination rate reached 82.97 %. The Fe-Alp03/03 system
was found to contain ROS and Fe(IV), which serve as crucial substances
and sites for catalysis and the degradation of pollutants. Based on the
results of catalyst characterization, DFT calculations and the identifi-
cation of intermediate products, it may be speculated that PFOA mainly
undergoes Kolbe decarboxylation and alcoholization to generate short-
chain perfluorocarboxylic acids, while PFOS mainly undergoes desul-
fonation, Kolbe decarboxylation and alcoholization to produce short-
chain perfluorosulfonic acids and perfluorocarboxylic acids. Molecular
intramolecular radical cyclization led to the formation of per-
fluoroalkanes. During the reaction process, the synergistic oxidation
effects of both radical and non-radical species promoted the degradation
and defluorination of PFOA and PFOS.
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