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Abstract

Reductive decomposition of
perfluorooctanoic acid (PFOA) during

VUV/sulfite/iodide process

Heungjoo Park
Department of Environmental Health Sciences
Graduate School of Public Health

Seoul National University

Because of its high stability and persistence, PFOA is not easily degraded in the
water. Hydrated electrons (e.q) are known as strong reducing agents that can remove
recalcitrant PFOA through reductive decomposition. In this study, the efficient
removal and defluorination of PFOA were confirmed using e.q’, and the removal and
defluorination rates were compared in the vacuum ultraviolet (VUV) photolysis,
VUV/sulfite, VUV/sulfite/iodide processes. In the VUV photolysis process, 88.6 %
of PFOA is removed within 6 hr, and the removal rate constant for this is 0.007 min
!, In the VUV/sulfite process, PFOA is all removed within 90 minutes, and the
removal rate constant is 0.083 min™'. In the VUV/sulfite/iodide process, PFOA is all
removed within 30 minutes, and the removal rate constant is 0.230 min’'. The
defluorination rate for PFOA removal in VUV photolysis, VUV/sulfite, and
VUV/sulfite/iodide process was 34.6 %, 72.7 %, and 73.9 % in 6 hr, respectively.

Adding tert-butanol, NO,", and NOj as scavengers confirmed that e, can degrade
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PFOA most efficiently and can cause defluorination because it has strong reducing
power.

In the VUV photolysis process, short-chain perfluoroalkyl carboxylic acids
(PFCAs) were mainly produced as transformation products (TPs) by chain
shortening mechanism. In the VUV/sulfite and VUV/sulfite/iodide processes, it was
confirmed that 16 and 15 TPs were found respectively and were mainly generated
through the mechanism of H-F exchange (e.g. TP377, TP395), SOs"-F exchange (e.g.
TP474), generation of an unsaturated compound (e.g. TP392, TP410, TP436), or
hydration (e.g. TP393). Based on the results and TPs found in UPLC-QTOF/MS,

PFOA degradation pathways are proposed in the VUV-based processes.

Keywords : PFOA, vacuum ultraviolet, sulfite, iodide, hydrated electron,

defluorination

Student Number : 2021-23994



1.Introduction

1.1. Background

Perfluoroalkyl substances (PFASs) are a class of artificial compounds
comprised of a perfluoroalkyl main chain, which has many C-F bonds, and a terminal
functional group. Since the C-F bond is very strongly bound, PFASs are not easily
degraded from the environment (Deng et al., 2021; Xu et al., 2015).
Perfluorooctanoic acid (PFOA), a representative material among PFASSs, exhibits
properties such as heat resistance, chemical stability, surfactant properties and has
been used in textiles products, fire-fighting foams, paper and packaging, and
semiconductors (Esfahani, 2022).

Emission pathways for PFOA can be divided into direct sources released to
nature from industrial and domestic environments, and indirect sources resulting
from the transformation of several PFAS precursors, such as fluorotelomer alcohols
(FTOHSs) (Podder et al., 2021). Therefore, PFOA is frequently detected in water
environments, mainly in surface water, groundwater, drinking water, and soil
leachate (Busch et al., 2010; Houtz et al., 2013; Mak et al., 2009; So et al., 2007).
Table 1 summarizes the previous papers that investigated the concentration of PFOA

in the water from different countries.



Table 1. PFOA concentrations in the water from different countries

Country Sampling PFOA Reference
location concentration
(ng/L)
China Yellow River 0.96 — 14.15 (Cai et al., 2018)
Estuary
China Pearl River 0.7-18.7 (Caietal., 2018)
China Yangtze River 6.81-15.61 (Pan et al., 2014)
Germany Elbe River 0.8-5.1 (Zhao et al., 2015)
Australia Brisbane River 12-14 (Gallen et al., 2014)
Korea Youngsan River 1.3-3.6 (Hong et al., 2013)
Estuaries
Korea Nakdong River 11-23 (Hong et al., 2013)
Estuaries
Korea Asan Lake 5.4-44 (Lee et al., 2020)




Because of its high stability and persistence, PFOA has even been detected in
significant quantities in animal and humans and has clear toxicity. PFOA has an
average half-life of 3.8 years and accumulates mainly in the liver, kidney, and serum
(EFSA, 2008). PFOA has been known to be highly associated with diseases such as
kidney cancer, testicular cancer, ulcerative colitis, thyroid disease,
hypercholesterolemia, and pregnancy-induced hypertension (Nicole, 2013). Due to
positive association between exposure to PFOA and cancers of the testis and kidney,
the International Agency for Research on Cancer (IARC) classifies PFOA as
possibly carcinogenic to humans (Group 2B) (IARC, 2016). In 2019, PFOA was
classified as new persistent organic pollutants (POPSs) at the Stockholm Conference,
and the production and use of PFOA was discontinued (UNEP, 2019). The United
States environmental protection agency (USEPA) set the health advisory level of
PFOA in drinking water to 0.4 pg/L in 2009, PFOS and PFOA mixed to 70 ng/L in

2016, and PFOA to 0.004 ng/L in 2022 (USEPA, 2016, 2022a).



Table 2. Physicochemical properties of perfluorooctanoic acid (PFOA)

Chemical structure

Molecular formula CsHF150;
Molecular weight
414.07
(g mol ™)
pKa -02
Log Kow 53
Solubility
34
(gL', 25°C)




Table 2 shows the structural formula and physicochemical properties of PFOA
(Podder etal., 2021). PFOA is a fluorinated organic compound with a carboxyl group.
Defluorination is a necessary process because it reduces the toxicity of PFOA by
degrading PFOA while reducing the F of the C-F bond. Due to the stable bond of C-
F due to the high electronegativity of F, PFOA is difficult to remove with the
conventional water treatment processes (filtration, UV photolysis, etc.) (Arias
Espana et al., 2015; Boonya-atichart et al., 2018; Chen et al., 2007). Advanced
oxidation processes (AOPs) using hydroxyl radical (OH-) or sulfate radical (SO4™) a
are also not effective for the removal of PFOA and defluorination (Cao et al., 2010;
Chen & Zhang, 2006). Instead, since the C-F bond can be removed by a nucleophilic
reaction, the defluorination rate can be increased through a reductive reaction with a
reductive species such as a hydrated electron (ea). In previous papers, PFOA has
been studied to be removed by reductive reactions (Cao et al., 2010; Chen et al.,
2007; Giri et al., 2014; Gu et al., 2017Db).

Advanced reductive processes (ARPs) are one of the emerging options for
dealing with recalcitrant PFAS. ARPs represent a chemical degradation process by
activating reducing free radicals to decompose contaminants in water. As reducing
radicals, hydrated electrons (eaq), hydrogen radicals (H-), sulfite radical anions
(SO3™), sulfur dioxide radical anions (SO,™), and iodide (I") are used as reductive
species.

Substances used as reducing agents typically sulfite and iodide. These two
reducing agents generate hydrated electrons with high quantum yield while

absorbing wavelengths below 200 nm (Eqg. (1) and (2)) (Esfahani, 2022).

SOz + hv — SO3™ + eqy (®2541850m = 0.85) (1)
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I_ + hV — (I + e_) — I + eaq_ ((D185nm = 097) (2)

The produced hydrated electron is a strong reducing agent and is effective in
removing organic compounds with halogen atoms. PFOA is difficult to remove
through the ultraviolet C (UV-C) photolysis process, but it can be removed through
the vacuum ultraviolet (VUV) process (Esfahani, 2022). In previous studies, direct
VUV, VUV/iodide, UV/sulfite, and UV/iodide systems were used to remove PFOA
by advanced reduction processes (ARPs) (Gu et al., 2017b). Compared to other
studies, this study is expected to show efficient degradation and defluorination of
PFOA, and it will be possible to suggest a pathway for PFOA degradation through
the identification of various transformation products (TPs) using LC-QTOF/MS.

Unlike UV-C (254 nm), VUV process can generate hydrated electrons (eaq)
through the reaction of water ionization and homolysis at wavelengths below 200

nm (Eq. (3) and (4)) (Gu et al., 2017a).

H,O + hv (185 nm) — H- + OH: Homolysis 3)

H>O + hv (185 nm) — H* + ey + OH- lonization 4

The combined process of these two reducing agents (Eq. (1) and (2)) is expected

to result in faster removal rate values.



1.2. Objectives

The purpose of this study is (1) to compare the removal rate, the kinetics
constant, and defluorination of PFOA in the VUV photolysis and VUV/sulfite
process, and VUV/sulfite/iodide process, (2) to examine the effects of change of
various factors (pH, sulfite concentration, iodide concentration) on the removal rate
of PFOA in VUV-based processes, (3) to confirm the contribution of reactive species
(eag’, OH-, H) on the removal of PFOA by VUV-based processes, (4) to identify the
transformation products (TPs) of PFOA and propose the degradation mechanism of
the PFOA, (5) to evaluate the toxicity of PFOA and its TPs using the ecological

structure activity relationships (ECOSAR) program.



2. Materials and methods

2.1. Chemicals

Ammonium acetate (CH3CO,NH4, CAS No. 631-61-8), perfluorobutanoic acid
(C4HF;0,, PFBA, CAS No. 375-22-4), perfluoroheptanoic acid (C;HF 1302, PFHpA,
CAS No. 375-85-9), perfluorohexanoic acid (CsHF110,, PFHxA, CAS No. 307-24-
4), perfluorooctanoic acid (CsHFis0,, PFOA, CAS No. 335-67-1),
perfluoropentanoic  acid  (CsHF¢O,, PFPeA, CAS No. 2706-90-3),
perfluoropropionic acid (CsHFsO,, PFPrA, CAS No. 422-64-0), potassium iodide
(KI, CAS No. 7681-11-0), sodium acetate (CH;COONa, CAS No. 127-09-3),
sodium hydroxide (NaOH, CAS No. 1310-73-2), sodium nitrate (NaNOs, CAS No.
7631-99-4), sodium nitrite (NaNO,, CAS No. 7632-00-0), sodium phosphate dibasic
(Na;HPO4, CAS No. 7558-79-4), sodium phosphate monobasic dihydrate
(NaH2PO4-2H,0, CAS No. 13472-35-0), sodium sulfite (Na,SOs3;, CAS No. 7757-
83-7), sodium tetraborate decahydrate (Na,B4O7;:10H.O, CAS No. 1303-96-4),
sulfuric acid (H,SO4, CAS No. 7664-93-9), tert-butanol ((CH3);COH, tert-BuOH,
CAS No. 75-65-0), and trifluoroacetic acid (C:HF;0,, TFA, CAS No. 76-05-1) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Deionized water to prepare the solutions was generated by a Milli-Q Integral
system (Merck & Co., Inc., Kenilworth, NJ, USA). Ultrapure nitrogen gas (N>) was
obtained from Dachangas (Gimpo, Korea) to purge oxygen in the reaction solution.
LC-MS grade methanol was purchased from Thermo Fisher Scientific (Waltham,

MA, USA), which was used as the mobile phase for liquid chromatography analysis.



2.2. Photo-degradation of PFOA

All experiments were conducted using a 2 L photoreactor equipped with three
6 W low-pressure VUV mercury lamp (185 nm/254 nm, Sankyo Electric Co., Tokyo,
Japan) with a concentration of PFOA of 0.24 uM. Because the 2 L beaker did not
have a water chilling system, the solution was gradually heated from about 20 to 36°C
in 180 min by the VUV lamp. A schematic diagram of the experiment was drawn in
Fig. 1. The initial pH of the solution was adjusted to 10 with 5 mM tetraborate buffer
and 1 M NaOH, 6 and 8 with 10 mM phosphate buffer and 1 M NaOH, and 4 with

10 mM with 10 Mm acetate buffer and 1 M H,SO,.
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Fig. 1. Schematic diagram of the photochemical reactor
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The solution was continuously purged with nitrogen with high purity of 99.99%
during the reaction. Since hydrated electrons can be scavenged by oxygen present in
water, oxygen is removed through nitrogen purging (Cao et al., 2022). The
experiment was conducted for 180 min. Na,SO; (0.8 ~ 12 mM) was used in the
experiments to determine the concentration of sulfite. KI (0.04 ~ 1.6 mM) was used
in the experiments to determine the concentration of iodide. To calculate the
contribution rate of hydrated electrons, 1 mM tert-butanol, NaNO,, and NaNOs as
scavengers were used.

In the kinetic experiment comparing various conditions, the initial PFOA
concentration was set to 0.24 pM. To confirm defluorination and clearly identifying
TPs and the time-profile corresponding to each TP, the concentration of PFOA was

increased to 24 uM.

11 A 21H



2.3. Analytical methods

The concentration of PFOA and its TPs were analyzed by high-performance
liquid chromatography (HPLC-MS/MS, Nexera, Shimadzu, Japan) - tandem mass
spectrometer (API 4000, AB Sciex,USA) equipped with a Restek Raptor Polar X
(2.1 mm x 50 mm, 2.7um) analytical column. The detailed analysis conditions were
provided in Table 3.

To identify the organic transformation products (TPs) of PFOA during the
VUV/sulfite/iodide reaction, ultra-performance liquid chromatography quadrupole
time-of-flight mass spectrometry (UPLC-QTOF/MS) (Acquity UPLC Synapt G2-Si,
Waters, USA) equipped with Waters Acquity UPLC C18 column (2.1 mm x 100 mm,
1.7 pm). The detailed analysis conditions were provided in Table 4. When analyzing
by increasing the initial concentration of PFOA 100 times (24 pM), the analysis was
performed by diluting 5 times.

An Orion lonplus Sure-Flow Fluoride Electrode (Thermo Scientific, Waltham,
MA, USA) was used for the analysis of fluoride ion (F") concentration in the samples.
Low-level total ionic strength adjustment buffer (Low-Level TISAB) is used for
measurements on samples. When making a fluoride measurement, an equal amount
of low-level TISAB is combined with the sample or standard. In this experiment, the
fluoride measurement was conducted through low-level calibration using the
millivolt (mV) mode. A low-level calibration curve was measured by setting the
concentration of the fluoride standard to 0, 0.02, 0.04, 0.06, 0.1, 0.29, 0.48, 0.7, 0.91,
2,3.33,6.79, and 10 ppm. When making a fluoride measurement, a new calibration
curve should be prepared with a new standard every day. The detection limit of

fluoride electrode is 0.02 ppm. .
12 M =



Table 3. Analysis conditions of HPLC-MS/MS for the analysis of PFOA and short chain perfluoro carboxylic acids(PFCAs)

HPLC-
MS/MS

HPLC Column Restek Raptor Polar X (2.1 mm x 50 mm, 2.7um)
Injection volume 10 uL
Flow rate 0.5 mL/min
Run time 8 min
Mobile phase (A) 10 mM NH4COOH, 0.05% formic acid in DIW
(B) 0.05% formic acid in 60:40 ACN:MeOH
Time (min) %B
0.00 85
8.00 85
MS/MS Ionization mode ESI negative
Curtain gas 20 psi
Collision gas 4eV
IonSpray voltage -4500 V
Source temperature 500 °C
Ion source gas 1 50 psi
Ion source gas 2 50 psi

13



Table 4. Analysis conditions of UPLC-QTOF/MS for the identification of TPs

UPLC-

QTOF/MS

UPLC

Column Waters, ACQUITY UPLC BEH C18 (2.1 x 100 mm, 1.7 pm)
Injection volume 10 uL
Flow rate 0.3 mL/min
Run time 10 min
Mobile phase (A) 95:5 DIW:MeOH with 2 mM ammonium acetate

(B) Methanol with 2 mM ammonium acetate

Time (min) Flow (mL/min) %A %B Curve
0.0 0.3 100 0 -
0.5 0.3 80 20 6
3.0 0.3 55 45 6
6.0 0.3 20 80 6
7.0 0.3 5 95 6

14 ] 2




8.0 0.3 5 95
9.0 0.3 100 0
10.0 0.3 100 0
MS/MS Ionization mode ESI negative
Acquisition range 50 -1200 Da
Capillary voltage 1.5kV
Cone voltage 40V

Collision voltage

Low: 4 V/ High: 20—-70 V

Desolvation 250 °C
temperature
Source temperature 100 °C
Desolvation gas flow 800 L/h
Cone gas 0L/

15



2.4. Theoretical calculation methods for identifying reactive

sites

Density functional theory (DFT) was calculated using the Gaussian 09 program
(Frisch et al., 2016). Calculations were made for PFOA as well as for some TPs
resulting from the removal of PFOA. Geometrical Optimization and vibrational
frequency calculations of all compounds except for TP477 with iodide added was
performed using B3LYP method by inputting the 6-311G+(d,p) basis set and the
charge of each corresponding compound (Bao et al., 2018). In addition, empirical
dispersion=gd3bj was additionally input to improve dispersion correction. Since
TP477, which includes iodide, is outs of the orbital range of constituent atoms, the
calculation was performed by changing to the basis set of LanL.2DZ instead of the
existing basis set of 6-311G. The solvent effect was also considered using the integral
equation formalism polarizable continuum model (IEFPCM) in the water
environment (Marenich et al., 2009).

To predict the reactive sites of PFOA and its TPs, the condensed Fukui function
(f") was calculated and visualized using Multiwfn 3.8 software (Lu & Chen, 2012).
At this time, Hirshfeld atomic charge, which was atomic population method based

on deformation density partition, was applied.
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2.5. Toxicity assessment

The acute and chronic toxicities of PFOA and its TPs on the fish, daphnia, and
green algae were predicted through the ecological structure activity relationships
(ECOSAR ver2.2) simulation program provided by US EPA. To evaluate the acute
toxicity, lethal concentration 50 (LCso) and effective concentration 50 (ECso) values
were used (LCso at 96 hr for fish, LCso at 48 hr for daphnia, and ECso at 96 hr for
green algae). And to evaluate the chronic toxicity, chronic value (ChV), which was
defined as the geometric mean of the no observed effect concentration (NOEC) and

lowest observed effect concentration (LOEC), was used (USEPA, 2022b).
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3. Results and discussion

3.1. Degradation of PFOA in VUV-based processes

There have been several researches that conducted the experiments under VUV
photolysis conditions to remove PFOA with hydrated electrons generated from VUV
(Chen et al., 2007; Cheng et al., 2014; Liang et al., 2016; Wang & Zhang, 2014).
However, there is a disadvantage that the removal time of PFOA is long. Therefore,
in order to increase the efficiency of PFOA removal, an attempt was made to increase
the generation of hydrated electrons by adding reducing agents (e.g. sulfite (SO5%),

iodide (I).
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Fig. 2. (a) Degradation of PFOA during UV photolysis, VUV photolysis, VUV/sulfite, VUV/sulfite/iodide treatment and (b) defluorination of

PFOA during VUV photolysis, VUV/sulfite, VUV/sulfite/iodide treatment
([PFOA]o = 24 uM; [SOs*]o = 2.4 mM; [I']o = 0.48 mM; pH 10 without buffer; VUV intensitys4 nm = 0.65 mW cm?; N, purging; n = 2).
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Table 5. Degradation rate constants and defluorination during VUV-based processes

([PFOA]o =24 uM; [SO5*]o = 2.4 mM; [I]o = 0.48 mM; pH 10 without buffer; VUV

intensitys4 nm = 0.65 mW cm?; N, purging; n = 2)

rate constant
Process (Kops, min™) Defluorination (%)
VUYV photolysis process 0.007 34.61
VUV/sulfite process 0.083 72.73
VUV/sulfite/iodide process 0.230 73.90
3 ’ I; —~ g
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Fig. 2. shows the degradation and defluorination rates of PFOA in the different
processes at pH 10. PFOA was hardly removed under UV photolysis process (Fig.
2(a)). Approximately 88.6 % of PFOA was removed within 6 hours under VUV
photolysis process. During VUV/sulfite process, while PFOA was completely
removed within 90 min, it was completely removed within 30 min in
VUV/sulfite/iodide process. The removal rate of PFOA significantly increased by
approximately 2.75 times when a reducing agent was added (Table 6). In addition,
while the defluorination rate for PFOA removal was only about 34.6 % in 6 hours in
the VUV photolysis, about 72.7 % was defluorinated in 6 hours in VUV/sulfite
process and 73.9 % of the defluorination in 6 hours in VUV/sulfite/iodide process
were observed. The removal rate of PFOA was greatly improved in the
VUV/sulfite/iodide process compared to the VUV/sulfite process, but the
defluorination rate of PFOA did not significantly change. Through the results of the
defluorination rate in Fig. 2(b), there is only steadily increasing defluorination in
VUV photolysis process. However, in the VUV/sulfite and VUV/sulfite/iodide
processes, it proceeds in two stages : rapid defluorination at the beginning, followed
by formation of a saturation curve. This is expected because it exists in the form of
other transformation products (TPs) and defluorination of other TPs does not occur

or proceeds very slowly.
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3.2. Effect of sulfite, iodide concentration on degradation of

PFOA

Fig. 3. shows the data from experiments to determine the concentrations of
sulfite and iodide added as reducing agents. As shown in Fig. 3(a), when the sulfite
concentration was 2.4 mM, the removal rate constants of PFOA was the largest. As
increasing sulfite concentration, the rate constant kept decreasing to 0.072 min™! at
12 mM sulfite concentration because the sulfite self-quenching reaction can occur

according to Eq. (5) and (6) (Fischer & Warneck, 1996).

SO5 + SO5 — $,06> (2k=6.2 x 10°) (5)

e + $2:06> — SO> + SOy (k=2 x 10%) (6)
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Fig. 3. (a) Effect of sulfite concentration on PFOA degradation in the VUV/sulfite treatment, (b) Effect of iodide concentration on PFOA
degradation in the VUV/sulfite/iodide treatment

([PFOA]o = 0.24 uM; (b) [SO5*]o = 2.4 mM; pH 10 with tetraborate buffer; VUV intensityosam = 0.65 mW cm?; N purging; n = 2).

23



Iodide can generate e.q and at the same time it can generate reactive iodine

species (RIS) (e.g., I, I, I", and I3°) (Eq. (1),(7)-(10)) (Qu et al., 2010).

I+ -1
I+ - DL
2L —> I+ 15

IF'+L—o 15y
€q TL—L
€uq + L —2I

eaq_ + I3' — I+ 12-_

Since RIS scavenges e.q, the removal efficiency of PFOA is expected to be

reduced (Eq. (11)-(13)).
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Fig. 4. Degradation of PFOA in the VUV/sulfite, VUV/iodide, VUV/sulfite/iodide

processes

([PFOA]o = 0.24 uM; [SO5*]o = 2.4 mM; [I']o= 0.48 mM; pH 10 with tetraborate

buffer; VUV intensitysanm = 0.65 mW cm?; N, purging; n = 2)
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Fig. 4 presents the degradation of PFOA during VUV/sulfite, VUV/iodide, and

VUV/sulfite/iodide processes. It was confirmed that the VUV/sulfite/iodide process

showed a synergistic effect. The removal of PFOA was much faster than the

VUV/sulfite and VUV/iodide processes.

To improve the disadvantage of iodide, if sulfite, another reducing agent, is

added together, RIS can be scavenged by sulfite, thus the generation efficiency of

€aq can be increased (Eq. (14)-(22)) (Yu et al., 2018).

I + SO;> — I+ SO5~

I + HSO3 — I + H" + SO5"~
I" + SO3* — 21+ SO5~

L+ HSO; — 2I' + H" + SO;™~
I + SOs* — 2I' + ISO5~

I + HSOs — 2I'+ H" + SO3~
L +S0s* — ISO5 + I

I +HSO; — ISO5 + I+ H*

ISO5 + H,O — SO4* + I +2H"

(k=14x10°M" s
(k=63 x 108 M s
(k=1.9x 10°M" 5
(k=1.1x10°M" s
(k=2.9x105M's™
(k=15x 10" M s
(k=3.1x10°M'sh
(k=1.7x10°M" s

(k=8.5x10°M's™h

(14)
(15)
(16)
(17
(18)
(19)
(20)
ey

(22)

As with sulfite, Fig. 3(b). showed that the concentration of iodide with the

greatest increased in the rate constant when the iodide concentration is 0.48 mM

during VUV/sulfite/iodide process. When the iodide was 0.48 mM or more, there

was no significant difference in the PFOA removal rate constant. Therefore, the

experiment was conducted at 0.48 mM iodide.

Since the amount of RIS increases as the iodide concentration increases, it can

be confirmed that there is no significant change in the rate constant. Therefore,
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according to the above results, sulfite not only generates hydrated electrons through
VUY, but also can efficiently increase hydrated electrons generated from iodide by

reducing RIS.
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3.3. Effect of pH

Fig. 5 showed the removal rate constant of PFOA under different pH conditions
for each VUV-based process. In the VUV photolysis process, the rate constants are
not significantly different except for pH 4, which is a strong acid condition. In Eq.
(23) (Gu et al., 2017a), the removal rate constant of PFOA in the VUV photolysis
was lower because H" can quench the produced hydrated electrons in acidic

conditions.

H'+ ey — H- (k=23x10""M'sh (23)
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Fig. 5. The effect of different pH on degradation of PFOA in the VUV photolysis,
VUV/sulfite, VUV/sulfite/iodide treatment

([PFOA]o = 0.24 uM; pH 4 with acetate buffer, pH 6 and 8 with phosphate buffer,

pH 10 with tetraborate buffer; VUV intensitysinm = 0.65 mW cm?; N, purging; n =
2).
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In the VUV/sulfite process, it can be confirmed that the rate constant is the
largest in alkaline conditions. Referring to the previous paper (Esfahani, 2022), since
the mole fraction of sulfur species in the sulfur distribution is different for each pH,
hydrogen sulfite (HSO3"), which exists as the largest mole fraction under acidic
conditions, does not generate hydrated electrons even when photodecomposed.
HSOs undergoes photodecomposition to generate SOs™ radical (SOs™) (Fig. 6) (Eq.

(24)) (Fischer & Warneck, 1996).
HSOs + hv — SO;~ + H- (24

Therefore, the experiments during VUV/sulfite process were conducted under
alkaline conditions with the maximum mole fraction of sulfite to improve the
generation of hydrated electrons (Eq. (1)) (Fig. 6).

PFOA removal was larger in alkaline conditions than acidic or neutral
conditions probably because the generation of hydrated electrons increased through

the reaction of H- and OH" in alkaline conditions by Eq. (25) (Gu et al., 2017a),.

H +OH — ey + H20 (k=22x10"M's") (25)
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3.4. The roles of reactive species in PFOA degradation

As mentioned previously, PFOA is better removed by ARPs than AOPs.
Through experiments with the addition of radical scavengers, the contribution of the
reductive species was confirmed by comparing the PFOA removal rates of hydrated

electrons and hydrogen radicals, which are generated in VUV-based processes.

0300 7w control
[ tert-BuOH
I NO,
0200 7 py NO
< 0.200 - ﬂ
£
S
0 0.010
Q
o
X
0.005 A
0.000 -
VUV photolysis VUV/sulfite VUV/sulfite/iodide

Fig. 7. The inhibitory effects of different radical scavengers on the degradation of
PFOA in the VUV photolysis, VUV/sulfite, VUV/sulfite/iodide treatment
([PFOA]o = 0.24 uM; [SO5*]o = 2.4 mM; [I']o= 0.48 mM; pH 10 with tetraborate

buffer; VUV intensityosam = 0.65 mW cm?; N, purging; n = 2).
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As shown in Fig. 7. an experiment was conducted to confirm the roles of
reactive species when PFOA was removed by each process by adding radical
scavengers such as tert-butanol (t-BuOH), NO,", and NOs".

t-BuOH is known as a strong scavenger for hydroxyl radical (HO-) (Eq. (26)).
At the same time, t-BuOH can also scavenge e.q” or H-, but the effect is negligible

because the k value is very small (Eq. (27) and (28)) (Wu et al., 2020).

(CH3);COH + -OH — H,0 + -CHx(CH:)COH
(k=6.0 x 108 M s1) (26)
(CH3);COH + H- — H, + -CHy(CH;),COH

(k=1.7x 10 M s 27)
(CH3);COH + e, — [(CH3);COH]"

(k=4.0x 10 M s (28)

Since the quantum yield of ‘OH generated through the ionization of H,O is low
(Esfahani, 2022), there is no significant difference in the rate constant even when t-
BuOH was added in the VUV photolysis, VUV/sulfite, VUV/sulfite/iodide processes.

On the other hand, since NO>™ and NOs™ ions can effectively scavenge e.q, the
degradation rate constants of PFOA with NO, or NOs showed a remarkably lower
value than that of PFOA without NO>™ or NO;™ (Eq. (29) and (32)). Especially, NO3
can more effectively inhibit the removal of PFOA by hydrated electrons more than
NO; because the k value on the reaction between NO3™ and e,q is twice as fast as that

between NO and €4

NOy + o — ((NO)> (k=4.1x 10°M" s (29)
NOy + H- — NO- + OH- (k=7.1x10° M s (B0)" 2
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NO; + HO: — NO,' + OH"
NOS_ + eaq_ - ('NO3)2_

NO; +H — (NO3H)

(k=0.6-1.2 x 101 M s
(k=9.7x10° M1

(k=1.4x10°M" s
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3.5. Degradation pathways and mechanism in VUV-based

processes

Prior to the experiment, the condensed Fukui function of PFOA was calculated
using Gaussian 09 and Multiwfn 3.8 program to find theoretical reactive sites and to
predict how TPs would be produced. Among the calculated values, the f* value
indicates the position of an atom capable of undergoing a nucleophilic reaction based
on the calculated electron density. The higher the /" value, the better the nucleophilic
reaction, which means that ARPs can easily occur through hydrated electrons or
hydrogen radicals (Olah et al., 2002). Comparing the visualized data and data of the
condensed Fukui function of TP392 as a representative of TPs with PFOA (Fig. 8,
Table 7.), it can be confirmed that PFOA has more sites for nucleophilic reactions
and ARPs occur more easily. On the other hand, TP392 is a TP with a sulfite group
and a double bond. The nucleophilic reaction of TP392 does not occur well except
for the carbons of the double bond, which are a position where a nucleophilic
reaction can occur, so the removal of TP392 in VUV/sulfite and VUV/sulfite/iodide

processes is expected to be slow.
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Fig. 8. The prediction of the most reactive reaction site by calculating the condensed Fukui function of (a) PFOA (b) TP392
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Table 6. Hirshfeld charge and condensed Fukui function of (a) PFOA, (b) TP392

(a) PFOA
Atom | q(N+1) | q(N) q(N-1) S e f° Af
C(l) | 0.2387 | 02674 | 0.2678 | 0.0288 | 0.0004 | 0.0146 | 0.0283
C(2) | 01221 | 0.1686 | 0.1692 | 0.0465 | 0.0006 | 0.0235 | 0.0459
C(3) | 0.1166 | 0.1713 | 0.1724 | 0.0547 | 0.0011 | 0.0279 | 0.0536
C(4) | 0.1134 | 0.1703 | 0.1724 | 0.0569 | 0.0021 | 0.0295 | 0.0548
C(5) | 0.1186 | 0.1687 | 0.1727 | 0.0501 | 0.0040 | 0.0270 | 0.0461
C(6) | 0.1319 | 0.1663 | 0.1726 | 0.0344 | 0.0063 | 0.0203 | 0.0281
C(7) | 0.1238 | 0.1513 | 0.1760 | 0.0275 | 0.0247 | 0.0261 | 0.0028
C8) | 0.0545 | 0.0842 | 0.2144 | 0.0297 | 0.1302 | 0.0799 | -0.1005
0(9) | -0.4762 | -0.4427 | -0.1084 | 0.0335 | 0.3343 | 0.1839 | -0.3008
0(10) | -0.4773 | -0.4398 | -0.0749 | 0.0375 | 0.3649 | 0.2012 | -0.3275
F(11) | -0.1098 | -0.0881 | -0.0877 | 0.0217 | 0.0004 | 0.0111 | 0.0213
F(12) | -0.1222 | -0.0879 | -0.0872 | 0.0343 | 0.0007 | 0.0175 | 0.0336
F(13) | -0.1140 | -0.0881 | -0.0877 | 0.0259 | 0.0004 | 0.0132 | 0.0255
F(14) | -0.1527 | -0.0881 | -0.0874 | 0.0645 | 0.0008 | 0.0326 | 0.0638
F(15) | -0.1220 | -0.0890 | -0.0882 | 0.0330 | 0.0009 | 0.0169 | 0.0321
F(16) | -0.1286 | -0.0887 | -0.0871 | 0.0400 | 0.0016 | 0.0208 | 0.0384
F(17) | -0.1527 | -0.0888 | -0.0873 | 0.0639 | 0.0015 | 0.0327 | 0.0624
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F(18) | -0.1367 | -0.0906 | -0.0874 | 0.0461 | 0.0032 | 0.0247 | 0.0429
F(19) | -0.1497 | -0.0903 | -0.0874 | 0.0594 | 0.0029 | 0.0311 | 0.0565
F(20) | -0.1408 | -0.0946 | -0.0885 | 0.0462 | 0.0061 | 0.0261 | 0.0402
F(21) | -0.1430 | -0.0952 | -0.0888 | 0.0478 | 0.0064 | 0.0271 | 0.0414
F(22) | -0.1380 | -0.1037 | -0.0883 | 0.0343 | 0.0154 | 0.0248 | 0.0190
F(23) | -0.1314 | -0.1026 | -0.0892 | 0.0289 | 0.0134 | 0.0211 | 0.0155
F(24) | -0.1597 | -0.1356 | -0.0978 | 0.0242 | 0.0378 | 0.0310 | -0.0136
F(25) | -0.1647 | -0.1344 | -0.0943 | 0.0304 | 0.0400 | 0.0352 | -0.0097
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(b) TP392

Atom | qON+1) | qN) | aN-D) | £ | | S Af
C(1) | 02592 | 02673 | 0.2678 | 0.0081 | 0.0004 | 0.0043 | 0.0077
C(2) | 0.1548 | 0.1682 | 0.1688 | 0.0134 | 0.0006 | 0.0070 | 0.0128
C(3) | 0.1493 | 0.1716 | 0.1728 | 0.0222 | 0.0012 | 0.0117 | 0.0210
C(4) | 0.1403 | 0.1707 | 0.1730 | 0.0305 | 0.0023 | 0.0164 | 0.0282
F(5) | -0.1237 | -0.0854 | -0.0780 | 0.0383 | 0.0074 | 0.0229 | 0.0309
F(6) | -0.1696 | -0.1081 | -0.0984 | 0.0614 | 0.0097 | 0.0356 | 0.0517
F(7) | -0.1214 | -0.0915 | -0.0881 | 0.0299 | 0.0035 | 0.0167 | 0.0264
F8) | -0.1169 | -0.0924 | -0.0890 | 0.0245 | 0.0034 | 0.0139 | 0.0211
F(9) | -0.1087 | -0.0902 | -0.0886 | 0.0185 | 0.0017 | 0.0101 | 0.0168
F(10) | -0.1037 | -0.0887 | -0.0879 | 0.0150 | 0.0008 | 0.0079 | 0.0143
F(11) | -0.1013 | -0.0896 | -0.0887 | 0.0117 | 0.0009 | 0.0063 | 0.0108
F(12) | -0.0952 | -0.0885 | -0.0880 | 0.0068 | 0.0004 | 0.0036 | 0.0063
F(13) | -0.0957 | -0.0884 | -0.0879 | 0.0074 | 0.0005 | 0.0039 | 0.0069
F(14) | -0.0990 | -0.0884 | -0.0877 | 0.0105 | 0.0007 | 0.0056 | 0.0098
F(15) | -0.1144 | -0.0898 | -0.0882 | 0.0245 | 0.0017 | 0.0131 | 0.0229
C(16) | 0.1280 | 0.1797 | 0.1868 | 0.0517 | 0.0070 | 0.0294 | 0.0446
C(17) | -0.0607 | 0.0643 | 0.0963 | 0.1250 | 0.0320 | 0.0785 | 0.0931
C(18) | -0.2285 | -0.0708 | -0.0536 | 0.1577 | 0.0173 | 0.0875 | 0.1404
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H(19) | -0.0008 | 0.0624 | 0.0825 | 0.0632 | 0.0201 | 0.0416 | 0.0431
S(20) | 0.3571 | 0.4156 | 0.5463 | 0.0585 | 0.1307 | 0.0946 | -0.0722
0(21) | -0.5014 | -0.4470 | -0.1961 | 0.0544 | 0.2509 | 0.1527 | -0.1966
0(22) | -0.4799 | -0.4390 | -0.2037 | 0.0408 | 0.2354 | 0.1381 | -0.1945
0(23) | -0.5081 | -0.4469 | -0.1972 | 0.0613 | 0.2496 | 0.1555 | -0.1884
F(24) | -0.1598 | -0.0951 | -0.0733 | 0.0647 | 0.0218 | 0.0432 | 0.0429
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Fig. 9 showed the changes in F species during VUV photolysis, VUV/sulfite,
and VUV/sulfite/iodide processes. During VUV photolysis, short chain perfluoro
carboxylic acids (PFCAs) such as PFHpA, PFHxA, and PFPeA were produced as
TPs by LC-QTOF/MS (Fig. 10). As described in Chapter 3.1., defluorination in the
VUV/sulfite and VUV/sulfite/iodide processes showed an initial rapid defluorination,
followed by formation of a saturation curve.

Through the results in Fig. 9, in the VUV photolysis process, short chain PFCAs
were generated as TPs of PFOA removal. In the VUV/sulfite and VUV/sulfite/iodide
processes, other TPs were generated more than short chain PFCAs. Hydrated
electrons are generated more and faster in the VUV/sulfite and VUV/sulfite/iodide
processes than in the VUV photolysis process, and it can be expected that short chain
PFCAs are quickly generated and removed and various TPs including sulfite and
iodide are generated. In addition, in the defluorination of the VUV/sulfite and
VUV/sulfite/iodide processes, others increase and then decrease, indicating that
defluorination increases as various TPs including sulfite and iodide are removed

again.
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Fig. 9. Mass balance of fluorine on degradation of PFOA during (a) VUV photolysis (b) VUV/sulfite (c)VUV/sulfite/iodide treatment

([PFOA]o = 24 uM; [SOs*]o = 2.4 mM; [I']o= 0.48 mM; pH 10 without buffer; VUV intensityosanm) = 0.65 mW c¢m?; N, purging; n = 2).
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As aresult, based on the above data and TPs detected by UPLC-QTOF/MS, the
pathways of PFOA reductive decomposition in the VUV photolysis, VUV/sulfite,
and VUV/sulfite/iodide processes were proposed in Fig. 12.

Two mechanisms during VUV-based process have been reported:
decarboxylation-hydroxylation-elimination-hydrolysis (DHEH, chain shortening)
and H/F exchange (Bentel et al., 2019; Cui et al., 2020; Fennell et al., 2022). Existing
TPs pathways by degradation of PFOA have been extensively studied (Deng et al.,
2021; Qu et al., 2010). In addition to the TPs generated through the above two
mechanisms, there were also papers that presented TPs generated by the reaction
between PFOA and sulfite radicals (Ren et al., 2021; Song et al., 2013).

First, defluorination occurred as sequential chain-shortening (DHEH) occurred,
as short-chain PFCAs increased over time in the VUV photolysis process (Fig. 9(a),
Fig. 10). Considering only about 35 % defluorination, the result indicates that the
short chain PFCAs produced through the removal of PFOA are predicted to be less
likely to be removed than PFOA during VUV-based processes.

Next, unlike in the VUV photolysis process, in the VUV/sulfite and
VUV/sulfite/iodide processes, the production of other TPs accounts for a larger
proportion than short-chain PFCAs. These two processes have in common that
hydrated electrons are effectively generated and the degradation reaction of PFOA
proceeds quickly. Fig. 11 presented the time-profile of TPs generated by the removal
of PFOA in the VUV/sulfite and VUV/sulfite/iodide processes. In Fig. 11(a) and (b),
various TPs were observed, indicating that the reaction of H-F exchange, SO3"-F
exchange, generation of an unsaturated compound by defluorination, or the
formation of hydrogen and hydroxyl group by hydration reaction. Through these

mechanisms, four TPs (TP438, TP470, TP477, and TP497), which were not
1 .
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identified in previous papers, were newly identified in this study. Fig. 11 also showed
that the decomposition of not only PFOA, but also its TPs proceeded. In addition,
approximately 73 and 74% of defluorination occurred in the VUV/sulfite and
VUV/sulfite/iodide processes, respectively (Fig. 9(b) and 9(c)). These results imply
that H-F exchange, SO3;"-F exchange, generation of unsaturated compounds, and
hydration are considered to be major reactions in the VUV/sulfite and
VUV/sulfite/iodide processes. In addition, we expect that other TPs are more
effectively degraded than short-chain PFCAs, with higher defluorination rates in the

VUV/sulfite and VUV/sulfite/iodide processes.
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Fig. 11. Time-profiles of TPs on the degradation of PFOA during (a) VUV/sulfite treatment (b)VUV/sulfite/iodide treatment using LC-QTOF/MS
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= 0.65 mW cm?; N, purging; n=2).
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3.6. Toxicity evaluation of PFOA and its TPs

The predicted toxicity of PFOA and its TPs was evaluated using ECOSAR (Table 8).
ECOSAR is a computerized predictive system that estimates aquatic toxicity.
According to the classification of toxicity classes (Table S2), PFOA was classified
as toxic for daphnia and harmful for fish and green algae for acute toxicity. For
chronic toxicity, fish, daphnia, and green algae were classified as toxic. The toxicity
of all TPs generated from the degradation of PFOA through VUV-based processes
was also confirmed through ECOSAR. The toxicity of all TPs except for TP477 was
lower than that of PFOA, and most of the TPs were classified as not harmful.
However, TP477 is the only TP containing iodide, and it was confirmed that it
exhibits higher toxicity than PFOA because of the toxicity of iodide.

The iodine bound to the TP can react with the hydrated electrons to form a
perfluoroalkyl radical and iodide (Park et al., 2009). Although the toxicity of TP477
is higher than that of PFOA, TP477 can be decomposed into iodide and
perfluoroalkyl radical by hydrated electrons. The iodide remaining after the reaction
can be removed through adsorption or ion exchange in post-treatment (Cao et al.,

2022).
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Table 7. Predictive toxicity of PFOA and its TPs using ECOSAR simulation

software
Fish Daphnia Green Fish Daphnia | Green
algae algae
LC50 LC50 EC50 ChVv Chv ChVv
(96hr) (48hr) (96hr)
(mg/L) (mg/L) | (mg/L)
PFOA 10.10 7.44 16.22 1.34 1.49 7.58
TP363
35.43 24.52 41.43 4.37 4.15 16.86
(PFHpA)
TP313
121.93 79.34 103.82 14.00 11.31 36.83
(PFHxA)
TP263
408.97 250.18 253.58 43.65 30.02 78.39
(PFPeA)
PFBA 1322.59 760.59 597.14 131.23 76.84 160.87
PFPrA 4043.70 2186.10 1329.43 | 373.03 185.98 312.11
TFA 20725.35 | 10248.30 | 4309.89 | 1720.96 680.19 829.54
TP448
84.97 57.10 85.36 10.13 8.90 32.53
(PFHpS)
TP398
301.32 190.35 220.42 33.40 24.98 73.20
(PFHxS)
TP348
1051.87 624.69 560.29 108.41 69.03 162.16
(PFPeS)
1 © 1]
I -

50



TP377 13.33 9.65 1967 | 1.74 1.85 8.86
TP392 | 461029 | 257676 | 179821 | 44233 | 24049 | 454.65
TP393 180.94 | 116.86 | 14826 | 2059 | 1631 | 51.72
TP395 18.37 13.14 | 2546 | 236 2.44 11.16
TP410 | 430691 | 241935 | 1723.85 | 415.68 | 228.99 | 440.76
TP412 | 2405.61 | 1387.22 | 1101.62 | 239.47 | 14124 | 298.61
TP430 | 170439 | 999.99 | 85295 | 173.16 | 106.83 | 240.27
TP436 | 20334 | 13126 | 16620 | 23.12 | 1829 | 57.92
TP438 | 25224 | 16131 | 19644 | 2837 | 2190 | 67.04
TP456 | 404279 | 228820 | 1682.12 | 393.68 | 221.17 | 437.39
TP470 | 13891 | 9152 | 12605 | 1618 | 13.50 | 45.96
TP474 21.06 1510 | 2951 | 271 2.82 12.99
TP477 0.10 0.08 028 | 0.01 0.02 0.17
TP497 | 7159.05 | 396542 | 2666.07 | 679.60 | 360.93 | 660.68
51 ] & tH




4. Conclusions

In this study, the efficient removal of PFOA and the defluorination rate were
confirmed through a reductive degradation reaction using hydrated electrons. To
apply conditions to generate as many hydrated electrons as possible, VUV mercury
lamps were used and the experiment maximized the generation of hydrated electrons
by adding sulfite and iodide together. More efficient removal and defluorination rates
of PFOA were confirmed in the VUV/sulfite and VUV/sulfite/iodide processes than
in the VUV photolysis process. The removal rate was greatly improved in the
VUV/sulfite/iodide process compared to the VUV/sulfite process, but there was no
significant difference in the defluorination rate. pH 10 is the condition for maximally
generating hydrated electrons. And the concentrations of sulfite and iodide are set to
2.4 and 0.48 mM, respectively, at concentrations where self-quenching is minimized.
PFOA is mainly degraded by hydrated electrons generated from sulfite and iodide.

In the VUV photolysis process, the degradation and defluorination of PFOA
proceeded slowly, and short-chain PFCAs are mainly produced as TPs through the
mechanism of DHEH. In the VUV/sulfite and VUV/sulfite/iodide processes, the
degradation and defluorination of PFOA proceeded rapidly, and it was confirmed
that various types of TPs were mainly generated through the mechanism of H-F
exchange, SO;"-F exchange, generation of an unsaturated compound, hydration.
Based on previous research papers, different main degradation pathways for each
process were proposed using the defluorination rate and TPs found in LC-QTOF/MS.
This study would provide mechanistic insights and scientific information into the

potential TPs of PFOA degradation during VUV-based processes.
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Table S1. Identified TPs on the degradation of PFOA during the VUV/sulfite and VUV/sulfite/iodide processes using UPLC-QTOF/MS

TPs Formula Observed m/z Observed RT (min) Mass error (ppm)

PFOA CsHF150: 412.9651 6.70 -2.2

Item name: 221124 _A_2PPM_S300_1048_0_1
Channel name: mz413_C7F15COOH(PFOA) [-H] : (50.0 PPM) 4129661

1,506 mz413_C7F15COOH(PFOA)
EE 858

€ 1e6-

= ]

=)

=

S Se5-

£ ]

0 ] 4

[
N
W
5
v
[0}
~
0 -
O -

Retention time [min]
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Observed RT
TPs Formula Observed m/z ) Mass error (ppm)
(min)
TP497 CoH2F12085% 497.9261 8.41 -4.7
Ttem name: 221124 A ZPPM_S3I00_I048 2602
Channel name: mz497_C9HZF12085_2-_3 [=+e] : (50.0 PPR) 4979261

MmzA97_COH2F12085_2-_3

8.39
. To0
E; 500 -]
z
fz 250 -]
P S —— e e ————————— e T 8
1 > ES a 5 5 7 8 3
FRetenticon time [min]
Observed RT
TPs Formula Observed m/z ) Mass error (ppm)
(min)
TPAT7 C7F14HI 476.8803 8.41 -4.7
Iterm name: 221124 A 2PPM_S300_I0418 60_1
Channel name: mzd77_CPYF1A4HI{TP4) [-H] : (530.0 PPMM) 4748819

Intensity [Counts]

2000 . mzA7 7 _CTFLAHLTPA)
] II II B8.49
| |
] |
1000 - || ||
] |
a'l I'
o b — — e -— __/ L\ — - ———
1 = 2 a s ' ' : '

Fetention time [min]
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Observed RT
TPs Formula Observed m/z ) Mass error (ppm)
(min)
TP474 C7F14SO3sHCOOH 474.9323 7.77 -0.7
Iterm name: 221124 A Z2PPR_S300 1048 15 2
Channel name: mzd75_C7F14503IHCOOH [-H] : (50,0 PPM) 474923232
S mzd 7S _CTFLASO3IHCOOH
T.5=5 7] F.TEe
"%‘ 55 —:
=
E 2.5e5
] T.58
1 2 e 4 5 [+ 7 a8 L= 10
Retention time [mMin]
TPs Formula Observed m/z Observed RT (min) Mass error (ppm)
TP470 CgHsF1207,S 470.9392 3.24 -4.5

Itermn name: 221124 A 2PPM_S300_I048 &0 2
Channel name: mzd70_CEBHIF12075- [+e] : (50,0 PPM) 4709392
mzA7T0_CEBH2F12075-

10

i 3.24
S00
—_ i
=
(=}
=4, i
£ 250
=
= i
= i\
] A
!
GLx—H_MNI \k__f———ﬁ/“\ \Wuﬁwwmﬁﬁﬂ‘ﬂ
T T T T T T T T T 1
1 2 2 4 5 L& 7 = 9

Retention time [min]
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TPs Formula Observed m/z

Observed RT (min) Mass error (ppm)

TP456 C7F13HSO3HCOOH 456.9418

7.73 -0.7

Iterm name: 221124 A 2PPM_S5300_1048_60_1
Channel name: mzd57_CFF1IHSO2HCOOH [-H] : (50.0 PPM) 456.9418

75000

50000 |

Intensity [Counts]

25000

o]

mzA57_CTVFI1IHSOIHCOOH
F.r73

1 2 3 44 5 L+

Retention time [min]

TPs Formula Observed m/z

Observed RT (min) Mass error (ppm)

TP448 (PFHpS) C7F15sHSO; 448.9315

8.57 -4.4

Iterm name: 221124 A 2PPW_SZ00_10_60_2
Channel name: mzd49 C7F15HSO3(PFHpS) [-H] : (30.0 PPM) 4489315

3000 ]

Intensity [Counts]
" b
8 3
[=] [=]
| |

mzd49 CYF1SHSO3(PFHpS)

Retention time [min]
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Formula Observed m/z Observed RT (min) Mass error (ppm)

TPs
TP438 CgHsF1205S 438.9503 7.28 -2.7
Iterm name: 221124 A 2PPM_S3200_1048_ 90 1
Channel name: mzd38_CEBHIEF12055- [+e] = (30.0 PPR) 4328.9503
mzd 38 CEHEF12055-
T.27
E 20000 -
=
i 10000
{:I - T T T T T T
1 2 E 4 5 9
Retention time [min]
TPs Formula Observed m/z Observed RT (min) Mass error (ppm)
TP436 C7F12SO3HCOOH 436.9347 7.65 -2.6

Tterm name: 221124 58 _ZPPh_S300_I098_60_1

Channel name: mza37_CTF12503IHCOOH [-H] : (50.0 PPM) 436.9347

=237 _C7F12S03HCOOH
7.64

1 OO0 —

S000

Intensity [Counts]

o — T T T T T T T
1 2 3 e 5 L) 7 a2 =
Fetention tirme [min]
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TPs Formula Observed m/z Observed RT (min) Mass error (ppm)
TP430 C7F14HSO3zH 430.9407 7.79 -4.9
Itermn name: 221124 A 2PPM_S3200_1048 10 1
Channel name: mzd31 C7F14HE03H [-H] = (30.0 PPM) 4320.9407
1 h
500 b | |
'_E‘ m=z431_CTVF14HS0O3H | |
3 5000 779 |
= |
= |
é 2500 - | ||
761 || |
ol __ g I W
1 2 3 a 5 6 7 8
Retention time [min]
TPs Formula Observed m/z Observed RT (min) Mass error (ppm)
TP412 C7F13H.SOzH 412.9518 8.45 -1.2
Iterm name: 221124 58 2PPM_SZ00_1048_ 360 1
Channel name: mz413 CTF1ZH25032H [-H] : (50.0 PPR) 412.9518
mz4a13 CFF13H2503H
844
= 2e5—i
3
= ]
=2 100000
E ]
a T T T T T T T T T
1 p= e 5 [+ 7 g 9
Fetenticon time [min]
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TPs Formula Observed m/z

Observed RT (min) Mass error (ppm)

TP410 C7F13S03° 410.9355

7.79 -2.7

Iterm name: 221124 A 2PPM_S300_I048 15 1
Channel name: mzd1l0_CT7F13503- [+e] @ (5000 PPM) 4109355

mzd10_CYF13503-
1 T.78
1l
g
(=]
La ]
£ 5e5-]
—
i 4
= E
o T T T T T T T — T T
1 2 3 4 5 [ 7 a 9

Fetention time [min]

TPs Formula Observed m/z

Observed RT (min) Mass error (ppm)

TP398(PFHXS) CoF13HSO; 398.9340

8.42 -6.6

Tterm name: 221124 A 2PPM_S200 10 240 2
Channel name: mz299_CSF13HSO3(PFHxS) [-H] : (50.0 PPM) 2098.9240

2000 _ mﬂQQ_CGFJéiI—EiSOB{PFHxS'J
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TPs Formula Observed m/z Observed RT (min) Mass error (ppm)
TP395 C7F14HCOOH 394.9739 8.49 -5.0
Item name: 221124 A 2PPM_S300_ 10418 60 1
Channel name: mz395_CYF14HCOOH [-H] : (200 PPM) 3929773
mz=395_CFF14HCOOH
8.45
—_— 1 OO0
= ]
S
= 1
A 50000
= ] f\
] | \
o ,-'f Il'L M "
1 2 3 a 5 6 7 8 9

Retention time [min]

TPs Formula Observed m/z Observed RT (min) Mass error (ppm)
TP393 C7F1sHOHCOOH 392.9773 8.46 -7.3
Ttem name: 221124 A 2PPR_S300_I048 &0_1
Channel name: mz292_C7F1ZHOHCOOH [-H] : (30.0 PPR) 29297732
mz393_CYF1ZHOHCOOH
] 8.45
— 1 OO0 —
3
E ]
E 50000
= | i
{
o /o .
1 2 3 a 5 5 7 8 9

Retenticn time [mMin]
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TPs Formula Observed m/z Observed RT (min) Mass error (ppm)

TP392 C7F12HSOzH 392.9455 7.74 -1.3

Item name: 221124 A 2PPM_S5300_1048 60 1
Channel name: mz29232_C7F12HS0O3H [-H] : (50.0 PPh) 2920455

m=z3093_C7FI12HSO2H

T3
T 5e5 ]
= p
S
= .
:gz" 2.5e5
CI 1 T 1 T 1 1 T 1 1 T
1 2 3 £ 5 [+ 7 a8 9
Fetention time [min]
TPs Formula Observed m/z Observed RT (min) Mass error (ppm)
TP377 C7F13H.COOH 376.9838 8.50 -4.0
Iterm name: 221124 A 2PPM_SZ00_I048_180_1
Channel name: mz377_C7F13H2CO0H [-H] = (5000 PPR) 376.9838
m=377_CFF13H2CO00H
S.51
E ]
= 1000
= |
z
8.0
0 T - T T T T T T 1 T 2 T
1 2 3 4 = [+ e 8 9

Retention time [min]
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TPs Formula Observed m/z Observed RT (min) Mass error (ppm)
TP363(PFHpA) CesF13COOH 362.9750 8.44 -5.2
Iterm name: 221124 A 2PPM_S300_10_15_2
Channel name: mz383_C6F13COO0OH(PFHERA) [-H] : (50.0 PPM) 362.9577
mz363_CEF13COOH(PFHpA)
843
% 50{:0—-
:Bi ]
] 8.10 9.31
{:I T 1 1 1 1 T — ____| — T 2 — T _ 1
T a8 9 10

1 2 3 4 5 [
Retention time [min]

TPs Formula Observed m/z Observed RT (min) Mass error (ppm)
TP348(PFPeS) CsF11HSO3 348.9378 8.26 -5.8
Iterm mname: 221124 A 2PPRM_SZ00 1098 240 1
CThanmnel name: mz349 C5F11HSO2(PFPeS) [-H] : (50.0 PPRD) 3489378
mzF493 CS5F11HSO3{(PFPes)
1 825
—_ ilata el —
=
= SO0 —
£
ol e e e —————— S
7 a8 o

i =2 3 4 = [
Retention time [min]
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TPs

Formula

Observed m/z Observed RT (min)

Mass error (ppm)

TP313(PFHXA)

CsF1.COOH

312.9713 8.25 -4.7

Item name: 221124 5 2PPM_5300_10 0_2

Channel name: mz313 C5F11COO0OH{PFH=A) [-H] : (50,0 PPM) 2129713

mz313 CS5F11COOH{PFHxN)

8.24
"E' 2000
= ]
E lDCIU—_
{:I__—___I___\_\—_'__ ———— _\____\_I — T ___I'_\___ _\__I__'_ _I _\__'_I_ — _I
1 4 5 (= 7 a8 9 10
Retention tirme [min]
TPs Formula Observed m/z Observed RT (min) Mass error (ppm)
TP263(PFPeA) C4FyCOOH 262.9737 5.05 -8.6

Item name: A_ S0 I0 200_2 221103

Channel name: mz263_CAFCOOH{PFPeA) [-H] - (53000 PPM) 2629737

E 1000
= |
(=]
=
="
£ 500
=
=
G_

mz263_ CAFSCOOH(PFPaA)
5.05

Retention time [min]
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Table S2. Classification into toxicity classes based on globally harmonized system of classification and labelling of chemicals (GHS)

Toxicity range (mg/L) Class
LCso/ ECso/ ChV <11 Very toxic
1 <LCso/ ECso/ ChV <10 Toxic
10 <LCso/ ECso / ChV <100 Harmful
LCso/ ECso / ChV > 100 Not harmful
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