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ABSTRACT

Airborne particulate matter (APM) has an important role in inhalation exposure,
especially in China. The environmental occurrence of conventional and unknown per-
and polyfluoroalkyl substances (PFASs) in APM remains unclear. Therefore, in this
study, a two-stage experiment was designed to identify potential PFASs and to
investigate their distribution in APM. Indoor and outdoor APM samples were
collected from five selected cities in China. Through PFAS homologue analysis and
suspect screening, 50 peaks were identified with different confidence levels (levels
1-3). Among the identified PFASs, 34 emerging PFASs including p-perfluorous
nonenoxybenzenesulfonate, 6:2 polyfluoroalkyl phosphate diester, n:2 fluorotelomer
sulfonates, n:2 fluorinated telomer acids, n:2 chlorinated polyfluoroalkyl ether
sulfonic acids, 1:n polyfluoroalkyl ether carboxylic acids (1:n PFECAS),
perfluoroalkyl dioic acids (PFdiOAs), hydro-substituted perfluoroalkyl dioic acids
(H-PFdiOAs), and unsaturated perfluorinated alcohols (UPFAS) were identified in
APM. In particular, 1:n PFECASs, PFdiOAs, H-PFdiOAs, and UPFAs were first
detected in APM. Although human exposure to perfluorooctanoic acid via inhaled
APM was noted to not be a risk (hazard quotient <0.1) in this study, the expansion of
the PFASs screened in APM implies that human exposure to PFASs might be much

more serious and should be considered in future risk assessments in China.
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INTRODUCTION

Per- and polyfluoroalkyl substances (PFASs) have been used in various industrial
processes and consumer products owing to their unique physical and chemical
properties.! Their wide applicability has prompted notable development of the
fluorine chemical industry. According to a report by the Swedish Chemicals Agency,
there are 2060 PFASs identified on the global market.? Currently, this PFAS list has
been included on the NORMAN Suspect List Exchange (SFISHFLUORO,
https://www.norman-network.com/?q=node/236) and the US EPA CompTox
Chemistry Dashboard?® (PFAS List from KEMI,
https://comptox.epa.gov/dashboard/chemical_lists/sfishfluoro). Some of these
compounds, e.g., perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid
(PFOA), have been recognized as pollutants because of their environmental
persistence and toxicity.*® Thus, PFOS has been listed in the Annex B of the
Stockholm Convention® and PFOA has been recommended as a persistent organic
pollutant (POP) by the POPs Review Committee.” Despite the restrictions and
phase-out of PFOS and PFOA in developed countries,® alternatives, such as
short-chain  perfluoroalkyl carboxylates (PFCASs), short-chain perfluoroalkyl
sulfonates (PFSAs), and polyfluoroalkyl phosphate esters (PAPs) have been put into
production.®% Frequent and extensive detection of emerging/unknown PFASs within
the environment highlights the risk to humans of continuous exposure to increasing
amounts of such compounds.*'®® Therefore, to evaluate their environmental health

implications, previously unreported PFASs in humans and the environment need
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continuous identification.

Non-target analysis combined with high-resolution mass spectrometry (e.g., Orbitrap
and quadrupole time of flight, QTOF) makes it possible to detect and recognize a
wide range of substances.’*® Orbitrap and QTOF with data dependant acquisition
(DDA) provide high resolving power and mass accuracy both in full scan (MS1) and
MS/MS.1>1 TOF-MS data directly show the isotopic distribution and provide
accurate m/z for each chemical feature, as well as highlight potential links among
chemical features, such as homologues'®. MS/MS data include structural information
of the chemical features. Based on mass accuracy and MS/MS fragmentation,
strategies such as Kendrick mass defect plots'® and data-independent precursor
isolation and characteristic fragment method'® have been designed to identify
congeners. Investigations to identify emerging PFASs have been directed primarily
toward aqueous film-forming foams (AFFF)?%-23, occupational exposure’, wastewater
from fluorochemical industries?®, rivers around manufacturing facilities®®, and
drinking water near fluorochemical industries®. Over 240 PFASs have been identified
in AFFF and AFFF-impacted groundwater. Meanwhile, a series of unknown
fluorinated sulfonic acids (e.g., CI-PFOS and ketone-PFOS), have been identified in
the serum of AFFF-exposed firefighters,!’” suggesting both persistence of these PFASs
in the environment and their potential toxicity to humans. For the general population,
exposure pathways are associated more commonly with the ingestion of food?’ and
drinking water,?® and with the inhalation of household and ambient airborne

particles.?®30 Furthermore, several emerging PFASs (e.g., polyfluoroether sulfonates)
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have been detected in airborne particulate matter (APM).3! However, similar
exploratory efforts toward PFAS screening have not considered these exposure
sources.

Recently, China has been suffering from frequent and severe fog/haze events.®? Given
that fine particulate matter (PM2s) exposure is a primary factor leading to adverse
health effects,334 it is evident that the Chinese population is confronted with a
substantial health risk. The size distribution characteristics of APM play an important
role in its adverse effects on health. Generally, the size distribution characteristics are
both source and health-impact related.®* On the one hand, the size distribution of
organic chemicals varies depending on substances.*®-3® On the other hand, the size of
APM affects the region in which APM is deposited in the respiratory system.
According to the International Commission on Radiological Protection model, smaller
APM could penetrate into deeper regions of the respiratory system.* Previous studies
on organophosphate flame retardants have found that ignoring particle-size
characteristics in exposure assessment could overestimate the exposure level.®
Furthermore, PFASs are distributed differently in indoor and outdoor
environments.**® Therefore, it is necessary to assess the risk posed by PFASs based
on the particle-size distribution of PFASs and different exposure scenarios.

In this study, we established a complete procedure from PFAS screening to
quantitative analysis to comprehensively investigate the distributions of PFASs in
APM collected from five cities in China. For the exact mass of peaks, PFAS

homologues were recognized based on a mass defect unit of CF.. For suspect
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screening, PFASs were screened based on the list from the US EPA CompTox
Chemistry Dashboard (https://comptox.epa.gov/dashboard/chemical_lists/sfishfluoro).
Through target analysis, legacy PFASs were quantified in both indoor and outdoor
APM to explore their particle-size characteristics. Furthermore, the regional
deposition of PFOA (the major legacy PFAS in APM) in the human respiratory tract
was modeled to assess its health risks via inhalation in different urban regions of
China.

MATERIALS AND METHODS

Chemicals

Details regarding the authentic and internal standards used in this study are provided
in the Supporting Information (SI) Section 1. Additional PFCA or PFSA homologues
were checked for all standards, and the errors of quantitation were controlled at 0.6%
(Table S2). All solvents and reagents used were of high-performance liquid
chromatography (HPLC) grade.

Sample Collection

During 2014-2015, we collected indoor and outdoor APM samples from five selected
cities in China: Beijing (BJ), Ji’nan (JN), Nanjing (NJ), Changshu (CS), and Guiyang
(GY), with two sampling sites per city (details regarding the sampling campaign are
provided in Table S4). Indoor APM samples were collected on quartz fiber filters
(prebaked at 550 °C for 8 h) using an Eight-Stage Non-Viable Andersen Cascade
Impactor (Tisch Environmental., Cleves, OH, U.S.A.) for nine separated size fractions

(i.e.,>9.0,5.8-9.0,4.7-5.8,3.3-4.7,2.1-3.3, 1.1-2.1, 0.7-1.1, 0.4-0.7, and <0.4 pm).
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The sampling program was conducted for nearly 48 h at a flow rate of 28.3 L min™* in
the living room of residences. Outdoor APM samples were collected on glass fiber
filters using a cascade impactor (KC-120H, Laoshan Applied Technology Research
Institute, Shandong, China) for two size fractions (i.e., >2.5 and <2.5 pum). The
sampling program lasted for nearly 48 h at a flow rate of 100 L min™2.

The filtered sample of each size fraction was folded, wrapped in aluminum foil, and
placed in a sealed bag. Samples were extracted immediately after returning to the
laboratory, and the extracts were stored at 4 °C until analysis.

Sample Preparation

For sample preparation, a procedure established previously with some modifications
was followed (details in SI Section 2).%° Briefly, each filtered sample was immersed
fully in methanol in a polypropylene centrifuge tube and subjected to four rounds of
extraction in a 40 °C ultrasonic bath. Supernatants of each sample were combined in a
separate polypropylene centrifuge tube and reduced to a volume of 1 mL by
evaporation under a gentle stream of nitrogen. Then, the concentrated extracts were
cleaned further using a Supelclean™ ENVI-carb cartridge (Supelco, Bellfonte, USA).
The final concentrated extract was passed through a polypropylene-membrane syringe
filter (Acrodisc® GHP, 13 mm, 0.2 pm, Waters, USA).

Unused fiber filters from the sampling trip and prebaked fiber filters were extracted
using the same sample preparation procedure, and these extracts were used as trip
blanks and procedural blanks. In procedural recovery experiments, 1 ng of each native

analyte was spiked to the prebaked fiber filters prior to extraction. To avoid sample
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contamination, all equipment was precleaned with methanol. Furthermore, one
procedural blank was included with the samples for every batch.

Target HPLC-QQQ Analysis

According to the standard availability in our laboratory, 6:2 diPAP, PFCAs, and
PFSAs were determined using HPLC (Infinity 1260, Agilent Technologies,
Waldbronn, Germany) coupled with tandem mass spectrometry with an electrospray
ionization source (API-4000, AB SCIEX, USA). The mass spectrometer was operated
in the negative ion mode with multiple reaction monitoring. Compared with
HPLC-QTOF, HPLC-QgQ has a higher sensitivity and could detect PFASs with
lower levels. Details regarding HPLC-QqQ analysis parameters are provided in Sl
Section 3.

Quantification of all target analytes was performed using an internal standard
calibration curve with calibration standards (Details are provided in Table S3). The
limit of quantification (LOQ) was defined as the lowest point on the calibration curve
that could be measured accurately within £20% of its theoretical value or ten times
the standard deviation of the procedural blanks (n = 6). All target analytes in the
procedural blank were either not detected or were below half of their corresponding
LOQs. The LOQs for each analyte were 0.17-0.45 and 0.61-1.6 pg m™ for the
outdoor and indoor samples, respectively. The procedural recovery of target PFASs
ranged from 74.9% to 103%; the recoveries and blank values are shown in Table S3.
There was no difference between the level of PFAS in the trip and procedural blanks,

suggesting that no contamination occurred during travel and storage. For samples with
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signal-to-noise ratio of one PFAS below 3, the analyte was defined as not detected
and a value of zero was accepted. For samples with concentrations of one PFAS
below the LOQ), a value of half the LOQ was accepted. The total concentration of one
PFAS in APM was calculated as the sum of the concentrations of the PFAS in each
fraction (indoor air samples, number of fraction = 9; outdoor air samples, number of
fraction = 2).

HPLC-QTOF-MS Analysis

HPLC-QTOF-MS analysis was performed using an HPLC system (Infinity 1260,
Agilent Technologies, Waldbronn, Germany) coupled with a high-resolution QTOF
mass spectrometer (Triple TOF 5600, AB SCIEX, Foster City, CA, USA) with an
electrospray ionization source operating in the negative ion mode. The MS/MS
acquisition was performed using IDA, which was composed of a TOF MS scan and
20 dependent product ion scans in high-resolution mode (R = 30000). Dynamic
background subtraction was applied to the IDA criteria for dynamic exclusion. The
fragment ions were generated from collision-induced dissociation with nitrogen.
Details regarding HPLC-QTOF-MS analysis parameters are provided in SI Section 4.
To subtract background contamination, a default sample/blank peak intensity (= 3)
was set for all chemical features. To guarantee a mass error <5 ppm, the instrument
was automatically calibrated every 5 sample injections using a calibration solution
delivered via a calibration delivery system (AB Sciex). Additionally, several internal
standards were added to each sample and the mass error was 1.5 ppm (0.1-4.8 ppm).

The sensitivity of the non-target analysis process was tested using several known
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PFAS standard solutions, which proved that several PFASs were detected at the level
of 0.1 ug L™* and all the PFAS standards were detected at the level of 5 ug L™ (Table
S5). Furthermore, the sensitivity of QTOF and its mass accuracy were noted to
decrease at low concentrations.

PFAS Screening and Identification

PFAS Peak Picking and Homologue Classification. During the process of peak
picking, the peak list was extracted from the QTOF-MS raw data by the “Enhance
peak find” function in PeakView® 1.2 (AB SCIEX, USA). The difference in structure
for PFAS homologues is the CF2 unit, and CF2.CF2 is the substructure unit for
fluorotelomer-based PFASs. Thus, the PFAS homologues were identified by mass
differences of 49.99681 Da (-[CF2]-) and 99.99362 Da (-[CF2CF:]-) among the exact
mass of peaks. Then, the exact mass of extracted peaks was transformed to the CF2
normalized mass defects according to a previously described method.'® The extracted
peaks with mass defects for PFASs (>0.85 or <0.15) were retained. For each series, an
ascending trend of m/z vs. retention time (RT) should be observed.!! To exclude
dimers, adducts, and isotopes in the identified PFAS homologues, the exact mass of
peaks with the same RT (ART < 0.1 min) were checked. Homologues series (over 3
congers) meeting all those rules were further carried out for molecular formulae
calculation and structure speculation. Details are shown in SI Section 5.

PFAS Identification. Molecular formulae were calculated using a calculator in
PeakView® 1.2 based on accurate mass, isotope distributions, and fragments in the

MS/MS spectrum (exact mass error < 5 ppm, isotope ratio difference < 20%, and
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fragments mass error < 5 mDa). Details are provided in SI Section 5. The structures
were identified using the MS/MS spectrum from literature and mass spectral database
(commercial database from AB Sciex and MassBank** (www.massbank.eu)). The in
silico fragmenters MetFrag* and CFM-ID* were used to diagnose the potential
structure of PFASs. Suspect screening was also conducted with the list of PFASs on
the global market, which can be obtained from the NORMAN Suspect List Exchange
(SFISHFLUORO, https://www.norman-network.com/?q=node/236) and the US EPA
CompTox Chemistry Dashboard (PFAS List from KEMI,
https://comptox.epa.gov/dashboard/chemical_lists/sfishfluoro). PFASs were screened
by formula in the suspect lists. The confidence level for each molecule and its
proposed structure was assigned based on established criteria.*’

Data analysis. Pearson correlation and cluster analysis were performed with the R
program (version 3.3.3). The identified PFASs with detection frequencies >50% were
used and the undetected PFASs were assigned half of the intensity condition for
PFAS screening (peak intensity = 100).

Health Risk Assessment

The particle size distributions of PFASs were used to calculate the fractions of PFOA
that could be inhaled and deposited in several regions of the respiratory system.
According to the International Commission on Radiological Protection model,* we
estimated the deposition fluxes using the concentrations of PFOA in each size fraction.
A 24-h time-activity inhalation model based on activity levels of people of different

ages was considered for risk assessment.*® Based on the descriptions of the five
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activity levels, we classified the levels into two groups: indoor activity levels and
outdoor activity levels. Two scenarios of environmental exposure were assumed: a
mean exposure scenario and a high exposure scenario. Calculations for the mean and
high scenarios were performed using the mean and maximum concentrations in each
city, respectively.

The non-cancer risk from inhalation exposure was evaluated based on the hazard
quotient (HQ):*°

HQ = Xi'(Dppoa X IR;/(BW X RiD),

where Drroa (pg m~3) is the concentration of PFOA deposited in three respiratory
regions; IR (m3 day?) is the daily inhalation volume for five age groups of people;
BW (kg) is the body weight based on the “Exposure Factors Handbook: Chapter 8 -
Body Weight Studies” published by the U.S. EPA;*® RfD is the reference dose for
PFOA (= 77 ng kgt day?, as suggested by the Minnesota Department of Health
(USA);*! and n is the number of defined activity levels. Detailed parameters are
provided in Table S6.

RESULTS AND DISCUSSION

PFAS Screening and Identification

The process of PFAS screening is illustrated in Figure 1. Through PFAS homologue
screening 121 peaks were selected, while another 4 peaks were selected by suspect
screening. Based on established criteria®’, levels were assigned to 125 peaks; 20 peaks
were identified as level 1 by standards, 19 peaks were identified as level 2 by the

MS/MS spectrum, 11 peaks were identified as level 3 with uncertain substituent
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positions by the MS/MS spectrum, 18 peaks were identified as level 4 with molecular
formulae, and 57 peaks were identified as level 5 only with m/z and RT. Details are
provided in Figure 2, Figure S2-3, and Table S7-8.

PFCAs. Thirteen peaks corresponding to m/z between 362.9690 and 912.9296 were
identified as PFCAs. The mass error of the exact mass ranged from 0.7 ppm to 4.2
ppm. Neutral loss of CO2 (43.9882, mass error 1.6 mDa) and a perfluorocarbon chain
fragment ([CnF2n+1]” mass error < 5mDa) were found in the MS/MS spectrum of this
series, which is consistent with the reported mechanism on the fragments of PFCAs.>2
Eleven of these peaks were successfully confirmed as level 1 by standards (ART =
0-0.1 min). Perfluoropentadecanoic acid (PFPeDA) and perfluoroheptadecanoic acid
were identified as level 2b based on their exact mass and MS/MS spectrum (mass
error = 0.9-1.4 ppm and fragment mass errors = 0.38-7.3 mDa for PFPeDA). The
identification of PFCAs is summarized in Figure S2, S4, and S5. The identification
of C15-C18 PFCAs was indeed unexpected because analysis of homologues >C14 in
APM has generally not been performed or has failed to detect them.*2>® However,
Plassmann and Berger found PFCAs (C6—C22) present in snow collected in a ski
area.> In our result, C15-C18 PFCAs were detected in APM from all cities, except
for GY, and their existence in APM might be due to the presence of local fluorine
chemical plants and/or long-range transport from a manufacturing plant.

PFSAs. The identification of PFSAs is shown in Figure S2 and S6. Fragments with
m/z 98.9557 (FSOs~, mass error = 1.0 mDa), m/z 79.9571 (SOs", mass error = 0.26

mDa), and m/z 168.9885 ([CsF7]", mass error = 0.9 mDa) have been reported as
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product ions of PFASs in quantitative analysis.*33% According to the accurate mass
and fragment information, PFOS (mass error = 2.7 ppm), perfluorohexane sulfonate
PFHXS (mass error = 2.6 ppm), and perfluorobutane sulfonate (PFBS, mass error =
2.9 ppm) were identified. Then, PFOS, PFHXS, and PFBS were confirmed as level 1
by standards (ART = 0.03-0.05 min).

Polyfluoroalkyl ether carboxylic acids (PFECAs). Six fluorinated homologues of this
series were selected with the CF2 unit, as shown in Figure S2 and S7. Neutral loss of
CO2 (43.9938, mass error = 4.0 mDa) and fragments [CnF2n+10] (n = 14, 10, 11, 14
and fragment mass error = 0.1-5.4 mDa for CisF2003H) were observed in the MS/MS
spectrum, which were also noted in previous reports on PFECAs*%, We noticed that
the fragment CF3O~ (fragment mass error = 0.1-2.5 mDa) was the smallest ion of the
[CnF2n+10] fragments in the MS/MS spectrum. Thus, we suspected that CFsO was a
terminal group of this compound based on the mechanism of fragmentation of
PFECAs!. Therefore, the final structural formulae were identified as
CF30(CF2)nCOO™ (n = 10-15) (1:n PFECAS) with level 2b. Recently, PFECAs have
been discovered in rivers!! and drinking water®®, and most studies have detected
PFECAs with less than eight perfluorinated carbon atoms. To the best of our
knowledge, in this study, PFECAs with more than eight perfluorinated carbon atoms
in APM were detected for the first time. An extensive search for the proposed
molecular formulae in online chemical databases (e.g., ChemSpider, PubChem,
MassBank, and CompTox Chemistry Dashboard) returned no matches, and although

we did not find product information about our reported PFECAs, we knew that GenX
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(from DuPont CF3CF.CF.0CF(CF3)COO NH4", CAS No. 62037-80-3) and ADONA
from 3M/Dyneon (CF3OCF2CF.CF2OCHFCF.COO NH4*, CAS No. 958445-44-8)
were used as PFOA alternatives in the fluoropolymer manufacturing industry®’.,
Additionally, the RT of 1:n PFECASs was slightly larger than that of PFCAs with the
same carbon atom number. Considering their similarities in terms of RT and structure,
1:n PFECAs might be used as alternatives to PFCAs, and the intensity ratios of 1:n
PFECAs vs. PFCAs with the same carbon atom number ranged from 21% to 77%,
indicating a close contribution.

Fluorinated telomer acids (n:2 FTAs) and fluorinated telomer sulfonates (n:2 FTSs).
Three n:2 FTAs and three n:2 FTSs were identified in our PFAS homologue analysis
(mass error = 2.2-4.8 ppm). For n:2 FTAs, a neutral loss of 84 Da was noted in the
MS/MS spectrum, which is equal to CO2(HF)2 (mass error = 0.53 mDa). This neutral
loss reaction has been used for the quantitative analysis of n:2 FTAs.%® Furthermore,
8:2 FTA were identified as level 2a by the MS/MS spectrum (match score 85.2) in the
database from AB Sciex (Figure S8). For n:2 FTSs, a neutral loss of HF (mass error =
0.3-1.8 mDa) and fragments with m/z 80.9651 (HSOs", mass error = 0.1 mDa) and
m/z 79.9581(SOs3", mass error = 0.7 mDa) were observed in the MS/MS spectrum
(Figure S9). We further confirmed 6:2 FTS and 8:2 FTS as level 1 by standards (ART
= 0.03-0.04 min) and identified three n:2 FTAs and 10:2 FTSs as level 2b based on
their exact mass (mass error = 0.4-4.8 ppm) and MS/MS spectrum. It is believed that
n:2 FTAs and n:2 FTSs are principal degradation products of fluorotelomer

surfactants®®° and applied as alternatives to PFOS in metal plating.®
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Perfluoroalkyl dioic acids (PFdiOAs). A neutral loss of 108 Da was noted for this
homologue series in the MS/MS spectrum, which is equal to (CO2)2HF (mass error =
1.3 mDa). Additionally, fragments [CnF2n+1]” and [CnF2n-1]" (mass error = 0.2-4.3
mDa) were detected in the spectrum (Figure S10A). These fragment ions and neutral
loss reaction were also observed in the MS/MS spectrum of the PFdiOA standard
(Figure S10B). Perfluorodecanedioic acid and perfluorododecanedioic acid were
confirmed as level 1 by standards (ART = 0.02-0.04 min, mass error 1.2-3.1 ppm).
The other five PFdiOAs were identified as level 2b based on the exact mass (mass
error = 0.4-2.3 ppm) and MS/MS spectrum.

Hydro-substituted perfluoroalkyl dioic acids (H-PFdiOAs). A neutral loss of 128 Da
was noted in the MS/MS spectrum of this homologue series, which is equal to
(CO2)2(HF)2 (mass error = 0.1 mDa). Compared with PFdiOAs, [CnF2n-3] fragments
were detected in the MS/MS spectrum (mass error = 0.9-4.1 mDa) due to the loss of
one more HF molecule (Figure S11). Three H-PFdiOAs were identified based on the
exact mass (mass error = 0.8-2.0 ppm) and MS/MS spectrum. Because of the
uncertainty regarding the substituted position of the hydrogen atom, three H-PFdiOAs
were identified as level 3.

Unsaturated perfluorinated alcohols (UPFASs). A neutral loss of 66 Da was noted in
the MS/MS spectrum of this homologue series, which is equal to COF2 (mass error =
0.5 mDa). [CnF2n - 1] fragments (mass error = 0.8-3.6 mDa) were detected in the
MS/MS spectrum, which implied that one double bond was contained in the carbon

chain (Figure S12). Although the double bond was not located between » and o — 1
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carbon atoms based on [CnF2n+1]™ fragments (n > 2, mass error = 0.6-3.6 mDa) in the
MS/MS spectrum, the position of the double bond was still uncertain. Thus, eight
UPFAs were identified as level 3 (mass error = 0.4-4.4 ppm).

Suspect Screening. Based on molecular formulae, another four PFASs, including 6:2
diPAP (CAS No. 57677-95-9), 6:2 chlorinated polyfluoroalkyl ether sulfonic acids
(6:2 CI-PFESA, CAS No. 756426-58-1), 8:2 CI-PFESA, and p-perfluorous
nonenoxybenzenesulfonate (OBS, CAS No. 271794-15-1), were selected from the
suspect list (mass error = 3.4-4.7 ppm). They were further identified based on the
MS/MS spectrum.

The MS/MS spectrum of 6:2 diPAP is summarized in Figure S13. Fragments with m/z
442.9700 (CsHs04F13P7, -2.3 mDa) and m/z 96.9706 (H2PO4, 1.0 mDa) were
detected in the MS/MS spectrum. These were consistent with previously reported
fragments of 6:2 diPAP in nominal mass data®. Finally, we confirmed 6:2 diPAP as
level 1 by standards (ART = 0.01 min, mass error = 3.4 ppm, fragment ion mass error
0.6-6.7 mDa).

The MS/MS spectrum of 6:2 CI-PFESA is illustrated in Figure S14. Fragments with
m/z 98.9554 (FSO3™, mass error = —0.37 mDa) and m/z 34.9731 (CI~, mass error = 3.7
mDa) were observed in the MS/MS spectrum, suggesting that this compound may
have a sulfonic group and contain chlorine. Finally, 6:2 CI-PFESA was confirmed as
level 1 by standards (ART = 0.04 min, mass error = 4.4 ppm, fragment ion mass error
0.2-3.7 mDa). This compound, which is a principal component of F-53B, has been

used in the Chinese chrome-plating industry for about 30 years®® and has been
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detected in wastewater,®* fish,® human serum,®® and even human placenta.’” The
MS/MS spectrum of 8:2 CI-PFESA is also illustrated in Figure S14. Fragments with
m/z 82.9655 (FSO2", mass error = 4.7 mDa) and m/z 450.9402 (CsF16CIO~, mass error
= 1.4 mDa) were observed in the MS/MS spectrum. The fragmentation was similar to
the 6:2 CI-PFESA standard. Thus, 8:2 CI-PFESA was identified as level 2b in the
APM samples (mass error = 4.1 ppm).

The MS/MS spectrum of OBS is illustrated in Figure S15. In the MS/MS spectrum,
fragments with m/z 171.9821 ([CsH4SO4] ", mass error = —1.5 mDa) and m/z 464.9676
([C13H4F12SO4] ", mass error = 1.6 mDa) were observed; this was consistent with the
reported MS/MS spectrum in literature.%® Thus, OBS was identified as level 2a (mass
error = —4.7ppm). This compound has been used as a surfactant in oil production and
has been detected in the surface water around an oilfield in China.%®

Overall, through PFAS homologue analysis and suspect screening, 50 peaks including
16 peaks for legacy PFASs and 34 for emerging PFASs were identified as level 3 or
above. Furthermore, this study was the first to find and identify 1:n PFECAs, PFdiOA,
H-PFdiOA, and UPFAs in APM; however, PFECAs with less than 8 perfluorinated
carbon atoms have been identified previously in natural waters'! and drinking water®®.
Identification of alternative PFASs in APM implies expansion of their use, which has
raised concern regarding APM pollution.

After standardizing by sampling volume, the total peak area of possible PFASs in
indoor APM was noted to be 1.9 times (range: 1.3-2.9) higher than that in outdoor

APM. Based on their Pearson’s correlation coefficients, the hierarchical clustering of
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APM samples showed that the patterns of PFASs in indoor APM were similar;
however, these patterns were distinct from those in outdoor APM (Figure S16). The
patterns of PFASs in outdoor APM were found to vary markedly. The sources of
PFASs in the indoor environment were generally common, such as carpets, outdoor
equipment, and paper products.5®7® Although the indoor environment was a primary
source of PFASs in the outdoor environment, outdoor specific sources like
fluorination plants were also important contributing factors to contamination by
PFASs. Actually, a large number of PFASs with low detection frequencies were noted
in CS, JN, and NJ, all of which are industrial cities (Figure 2 and SI Tables S8).
Target Analysis of PFASs

For the thirteen PFASs (level 1) identified by non-target analysis, as well as
perfluoropentanoic acid, a target analysis strategy was applied to investigate their
distributions in APM in China.

PFAS Distributions in Outdoor APM. Thirteen legacy PFASs, including C4, C6, and
C8 PFSAs; C5-14 PFCAs; and 6:2 diPAP were quantified in the outdoor APM
samples; the total concentrations of legacy PFASs (PFSAs and PFCAS) ranged from
4.87 to 4509 pg m~3 with a mean value of 351 pg m3 (Table S9). The predominant
compound in outdoor APM was PFOA, which contributed 48.1% (19.4%-94.9%),
followed by PFHxA and PFOS, which contributed 9.23% (0.58%—27.4%) and 6.09%
(0.08%-17.6%) on average, respectively (Figure 3).

Concentrations of PFASs found in this study were similar to results obtained in two

cities in the UK (299 and 325 pg m2) but much higher than those noted for Norway
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and Ireland.” Mahiba et al. reported that ionic PFASs in outdoor APM in Vancouver
were below their detection limits (0.02-0.03 pg m™®), except for PFOA and PFHpA
with mean concentrations of 2.5 and 1.7 pg m™3, respectively.?® Dreyer et al. reported
a mean PFAS concentration of 2.8 pg m™ in outdoor APM in Germany and the
predominant compounds were PFOA and PFOS.”> However, PFOA was always found
to be the predominant compound in outdoor APM.

In addition to legacy PFASs, PAPs, which are used widely in food packaging
material® and are a class of PFCA precursors,” were detected and quantified in
outdoor APM in our study. Here, 6:2 diPAP was detected only in outdoor APM with a
mean concentration of 1.97 pg m~3; however, this accounted for nearly 0%-8.08% of
the quantified legacy PFASs. Compared with the results of dust samples from
different countries,’ this ratio is relatively low, which could indicate comparatively
lower use of diPAPs in China. However, because different media were analyzed, it is
difficult to draw a robust conclusion in this regard.

PFAS Distributions in Indoor APM. Ten indoor APM samples with nine fractions for
each sample were analyzed. Most PFCAs were detected in all the indoor APM
samples, except for PFPeA, which was detected only in three rooms. PFSAs were
present but with low detection frequencies, and the sum of the concentrations of the
analyzed PFASs ranged from 3.87 to 375 pg m3. PFOA and PFHxA were the
predominant components and accounted for 41.2% (1.0%-71.6%) and 28.8%
(14.4%-53.3%), respectively (Figure S17a). The profile obtained is consistent with a

report based on PFASs in North America but different from that based on PFSAs in
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PFAS Particle-Size Distributions. Based on the abovementioned results, we
considered the particle-size distributions of the principal components (PFHxA and
PFOA), as well as the Y legacy PFASs (Figure S17b). The convex line shows that
PFHxA, PFOA, and ) legacy PFASs were easily absorbed in finer particles. Their
mass fractions in PM2s were also mostly >50%. However, the fluctuations in the
curves imply that the features of each specific indoor environment were important in
influencing the distribution of PFASs in indoor APM.

For outdoor APM, the ratio of PFOA in a coarse particle fraction (>2.5 um) vs. a fine
particle fraction (<2.5 um) was 1.5 + 0.48, which suggests preferential attraction of
PFOA to coarser particles. Previous studies investigating particle-size distributions of
PFASs have reported different features in outdoor APM. The particle-size distribution
of PFOA in Japan showed that PFOA in airborne dust was absorbed more easily in
the respirable fraction (1.1-11.4 pm) than the smaller fraction (<1.1 pm).” Dreyer et
al. observed that PFOA existed predominantly in the smallest fraction (<0.14)."
However, differences in terms of both sampling methods and location could account
for the observed inconsistencies in the particle-size distributions. Therefore, defining
uniform sampling methods could facilitate easier comparison of results obtained by
different studies.

Risk Assessment. Because PFOA was still the predominant component in indoor and
outdoor APM, we assessed the health risk related to the inhalation of PFOA in APM.

It is known that the deposition efficiency of PM in the respiratory tract might vary
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with PM size.*® Moreover, the inhalation rate is related to activity level and age group.
Therefore, a 24-h time-activity model was used to calculate the HQ values of PFOA
via inhalation exposure, as shown in Figure S18. The HQ values for PFOA in the
different studied cities were generally <0.1, which suggests that PFOA exposure via
inhalation in some areas of China is at least one order of magnitude lower than its
RfD value. Thus, human exposure to PFOA via inhaled APM might not be a critical
issue in China.

Previous studies have found that air and dust are potentially important pathways to
PFAS exposure.?® Ericson et al. calculated the mean and maximum PFOA exposure
from house dust to be 0.48 (0.65) and 1.05 (2.15) ng day 3, respectively, in average
case scenarios for toddlers (adults).® Based on a study in China, Zhang et al.
estimated the daily intake of PFOA via dust ingestion to be 12.15 and 9.02 ng day*
for toddlers and adults, respectively. Our study estimated the mean (maximum) value
of the daily intake of PFOAs via inhaled APM to be 0.47 (1.63) and 0.63 (1.80) ng
day ! for toddlers and adults, respectively. In a worst-case scenario, inhalation
exposure for toddlers and adults could be as high as 6.2 and 6.0 ng day %, respectively.
Therefore, compared with dust ingestion, inhalation of APM might be non-negligible.

IMPLICATIONS AND LIMITATIONS

We performed PFAS homologue analysis and suspect screening to identify PFASs in
APM in China. Several clarifications were obtained after PFAS screening. First,
although the ENVI-carb cartridge has been shown to be effective for analyzing legacy

PFASs, it is possible that several unknown PFASs were removed during sample
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preparation. Most studies on the non-target screening of PFASs are concerned with
the PFAS source (e.g., AFFF?%-23 and wastewater?*) and contaminated samples (water
affected by AFFF or wastewater?®?®). However, general environmental samples
contain more interfering substances and a lower level of PFASs. Therefore, there is a
balance between specificity and coverage in the non-target screening of PFASs.
Second, all identified PFASs were detected in the negative ionization mode. In
positive mode measurements, only 15 peaks (level 5 in SI Table S10) were selected.
However, the low intensity and the absence of the MS/MS spectrum prevented the
identification of PFAS structures. Most of the positively charged and zwitterionic
PFASs have been discovered in AFFF, commercial surfactants, and groundwater
affected by AFFF?0-2, Although there is no information on the environmental
behavior of these PFASsS, it is possible for them to transform to degradation products
in the environment. We did not find positively charged and zwitterionic PFASs in our
study. Another reason for not finding these PFASs could be the clean-up conducted
during the extraction of PFASs. Finally, there were still many peaks without
structures with levels 4 and 5 in our study. The reason for this is that most peaks had a
low intensity and/or were without an MS/MS spectrum. Thus, there was insufficient
evidence for the identification of structures.

However, we successfully identified well-known PFASs such as PFOS and PFOA, as
well as emerging unknown PFASs (1:n PFECAs, PFdiOAs, H-PFdiOAs, and UPFAS).
For the emerging unknown PFASs, it is necessary to conduct further tests regarding

their toxicity and environmental behavior. Meanwhile, the question of how to
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improve the identification capability of non-target analysis must be considered. Our
target analysis and health risk assessment suggest that the distributions of PFASSs in
APM in China might be locally/regionally specific because of the atmosphere and the
geographical locations of the fluorine chemical industry in the country.

Supporting Information

Standards and reagents, sample preparation, PFASs screening and identification, the
MS/MS spectrum of PFASS, the structure and detection of PFASs, Table S1-S10, and
Figure S1-S18. (PDF)

The identified PFASs with level 4 or above. (XLS)

Acknowledgements

This work was supported by Major Science and Technology Program for Water
Pollution Control and Treatment (2012ZX07101-005), National Natural Science
Foundation of China (21677067, 81500515, 91543205), Natural Science Foundation
of Jiangsu Province (BK20150591), the Fundamental Research Funds for the Central
Universities (021114380072), Taihu Water Pollution Control Fund (TH2016306),
Reduction of POPs and PTS Release by Environmentally Sound Management
throughout the Life Cycle of Electrical and Electronic Equipment and Associated
Wastes in China (5044), Jiangsu Provincial Environmental Monitoring Research Fund
(1317 and 1605), and a project funded by the China Postdoctoral Science Foundation
(Grant No. 2016M600397). We thank Dr. Nobuyoshi Yamashita and Dr. Sachi

Taniyasu for the donation of the 1SO 21675 standard from Wellington Laboratories.



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

REFERENCES

1. Holzapfel, W., Uses of fluorinated surfactants. Fette Seifen Anstrichm 1966, 68, 837-842.

2.  KEMI (Swedish Chemicals Agency). Occurrence and Use of Highly Fluorinated Substances

and Alternatives. 2015;

http://www.kemi.se/en/global/rapporter/2015/report-7-15-occurrence-and-use-of-highlyfluorinated

-substances-and-alternatives.pdf.

3. Williams, A. J.; Grulke, C. M.; Edwards, J.; McEachran, A. D.; Mansouri, K.; Baker, N. C.;

Patlewicz, G.; Shah, I.; Wambaugh, J. F.; Judson, R. S.; et al. The CompTox Chemistry

Dashboard: A Community Data Resource for Environmental Chemistry. J. Cheminform. 2017, 9

(1), 61.

4, Conder, J. M.; Hoke, R. A.; Wolf, W. d.; Russell, M. H.; Buck, R. C., Are PFCAs

bioaccumulative? A critical review and comparison with regulatory criteria and persistent

lipophilic compounds. Environ. Sci. Technol. 2008, 42, (4), 995-1003.

5. Lau, C.; Anitole, K.; Hodes, C.; Lai, D.; Pfahles-Hutchens, A.; Seed, J., Perfluoroalky! acids:

a review of monitoring and toxicological findings. Toxicol. Sci. 2007, 99, (2), 366-394.

6. Stockholm Convention. The New POPs Under the Stockholm Convention. 2009;

http://chm.pops.int/Programmes/NewPOPs/The9newPOPs/tabid/672/language/en-US/Default.asp

7. Stockholm  Convention. POPRC  Recommendations  for  listing  Chemicals.

http://www.pops.int/TheConvention/ThePOPs/ChemicalsProposedforL.isting/tabid/2510/Default.a

SPX.

8.  Qil Technics. Over the last 15+ years, the Fire Fighting Foam Industry has been working to


http://www.kemi.se/en/global/rapporter/2015/report-7-15-occurrence-and-use-of-highlyfluorinated-substances-and-alternatives.pdf
http://www.kemi.se/en/global/rapporter/2015/report-7-15-occurrence-and-use-of-highlyfluorinated-substances-and-alternatives.pdf

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

understand how environmental pollution arising from the use of non-C6 fluorinated AFFF

concentrates can be removed. http://www.firefightingfoam.com/knowledge-base/c6-technology/

9. Begley, T.; Hsu, W.; Noonan, G.; Diachenko, G., Migration of fluorochemical paper additives

from food-contact paper into foods and food simulants. Food Addit. Contam. 2008, 25, (3),

384-390.

10. Amending for the 30th Time Council Directive 76/769/EEC on the Approximation of the Laws,

Regulations and Administrative Provisions of the Member States Relating to Restrictions on the

Marketing and Use of Certain Dangerous Substances and Preparations (Perfluorooctane

Sulfonates); Directive 2006/122/EC of the European Parliament and of the Council of 12

December 2006; European Parliament and Council: Strasbourg, France, 2006.

11. Strynar, M.; Dagnino, S.; McMahen, R.; Liang, S.; Lindstrom, A.; Andersen, E.; McMillan,

L.; Thurman, M.; Ferrer, I.; Ball, C., Identification of Novel Perfluoroalkyl Ether Carboxylic

Acids (PFECAs) and Sulfonic Acids (PFESAs) in Natural Waters Using Accurate Mass

Time-of-Flight Mass Spectrometry (TOFMS). Environ. Sci. Technol. 2015, 49, (19), 11622-11630.

12. Fakouri Baygi, S.; Crimmins, B. S.; Hopke, P. K.; Holsen, T. M., Comprehensive Emerging

Chemical Discovery: Novel Polyfluorinated Compounds in Lake Michigan Trout. Environ. Sci.

Technol. 2016, 50, (17), 9460-9468.

13. Eriksson, U.; Kiarrman, A., World-Wide Indoor Exposure to Polyfluoroalkyl Phosphate Esters

(PAPs) and other PFASs in Household Dust. Environ. Sci. Technol. 2015, 49, (24), 14503-14511.

14. Hug, C.; Ulrich, N.; Schulze, T.; Brack, W.; Krauss, M., Identification of novel

micropollutants in wastewater by a combination of suspect and nontarget screening. Environ.

Pollut. 2014, 184, 25-32.



567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

15. Krauss, M.; Singer, H.; Hollender, J., LC-high resolution MS in environmental analysis:

from target screening to the identification of unknowns. Anal. Bioanal.Chem. 2010, 397, (3),

943-951.

16. Richardson, S. D., Environmental mass spectrometry: emerging contaminants and current

issues. Anal. Chem. 2011, 84, (2), 747-778.

17. Rotander, A.; Karrman, A.; Toms, L.-M. L.; Kay, M.; Mueller, J. F.; Gomez Ramos, M. a. J.,

Novel fluorinated surfactants tentatively identified in firefighters using liquid chromatography

quadrupole time-of-flight tandem mass spectrometry and a case-control approach. Environ. Sci.

Technol. 2015, 49, (4), 2434-2442.

18. Roach, P. J.; Laskin, J.; Laskin, A., Higher-order mass defect analysis for mass spectra of

complex organic mixtures. Anal. Chem. 2011, 83, (12), 4924-4929.

19. Peng, H.; Chen, C.; Saunders, D. M.; Sun, J.; Tang, S.; Codling, G.; Hecker, M.; Wiseman, S.;

Jones, P. D.; Li, A., Untargeted identification of organo-bromine compounds in lake sediments by

ultrahigh-resolution mass spectrometry with the data-independent precursor isolation and

characteristic fragment method. Anal. Chem. 2015, 87, (20), 10237-10246.

20. Barzen-Hanson, K. A.; Roberts, S. C.; Choyke, S. J.; Oetjen, K.; McAlees, A.; Riddell, N.;

McCrindle, R.; Ferguson, P. L.; Higgins, C. P.; Field, J. A., Discovery of 40 classes of per-and

polyfluoroalkyl substances in historical aqueous film-forming foams (AFFFs) and AFFF-impacted

groundwater. Environ. Sci. Technol. 2017, 51(4): 2047-2057.

21. Place, B. J.; Field, J. A. Identification of Novel Fluorochemicals in Aqueous Film-Forming

Foams Used by the US Military. Environ. Sci. Technol. 2012, 46 (13), 7120-7127.

22. D’Agostino, L. A.; Mabury, S. A. Identification of Novel Fluorinated Surfactants in Aqueous



589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

Film Forming Foams and Commercial Surfactant Concentrates. Environ. Sci. Technol. 2014, 48

(1), 121-129.

23. Xiao, F.; Golovko, S. A.; Golovko, M. Y. Identification of Novel Non-lonic, Cationic,

Zwitterionic, and Anionic Polyfluoroalkyl Substances Using UPLC-TOF-MSE High-Resolution

Parent lon Search. Anal. Chim. Acta 2017, 988, 41-49.

24. Liu, Y.; Pereira, A. D. S.; Martin, J. W. Discovery of C5-C17 Poly- and Perfluoroalkyl

Substances in Water by In-Line SPE-HPLC-Orbitrap with In-Source Fragmentation Flagging.

Anal. Chem. 2015, 87 (8), 4260-4268.

25. Newton, S.; McMahen, R.; Stoeckel, J. A.; Chislock, M.; Lindstrom, A.; Strynar, M. Novel

Polyfluorinated Compounds Identified Using High Resolution Mass Spectrometry Downstream of

Manufacturing Facilities near Decatur, Alabama. Environ. Sci. Technol. 2017, 51 (3), 1544-1552.

26. Gebbink, W. A.; van Asseldonk, L.; van Leeuwen, S. P. J. Presence of Emerging Per- and

Polyfluoroalkyl Substances (PFASS) in River and Drinking Water near a Fluorochemical

Production Plant in the Netherlands. Environ. Sci. Technol. 2017, 51 (19), 11057-11065.

27. Zhang, T.; Sun, H. W.; Wu, Q.; Zhang, X. Z.; Yun, S. H.; Kannan, K., Perfluorochemicals in

meat, eggs and indoor dust in China: assessment of sources and pathways of human exposure to

perfluorochemicals. Environ. Sci. Technol. 2010, 44, (9), 3572-3579.

28. Bao, J.; Liu, W.; Liu, L.; Jin, Y.; Dai, J.; Ran, X.; Zhang, Z.; Tsuda, S., Perfluorinated

compounds in the environment and the blood of residents living near fluorochemical plants in

Fuxin, China. Environ. Sci. Technol. 2010, 45, (19), 8075-8080.

29. Shoeib, M.; Harner, T.; M. Webster, G.; Lee, S. C., Indoor sources of poly-and perfluorinated

compounds (PFCS) in Vancouver, Canada: implications for human exposure. Environ. Sci.



611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

Technol. 2011, 45, (19), 7999-8005.

30. Ericson Jogsten, I.; Nadal, M.; van Bavel, B.; Lindstrom, G.; Domingo, J. L., Per- and

polyfluorinated compounds (PFCs) in house dust and indoor air in Catalonia, Spain: implications

for human exposure. Environ. Int. 2012, 39, (1), 172-80.

31. Liu, W.; Qin, H.; Li, J.; Zhang, Q.; Zhang, H.; Wang, Z.; He, X. Atmospheric Chlorinated

Polyfluorinated Ether Sulfonate and lonic Perfluoroalkyl Acids in 2006 to 2014 in Dalian, China.

Environ. Toxicol. Chem. 2017, 36 (10), 2581-2586.

32. Zhang, Y.-L.; Cao, F., Fine particulate matter (PM2. 5) in China at a city level. Scientific

reports. 2015, 5, 14884.

33. Forouzanfar, M. H.; Alexander, L.; Anderson, H. R.; Bachman, V. F.; Biryukov, S.; Brauer,

M.; Burnett, R.; Casey, D.; Coates, M. M.; Cohen, A., Global, regional, and national comparative

risk assessment of 79 behavioural, environmental and occupational, and metabolic risks or clusters

of risks in 188 countries, 1990-2013: a systematic analysis for the Global Burden of Disease

Study 2013. The Lancet. 2015, 386, (10010), 2287-2323.

34. West, J. J.; Cohen, A.; Dentener, F.; Brunekreef, B.; Zhu, T.; Armstrong, B.; Bell, M. L.;

Brauer, M.; Carmichael, G.; Costa, D. L., What we breathe impacts our health: improving

understanding of the link between air pollution and health. Environ. Sci. Technol. 2016, 50, (10),

4895-4904.

35. Jin, L.; Luo, X.; Fu, P.; Li, X., Airborne particulate matter pollution in urban China: A

chemical mixture perspective from sources to impacts. National Science Review 2016, 4, (4),

593-610.

36. Kaupp, H.; McLachlan, M. S., Distribution of polychlorinated dibenzo-P-dioxins and



633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

dibenzofurans (PCDD/Fs) and polycyclic aromatic hydrocarbons (PAHSs) within the full size range
of atmospheric particles. Atmos. Environ. 2000, 34, (1), 73-83.

37. Bi, X.; Sheng, G.; Peng, P. a.; Chen, Y.; Fu, J., Size distribution of n-alkanes and polycyclic
aromatic hydrocarbons (PAHS) in urban and rural atmospheres of Guangzhou, China. Atmos.
Environ. 2005, 39, (3), 477-487.

38. Degrendele, C.; Okonski, K.; Melymuk, L.; Landlova, L.; Kuku¢ka, P.; Cupr, P.; Klanova, J.,
Size specific distribution of the atmospheric particulate PCDD/Fs, dI-PCBs and PAHs on a
seasonal scale: Implications for cancer risks from inhalation. Atmos. Environ. 2014, 98, 410-416.
39. Human Respiratory Tract Model for Radiological Protection Annals of the ICRP, Vol 24;
ICRP Publication 66; International Commission on Radiological Protection: Ontario, Canada,
1994,

40. Yang, F.; Ding, J.; Huang, W.; Xie, W.; Liu, W., Particle size-specific distributions and
preliminary exposure assessments of organophosphate flame retardants in office air particulate
matter. Environ. Sci. Technol. 2013, 48, (1), 63-70.

41. Shoeib, M.; Harner, T.; Wilford, B. H.; Jones, K. C.; Zhu, J., Perfluorinated sulfonamides in
indoor and outdoor air and indoor dust: occurrence, partitioning, and human exposure. Environ.
Sci. Technol. 2005, 39, (17), 6599-6606.

42. Barber, J. L.; Berger, U.; Chaemfa, C.; Huber, S.; Jahnke, A.; Temme, C.; Jones, K. C.,
Analysis of per- and polyfluorinated alkyl substances in air samples from Northwest Europe. J.
Environ. Monit. 2007, 9, (6), 530-41.

43. Kim, S. K.; Shoeib, M.; Kim, K. S.; Park, J. E., Indoor and outdoor poly- and perfluoroalkyl

substances (PFASs) in Korea determined by passive air sampler. Environ. Pollut. 2012, 162, (5),



655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

144-50.

44. Horai, H.; Arita, M.; Kanaya, S.; Nihei, Y.; Ikeda, T.; Suwa, K.; Ojima, Y.; Tanaka, K

Tanaka, S.; Aoshima, K.; et al. MassBank: A Public Repository for Sharing Mass Spectral Data

for Life Sciences. J. Mass Spectrom. 2010, 45 (7), 703-714.

45. Ruttkies, C.; Schymanski, E. L.; Wolf, S.; Hollender, J.; Neumann, S. MetFrag Relaunched:

Incorporating Strategies beyond in Silico Fragmentation. J. Cheminform. 2016, 8 (1), 3.

46. Allen, F.; Greiner, R.; Wishart, D. Competitive Fragmentation Modeling of ESI-MS/MS

Spectra for Putative Metabolite Identification. Metabolomics 2015, 11 (1), 98-110.

47. Schymanski, E. L.; Jeon, J.; Gulde, R.; Fenner, K.; Ruff, M.; Singer, H. P.; Hollender, J.,

Identifying small molecules via high resolution mass spectrometry: communicating confidence.

Environ. Sci. Technol. 2014, 48, (4), 2097-2098.

48. Allan, M.; Richardson, G. M., Probability density functions describing 24-hour inhalation

rates for use in human health risk assessments. Human and Ecological Risk Assessment: An

International Journal. 1998, 4, (2), 379-408.

49. U.S. Environmental Protection Agency. Risk Assessment Guidance for Superfund. Volume I:

Human Health Evaluation Manual (Part A). EPA/540/1-89/002; Office of Research and

Development: Washington, DC, 1989;

https://www.epa.gov/sites/production/files/2015-09/documents/rags_a.pdf.

50. Exposure Factors Handbook, Chapter 8: Body Weight Studies; U.S. Environmental

Protection Agency: Washington, DC, 2011;

https://ofmpub.epa.gov/eims/eimscomm.getfile?p_download_id=526169

51. Health Risk Limits for Groundwater 2008 Rule Revision: Perfluorooctanoic Acid. Minnesota



677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

Department of Health: uU.S. Minnesota, 2009;

http://www.health.state.mn.us/divs/eh/risk/guidance/gw/pfoa.pdf.

52. Benskin, J. P.; Bataineh M.; Martin, J. W. Simultaneous Characterization of Perfluoroalkyl

Carboxylate, Sulfonate, and Sulfonamide Isomers by Liquid Chromatography—Tandem Mass

Spectrometry. Anal. Chem. 2007, 79, (17), 6455-6464.

53. Ahrens, L.; Taniyasu, S.; Yeung, L. W.; Yamashita, N.; Lam, P. K.; Ebinghaus, R.,

Distribution of polyfluoroalkyl compounds in water, suspended particulate matter and sediment

from Tokyo Bay, Japan. Chemosphere 2010, 79, (3), 266-272.

54. Plassmann, M. M.; Berger, U., Perfluoroalkyl carboxylic acids with up to 22 carbon atoms in

snow and soil samples from a ski area. Chemosphere 2013, 91, (6), 832-837.

55. Quinones, O.; Snyder, S. A., Occurrence of perfluoroalkyl carboxylates and sulfonates in

drinking water utilities and related waters from the United States. Environ. Sci. Technol. 2009, 43,

(24), 9089-9095.

56. Sun, M.; Arevalo, E.; Strynar, M.; Lindstrom, A.; Richardson, M.; Kearns, B.; Pickett, A.;

Smith, C.; Knappe, D. R. U. Legacy and Emerging Perfluoroalkyl Substances Are Important

Drinking Water Contaminants in the Cape Fear River Watershed of North Carolina. Environ. Sci.

Technol. Lett. 2016, 3 (12), 415-419.

57. Wang, Z.; Cousins, I. T.; Scheringer, M.; Hungerbihler, K. Fluorinated Alternatives to

Long-Chain Perfluoroalkyl Carboxylic Acids (PFCAS), Perfluoroalkane Sulfonic Acids (PFSAS)

and Their Potential Precursors. Environ. Int. 2013, 60, 242—248.

58. Loewen, M.; Halldorson, T.; Wang, F.; Tomy, Gregg. Fluorotelomer Carboxylic Acids and

PFOS in Rainwater from an Urban Center in Canada. Environ. Sci. Technol. 2005, 39 (9),



699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

2944-2951.

59. Hoke, R. A.; Ferrell, B. D.; Ryan, T.; Sloman, T. L.; Green, J. W.; Nabb, D. L.; Mingoia, R.;

Buck, R. C.; Korzeniowski, S. H., Aquatic hazard, bioaccumulation and screening risk assessment

for 6:2 fluorotelomer sulfonate. Chemosphere 2015, 128, 258-265.

60. Phillips, M. M. (MacDonald); Dinglasan-Panlilio, M. J. A.; Mabury, S. A.; Solomon, K. R;;

Sibley, P. K. Fluorotelomer Acids Are More Toxic than Perfluorinated Acids. Environ. Sci.

Technol. 2007, 41 (20), 7159-7163.

61. Technical paper on the identification and assessment of alternatives to the use of

perfluorooctane sulfonic acid in open applications (UNEP/POPS/POPRC. 8/INF/17 Rev. 1).

Persistent Organic Pollutants Review Committee. UNEP. 2012;

http://chm.pops.int/TheConvention/POPsReviewCommittee/Meetings/POPRC8/MeetingDocumen

ts/tabid/2801/ctl/Download/mid/9135/Default.aspx?id=31&0bjID=16918.

62. D’eon, J. C.; Crozier, P. W.; Furdui, V. |.; Reiner, E. J.; Libelo, E. L.; Mabury, S. A.

Observation of a Commercial Fluorinated Material, the Polyfluoroalkyl Phosphoric Acid Diesters,

in Human Sera, Wastewater Treatment Plant Sludge, and Paper Fibers. Environ. Sci. Technol.

2009, 43 (12), 4589-4594.

63. Wang, S.; Huang, J.; Yang, Y.; Hui, Y.; Ge, Y.; Larssen, T.; Yu, G.; Deng, S.; Wang, B.;

Harman, C., First report of a Chinese PFOS alternative overlooked for 30 years: its toxicity,

persistence, and presence in the environment. Environ. Sci. Technol. 2013, 47, (18), 10163-10170.

64. Liu, Y.; Pereira, A. D. S.; Martin, J. W., Discovery of C5-C17 poly-and perfluoroalkyl

substances in water by in-line SPE-HPLC-Orbitrap with in-source fragmentation flagging. Anal.

Chem. 2015, 87, (8), 4260-4268.



721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

65. Shi, Y.; Vestergren, R.; Zhou, Z.; Song, X.; Xu, L.; Liang, Y.; Cai, Y., Tissue distribution and

whole body burden of the chlorinated polyfluoroalkyl ether sulfonic acid F-53B in crucian carp

(Carassius carassius): Evidence for a highly bioaccumulative contaminant of emerging concern.

Environ. Sci. Technol. 2015, 49, (24), 14156-14165.

66. Shi, Y.; Vestergren, R.; Xu, L.; Zhou, Z.; Li, C.; Liang, Y.; Cai, Y., Human exposure and

elimination Kinetics of chlorinated polyfluoroalkyl ether sulfonic acids (CI-PFESAS). Environ. Sci.

Technol. 2016, 50, (5), 2396-2404.

67. Chen, F; Yin, S.; Kelly, B. C.; Liu, W., Chlorinated Polyfluoroalkyl Ether Sulfonic Acids in

Matched Maternal, Cord, and Placenta Samples: A Study of Transplacental Transfer. Environ. Sci.

Technol. 2017, 51, (11), 6387-6394.

68. Xu, L.; Shi, Y.; Li, C.; Song, X.; Qin, Z.; Cao, D.; Cai, Y. Discovery of a Novel

Polyfluoroalkyl Benzenesulfonic Acid around Qilfields in Northern China. Environ. Sci. Technol.

2017, 51 (24), 14173-14181.

69. Bjorklund, J. A.; Thuresson, K.; De Wit, C. A., Perfluoroalkyl compounds (PFCs) in indoor

dust: concentrations, human exposure estimates, and sources. Environ. Sci. Technol. 2009, 43, (7),

2276-2281.

70. Langer, V.; Dreyer, A.; Ebinghaus, R., Polyfluorinated compounds in residential and

nonresidential indoor air. Environ. Sci. Technol. 2010, 44, (21), 8075-8081.

71. Barber, J. L.; Berger, U.; Chaemfa, C.; Huber, S.; Jahnke, A.; Temme, C.; Jones, K. C.,

Analysis of per-and polyfluorinated alkyl substances in air samples from Northwest Europe.

Journal of Environmental Monitoring 2007, 9, (6), 530-541.

72. Dreyer, A.; Kirchgeorg, T.; Weinberg, I.; Matthias, V., Particle-size distribution of airborne



743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

poly-and perfluorinated alkyl substances. Chemosphere 2015, 129, 142-149.

73. Jessica, C.; Mabury, S. A., Exploring indirect sources of human exposure to perfluoroalkyl

carboxylates (PFCAs): evaluating uptake, elimination, and biotransformation of polyfluoroalkyl

phosphate esters (PAPS) in the rat. Environ. Health Perspect. 2011, 119, (3), 344.

74. Eriksson, U.; Kéarrman, A., World-wide indoor exposure to polyfluoroalkyl phosphate esters

(PAPs) and other PFASs in household dust. Environ. Sci. Technol. 2015. 49, (24): 14503-14511.

75. Harada, K.; Nakanishi, S.; Sasaki, K.; Furuyama, K.; Nakayama, S.; Saito, N.; Yamakawa, K.;

Koizumi, A., Particle size distribution and respiratory deposition estimates of airborne

perfluorooctanoate and perfluorooctanesulfonate in Kyoto area, Japan. Bulletin of environmental

contamination and toxicology. 2006, 76, (2), 306-310.

76. Harada, K.; Nakanishi, S.; Saito, N.; Tsutsui, T.; Koizumi, A., Airborne perfluorooctanoate

may be a substantial source contamination in Kyoto area, Japan. Bulletin of environmental

contamination and toxicology 2005, 74, (1), 64-609.

77. Kim, S.-K.; Kannan, K., Perfluorinated acids in air, rain, snow, surface runoff, and lakes:

relative importance of pathways to contamination of urban lakes. Environ. Sci. Technol. 2007, 41,

(24), 8328-8334.

78. Stock, N. L.; Furdui, V. I.; Muir, D. C.; Mabury, S. A., Perfluoroalkyl contaminants in the

Canadian Arctic: evidence of atmospheric transport and local contamination. Environ. Sci. Technol.

2007, 41, (10), 3529-3536.

79. Dreyer, A.; Matthias, V.; Temme, C.; Ebinghaus, R., Annual time series of air concentrations

of polyfluorinated compounds. Environ. Sci. Technol. 2009, 43, (11), 4029-4036.



765

766



767

768

769

770

10 samples ’

S/N>3;Intensity>100 ‘

QTOF raw data

Peak picking

| 35859 peaks

PFASs homologue analysis

Mass error < 5ppm ‘ | 3135 peaks

Mass defect >0.85 or <0.15 \ CF2 normalized ltnass defect filter | 1074 peaks

An ascending trend of m/z vs. RT ‘ Consistent elut'ion order filter | 363 peaks
Mass error < 5ppm; ART<0.1 min‘ Dimers, adducts, ;nd isotopes filter | 121 peaks
\ PFASs Hor\;ologue list | 121 peaks

Isotope ratio difference < 20% i
Fragments mass error < 5mDa
ART < 0.1 min |

.

Exact mass error < 5ppm |

h 4

PFASs Identification

Level 1: 20(2) Level 2: 19(2)

Level 3: 11

Level 4: 18
Level 5: 57

| PFASs suspect screening |

Figure 1. Workflow for PFAS screening with PFAS homologue analysis and suspect

screening
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Figure 2. Structure and detection of emerging PFASs with level 3 or above in APM.
The letters in the “Proposed Structure” column refer to the generic structure
represented by the same letters, and the numbers in parentheses in the “Proposed

Structure” column indicate fluorinated chain length.
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778  Figure 3. Distribution of PFCAs, PFSAs, and 6:2 diPAP in outdoor APM (data for China were obtained from this study, and those for other

779  countries were obtained from previous studies; a: Japan,’® b: Canada,?® c: USA,”’ d: Arctic,”® e: UK,* f: Ireland,* g: Germany,” h: Norway*?)

780  and proportional distribution of legacy PFASs in outdoor APM (value of legacy PFASs is arithmetic mean).





