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Text S1. PFAS research hotspots. 

Currently, they can be divided into four main categories. The first is degradation methods mainly involving 

redox reactions (green section), among which AOPs and ARPs are primarily used, due to their strong degradation, 

defluorination, and mineralization capabilities(Lei et al., 2020). The second is the adsorption method (purple 

section), where various adsorbents (such as activated carbon, ion exchange resin, and biochar) have been 

developed, but their application have been limited by relatively pronounced adsorption saturation, high cost and 

low efficiency(Wang et al., 2023a). The third method is the biodegradation (red section), which has been little 

studied due to the poor biodegradability of PFAS(Zhang et al., 2022; Berhanu et al., 2023). The fourth type are 

other methods (blue section), which mainly include nanofiltration, reverse osmosis, etc. These methods have high 

cost, low removal rate, and are not ideal for removing PFAS(Johnson et al., 2022; Chaudhary et al., 2023).  

  



Table S1 Comparison between PS-AOP, H2O2-Fenton, electrocatalytic and catalytic ozone technologies 

Type 
Reaction 

conditions 

Main 

active 

substa

nces 

PFAS degradation 

efficiency 
Cost 

Environmental 

impact 

Reference

s 

PS-AOPs 

Mild conditions 

(ambient 

temperature and 

pressure), wide pH 

range (acidic to 

alkaline) 

SO₄•, 

•OH, 

O2•, 
1O2, 

etc. 

High (efficiently 

breaks C-F bonds), 

especially effective 

against long-chain 

PFAS 

Moderate, no 

complex 

equipment 

required 

Fewer by-products 

(Lee et al., 

2020; 

Ding et 

al., 2024) 

H₂O₂-Fenton 

Acidic conditions 

(pH 2-4), iron 

catalyst required 

•OH, 

O2•, 
1O2, 

etc. 

Lower (less 

effective for long 

chain PFAS) 

Low (low cost 

of H₂O₂ and 

iron salts), but 

requires pH 

adjustment 

Possible generation 

of iron-containing 

sludge and toxic 

intermediates 

(Schlesing

er et al., 

2022; 

Quiroz-

Vela et 

al., 2024) 

Electrocatalys

is 

Requires applied 

current and 

electrode material 

(e.g., boron-doped 

diamond electrode) 

•OH, 

H2O2, 

O2•, 
1O2, 

etc. 

Medium (dependent 

on electrode activity 

and current density), 

high energy 

consumption 

High (high 

equipment 

and energy 

costs) 

No chemical 

additives, but 

electrode loss and 

energy consumption 

are significant 

issues 

(Chen et 

al., 2023; 

Meng et 

al., 2024) 

Catalytic 

ozonation 

technologies 

Neutral to alkaline 

conditions (pH 7-

9), ozone generator 

and catalyst are 

required. 

•OH, 

O2•, 
1O2, 

etc. 

Medium (short 

chain PFAS are 

more easily 

degraded), ozone 

mass transfer 

efficiency limits 

overall effectiveness 

Higher (high 

energy 

consumption 

for ozone 

generation, 

possible 

catalyst 

deactivation) 

Risk of ozone 

leakage with 

possible by-

products such as 

aldehydes 

(Wu et al., 

2018; 

Lashuk et 

al., 2022) 

  



Text S2. PFAS in environment 

Generally, F is derived from the mining of fluorite (CaF2) ores, during which fluorite is digested to form 

hydrofluoric acid (HF). Production of starting materials for synthesizing PFAS through direct fluorination or 

oligomerization, HF, and other non-PFAS based chemicals, and further conversion into PFAS with C-F 

bonds(Schwichtenberg et al., 2020). During product processing, PFAS gradually enter the environment through 

sewage, exhaust gas and solid waste. More insidiously and importantly, PFAS can also slowly leach out through 

the use of everyday products(e.g. clothes, bags, non-stick pans)(Holder et al., 2023). With further transport and 

transformation, PFAS will be found in a variety of environmental media. Due to its toxicity and cumulative nature, 

the food chain can become a chain of transmission of PFAS to biological health hazards(Sadia et al., 2023). 

Prolonged exposure to PFOS, even at low doses, can result in negative human health effects such as cancer, 

neurotoxicity, thyroid disorders, and developmental and reproductive disorders(Curtzwiler et al., 2021; 

Loganathan and Wilson, 2022; Vendl et al., 2022; Yang et al., 2023).  

 



Table S2 Current PS-AOPs and sulfite-ARPs methods for PFAS removal and their efficiencies 

Type Method Reaction conditions 

Reaction 

time(h) 

Initial 

concentration 

Degradati

on rate 

(%) 

Defluorin

ation rate 

(%) 

Mineral

ization 

rate 

(%) 

Degradatio

n 

efficiency(

mol/h) 

Defluoridat

ion 

efficiency(

mol/h) 

References 

PS-

AOPs-

PFAS 

UV/PS 

PS= 15 mmol/L 

254 nm UV 

16 W 

 

8 

150 mol/L 

 (62.11 mg/L) 

PFOA 

(1 L) 

85.6 41.29 28.97 16.05 116.13 

(Qian et al., 

2016) 

BC activated PMS 

60℃ 

PMS= 10 mmol/L 

1 g/L ISBC  

pH=6.4 

2  

4.8 mol/L  

(2 mg/L)  

PFOA 

(0.25 L) 

99.6 90.8 89.4 0.60 8.172 

(Fu et al., 

2022) 

In2O3/PS/sun light 

Light (320-780nm) 

PS= 10 mmol/L 

pH=3.7 

In2O3=0.05  g/L 

10 

12 mol/L 

(5 mg/L)  

PFOA 

(0.05 L) 

98.6 94.2 - 0.059 0.8478 

(Yuan et al., 

2022) 



In2O3/PS 

PS= 10 mmol/L 

pH=3.7 

In2O3 = 0.05  g/L 

4 

12 mol/L 

(5 mg/L)  

PFOA 

(0.05 L) 

- 50 - - 1.125 

Carbon haerogel/PS 

pH=3.8 

PS= 50 mmol/L 

Carbonaerogel= 0.1 g/L 60°C 

8 

241.8 μmol/L 

(100 mg/L) 

PFOA 

(1 L) 

85.7 34.5 - 25.90 156.41 

(Lee et al., 

2022) 

PS 

pH=3 

 PS= 50 mmol/L 

60°C 

8 

241.8 μmol/L 

(100 mg/L) 

PFOA 

(1 L) 

58.2 23.1 - 17.59 104.73 

UV/PS 

PS= 50 mmol/L 

200 W 

4  

12  

1350 mol/L  

(559 mg/L)  

PFOA 

(0.022 L) 

100 

(4 ) 

73.8 

(12 ) 

- 7.43 27.40 

(Hori et al., 

2005) 

UV/PS 

253.7 nm 8.0 mW/cm2  

pH=10 

PDS= 20 mmol/L 

3  

168.2 mol/L 

(55.53 mg/L) 

GenX 

<5 - - 0.13 - 

(Bao et al., 

2018) 



(0.045 L) 

UV/PS 

253.7 nm 

PS= 20 mmol/L 

pH=6 

0.167 

160 μmol/L 

(68.2 mg/L) 

6:2 FTS 

(0.045 L) 

100 20 

40(480 

min) 

43.11 112.1 

(Bao et al., 

2021) 

ZVI/PS/ Microwave 

PS= 5 mmol/L 

3.6 mmol/L ZVI 

90℃ 

2  

240.7 mol/L 

(99.6 mg/L) 

PFOA 

(0.05 L) 

67.6 22.5 - 4.07 20.31 

(Lee et al., 

2010a) 

 Heat/PS 

PS= 20 mmol/L 

60℃ 

48  

5 μmol/L 

(1.65 mg/L) GenX 

(0.04 L) 

97 83 - 0.004 0.038 

(Ding et al., 

2022) 

UV/PS 

PS= 10mmol/L 

253.7 nm 

8.0 mW/cm2  

0.1 

5 

160 μmol/L 

(100 mg/L) 

OBS 

(0.04 L) 

100 

(0.1) 

27 

(5) 

- 64 5.875 

(Liu et al., 

2022c) 

US/PS 

PS= 4.2 mmol/L 

pH= 3.69 

20 kHz 550 W 

6 

10 μmol/L 

(4.14 mg/L) 

PFOA 

100 99 - 1.67 24.75 

(Lei et al., 

2020) 



+ 43 kHz 250 W  (1 L) 

US/PS 

PS= 4.2 mmol/L 

pH= 3.69 

20 kHz  550 W + 43 kHz  250 W 

6 

5.79 μmol/L 

(0.0057 mg/L) 

PFOS 

(1 L) 

100 47 - 0.965 6.80 

US/PS 

PS= 4.2 mmol/L 

pH= 3.69 

20 kHz  550 W + 43 kHz  250 W 

6 

~7 μmol/L 

(3.15 mg/L) 

6:2FTS 

(1 L) 

100 87 - 1.17 13.20 

US/PS 

PS= 1 mmol/L 

20.00 ± 0.20 kHz 

900 W 

2 

1.207 μmol/L 

(0.5 mg/L) 

PFOA 

(0.05L) 

~92 84.54 - 0.03 0.38 

(Xiong et 

al., 2023) 

PS 

PS= 50mmol/L 

27℃ 

12  

253.8 μmol/L 

(105.1 mg/L) 

PFOA 

(0.05 L) 

12.7 27.1 2.64 0.134 0.023 (Lee et al., 

2009) 

mol/Licrowave/PS PS= 50mmol/L 6  253.8 μmol/L 100 79.9 - 2.12 25.35 



70W 

90℃ 

(105.1 mg/L) 

PFOA 

(0.05 L) 

mol/Licrowave/PS 

PS= 50mmol/L 

45 W 

60℃ 

8  

253.8 μmol/L 

(105.1 mg/L) 

PFOA 

(0.05 L) 

100 81.9 - 1.586 19.48 

mol/Licrowave/PS 

PS= 50 mmol/L 

140 W 

130℃ 

1  

253.8 μmol/L 

(105.1 mg/L) 

PFOA 

(0.05 L) 

92.4 40 - 11.726 76.14 

 Heat/zeolite/PS 

PS= 100 mmol/L 

pH =3.0 

70℃ 

50 g/L zeolite 

1.5  

240 μmol/L 

(100 mg/L) 

PFOA 

(0.03 L) 

99.8 71 - 4.790 51.12 

(Qian et al., 

2022) 

Al2O3 /PS  

2.58g Al2O3 

1.37g PS 

350 r/min  

100℃ 

2 

240 μmol/L 

(100 mg/L) 

PFOA 

(0.25 L) 

99 96 98 28.8 432 

(Wang et 

al., 2019) 



mixed with H2  

UV/PS 

253.7 nm 

8.0 mW/cm2 

PS= 10 mmol/L pH=10 

0.1 

5 

- 

160 μmol/L 

(100 mg/L) 

OBS 

(0.04 L) 

46.9 

(0.1) 

27.6 

(5) 

9.8 30.015 6.006 

(Liu et al., 

2022b) 

UV/PS 

253.7/184.9 nm 

8.0 mW/cm2 

pH=12 

PS= 20 mmol/L 

8 

100mol/L 

HFPO-TA 

(0.04 L) 

65 30.3 - 0.325 2.87 

(Gu et al., 

2023) 

Other 

AOPs-

PFAS 

BDD anode 

0.0070 m2 

50 mA/cm2 

10  

37.2 mg/L 

PFOA 

99.7 - >90 - - 

(Ruiz et al., 

2017) 

CrNi-foam/BDD 

Electro-Fenton  

16 mA/cm2   

pH=3  

4  

82 mg/L 

GenX 

- - 92.2 - - 

(Olvera-

Vargas et 

al., 2022) 

Photocatalytic 

BiOCl 

0.5g/L BiOCl  3  

8.3 mg/L 

PFOA 

100 59.3 - - - 

(Song et al., 

2017) 

BDD anodic 

oxidation 

Nb/BDD 

anod stainless-steel cathode50 mA 

cm 2 

5  

4.98 mg /L 

GenX 

60 45 - - - 

(Pica et al., 

2019) 



pH=7 

TiO2 /UV 

UV lamp 254 nm 

 400W  

12  20.7 mg/L PFOA 18.6 0 - - - 

(Chen et al., 

2016) 

Pb-TiO2 /UV 

UV lamp 254 nm 

400W  

12  20.7 mg/L PFOA 99.9 22.4 - - -  

BDD Room temperature    43  2 mg/L PFBS 45 - - - - 

(Trautmann 

et al., 2015) 

BDD Room temperature   43  2 mg/L PFHxS 91 - - - - 

BDD Room temperature   43  2 mg/L PFOS 98 - - - - 

UV irradiation Low pressure,254 nm, 32 W 240  16.6 mg/L PFOS 27.2 - - - - 

(Yamamoto 

et al., 2007) 

UV-irradiation 

LP UV lamp  

254 nm, 20W  

4  

20.7-27.8 mg/L 

PFCA 

98.6 69 88.9 - - 

(Giri et al., 

2014) 

Photocatalytic BiOF 50 % EG-BiOF  6  

15 mg/L 

PFOA 

100 26 56.8 - - 

(Wang et 

al., 2021) 

Photocatalytic Ga/ 

TNTs@AC 

3 g/L  Ga/TNTs@AC  pH=7.0  

UV=210W/m2 

2 

0.1mg/L 

PFOS 

75 66 - - - 

(Zhu et al., 

2021) 

H2O2/UV O2 0.48mol/Lpa  72 

12.25 mg/L 

PFOA 

26.5 - - - - 

(Hori et al., 

2004) 

UV-visible light O2 0.48mol/Lpa  24 12.25 mg/L 13.3 - - - -  



PFOA 

BDD electrodes 

 10 mA cm–2 

pH= 3 

10 mmol/L NaClO4 T= 25 ± 1 °C  

3 

116 mg/L 

PFNA 

PFDA 

98.7 

96.0 

88 

50.7 

 

88.0 

81.1 

- - 

(Lin et al., 

2013) 

PbO2 electrodes 

10 mA cm–2  pH= 3, 10 mmol/L 

L–1 NaClO425 ± 1 ℃  

3 

116 mg/L 

PFNA 

PFDA 

97.1 

92.2 

78.1 

40.9 

92.6 

87.2 

- - 

(Lin et al., 

2013) 

SnO2 electrodes 

10 mA cm–2 

pH= 3 

10 mmol/L NaClO25 ± 1 °C  

3 

116 mg/L 

PFNA 

PFDA 

95.8 

88.7 

72.4 

32.0 

95.4 

91.9 

- - 

(Lin et al., 

2013) 

UV–vis/ZnxCu1-

xFe2O4/oxalic acid 

20 mW/cm2  

50 mg ZnxCu1-xFe2O4 0.1mol/L 

oxalic acid N2 pH=1.73 

12 

100mg/L 

PFOA 

86.7 - - - - 

(Verma et 

al., 2021) 

Biochar 

hydrothermal 

degradation 

240℃ 

1 g BC-ZVI 

192  10 mg/L PFOA 100 63.2 - - - 

(Yang et al., 

2022) 

Sulfite-

ARPs-

PFAS 

VUV/Sulfite 

253.7/184.9 nm 

8.0 mW/cm2 pH=12  

Sulfite= 2 mmol/L  

8 

100 mol/L 

(51.21 mg/L) 

HFPO-TA 

91.1 56.6 - 0.456 5.377 

(Gu et al., 

2023) 



(0.04 L) 

UV/Sulfite 

253.7/184.9 nm 

8.0 mW/cm2 

pH=12 

Sulfite= 2 mol/L  

8 

100 mol/L 

(51.21 mg/L) 

HFPO-TA 

(0.04 L) 

99.9 81.5 - 0.499 7.74 

(Gu et al., 

2023) 

UV/Sulfite 

253.7 nm 

Sulfite= 20 mmol/L 

pH=10 

2 

4 

160 μmol/L 

(68.2 mg/L) 

6:2 FTS 

(0.045 L) 

60 

(2) 

90 

(4) 

- 2.16 21.06 

(Bao et al., 

2021) 

Sulfite 

Na2SO3=  20  mmol/L   

60 °C 

3 

4.8 mol/L 

(2.0 mg/L) 

 PFOA 

(0.15 L) 

3 - - 0.0072 - 

(Zhang et 

al., 2021) 

AlCNi/Na2SO3 

AlCNi = 7  g/L   Sulfite =  20 

 mmol/L 

60 °C 

3 

2.4 mol/L 

(1.0  mg/L) 

PFOA  

(0.15 L) 

44.6 - - 0.5352 - 

Na2SO3/AlCNi/UV 

245 nm AlCNi] = 7  g/L   Sulfite  = 

20 mmol/L  

3 

2.4 mol/L 

(1.0  mg/L) 

70 - - 0.084 - 



60 °C PFOA 

(0.15 L) 

UV/Sulfite 

253.7 nm  

8.0 mW/cm2 

Sulfite= 20 mmol/L 

pH=10 

0.33 

5 

160 μmol/L 

(100 mg/L) 

OBS 

(0.04 L) 

100 

(0.33) 

87.7 

(5) 

- 19.39 19.08 

(Liu et al., 

2022b) 

UV/Sulfite   

Sulfite= 10 mmol/L 

pH=10  

21℃ 

- 

24.15 μmol/L 

(10 mg/L) 

PFOA 

(0.013L) 

100(1h) 89(24) - 0.314 0.35 

(Ren et al., 

2021) 

UV/ Sulfite 

Sulfite= 10 mmol/L 

pH = 9.5 

20℃ 

254 nm 

12 

25 mol/L 

(2.85 mg/L)  

TFA 

(0.6 L) 

100 100 - 1.25 3.75 

(Bentel et 

al., 2019) 

UV/ Sulfite 

Sulfite =10 mmol/L 

pH = 9.5 

20℃ 

254nm 

8 

25 mol/L 

(11.60 mg/L) 

PFNA 

(0.6 L) 

100 58 - 1.875 18.49 

UV/ Sulfite Sulfite =10 mmol/L 48 25 mol/L 90 37 - 0.28 1.97 



pH = 9.5 

20℃ 

254 nm 

(10.30 mg/L)\ 

8:2 FTCA 

0.6 L 

UV/diamond 

catalytic system 

Sulfite =10 mmol/L pH =3 3 

20.0 μmol/L 

(8.28 mg/L) 

PFOA 

0.01 L 

100 60 - 0.067 0.6 

(Liu et al., 

2022a) 

UV/ Sulfite 

pH =9.2 

25℃  

Sulfite =10 mmol/L 

0.5  

32 μmol/L 

(16 mg/L) 

PFOS 

(0.025 L) 

98 60 - 1.568 14.4 

(Gu et al., 

2016) 

UV/ Sulfite 

253.7 nm 8.0 mW/cm2  

pH =10  

Sulfite =20 mmol/L 

6  

168.2 mol/L 

(50 mg/L) 

GenX 

(0.045 L) 

100 90(2) - 1.26 51.09 

(Bao et al., 

2018) 

UV/Sulfite + Iodide 

5 mmol/L NaHCO3  

10 mmol/L Na2SO3  

20℃ 18 W  

pH=12 

24 

25 μmol/L  

PFBS 

(7503 mg/L) 

(0.6 L) 

99 78 - 0.619 4.388 

(Liu et al., 

2022d) 



UV/Sulfite 

5 mmol/L NaHCO3 10 mmol/L  

Na2SO3 

20℃ 18 W  

pH=12 

24 

25 μmol/L 

(7503 mg/L) 

PFBS 

(0.6 L) 

48 42 - 0.3 2.363 

VUV/Sulfite 

185 nm/254 nm  

pH =10 

0.65 mW/cm2 

30min N2 

3  

3 µmol/L 

(1mg/L) 

GenX 

(2 L) 

90(3h) 67(6) - 1.8 7.37 

(Kim et al., 

2024) 

Other 

ARPs-

PFAS 

UV/DIHA 

36 W，254 nm 

25℃ pH=6-7 

121μmol/L DIHA 

12 

10 mg/L 

PFNA 

100 90 - - - 

(Wang et 

al., 2023b) 

UV/DIHA 

36 W，254 nm 25℃ pH=6-7   

121μmol/L DIHA 

10 mg/L 

PFOA 

PFOS 

100 

79 

79 

- - - 

UV/DIHA 

36 W，254 nm 25℃ pH=6-7  

121μmol/L DIHA 

10 mg/L 

PFHpA 

100 72 - - - 

UV/DIHA 

36 W，254 nm 25℃ pH=6-7  

121μmol/L DIHA 

10 mg/L 

PFHxA 

PFHxS 

100 

65 

62 

- - - 



UV/DIHA 

36 W，254 nm 25℃ pH=6-7  

121μmol/L DIHA 

10 mg/L 

PFPeA 

100 62 - - - 

UV/DIHA 

36 W，254 nm 25℃ pH=6-7  

121μmol/L DIHA 

10 mg/L 

PFBA 

PFBS 

100 

56 

51 

- - - 

UV/DIHA 

36 W，254 nm 25℃ pH=6-7  

121μmol/L DIHA 

10 mg/L 

PFPrA 

100 37 - - - 

UV/DIHA 

36 W，254 nm 25℃ pH=6-7  

121μmol/L DIHA 

10 mg/L 

TFA 

100 9 - - - 

UV/DIHA 

36 W，254 nm 25℃ pH=6-7  

121μmol/L DIHA   

10 mg/L 

6:3-FTCA 

100(4h) 66 - - - 

UV/DIHA 

36 W，254 nm 25℃ pH=6-7  

121μmol/L DIHA  

10 mg/L 

HFPO-DA 

100(4h) 47 - - - 

UV/DIHA 

36 W，254 nm 25℃ pH=6-7  

121μmol/L DIHA  

10 mg/L 

HFPO-TA 

100(4h) 45 - - - 

UV/electrochemical 

method  

UV/-2V  pH=11.5  N2  50 

mmol/L NaClO4 

2 

5 mg/L 

PFHpA 

- 98.7 - - - 

(Rao et al., 

2020) UV/electrochemical 

method 

UV/-2V  pH=11.5  N2  50 

mmol/L NaClO4 

5 mg/L  

PFOA 

- 98 - - - 



UV/electrochemical 

method 

UV/-2V  pH=11.5  N2  50 

mmol/L NaClO4 

5 mg/L  

PFNA 

- 98.8 - - - 

UV/electrochemical 

method 

UV/-2V  pH=11.5  N2  50 

mmol/L NaClO4 

5 mg/L 

 PFNA 

- 99.2 - - - 

UV/electrochemical 

method 

UV/-2V  pH=11.5  N2  50 

mmol/L NaClO4 

5 mg/L  

PFHxS 

- 95.2 - - - 

UV/electrochemical 

method 

UV/-2V  pH=11.5 2h N2  50 

mmol/L NaClO4 

5 mg/L 

PFOS 

- 87.4 - - - 

 UV/KI 254nm  

10mmol/L KI pH=6-8 

2.5 

10 mg/L 

PFBA 

18 22.8 - - - 

(Park et al., 

2009) 

 UV/KI 254nm  

10mmol/L KI pH=6-8 

10 mg/L 

PFOA 

16 29.2 - - - 

 UV/KI 254nm  

10mmol/L KI pH=6-8 

10 mg/L 

PFOS 

32 88.7 - - - 

 UV/KI 254nm  

10mmol/L KI pH=6-8 

10 mg/L 

PFBS 

5 24.3 - - - 

ZVI reduction in 

subcritical water 

350℃ 

Iron powder    

5  0.5 mg/L PFOS 100 30 - - - 

(Lee et al., 

2010b) 

titanium(III) citrate Cu00 2 g L−1 , 45mmol/L 20 50 mg/L 65 20.6 - - - (Lee et al., 



with vitamin B12, 

copper 

nanoparticles 

Reduction 

titanium(III) citrate, 0.2 mmol/L 

vitamin B12, pH=9.0 

70℃ 

PFOA 2017) 

ARPs+A

OPs 

UV/Sulfite–Heat/PS 

Treatment 

10 mmol/L Na2SO3 20 ℃ 

5 mmol/L NaHCO3 pH=12.0 

+ 5 mmol/L K2S2O8 120℃ pH=12  

24+0.67 

250 µmol/L   

ω-HPFPrA 

(0.03 L) 

100 94 - 0.304 2.57 

(Gao et al., 

2021) 

Heat/PS–UV/Sulfite 

Treatment 

10 mmol/L K2S2O8  50 mmol/L 

NaOH   pH=12 120℃ +10 

mmol/L  Na2SO3  

5 mmol/L  pH =12   

20 ℃ 18 W 

1+8 

500 µmol/L   

ω-HPFPrA 

(0.03 L) 

100 100 - 1.67 15 

UV/Sulfite+•OH 

oxidation 

120℃  pH< 2/>12 

10 mmol/L Na2SO3  

 5 mmol/L NaHCO3 

18 W UV 

5 mmol/L K2S2O8 

16 

500 µmol/L 

PFHxS 

0.03 L 

99 72 - 0.928 

2.57 

8.775 

(Liu et al., 

2021) 

UV/Sulfite+ BDD 

electroc emical 

254 nm UV  

12 mmol/L Na2SO3   

0.5 

14 

120.75 µmol/L 

50 mg/L 

100 

(0.5 h) 

100 

(14) 

100 

(15 h) 

24.15 12.94 

(Zhang et 

al., 2023) 



oxidation pH ＝11 55mA/cm2  15  PFOA 

(0.1 L) 

 

Degradation efficiency (mol/h) =(C(PFAS) × V × Degradation rate)/Time(h)   

Defluorination efficiency (mol/h) =  C(PFAS) × V × Defluorination rate × NC−F/Time(h) 

C(PFAS): Concentration of PFAS (mol/L) 

V: Reaction volume(L) 

NC-F: The number of C-F bonds in PFAS 

 



Table S3 Reactive oxygen radicals and their properties (Wang and Wang, 2018; Yi et al., 2019; Zhu et al., 2019; Yu et al., 2022) 

Types Reactive species Redox potential Lifetime (s) Main Scavengers 

Main free 

radicals 

•OH 1.8-2.7 V 10-9 

Methanol 

N-butanol 

Ethanol 

Isopropanol 

Tert butanol 

O2• 2.4 V 10-5 

Benzoquinone 

Chloroform 

L-histidine 

SO4• 2.5-3.1 V 3-4 x 10-5 

Methanol 

1-Octanol 

Ethanol 

Butanol 

Non-radical 

species 

1O2 2.2-2.4 V 1-10 x 10-6 

Sodium azide 

L-histidine 

Furfuryl 



Direct electron transfer - - Potassium dichromate 

Surface active species - - Dimethyl sulfoxide 

High-valent metal species 

FeIV 1.8-2 V - Dimethyl sulfoxide 

Methyl phenyl sulfoxide 

Methyl p-tolyl sulfoxide 

CoIV 1.8-1.92 V - 

CuIII 1.57-2.3 V - 

Text S3. Differences, similarities, and disadvantages between AOPs and ARPs in removing PFAS 

As shown in Table S4, we summarize the applicable conditions for AOPs and ARPs. The AOPs system degrades PFAS more effectively under acidic conditions, while ARPs are more 

suitable for alkaline conditions. This may be because as pH increases, less H+ participates in the elimination of eaq
-, which leads to more effective degradation of PFAS. In ARP system 

experiments for PFCAs degradation, it was found that several PFCAs have similar pseudo first order rate constants (~1.3×103 min1) indicating a chain length independent degradation 

mechanism. ARPs may react with matrix components such as humic acids in water, and with the increase of dissolved oxygen, the degradation rate will decrease. ARPs may only be suitable for 

use in groundwater environments or artificially controlled hypoxic environments, which would also increase costs (Cui et al., 2020; Zhang et al., 2021; Alalm and Boffito, 2022; Zango et al., 

2023). 

  



Table S4 Differences, similarities, and disadvantages between AOPs and ARPs in removing PFAS 

Types Difference Similarities Disadvantage 

AOPs 

 Diversity of active species 

 Optimal pH: Acidity 

 HA reduces degradation rate 

 Temperature rise degradation rate increases 

 Removal effect depends on typeand quantity of 

active species and PFAS type 

 100% removed after regulating conditions 

 Removal in homogeneous and heterogeneous 

systems 

 Low defluorination rate 

 high mineralization cost 

 Unstable use in pilot and industrial scale 

ARPs 

 Optimal pH: Alkaline 

 HA inerease the degradation 

rate 

 High defluorination rate 

 Chain length decreases, degradation rate and defluorination 

rate decrease 

 Dissolved oxygen increases, degradation and defluorination 

rate decrease 

 Poor mineralization effect 



Reference 

Alalm M G, Boffito D C (2022). Mechanisms and pathways of PFAS degradation by advanced oxidation and 

reduction processes: A critical review. Chemical Engineering Journal, 450: 138352 

Bao Y, Deng S, Cagnetta G, Huang J, Yu G (2021). Role of hydrogenated moiety in redox treatability of 6:2 

fluorotelomer sulfonic acid in chrome mist suppressant solution. Journal of Hazardous Materials, 408: 124875 

Bao Y, Deng S, Jiang X, Qu Y, He Y, Liu L, Chai Q, Mumtaz M, Huang J, Cagnetta G, Yu G (2018). Degradation 

of PFOA Substitute: GenX (HFPO–DA Ammonium Salt): Oxidation with UV/Persulfate or Reduction with 

UV/Sulfite? Environmental Science & Technology, 52(20): 11728-11734 

Bentel M J, Yu Y, Xu L, Li Z, Wong B M, Men Y, Liu J (2019). Defluorination of Per- and Polyfluoroalkyl 

Substances (PFASs) with Hydrated Electrons: Structural Dependence and Implications to PFAS Remediation 

and Management. Environmental Science & Technology, 53(7): 3718-3728 

Berhanu A, Mutanda I, Ji T, Qaria M A, Yang B, Zhu D (2023). A review of microbial degradation of per- and 

polyfluoroalkyl substances (PFAS): Biotransformation routes and enzymes. Science of The Total 

Environment, 859: 160010 

Chaudhary M, Sela-Adler M, Ronen A, Nir O (2023). Efficient PFOA removal from drinking water by a dual-

functional mixed-matrix-composite nanofiltration membrane. NPJ Clean Water, 6(1): 77 

Chen M-J, Lo S-L, Lee Y-C, Kuo J, Wu C-H (2016). Decomposition of perfluorooctanoic acid by ultraviolet light 

irradiation with Pb-modified titanium dioxide. Journal Of Hazardous Materials, 303: 111-118 

Chen X Y, Yuan T Y, Yang X Y, Ding S K, Ma M T, Muhmood T, Yang X F (2023). Insights into 

Photo/Electrocatalysts for the Degradation of Per- and Polyfluoroalkyl Substances (PFAS) by Advanced 

Oxidation Processes. Catalysts, 13(9): 1308 



Cui J, Gao P, Deng Y (2020). Destruction of Per- and Polyfluoroalkyl Substances (PFAS) with Advanced 

Reduction Processes (ARPs): A Critical Review. Environmental Science & Technology, 54(7): 3752-3766 

Curtzwiler G W, Silva P, Hall A, Ivey A, Vorst K (2021). Significance of Perfluoroalkyl Substances (PFAS) in 

Food Packaging. Integrated Environmental Assessment and Management, 17(1): 7-12 

Ding X, Song X, Chen X, Ding D, Xu C, Chen H (2022). Degradation and mechanism of hexafluoropropylene 

oxide dimer acid by thermally activated persulfate in aqueous solutions. Chemosphere, 286: 131720 

Ding X, Wei C, Wei Y, Liu P, Wang D, Wang Q, Chen X, Song X (2024). Field test of thermally activated 

persulfate for remediation of PFASs co-contaminated with chlorinated aliphatic hydrocarbons in 

groundwater. Water Research, 249: 120993 

Fu S Y, Zhang Y, Xu X Y, Dai X, Zhu L (2022). Peroxymonosulfate activation by iron self-doped sludge-derived 

biochar for degradation of perfluorooctanoic acid: A singlet oxygen-dominated nonradical pathway. Chemical 

Engineering Journal, 450: 137953 

Gao J, Liu Z, Bentel M J, Yu Y, Men Y, Liu J (2021). Defluorination of Omega-Hydroperfluorocarboxylates (ω-

HPFCAs): Distinct Reactivities from Perfluoro and Fluorotelomeric Carboxylates. Environmental Science & 

Technology, 55(20): 14146-14155 

Giri R R, Ozaki H, Guo X, Takanami R, Taniguchi S (2014). Oxidative-reductive photodecomposition of 

perfluorooctanoic acid in water. International Journal of Environmental Science and Technology, 11(5): 

1277-1284 

Gu M, Liu L, Yu G, Huang J (2023). Deeper Defluorination and Mineralization of a Novel PFECA (C7 HFPO-

TA) in Vacuum UV/Sulfite: Unique Mechanism of H/OCF3 Exchange. Environmental Science & 

Technology, 57(40): 15288-15297 

Gu Y, Dong W, Luo C, Liu T (2016). Efficient Reductive Decomposition of Perfluorooctanesulfonate in a High 



Photon Flux UV/Sulfite System. Environmental Science & Technology, 50(19): 10554-10561 

Holder C, Deluca N, Luh J, Alexander P, Minucci J M, Vallero D A, Thomas K, Hubal E a C (2023). Systematic 

Evidence Mapping of Potential Exposure Pathways for Per- and Polyfluoroalkyl Substances Based on 

Measured Occurrence in Multiple Media. Environmental Science & Technology, 57(13): 5107-5116 

Hori H, Hayakawa E, Einaga H, Kutsuna S, Koike K, Ibusuki T, Kiatagawa H, Arakawa R (2004). Decomposition 

of Environmentally Persistent Perfluorooctanoic Acid in Water by Photochemical Approaches. 

Environmental Science & Technology, 38(22): 6118-6124 

Hori H, Yamamoto A, Hayakawa E, Taniyasu S, Yamashita N, Kutsuna S, Kiatagawa H, Arakawa R (2005). 

Efficient Decomposition of Environmentally Persistent Perfluorocarboxylic Acids by Use of Persulfate as a 

Photochemical Oxidant. Environmental Science & Technology, 39(7): 2383-2388 

Hori H, Yamamoto A, Koike K, Kutsuna S, Osaka I, Arakawa R (2007). Photochemical decomposition of 

environmentally persistent short-chain perfluorocarboxylic acids in water mediated by iron(II)/(III) redox 

reactions. Chemosphere, 68(3): 572-578 

Johnson J K, Salerno K M, Schlesinger D R, Le N Q, Ko J S, Xia Z Y (2022). Removing forever chemicals via 

amphiphilic functionalized membranes. NPJ Clean Water, 5(1): 55 

Kim J, Kim T, Park H, Kim M-K, Eom S, Choe Y, Choe J K, Zoh K-D (2024). Kinetics and proposed mechanisms 

of hexafluoropropylene oxide dimer acid (GenX) degradation via vacuum-UV (VUV) photolysis and VUV/ 

sulfite processes. Journal of Hazardous Materials, 463: 132864 

Lashuk B, Pineda M, Abubakr S, Boffito D, Yargeau V (2022). Application of photocatalytic ozonation with a 

WO3/TiO2 catalyst for PFAS removal under UVA/visible light. Science of The Total Environment, 843: 

157006 

Lee J, Von Gunten U, Kim J-H (2020). Persulfate-Based Advanced Oxidation: Critical Assessment of 



Opportunities and Roadblocks. Environmental Science & Technology, 54(6): 3064-3081 

Lee Y-C, Chen Y-P, Chen M-J, Kuo J, Lo S-L (2017). Reductive defluorination of perfluorooctanoic acid by 

titanium(III) citrate with vitamin B12 and copper nanoparticles. Journal of Hazardous Materials, 340: 336-

343 

Lee Y-C, Lo S-L, Chiueh P-T, Chang D-G (2009). Efficient decomposition of perfluorocarboxylic acids in 

aqueous solution using microwave-induced persulfate. Water Research, 43(11): 2811-2816 

Lee Y-C, Lo S-L, Chiueh P-T, Liou Y-H, Chen M-L (2010a). Microwave-hydrothermal decomposition of 

perfluorooctanoic acid in water by iron-activated persulfate oxidation. Water Research, 44(3): 886-892 

Lee Y C, Li Y F, Lo S L, Kuo J, Sun W, Hu C Y (2022). Decomposition of perfluorooctanic acid by carbon 

aerogel with persulfate. Chemical Engineering Journal, 430: 132900 

Lee Y C, Lo S L, Chiueh P T, Liou Y H, Chen M L (2010b). Microwave-hydrothermal decomposition of 

perfluorooctanoic acid in water by iron-activated persulfate oxidation. Water Research, 44(3): 886-892 

Lei Y-J, Tian Y, Sobhani Z, Naidu R, Fang C (2020). Synergistic degradation of PFAS in water and soil by dual-

frequency ultrasonic activated persulfate. Chemical Engineering Journal, 388: 124215 

Lin H, Niu J, Xu J, Huang H, Li D, Yue Z, Feng C (2013). Highly Efficient and Mild Electrochemical 

Mineralization of Long-Chain Perfluorocarboxylic Acids (C9–C10) by Ti/SnO2–Sb–Ce, Ti/SnO2–Sb/Ce–

PbO2, and Ti/BDD Electrodes. Environmental Science & Technology, 47(22): 13039-13046 

Liu G, Feng C, Shao P (2022a). Degradation of Perfluorooctanoic Acid with Hydrated Electron by a 

Heterogeneous Catalytic System. Environmental Science & Technology, 56(10): 6223-6231 

Liu L, Deng S, Bao Y, Huang J, Yu G (2022b). Degradation of OBS (Sodium p-Perfluorous 

Nonenoxybenzenesulfonate) as a Novel Per- and Polyfluoroalkyl Substance by UV/Persulfate and 

UV/Sulfite: Fluorinated Intermediates and Treatability in Fluoroprotein Foam. Environmental Science & 



Technology, 56(10): 6201-6211 

Liu L, Deng S, Bao Y, Huang J, Yu G (2022c). Degradation of OBS (Sodiump-Perfluorous 

Nonenoxybenzenesulfonate) as a Novel Per- and Polyfluoroalkyl Substance by UV/Persulfate and 

UV/Sulfite: Fluorinated Intermediates and Treatability in Fluoroprotein Foam. Environmental Science & 

Technology, 56(10): 6201-6211 

Liu Z, Bentel M J, Yu Y, Ren C, Gao J, Pulikkal V F, Sun M, Men Y, Liu J (2021). Near-Quantitative 

Defluorination of Perfluorinated and Fluorotelomer Carboxylates and Sulfonates with Integrated Oxidation 

and Reduction. Environmental Science & Technology, 55(10): 7052-7062 

Liu Z, Chen Z, Gao J, Yu Y, Men Y, Gu C, Liu J (2022d). Accelerated Degradation of Perfluorosulfonates and 

Perfluorocarboxylates by UV/Sulfite + Iodide: Reaction Mechanisms and System Efficiencies. Environmental 

Science & Technology, 56(6): 3699-3709 

Loganathan N, Wilson A K (2022). Adsorption, Structure, and Dynamics of Short- and Long-Chain PFAS 

Molecules in Kaolinite: Molecular-Level Insights. Environmental Science & Technology, 56(12): 8043-8052 

Meng Z Y, Wilsey M K, Cox C P, Müller A M (2024). Complete electrocatalytic defluorination of perfluorooctane 

sulfonate in aqueous solution with nonprecious materials. Journal of Catalysis, 431:115403 

Olvera-Vargas H, Wang Z, Xu J, Lefebvre O (2022). Synergistic degradation of GenX (hexafluoropropylene oxide 

dimer acid) by pairing graphene-coated Ni-foam and boron doped diamond electrodes. Chemical Engineering 

Journal, 430:132686 

Park H, Vecitis C D, Cheng J, Choi W, Mader B T, Hoffmann M R (2009). Reductive Defluorination of Aqueous 

Perfluorinated Alkyl Surfactants: Effects of Ionic Headgroup and Chain Length. The Journal of Physical 

Chemistry A, 113(4): 690-696 

Pica N E, Funkhouser J, Yin Y, Zhang Z, Ceres D M, Tong T, Blotevogel J (2019). Electrochemical Oxidation of 



Hexafluoropropylene Oxide Dimer Acid (GenX): Mechanistic Insights and Efficient Treatment Train with 

Nanofiltration. Environmental Science & Technology, 53(21): 12602-12609 

Qian L, Kopinke F-D, Scherzer T, Griebel J, Georgi A (2022). Enhanced degradation of perfluorooctanoic acid by 

heat-activated persulfate in the presence of zeolites. Chemical Engineering Journal, 429:132500 

Qian Y, Guo X, Zhang Y, Peng Y, Sun P, Huang C-H, Niu J, Zhou X, Crittenden J C (2016). Perfluorooctanoic 

Acid Degradation Using UV–Persulfate Process: Modeling of the Degradation and Chlorate Formation. 

Environmental Science & Technology, 50(2): 772-781 

Quiroz-Vela C L, Zúñiga-Benítez H, Peñuela G A (2024). Application of photochemical treatments in the removal 

of perfluorooctanoic acid (PFOA) from aqueous solutions. Journal of Environmental Chemical Engineering, 

12(2): 112259 

Rao U, Su Y, Khor C M, Jung B, Ma S, Cwiertny D M, Wong B M, Jassby D (2020). Structural Dependence of 

Reductive Defluorination of Linear PFAS Compounds in a UV/Electrochemical System. Environmental 

Science & Technology, 54(17): 10668-10677 

Ren Z, Bergmann U, Leiviska T (2021). Reductive degradation of perfluorooctanoic acid in complex water 

matrices by using the UV/sulfite process. Water Research, 205: 117676 

Ruiz B G, Gomez-Lavin S, Diban N, Boiteux V, Colin A, Dauchy X, Urtiaga A (2017). Efficient electrochemical 

degradation of poly- and perfluoroalkyl substances (PFASs) from the effluents of an industrial wastewater 

treatment plant. Chemical Engineering Journal, 322: 196-204 

Sadia M, Nollen I, Helmus R, Ter Laak T L, Been F, Praetorius A, Van Wezel A P (2023). Occurrence, Fate, and 

Related Health Risks of PFAS in Raw and Produced Drinking Water. Environmental Science & Technology, 

57(8): 3062-3074 

Schlesinger D R, Mcdermott C, Le N Q, Ko J S, Johnson J K, Demirev P A, Xia Z Y (2022). Destruction of 



per/poly-fluorinated alkyl substances by magnetite nanoparticle-catalyzed UV-Fenton reaction. 

Environmental Science-Water Research & Technology, 8(11): 2732-2743 

Schwichtenberg T, Bogdan D, Carignan C C, Reardon P, Rewerts J, Wanzek T, Field J A (2020). PFAS and 

Dissolved Organic Carbon Enrichment in Surface Water Foams on a Northern US Freshwater Lake. 

Environmental Science & Technology, 54(22): 14455-14464 

Song Z, Dong X, Wang N, Zhu L, Luo Z, Fang J, Xiong C (2017). Efficient photocatalytic defluorination of 

perfluorooctanoic acid over BiOCl nanosheets via a hole direct oxidation mechanism. Chemical Engineering 

Journal, 317: 925-934 

Trautmann A M, Schell H, Schmidt K R, Mangold K M, Tiehm A (2015). Electrochemical degradation of 

perfluoroalkyl and polyfluoroalkyl substances (PFASs) in groundwater. Water Science and Technology, 

71(10): 1569-1575 

Vendl C, Pottier P, Taylor M D, Braunig J, Gibson M J, Hesselson D, Neely G G, Lagisz M, Nakagawa S (2022). 

Thermal processing reduces PFAS concentrations in blue food-A systematic review and meta-analysis☆. 

Environmental Pollution, 304: 119081 

Verma S, Mezgebe B, Sahle-Demessie E, Nadagouda M N (2021). Photooxidative decomposition and 

defluorination of perfluorooctanoic acid (PFOA) using an innovative technology of UV–vis/ZnxCu1-

xFe2O4/oxalic acid. Chemosphere, 280: 130660 

Wang J, Cao C, Zhang Y, Zhang Y, Zhu L (2021). Underneath mechanisms into the super effective degradation of 

PFOA by BiOF nanosheets with tunable oxygen vacancies on exposed (101) facets. Applied Catalysis B-

Environmental, 286: 119911 

Wang J, Wang S (2018). Activation of persulfate (PS) and peroxymonosulfate (PMS) and application for the 

degradation of emerging contaminants. Chemical Engineering Journal, 334: 1502-1517 



Wang N, Lv H, Zhou Y, Zhu L, Hu Y, Majima T, Tang H (2019). Complete Defluorination and Mineralization of 

Perfluorooctanoic Acid by a Mechanochemical Method Using Alumina and Persulfate. Environmental 

Science & Technology, 53(14): 8302-8313 

Wang W, Jia Y, Zhou S, Deng S (2023a). Removal of typical PFAS from water by covalent organic frameworks 

with different pore sizes. Journal of Hazardous Materials, 460: 132522 

Wang Z, Jin X, Hong R, Wang X, Chen Z, Gao G, He H, Liu J, Gu C (2023b). New Indole Derivative 

Heterogeneous System for the Synergistic Reduction and Oxidation of Various Per-/Polyfluoroalkyl 

Substances: Insights into the Degradation/Defluorination Mechanism. Environmental Science & Technology, 

57(50): 21459-21469 

Wu D, Li X K, Zhang J X, Chen W R, Lu P, Tang Y M, Li L S (2018). Efficient PFOA degradation by persulfate-

assisted photocatalytic ozonation. Separation and Purification Technology, 207: 255-261 

Xiong X, Shang Y, Bai L, Luo S, Seviour T W, Guo Z, Ottosen L D M, Wei Z (2023). Complete defluorination of 

perfluorooctanoic acid (PFOA) by ultrasonic pyrolysis towards zero fluoro-pollution. Water Research, 235: 

119829 

Yamamoto T, Noma Y, Sakai S-I, Shibata Y (2007). Photodegradation of Perfluorooctane Sulfonate by UV 

Irradiation in Water and Alkaline 2-Propanol. Environmental Science & Technology, 41(16): 5660-5665 

Yang K G, Zhang Z Y, Hu K D, Peng B, Wang W W, Liang H, Yan C, Wu M Y, Wang Y (2023). Untargeted 

metabolomic analysis of pregnant women exposure to perfluorooctanoic acid at different degrees. Frontiers of 

Environmental Science & Engineering, 17(3): 28 

Yang M, Zhang X, Yang Y, Liu Q, Nghiem L D, Guo W, Ngo H H (2022). Effective destruction of 

perfluorooctanoic acid by zero-valent iron laden biochar obtained from carbothermal reduction: Experimental 

and simulation study. Science of The Total Environment, 805: 150326 



Yi Q, Ji J, Shen B, Dong C, Liu J, Zhang J, Xing M (2019). Singlet Oxygen Triggered by Superoxide Radicals in a 

Molybdenum Cocatalytic Fenton Reaction with Enhanced REDOX Activity in the Environment. 

Environmental Science & Technology, 53(16): 9725-9733 

Yu J, Tang L, Pang Y, Liang X, Lu Y, Feng H, Wang J, Deng L, Zou J, Zhu X, Tang J (2022). Non-radical 

oxidation in environmental catalysis: Recognition, identification, and perspectives. Chemical Engineering 

Journal, 433: 134385 

Yuan Y, Feng L, He X, Liu X, Xie N, Ai Z, Zhang L, Gong J (2022). Efficient removal of PFOA with an In2O3 

persulfate system under solar light via the combined process of surface radicals and photogenerated holes. 

Journal of Hazardous Materials, 423:127176 

Zango Z U, Khoo K S, Garba A, Kadir H A, Usman F, Zango M U, Da Oh W, Lim J W (2023). A review on 

superior advanced oxidation and photocatalytic degradation techniques for perfluorooctanoic acid (PFOA) 

elimination from wastewater. Environmental Research, 221:115326 

Zhang P, Yang Y, Duan X, Liu Y, Wang S (2021). Density Functional Theory Calculations for Insight into the 

Heterocatalyst Reactivity and Mechanism in Persulfate-Based Advanced Oxidation Reactions. ACS 

Catalysis, 11(17): 11129-11159 

Zhang W, Long Q, Li G, Ning Z, Lu L (2023). Electrochemical oxidation coupled with hydrated electron 

reduction in ultraviolet (UV)-sulfite system for complete defluorination and mineralization of 

Perfluorooctanoic Acid (PFOA). Journal of Water Process Engineering, 53:103836 

Zhang Z, Sarkar D, Biswas J K, Datta R (2022). Biodegradation of per- and polyfluoroalkyl substances (PFAS): A 

review. Bioresource Technology, 344: 126223 

Zhu S, Li X, Kang J, Duan X, Wang S (2019). Persulfate Activation on Crystallographic Manganese Oxides: 

Mechanism of Singlet Oxygen Evolution for Nonradical Selective Degradation of Aqueous Contaminants. 



Environmental Science & Technology, 53(1): 307-315 

Zhu Y, Xu T, Zhao D, Li F, Liu W, Wang B, An B (2021). Adsorption and solid-phase photocatalytic degradation 

of perfluorooctane sulfonate in water using gallium-doped carbon-modified titanate nanotubes. Chemical 

Engineering Journal, 421:129676 

 

 


