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ABSTRACT OF THE DISSERTATION

New Mechanistic Insights Into Per- and Polyfluoroalkyl Substances (PFASSs)
Degradation With UV/Sulfite Treatment

by

Jinyu Gao

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, December 2022
Dr. Jinyong Liu, Chairperson

Due to their unique properties including hydrophobicity, lipophobicity, and
thermostability, per- and polyfluoroalkyl substances (PFASs) have been extensively used
since the 1940s in a wide range of applications. However, concerns about the fate of PFASs
have been rising because of their persistence, bioaccumulation, and toxicity, leading to
worldwide efforts on PFAS regulation. Current environmental remediation efforts
primarily focus on the “legacy” perfluorinated CnhF2n+1—X (X = COO~, SOz, and
(CH2)m—R, where R represents highly diverse organic moieties). However, beyond the
previously elucidated hydrodefluorination and decarboxylation, the degradation pathways
of the legacy PFASs remain largely unknown. Additionally, although “alternative” PFAS
containing —H and —Cl in the fluorinated moiety have also been systematically developed
and extensively applied for decades, only a few studies have explored their degradation.

In this thesis study, we first investigate the degradation of omega-
hydroperfluorocarboxylates (o-HPFCAs, H-CF2(CF2)n-1—COQ") with UV/sulfite. To our
surprise, the presence of the H atom on the remote carbon makes w-HPFCAs more
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susceptible than perfluorocarboxylates (PFCAs, CF3(CF2)n-1—COQ") to decarboxylation
and less susceptible to hydrodefluorination. This study further systematically investigated
the degradation of CIx—PFAS, including omega-chloroperfluorocarboxylates (w-CIPFCAS,
CI-CyF2,—COO"),  9-chlorohexadecafluoro-3-oxanonane-1-sulfonate  (F-53B, CI-
(CF2)s—O—(CF2)>—S03") and polychlorotrifluoroethylene oligomer acids (CTFEOAs, Cl—
(CF2CFCI)hCF,—COQ") under UV/sulfite treatment. After initial reductive dechlorination
by hydrated electron (eaq), multiple pathways occur, including hydrogenation, sulfonation,
and dimerization. This study also identified the unexpected hydroxylation pathway that
converts the terminal CICF,— into "OOC-. The hydroxylation of the middle carbons in
CTFEOA:s also triggers the cleavage of C—C bonds, yielding multiple —COO™ groups to
promote defluorination. Based on the critical mechanistic understanding obtained from the
degradation of CI,—PFAS, this study further reveals novel degradation pathways of legacy
PFAS under UV/sulfite treatment via transformation product analyses of a series of legacy
PFAS with various head groups and chain lengths. Beyond eaq, several other active species
could also be involved in the reaction and result in transformation products with different
recalcitrance.

This study renovates and further advances the mechanistic understanding of PFAS
degradation in “advanced reduction” systems. It also suggests the synergy between “more
degradable” molecular design and cost-effective degradation technology to achieve the

balanced sustainability of fluorochemicals.
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Chapter 1. Introduction
1.1 What are PFAS Chemicals?

Per- and polyfluoroalkyl substances (PFASS) have been extensively manufactured
and applied since the 1940s.! The origins of PFASs can be dated back to the 1930s, when
polytetrafluoroethylene (PTFE) was discovered unintentionally during DuPont’s chemical
research on stable fluorinated refrigerants.? With the research efforts in the following years,
PTFE became commercially available in 1947.% ® Since then, the PFAS family has

gradually expanded and developed into a diverse array of chemicals.

Based on the early definition in 2011, PFASs contain at least one perfluoroalkyl
moiety (CnF2n+1-).* This definition omitted a significant number of structures from the
PFAS universe such as perfluoroalkyldicarboxylic acids and fluorinated aromatic
compounds. Besides, many previously unknown PFASs in environmental and product

samples have been detected due to the developments in analytical techniques.

Recently, the Organization for Economic Co-operation and Development (OECD)
expanded the definition of PFASs to fluorinated substances that contain at least a
perfluorinated methyl (-CFs3) or methylene group (—CF2—).> Over 4700 PFASs may have
been on the global market, including legacy PFASs (e.g., perfluorooctane sulfonate (PFOS)
and perfluorooctanoic acid (PFOA)) and “alternative” PFAS containing —O—, —H, and —ClI

in the fluorinated moiety.®



1.2 Synthesis of PFASs
1.2.1 Electrochemical Fluorination

Electrochemical fluorination (ECF) is one of the favored approaches in the
manufacture of PFASs. In this process, an electric current is applied in the solution of
organic precursors (RsC—H) and hydrogen fluoride (HF), resulting in the replacement of

the C—H bonds on the precursors with C—F bonds (Equation 1.1).°
R3C-H + HF — R3C—F + H> (1.2)

The drawback of the method is that a mixture of linear and branched perfluorinated
isomers will be produced during the reaction. This is because the free-radical nature of the
reactions will inevitably lead to carbon chain rearrangement and breakage. For example,
the synthesis of PFOA and PFOS approximately yields 70% to 80% linear and 20% to 30%

branched products.*
1.2.2 Telomerization

Another important process for manufacturing PFASs is telomerization, where a
perfluoroalkyl iodide (e.g., F(CF2)2l) is used as the telogen to react with tetrafluoroethylene
(CF2=CF), the taxogen, to yield a mixture of perfluoroalkyl iodides (F(CF2)nl, n>2) with
longer fluoroalkyl chains (Telomer A).* Telomer A could further react with ethylene
(CH2=CH>) to form fluorotelomer iodides (F(CF2)nCH2CHzl), also known as Telomer B.
(Equation 1.2, 1.3, and 1.4)* Telomer A and B are commonly used as precursors in the

syntheses of “fluorotelomer-based” surfactant and polymer products.



F(CF2)2l + (n-2)/2 CF2=CF2 — F(CF2)ul (1.2)
F(CF2)nl + CH2=CH2 — F(CF2)aCH2CH2l (1.3)
F(CF2)nCH2CH2I — F(CF2)nCH2CH20H (1.4)

The carbon number of the resulting telomer A with this method can only be odd or even
depending on the telogen used, because an even number of —CF.— units is incorporated
from CF.=CF,. It is worth to note that acyl fluorides and perfluoroepoxides (e.g.,
tetrafluoroethylene oxide and hexafluoropropylene oxide) could be used as telogen and

taxogen, respectively for the synthesis of perfluoroalkyl ether acids.’
1.3 Physical and Chemical Properties of PFASs

The PFASs universe can be classified into two broad subclasses: non-polymeric
and polymeric molecules. The physicochemical properties of non-polymeric PFASs are
largely dependent on the length (n in CnF2n+1—) and structural differences (e.g., branching,
ether moiety) of the perfluoroalkyl chain, and the functional head group (e.g., —COO,
—-SO3, —OH, —OPO3*", and —NH), which may be attached to a nonfluorinated
hydrocarbon moiety (e.g., ~CHz—, and —CH2CH2—). Generally, PFAS with longer carbon
chain has lower water solubility compared to short structures. At 25°C, PFOS
(perfluorooctanesulfonic acid) and PFOA (perfluorooctanoic acid) have solubilities of
0.55-0.57 g/L and 9.5 g/L in water, respectively.®2 The perfluorocarbon chain in PFASs
also has oleophobic behaviors, which could be manifested by the extremely large contact

angles of oils on fluorinated surfaces.®



The hydrophilic head functional group and hydrophobic fluorinated tail make
PFASs effective surfactants, that is, enable them to lower surface tension and create stable
foams. In the presence of PFAS, the surface tension of water could be lowered from around
72 mN m™ to less than 16 mN m™, which is half of what is achievable by using
hydrocarbon surfactants.’® * For example, a solid surface tension as low as 6 mN m™
could be attained with a close-packed, uniformly organized array of trifluoromethyl (-CF3)
groups.? 1 When the concentration of PFAS increases to a point exceeding the critical
micelle concentration, PFAS molecules tends to aggregate into micelles, which are spheres
with the hydrophobic portion at the center and hydrophilic group extending out. Some
long-chain PFASs (e.g., PFOA) can form hemi-micelle at relatively low concentrations

ranging between 0.01 and 0.03-folds of their critical micelle concentrations.'# *°

C—F bond is the strongest single bond to carbon and the bond at each carbon is
stronger with increasing replacement of hydrogen with fluorine.® The outer fluorine atoms
that are bonded with the carbon atoms shield the underlying carbon backbone of PFAS
from the common reactive species. As a result, they are chemically inert substances that
withstand typical acids and bases, reductants and oxidants, photolysis, and microbial
processes without degradation.!” PFASs are also are extremely stable thermally. It was
previously reported that thermal mineralization of PFOS, PFOA, and PFHXxA
(perfluorohexanoic acid) (< 72%) required the temperature to be higher than 700 °C.8
PFASs may show a strong acidity when they are paired with an acid functional group (e.g.,

—COO™ and —SOgz") due to the strong electron-withdrawing fluorine substituents. For



example, the pKa value of PFOA is 2.80, which is higher than the corresponding octanoic

acid (4.89).%°

PFASs can be either negatively charged, positively charged or zwitterionic
(contains both positive and negative charges) depending on the head functional group.
Depending on the surrounding pH conditions, zwitterionic PFAS may exist in multiple
speciation (e.g., anionic, neutral, or cationic speciation). The electrical charge of PFASs is
expected to have great influence on their environmental transport behaviors. For example,
since soil surface typically possess a net negative charge due to the presence of
deprotonated oxides or other functional groups,? positively charged PFASs were found
adsorbing strongly to soils,?* while the adsorption of negatively charged PFASs is typically
suppressed at higher pH due to electrostatic repulsion. For Zwitterionic PFASS, the mixed
charges on the functional groups determine its adsorbability by soil in between the anions

and cations.
1.4 Application of PFAS Chemicals

Due to the unique properties, PFASs are used in a wide range of industrial and
consumer applications. The surface treatment of textile, leather, architectural materials,
carpets, and food contact materials with PFASs enable them to repel water, oil, and stains.?
Besides, by utilizing PFASs to treat metal surfaces, corrosion prevention, mechanical wear
reduction and aesthetic enhancement could be achieved.?® PFOS and its replacement F-
53B have been used as mist suppressants in the electroplating industry. Adding them in

metal plating and finishing baths could control the emission of hazardous metal fumes.?*



Aqueous film-forming foam (AFFF), which is synthetic PFAS-containing foam, has been
used for decades to extinguish fires that are difficult to suppress. Apart from the
applications mentioned above, PFAS have been successfully employed in many other
fields, which covering more than 200 use categories and subcategories? including personal
care products, hydraulic fluids, fluoropolymer production,?® 2" semiconductor industry,?>

28 and aerospace? et al..
1.5 PFASs Pollution in the Environment

The widespread applications of PFAS have inevitably led to their ubiquitous
presence in the environment. Fluorochemical production plants have been a significant
source of long-chain legacy PFAS to the environment.?® 3 The presence of PFASs in
surface water, sediments, and drinking water near fluorochemical production plants has
been frequently reported.?” 3% 32 For example, a fluorochemical industrial plant in
Shandong Province, China was associated with the reported high concentration of PFASs
in local rainwater (2.75 pg/L),® surface (1860 pg/L) and ground water (273 ng/L),3* soil
(0.62 ng/g),®* * outdoor (8.51 pg/g) and indoor dust (8.87 ng/g)*®, eggs,®” crops, and
vegetables®® 3. The occurrence of PFAS in the environment could also be due to their
extensive use for fire suppression in AFFFs since the late 1960s.%® After the phase-out of
PFOS by the industry from the early 2000,% fluorotelomer-based surfactants have been
used as the main active ingredient in AFFFs.*C During firefighting applications,
uncontrolled spills and the repeated use of AFFF could release fluorochemicals into biota,
surface water, or groundwater in substantial quantities.*>* Wastewater treatment plants

(WWTPs) can also serve as significant sources of PFAS in the environment. PFASs are
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often detected at high concentrations in WWTP effluent water.*® However, their removal
from the treatment processes is usually poor, primarily occurring via adsorption to
suspended solids which further form sewage sludge.*® 4’ Therefore, the application of
recycled wastewater and sewage sludge could result in PFAS pollution of surface water
and soil. % As PFAS are utilized extensively in the manufacturing of food packing
materials, textiles, and protective non-stick coatings, the disposal of the used products
through landfilling causes another major source of PFAS in environment.>® Biotic
processes inside landfills would release most of the PFASs to leachate, which further enter

into atmosphere or infiltrate neighboring groundwater supplies.>* >

Once released into the environment via the above-mentioned pathways, PFASs
could gradually migrate and accumulate into biota, eventually entering into human food
chains. Besides, dietary intake via PFASs treated food contact paper and non-
stick cookware is another major and direct pathway for human exposure to PFASs.56% The
indoor dust and air could also account for a large amount of the total PFAS intake. A
previous study indicated that the median daily PFASs intakes through dust ingestion were
46 ng for adults and 92 ng for children in the United States.>® Human exposure to PFAS is
associated with various adverse health effects including abnormalities in reproductive
function,® disturbed thyroid hormones,?! increased cholesterol levels,®? liver and kidney
disease,’ 54 and immunosuppression.%® The toxicity of PFASs have triggered global
regulation efforts. For example, USEPA has announced a lifetime drinking water health
advisory of 0.07 ug L™* for both PFOA and PFOS in 2016.* Recently, EPA reset interim

advisory levels of 0.004 ng L™* for PFOA and 0.02 ng L for PFOS.® In addition, EPA’s



new final health advisories for PFBS and GenX chemicals are 2,000 ng L™* and 10 ng L%,
respectively.’” PFOS, its salts and PFOSF have been listed into annex B of the Stockholm
Convention in 2009.%8 When PFOS and its salts were further amended in 2019, PFOA and

its salts were also listed in Annex A.%8
1.6 PFASs Treatment Technologies

Regulation has triggered substantial interest and efforts in developing PFAS
treatment technologies. Although physical separation methods (e.g., carbon adsorption, ion
exchange, and membrane filtration) rapidly remove PFAS from polluted water,%°-"! PFAS-
enriched wastewaters from sorbent regeneration or membrane rejection still need to be
treated. As the biological degradation of PFAS is sluggish,”> ® a variety of chemical
approaches such as electrochemical,”* " photochemical,’® ’” sonochemical,’88°
plasmatic,®1®% and radiolytic® have been developed for PFAS destruction.®® & Reductive
and oxidative species generated in these technologies enable the cleavage of the highly
stable C—F bonds®® in PFAS molecules. The following part will have a brief review on the

development of PFASs degradation technologies.
1.6.1 UV Based Techniques

Most of the UV-based technologies use low pressure mercury lamps (emitting at
254 and 185 nm), while some studies use medium pressure mercury lamps (emitting at
200-400 nm). As shown in the results of many studies, direct photolysis at 254 nm is
inefficient for the degradation PFAS because photo energy generated during UV irradiation

(471.1 kJ mol ™) is not enough for the C—F bond cleavage (552 kJ mol™1).8” VUV (185 nm)



is more promising because of the higher photon energy generated (646.8 kJ mol™2). For
example, PFOA was reported to be effectively photolyzed under VUV irradiation about

62% with 17% defluorination in 2h.88

Degradation of PFAS by photo-induced reactive species could be significantly
improved. UV/sulfite system has demonstrated excellent performance in cleaving the C—F
bonds. UV/sulfite and the generated hydrated electrons (eaq”) from this system are the main
topics of this thesis and will be discussed in detail in the later sections. UV/indole system
also exhibited high efficiency for the utilization of e,q to decompose PFASs. The
accelerated electron transfer was triggered by a hydrogen bonding between indole and
PFOA. In this system, 75% and 71% defluorination for PFOA and PFOS were detected,
respectively.®® The shorter chain PFCAs were identified as the main products.®
UV/ethylenediaminetetraacetic acid (EDTA) process is found to be an effective method
for the degradation of PFOS (51% defluorination in 10h).%° EDTA can serve as an electron
donor for the generation of exq~ and react readily with es,q~ scavenger, HO". Short-chain-
length perfluorinated intermediates were identified as transformation products.®
UV/alcohol has been used for the degradation of PFOA and achieved 50% defluorination
in 24h.% e,q~ generated from UV photolysis of water could be protected via alcohol
guenching hydroxyl radical. Additionally, alcohol radicals generated under UV irradiation
could quench proton and oxygen, resulting in higher esq~ utilization efficiency. The reaction
pathway is identified as the chain shortening pathway.®* UV/chlorine system was another
feasible approach for the defluorination of PFOA. The generated CI" and Cl>™ realized the

maximum 32% defluorination of the removed PFOA in 1h.%2 The reaction pathway is



identified as chain shortening.% In the UV/Fe® system, multiple active species include eaq
can be generated. By using this system, 90, 88%, and 46% parent removal for
perfluorononanoic acid (PFNA), PFOS, and PFOA, respectively can be achieved. The
formation of Fe**-PFAS complex was proposed to play an important role in the chain-

shortened process of PFAS.%: %
1.6.2 Photocatalysis

When a photon with energy equal to or greater than the band gap was absorbed by
the photocatalyst, a negatively charged electron (e”) and positively charged hole (h*) pair
will be generated. A suitable band gap energy is critical for this process. The h* in the
valence band has high oxidation capacity and can be applied in the PFASs degradation.
Although the reaction of h* with water produces HO", perfluorinated structures are inert to
the HO" attack. Therefore, less reaction between h™ with water is preferred in the
photocatalytic system. In addition, the migration of e” from the surface of the catalyst and

its further reaction with water form eaq.

For example, In203 with various oxygen vacancy was used as the photocatalyst for
the defluorination of PFOA. 29.3% defluorination was achieved in 24 h with an adsorption-
coupling degradation mechanism.*> By using Fe-Zeolites as the catalyst, 69%
defluorination from PFOS was obtained in 100h.% The electron transfer from sulfonate to
iron eventually generated short chain PFCAs and O is the terminal oxidant. In another
attempt, boron nitride was used as the catalyst, where holes, HO® and O, were generated,

for the degradation of PFOA. ~52% defluorination was achieved in 4h and shorter-chain
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PFAS byproducts were detected as the main transformation products.®” The synergistic
interaction among multiple metallic oxides could enhance the defluorination performance.
A Ti/Ce/Co tri-metallic oxides catalyst was used for both PFOA and PFOS degradation.
The defluorination was found to be 74.8% with PFOA and 67.6% with PFOS in 5h.% Not
only e and h*, but also O>and SO4™ were identified as the active species to trigger the

chain-shortening reaction pathway.%

Recently, the titanate nanotubes (TNTs) prepared from TiO, have attracted
intensive interest as adsorbents or photocatalysts. The combination of activated carbon and
TNTs through hydrothermal treatment method enhanced the adsorption rate, adsorption
capacity, and photocatalytic activity. The new iron-modified TNTS@AC cleaved 62% of
the C—F bonds in 4h through a chain-shortening pathway.%® Similarly, the indium doped
TNT@AC induced ~60% defluorination from PFOA in 4h via chain-shortening.'® Metal—
organic frameworks (MOFs) has also been used as the catalyst for the degradation of PFOA.
Under UV irradiation, both e,y and HO® were generated, resulting in a 66.7%
defluorination in 24h via H/F exchange and decarboxylation pathway.%! In addition,
photocatalyst has already been tested for the remediation of real wastewater. The use of
silica-based granular media containing titanium dioxide reached 90% defluorination of

AFFF.102
1.6.3 Plasma

Plasma based techniques are based on a gaseous state of matter consisting of ions,

atoms, atomic fragments, and free electrons generated from high-energy electrical
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discharges (peak potential values are typically of the order of thousands of Volts). The
active species (HO", H*, 02", H202, e4q, 0zone, and singlet oxygen) from plasma electrical
discharges can simultaneously oxidize and reduce pollutants including PFASs. Plasma
based techniques are green processes because no addition of chemicals is required to
perform the treatment. This technology can efficiently abate PFAS in real wastewater such
as still bottom solutions®® and investigation-derived waste.®? In a recent study, 47 to 117%
defluorination was obtained in six still bottom samples with plasma treatment.'*® Moreover,
the addition of cetrimonium bromide (CTAB) caused short-chain structures to be
removed.'® Regarding the case of investigation-derived waste, PFOS and PFOA were
removed to below USEPA’s health advisory concentration level in <1 min by using plasma

treatment.82

Different processes and reactors have been used for the plasma based PFAS
treatment. For example, a novel proprietary RAdial Plasma discharge (RAP) reactor, where
both strongly reducing and oxidizing species could be generated, has been used for the
degradation of PFOA. 64.4% defluorination was achieved in 30 min and decarboxylation—
hydroxylation—-HF elimination—hydrolysis (DHEH) was confirmed to be the main
degradation pathway.%* In a mesoporous plasma system, where plasma was triggered
around multi-pores in a mesoporous catheter inserted into water, 98% and 65%
defluorination of PFOA and PFOS were obtained within 60 min, respectively.'®® The
degradation processes were proposed to be mainly driven by electrons. The reaction
pathways were proposed to include electron transfer, defluorination, decarboxylation,

hydroxylation.
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1.6.4 Electrochemical Oxidation

During electrochemical oxidation, oxidative species are formed at the electrode to
react with PFASs, resulting in their degradation. Direct and indirect oxidation are two
mechanisms for the electrooxidation of the pollutants. Direct oxidation occurs through the
direct transfer of electrons from anode surface to the adsorbed pollutants. During the
indirect oxidation, electroactive species (e.g., HO") are generated to mediate the electron

exchange.

Electrochemical oxidation has been shown to be effective for the treatment of
PFOA and PFOS. The efficiency of electrochemical oxidation largely depends on the
nature of the applied electrode material. By using Ti4O7 membrane as the anode, 75.3%
and 68.9% defluorination were achieved for PFOA and PFOS, respectively through a chain
shortening reaction pathway.'% In another study, TisO; or TigO17 were used as anode
materials and near complete defluorination of PFOS was achieved.”* The majority of the
released fluoride was bonded on TisO7 anode.® The use of Ti/SnO.-ZnO electrode enabled
86.2% removal of PFOA through a chain-shortening reaction pathway.'®” A newly
developed NPs-embedded hydrogel nanofiber electrode was also used for PFAS removal.
Removal of 72% PFOA and 91% PFOS were detected in 2 h.1°® Decarboxylation
or defluorination from the reaction with HO" are the possible reaction mechanisms.1%
Electrochemical oxidation can also be combined with UV irradiation for the synergistic
removal of PFASs. The specialty of this combined system is that the excited PFAS ion

induced under UV irradiation could further be involved in the electrochemical reaction.®*
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1.6.5 Electron Beam

Similar to plasma techniques, electron beam produces highly oxidizing and
reducing species such as H*, eaq-, H202, and HO" simultaneously without the addition of
chemicals. The advantage of high energy electron beam treatment is the high free radical
yield per unit energy input. The high-energy properties of the electron beam enable the
degradation of the pollutants in seconds. A study using electron beam achieved 46.8% and
71.4% defluorination for PFOA and PFOS, respectively.1% e, is found to be the main
active species, resulting in the H/F exchange and chain-shortening pathways.% Similar
result for the degradation of PFOS was reported in another study using electron beam
technology.*® Persulfate could be added into electron beam system to reduce energy
consumption. eaq- and SO4™ generated in the combined system both played important roles
in the degradation of PFASs. As a result, 79.8% of decomposition of PFOS was achieved
with 5.0mM NaS;0s.*' The repeated CF,cleavage was the dominant reaction

pathway. !
1.6.6 Zero Valent Iron

In 2018, Blotevogel et al.**? developed a theoretical model and predicted the half-
lives for the first reductive PFOA defluorination step by micrometer-sized Zn° and Fe® as
7.6 years and 520,000 years, respectively. However, a high temperature treatment could
promote the degradation of PFOA by zero-valent iron (ZV1). Recently, an environmentally
friendly approach for the preparation of biochar-zero valent iron was developed by

pyrolyzing bio-renewable feedstocks and iron oxides.!*® The prepared material possessed
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the physicochemical properties of both ZV1 and biochar. By using biochar-zero valent iron
with the reaction temperature at 240 °C, 63.2% defluorination was achieved after 192 h.114
Kobel decarboxylation was proposed to be the main reaction pathway.''* In another case,
Ni was used to enhance the stability of Fe® nanoparticle and nNiFe® was synthesized onto
activated carbon to minimize aggregation. The resulting nNiFe%-AC lead to >70%
defluorination of PFOS in 72h at 50 °C. H/F exchange and short chain PFCAs products
were detected during the degradation of PFOS.!*® The conjugation of nanoscale zero-valent
iron (nZV1) with reduced graphene oxide (rGO, resists nZVI’s aggregation), improves the
performance of nZV1 in PFASs degradation due to the presence of delocalized electrons
on the rGO nanosheets. At the same time, the interaction of nZVI with PFASs could be
enhanced by the adsorption of PFASs on the surface of rGO. By using this nanohybrid, the
removal of PFOS and PFOA could be achieved by 85% and 39%, while the removal of
shorter chain perfluoropentanesulfonic acid (PFPeS) and perfluoropentanoic Acid (PFPeA)
could be achieved by 19% and 18%. Chain-shortening was identified as the main reaction

pathway. 16
1.6.7 Cobalt Complex Catalysts

In 2008, >70% release of F~ was observed from a mixture of branched PFOS
isomers upon reaction with a corrin-Co"' complex (B12) and the reducing agent (Ti'"
citrate).!!’ After that, a series of PFAS structures were tested. It has been shown that cobalt
complex catalysts can only trigger the defluorination of the some branched PFASs. These
catalysts were not able to induce significant defluorination in linear PFOA or

perfluoroalky! ether carboxylic acid.'® Beyond vitamin Biz, the performance artificial
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cobalt-porphyrin complex was also examined. Cobalt—porphyrin exhibited an initial rate
of defluorination higher than vitamin B12. 51% defluorination in 1 day was observed from

branched PFOS with porphyrin environment.!!® Ti'' citrate can be replaced with new

reducing agents such as zinc power and the naturally occurring reductant like sulfide.*?
However, defluorination ratio of only 18.9% was observed from sulfide induced branched

PFOS degradation in 30 days.'?° HF/2F elimination followed by C—C bond cleavage was

proposed as the main reaction pathway in the cobalt catalyzed system.?
1.6.8 Hydrothermal Treatment

Hydrothermal treatment can be classified into subcritical hydrothermal treatment
(HT) and supercritical water oxidation (SCWO). Subcritical water refers to liquid water at
temperatures ranging from 100 °C to 374 °C and sufficiently elevated pressures to maintain
a liquid phase, while supercritical water refers to water at temperatures (> 374 °C) and
pressures (> 22.1 MPa) higher than the critical point. The ion product constant (Kw) of
subcritical water is around three orders of magnitude higher than the K\, of water at ambient
conditions. Therefore, H" and OH™ are highly concentrated in subcritical water, making it
an effective acid-base catalytic reaction medium.'?! In sharp contrast, the Kw of
supercritical water is more than five orders of magnitude lower than the of Ky water at
ambient conditions. Therefore, free radical reaction pathways can be facilitated by taking

advantage of the supercritical condition.

Subcritical hydrothermal treatment has been used for the destruction of PFASSs in

AFFF, resulting in a near-complete defluorination in 90 min.*?? 12 |n a SCWO study using
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H20; as the oxidant, 78.2% defluorination was achieved for PFOS through a radical-driven
C-S bond cleavage reaction pathway.'?* In another attempt using Oz as the oxidant, the

tested PFCAs and PFSAs reached an average 62.6% defluorination.'?®
1.6.9 Combustion

Thermal treatment is typically applied for the destruction of PFAS contaminated
solids, including spent activated carbon and anionic exchange resins, contaminated soils,
industrial and municipal solid wastes, and sewage sludge. Oxidizers, combustors, and
incinerators might be required for the effective treatment. Various thermal treatment
techniques and operating conditions might lead to different extents of PFAS degradation.

In the combustion treatment, oxygen and high temperature are often required.

The use of 700 °C or higher temperature for the combustion of PFAS on spent GAC
(granular activated carbon) resulted in > 80% defluorination from PFOA and PFOS.*? In
a newly proposed smoldering combustion process, flameless oxidation reaction occurs on
the surface of a solid or liquid fuel when they are penetrated by oxygen. The temperature
for smoldering combustion could exceed 900 °C. Using it for the remediation of PFAS
impacted GAC and contaminated soil led to 44% and 16% destruction of the initial PFAS
on GAC and soil, respectively.?” However, the high recalcitrant carbon tetrafluoride (CFa)
might be generated in the combustion process and its emission into atmosphere might be

an issue.?8
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1.6.10 Ball Milling

In the ball milling method, steel balls and the PFAS-impacted materials are rotated
in a cylindrical container, and the reaction takes place at the surface of the ball mill. KOH
is often applied as a reagent to facilitate the PFASs destruction. By using ball milling,
PFOS, 6:2 fluorotelomer sulfonate (6:2 FTSA) and fluorotelomer substances in the AFFF
were removed up to 81%, 97%, and 100%, respectively.'?® Several studies utilizing ball
milling for the degradation of PFOS reached more than 75% of defluorination.®*® 13! Ball
mill was also reported to combine with use of zero valence iron (ZV1) and ferrate (V1).
ZV1 and ferrate generated active species to facilitate the defluorination. As a result, 95%
defluorination from perfluorohexanesulfonic acid (PFHxS) was observed.’®? The

homolysis of the C—S bond is both the triggering step and the rate-limiting step.*?
1.6.11 Sonolysis

In sonolysis process, the irradiation of ultrasonic waves in solution could generate
cavitating bubbles, whose collapse generate extremely high temperature (several hundred
degrees) and pressure (several hundred bar) within an area localized to the cavitating
bubble.!® The high temperature and pressure could generate plasma and radical species,
which can both degrade the targeted pollutants. The application of sonolysis in the
degradation of hexafluoropropylene oxide dimer acid (HFPO-DA) and 6:2 fluorotelomer
sulfonamidoalky! betaine (6:2 FTAB) resulted in near-stoichiometric fluoride release.***
Using sonolysis also enabled near-stoichiometric fluoride release from PFOS, and some

degradation is likely taking place via eaq~.*%
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1.7 Defluorination of PFASs with UV/Sulfite System
1.7.1 Generation of Hydrated Electrons (eaq)

Under photoirradiation, the energy from photon will cause SOs?" to eject an electron
into the aqueous phase, generating a hydrated electron (eaq’) and sulfite radical (SOs™).

(Equation 1.5)
SO3* + hv — SO3" + €ag (1.5)

In the absence of targeted pollutants, SOs™ could be transformed into S;0s*>~ (Equation
1.6)1%: 137 and SO4* (Equation 1.7)**® through self-recombination reactions. The ratio of

the generated S>06*~ and SO4*" is approximately 1:2.138:13
SOs™ + SO3™” — $206% k=0.55x10°M s (1.6)
SOz~ +S03™ + H20 — SO4* + H' + HSO3™ k=0.20 x 10°M 57! (1.7)

eaq could also be consumed in several reaction pathways. Proton is a scavenger of esq to
generate H', which can further react with eaq~ to form H, (Equation 1.8 and 1.9)*°. In
addition, eaq may react with S,06>~ generated from the self-recombination of SO3™~

(Equation 1.10)*%8,

g + H' > H° k=23x10°0M1s? (1.8)
H' + s + H20 — Hy + OH- k=3.0x10°0M1s? (1.9)
e + 5206 — SO3% + SO3™ k=2.0x10°M st (1.10)
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Dissolved oxygen is another scavenger of esq~ to produce superoxide (O2""), which may

further react with eaq~. (Equation 1.11 and 1.12)4°
€aq + 02 — Oy k=1.9x10°M*s? (1.11)
€ + 07" — Oy k=13x10°M*s? (1.12)

The presence of the dissolved oxygen could also trigger a series of chain reactions with
SO3" (Equations 1.13—1.19)3. 139,141 ' A strong oxidative radical SO4™, and a mild oxidant

SOs™ could be formed during the following reactions.

SOs" + 02 — SOs™ k=12x10°M1s? (1.13)
SOs™ + SO32” — SO4™ + SO4* (1.14)
SOs™ + S0s™ — 2S04 + O, k=6.0x108M*s? (1.15)

The presence of SO4™, SOs™, and SOs™ indicate that the presence of advanced oxidation
processes in the UV/sulfite system when O is present. The eventually formed oxysulfur

anions exist in the form of sulfate and persulfate (Equations 1.16—1.19)38: 139,141,

SOs™ + SOz — SOz~ + SOs? k=1.3x10"M7*s? (1.16)
S04~ + S03% — SOz~ + SO4* k=50x108M?s? (1.17)
SOs™ + 0" — SOs% + 0 (1.18)
SOs™ + SOs™ — S;08% + O k=1.4x108M1s? (1.19)

Beyond UV/sulfite system, another commonly used chemical solute for the
generation of eaq~ under UV irradiation is iodide.
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"+ hv— I"+esq (1.20)

However, our use of UV/I at optimized pH 12 did not exhibit desirable performance.'42
This could possibly be attributed to the short lifetime of e~ generated from iodine.
Dissolved oxygen (DO) and reactive iodine species (RIS, e.g., I2, I, and I37) could both
scavenge the esq  (Equation 1.21-1.26) and significantly lower the efficiency of the

system,143-145

I+ 1> 1o k=8.8x10°M 15! (1.21)
I+ 1= 1 k=3.0x10° Mg (1.22)
I+ 1" =I5 k=4.6x10°M 15! (1.23)
I +eaq — 12 k=5.3x10""M1s? (1.24)
7™+ eaq — 21 k=9.0x10° Ms? (1.25)
ls +eaq — I+ 1o k=3.5x10° Mg (1.26)

1.7.2 Application of UV/Sulfite System in PFASs Degradation and Knowledge Gaps

Recently, our research team has systematically studied the reductive defluorination
of a series of PFASs including PFCAs, PFSAs, fluorotelomer carboxylic acids (FTCAs,
CnF2n+1—CH2CH>—COO"), and perfluoroalky! ether carboxylic acids (PFECAS) by eaq”
produced from aqueous sulfite under UV irradiation. #6147 In general, two main reaction
pathways have been identified for the degradation of PFCAs (CnF2n+1COQY),
perfluorosulfonates (PFSAs, CnF2n+1—SO37), and fluorotelomer carboxylates (FTCAs,

CnF2n+1—CH2CH2>—COOQO"). One is the cleavage of head groups to form PFCAS (Ch-1F2an-
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1C0O0"), and another is hydrodefluorination of the relatively weak C—F bonds.*’ The direct
linkage between the fluoroalkyl chain (CnF2n+1) and —COO™ in the PFCAs allows a more
effective defluorination, while FTCAs are recalcitrant because of the presence of
—CH,CHz— moiety.**” The degradation of PFSAs are also relatively sluggish due to the
lack of —COO".*" The ether oxygen atoms in PFECAs reduce the formation of H/F-
exchanged polyfluorinated products that are recalcitrant to reductive defluorination.4
Instead, the cleavage of ether C—O bonds generates unstable perfluoroalcohols and thus

promotes deep defluorination of short fluoroalkyl moieties. 4

Beyond the above-mentioned reaction pathways, we have several motivations to
reveal the unknown reaction pathways. First, F balance counting F~ and transformation
products from the known reaction pathways cannot be fully closed. 42 147 148 Thjs is
especially true for the long chain structures. Second, the pure reduction by esq~ cannot
trigger the formation of —-COO™ group (oxidative state of carbon = +3) in PFCA TPs from
—CF>—moiety (oxidative state of carbon = +2) in the parent compound (e.g, PFCAs, PFSAs
and FTCAs). Third, high pH conditions can significantly increase the extent of PFCAS
defluorination for two reasons. (1) The activity of eaq~ was significantly enhanced.'*® The
relatively strong C—F bonds that could not be cleaved at pH 9.5 were cleaved at pH 12. (2)
The favorable degradation pathway for PFCAs is through decarboxylation. In contrast, the
other parallel mechanism, direct H/F exchange, separates the fluoroalkyl chain and the end
carboxylate group by hydrocarbons. It is an unfavorable pathway because the formation of
C—H bonds will not only strengthen the adjacent C—F bonds but also inhibit the favorable

decarboxylation pathway.*” We have identified the enhanced pH significantly favored the
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decarboxylation pathway.**® However, how elevating pH affects reaction pathways to end

up benefiting the defluorination of PFSAs and FTCAs remains largely unknown.
1.7.3 Fluorinated Alternatives to Existing PFAS

There has been a trend of phasing out the use of some legacy PFASs (e.g., PFOA)
and transitioning to less persistent or less bioaccumulative alternatives.* *° omega-
hydroperfluorocarboxylic acids (o-HPFCAs; HChF2sCOOH) in which a fluorine atom of
the terminal trifluoromethyl group in PFCAs has been replaced by a hydrogen atom, have
been considered as alternative that degraded more easily.*®1%2 »-HPFCAs have been
reported to facilitate the emulsion polymerization of vinyl fluoride.*> Flupropanate
(HC2F4COOH), a short chain o-HPFCAs, is applied as herbicide and pesticide.>* 1 Qur
literature search has also identified the application of chlorinated polyfluoroalkyl
substances (Cl«—PFAS) in various fields.!®®1>® A few PFASs containing a single Cl atom
at the terminal carbon of an otherwise perfluorinated chain have been used in the
manufacturing of fluoropolymer.t®":1°8 6:2 chlorinated polyfluorinated ether sulfonate (F-
53B), as an alternative to PFOS, has been widely used in the chrome plating industry in
China,™® resulting in its increased emission in the environment.’®%162 Besides the
structures containing only one terminal Cl, a series of chlorotrifluoroethylene oligomer
acids (CTFEOAs, CI(CF.CFCI)\CF.COQ") have been proven to have excellent stability
and decent surfactant properties.'®® Although the PFCAs are superior in terms of the
surface modifying properties,'>® 164 the CTFEOAs are suitable for various applications.!®
The repeat unit [CF.CFCI] in CTFEOAs can also be found in the

polychlorotrifluoroethylene [PCTFE, (CF2CFCl)n], which has been commercialized since
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19505 and applied as hydraulic fluid,*®® lubricant,'®” and moisture protection film® et
al., due to its stability and hydrophobicity. Despite the broad applications, a systematic
understanding of reaction pathways for the degradation of H and CI containing PFASS has

not yet been established and structure—reactivity relationships remain elusive.
1.8 Research Objectives

(1) Achieve complete defluorination of o-HPFCAs and elucidate the role of the

terminal C—H bond in the degradation (Chapter 2).

(2) Achieve complete defluorination of Clk—PFAS and identify the new reaction

mechanisms triggered by C—CI bonds (Chapter 3).

(3) Fill the major knowledge gaps regarding the mechanistic understanding of

legacy PFAS (PFCA, PFSA, and FTCA) degradation (Chapter 4).
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Chapter 2. Defluorination of Omega-Hydroperfluorocarboxylates (o-HPFCAS):

Distinct Reactivities from Perfluoro and Fluorotelomeric Carboxylates

This chapter is based on, or in part a reprint of the material as it appears in Gao, J.;
Liu, Z.; Bentel, M. J.; Yu, Y.; Men, Y., Liu, J. Defluorination of omega-
hydroperfluorocarboxylates (w-HPFCAs): Distinct reactivities from perfluoro and

fluorotelomeric carboxylates. Environ. Sci. Technol. 2021, 55, 14146-14155.

2.1 Abstract

Omega-hydroperfluorocarboxylates (o-HPFCAs, HCF—(CF2),-1—COOQ") are
commercially available in bulk quantities and have been applied in agrochemicals,
fluoropolymer production, and semiconductor coating. In this study, we used kinetic
measurements, theoretical calculations, model compound experiments, and transformation
product analyses to reveal novel mechanistic insights into the reductive and oxidative
transformation of w-HPFCAs. Like perfluorocarboxylates (PFCAs, CFz—(CF2)s-1—COQO"),
the direct linkage between HCnF2n— and —COO™ enables facile degradation under
UV/sulfite treatment. To our surprise, the presence of the H atom on the remote carbon
makes w-HPFCAs more susceptible than PFCAs to decarboxylation (i.e., yielding shorter-
chain ®-HPFCAS) and less susceptible to hydrodefluorination (i.e., H/F exchange). Like
fluorotelomer carboxylates (FTCAs, CnFan+1—CH2CH>—COO"), the C—H bond in
HCF>—(CF2)a-1—COO™ allows hydroxyl radical oxidation and limited defluorination.
While FTCAs vyielded PFCAs in all chain lengths, ®-HPFCAs only yielded

"O0C—(CF2)n-1—COO™~ (major) and "OOC—(CF2)h>—COO~ (minor) due to the
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unfavorable B-fragmentation pathway that shortens the fluoroalkyl chain. We also
compared two treatment sequences- UV/sulfite followed by heat/persulfate and the
reverse- toward complete defluorination of w-HPFCAs. The findings will benefit the
treatment and monitoring of H-containing PFAS pollutants as well as the design of future

fluorochemicals.
2.2 Introduction

The persistence, bioaccumulation, and toxicity of per- and polyfluoroalkyl
substances (PFAS) have triggered global concerns and regulation efforts.1* There has been
a trend of phasing out legacy PFAS (e.g., perfluorooctanoic acid, PFOA) and transitioning
to less persistent or less bioaccumulative fluorinated alternatives.> ® The omega-
hydroperfluorocarboxylates (ow-HPFCAs, HC,F2—COO™) have an F atom of the o-
position (i.e., terminal) CFz— in perfluorocarboxylates (PFCAS, CnF2n+1—COQ") replaced
by an H atom (Scheme 2.1a).” This replacement creates a permanent dipole in the
fluoroalkyl chain, resulting in higher surface tension,” higher critical micelle
concentration,® and lower oil-repellency.® Our literature search has identified the use of -
HPFCAs in fluoropolymer production!®!? and superconductor coating.™® The short-chain
HCF,CF,—COO™ has been widely used as a herbicide.* > A few studies have investigated
the degradation of selected w-HPFCAs, including persulfate oxidation at 60—80°C,®
photocatalytic oxidation with HsSiW12040 under >290 nm irradiation,!’ and photolysis by
a medium-pressure mercury lamp.® While the terminal H provides a weak point for
oxidative attack,'® " o-HPFCAs showed slightly slower photolysis than corresponding

PFCAs,® suggesting novel impacts of the terminal H to the reactivities and mechanisms.
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Scheme 2.1 Elucidated Degradation Pathways for PFCA and FTCA and Their Structural
Similarity with o-HPFCA.
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Recently, we have reported near-quantitative defluorination of legacy PFAS,
including PFCAs and fluorotelomer carboxylates (FTCAS, CnFan+1—CH2CH2—COOQO"), by
sequential treatment using UV/sulfite (generating hydrating electrons eaq)'*?* and
heat/persulfate (generating hydroxyl radicals HO") at pH 12.2% 22 The rapid and deep
defluorination of PFCAs by UV/sulfite relies on the direct linkage between CnF2n+1— and
—COQO™ (Scheme 2.1b). Separation of the two moieties by —CH,— voids this structural
advantage, making FTCA recalcitrant against UV/sulfite treatment.?* However, the
presence of C—H bonds in FTCAs is also an advantage, allowing deep HO" oxidation to
yield significant defluorination and PFCA products in all chain lengths (Scheme 2.1¢).? In
comparison to PFCAs and FTCAs, o-HPFCAs contain both structural advantages (Scheme
2.1a). In addition, the terminal C—H bond may turn the most recalcitrant CF3— into
relatively “vulnerable” —CF,—.% This structural feature triggers two mechanistic questions.
First, what impacts does the terminal H have on o-HPFCA transformation under reductive
and oxidative treatment? Second, since m-HPFCAs are expected to be reactive under both
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treatment conditions, what is the optimal strategy to achieve near-quantitative

defluorination?

To answer these questions, we investigated seven o-HPFCA structures of varying
chain lengths and compared their degradation with the corresponding PFCAs and FTCAs.
Kinetic measurements, theoretical calculations, model compound experiments, and
transformation product analyses provide a comprehensive understanding and reveal novel
mechanistic insights into o-HPFCA degradation. The findings will advance remediation
technologies towards the complete and efficient destruction of H-containing PFAS
pollutants. The mechanistic insights will also benefit the detection of novel PFAS in the

environment and the design of future fluorochemicals.

2.3 Materials and Methods

2.3.1 Chemicals

®-HPFCAs (n=1-4 and 6-8 HC,F2»—COO"), PFCAs (n=1-8 CyF2:+1—COQO"), and
perfluorodicarboxylates (n=1-4 and 6-8 "OOC—CnF2—COOQO", PFdiCAs) were purchased
in bulk quantities (i.e., 0.1-5 g) and used as received. The missing n=5 ®»-HPFCA and
PFdiCA were either commercially unavailable or too expensive to afford. The information
on CAS numbers, purities, and vendors are listed in the Appendix A. Sodium sulfite
(Na2S0s3), potassium persulfate (K2S20s), sodium hydroxide (NaOH), and sodium

bicarbonate (NaHCO3) were purchased from Fisher Chemical.
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2.3.2 UV/sulfite—Heat/persulfate Treatment

In the first step, an aqueous solution (600 mL) containing 25 uM of individual ©-
HPFCA (also for PFCA and PFdiCA), 10 mM of Na;SO3, and 5 mM of NaHCO3 was
adjusted to pH 12.0 (using 10 M NaOH)? and treated with an 18 W low-pressure mercury
UV lamp at 20°C. In the closed photochemical reactor, the removal of dissolved oxygen
(DO) with N sparging was not necessary?* because DO was depleted instantaneously in
the presence of sulfite.?” Detailed reactor configurations have been fully described in our
previous reports.?* 2 The treated solution was stirred under air for 24 h to ensure complete
oxidation of all residual SO3?.2% ?° In the second step, a 29 mL aliquot of the resulting
solution was amended with 12.5 mM NaOH and 5 mM K3S;0s, and the final volume was
adjusted to 30 mL. The solution was heated at 120°C for 40 min in a pressure cooker.?
The pH was maintained at >12 so that most sulfate radicals (SO4™) generated from

persulfate were converted into HO".%°
2.3.3 Heat/persulfate-UV/sulfite Treatment

In the first step, a 30 mL solution containing 0.5 mM of individual ®-HPFCA, 10
mM of K2S20s, and 50 mM of NaOH was heated at 120°C for 40 min in the pressure
cooker. The molar ratio of [K2S20g]:[NaOH] at 1:5 ensured pH>12 throughout the reaction,
where relatively concentrated HF was produced.?® During the heating, all residual S;0s>
were decomposed into SO4>~ 22 and the excess S20s> produced O2.%! In the second step,
the resulting solution was diluted into 600 mL. This 20-fold dilution represents an initial

®-HPFCA concentration of 25 uM and is necessary to ensure an effective UV/sulfite
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treatment. The solution was amended with 10 mM of NaSOs, 5 mM of NaHCO3, and

NaOH (to pH 12.0) and treated with the 18 W low-pressure mercury UV lamp at 20°C.
2.3.4 Sample Analyses

The defluorination percentage (deF%) was calculated as the concentration ratio
between the released fluoride ion (F~, quantified by a Fisherbrand Accumet solid state
fluoride-selective electrode) and the total F in the parent PFAS molecule before reaction.
The accuracy of F~- measurement in the reaction matrices has been validated in our previous
reports.?® 24 Parent PFAS and transformation products were analyzed by liquid
chromatography equipped with a high-resolution quadrupole orbitrap mass spectrometer
(LC-HRMS/MS). Short-chain species including DFA (difluoroacetate, HCF.COQO"), TFA
(trifluoroacetate, CF3COQ™), n=1-3 PFdiCAs, "OOCCF.CH.COO", CFsCH.COO™, and
HCF,CH.COO™ were analyzed by ion chromatography equipped with a conductivity
detector. Detailed information on instrument parameters and quality assurance/control are

described in the Appendix A.
2.3.5 Theoretical Calculations

Density functional theory (DFT) calculations on the C-F and C-C bond
dissociation energies (BDES) in [@-HPFCA]™ anions and the optimized structure of [o-
HPFCA]?" followed our previous approach.?* 2 32 Based on the optimized molecular
geometries of [o-HPFCA]", condensed Fukui functions were calculated using Multiwfn
software (Version 3.7).3® The possibility that an atom (A) could act as a reactive site for

nucleophilic attack was evaluated by the £, index:
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fi = a8 — qfi

where q and N are the atomic charge and number of electrons in the system,
respectively. N+1 is the state upon adding one electron. A higher £, value implies greater

reactivity.3
2.4  Results and Discussion
2.4.1 Degradation of @-HPFCAs by UV/sulfite treatment

The n>3 o-HPFCAs and PFCAs showed similar rates of parent compound decay
(Figure 2.1a, the profiles comparing each pair were shown in Figure S1). The deF% of
these @-HPFCASs reached 88-94%, corresponding to an increase of 3—20% compared to
individual PFCAs with the same n (Figure 2.1b and Table 2.1). However, the total number
of C—F bonds cleaved from o-HPFCA and PFCA in the same chain length were not
significantly different (Table 2.1). Thus, the increase of deF% value is attributed to the one
less C—F bond in o-HPFCA than in the corresponding PFCA. The shortest-chain n=1 DFA
degraded 1.6 times faster than TFA (k=0.161 versus 0.062 min™!, Figure 2.1c). The
defluorination of DFA was also faster than TFA within the first 1 h (Figure 2.1d), while
both reached 100% defluorination after 4 h. DFT calculations show that the terminal H
lowers BDEs of the terminal C—F bonds (Figure 2.1g and Figure S2). The C—F BDEs of
the terminal HCF2— group in o-HPFCAs (109.7 kcal mol™ for n=1 and 112.9-114.9 kcal
mol ™ for n>2) are significantly lower than those of the CFs— group in PFCAs (116.8 kcal
mol! for n=1 and 117.7-119.2 kcal mol* for n>2). All C—F bonds in the middle —CF,—
moieties are not impacted. At pH 12.0, eaq is able to directly cleave the relatively strong

C—F bonds in CF3—CO0O".%% As the C—F and C—C bonds in HCF,—COO™ are 7.1 and 5.2
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kcal mol™ weaker, respectively, than those in CFs—COO~

defluorination of DFA are expected.

, the faster decay

and
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Figure 2.1 Time profiles for (a/c/e) parent compound decay and (b/d/f) defluorination of
®-HPFCAs and PFCAs. Reaction conditions: individual PFAS (25 pM), Na2SOz (10 mM),

carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp for 600 mL of

aqueous solution), pH 12.0, and 20 °C; (g) Calculated C—F (black) and C—C (blue and italic)
BDEs (in kcal mol™) of [o-HPFCA]™ and [PFCA] structures; and (h) geometry-optimized

structures of [@-HPFCA]>™ at the B3LYP-D3(BJ)/6-311+G (2d,2p) level of theory.
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Table 2.1 The Defluorination Percentage (DeF%) and Number of Cleaved F Atoms (in
Parentheses) from Various PFASS.

Fluoroalkyl UV/sulfite for 8 h sequential treatment
chain length o-HPFCA PFCA? PFdiCA ®-HPFCA o-HPFCA
(n) (Red® +0x°  (Ox + Red)
1 100+ 1.3 100+ 1.0 100+0.2 NAC NAd
(20+0.0/2F)¢ (3.0£0.0/3F) (2.0+0.0/2F)
2 0+11 72+£0.6 83+438 100+ 0.4 100+ 0.7
(3.6 £0.0/ 4F) (3.6 £0.0/5F) (3.3+0.2/4F)
3 92+4.2 8521 93+£1.7 100 £ 0.5 91+£22
(5.5+0.3/6F) (6.0£0.2/7F) (5.6 +0.1/6F)
4 94+438 74+1.0 9015 102+2.8 95+0.2
(75+04/8F) (6.7+01F/9F)  (7.2+0.1/8F)
6 93+3.2 80+1.1 88+0.9 103+1.8 94+38
(11.2+04/12F) (104+0.2/13F) (10.6+0.1/12F)
7 90+2.6 87+538 86+0.5 100 £+ 3.6 92+0.9
(126+0.4/14F) (13.1+0.9/15F) (12.0+0.1/14F)
8 88+238 78+0.7 89+0.1 96 £0.3 92+22
(141+05/16F) (13.3+0.1/17F) (14.2+0.0/16F)

aThe data set for PFCAs show consistent values with our previous report.?® °Red = UV/sulfite
treatment; °Ox = heat/persulfate treatment; INot applicable because 100% defluorination had
been achieved by the first step treatment. ¢Calculated by multiplying the total number of F atoms
in the parent PFAS with the deF% value.
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Figure 2.2 Degradation products and verified pathways of (a+b) w-HPFPrA and (c+d)
PFPrA (initial concentration 250 uM); (e) the change of calculated C—F BDEs upon
sequential hydrodefluorination of HPFPrA; and (f) parent compound decay and
defluorination of pure HCF,CH2COO™ (25 pM).
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To interpret the difference between longer-chain w-HPFCAs and PFCAs, we
started the comparison between n=2 HCF.CF.—COO™ (HPFPrA, PrA=propionate) and
CF3CF,—COO™ (PFPrA) (Figures 2.1e and f and Figure 2.2). The C3 carboxylates are ideal
mechanism-probing compounds because (i) they have only one secondary carbon (i.e.,
—CF>—, —CFH—, or —CH>—) to simplify the mechanistic understanding and (ii) multiple
partially fluorinated structures are available as pure chemical standards. Our previous study
has identified two major degradation pathways for PFPrA.?* 26 First, decarboxylation
generates TFA, resulting in complete defluorination (Figure 2.2d). Second,
hydrodefluorination (i.e., H/F exchange) sequentially yields CFsCFH-COO™ and
CF3CH>—COQ". The latter product is recalcitrant against eaq~ reduction because the CH»-
segregated terminal CFs— has a very high C—F BDE of 121.5 kcal mol 1.2 The
decarboxylation pathway is no longer valid because it requires direct linkage between
fluorocarbon (either CFs— or —CF,—) and —COO™.%* 26 Similarly, from HPFPrA, we
detected HCF,—COO™ due to decarboxylation as well as the sequential formation of
HCF,CHF—COO™ and HCF,CH>—COO™ due to hydrodefluorination (Figures 2.2a and
2.2b). However, the concentration-time profiles of these transformation products (TPs)

showed surprisingly different trends from PFPrA degradation.

Starting from 250 pM of HPFPrA, the maximum concentration of the
decarboxylation product, DFA, reached 8.5 uM DFA at 1 h (Figure 2.2a). For comparison,
the maximum concentration of TFA from 250 uM of PFPrA reached merely 1.3 puM at 0.5
h (Figure 2.2c). Since DFA degradation was much faster than TFA (Figure 2.1c), the actual

amount of DFA generated from HPFPrA should be even more than the amount of TFA
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generated from PFPrA. In other words, the percentage of HPFPrA that underwent

decarboxylation was much higher than that of PFPrA.

For the first step of hydrodefluorination, because pure HCF,CHF—COO™ was not
available to be used as an analytical standard, we compared the peak areas of such TPs to
those of parent HPFPrA and PFPrA by assuming the ionization efficiencies vary within
one order of magnitude.® Such assumption is supported by the similar peak areas between
each pair of ©-HPFCA and PFCA in the same chain length and concentration (Table S2.1).
The maximum peak areas for HCF,CHF—COO™ (9.7x10°) and CFsCHF—COO™ (1.2x10")
were two and one orders of magnitude lower than their parent HPFPrA (7.6x10") and
PFPrA (1.2x10%), respectively (Figure 2.2a versus 2.2c). It appears that
hydrodefluorination of the first o C—F bond in HPFPrA is less favorable than in PFPrA.
The calculated BDEs of the C—C bond connecting the fluoroalkyl moiety and —COO™ do
not have a significant difference between n>2 w-HPFCA and the corresponding PFCA
(Figure 2.1g and Figure S2.2). Because decarboxylation is generally slower than
hydrodefluorination,?* 26 the rate of PFCA parent compound decay is primarily determined
by the rate of hydrodefluorination. Therefore, the slower decay of HPFPrA (13% remaining
after 2 h) than PFPrA (<1% after 1 h, Figure 2.2a versus 2.2c) also reflects the slower
hydrodefluorination in HPFPrA, although the a C—F BDEs in both structures are the same
(106.9 kcal mol™, Figure 2.1g). The same trend was observed at the lower starting

concentration of 25 uM (Figure 2.1e).

After the first hydrodefluorination, the remaining o C—F bond in HCF.CHF—COO™

has an even lower BDE of 104.8 kcal mol ™ (Figure 2.2e). The second hydrodefluorination
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yielded recalcitrant HCF.CH>—COO™ (Figure 2.2a) due to the relatively high BDE of the
primary C—F bonds (118.8 kcal mol™?). The concentration slowly decreased from 3.8 uM
at 4 h to 2.9 uM at 8 h. Degradation of pure HCF,CH,—COO™ further evidenced the
recalcitrance (Figure 2.2f). For comparison, the maximum concentration of
CF3CH,—COO™ from PFPrA was 39.2 uM at 8 h. This result is consistent with our previous
study.?® As a summary, the abundance of measured decarboxylation product DFA from
HPFPrA was 5.5 times higher than TFA from PFPrA, while the abundance of
hydrodefluorination product HCF.CH>—COO™ from HPFPrA was merely 9.7% of
CF3CH>—COOQO™ from PFPrA. In theory, decarboxylation leads to 100% defluorination of
both HPFPrA and PFPPrA, whereas hydrodefluorination of the two oo C—F bonds leads to
50% defluorination from HCF.CF,—COOQO™ and 40% from CFsCF.—COO". If one assumes
that (i) decarboxylation and hydrodefluorination are the two primary pathways and (ii)
further defluorination from Rr—CH.—COO™ structures is negligible, the calculated
probabilities between decarboxylation and hydrodefluorination are 80:20 for HPFPrA
(deF%=90%) and 53:47 for PFFPrA (deF%=72%). However, after reaching the maximum
defluorination at 8 h, the yields of HCF2.CH>—COO™ (2.9 uM from 250 uM HPFPrA) and
CF3—CH2—COO™ (39 uM from 250 uM PFPrA) were less than the above-calculated ratios.
It is also worth noting again that although the preferences of the two elucidated pathways
by HPFPrA and PFPrA are different, the total number of C—F bonds cleaved from HPFPrA
(3.6 out of the four F atoms) was the same as that from PFPrA (3.6 out of the five F atoms).
Therefore, other degradation pathways might have occurred but the elucidation warrants

further efforts to detect novel TPs.
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To examine whether the hydrodefluorination pathway is also suppressed in longer-
chain w-HPFCAs, we first chose n=7 HPFOA (OA=octanate) and PFOA as the “classic
C8” model compounds (25 uM). From HPFOA, the HC7F13H-COO™ (labeled as “H/F” in
Figure 2.3a) showed the highest peak area at 0.25 h. Based on the calculated C—F BDEs in
H—PFOA (Figure 2.19) and the spontaneous C—F cleavage during geometry optimization
of the eaq added [HC,F2,—COQ]?" (Figure 2.1h), the H/F exchange most likely occurred
at the a-carbon (i.e., HCF2(CF2)sCHF—-COQ"). The condensed Fukui function f * at the
—COO", a CF2, and middle CF; sites of long fluoroalkyl chains are significantly higher
than the rest CF2 groups and the terminal HCF2>— or CF3— groups (Figure S2.3). This result
is consistent with the trend observed from calculated C—F BDEs. In general, weak C—F
bonds have a high probability of reductive defluorination. The chain-shortened n=6
HPFHpA (HpA=heptanate) was also observed with a maximum concentration of 0.65 uM
(2.6% of the initial HPFOA) at 0.5 h. Low-intensity peaks (area lower than 5x10° but still
higher than the arbitrary threshold of 10° for TP identification) for other shorter-chain
n=2—-5 o-HPFCAs were also observed (Figure 2.3b). To further understand the fate of
chain-shortened o-HPFCA products from HPFOA, we also conducted degradation of pure
n=3, 4, 6, and 8 ®-HPFCAs and PFCAs as the parent compounds and compared the TPs
(Figures S2.4—S2.7). Very similar to HPFOA degradation, the single H/F exchange product
HCqF2n-1H-COO™ (the highest peak area detected at 0.25 h) and all chain-shortened n>2

®-HPFCA products were observed from each parent o-HPFCA.
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Figure 2.3 Degradation products and verified pathways of n=7 (a—c) o-HPFOA and (d—f)
PFOA (initial concentration 25 pM). The number n represents the fluoroalkyl chain length,
while “H/F”, “4H/F” and “12H/F” represent 1, 4, and 12 F atoms replaced by H atoms in
the original n=7 skeleton. Panels (b) and (e) show minor products on amplified scales.

Two major differences were observed regarding TPs from all n>3 o-HPFCAs and

PFCAs. First, the hydrodefluorination products with two or more H/F exchanges were not

observed from w-HPFCA degradation. In contrast, TPs with multiple H/F exchanges (e.g.,

C7F11H4COO™ and C7FsH12COO™ corresponding to four and twelve H/F exchanges,

labeled as “4H/F” and “12H/F” in Figures 2.3d—f) were observed from PFOA degradation.

Second, while all n=2—6 ®-HPFCAs were observed within the first 0.25 h as sequential

decarboxylation TPs from HPFOA (Figures 2.3a—c), only n=5 and 6 PFCAs were observed

from PFOA (Figures 2.3d—f). Similar trends were also observed from the comparison

between pure n=3, 4, 6, and 8 ®-HPFCAs and PFCAs (Figures S2.4—S2.7). Furthermore,

the maximum concentration of the n—1 o-HPFCA product from each parent ®-HPFCA
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was generally higher than the counterpart n—1 PFCA product from each parent PFCA
(Table S2.2). Therefore, w-HPFCAs undergo deeper and faster decarboxylation than
PFCAs. The rapid decarboxylation of o-HPFCAs (and probably other novel pathways)
competes with hydrodefluorination, resulting in the lack of TPs with multiple H/F
exchanges. Similar to PFCA degradation,?* each decarboxylation step from w-HPFCA
ensures the cleavage of two oo C—F bonds (Scheme 2.1b) until forming DFA, which can be
100% defluorinated (Figure 2.1d). In contrast, hydrodefluorination will convert o —CF2—
into —CH,—, impeding further defluorination.?® 2* Further efforts are warranted to (i)
explain the shifted preference between competing degradation pathways and (ii) elucidate
alternative pathways beyond decarboxylation and hydrodefluorination; however, we

sought to achieve complete defluorination of m-HPFCAs as the primary goal.

Despite that o-HPFCAs have a higher preference for decarboxylation than PFCAs,
the total number of C—F bonds cleaved from each o-HPFCA was very similar to that from
the corresponding PFCA (Table 2.1). The number of recalcitrant C—F bonds was <2 for ®-
HPFCAs and <3 for PFCAs, respectively. We postulate that only a limited number of
fluorinated carbons (e.g., HCF>—, CF3—, and —CF>—) were segregated by hydrocarbon
moieties and thus became resistant to UV/sulfite treatment.?® For example, although the
degradability of HCF.CH,—COO™ is slightly higher than CF;CH>—COO,
hydrodefluorination of the terminal C—F bonds was still sluggish (Figures 2.2e and 2.2f).
In our previous report, we have achieved near-complete defluorination of PFCAs by adding
HO" oxidation after UV/sulfite treatment.?® At pH>12, most heat-activated SO radicals

from persulfate were converted into HO",*® which resulted in near-complete overall
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defluorination of all ®-HPFCAs (96—103%, Table 2.1). Hence, the Red-Ox treatment train
(Red for UV/sulfite and Ox for heat/persulfate) effectively completed w-HPFCA

defluorination.
2.4.2 Degradation of ®-HPFCAs by HO* oxidation

We expected the terminal C—H bond as a “weak point” for oxidative degradation
of ®-HPFCAs. Our recent study found that HO® oxidation of FTCAs
(ChF2n+1—CH2CH>—COQ") resulted in significant defluorination and generation of
CmF2m+1—COO™ products in all chain lengths (i.e., 1<m<n, Scheme 2.1c).? Similarly, we
hypothesized that the HO® oxidation of HCF>—(CF2)u-1)~COO~ would generate
HO-CF>—(CF2)n-1)~COQO™. The HF elimination from this unstable perfluorinated alcohol
structure would then yield chain-shortened "OOC—(CF2)u-1)~COO™ (PFdiCA, c.f. Scheme
2.1b).2% The competing B-fragmentation pathway would further shorten the chain length of
PFdiCA products via the radical "O—CF.—(CF2)u-1)~COO~.?% 3¢ The optimized ratio
between persulfate and each of the three probing -HPFCAs (n=1,4,7) was 20:1 (Table
S2.3). While all PFCAs were nearly unreactive with HO" (Table S2.4), the defluorination
from the H-containing DFA was 100%, and the concentrations of released F~ from all n>2
HPFCAs were almost the same (1.2+0.1 mM from 0.5 mM of each o-HPFCA), resulting
in lower deF% for longer-chain structures (Figure 2.4a). This “universal” concentration of
the released F~ indicates that less than three C—F bonds could be cleaved from each w-

HPFCA.

56



The oxidation of n=8 HPFNA (NA=nonanate) generated two PFdiCA products,
“"O0C—(CF2)7—COO™ (major) and "OOC—(CF2)e—COO™ (minor). No further shortened
PFdiCA was detected. All n>3 w-HPFCAs showed similar results (Figure 2.4b). The two
PFdiCA products and F~ contributed >90% of the total F balance (Figure 2.4a). The lack
of reactivity between HO® and PFdiCAs was also confirmed (Table S2.4). Oxalate
(COOC—COO") was not detected from the oxidation of n=2 HPFPrA and n=1 DFA,

probably due to its mineralization by HO" under heat.3" %

The detection of two PFdiCA products confirmed our mechanistic hypothesis. As
illustrated in Figure 2.4c, the HO" abstraction of the terminal H (1) and the following
combination with another HO® vyield HO-CF>—(CF2)@m-1"COO~ (2). From this
intermediate, Pathway | yields "OOC—(CF2)u-1)~COO~ (4) via HF elimination and
hydrolysis of the acyl fluoride (3). Pathway Il yields "OOC—(CF2)u-2-COOQO™ (6) via -
fragmentation of the fluoroalkoxy radical (5). The much lower abundance of the n—2
PFdiCA and the non-detected n—3 and shorter PFdiCAs suggests that Pathway Il is

relatively unfavorable.
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Figure 2.4 (a) F balance contributed by F~ ion and PFdiCA products after HO® oxidation
of ®-HPFCAs; (b) PFdiCA product speciation as the concentration ratios to the parent m-
HPFCAs; (c) proposed mechanisms; and (d) UV/sulfite defluorination of HO" oxidation
residues from individual w-HPFCAs. Reaction conditions for HO® oxidation: individual o-
HPFCA (0.5 mM), [K2S20sg]:[@-HPFCA]=20:1, [K2S20g]:[NaOH]=1:5, 120°C, 40 min.
Reaction conditions for UV/sulfite: individual PFAS (25 uM), Na,SOs (10 mM), carbonate
buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous
solution), pH 12.0, and 20 °C. Note: the concentrations of n=5 PFdiCA (no quantitation
standard available) generated from n=6 and 7 ®-HPFCAs were estimated by averaging (n-
1) and (n-2) PFdiCAs produced from other o-HPFCAS, respectively.

For comparison, HO" oxidation of CnF2n+1—CH2CH,—COOQO™ yields PFCAs in all
chain lengths, and the n—2 PFCA is the dominant product.?® Starting from
CgF17—CH2CH>—COO", the formation of CF3—COQO™ requires at least six rounds of B-

fragmentation from C;F15—O" (see Scheme 2 of our previous report?®). Thus, the p-
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fragmentation pathway for o-HPFCASs appears much less favored than for fluorotelomers.
A deeper interpretation of this difference on the molecular level warrants further
investigation. In addition, fluorotelomers have more than one —CH,— moieties for H
abstraction and subsequent C—C bond cleavage, thus allowing multiple transformation
pathways to yield the n—2 PFCA as the dominant product.?® Therefore, the vastly different
oxidative degradation result for o-HPFCAs is attributed to (i) the reduced number of
transformation pathways due to the single C—H bond and (ii) much less favored -

fragmentation.
2.4.3 Degradation of PFdiCAs by UV/sulfite treatment

Our previous work found that PFdiCAs showed faster decay and higher deF% than
PFCAs by UV/sulfite treatment at pH 9.5.2* In general, except for the two a CF2 groups,
the BDEs of C—F bonds on the middle carbons of PFdiCAs?* are very similar to those in
®-HPFCAs and PFCAs (Figure 2.5a). We hypothesized that the two —COO™ groups and
the lack of CFs— in PFdiCAs might lead to very deep or even complete defluorination at
the optimized pH 12.0.%° If this hypothesis was verified, o-HPFCAs could be first oxidized
into PFdiCAs with HO, then the UV/sulfite treatment of PFdiCAs might be faster than the
direct treatment of w-HPFCAs to save electrical energy for UV irradiation. Hence, after
HO" oxidation of o-HPFCAs (Ox), we treated the residues containing F~, two PFdiCAs,
and other minor products with UV/sulfite (Red). However, only n=2 HPFPrA allowed
100% defluorination after the sequential Ox-Red treatment (Figure 2.4d). The overall
defluorination of n>3 ®w-HPFCAs were 91%—-95% (Table 2.1), lower than those by Red-
OX (96—103%).
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To further understand the gap from complete defluorination, we conducted
UV/sulfite treatment of pure PFdiCAs. Unlike our hypothesis described above, at pH 12.0,
the parent compound decay of either n=1 or n>2 PFdiCAs was not faster than o-HPFCAs
(Figure 2.5b versus Figure 2.1). The comparison between individual structures is shown in
Figure S2.8. Only n=1 "OOC-CF,—COO™ reached 100% defluorination (Figure 2.5c).
Because the oxidation of HPFPrA yielded primarily "OOC-CF,—COO™ beyond F~ (Figure
2.4a and 2.4b), the following UV/sulfite treatment achieved 100% overall defluorination
(Figure 2.4d). Similar to n>2 ®w-HPFCAs, the defluorination of n>2 PFdiCAs required at
least 8 h to reach the maximum (88% on average). The 12% gap from complete
defluorination suggests that without another oxidative post-treatment, the Ox-Red
treatment of n>3 w-HPFCAs cannot efficiently achieve 100% defluorination. Similar to
earlier discussions, the incomplete defluorination of n>2 PFdiCAs can be attributed to the
formation of recalcitrant products containing —CH>— moieties. We tested UV/sulfite
degradation of pure "OOC—CF.CH>—COOQO". Both the parent decay (Figure 2.5b) and
defluorination (Figure 2.5c) were significantly poorer than perfluorinated structures.
Therefore, the Red-Ox treatment scheme outperforms Ox-Red, given that the same reaction

condition and time are used for each step.
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Figure 2.5 (a) Comparison of C—F BDEs (in kcal mol™t) among the three n=4 structures.
The full collection of C—F BDEs in all PFdiCAs has been reported in the SI of Ref. 24; (b)
decay and (c) defluorination of pure PFdiCAs under UV/sulfite treatment. Reaction
conditions: individual PFAS (25 puM), Na>SO3 (10 mM), carbonate buffer (5 mM), 254 nm
irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous solution), pH 12.0, and
20 °C.

2.4.4 Implications for the Remediation, Detection, and Future Design of

Fluorochemicals

This study has answered the two mechanistic questions raised in the Introduction.
First, in comparison to PFCAs, the terminal H in o-HPFCAS alters the preference of
reaction pathways under UV/sulfite treatment but does not cleave more C—F bonds.

Interestingly, the single H atom at the most remote w-position enhances decarboxylation
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(i.e., C—C bond cleavage from o-CF2). The H atom also allows limited oxidative
defluorination with HO". However, unlike fluorotelomers, the single H atom in o-HPFCASs
restricts the route of oxidative transformation. Second, the Red-Ox treatment outperforms
Ox-Red because most of the primary oxidation products (PFdiCAs) cannot achieve 100%
defluorination by UV/sulfite treatment. However, as PFAS pollution usually consists of
various structures (e.g., fluorotelomers), oxidative pre-treatment may still be necessary.?®
Since hydrodefluorination cannot be avoided during UV/sulfite treatment, an oxidative
post-treatment is usually required to cleave the remaining C—F bonds in H-rich residues.
These mechanistic insights will benefit the development and understanding of PFAS
treatment technologies such as photochemical degradation in homogeneous®** and
heterogeneous systems,**’ electrochemical degradation,*®*° and plasma treatment,>->
where reductive and/or oxidative processes are involved. The HO® oxidation results also
provide data to compare with similar reaction systems® °0 and achieve a deeper

mechanistic understanding.

Although o-HPFCAs have been reported as early as in the 1950s, detailed
information on their application remains limited. We also notice that some recent studies
on HPFCAs in environmental samples near fluorochemical industries assigned the H atom
on the a- or other carbons rather than the w-carbon®? >" because the parent HCoF15COO~
yielded short-chain MS/MS fragments of C.Fs™, CsF7, and CsF9 that must contain a
terminal —CF3.>” However, those studies did not address the simultaneous formation of
unsaturated CsFg~ and CeF11~ fragments upon HF elimination. If all fragments were

generated from the same parent molecule, then the most probable location for the H atom
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is on the -carbon (i.e., C4Fo—CFH—C3F7—COO"). For comparison, an HC4FgSO3™ detected
in a river was proposed to have the H atom on the w-carbon because no CnF2n+1 fragment
was observed.>® However, despite the structural uncertainty of those detected HPFCAs in
previous studies, the availability of various pure w-HPFCA chemicals in bulk quantities
and diverse applications in patents indicate the potential environmental significance of this
“fluorinated alternatives” family. We also note that PFdiCAs have been detected in the
wastewater where the presence of -HPFCAs was excluded.>” It is possible that oxidation
processes, if any, during the fluorochemical wastewater treatment converted o-HPFCAS
into PFdiCAs. However, because PFdiCAs are also available in bulk quantities, they could

also directly come from the manufacturing processes.

As the o-H atom can alter key properties of perfluorinated structures,? % %61 one
cannot prematurely recommend a universal replacement of PFCAs with o-HPFCAs.
Instead, we anticipate that the new mechanistic insights revealed in this study on o-HPFCA
and PFdiCA degradation can contribute to the design of future fluorochemicals towards

better environmental sustainability.
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Chapter 3. Degradation Pathways and Complete Defluorination of Chlorinated

Polyfluoroalkyl Substances (Clx—PFAS)

This chapter is based on, or in part a reprint of the material as it appears in Gao, J.;
Liu, Z.; Huang, J.; Liu, J. Degradation pathways and complete defluorination of chlorinated
polyfluoroalkyl substances (Clx—PFAS). ChemRxiv. Preprint. 2022, 10.26434/chemrxiv-

2022-q120g.

3.1 Abstract

Chlorinated polyfluoroalkyl substances (Clx—PFAS) have been developed and
applied for decades, but they have just been recognized as an emerging class of pollutants.
This study systematically investigated the degradation of three types of CIL—PFAS
structures, including omega-chloroperfluorocarboxylates (w-CIPFCAs, n=1,2,4,8
CI-CiF21CO0"), 9-chlorohexadecafluoro-3-oxanonane-1-sulfonate (F-53B,
Cl—(CF2)6—O—(CF2)2S03") and polychlorotrifluoroethylene oligomer acids (CTFEOAS,
n=1,2,3 CI-(CF.CFCI),CF2COQO") under UV/sulfite treatment. The results lead to a series
of transformative insights. After initial reductive dechlorination by hydrated electron (eaq),
multiple pathways occur, including hydrogenation, sulfonation, and dimerization. In
particular, this study identified the unexpected hydroxylation pathway that convert the
terminal CICF2— into "OOC—, which is critical for the rapid and deep defluorination of F-
53B. The hydroxylation of the middle carbons in CTFEOAs also triggers the cleavage of
C—C bonds, yielding multiple —COO™ groups to promote defluorination. Hence, the CI

atoms in Cl,—PFAS enhance defluorination in comparison with the perfluorinated analogs.
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After UV/sulfite treatment, the HO" oxidation of the residue leads to ~100% defluorination
of all ®-CIPFCAs and CTFEOAs, without generating toxic ClOz~ from CI™. This study
renovates and further advances the mechanistic understanding of PFAS degradation in
“advanced reduction” systems. It also suggests the synergy between “more degradable”
molecular design and cost-effective degradation technology to achieve the balanced

sustainability of fluorochemicals.
3.2 Introduction

To effectively address the global pollution by per- and polyfluoroalkyl substances
(PFAS),*" it is imperative to understand the degradation mechanism and develop treatment
strategies for various PFAS structures. Environmental studies on PFAS started
approximately 50 years after the creation of PFAS.812 Current efforts primarily focus on
the “legacy” perfluorinated CnFan+1—X (X = COO7, SOz, and (CH2)m—R, where R
represents highly diverse organic moieties). Those structures have been well known as
building blocks and degradation products of surfactants'® * and coatings.*> 1 However,
“alternative” PFAS containing —O—,1""*® —H,2%:2! and —CI?? 2 in the fluorinated moiety (RF)
have also been systematically developed and extensively applied for decades. Recent
studies have confirmed their negative health effects®*2" and worldwide pollution in water®®

36 and soil.*’

Chlorine-containing PFAS (Clx—PFAS) are prepared by the telomerization process,
where the iodinated telogen (Rr—1) initiates the polymerization of fluorinated olefins

(Schemes 3.1a and 3.1b). For enhanced stability against thermal and chemical reactions,
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the terminal iodine is further replaced by chlorine. The chlorination treatment costs less
than fluorination (Scheme 3.1a).%8 39 Although the inclusion of CI could result in higher
surface tension than the perfluorinated analog,? the —CF3 branch could yield an even lower
surface tension?? for fluoropolymer production.® A long-chain ether sulfonate surfactant,
F-53B, contains an omega-Cl and exhibits similar surface tension to the perfluorinated (and
more costly) F-53 in a wide concentration range.** F-53B was used as a mist suppressant
for the electroplating industry in China®® and extensively detected in the environment.4>44
Recently, omega-chloroperfluoropolyether carboxylates (CIPFPECAs, Scheme 3.1c)
developed for fluoropolymer synthesis® have been detected in the soils of densely
populated New Jersey of the U.S.3” Chlorine atoms are also included in both telogens and
olefins to prepare polychlorinated PFAS.?? % Polychlorotrifluoroethylenes (PCTFEs,
Scheme 3.1d) are chemically inert, nonflammable, and more cost-effective than
perfluoropolyethers for the use in metal lubricants and hydraulic fluids, and have shown
high haptic toxicities.*® 4’ In the rat liver, PCTFEs are converted into oligomer acids

(CTFEOAS), which are also chemically synthesized as commercial surfactants.?

The novel structural feature and significant environmental relevance of Clx—PFAS
require an adequate understanding of degradation mechanisms and the development of
cost-effective remediation technologies. Our lab has systematically studied the
transformation of legacy PFAS by UV/sulfite treatment, which produces hydrated electron
(eaq”, Equation 3.1),%8-°! a potent species for reductive hydrodefluorination (Equations

3.2-3.3):52%3

SO — e + SO~ (3.1)
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C—F + eaq_ — C. + F (32)

C +ex +H' — C-H (3.3)

Scheme 3.1 (a—d) Structures and Synthesis of Representative Clx—PFAS; (e) Previously

Elucidated Degradation Pathways for o-HPFCA as a Hydrodechlorination Product of o-
CIPFCA.
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Based on the existing knowledge, the C—Cl bonds in Clx—PFAS are supposed to

undergo  hydrodechlorination.® Initially, = we  expected  that  omega-
chloroperfluorocarboxylates (w-CIPFCAs, CI-CnF2hCOO™) would rapidly vyield the
omega-hydro analogs (0-HPFCAs, H-CnF20COO™) and then degrade as previously
elucidated (Scheme 3.1e).%® However, our experiments with three Clx—PFAS families (o-
CIPFCAs, F-53B, and CTFEOAS) revealed a novel hydroxylation pathway, which
reconstructs the fundamental understanding of Clx—PFAS degradation. This study fills
major knowledge gaps towards solving the global PFAS pollution challenge: mechanistic

elucidation, remediation technology, and fluorochemical design.
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3.3 Methods
3.3.1 Chemicals

o-CIPFCAs (CI-CiF2:—~COOH; n=1,2,4,8), CTFEOAs (CI-(CF2CFCl),—
CF>—COOH,; n=1,2,3), F-53B (Cl-CgF12—O—C2F4+—S03K), perfluoro(2-
ethoxyethane)sulfonic acid (C2Fs—O—C2F4—SOsH), and 2-(fluorosulfonyl)difluoroacetic
acid (FO2S—CF,—COOH) were obtained in bulk quantities (i.e., 0.1-5 g) and used as
received. All acids were prepared into 10 mM stock solutions by mixing with excess NaOH
(20 mM) for deprotonation. The solution of 25 uM FO>S—CF,—COOH was hydrolyzed
into "03S—CF,—COO™ at 20 °C and pH 12 overnight.*® The information on CAS numbers,
purities, and vendors are listed in the Appendix B. Sodium sulfite (Na.SOz), sodium
bicarbonate (NaHCO3), sodium hydroxide (NaOH), potassium persulfate (K2S20s), and

sulfuric acid (H2SO4) were purchased from Fisher Chemical.
3.3.2 UV/sulfite Treatment

The reactor configuration® °* 57 and photochemical parameters®® have been
established in our previous studies. Briefly, a 600 mL aqueous solution containing 25 uM
individual PFAS, 5 mM NaHCO3, and 10 mM Na,SOs was loaded into the photoreactor
(assembled with Ace Glass parts #7864-10, #7874-38, and #7506-14, and wrapped with
aluminum foil). The solution was irradiated by an 18 W low-pressure mercury lamp
(GPH212T5L/HO) placed in the quartz immerse well. The temperature was maintained at
20 °C by the jacketed cooling water. Prior to the reaction, N2 sparging was not needed>

because the initially dissolved oxygen (up to 0.25 mM at the saturated level at room
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temperature) was readily depleted by sulfite.>® All three outlets of the photoreactor were

sealed with rubber stoppers to prevent air intrusion.
3.3.3 Subsequent Oxidation by Heat/persulfate

After UV/sulfite treatment, the 30 mL aliquots of the resulting solution were
amended with 5 mM K;S;0g and added with either H.SO4 to pH 2.0 or with 12.5 mM
NaOH to pH ~12.4. The solutions were loaded in glass reaction tubes and heated at 120 °C
for 40 min in a pressure cooker (Farberware 6 Quart).>” Thermal decomposition of S,0g?"
yielded two equivalents of sulfate radical (SO4™). The SO4™ is preserved at pH 2.0 or fully
converted into a hydroxyl radical (HO") at pH>12.%° Since the 1960s, thermal digestion of
environmental samples using S0s? has been extensively adopted®® due to its high
efficiency in mineralizing organic structures. Our proof-of-concept studies have used this

approach to probe the “upper limit” of oxidative conversion of PEAS.> %’
3.3.4 Sample Analyses

Fluoride ion (F) release was measured by a Fisherbrand accumet solid-state ion-
selective electrode connected to a Thermo Scientific Orion Versa Star Pro meter. This
method has been validated by ion chromatography (IC)% and solution matrix spiking
tests.>” Chloride ion (CI) release was measured by IC. The percentages of defluorination
(deF%) and dechlorination (deCl%) are defined as the ratios between released F/CIl~ and
total F/Cl in the parent Clx—PFAS. A liquid chromatography high-resolution mass
spectrometer (LC-HRMS) was used to (i) quantify parent PFAS and transformation

products (TPs) that have pure chemicals as the analytical standards and (ii) screen TPs
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without analytical standards. Very short-chain PFAS, including chlorodifluoroacetate
(CI-CF,COQ"), difluoroacetate (H-CF.COO"), and oxalate ((OOC-COOQ"), were
quantified by IC. Detailed operation conditions and procedures for IC and LC-HRMS are

described in the Appendix B.
3.3.5 Theoretical Calculations

Density functional theory (DFT) calculations on C—F and C—CI bond dissociation
energies (BDEs) in the deprotonated [Clx—PFAS] and the optimized structure with an
added eaq (i.€., [Clx—PFAS]™") followed our previous approach.>? % 8 Results from these
approaches have been consistent with those from condensed Fukui Function in terms of

predicting the site of reductive PFAS transformation.>®
3.4 Results and Discussion
3.4.1 Degradability of ®-CIPFCAS

We started with the degradation of ClI-C,F2COO™ (n=1, 2, 4, and 8) using the
optimized reaction condition (254 nm UV, 10 mM Na>SOs, pH 12, see Methods and figure
captions for detailed settings). The parent compound decay was completed within 8 min,
accompanied by complete dechlorination (Figure 3.1a). The rapid CI™ release was expected
because the calculated C—C1 bond dissociation energies (BDEs, 77.3-79.6 kcal mol™) are
weaker thanC—F bonds (BDE >106 kcal mol™, Figure 3.1d). Geometry optimization of
[CI-(CF2)nCOO]*", which simulated the reaction between CI-(CF2)n,COO™ and an e,

resulted in spontaneous C—Cl cleavage (Figure 3.1e).
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Figure 3.1 Time profiles for (a) the degradation and dechlorination of -CIPFCAs and for
the defluorination of (b) n=2,4,8 (average) and (c) n=1 o-CIPFCAs, o-HPFCAs, and
PFCAs. Reaction conditions: individual PFAS (25 uM), Na>SO3z (10 mM), carbonate
buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous
solution), pH 12.0, and 20 °C. Error bars are standard deviations of three replicates. (d)
Calculated BDEs of C—F (in black) and C—Cl (in green) bonds of selected [PFAS]
structures and (e) geometry-optimized structures of [w-CIPFCA]?  at the B3LYP-
D3(BJ)/6-311+G (2d,2p) level of theory.

The defluorination percentage (deF%) of n>2 CI-CnF2nCOO™ reached 90—96%
within 8 h (Figure 3.1b). Compared to the previously studied CnF2n+1—COO™ and
H-CnF2rCOO™, CI-CiF2nCOO™ allowed the cleavage of similar numbers of C—F bonds
and left the least numbers of residual C—F bonds (Table 3.1). The lower deF% values from
CnF2n+1—COO™ are caused by the one more C—F bond in the parent structure. The highly

recalcitrant residual C—F bonds should exist in isolated fluorocarbon moieties without

directly linking with —COO™~ (Scheme 3.1e). For example, CF3—CH,CH>—COO™ (C-F
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BDE >120 kcal mol™) showed little reactivity with esq.>> %> %" For n=1 structures, while
the defluorination from H-CF.COO™ and CFsCOO™ were nearly 100% within 4-8 h,> the
defluorination from CI-CF,COO™ was up to 96% (Figure 3.1c). We note that the 4%
disparity was not negligible. Instead, it motivated us to identify a novel reaction pathway

promoted by the CI atom.

Table 3.1 DeF% and Number of Cleaved and Residual F Atoms after UV/sulfite
Treatment.?

deF% deF%
R—COO~ (# of cleaved / total F atoms)® R—COO™ (# of cleaved / total F atoms)®
[# of uncleaved F atoms per molecule]® [# of uncleaved F atoms per molecule]®
Re X=ClI X=H X=F Re X=ClI X=F
(0-CIPFCA)  (w-HPFCA) (PFCA) (CTFEOA) (PFCA)
X—CF— 96+3.1 100+1.3 100+ 1.0
(C2) 19+ 2.0+ (3.0%
0.1/2F)a 0.0/2F) 0.0/3F)
[0.1] [0.0] [0.0]
X-CoF4— 96 + 0.7 0+1.1 72 +0.6 XCF,—CFXCF,— 92+4.7 85+21
(C3) 38+ 36+ (3.6+ (C4) (4.6 £ 0.2/5F) (6.0 £ 0.2/7F)
0.0/4F) 0.0/4F) 0.0/5F) [0.4] [1.0]
[0.2] [0.4] [1.4]
X—C4Fg— 94+0.4 94+48 74+£10 XCF,—(CFXCFy),— 93+26 89+24
(C5) (75+ (75+ 6.7+ (C6) (7.4 £ 0.2/8F) (9.8 £ 0.3/11F)
0.0/8F) 0.4/8F) 0.1/9F) [0.6] [1.2]
[0.5] [0.5] [2.3]
X—CgF16— 90+0.2 88+28 78£0.7 XCF,—(CFXCFy)s— 94+38 87+5.8
(C9) (14.4 + (141 + (13.3+ (C8) (10.3 £ 0.4/11F) (13.1 £ 0.9/15F)
0.0/16F) 0.5/16F) 0.1/17F) [0.7] [1.9]
[1.6] [1.9] [3.7]

aUV/sulfite treatment conditions: PFAS (25 uM), Na,SO3 (10 mM), carbonate buffer (5 mM), 254 nm
irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous solution), pH 12.0, 20 °C, 8 h. Error

bars are standard deviations of three replicates.

5The non-interger values are expected because of multiple degradation pathways.

3.4.2 Hydrochlorination Is Not the Primary Pathway

Although previous studies on UV/sulfite treatment of CI-CH,—COO™ ® and F-

53B> have confirmed the hydrodechlorination pathway, our transformation products (TP)

analysis found novel information. After the reductive dechlorination of ®-CIPFCA
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(Equation 3.4), the omega carbon radical can be hydrogenated to yield o-HPFCA (Figure

3.2a and Equation 3.3).
C-Cl+eyq —C +CI” (3.4)

However, from 25 uM of CI-C4FsCOO™, the maximum concentration of H-
C4FsCOO™ was merely 0.66 uM at 4 min (Figure 3.2b). At this time point, the rapid
dechlorination of CI-C4FsCOOQO™ had just finished (Figure 3.1a), while the much slower
defluorination had not proceeded to a significant level. Similarly, 25 uM of CI-CgF16COO™
yielded a maximum of 0.59 uM of H-CgF1sCOQO™ at 4 min (Figure 3.2c). For short-chain
o-CIPFCAs, we raised the initial concentration for 10-fold to facilitate the TP detection.
From 250 uM of CI-CF.COO™ and CI-C,F4COO", the maximum concentration of the
corresponding products, H-CF,COO™ and H-C2F4COOQO", were 3.7 uM at 60 min and 2.7
uM at 30 min, respectively (Figures 3.2d and 3.2¢). Therefore, only a small fraction of the

parent o-CIPFCAs were converted to the corresponding o-HPFCAS.

In an early study on CI-CH,COO™ degradation by UV/sulfite,®® the radical
intermediate *CH>COO™ reacted with SOs™ to yield "O3S—CH.COO™ and dimerized to
yield "OOCCH>—CHCOO". Similarly, our experiments with 250 uM of CI-CF.COO~
yielded "O3S—CF.COO™ at the maximum concentration of 70 pM (28%) at 0.5 h (Figure
3.2d). Longer-chain n=2,4,8 "03S—(CF2),COQO~ from the corresponding Cl—-(CF2),COO~
could not be quantified because analytical standards were not available. However, the high
peak areas of those TPs (10’—10%) suggest that their abundance were not trivial. At least

19-41% of the parent CI-C,F2n—COO~ was converted to the dimer product
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“O0C—CanF4—COO™. The significant formation of sulfonated and dimerized TPs further

confirms the generation of “CF,—(CF2),-1COQO" radical upon reductive dechlorination by

eaq (Equation 3.4 and Figure 3.2a).
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Figure 3.2 (a) General transformation pathways after reductive dechlorination of ®-
CIPFCAs; (b—f) time profiles of TPs from n=1,2,4,8 ©-CIPFCAs and "0O3S—CF>—COOQO";
(g) degradation and defluorination of "O3S—CF,—COOQO". Reaction conditions are described

in the caption of Figure 3.1.

3.4.3 Unexpected Hydroxylation Pathway

During the investigation of dicarboxylate TPs, we also found the unexpected

“O0C—(CF2)n-1COO~, which had the same number of carbon as the parent CI-(CF2),COO".

Moreover, the maximum concentration corresponded to 11-39 % of the parent n=2,4,8 o-
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CIPFCAs (Figures 3.2b, c, e). The treatment of 250 uM of CI-CF.COO" yielded
“0O0C-COQO™ at the maximum concentration of 15.7 uM (6.3%) at 1 h (Figure 3.2d).
However, UV/sulfite treatment of H—CF>—(CF2)n-1COO™ could not produce " OOC—(CF2)n-
1COO0O". Although "03S—(CF2)nCOO™ and dimeric "OOC—(CF2)2—COO™ may produce
small amounts of “OOC—(CF2),-1COO" via reductive C—S bond cleavage® and sequential
decarboxylation,>® respectively, they were not the primary source of " OOC—(CF2), 1COO".
For example, the maximum ~OOC—-COO™ concentration from 250 pM of pure -
03S—CF2COO™ was only 5.4 uM, much less than that from 250 uM of CI-CF.COO". From
250 uM of pure "OOC—(CF2).COO, the formation of " OOC—-COO™ (after two rounds of

decarboxylation) was not detected.

The direct oxidation of all Cl,—PFAS with HO" resulted in negligible defluorination
(Table S3.1). Except for CI-CF.COO, the defluorination (<1%) and dichlorination (<5%)
from Cl,—PFAS were limited under UV irradiation (8h) without sulfite addition (Table
S3.2). The 22% defluorination and 24% dichlorination from CI-CF.COOQO™ in 8h (Table
S3.2) is still insignificant considering 47% defluorination and complete dichlorination was
achieved in 15min in the presence of sulfite (Figures 3.1a and 3.1c). Therefore, the
degradation of Clx—PFAS required the reaction with eaq~. We propose that after reductive
dechlorination of CI-(CF2),COO", the *CF>—(CF2)n-1:COO" intermediate could react with
a HO" to yield unstable perfluorinated alcohol,®” which spontaneously evolves into
"O0C—(CF2)n-1COO™ (Figure 3.2a). Further degradation of such TPs was also confirmed
(Tables S3 and S4). Because HO" is present in UV/sulfite system,% % we added methanol

to scavenge HO".”® As expected, the yield of “OOC—(CF2),-1COO~ was lowered, and the
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production of H—(CF2)aCOO™ was increased (Figure S3.1). However, the overall deF%
from CI—(CF2)a,COO~ were not impacted because (i) methanol is not a significant
scavenger of eqq~ and (ii) ®-HPFCAs and perfluorodicarboxylates (PFdiCAs) allowed the
same number of C—F bonds to be cleaved by UV/sulfite treatment.>® The reactivity of -

03S—(CF2)nCOO is assumed to be similar to H—(CF2),COO or F—(CF2),.COO".
3.4.4 Mass Balance Analysis

Because most TPs from CI-CF,COQO™ are quantifiable with standard chemicals and
the n=1 structure limited the number of reaction sites, we were able to close 94% of the
total F balance at 30 min (Figure 3.2d). This value is the highest F mass balance we have
ever achieved from UV/sulfite treatment of PFAS. Therefore, we propose that the four
pathways (hydrogenation, sulfonation, dimerization, and hydroxylation) could represent
the major degradation pathways upon the dechlorination by esq~. Both "O3S—CF,COO~
(Figure 3.2g) and H-CF.COO™ allowed 100% defluorination by UV/sulfite treatment,
whereas “OOC—(CF,):COO~ allowed up to 83% defluorination.®® Therefore, the
incomplete defluorination (96%, Figure 3.1c) of CI-CF.COOQO™ can be attributed, at least
partially, to the dimerization pathway. More importantly, the experimental results have
shown that (i) the previously reported hydrodechlorination is the least preferred reaction
pathway among the four and (ii) oxidative species such as HO" are playing significant roles
in the UV/sulfite system. However, detailed mechanistic eludication for the oxidative
species warrants further studies. A complete set of degradation pathways for long-chain
and perfluorinated structures remain largely unknown. Our lab is investigating that aspect

and will report the findings in the near future.
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Figure 3.3 Time profiles of (a) parent structure decay and dechlorination, (b)
defluorination, and (c—f) transformation products of F-53B. Reaction conditions: F-53B
(25 uM), NaxSO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-
pressure Hg lamp for 600 mL of aqueous solution), pH 12.0, and 20 °C. (g) Calculated
BDEs of C—F and C—Cl of F-53B and structure analogs and the geometry-optimized
structure of [CI—(CF2)sO(CF2).S0s]" at the B3LYP-D3(BJ)/6-311+G (2d,2p) level of
theory. (h) Proposed reaction scheme. HRMS-detected TPs are assigned with letters. (i)
Reactivity comparison with other perfluorinated sulfonate structures.
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3.4.5 New Mechanistic Insights into F-53B Degradation

Similar to ®w-CIPFCAS, the ether sulfonate F-53B exhibited rapid and complete
dechlorination within 6 min (Figure 3.3a) and 73% defluorination at 12 h (Figure 3.3b).
The trend of calculated C—F and C—C1 BDEs (Figure 3.3g) in F-53B versus its hydro- and
perfluorinated analogs is similar to the all-carbon-chain structures (Figure 3.1d). The
spontaneous C—Cl cleavage from [CI—(CF2)sO(CF2)2S03]*" (Figure 3.3g) supports the
reductive  dechlorination = mechanism.  Like  ®-CIPFCA, F-53B vyielded
H—(CF2)6O(CF2)2SOs~ (structure a in Figure 3.3h), "O3S—(CF2)sO(CF2).SOs™ (b), and
"O0C—(CF2)s0(CF2).S03™ (c) (Figure 3.3c). The dimerized structure exceeded the
molecular weight limit we set for suspect TP detection. A series of shorter-chain TPs,
"OO0C—(CF2)nO(CF2)2S03™ (n=4,3,2,1, structures d—g in Figure 3.3h), showed decreasing
abundance as the —(CF2)n— moiety became shorter (Figure 3.3d). Because we did not detect
any shorter-chain F-53B analog impurities (i.e., n=1-5 CI-(CF2)nO(CF2)2S03") in the t=0
sample, the shorter-chain "OOC—(CF2)nO(CF2)2SOs™ TPs d—g most probably came from
the stepwise decarboxylation® from c (Figure 3.3h). Notably, all carboxylate TPs became
non-detectable after 4 h (Figure 3.3d), whereas significant defluorination continued to 8 h

(Figure 3.3Db).

In comparison to c—g, the hydrogenated TP a and sulfonated TP b degraded much
slower (Figure 3.3e). A previous study proposed that the reaction between a and eaq
triggered C—O cleavage.>* However, our experimental results led to a different
interpretation. First, if C—O cleavage occurred in a, the short moiety *(CF2).SOs™ (or

"O(CF2)2S03") would evolve into “OOC—CF,SOs" (h) via the unstable HO(CF2),SO3~.%
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Although h was detected as a significant TP (Figure 3.3f), its abundance became negligible
after 4 h, when a major fraction of a still remained (Figure 3.3e). Thus, the formation of h

from a is less likely.

Second, although spontaneous C—O cleavage has been confirmed from the reaction
between perfluoroether carboxylates (PFECAS) and eaq,*> we wondered whether this
mechanism applies to perfluoroether sulfonates (PFESAS). Thus, we tested a short-chain
model, CF3CF,—O—(CF2)>—SOs". To our surprise, this C2+C2 PFESA did not show any
decay or defluorination. This result differs entirely from short-chain PFECAS that exhibited
rapid decay and significant defluorination.®® Apparently, the C—O cleavage mechanism
does not readily occur for PFESA. Moreover, the previous study on F-53B degradation
also reported complete decay and significant defluorination of F-53 (perfluorinated F—
(CF2)60(CF2)2S0s", not available for this study).>* The relatively facile degradation of
C6+C2 PFESA and no reactivity of C2+C2 PFESA resemble the comparison among n=6,
4, and 1 CnF2n+1-S05.5% %7 Lacking a terminal —COO", the reactivity of perfluoroalkane
sulfonates strongly depends on the fluoroalkyl chain length. PFBS was substantially more

recalcitrant than PFOS, and TFMS did not show any degradation (Figure 3.3i).

Third, our previous study on PFECAs has confirmed that C—O cleavage occurred
regardless of how many —CFo— units separate the ether bond and terminal —COO~.%
Therefore, the "OOC—(CF2)nO(CF2).SO3" are the most probable TPs that allow reductive
C-O cleavage and thus produce h as the common TP (Figure 3.3h). Notably, h allowed
100% defluorination (Figure 3.2g) as compared with no degradation of CF3-SOs".

Therefore, the above results reconstruct the mechanistic insights into F-53B degradation.
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The previously unexpected hydroxylation TPs c—g allow favorable defluorination
mechanisms (i.e., decarboxylation and C-O cleavage) and thus a deep defluorination

(Figure 3.3Db).
3.4.6 C—C Bond Cleavage Identified from CTFEOA Degradation

The three CTFEOAs (n=1, 2, 3 CI-(CF.CFCI),CF.COO") underwent rapid decay
within 2—4 min (Figures 3.4a,c,e). Because each structure contains multiple C—Cl bonds,
the complete dechlorination took longer than the parent compound decay. Calculations
found that C—C1 bonds on the secondary carbons (—CFCl—; 65.2—71.9 kcal mol, Figure
3.4g) are weaker than those on the primary carbons (CICF,—; 75.7-76.1 kcal mol™?). The
spontaneous C—Cl bond cleavage upon adding one extra electron (i.e.,
[CI(CF.CFCI),CF2COO0]+*") occurred on the second carbon counted from the terminal
CIF,C— (Figure 3.4h). The overall deF% from CTFEOAs (92—-94%) were higher than
PFCAS (CnF2n+1—COQ") containing the same number of carbon (85—-88%, Figures 3.4b,d,f).
In particular, the defluorination from CTFEOASs in the first 15 min was much deeper than
PFCAs. The difference is more significant for longer CTFEOAs, which contain more C—Cl
bonds. The numbers of residual C—F bonds in CTFEOAs after treatment were lower than
those in PFCAs (Table 3.1). Moreover, CTFEOASs reached the maximum deF% within 4

h, half of the time needed for PFCAs (Figures 3.4b,d,f).

86



o
-
o
S

a 1w & A 10 ,
~ i A A Uy M92 1105 1068 i 21168 <992 |
g 038 4 % - 80 801 AL me CF;-CF,-CF,-COO~ | i
< 0.6 " P o 60 = £ 60 ’) 4~ C4 CTFEOA 1104 99.2 1045 110.0-114.9
.6 - - E v el =T E i A . - - |
§ Gl 2 E jm - C4 PFBA CF,~CF-CF,~COO~ | 1o7.8-109.7
044 § = 40 a0 EYERF i
E ‘ =1 c4) 23 gj 14% Lo (‘:Tlm CTIH 100.2-107.6 .
S 02 \ 4 GF rolease | 20 20 { g L [ (BDE unit keal mol-")
© / - . @15min " (€4 117.9 108.4 107.2 107.8 107.2
00 A—8—e—20 0 W——-—ﬁ——-——n | |GF3-CF,CF; CF,-CF;-COO"
Time (min . 109.7 ‘960 1021 966 106.6
{min) Time (h) CF,~GF ~CF,~ CF-CF,~C00-
c 100 A -k 100 d 100 ik 757 |67.7 69.2
S 08 1t A | a0 80 AEI S Cl cCl Cl
3] ! i s £ Alfj]‘ 17.7) 108.3 1068 (107.0 107.2 108.1 107.3
< 0.6 ~ S aPob o | 60 5 % 60 1 A 4 s cecTrEOA | | [CF3-CF,~CF,-CF,~CF,—CF,~CF,—C0O0"-
041 4 o opace [0 8 2 40 A0 O CSPRHRA | | 007 G35 (4002 (834 1020 (978 4056
'G X o £ 24 % FI'F‘E\— ]FlF o CFZ_ F- CF2 _CF_CFZ -CF _CFZ_COO_
b 0271 4 A CFrelease| 20 20 gl ...... FF o 757 |66 652 67.6
0.0 :'/ @ ——® 0 0 m: @75 min n=2 (C6) Cl Cl Cl c.
0 2 4 6 8 0 2 4 6 8
Time (min) Time (h) h 4‘-_3.3A 42 7A
€ 10 A A4 100 f 100 1 A Ifj b ,"JJ 6\ ))‘)
o | 3 2 A _
g 06{ A NN teo £ =60 {A [ 4 cscrre0a 9 S 9 °
3 AL s b
Hooaq o t4 & G a0 (] O COPFOA o
5 LA ¢ m3(en o 35% pFRS . Y 27A
(&) 7 FESS i
o 0.2 1 “ | - CF release [ 20 20 44 - FIFE o Q y
© A . @15 min =3 (C8) : 2
0.0 g~ —0=—0 0 0 & J . y ‘.‘_
0 2 4 6 8 10 12 0 2 4 6 8 | 9 .
Time (min) Time (h) J °

Figure 3.4 Time profiles of parent structure decay and dechlorination (a,c,e) and
defluorination (b,d,f) of the three CTFEOAs. The defluorination of the three PFCAs in the
same chain lengths are compared, with the indicated difference at 15 min. Reaction
conditions: CTFEOA or PFCA (25 uM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254
nm irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous solution), pH 12.0, and
20 °C. Error bars are standard deviations of three replicates. (g) Calculated BDEs of C—F
and C—Cl of [CTFEOA] and [PFCA] structures and (h) geometry-optimized structures
of [CTFEOA]+*" at the B3LYP-D3(BJ)/6-311+G (2d,2p) level of theory.

The hydroxylation mechanism is also evidenced by CTFEOA degradation. We

observed rapid formation of C3 "OOC—-CF,—COO™ from all three CTFEOAs (Figures

3.5a—c). The C5 TP, OOC—CF.CFCI-CF,—COOQO", was also produced from both C6 and

C8 parents. The chain-shortened TPs indicate C—C bond cleavage. Upon dechlorination,

the hydroxylated carbon is converted into —COQO™ accompanied by the C—C bond cleavage,
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elusive and warrant further investigation, similar phenomenon was reported in a patent in
1961, where the hydrolysis of CsFe—CF(OSO2C1)-CF3 yielded CsFo—COO™ (Figure
3.5e).3 More importantly, the C3 "OOC—CF,—COO~ from C4 CTFEOA and C5
"O0OC—CF.CFCI-CF>—COO™ from C6 CTFEOA evidence that the dominating reductive
dechlorination occurred on the relatively weak C—Cl bond (Figures 3.4g and 3.4h). The

remaining C—Cl in the C5 TP can be further cleaved to yield C3 " OOC—CF,—COO™ (Figure

3.50).
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Figure 3.5 (a—c) Time profiles of TPs from the three CTFEOAS in the beginning of
reactions, (d) proposed reaction mechanisms and pathways, and (e) a reported reaction for
mechanistic comparison. The carbon atoms involved in characteristic C—C bond cleavage
were highlighted with colors. Reaction conditions: CTFEOA (25 uM), Na>SOz (10 mM),
carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp for 600 mL of
aqueous solution), pH 12.0, and 20 °C.
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Multiple mono-sulfonated TPs (i.c., with one —Cl replaced by —SO3~) were also
identified, each with a different retention time in the HPLC column (Figure S3.2),
indicating that all C—Cl bonds can be reductively cleaved and the carbon radicals can react
with SOz™ (or other radical species). A double hydrogenated product was observed from
C4 CTFEOA (Figure 3.5a), but the attempts to identify all possible H/CI exchanged TPs
from C6 and C8 CTFEOAs were not successful. This is probably because the diverse
substitutions (e.g., H*+eaq, SO3™, and HO") upon dechlorination at multiple carbons
significantly lowered the abundance of individual TPs. Despite of the complex reaction
pathway network, we prioritized the focus on filling the remaining 6—8% gap from the goal

of complete defluorination of most Clx—PFAS structures.
3.4.7 Further Defluorination of CIx—PFAS by the Following Oxidation

The sequential treatment using UV/sulfite followed by heat/persulfate has allowed
near-complete defluorination from most PFCAs and PFSAs.%" After the UV/sulfite
treatment, residues containing C—H bonds allow extensive oxidation so that the isolated
CF3— or —CF>— can be hydroxylated and thus defluorinated. As expected, both SO4™ (initial
pH=2) and HO" (initial pH>12) were capable of cleaving residual C—F bonds and resulted
in 99—103% overall deF% of all four o-CIPFCAs and three CTFEOASs (Table 3.2, entries
1-7). The HO" oxidation improved total organic carbon (TOC) removal from 6—38% after
UV/sulfite treatment to 45—73% (Table S3.5). The exception is F-53B (entry 8), where the
following oxidation brought deF% from 76% (after UV/sulfite for 24 h) to 93%. We
attribute the incomplete defluorination to recalcitrant structures containing long

fluoroalkyls, such as H—(CF2)eO(CF2).SOs", which remained in a significant abundance at
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24 h (Figures 3.3e and 3.3h). Oxidation using either SO4™~ or HO" could only trigger very

limited defluorination from oxidizing the terminal C—H bond.>®

We further examined the potential formation of the toxic byproduct chlorate
(CIOz)™ 7 from CI-, both a ubiquitous water component and the CIx—PFAS
dechlorination product. The SO4™ treatment of Clx—PFAS defluorination residues oxidized
a small portion of CI” into CIOs™ (Table 3.2). In the absence of organic residues from
Clx—PFAS defluorination, the yield of CIO3™ from the same concentration of ClI~ was
elevated (entry 9 versus entries 1—4, and 8). In sharp contrast, the use of HO" in all cases

produced negligible CIOs™, if any (lower than the detection limit).

Table 3.2 Defluorination and Chlorate Formation by Oxidative Treatment.?

entry UV/sulfite residue® [CI] oxidation with HO* oxidation with SO4™
or NaCl solution (LM) deF%  ClOs (uM) deF%  ClOs (UM)
1 CI-CF,—COO~ 25 101+05 <0.1° 101+£0.2 0.7%0.1
2 CI-C,F4,—COO~ 25 100 £ 0.7 <01 101+16 05%0.1
3 Cl-C4Fs—COO™ 25 103+ 1.7 <01 103+22 05%0.1
4 Cl-CgF16—COO"~ 25 99+0.5 <0.1 10014 04+0.1
5 CICF,—CFCICF,—COO~ 50 100+ 1.5 <01 100+£0.9 14%04
6 CICF,—(CFCICF),—COO~ 75 102 +0.7 <01 103+2.0 22%0.2
7 CICF,—(CFCICF);—COO~ 100 103+1.0 <01 101+03 3.0%0.1
8 CICsF1,—O—C3F4—SO3~ 25 93 <01 94 0.4
9 25 uM NaCl 25 - <01 - 14+0.1
10 500 uM NaCl 500 - <0.1 - 143.6 £6.3

aQxidative post-treatment conditions: K2S,0g (5 mM), initial pH adjusted to 12.3 by NaOH
for the dominance of HO" or adjusted to 2.0 by H>SO4 for the dominance of SO4™, 120 °C,
40 min. Error bars are standard deviations of three replicates.

bUV/sulfite treatment conditions: PFAS (25 uM), Na;SO3; (10 mM), carbonate buffer (5
mM), 254 nm irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous solution),
pH 12.0, and 20 °C, 8 h (for ®-CIPFCAs and CTFEOAS) or 24 h (for F-53B).

“The detection limit by ion chromatography is 0.1 uM.

3.4.8 Implications for Environmental Remediation

Early patents on numerous Clx—PFAS products for various applications and recent

reports on worldwide detection of diverse Clx—PFAS pollutants suggest broad impacts of
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this “old but novel” chloro-fluoro-chemical family. Our experimental results evidence a
hydroxylation pathway upon reductive dechlorination by esq~. This unexpected mechanism
outweighs the existing knowledge of hydrodechlorination and is highly beneficial to
environmental remediation. First, hydroxylation of a fluorinated carbon triggers
spontaneous conversion into a —COO™ (Figures 3.2a, 3.3h, and 3.5d). Perfluorinated
carboxylates have the highest degradability among all reported PFAS pollutants.>? 57
Second, a C—Cl bond integrated into sulfonate-terminal PFAS will substantially enhance
the degradability by introducing —COO™. This feature is particularly important for
degrading non-carboxylate short-chain structures (Figure 3.2g versus 3.3i). Third, the
reductive C—O cleavage pathway, which is critical for deep defluorination of ether
structures, is exclusive for carboxylates (Figure 3.3h). Fourth, the comparison of
defluorination kinetics for CTFEOAs versus PFCAs (Table 3.1 and Figures 3.4b, d, f)
suggests that the inclusion of multiple C—Cl bonds can reduce the UV energy consumption
by at least 50%. In addition, even if a small portion of C—CI bonds were converted into
C—H bonds, our previous study has shown that o-HPFCAs favor the desirable

decarboxylation pathway for defluorination over PFCAs.»
3.4.9 Implications for PFAS Chemical Design

In the real world, PFAS chemicals cannot be immediately phased out from all fields
due to their unique properties for a broad scope of applications.”® The fluorine-free
replacements could even result in a higher toxicity.” For the future design, manufacturing,
and management of specialty PFAS products, it would be imperative to enhance the

degradability without sacrificing the desirable property. The inclusion of one or more Cl
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atoms in the PFAS structure could be a potential solution. Earlier works have demonstrated
that the negative impact of replacing a F atom with a Cl atom on surfactant properties can
be offset by flexible molecular designs.?> ** This proof-of-concept study also verifies that
the use of 254 nm UV, sulfite, hydroxide, and persulfate (or other common chemicals and
approaches producing HO"), all of which are essential components of practical water and
wastewater treatment,” can achieve near 100% defluorination of various Clx—PFAS with
minimized formation of toxic byproducts. This study has thus demonstrated, from the
perspective of chemistry, that the synergy of environmental-friendly PFAS design and
cost-effective PFAS degradation technologies can achieve the balanced environmental

sustainability of fluorochemicals.
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Chapter 4. PFAS Degradation by UV/sulfite: New Mechanisms Beyond Reactions

with Hydrated Electron
4.1 Abstract

UV/sulfite system has demonstrated excellent performance for PFAS degradation.
This chapter will discuss novel PFAS degradation pathways under UV/sulfite treatment
except for the previously elucidated H/F exchange and decarboxylation. Beyond the well-
known hydrated electron, several other active species could also involve in the reaction
and result in TPs with different recalcitrance. These findings will fill major knowledge

gaps regarding the mechanistic understanding of PFAS degradation.
4.2 Introduction

Per- and polyfluoroalkyl substances (PFASs) have been extensively used since the
1940s* and led to raising concerns on their persistence in the environment and toxicities to
the humans % 3. Although physical separation including carbon adsorption, membrane
filtration, and ion exchange can effectively remove PFASs from the water,%® the
concentrated PFASs generated from these processes must be treated afterwards. To cleave
the highly stable C—F bonds, numerous efforts have been made to develop novel
technologies,”'” among which UV/sulfite system has demonstrated excellent
performance.'® 1° Previously, our group has systematically investigated the degradation of
a series of PFAS structures by UV/sulfite treatment and elucidated their distinct reaction
activities.'® 2% The initial study chose the reaction pH at 9.5, which facilitates the detection

of degradation intermediates under a relatively slow reaction rate condition. In general, two
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main reaction pathways have been identified for the degradation of perfluorocarboxylates
(PFCAs, ChF2n+1—COOQ"), perfluorosulfonates (PFSAS, CnF2n+1—SO37), and fluorotelomer
carboxylates (FTCAS, CnF2n+1—CH2CH2—COQ"). One is the cleavage of head groups (i.e.,
—COO, -S0O3™ and —-CH>CH>—-COO") to form PFCAs (Cn-1F2n-1—COO"), and another is
hydrodefluorination (H/F exchange) of the relatively weak C—F bonds (Scheme 4.1a). The
C—F bonds that are more susceptible to H/F exchange are at o position for PFCAs and in
the middle of the fluoroalkyl chain for PFSAs and FTCAs.!® However, the F balance
counting F~ and transformation products (TPs) from the known reaction pathways
mentioned above cannot be fully closed, suggesting the presence of novel degradation
mechanisms.1® 21 22 Hydrated electron (eaq”) has been considered as the main species for

reductive defluorination (Equation 4.1 and 4.2) in the UV/sulfite system,!8: 2325
SO52" — s + SO~ (4.1)
CF+2eq +H > CH+F (4.2)

Notably, the formation of —COO™ group (oxidative state of carbon = +3) in PFCA
TPs from —CF,— moiety (oxidative state of carbon = +2) in the parent compound (e.g.,
PFCAs, PFSAs, and FTCASs) cannot be achieved by the pure reduction by esq . Our recent
study on chlorinated polyfluoroalkyl substances (CIx—PFAS) has revealed a novel
oxidative degradation pathway.?® After reductive dichlorination by esq, the originally
chlorinated carbon could react with a HO™?" 28 and eventually evolve into a —COO™ group

(Scheme 4.1b). The oxidative pathway has been overlooked previously in the degradation
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of legacy PFAS degradation (i.e., PFCA, PFSA, and FTCA) and might be the key for a

more complete and advanced mechanistic understanding.

Scheme 4.1 Elucidated Degradation Pathways for PFASs.
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Our previous studies have demonstrated that raising pH from 9.5 to 12 can enhance
both the reaction rate and the extent of the PFASs defluorination.?!?° An elevated pH could
significantly improve the concentration and lifetime of esq .22 3% 3! From the perspective of
molecular transformation, a higher pH favored the preferred decarboxylation pathway for
PFCAs toward a deep defluorination.?! Nevertheless, how elevating pH affects reaction
pathways to end up benefiting the defluorination of PFSAs and FTCASs remains largely

unknown and might be related to the unrevealed mechanisms.

This study reveals novel PFAS degradation pathways under UV/sulfite treatment
via transformation products analyses of a series of legacy PFAS with various head groups

and chain lengths. Beyond e , several other active species could also involve in the
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reaction and result in TPs with different recalcitrance. The results regarding pH effect on
the novel pathways lead to comprehensive mechanistic insights of the benefits from high
reaction pH. These findings will fill major knowledge gaps regarding the mechanistic

understanding of PFAS degradation.
4.3 Materials and Methods
4.3.1 Chemicals

FTCAs (CnF2n+1—CH2CH2—COO™; n=4,6,8), PFSAs (CnF2n+1-SO37; n=4,6,8)
PFCAs (CnF2n+1—COO™; n=1,7) were obtained in bulk quantities (i.e., 1-5 g) and used as
received. Sodium sulfite (Na2S0Os), sodium bicarbonate (NaHCO3), and sodium hydroxide

(NaOH) were purchased from Fisher Chemical.
4.3.2 UV/sulfite Treatment

The experimental settings and procedures have been fully described in our previous
report.t® 2 2° Briefly, 250 uM of individual PFAS compound, 10 mM of Na,SO3 and 5
mM of NaHCOz in 600 mL aqueous solution (adjusted by NaOH to pH 9.5 or 12) was

treated by an 18 W low-pressure mercury UV lamp at 20°C.
4.3.3 Sample Analyses

The released fluoride ion (F") was quantified by an ion selective electrode. The
defluorination percentage (deF%) is defined as the concentration ratio between the released
F~ in solution and the total F in the parent PFAS molecule prior to the reaction. A liquid

chromatography high resolution mass spectrometer (LC-HRMS) was used for the
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quantification of parent compounds and transformation products (TPs) that have pure
chemicals available as analytical standards, and the screening of TPs without analytical
standards. lon chromatography (IC) was used for the analyses of the short chain ionic
species including trifluoroacetate (CF3COO~, TFA) difluoroacetate (H-CF.COO"),
monofluoroacetate (MFA, CFH>—COO"), acetic acid (CHs—COO"), and oxalate

(TOOC—COQO") (specific separation conditions are described in the Appendix C).
4.4 Results and Discussion

4.4.1 Hydroxylation Triggered C—-C Bond Cleavage Identified from the

Degradation of FTCAs

Our previous study on the degradation of 25 uM n=8 FTCA
(CgF17—CH2CH>—COO") at pH 9.5 have identified two reaction pathways, which are H/F
exchange and the dissociation of -CH2CH>—COO™ to generate CgF1sH—CH2CH>—COO™
(B, Figure 4.1g) and PFOA (C), respectively. 1° To facilitate the detection of other TPs, we
raised the initial concentration for 10-fold. From 250 uM n=8 FTCA, multiple mono-
hydrogenated TPs were identified at pH 9.5 (Figure 4.1a), each with a different retention
time in the HPLC column (Figure S4.1). Therefore, multiple weak C—F bonds in the middle
of the long fluoroalkyl chain (Figure 4.1f) were cleaved to form the carbon radicals (A)
which can further be hydrogenated (A to B). The detection of multiple mono-sulfonated
TPs (i.e., CgF16(SO3)—CH2CH,—COO™, D) indicates that the carbon radicals (A) can also
react with SOs~ (Figure 4.1b and S4.2). The shorter chain TPs

“O0C—(CF2)i—CH2CH>—COO™ (F, n=3~5, Figure 4.1¢) and H-(CF2)n+1—CH2CH>—COO™
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(G, n=3~5, Figure 4.1d) with the same range of carbon number (C7 to C9) were possibly
produced from the C—C bond cleavage in the middle of the fluoroalkyl chain. The
formation of G cannot be attributed to the H/F exchange of any shorter-chain FTCA
impurities (n=3~5), which were not observed in the initial sample and during the reaction.
The newly formed "OOC- (oxidative state of carbon = +3) in F and H-CF>— moiety
(oxidative state of carbon = +1) in G from —CF>— moiety (oxidative state of carbon = +2)
in parent compound implies the involvement of oxidative species and eaq, respectively.
Our previous study on CIx—PFAS has shed light on the presence of HO® in the UV/sulfite
system (Scheme 4.1b).2® The oxidation process herein might also be attributed to HO" (see
next paragraph for more experimental evidence). We hypothesized that after C—C bond
cleavage, various active species (i.e., HO" and eaq ") can trigger different reaction pathways
and lead to the generation of F or G. Some shorter chain PFCAs (e.g., n=1 TFA and n=2
PFPrA with maximum concentration of 0.39 and 0.3 uM, respectively, Figure 4.1e) might
primarily be attributed to the C—C bond cleavage as well. Although PFOA (C) produced
from the cleavage of -CH>CH,—COOQO™ can also generate shorter chain PFCAs through
decarboxylation pathway,'® it cannot be the main source due to the relatively low
abundance (maximum concentration of 0.2 uM at 24 h, Figure 4.1¢). Moreover, —COO~
group in these shorter chain PFCA TPs might also evolve from —CF>— moiety in the parent

compound, suggesting the critical role of HO" again.
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Figure 4.1 Detected (a) H/F and (b) SO3/F exchange, (c&d) C—C bonds cleavage and (e)
PFCA TPs from 0.25 mM n=8 FTCA. “RTn” represents different retention times in the
HPLC column (see in chromatograms in Figure S4.1&S4.2); (f) calculated C—F BDEs
(kcal mol™) of FTCAs at the B3LYP-D3(BJ)/6-311+G(2d,2p) level of theory; (g) proposed
reaction mechanisms for n=8 FTCA degradation and defluorination. Reaction conditions:
Na>SOs3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg
lamp), pH 9.5 and 20 °C.
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Figure 4.2 Detected PFCA TPs from 0.25 mM (a) n=8 and (b) n=4 FTCAs after 56 h UV
irradiation (no sulfite). The asterisks denote the dominant PFCA products. See Figure S4.3
for time profiles of parent compound decay and defluorination. Reaction conditions:

Carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp), and 20 °C.
“TBA” represents the addition of 10 mM tert-butyl alcohol.

Interestingly, after 24h when the sulfite was almost depleted,?! we observed rapid
accumulation of PFCAs (Figure 4.1e). In fact, the treatment of n = 8 FTCA with UV
irradiation only (no sulfite) also produced n=1 to 8 PFCAs (Figure 4.2a). Our previous
study on oxidizing FTCAs using HO" generated from heat-activation of persulfate at pH
12 showed the dominance of two-CF.-shortened (i.e., n-2) PFCA in the product
mixtures.?® This agrees well with the PFCA TPs distribution (relatively high concentration
of n = 6 PFHpA) when n = 8 FTCA degradation was induced with UV only at pH 12

(Figure 4.2a). The trend was further confirmed with the yield of n=1 to 4 PFCAs from n=4
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FTCA during UV irradiation, with n=2 PFPrA as the dominant TP at pH 12 (Figure 4.2b).
Additionally, the addition of tert-butanol, a HO" scavenger,®? suppressed the generation of
PFCAs from FTCAs (Figure 4.2a and b). Therefore, the presence of HO®, which could be
generated from the photolysis of water (Equation 4.3 and 4.4),%* 34 in the UV irradiation

process is consolidated.
H>O — HO™ + H° (4.3)
H2O —» HO" + eyq + H* (4.4)

In fact, in the presence of sulfite (i.e.,), HO" can also be generated via a series of

reactions (Equation 4.5-4.8).28 3> 3

SOz — s + SO5™ (4.5)
SOs™ + 02 — SOs™ (4.6)
SOs™ +S0z% — SO4™ + SO (4.7)
S04 + OH™ — HO" + SO (4.8)

HO® produced from various pathways could be responsible for the formation of
—COO™ group (in F and I) from —CF>— moiety after C—C bond cleavage occurs. Besides,
as indicated in our previous study on polychlorotrifluoroethylene oligomer acids
(CTFEOAs, Cl-(CF.CFCI),CF.COO", Scheme 4.1b),2® C—C bond cleavage in n=8 FTCA
might also be triggered by HO" through a hydroxylation pathway. Specifically, carbon
radical A combines with HO" to form E, where the hydroxylated carbon is converted into

—COO"™ (in I) accompanied by the cleavage of C—C bond. Similar phenomenon was
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observed 60 years ago, where the hydrolysis of CsFe—CF(OSO2C1)—CF3 Yyielded
C4F9—COO .3 The simultaneous formation of F and G supports the C—C cleavage in a
homolytic pattern. The omega carbon radical in K, which might be formed upon C—C bond
cleavage, could react with HO® and H* to evolve into "OOC— (F) and H—(CF2)— (G),
respectively (Figure 4.1g). However, the nondetected n>0 “O3S—(CF2)n+1—CH2CH>—COO"™
(H, detected at pH 12 and discussed in later section) suggests that the reaction between

SOs3™ and K is relatively unfavorable.

The new mechanistic findings from n=8 FTCA were confirmed by our further
examinations on n=6 FTCA. Multiple H/F and SOs/F exchange products
(CeF12H—CH2CH>—COO™ and CsF12(SO3")—CH2CH,—COQ") and TPs from C—C bonds
cleavage (i.e., "OOC—(CF2)s—CH2CH,—COQ") were all observed (Figure S4.4). For the
shorter chain n=4 FTCA, all the H/F and SO3"/F exchange products are in relatively small
abundance (peak area < 5x10°, Figure S4.5) probably due to the relatively higher C—F bond
dissociation energies (BDEs) even in the middle of the fluoroalkyl chain (>109 kcal mol™
! while <107.1 kcal mol ! in the middle of longer chain n=6 and 8 FTCA, Figure 4.1f).
Moreover, C—C bonds cleavage TPs were not detected due to less C—F bonds cleavage in

the middle chain.
4.4.2 Hydroxylation Pathway in the Degradation of PFSAs and PFCAS

The new pathways discussed above are not exclusive to FTCAs, but also found
ubiquitously in the degradation of PFSAs and PFCAs. From the degradation of n =8 PFOS,

we observed four mono-hydrogenated (CsFi1sH-SOs", Figure 4.3a and S4.6a) and three
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mono-sulfonated (CgF15(SO37)—SO3", Figure 4.3b and S4.6b) TPs, respectively, suggesting
the reaction of carbon radicals ("CsF15—SO3") with H™ and SOs™". There were also TPs
including "OOC—(CF2)n—SO3™ (n= 1~4) and H—(CF2)n+1—SO3™ (n= 0~5) generated from
the C—C bonds cleavage (Figure 4.3c and 4.3d). Similar TPs were also observed from the

n=6 PFHxS and n=4 PFBS (Figure S4.8 and S4.9).
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Figure 4.3 Detected (a) H/F and (b) SOs/F exchange, and (¢c&d) C—C bonds cleavage TPs
from 0.25 mM n =8 PFOS. “RTn” represents different retention times in the HPLC column
(see chromatograms in Figure S4.6 and proposed reaction mechanism in Figure S4.7).
Reaction conditions: Na;SO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18
W low-pressure Hg lamp), pH 9.5 and 20 °C.

As for PFCAs, we first used n=7 PFOA as the long chain model compound. Unlike
the degradation of FTCAs and PFSAs where multiple mono-hydrogenated and sulfonated
TPs were detected, the H/F and SOz /F exchange seemed to occur primarily at only one
position (peak areas at other positions < 5x10°, Figure 4.4a, b and S4.10). Based on the
spontaneous C—F cleavage during geometry optimization of the ey added
[ChF20+1—COO]*" and the calculated C—F BDEs in PFCAs, the H/F and SO3 /F are more
likely to occur at the a-carbon (i.e.,, CF3(CF2)sCHF—COO™  and
CF3(CF2)sC(S03 )F—COO").* Shorter chain n=6 PFHpA (maximum concentration of 3.6

uM at 2 h, Figure 4.4c and S4.11) was observed as another major product produced from
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the previously identified decarboxylation pathway, which is essentially oxidative
transformation from —CF>— to —COO™ group. Therefore, after « C—F bond is cleaved from
PFOA, the thus formed carbon radical not only can react with H* and SOs" to achieve the
H/F and SOs/F exchange, but also can react with HO" and trigger the further C—C bond
cleavage between a carbon and carbonyl carbon to finally yield n=6 PFHpA (Figure 4.4g).
The formation of minor H/F and SOs/F exchange TPs (i.e., “RT1” and “RT2” in Figure
4.4a and “RT1” in Figure 4.4b) might be triggered by the C—F bond cleavage in the middle
of the fluoroalkyl chain (Figure 4.49). Besides, the detection of "OOC—(CF2),—COO™ (n=2
and 3) and H(CF2)n+1—COO™ (n=3, this TP has the same RT as the chemical standard which
has the terminal H, Figure 4.4c and S4.12) confirmed the occurrence of C—C bonds
cleavage in the middle of PFOA (Figure 4.4g). We note that PFOA mainly undergoes
degradation pathways initiated by oo C—F bond cleavage, as the TPs from these pathways
are in much higher abundance (highest peak area of 1076 to 1077, Figure 4.4a,b,c)
compared to the TPs from the middle-chain C—F bond cleavage (highest peak area of 10”4

to 1075, Figure 4.4a,b,c).

The shortest chain TFA was further examined because multiple TPs are available
as pure chemical standards. The decay of TFA at pH 9.5 has been proposed to mainly
undergo a DHEH pathway, where TFA is first transformed into a perfluorinated alcohol
(CFs—OH) via decarboxylation and hydroxylation (Equation 4.9), followed by a rapid
cleavage of all three C-F bonds via HF elimination (Equation 4.10) and hydrolysis

(Equation 4.11).1% 2125

CF3—COO + €3 — ? + HO" — CF3-OH (4.9)
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CF5-OH + OH™ — FC(O)F + F~ + H;0 (4.10)
FC(O)F + 40H™ — COs> + 2F + 2H,0 (4.11)

Although the mechanism for the decarboxylation—hydroxylation step remains
elusive, the change of the oxidation state of carbon in CFz— moiety from CFz—COO™ (+3)
to CFs—OH (+4) suggests the participation of HO". At pH 9.5, the direct cleavage of C—F
bonds is not allowed due to the high BDE of the C—F bonds (116.8 kcal mol 1).?* Therefore,
no degradation intermediates (e.g., DFA, MFA and acetate) were detected and the profiles
of TFA decay and F release are almost symmetric (Figure 4.4d). In contrast, a significant
amount of DFA, MFA and acetate were detected previously by elevating pH to 12.%
Beyond these H/F exchange products, we also expected that the ‘CF,—COQO™ radical
generated upon reductive defluorination by eaq reacts with HO® and SOs™ to form
“O0C—-COO™ and "03S—CF,—COO", respectively (Figure 4.4h). Starting from 250 uM of
TFA, the maximum concentration of "OOC—COO™ (2h) and “O3S—CF,—COO™ (0.5h)
reached 2.1 and 17.8 uM respectively (Figure 4.4e). We also found significant formation
of "OOC—(CF2).—COO™ (maximum concentration of 7.2 uM at 0.5 h, Figure 4.4¢) from
the dimerization of "“CF,—COO™ (Figure 4.4h). All the detected F-containing TPs and F~

ion contributed >80% of the total F balance (maximum gap of 18.6% at 1h, Figure 4.4f).
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Figure 4.4 Detected (a) H/F and (b) SOz /F exchange, and (c) shorter chain TPs from 0.25
mM n =8 PFOA at pH 9.5. “RTn” represents different retention times in the HPLC column
(see chromatograms in Figure S4.10); (d) decay and defluorination of TFA at pH 9.5; (e)
degradation products and (f) F balance of 0.25 mM TFA at pH 12; proposed reaction
mechanisms for (g) PFOA and (h) TFA degradation. Reaction conditions: Na>SO3 (10 mM),
carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp), and 20 °C.
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Table 4.1 Overall Decay and Defluorination Ratio of Individual PFASs (Co=250 uM, 10x
concentrated than in our previous studies® 2°) after 24 h of Reaction.?

chain parent decay (%) deF%
length (n) pH 9.5 pH 12 pH 9.5 pH 12
FTCAs (F(CF2)n(CH2)2.CO0")
4 42x0.1 205+ 1.7 05+0.1 9.9+0.5
6 13.2+2.8 346128 2.8+0.2 23.7+04
8 494+123 785+83 18.0+ 1.0 49.2+3.9
PFSAs (F(CF2)nSOs37)
4 74+£0.1 46.0+£7.8 3.1+£0.3 31041
6 335114 58.8+4.0 22.1+£0.8 49.9 +3.7
8 315+338 775+6.1 23.0+£17 529+8.1
PFCAs (F(CF2)nCOO")
1 91.1+31 99.4+0.8 80.7+£1.0 89.8+1.0
7 98.9+0.7 99.7+£0.2 326+0.3 33.2+0.1

@ Reaction conditions: PFAS (0.25 mM), Na:SOs (10 mM), carbonate
buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp), and 20
°C. Time profiles are shown in Figure S4.18.

4.4.3 Enhanced Hydroxylation and Further Defluorination at pH 12

Our previous study has indicated that higher pH favored the preferred
decarboxylation pathway for PFCAs toward a deep defluorination.?! This is probably
because the enhanced concentration and lifetime of esq at higher pH?% % 31 allow faster
cleavage of a C—F bonds. As a result, more carbon radicals could be produced to react with
HO" and initiate the decarboxylation (Figure 4.4q). Significant differences regarding TPs
from FTCAs and PFSAs were also observed when we elevated the pH from 9.5 to 12. For
n=8 FTCA, first, the abundance of mono-hydrogenated (three peaks at pH 9.5 vs one
relatively small peak at pH 12, Figure 4.5a) and sulfonated TPs (five peaks at pH 9.5 vs
two peaks at pH 12, Figure 4.5b) were both much less at pH 12. This is possibly because
the increased reaction rate at pH 12 is unfavorable for the accumulation of these TPs.?!

Second, the TPs produced from the cleavage of C—C bonds significantly increased at pH
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12. In comparison to pH 9.5, the reaction at pH 12 not only increased the concentration of
H—(CF2)n+1—CH2CH>—COOQO"™ considerably (Figure 4.5c), but also enabled the detection of
“03S—(CF2)n+1—CH2CH>—COO™ (Figure 4.5d) which was not observed at pH 9.5. Although
the abundance of " OOC—(CF2)—CH2CH>—COO™ was not always higher at pH 12 (i.e.,
when n=5, Figure 4.5e), its actual amount generated was not necessarily lower compared
to that at 9.5. This is because the presence of —COO™ enabled its accelerated decay at pH
12.1% 21 Owing to the direct linkage between fluoroalkyl chain and —COO,
"O0OC—(CF2)i—CH2CH,—COO™ has a much higher  degradability than
H—(CF2)n+1—CH2CH>-COO™.  This is  reflected by the  fact that
H—(CF2)n+1—CH2CH>—COOQO™ accumulate continuously during the reaction (Figure 4.1d
and 4.5c), while the concentration of “OOC—(CF2)a—CH2CH>—COO™ declined after
reached the peak (Figure 4.1c and 4.5e). In addition, the concentration of short chain
PFCAs, which might also be produced from the C—C bonds cleavage, increased with the
enhanced pH as well (Figure 4.5f). The promoted C—C bonds cleavage might also be
attributed to the improved availability of esq in cleaving C—F bonds and initiating the
further reactions at higher pH. 2 3! Similar pH effects were also observed in the
degradation of n=6 FTCA. That is, elevating the pH from 9.5 to 12 reduced the abundance
of H/F and SOs /F exchange TPs and facilitated the generation of TPs from C—C bonds
cleavage (Figure S4.13). As for the shorter chain n=4 FTCA, the C—F bonds can hardly be
cleaved at pH 9.5, leading to more H/F and SO3"/F exchange TPs observed at pH 12 (Figure
S4.14). Like FTCAs, the accumulation of H/F and SOz /F exchange products generated

from PFSAs were suppressed, while the C—C bonds cleavage were facilitated at pH 12
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compared to pH 9.5 (Figure S4.15—17). Therefore, substantially higher extent of PFAS
defluorination at pH 12 compared to pH 9.5 (Table 4.1 and Figure S4.18) can be attributed
to (1) the enhanced first-step C—F bond cleavage and (2) more thus formed carbon radicals
to react with HO" and trigger the production of shorter chain TPs, which might contain

highly beneficial —-COO".
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Figure 4.5 Comparison of TPs from 0.25 mM n = 8 FTCA at pH 9.5 with that at pH 12.
Reaction conditions: Na;SO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18
W low-pressure Hg lamp), and 20 °C.
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4.4.4 Implications to PFAS Remediation and Research

The findings from this study elucidated a novel pathway where C—C bond cleavage
occurs in the middle of the PFASs. Depending on the reactive species involved in the
further reactions, shorter chain TPs with different recalcitrance could be generated.
Because of the lack of —COO~, TP H—(CF2),—R (R= -SOs™ or -CH2CH>-COQO") showed
much less reactivity compared to "OOC—(CF2)n—R, especially when n is small. The slow
decay and limited defluorination of n <4 F—(CF2)r—R have been observed under UV/sulfite
treatment,'® and the reactivity of n < 4 H—(CF2)—R is assumed to be similar. Therefore,
the residues of PFSAs and FTCAs after UV/sulfite treatment might contain various short
chain H—(CF2)s—R. Our previous study has demonstrated that the sequential heat/persulfate
treatment (generating hydroxyl radicals HO") after UV/sulfite treatment allows extensively
cleavage of the residual C—F bonds and achieved near-quantitative defluorination for the
majority of legacy PFAS. Considering using HO® might only trigger very limited
defluorination from oxidizing the terminal C—H bond in H—(CF2)—S03",% the complete
defluorination from PFSAs with the combination of UV/sulfite and heat/persulfate
treatment seems unrealistic. This explains the small gap from the 100% defluorination of
some PFSAs (e.g., 94% of n = 4 PFBS).?° The results also demonstrated one crucial
difference between the sulfite and iodide as eaq sources under UV radiation. Beyond eaq ,
SOs2 and I~ generate SO3™ and I', respectively, which can both combine with the carbon
radical after a C—F bond is cleaved. However, C—I bond is relatively vulnerable and would

probably return to the carbon radical form immediately, while C—S bond is rather stable so
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that the corresponding TPs tend to accumulate. In other words, one advantage of UV/iodide

system is that the recalcitrant TPs with sulfonate group would not be produced.

This study identified the presence of oxidative process under “advanced reduction”
with experimental evidences. Multiple reactive species involved in the UV/sulfite system
complicate calculative prediction of PFAS reactivity. Theoretical calculations that
considering only eaq or reductive defluorination tend to overlook the further reactions
triggered by the first step C—F bond cleavage. Although this study revealed a series of new
reaction pathways, the gap from complete fluorine recovery (Figure 4.4f) warrants the
further investigation on additional pathways and mechanisms. Therefore, at this stage,
modeling a reaction network with missing components is not reasonable and the research

efforts on novel mechanisms revelation should be prioritized.
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Chapter 5. Conclusion

The overarching goal of this doctoral research is to achieve complete defluorination
of H and CI containing PFASs and understand their degradation pathways. The mechanistic
insights gained through these alternative PFASs inspired the identification of the novel

degradation pathways of legacy PFASs (PFCAs, PFSAs, and FTCAS).

In chapter 2, we identified that the switch from PFCAs to @-HPFCA has indeed
brought in unique advantages that enable deeper defluorination in both reductive (reactive
species eaq ) and oxidative (reactive species HO«) degradation. A number of technologies
including UV irradiation (on sulfite, iodide, indole, or hydroxyl radical scavengers), high-
energy irradiation, plasmatic, sonochemical and electrochemical methods all involve either
eaq OF HO- as a primary reactive species.?6-3! That is, all these technologies will benefit
from the introduction of H atom on the terminal of perfluorocarboxylic acids. Specifically,
(1) The H atom on the terminal fluoromethyl group significantly accelerated
decarboxylation reactions toward deep reductive defluorination. (2) The terminal C—H
bond provides an easily exploitable weak-point for oxidative degradation process. The
oxidative defluorination of ®-HPFCA is limited in comparison to the fluorotelomers which
contain —CH>CH>— moiety to trigger more oxidative pathways. Nevertheless, the oxidative
transformation from ®-HPFCA to PFdiCAs can substantially change the hydrophobicity

and their fate during the engineering treatment such as carbon adsorption and ion exchange.

The integration of reductive and oxidative technologies can provide deep

defluorination as the products from one technology might be susceptible to another
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technology and subject to further degradation. However, the sequence of applying
reductive and oxidative processes can significantly affect the final destruction level. In
terms of H-PFCAs, complete defluorination was achieved regardless of the chain length
when reduction was followed by oxidation. This is because the first step reduction is able
to create multiple C—H bonds which are exploitable weak-points for the further oxidation.
In contrast, only short chain -HPFCA (n=1 and 2) reached 100% defluorination when
oxidation was followed by reduction due to the incomplete defluorination of long chain
PFdiCAs which are the oxidative products of corresponding m-HPFCA (n > 3). Given that
dealing with a mixture of PFASSs is more relevant to water treatment scenarios, oxidation
can still be applied as the first step if @-HPFCA coexist with certain PFASSs recalcitrant to
reduction (e.g., fluorotelomers). Mechanistic insights obtained from this chapter are critical

to the strategy development for engineering treatment of PFAS pollutants.

In chapter 3, as can be seen from the degradation of diverse Clx—PFAS, the CI
atoms have indeed brought in unique reaction pathways. The mechanistic understanding of
PFASs degradation was extended from two pathways (H/F exchange and decarboxylation,
used in all previous reports) to six (the previous two, hydroxylation, middle C-C bond
cleavage, sulfonation, and dimerization). o-CIPFCA could undergo hydrodechlorination
(H/Cl exchange) and result in a H atom at the omega position which enhances the
decarboxylation. Additionally, the primary CF.Cl- in o-CIPFCA (or F-53B) could
possibly transform into carboxyl group ((OOC-) via HO- addition and thus create another
end that can undergo decarboxylation pathway. As for CTFEOAS, the secondary —CFCI—

group could lead to the breakdown of the PFASSs, producing two smaller molecules which
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both contain carboxyl group. The results in this chapter have revealed the unexpected
mechanism resulting from the presence of HO+ in UV/sulfite system. Although further
investigation on the generation of reactive species beyond ey and their impact on the
PFASs degradation is warranted, the novel mechanistic insights revealed in this chapter
regarding Clx—PFAS degradation will contribute to the development and understanding of
PFASs treatment technologies. The findings from this chapter also show the advantage of
HOe< over SOs* in avoiding the oxidation of CI™ into ClOs~. Although complete
defluorination can be achieved with both HO* and SO4 in post-oxidation of the resulting
solution from UV/sulfite treatment, the ubiquity of CI™ in water suggests that HO+ is more

favorable for water treatment applications.

Chapter 4 elucidated the roles of several other active species in the UV/sulfite
system beyond the well-known hydrated electron. Novel PFAS (F(CF2)m(CF2)r—R, R=
—CH2CH>—COO™, —SOs", or —COQO") degradation pathways were proposed. First, the head
groups (R) of various PFASSs structures can be cleaved to form PFCAs (F(CF2)m(CF2)n-
1—COQ, this includes decarboxylation pathway for PFCASs). Second, the weaker C—F
bonds in PFAS structures can be attacked by eaq~ and generated carbon radicals, which will
further react with H* and SO3"* to form hydrogenated and sulfonated TPs, respectively.
Notably, the most reactive C—F bonds in FTCAs and PFSAs are in the middle of the
fluoroalkyl chain, and in PFCAs are on the a-position. Third, the generated carbon radicals
in the second step can also react with HO- to trigger the C—C bonds cleavage. The carbon
radicals thus formed (*CnF2n—R, R=—CH>CH>—COO™, —SO3", or —COO") can further react

with H*, HOe, and SOs ». Herein, the reaction with HOe is the most favorable because this
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pathway generates —COO™ ("OOC—Chn-1F2n2—R) which enables rapid defluorination, while
the reaction with H" and SO3 "« could produce recalcitrant TPs with terminal H (H-CnF2r—R)
and —SOs~ ("03S—CnF2n—R), respectively. The other carbon radicals (F(CF2)m*) generated
from the C—C bonds cleavage could transform into PFCASs (F(CF2)m-1—COO"). Comparing
to the short chain PFASs, the long chain structures (especially for FTCAs and PFSAS)
contain more weaker C—F bonds to be cleaved in the middle and thus promote the further
reactions. Therefore, long chain PFASs tend to have higher defluorination ratios. Our
previous study has indicated that higher pH favored the preferred decarboxylation pathway
for PFCAs toward a deep defluorination. The results in this chapter also suggest that

elevated pH benefits PFASs defluorination via enhancing middle C—C bonds cleavage.

This doctoral research demonstrates that near qualitative defluorination can be
achieved with the combination of UV/sulfite system and heat/persulfate system. Moreover,
the results from chapter 2 and 3 indicate that the presence of H or Cl atoms have a
significant impact on the degradation pathways. The conclusions also provide critical
information for designing more degradable fluorochemicals. The findings from chapter 4
fill a series of major knowledge gaps regarding mechanistic understanding and are
expected to advance PFASs treatment technologies significantly. Future works will focus
on further revealing the unknown PFASs degradation mechanism and explore the

alternative chemical moieties to enable fast and deep defluorination.
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Appendix A: Supporting Information for Chapter 2

Detailed Information on Materials and Methods

Chemicals and the Preparation of PFAS Stock Solutions.

Table A2.1 Information of PFASs Used in This Study.

Entry Chemical Name Fl“"”*":;“;‘ Length  pority  cAs#
H(CF2)i—COOH
1 Difluoroacetic acid 1 98% 381-73-7
2 3H-Tetrafluoropropionic acid 2 97% 756-09-2
3 4H-Hexafluorobutyric acid 3 97% 679-12-9
4 SH-Octafluoropentanoic acid 4 97% 376-72-7
5 7H-Dodecafluoroheptanoic acid 6 98% 1546-95-8
6 8H-Tetradecafluorooctanoic acid 7 97% 13973-14-3
7 9H-Hexdecafluorononanoic acid 8 N/A 76-21-1
F(CF2)n—COOH (or salt)
8 Sodium trifluoroacetate 1 98% 2923-18-4
9 Perfluoropropionic acid 2 97% 422-64-0
10 Perfluorobutyric acid 3 98% 375-22-4
11 Perfluoropentanoic acid 4 97% 2706-90-3
12 Perfluoroheptanoic acid 6 98% 375-85-9
13 Perfluorooctanoic acid 7 96% 335-67-1
14 Perfluorononanoic acid 8 97% 375-95-1
HOOC—(CF2)i—COOH
15 Difluoromalonic acid 1 98% 1514-85-8
16 Tetrafluorosuccinic acid 2 98% 377-38-8
17 Hexafluoroglutaric acid 3 98% 376-73-8
18 Octafluoroadipic acid 4 97% 336-08-3
19 Dodecafluorosuberic acid 6 98% 678-45-5
20 Tetradecafluoroazelaic acid 7 90% 23453-64-7
21 Hexdecafluorosebacic acid 8 95% 307-78-8
Special structures
22 3,3,3-Trifluoropropionic acid CF3—CH>—COOH 97% 2516-99-6
23 3,3-Difluoropropanoic acid HCF—CH:>—COOH 95% 155142-69-1
24 2,2-Difluorosuccinic acid HOOC—-CF.CH>—COOH 97% 665-31-6
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The PFAS chemicals included in this study were purchased from Oakwood
Chemicals (OC), SynQuest Laboratories (SQ), Alfa-Aesar (AA), Acros Organics (AO),
and AstaTech (AT). The name, purity, and CAS number of all PFASs are summarized in
Table A2.1. Individual PFASs were dissolved in deionized water as 10 mM stock solutions,
and 10 mM NaOH was added to facilitate the dissolution of long-chain structures in water
and avoid the volatilization of short-chain structures. The PFAS stock solutions were stored

on the benchtop at room temperature (around 20°C).
Measurement of PFAS Parent Compound Decay and Transformation Products.

PFAS parent compound quantification. The PFAS parent compounds were
analyzed by liquid chromatography equipped with a high-resolution quadrupole orbitrap
mass spectrometer (LC-HRMS/MS) (Q Exactive, Thermo Fisher Scientific). For the LC
separation, a 10-uL sample was loaded onto a XBridge BEH C18 column (particle size
3.5um, 2.1 x50 mm, Waters) and eluted with nano-pure water (mobile phase A) and
methanol ( mobile phase B) (both amended with 10 mM ammonium acetate) at a flow rate
of 350 uL/min at the gradient as follows: 5% B for 0—1 min, 5%—100% B for 1—16 min,
100% B for 1621 min, and 5% B for 21-26min. Both parent compounds and
transformation products were detected in full scan negative ionization mode on HRMS at
a resolution of 70,000 at m/z 200 and a scan range of m/z 50—750. The Xcalibur 4.0 and
TraceFinder 4.1 EFS (Thermo Fisher Scientific) were used for data acquisition and analysis

as described previously.!3
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Transformation products (TPs) identification. TPs of each PFAS compound
were identified by suspect screening as described in our previous studies.™ 2 Briefly,
TraceFinder 4.1 EFS (Thermo Fisher Scientific) was used for the product screening. The
TP suspect lists were generated by a self—written automatic product mass prediction script,
which was specifically modified to include all possible products such as chain-shortening
and H/F exchange products from UV/sulfite treatment and PFdiCAs with various chain
lengths after heat-persulfate treatment. Plausible TPs were identified based on the
following criteria: (i) mass tolerance < 5 ppm; (ii) isotopic pattern score > 70%; (iii) peak
area > 10°; (iv) peak area showing either an increasing trend or first showing an increasing

trend then followed by a decreasing trend over time.

Quality Assurance and Quality Control (QA/QC). For QA/QC, the mass
detector was calibrated using Pierce ESI Positive/Negative lon Calibration Solutions
(Thermo Scientific) every time before each analytical run. To take into account the matrix
effect on the MS quantitation, a PFAS-free solution from the photoreactor (i.e., all
inorganic chemicals added and treated under the same UV irradiation) was used to prepare
the calibration standards. The matrix-match standard series included eight concentration
points ranging from 25 nM to 2.5 uM. No PFASs were detected in the MilliQ water, pure
methanol, and matrix-match blank controls. To avoid any PFAS carry over, one MilliQ
water and one methanol blanks were also injected between each group of samples and
checked for PFAS detection. The storage time for all samples was less than three weeks at

4 °C hefore measurement.
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Quantification of Short-Chain PFAS.

Concentrations of short-chain fluoro anions were analyzed by a Dionex ICS-5000
ion chromatography (IC) system equipped with a conductivity detector and suppressor
(AERS 4 mm) and a Dionex ICS-6000 EG eluent generator using an EGC 500 KOH
cartridge. The anions were separated using an lonPac AS11-HC analytical column (4 x 250
mm) in line with an AG11-HC guard column (4 x 50 mm). Specific methods for each

analyte are below:
TFA and DFA: Isocratic, 1.0 mL mint, 10 mM KOH, 30°C, 30 min;

“O0C(CF2)aCOO™ (n=1to 3) and "OOCCF,CH>COO: Isocratic, 1.0 mL min?, 65

mM KOH, 30°C, 20 min;

CFsCH,COO™ and HCF,CH>COO™: Gradient, 1.0 mL min~, 1-26mM KOH, 30°C,

33min.
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Tables S2.1 to S2.4 Referred in the Main Text

Table S2.1 LC-HRMS/MS Peak Areas for o-HPFCAs and PFCAs at 0.1 uM.

Fluoroalkyl Peak area
chain length (n) ©-HPFCA PFCA
2 9.62E+06 9.08E+06
3 1.55E+07 1.21E+07
4 1.36E+07 1.71E+07
6 1.67E+07 2.94E+07
7 2.17E+07 3.49E+07
8 1.88E+07 1.30E+07

Table S2.2 The Maximum Concentration of the n—1 Daughter o-HPFCA or PFCA
Products under UV/Sulfite Treatment and Their Ratios to the Corresponding Parent o-

HPFCA or PFCA.
Fluoroalkyl fluoroalkyl PFCA o-HPFCA
chain length of the  chain length of the " "
parent compound daughter product max. me ratio max. me ratio
) (n-1) conc. observed conc. observed
24 1 1.25 uM 0.5h 0.50% 8.49 uyM lh 3.40%
0.398 N 0.380 o
3 2 M 0.25h 1.59% M 0.25h 1.52%
0.458 o 0.695 o
4 3 M 0.5h 1.83% uM 0.25h 2.78%
0.355 o 0.650 o
7 6 M 0.5h 1.42% uM 0.5h 2.60%
0.350 0 0.588 o
8 7 UM 1h 1.40% UM 0.25h 2.35%

“The initial concentration of 250 uM was only used for n=2 HPFPrA and PFPrA. Other parent compounds used an initial
concentration of 25 pM.
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Table S2.3 The Effect of the Molar Ratio between K»S,0s and w-HPFCASs on Oxidative
Defluorination.?

deF%
[K2S:0s]:[0-HPFCA] DFA HPFPeA HPFOA
(n=1) (n=4) (n=T7)

0.5:1 45.4 33 1.5
1:1 60.5 5.5 2.9
2.5:1 79.5 11.0 6.5
5:1 87.9 16.7 10.8
10:1 92.1 23.4 14.2
20:1 99.5 27.2 16.0
50:1 99.5 29.6 16.8
100:1 99.5 29.6 16.8

“Reaction conditions: individual ®-HPFCA (0.5 mM),
[K2S,05]:[NaOH]= 1:5, 120°C, 40 min.

Table S2.4 Oxidative Defluorination of PFCAs and PFdiCAs Using HO® Radicals
Generated from Heat/Persulfate.?

Fluoroalkyl deF%
chain length (r) PFCAs PFdiCAs
1 0.3 34
2 0.1 0.1
3 0.1 0.1
4 0.1 0.2
6 0.5 0.3
7 0.02 1.2
8 0.5 0.4

9Reaction conditions: individual PFAS
(0.5 mM), [K;S:05]:[PFAS]=20:1,
[K2S,05]:[NaOH]= 1:5, 120°C, 40 min.
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Figures S2.1 to S2.8 Referred in the Main Text
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Figure S2.1 Time profiles for the parent compound decay of o-HPFCAs and PFCAs.
Reaction conditions: individual PFAS (25 puM), Na2SOs (10 mM), carbonate buffer (5 mM),

254 nm irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous solution), pH 12.0,
and 20 °C.
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Figure S2.2 The complete collection of calculated C—F (black) and C—C (blue and italic)
BDEs of PFCAs and o-HPFCAs at the B3LYP-D3(BJ)/6-311+G(2d,2p) level of theory.
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Figure S2.3 Condensed Fukui function (f * for nucleophilic attack) for n=2, 3, and 7 -
HPFCAs and PFCAs. A higher f * value implies greater reactivity with the nucleophiles
(e.g., eaq ). Note that the highest f * values for the C and O atoms of carboxylate groups
probably indicate the potential reduction of —COO™ by eaq . However, in this study, the
formation of significant amounts of hydrodefluorinated carboxylate structures suggests
H/F exchange on the a-carbon while the —COO™ moiety remained intact.
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Figure S2.4 Degradation products of n=8 (a) HPFNA and (c) PFNA (initial concentration

25 pM). The number n represents the fluoroalkyl chain length, while “H/F”, “4H/F”, “6H/F”

and “8H/F” represent that 1, 4, 6, and 8 F atoms were replaced by H atoms in the original
n=8 skeleton. Panels (b) and (d) show minor products on amplified scales. The initial
detection of “n=6" HPFHpA in panel d might be due to the impurity in HPFNA.
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Figure S2.5 Degradation products of n=6 (a) HPFHpA and (c) PFHpA (initial
concentration 25 pM). The number n represents the fluoroalkyl chain length, while “H/F”,
“4H/F>, “6H/F”, “8H/F”, and “10H/F” represent that 1, 4, 6, 8, and 10 F atoms were
replaced by H atoms in the original n=6 skeleton. Panels (b) and (d) show minor products
on amplified scales.
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Figure S2.6 Degradation products of n=4 (a) HPFPeA and (b) PFPeA (initial concentration
25 pM). The number n represents the fluoroalkyl chain length, while “H/F”, “5H/F”, and

“6H/F” represent that 1, 5, and 6 F atoms were replaced by H atoms in the original n=4
skeleton.
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Figure S2.7 Degradation products of n=3 (a) HPFBA and (b) PFBA (initial concentration
25 pM). The number n represents the fluoroalkyl chain length, while “H/F” represents that
one F atom was replaced by H atom in the original n=3 skeleton.
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Figure S2.8 Time profiles for the parent compound decay of m-HPFCAs and PFdiCAs.
Reaction conditions: individual PFAS (25 uM), Na2SO3 (10 mM), carbonate buffer (5 mM),

254 nm irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous solution), pH 12.0,
and 20 °C.
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Appendix B: Supporting Information for Chapter 3
Detailed Information on Materials and Methods

PEFAS Chemicals.

PFAS chemicals were purchased from Oakwood Chemicals (OC), Apollo
Scientific (AS), Manchester Organics (MO), and SynQuest Laboratories (SQ). Table A3.1
summarizes the name, purity, and CAS number. Detailed information of other PFAS
chemicals (e.g., PFCAs, o-HPFCAs, PFdiCAs, F-53B, and small TPs) have been included

in our previous reports.*

Table A3.1 New PFAS Chemicals Involved in This Study.

Fluoroalkyl
Length
(without
—COOH)

CI(CF2)n—COOH (or sodium salt)

Entry Chemical Name Purity CAS#

1 sodium chlorodifluoroacetate 1 97% 1895-39-2
2 3-chlorotetrafluoropropionic acid 2 97% 661-82-5
3 S-chlorooctafluoropentanoic acid 4 N/A 66443-79-6
4 9-chlorohexadecafluorononanoic acid 8 97% 865-79-2
CICF2(CFCICF2)»—COOH
5 3,4-dichloropentafluorobutyric acid 4 97% 375-07-5
6 3,5,6-trichlorooctafluorohexanoic acid 6 95% 2106-54-9
7 3,5,7,8-tetrachloroperfluorooctanoic acid 8 95% 2923-68-4
special structures
3 potassium 9-chlorohexadecafluoro-3-oxanonane-1- 62 ether 97% 73606-19-6
sulfonate

9 perfluoro(2-ethoxyethane)sulfonic acid 2:2 ether 97% 113507-82-7
10 2-(fluorosulfonyl)difluoroacetic acid 1 98% 1717-59-5

Measurement of Parent PFAS Decay and Transformation Products (TPs).

Quantification of parent PFAS. A liquid chromatography equipped with a high-
resolution quadrupole orbitrap mass spectrometer (LC-HRMS/MS) (Q Exactive, Thermo

Fisher Scientific) was used. For LC separation, a 2-uLL sample was loaded onto a Hypersil
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GOLD column (particle size 1.9 um, 100%2.1 mm, Thermo Fisher Scientific) and eluted
with nano-pure water (mobile phase A) and methanol ( mobile phase B) (both amended

with 10 mM ammonium acetate). Flow rate: 300 pL/min. Gradient: 95% A for 0—1 min,

95%—5% A for 1-6 min, 5% A for 6—8 min, and 95% A for 8—10 min. The parent
compounds and TPs were detected in full scan negative ionization mode on HRMS at a
resolution of 70,000 at m/z 200 and a scan range of m/z 50—750. Data acquisition and
analysis used Xcalibur 4.0 and TraceFinder 4.1 EFS (Thermo Fisher Scientific) as

described previously.: 4>

TP identification. The TPs from each PFAS were identified by suspect screening
as described in our previous studies. * Briefly, TraceFinder 4.1 EFS (Thermo Fisher
Scientific) was used for the product screening. The TP suspect lists were generated by a
self-written automatic product mass prediction script. The script was specifically modified
to include proposed products such as H/F exchange, decarboxylation, hydroxylation, and
sulfonation products from UV/sulfite treatment. The valid TPs were identified based on the
following criteria: (i) mass tolerance < 5 ppm; (ii) isotopic pattern score > 70%; (iii) peak
area > 10°; (iv) peak area showing either an increasing trend or first showing an increasing

trend then followed by a decreasing trend over time.

Quality Assurance and Quality Control (QA/QC). Before each analytical run,
the mass detector was calibrated using Pierce ESI Positive/Negative lon Calibration
Solutions (Thermo Scientific). To take into account the matrix effect on the MS

guantitation, a PFAS-free solution from the photoreactor (i.e., all inorganic chemicals
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added and treated under the same UV irradiation) was used to prepare the calibration
standards. The matrix-match standard series included eight concentration points ranging
from 25 nM to 2.5 uM. No PFASs were detected in the MilliQ water, pure methanol, and
matrix-match blank controls. To avoid any PFAS carry over, one MilliQ water and one
methanol blanks were also injected between each group of samples and checked for PFAS
detection. The storage time for all samples was less than three weeks at 4 °C before

measurement.
Quantification of Chloride, Chlorate, and Short-Chain PFAS.

The concentrations of chloride (CI7), chlorate (ClOs7), and other short-chain
PFAS/organic anions that were not suitable for the LC-HRMS/MS analysis were measured
by a Dionex ICS-5000 ion chromatography (IC) system. The system was equipped with a
conductivity detector and suppressor (AERS 4 mm) and a Dionex ICS-6000 EG eluent
generator using an EGC 500 KOH cartridge. The separation of organic anions used an
lonPac AS11-HC analytical column (4 x 250 mm) in line with an AG11-HC guard column

(4 x 50 mm). Specific methods for different anions are below:

Cl~,  O0OC-COO and CICF,COO: Isocratic, 1.0 mL mint, 20 mM KOH, 30°C,

20 minutes;
HCF,COO: Isocratic, 1.0 mL mint, 10 mM KOH, 30°C, 30 minutes.

The separation of ClO3™ used an lonPac AS19 analytical column (4 x 250 mm) in
line with an AG19 guard column (4 x 50 mm): Isocratic, 1.0 mL min~*, 20 mM KOH, 30°C,
20 minutes.
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Tables S3.1-S3.5 Referred in the Main Text

Table S3.1 Defluorination from the Oxidation of C,—PFAS with HO".¢

ClPFAS DeF %
n=1(C2) CI-TFA 0.62
n=2 (C3) CI-PFPrA  0.43
n=4 (C5) CI-PFPeA  0.04
n=8 (C9) CI-PFNA  0.05

C4 CTFEOA 0.78
C6 CTFEOA 0.69
C8 CTFEOA 0.70

“Reaction conditions: Cy=0.5 mM for individual Cl,—PFAS,
[K2S,05]:[CL,—PFAS]=20:1, [K:S:0s]:[NaOH]=1:5, 120 °C,
40 min.®

Table S3.2 Defluorination of Cl,—PFAS Under UV Irradiation for 8h Without Sulfite
Addition.?

ClPFAS DeF % DeCl %
n=1(C2) CI-TFA 22.1 23.5
n=2 (C3) CI-PFPrA  0.56 1.64
n=4 (C5) CI-PFPeA  0.30 3.29
n=8 (C9) CI-PFNA  0.44 4.11

C4 CTFEOA 0.73 4.93
C6 CTFEOA 0.83 2.47
C8 CTFEOA 0.28 0.82

“Reaction conditions: Cy=0.025 mM for individual Cl,—PFAS, carbonate buffer (5§ mM),
254 nm irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous solution), pH
12.0, and 20 °C.
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Table S3.3 Peak Area of TPs from the hydroxylation product (CoFi4H2O4) and the
hydrogenation product (CoFisH20:) from CI-PFNA (CoF1sHO2Cl).“

TPs from C9F14H204 (HOOC—C7F14—COOH) TPs from C9F16H202
q (H-CsF1,—COOH)
Time
A H/F
(et H/F exchange decarboxylation exchange decarboxylation
C9F13H304 C9F12H404 CXFIZHZO4 C8F11H304 C7F10H204 C9F15H302 C8F14H202 C7F]2H202
0 ND ND ND ND ND ND ND ND
2 ND ND 1.72E+06 ND ND ND 6.01E+04 ND
4 ND ND 1.66E+06 ND 3.38E+04 ND 5.12E+04 ND
6 4.81E+05 ND 1.50E+06 ND 4.34E+04 ND 4.96E+04 ND
8 1.37E+06 ND 1.32E+06 ND 4.09E+04 ND 7.19E+04 ND
10 2.33E+06 ND 1.33E+06 ND 5.44E+04 ND 8.23E+04 ND
12 3.55E+06 ND 1.07E+06 ND 4.33E+04 ND 7.19E+04 1.23E+05
15 5.45E+06 ND 1.17E+06 2.96E+04 3.35E+04 2.19E+05 7.71E+04 1.21E+05
30 4.19E+06 1.56E+06 1.48E+05 1.60E+05 ND 5.79E+05 6.49E+04 ND
60 ND 6.42E+05 ND ND ND 1.40E+05 5.93E+04 ND
120 ND ND ND ND ND ND 1.26E+04 ND
240 ND ND ND ND ND ND ND ND

“Reaction conditions: CI-PFNA (0.025 mM), Na,SO; (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure
Hg lamp for 600 mL of aqueous solution), pH 12.0, and 20 °C.

Table S3.4 Peak Areas of TPs from the hydroxylation product (CsFsH204) and the
hydrogenation product (CsFsH>O») from CI-PFPeA (CsFsHO-Cl).“

TPs from CsFH,04 (HOOC-C3;F,—COOH) TPs from CsFsH,0, (H-C,Fs—COOH)
Time (min) H/F exchange decarboxylation H/F exchange decarboxylation
CsFsH;04  CsF4H4O4  CsF3HsO4 C4F40,H, CsF7H;0, C4FeH,0, C4FsH;0,
0 ND ND ND ND ND ND ND
2 ND ND ND 4.30E+05 ND 6.37E+05 ND
4 7.55E+04 ND ND 2.03E+05 ND 6.87E+05 ND
6 4.96E+05 ND ND 2.79E+05 ND 7.80E+05 ND
8 1.33E+06 ND ND 2.26E+05 ND 6.11E+05 9.65E+04
10 2.34E+06 ND ND 1.38E+05 ND 6.04E+05 8.34E+04
12 3.40E+06 ND ND 1.64E+05 ND 5.44E+05 2.09E+05
15 4.68E+06 ND ND 2.03E+05 5.53E+04 3.97E+05 3.18E+05
30 6.49E+06  1.04E+06 ND 4.02E+04 9.58E+04 9.37E+04 4.81E+05
60 2.39E+06  2.46E+06 ND ND ND ND 1.78E+05
120 ND 1.92E+06  3.93E+04 ND ND ND ND
240 ND 6.20E+05  1.10E+05 ND ND ND ND
480 ND ND ND ND ND ND ND

“Reaction conditions: CI-PFPeA (0.025 mM), Na,SO; (10 mM), carbonate buffer (5 mM), 254 nm irradiation
(18 W low-pressure Hg lamp for 600 mL of aqueous solution), pH 12.0, and 20 °C.
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Table S3.5 Removed TOC after 8h UV/Sulfite Treatment” and the Subsequent
Oxidation.”

Cl.—PFAS After UV/Sulfite Treatment (%) After Oxidation (%)
n=1 (C2) CI-TFA 38.3+3.8 45.1+0.9
n=2 (C3) CI-PFPrA 22.3+0.1 50.5+6.1
n=4 (C5) CI-PFPeA 17.9+4.0 50.7+0.6
n=8 (C9) CI-PFNA 114+1.5 58.7+44
C4 CTFEOA 5.8+£0.5 66.0+1.5
C6 CTFEOA 11.1+6.3 72.6+3.1
C8 CTFEOA 223+4.8 57.6+0.7

9UV/sulfite treatment conditions: C¢=0.025 mM for individual Cl,—PFAS, 254 nm
irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous solution), pH 12.0, and
20 °C.

bOxidative post-treatment conditions: K,S,0s (5 mM), initial pH adjusted to 12.3 by
NaOH for the dominance of HO", 120 °C, 40 min.
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Figures S3.1 and S3.2 Referred in the Main Text
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Figure S3.1 Time profiles for the hydroxylation and hydrogenation products from (a/d)
CI-PFNA (0.025 mM), (b/e) CI-PFPrA (0.25 mM), and (c/f) CI-DFA (0.25 mM) upon
the addition of 10 mM CH3OH. Reaction conditions: Na;SO3 (10 mM), carbonate buffer
(5 mM), 254 nm irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous solution),

pH 12.0, and 20 °C.
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Figure S3.2 (a,c,e) Representative LC-HRMS/MS chromatographs and (b,d,f) the time
profiles of sulfonated TPs from the three CTFEOAs. Reaction conditions: individual
CTFEOA (0.025 mM), Na>SO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18
W low-pressure Hg lamp for 600 mL of aqueous solution), pH 12.0, and 20 °C.
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Appendix C: Supporting Information for Chapter 4
Detailed Information on Materials and Methods

Chemicals.

All PFASs chemicals were purchased from SynQuest Laboratories (SQ), Alfa-
Aesar (AA), and Acros Organics (AO). Table A4.1 summarizes the name, purity, CAS
number, and vendor of the PFASs. Sodium sulfite, sodium bicarbonate, and sodium

hydroxide were purchased from Fisher Chemical.

Table A4.1 Information of PFASs Used in This Study.

Entry Chemical Name Tgﬁggﬁl(l%l Purity = CAS#  Vendor
F(CF2)n—CH2CH>—COOH
! perfui'gégréggh%'?é acid 4 o9 8070513 gq
2 Perfiuorononaors acid 6 o9 278530 g
3 perfluoroundecanots acc 8 o9 493 gq

F(CF2)n—SOsH (or salt)

Potassium on  29420-49-
nonafluorobutanesulfonate 4 98% 3 AA
Potassium 0
perfluorohexanesulfonate 6 %% 3871996 SQ
6 Perfluorooctanesulfonic acid 8 97%  1763-23-1 SQ
F(CF2)n—COOH (or salt)
7 Sodium trifluoroacetate 1 98%  2923-18-4 AA
8 Perfluorooctanoic acid 8 96%  335-67-1 AO

Quantification of Short-Chain Organic Anions.
The concentrations of short-chain organic anions were analyzed by a Dionex ICS-

5000 ion chromatography (IC) system equipped with a conductivity detector and
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suppressor (AERS 4 mm) and a Dionex ICS-6000 EG eluent generator using an EGC 500
KOH cartridge. The separation of the anions used an lonPac AS11-HC analytical column
(4 x 250 mm) in line with an AG11-HC guard column (4 x 50 mm). Specific methods for

each analyte are below:
TFA and DFA: Isocratic, 1.0 mL mint, 10 mM KOH, 30°C, 30 minutes;
MFA and acetate: Gradient, 1.0 mL min!, 1-20 mM KOH, 30°C, 50 minutes;
Oxalate: Isocratic, 1.0 mL mint, 20 mM KOH, 30°C, 20 minutes;

“O0C(CF2)2CO0™ and "03S—CF>—COO: Isocratic, 1.0 mL mint, 65 mM KOH,

30°C, 20 minutes.
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Figure S4.1 to S4.19 Referred in the Main Text and Sl
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Figure S4.1 (a) Retention time of multiple mono-hydrogenated TPs from 0.25 mM n = §
FTCA in the HPLC column after 24h reaction. Different MS? spectrum at (b) RT2 and (c)
RT3 confirms that the two peaks are from isomers with different position of H. MS?
spectrum at RT1 is not available due to the low relative abundance. Reaction conditions:
NaxSO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg
lamp), pH 9.5 and 20 °C.
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Figure S4.2 (a) Retention time of multiple mono-sulfonated TPs from 0.25 mM n = 8
FTCA in the HPLC column after 24h reaction. Different MS? spectrum at (b) RT1, (c) RT4,
and (d) RTS confirms that the three peaks are from isomers with different position of
sulfonate group. MS? spectrum at RT2 and RT3 are not available due to the low relative
abundance. Reaction conditions: Na;SO; (10 mM), carbonate buffer (5 mM), 254 nm
irradiation (18 W low-pressure Hg lamp), pH 9.5 and 20 °C.
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Figure S4.3 Time profiles for parent compound decay and defluorination of 0.25 mM (a)
n=8 and (b) n=4 FTCAs with UV irradiation only (no sulfite). Reaction conditions:
Carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp), and 20 °C.
“TBA” represents the addition of 10 mM tert-butyl alcohol.

154



RT1 .
a RT. 6.74 b) RT:6.17
200: AA: 3687E5 100, AA: 1.859E6
90: 90: RRTTS:SOS
i RT2 i AA:1214E6
80— RT: 6.92 80
] AA: 4825E5 1
o 70— RT2
g 707 g RT: 5.94
_é 60 E eoj AA: 8 434E5
] 2 o iRrme
= ] g -
T 40 £ 407 RT:5.69
s 3 AA: 4.046E5
30— x 304
20 20
10— 10
7 CoF12H=CH,CH,~COO- - ] C4F4(SO;)-CH,CH,-COO"
‘ T [ R R T 1 T 1
66 67 6.8 69 56 58 60 62 64
Time (min) Time (min)
c) 60E+5 d) 2.0E+6 1 @) 18E+5 .
& 3-0E+S 1 A $16E+6 & 1:5E+5 1 2
= -@-RT1 -&RT2 .-~ = S
o 4.0E+5 g 12E+6 O 1.2E+5 o
+6 - - [
c c o
S3.0E+5 S 5 9.0E+4 |
] S 80E+5 | 4 = °
3 2.0E+5 - (3 L 6.0E+4
w I-‘\l- ‘ S -@-n=3
T 1.0E+5 - A0S 1 2 S30Eva|
(7] iy
0.0E+0 k 0.0E+0 I b+————————1 9 0.0E+0 GIO-@———————
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (h) Time (h) Time (h)

Figure S4.4 Retention time of multiple (a) mono-hydrogenated and (b) mono-sulfonated
TPs from 0.25 mM n = 6 FTCA in the HPLC column after 24h reaction. (c~¢) Detected
H/F and SO3"/F exchange and C—C bonds cleavage TPs from 0.25 mM n=6 FTCA. “RTn”
represents different retention times in the HPLC column (see chromatograms in (a) and
(b)). Reaction conditions: Na>SOs3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation
(18 W low-pressure Hg lamp), pH 9.5 and 20 °C.
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Figure S4.5 Retention time of multiple (a) mono-hydrogenated and (b) mono-sulfonated
TPs from 0.25 mM n = 4 FTCA in the HPLC column after 24h reaction. (c~d) Detected
H/F and SOs™/F exchange and C—C bonds cleavage TPs from 0.25 mM n=4 FTCA. “RTn”
represents different retention times in the HPLC column (see chromatograms in (a) and
(b)). Reaction conditions: Na;SO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation
(18 W low-pressure Hg lamp), pH 9.5 and 20 °C.
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Figure S4.6 Retention time of multiple (a) mono-hydrogenated and (b) mono-sulfonated
TPs from 0.25 mM n =8 PFOS in the HPLC column after 24h reaction. Reaction conditions:
Na>SOs3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg
lamp), pH 9.5 and 20 °C.
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Figure S4.7 Proposed reaction mechanisms for n=8 PFOS degradation and defluorination.
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Figure S4.8 Retention time of multiple (a) mono-hydrogenated and (b) mono-sulfonated
TPs from 0.25 mM n = 6 PFHXS in the HPLC column after 24h reaction. (c~f) Detected
H/F and SOs/F exchange and C—C bonds cleavage TPs from 0.25 mM n = 6 PFHxS. “RTn”
represents different retention times in the HPLC column (see chromatograms in (a) and
(b)). Reaction conditions: Na2SOz (10 mM), carbonate buffer (5 mM), 254 nm irradiation
(18 W low-pressure Hg lamp), pH 9.5 and 20 °C. Note: some TPs showed in (e) and (f)
might be produced from the degradation of impurities (n=3, 4, 5, 7, 8 PFSAs, Table S4.4),
especially for n =4 "O0OC—(CF2)n—SO3™ and H—(CF2)n+1—SO3" which cannot be generated
from n = 6 PFHXS based on mechanism proposed in Figure S4.7.
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Figure S4.9 Retention time of multiple (a) mono-hydrogenated TPs from 0.25 mM n =4
PFBS in the HPLC column after 24h reaction. (b~e) Detected H/F and SOz /F exchange
and C—C bonds cleavage TPs from 0.25 mM n = 4 PFBS. “RTn” represents different
retention times in the HPLC column (see chromatograms in (a)). Reaction conditions:
Na>SOs3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg
lamp), pH 9.5 and 20 °C. Note: The source for the production of n=2 " OOC—(CF2)—SO3"
in (e) remains elusive. The C—F bonds in beta and gamma position of n=4 PFBS are more
readily to be cleaved. This agrees with the generation of two H/F exchange TPs as shown
in (b). Therefore, the C—C bonds cleavage induced by HO" will generate n=0 and 1 instead
of n=2 "O0C—(CF2),—SO3". No PFSA impurities were identified to be its source as well.
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Figure S4.10 Retention time of multiple (a) mono-hydrogenated and (b) mono-sulfonated
TPs from 0.25 mM n = 7 PFOA in the HPLC column after 1h reaction. (c~d) “RTn”
represents different retention times in the HPLC column. Reaction conditions: Na;SO3z (10
mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp), pH 9.5
and 20 °C.
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Figure S4.11 n=6 PFHpA TPs from 0.25 mM n = 7 PFOA. Reaction conditions: Na>SO3

(10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp), pH
9.5and 20 °C.
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Figure S4.12 Retention time of (a) chemical standard H(CF2)sCOO~ which has a terminal
H and (b) H(CF2)4COO™ generated from 0.25 mM n = 7 PFOA in the HPLC column. (c~d)
Detected C—C bonds cleavage TPs from 0.25 mM n = 7 PFOA. Reaction conditions:
Na>SO3z (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg
lamp), pH 9.5 and 20 °C.
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Figure S4.13 Comparison of detected TPs from 0.25 mM n = 6 FTCA at pH 9.5 with that

at pH 12. Reaction conditions: Na>xSO3 (10 mM), carbonate buffer (5 mM), 254 nm
irradiation (18 W low-pressure Hg lamp), and 20 °C.
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Figure S4.14 Comparison of detected TPs from 0.25 mM n =4 FTCA at pH 9.5 with that
at pH 12. Reaction conditions: Na>xSO3 (10 mM), carbonate buffer (5 mM), 254 nm
irradiation (18 W low-pressure Hg lamp), and 20 °C.
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Figure S4.15 Comparison of detected (a) H/F and (b) SOz /F exchange TPs, and (c and d)
representative C—C bonds cleavage TPs from 0.25 mM n =8 PFOS at pH 9.5 with that at
pH 12. Reaction conditions: Na>SOs3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation
(18 W low-pressure Hg lamp), and 20 °C.
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Figure S4.16 Comparison of detected (a) H/F, (b) SOz /F exchange TPs, and (¢ and d)
representative C—C bonds cleavage TPs from 0.25 mM n =6 PFHxS at pH 9.5 with that at
pH 12. Reaction conditions: Na;SOj3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation
(18 W low-pressure Hg lamp), and 20 °C. All detected C—C bonds cleavage TPs are
summarized in Table S4.2.
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Figure S4.17 Comparison of detected (a) H/F, (b) SOz /F exchange TPs, and (¢ and d)
representative C—C bonds cleavage TPs from 0.25 mM n 4 PFBS at pH 9.5 with that at pH
12. Reaction conditions: Na;SO; (10 mM), carbonate buffer (5 mM), 254 nm irradiation
(18 W low-pressure Hg lamp), and 20 °C. As discussed in the title of Figure S4.9, the
source for the production of n=2 " OOC—(CF2),—SOs" in (d) remains elusive.
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Figure S4.18 Time profiles for PFASs decay and defluorination at pH 9.5 and 12. Reaction
conditions: PFAS (0.25 mM), Na;SO3 (10 mM), carbonate buffer (5 mM), 254 nm
irradiation (18 W low-pressure Hg lamp), and 20 °C.

b)

6:2 FTCA decay (C/C,)

d)

PFOS decay (C/Cy)

>

PFBS decay (C/C,)

h)

TFA decay (C/Cy)

168

100

0.8 - il . 80
Eﬂﬂ] 2
] L
1 pH9.5 pH 12 A <
0.4 { |®Decayl |-&-Decay | 40 E
|l |e-DeF%| |© DeF% I t
024 @@ @ @) g &
o _

0 8 16 24 32 40 48 56

Time (h)
1 100
pH9.5 H12 | |
- Decay -&- Decay|
0.8 -o-DeF% -o-DeF% [ 80
-— BN SN~ TS~ W | E’
0.6 - 60 o
0.4 & - 40 Q
%35 "y o
0.2 @" H 20
0o ———————r—7+r+1 0
0 8 16 24 32 40 48 56
Time (h)
1 100
Bog gl
0.8 1 pH9.5 PH 12 |t 8o
Ijll & Decay -&J- Decay||
. o 2
0.6 - E}h 0 DeF%||-©-DeF% || 60 &
0.4 - O-h 40 B
o -
0.2 ®@ L 20

-

o
=

0.6 pH12 || 60 &
: -m- Decay |-£1- Decay %
r «
0.4 -® DeF%|-o DeF% [ 40 L

e
N

Time (h)

4 pH95

0 8 162432404856
Time (h)



2

PFCA TPs (uM)
from n=4 FTCA at pH 9.5

PFCA TPs (uM)
from n=6 FTCA at pH 9.5

PFCA TPs (M)
from n=8 FTCA at pH 9.5

0.04

0.03

0.02

0.01

0.12

0.08 5

0.04

0.00

Time (h)

1.20

0.90

0.60

-3
56

0 8 16 24 32 40 48
Time (h)
Figure S4.19 Detected PFCA TPs from 0.25 mM FTCAs. Reaction conditions: Na;SOs3
(10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp), and
20 °C. Note: After 24h, sulfite was almost depleted at pH 9.5 and completely depleted at
pH 12, the rapid accumulation of PFCAs from FTCAs could be attributed to oxidation.
Detected PFCA TPs from 0.25 mM PFSAs and PFOA are summarized in Table S4.5~54.8.
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Tables S4.1 to S4.8 Referred in the SI
Table S4.1 Peak Areas of C—C bonds cleavage TPs from n=8 PFOS Degradation.

. “OO0C(CF2)nSOz"
Time — —
) n=1 n=2
pH 9.5 pH 12 pH 9.5 pH 12
0 ND ND ND ND
0.25 3.04E+05 1.43E+06 4.69E+05 5.12E+06
0.5 3.70E+05 1.33E+06 5.30E+05 5.15E+06
1 450E+05 1.36E+06 6.70E+05 3.57E+06
2 5.46E+05 2.31E+06 8.56E+05  3.59E+06
4 4.00E+05 1.40E+06 1.31E+06 4.07E+06
8 3.79E+05 1.12E+06 3.05E+06  4.68E+06
12 3.52E+05 1.18E+06 3.64E+06  4.49E+06
24 3.69E+05 1.11E+06 4.57E+06  4.06E+06
34 4.42E+05 1.27E+06 4.21E+06  4.09E+06
48 4.62E+05  1.30E+06 4.52E+06  4.67E+06
56 4.89E+05 1.26E+06 4.62E+06  4.62E+06
Time _ OOC(CF2)nSOs3 _
) n=3 n=4
pH 9.5 pH 12 pH 9.5 pH 12
0 ND ND ND ND
0.25 ND ND 1.20E+05 1.01E+07
0.5 ND 8.55E+04 2.27E+05  1.28E+07
1 ND 4.77E+04 2.38E+05  1.22E+07
2 2.37E+04  4.78E+04 4.34E+05 4.88E+06
4 ND 2.07E+05 7.79E+05 1.58E+06
8 1.46E+05 1.18E+05 1.25E+06 1.12E+06
12 3.85E+05 1.70E+05 1.29E+06 1.24E+06
24 9.70E+05  4.79E+05 1.16E+06  9.13E+05
34 1.11E+06  5.77E+05 1.14E+06  7.71E+05
48 1.33E+06  6.38E+05 1.09E+06  9.98E+05
56 1.30E+06  4.99E+05 1.17E+06  1.02E+06
. H(CF2)nSO3~
T(Irl’]T)]e n=1 n=2 n=3
pH 9.5 pH 12 pH 9.5 pH 12 pH 9.5 pH 12
0 ND ND ND ND ND 6.39E+04
0.25 0.00E+00 2.11E+05 1.89E+05 8.92E+05 1.33E+05 1.37E+06
0.5 3.08E+04 2.54E+05 4.45E+05 1.23E+06 6.88E+04 1.86E+06
1 1.20E+05 2.26E+05 5.08E+05 1.17E+06 3.17E+05 2.47E+06
2 1.93E+05 3.80E+05 8.40E+05 1.33E+06 8.46E+04  4.25E+06
4 3.29E+05 9.27E+05 9.89E+05  2.52E+06 1.89E+06  8.42E+06
8 6.37E+05 1.77E+06 1.59E+06 4.04E+06 4.15E+06  1.57E+07
12 8.58E+05 2.44E+06 2.02E+06  5.22E+06 6.17E+06  2.02E+07
24 1.39E+06  3.56E+06 3.01E+06  8.04E+06 9.04E+06  3.01E+07
34 1.62E+06 3.92E+06 4.21E+06  8.64E+06 1.07E+07  3.24E+07
48 2.00E+06  4.03E+06 4.45E+06  9.33E+06 1.22E+07 3.56E+07
56 1.96E+06 3.83E+06 5.08E+06  9.40E+06 1.26E+07  3.62E+07
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Table S4.1 Peak Areas of C—C bonds cleavage TPs from n=8 PFOS Degradation.

Time _ H(CFz_)n803‘ _
h) n=4 n=5 n=6
pH 9.5 pH 12 pH 9.5 pH 12 pH 9.5 pH 12
0 ND 1.15E+05 ND ND ND ND
0.25 2.29E+05 2.92E+05 2.38E+05  3.32E+05 ND 1.09E+05
0.5 259E+05 1.81E+05 3.39E+05 5.01E+05 ND 1.81E+05
1 456E+05 8.31E+05 5.85E+05 1.08E+06 3.28E+04  4.78E+05
2 9.23E+05 7.18E+06 1.15E+06 8.18E+06 ND 3.66E+06
4 3.11E+06  1.90E+07 4.38E+06  2.66E+07 259E+05 1.17E+07
8 8.44E+06  3.90E+07 1.22E+07 5.28E+07 8.64E+05  2.40E+07
12 1.48E+07 5.22E+07 1.86E+07  7.36E+07 1.36E+06  3.08E+07
24 2.44E+07  7.94E+07 2.86E+07  9.86E+07 2.29E+06 4.11E+07
34 3.01E+07 8.27E+07 3.51E+07 1.03E+08 4.26E+06  4.26E+07
48 3.23E+07  8.28E+07 3.57E+07  9.91E+07 4.14E+06  4.13E+07
56 3.30E+07  7.92E+07 3.53E+07 1.03E+08 454E+06  4.20E+07

171



Table S4.2 Peak Areas of C—C bonds cleavage TPs from n=6 PFHxS Degradation.

. “OOC(CF2)nSO3z
Time — —
) n=1 n=2
pH 9.5 pH 12 pH 9.5 pH 12
0 2.00E+05 2.69E+05 4.61E+05 4.09E+05
0.25 4.01E+05 3.06E+06 6.89E+05 1.87E+07
0.5 5.24E+05 4.20E+06 8.39E+05  2.73E+07
1 7.02E+05 4.88E+06 1.08E+06  3.15E+07
2 7.17E+05 3.96E+06 1.30E+06  2.44E+07
4 8.24E+05 1.86E+06 1.90E+06 9.76E+06
8 6.44E+05 1.03E+06 3.42E+06  4.89E+06

12 5.82E+05  8.98E+05 4.27E+06  3.80E+06
24 3.49E+05  8.88E+05 4. 73E+06  3.00E+06
34 6.06E+05 1.28E+06 4.35E+06  4.01E+06
48 3.93E+05 1.38E+06 4.33E+06  3.45E+06
56 5.06E+05  1.26E+06 4.56E+06  3.58E+06

Time _ OOC(CF2)nSO3 _
(h) n=3 n=4
pH 9.5 pH 12 pH 9.5 pH 12
0 ND ND ND ND
0.25 ND ND ND 1.15E+05
0.5 ND ND ND 1.24E+05
1 ND ND ND 1.22E+05
2 ND 8.00E+04 ND 1.04E+05
4 ND 1.73E+05 ND 7.85E+05
8 1.19E+05  2.31E+05 1.37E+05  1.34E+06
12 1.81E+05 2.68E+05 3.34E+05  1.45E+06
24 3.89E+05 2.66E+05 8.13E+05 1.27E+06
34 3.94E+05 2.12E+05 8.44E+05 1.25E+06
48 4.79E+05 1.98E+05 9.92E+05  1.24E+06
56 5.73E+05  2.75E+05 1.08E+06  1.18E+06
Time _ H(CFz_)n803‘ _
h) n=1 n=2 n=3
pH 9.5 pH 12 pH 9.5 pH 12 pH 9.5 pH 12
0 ND 2.94E+04 1.37E+05 2.87E+05 ND ND
0.25 1.10E+05 4.31E+05 1.24E+05 2.03E+05 ND ND
0.5 1.16E+05 6.47E+05 6.51E+04  4.03E+05 ND ND
1 1.70E+05  8.96E+05 1.78E+05  3.86E+05 3.82E+04  2.46E+04
2 2.28E+05 1.28E+06 1.59E+05 1.46E+06 1.09E+05 4.12E+06
4 3.91E+05 2.51E+06 7.79E+04  4.01E+06 8.40E+05  2.00E+07
8 8.18E+05  4.56E+06 6.07E+05  8.18E+06 5.00E+06  3.92E+07
12 1.20E+06  6.14E+06 1.83E+06  1.05E+07 7.81E+06  5.49E+07
24 1.85E+06  7.24E+06 3.47E+06  1.39E+07 1.28E+07  7.29E+07
34 2.18E+06  7.87E+06 4.10E+06  1.52E+07 1.60E+07  7.85E+07
48 2.46E+06  7.43E+06 441E+06  1.50E+07 1.79e+07  7.92E+07
56 2.42E+06  7.57E+06 4.31E+06  1.49E+07 1.77E+07  7.94E+07
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Table S4.2 Peak Areas of C—C bonds cleavage TPs from n=6 PFHxS Degradation.

Time _ H(CF2)nSO3~ _
) n=4 n=5
pH 9.5 pH 12 pH 9.5 pH 12
0 ND ND ND ND
0.25 ND ND ND ND
0.5 ND ND ND ND
1 ND 1.72E+05 ND ND
2 6.46E+04 4.71E+06 ND 6.73E+04
4 4.46E+04  2.08E+07 ND 2.89E+05
8 4.36E+04  4.50E+07 8.83E+04  4.73E+05
12 454E+04  5.95E+07 1.17E+05 5.61E+05
24 1.08E+06  7.53E+07 1.98E+05 4.68E+05
34 2.03E+06  7.96E+07 2.23E+05 4.47E+05
48 3.02E+06  8.44E+07 2.57E+05 5.35E+05
56 2.64E+06  8.04E+07 2.55E+05 4.30E+05
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Table S4.3 Peak Areas of PFSAs Impurities from n=8 PFOS.

PFSAS (F(CF2).SO5)?

") n=4 PFBS n=6 PFHxS n=7 PFHpS
pH 9.5 pH 12 pH 9.5 pH 12 pH 9.5 pH 12
0  271E+07 2.76E+07 7.06E+05  5.46E+05 1.00E+05 8.36E+04
025 2.75E+07  2.70E+07 7.01E+05  5.61E+05 8.23E+04  7.21E+04
05  2.79E+07  2.74E+07 6.34E+05  4.85E+05 7.64E+04  6.23E+04
1 281E+07 2.77E+07 6.01E+05  4.34E+05 7.85E+04  6.51E+04
2 292E+07 2.85E+07 5.97E+05  4.09E+05 7.63E+04  6.04E+04
4 275E+07 2.87E+07 6.16E+05  4.10E+05 7.40E+04  4.96E+04
8  279E+07 2.80E+07 5.76E+05  4.15E+05 7.57E+04 ND
12 2.82E+07  2.80E+07 477E+05  3.91E+05 6.68E+04 ND
24 269E+07  2.77E+07 5.03E+05  3.90E+05 3.10E+04 ND
34 2.87E+07  2.85E+07 4.94E+05  4.34E+05 ND ND
48 2.90E+07 2.87E+07 463E+05  3.85E+05 ND ND
56 2.80E+07  2.80E+07 4.93E+05  4.03E+05 ND ND

aThese PFSAs in the PFOS reagent have significant peak areas in the t=0 sample, and are thus
believed to be impurities from PFOS production. However, they are not likely to be the main
contributor to the C—C bonds cleavage TPs because of the relatively low abundance of n=6 and
7 PFSAs and the fact that n=4 PFBS is barely degraded.

174



Table S4.4 Peak Areas of PFSAs Impurities from n=6 PFHXS.

PFSAS (F(CF2).SO5)?

T('rr]')‘e n=3 PFPeS n=4 PFBS n=5 PFPeS
pH 9.5 pH 12 pH 9.5 pH 12 pH 95 pH 12
0  571E+05 6.50E+05 2.81E+07  2.92E+07 3.20E+07  3.26E+07
025 5.96E+05 6.46E+05 279E+07  2.73E+07 3.28E+07  3.05E+07
05 5.96E+05 5.86E+05 2.81E+07  2.69E+07 3.21E+07  3.02E+07
1 6.47E+05 6.73E+05 2.80E+07  2.85E+07 2.96E+07  2.85E+07
2 6.64E+05 6.25E+05 2.93E+07  2.83E+07 2.94E+07  2.61E+07
4  5.75E+05 6.78E+05 2.89E+07  2.91E+07 2.87E+07  2.44E+07
8  6.30E+05 6.69E+05 2.87E+07  2.79E+07 2.69E+07  2.32E+07
12 5.77E+05 6.30E+05 268E+07  2.79E+07 274E+07  2.10E+07
24 6.21E+05 6.46E+05 267E+07  2.85E+07 258E+07  1.66E+07
34 6.26E+05 7.51E+05 277E+07  2.81E+07 253E+07  1.72E+07
48  7.05E405 7.13E+05 2.90E+07  2.90E+07 258E+07  1.65E+07
56  7.44E+05 6.96E+05 282E+07  2.91E+07 257E+07  1.67E+07
Time PFSAs (F(CF2)nSOs)?
) n=7 PEHpS n=8 PFOS
pH 9.5 pH 12 pH 9.5 pH 12
0  131E+06 1.27E+06 3.69E+07  3.66E+07
025 1.07E+06 8.01E+05 3.69E+07  3.69E+07
05  8.68E+05 7.73E+05 3.68E+07  3.24E+07
1 6.44E+05 6.11E+05 3.57E+07  2.81E+07
2 6.19E+05 6.00E+05 351E+07  2.55E+07
4 6.20E+05 3.46E+05 3.46E+07  2.36E+07
8  571E+05 2.18E+05 3.37E+07  1.26E+07
12 429E+05 8.50E+04 3.04E+07  7.03E+06
24 3.96E+05 2.53E+04 2.61E+07  3.74E+06
34 3.53E+05 ND 1.26E+07  1.20E+06
48 3.56E+05 ND 1.07E+07  1.41E+06
56 3.86E+05 ND 9.57E+06  7.80E+05

aThese PFSAs in the PFHXS reagent have significant peak areas
in the t=0 sample, and are thus believed to be impurities from
PFHxXS production. They might contribute to the C—C bonds

cleavage TPs as discussed in the title of Figure S4.8.

175



Table S4.5 PFCA TPs from n=8 PFOS Degradation.

PFCAs (F(CF2).COO)

T';"e n=1 TFA (uM) n=2 PFPrA (uM)
M Hos pH 12 pH 9.5 pH 12
0 ND ND ND ND
0.25 0.06 222 ND 0.30
0.5 0.11 2.42 ND 0.35
1 0.12 2.24 ND 0.31
2 0.19 1.61 ND 0.14
4 0.17 1.02 0.12 0.16
8 0.14 0.83 0.18 0.14
12 0.17 0.84 0.16 0.17
24 0.20 0.85 0.09 0.17
34 0.30 0.94 0.09 0.13
48 0.40 1.25 0.07 0.19
56 0.49 1.41 0.09 0.24
Time PFCAs (F(CF2).CO0")
") n=3 PFBA (uM) n=4 PFPeA (uM)
pH 9.5 pH 12 pH 9.5 pH 12
0 ND ND ND ND
0.25 ND 0.07 ND 0.01
0.5 ND 0.12 ND 0.01
1 ND 0.12 ND 0.02
2 0.03 0.11 ND 0.03
4 0.10 0.11 0.02 0.03
8 0.17 0.11 0.07 0.03
12 0.14 0.13 0.06 0.02
24 0.09 0.11 0.04 0.03
34 0.09 0.09 0.03 0.03
48 0.09 0.15 0.03 0.05
56 0.09 0.17 0.02 0.06

PFCAs (F(CF2).COO)

T'rr]“e n=5 PFHXx (uM) n=6 PFHpA (uM) n=7 PFOA (uM)
(h) pH 9.5 pH 12 pH 9.5 pH 12 pH 9.5 pH 12
0 ND ND 0.27 0.28 0.02 0.02

0.25 ND ND 0.28 0.27 0.02 0.02
0.5 ND 0.01 0.30 0.29 0.01 0.02
1 ND 0.02 0.29 0.30 0.02 0.02
2 ND 0.01 0.28 0.30 0.03 0.04
4 0.01 0.02 0.32 0.31 0.04 0.04
8 0.01 0.02 0.33 0.31 0.03 0.04
12 0.02 0.02 0.35 0.32 0.03 0.04
24 0.01 0.02 0.33 0.32 0.02 0.02
34 0.01 0.01 0.33 0.31 0.02 0.02
48 0.01 0.03 0.31 0.33 0.02 0.02
56 0.02 0.04 0.30 0.32 0.03 0.03

176



Table S4.6 PFCA TPs from n=6 PFHxS Degradation.

PFCAs (F(CF2).COO)

(h) n=1 TFA (uM) n=2 PFPrA (uM) n=3 PFBA (uM)
pH 9.5 pH 12 pH 9.5 pH 12 pH 9.5 pH 12
0 0.12 0.10 ND ND ND ND
0.25 0.21 2.34 ND 0.19 ND 0.02
0.5 0.20 3.10 ND 0.18 ND 0.19
1 0.28 3.65 ND 0.25 ND 0.38
2 0.31 3.09 0.02 0.27 ND 0.20
4 0.39 1.63 0.04 0.11 ND 0.06
8 0.27 1.05 0.06 0.09 0.03 0.03
12 0.20 0.84 0.10 0.04 0.06 0.04
24 0.19 0.72 0.12 0.03 ND 0.02
34 0.27 0.95 0.07 0.07 0.01 0.03
48 0.31 1.23 0.07 0.12 0.02 0.07
56 0.30 1.22 0.04 0.06 0.02 0.10
Time PFECAs (F(CF2)nCOO")

) n=4 PFPeA (uM) n=5 PFHXA (pM)

pH 9.5 pH 12 pH 9.5 pH 12

0 0.03 ND 0.09 0.08

0.25 0.01 ND 0.06 0.08

0.5 0.01 ND 0.07 0.07

1 0.01 0.02 0.06 0.07

2 0.02 0.07 0.08 0.07

4 0.08 0.11 0.06 0.05

8 0.12 0.09 0.05 0.05

12 0.11 0.08 0.05 0.04

24 0.08 0.07 0.02 0.03

34 0.07 0.05 0.02 0.03

48 0.07 0.09 0.01 0.02

56 0.06 0.09 0.03 0.03
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Table S4.7 PFCA TPs from n=4 PFBS Degradation.

PFCAs (F(CF2).COO")

T('r’:)‘e n=1 TFA (uM)
pH 9.5 pH 12

0 ND ND
0.25 ND 0.04
0.5 ND 0.11
1 ND 0.19
2 ND 0.36
4 ND 0.52
8 ND 0.54
12 ND 0.56
24 ND 0.25
34 ND 0.10
48 ND 0.17
56 ND 0.25
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Table S4.8 PFCA TPs from n=7 PFOA Degradation.

PFCAs (F(CF2).COO)

T'rr]“e n=1 TFA (uM) n=2 PFPrA (uM) n=3 PFBA (uM)
M —Hos pH 12 pH 9.5 pH 12 pH 9.5 pH 12
0 ND 0.08 ND ND ND ND
0.25 0.03 0.23 ND 0.24 ND 0.10
0.5 ND 0.14 ND 0.07 ND 0.07
1 0.15 0.35 ND 0.34 ND 0.15
2 0.10 0.22 ND 0.21 ND 0.14
4 0.07 0.25 ND 0.13 ND 0.42
8 0.05 0.31 ND 0.09 ND 0.47
12 0.07 0.34 ND 0.34 ND 0.67
24 0.04 0.46 ND 0.56 ND 0.91
34 0.17 0.45 ND 0.72 ND 0.84
48 0.08 0.52 ND 0.73 ND 0.92
56 0.08 0.52 ND 0.77 ND 1.14

Time PFCAs (F(CF2):CO0")
h) n=4 PFPeA (uM) n=5 PFHX (uM) n=6 PFHpA (uM)
pH 9.5 pH 12 pH 9.5 pH 12 pH 9.5 pH 12
0 0.04 ND ND ND 0.12 0.13
0.25 ND 0.07 ND 0.26 0.18 4.59
0.5 ND 0.04 ND 0.16 0.64 3.33
1 0.06 0.16 ND 0.33 2.63 5.26
2 0.04 0.12 ND 0.38 3.57 5.80
4 ND 0.11 ND 0.41 1.24 5.85
8 ND 0.22 ND 0.59 0.48 6.80
12 ND 0.19 ND 0.49 0.41 6.08
24 ND 0.31 ND 0.85 0.13 6.90
34 0.04 0.44 0.03 1.31 0.34 7.48
48 0.11 0.73 0.27 2.41 1.81 8.24
56 0.19 0.93 0.43 2.92 2.35 8.23
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