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ABSTRACT

Per- and polyfluoroalkyl substances (PFAS) are synthetic compounds with at least one
perfluorinated methyl (—CF3) or methylene group (—CF2—), comprising over ten
thousand types. Their stability and unique properties make them widely used in
industrial and consumer products. However, many PFAS are persistent,
bioaccumulative, and toxic. The Stockholm Convention has banned long-chain PFAS
like perfluorooctane sulfonate (PFOS) as persistent organic pollutants, prompting
industries to adopt new PFAS alternatives. This study aimed to develop a novel
nontarget approach to identify emerging PFAS and their environmental degradation
products by liquid chromatography coupled to high-resolution mass spectrometry. A
distinct fragment- based approach has been established to identify the hydrophobic and
hydrophilic features of acidic and neutral fluorosurfactants through fragments and
neutral losses, including those outside the homologous series. This method introduces
the sulfonamido ethanol fragment [SO.NC2H4O]™ and the neutral loss of CH>CO; as
novel indicator. In a mixture of PFAS standards, 92% (36 out of 39 compounds across
11 classes) were detectable using the fragment-based nontarget procedure. This
demonstrates the method's effectiveness in identifying the hydrophobic and hydrophilic
properties of various fluorosurfactants. The semiconductor industry has claimed that

VI

doi:10.6342/NTU202402180



PFOS has been eliminated from semiconductor production; however, information about

the use of alternative compounds remains limited. Ten sewage samples from 5

semiconductor plants were analyzed with target and nontarget analysis. Among the 83

identified PFAS spanning 12 subclasses, 30 were identified for the first time. The

dominant identified PFAS compounds were C4 sulfonamido derivatives, including

perfluorobutane sulfonamido ethanol (FBSE), perfluorobutane sulfonamide (FBSA),

and perfluorobutane sulfonamido diethanol (FBSEE diol), with maximum

concentrations of 482 ug/L, 141 ug/L, and 83.5 ug/L in sewage, respectively.

Subsequently, three ultrashort chain perfluoroalkyl acids (PFAAs) were identified in

samples, ranging from 0.004 to 19.9 ng/L. Three effluent samples from the associated

industrial wastewater treatment plants (WWTPs) were further analyzed. This finding,

that the C4 sulfonamido acetic acid series constitutes a significant portion (65%—82%)

of effluents from WWTP3 and WWTP4, emphasizes the conversion of fluorinated

alcohols to fluorinated acids during aerobic treatment. The identification of the

intermediate metabolites of FBSEE diol, further supported by our laboratory batch

studies, prompts the proposal of a novel metabolic pathway for FBSEE diol. The total

amount of perfluorobutane sulfonamido derivatives reached 1934 pg/L (90%), while

that of PFAAs, which have typically received attention, was only 205 pg/L (10%). This

suggests that perfluorobutane sulfonamido derivatives are emerging as a new trend in
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fluorosurfactants used in the semiconductor industry, serving as PFAS precursors and

contributing to the release of their metabolites into the environment.

Keywords: Per- and polyfluoroalkyl substances, PFAS, Semiconductor industry,

Perfluorobutane sulfonamide, Perfluorobutane sulfonamido ethanol, Perfluorobutane

sulfonamido acetic acid, Metabolites, Precursors
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1. Introduction

1.1. Background

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are a diverse class of
chemicals that have been produced and widely used in industrial and commercial
applications including in coatings for paper, cookware, carpets, textiles and leathers, or
used as lubricants, surfactants and firefighting foams since 1950."> PFAS have an
aliphatic carbon backbone in which hydrogen atoms have been completely (prefix: per-)
or partially (prefix: poly-) replaced by fluorine. The perfluoroalkyl (CnF2n+17) moiety
provides hydrophobic and lipophobic properties.> The Organization for Economic Co-
operation and Development (OECD) expanded the scope of fluorochemicals in its 2021
revision of the PFAS definition, classifying PFAS as fluorinated substances with at least
one fully fluorinated methyl (-CF3-) or methylene (-CF»-) carbon atom.* The carbon-
fluorine bonds are very difficult to break and resistant to physical, chemical, and
biological degradation. These properties make PFAS extremely thermally and
chemically stable. For numerical uses, one end of PFAS is functionalized to polar
groups, such as carboxylic acid, sulfonic acid, or sulfonamide, which can make them
highly polar and chemically unique. Perfluoroalkyl carboxylic acids (PFCAs) with 7 or

more perfluorinated carbons and perfluoroalkane sulfonic acids (PFSAs) with 6 or more
1
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perfluorinated carbons are considered to be ‘long-chain’ PFAS.? PFAS, with fluorine-
substituted aliphatic carbon backbones, exhibit stability, low refractive index, and
hydrophobic/oleophobic properties,> making them valuable for surfactants and
coatings.® PFAS characterized by their functional groups and their structures are

summarized in Table 1.

Table 1 Groups and structures of PFAS

Group Abbreviations  Structure

Perﬂuor(.)alk).fl PFCAs l‘: ) /o

carboxylic acids Etlecl ¢
]S

Perfluoroalkane PFSAs

sulfonic acids

LFJnO
Fluorotelomer FTCAs F~ T p N
carboxylic acids e lolls C/
N
FlalHIm ©

Fluorotelomer FTSAs
sulfonic acids

Fluorotelomer FTUCAs "F| F H o
unsaturated r c‘: (‘::c|: - c/
carboxylic acids l\: \o—
- T Jn-1
Perfluoroalkane FASAs [ T i (‘T H
. /
sulfonamides Fcl g N
IR
F

R=H, Me, Et
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Group Abbreviations  Structure
Perfluoroalkyl FASEs "F| o CH,CH,OH
sulfonamide ethanols . c‘: ! 0
| \
Flh0 R
R=Me, Et
Perfluoroalkyl FASAAS F| o CH,COOH
sulfonamido  acetic . c‘: ! it
acids | | \
FlpO R
R=H, Me, Et
Fluorotelomer FTOHs Fl [H
alcohols E ‘C L OH
|||
FlnlHlm
Perfluoroalkyl PFPA 'F] o
phosphonates F ——‘c—— ‘F‘,_ OH
|
LFJn OH
Perfluoroalkyl PFPiA [F] O [F
phosphinates Fol c‘: 1 ‘F‘, ‘C F
[ |
LFJn OHLFJp
Mono-substituted PAP [F ] [H] 0
polyfluorinated el ‘C 11 ‘c——o . i‘,i OH
phosphate esters | | |
LF JnlH]m OH
Di-substituted diPAP F| [H o] H] [F]
polyfluorinated F—tod L——o - ,L_ o Ccl clF
phosphate esters | |
FlnlH]m OH CHmlF Jn

Based on Gliige et al.'s analysis’ of the SPIN database®, Figure 1 illustrates PFAS

usage in Sweden, Finland, Norway, and Denmark from 2000 to 2017. It emphasizes a

significant role of PFAS in plastic and rubber manufacturing, the electronics industry,
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and coatings and paints. These three sectors consumed over 3000 tonnes of PFAS

collectively. Additionally, approximately 1500 tonnes were used in construction and as

lubricants, with another 1200 tonnes in the chemical industry. Non-polymeric PFAS

usage in Nordic countries totaled 6300 tonnes, with 90% comprised of 1H-

pentafluoroethane, a hydrofluorocarbon and greenhouse gas. The majority of the

remaining non-polymeric PFAS, over 70% (470 tonnes), was utilized in flame

retardants and extinguishing agents. Polymers were primarily used in plastic and rubber

manufacturing, coatings and paints, lubricants, and the chemical industry.

5000

4000

3000
2000
.
1000 I
11
S 3

Total amount [tonnes]

® Non-polymers

Polymers

Figure 1 The database® reports PFAS usage in Sweden, Finland, Norway, and Denmark
from 2000 to 2017. Dark backgrounds in the data indicate industrial branches, while

light grey backgrounds represent other use categories.’
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In 2000, a major U.S. manufacturer (3M Company) proclaimed a voluntary phase-
out of perfluorooctane sulfonate (PFOS) and PFOS-related products as well as other
long-chain PFAS including perfluorooctanoic acid (PFOA) and perfluorohexane
sulfonate (PFHxS). The aroused concerns were based on the analytical results showed
these persistent compounds could be detected at low levels in the environment and in
humans.> In 2006, the United States Environmental Protection Agency (USEPA)
announced a Product Stewardship agreement with 8 global manufacturing companies
who pledged to reduce PFOA emissions and product content by 95% in 2010 and work
towards its disappearance by 2015.%!9 Under the Toxic Substances Control Act (TSCA)
Section 8(a)(7), USEPA mandates reporting regulations for PFAS in 2023, requiring
manufacturers and processors to submit detailed information on PFAS substance usage
from 2011 to 2022, covering identification, applications, quantities, environmental
impacts, and health effects.!'The European Union (EU) has progressively regulated
PFOS, PFOA, and PFHxS along with their salts and related compounds through a series
of amendments to Regulation (EU) 2019/1021,Regulation (EU) 2020/784, and
Regulation (EU)2023/1608, effective from 2019 to 2023. PFOS, its salt, and its
precursor, were listed as a persistent organic pollutant (Annex B) by the Stockholm
Convention in 2009. PFHxS including its salts and over one hundred PFHxS-related

compounds, defined as structures containing CsF13 capable of degrading into PFHxS,!?

5

doi:10.6342/NTU202402180



have been listed in the Stockholm Convention to restrict and eliminate their use since
2022.

Historically, numerous manufactures used long chain PFCAs and PFSAs in their
production process.!>!* Since 2000 there has been an on-going industrial transition to
replace long-chain PFCAs and PFSAs with shorter-chain PFCAs, PFSAs, and other
types of (non)fluorinated alternatives.'> Nowadays, information on these substitutions
including their chemical identities, has not been published or made easily accessible to
the public. Wang et al. have arouse three points need to be intensified: (i) “developing
accurate analytical techniques for alternatives that can be used for further laboratory
testing and field monitoring of these chemicals”; (ii) “developing more sophisticated
study designs and data analysis for environmental fate, toxicity and bioaccumulation
studies to facilitate up-to-date regulatory decisions”; and (iii) “developing a new
industrial ecology where the latest scientific findings can be readily implemented in the
product design phase to develop materials with similar function, but with negligible
hazardous properties”.!>16

In recent years, the semiconductor industry has represented approximately 13-15%
of Taiwan's gross domestic product (GDP).!” Between 2018 and 2022, Taiwan's

semiconductor industry saw substantial growth, with its output nearly doubling from

$87.0 billion to $162.5 billion, as indicated in Table 2. Manufacturing accounted for

6
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the largest portion of Taiwan's semiconductor output in 2022, representing 60 percent.

Design followed as the second largest segment, comprising 25 percent.!”

Table 2 Taiwan semiconductor industry segment outputs, 2018-2022, in billions and

percentages.!”18
Segment 2018 2019 2020 2021 2022
Design 213 22.4 29.0 43.5 414
Manufacturing, including: 49.3 47.7 61.9 79.8 98.1
Foundry 42.7 42.5 55.4 69.5 90.2
Memory and other 6.7 5.2 6.5 10.3 7.9
Packaging 11.4 11.2 12.8 15.6 15.7
Testing 4.9 5.0 5.8 7.3 7.3
Total industry output 87.0 86.4 109.6 146.1 162.5

In the semiconductor industry, IC manufacturing involves a key process of
photolithography that transfers specific patterns onto a wafer, enabling the fabrication
of microchips with extremely small patterns,'® which is illustrated in Figure 2. The
processes of constructing these circuits layer by layer on a silicon wafer substrate,
which involve the significant use of PFAS.%2021.22 PFAS serve as essential components,
such as photo-acid generators (PAGs), photosensitizers, anti-reflective coatings (ARCs),
etching solutions and rinse surfactants.®’2 These functionalities will be further
explored in detail in the subsequent literature review. PFOS served as a surfactant in
buffered hydrofluoric acid (BHF) for etching silica dioxide,?? acting as a PAG® and

contributing to the low refractive index in ARCs,?* while perfluorooctanoic acid (PFOA)
7
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was reported as a PAG in photoresist.’ PFOS was found to be the dominant constituent
in photolithographic wastewater (12.6 mg/L) and in semiconductor effluents (up to 0.13
mg/L).!3 PFOS was declared eliminated from semiconductor manufacturing by the
World Semiconductor Council (WSC) in 2017, and there is a commitment to phase out
PFOA and related substances by 2025.2* The industry has shifted toward primarily

23.24 and non-PFAS surfactants, such as

using short-chain PFAS-containing materials
silicone-based ones.” Despite this transition, literature on the discovery and
investigation of alternative compounds remains limited, which makes the
semiconductor industry a potentially essential but unexplored source of nontarget
PFAS.?>26 Previous studies identified ultrashort and short per and polyfluoroalkyl acids

(PFAAs) in wastewater from electronic fabrication facilities,?6-

suggesting the
adoption of shorter chain structures for some PFAS alternatives.?> Prior nontarget
analysis disclosed per- and polyfluoroalkyl ether acids (PFECAs) in electronic
wastewater, linked to fluorotelomer-based acrylate polymers in photoresists.?® While
PFAAs typically receive attention,?®?” neutral and slightly acidic PFAS, such as

perfluoroalkane sulfonamide (FASAs) and perfluoroalkane sulfonamido substances,

remain underexplored and warrant further investigation.
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Figure 2 Overall process flow diagram of semiconductor manufacturing (OECD,

2010)28

To comprehend the unknown sources of PFAS, high-resolution mass spectrometry

(HRMS) has been used in several fields for suspect and nontarget screening of PFAS.

The workflow of nontarget identification, including mass defect identification,?”

homologous pattern recognition,’® characteristic in-source fragment identification,!

characteristic fragment ion flagging,*? and fragment mass difference measurements,>”

is critical for discovering PFAS. Mass defect and homologous patterns are powerful

tools in finding undiscovered PFAS in fluorochemical factories,** landfills,*> municipal

9
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WWTPs,3¢ and organic waste products®’ due to the presence of a series of homologous
substances. However, industrial chemicals are functionalized diversely and uniquely;
thus, homologs with similar structures are less likely to occur in industrial
manufacturing. Some substances are problematic to identify via homologous patterns
when the series contains only two homologs in wastewater from the electronics
industry.?® Thus, a versatile fragment-based approach is anticipated to excel in
discerning functionally distinct PFAS, including those outside conventional
homologous series.

This study aimed to develop a nontarget approach to discover PFAS substitutions
in semiconductor manufacturing. Thus, a novel approach based on fragment and neutral
loss screening of the hydrophilic and hydrophobic features of fluorosurfactants with
high-resolution mass spectrometry has been established to simultaneously investigate
acidic and neutral PFAS. Chemicals used in industrial processes exhibit diverse and
precise functionalizations, leading to various reactions such as hydration, oxidation,
and deamination in complex sewage mixtures.* 3° This distinctive method led to the
discovery of numerous PFAS compounds that do not fit within homologous series. In
this study, ten sewage samples from five semiconductor plants and three effluents from
their associated wastewater treatment plants (WWTPs) were analyzed to identify

PFAS-related byproducts, transformation products from oxidation, and diverse reaction

10
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products from semiconductor manufacturing Prior research has explored the
environmental presence, toxicity, and transformation of PFAAs precursors,?%4%16 but
there is a limited focus on the metabolic pathways involved in their
biotransformation.?®#! Therefore, this study contributes to the field by identifying PFAS
precursors in semiconductor manufacturing and their transformation products during
WWTP procedures. Notably, we introduce a novel aspect by proposing the metabolic

pathway of fluorinated diol.

11
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1.2. Hypothesis

Hypothesis 1 A ‘fragment-based approach’ serves as a solution for the challenging
identification of certain substances containing only two homologs via the
conventional homologous patterns approach.

Hypothesis 2 In semiconductor supply chains without substitutes for PFAS,
alternatives may include short-chain PFAS, modified perfluorinated
chains, or altered functional headgroups.

Hypothesis 3 PFAS precursors can transform into ‘degradation products’ during

wastewater treatment, then enter the environment.

1.3. Objectives

This study aims to develop and apply an analytical method for detecting and
identifying emerging PFAS and their degradation products in the environment. Due to
the vast number of PFAS species (>10,000) and the scarcity of commercial standards,
acquiring authentic standards for emerging PFAS has been challenging. Therefore, a
detection technique “independent of authentic standards” is required. HRMS allows for
the target analysis of PFAS with predictable molecular formulas and enables non-target
analysis by collecting all m/z peaks and specific MS2 fragments. A versatile fragment-

based approach using HRMS is expected to excel in discerning functionally distinct

12
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PFAS through fragment and neutral loss scanning modes, including those outside
conventional homologous series. Given the critical role of specific PFAS in
semiconductor manufacturing and the limited non-PFAS substitutes for chip
production,>® PFAS are inevitably present in semiconductor discharge. Thus, sewage
samples from semiconductor plants were collected as a case study to identify emerging
PFAS wusing this novel approach. Additionally, PFAS precursors and their
transformation products in effluents during wastewater treatment procedures were
studied and the metabolic pathway was further verified. The specific objectives of this
study are as follows:

1. Develop a novel fragment-based approach for nontarget analysis of PFAS.

2. Investigate emerging PFAS in sewage samples from semiconductor plants.

3. Identify degradation products of PFAS precursors in WWTP effluent samples

and propose a metabolic pathway.

1.4. Dissertation overview

This dissertation is presented in six chapters. Chapter 1 introduction of this thesis
providing the background, motivation, hypotheses and framework. Chapter 2 is the

literature review of this work. Chapter 3 describes the experimental methods, and lists

13
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the required chemicals/materials. Chapter 4 gives the experimental results and

discussion of this study. Chapter 5 summarizes the major results of this dissertation in

conclusion section, and shows the environmental implications and suggestions. The

references supporting this work are located in Chapter 6.

The content of this dissertation has been publishing in Environmental Science and

Technology 2024, 58, 3, 1648—1658 under the title of " Emerging Perfluorobutane

Sulfonamido Derivatives as a New Trend of Surfactants Used in the Semiconductor

Industry" and Sustainable Environment Research 2024, 34, 14 under the title of "

Comprehensive Nontargeted Analysis of Fluorosurfactant Byproducts and Reaction

Products in Wastewater from Semiconductor Manufacturing"

14
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2. Literature Review

2.1. Alternatives to Long-chain PFAS

According to Decision SC-9/4, PFOS, its salts, and its precursor PFOSF were
revised in Part III of Annex B to the Stockholm Convention, detailing updated
exemptions and acceptable uses. These include the use of insect baits containing
sulfluramid (CAS No. 4151-50-2) to control leaf-cutting ants, approved solely for
agricultural purposes. Exemptions also apply to PFOS in closed-loop metal plating
systems, particularly hard-metal plating, and its use in fire-fighting foam for
suppressing liquid fuel vapor and extinguishing Class B fires, in both mobile and fixed
systems. These amendments took effect in December, 2020.%

PFOA, its salts, and related compounds are tightly regulated under Annex A,
mandating their removal. Nevertheless, specific exemptions allow for their utilization
across a range of applications, such as semiconductor manufacturing, medical devices,
firefighting foam production, high-voltage transmission cables, fluororubber, and
industrial sealants, among others. These exemptions grant extended usage until 2025-
2036, depending on the specific activity.*?

For the safety of the environment and human health, it is crucial to consider

potential fluorinated alternatives to long-chain PFAS in industries such as
15
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semiconductor, textiles, food packaging, and metal plating industry. Here, we

summarize publicly accessible information on the production and use of fluorinated

alternatives in these various industrial sectors.

16

doi:10.6342/NTU202402180



2.2. Surface Treatment of Textile, Leather and Carpets

Fluorinated finishes are a technology known to deliver durable and effective oil
and water repellence and stain and oil release properties. Historically, fluorinated
polymers based on PFOS electrochemical fluorination chemistry have been used. In
addition, fluorotelomer-based polymers have also been produced.* In 2006, the
European Parliament and the Council of the European Union jointly published the
Directive on the Restriction of Sale and Use of PFOS (2006/122/EC), and prohibits the
sale of substances containing PFOS as ingredient or elements in amount of or above
0.005% (50 ppm) of total mass or concentration, or finished or semi-finished products
or parts and components containing PFOS in amount of or above 0.1% (1000 ppm) of
total mass or concentration. The Directive became effective from the date of publication,
and the member countries shall implement related restrictions from June 27, 2008.44

According to Stockholm convention, PFOS, its salt, and its precursor cannot be
produced or used anymore in specific industries in 2015. For examples, Substances
based on acrylate, methacrylate, adipate and urethane polymers of N-ethyl
perfluorooctanesulfonamidoethanol (EtFOSE) can no longer be used in this
application.* According to the survey of Wang et.al,'> since 2003, 3M has

commercialized a series of surface treatment products such as Scotchguard PM-3622

17
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(CAS No. 949581-65-1), PM-490 (CAS No. 940891-99-6) and PM-930 (CAS No.
923298-12-8) containing C4 (C4F9SO») side-chain fluorinated polymers*® to replace
PFOS based chemicals. Some producers in China and Italy have initiated the production
of perfluorohexane sulfonyl fluoride (PHXSF, CsF13SO2F)-based derivatives as
alternatives in surface treatment products, but these can degrade into PFHxS in the
environment !! and are thus considered as long-chain PFSA precursors.'!

Other fluorotelomer manufacturers have developed products based on highly
purified fluorotelomer raw materials (mostly 6:2), including copolymers derived from
6:2 fluorotelomers and organosiloxane (Unidyne ® TG-5521 developed by Daikin and
Dow-Corning (Dow Corning, 2007)).!> According to the survey of 14 samples of textile
by Nortic,* fluorotelomer alcohols (FTOHs) were found in eight of the 14 samples.
The highest concentration of FTOHs was 464 ug/m?. Test results showed that some
manufacturers are already using C6 telomer alcohols (i.e. 352 pg/m? of 6:2 FTOH).
Long-chain C10 telomers were also used in the products (10:2 around 200 pg/m?). Next
to the FTOHs, fluorotelomer acrylates (FTAs), also known as polyfluorinated acrylates,
were also detected in some samples (8:2 and 6:2). These acrylates are intermediates in
the production of fluorinated polymers. Like the C8 telomers, they can be converted

into PFOA through oxidation.*
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2.3. Food Packaging

In terms of oil and water repellency, it is well recognized in the paper industry that
phosphate-based fluorinated surfactants provide good oil repellency but have limited
water repellency.®® Acrylate polymers with fluorinated side chains derived from
sulfonamido alcohols and fluorotelomer alcohols are the most widely used polymers
because they deliver oil, grease, and water repellence.*? Fluorinated surfactants have
been evaluated for paper uses since the early 1960s. From 1974 until 2002, 3M
Company produced phosphate diesters (SAmPAP, e.g., FC 807, CAS No. 30381-98-7,
based on EtFOSE) and perfluorooctane sulfonyl fluoride (POSF) -based side-chain
fluorinated polymers (e.g., CAS No. 92265-81-1) which were used commonly in food
contact materials. SAmPAPs have only recently been detected in environmental
samples as mono- and di-esters (SAMPAP and diSAmPAP respectively) and they are
also potential Perfluorooctane sulfonate (PFOS) precursors. After 3M Company ceased
its production of SAmPAP,*’ there is no evidence that from perfluorobutane sulfonyl
fluoride (PBSF) -based derivatives are used as alternatives.'> PAPs/diPAPs were then
substituted for SAmPAPs and used in food-contact paper products and as levelling and
wetting agents.'*

U.S. Food and Drug Administration (FDA) has subsequently amended the food
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additive regulation !! that these food additive containing extended perfluoroalkyl chains
> eight carbons in length and as such are long-chain PFAS are no longer authorized.
Since then, major manufacturers, in conjunction with global regulators, have agreed to
discontinue the manufacture of “long-chain”-based fluorinated products and move to
“short-chain”-based fluorinated products.** Nowadays fluorotelomer manufacturers
have developed products based on 6:2 fluorotelomers to replace their earlier products
(both side-chain fluorinated polymers and diPAPs) that were based on longer-chain

fluorotelomer derivatives.*®
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2.4. Metal (chromium) Plating

Fluorinated surfactants are able to lower the surface tension in chrome acid baths
used for chrome plating by forming a thin foamy layer on the surface of the chrome
bath. This mist suppressant layer dramatically reduces the formation of chromium-(VI)
aerosols, which are well-known as carcinogenic, sensitizing and dangerous for the
environment.*” The challenges to this application are to have a surfactant that are stable
in the presence of hot chromic acid and can resist decomposition during the electrolysis
as well. Under these demanding conditions perfluorinated surfactants such as PFOS is
stable and maintains its activity under a long period.*3

Historically, salts of PFOS have been used as wetting agents and mist-suppressing
agents in decorative plating and non-decorative hard plating. In Europe, salts of 6:2
fluorotelomer sulfonic acid (6:2 FTSA) are applied as alternatives to PFOS. However,
due to its slightly higher surface tension compared to PFOS,'> 6:2 FTS cannot
thoroughly substitute for PFOS, especially in the process of non-decorative hard plating.
Tetracthylammonium perfluorobutyl sulfonate (N(Et)s -PFBS CAS No. 25628-08-4) is
also registered for metal plating under Registration, Evaluation, Authorization, and
Restriction of Chemicals (REACH) with a production volume of 1-10 tonnes per

annum>® to replace PFOS. In China, several producers have used F-53 (salts of
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CsF130CF2CF2SO3H, CAS No. 754925-54-7) and F-53B (Cl-C¢F12OCF,CF2SO:K,

CAS No. 73606-19-6, also named as 6:2 CI-PFESA)."”

2.5. Semiconductor industry

In the semiconductor industry supply chain, the design of integrated circuits (ICs)
constitutes the upstream sector, the manufacturing of ICs is the midstream sector, and
the packaging and testing of ICs form the downstream sector. Photolithography is a
process that transfers specific patterns onto a wafer. It can create incredibly small
patterns, even down to a few tens of nanometers in size, to fabricate billions of
transistors and interconnected wiring in microchips. The process of constructing these
circuits layer by layer on a silicon wafer substrate, involving the use of PFAS, follows
standard procedures in a semiconductor fab. Figure 3 illustrates the mid-stream

semiconductor supply chain in IC manufacturing and highlights the roles of PFAS.5

19,20

e  Oxidation- Diffusing O> or H>O vapor into a silicon wafer to create a protective
SiO; layer on the wafer surface.

e  Photoresist application and exposure- A photoresist polymer is coated onto a
wafer and then baked to form a solid film. The coated wafer is exposed through a
patterned photomask using specific wavelength light. Reflectivity can be an issue
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during this exposure, so an ARC helps absorb light and reduce reflections. If

applied after the photoresist, it is called a top anti-reflective coating (TARC), and

if applied before, it is a bottom anti-reflective coating (BARC).

Development- Following exposure, the coated wafer proceeds to development,

where exposed regions dissolve while others create a protective coating, resulting

in a patterned photoresist.

Etching- It can be performed in a wet process using acids, bases, or liquid solvents

in a tank or in a dry process using various plasma-forming gases in a vacuum

chamber.

Assembly, test and packaging- A semiconductor package protects

semiconductor devices from the environment, connects them to printed circuit

boards (PCBs), and involves wafer inspection, dicing, packaging in materials such

as plastic, ceramic, or metal, and shipping for product integration.
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IC Design The roles of PFAS
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Figure 3 Illustration of the semiconductor supply chain of IC manufacturing and the

roles of PFAS

2.5.1. PFAS Used in Photoresists

PFAS plays a pivotal role in the realm of photolithography, particularly in the

formulation of photoresists. Here's an introduction of the application of PFAS in

photoresists.
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1. Certain deep ultraviolet (DUV) photoresists require DUV-sensitive PFAS-

containing PAGs to provide the necessary strong acidity.

2. DUV photoresists typically contain small amounts of PFAS compounds as

photosensitive agents to increase the photosensitivity of photoresist.

3. Some formulations of DUV photoresists also include PFAS-containing

surfactants to improve surface coating uniformity and reduce line collapse.

2.5.1.1.Photo-acid generator (PAG) in Photoresists

In semiconductor, development of smaller features on the surface of a silicon
wafer are enabled by photoresists which are light sensitive polymer coating on the
silicon wafer. Light exposure changes the solubility of the photoresist enabling to
develop (etch) the small circuit features. Photoresists require the use of PAGs to
increase their sensitivity to allow etching images smaller than the wavelength of visible
light. PAGs are essential in semiconductor photolithography and the patterning
performance of PAGs depends on their ability to interact with photons and dissociate
to form catalytic photoacids. Typical polar ionic PAGs consist of a photosensitive cation
and an acidic counter-ion which releases when exposed to light (Figure 4). Historically,

the photo-acid generator was PFOS or a PFOS-related substance. The PFOS or PFOS-
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related substance concentration was in the range of 0.02wt% to 0.1wt% for
photoresists.* The industry aimed to replace longer-chain PFAS materials with shorter-
chain alternatives, such as four-carbon (C4) or single-carbon (C1) PAG anions, for
example, perfluorobutane sulfonate (PFBS). However, the prospect of fully eliminating
PFAS-containing materials from PAGs remains uncertain. Studies comparing non-
PFAS PAGs in krypton fluoride (KrF) photoresists have shown that non-PFAS
alternatives fall short in critical properties such as photospeed, diffusivity, transparency
at exposure wavelengths, solubility, and temperature stability. Currently, no available
or experimental replacement molecules match the performance of existing PFAS PAGs,
especially for 193-nm PAGs, which require very strong acids. There are concerns that
finding suitable non-PFAS solutions for some applications may be chemically

impossible.?°

photoacid
generator

developer- insoluble developer- soluble
polymer polymer
+H

100 - 10,000 cycles
Figure 4 Basic scheme of photoresists: The solubility of a polymer (photoresists)
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changes during a dark reaction due to the action of a photoacid catalyst formed from

the photolysis of a PAG.?°

2.5.1.2.Photosensitizer in Photoresists

Photosensitive agents, crucial components in photoresist formulations, are often
based on PFAS-free chemistry to ensure optimal photosensitivity. However, in some
cases, particularly in DUV photoresists, DUV-sensitive PFAS-containing PAGs are
required to provide the necessary strong acidity for the lithographic process. These
DUV photoresists typically contain small amounts of PFAS compounds as

photosensitive agents (<1% wt) to increase the photosensitivity of the photoresist.®’

2.5.1.3.Surfactants in Photoresists

PFAS serves as a surfactant in photoresists, ensuring even distribution of the resist
material, enhancing pattern clarity, reducing defects, and preventing line collapse.
Specifically, these molecules are highly effective at protecting photoresists during
immersion lithography while not swelling the photoresist. They form extremely

effective surfactants compared to quaternary amines, carboxylates and sulfonates. ¢

2.5.2. Anti-reflective Coatings (ARCs)

ARC:s are often used to help reduce blurred images. Two types of ARCs are used:

TARCs, applied after the photoresist, and BARCs, applied before the photoresist.
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Typically, the concentration of PFOS and/or PFOS-related substances in ARC

formulations is around 0.1 wt%.*

2.5.3. Developer Rinse Solution

Developer rinsing solutions in photolithography often contain PFAS-containing
surfactants. These surfactants serve crucial roles in the development process by
effectively reducing the surface tension between adjacent patterned features, thereby
preventing toppling or tipping of the pattern. Efforts to replace some PFAS surfactants
with silicon-based alternatives and remove PFAS from aqueous developer solutions
have been ongoing for over seven years, according to research by the PFAS Alliance in
2022.% However, a universally applicable alternative solution is currently lacking,
particularly in cutting-edge technologies where PFAS-containing surfactants
significantly enhance performance at scales of 3 nanometers or below. Thus,
comprehensive conversion may not be feasible for all applications due to material

specificity.

2.5.4. Etching Agent for Semiconductor

BHF, or Buffered Oxide Etch (BOE), is an aqueous etchant used in semiconductor
fabrication to selectively etch silicon dioxide and silicon nitride; as well as for stripping

photoresist (the removal of photoresist and BARC from a wafer surface). It consists of
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hydrofluoric acid and ammonium fluoride, with proportions adjusted for specific

etching needs. Surfactants are sometimes added to improve wetting, penetration, and

7,22

mass transport. Key factors necessitating the use of fluorinated surfactants include:

e Resistance to Decomposition: Fluorinated surfactants must withstand

chemically reactive conditions (acidic, basic, oxidizing, or reducing) due to

the exceptionally strong carbon-fluorine bonds.

e  Low Surface Tension: These surfactants achieve very low aqueous surface

tensions much lower than hydrocarbonsand other materials, due to their low

polarizability, high molecular surface area, and the unique conformation of

their perfluorocarbon tail groups.

e Stability at Low pH: Fluoroalkyl acid surfactants have near-zero acid

dissociation constants (pKa), ensuring their headgroups remain ionized and

hydrophilic even at very low pH levels.

e  Activity in Nonaqueous Media: Surfactants with perfluorinated tail groups

are both oleophobic and hydrophobic, maintaining surface activity in

nonaqueous environments.

e  Low refractive index: The properties of fluoroalkyl chain provides the

ability to reduce the reflection of the etching solution:

Previously, PFOS was used as a surfactant but has been replaced with
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alternatives.** According to information provided by the World Semiconductor

1’24

Council,** non PFOS-based surfactants such as short-chain perfluoroalkyl sulfonates

are alternatives in use.
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2.6. Pretreatment for Concentration of Environmental Samples

Solid phase extraction (SPE) is used widely as the sample preparation technology
for environmental samples. SPE is a process to concentrate and purify samples for
analysis. The principle of SPE is similar to that of liquid-liquid extraction (LLE). It
involves partitioning between a liquid (sample matrix or solvent with analytes) and a
solid sorbent phase (Figure 5). First, the suitable solid sorbent will be selected and
conditioned the sorbent using an appropriate solvent to make them able to interact with
the sample. Then pull the matrix to flow through the solid sorbent using gravity or a
pump. During this step, the analytes as well as some matrix components are retained
and thus concentrated on the SPE packing material and some interferences which could
not be retained would be flushed. Successively, the analytes and interferences
separation could be obtained by selective washing or selective elution. Selective
washing is accomplished when the target analytes and the impurities are retained on the
sorbent bed: the impurities will be rinsed through with wash solutions but weak enough
to leave the analytes behind. Differently, selective elution consists in the elution of the
adsorbed compounds of interest by a solvent that leaves the strongly retained impurities
behind. Finally, the elution would be collected, dried under a gentle stream of N> and

analyzed.”!
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Figure 5 Schematic representation of SPE procedure”!

PFAS such as PFOS or PFOA are very strong acid. To extract strong acid from the
matrix, the stationary of SPE is usually chosen to be anion exchange sorbents (Figure
6). Anion exchange sorbents are derivatized with positively charged functional groups
that interact and retain negatively charged anions, such as PFOS and PFOA. Oasis
WAX (Waters company) is a mixed-mode sorbent that combines weak anion exchange
and reversed-phase characteristics. According to the pKa + 2 rule, Oasis WAX contains
secondary/tertiary amines with a pKa of 6,2 making them fully positively charged at
pH values below 4 and completely uncharged at pH values above 8 (Figure 7). Thus,
the capture strategy for these compounds involves conducting the loading and washing

steps at a pH below 4, specifically adjusted to 3 in this study. Weakly acidic PFAS, such
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as 6:2 FTSA, probably stayed unionized at pH 3, and, along with neutral PFAS
compounds, are retained by the reversed-phase sorbent. Conversely, this approach
means that compounds with a positive charge could not be adsorbed during the loading
step and were consequently removed in the pretreatment process. Elution was carried
out with MeOH at a neutral pH to release neutral PFAS compounds, such as FASAs.
Subsequently, the sorbent becomes uncharged at a high pH achieved through elution
with a solution of 2% NH4OH in MeOH. Once the charge is neutralized, the
electrostatic interaction between the analyte and the stationary phase no longer exists
and the analyte will elute from the cartridge resulting in the release of negatively

charged chemicals such as strong acids.

Oasis® HLB
Water wettable O/\

Stable across pH 1-14 PFAS
No silanol interactions

Hydrophilic

Retention of Polars

Lipophilic .
(K 2~ RpRetention  Oasis® WAX

p pKa ~6
0.6
N O . meq/g

PFAS, as neutral o - o .
Sbsorbed by the T | are absorbed by
absorbed by the ¢ H ] y
reversed phase. @ amines

Figure 6 SPE absorbent serves as a weak anion exchanger with a reversed phase for

the absorption of PFAS*2
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Figure 7 SPE absorbent as weak anion exchanger with reversed phase®
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2.7. Detection and Discovery of PFAS and Their Alternative

The increased availability of HRMS in chemical analysis has dramatically
improved the detection and identification of compounds in environmental samples.
HRMS makes the characterization of unknown compounds possible based on the
inherent combination of high spectral resolving power (RP) (i.e., RP > 10,000) and high
mass accuracy (i.e., < 5 parts-per-million (ppm)). 3!,3 This enables the assignment of
molecular formulas to observed m/z peaks (exact mass), for example, by using
quadrupole time-of- flight mass spectrometry (QTOF-MS). In highly complex matrices,
high mass resolving power (RP > 100,000) can provide additional discovery power by
further baseline resolving the features in mass spectra, allowing minor analytes to be
uncovered and thus their chemical formulas to also be predicted. Technologies that are
capable of HRMS include orbitrap (Orbitrap-MS) and Fourier-transform ion cyclotron
resonance (FTICR-MS).3!

Schymanski et al. provided three main approaches towards substance
identification in HR-MS analysis which are summarized here with some additional
nuances:>* (i) target screening involves a reference standard measured in-house under
the same analytical conditions such that retention time (RT), HRMS and, where

possible, (HR-)MS/MS information is available for identification and confirmation. (i)
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suspect-target screening is performed when prior information (from various sources,
discussed in greater detail below) indicates that a given structure may be present in the
sample. Thus, while no reference standard is available, the exact mass and isotope
pattern calculated from the molecular formula and plus/minus the expected adduct(s)
of the suspect substance can be used to screen for this substance in the sample. (iii) non-
target screening involves all remaining components detected in a sample where no prior
information is available. As no structural information is available in advance, a full non-
target identification starting from the exact mass, isotope, adduct and fragmentation
information needs to be performed.

Figure 8 illustrates the confidence levels (CLs) for identifying small molecules
using HRMS and outlines the minimum data requirements for each level, as provided
by Schymanski et al.’> Level 1 (Confirmed structure) relies on reference standards,
requiring MS, MS?, RT, and reference standards. Level 2 (Probable structure) can be
identified via library spectrum match or diagnostic evidence, requiring MS, MS?, and
either library MS? or experimental data. Level 3 (Tentative candidates) involves
potential structures, substituents, or classes, needing MS, MS?, and experimental data.
Level 4 (Unequivocal molecular formula) requires MS isotope/adduct data to determine
the exact molecular formula. Level 5 (Exact mass) simply requires MS to identify the

exact mass of interest. The note emphasizes that MS? can denote any form of MS
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fragmentation.

Example Identification confidence Minimum data requirements

Level 1: Confirmed structure MS. MS2. RT. Ref std
by reference standard ! e % DEISIenEe 2

Level 2: Probable structure
& a) by library spectrum match MS, MS?, Library MS?
b) by diagnostic evidence MS, MS?, Exp. data

Bttt Bl
1 1

1 [ 1

Eo%kﬂ"/ o i Level 3: Tentative candidate(s) MS. MS2. Bxo. dat
E g i structure, substituent, class i y 1P OaRd
L

i_c,.,Hsto4 :{ Level 4: Unequivocal molecularformula  MS isotope/adduct

i 192.0757 :{ Level 5: Exact mass of interest MS

Figure 8 Matrix of identification approach versus identification confidence’>

Nowadays, CLs are adapted from the upgraded classification by Charbonnet et
al.,’® which clarify and contextualize the previous guidelines by Schymanski et al.>
This study categorizes identification confidence from Level la to Level 5b based on
criteria such as accurate mass, mass defect, isotopic pattern match, consistent RT, and
evidence from homologous series and MS? fragments. Level 1a represents the highest
confidence, confirmed by a reference standard, while Level 1b indicates PFAS isomers,
differing in substitution positions, branching, or unsaturated bonds within their
fluorinated tails, are nearly indistinguishable by MS2 fragmentation alone. Levels 2a to
2c¢ involve probable identification based on a library spectrum match (Level 2a),

diagnostic fragmentation evidence (Level 2b), and diagnostic homologue evidence
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(Level 2c). Levels 3a to 3d include positional isomer candidates (Level 3a),

fragmentation-based candidates (Level 3b), circumstantial candidates with

fragmentation evidence (Level 3c), and circumstantial candidates with homologue

evidence (Level 3d). These levels rely on evidence from fragmentation patterns and

homologous series, with some reliance on in silico data for structural elucidation. Level

4 provides unequivocal molecular formulas, while Levels 5a and 5b are the lowest CLs,

based on exact mass matches with suspect lists or homologous series. This classification

system standardizes the communication of PFAS identification confidence via HRMS,

ensuring clarity and consistency in reporting. Notably, CL is determined by the number

of MS2 fragments, with a single fragment corresponding to CL3, while two or more

fragments are classified as CL2 or above. According to this classification, suspect

screening, which belongs to one confidence level of nontarget analysis, depends on the

availability of the MS2 library. In databases equipped with an MS2 library, the matching

is classified as CL2a. In databases that provide only 'formula' information without MS2

libraries, identification relying on formula matching (isotope pattern matching, MS1)

is classified as CL4. Therefore, based on the updated scope of identification, we have

divided our analysis into two aspects: target analysis and nontarget analysis.
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2.7.1. Nontarget Screening of PFAS and Their Alternative

PFAS are synthetic chemicals of significant concern due to their persistence and
potential health impacts. Most studies have focused on a few legacy and alternative
PFAS using targeted measurement methods, which capture only a small fraction of
these compounds. Therefore, advanced analytical techniques are crucial for identifying
both known and emerging PFAS. Nontarget analysis using ultra-high-performance
liquid chromatography (UHPLC) coupled with HRMS has emerged as a powerful tool

for detecting and identifying PFAS in various environmental samples.

2.7.1.1.Homologous Series and Mass Defect Analysis

One of the key strategies for nontarget screening of PFAS is the use of homologous
series and mass defect analysis. Homologous series recognition helps identify PFAS
compounds with repeating perfluorinated units, while mass defect analysis leverages
the unique mass differences to distinguish PFAS from other substances. These
approaches enhance the reliability and confidence in identifying PFAS in collaboration
with the compound’s RT in chromatography.

A study focuses on conducting target and nontarget analysis of PFAS in
wastewater from electronics fabrication facilities in the United States, employing a

homologous screening approach.?® The analysis identified 41 homologous series of
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PFAS, totaling 133 homologues, and proposed structures for 15 series, including six

newly identified ones. Notably, the study identified per- and polyfluoroalkyl ether acids

(PFECAS) in electronics fabrication facilities using a homologous-based approach

linked to fluorotelomer-based acrylate polymers used in photoresists. Challenges were

encountered in identifying substances based on homologous patterns, particularly in

instances where series contained only two homologs.

PFAS in 47 organic waste products (OWP) applied in French agricultural fields

were characterized, including both historical and recent materials.’” Enhanced

extraction methods and homologue-based nontargeted analysis with Kendrick mass

defect filtering, along with target/suspect-target screening, were employed. This

approach detected 160 PFAS across 42 classes. Agricultural wastes like pig slurry,

poultry manure, and dairy cattle manure showed low PFAS levels (median Y 46PFAS:

0.66 ng/kg dry matter), while higher concentrations were found in urban and industrial

wastes, paper mill sludge, sewage sludge, and residual household waste composts

(median ) 46PFAS: 220 pg/kg). Historical municipal biosolids and composts (1976—

1998) were contaminated with PFOS, EtFOSAA, and PFOS precursors. Contemporary

urban OWP (2009-2017) were dominated by zwitterionic fluorotelomers, comprising

on average 55% of Y 160PFAS (up to 97%). This study underscores urban sludges and

composts as significant reservoirs of zwitterionic and cationic PFAS, shedding light on
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their contributions to agricultural environments.

Suspect and nontarget screening of PFAS in wastewater from a fluorochemical
manufacturing park employed quadrupole time-of-flight tandem mass spectrometry.*
Potential PFAS homologues were identified based on mass differences of CF2
(49.99681 Da) or CH2CF2 (64.01246 Da), common in industrial PFAS synthesis. A total
of 90 PFASs across 15 classes were detected, including 12 legacy, 41 known, and 37
new PFAS. Wastewater treatment showed limited removal efficiency, with only one
PFAS class significantly reduced (fold change < 1/6), while four classes increased (fold

change > 6), potentially indicating precursor transformation.

2.7.1.2.Fragment-Based Screening

Fragment-based screening is another critical aspect for the nontarget screening of
PFAS. This technique involves analyzing the fragmentation patterns of PFAS in MS2
spectra to provide additional structural information. By investigating these
fragmentation patterns, researchers can corroborate the identities of PFAS compounds.

Yanna Liu et al.3! developed an analytical approach to discover and identify
emerging PFAS by in-source fragmentation flagging scans designed to yield marker
fragment ions including [C2Fs]™ (m/z 118.992), [C3F7]” (m/z 168.988), [SOsH]™ (m/z

96.959), and [Cl]” (m/z 34.9). For flagged PFAS, plausible empirical formulas were
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generated from accurate masses, isotopic patterns, and fragment ions. In the next step,

another injection was made to collect high resolution MS2 spectra of suspect PFAS ions,

allowing further confirmation of empirical formulas while also enabling preliminary

structural characterization. 36 new PFAS in an industrial wastewater were discovered

and of these, 26 were confidently assigned to 3 new PFAS classes that have not

previously been reported in the environment: polyfluorinated sulfates

([CoFn+3Hn2SO04]; n = 5, 7, 9, 11, 13, and 15), chlorine substituted

perfluorocarboxylates ([CICaF2:CO2]; n = 4 — 11), and hydro substituted

perfluorocarboxylates ([HCnF2n CO2]” ; n =15 — 16).

PFAS were discovered using non-targeted screening with Fragment Ion Flagging

(FIF), enabling identification at trace levels. Traditional techniques like homologous

series detection proved ineffective, while fragment-based mass spectrometry provided

a successful alternative. This study analyzed ion fragmentation spectra for characteristic

fragments ([CoF2n+1]7, [CoFan-1]7, [CaF2n-3]7, [CoFan-7]7, [CoFan-11]7, and [CnFant10]),

identified novel PFAS in surface water.’> By matching these fragments to their

precursor ions based on RT, 40 PFAS were tentatively identified in four surface water

samples from the Netherlands, including four newly discovered species not previously

documented. Eight of these PFAS, identified through FIF, do not belong to any

homologous series, underscoring the limitations of traditional non-targeted PFAS
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screening methods based on the homologous screening.

In the context of landfill leachates and groundwater, non-target analysis using
HRMS has been instrumental in detecting and identifying novel PFAS.3* Characteristic
fragments utilized for various classes of PFAS in negative ESI are documented in the
literature, such as [CnF2,+1] for PFCA, FSO;", SO3™ and [CuyFan+1]” for PFSA,
[CoFant1]” and [CuFan1]™ for H-PFCA, [ChFan1] for H-PFSA, [ChF2,+10] for 1:n
PFECA, and Cn:3HsNO4Fan+1S™ for N-methyl FASAAs, NO,S™ for FASA, [CnF2n-1]"
and [CyOF2,.1]" for H-PFESA, FSO3~, FSO,™ and [C,OF2,Cl]™ for CI-PFESA, FSO3~
and [CuF2n+1]™ for PFASI, etc. A total of 651 PFAS were identified, including 17 legacy
and 637 emerging PFAS, highlighting their occurrence in both raw and treated leachate

as well as groundwater.

2.7.2. Knowledge Gap for Current Nontarget Approach of PFAS

Based on the literature review for the nontarget approach of HRMS, several
knowledge gaps emerge in the field of PFAS analysis. Identifying substances via
homologous patterns is challenging when a series contains only two homologs.
Industrial chemicals are often functionalized diversely and uniquely, making homologs
with similar structures less likely to occur in industrial manufacturing. Additionally,
current approaches primarily utilize fragment-based screening focused on designing
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fluoroalkyl chain fragments, such as CnFon+1~ and CyF2n+107, with limited exploration

of PFAS with polar functional groups at the opposite end, such as carboxylic acid

(COOH). Moreover, while PFAAs typically receive attention, neutral and slightly

acidic PFAS such as FASAs and perfluoroalkane sulfonamido substances remain

underexplored. The development of characteristic fragments designed based on the

fragments of neutral PFAS is also rare in current research. Our study aimed to develop

a distinct fragment-based approach to identify the hydrophobic and hydrophilic features

of acidic and neutral fluorosurfactants through fragments and neutral losses, including

those outside homologous series.
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3. Experimental Section

3.1. Sample Collection

Ten sewage (wastewater) samples (nos. 184-187, no. 190, no. 191, nos. 194-197)
from semiconductor plants and three effluent samples (WWTP3, WWTP4, WWTP5)
from the three industrial WWTPs were collected in November 2020 and January 2021,
respectively (Figure 9). Sewage samples were obtained as grab samples from sewage
pipelines with flowing wastewater, while effluent samples were collected as grab
samples from the discharge points of the WWTPs. The factory's fabrication area for
certain processes, such as photolithography, was not accessible due to strict proprietary
confidentiality protocols. Instead, we collected sewage downstream of the factory
before it entered the main wastewater pipe. Therefore, the sewage specifically belongs
to each factory's wastewater. The effluents were collected from the discharge points of
the wastewater treatment plants where the activated sludge process was utilized in all
of the studied WWTPs. The maximum discharge capacities of the sewage and effluents
are provided in Table 3. Notably, our initial experimental design aimed to discover
novel PFAS compounds used in the semiconductor industry and to investigate PFAS in
the effluents of these industrial WWTPs; hence, influent samples were not included in

our collection. The samples were stored in 1 L polypropylene bottles and shipped to the
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laboratory at 4 °C prior to analysis.

Sewage (wastewater) and effluent samples from the same sampling points were

recollected in August 2023 to verify the impact of centrifugation pretreatment for target

analysis. Since our initial design did not include collecting influent samples, recycled

sludge (15,900 mg/L) from WWTP4 was collected for the degradation experiment of

FBSEE diol in activated sludge, aimed at understanding the biotransformation of PFAS

precursors into metabolites during wastewater treatment.
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No.184 Y Sampling point

No.185

Semiconductor plant B

]?11

Effluent of WWTP3

Other industrial sewage

Semiconductor plant C

Other industrial sewage Effluent of WWTP4

Semiconductor plant E

Sewage

Other industrial sewage

Effluent of WWTP5

Figure 9 Illustration of samples nos. 184-187, nos. 190-191, and nos. 194-197 from
pipes in semiconductor plants and samples WWTP3, WWTP4, and WWTP5 from

individual WWTPs.
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Table 3 Sampling points and their maximum discharge capacity

Plant Sampling point ~ Feature Maximum discharge
(Sample name) capacity (m?/day, CMD)

Plant A no. 184 Sewage 4,200

Plant A no. 185 Sewage 4,200

Plant A no. 186 Sewage 3,475

Plant A no. 187 Sewage 3,475

Plant B no. 190 Sewage 9,654

Plant C no. 194 Sewage 9,519

Plant C no. 195 Sewage 4,691

Plant C no. 196 Sewage 4,691

Plant D no. 197 Sewage 29,955

Plant E no. 191 Sewage 15,753

WWTP 3 WWTP 3 Effluent 16,542

WWTP 4 WWTP 4 Effluent 145,000

WWTP 5 WWTP 5 Effluent 24,000

For calculation for the combination of multiple sewage samples from semiconductor

plants, the concentration of each sewage was multiplied by the maximum capacity

and then divided by the total maximum capacity to determine the concentration to

the sewage in the plant.
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3.2. Materials

The authentic reference standards for the 25 target PFAS analytes and mixtures of
isotopically labeled standards as internal standards (ISs) were purchased from
Wellington Laboratories (Guelph, Ontario, Canada), as shown in Table 4 and Table 5.
Meanwhile, twenty-five PFAS listed in Table 4 were also used to establish each diverse
headgroup pattern of PFAS, including the fragmentation and neutral loss values
identified in PFAS screening. Eleven authentic standards were subsequently purchased
for the confirmation of identified PFAS via nontarget analysis are listed in Table 6.

SPE cartridges (WAX, 150 mg, 6 c.c.) were purchased from Waters Company
(USA). Methanol (LC/MS grade) were purchased from Merck (Darmstadt, Germany).
Formic acid (ACS reagent grade) and ammonium hydroxide solution (NH4OH, 28-30%,
LC/MS grade) were purchased from Honeywell Fluka. Ammonium acetate (LC/MS
grade) was purchased from Fluka. De-ionized water (DI water) (ELGA, 0.22 pum
filtered, 18.2 MQ-cm!) was used for chemical analysis. Plastic PP vials (0.7 mL) were
purchased from Macherey-Nagel GmbH (Germany) and PE screw caps were purchased

from Waters (USA).
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Table 4 List of 25 target PFAS standards with their concentrations, solvent, and

supplier
No. Compound Abbreviation Concentration (ug/L)
1 Perfluoro-n-butanoic acid PFBA 2000
2 Perfluoro-n-pentanoic acid PFPeA 2000
3 Perfluoro-n-hexanoic acid PFHxA 2000
4 Perfluoro-n-heptanoic acid PFHpA 2000
5 Perfluoro-n-octanoic acid PFOA 2000
6 Perfluoro-n-nonanoic acid PFNA 2000
7 Perfluoro-n-decanoic acid PFDA 2000
8 Perfluoro-n-undecanoic acid PFUdA 2000
9 Perfluoro-n-dodecanoic acid PFDoA 2000
10 Perfluoro-n-tridecanoic acid PFTrDA 2000
11 Perfluoro-n-tetradecanoic acid  PFTeDA 2000
12 Perfluoro-1-octanesulfonamide =~ FOSA 2000
13 N-methylperfluoro-1- MeFOSAA 2000
octanesulfonamidoacetic acid
14 N-ethylperfluoro-1- EtFOSAA 2000
octanesulfonamidoacetic acid
15 Potassium perfluoro-1- L-PFBS 1770 (as the anion)
butanesulfonate
16 Sodium perfluoro-1- L-PFPeS 1880 (as the anion)
pentanesulfonate
17 Potassium PFHxSK: linear 1480 (as the anion)
perfluorohexanesulfonate isomer
PFHxSK: ' 344(as the anion)
branched isomers
18 Sodium perfluoro-1- L-PFHpS 1900 (as the anion)
heptanesulfonate
19 Potassium PFOSK: linear 1460 (as the anion)
perfluorooctanesulfonate isomer
PFOSK: ) 391(as the anion)
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No. Compound Abbreviation Concentration (ug/L)
branched isomers
20 Sodium perfluoro-1- L-PFNS 1920 (as the anion)
nonanesulfonate
21 Sodium perfluoro-1- L-PFDS 1930 (as the anion)
decanesulfonate
22 Sodium 1H,1H,2H,2H- 4:2 FTSA 1870 (as the anion)
perfluoro-1-hexanesulfonate
23 Sodium 1H,1H,2H,2H- 6:2 FTSA 1900 (as the anion)
perfluoro-1-octanesulfonate
24 Sodium 1H,1H,2H,2H- 8:2 FTSA 1920 (as the anion)
perfluoro-1-decanesulfonate
25 Potassium 9- 9CI-PF30NS 46600 (as the anion)
chlorohexadecafluoro-3-
oxanonane- 1 -sulfonate
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solvent, and supplier

Table 5 List of 19 isotope labelled internal standards (ISs) with their concentrations,

No. Compound Abbreviation  Concentration (ug/L)

1 Perfluoro-n-[1*C4]butanoic acid MPFBA 1000

2 Perfluoro-n-['3Cs]pentanoic acid MS5PFPeA 1000

3 Perfluoro-n-[1,2,3,4,6-'>Cs] hexanoic acid MS5PFHxA 1000

4 Perfluoro-n-[1,2,3,4-13C4] heptanoic acid M4PFHpA 1000

5  Perfluoro-n-[*Cs]octanoic acid MSPFOA 1000

6  Perfluoro-n-['*Cy]nonanoic acid MOPFNA 1000

7  Perfluoro-n-[1,2,3,4,5,6-'3Cs] decanoic acid M6PFDA 1000

8  Perfluoro-n-[1,2,3,4,5,6,7-'3C7] undecanoic M7PFUdA 1000
acid

9  Perfluoro-n-[1,2-*C,] dodecanoic acid MPFDoA 1000

10  Perfluoro-n-[1,2-13C>] tetradecanoic acid M2PFTeDA 1000

11 Perfluoro-1-["*Cs] octanesulfonamide MSFOSA 1000

12 N-methyl-ds-perfluoro-1- ds-N- 1000
octanesulfonamidoacetic acid MeFOSAA

13 N-ethyl-ds-perfluoro-1- ds-N- 1000
octanesulfonamidoacetic acid EtFOSAA

14 Sodium perfluoro-1-[2,3,4-13Cs] M3PFBS 929 (as the anion)
butanesulfonate

15 Sodium perfluoro-1-[1,2,3-13Cs] M3PFHxS 946 (as the anion)
hexanesulfonate

16  Sodium perfluoro-1-[!*Cs] octanesulfonate M8PFOS 957 (as the anion)

17 Sodium 1H,1H,2H,2H-perfluoro-1-[1,2-13C3] M2-4:2FTSA 935 (as the anion)
hexanesulfonate

18  Sodium 1H,1H,2H,2H-perfluoro-1-[1,2-13C3] M2-6:2FTSA 949 (as the anion)
octanesulfonate

19  Sodium 1H,1H,2H,2H-perfluoro-1-[1,2-13C3] M2-8:2FTSA 958 (as the anion)

decanesulfonate
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Table 6 List of 11 authentic standards utilized to confirm the identified PFAS

No. Compound Abbreviation  Purity ~ Supplier

1 Trifluoroacetic acid TFA 99.5%  Alfa Aesar

2 Pentafluoropropionic acid PFPrA 99.4%  Sigma Aldrich

3 Trifluoromethanesulfonic acid TFMS 99.7%  Thermo Fisher

4 Perfluorobutanesulfinic acid PFBSi 100% Synquest

Laboratories, USA
5 Perfluorobutylsulfonamide FBSA 98.4%  Toronto Research
Chemicals, Canada

6 1,2,2,3,3,4,4,4-Nonafluoro-N-(2-  FBSE 98% Toronto Research
hydroxyethyl)-1- Chemicals, Canada
butanesulfonamide

7 N,N-Bis(2-hydroxyethyl) FBSEE diol  98% Synquest
perfluorobutanesulfonamide Laboratories, USA

8 N-perfluorobutanesulfonyl FBSAA 50 Chiron AS
glycine mg/L

9 N-(Methyl) MeFBSA 97% A2B Chem LLC
nonafluorobutanesulfonamide

10 Nonafluoro-N-(2-hydroxyethyl)-  MeFBSE 97% Toronto Research
N-methyl-1-butanesulfonamide Chemicals

11 Perfluorobutanesulfonylamide(N- MeFBSAA 97% APOLLO scientific
methyl)acetate; (N-Methyl-N- supporting
[(1,1,2,2,3,3,4,4,4- discovery
nonafluorobutyl)sulfonyl]
glycine)
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3.3. Target Analysis

3.3.1. Pretreatment

For the target PFAS analysis, an approach of direct injection analysis was
conducted (Table 7). A 1500 puL of each sample was centrifuged at 8000 rpm for 15
min, and 792 uL of supernatant was withdrawn and spiked with 8 L of a 10 ug/L ISs
solution (19 isotopic labelled internal standards were listed in Table 5) as pretreatment.

The pretreated samples were stored at —20 °C before analysis.

3.3.2. Instrumental Setup

A 300 uL injection was made into an Agilent 1290 UPHLC binary pump system
equipped with a 2.1 x 100 mm column (ACQUITY UPLC HSS T3, 1.8 um) that was
interfaced to an Agilent 6495 triple quadrupole mass spectrometer (LC-MS/MS as LC-
QgQ) with a negative electrospray ionization (ESI) source. The LC was modified to
reduce the background PFAS by setting a delay column of 3.0 X 50 mm (Poroshell 120,
EC-C18, 2.7 um) between the binary pump and the autosampler. Details on the LC
gradient program and other method settings are shown in Table 7. Analyses are
conducted by LC-MS/MS in the multiple reaction monitoring (MRM) mode and the

MRM transitions of analytes and ISs are given in Table 8.
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Table 7 Details on the LC-MS/MS (Agilent 6495 triple quadruple, QqQ) instrumental

method for target analysis

LC system

Agilent 1290 Infinity II UHPLC system

Separation column
Delay column
Column oven Temperature

Mobile phases

Flow rate

Chromatographic gradient

Injection volume

Source parameter

MS setting

ACQUITY UPLC HSS T3, 1.8 pm, 2.1 mm x 100 mm
Poroshell 120 EC-C18, 2.7 pm, 3.0 mm x 50 mm
35°C

A: 5mM ammonia acetate in H,O

B: 5mM ammonia acetate in MeOH

0.4 mL/min

Time (min) A (%) B (%)
0 98 2
0.25 60 40
12.0 0 100
15.0 0 100
16.5 98 2
20.5 98 2

300 uL

Mode Electrospray (ESI)
Polarity Negative

Gas Temp (°C) 290

Gas Flow (I/min) 18

Nebulizer (psi) 35

Sheath Gas Heater 400

Sheath Gas Flow 12

Capillary (V) 4000

Neg High Pressure RF 90

Neg Low Pressure RF 60

Dynamic MRM (cycle time 700 ms)
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Table 8 MRM transitions of 25 target PFAS and the internal standards with CE values

Type Target MRM 1 of Target! CE MRM 2 of Target' CE Internal standard MRM of ISTD CE
PFCAs PFBA 213.0 > 169.0 8 None? M4PFBA 217.1 ->172.0 9
PFPeA 263.0 ->219.0 5 263.0 -> 69 40 MS5PFPeA 268.0 ->223.0 5
PFHxA 313.0 ->268.9 5 313.0->119 21 MS5PFHxA 318.0 ->273.0 5
PFHpA 363.0 ->319.0 9 363.0 -> 169 17 M4PFHpA 367.0 ->322.0 9
PFOA 413.0 -> 368.9 6 413.0 -> 168.9 15 MS8PFOA 421.0 ->376.0 9
PFNA 463.0 ->419.0 5 463.0 -> 169 21 M9PFNA 472.0 ->427.0 5
PFDA 513.0 ->468.9 9 513.0 ->268.8 17 M9PFNA 472.0 ->427.0 5
PFUdA 563.0 ->518.7 9 563.0 ->268.9 16 M7PFUdA 570.0 -> 525.0 9
PFDoA 613.1 ->568.7 9 613.1 ->319 21 MPFDoA 615.0 ->570.0 9
PFTrDA 663.0 > 618.8 9 663.0 -> 168.9 29 M2PFTeDA 715.0 -> 670.0 9
PFTeDA 713.0 -> 668.8 9 713.0 -> 169 30 M2PFTeDA 715.0 -> 670.0 9
PFSAs PFBS 299.1 -> 80.1 33 299.1 > 99 40 M3PFBS 302.0 ->99.0 33
PFPeS 348.9 ->79.9 40 348.9 ->98.9 40 M3PFBS 302.0 ->99.0 33
PFHxS 399.0 ->79.9 41 399.0 -> 98.8 37 M3PFHxS 402.0 ->99.0 37
PFHpS 449.0 -> 80.0 41 449.0 > 99 57 M3PFHxS 402.0 ->99.0 37
PFOS 499.0 ->79.9 50 499.0 ->98.9 53 MS8PFOS 507.0 ->99.0 53
PFNS 548.9 ->98.9 48 548.9 ->79.9 76 MS8PFOS 507.0 ->99.0 53
PFDS 599.0 ->79.9 50 599.0 ->98.9 50 MPFDoA 615.0 ->570.0 9
Fluorotelomer 4:2 FTS 327.0 ->306.9 20 327.0 ->80.9 36 M2-4:2FTS 329.0 -> 81.0 36
6:2 FTS 427.0 > 406.8 25 427.0 -> 81.0 49 M2-6:2FTS 429.0 -> 81.0 49
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Type Target MRM 1 of Target! CE MRM 2 of Target' CE Internal standard MRM of ISTD CE

8:2 FTS 527.1 ->506.9 29 527.1 ->79.9 49 M2-8:2FTS 529.0 ->81.0 49
Ether PFSA 6:2 CI PFAES 530.9 ->350.9 20 530.9 > 83 40 MS8PFOS 507.0 ->99.0 53
FASA FOSA 498.0 -> 78.1 45 498.0 -> 169 30 MS8FOSA 506.0 -> 78.0 30

N-alkyl FASAAs MeFOSAA 570.0 > 418.9 20 570.0 > 482.9 16 d;-N-MeOFSAA 573.0 ->419.0 20
EtFOSAA 584.0 ->418.9 20 584.0 ->525.9 20 d;-N-MeOFSAA 573.0 ->419.0 20
M6PFDA? 519.0 ->474.0 9
ds-N-EtFOSAAS3 589.0 ->419.0 20
'"MRM1 transitions were used for quantification, MRM?2 transition were used for qualification.
2 Only one MRM transition of 213.0 —169.0 for PFBA, which was used for quantification.
3 M6FDAS and ds-N-EtFOSAA were used for the verification of centrifugation-induced losses in hydrophobic PFAS

57

doi:10.6342/NTU202402180



3.3.3. Quantitation of Target Analysis

Calibration- The method calibrates and quantifies PFAS analytes using
isotopically labeled standards. Quantification was conducted using MRM transitions
for the analytes and internal standards, as detailed in Table 8. Each PFAS analyte was
quantified using MRM1 as the primary quantification ion and MRM2 as the
confirmation ion. A weighted linear regression analysis (1/x) of the calibration curve
with a minimum of five concentration levels (10-2000 ng/L) was carried out for the
quantitation of 25 target PFAS using LC—QqQ. The associated internal standards, as
shown in Table 8, enabled quantification through isotope dilution with mass-labeled
internal standards,

y=a*x+b (Eq 1)
where y represents the ratio of the response of the MRM1 transition of the target PFAS
(Ar) to the response of the MRM transition of the internal standard (A4;s), and x
represents the ratio of the concentration of the target (Cy) to the concentration of the
internal standard (C;5) (y = :—;, x = CCTZ .

Quantitative Calculation of Samples The measured values Ct were then multiplied

dilution factor to obtain final concentration of the samples.
Concentration (ng/L) = Ct*DF1* DF2 (Eq 2)

DF1=800/792=1.01. The sample preparation involved taking 792 pL of the sample and
58

doi:10.6342/NTU202402180



adding 8 pL of the internal standard, resulting in a dilution factor of 1.01 (800/792).
DF2= Dilution factor. If no dilution was performed, then DF=1

Quantitative Calculation of the Plant with Multiple Sewage samples

To calculate semiconductor plants with multiple sewages (Plant A, C, D), the
concentration of each sewage was multiplied by the maximum capacity and then
divided by the total maximum capacity to determine the concentration to the sewage in
the plant. For instance, the concentrations of samples no. 184, no. 185, no. 186 and no.
187 were individually multiplied by their corresponding wastewater maximum capacity
as detailed in Table 3 and then normalized by the total flow capacity to obtain the final

concentration for semiconductor plant A.

3.3.4. QA/QC of Target Analysis

One method blank, one quality control sample, one duplicate sample, and one
spike sample were included in each batch (maximum 10 samples per batch). For
verifying centrifugation-induced losses in hydrophobic PFAS, we analyzed 8 sewage
samples (from plants A, B, C, D, E) and 3 effluent samples (from WWTP3, WWTP4,
WWTPS5) in August 2023. To evaluate the impact of centrifugation on hydrophobic
losses, eleven samples were fortified with internal standards (ISs) at a concentration of
5 ng/L before and after centrifugation.
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3.4. Nontarget Analysis

3.4.1. Pretreatment

For nontarget analysis, a SPE cartridge (Oasis WAX) featuring a weak anion-
exchange and reversed-phased sorbent was applied to concentrate water samples. After
thoroughly shaking the sample bottles, 200 mL of water was withdrawn and adjusted
to pH<3 with formic acid before loading. The -cartridge was subsequently
preconditioned with 6 mL 2% NH4OH in methanol, 6 mL methanol, and 6 mL water.
Then, the cartridge was soaked with 3 mL 0.1% formic acid in water, which then flowed
through the cartridge. Before the cartridge dried, water sample was loaded and then the
cartridge was washed with 3 mL 0.1% formic acid in water and 3 mL pure water. The
cartridge was then dried for 15 min. The WAX cartridge was then eluted with 6 mL
methanol for neutral PFAS and 6 mL 2% NH4OH in methanol for acidic PFAS. Neutral
PFAS was frequently lost during the methanol wash of the WAX cartridge.>’>® To
investigate neutral PFAS, the cartridge was eluted with 6 mL methanol for neutral PFAS,
followed by elution with 6 mL 2% NH4OH in methanol for acidic PFAS. The eluent
was combined and concentrated to near dryness under nitrogen in a water bath at 50 °C.
The extract was then reconstituted with 500 pL methanol and filtered through a 0.22
um nylon filter. The extract was added to DI water at a methanol/water ratio of 3:7
(vol/vol) and then stored at -20 °C before the Q-Exactive MS analysis (High resolution
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mass spectrometry, HRMS). Method blanks were included in each batch and were

treated in the same way as the samples.

3.4.2. Instrumental Setup

A 50-100 pL extract was injected into a Thermo Scientific UltiMate 3000 RS
UPHLC binary pump system equipped with a 2.1 x 100 mm column (ACQUITY UPLC
HSS T3 1.8 um) that was interfaced to a negative electrospray ionization source
coupled with a Q Exactive hybrid mass spectrometer (LC—QE), a high resolution mass
spectrometry (HRMS). Mass spectrometric analysis was performed in full MS/data-
dependent MS2 mode. Full scan analysis from m/z 77-1155 followed by the top 20
data-dependent MS2 scans with fragmentation energy applied. A dynamic exclusion
list was used, ensuring that precursor ions reappearing within 10 seconds would not be
fragmented to observe additional MS2 spectra. Details on the LC gradient program and

mass spectrometry settings are shown in Table 9.
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Table 9 Details on the LC-MS/MS (Thermo Q Exactive, QE) instrumental method for

nontarget analysis

LC-MS/MS system

Thermo Scientific Dionex UltiMate 3000

Autosampler
Separation column
Column oven Temperature

Mobile phases

Flow rate

Chromatographic gradient
for nontarget analysis

Chromatographic gradient for
quantitative and semi-
quantitative analysis

Injection volume

Thermo Scientific Accela autosampler

ACQUITY UPLC HSS T3, 1.8 pm, 2.1 mm x 100 mm

30°C

A: 5mM ammonia acetate in H,O

B: 5mM ammonia acetate in MeOH

0.3 mL/min

Time (min) A (%)
0 98

1.0 65
24.0 50
88.0 20
89.0 0
96.0 0
98.0 98
103.0 98
Time (min) A (%)
0 98

1.0 65
10.0 50
25.0 20
26.5 0
30.5 0
32.0 98
36.0 98

50-100 pL for nontarget analysis

B (%)

35
50
80
100
100

B (%)

35
50
80
100
100

20 pL for quantitative and semi-quantitative analysis

Source parameter Mode Electrospray (ESI)
Polarity Negative
In-source CID (eV) 0
Sheath gas flow rate 35
Aux gas flow rate 8
Sweep gas flow rate 1
Spray voltage (V) 3000
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LC-MS/MS system

Thermo Scientific Dionex UltiMate 3000

Capillary temp.(°C) 320
S-Lens RF level 50
Heater temp. (°C) 350
Acquisition mode Full MS / ddMS2 (TopN)
Full MS Resolution 70,000
AGC target 3e6
Scan range (m/z) 77 to 1155
dd-MS? Resolution 17,500
AGC target le5
Loop count 20
MSX count 1
Top N 20
Isolation window (m/z) 0.7
(N)CE / stepped (N)CE nce: 15, 60
Dynamic exclusion 10.0s
Mass Calibration' Acetic acid (CH3COO") 59.01385
(Sgiﬁisdgf(;(:ﬂ sulfate 265.14790
Taurocholic acid 514.28440

(C26HaaNO7S7)

"Mass calibration was performed before every analysis. Acetic acid was included in the

calibration to improve the mass accuracy of low mass calibration
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3.4.3. Workflow of Nontarget Analysis

Data analysis- The data analysis workflows for nontarget analysis of PFAS are illustrated in
Figure 10. Thermo Scientific Compound Discoverer (CD) 3.3 software was used for compound
detection and identification. The approach for nontarget analysis from Compound Discoverer
3.3 was illustrated in Figure 11. The initial processing nodes, such as Input Files and Select
Spectra, are depicted. Unknown peak identification is conducted using the Detect Compounds
node. Integration of information from multiple raw data files is accomplished through the
Group Compounds node. Various nodes for annotating unknown compounds in both MS1 and
MS2 spectral data are employed. including the 'Search ChemSpider node' (MS1), the 'Search
Neutral Losses node' (MS2), the 'Compound Class Scoring node ' (MS2), the 'Search mzCloud
node' (MS2) node, the 'Assign Compound Annotations node', and the 'Predict Compositions
node' (MS1 and MS2). Specifically, the 'Search for ChemSpider node' was used to screen
various databases based on formulas within a 5 ppm mass tolerance (MS1). The databases
included Alfa Chemistry, ECHA, EPA DSSTox, EPA ToxCast, KEGG, PubMed, Sigma-Aldrich,
Toxin, and Toxin-Target Database. The 'Compound Class Scoring node' (MS2) and the 'Search
Neutral Losses node' (MS2) were used for fragment and neutral loss searching, respectively.
Detailed specifications of workflow nodes are provided in Table 10.

CLs were adapted from the upgraded classification of Charbonnet et al.,’® which clarify
and contextualize Schymanski’s guideline®® for communicating confidence in the identification

of small organic molecules by HRMS. The detailed identification criteria’® are provided in
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Table 11. PFAS compounds identified through nontarget analysis, subsequently verified with
authentic standards to attain CL1a/CL1b, were classified as 'CL-1 identified PFAS'.
Quantification of these CL-1 identified PFAS was carried out using the 1/x weighted least
squares linear regression method with external standards, as detailed in Section 3.4.4. PFAS
compounds identified through nontarget analysis, which lacked authentic standards and
remained within CL2-CL3, were classified as tentatively identified PFAS. The semi-
quantification of these tentatively identified PFAS was performed using ‘selective reference
compounds’ with similar structures, comparable RTs, or identical fluoroalkyl chains. The
average response factor (RFy) derived from at least five different concentrations of the selective
reference standard was then used for semi-quantification, and detailed procedures are provided

in Section 3.4.5.
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Step 1: Select peak by the ‘Detection compound node’ of Compound Discoverer
(Mass tolerance 5 ppm, S/N >1.5)
v
Step 2: Use ‘Search Neutral Losses node’ and ‘Compound Class Scoring node’ for neutral loss and
fragment screening, focusing on polar functional groups or fluorinated tails.

v v
Step 2a: Polar head | Step 2b: Fluorinated tail |
[
L v v
_l Fragment ion screen | Al Neutral loss screen | Al Fragment ion |
SO,N- $ Sulfonamide Cco, :> Carboxylic acid ﬂl CoFonii™ m Perfluoroalkane |
77.9644 Sulfonamido acetic acid 43.9893 Dicarboxylic acid
4' C,F ,,.,0- I:>| Perfluoroether alkyl (E) |
N SO,F- ¢ Sulfinic acid R CO,HF E>| Carboxylic acid |
82.9603 N-Alkyl Sulfonamido acetic acid 63.9961 4D| C.F i~ |::> Unsaturated perfluoroalkane (U)
Sulfonamido acetic acid Polyfluoroalkane (H)
[, SO, $ SlTnie acid CH,CO, N-Alkyl Sulfgnarqido a.ceticA acid
79.9563 Sulfonamido diethanol > 580055 [  Sulfonamido diacetic acid 4>| C,F,,,0- b Unsaturated perfluoroether alkyl (U-E)
(C,H,,CO,) Sulfonamld.o momo-al m.onoa}md Polyfluoroalkyl ether (H-E-)
[, HSO,- ¢ N-Alky Sulfonamide (Sulfonamido carboxylic acid)
64.9697 Sulfonamido ethanol . . 4.| C,F s |::> Perfluoroalkyl dioic acids
Sulfonamido mono-ol monoacid L,| S0;79.9568 i} Mlscellaneous Sulfqnamlde Polyfluoroether alkyl (H-E)
Sulfonamido aldehyde CONH 43.0058 .. Miscellaneous Sulfonamido ethanol
Sulfonamido alldehyde ¥ %l C,F,,,HO,"- |:>| Perfluoroalkyl dioic acids |
hydrate/hemiacetal ‘| Neutral loss screen |
| C,F,,,HO- P Polyfluorocther alkyl (H-E) |
CH;COO- N-Alky Sulfonamido ethanol
1 5901385 Sulfonamido diethanol Ly HF Polyfluoroalkyl (H)
- 20.0062 E> Fluorotelomer
|| SO,NC,H,0" E> Sulfonamido ethanol Polyfluoroalkyl ether (H-E)
121.9912 Sulfonamido mono-ol monoacid i
SO,N(C,H,0),- E>| Sulfonamido diethanol | | Step 3 Select compounds that contain at least one neutral loss or fragment |
166.0179
| Step 4: Filter out compounds with at least one F atom |

| Step 5: Set the confidence level (CL) |

Figure 10 The workflow of nontarget analysis
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Input Files
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Select Spectra
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Align Retention
Times
Detect
Merge Features
Compounds
Group
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Search Search Neutral Compound Class Assign Compound Predict
. . Search mzCloud X -
ChemSpider losses Scoring annotations Compositions
* Databases: Alfa Chemistry, * Neutral loss searching * Fragment searching *  Autoprocessed; ¢ Mass tolerance: Sppm ¢ Max. element counts
ECHA, EPA DSSTox, EPA «+ NL: C,H,0, CH,CO,, + For fluoroalkyl tail: Reference * Data sources: C90 H190 Br5 Cl4 F30
Toxcast, KEGG, PubMed, CH;O0H, CO,, CO,HF, CF5, CF;0, C,Fy, ¢ Activation energy mzCloud Search N10 O38 P5 S10
Sigma-Aldrich, Toxin, CO,(HF),, HF C,Fs, C,FsO, CiFy, Tolerance: 20 mzVault Search ¢ Mass tolerance: 5 ppm
Toxin-Target Database C;F, C,F,0, C,F, Predicted ¢ Fragment matching
¢ Scan mode: by formula or C,Fy, CsFy, CsFy Compositions within mass tolerance
mass CeF1, CeF i3, CsF 7y MassList Search 10 ppm
¢ Mass tolerance: 5 ppm CO,F- ChemSpider Search

* For polar head: SO,",
SO,H, SO,F, SO5,
SO;F-, O,SNCH,,
0,SN-, 0,SNC,H,0,
0,SNC;H(O,
0,SNC,H0,

Figure 11 The nontarget analysis workflow from Compound Discoverer 3.3 software, showing select

data processing nodes and the associated workflow connections for nontarget analysis.
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Table 10 Specifications for the nontarget workflow nodes from Compound Discoverer 3.3 Software

Node Setting Description Criteria/Specification
Search ChemSpider |Search Database(s) Alfa Chemistry; ECHA; EPA DSSTox; EPA Toxcast; KEGG; PubMed;
Setting Sigma-Aldrich; Toxin, Toxin-Target Database
Mass Tolerance |5 ppm
Search Mode By Formula or Mass
Search mzCloud General Library Autoprocessed; Reference
Setting
DDA Search |Identify Search  |[HighChem HighRes
Match Activation|Match with Tolerance
Energy
Activation Energy|20
Tolerance
Similarity Search |None
Search Neutral|General Neutral Losses  |C2H4O (44.03); CH2CO2 (58.01); CHsOH (32.03); CO2 (43.99);
losses Setting CO:zHF (64.00); CO2(HF)4 (124.01); HF (20.01)
High Acc. Mass|2.5 mmu
Tolerance
Low Acc. Mass|0.5 Da
Tolerance
Predict Prediction |Mass Tolerance |5 ppm
Compositions Settings
Max. Element|C90 H190 Br5 C14 F30 N10 O38 P5 S10
Counts
Pattern S/N Threshold |3
Matching
Fragment  |Mass Tolerance (10 ppm
Matching
Compound Class|General Compound Class |CF3~, CF;0-, C2F37, CoFs, C2FsO-, CsFs, C3F7, C4F707, C4F7, CaFog,
Scoring Setting CsFo, CsFu, CeFi37, CsFir, CO2F-, SO27, SO:H-, SO2F, SOs7,
SO3F-, SOsH. NSOz, O2SNCHz, O2SNC:H4O, O2SNC3HeO,
02SNC4Hs02~
S/N Threshold |50
High Acc. Mass|20 ppm
Tolerance
Low Acc. Mass|20 ppm
Tolerance
Assign  Compound|General Mass Tolerance |5 ppm
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Node

Setting

Description

Criteria/Specification

annotations

Setting

Data Sources|Data Source#1

mzCloud Search

Data Source#2

mzVault Search

Data Source#3

Predicted Compositions

Data Source#4  |MassList Search
Data Source#5  |ChemSpider Search
69

doi:10.6342/NTU202402180



Table 11 Requirements for identification for the target and nontarget analysis and confidence levels

(CLs) of proposed nontarget PFAS structures according to Charbonnet et al. scale>®

Analysis Acquisition Requirements for identification
Target Multiple  reaction  monitoring | ion ratio from sample extracts should be
analysis (MRM) transitions within £30% (relative) of average
of calibration standards

Analysis CL>¢ Identification Requirements for identification®

confidence®
Nontarget | Level la | Confirmed by accurate mass, mass defect, isotopic
analysis reference standard pattern match, consistent RT, library MS?,
(NTA) reference standard

Level 1b | Indistinguishable from | accurate mass, mass defect, isotopic
reference standard pattern match, consistent RT, library MS?,
reference standard
Level 2a | Probable by library accurate mass, mass defect, isotopic
spec. match pattern match, consistent RT, library MS?
Level 2b | Probable by diagnostic | accurate mass, mass defect, isotopic
fragmentation evidence | pattern match, consistent RT (optional),
homologue >1 & >CL3 (optional),
diagnostic MS2 fragment >3
Level 2¢c | Probable by diagnostic | accurate mass, mass defect, isotopic
homologue evidence pattern match, consistent RT, homologue
>2 & >CL2a, diagnostic MS2 fragment>2
Level 3a | Positional isomer accurate mass, mass defect, isotopic
candidates pattern match, consistent RT (optional),
homologue >1 & >CL3 (optional),
subclass-aligned MS2 fragment >1
Level 3b | Fragmentation-based accurate mass, mass defect, isotopic
candidate pattern match, consistent RT (optional),
homologue >1 & >CL3 (optional),
subclass-aligned MS2 fragment >1
Level 3¢ | Circumstantial accurate mass, mass defect, isotopic
candidate with pattern match, consistent RT (optional),
fragmentation evidence | homologue >1 & >CL3 (optional),
subclass-aligned (in silico) MS2 fragment
>1
Level 3d | Circumstantial accurate mass, mass defect, isotopic
candidate with pattern match, consistent RT, homologue
homologue evidence >2 & >CL2a
Level 4 Unequivocal molecular | accurate mass, mass defect, isotopic
formula pattern match
Level 5a | PFAS suspect accurate mass (suspect list match)

screening exact mass
match
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Analysis Acquisition Requirements for identification

Level 5b | Nontarget PFAS exact | accurate mass, mass defect (optional),
mass of interest homologue >3(optional), subclass-aligned
(in silico) MS2 fragment >2(optional)
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3.4.4. Quantification of CL-1 identified PFAS

PFAS compounds identified through nontarget analysis, subsequently verified
with authentic standards to attain CL1a/CL1b, were classified as 'CL-1 identified PFAS'.
In quantifying seven CL1-identified PFAS using the LC-QE, a linear regression
analysis with a minimum of five concentration levels weighted by 1/x was conducted.
The calibration curve was created using an external standard and precursor ions as the
quantification ion for each CL-1 identified PFAS, as outlined in Table 12. The

quantification formula is as follows:
y=a*x+b
(Eq 1)
where y equals the response of the precursor ion of CL1-identified PFAS (Ar) and x

equals the concentration of the PFAS (Cr).

Table 12 The calibration of 7 CL1-identified PFAS on the LC-QE

Acronym  Range of Standard Adduction Precursor ion Theoretical m/z
linearity  type of precursor ion?
(ug/L)

TFA 0.5-75 External [M-H] CoF302” 112.98559

PFPrA 0.5-75 External [M-H]~ C3Fs02~ 162.98239

TEMS 0.5-75 External [M-H] CF505S™ 148.95257

PFBSi 0.5-75 External [M-H] C4F90,8~ 282.94807

FBSA 0.5-75 External [M-H] C4HF9NO2S™ 297.95897

FBSE 0.5-50 External [M-H] CsHsFoNO3S~ 341.98519

FBSEE diol 05.50  External [M+CH3COO]" CoHi3FoNOeS™ 446.03253

!The limit of quantification (LOQ) was determined as the lowest linear calibration point

with the presence of a MS2 fragment.
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2Precursor ion was used as a quantitative ion with 5 ppm mass accuracy of the

theoretical m/z.

3.4.5. Semi-quantification of tentatively identified PFAS

PFAS compounds identified through nontarget analysis, which lacked authentic
standards and remained within CL2-CL3, were classified as tentatively identified PFAS.
The semi-quantification of these tentatively identified PFAS was performed using
‘selective reference compounds’ with similar structures, comparable RTs, or identical
fluoroalkyl chains. The average response factor (RFy) derived from at least five different
concentrations of the selective reference standard was then used for semi-quantification,

and detailed procedures are provided in Table 13.

73

doi:10.6342/NTU202402180



Table 13 Semi-quantitative analysis of 13 tentatively identified PFAS on the LC-QE

Acronym Selective  Calibration Precursor Formula of Theoretical
reference  type ion precursor ion  m/z of
standard precursor ion!

PFdiCA(C3) PFBA y=RFprpa*x  [M-H]"  C3HF204 138.9848

PFdiCA(C4) PFBA y=RFprpa*x  [M-H]"  C4HF404 188.9816

PFdiCA(C5) PFBA y=RFprpa*x  [M-H]"  CsHFsO4 238.9785

PFdiCA(C6) PFBA Y=RF ppga*x [M-H]-  CsHF304 288.9753

PFdiCA(C7) PFBA y=RFpppa*x  [M-H]"  CsHF1004s~  338.9721

PFdiCA(C8) PFBA y=RFpppa*x  [M-H]"  CsHF1004s~  388.9689

MeFBSA FBSA y=RF ppsa*x [M-H]-  CsH3FoNO2S~ 311.9746

FTSE FBSE y=RFppse*x  [M-H]"  CsHsFsNOsS~ 241.9916

FPrSE FBSE y=RF ppsg*x [M-H]-  CsHsF/NOsS~ 291.9884

FBSAA PFBS y=RFppps*x  [M-H]"  CeH3FoNO4S~ 355.9645

MeFBSAA  PFBS y=RF ppps*x [M-H]-  C7HsFoNO4S~ 369.9812

FBSAA diacid PFBS y=RF ppps*x [M-H]-  CsHsFoNOsS~ 413.9699

FBSEE mono- PFBS y=RF ppps*x [M-H]-  CsH7F9oNOsS~ 399.9907

ol monoacid

"Precursor ion was used as a quantitative ion with 5 ppm mass accuracy of the

theoretical m/z
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3.4.6. QA/QC of Nontarget Analysis

3.4.6.1.Verification of Solid Phase Extraction

To verify the recovery of SPE, QC samples were prepared in 200 mL of DI water
with 0.1 pg/L of 25 PFAS (no ISs spiked) and subjected to SPE. The theoretical
analytical concentration of the QC samples was 12 pg/L. The calibration of 25 PFAS
on LC-QE were conducted for the calculation of the recovery of SPE. The method
calibrates 25 PFAS analytes using external standards using LC—QE. Quantification was
performed using precursor ions for the 25 PFAS analytes, as detailed in Table 14. Each
PFAS analyte was quantified with precursor ions and product ions for confirmation. A
weighted linear regression analysis (1/x) of the calibration curve with a minimum of
five concentration levels (0.5-75 pg/L) was carried out for the quantitation of 25 target
PFAS.

The quantification formula is as follows:
y=a*x+b (Eq 1)
where y equals the response of the precursor ion of PFAS (A;) and x equals the

concentration of the PFAS (Cy).
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Table 14 Calibration of 25 PFAS on the LC—QE for verification of pretreatment

processing

Acronym Adduction  Precursor ion Theoretical m/z of
precursor ion!

PFBA [M-H] C4F702~ 212.97920
PFPeA [M-H] CsF9O2~ 262.97600
PFHxA [M-H]~ CeF1102~ 312.97281
PFHpA [M-H]~ C7F 1302~ 362.96962
PFOA [M-H] CsF1502” 412.96642
PFNA [M-H] CoF1702~ 462.96323
PFDA [M-H]~ Ci10F 1902~ 512.96003
PFUdA [M-H]” CiF2102™ 562.95684
PFDoA [M-H]” Ci2F2302” 612.95365
PFTrDA [M-H]~ Ci3F2502" 662.95045
PFTeDA [M-H]” C14F2702” 712.94726
PFBS [M-H] C4F9OsS~ 298.94299
PFPeS [M-H] CsF110sS~ 348.93979
PFHxS [M-H] CeF130358~ 398.93660
PFHpS [M-H]” C7F 15035~ 448.93341
PFOS [M-H] CsF170558~ 498.93021
PFNS [M-H] CoF19055~ 548.92702
PFDS [M-H] Ci10F2103S~ 598.92382
4:2 FTSA [M-H]” CeH4F9O3S~ 326.97429
6:2 FTSA [M-H]~ CsHaF 13055~ 426.96790
8:2 FTSA [M-H]~ C10H4F 17035~ 526.96151
6:2 CLPFESA  [M-H] CsCIF1604S™ 530.89558
(9C1-PF30N)

FOSA [M-H] CsHF17NO,S™ 497.94620
MeFOSAA [M-H] C1iH4F17NO4S™ 569.96733
EtFOSAA [M-H] Ci12HeF17NO4S~ 583.98298

"Precursor ion was used as quantitative ion with 5 ppm mass accuracy of the theoretical

m/z
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3.4.6.2.Verification of Nylon Filtration

To assess potential filtration losses from nylon filter during the pretreatment, a 2
mL solution containing 20 ug/L of 25 target PFAS in methanol was prepared to assess
losses associated with nylon filter filtration. One milliliter of the solution was subjected
to nylon filter filtration, followed by dilution to reach a final mixture of 30:70 (vol:vol)
methanol/water. Concurrently, another 1 mL of the solution was left unfiltered and
diluted to the same final mixture of 30:70 (vol:vol) methanol/water. Four duplicate

samples were prepared.

3.4.6.3.Verification of Workflow of Nontarget Analysis

To verify the efficiency of the nontarget analysis processing in Figure 10, a PFAS
standard mixture containing 39 compounds from 11 PFAS categories listed in Table 15
were prepared as a QC sample to evaluate the detection rate. The prepared
concentrations of standard mix are as follow: PFCAs & PFSAs & n:2 FTSAs & FASA
& N-alkyl FASAAs :30 pg/L ; n:3 FTCAs & n:2 FTUCAs & Ether-PFCAs &ClI-Ether-

PFSAs & N-alkyl FASAs & N-alkyl FASEs: 60 pg/L.
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Table 15 List of compounds included in the native PFAS standards obtained from

Wellington Laboratories, Canada, used to establish the patterns rules of fragmentation

and neutral loss for various types of PFAS

Category Name Abbreviation ~ Prepared
conc. (pg/L)
PFCAs Perfluoro-n-butanoic acid PFBA 30
Perfluoro-n-pentanoic acid PFPeA 30
Perfluoro-n-hexanoic acid PFHxA 30
Perfluoro-n-heptanoic acid PFHpA 30
Perfluoro-n-octanoic acid PFOA 30
Perfluoro-n-nonanoic acid PFNA 30
Perfluoro-n-decanoic acid PFDA 30
Perfluoro-n-undecanoic acid PFUdA 30
Perfluoro-n-dodecanoic acid PFDoA 30
Perfluoro-n-tridecanoic acid PFTrDA 30
Perfluoro-n-tetradecanoic acid PFTeDA 30
n:3 FTCAs  3:3 Fluorotelomer carboxylic acid 3:3FTCA 60
5:3 Fluorotelomer carboxylic acid 5:3 FTCA 60
7:3 Fluorotelomer carboxylic acid 7:3 FTCA 60
n:2 FTUCAs 6:2 fluorotelomer unsaturated carboxylic ~ 6:2 FTUCA 60
acid
8:2 fluorotelomer unsaturated carboxylic ~ 8:2 FTUCA 60
acid
10:2 fluorotelomer unsaturated carboxylic 10:2 FTUCA 60
acid
Ether-PFCAs Hexafluoropropylene oxide-dimer acid HFPO-DA 60
(GenX)
2,2,3-Trifluoro-3-(1,1,2,2,3,3-hexafluoro- DONA 60
3-trifluoromethoxy-propoxy)-propionic
acid
PFSAs Perfluoropropanesulfonic acid PFPrS 30
Potassium perfluoro-1-butanesulfonate PFBS 30
Sodium perfluoro-1-pentanesulfonate PFPeS 30
Potassium perfluorohexanesulfonate Linear and 30
branched
isomers of
PFHxS
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Category Name Abbreviation ~ Prepared
conc. (pg/L)

Sodium perfluoro-1-heptanesulfonate PFHpS 30
Potassium perfluorooctanesulfonate Linear and 30
branched
isomers of PFOS

Sodium perfluoro-1-nonanesulfonate PFNS 30

Sodium perfluoro-1-decanesulfonate PFDS 30
n:2 FTSAs  Sodium 1H,1H,2H,2H-perfluoro-1- 4:2 FTSA 30

hexanesulfonate (4:2 Fluorinated telomer

sulfonate)

Sodium 1H,1H,2H,2H-perfluoro-1- 6:2 FTSA 30

octanesulfonate (6:2 Fluorinated telomer

sulfonate)

Sodium 1H,1H,2H,2H-perfluoro-1- 8:2 FTSA 30

decanesulfonate (8:2 Fluorinated telomer

sulfonate)
Cl-Ether- Potassium 9-chlorohexadecafluoro-3- 9CI-PF30ONS 60
PFSAs oxanonane-1-sulfonate

Potassium 11-chloroeicosafluoro-3- 11CI-PF30UdS 60

oxaundecane-1-sulfonate
FASA Perfluoro-1-octanesulfonamide FOSA 30
N-alkyl N-Methylperfluorooctanesulfonamide MeFOSA 60
FASAs

N-Ethylperfluorooctanesulfonamide EtFOSA 60
N-alkyl 2-(N- MeFOSE 60
FASEs Methylperfluorooctanesulfonamido)ethanol

2-(N- EtFOSE 60

Ethylperfluorooctanesulfonamido)ethanol
N-alkyl N-methylperfluoro-1- MeFOSAA 30
FASAAs octanesulfonamidoacetic acid

N-ethylperfluoro-1- EtFOSAA 30

octanesulfonamidoacetic acid
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3.5. Degradation Experiment of FBSEE Diol in Activated Sludge and

Its Pretreatment

The cleaned sludges for the degradation experiment were obtained by transferring
25 mL of the sludge solution into eight separate 50 mL PP centrifuge tubes, followed
by centrifugation at 6000 rpm for 15 min. After each centrifugation, we removed the
solution from the centrifuge tubes, added 50 mL of DI water, vortexed it for 5 min,
centrifuged it again at 6000 rpm for 15 min, and subsequently removed the solution
from the centrifuge tube. This process was repeated three times, and each cleaned
sludge sample was then combined with 50 mL of DI water and placed in a 200 mL PP
bottle with perforated caps. Subsequently, four cleaned sludge solutions were
designated as the control samples (symbol S, n = 4), while four cleaned sludge solutions
with FBSEE diol at a spiked concentration of 800 ug/L. (2067 nM) formed the test
samples (symbol SC, n = 4). Another group of four samples, labeled the DI control
group (symbol DI, n = 4), was created by introducing FBSEE diol into 50 mL of DI
water (fortified concentration of 2067 nM) within 200 mL PP bottles equipped with
perforated caps. These 12 samples were then simultaneously shaken at 250 rpm on a

horizontal shaker at room temperature for time intervals of 5 min, 2 days, 3 days, and
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4 days, denoted by symbols 1, 2, 3, and 4, respectively. SC4 corresponds to the test

samples of FBSEE diol undergoing a four day degradation process within the sludge.

At the end of each designed time interval, approximately 0.5 mL was withdrawn and

subsequently centrifuged. After centrifugation, the clear supernatant was reconstituted

in a methanol/water ratio of 3:7 (v/v) mixture for further analysis in LC-QE, and the

estimated fortified concentration of FBSEE diol was 560 ug/L (1447 nM).
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4. Results and discussion

4.1. Target Analysis

4.1.1 The Calibration

A linear regression analysis weighted by 1/x of the calibration curve for the

quantitation of 25 target PFAS on LC—-QqQ were shown in Table 16. All the correlation

coefficients (R) were larger than 0.995.

Table 16 Calibration of 25 target PFAS on the LC—QqQ

Acronym Internal standard Range of linearity LOQ (ng/L)! R
(ng/L)

PFBA M4PFBA 10-2000 10 0.9983
PFPeA MS5SPFPeA 10-2000 10 0.9980
PFHxA MS5PFHxA 10-2000 10 0.9979
PFHpA M4PFHpA 10-2000 10 0.9966
PFOA MSPFOA 10-2000 10 0.9990
PFNA MO9PFNA 10-2000 10 0.9979
PFDA MO9PFNA 10-1000 10 0.9966
PFUdA M7PFUdA 10-1000 10 0.9956
PFDoA MPFDoA 10-1000 10 0.9985
PFTrDA M2PFTeDA 10-1000 10 0.9991
PFTeDA M2PFTeDA 10-1000 10 0.9989
PFBS M3PFBS 10-2000 10 0.9984
PFPeS M3PFBS 10-2000 10 0.9969
PFHxS M3PFHxS 10-1000 10 0.9995
PFHpS M3PFHxS 10-2000 10 0.9970
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Acronym Internal standard Range of linearity LOQ (ng/L)! R
(ng/L)

PFOS MS8PFOS 10-100 10 0.9957
PFNS MS8PFOS 10-1000 10 0.9955
PFDS MPFDoA 10-1000 10 0.9964
4:2 FTSA M2-4:2FTSA 10-2000 10 0.9984
6:2 FTSA M2-6:2FTSA 10-2000 10 0.9987
8:2 FTSA M2-8:2FTSA 10-2000 10 0.9984
6:2 CI-PFESA MS8PFOS 10-2000 10 0.9977
(9CI-PF30N)

FOSA MS8FOSA 10-2000 10 0.9962
MeFOSAA d3-N-MeOFSAA 10-2000 10 0.9968
EtFOSAA d3-N-MeOFSAA 20-1000 20 0.9964

!The limit of quantification (LOQ) was determined as the lowest linear calibration point

with the presence of MRM2 transition.

4.1.2 Quantitative Determination

Table 17 provide a summary of 25 target PFAS concentrations in each sample from

the plant/ WWTP, along with their respective method detection limits (MDLs). Table

18 and Figure 12 provide a summary of 25 target PFAS concentrations in each plant

and WWTP, after combined the concentration of multiple sewage samples from single

semiconductor plants (plant A with four sewage samples, and plant C with three sewage

samples). Given the scarce research on PFAS in the semiconductor industry, we

conducted a comparative sewage analysis with Jacob et al.'s study on upstream

wastewater from three U.S. fabs.?® Both studies identified perfluorobutane sulfonate
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(PFBS) as the predominant compound, serving as a photoacid generator (PAG) to a
potential substitution for PFOS, with our observed concentrations (0.127 to 6.71 pg/L)
similar to Jacob et al.'s findings (0.505 to 8.04 ug/L). Comparable concentrations of
PFOS, PFOA, PFCAs (C5-C14), and 6:2 FTSA were observed in both studies. PFOS
was detected at extremely low concentrations in both studies, with our results ranging
from N.D. to <LOQ (0.01pg/L) and Jacob et al.'s from N.D. to 0.008 pg/L. PFOA was
present with our concentrations ranging from 0.011 to 0.037 pg/L, and Jacob et al.
reporting levels between 0.013 and 0.069 pg/L. Our study detected other PFCAs (C5-
C14) at lower concentrations, ranging from N.D. to 0.285 pg/L, while Jacob et al.
reported concentrations ranging from N.D. to 0.194 pg/L. 6:2 FTSA was detected at a
minimal concentration of only 0.022 pg/L in the effluent of WWTP4 in our study, while
Jacob et al. reported it in the range of N.D. to 0.006 pg/L in wastewater. Notably, our
study showed significantly higher and broader PFBA concentrations (0.572 to 4.84
pg/L) compared to Jacob et al.'s findings (N.D. to 0.206 pg/L). This discrepancy may
be associated with its patented use in photo-imaging sensor materials’ manufactured in
the studied semiconductor plants. Figures 10(a) and 10(b) summarize the
concentrations of 25 target PFAS in 5 semiconductor plants and 3 WWTP effluents,
with a total of 34.7 pg/L across all samples. PFBS and PFBA, both C4 series PFAS,

constituted 93% of the total PFAS concentration.
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Table 17 Quantitative concentrations (ug/L) of 25 target PFAS in each sewage sample and effluent sample on the LC—QqQ

Class Subclass Acronym | MDL! Sewage from semiconductor plants Effluent from WWTP

(hg/L) Plant A Plant B Plant C Plant D| PlantE |WWTP|WWTP|WWTP

No.184 |No0.185|No.186| No.187 | No.190 |No.194[No.195|N0.196 | No.197| No.191 [3 (A B)J4(C, D)l 5 (E)

Perfluoroalkyl  [Perfluoroalkyl PFBA 0.0005| 0.680 | 0.772 | 0.835 | 0.862 2.25 366 | 1.77 | 198 | 484 | 0572 | 1.24 | 1.69 | 0.49
acids (PFAAs)  |carboxylic acidsPFPeA 0.0002 | 0.219 | 0.223 | 0.367 | 0.356 0.062 | 0.134 | 0.205 | 0.204 | 0.141 | 0.197 | 0.125 | 0.101 | 0.161
(PFCAs) PFHXA 0.0001 | 0.091 | 0.095 | 0.157 | 0.176 | 0.031 | 0.057 | 0.086 | 0.084 | 0.049 | 0.086 | 0.070 | 0.037 | 0.068

PFHpA 0.0002 [ 0.039 | 0.040 | 0.081 | 0.081 0.016 | 0.019 | 0.022 | 0.023 | 0.019 | 0.043 | 0.032 | 0.018 | 0.031

PFOA 0.0008 [ 0.027 ([ 0.025 [ 0.055 | 0.049 0.011 | 0.012 | 0.011 | 0.011 | 0.012 [ 0.033 | 0.021 | 0.014 | 0.022

PFNA 0.0002 [ 0.019 | 0.018 | 0.033 | 0.032 <MDL | 0.013 | 0.010 | 0.012 | 0.011 [ 0.039 | 0.017 | 0.012 | 0.015

PFDA 0.0003  0.013 | 0.014 | 0.018 | 0.024 <MDL | 0.012 | <MDL | 0.011 | 0.010 ( 0.032 | 0.010 [ <MDL | <MDL

PFUJA 0.0004 | <MDL | <MDL | 0.021 0.028 <MDL | 0.020 | <MDL | <MDL | <MDL | 0.027 | <MDL | <MDL | <MDL

PFDoA 0.0004 | <MDL | 0.010 | 0.011 0.012 <MDL | 0.012 | 0.010 | <MDL | <MDL | <MDL [ <MDL | <MDL | <MDL

PFTrDA 0.0007 | <MDL | <MDL | <MDL | <MDL <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL

PFTeDA 0.0006 | <MDL | <MDL | <MDL | <MDL <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL

Perfluoroalkyl PFBS 0.0001 [ 2.23 1.74 | 0.523 | 0.557 2.12 3.08 | 278 | 2.78 | 6.71 0.127 1.68 | 2.61 | 0.121

sulfonic acids (PFSAS)PFPeS 0.0001 | <MDL | <MDL | <MDL | <MDL <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL

PFHxS 0.0002 [ <MDL | <MDL | <MDL | <MDL <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <LOQ | <MDL | <MDL

PFHpS 0.0001 | <MDL | <MDL | <MDL | <MDL <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL

PFOS 0.0005] <MDL | <MDL | <LOQ | <LOQ <MDL | <MDL | <MDL | <MDL | <MDL | <LOQ | <LOQ | <LOQ | <MDL
PFNS 0.0002 | <MDL | <MDL | <MDL | <MDL <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL
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Class Subclass Acronym | MDL! Sewage from semiconductor plants Effluent from WWTP

(hg/L) Plant A Plant B Plant C Plant D| Plant E |WWTP|WWTP|WWTP

No.184 |No.185|No.186| No.187 | No.190 |No.194|No0.195|No0.196 |No0.197| No.191 |3 (A, B)j4(C, D)| 5 (E)

PFDS 0.0002 | <MDL | <MDL | <MDL | <MDL <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL
Fluorotelomer 4:2 FTSA [0.0001 | <MDL | <MDL | <MDL [ <MDL <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL
sulfonic acid 6:2 FTSA |[0.0002 | <MDL | <MDL | <MDL | <MDL <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | 0.022 | <MDL

8:2 FTSA |0.0004 | <MDL | <MDL | <MDL | <MDL <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL

Chlorinated 6:2 Cl- 0.0001 [ <MDL | <MDL | <MDL | <MDL <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL | <MDL
polyfluorinated PFESA
ether sulfonates (Cl- |(9CI-
PFESAs) PF30N)
Perfluoroalkane |Perfluoroalkane FOSA 0.0004| <MDL | <MDL [ <MDL | <MDL | <MDL | <MDL [ <MDL | <MDL [ <MDL | <MDL | <MDL | <MDL | <MDL

sulfonamides sulfonamides

(FASAs) (FASAs)
Perfluoroalkane |[N-alkyl MeFOSAA|0.0002| <MDL | <MDL [ <MDL | <MDL | <MDL | <MDL | <MDL [ <MDL | <MDL [ <MDL | <MDL | <MDL | <MDL
sulfonamido  perfluoroalkane EtFOSAA |0.0004| <MDL | <MDL | <MDL | <MDL | <MDL |<MDL | <MDL | <MDL | <MDL | <MDL | <MDL [ <MDL | <MDL
substances sulfonamido acetic

acids

"MDL: method detection limit, which was evaluated with seven spiked samples based on the guideline from Appendix B to 40 CFR Part 136, definition and
procedure for the determination of the method detection limit, revision 2.

2 QDLs of each PFAS are provided in Table 16.
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Table 18 Concentrations (ug/L) of 25 target PFAS in sewage from semiconductor plants and effluents from industrial WWTPs

Subclass Semiconductor Semiconductor Semiconductor Semiconductor Semiconductor WWTP3  WWTP4 WWTPS5  ZAll
plant A* plant B plant C* plant D plant E (A,B) (C,D) (E)

PFBA 0.782 2.25 2.78 4.84 0.572 1.24 1.69 0.493 14.6
PFPeA 0.285 0.062 0.169 0.141 0.192 0.125 0.101 0.161 1.24
PFHxA 0.126 <MDL 0.071 0.049 0.086 0.070 0.037 0.068 0.539
PFHpA 0.058 <MDL <MDL <MDL 0.043 0.032 0.018 0.031 0.239
PFOA 0.037 0.011 0.011 0.012 0.033 0.021 0.014 0.022 0.161
PFNA 0.025 <MDL 0.012 0.011 0.039 <MDL <MDL  0.015 0.131
PFDA 0.017 <MDL 0.009 0.010 0.032 0.010 <MDL  <MDL 0.078
PFUdA 0.011 <MDL 0.010 <MDL 0.027 <MDL <MDL <MDL 0.048
PFDoA 0.008 <MDL 0.009 <MDL <MDL <MDL <MDL <MDL 0.017
PFTrDA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
PFTeDA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
PFBS 1.33 2.12 2.93 6.71 0.127 1.68 2.61 0.121 17.6
PFPeS <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
PFHxS <MDL <MDL <MDL <MDL <MDL <MDL <LOQ <MDL <MDL
PFHpS <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
PFOS <LOQ <MDL <MDL <MDL <LOQ <LOQ <LOQ <MDL <MDL
PFNS <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
PFDS <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
4:2 FTSA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
6:2 FTSA <MDL <MDL <MDL <MDL <MDL <MDL 0.022 <MDL 0.022
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Subclass Semiconductor Semiconductor Semiconductor Semiconductor Semiconductor WWTP 3 WWTP4 WWTPS5 YAl

plant A* plant B plant C* plant D plant E (A,B) (C,D) (E)
8:2 FTSA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
9CI-PF30NS <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
FOSA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
MeFOSAA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
EtFOSAA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
YAl 2.68 4.44 6.00 11.8 1.15 3.18 4.49 0.911 34.7

'n.d : no peak was observed.
2<LOQ=Concentration was less than the limit of quantification.
3<MDL=Concentration was less than the method detection limit.

4 The concentration calculation procedure for plant A and plant C with multiple sewage sources is outlined in Table 3.
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Figure 12. Concentrations of 25 target PFAS in (a) sewage from semiconductor plants A-E

and (b) effluents from WWTP 3-5.
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4.1.3 QA/QC of Target Analysis

Direct injection analysis serves as a tool for quickly assessing the PFAS distribution
in wastewater. For the QA/QC measurement, Table 19 displays recoveries for QC
samples and spiked samples (45% to 132%) and RPD between duplicate samples (0.0%
to 24.3%). Specifically, the ranges of recoveries for the spiked samples analyzed were
45-132% for PFCAs, 59-112% for PFSAs, 88-121% for n:2 FTSAs, 78-81% for 6:2
CI-PFESA, 110-123% for FOSA, and 99-128% for N-alkyl FOSAAs. Regarding the
verification of centrifugation-induced losses in hydrophobic PFAS, sewage and effluent
samples from the same sampling points were recollected in August 2023 to verify the
impact of centrifugation pretreatment for target analysis. The result showed that
centrifugation before adding internal standards in the pretreatment process minimally
impacted short-chain PFAS but led to significant loss for long-chain PFAS, particularly
over 90% loss of M2PFTeDA (Table 20). While most detected PFAS are short-chain
and minimally affected, it is crucial to consider potential loss in long-chain PFAS

during pretreatment.
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Table 19 Accuracy and precision of QC samples for 25 target PFAS on the LC-QqQ

Acronym Recovery (%) of QC  Recovery (%) of matrix ~ RPD! of duplicate
sample spike sample sample (%)
QC1 QC2 No. 190  No. 191 No.194 WWTP3
PFBA 93.0 82.2 69.2 72.3 0.0 10.3
PFPeA 1004 972 106.7 116.8 1.2 8.7
PFHxA 98.6 91.0 99.4 110.6 4.5 15.4
PFHpA 98.1 89.9 85.1 100.7 7.0 15.3
PFOA 106.1 94.2 91.2 106.0 3.2 14.1
PFNA 93.3 92.1 98.4 113.7 7.4 6.7
PFDA 1045  90.1 83.6 93.9 15.0 5.8
PFUdA 100.2  99.1 108.8 132.0 7.0 --
PFDoA 1132 95.6 96.3 129.5 7.2 --
PFTrDA 117.5 112.1 41.1 44.7 - -
PFTeDA 96.8 92.8 88.2 123.6 - --
PFBS 96.0 90.6 61.3 111.9 5.8 243
PFPeS 92.0 86.7 74.2 88.4 - --
PFHxS 103.0  96.6 99.6 96.5 -- -
PFHpS 96.0 87.1 105.4 86.4 - --
PFOS 101.8  91.6 101.2 105.9 - -
PFNS 112.6 109.7 68.3 66.1 -- --
PFDS 101.7  89.5 58.5 82.0 -- --
4:2 FTSA 96.2 89.6 87.7 90.1 -- --
6:2 FTSA 107.6  94.6 102.8 109.9 -- --
8:2 FTSA 1124 97.7 102.5 121.1 - -
6:2 CI-PFESA 91.5 85.3 81.0 78.3 -- --
(9CI-PF30N)
FOSA 110.6  93.8 109.8 123.2 - -
MeFOSAA 102.6  96.1 98.7 119.7 -- --
EtFOSAA 111.8 105.3 109.0 128.1 - -

'RPD: relative percent difference; RPD = absolute value (primary sample measurement

- duplicate sample measurement)/[(primary sample measurement + duplicate sample

measurement) / 2)] x 100%
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Table 20 Verification of centrifugation-induced losses in hydrophobic PFAS on the

LCQqQ

Internal standard

Recovery (%)! (n=11)?

Average SD
M4PFBA 94.4 10.6
MS5SPFPeA 105.5 12.9
MS5PFHxA 102.2 12.8
M4PFHpA 98.9 10.8
MSPFOA 94.9 7.8
MO9PFNA 81.0 6.1
M6PFDA 51.8 9.0
M7PFUdA 26.8 9.7
MPFDoA 10.4 5.0
M2PFTeDA 7.8 4.3
M3PFBS 99.7 10.5
M3PFHxS 93.2 6.6
MS8PFOS 60.5 6.3
M2-4:2FTSA 81.2 21.2
M2-6:2FTSA 78.6 9.1
M2-8:2FTSA 45.0 13.4
MS8FOSA 53.4 8.2
d3-N-MeOFSAA 40.0 13.7
ds-N-EtOFSAA 20.1 8.7

' Recovery = [area of IS where IS were added before centrifugation/area of IS where

IS were added after centrifugation] *100%; Average = mean of recovery; SD = standard

deviation of recovery.

2 Eight sewage samples and three effluent samples were fortified with internal standards

(ISs) both before and after centrifugation. The concentration of ISs in the samples was

5 ng/L.
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4.2. Nontarget analysis

4.2.1. Novel approach

Screening functional polar heads is essential for identifying non-targeted PFAS
that lack obvious fluorocarbon fragments and for discovering the various reaction
products formed in the polar functional groups during semiconductor manufacturing.
Identifying non-target substances can be complex and time-consuming. To simplify the
process, we have streamlined our approach by summarizing the identified surfactant
PFAS search through the screening of polar functional groups based on fragments and
neutral loss for the 12 classes with distinct polar functional groups. This summary, as
presented in Table 21, serves as a valuable reference for the non-target analysis of PFAS.
For a detailed overview of fragments and neutral loss features, Table 22 presents
information on sulfonamido substances, while Table 23 focuses on fluoroalkyl acids.

By searching for [NSO.]~ fragment searching and excluding substances lacking
fluorine based on isotopic formulas, we identified the predominant perfluoroalkane
sulfonamides (FASAs) and various FASA series chemicals, resulting in the detection of
9 subclasses (1a-11) in Table 24. Notably, in the presence of substances with N-alkyl
substitutions, SO2" (63.9625) and SO>H™ (64.9697) became dominant fragments and the

weak fragment SO2F (82.9603) was observed. N-Methyl perfluorobutane sulfonamide
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(MeFBSA) was identified in the effluents of WWTP. To the best of our knowledge, 9

identified FASAs (including 2 E-FBSA isomers) of these subclasses have been reported

for the first time, as shown in Table 24.
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Table 21 Summary of fragment and neutral loss (NL) screening from the fluorinated tail and polar head, respectively, in the study. Normal font

subclasses recognized from both tail and head, bold subclasses only from headgroup, italicized subclass from tail.

By tail [CoFan+1]” [CiFan10]” [ChFon-1] [CiF2n10]” [CiFans]” HF? No prior fragments or NL
from fluorinated tail
By head
[SO2N]~ FASAAs E-FASA H-FASAAs FASAs
E-FASAA H-FASAs
[SOF]- PFSAi
N-Alkyl FASAAs
[SOs3]~ FASEEs H,-E-PFSA  H»-E- H-PFSAs PFSAs
PFSA n:2 FTSA
H>-E-PFSA
[HSO:2]~ N-Alkyl FASA E-FASE U-FASE E-H-FASE FASE
FASEE mono-ol U-E-FASE H-FASE
monoacid Miscellaneous FASE
FASAcAL
FASAcAL hydrate/
hemiacetal
[SO2NC2H4O]~ FASEE mono-ol  E-FASE U-FASE H-E-FASE FASE
monoacid U-E-FASE H-FASE
Miscellaneous FASE
[SO2N(C2H40) 2]~ FASEE H-FASEE
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By tail [CoFan+1]” [CiFan10]” [ChFon-1] [CiF2n10]” [CiFans]” HF? No prior fragments or NL
from fluorinated tail
By head
CO, PFCA U-PFCA U-E-PFCA PFdiCA
U-E-PFCA U-E-PFCA
PFdiCA PFdiCA
CO.HF? H-E-PFCA H-E-PFCA H-PFCA H-E-PFCA
H>-E-PFCA
CnH2,CO2*® FASAA E-FASAA H-FASAA
FASPrA
N-Alkyl FASAA
FASEE diacid
FASEE mono-ol
monoacid

X=S03, CONH, etc

a

No prior fragments
and NL from

headgroup

E-PFCA

Miscellaneous FASAs
Miscellaneous FASEs

a: neutral losses from MS2 spectra

b: the neutral loss from sulfonamido carboxylic acid is “Cn,H2,CO2, exemplified by sulfonamido acetic acid (CH2CO- 58.0055) and sulfonamido
propanoic acid (C2H4CO» 72.02113).
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Table 22 Proposed strategies of fragmentation and neutral loss of sulfonamides and

sulfonamido substances identified in this study

Class Hydrophilic group  Subclass Fragment Fragment2 Neutral
1 (m/z) (m/z) loss (m/z)
Sulfonamides SO,N(X)H Per-and SO>N- X-H
polyfluoroalkyl (77.9644)
sulfonamides! (X=H)
and miscellaneous
FASAs (X=SO;sH,
CONH_, CH2NO»,
etc.)
SON(RHH N-Alkyl FASAs SOH~ SOLF~
(64.9697) (82.9603)
Sulfonamido  SO.N(X)CH,CH,O Per- and SOH~ SO.NC>Hs X-H
ethanols H polyfluoroalky (64.9697) O
sulfonamido ethanol (121.9912)
(FASEs (X=H) and SONCH>~
miscellaneous FASEs (91.9806)
(X=SOsH, CONH>)
SON(R')CH,CH,O  N-Alkyl FASEs CH3COx
H (59.0139)
Sulfonamido  SO:N(CH,CH,OH): N,N-bis(2- SO;~ SO>2N(C2H4
diethanols hydroxyethyl) per- (79.9563) O)>~
and polyfluoroalkane (166.0179)
sulfonamide (FASEE SO2N(C2H4
diol) )CH>™
(136.00739
)
SO_NC;H4
O
(121.9912)
Sulfonamido  SO.N(H)C,H,CO, Per- and SO>N- SOF- CuH2,CO2
carboxylic H? polyfluoroalkane® (77.9644) (82.9603) 23
acids carboxylic acid
(FASCASs)
SO:N(R')CH,COOH N-Alkyl FASAAs SO.F- CH2CO2
(82.9603) (58.0055)
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Class Hydrophilic group ~ Subclass Fragment Fragment2 Neutral

1 (m/z) (m/z) loss (m/z)
Sulfonamido  SO.N(CH,COOH); Per- and SOF- CH2CO>
diacetic acids polyfluoroalkyl (82.9603) (58.0055)
sulfonamido diacetic
acid (FASEE diacid)
N-ethylhydroxyl SO,N(CH.CH.OH) N-(2-hydroxyethyl)  SO.F- SO:NC;Hs CH2COz
sulfonamido CH,COOH perfluoroalkane (82.9603) O (58.0055)
acetic acids sulfonamido acetic SOH~ (121.9912)
acid (FASEE mono-ol (64.9697) SO>NCH>~
monoacid) (91.9806)
Sulfonamido  SO.NHCH,COH Per- and SOH- SO2~
acetaldehyde polyfluoroalkyl (64.9697) (63.96245)
sulfonamido
acetaldehyde
(FASAceAL)
Sulfonamido  SO.NHCH,CH(OH) Per- and SOH~ SO>~ H>,O
acetaldehyde (OX) polyfluoroalkyl (64.9697) (63.96245) (18.0106)
hydrate/hemia (X=H (hydrate); sulfonamido MeOH
cetal X=CH3 acetaldehyde (32.0262)
(hemiacetal)) (FASAceAL hyrate/
hemiacetal)

1: The neutral loss of sulfonamido carboxylic acid is C,H2,CO., exemplified by

sulfonamido acetic acid (58.0055) and sulfonamido propanoic acid (72.02113).
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Table 23 Proposed strategies of fragmentation and neutral loss of per- and
polyfluoroalkyl acids (PFAAs) identified in this study

Class Hydrophilic Subclass Fragment 1 Fragment Neutral loss
group (m/z) 2 (m/z) (m/z)
Carboxylic -COOH Perfluoroalkyl CO,
acids carboxylic acids (43.9893)
(PFCAs); Unsaturated
PFCAs (U-PFCAs);
Unsaturated
perfluoroalkyl ether
carboxylic acids (U-E-
PFCAs)
Hydro substituted COHF
PFCAs (H-PFCAs); (63.9961)
Hydro substituted E- CO2
PFCAs (Ha-E-PFCAs) (43.9893)
Perfluoroalkyl ether Not detected
carboxylic acids (E-
PFCAs)
Dicarboxylic -(COOH), Perfluoroalkyl CO,
acid dicarboxylic acids (43.9893)
(PFdiCAs)
Sulfonic -SOs;H Perfluoroalkane SO;~ SOsF-
acid sulfonic acids (PFSAs) (79.9563) (98.9547)
Hydro substituted SOs5 HF
PFSAs (H-PFSAs) (79.9563) (20.0062)
Hydro substituted and  SOs;H™ SOs5 HF

Sulfinic acid -SO>H

ether PFSAs (Hn-E-
PFSAs)
Perfluoroalkyl sulfinic

acid

(80.96519) (79.9563) (20.0062)

SOF-
(82.9603)
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The Compound Class Scoring node (MS2) identified precursor ions with hydrophilic
fragments [SO2NC2H40] (121.9917) and [SO,NCH:]~ (91.9812) for FASE subclasses with
sulfonamido ethanol segments, as shown in Figure 13(a). Additionally, fluoroalkyl fragments
from the hydrophobic tail were used to identify fluorocarbon surfactants. By conducting
[SO:NC2H40] and [SOoNCH»]™ fragment searching and subsequently excluding substances
lacking fluorine based on isotopic formulas, we identified the predominant perfluoroalkane
sulfonamido ethanol (FASEs) and miscellaneous FASE series, resulting in the detection of 8
subclasses (2a-2h). To the best of our knowledge, 9 identified structure of FASEs of these
subclasses have been reported for the first time, as shown in Table 24. It is noted that the
fluoroalkyl fragment as Cs4F9~ was not obvious in the MS2 spectrum of FBSE; thus,
identification via the specific fragment of O.SNC>H4O" rather than fluoroalkyl fragment is
highly feasible. Using this approach, class 3 with segment of sulfonamido diethanols and class
6 with N-(2-hydroxyethyl) sulfonamido acetic acid were identified as well.

The Searching Neutral Losses node (MS2) was used for identification of the precursor ion
with the neutral loss of 58.0055 for the subclass of FASAAs for the subclass of FASAAs.
Therefore, incorporating a neutral loss of CH>CO; in the nontarget approach enables effective
identification of substances with sulfonamido acetic acids, indicating their characteristics
during collision in the CAD cell. The neutral loss of CH2CO> served as an indicator for
identifying subclasses of PFAS with sulfonamido acetic acid segments are first presented in our

study, as shown in Figure 13(b). Based on this approach, class 4 of sulfonamido carboxylic
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acids, class 5 of sulfonamido diacetic acids and class 6 of N-ethylhydroxyl sulfonamido acetic

acids have been identified, and 5 of 9 PFAS belonging these classes with CH>CO> have been

first recognized.

(a) Fragments from polar head and (b) Neutral Losses from polar head and
nonpolar chain by the Compound nonpolar chain by the Searching
Class Scoring node Neutral Losses node

Fluoroalkyl chain Fluoroalkyl chain

MS1

* = 0,SNCH,CH,0" (121.9917) 3
= 0,SNCH, (91.9812 i T A=
MS2 N * % A, 2 - 2 ( ) LA (ASSS?SZSC)OZ
‘ x=C,F,0, MS2

|1 l A=HF (20.0062)

Figure 13 Identification workflow for nontarget analysis based on the hydrophilic functionality
and hydrophobic fluoroalkyl chain of surfactant PFAS were conducted by the (a) Compound
Class Scoring node (MS2) and the (b)Searching Neutral Losses node (MS2), respectively.

For miscellaneous FASAs and FASEs (subclass 1d-1i and subclass 2g-2h of Table 24), the

prominent signals at 297.9590, representing [CsFoSO:N]~, and 341.9852, representing

[C4F9oSO2NC>H4OH], suggest that these ions likely retain the original structures of FBSA and

FBSE during fragmentation. Hence, the neutral loss between [M-H]™ and their associated

fragment ([C4sF9SO>NH]™ for FBSA and [C4FsSO.NC,H4sOH] for FBSE), would be practical

to identify these series of headgroups, despite potential variations at the fluorinated tail end.

This approach uniquely emphasizes the neutral loss of segments such as SOz, CONH, CH30H,

and H>O for miscellaneous FASAs and FASEs, underscoring its novelty in identifying reaction

products reported for the first time. The initial proposed structure belonging to miscellaneous

FASAs and miscellaneous are provided in Figure 14. In addition, our study leads the way in
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developing neutral loss screens for CO,, HFCO,, C,H2,CO>, etc.,

serving as indicators to

distinguish classes such as carboxylic acid, dicarboxylic acid, and sulfonamido carboxylic acid,

each characterized by terminal carboxylate structures.

Q. [ewcali 19743342 RT- 589 AV: 1 NL: 126E
BT e u Bull mes 384.0906@hcda? 50 (50.0000-410.0000]
100 77.96550 .
o [O.SN]- %
N
® F F F F (|3| /_/7 o
70 | .
- F ~S—NH [M-H]
50 F F F F 1 g 384.99234
£ a0 i
LI Miscellaneous FBSA
i FBSA-PINO, [CFSON-  NL=CsHsNO:
o ‘55 76322 | 9212240 1}9;95110 272 5?951‘ 297 9|5889 372 9‘7552 3‘99.,26709
1 |
T & 00 120 0 60 | 200 2o 20 20 280 sk | =0 | S0 %0 o a0
m/z
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° F F F F'O \—\
§ o [M-HI
£ <o Miscellaneous FBSE 36499133
o FBSE-Am
30 - [O2SNC,H40T”
20 [02SNCH] NL=CONH
1o 91.08154 M R
121.00225 q
ol ‘ 77.96546 “. 11176080 ‘ - 151.20510 199.96809 245.92076
e e P S P P
miz

Figure 14 FBSA-PrNO; and FBSE-Am are polar-head isomers, presenting the subclass

sulfonamide and sulfonamido ethanol respectively
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4.2.2. Terminology

Table 24 summarizes 83 identified PFAS from 12 subclasses of 3 classes with their
identified CLs, 30 of which were first reported in sewage from industry and effluents from the
associated WWTPs. The predominant identified PFAS compounds were perfluorobutane
sulfonamido substances, perfluorobutane sulfonamide and ultrashort and short-chain PFAAs.
Through the matching of RTs and MS2 fragments with the available authentic standards, the 21
identified PFAS were categorized as CL1a/CL1b, denoted as 'CL1-identified PFAS'. (Figure
15) The other 62 compounds without the acquisition of authentic standards for further
confirmation were categorized as CL2b to CL3c, denoted as 'tentatively identified PFAS'.
Notably, although FBSE and FBSA were confirmed with the standards, the CL remained 1b
due to insufficient data for isomer-specific assignment. The following is a discussion of the

identified results for the 12 classes with distinct polar functional groups.

103

doi:10.6342/NTU202402180



Terminology

Target |+ LC-MS/MS (LC—
analysis | (LEQQQ) ]- 13 of 25 ‘Target PFAS’ detected

( \ * LC-HRMS (LC-QE)

* Confidence level (CL) )
Level 1a Confirmed by reference standard | 21 ‘CL1-identified PFAS’

Level 2a Probable by library spec. match

Nontarget Level 2b Probable by diagnostic fragmentation evidence
analysis Level 2c Probable by diagnostic homologue evidence 62 ‘Tentatively identified PFAS’
(NTA) Level 3a Positional isomer candidates B

Level 3b Fragmentation-based candidate

Level 3¢ Circumstantial candidate with fragmentation evidence
Level 3d Circumstantial candidate with homologue evidence
Level 4 Unequivocal molecular formula

Level 5a PFAS suspect screening exact mass match

\ / Level 5b Nontarget PFAS exact mass of interest

Figure 15 Target analysis and nontarget analysis categorized by the CLs scope’® for proposed structure
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Table 24 Identified PFAS categorized by polar head class, subclass, compound number

theoretical precursor ion, retention time (RT), confidence level (CL), and first report.

Class Subclass Aberration Number RT Theoretical ~ CL Q/SQ/  First
a (min)  precursor NQ/Q  report
ion [M-H]" QQ¢
Sulfonamides la  Perfluoroalkane FBSA la-1 21.97  297.95897 la Q
—SO>NH, sulfonamides (FASAs)
1b  Hydro-substituted H-FBSA 1b-1 10.69  279.96840 3a NQ A%
perfluoroalkyl
sulfonamides (H-FASAs)
Ic  Perfluoroalkyl ether E-FBSA(1) lc-1 2591 313.95389° 2b NQ \"%
sulfonamides (E-FASAs)  E-FBSA(2) lc-2 2737  313.95389% 20 NQ v
Miscellaneous 1d X:SO;H FBSA-SOsH 1d-1 3.58 377.91579 2b NQ A%
sulfonamides le X:CONH, FBSA-Am le-1 8.72 340.96479 2b NQ A%
—SO:N(X)H If  X:CH,CONH, FBSA-MeAm 1f-1 10.72  354.98044 3a NQ v
lg X:CH,NO, FBSA-MeNO; 1g-1 7.28 356.95970 3a NQ v
Ih  X:C3HgNO, FBSA-PrNO; 1h-1 8.81 384.99100°¢ 3a NQ v
li  X:CH,N,H FBSA-diazene li-1 22.28  339.98077 3a NQ v
N-alkyl 1j  N-methyl perfluoroalkane =~ MeFBSA 1j-1 36.77  311.97462 la SQ
sulfonamides sulfonamides (MeFASAs)
—SO:;N(R)H R=CH;
Sulfonamido 2a  Perfluoroalkane FEtSE 2a-1 9.46 241.99158 2b SQ
ethanols sulfonamido ethanols FPrSE 2a-2 18.47  291.98838 2b SQ
—SO,N(H)CH; (FASEs) FBSE 2a-3 30.00  341.98519 1b Q
CH,OH 2b  Hydro substituted H-FBSE(1) 2b-1 1584  323.99461° 3a NQ v
perfluoroalkane H-FBSE(2) 2b-2 19.05 323.99461%  3a NQ \"%
sulfonamido ethanols (H-
FASEs)
2¢  Perfluoroalkyl ether E-FBSE(1) 2c-1 33.94  357.98010" 2b NQ A%
sulfonamido ethanols (E-  E-FBSE(2) 2¢c-2 3428  357.98010" 2b NQ A%
FASEs) E-FBSE(3) 2¢-3 3510  357.98010° 2b NQ v
2d  Hydrogen substituted H-E-FBSE 2d-1 21.41  339.98952 3a NQ A%
perfluoroalkyl ether
sulfonamido ethanols (E-
H-FASEs)
2¢  Unsaturated U-FBSE 2e-1 16.76  303.98838 3a NQ A%
perfluoroalkane
sulfonamido ethanols (U-
FASEs)
2f  unsaturated perfluoroalkyl U-E-FBSE 2f-1 23.78  319.98330 3a NQ A%
ether sulfonamido
ethanols (U-E-FASEs)
Miscellaneous 2g  X:SO3H FBSE-SOs;H 2g-1 17.79  421.94200 2b NQ A%
sulfonamido 2h  X:CONH, FBSE-Am 2h-1 29.97  384.99100°¢ 2b NQ v
ethanols
—SO:N(X)CH;
CH;OH
N-alkyl 21 N-methyl perfluoroalkane ~ MeFBSE 2i-1 35.21 416.02197¢ 3a NQ
sulfonamido sulfonamido ethanols
ethanols (MeFASEs) R=CHj3
—-SO,N(R”)
CH,CH,OH
Sulfonamido 3a  N,N-bis(2-hydroxyethyl) FBSEE (diol) 3a-1 31.52 446.03253° la Q
diethanols perfluoroalkane
—-SO,N(CH; sulfonamides (FASEE
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Class Subclass Aberration Number RT Theoretical ~ CL Q/SQ/  First
a (min)  precursor NQ/Q  report!
ion [M-HT- QQ¢
CH;OH); diols)
3b  Hydro-substituted FASEE  H-FBSEE 3b-1 16.96  428.04195° 2b NQ v
diol (H-FASEE diols)
Sulfonamido 4a  perfluoroalkane FBSAA 4a-1 1550  355.96445°¢ . 1b SQ
carboxylic acids sulfonamido acetic acids Headgroup 4a-2 9.93 355.96445°¢ 3a NQ \'%
—SO,;NH(CH>),, (FASAAs) isomer of
COOH FBSAA
4b  Hydro-substituted H-FBSAA 4b-1 7.29 337.97387 3a NQ A%
FASAAs (H-FASAAs)
4c  Perfluoroalky ether E-FBSAA(1) 4c-1 18.73 371.95937° 3a NQ \'%
sulfonamido acetic acids E-FBSAA(2) 4¢c-2 19.73 b 3a NQ \"%
(E-FASAAs) 371.95937
4d  N-methyl FASAAs (N- MeFBSAA 4d-1 20.38  369.98120¢ la SQ
MeFASAAs)
4e  Perfluoroalkane FBSPrA 4e-1 19.06  369.98120¢ 2b NQ A%
sulfonamido propanoic
acids (FASPrAs)
Sulfonamido 5a  perfluoroalkane FBSEE diacid Sa-1 5.83 413.96993 2b SQ
diacetic acids sulfonamido diacetic
—-SO,N(CH; acids (FASEE diacids)
COOH);
N-ethylhydroxyl 6a  N-(2-hydroxyethyl) FBSEE mono-ol  6a-1 17.10  399.99067 2b SQ A%
sulfonamido perfluoroalkane monoacid
acetic acids sulfonamido acetic acids
—SO,N (FASEE mono-ol
(CH>CH,OH) monoacid)
(CH,COOH)
Sulfonamido 7 Perfluoroalkane FBSAcAL(1) 7a-1 13.03 339.96954°¢ 3a NQ \"%
acetaldehyde sulfonamido acetaldehyde  FBSAcAL(2) 7a-2 30.03  33996954°¢ 3a NQ A%
—SO:;N(H)CH, (FASALs, keto and enol
COH form)
Sulfonamido 8a  Perfluoroalkane FBSACAL 8a-1 30.01-  357.98010 2b NQ A%
acealdehyde sulfonamido acetaldehyde  hydrate 32.63
hydrate/hemiace hydrate (R=H)
tal 8b  Perfluoroalkane FBSACAL 8b-1 33.16  371.99575 2b NQ A%
—SO:;N(H)CH, sulfonamido acetaldehyde  hemiacetal
C(OH)(OR)H hemiacetal
(R=CH;)
Carboxylic acid 9a  Perfluoroalkyl carboxylic =~ TFA 9a-1 1.38 112.98559 la Q
acids (PFCAs) PFPrA 9a-2 2.65 162.98239 la Q
—COOH PFBA 9a-3 443 212.97920 la QQQ
PFPeA 9a-4 8.15 262.97600 la QQQ
PFHxA 9a-5 15.87  312.97281 la QQQ
PFHpA 9a-6 25.52  362.96962 la QQQ
PFOA 9a-7 3528  412.96642 la QQQ
PFNA 9a-8 4598  462.96323 la QQQ
PFDA 9a-9 54.82  512.96003 la QQQ
U-E-PFPeA(1) PFUdA 9a-10 63.08  562.95684 la QQQ
U-E-PFPeA(2)
9b  Unsaturated PFCAs (U- U-PFHXA 9b-1 10.53  274.97600 3a NQ
PFCAs)
U-E-PFHxA(1) 9¢  Unsaturated-E-PFCAs U-E-PFBA 9c-1 3.20 190.97731 3a NQ
(U-E-PFCAs) U-E-PFPeA(1)  9c-2 3.29 240.97411°  3a NQ
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Class Subclass Aberration Number RT Theoretical ~ CL Q/SQ/  First

a (min)  precursor NQ/Q  report!
ion [M-HT- QQ¢
U-E-PFPeA(2)  9c-3 6.36 240.97411°  3a NQ
U-E-PFHxA(1)  9c-4 3.66  290.97092°  3a  NQ
U-E-PFHxA(2)  9¢-5 5.80 290.97092°  3a NQ
U-E-PFHxA(3)  9c-6 11.07  290.97092%  3a NQ
9d  Hydro-substituted PFCAs  H-PFBA 9d-1 3.23 194.98862 3a NQ
(H-PFCAs) H-PFPeA 9d-2 4.74 244.98543 3a NQ
H-PFHxA 9d-3 9.35 294.98223 3a NQ
9¢  Hydro-substituted E- H-E-PFPrA 9e-1 1.9 160.98673 3a NQ
PFCAs (H-E-PFCAs) H-E-PFBA(1) 9¢-2 3.13 210.98353%  3a NQ
H-E-PFBA(2) 9¢-3 3.77 210.98353%  3a NQ
H-E-PFBA(3) 9¢e-4 9.83 210.98353%  3a NQ
Multihydro-substituted E-  H»>-E-PFBA 9e-5 1.77 192.99296 3a NQ
PFCAs (Hq,-E-PFCAs)
9f  Per- and polyfluoroalkyl E- PFPrA 9f-1 3.36 178.97731 3a NQ
ether carboxylic acids (E-  E- PFBA 9f-2 5.82 228.97411 3a NQ
PFCAs) E- PFPeA 9f-3 10.14  278.97092 3a NQ
Dicarboxylic 10  Perfluoroalkyl PFdiCA(C3) 10a-1 1.01 138.98484 3¢ SQ
acid a dicarboxylic acids
—(COOH); (PFdiCAs) PFdiCA(C4) 10a-2 1.13 188.98164 2¢ SQ
PFdiCA(C5) 10a-3 1.18 238.97845 2¢ SQ
PFdiCA(C6) 10a-4 1.25 288.97525 2b SQ
PFdiCA(C7) 10a-5 2.54 338.97206 3c SQ
PFdiCA(C8) 10a-6 3.57 388.96887 2c SQ
Sulfonic acid 11 Perfluoroalkane sulfonic TFMS 11a-1 1.77 148.95257 la Q
—SO;H a acids (PFSAs) PFBS 11a-2 9.83 298.94299 la QQQ
11 Hydro substituted PFSAs ~ H-PFEtS 11b-1 1.91 180.95880 3a NQ
b (H-PFSAs) H-PFPrS 11b-2 3.57 230.95560 3a NQ
H-PFBS 11b-3 5.18 280.95241 3a NQ
11 Hydro substituted H,-E-PFTS 1lc-1 1.31 178.96313 3a NQ
c perfluoroalkyl ether H»-E-PFPrS 11c-2 2.57 228.95994 3a NQ
sulfonic acids (Hy-E-
PFSAs)
11 Fluorotelomer sulfonic 6:2FTSA 11d-1 33.95  426.96790 la QQQ
d acid
Sulfinic acids 12 Perfluoroalkyl sulfinic PFBSi 12a-1 11.39  282.94807 la Q
—SO:H a acids (PFSiA)

a: Compound number is made up of the subclass and serial number. For each chemical structure,
please refer to Appendix.
b: The presence of structural isomers varied in the fluorinated chain.
c: The presence of structural isomers varied in the polar functional head.
d: Q: Quantitation using a Q-Exactive mass spectrometry (QE) instrument.
SQ: Semi-quantitation with a QE instrument.
NQ: Qualification only; no quantitation.
QQQ: Quantitation using a triple quadrupole instrument, only qualification with QE.
e: The precursor ion was an acetate adduct [M+CH3;COO]~

f: The structures of these compounds have been firstly identified in current study
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Class I Perfluoroalkane sulfonamides

Subclass 1a-1¢ Per and polyfluoroalkane sulfonamides (FASAs) FASAs are distinguishable
by their unique fragment [NSO,]~ 77.9655.3 This distinctive characteristic serves as a unique
identifier for subclass la-lc, and subsequently for subclass 1d-1i. Our study identified
perfluorobutane sulfonamide (FBSA) of subclass la in sewage and effluent from
semiconductor manufacturing (Figure 16). Even though the authentic standard confirmation
included RT matching and MS2 spectrum matching (Figure 17), there is still insufficient data
to differentiate between branched and linear isomers, so the confidence level (CL) remained at
1b (detailed criteria for CL were shown in Table). FBSA was detected at high concentrations
of 1.71-141 pg/L in sewage from semiconductor plants A, B, C, and D and 33.0 to 40.3 pg/L
in effluent from WWTP3 and WWTP4. FBSA was not detected in the sewage of semiconductor
plant E or the effluent from WWTPS5. FBSA has been patented as a photoresist quencher, an
etching solution for silicon dioxide coatings and a cleaning solvent in the process of
manufacturing semiconductor devices.”>%0 FBSA has been reported in Great Lakes fish from

1 surface water,”’ soil at

Canada with concentrations ranging from <0.01 to 8.73 ng/g w.w.,
firefighting training grounds,>* and landfill leachate at a concentration of 530 + 170 ng/L.> A
3M plant reportedly discharged FBSA into the Tennessee River of Alabama in 2019% and into

the Schelde River of Belgium In 2021.%* Bioaccumulation factors for FASAs were significantly

higher, ranging from 10 to 1000 times greater than those observed for their terminal
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perfluoroalkyl sulfonates.®® This is the first time that FBSA has been identified as being widely

used in semiconductor manufacturing.
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Figure 16 MS2 spectrum of FBSA from sample no. 195
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Figure 17 MS2 spectrum of FBSA from authentic standard

By searching for [NSO;]™ fragment searching and excluding substances lacking fluorine
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based on isotopic formulas, we further discovered hydro-substituted FBSA (H-FBSA), and
ether FBSA (E-FBSA) in subclasses 1b and 1c. Notably, no obvious fluoroalkyl fragmentations
[CxFyO,] ~ were detected during screening, suggesting that [NSO:]" is a feasible screening tool
for identifying these subclasses. In Figure 18, the CL for H-FBSA remained at 3a, reflecting
uncertainty about the position of the hydrogen. In our study, hydrogen-substituted FBSA, H-
FBSA has been detected, however, no other multiple hydrogens substituted FBSA, such
fluorotelomer sulfonamides, has been observed. Previous researchers have identified
fluorotelomer sulfonamides in AFFF, characterized by the [HoNSO:]~ fragment,5 ©7
distinguishing them from perfluoroalkane sulfonamides (FASAs) in our study, which exhibit
the characteristic [NSO:]~ fragment. The introduction of the [H2NSO:]~ fragment is attributed
to the substantial presence of hydrogens in the fluorotelomer. Furthermore, E-FBSA, which
has two isomers, was recognized by its specific ether fragments [CF30]7(84.99067) and
[CoF50]7(134.98748) with an isotope pattern matching of C4F9H>O3SN (Figure 19 and 20) and

the CL was set to 2b.
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Figure 18 MS2 spectrum of H-FBSA.
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Figure 19 MS2 spectrum of one of the structural isomers of E-FBSA(1). The unique

fragmentation of CF3O~ was identified and led to the proposal of the structures of isomers at

confidence level

2b.
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Figure 20 MS2 spectrum of the structural isomer of E-FBSA(2). The unique fragmentation of
C,FsO~ was identified and led to the proposal of the structures of isomers at confidence level
2b. The greater RT (27.37 min) of E-FBSA was indicative of the increased symmetry of the

alkyl structure, which matched the proposed structure.

Subclass 1d-1i Miscellaneous FASAs These 6 identified subclasses (1d-1i) each exhibit

variations in the functional group as -SO>N(X)H with the structure C4F9SO>N(H)XH (X= SO3;

CONH; CH>CONH; CHNO2; C3HsNO2; CH2N> as subclass 1d-1i). Despite these versatile

polar headgroups from miscellaneous FASAs, all these compounds contain the [SO.N]~

(77.9644) fragment. Furthermore, the miscellanecous FASAs were identified, with additional

indications of these subclasses observed through neutral loss of X. For instance, subclass 1h

showed a neutral loss of C3HsNO,, as demonstrated in Figure 21. This introduces a new

screening approach for miscellaneous FASAs from neutral loss of X and is reported for the first

time.
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Figure 21 MS2 spectrum of the structural ison:rzler of FBSA-PrNO,. The unique fragment of
SO,>N" and neutral loss of C3HsNO> was identified and led to the proposal of the structures of
isomers at confidence level 3a.

Subclass 1j N-alkyl perfluoroalkane sulfonamides (N-alkyl FASAs) In the presence of
substances featuring N-alkyl substitutions of FASAs, the feature of [SO.N]™ from FASAs was
no longer detected. The primary fragments shifted to [SO2] (63.9625) and [SOH] (64.9697),
with the additional observation of the weak fragment [SO2F]~ (82.9603). Fragments [C4Fo]"
and [SO2F]” were detected in the MS2 spectrum (Figure 22) and further confirmed as MeFBSA
through RT and MS2 spectrum matching (Figure 23), resulting in setting the CL to 1. MeFBSA
has been detected in landfill leachate at a semiquantitation of 100 ng/L.%?> The 3M company in
Belgium discharged MeFBSA into the Schelde River in 2021.% Although MeFBSA and N-

ethyl FBSA (EtFBSA) have been patented as cleaning solutions in semiconductor
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manufacturing,”®® MeFBSA and EtFBSA were examined but not detected in all sewage.

MeFBSA was slightly detected in the effluents of WWTP3 and

0.038 pg/L and 0.161 pg/L, respectively, as shown in Table 27.
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Figure 22 MS2 spectrum of MeFBSA from sample WWTP4
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Figure 23 MS2 spectrum of MeFBSA from authentic standard.
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Class II Perfluoroalkane sulfonamido substances

Subclass 2a-2f Per and polyfluoroalkane sulfonamido ethanols (FASEs) The nontarget
approach introduces novel fragment-based indicators [O.SNC>H4O]~ and [O2SNCH3] >3 for
identifying subclasses with specific sulfonamido ethanol segments, as shown in Figure 13(a).
By conducting [O.SNC;H4O]~ and [O.SNCH:]~ fragment searching, we identified the
predominant perfluoroalkane sulfonamido ehtaol (FASEs) and miscellaneous FASE series,
resulting in the detection of 8 subclasses (2a-2h). Among them, 6 subclasses (2a-2f) displaying
variations in the fluoroalkyl chain were effectively identified, including perfluorobutane
sulfonamido ethanol (FBSE), hydro-substituted perfluorobutane sulfonamido ethanol (H-
FBSE), perfluorobutyl ether sulfonamido ehtanol (E-FBSE), hydro-substituted perfluorobutyl
ether sulfonamido ehtanol (H-E-FBSE), unsaturated perfluorobutane sulfonamido ehtanol (U-
FBSE), and unsaturated perfluorobutyl ether sulfonamido ehtanol (U-FBSE). Among the
largest peaks in the samples was a feature at 341.98519 m/z and was identified as
perfluorobutane sulfonamido ethanol (FBSE). It is noted that the fluoroalkyl fragment as
[C4F9] was not obvious in the MS2 spectrum of FBSE (Figure 24); thus, identification via the
specific fragment of [02SNC,H4O]" is highly feasible.’>® FBSE was separated into several peaks
for branched and linear FBSE isomers (Figure 24). The CL increased after confirmation with
the reference standard through RT matching and MS2 spectrum matching. However, due to

insufficient data for isomer-specific assignment, the CL remained 1b. (Figure 25)
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FBSE was the most abundant substance in the sewage of semiconductor plants A, B, C,
and D at concentrations up to 34.0 to 482 ug/L and decreased to 1.72 to 21.4 pg/L in the effluent
of WWTP3 and WWTP4. FBSE, patented for silicon wafer etching and cleaning,”>*%° and its
notable presence in semiconductor plant sewage might be associated with 3M’s Electronic
Surfactant 4200—an anionic fluorochemical surfactant in a 25% aqueous solution to enhance
wetting in BHF.?? Identified as 1,1,2,2,3,3,4,4,4-nonafluoro-N-(2-hydroxyethyl)-ammonium
salt in 3M’s safety data sheet (SDS), this surfactant clarifies FBSE's notable presence in
semiconductor sewage. PFOS, previously used as the surfactant in BHF formulations,> has
been supplanted by FBSE in Novec 4200 formulations. This transition marks a pioneering
discovery in our study, demonstrating FBSE as a predominant alternative surfactant extensively
utilized in semiconductor fabrication. Notably, there was 0.007 ug/L. FBSE in the method blank
sample (Table 27), and this concentration was one-twentieth of the lowest concentration (0.143
ug/L) in the effluent from WWTPS5. Thus, we attributed the extremely low level to the residuals

in the LC-MS/MS system.
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Figure 24 MS2 spectrum of FBSE from sample no. 195
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Figure 25 MS2 spectrum of FBSE from authentic standard
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Figure 26 displays the MS2 spectrum and proposed structure of hydro-substituted

perfluorobutane sulfonamido ethanol (H-FBSE). The confidence level for H-FBSE remains at

3a due to uncertainties in identifying the position of hydrogen. Next, three isomers of

perfluorobutyl ether sulfonamide ethanol (E-FBSE) were identified and three characteristic

peaks from fragments [CF30], [C3F70], and [C2FsO]~ were observed by chromatography, and

their structures were proposed (Figure 27, 28, and 29) with a confidence level of 2b. The

greater RT (35.13 min) of the E-FBSE isomer was indicative of the increased symmetry of the

alkyl structure matching the proposed structure. The presence of hydrogen-substituted

perfluorobutyl ether sulfonamido ethanols (H-E-FBSEs) with the specific fluoroalkyl ether

fragment [C2F30] (96.9907, 0.72 ppm) was indicative of the loss of HF from [C,F4HO]~

(116.9971, 1.54 ppm). U-FBSE with the fragment [C4F7]~(180.9896, 0.99 ppm) was detected.

We proposed a confidence level of 3a due to the lack of further information to determine the

position of the double bond. Unsaturated perfluoroalkyl ether sulfonamido ethanols (U-E-

FASEs) with the specific fragments [C3Fs]7(130.9928, 1.91 ppm) and [C4F70]7(196.98503,

3.79 ppm) were detected, which suggested the position of the oxygen atom (Figure 30).

However, the position of the unsaturated bond remained uncertain, so the confidence level was

set to 3a. To the best of our knowledge, 5 subclasses (subclasses 2b-2f) of FASEs with various

fluoroalkyl chains have been reported for the first time (Table 24).
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Figure 26 MS2 spectrum of H-FBSE. Due to the uncertainty of the position of hydrogen, the

CL was set to 3a.
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Figure 27 MS2 spectrum from one of structural isomers of E-FBSE(1).
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*the fragment CF;0O- from of 1,1,2,2,3,3-hexafluoro-N-(2-hydroxyethyl)- 3-(trifluoromethoxy)propane-1-sulfonamide at RT 33.94

Figure 28 MS2 spectrum of one of structural isomers of E-FBSE(2).
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Figure 29 MS2 spectrum of one of structural isomers of E-FBSE(3).
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Figure 30 MS2 spectrum of E-U-FBSE

Subclass 2g-2h Miscellaneous FBSEs The subclass with the structure C4F9SO2N(C2HsOH)

XH (X:SO3; X: CONH) were detected in subclasses 2g and 2h, identified through characteristic

fragment [SO.NC,H4O] (121.9912) screening. Notably, subclasses 2g and 2h could be

detected through neutral loss screening of SO3 and CONH. (Figure 31)
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Subclass 2i N-alkyl perfluoroalkane sulfonamido ethanol To explore the subclass of N-alkyl
perfluoroalkane sulfonamido ethanol, we examined the authentic standards of MeFOSE and
EtFOSE, revealing characteristic MS2 spectrum of this subclass. Both MeFOSE and EtFOSE
displayed an acetate adduct [M+CH3COO] . In alkyl-substituted sulfonamido ethanol, no
[SO:NC2H4O]™ (121.9912) and [SO>NCH:]™ (91.9806) fragments were observed; only
[CH3COO] (59.01385) appeared. Screening of the acetate adduct of MeFBSE (416.02197) in
sample no. 190 revealed fragments of [SO2NC2H4O]™ (121.99250) and [SOH] (64.97031) at
RT 35.82 (Figure 32). The MeFBSE in Sample no. 190, presumed to be branched, contained
fragments of [SO.NC,H4O] (121.99250) and [SO.H]™ (64.97031), possibly distinct from the
linear form of authentic standard (Figure 33). Owing to the lack of additional fragments, we
assigned CL for MeFBSE as 1b due to insufficient isomeric data. Notably, previous researchers
identified fluorotelomer sulfonamido ethanol, like 6:2 FTSAm-EtOH, which contains the
[SO:NC,H40] (121.9912) fragment.®” This fragment, unaffected by the functional fluoroalkyl
chain, remains consistent across fluorotelomer compounds, serving as a unique indicator of

sulfonamido ethanol.
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Figure 32 MS2 spectrum of MeFBSE from sample no.190
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Figure 33 MS2 spectrum of MeFBSE from authentic standard
Subclass 3a-3b  Sulfonamido  diethanol N,N-bis(2-hydroxyethyl)perfluorobutane

sulfonamide (FBSEE diol) was identified in the form of an acetate adduct [M+CH3COO] ", [M-

H], a formate adduct [M+HCOQO]", and a dimer ion [2M-H]", in the order of their observed

intensities (Figure 34). This structure displayed characteristic fragments, such as
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[SO2N(C2H40)2]7, [SO2N(C2H40)CH2] ™, and [SO:NC>;H4O]™ in Figure 35 and Figure 36,
suggesting the presence of an N,N-2-bishydroxyethyl sulfonamide group. Additionally, the
high-intensity [SO3]™ fragment served as a confirming indicator. The observation underscores
the effectiveness of the screening method based on its polar functional group of FBSEE diol.
This has been confirmed using the authentic standard with a confidence level (CL) set to 1a, as
depicted in Figure 37. The concentrations of FBSEE diol in the sewage ranged from n.d. to
83.5 ng/L, and those in the effluent ranged from n.d. to 3.96 pug/L in Table 27. No literature or
patents claim that FBSEE diol is used in semiconductor manufacturing, and this is the first time
that FBSEE diol has been observed to be deployed in semiconductor manufacturing. A 3M
plant admitted that FBSEE diol had been illegally released to the Tennessee River in
Alabama.®® The investigation of the Morgan County Sanitary Landfill by the 3M
Environmental Laboratory showed that FBSEE diol was detected in air and water samples.®
Notably, FBSA, FBSE, and FBSEE diol were observed at high detection rates of 85%, 100%,
and 69%, respectively. Moreover, hydrogen-substituted FBSEE diol (H-FBSEE diol) was
detected with an acetate adduct and the unique fragment [O.SN(C2H40)2]” (166.0174, -2.16
ppm) for the first time. The confidence level was set to 3a due to insufficient data to determine

the position of hydrogen
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Figure 34 The observations of four adduct ion of FBSEE diol in sample no. 195.
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Figure 35 MS2 spectrum of FBSEE diol as acetate adduct in sample no.195.
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Figure 36 MS2 spectrum of FBSEE diol was observed as [M-H]™ in sample no.195.
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Figure 37 MS2 spectrum of FBSEE diol from authentic standard

Subclass 4 Sulfonamido carboxylic acid This subclass features a structure with sulfonamido

linked to a carboxylic acid group, releasing the carboxylic acid group (C,H2,CO>) during
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collision. A precursor ion at 355.96460, with a neutral loss of CH2CO; (-1.86 ppm), was
identified as perfluorobutane sulfonamido acetic acid (FBSAA) (Figure 38) and confirmed by
its authentic standard at CLla (Figure 39). FBSAA has been identified downstream of
manufacturing facilities in Alabama,’” in Chinese municipal WWTPs,*¢ and in landfill leachate
at a semiquantified level of 55 ng/L.%

In this study, FBSAA was detected semiquantitatively at concentrations from n.d. to 11.0
pg/L in sewage and at extremely high concentrations of 0.780 to 227 ug/L in effluent (Table
27). FBSAA has been patented as an etching solution in the semiconductor process.”*
However, it is difficult to distinguish whether FBSAA was directly used in the process or was
formed by the oxidation of FBSE. After wastewater treatment, the concentration of FBSAA
dramatically increased and we attributed this to the oxidation of FBSE to form FBSAA during

biotreatment processes, and further discussion follows.

127

doi:10.6342/NTU202402180
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1 100 Base Peak m/z= HSO:2 64.97027 64.97036 1.39
90 & i aTRsF 802N” 77.96552 77.96561 1.14
1 o0 [77.0000-1155.0000] S SO~ 82.96085 82.961 1.81
80 . - CaFe™ 218.98618 218.98648 1.37
. 0 1881 2269 C4FeSO2~ 282.94807 282.94757 -1.78
70 10 20 C4HFeSO2N" 297.95897 297.95944 1.57
o 7 Time (min) CeH3aFsNO4S™ 355.96445 355.96540 2.67
. OH (IM-H])
E LA ﬁ / < Neutral loss Theoretical value  Observed Error (ppm)
< 50 F—'—'—H—S—NH o (Da) value(Da)
° . EE E P g CH2CO2 58.00548 58.00596 8.31
= 4]
£ 3 i FBSAA 297.95944
307 Sample '
207 218.98648
] 6497036
10
] 91.98126
1 ;T 1899261 135 97096 28874213
0I|III[!!![\\\‘111|III|III[!!![\\\‘111‘III|III[!!![\\\‘111‘III|II[‘
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380
miz
Figure 38 MS2 spectrum of FBSAA from sample no. WWTP4
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Figure 39 MS2 spectrum of FBSAA from authentic standard.
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Through RT alignment and consistent MS2 spectrum, we verified the presence of FBSAA
at 15.5 minutes with CL1a (Figure 39). Notably, an isomer of FBSAA with higher polarity
presented at RT 9.93 minutes, showcasing distinct MS2 spectrum (Figure 40) that suggest
structural differences. Considering the potential isomerization between acid and diol forms 7°,

fragment analysis led to the proposal of a diol structure for the isomer.

new cali190-2 #5193 RT: 10.10 AV: 1 NL: 2.36E7
F: FTMS - p ESI d Full ms2 355.9654@hcd50.00 [50.0000-380.0000]

77.96561 *

100+ Formula Theoratical Observed ions Error (ppm)
| 10.06 NL: 2.49E8 .
b 100 1563 Base Peak miz= ions (m/z) (m/z)
904 zz gi?@azgggﬁgﬁﬁmzs F [SO2]” 63.96244 63.96252 1.14
] " [77.0000-1155.0000] S [NSO,]” 77.96552 77.96561 1.14
80-] 2 h [SO2F] 82.96085 82.96112 3.25
] ol 506 9% 1881 2269 [SO2NCOI 105.96044 105.96056 1.18
] ‘ 10 e [02SNC(O)CH20H] 136.97882 136.97902 143
707 Time (min) [CaFo] 218.98618 218.98634 0.73
] [C4aHF9NO2ST 297.95897 297.95923 0.86
60{ [CeH3FsNO4S] 355.96445 355.96536 2.55
] (M-HT)
50 HO OH
] F F F F ﬁ >:< Neutral loss Theoretical value  Observed Error (ppm)
] F S—NH H (Da) value(Da)
- |
40: EEF B l) CH.CO> 58.00548 58.00613 11.24
30- 63.96252 .
. Headgroup isomer of FBSAA 297.95923
20
] CH,CO,
] 105.96056
107 8296112 136.97902
] [ ‘ 118.99255 ‘ 14634705 17755560 218.98634 304.37830 355.96536
0\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\A‘\\\‘

60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380
m/z

Figure 40 MS2 spectrum of an isomer of FBSAA at RT 10.10 min

A series of compounds consistently displayed a neutral loss of CH>CO> (58.00548 Da),

allowing for the further identification of hydrogen-substituted FBSAA (Figure 41), E-FBSAA,

and N-methyl FBSAA (MeFBSAA) (Figure 42). Initially, a molecular ion at 337.97387 with

fragments [C4F7]", [SO2N]", [SO2F], and [C4H2FsO2SN], and the formula inferred through

isotopic pattern matching as C¢HsFsO4SN (mass tolerance 1.26 ppm, within 5 ppm), were
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further suggested to represent hydrogen-substituted FBSAA (Figure 41). However, the
position of the hydrogen remained undetermined, leading to the assignment of a level 3
confidence for the structure. H-FBSAA is being reported for the first time. Furthermore,
features as 371.95937 are proposed as perfluorobutyl ether sulfonamido acetic acid (E-
FBSAA), which has two structural isomers, was separated with the column at RTs of 18.73 min
and 19.73 min. Fragments of fluoroether [CF30]™ and [C2FsO]” were observed and providing
the position of oxygen for the CL at 2b. Furthermore, MeFBSAA with isotope matching to
C7HeFoNO4S (369.9790, -2.98 ppm) (Figure 42) was subsequently confirmed by the matching
RT and MS2 spectrum of the authentic standards (Figure 43). MeFBSAA was identified
downstream of manufacturing facilities in Alabama®’ and in landfill leachate at levels of 41-
8000 ng/L.*>>"!. N-Alkyl perfluorobutane sulfonamidoacetate (N-alkyl FBSAA) has been
patented as a cleaning component for silicon wafers;%° however, this subclass was examined
but not detected in wastewater. Extremely low concentrations of MeFBSAA were detected in
effluents from WWTP3 and WWTP4, with low concentrations of 0.029 and 0.018 pg/L,
respectively, as shown in Table 27. Thus, we concluded that N-alkyl FBSAA was not the main

chemical used in the studied semiconductor plants.
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new_cali_WWT3 #3033 RT: 7.29 AV: 1 NL: 4.66E5
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Figure 41 MS2 spectrum of H-FBSAA from sample no. WWTP3.
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Figure 42 MS2 spectrum of MeFBSAA from sample no. WWTP3.
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Figure 43 MS2 spectrum of MeFBSAA from authentic standard.

A ‘structural isomer’ of MeFBSAA, C7HsFoNO4S (369.9702, -2.38 ppm), was identified
for the first time as perfluorobutane sulfonamido propanoic acid (FBSPrA) (Figure 44). The
neutral loss of C;H4CO» released from collision indicates propanoic acid. The presence of only
[SO2F] (82.9603) fragments, not [SO2N]™ (77.9644), serves as a distinguishing rule between
FASAA and N-alkyl FASAA. Notably, the distinct neutral loss of CH2CO; might be affected
by the significant presence of hydrogens in the fluorotelomer, resulting in the neutral loss of
HF instead ¢’. However, the fluorotelomer series was not detected in this study; additional

information for exclusion purposes is provided.
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Figure 44 MS2 spectrum of FBSPrA from sample no. WWTP3.

Subclass 5 sulfonamido diacetic acid Perfluorobutane sulfonamido diacetic acid (FBSEE
diacid) with precursor ion m/z 413.97073 was found with a neutral loss scan of CH>CO> and
was also identified by ChemSpider matching at CL4. The MS2 spectrum of sulfonamido
diacetic acid shows two pairs of neutral losses of CH2O5, indicating that diacetic acid was
linked to the sulfonamido group. The main characteristic fragment was SO,F™ (82.9603), while
the intensity of SO:N™ (77.9644) was notably weak (Figure 45). A substance with the same
precursor ion and similar MS2 spectrum was previously proposed as the anhydride form.
Considering the observation of two neutral losses of CH2COOH as a feature of dicarboxylic
acid, the ChemSpider match of FBSEE diacid, and the possible presence of the degradation
product of FBSEE diol, we proposed the structure of FBSEE diacid with CL2b.

The semiquantified concentrations of FBSEE diacid in sewage ranged from n.d. to 0.029
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ug/L and increased up to n.d. to 12.5 ug/L in effluents (Table 27). There is no literature or

patents indicating that FBSEE diacid is used in the semiconductor manufacturing process. The

concentrations of FBSEE diacid in sewage were relatively low, and they dramatically increased

by approximately 900 times after treatment. We attributed the presence of FBSEE diacid to the

final oxidation of FBSEE diol through microbial biotransformation during the procedures of

WWTPs. FBSEE diol was reported to be rapidly transformed to a diacid,’”? which corresponded

to our de tection of FBSEE diacid in both sewage and effluents from the semiconductor industry.
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Figure 45 MS2 spectrum of FBSEE diacid

Subclass 6 N-hydroxyethyl sulfonamido acetic acid The substance with the precursor ion

399.9903 was identified by the specific fragment of [O.SNC,H4O]™ (121.9912). The An
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obvious fragment 341.9852 was referred to as the FBSE fragment. The difference between
341.9852 and 399.9903 represents the neutral loss of CH>CO:; (Figure 46). Consequently, we
referred to this substance as N-(2-hydroxyethyl) perfluorobutane sulfonamido acetic acid
(FBSEE mono-ol monoacid) at confidence level 2b.”® The concentrations of FBSEE mono-ol
monoacid were determined semiquantitatively to range from n.d. to 0.372 pg/L and n.d. to
0.312 pg/L in sewage and effluent, respectively (Table 27). No literature or patents have
claimed that FASEE mono-ol monoacid has been used in the semiconductor process. We
presumed that the occurrence of FASEE mono-ol monoacid in wastewater was due to the one-
side chain oxidation of FBSEE diol, and it is further oxidized to the final oxidation product as
FBSEE diacid. FASEE mono-ol monoacid, as an intermediate metabolite of FBSEE diol, was

identified for the first time.
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Formula Theoretical ions Observed ions Error (ppm)
(m/z) (m/z)

HO,S 64.97027 64.97035 1.23
O,SF 82.96085 82.96097 1.45
O2SNCHy 91.98117 91.98145 3.03
O2SNC,H,O 121.99174 121.99207 2.75
C4Fy 218.98618 218.98624 0.27
C4F9SOy 282.94807 282.94864 2.00
CeHsFgNO3S” 341.98519 341.98599 2.35
CgH7F9NOsS” 399.99067 399.99149 2.06
(M-HT)

Neutral loss Theoretical value Observed value Error (ppm)

(Da) (Da)
CH,CO;, 58.00548 58.00550 0.38

Figure 46 MS2 spectrum of FBSEE mono-ol monoacid

Subclass 7 Sulfonamido acealdehyde The class with the structure where sulfonamido linked

to acetaldehyde. CsH3F9NO3S7(339.9703, 2.09 ppm) was observed with the fragments [O2S]~

(63.9625, 0.67 ppm) and [HO,S](64.9703, 0.58 ppm), along with the RT of ~31 min, which

was detected for the first time as perfluorobutane sulfonamido acetaldehyde (Figure 47). A

structure isomer was observed with higher polarity (RT 13 min) and was identified as

perfluorobutane sulfonamido acetaldehyde (enol form) at CL3a (Figure 48).
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Figure 47 MS2 spectrum of FBSAcAL (keto form) from sample no. 197.
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Figure 48 MS2 spectrum of FBSAcAL (enol form) from sample no. 197.
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Subclass 8 Sulfonamido acealdehyde hydrate/hemiacetal [C¢HsFoNO4S] (357.9812, 2.99

ppm) was observed with a neutral loss of HoO which was identified as perfluoroalkane

sulfonamido acetaldehyde hydrate, as water adds to the carbonyl function of acetaldehydes

(Figure 49). Moreover, [C7H7FoNO4S](371.9954, -0.89 ppm) was detected with a neutral loss

of CH3OH, which indicated the production of additional reaction of methanol to acetaldehyde.

Hydrates and hemiacetals are the products of addition reactions of oxygen-based nucleophiles,

such as water and methanol, to aldehydes, which have been reported for the first time.
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Figure 49 MS2 spectrum of FBSAcAL hydrate from sample no. 190

Class III Perfluoroalkyl acids (PFAAs)

T T
320 380

340 360

Subclass 9 carboxylic acid Integrating CO» neutral loss into the nontarget approach improves

the identification of carboxylic acid-containing compounds, revealing their collision
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characteristics in the CAD cell, including subclasses 9a-9e, encompassing perfluoroalkyl
carboxylic acids (PFCAs), unsaturated PFCAs (U-PFCAs), Unsaturated-E-PFCAs (U-E-
PFCAs), hydro-substituted PFCAs (H-PFCAs), and hydro-substituted E-PFCAs (H-E-PECAs).
Trifluoroacetic acid (TFA, C2) and perfluoropropionic acid (PFPrA, C3) were identified with
fragments from [CF3]~ and [C2Fs]~ respectively, and produced neutral loss of CO; as well. TFA
and PFPrA were subsequently confirmed and elevated to CL1a based on the matching of RTs
(1.4 min for TFA, 2.7 min for PFPrA) and MS2 spectrum of the authentic standard. TFA and
PFPrA were detected with an average of approximately 1 pg/L and 0.01 pg/L, respectively, in
46 samples from 13 drinking water suppliers in Germany.”* PFPrA has been reported in influent
(1.1-41 ng/L) and effluent (<0.1-38 ng/L) from municipal WWTPs.”> TFA and PFPrA were
detected in all samples with concentrations of 2.65-19.9 pg/L in sewage and 3.00-20.1 pg/L in
effluents. In comparison with a previous study, TFA and PFPrA were reported in wastewater
from three electronic fabrication facilities at concentrations of 1.57-15.3 pg/L and 0.237-4.18
ug/L, respectively.?’” Trifluoroacetic anhydride has been claimed to passivate the compound
semiconductor surface by terminating the surface;’® thus, the occurrence of ultrashort-chain
TFA and PFPrA in sewage seems to be equal and comparable with a previous study.?’

The MS2 spectrum of U-E-PFCA(C6) is shown in Figure 50. The detection of CO»
alongside other fluorinated fragments ([C3Fs], [C4F7]", [CsF9O], [CeF9O3]") and confirmation

through isotope pattern matching with a formula of C¢FoO3;H allowed us to propose the
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structure of U-E-PFCA (C6) as CL 3a due to uncertainties regarding the position of the

unsaturated bond.
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Figure 50 MS2 spectrum of U-E-PFCA(C6)

In addition, hydro-substituted PFCAs (H-PFCAs), hydro-substituted E-PFCAs (H-E-
PFCAs) and Hn-E-PFCAs (subclasses 9d and 9e) produced neutral loss of CO,HF, which was
derived through the combination of CO; and HF, with HF originating from the hydrogen-

substituted fluoroalkyl chain, as their MS2 spectrum are shown in Figure 51 and Figure 52 for
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H-PFCA(C4) and H»>-E-PFCA(C4) respectively. Contrarily, achieving a neutral loss of CO; in
the PFCA series typically requires the presence of [M-H]™ as a precursor ion and [M-H-CO- ]
as a product ion. However, due to E-PFCA's inherent susceptibility to in-source collision-
induced dissociation (CID),*> 77 COz can be lost, resulting in the formation of [M-H-CO,]™ as
the precursor ion. Subsequently, within the collision chamber, C—O cleavage generates
[CxFyO,] fragments. Thus, there is no neutral loss of CO; between the precursor ion and the
production ion. This occurrence was observed during our QC sample testing with HFPO-DA
(GenX), where the precursor ion was identified as [M-H-COz]™ (284.9779) in Table 33 and the
product ion as [C3F70] (184.9842) in Table 34, precluding a neutral loss of 44. Therefore, E-
PFAC detection relies on C,F2,+10~ fragments and isotope pattern matching rather than CO>
screening. This aspect is also outlined in Table 21, highlighting the importance of
simultaneously scanning the fluorinated tail and polar head to enhance the effectiveness of

fragment-based nontarget analysis.
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Figure 51 MS2 spectrum of H-PFCA(C4). The confident level remained at 3a due to the

uncertainty of H position.
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Figure 52 MS2 spectrum of H>-E-PFCA(C4)
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Subclass 10 dicarboxylic acid Perfluoroalkyl dioic acids (PFdiCA) are comprised of the
functional group of dicarboxylic acid. PFdiCA (C3-C5) were detected with a neutral loss of
CO; PFdiCA (C6-C8) lacked the detection of neutral loss of CO», presumably due to their low
abundance in the samples. The fragment-based fluoroalkyl chain such as [CiFy]~ and the
isotopic pattern of fluorine could be alternatives to identify this subclass. Enormous
perfluoroalkyl fragments [C2F3], [C3Fs], [CaF7], [CsFo], and [CsF11]~ were set as indicators,
and PFdiCAs (C4-C7) were recognized (Figure 53 and Figure 54). The fragments [C:HF20-],
[C3HF40:] and [C4HFsO:] were detected with neutral loss of CO; from PFdiCAs (C3-C5) as
[M-H-CO.]. Perfluorobutyl dicarboxylic acid (PFdiCA, C4) has been patented as a quencher
in a photoresist,”’® and perfluorohexyl dicarboxylic acid (PFdiCA, C6) has been patented as
an antireflective coating.””® The presence of PFdiCAs (C3-C8) in semiconductor
manufacturing is reported for the first time. The semi-quantitative levels of PFdiCAs (C3-C8)

were n.d. to 0.431 pg/L in sewage and n.d. to 0.390 pg/L in effluents.
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Figure 53 MS2 spectrum of PFdiCA(C4) from the sample (WWTP3)
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Figure 54 MS2 spectrum of PFdiCA(C6) from the sample (WWTP5)

Subclass 11 sulfonic acid Perfluoroalkyl sulfonic acids (PFSAs, subclass 11a, C1 and C4) and

hydrogen-substituted PFSA (H-PFSA, subclass 11b, C2-C4) were distinguished by the

presence of [SOs]™ and [SOsF] . Trifluoromethanesulfonic acid (TFMS) was identified based
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on the quick peak at RT 1.8 min in chromatography with the specific fragments [CF3], [SOs],
[FO2ST, and [FOsS] (Figure 55) and further reached CL1 after confirmation with an authentic
standard (Figure 56). In the case of multi-hydrogen-substituted perfluoroalkyl ether sulfonic
acids (H»-E-PFSA, C4), the dominant fragments of polar head shifted from [SO3] to [HSOs] .
Additionally, for the subclasses with hydrogen-substituted PFSAs, such as H-PFSA(C2, C3)
and H>-E-PFSA (C4), a neutral loss of HF was observed (Figure 57). TFMS has been recently
reported in environmental water samples at concentrations up to 1 ug/L from three European
countries.®® Moreover, TFMS were detected with an average of approximately 0.1 pg/L in 46
samples from 13 drinking water suppliers in Germany.”* TFMS were reported in three
wastewater effluents from electronic fabrication facilities at concentration of 0.121-0.175

ug/L.27 TFMS is used in the manufacture of chemicals and optic, electric and electronic

t81,82 20, 83

equipmen and as a photo-acid generator in photolithography.
The quantitative levels of TFMS were 0.004-0.489 ng/L in sewage and 0.342-1.42 ng/L in
effluents (Table 27), possibly elevated in effluents due to contributions from other industrial
wastewater. TFMS concentrations (0.121-0.175 pg/L) in past studies on electronic fabrication

wastewater effluents®’ similar to our findings, likely linked to its use as a PAG to replace PFOS

in photolithography photoresist.?% 8*
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Figure 55 MS2 spectrum of TFMS from the sample (WWTP3)
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Figure 56 MS2 spectrum of TFMS from the authentic standard

146

doi:10.6342/NTU202402180



new_cali_195#884 RT: 2.57 AV: 1 NL:5.74E.
F: FTMS - p ESI d Full ms2 228.9744@hcd37.50 [50.0000-250.0000]

100 Formula Theoretical ions Observed ions Error (ppm) S 950
1 (m/z) (m/z)
90 CF3 68.99576 68.99583 1.01
] O3S 79.95736 79.95743 0.88
60 HOsS" 80.96519 80.96523 0.49 N A
] FO.S 82.96085 82.96103 217 le)
705 80.96523 CaF3O" 108.99067 108.99084 1.54 E >8<F NS//
] C3FsO° 146.98748 146.98770 1.50 F F /) \OH
601 C3HF404S™  208.95371 208.95410 1.86 O
] CsH2Fs04S™  228.95994 228.96019 1.09
50 (IM-HT) H,-E-PFSA (C4)
1 Neutral loss Theoretical Observed valueError (ppm)
40 value (Da) (Da)
] HF 20.00623 20.00609 -6.90
30
20 HF
1 146.98770
10 82.96103 143.21747
4 68.99583
(8377770 | | 9212899 10299084 13096220 208.95410 237.62457
6‘0 80 1(‘JO 12‘0 14‘«0 1 éO 1 éO 2(‘JO 22‘0 24‘¢0

m/z

Figure 57 MS2 spectrum of E-H>-PFSA(C4) with fragments [SOs3H], [SOs], [SO2F], [CF3],
[C3F30], [C3FsO] were detected. The substitution of F by hydrogen produces the neutral loss

of HF. Due to the uncertainty of the position of H atom, it was set to level 3a

Subclass 12 Sulfinic acid Subclass 4 perfluorobutyl sulfinate (PFBSi) was identified with clear
fragments of [SO.F]™ as the specific feature of sulfinic acid (Figure 60). It was further
confirmed with an authentic standard based on the RT and the MS2 spectrum (Figure 61).
Recently, PFBSi has been reported in a river from manufacturing facilities in Alabama,>’
surface water,*” landfill leachate and groundwater,>> and PFBSi was reported as a
biodegradation product from MeFBSE.3* Perfluoroalkane sulfinic acids, arising from the
degradation of commercial precursor compounds containing the CyF2,+1SO2N moiety, may act
as degradation by-products of fluorosurfactants in 3M foam.> 7?

PFBSi was detected at concentrations of 0.152-4.24 pg/L in sewage from semiconductor

plants A, B, C, and D and at concentrations of 1.83 and 1.99 pg/L in effluents from their
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WWTPs (Table 27). In contrast, PFBSi was not detected in the sewage of semiconductor plant

E or in the effluent of WWTPS5. In most studies, PFBSi was identified through nontarget

screening with no further quantitation®>327, and this is the first study to identify PFBSi with

quantitative analysis in the environment. The presence of PFBSi was related to the presence of

perfluorobutane sulfonamido substances, and further discussion follows.
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Figure 58 MS2 spectrum of PFBSi from sample WWTP3.
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Figure 59 MS2 spectrum of PFBSi from authentic standard

148

doi:10.6342/NTU202402180



4.2.3. Concentrations of Nontarget PFAS

4.2.3.1.Calibration of CL1-identified PFAS

Quantification of 7 CL-1 identified PFAS was carried out using the 1/x weighted least

squares linear regression method with external standards. The quantification of 7 CLI1-

identified PFAS on the LC-QE resulted in correlation coefficients (R?) exceeding 0.995, and

the calibration curve was established based on an external standard as shown in Table 25. The

quantification formula is as follows:

y=a*x+b

(Eq 1)

where y equals the response of the precursor ion of CL1-identified PFAS (Ar) (Table 25) and

x equals the concentration of the PFAS (Cr).

Table 25 The calibration of 7 CL1-identified PFAS on the LC-QE

Acronym Linearity LOQ! R? Standard Adduct ion Precursor ion Theoretical m/z
(ng/)  (ug/L) type of precursor ion?
TFA 0.5-75 0.5 0.9965 External [M-H]~ CoF30y 112.98559
PFPrA 0.5-75 0.5 0.9957 External [M-H]~ C3Fs02 162.98239
TFMS 0.5-75 0.5 0.9962 External [M-H]~ CF3058° 148.95257
PFBSi 0.5-75 0.5 0.9975 External [M-H]~ C4F902S 282.94807
FBSA 0.5-75 0.5 0.9959 External [M-H]~ C4sHF9NO,S™ 297.95897
FBSE 0.5-50 0.5 0.9983 External [M-H]~ CsHsFoNO3S™ 341.98519
FBSEE 0.5-50 0.5 0.9986 External [M+CH3COOQO] CoHi13FoNOsS 446.03253
diol

IThe limit of quantification (LOQ) was determined as the lowest linear calibration point with

the presence of a MS2 fragment.

Precursor ion was used as a quantitative ion with 5 ppm mass accuracy of the theoretical m/z
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4.2.3.2.Semi-quantitative Process

Semiquantitative analysis was performed on tentatively identified PFAS through
nontarget analysis, as no authentic standards were available for further qualitative and
quantitative analysis. Therefore, the semi-quantification of these PFAS relied on calibration
using ‘selective reference compounds’ with similar structures, comparable RTs, or identical
fluoroalkyl chain. The average response factor ( RFp ) from at least five different
concentrations of the selective reference standard was calculated and applied for
semiquantification (Table 26). For example, in cases where no authentic standard was
available for PFdiCA, we used PFBA, which has a similar structure, as the selective reference
standard. The RFy of PFBA was determined by measuring the responses from at least five
different concentrations of PFBA. The quantification formula is as follows:

y= RFg*x (Eq3)
where y represents the response of the precursor ion (Table 26) of the tentatively identified

PFAS (A), and x represents the concentration of the identified PFAS (C), which could be

calculated once 'y' was determined.

150

doi:10.6342/NTU202402180



Table 26 Semi-quantitative analysis of 13 tentatively identified PFAS on the LC-QE

Acronym Selective  Calibration Standard  Precursor Formula of = Theoretical
reference type type ion precursor ion m/z of
standard precursor ion!

PFdiCA(C3) PFBA y=RFprps*x  External [M-HJ C3HF204 138.98484

PFdiCA(C4) PFBA y=RFprps*x  External [M-HJ C4HF4O4 188.98164

PFdiCA(C5) PFBA y=RFprps*x  External [M-HJ CsHF6Oq4 238.97845

PFdiCA(C6) PFBA y=RFppps*x  External [M-HJ CeHFsO4 288.97525

PFdiCA(C7) PFBA  y=RFppg,*x  External [M-H]'  C;HF0Os  338.97206

PFdiCA(C8) PFBA  y=RFppg,*x  External [M-H]"  CsHF0Os  388.96887

MeFBSA FBSA Y=RF ppsa*x External [M-HJ CsH3FoNO,S™ 311.97462

FTSE FBSE y=RF ppsg*x External [M-HJ C4HsFsNOsS™ 241.99158

FPrSE FBSE y=RF ppsg*x External [M-HJ CsHsF7NO3S™ 291.98838

FBSAA PFBS y=RF ppps*x External [M-HJ CeH3F9oNO4S™ 355.96445

MeFBSAA  PFBS y=RF ppps*x External [M-H]"  C7HsFoNO4S™ 369.98120

FBSAA diacid PFBS y=RF ppps*x External [M-HJ CsHsFoNO6S™ 413.96993

FBSEE mono- PFBS y=RF ppps*x External [M-H]"  CsH7F9NOsS™ 399.99067

ol monoacid

"Precursor ion was used as a quantitative ion with 5 ppm mass accuracy of the theoretical m/z

4.2.3.3.Quantitation/ Semi-quantitation

Table 27 provide a summary of 20 identified PFAS concentrations in each sample from

the plant/ WWTP. Table 28 provide a summary of 20 identified PFAS concentrations in each

sample and in each plant/WWTP, as depicted in Figures 58. In brief, the 20 identified PFAS

through nontarget analysis made up a substantial 2104 pg/L (98%) of the total PFAS content

(2139 pg/L), as detailed in Table 28, providing insights into our work on nontarget PFAS in the
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semiconductor industry and their transformation during wastewater treatment. Notably,

emerging perfluorobutane sulfonamido derivatives contributed to 1934 pg/L (90%), indicating

a shift in surfactant trends within semiconductor manufacturing. Our PFAS analysis focuses on

the negative mode, with limitations for certain types, such as cationic PFAS, telomer alcohols,

and specific zwitterionic PFAS compounds, which are detectable only in their positively

charged state.
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Table 27 Quantitative (Q) concentrations of 7 CL1-identified PFAS and semi-quantitative

(SQ) concentrations of 13 tentatively identified PFAS in each sample on the LC-QE

Sewage discharged from semiconductor plants Effluent from WWTPs

Acronym Qt;lazt MB Plant A Plant B Plant C Plant D|Plant E[WWTP[WWTP|WWTP
P 184 | 185 | 186 | 187 | 190 | 194 | 195 | 196 | 197 | 191 |3 (A,B)|4(C,D)| 5(E)
TFA Q nd. | 224 | 262 [ 9.89 | 193 | 539 | 20.6 | 13.0 | 109 | 2.65 | 19.5 | 839 | 6.95 | 20.1
PFPrA Q nd. | 8.66 | 838 [ 11.0 | 20.1 | 5.82 | 104 | 7.61 | 6.16 | 445 | 9.84 | 3.09 | 3.00 | 6.73

PFdiCA(C3)| SQ nd. [0.030(0.033( nd. | nd. | nd. |0.027]| nd. | nd. | nd. |[0.034]| nd. | nd |[0.072

PFdiCA(C4)| SQ nd. [ 0.609 [ 0.549 [ 0.069 | 0.086 | 0.056 | 0.315] 0.314 | 0.370 | 0.080 | 0.431 | 0.318 | 0.208 | 0.390

PFdiCA(CS)| SQ nd. [0.187(0.192 [ 0.124 | 0.140 | 0.045 | 0.217 | 0.256 | 0.274 | 0.107 | 0.347 | 0.128 | 0.130 | 0.284

PFdiCA(C6)| SQ nd. [ 0.0520.066 (0.019 | 0.015| n.d. | 0.036 | 0.059 | 0.092 | 0.030 | 0.151 | 0.068 [ 0.071 | 0.196

PFdiCA(C7)| SQ n.d. nd. | nd. | nd. | nd. | nd. [0.030]0.055|0.052| nd. [0.056 | nd. | nd. [0.017

PFdiCA(C8)[ SQ n.d. nd. | nd. | nd. | nd. | nd. | nd. [0.044]0.053 | nd. | 0.037 | nd. | nd. | 0.069

TFMS Q n.d. nd. | nd. ]0.073]0.122 | 0.025 | 0.006 | 0.010 | 0.010 | 0.004 | 0.489 | 1.420 | 0.342 | 0.370
PFBSi Q nd. [ 024 | 032 | nd. | nd. | 424 | 237 | 235 | 3.13 | 027 | nd. | 1.83 | 1.99 | nd.
FBSA Q nd. | 334 | 245 [ 0368 | 0.173 | 141 | 34.0 | 33.0 | 26.6 | 579 | nd. | 33.0 | 403 | nd.

MeFBSA SQ n.d. nd. | nd. | nd. | nd. | nd. | nd. | nd. | nd. | nd. | nd [0.038]0.161 | n.d.

FTSE SQ n.d. n.d. n.d. n.d. nd. 10.014 [ n.d. n.d. n.d. n.d. n.d. nd. | nd n.d.
FPrSE SQ n.d. n.d. n.d. n.d. nd. 10.022 [ n.d. n.d. nd. | 0.015| n.d. nd. | nd n.d.
FBSE Q [0.007] 71.7 | 52.3 [0.405|0.186 | 482 | 251 287 | 255 | 239 | 0833 | 1.72 | 21.4 | 0.143

FBSEE diol | Q nd | 13.6 | 10.8 | nd. | nd. | 835 | 154 | 679 | 615 | 374 | nd. | 0.77 | 3.96 | nd.

FBSAA SQ nd. [ 1.17 | 6.66 | nd. | nd. | 11.0 | 880 | 473 | 403 | 1.07 | nd. | 227 | 145 | 0.780

MecFBSAA | SQ n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. [0.029]0.018 | n.d.

iilzfi[;A SQ n.d. | 0.002 | 0.003 | n.d. nd. [0.029 | nd. | 0.012] 0.007 | 0.005 | n.d. 125 | 7.07 | nd.
FBSEE
mono-ol SQ nd. | 0.013(0.015| nd. nd. | 0.37210.021 | 0.046 | 0.035] 0.129 | nd. [0.229]0.312 | n.d.
monoacid

'n.d : when no peak was observed.
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Table 28 Summary of concentrations (ug/L) of 13 subclasses of PFAS in sewage from semiconductor plants and effluents from industrial WWTPs. The

PFAS marked with bold font were identified through nontarget analysis.

Subclass Semiconductor Semiconductor Semiconductor Semiconductor Semiconductor WWTP3  WWTP4 WWTPS5  ZAll
plant A* plant B plant C* plant D plant E (A,B) (C,D) (E)
>PFCAs 32.9 13.6 28.0 12.2 30.4 13.0 11.8 27.6 170
TFA> 19.9 5.39 16.3 2.65 19.5 8.39 6.95 20.1 99.2
PFPrA> 11.7 5.82 8.65 4.45 9.84 3.09 3.00 6.73 53.3
PFBA 0.782 2.25 2.78 4.84 0.572 1.24 1.69 0.493 14.6
PFPeA 0.285 0.062 0.169 0.141 0.192 0.125 0.101 0.161 1.24
PFHxA 0.126 <MDL 0.071 0.049 0.086 0.070 0.037 0.068 0.539
PFHpA 0.058 <MDL <MDL <MDL 0.043 0.032 0.018 0.031 0.239
PFOA 0.037 0.011 0.011 0.012 0.033 0.021 0.014 0.022 0.161
PFNA 0.025 <MDL 0.012 0.011 0.039 <MDL <MDL  0.015 0.131
PFDA 0.017 <MDL 0.009 0.010 0.032 0.010 <MDL <MDL 0.078
PFUdA 0.011 <MDL 0.010 <MDL 0.027 <MDL <MDL <MDL 0.048
PFDoA 0.008 <MDL 0.009 <MDL <MDL <MDL <MDL <MDL 0.017
PFTrDA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
PFTeDA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
>PFdiCAs 0.572 0.101 0.704 0.216 1.06 0.513 0.409 1.03 4.60
PFdiCA (C3)°  0.017 n.d. 0.014 n.d. 0.034 n.d. n.d. 0.072 0.137
PFdiCA (C4)°  0.352 0.056 0.328 0.08 0.431 0.318 0.208 0.390 2.16
PFdiCA (C5)°  0.163 0.045 0.241 0.107 0.347 0.128 0.13 0.284 1.45
PFdiCA (C6)°  0.04 n.d. 0.055 0.03 0.151 0.068 0.071 0.196 0.611
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Subclass Semiconductor Semiconductor Semiconductor Semiconductor Semiconductor WWTP 3 WWTP4 WWTP5 YAl

plant A* plant B plant C* plant D plant E (A,B) (C,D) (E)

PFdiCA (C7)° n.d. n.d. 0.042 n.d. 0.056 n.d. n.d. 0.017 0.115
PFdiCA (C8)° n.d. n.d. 0.024 n.d. 0.037 n.d. n.d. 0.069 0.130
YPFSAs 1.37 2.14 2.94 6.71 0.617 3.10 2.95 0.492 20.3
TFMS 3 0.044 0.025 0.008 0.004 0.489 1.42 0.342 0.370 2.70
PFBS 1.33 2.12 2.93 6.71 0.127 1.68 2.61 0.121 17.6
PFPeS <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
PFHxS <MDL <MDL <MDL <MDL <MDL <MDL <LOQ <MDL <MDL
PFHpS <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
PFOS <LOQ <MDL <MDL <MDL <LOQ <LOQ <LOQ <MDL <MDL
PFNS <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
PFDS <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
>n:2 FTSAs n.d. n.d. n.d. n.d. n.d. n.d. 0.022 n.d. 0.022
4:2 FTSA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
6:2 FTSA <MDL <MDL <MDL <MDL <MDL <MDL 0.022 <MDL 0.022
8:2 FTSA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
>CI-PFESAs n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
9CI-PF30ONS <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
YPFSiAs 0.152 4.24 2.55 0.270 n.d. 1.83 1.99 n.d. 11.0
PFBSi> 0.152 4.24 2.55 0.27 n.d. 1.83 1.99 n.d. 11.0
YFASAs 1.71 141 31.9 57.9 n.d. 33.0 40.3 n.d. 306
FBSA> 1.71 141 31.9 57.9 n.d. 33.0 40.3 n.d. 306
FOSA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
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Subclass Semiconductor Semiconductor Semiconductor Semiconductor Semiconductor WWTP 3 WWTP4 WWTP5 YAl

plant A* plant B plant C* plant D plant E (A,B) (C,D) (E)
¥N-alkyl FASAs n.d. n.d. n.d. n.d. n.d. 0.038 0.161 n.d. 0.199
MeFBSA> n.d. n.d. n.d. n.d. n.d. 0.038 0.161 n.d. 0.199
2FASEs 34.0 482 261 239 0.883 1.72 21.4 0.143 1040
FTSE’ n.d. 0.014 n.d. n.d. n.d. n.d. n.d. n.d. 0.014
FPrSE’ n.d. 0.022 n.d. 0.015 n.d. n.d. n.d. n.d. 0.037
FBSE > 34.0 482 261 239 0.883 1.72 21.4 0.143 1040
>FASEE diols 6.68 83.5 39.9 37.4 n.d. 0.766 3.96 n.d. 172
FBSEE dioP 6.68 83.5 39.9 374 n.d. 0.766 3.96 n.d. 172
YFASAAs 2.14 11.0 6.61 1.07 n.d. 227 145 0.78 395
FBSAAS 2.14 11.0 6.61 1.07 n.d. 227 145 0.780 395
>N-alkyl FASAAs n.d. n.d. n.d. n.d. n.d. 0.029 0.018 n.d. 0.048
MeFBSAAS n.d. n.d. n.d. n.d. n.d. 0.029 0.018 n.d. 0.047
MeFOSAA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
EtFOSAA <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL
>FASEE diacids 0.001 0.029 0.005 0.005 n.d. 12.5 7.07 n.d. 19.5
FBSEE diacid’> 0.001 0.029 0.005 0.005 n.d. 12.5 7.07 n.d. 19.5
>FASEE mono-ol 0.008 0.372 0.031 0.129 n.d. 0.229 0.312 n.d. 1.08
monoacid
FBSEE mono-ol 0.008 0.372 0.031 0.129 n.d. 0.229 0.312 n.d. 1.08
monoacid’
Al 79.5 738 374 355 33.0 294 236 30.0 2139

'n.d : no peak was observed.
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2<LOQ=Concentration was less than the limit of quantification.
3<MDL=Concentration was less than the method detection limit.
*The concentration calculation procedure for plant A and plant C with multiple sewage sources is outlined in Table S4.

> Identified PFAS quantified in bold and italic; semi-quantified ones marked in bold.
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Figure 60 Concentrations of 20 nontarget identified PFAS (a) and (b) Quantification of 7
CL1-identified PFAS in sewage and effluents. (c) and (d) Semi-quantification of 13

tentatively identified PFAS in sewage and effluents.
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4.2.4. QA/QC Sample of Nontarget Analysis

4.2.4.1.Verification of Recovery of SPE

To verify the recovery of SPE, QC samples were prepared in 200 mL of DI water
with 0.1 pg/L of 25 PFAS (no ISs spiked) and subjected to SPE. The theoretical analytical
concentration of the QC samples was 12 pg/L. In quantifying the 25 target PFAS using
LC—QE, a linear regression analysis was conducted, with a minimum of five
concentration levels weighted by 1/x. The calibration curve, established using an external
standard with coefficients (R?) exceeding 0.995 is provided in Table 29. The

quantification formula is as follows:
y=a*x+b (Eq 1)

where y equals the response of the precursor ion (Table 29) of PFAS (A7) and x equals

the concentration of the PFAS (Cr).
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Table 29 Calibration of 25 target PFAS on the LC-QE

Acronym Linearity R? Calibration Standard  Adduct Precursorion Theoretical m/z
(ug/L) type type ion of precursor ion
(m/z) !
PFBA 0.5-75 0.9967 y=a*xt+b  External [M-H]" C4F;0; 212.97920
PFPeA 0.5-75 09972 y=a*xt+b  External [M-H]" CsF9Oy 262.97600
PFHxA 0.5-75 0.9962  y=a*x+tb  External [M-H]- Cg¢F1102~ 312.97281
PFHpA 0.5-75 0.9970  y=a*x+b  External [M-H]" C7F1302~ 362.96962
PFOA 0.5-50 0.9978  y=a*x+b  External [M-H]" CgFi502~ 412.96642
PFNA 0.5-20 0.9981 y=a*x+b  External [M-H]" CoF702" 462.96323
PFDA 0.5-50 0.9978 y=a*x+b  External [M-H]" CioF1902" 512.96003
PFUdA 0.5-50 0.9977 y=a*x+b  External [M-H]" CiF2102" 562.95684
PFDoA 0.5-50 0.9975 y=a*x+tb  External [M-H]™ Ci2F2302" 612.95365
PFTrDA  0.5-50 0.9986 y=a*xt+b  External [M-H]" Ci3F2502" 662.95045
PFTeDA  0.5-75 0.9969 y=a*x+b  External [M-H]" CisF27,0;2" 712.94726
PFBS 0.5-75 0.9964 y=a*xt+b  External [M-H]" C4F¢O3S™ 298.94299
PFPeS 0.5-75 09976  y=a*xt+b  External [M-H]" CsF1103S™ 348.93979
PFHxS 0.5-75 0.9965 y=a*x+b  External [M-H]" C¢F1303S™ 398.93660
PFHpS 0.5-50 0.9986 y=a*xt+b  External [M-H]" C7F503S" 448.93341
PFOS 0.5-50 0.9941 y=a*x+b  External [M-H]" CgF703S” 498.93021
PFNS 0.5-50 0.9960 y=a*x+b  External [M-H]" CoF1903S™ 548.92702
PFDS 0.5-75 0.9978  y=a*x+b  External [M-H]" CioF2103S™  598.92382
4:2 FTSA 0.5-75 09918 y=a*x+b  External [M-H]" CeH4FoO3S~ 326.97429
6:2 FTSA 0.5-75 0.9932  y=a*xt+b  External [M-H]" CsH4F1303S™ 426.96790
8:2 FTSA 0.5-50 0.9973  y=a*x+b  External [M-H]" CioHsF1703S™~ 526.96151
6:2 CI- 0.5-50 0.9950 y=a*xt+b  External [M-H]" CgCIFis04S~ 530.89558
PFESA (9Cl-
PF30N)
FOSA 0.5-75 0.9988 y=a*x+b  External [M-H]" CsHF17NO2S~ 497.94620
MeFOSAA 0.5-50 0.9986 y=a*x+b  External [M-H]" Ci1H4F17NO4S 569.96733
EtFOSAA 0.5-50 09970  y=a*x+b  External [M-H]" Ci2HeF17NO4S583.98298

"Precursor ion was used as quantitative ion with 5 ppm mass accuracy of the theoretical
m/z
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The QC sample recoveries without internal standard compensation were calculated

from four duplicated samples and are presented in Table 30. The results of the verification

of the SPE pretreatment showed that PFCAs (C4-C14) had recoveries ranging from

45.2+2.6% to 97.5£1.4%, while PFSAs (C4-C10) showed recoveries between 47.3+4.1%

and 98.2+8.4%. CI-PFESAs such as 6:2 CI-PFESA (9CI-PF30N) showed a recovery of

75.2+0.8%, and N-alkyl FASAAs such as Me-FOSAAs and Et-FOSAAs had recoveries

of 41.5+£2.5% and 49.8+7.1%, respectively. For weakly acidic PFAS, such as 6:2 FTSA,

the recovery was 84.2% = 3.0%, while for neutral PFAS, such as FOSA, the recovery was

52.3% £ 4.9%. Briefly, the recoveries of 25 target PFAS, spanning 6 subclasses of neutral

and acidic PFAS, ranged from 41.5% to 98.2%. These results demonstrate acceptable

recoveries of acidic and neutral PFAS even without the use of internal standards, and they

were further employed in the pretreatment of nontarget analysis.
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Table 30 Verification of SPE pretreatment with QC samples on the LC-QE

Compounds Recovery (%)! of QC sample (n=4)*
Average SD
PFBA 97.5 1.4
PFPeA 96.5 1.9
PFHxA 92.4 4.1
PFHpA 93.6 53
PFOA 90.2 4.3
PFNA 85.3 6.8
PFDA 70.0 1.4
PFUdA 57.0 5.8
PFDoA 45.2 2.6
PFTrDA 49.4 5.7
PFTeDA 83.5 13.0
PFBS 98.2 8.4
PFPeS 80.8 10.4
PFHxS 80.9 9.1
PFHpS 82.3 9.9
PFOS 72.2 5.0
PFNS 59.0 53
PFDS 47.3 4.1
4:2 FTSA 78.3 4.7
6:2 FTSA 84.2 3.0
8:2 FTSA 67.5 2.8
9CI-PF30ONS 75.2 0.8
FOSA 523 4.9
MeFOSAA 41.5 2.5
EtFOSAA 49.8 7.1

'Recovery = [concentration of QC samples/theoretical concentration of QC samples]
*100%, Average = mean of recovery; SD = standard deviation of recovery

2 QC samples were prepared in 200 mL of DI water with 0.1 pg/L of 25 PFAS (no ISs
spiked) and subjected to solid-phase extraction. The theoretical analytical concentration

of the QC samples was 12 ug/L.
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4.2.4.2.Verification of Filtration Loss During SPE

Table 31 summarizes the verification of filtration pretreatment using QC samples on
the LC—QE to assess nylon filter filtration losses. Among the 25 target PFAS, only
PFTeDA and ETFOSAA exhibited lower recoveries at 77.8+14.4% and 79.3+1.5%,
respectively. The remaining 23 PFAS showed higher recoveries ranging from 81.6+£2.8%
t0 97.9+1.5%. These findings demonstrate that pretreatment filtration has minimal impact
on the loss of short-chain PFAS and only a minor effect on the loss of long-chain PFAS

when PFAS are filtered within organic solvents such as methanol, as used in this study.
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Table 31 Verification of filtration pretreatment with QC samples on the LC—QE

Compounds Recovery (%)' (n=4)
Average SD
PFBA 91.3 1.2
PFPeA 91.5 1.3
PFHxA 92.5 2.8
PFHpA 95.1 2.4
PFOA 94.2 2.1
PFNA 90.9 2.1
PFDA 90.8 1.1
PFUdA 84.4 2.5
PFDoA 94.7 6.4
PFTrDA 85.8 9.7
PFTeDA 77.8 14.4
PFBS 97.9 1.5
PFPeS 89.1 1.3
PFHxS 87.7 1.4
PFHpS 89.2 0.7
PFOS 95.7 1.9
PFNS 86.2 2.5
PFDS 80.7 2.3
4:2 FTSA 95.6 2.3
6:2 FTSA 97.4 2.6
8:2 FTSA 92.4 1.9
9CI-PF30NS 84.9 9.8
FOSA 94.5 2.9
MeFOSAA 81.6 2.8
EtFOSAA 79.3 1.5

The theoretical preparation concentration was 6 pg/L. Recovery = [concentration of
solution with filtration/concentration of solution without filtration] *100%; Average =

mean of recovery; SD = standard deviation of recovery.
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4.2.4.3.Verification of Nontarget Analysis Efficiency

To verify the efficiency of the nontarget analysis processing in Figure 10, a PFAS
standard mixture containing 39 compounds from 11 PFAS categories listed in Table 15
were prepared as a QC sample. The prepared concentrations of standard mix are as
follow: PFCAs & PFSAs & n:2 FTSA & FASA & N-alkyl FASAA :30 pg/ L, n:3 FTCA
& n:2 FTUCA & Ether-PFCA &CI-Ether-PFSA & N-alkyl FASA & N-alkyl FASE: 60
ug/L. The result showed that 92% (36 out of 39 compounds) were detectable through
the processing of fragment-based nontarget analysis as detailed in Table 32. Three
PFAS compounds—PFNA, PFTeDA, and MeFOSAA—were not identified using the
nontarget analysis process. Upon inspection, we observed that the precursor ion of
PFNA were detected with ‘detection node ‘through our nontarget process in Figure.
However, the precursor ion of PFNA was recognized as a background ion and listed in
the exclusion list (background ions were typically added to the exclusion list to avoid
collision and to prevent the collection of their MS2 spectrum), resulting in its exclusion
from collision selection. Even though it was not part of the compounds verified through
fragment-based nontarget analysis, PFNA was still identified in the MS1 spectrum as
CoHF170,, aligning with PFNA's formula. Its mass error of 0.45 ppm fell comfortably
within the 5 ppm criteria. PFTeDA and MeFOSAA were not detected using the
'detection node,' likely due to a low signal-to-noise ratio, which prevented them from
being identified as peaks. The specifics regarding the detection of mass errors,
fragments, neutral losses of the 39 compounds are provided in Table 33 and Table 34.
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Table 32 The detection results of the QC sample, comprising 39 compounds from 11

PFAS categories, using fragment-based nontarget analysis.

No. Category Abbreviation* Number of Number of Neutral

Detection Detection

(class) fragments fragments Losses rate (%)
from tail  from head
(CxFy0O,)
1 PFCA PFBA 1 2 CO, Yes 92
2 PFPeA 1 0 CO, Yes
3 PFHxA 2 0 CO, Yes
4 PFHpA 3 0 CO2 Yes
5 PFOA 4 0 CO, Yes
6 PFNA 0 0 No
7 PFDA 5 0 CO, Yes
8 PFUdA 5 0 CO, Yes
9 PFDoA 6 0 CO, Yes
10 PFTrDA 7 0 CO, Yes
11 PFTeDA 0 0 No
12 n:3FTCA 33FTCA 0 2 COx(HF)4 Yes
13 5:3FTCA 0 1 COx(HF)4 Yes
14 7:3 FTCA 1 1 COx(HF)4 Yes
15 n:2 6:2 FTUCA 1 0 CO2HF  Yes
16 FTUCA  8:2FTUCA 3 0 CO2HF  Yes
17 10:2 FTUCA 2 0 CO2HF  Yes
18 Ether- HFPO-DA 3 0 Yes
PFCA (GenX)
19 DONA 1 0 Yes
20 PFSA PFPrs 3 3 SO3 Yes
21 PFBS 0 3 Yes
22 PFPeS 3 3 Yes
23 PFHxS 2 3 Yes
24 PFHpS 2 3 Yes
25 PFOS 1 3 Yes
26 PFNS 1 3 Yes
27 PFDS 1 3 Yes
28 n:2 FTSA 4:2 FTSA 0 2 HF Yes
29 6:2 FTSA 0 2 HF Yes
30 8:2 FTSA 0 2 HF Yes
31 Cl-Ether- 9CI-PF30NS 1 2 Yes
32 PFSA 11CI- 1 2 Yes
PF30UdS
33 FASA FOSA 0 2 Yes
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No. Category Abbreviation* Number of Number of Neutral Detection Detection
(class) fragments fragments Losses rate (%)

from tail  from head
(CxFy07)

34 N-alkyl MeFOSA 4 3 Yes

35 FASA EtFOSA 4 3 Yes

36  N-alkyl MeFOSE 0 1 Yes

37 FASE EtFOSE 0 1 Yes

38 N-alkyl MeFOSAA 0 0 No

39 FASAA  EtFOSAA 4 3 CH>CO2 Yes

167

doi:10.6342/NTU202402180



Table 33 Summary of the 39 standard mixture compounds as a QC sample, including precursor ions, mass errors, RTs, peak areas, and neutral losses

No. |[Category Abbreviation Theoretical formula Adduct ion of|Mass Precursor ion|RT Area MS?2 spectrum  |Neutral losses
precursorion |error (ppm)  |(m/z) (min)
1 PFCA PFBA C4HF702 [M-H]- -0.85 212.9790 4.6 1.22E+08 YES CO2
2 PFPeA C5HF9 02 [M-H]- -0.78 262.9758 8.6 8.34E+07 YES CO2
3 PFHxA C6HF11 02 [M-H]- -0.01 312.9728 16.6 9.82E+07 YES CO2
4 PFHpA C7HF13 02 [M-H]- 0.46 362.9698 26.7 1.34E+08 YES CO2
5 PFOA C8HF1502 [M-H]- 0.16 412.9665 37.4 1.58E+08 YES CO2
6 PFNA C9HF1702 [M-H]- 0.45 462.9634 47.8 1.67E+08 No MS2
7 PFDA CI0HF1902 [M-H]- -0.51 512.9598 57.3 1.51E+08 YES CO2
8 PFUdA Cl1 HF21 02 [M-H]- 0.98 562.9574 65.7 1.28E+08 YES CO2
9 PFDoA CI12HF23 02 [M-H]- 1.93 612.9548 73.1 1.05E+08 YES CO2
10 PFTrDA CI13HF2502 [M-H]- 2.55 662.9522 79.6 8.40E+07 YES CO2
11 PFTeDA Cl4 HF27 02 No detectable feature No MS2
12 |n:3FTCA 3:3 FTCA C6 H5 F7 02 [M-H]- -0.64 241.0104 8.9 1.06E+08 YES CO2(HF)4
13 5:3 FTCA C8 H5F11 02 [M-H]- -0.16 341.0041 28.9 1.51E+08 YES CO2(HF)4
14 7:3 FTCA CI0H5F1502 [M-H]- 0.04 440.9977 51.3 1.51E+08 YES CO2(HF)4
15 |n:2 FTUCA 6:2 FTUCA C8 H2F12 02 [M-H]- 0.07 356.9791 28.4 1.09E+08 YES CO:HF
16 8:2 FTUCA C10H2 F16 02 [M-H]- 0.14 456.9727 50.1 1.87E+08 YES CO:HF
17 10:2 FTUCA C12 H2 F20 02 [M-H]- 1.39 556.9670 68.1 1.49E+08 YES CO:HF
18  |Ether-PFCA HFPO-DA (GenX) |C6 HF11 O3 [M-CO»-H]- 0.13 284.9779 19.5 2.26E+07 YES
19 DONA C7H2 F12 04 [M-H]- -0.4 376.9687 28.1 4.45E+08 YES
20 |PFSA PFPrs C3HF703S [M-H]- -1.36 248.9459 5.5 1.06E+09 YES SOs
21 PFBS C4HF903S [M-H]- -0.91 298.9427 10.3 7.00E+08 YES
22 PFPeS C5HF1103S [M-H]- -0.11 348.9398 18.8 5.77E+08 YES
23 n-PFHxS C6HF1303S [M-H]- -0.13 398.9366 28.5 4.78E+08 YES
23 br-PFHxS C6HF1303S [M-H]- 0.03 398.9366 25.9 2.71E+07 YES
23 br-PFHxS C6HF1303S [M-H]- 0.03 398.9366 26.4 5.45E+07 YES
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No. |Category Abbreviation Theoretical formula Adduct ion of|Mass Precursor ion|RT Area MS2 spectrum  |Neutral losses
precursor ion |error (ppm)  |(m/z) (min)

23 br-PFHxS C6HF1303S [M-H]- 0.79 398.9369 27.0 8.80E+06 YES

24 PFHpS C7HFI5038S [M-H]- 0.14 448.9335 38.8 5.44E+08 YES

25 n-PFOS C8HF1703S [M-H]- 0.28 498.9304 48.7 3.95E+08 YES

25 br-PFOS C8HF1703S [M-H]- 0.61 498.9305 45.0 2.80E+07 YES

25 br-PFOS C8HF1703S [M-H]- 0.77 498.9306 46.0 6.05E+07 YES

26 PFNS CO9HF1903S [M-H]- -0.04 548.9270 57.8 3.91E+08 YES

27 PFDS CIOHF2103S [M-H]- 0.81 598.9243 65.9 2.95E+08 YES

28 |n:2 FTSA 4:2 FTSA C6H5F903S [M-H]- -0.15 326.9742 15.6 1.37E+08 YES HF

29 6:2 FTSA C8H5F1303S [M-H]- -0.16 426.9678 36.4 1.12E+08 YES HF

30 8:2 FTSA CI0OH5F1703S [M-H]- 0.15 526.9616 56.6 8.43E+07 YES HF

31  |Cl-Ether-PFSA 9CI-PF30NS C8HCIF16 04 S [M-H]- -0.14 530.8955 54.9 6.40E+08 YES

32 11CI-PF30UdS CIOHCIF2004 S [M-H]- 1.49 630.8901 70.7 4.03E+08 YES

33 |FASA FOSA C8H2F17NO2S [M-H]- 0.6 497.9465 66.7 2.63E+08 YES

34  |N-alkyl FASA MeFOSA CO9H4F17NO2S [M-H]- 0.84 511.9623 78.7 2.20E+08 YES

35 EtFOSA CIOH6F1I7NO2S [M-H]- 1 525.9780 83.8 2.81E+08 YES

36  [N-alkyl FASE MeFOSE CI11 H8F17NO3 S [M+CH3COO]- |0.32 616.0107 78.7 1.19E+08 YES

37 EtFOSE CI2HIOFI7N O3S |[M+CH;COO]- |-0.02 630.0261 83.5 1.56E+08 YES

38  |[N-alkyl FASAA MeFOSAA CI1H6 FI7TN 04 S No detectable feature No MS2

39 EtFOSAA CI2H8FI7TNO4S [M-H]- ‘1.34 583.9838 ‘65.9 ‘1.03E+08 YES CH2COz
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Table 34 Summary of the 39 standard mixture compounds as a QC sample, including their fragment ions from the fluorinated tail (C<FyO,") and polar
head groups

No. [Category Abbreviation CF3- |CoFs- |CsF7- |C4Fo- |CsFii- [CeFis- |C7Fis- |CsFi7- |CF30- |CoF50-|C3F70-[SO2N- [SOs3-  [SOsF- |SOF- | SO.- |SO.H- [SO3H- [CO,F- |CH3COO-
1 |PFCA PFBA 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0
2 |PFCA PFPcA 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 |PFCA PFHxA 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 |PFCA PFHpA 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 |PFCA PFOA 0 1 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
6 |PFCA PFNA No MS2 spectrum

7 |PFCA PFDA 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
8 |PFCA PFUdJA 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
9 |PFCA PFDoA 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
10 |PFCA PFTrDA 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0
11 |PFCA PFTeDA No MS2 spectrum

12 |n:3 FTCA 3:3FTCA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1
13 |n:3 FTCA 5:3 FTCA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
14 |n:3FTCA 7:3 FTCA 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
15 |n:2 FTUCA 6:2 FTUCA 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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No. |Category Abbreviation CF3- |CoFs- [C3F7- |C4Fo- [CsFy- |CeFis- |CoF1s- |CgFi7- |CF30- [CoF50-|C3F70-[SO2N-|SOs-  |SOsF- [SO2F- | SO2- [SO-H- |[SO3H- |CO.F- |CH3COO-
16 |n:2 FTUCA 8:2 FTUCA 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
17 |n:2 FTUCA 10:2 FTUCA 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
18 |Ether-PFCA HFPO-DA (GenX) |0 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
19  |Ether-PFCA DONA 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
20 |PFSA PFPrs 1 1 1 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0
21 |PFSA PFBS 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0
22 |PFSA PFPeS 1 1 0 0 0 0 0 0 1 0 0 0 1 1 1 0 0 0 0
23 |PFSA n-PFHxS 0 1 1 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0
23 |PFSA br-PFHxS 1 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0
23 |PFSA br-PFHxS 1 1 1 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0
23 |PFSA br-PFHxS 0 1 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0
24 |PFSA PFHpS 0 1 0 0 0 0 0 0 1 0 0 0 1 1 1 0 0 0 0
25 |PFSA n-PFOS 0 1 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0
25 |PFSA br-PFOS 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0
25 |PFSA br-PFOS 0 0 1 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0
26 |PFSA PFNS 0 1 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0
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No. [Category Abbreviation CF3- |CoFs- |CsF7- |C4Fo- |CsFii- [CeFis- |C7Fis- |CsFi7- |CF30- |CoF50-|C3F70-[SO2N- [SOs3-  [SOsF- |SOF- | SO2- |SO.H- [SO3H- [CO,F- |CH3COO-
27 |PFSA PFDS 0 1 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0
28 |n:2 FTSA 4:2 FTSA 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0
29 |n:2 FTSA 6:2 FTSA 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0
30 |n:2 FTSA 8:2 FTSA 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0
31 |Cl-Ether-PFSA [9CI-PF30ONS 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 0
32 |Cl-Ether-PFSA [11CI-PF30UdS |0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 0
33 |FASA FOSA 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
34 |N-alkyl FASA |MeFOSA 1 1 1 1 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0
35 |[N-alkyl FASA |EtFOSA 0 1 1 1 0 0 0 1 0 0 0 0 0 0 1 1 0 0 0
36 |N-alkyl FASE |MeFOSE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
37 |N-alkyl FASE |EtFOSE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
38 |N-alkyl FASAA|MeFOSAA No MS2 spectrum

39 [N-alkyl FASAA |EtFOSAA 0 1 1 1 0 0 0 1 0 0 0 1 0 0 1 1 0 0 0
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4.3. The Composition of PFAS in the Semiconductor Plants and

WWTP Effluents

The amounts and percentages of 13 subclasses of PFAS released from different
semiconductor plants and their WWTPs are illustrated in Figure 61(a) and Figure 61(b)
and detailed in Table 28. The semiconductor industry includes diverse suppliers for
logic integrated circuits, dynamic random-access memory devices, solid-state drives,
photodiodes, photo-imaging sensors, etc. In general, plants A, B, C, and D mainly
supply similar products, and plant E produces another kind of product. The total
amounts of PFAS in the sewage of semiconductor plants A, B, C, and D were relatively
high, from 79.5 to 738 ug/L, compared to that of the amount of PFAS in the sewage of
plant E, which was 33.0 pg/L. Furthermore, for semiconductor plants A, B, C, and D,
10 diverse subclasses of PFAS were detected, including FASEs (34.0-482 pg/L, 43-
70%), FASAs (1.71-141 pg/L, 2-19%), FASEE diols (6.68-83.5 pg/L, 8-11%), PFCAs
(12.2-32.9 pg/L, 2-41%) and six minor subclasses (FASAAs, PFSAs, PFSiAs, PFdiCAs,
FASEE mono-ol monoacids, and FASEE diacids) (n.d. to 11.0 pg/L, <3%). However,
the composition of PFAS from plant E was rather simple, including 4 subclasses of
PFCAs (30.4 png/L, 92%), PFdiCA (1.06 pg/L, 3%), FASEs (0.883 pg/L, 3%) and

PFSAs (0.617 pg/L, 2%). The disparities in PFAS compositions may be associated with
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the manufacturing of distinct semiconductor products or the company's deployment of

chemical formulations.

(a) WWTP5 (E)

WWTP 4 (C.D) HE=IB s

WWTP 3 (A,B)  HIES R ||

Semiconductor plant E ]

Semiconductor plant D

Semiconductor plant C  HHE=— R EOUOUOONOUOUNt

Semiconductor plant B

Semiconductor plant A 1

0 100 200 300 400 500 600 700 800
Concentration (pg/L)
tt XPFCAs & XPFdiCAs @ XPFSAs
2n:2 FTSAs m XPFSiAs =XFASAs
i XN-alkyl FASAs B XFASEs & XFASEE diols
= XFASAAs = XN-alkyl FASAAs 1 XFASEE diacids

>FASEE mono-ol monoacid

(b) WWTP 5 (E)
WWTP 4 (C,D) HHHRI———S R o oo oo o oo e o o o oo oo e oo o=l

WWTP 3 (A,B) HHHE———— R e e e e e e e e e e e e R e e e e == I

Sttt R B R B R E R R N S

Semiconductor plant E
Semiconductor plant D

Semiconductor plant C

Semiconductor plant B Hi

Semiconductor plant A

0% 10%  20%  30% 40% 50%  60%  70%  80%  90%  100%

= XPFCAs = YPFdiCAs m >PFSAs
Xn:2 FTSAs m XPFSiAs =XFASAs
=z ZN-alkyl FASAs m XFASEs # XFASEE diols
i XFASAAs =XN-alkyl FASAAs 1 XFASEE diacids

YFASEE mono-ol monoacid

Figure 61 (a) Concentrations (ug/L) of 13 subclasses of PFAS in sewage from 5
semiconductor plants and effluents from 3 WWTPs (b) The composition profile of 13
subclasses of PFAS in sewage from 5 semiconductor plants and effluents from 3
WWTPs
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4.4. Byproducts from Chemical Formulation

Two primary methods for PFAS production are the electrochemical fluorination
(ECF) process, favored by 3M,%° and the telomerization process, employed by DuPont.!
The ECF process generates byproducts, along with both shorter and longer PFAS, with
a higher prevalence of branched PFAS, while the telomerization process primarily
yields normal PFAS.® In our previous study on semiconductor wastewater, FBSE was
found at concentrations ranging from 0.883 to 482 pg/L, while perfluoropropane
sulfonamido ethanol(FPrSE) and perfluoropropane sulfonamido ethanol (FESE) were
detected at semi-concentrations of n.d. to 0.037 pg/L and n.d. to 0.014 pg/L,
respectively. 7* FBSE is associated with 3M's electronic surfactant 4200,2> which is
added to buffered hydrofluoric acid (BHF) for etching solutions in semiconductor
manufacturing to enhance wetting properties and improving pattern quantity
performance. In this study, we reported several FBSE derivatives with varying
fluoroalkyl chain in sewage, including those with backbones containing oxygen as ether
(E), those with backbones containing unsaturated bonds (U), and those with hydrogen-
substituted F as polyfluoroalkyl chains (H). The varied RTs of these substances
compared to that of FBSE are as follows: H-FBSE (15.84-19.05 min) < U-FBSE (16.9

min) < H-E-FBSE (21.1min) < U-E-FBSE (23.3 min) < FBSE (29.9 min) < E-FBSE
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(33.8-34.9 min). The use of a reversed-phase C18 column for analysis indicates that, in
terms of polarity, only E-FBSE was less polar than FBSE, while the others were much
more polar, resulting in faster elution. This suggests that in wastewater treatment, using
hydrophobic interaction separation methods such as activated carbon adsorption may
lead to lower removal efficiency for these polar substances, decreasing susceptibility to
adsorption removal.®” When discharged from wastewater treatment plants, the
environmental distribution of these substances may differ significantly due to their
distinct properties. Notably, the semiconductor industry encompasses various suppliers,
including those for logic integrated circuits, dynamic random-access memory devices,
solid-state drives, photodiodes, photo-imaging sensors, and more. Generally, plants A,
B, C, and D primarily manufacture similar products, while plant E specializes in a
different product line. We discovered that sewage from plants A, B, C, and D contained
significant quantities of FBSE, FBSA, and FBSEE, along with various fluoroalkyl
sulfonamido derivatives such as E-FBSA, H-FBSE, and U-E-FBSE. In contrast, sewage
from plant E, which manufactures different products from plants A, B, C, and D,
showed no presence of sulfonamido derivatives. This observation could serve as a
distinguishing characteristic for identifying different production lines.

The aforementioned FBSE derivative series, including H-FBSE, U-E-FBSE, U-

FBSE, E-FBSE, H-E-FBSE, FBSAA, headgroup isomer of FBSAA, FPrSE, and FEtSE,
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were confirmed to exist in accordance with the authentic standard of FBSE. Their
relative area proportions, shown in Table 35 in descending order, were as follows:
FBSE (99.50%), FPrSE (0.21%), E-FBSE (0.10%), H-FBSE (0.095%), FBSAA
(0.036%), U-E-FBSE (0.033%), FEtSE (0.014%), U-FBSE (0.007%), headgroup
isomer of FBSAA (0.002%), and H-E-FBSE (0.001%), contributing to a total of
approximately 0.5%. In addition, FBSA includes similar byproducts from production,
such as H-FBSA (0.01%) and E-FBSA (0.06%), while FBSEE includes comparable
byproducts such as H-FBSEE (0.4%). The derivative series of FBSE detected in sewage
might originate from the byproducts of chemical formulations, like 3M's electronic
surfactant 4200, which contains FBSE as a primary component in semiconductor
production. However, these byproducts may arise from transformation processes during
manufacturing and among the treatment of wastewater, including the elimination of HF
to produce unsaturated PFAS®%#° and defluorination leading to hydrogen-substituted
PFAS under photoelectrochemical processes.”® Additionally, under biotic metabolism,
alcohol oxidation can lead to the formation of carboxylic acids through hydration and

73,91

oxidation processes,’”””" with further discussion below.
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Table 35 List of impurities in authentic FBSE, FBSA, and FBSEE diol standards

Characteristics ~ Compound Compound The relative
number peak area (%)*
Standard solution FBSE 2a-3 99.50
Impurity in FPrSE 2a-2 0.211
standard solution E-FBSE 2c-1,2c-2, 0.104
of FBSE 2¢c-3
H-FBSE 2b-1,2b-2  0.095
FBSAA 4a-1 0.036
U-E-FBSE 21-1 0.033
FEtSE 2a-1 0.014
U-FBSE 2e-1 0.007
Headgroup isomer of 4a-2 0.002
FBSAA
H-E-FBSE 2d-1 0.001
Standard solution FBSA la-1 99.93
Impurity in E-FBSA te-l&lde2 ) 062
standard solution H-FBSA 1b-1 0.012
of FBSA
Standard solution FBSEE diol 3a-1 99.57
Impurity in H-FBSEE diol 3b-1 0.403

standard solution

of FBSEE diol

a: The relative peak area (%) = Peak area of compound / Sum of peak areas of all

compounds
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4.5. Transformation Products and Reaction Products

4.5.1. Aldehyde and Hydration Products from Oxidation of FBSE

Primary alcohols can undergo oxidation to form either aldehydes or carboxylic
acids, depending on the reaction conditions. When carboxylic acids are formed, the
alcohol is initially oxidized to an aldehyde, which is further oxidized to the acid.
Aldehydes possess a proton attached to the carbonyl carbon, making them susceptible
to oxidation into carboxylic acids. The presence of the sulfonamido acetic acid series
increased significantly in the effluent, suggesting the transformation of fluorinated
alcohols into fluorinated acids through oxidation.

By identifying nontarget PFAS in sewage and effluents, an aldehyde, FBSAcAL
(keto form), was identified, likely formed from the oxidation of FBSE. FBSACAL in
both keto and enol forms was detected at 31 minutes and 13 minutes, respectively,
showing distinct polarity and MS2 spectra (Figure 45 and Figure 46). Additionally, the
hydrated form of FBSAcAL, named FBSAcAL hydrate (RT 30.01-32.63 min), was
identified. Moreover, two isomers of FBSAA were detected, with one exhibiting higher
polarity at RT 9.93 minutes, indicating structural differences with distinct MS2
spectrum (Figure 40). Considering the potential isomerization between acid and diol

forms, fragment analysis suggested a diol structure’® for the isomer. We initially
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propose an oxidation pathway, illustrating intermediate transformations of aldehydes

(enol and keto forms), aldehyde hydrate, and the isomer of FBSAA in Figure 62.
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Figure 62 The oxidation pathway of FBSE to FBSAA involves intermediate compounds, including aldehyde and aldehyde hydration. Two

isomers of FBSAcAL (keto and enol form) and two isomers of FBSAA were detected.
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4.5.2. Aerobic Transformation Pathway of FBSEE diol

The finding that FBSAA and FBSEE diacid make up a substantial portion (65%-
82%) of effluents from WWTP3 and WWTP4 in Figure 61(b), suggests the potential
significance of FBSE and FBSEE diol as PFAS precursors in biotransformation. The
predominant metabolite of FBSEE diol in an inherent biodegradability test was held by
the European Chemicals Agency (ECHA);*® however, its metabolic pathway in
activated sludge remained unexplored and was established in this study. Our batch
experiments constitute three sample groups: cleaned sludge (S), cleaned sludge with
FBSEE diol (SC), and FBSEE diol in DI water (DI). These samples were shaken with
perforated caps for 5 minutes (S1, SC1, DI1), 2 days (S2, SC2, DI2), 3 days (S3, SC3,
DI3), and 4 days (S4, SC4, DI4). First, FBSEE mono-ol monoacid signals appeared
within 5 minutes in SC1 (Figure 63), revealing swift FBSEE diol oxidation through
activated sludge digestion. The signals of FBSEE diacid in SC2 peaked at 493 nM on
the second day, confirming it as the primary degradation product. By the fourth day,
signals in the batch experiment persisted at 39% of their initial level, aligning with the
remaining FBSEE diacid in effluents from WWTP3 and WWTP4 (7.05-12.4%, 3-4%),
indicating its expected release into the environment.® Additionally, FBSE was oxidized

to FBSAA, reaching concentrations from 0.36 nM to 3.87 nM in SC2, emphasizing the
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apparent conversion of fluorinated alcohols to fluorinated acids during aerobic
treatment. The notable increase in PFBSi (from 33.1 nM to 112 nM) and PFBS (from
0.45 nM to 29.3 nM) from SC1 to SC2 suggests a significant contribution from the
degradation of FBSEE diacid to PFBSi and subsequently to PFBS. Meanwhile, the
signal for PFBS continued to rise at 52.4 nM in SC4, suggesting that it might represent
one of the terminal products and be less prone to biodegradation.®? The formation of
PFBSi through deamination from FBSA was not dominantly observed, despite the
similarity in the mechanism to FOSAA converting to FOSA and further to PFOSi and
PFOS through deamination.*!-33% %3 The in vitro metabolic formation of FBSA did not
show concurrent PFBS formation from copolymer surfactants in post-2002 Scotchgard
fabric protector products, aligning with our study.**

Our study aligns with the majority of transformation products from ECHA.
However, due to the absence of a significant increase in the signal of FBSE among SC
samples and the detection of FBSE in DI1 implying it as one of the impurities in the
FBSEE diol standard, we have denoted our uncertainty about this process with dashed
arrows and a question mark (Figure 64), suggesting the need for further experiments.
Furthermore, our results unveiled additional products, such as FBSEE mono-ol
monoacid, FBSAA, and PFBA. The significance lies in the first identification of

FBSEE mono-ol monoacid and FBSAA as intermediate transformation products
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through nontarget screening and further supported by batch experiments. Additionally,
PFBA was investigated by ECHA but was not detected. In contrast to ECHA's results,
our study revealed delayed PFBA production in SC3 and detected it at very low
concentrations (0.29 to 1.07 nM) in SC2-SC4, possibly explaining ECHA's
nondetection due to its extremely low concentration. The limitations of this batch
experiment, including the incomplete mass balance due to the volatility of FBSEE diol
and FBSE,** and aldehyde and ketone compounds generated during metabolism, were
not monitored in the open system setup. However, this should not affect the proposed
pathway and confirmation of FBSE and FBSEE diol as significant PFAS precursors in

biotransformation.

184

doi:10.6342/NTU202402180



2000 16 600

=
1600 | FBSEE H g » LFBSEE I 150 | FBSEE B
B ol E T EE
1200 rdiol - S - ¢ [mono-ol = 100 |diacid g
0o | 1R 1
200 | g NEER 4 (monoacid = 150 | s
0 | nbEd 0 | 0 |
S1 S2 S3 S4 SCISC28C3SC4 DI DRDBDH S1 S2 S3 S4 SC1SC2SC3SC4 DIl D2 D3 DK S1 S2 S3 S4 SC1SC2S8C3S8C4 DI DR DB DH
10.0 5.0 120
g so F FBSE . 40 [FBSAA o | PFBSi1
. g HEER i
C s A RR 3.0 o | i
S 20} HraEl wof EEC 0r g e 0030
§ 0.0 | HE 8 o 0.0 A E 8§ 8 0 _ B = op b s
E S1 S2 S3 S4 SCISC2SC3sC4 DI DRDBDH S1 S2 S3 S4 SC1SC2SC3SC4 DIl D2 D3 DK S1 S2 S3 S4 SCISC2SC3SC4 DIIDR2DB DHX
Q
9 %0 12 60
S FBSA PFBA E PFBS i
O 60} f 09 | Eé 45 L g
. A B 06 | | 30 |
30 R
> :- :: 0.3 r g 15 o g
0.0 E E 8 B s fa B4 0.0 EE 8 0 _EEE —_—
S1 S2 S3 S4 SCISC28C35C4  DIIDR2DBDH S1 S2 S3 S4 SC1SC28C3SC4 DIl D2 DB DK S1 S2 S3 S4 SC1SC28C3SC4 DIIDRDBDH
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days, 3 days, and 4 days, corresponding to numbers 1, 2, 3, and 4.
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4.5.3. Reaction products

Due to the intricate nature of semiconductor processes, among the 12 prominent
semiconductor industries in South Korea, 11 utilize 135 chemical constituents.”> These
include sulfuric acid, chromic acid, tetramethyl ammonium hydroxide, ethylene oxide,
potassium dichromate, isopropanol, and formaldehyde, 33% (range: 16-56%) of the
chemical compositions remain undisclosed due to commercial confidentiality. Notably,
the undisclosed ingredients are predominantly employed in the photolithography
process. The complex chemical condition involved in these semiconductor processes
include strong acids, alkalis, and potent oxidants, and UV light is used in the
photolithography process. Among the intricate blends of industrial chemicals in sewage,
various reactions may take place, including hydration, oxidation, sulfonation, amide
formation, and nitration. Additionally, during the biological treatment in wastewater
treatment plants, reactions such as oxidation, deamination, desulfonation, and
dicarboxylation occur. Due to the exceptional stability of the fluoroalkyl chain,
reactions in the polar functional section led to distinct mass defect values for each
transformation. This renders the use of homologous patterns for screening impractical.
Our fragment-based approach overcomes the limitations of conventional homologous

series. In total, we have identified 83 PFAS from 43 subclasses, with 29 substances
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reported for the first time. (Table 24)

FBSA-PrNO> and FBSE-Am are isomers with distinct polar head groups—
sulfonamide and sulfonamido ethanol, respectively. (Figure 14) FBSA-PrNO; exhibit
[SO:N]~ fragment along with an additional signal for the neutral loss of C3HsNO»,
categorizing it as miscellaneous FASAs (Subclass 1h). In contrast, FBSE-Am
demonstrates a specific signal at 121.9917, confirming its classification as FASEs, and
its neutral loss of CONH categorizes it within the miscellaneous FASEs (Subclass 2h).
The RT of FBSA-PrNO; was 8.81 minutes, while that of FBSE-Am was 29.97 minutes,
indicating significant differences in polarity. Thus, the headgroup isomers exhibit
unique reactivity and physicochemical properties, may impact the variations in sludge
metabolism during wastewater treatment in WWTPs®’. Furthermore, E-FBSEs and
FBSACcAL hydrate (Subclass 8a) are differentiated by their respective polar head groups:
sulfonamido ethanol and sulfonamido acetaldehyde hydrate. (Figure 65) Specifically,
fragment 121.9917 is unique to sulfonamido ethanol, while the hydrate can be identified
by the neutral loss of H>O. Finally, MeFBSAA and FBSPrA, which are polar head
isomers, exhibit differences in the number of carbons in the sulfonamido carboxylic
acid. (Figure 66) This clearly results in distinct neutral losses—one for acetic acid
(CH2CO7) and the other for propanoic acid (C2H4CO,). Additionally, MeFASAA

showed no [NSO-] fragment signal, indicating solely the presence of only the [SO.F]"
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fragment signal due to N-methyl substitution. Conversely, FBSPrA exhibited a distinct

[SO:N]~ fragment, signifying the lack of additional N-substitution. The specific

fragmentation patterns have been classified in Table 21. This investigation unveiled 23

isomeric PFAS, including isomers with different headgroups and functional tail groups.

These results emphasize the significance of understanding varied reactions and the

overall composition of PFAS emissions in semiconductor wastewater, highlighting its

complexity and posing challenges for subsequent wastewater treatment.
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5. Conclusions, Experimental Implication, and Suggestions

5.1. Conclusions

Semiconductor manufacturing employs per- and polyfluoroalkyl substances
(PFAS) as fluoroasurfactants to enhance the quality of photolithography lines. For the
nontarget PFAS approach, mass defect and homologous patterns are potent tools for
uncovering PFAS within a series of homologous substances. However, industrial
chemicals exhibit diverse and unique functional groups, making homologues less likely
to occur in industrial manufacturing. Our research, employing a fragment-based
approach to investigate nontarget PFAS, overcomes conventional homologous series
limitations. In a mixture of PFAS standards used as a quality control (QC) sample, 92%
(36 out of 39 compounds spanning 11 compound classes) were detectable through the
fragment-based nontarget procedure. This indicates the effectiveness of this approach
in identifying the hydrophobic and hydrophilic characteristics of various
fluorosurfactants. Notably, 83 PFAS were detected in wastewater and effluent samples
from semiconductor industry, including 29 newly discovered compounds, categorized
into three groups. The dominant identified PFAS compounds were C4 sulfonamido
derivatives, including perfluorobutane sulfonamido ethanol (FBSE), perfluorobutane

sulfonamide (FBSA), and perfluorobutane sulfonamido diethanol (FBSEE diol), with
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maximum concentrations of 482 ug/L, 141 pg/L, and 83.5 ng/L in sewage, respectively.

Subsequently, three ultrashort chain perfluoroalkyl acids (PFAAs) were identified in all

samples, ranging from 0.004 pg/L to 19.9 pg/L. Three effluent samples from the

associated industrial wastewater treatment plants (WWTPs) were further analyzed. This

finding, that the C4 sulfonamido acetic acid series constitutes a significant portion

(65%-82%) of effluents from WWTP3 and WWTP4, emphasizes the conversion of

fluorinated alcohols to fluorinated acids during aerobic treatment. The identification of

the intermediate metabolites of FBSEE diol, further supported by our laboratory batch

studies, prompts the proposal of a novel metabolic pathway for FBSEE diol. The total

amount of perfluorobutane sulfonamido derivatives reached 1934 pg/L (90%), while

that of PFAAs, which have typically received attention, was only 205 pg/L (10%). This

suggests that perfluorobutane sulfonamido derivatives are emerging as a new trend in

fluorosurfactants used in the semiconductor industry, serving as PFAS precursors and

contributing to the release of their metabolites into the environment. In addition, this

study revealed 25 isomeric PFAS, encompassing headgroup isomers and functional tail

group isomers. These findings underscore the importance of comprehending diverse

reactions and the overall emission compositions of PFAS in semiconductor wastewater,

highlighting its complexity and presenting challenges for subsequent wastewater

treatment.
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5.2. Environmental implications

To investigate the potential source of PFAS in the semiconductor industry, we
employed a distinctive nontarget approach, utilizing fragment and neutral loss strategies
to screen both the hydrophilic head and hydrophobic chain of fluorosurfactants,
enabling the identification of neutral and acidic PFAS compounds outside homologous
series. Specifically, the predominant identified PFAS compounds are C4 sulfonamido
derivatives, including FBSE, FBSA, and FBSEE diol, with maximum concentrations
of 482 ng/L, 141 ng/L, and 83.5 pg/L in sewage. The study offers the first evidence of
their dominant deployment in semiconductor manufacturing through nontarget analysis.
Notably, their metabolites, including FBSAA, FBSEE diacid, FBSEE mono-ol
monoacid, PFBSi, and PFBS, were identified. This finding, further supported by our
degradation experiment, clearly suggests that WWTPs effectively converted fluorinated
alcohols into fluorinated acids through aerobic treatment. This study reveals the crucial
role of perfluorobutane sulfonamido substances and perfluorobutane sulfonamide as
PFAS precursors in the semiconductor industry, contributing to the release of their
degradation products from WWTPs into the environment.

Perfluorobutane sulfonamido derivatives, which accounted for 90% (1934 ng/L)

of the total (2139 pg/L), far exceeded the concentration of PFAAs (205 pg/L), the
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compounds typically receiving more attention. Our research findings align with the
emerging reports of perfluorobutane sulfonamido derivatives in the global environment,
such as the presence of FBSA in Great Lakes fish®' and the detection of FBSA, FBSEE
diol, and FBSAA downstream of fluorochemical manufacturing facilities in the United
States and Belgium.’’** These reports, mirroring our study, highlight the growing
importance of perfluorobutane sulfonamido derivatives in terms of their use and

distribution, possibly linked to supplier formulation changes.?
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5.3. Suggestions

1. A fragment-based approach has been developed to identify unique industrial
chemicals, proving its effectiveness in understanding the diverse reaction and
biotransformation products that constitute the actual emissions of PFAS in
semiconductor wastewater. It is suggested to further investigate environmental
matrices—such as surface water, groundwater, soil, and air—to fully comprehend
the fate and transportation of perfluorobutane sulfonamido derivatives from
industrial use and discharge.

2. The toxicity of these emerging PFAS has not yet been conclusively determined
internationally. Therefore, it is essential to continue gathering more information and
closely monitoring international toxicity assessment data to understand their
potential hazards.

3. According to the technical report from the semiconductor industry, which highlights
the longstanding challenge of eliminating PFAS usage in semiconductor processes.
36 There is an ongoing need for research to identify emerging PFAS compounds and
assess their degradation during wastewater treatment.

4. Regulating PFAS precursors under the Stockholm Convention presents challenges

due to the absence of standards and standardized identification methods for the
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diverse range of PFAS precursors. These precursors undergo degradation, forming

terminal PFAS through amendments to polar functional groups. This complexity

makes it difficult to recognize and quantify precursor levels, complicating market

surveillance without authentic standards. Although our streamlined fragment-based

approach offers a strategic solution for identifying PFAS precursors, our PFAS

analysis primarily targets the negative mode. However, certain types like cationic

PFAS, telomer alcohols, and specific zwitterionic PFAS compounds, which are

detectable only in their positively charged state, were not within the scope of this

study. We suggest further investigation into these compounds in future studies.
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7. Appendix

The list of identified PFAS, along with their abbreviation, molecular formulas and

chemical structures, in this study.

Num | Chemical name Abbreviation | Molecular Precursor Structure
ber formula (M) ion
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F F F F O
1h-1 1,1,2,2,3,3,4,4,4-nonafluoro-N-(3- | FBSA- C7H7FoN204sS | [M-H]™ NP
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Num | Chemical name Abbreviation | Molecular Precursor Structure
ber formula (M) ion
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sulfonamide
2a-3 1,1,2,2,3,3,4,4,4-nonafluoro-N-(2- | FBSE CsHsFoaNO3S [M-H]” [l
hydroxyethyl)butane-1- & T~ fl)_N\H
sulfonamide OH
2b- 1,1,2,2,3,3,4,4-octafluoro-N-(2- H-FBSE CsH7FsNOsS [M-H] F F F F ﬂ
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2b-2 sulfonamide F F F FO \—\
Uncertaint of  th€H
( y
position of H)
2c-1 1,1,2,2,3,3-hexafluoro-N-(2- E-FBSE CeHeFoNO4S [M-H]” . FEor oo
hydroxyethyl)-3- o -
(trifluoromethoxy)propane-1- 4|’:> F F F g H
sulfonamide OH
2¢c-2 1,1-difluoro-1-(heptafluoropropoxy)- F F F F o
[l
AT
hydroxyethyl)methanesulfonamide FRF F O on
2¢-3 1,1,2,2-tetrafluoro-N-(2- FF F F o
hydroxyethyl)-2- F+fo#ngH
(pentafluoroethoxy)ethane-1- F F F F g \—\
sulfonamide OH
2d-1 1,1,2,2-tetrafluoro-N-(2- H-E-FBSE CsH7FsNO4S [M-H]” Fro /_/OH
hydroxyethyl)-2-(1,1,2,2- ) o—’—’—lerH
tetrafluoroethoxy)ethane-1- F>Z<F =
sulfonamide WoF
2e-1 1,1,2,2,3,4,4-heptafluoro-N-(2- U-FBSE CsHsF7NO3S [M-H] . /_/OH
.
hydroxyethyl)but-3-ene-1- i
sulfonamide F frd
F
2f-1 1,1-difluoro-N-(2-hydroxyethyl)- | U-E-FBSE CeHeF7NO4S [M-H]” FoE .
1-[(1,1,2,3,3-pentafluoroprop-2- )\()(0% P
en-1-yl)oxy]methanesulfonamide F FE oS
E o
2g-1 (2-hydroxyethyl) FBSE-SOsH | C¢HeFoNOe6S2 | [M-H]™ - OQQS/OH
(15192923353949434_ F ng/ §0
nonafluorobutane-1- I | \—\
sulfonyl)sulfamic acid OH
2h-1 N-carbamoyl-1,1,2,2,3,3,4,4,4- FBSE-Am C/H7F9N204S | [M-H]™ Q
nonafluoro-N-(2- TR >_NH2
hydroxyethyl)butane-1- F N
sulfonamide FEFFO Nor
2i-1 1,1,2,2,3,3,4,4,4-nonafluoro-N-(2- | MeFBSE C7HsF9O3SN [M+CH;COO] Fr e F oo oH
hydroxyethyl)-N-methylbutane-1- FM—‘—FLN\/
sulfonamide FEEE O CH
3a-1 1,1,2,2,3,3,4,4,4-nonafluoro-NV,N- | FBSEE diol | CsHioFoNO4S> | M-H] OH
bis(2-hydroxyethyl)butane-1- [M+CH;COOT IR ﬁ_ /
sulfonamide [M+HCOO] F IR \CS\) AN
[2M-H]" OH
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Num | Chemical name Abbreviation | Molecular Precursor Structure
ber formula (M) ion
3b-1 1,1,2,2,3,3,4,4-octafluoro-N,N- H-FBSEE CsHi1FsNO4S | m+cHscoo o
bis(2-hydroxyethyl)butane-1- diol F 14| /—/
sulfonamid H S—N
¢ I
F F F FllO \‘—\
OH
4a-1 (1,1,2,2,3,3,4,4,4- FBSAA CsH4FoNO4S [M-H] OH
nonafluorobutane-1- . Ferpndien§ (\S)LN/H \/\O
sulfonamido)acetic acid Ll
4a-2 | N-[(Z)-1,2-dihydroxyethenyl]- Headgroup CeHaFoNO4S [M-H] WO on
1,1,2,2,3,3.4,4,4- isomer  of d i R
9oLy Ty Ty H
nonafluorobutane-1-sulfonamide | FBSAA F+H7—ﬁ‘NH H
F FF F O
4b-1 [(1,1,2,2,3,3,4,4- H-FBSAA CeHsFsNO4S [M-H] OH
octafluorobutane-1- FFEFEF ﬁ /—<\
sulfonyl)amino]acetic acid H“—'—’——ﬁ—NH 0
F F F F O
4c-1 [1,1,2,2,3,3-hexafluoro-3- E-FBSAA CsH4F9oNOsS [M-H] e oo <°”
(trifluoromethoxy)propane-1- o VAN
sulfonamido]acetic acid F%F EEF oo
F
4¢c-2 [1,1,2,2-tetrafluoro-2- c R ol fp
(pentafluoroethoxy)ethanesulfona )& F Vd
mido]Jacetic acid TF VA
] $
o
4d-1 [methyl(1,1,2,2,3,3,4,4,4- MeFBSAA C7HsFoNO4S [M-H] foroEr g fh
nonafluorobutane-1- F I (\S)TN\ <OH
sulfonyl)amino]acetic acid A
4e-1 3-[(1,1,2,2,3,3,4,4,4- FBSPrA C7H6FoNO4S [M-H] A
nonafluorobutane-1- FroEEo on
sulfonyl)amino]propanoic acid Fﬂ—HTNH
Sa-1 2,2'-[(1,1,2,2,3,3,4,4,4- FBSEE CsHsFoNOsS [M-H] FEFF O /(O
nonafluorobutane-1- diacid F—’—’—’—’*%*N OH
sulfonyl)azanediyl]diacetic acid FrRRD j%
[¢]
6a-1 [(2- FBSEE CsHsFoNOsS [M-H] FEEF oo /<°
hydroxyethyl)(1,1,2,2,3,3,4,4,4- mono—ol. F%%ﬂ, on
nonafluorobutane-1- monoacid FFFFO \—\
sulfonyl)amino]acetic acid o
Ta-1 1,1,2,2,3,3,4,4,4-nonafluoro-N- FBSAcCAL CsHaF9oNOsS [M-H]” OH
[(E)-2-hydroxyethenyl]butane-1- | (enol form) g T T T '|= (f| /7
sulfonamide ST anT
F F F F O
7a-2 1,1,2,2,3,3,4,4,4-nonafluoro-N-(2- | FBSAcAL CsHaF9oNOsS [M-H]” e
oxoethyl)butane-1-sulfonamide (keto form) '|= F| T F| i /—/
PR
F F F F O
8a-1 N-(2,2-dihydroxyethyl)- FBSACAL CsHeFoNO4S [M-H] OH
151929233537494:4' hydrate F F F F ﬂ JE— H
nonafluorobutane-1-sulfonamide F%—‘—Fﬁ*NH OH
FFFFO
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Num | Chemical name Abbreviation | Molecular Precursor Structure
ber formula (M) ion
8b-1 1,1,2,2,3,3,4,4,4-nonafluoro-N-(2- | FBSAcAL C7HsFoNO4S [M-H]
hydroxy-2-methoxyethyl)butane- | hemiacetal r [Nesd i O/CH3
1-sulfonamide F“—‘—H*ngH O
F F F°F (')l
9a-1 trifluoroacetic acid TFA C:HF50:2 [M-H]” F " oH
S perfopo
N\
F (0]
9a-2 | pentafluoropropanoic acid PFPrA C3HF50:2 [M-H]” F OH
aEal
F o
9a-3 | heptafluorobutanoic acid PFBA C4HF702 [M-H] F_ OH
F
F2o0
9a-4 | nonafluoropentanoic acid PFPeA CsHF902 [M-H] F_ OH
F—E—:ll:\\
F (0]
9a-5 | undecafluorohexanoic acid PFHxA Ce¢HF 1102 [M-H] F  oH
F—E%—(s \
F O
9a-6 | tridecafluoroheptanoic acid PFHpA C7HF 1302 [M-H] .
OH
F
F 6\0
9a-7 | pentadecafluorooctanoic acid PFOA CsHF 1502 [M-H] F oH
F
F/ \0
9a-8 heptadecafluorononanoic acid PFNA CoHF 1702 [M-H]” F OH
F
F 8\\0
9a-9 | nonadecafluorodecanoic acid PFDA Ci10HF 1902 [M-H] F_ OH
H
F20
9a-10 | henicosafluoroundecanoic acid PFUdA C11HF2102 [M-H] F OH
FH
£10%
9b-1 | (4E)-2,2,3,3,4,5,6,6,6- U-PFHxA CsHF902 [M-H] FoF -
nonafluorohex-4-enoic acid F >\ \<OH
" F FF O
9c-1 difluoro[(1,2,2-trifluoroethen-1- U-E-PFBA C4HF50; [M-H] F .
yl)oxy]acetic acid F§/ONOH
FoF o
(¢]
9¢-2 | difluoro[(1,1,2,3,3- U-E-PFPeA | CsHF703 [M-H] F 0
pentafluoroprop-2-en-1- F FF
yloxy]Jacetic acid o OH
F F F
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. = F
9¢-3 difluoro[[(1E)-1,2,3,3,3- U-E-PFPeA | CsHF703 [M-H] '3 o F
pentafluoroprop-1-en-1- Y OH
yl]oxy]acetic acid © F & |IF
o
9c-4 | difluoro{[(2E)-1,1,2,3,4,4,4- U-E-PFHxA | CsHFs03 [M-H]

F F (o]
heptafluorobut-2-en-1- F FF
ylJoxy}acetic acid ?%(o% OH

F F F

9¢-5 (3E)-2,2,3,4-tetrafluoro-4- U-E-PFHxXA | CsHF903 [M-H]” F
(pentafluoroethoxy)but-3-enoic F S § i \(OH
acid F%F ¢t o
¢ F
9¢c-6 2,2,3,3,4,4-hexafluoro-4- U-E-PFHxXA | CsHF903 [M-H]” FFoE
. . OH
[(trifluoroethenyl)oxy]butanoic - - g
acid >:< F FF O
F F
9d-1 2,2,3,3,4,4-hexafluorobutanoic H-PFBA C4HoF60n [M-H] _EF OH
acid H %_<
F o \0
9d-2 | 223,3,44,5,5- H-PFPeA CsH2Fs02 [M-H] F_ OH
octafluoropentanoic acid H-E
F4o
9d-3 | 2,2,3,3,4,4,5,5,6,6- H-PFHxA CsHaF 1002 [M-H] F oH
decafluorohexanoic acid H-E
F°o0
9e-1 (difluoromethoxy)di(fluoro)acetic | H-E-PFPrA | C3;H2F403 [M-H] N
acid FX NOH
A
o)
9¢-2 | difluoro(1,2,2,2- H-E-PFBA | C4HaFeOs [M-H] e
tetrafluoroethoxy)acetic acid & >(U\0H
F o]
F F
9e-3 | 2,2,3-trifluoro-3- H-E-PFBA C4H2F603 [M-H] F H
. . . (0] F
(trifluoromethoxy)propanoic acid FX ; o
2 F
[¢]
9¢-4 | difluoro(1,1,2,2- H-E-PFBA | C4HaFeOs [M-H] . o
tetrafluoroethoxy)acetic acid HM ;%k
OH
P o
9e-5 3,3-difluoro-3- H2-E-PFBA | C4H3F503 [M-H] Foo
(trifluoromethoxy)propanoic acid . 4 oH
FFE
0
9f-1 difluoro(trifluoromethoxy)acetic | E- PFPrA C3HFs0; [M-H] N oo f
acid %(OH
F
F F
o]
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9f-2 difluoro(pentafluoroethoxy)acetic | E- PFBA C4HF-0; [M-H] E F
acid %OWOH
F B H
F o]
9f-3 2,2,3,3,4,4-hexafluoro-4- E- PFPeA CsHF903 [M-H]” F F F  OH
(trifluoromethoxy)butanoic acid . o~'—’—'—<
%F F FF O
F
10a-1 | difluoropropanedioic acid PFdiCA(C3) | C3H2F204 [M-H]” HO F  oOH
7 N\
o F o
10a-2 | tetrafluorobutanedioic acid PFdiCA(C4) | C4H2F404 [M-H] HO F F  OH
;/ \/\
O F F (6]
10a-3 | hexafluoropentanedioic acid PFdiCA(C5) | CsH2FO4 [M-H]” HO F F '|: OH
O F F ||= o
10a-4 | octafluorohexanedioic acid PFdiCA(C6) | CeH2F3O04 [M-H] HO .l: F F ||: OH
\ {
% l F F ||= 0
10a-5 | decafluoroheptanedioic acid PFdiCA(C7) | C7H2F1004 [M-H] Ho  F  oH
o/ F 5\0
10a-6 | dodecafluorooctanedioic acid PFdiCA(C8) | CsH2F1004 [M-H] Ho F  OH
o g8 \o
11a-1 | trifluoromethanesulfonic acid TFMS CHF;0:S [M-H] F |C|’
F+ﬁ—OH
F O
11a-2 | nonafluorobutane-1-sulfonic acid | PFBS C4HF90;3S [M-H] FEEF ﬁ‘
F FFFO
11b-1 | 1,1,2,2-tetrafluorocthane-1- H-PFEtS C2H2F403S [M-H] F F O
sulfonic acid H#Q—OH
F F ‘c‘;
11b-2 | 1,1,2,2,3,3-hexafluoropropane-1- | H-PFPrS C3HoFsO3S [M-H] FFF ﬁ
sulfonic acid H ﬁ—OH
F F F O
11b-3 | 1,1,2,2,3,3,4,4-octafluorobutane- | H-PFBS C4HoF303S [M-H] F FFF O
1-sulfonic acid | | | |l
A O
F F F F O
11c-1 | 1,2,3,3,3-pentafluoropropyl H»>-E-PFTS C2F3H3S04 [M-H] o/
FH H X
hydrogen sulfate " on
F
F F
11c-2 | 1,2,2-trifluoro-2-(1,2,2,2- Hz-E-PFPrS | C3H3Fs504S [M-H] H F
F o H
tetrafluoroethoxy)ethane-1- )8( & o]
. . 7
sulfonic acid F FF S
F F /7 "OH
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11d-1 | 6:2 Fluorotelomer sulfonic acid 6:2 FTSA CsHsF1305S [M-H]” R FR FR F o
S
B &7 s g oH
12a-1 | nonafluorobutane-1-sulfinic acid | PFBSi C4HF90:S [M-H]” F F F F oH
F S
N\
F'FFLF O
212
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