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Abstract

Hexafluoropropylene oxide dimer acid (HFPO-DA), referred to as GenX,
has been recently detected in various water bodies, and become a subject of concern
due to its environmental persistence and toxicity. In this study, we investigated the
degradation of GenX in water under N,-saturated conditions during vacuum
ultraviolet (VUV) photolysis and VUV/sulfite reactions. The decomposition reaction
of GenX in all reactions followed the pseudo-first order kinetics. While the removal
rate was highest at pH 6 during the VUV photolysis, the removal efficiency increased
at high pH conditions in the VUV/sulfite reaction. The hydroxyl radicals (*OH) did
not contribute to the degradation of GenX and showed a negative effect during the
VUV/sulfite reaction. The transformation products (TPs) of GenX in both reactions
were identified using LC-MS/MS and LC-QTOF/MS. Three TPs (TFA, PFPrA, and
TP120) were identified in the VUV photolysis reaction while six TPs (TFA, PFPrA
(TP164), TP120, TP182, TP186, and TP366) were identified in the VUV/sulfite
reaction. Defluorination of GenX was also observed, achieving 17% and 67% for 6
hr in both reactions, respectively. We proposed the degradation pathways of GenX
based on the identified TPs and theoretical calculations confirming the reactivity to
nucleophilic attack. The initiation reactions for GenX decomposition were found to
be C-C bond cleavage, C-O bond cleavage, and sulfonation after decarboxylation. In
addition, ecotoxicity prediction using ECOSAR simulation showed that the toxicity

of TPs should not be overlooked.
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1. Introduction

1.1. Background

Although per- and polyfluoroalkyl substances (PFASs) have been used in the
production of various industrial and consumer products worldwide since the 1940s,
they have the characteristics of recalcitrance, bioaccumulation, and long half-lives
in the human body (Gliige et al., 2020; Lindstrom et al., 2011). For these reasons,
perfluorooctanoic acid (PFOA), a well-known compound among the family of
PFASs, has been banned under the international Stockholm Convention in 2019
(UNEP, 2019). In order to deal with the regulation, PFAS alternatives have been
recently developed in which a part of the carbon chain is converted into an ether
group, or C-F bonds are converted into C-H bonds or C-Cl bonds (Wang et al.,

2019b).

Hexafluoropropylene oxide dimer acid (HFPO-DA, Cas No. 13252-13-6)
(Table 1), also known as GenX for its trade name, is one of per- and polyfluoroether
carboxylic acid (PFECA) which has ether group in the middle of the carbon chain.
It is applied as an alternative to the use of PFOA as a processing agent in the
production of fluoropolymers (ECHA, 2015). However, its adverse effects on the
liver, development, blood, and immune systems in rats or mice were observed with
its lowest observed adverse effect level (LOAEL) at 0.5 mg/kg/day (USEPA, 2021).
Gomis et al. (2018) reported that GenX had a higher toxicity ranking than PFOA

when using modeled serum and liver, indicating that GenX had similar or higher
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toxic potency.

Despite its toxic potential, the current production of GenX in Europe is
estimated to be 10 to 100 tons/year (Vakili et al., 2021). Since its massive usage by
many manufacturers, GenX has been detected in different water bodies in some
countries, indicating its ubiquitous contamination worldwide (Table 2). Even worse,
GenX is persistent against both conventional and advanced drinking water treatment
processes (e.g., coagulation, flocculation, sedimentation, filtration, ozonation, and
chlorination), despite being found in the source water of a water treatment plant up
to 4,560 ng/L (Hopkins et al., 2018; Sun et al., 2016). Accordingly, the appropriate

treatment of GenX in water is necessary.

Table 1. Physical and chemical properties of GenX (USEPA, 2021).

GenX (HFPO-DA) Chemical Molecular pKa Water
formula weight solubility
R F F o CeHF 1103 330.06 2.84 >751 g/L

F o)
E OH g/mol at20°C  at20°C

F F F

FIF
F




Table 2. Detection cases of GenX in different water matrices in various countries.

Location Matrix Concentration References
(ng L)
United States River water ND ~ 227 (Galloway et al., 2020)
Drinking water ND ~ <10
Netherlands River water <0.2 ~ 812 (Gebbink et al., 2017)
Drinking water <0.2~11
China River water ND ~ 3060 (Heydebreck et al., 2015)
Netherlands River water ND ~ 86.08
China River water 0.78 ~2.49 (Pan et al., 2018)
German, Netherlands River water <0.05~10.3
South Korea River water 0.78 ~8.75
United Kingdom River water 0.70 ~ 1.58
United States River water 0.59 ~1.98
China Lake water 0.38 ~ 143.7
Sweden Lake water 0.88 ~2.68
United States Source water of drinking water <10 ~ 4560 (Sun et al., 2016)

treatment plant (DWTP)




1.2. Previous studies on the degradation of GenX

Several studies have been attempted to remove GenX in water using
adsorption, advanced oxidation processes (AOPs), and advanced reduction processes
(ARPs). The adsorption processes using activated carbon, ion-exchange resins, and
membrane filtration processes can remove GenX, but do not destructively
decompose it (Dixit et al., 2020; Wang et al., 2019a). This makes the adsorption
process require treatment and management for the spent adsorbent, and filtration
process create concentrated high-concentration wastewater (Vakili et al., 2021).
Therefore, destructive treatments are desirable to prevent release into the

environment (Pica et al., 2019).

AOPs including photochemical AOPs with UV irradiation are widely applied
to decompose and remove micropollutants, in which strong oxidizing species such
as hydroxyl radicals (*OH) and sulfate radicals (SO4~) are active. However, *OH
cannot achieve direct decomposition of GenX (Olvera-Vargas et al., 2022; Suresh
Babu et al., 2022), and as shown in Table 3, SO, is reported to be ineffective for
GenX removal due to steric hindrance by —CF3 branch bound to a-carbon (Bao et al.,

2018).

On the other hand, ARPs using hydrated electrons (e.q) generated by the
photolysis of inorganic reductive agents are emerging in the treatment of PFASs (Bao
et al., 2019; Bentel et al., 2019; Cui et al., 2020; Song et al., 2013). Among them,

UV/sulfite process of adding sulfite (SOs>) with a high yield of eaq” has been recently

studied for GenX (Eq. (1), Table 3) (Bao et al., 2018; Bentel et al., 2020b))._|A1t]_1~0ugh| 3
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the removal rate differed depending on the experimental conditions of the two studies,
both achieved efficient degradation of GenX and observed defluorination. The
transformation products (TPs) identified in these studies are also shown in Table 3.
Bao et al. (2018) identified TFA and PFPrA as TPs, which have standard reagents for
target analysis, and Bentel et al. (2020b) further identified TPs through non-target

analysis.

SO+ hv — SO3™ + e (@ =0.330 mol/einstein) (1)

Still there are no researches on the effect of SOs* ions on TP formation of
GenX, further identification of TPs by a non-targeted analytical method in
consideration of sulfonated-TPs is required to better understand the degradation

mechanisms of GenX during the sulfite-based ARPs.



Table 3. Previous studies on the degradation of GenX during photochemical AOP and ARP.

Treatments Removal  Defluorination Identified TPs References
uv <5% - N/A (Bao et al.,
(3 hr) 2018)
UV/persulfate <5% - N/A (Bao et al.,
(AOP) (3 hr) 2018)
UV/sulfite 100% 90% TFA Q (Bao et al.,
(ARP) (2 hr) (6 hr) E})ko 2018)
F
PFPrA RS
FE)QKO
] F o
UV/sulfite 100% 45% TFA Q (Bentel et
(ARP) (48 hr) (48 hr) E})ko al., 2020b)
F
PFPrA RS
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1.3. Vacuum ultraviolet (VUV) studies on the degradation of

micropollutants

Instead of applying UV that emits light with only 254 nm wavelength,
applying the vacuum ultraviolet (VUV) as a light source that emits light with
wavelengths of 185 nm and 254 nm can utilize both wavelengths of light. Therefore,
VUV treatment process has been proposed as a more efficient alternative to the UV-
based system (Zoschke et al., 2014). VUV radiation with 185 nm wavelength can
generate high-energy photons (647 kJ/mol) sufficient for the cleavage of C-C (347
kJ/mol) and C-F (552 kJ/mol) bonds (Giri et al., 2012). This can result in the in-situ
generation of reactive species such as e.q, hydrogen atoms (*H), and hydroxyl
radicals (*OH) via water homolysis (Eq. (2)) and ionization (Eq. (3)) (Gonzalez et
al., 2004). Thus, micropollutants can be decomposed by VUYV irradiation without
adding additional chemicals. (Banayan Esfahani and Mohseni, 2022; Jin and Zhang,

2015; Kiattisaksiri et al., 2016; Wang and Zhang, 2014; Wu et al., 2020).

H,O + Av (<190 nm) — *H + «OH (® =0.330 mol/einstein) (2)

H>O+ v (<190 nm) — H" + eq + *OH (® =0.045 mol/einstein) (3)

To our knowledge, there is no kinetic and mechanism study to decompose
GenX in water during the VUV photolysis and VUV/sulfite reactions using VUV as
a light source instead of UV. Especially, the studies on the identification of reactive
species contribution such as e,q” and *H, and the TPs during two reactions have not

been studied yet.



1.4. Objectives

The objectives of this study are (1) to evaluate the degradation kinetics and
mechanism including defluorination efficiency of GenX in water during VUV
photolysis and VUV/sulfite processes; (2) to distinguish the contributions of various
reactive species (e.g., €.q, *H, *OH) during two processes; (3) to identify TPs during
VUV photolysis and VUV/sulfite processes, and propose degradation pathways
based on the identified TPs and density functional theory (DFT); and finally (4) to

assess the toxicity of GenX and its TPs using ECOSAR and T.E.S.T simulation.



2. Materials and Methods

2.1. Chemicals

HFPO-DA (CF;CF,CF,OCF(CF3)COOH, 99%), also referred to as GenX, was
purchased from Angene Chemical (Hong Kong, China). Trifluoroacetic acid (TFA,
CF;COOH), pentafluoropropionic acid (PFPrA, CF;CF,COOH), sodium sulfite,
tert-butanol, sodium nitrite, sodium nitrate, ammonium acetate, and ammonium
formate were purchased from Sigma-Aldrich (St. Louis, MO, USA). For pH
adjustment, acetic acid, sodium acetate, sodium phosphate dibasic, sodium
phosphate monobasic dihydrate, sodium tetraborate decahydrate, sodium hydroxide,
and sulfuric acid were also purchased from Sigma-Aldrich (St. Louis, MO, USA).
LC-MS grade methanol and acetonitrile were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Deionized water was generated from Milli-Q
deionized water generator (Millipore, MA, USA) and ultrapure nitrogen gas (N2)
was obtained from Daehangas (Gimpo, Korea) to purge oxygen in the reaction

solution.



2.2. Experimental methods

All experiments were conducted in a batch-type photoreactor equipped with
three 6-W low-pressure VUV mercury lamps (Sankyo Electric Co., Tokyo, Japan)
emitting both VUV (185 nm) and UVC (254 nm) light (Fig. 1). The lamps were
ignited for at least 10 min before the start of the experiments. The 2 L solution in the
reactor was purged with nitrogen gas (N2) continuously from 30 min before the start
of all experiments to maintain a stable oxygen-free condition. Since laboratory-scale
chemical experiments are performed under almost completely controlled conditions,
experiments with small experimental errors were performed in duplicate, and
experiments with relatively large experimental errors (in the case when standard
deviations for [C,]/[Co] were over 10%) were performed in triplicate to increase

reliability.

To investigate the kinetics of GenX degradation, control tests were conducted
under dark control, sulfite only, VUV photolysis, and VUV/sulfite processes. The
effects of sulfite (SO3") concentration and pH on GenX degradation were examined
using various sulfite concentrations (0-12 mM) and pHs (pH 4 to 10). The pH of the
reaction solution was adjusted and buffered with 10 mM acetate buffer for pH 4, 10
mM phosphate buffer for pH 6-8, and 5 mM tetraborate buffer for pH 10. To compare
the contributions of the reactive species, tert-butanol (~-BuOH), nitrite (NO, "), and
nitrate (NO;") ions were added as reactive species scavengers at 1 mM in the VUV

photolysis system and at 6 mM in the VUV/sulfite system.

To identify the TPs and evaluate the defluorination efficiency during thel_
o e
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reactions, the initial concentration of GenX was set at 3.0 uM to identify the peaks
of TPs produced and enable the quantification of fluoride ion (F°) more clearly. In
addition, no buffer was used to prevent the potential occurrence of any reaction
between buffer chemicals and reactive species. Instead, the initial pH was adjusted

by 1 M NaOH and H>SOs.

N, purging
inlet

VUV lamp
(6W, 185/254nm)

= Aluminum foil

Reactor (2L) -

; O
Sampllpg- B 320 o
point ’ Magnetic bar
| - )
Stirring
plate
I— |

Fig. 1. Schematic diagram of the VUV reactor system.
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2.3. Analytical methods

GenX was analyzed by high-performance liquid chromatography (HPLC-
MS/MS) (Nexera, Shimadzu, Japan)-tandem mass spectrometer (API 4000, AB
Sciex, USA) equipped with Gemini C18 column (2 X 50 mm, 3 pm). The detailed
analysis conditions are provided in Table S1 in the Supporting Information. TFA and
PFPrA were also analyzed by using HPLC-MS/MS equipped with Raptor Polar X
column (2.1 X 50 mm, 2.7 um). The detailed analysis conditions are provided in

Table S2.

The identification of TPs during VUV photolysis and VUV/sulfite was
determined by ultra-high performance liquid chromatography quadrupole time-of-
flight mass spectrometry (UPLC-QTOF/MS) (Acquity UPLC Synapt G2-Si, Waters,
USA) equipped with ACQUITY UPLC BEH C18 column (2.1 X 100 mm, 1.7 pm).

The detailed analysis conditions are provided in Table S3.

The ion selective electrode (ISE) (Thermo Scientific) connected to a Thermo
Scientific Orion Versa Star Pro meter was used to determine the concentration of
fluoride ions (F°) (Scientific, 2016). The sample was added with the same amount of
low-level TISAB solution, and the probe was immersed in the stirred solution. The
probe was calibrated before each use with known concentrations of fluorine standard

solutions.

b i 211 ";
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2.4. Computational methods

DFT-based quantum chemical calculations were conducted with Gaussian 09
software (Frisch et al., 2016). The structural optimization and vibrational frequency
calculations on GenX were preceded using B3LYP method with the 6-311+G (d,p)
basis set including empirical dispersion GD3BJ (Bao et al., 2018). The solvent
effects were also considered using the integral equation formalism variant (IEFPCM)

(Tomasi et al., 1991).

To further determine the reactivity of GenX to the attack of reactive species at
the atomic level, the condensed Fukui indices (f *) based on condensed Fukui
function and lowest unoccupied molecular orbital (LUMO) composition were
calculated using Multiwfn 3.8 software, and visualized in GaussView 5.0.8 (Lu,
2014; Lu and Chen, 2012). Hirshfeld atomic charge and Hirshfeld partition were
applied to the calculations. In addition, the Mayer bond order (BO) was calculated
to find out which bonds are more likely to dissociate after being attacked by reactive

species.

3§ 53 17
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2.5. In silico toxicity assessment

The Ecological Structure Activity Relationships (ECOSAR v2.2) program was
used to predict the acute and chronic toxicity of GenX and its identified TPs to
aquatic organisms such as fish, Daphnid, and algae (USEPA, 2022a; b). The median
lethal concentration (LCsp) and median effective concentration (ECso) were
estimated for acute toxicity. The chronic value (ChV) defined as the geometric mean
of the no observed effect concentration (NOEC) and the lowest observed effect

concentration (LOEC) was estimated for chronic toxicity.

The Toxicity Estimation Software Tool (T.E.S.T v5.1.2) was also used to
predict the acute toxicity, bioconcentration factor, developmental toxicity and the
Ames mutagenicity of GenX and its identified TPs (USEPA, 2020). The median
lethal concentration (LCso) and median lethal dose (LDso) were estimated for acute
toxicity to fathead minnow, Daphnid, and rat. The median growth inhibition
concentration (IGCso) for 7. pyriformis was excluded since it was simulated as ‘not
applicable (N/A)’ for all substances. The Consensus method was applied, which is

recommended since it provided the most accurate predictions.

3§ 53 17
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3. Results and Discussion

3.1. Degradation kinetics of GenX

Fig. 2 shows the degradation kinetics of GenX in dark control, sulfite only,
VUV photolysis, and VUV/sulfite reactions at pH 10 under anoxic condition. While
there was no degradation of GenX under dark control and sulfite-only conditions,
approximately 35% of GenX removal in 3 hr was achieved with VUV photolysis
reaction. This result indicates that the reactive species, such as e.q, *H, and *OH,
generated by the VUV photolysis of water could degrade GenX (Eq. (2) and Eq. (3)).
When sulfite was added, the observed rate constant (kos) of GenX degradation
increased by five times compared to the VUV photolysis reaction, achieving about
90% removal in 3 hr (Table S4). This is due to the additional generation of eaq” by
the photolysis of sulfite (Eq. (1)), indicating that sulfite is an effective mediator at

high solution pH.

We investigated the effect of sulfite concentration on the degradation of GenX
during the VUV/sulfite process. As shown in Fig. 3, the degradation rate of GenX
increased as the sulfite dosage increased up to 12 mM. This is attributed that as the
concentration of sulfite increases, the generation of e,y increases, resulting in a
positive correlation (Song et al., 2013). However, the rate of increase showed a
different pattern at low concentration levels (0-0.8 mM) and high concentration
levels (2.4-12 mM). The excessive amount of sulfite did not significantly increase

GenX degradation due to recombination and self-scavenging reaction between

15 A0 . [ .



reactive species such as SOs™ and e.q (Eq. (4)-(6)) (Fischer and Warneck, 1996).

SO5™+ SO5™ — $,06> (2k=6.2x10° M s7) “)
g + $206* — SO3* + SO~ (k=2.0x10°M"'s™) )
€ag + Cag + 2H20 — Hy + 20H" (2k=1.1x10""M"s") ©)

The ingestion of high concentrations of sulfite can also be a safety concern for
human health (Han et al., 2020), and sulfite in water can be oxidized to sulfate in the
presence of oxygen. Sulfate can naturally occur in drinking water, but intake of high
concentrations by those not used to consuming sulfate can result in health effects
such as dehydration and diarrhea (USEPA, 1999). Therefore, the addition of an
excessively high concentration of sulfite to increase the removal efficiency of GenX
should be avoided, and it is necessary to designate an appropriate concentration
considering the health effects. In this study, other experiments for the kinetics of
VUV/sulfite reaction were performed using 4.8 mM sulfite as the appropriate

concentration.

16 4 2-TH
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Fig. 2. Degradation of GenX during control tests for VUV/sulfite process under
anoxic alkaline condition ([GenX]o = 0.30 uM, [sulfite]o = 4.8 mM , pH =10, VUV

intensitysss nm = 0.65 mW/cm?, continuous N, purging; n > 2).
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3.2. Effect of pH

The rate constants for the degradation of GenX under various pH conditions
during VUV photolysis and VUV/sulfite reactions were shown in Fig. 4. In
VUV/sulfite reaction, the degradation rate increased as the pH increased. This is
because the higher concentration of e.q is produced due to the dominant form of
sulfite (SO5%) (pKa = 7.21) among S(IV) species (Gu et al., 2017) (Fig. S1), the donor
of e.q, at alkaline conditions (Eq. (1)). Also, under acidic condition, e.q” can react
with H' to form *H (Eq. (7)), whereas *H can react with OH™ to form e,q under

alkaline condition (Eq. (8)) (Fischer and Warneck, 1996).

eaq_+ H" — «H (k =23 x10"°M! S—l) (7)

*H+ OH — e (k=22x10"M'sh (8)

Unlike the VUV/sulfite reaction, the fastest GenX degradation was observed
at pH 6 during the VUV photolysis reaction, followed by pH 4, pH 8, and pH 10.
While *OH is known to be ineffective for GenX degradation (Bao et al., 2018; Ding
et al., 2022), the two reactive species, €,q” and *H, differ in pH conditions for each to
be effectively produced, according to aforementioned reactions (Eq. (7) and Eq. (8)).
If the *H acts predominantly, the lower pH would have better removal efficiency.
Conversely, if the e.q acts predominantly, the higher pH would be better for GenX
removal. However, the result that the optimum pH was not biased toward either
strong acid or strong base demonstrates that e, and *H were both utilized in GenX

degradation during the VUV photolysis reaction. This result seems plausible because
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the quantum yield of *H is much higher than that of e,y in the VUV photolysis
reaction (Eq. (2) and Eq. (3)), and *H can cleave the C-C bonds with a lower but still
high reduction potential than e,q (Qu et al., 2014). This was also confirmed by the
change of pH during the experiment for 6 hr without using a buffer solution (Fig. 5).
The solution pH decreased after the VUV photolysis reaction, we inferred that «H

reacted with GenX by providing an electron and was converted into H".
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Fig. 4. Degradation kinetics of GenX at different pH during VUV photolysis and
VUV/sulfite ([sulfite]o = 4.8 mM) processes ([GenX]o = 3.0 uM, VUV intensityas4
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Fig. 5. The change of pH after degradation for 6 h in VUV photolysis (pHo = 6) and

VUV/sulfite (pHo = 10) processes without using buffer solution.
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3.3. Roles of reactive species

To explore the roles of reactive species (e.g., €4, *H, *OH) in GenX
degradation, the experiments were conducted by adding scavengers including -
BuOH, NO;, and NO; ions. The second-order rate constants between each

scavenger and reactive species are presented in Eq. (9)-(16) (Buxton et al., 1988;

NIST, 2022).
(CH3);COH + e,y — [(CH3);COH]~ (k=4x10°M"'s™) )
(CH3);COH + *H — H, + *CHy(CH3),COH (k= 1.7 x 10° M s7) (10)
(CH;);COH + <«OH — HO0 + (k=6.0x10*M"'s") (11)
*CH,(CH3),COH
NO> + e — (*NO2)* (k=4.1x10° M s (12)
NO, + *H — NOs + OH- (k=7.1x10*M"s™) (13)
NO; + «OH — NO+ + OH- (k=0.6-1.2 x 10°° M s1)  (14)
NOs™ + e — (*NO3)* (k=9.7x 10° M ) (15)
NOs™+ *H — (NOsHe) (k=1.4x10°M"s") (16)

As shown in Fig. 6, the change in the rate constant is clear when each
scavenger was added. When #-BuOH was present, there was no significant change in
the rate constant in the VUV photolysis reaction, whereas the rate constant
significantly increased during the VUV/sulfite reaction. While #~-BuOH is a powerful
scavenger for *OH (Eq. (11)), it has a relatively small scavenging effect on e.q” and
*H, which can be negligible (Eq. (9) and Eq. (10)). This result implies that *OH
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played a negligible role in GenX degradation during the VUV photolysis reaction,
and even showed a significantly negative effect during the VUV/sulfite reaction. It
is reported that «OH reacts with e, and *H to quench these two reductive reactive
species (Eq. (17)-(18)) (Buxton et al., 1988; Kim et al., 2022). This quenching effect
was minimal in the VUV photolysis reaction and was huge in the VUV/sulfite
reaction because the amount of e,q” that reacted with *OH increased as a large amount

of e,q” was generated by the photolysis of sulfite.

*OH + e,y — OH' (k=3.0x 10" M s1) (17)

«OH + *H — H,0 (k=7.0x10°M"s™) (18)

To compare the contribution of e, and *H during the reactions, NO;” and NOs
ions were used as scavengers. While both are good scavengers for e.q’, only NO can
react rapidly with *H and *OH (Eq. (12)-(16)). When NO, and NO;" ions were added,
significant inhibition of GenX degradation in VUV photolysis and VUV/sulfite
reactions was observed, indicating that either e,q” or *H, or both played a dominant
role in both reactions (Fig. 6). Note that, from the experiments of pH effect, it is
known that not only e,q but also *H contributes in the VUV photolysis reaction, and

that e,q has a significantly dominant contribution in the VUV/sulfite reaction.

Slightly higher inhibition of GenX decomposition was observed when NO3
ion was added than when NO; ion was added even though NO»" reacts with *H about
500 times faster than NO5™ (Eq. (13) and Eq. (16)), it is presumed to be due to the

scavenging effect for *OH by NO, ions. Unlike the case where -BuOH was added

and e,q and *H were sufficient similar to the control test, the quenching effects for _
| i -11
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these two by *OH (Eq. (17) and Eq. (18)) were relatively increased since the amount

of e,q” and *H produced was insufficient when NOs™ ions were present.
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Fig. 6. Pseudo-first rate constants of GenX degradation in the absence or presence
of different radical scavengers during VUV photolysis ([t-BuOH] = [NOz] = [NO;5]
=1 mM, pH = 6) and VU V/sulfite ([sulfite]o = 4.8 mM, [t-BuOH] = [NO,] = [NOs]
= 6 mM, pH = 10) processes ([GenX]o = 0.30 uM, VUV intensityzss nm = 0.65

mW/cm?, continuous N, purging, n > 2).
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3.4. Identified TPs and defluorination

To propose a possible degradation pathway through VUV photolysis and
VUV/sulfite processes, quantitative and qualitative analyses of TPs were conducted.
The non-targeted qualitative analysis data analyzed by LC-QTOF/MS went through
the suspect screening process using UNIFI software (Waters, USA). The expected
TPs list for suspect screening was drawn using ChemDraw 20.0 software, including
various substances that may occur due to reaction mechanisms such as C-O bond
breakage and H/F exchange. Among the substance identified through the screening
process, substances that met the following criteria were defined as TPs: (i) mass error
< 10 ppm; (ii) isotope match intensity RMS percent < 20%; (iii) peak area showing

a continuous pattern over time, such as steady increase or a decrease after increase.

The time profiles of ultra-short chain PFASs (TFA and PFPrA) subjected to
target analysis using LC-MS/MS are shown in Fig. 7(a) and Fig. 7(c) with
defluorination efficiency, and the time profiles of the other TPs (TP120, TP164,
TP182, TP186, and TP366) subjected to non-target analysis using LC-QTOF/MS are

shown in Fig. 7(b) and Fig. 7(d).

During the VUV photolysis reaction, while both PFPrA and TFA were detected
by target analysis (Fig. 7(a)), TP120 and TP164 were detected by non-target analysis
(Fig. 7(b), Table S5). It was confirmed that TP164 was the same compound as PFPrA,
and TFA was difficult to detect via non-target analysis due to its small molecular

weight. The defluorination efficiency defined by Eq. (19) showed 17% of fluorine
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ion (F’) conversion from GenX was achieved after 6 hr reaction (Fig. 7(a)). Although
the VUV photolysis did not effectively break the C-F bonds of GenX, the result
showed that some degree of defluorination can be achieved with reactive species

only generated by photolysis of water without the addition of other chemicals.

Observed concentration of F~ (mg/L)

Defluorination efficiency (%) = x 100 (19)

Theoretical concentration of F~ (mg/L)

While TFA, PFPrA (TP164), and TP120 were found in the VUV photolysis
reaction (Fig. 7(c)), three TPs (TP182, TP186, and TP366) were additionally
identified during the VUV/sulfite reaction (Fig. 7(d), Table S5). Among them, the
sulfonated TPs, which are TP182 and TP366, are newly identified in this study, and
the other four TPs (TFA, PFPrA (TP164), TP120, and TP186) were the same as the
existing literature in which the decomposition of GenX by that the ether group bond
is broken (Bao et al., 2018; Bentel et al., 2020b; Trang et al., 2022). The achievement
of 67% F~ conversion during the VUV/sulfite reaction indicated that the generation
of additional e.q” by the photolysis of sulfite (Eq. (1)) enhanced the defluorination

efficiency of GenX.

To determine the existence of unidentified TPs, the mass balances of fluorine
(F) were calculated from the quantification result of target TPs and F~ in Fig. 7(a)
and Fig. 7(c). The ratio of the total fluorine contained in remaining GenX, PFPrA,

TFA, and F~ was calculated through Eq. (20).

([GenX]x11)+([PFPrAXS) +(TFA)X3)+F] 1 (20)
[GenX]px11

Fluorine recovery (%) =

b i 211 ";
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As shown in Fig. 8, fluorine recovery decreased to 54% after 6 hr in the VUV
photolysis reaction, while it decreased to 46% by 120 min and finally increased to
68% in the VUV/sulfite reaction. The missing recovery of fluorine indicates the
presence of unquantified or unidentified TPs. In particular, the decrease of TP120
after 150 min, the only unquantified among the identified TPs in the VUV photolysis
reaction, did not lead to an increase in fluorine recovery, suggesting the existence of
unidentified TPs with fluorine. In contrast, the increase in the recovery after 120 min
during the VUV/sulfite reaction indicates that the decomposition and defluorination

of unquantified TPs had progressed.
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3.5. Theoretical calculation and degradation mechanisms

Theoretical calculations were performed to deepen the perspective on the
degradation mechanisms of GenX under the VUV-based reactions. As GenX exists
in anion form in water at most pH values due to its low pK, value (pK. = 2.84
(USEPA, 2021)), the calculations were carried out using the anionic form of GenX
to reflect the actual molecular state of GenX in the aqueous environment. The
optimized geometric structure of GenX is shown in Fig. S2. The /" describes the
susceptibility to nucleophilic attack at the atomic level based on electron density, and
LUMO describes the ability to accept electrons at the molecular level based on the
orbital. The positively larger the f * value, the easier it is to be subjected to
nucleophilic attack. The contour surface for /* depicts that the CF; fragment and CF»
fragment of nonionic moiety are the most preferable sites for nucleophilic attack (Fig.
9(a), Table 4). Moreover, the LUMO in the GenX molecule is distributed throughout
the carbon chain including the functional group (Fig. 9(b)), which seems to be
induced by a partial positive charge at the carbon atoms due to the relatively strong
electronegativity of fluorine and oxygen atoms. Among them, atoms with high
composition are found to be C(18) (13.509%), C(4) (10.311%), and C(2) (9.554%)
(Table 5), which are likely to accept the electrons. Based on the computational
calculations and identification of TPs, the proposed degradation pathways of GenX

during VUV photolysis and VUV/sulfite reactions are shown in Fig. 10.

The initial reaction for GenX decomposition in the VUV/sulfite reaction can
be proceeded into three pathways depending on in which site the chemical bond

would be dissociated. First, *H and e, attacks C(2) of GenX to form TP%Z.Q, PEPrA,I :
2 i N |



and TFA (Fig. 10). At this time, the attacked C(2) is the atom susceptible to
nucleophilic attack in consideration of /" (Table 4), and this attack would lead to
cleavage of the C(2)-C(3) bond, which has a lower bond order (BO) (-6.5335) than
that of C(1)-C(2) bond (-0.6022) when an electron is added to GenX molecule (i.e.,
GenX'?) (Table 6). This reaction can also occur in the VUV photolysis reaction. The
difference is that not only e,q but also *H can participate in this reaction during the
VUV photolysis reaction whereas e.q” plays a predominant role in the VUV/sulfite

reaction due to the less effective formation of *H.

Among the two segments generated in this way as shown in Fig. 10, CF3;CF»e
can react with *H or H,O to form TP120 (Eq. (21) and Eq. (22)), or reacts with «COO"
to form PFPrA (Eq. (23)) during both VUV photolysis and VUV/sulfite reactions.
Considering the time profile for the response of these two TPs, it is inferred that the
reaction which generates TP120 is the major reaction in the VUV photolysis reaction
(Fig. 7(a) and Fig. 7(d)). On the other hand, the decarboxylated TP of GenX was not
detected although the *COO used in the formation of PFPrA during the VUV
photolysis and VUV/sulfite reactions is presumed to be from the functional group of
GenX. As for TFA, the main source seems to be the other fragment
(*CF20CF(CF3)COO") unlike TP120 and PFPrA. According to previous literatures,
the amount of conversion from PFPrA to TFA was minimal during the destruction of
PFPrA by the nucleophilic attack in UV/sulfite and solvolysis reactions. (Bentel et
al., 2020a; Trang et al., 2022). Therefore, in order to explain the change in the
concentration of TFA showing a similar pattern to PFPrA, it is reasonable to assume

that the generated TFA is not converted from PFPrA (Fig. 7(a) and Fig. 7(d)).
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CF;CF,* + *H — CF;CF,H (21)
CF;CF,* + H,O — CF;CF,H + OH (22)

CFsCFye + «COO" — CFsCF,CO0" (23)

In the second route, e.q attacks C(4), the a-carbon in the ether group, and
breaks the C-O bond. TP186 formed here was confirmed as the highest response
value in the VUV/sulfite reaction, indicating that this reaction is the most major
pathway in VUV/sulfite reaction (Eq. (24)). Lastly, the identification of TP366
implies the third route with cleavage of C(4)-C(18) bond by e., attack. After
dissociation, the decarboxylated fragment (CF3CF,CF,OCF(CF3)*) could react with
SO;™ to form sulfonated intermediates (Eq. (25)). Then, the C-O bond is broken due
to the attack of e, analogous to the second route, forming TP182 in addition to
TP186. This can be supported by other literatures that have found sulfonated TPs

(Ren et al., 2021; Song et al., 2013).

CF3CF,CF,0¢ + H,0 — CF3CF,CF,0H + OH- (24)

CF3CF2CF20CF(CF3)‘ +S03" — CF3CF2CF20CF(CF3)SO3' (25)

All these results demonstrate that the reaction does not occur only at the most
reactive site calculated by the Fukui function, but that the reaction can proceed in
parallel at multiple sites. However, it is noteworthy that *H attack can occur at the
site most reactive to nucleophilic attack, and this makes slower degradation and
defluorination rates of GenX in VUV photolysis than VUV/sulfite process since the

slower reaction rate of *H than that of e.q".
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Table 4. Calculated Hirshfeld charge and condensed Fukui index /™ of each atom in

GenX.
Atom q(N+1) g(N-1) fr
C(D) 0.2668 0.2692 0.0024
F(14) -0.0921 -0.0882 0.0039
F(15) -0.0905 -0.0877 0.0028
F(16) -0.0906 -0.0879 0.0027
C(2) 0.1668 0.1709 0.0041
F(12) -0.0931 -0.0872 0.0059
F(13) -0.0936 -0.0877 0.0059
C@3) 0.2393 0.2502 0.0109
F(10) -0.1118 -0.0979 0.0138
F(11) -0.1064 -0.0929 0.0134
O(17) -0.1453 -0.1208 0.0245
CH4) 0.1354 0.2053 0.0699
F(6) -0.1371 -0.0819 0.0552
C(5) 0.2578 0.2752 0.0174
F(7) -0.1037 -0.0799 0.0238
F(8) -0.1137 -0.0832 0.0305
F(9) -0.1045 -0.0837 0.0208
C(18) 0.0898 0.2087 0.1189
0(19) -0.4382 -0.1984 0.2399
0(20) -0.4354 -0.1020 0.3334
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Table 5. The LUMO composition of GenX.

Atom Composition (%)
C(1) 6.105
F(14) 5.775
F(15) 1.387
F(16) 0.977
CQ2) 9.554
F(12) 7.197
F(13) 3.195
C(3) 6.346
F(10) 1.480
F(11) 1.413
0(17) 6.874
C(4) 10.311
F(6) 1.466
C(5) 3.707
F(7) 1.221
F(8) 1.439
F(9) 1.548
C(18) 13.509
0(19) 8.229
0(20) 8.266
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Table 6. Mayer bond order value of GenX">".

Bond Bond order
C(1)-C(2) -0.6022
C(1)-F(14) 0.8551
C(1)-F(15) 1.1083
C(1)-F(16) 1.1149
C(2)-C(3) -6.5335
C(2)-F(12) 1.6636
C(2)-F(13) 1.6321
C(3)-F(10) 1.3015
C(3)-F(11) 1.4346
C(3)-0(17) 0.7712
C(4)-C(5) 1.1154
C(4)-F(6) 1.4949
C(4)-0(17) 1.1163
C(4)-C(18) 0.9184
C(5)-F(7) 1.1144
C(5)-F(8) 1.1169
C(5)-F(9) 1.0546
C(18)-0(19) 1.6111
C(18)-0(20) 1.6724
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Fig. 9. (a) Afisosurface (isosurface value = 0.004) (blue and red surfaces correspond
to positive and negative regions, respectively) and (b) LUMO (isosurface value =

0.02) and of GenX at 6-311+g(d,p) level.
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3.6. In silico toxicity assessment

The acute and chronic toxicity of GenX and identified TPs during two VUV-
based reactions were assessed to examine the change in ecotoxicity during the
degradation of GenX using ECOSAR and T.E.S.T. software. The toxicity can be
classified according to the Globally Harmonized System of Classification and
Labeling of Chemicals (Table S6). The bioconcentration factor, developmental

toxicity, and Ames mutagenicity were also predicted using T.E.S.T software.

The toxicity values predicted using ECOSAR simulation are shown in Table
7. The ECOSAR result showed that GenX itself did not show acute toxicity to fish,
Daphnid, and green algae, but its chronic toxicity was rated as ‘harmful’ to all three
species. When GenX was degraded through decarboxylation followed by sulfonation,
as shown in Fig. 10, the generated TPs such as TP366 and TP182 during the
VUV/sulfite reaction showed very low toxicity compared to the parent compound.
Both PFPrA and TFA produced in both reactions, which are ultra-short chain PFASs,
were also assessed to be ‘not harmful’ in both acute toxicity and chronic toxicity.
However, TP120 and TP186 which are the TPs with H atoms attached after C-C bond
cleavage and C-O bond cleavage, showed a ‘harmful’ level of chronic toxicity. In
particular, TP120 showed even ‘harmful’ in acute toxicity to green algae with higher

chronic toxicity than the parent compound.

The toxicity values predicted using T.E.S.T simulation are shown in Table 8.

The T.E.S.T result determined that GenX was ‘harmful” for acute toxicity, which is

¥

more sensitive than the ECOSAR result for Daphnid. In addition, acute toxicity tol: .
L | _.-'l: :
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fathead minnow or oral intake of rats, which is evaluated only in the T.E.S.T., showed
that TP366 had the ‘toxic’ class for the former, and TPs except for TP186 had more
than ‘harmful’ toxicity for the latter. Regarding developmental toxicity, four TPs
(TP182, PFPrA, TP120, and TFA) appeared to be developmental toxicants, whereas

five TPs with TP186 were negative for mutagenicity.

Taken together, GenX and its TPs can be harmful to the ecosystem and have
developmental toxicity effects to humans or animals. In particular, the retention of
TP366 after VUV/sulfite reaction and TFA after VUV photolysis reaction can lead
to significantly increased acute toxicity for fathead minnow and oral intake of rats.
Thus, the potential toxicity of the reductive decomposition of GenX should be
reduced with longer reaction time or further effective removal strategies, and follow-
up studies supporting the ecotoxicity change observed through experiments are

required.
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Table 7. Predicted toxicity for GenX and its TPs using ECOSAR simulation.

Acute toxicity

Chronic toxicity

Fish Daphnid Algae
Compounds Fish Daphnid Algae
LCs0 (96 hr) LCso (48 hr) ECs0 (96 hr)
(mg/L) (mg/L) (mg/L)
(mg/L) (mg/L) (mg/L)

GenX" 161.74 104.15 130.56 18.34 14.42 45.25
TP366™ 1.53E+04 8.06E+03 4.45E+03 1.37E+03 642.06 990.83
TP186™ 508.55 273.67 163.28 46.66 22.98 37.94
TP182™ 1.34E+06 5.62E+05 1.19E+05 9.17E+04 2.36E+04 1.59E+04

PFPrA (TP164)" 4.04E+03 2.19E+03 1.33E+03 373.03 185.98 312.11

TP120" 251.49 136.95 85.82 23.40 11.89 20.48

TFA" 2.07E+04 1.02E+04 4.31E+03 1.72E+03 680.19 830.54

* : remaining after VUV photolysis reaction for 6 hr

** . remaining after VUV/sulfite reaction for 6 hr
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Table 8. Predicted toxicity for GenX and its TPs using T.E.S.T simulation.

Acute toxicity

Fathead minnow Daphnid Rat Developmental Ames
Compounds
LCs (96 hr) LCso (48 hr) LDso (oral) toxicity mutagenicity
(mg/L) (mg/L) (mg/kg)

GenX" 22.26 61.27 722.14 N/A N/A
TP366™ 5.94 N/A 579.52 N/A N/A
TP186™ 123.84 203.69 3382.07 N/A Negative
TP182™ 121.92 N/A 698.39 Yes Negative

PFPrA (TP164)" 244.71 244.60 628.68 Yes Negative

TP120" 185.13 176.77 1626.19 Yes Negative

TFA" 361.53 661.11 188.35 Yes Negative

* : remaining after VUV photolysis reaction for 6 hr

** . remaining after VUV/sulfite reaction for 6 hr
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4. Conclusions

In this study, we investigated the degradation kinetics and mechanisms of
GenX during VUV photolysis and VUV/sulfite processes under anoxic condition.
When using VUV instead of UV as the light source, it was confirmed that
defluorination of GenX is possible not only when sulfite is added but also during
photolysis due to the formation of e.,; and *H. Because of the difference in the
contribution of the active reactive species, VUV photolysis reaction has optimum
efficiency at near-neutral pH, whereas VUV/sulfite reaction has optimum efficiency
at the extreme condition of high pH. Thus VUV photolysis, which can be treated
only with light sources without additional chemicals, can be applied to water
treatment processes such as drinking water treatment, where the level of GenX is
low, operation in extreme conditions is difficult, and the pH after treatment must be
considered. On the other hand, in processes where oxygen in water is low and
relatively high concentrations of GenX are likely to occur, such as wastewater
treatment, it is necessary to maximize treatment efficiency by adding sulfite and

increasing pH.

It was confirmed that C-C bond cleavage occurred in VUV photolysis reaction,
and the observation of defluorination suggested that C-F bond cleavage also occurred.
In VUV/sulfite reaction, it was confirmed that C-C bond cleavage and C-O bond
cleavage occurred, and decarboxylation and C-F bond cleavage also occurred.
Through these reactions, three TPs (TFA, PFPrA, and TP120) were identified to be

produced in the VUV photolysis reaction and TP182, TP186, and TP266 were
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additionally identified to be produced in the VUV/sulfite reaction. In particular, the
residues of potentially toxic TPs such as TP120 and TP186 suggest that sufficient

reaction time should be provided, or research to eliminate them needs to be continued.

Overall, the achievements of this study are (1) confirmation of efficient
degradability of GenX through VUV photolysis and VUV/sulfite; (2) distinguishing
which reactive species contribute to each process; (3) broadening the view for the
degradation mechanism of GenX during VUV photolysis and VUV/sulfite processes
based on identified TPs and DFT calculations; and (4) suggesting toxicity potential
for TPs. These will provide scientific information for the establishment of a water

treatment system to remove and mineralize GenX.
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Table S1. Analysis conditions of HPLC-MS/MS for the analysis of GenX.

Instrument Parameter Condition
HPLC-MS/MS HPLC Column Phenomenex, Gemini C18 (2 X 50 mm, 3 um)

Column temperature 40 °C

Injection volume 10 uL

Flow rate 0.25 mL/min

Mobile phase (A) Deionized water with 20 mM ammonium acetate

(B) Methanol
Time (min) %B
0.00 5
3.00 40
5.00 80
8.00 80
8.15 5
10.00 5
MS/MS Ionization mode ESI negative

Curtain gas 20 psi

Collision gas 4eV

IonSpray voltage -4500 V

Source temperature 500

Ion source gas 1 50 psi

Ion source gas 2 50 psi

Precursor ion / Product ion (m/z)

328.788 / 168.600
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Table S2. Analysis conditions of HPLC-MS/MS for the analysis of TFA and PFPrA.

Instrument Parameter Condition
HPLC-MS/MS HPLC Column Restek, Raptor Polar X (2.1 x 50 mm, 2.7 pm)
Column temperature 40 °C
Injection volume 10 pLL
Flow rate 0.5 mL/min
Mobile phase (A) Deionized water with 0.05% formic acid + 10 mM

ammonium formate

(B) 60:40 Acetonitrile:Methanol with 0.05% formic acid

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

Ton source gas 1 50 psi

Ion source gas 2 50 psi

Precursor ion / Product ion (m/z) 113.010/ 69.000 (TFA)
162.983 / 118.700 (PFPrA)
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Table S3. Analysis conditions of UPLC-QTOF/MS for the identification of TPs.

Instrument

Parameter

Condition

UPLC-QTOF/MS UPLC

Column

Column temperature

Waters, ACQUITY UPLC BEH C18 (2.1 x 100 mm, 1.7 um)
40 °C

Sample temperature 10 °C

Injection volume 10 uL

Flow rate 0.3 mL/min

Mobile phase (A) Deionized water with 2 mM ammonium acetate

(B) Methanol with 2 mM ammonium acetate
Time (min) Flow %A %B Curve
(mL/min)
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
8.0 0.3 5 95 6
9.0 0.3 100 0 1
10.0 0.3 100 0 1
QTOF/MS Ionization mode ESI negative

Acquisition range 50 - 1200 Da

Capillary voltage 1.5kV

Cone voltage 40V
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Collision voltage

Desolvation temperature

Low: 4V /High:20-70V
250 °C

Source temperature 100 °C

Desolvation gas flow 800 L/h

Cone gas 0L/h
58
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Table S4. GenX degradation kinetics data ([GenX]o = 0.30 uM, VUV intensityss4 nm

= 0.65 mW/cm?, continuous N, purging; n > 2).

Treatment Conditions kobs (min™") R?

VUV photolysis pH=4 0.0038 0.993
VUV photolysis pH=6 0.0059 1.000
VUV photolysis pH=38 0.0034 0.986
VUV photolysis pH=10 0.0023 0.998
VUV/sulfite [sulfite]o = 4.80 mM; pH =4 0.0011 0.909
VUV/sulfite [sulfite]o = 4.80 mM; pH =6 0.0013 0.785
VUV/sulfite [sulfite]o = 4.80 mM; pH =8 0.0033 0.953
VUV/sulfite [sulfite]o = 0.24 mM; pH = 10 0.0035 0.997
VUV/sulfite [sulfite]o = 0.80 mM; pH = 10 0.0068 0.990
VUV/sulfite [sulfite]o = 2.40 mM; pH = 10 0.0099 0.992
VUV/sulfite [sulfite]o = 4.80 mM; pH = 10 0.0113 0.988
VUV/sulfite [sulfite]o = 8.00 mM; pH =10 0.0128 0.989
VUV/sulfite [sulfite]o = 12.0 mM; pH = 10 0.0150 0.980
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Table S5. Identified TPs of GenX during VUV photolysis and VUV/sulfite processes.

TPs Formula Observed RT (min) Observed m/z Adduct Mass error (ppm)
GenX CeHF 1103 5.66 329.9738 -H -3.54
Structure Chromatogram
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TPs Formula Observed RT (min) Observed m/z Adduct Mass error (ppm)
TP366 CsHF 11048 5.81 365.9426 -H 1.73
Structure Chromatogram
kR F 0] )
_OH |
F N 5 “|
F O B 50001 ||
F FF 3 \
F7L°F 2 |
F I
L:2500' ‘ | TP366
E | II 581
| 4
- J \\___'____ e A.l_l,ﬁ‘3 e

Retention time [min]

60 ] H "i 1_'_” fo-|r 1



Table S5. (Continued)

TPs Formula Observed RT (min) Observed m/z Adduct Mass error (ppm)
TP186 C3HF,0 5.24 185.9909 -H -3.62
Structure Chromatogram
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TPs Formula Observed RT (min) Observed m/z Adduct Mass error (ppm)
TP182 CoHoF405S 1.46 181.9650 -H -5.71
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Table S5. (Continued)

TPs Formula Observed RT (min) Observed m/z Adduct Mass error (ppm)
TP164 C;HF50, 1.78 163.9888 -H -5.32
Structure Chromatogram
E F TP164 (PFA)
1500
F -
F  OH
S 10004
::—j 500
D- T T T 1 T 1 T T
1 2 3 4 5 7 8 9
TPs Formula Observed RT (min) Observed m/z Adduct Mass error (ppm)
TP120 C:HFs 1.78 119.9920 -H -4.49
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Table S6. Toxicity classification based on the Globally Harmonized System of Classification and Labelling of Chemicals (GHS).

Toxicity range (mg L) Class Toxicity range (mg kg™') Class
LCso/ECs0o/ChV < 1 LDso<5 _
1 <LCs¢/ECso/ChV < 10 Toxic 50 <LDso <300 Toxic if swallowed
10 < LCso/ECso/ChV < 100 Harmful 300 < LDso <2000 Harmful if swallowed
100 < LCso/ECs0/ChV Not harmful 2000 < LDsp <5000 Maybe harmful it swallowed
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Fig. S1. The molar distribution of S(IV) species in a solution as a function of pH.

pH

The species distribution was calculated with Visual MINTEQ 3.1 software.
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Fig. S2. The optimized geometric structure of GenX at 6-311+g(d,p) level.
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