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ABSTRACT:

Per-and polyfluoroalkyl substances (PFAS) make up thousands of human-derived chemicals that
have attracted significant attention in the field of environmental engineering due to their severe
toxicity, widespread occurrence, and recalcitrance to degradation. Many commercial and
consumer products contain PFAS. After these products are disposed of at landfills, volatile PFAS
may appear in landfill gas emissions. The knowledge on these compounds in the landfill gas
emissions has been very limited. One of the major reasons is that the concentrations of many
volatile PFAS in the landfill gas emissions are usually below the quantification limits.

We evaluated three methods for pre-concentrating volatile PFAS before measuring them using gas
chromatography—mass spectrometry (GC-MS). First, we pre-concentrated octafluorocyclobutane
(C4F3g) with a commercially available pre-concentrator. The addition of the pre-concentrator
lowered the quantification limit by three orders of magnitude. Second, we used solid phase
microextraction (SPME) for pre-concentrating fluorotelomer alcohols (FTOHs) in the water and
air. SPME was effective for both types of samples. Regarding the water samples, the headspace
SPME in which the fiber was completely in the headspace gave larger areas of response than the
regular SPME in which the fiber was submerged in water. Regarding the air samples, the
quantification limit for 2-perfluorobutyl ethanol (4:2 FTOH), 2-perfluorohexyl ethanol (6:2
FTOH), 2-perfluorooctyl ethanol (8:2 FTOH), and 2-perfluorodecyl ethanol (10:2 FTOH) was 20,
6, 7, 20 ng/L, respectively. Third, we combined solvent extraction with SPME for extracting and
pre-concentrating volatile PFAS in the liquid and solid waste materials. The quantification limits
of the combined method followed by GC-MS were between 4.6-9.3 ng/g for the four FTOHs. We
used this method to measure volatile PFAS in 31 solid products and one liquid product. We
detected 6:2 FTOH in nine of the solid products and the liquid product. Among the solid products,
the maximum concentration (541 ng/g) corresponded to one type of popcorn bags.

Using the second method (SPME-GC-MS), we measured volatile PFAS from direct landfill gas
emission sampled from a municipal solid waste (MSW) landfill cell, a construction & demolition
(C&D) landfill cell, and the combination of both types of cells (i.e., before the flare) in a closed
landfill. We detected 6:2 FTOH ranging from 6.4 to 10.1 ng/L, and 8:2 FTOH from less than the
quantification limit (<7.0 ng/L) to 8.0 ng/L. We also sampled the ambient air close to the
abovementioned three direct emission locations using polyethylene (PE) sheet-based passive
sampling, and then measured the volatile PFAS using the third method mentioned above (solvent
extraction-SPME-GC-MS). We detected only 6:2 FTOH at 2.3x107 ng/L at the ambient air close
to the flare.

We operated 15 lab-scale landfills (five types with each type in triplicate) at 55 °C for 159 days.
Each landfill was a glass bottle containing one of the following five simulated solid waste materials
in simulated rainwater: carpet, masks, popcorn bags, high-density polyethylene (HDPE) plastic
(no-PFAS control), and rainwater only (no-waste control). Using the second method mentioned
above, we analyzed the headspace of the lab-scale landfills every 1-3 weeks for volatile PFAS.
We detected 6:2 FTOH in the headspace of the triplicate lab-scale landfills containing popcorn
bags. The emission rate was stable throughout the experiment at approximately 1.6x10° ng/(Led).
After 117 days, there were 718 ng of FTOH in the headspace of the lab-scale landfills per gram of
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popcorn bags. We also measured 24 non-volatile PFAS after the lab-scale landfills were operated
for more than 100 days. The following three PFAS were detected in the liquid of the landfills
containing carpet and masks: perfluoroheptanoic acid (PFHpA) (130 - 230 ng/L),

perfluorooctanoic acid (PFOA) (150 - 1,700 ng/L), and perfluorononanoic acid (PFNA) (310 -
1,400 ng/L).

Key Words:

Fluorotelomer alcohols (FTOHs), landfill gas, method, pre-concentration, volatile per- and
polyfluoroalkyl substances (PFAS)
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EXECUTIVE SUMMARY

Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of thousands of substances that have raised
public concern in recent decades due to their toxicity even if at very low concentrations,
widespread occurrence, lack of knowledge on properties, and recalcitrance to degradation.
Volatile PFAS such as fluorotelomer alcohols (FTOHs) have high vapor pressures. They may
appear in the landfill gas emissions. While the knowledge on PFAS and their degradation products
in landfill leachate has significantly increased in recently years, the knowledge on these
compounds in the landfill gas emissions has been very limited. The overarching goal of this project
is to expand knowledge in the area of PFAS in landfill gas emissions.

Some studies report FTOHs in products such as oil-proof paper, popcorn bags, cosmetics, nonstick
cookware. However, the dynamic release of FTOHs from landfills has not been reported.
Determining the dynamic release of volatile PFAS (e.g., PFOHs) is the first objective of this
project.

Two categories of sampling methods for volatile PFAS measurement, including active sampling
and passive sampling have been used in the literature. These methods are based on special
equipment and large volume of gas samples. Therefore, they cannot be utilized in lab-scale
landfills that produce gas at small volumes. The second objective of this project is to develop
methods for volatile PFAS measurement in gas samples that have small volumes. The method to
be evaluated is solid phase microextraction (SPME) followed by chromatography—mass
spectrometry (GC-MS), which has been widely used for measuring volatile organic compounds,
but has not been used for measurement of volatile PFAS in gas samples.

The third objective is to expand the SPME-GC-MS method by adding solvent extraction. The
addition of solvent extraction extends the application of the method to measuring volatile PFAS
in solid and liquid samples (e.g., simulated solid and liquid waste). The expanded method can also
be used to measure volatile PFAS in gas samples when passive sampling is used for the gas.
During passive sampling, volatile PFAS in the gas are adsorbed onto the passive samplers such as
polyethylene fibers.

To achieve the three objectives, the project focuses on the following three tasks:
Task 1: Pre-concentration of volatile PFAS

Task 2: Measurement of PFAS in landfill gas emissions
Task 3: Fate of PFAS in lab-scale landfills
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Methods

We used three different methods for pre-concentrating volatile PFAS before measuring them using
GC-MS. First, we used a commercially available pre-concentrator to improve the quantification
limit of octafluorocyclobutane (C4Fg). Second, we used SPME to pre-concentrate FTOHs in the
water and air. Third, we combined solvent extraction with SPME for extracting and pre-
concentrating volatile PFAS in the liquid and solid samples. We used the third method to analyze
volatile PFAS in 32 products.

Using the second method above, we measured volatile PFAS in three direct landfill gas emissions
in a closed landfill, including a gas sample below the final cover of a municipal solid waste (MSW)
landfill cell, a gas sample below the final cover of a construction & demolition (C&D) landfill cell,
and a gas sample taken right before the flare, which represented the combination of gas collected
from both types of cells in the landfill. We also sampled the ambient air close to the three locations
using polyethylene-based passive sampling, and then measured the volatile PFAS adsorbed onto
the polyethylene using the third method above.

We operated 15 lab-scale landfills for up to 159 days. These landfills fell into five types with each
type in triplicate. Each landfill was a closed glass bottle containing one of the following five types
of simulated solid waste in simulated rainwater: carpet, masks, and popcorn bags, high-density
polyethylene (HDPE) plastic (no-PFAS control), and rainwater only (no-waste control). These
landfills simulated internal landfill environment: anaerobic conditions and 55 °C. Using the second
method mentioned above, we measured volatile PFAS in the headspace of the lab-scale landfills
every 1-3 weeks.

Results and Discussion

We used a commercially available pre-concentrator to improve the quantification limit of C4Fg by
three orders of magnitude. When SPME was evaluated as a pre-concentration method for FTOHs,
the headspace SPME was more effective than the regular SPME for water samples. We also
evaluated the impact of extraction time (1 - 30 minutes) and temperature (25 - 100 °C) on the areas
of response for FTOHs. We used the combination of 20 minutes and 100 °C for our following
experiments because 20 minutes represented good balance between performance and timing, and
100 °C gave the best detection (lowest detection limit) of 10:2 FTOH. 10:2 FTOH was the most
challenging to detect among the four FHOHs including 2-perfluorobutyl ethanol (4:2 FTOH), 2-
perfluorohexyl ethanol (6:2 FTOH), 2-perfluorooctyl ethanol (8:2 FTOH), and 2-perfluorodecyl
ethanol (10:2 FTOH). The method quantification limits from them in air were 20, 6, 7, 20 ng/L,
respectively.

By adding solvent extraction, we extended the application of the SPME-GC-MS method to
measuring volatile PFAS in solid and liquid samples. We measured volatile PFAS in 31 solid
products and one liquid product (anti-fog spray). The quantification limits of the combined method
followed by GC-MS were between 4.6-9.3 ng/g for the four FTOHs. Ten products contained 6:2
FTOH, including six types of popcorn bags, three types of food wrapping paper, and the anti-fog
spray. The maximum concentration corresponded to the anti-fog spray at the concentration of
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9.3x10° ng/g (= 9,800 mg/L). Among the solid products, the maximum concentration (i.e., 541
ng/g) corresponded to one type of popcorn bags.

We used SPME-GC-MS to measure volatile PFAS in landfill gas emission samples. We detected
6:2 FTOH ranging from 6.4 to 10.1 ng/L, and 8:2 FTOH from less than the quantification limit
(<7.0 ng/L) to 8.0 ng/L from a closed landfill that contained MSW landfill cells and C&D landfill
cells. Also, we put low density polyethylene (PE) sheets in ambient air of the landfill as a passive
sampling method. We detected volatile PFAS only from the PE sheets close to the flare. In this
sample, the 6:2 FTOH concentration was 0.05 ng per gram of PE sheet, which corresponded to the
concentration of 2.3x107 ng/L in the ambient air.

We made 15 lab-scale landfills that fell into five types with each type in triplicate. Each landfill
contained one of the following five types of simulated solid waste in simulated rainwater: carpet,
masks, popcorn bags, HDPE plastic (no-PFAS control), and rainwater only (no-waste control).
We detected 6:2 FTOH in the headspace of the triplicate lab-scale landfills containing popcorn
bags. This observation was consistent with our previous experiments in which we detected 6:2
FTOH in six of the seven types of popcorn bags. The emission rate was stable throughout the
experiment at approximately 1.6x10° ng/(Led). After 117 days, there were 718 ng of 6:2 FTOH
in the headspace of the lab-scale landfills per gram of popcorn bags. We further estimated the
concentration of 6:2 FTOH in the liquid of the lab-scale landfills using Henry’s law constant. The
average concentration of 6:2 FTOH in the liquid of the triplicate landfills containing popcorn bags
was 3.6x10% ng/L on the 117" day. We also measured 24 non-volatile PFAS after the lab-scale
landfills were operated for more than 100 days. The following three PFAS were detected in the
liquid of the landfills containing carpet and masks: perfluoroheptanoic acid (PFHpA) (130 - 230
ng/L), perfluorooctanoic acid (PFOA) (150 - 1,700 ng/L), and perfluorononanoic acid (PFNA)
(310 - 1,400 ng/L).
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1. INTRODUCTION
1.1. PFAS in landfills

Per- and polyfluoroalkyl substances (PFAS) are a class of thousands of substances that have raised
public concern in recent decades due to their toxicity even if at very low concentrations,
widespread occurrence, and recalcitrance to degradation (Cui et al., 2020; Gliige et al., 2020).
Exposure to PFAS causes a wide range of adverse health effects such as increased risk of certain
tumors and testicular cancer (Barry et al., 2013, Benninghoff et al., 2012). PFAS are widely used
in various commercial products such as firefighting foams, inks, clothing, cosmetic products,
textiles, and food-packaging materials. Since the F-C bond is among the strongest in organic
chemistry, PFAS do not degrade like other waste components, appearing in landfill leachate and
gas emissions (Hamid et al., 2018).

1.2. Volatile PFAS

The majority of the published literature focuses on non-volatile PFAS such as perfluoroalkyl acids
(PFAASs) in aqueous environments. Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate
(PFOS) are the two most widely studied PFAAs. Both are ionic at circumneutral pH and have
relatively low vapor pressures and high water solubilities (Dixon-Anderson et al., 2018; Krusic et
al. 2005).

Studies on volatile PFAS are much less. Commonly studied volatile PFAS include fluorotelomer
alcohols (FTOHs), perfluorooctane sulfonamides (FOSAs), fluorotelomer acrylates (FTAs),
fluorotelomer methacrylates (FTMACs) and perfluorooctane sulfonamidoethanols (FOSEs)
(Dimzon et al., 2014; Wang et al., 2014). Among these categories, FTOHs are the most dominant
in ambient air of wastewater treatment plants and landfills (Ahrens et al., 2011; Tian et al., 2019;
Wang et al., 2020). Similarly, Morales-McDevitt et al., (2021) measure volatile PFAS in indoor
air, and find that FTOHs are several times higher than the other volatile PFAS. Moreover, among
FTOHs, 6:2 FTOH and 8:2 FTOH are usually dominant (Ahrens et al., 2011; Tian et al., 2019).

Table 1.1 summarizes some studies that report FTOHs in various products such as oil-proof paper,
popcorn bags, cosmetics, nonstick cookware. Some FTOHs such as 2-perfluorohexyl ethanol (6:2
FTOH) and 2-perfluorooctyl ethanol (8:2 FTOH) have negative impacts on human health because
they are estrogenic (Maras et al., 2006; Liu et al., 2010). Breathing volatile PFAS is one of the
main exposure pathways (Nilsson et al., 2013; Vestergren et al., 2008). FTOHs are precursors of
other PFAS such as fluorotelomer carboxylates (FTCAs), fluorotelomer unsaturated carboxylates
(FTUCAS), and perfluorinated carboxylic acids (PFCAs) (Liu and Avendano, 2013; Wang et al.,
2009). Some daughter products of the FTOHs can cause human health issues like breast cancer
cell proliferation (Jensen et al., 2008). FTOHs can be oxidized in atmosphere in 20 days (Dreyer
et al., 2009) and biodegraded under aerobic and anaerobic conditions (Qiao et al., 2021; Zhang et
al., 2013; Li et al., 2018). The dynamic release of FTOHs from landfills has not been reported.
Determining the dynamic release of volatile PFAS (e.g., PFOHs) is the first objective of this
project.



Table 1.1: Occurrence of FTOHs in various products

Material and volatile PFAS Method Reference

French fries (6:2 FTOH!, 8:2 FTOH?) UPLC- Siao et al., 2022
Popcorn bags (8;2 FTOH) MS/MS?

Oil-proof paper (6:2 FTOH, 8:2 FTOH)

Nanosprays and impregnation sprays (6:2 FTOH, 8:2 GC-MS® Kotthoff et al., 2015

FTOH, 10:2 FTOH?)
Outdoor textiles (6:2 FTOH, 8:2 FTOH, 10:2 FTOH)
Gloves (6:2 FTOH, 8:2 FTOH, 10:2 FTOH)

Textile (6:2 FTOH, 8:2 FTOH, 10:2 FTOH) GC-MS Rewerts et al., 2018
Nonstick cookware (6:2 FTOH, 8:2 FTOH) GC-MS Sinclair et al., 2007
Cosmetics (6:2 FTOH, 8:2 FTOH, 10:2 FTOH) GC-MS Whitehead et al., 2021
Durable water repellent clothing (6:2 FTOH, 8:2 GC-MS van der Veen et al.,
FTOH, 10:2 FTOH) 2020

Treated food contact paper (4:2 FTOHS, 6:2 FTOH, GC-MS Liuetal., 2015

8:2 FTOH, 10:2 FTOH)

Treated floor waxes (4:2 FTOH, 6:2 FTOH, 8:2

FTOH, 10:2 FTOH)

Treated nonwoven medical garments (4:2 FTOH, 6:2

FTOH, 8:2 FTOH, 10:2 FTOH)

Treated apparel (6:2 FTOH, 8:2 FTOH, 10:2 FTOH)

Children car seats (6:2 FTOH, 8:2 FTOH) GC-MS Wu et al, 2021
Notes:

16:2 FTOH = 1H,1H,2H,2H-perfluoro-1-octanol

28:2 FTOH = 1H,1H,2H,2H-perfluoro-1-decanol

3 UPLC-MS/MS = Ultraperformance liquid chromatography with tandem mass spectrometry
410:2 FTOH = 1H,1H,2H,2H-perfluoro-1-dodecanol

> GC-MS = Gas chromatography—mass spectrometry

64:2 FTOH = 1H,1H,2H,2H-perfluoro-1-hexanol

1.3. Volatile PFAS measurement

The measurement of volatile PFAS in ambient air could be challenging due to their low
concentrations. We have reviewed two categories of sampling methods for volatile PFAS
measurement, including active sampling and passive sampling, in Table 1.2. A few years ago,
most of the studies used active sampling, because the calibration was easier compared to passive
sampling (Dixon-Anderson et al., 2018; Ras et al., 2009). However, active sampling was more
expensive and complicated than passive sampling. More and more passive sampling methods have
been developed and used in recent years to measure organic pollutants (Ahrens et al., 2011;
Morales-McDevitt., 2022; Lohmann et al., 2012). Polyurethane foam is the most frequently used
passive sampler. Other passive samplers include activated carbon (Liu et al. 2013), PE sheets
(Morales-McDevitt et al., 2021), and semi-permeable membrane devices (Fiedler et al. 2010).



Table 1.2: Reported methods for volatile PFAS measurement

Method Detected Pre-concentration Quantification Sampling Notes Reference
volatile limit method
PFAS (ng/L)
GC- FTOHs? SIP? foam disks 4*10° — passive *Low Abhrens et
MS! FOSAs? 43*10°6 detection al., 2011
FOSEs* limit
*Need solvent
extraction
GC-MS  FTOHs SIP foam disks ~10° passive *Low Tian et al.,
FOSAs detection 2019
limit
*Need solvent
extraction
GC-MS FTOHs  PUF%XAD-2/PUF ~ 107 passive *Low Weinberg et
FOSAs detection al., 2011
FOSEs limit
FTA’ *Need solvent
extraction
GC-MS  FTOHs PE? sheets 1.5%1072 passive *Low costs Morales-
FOSAs *Need solvent McDevitt et
FOSEs extraction al., 2021
GC-MS  FTOHs, SIP ~7%10° — passive *Low Winkens et
FOSAs 4.4*10* detection al., 2017
FTMAC® limit
*Need solvent
extraction
GC-MS  FTOHs PUF/XAD-2/PUF ~2%*10°¢ Active, 450 *Low Dreyer et
FOSAs m’/d (3-4 detection al., 2019
FOSEs days) limit
FTAs *Need solvent
extraction
GC-MS FTOHs Tenax/Carbograph'® ~6%107° Active, * High costs Wu et al.,
FOSAs  thermal desorption 0.072m*®  on equipment 2021
FOSEs *Does not
need solvent
extraction
Notes:

' GC-MS = Gas chromatography-mass spectrometry

2FTOHs = Fluorotelomer alcohols

3FOSAs = Perfluorooctane sulfonamides

4FOSEs = Perfluorooctane sulfonamidoethanols

3 SIP = Sorbent-impregnated polyurethane

$PUF = Polyurethane foam

"FTAs = fluorotelomer acrylates

8 PE = Polyethylene

FTMAC = fluorotelomer methacrylates

19 Tenax and Carbograph are sorbents used for thermal desorption

All of the methods in Table 1.2 are based on large volume of gas samples. Most of the sampling
and pre-concentration methods also require special equipment. Therefore, they cannot be utilized
in lab-scale landfills that produce gas at small volumes. Solid phase microextraction (SPME) is a



method that can be potentially used for volatile PFAS measurement in lab-scale experiments based
on the following two facts. First, SPME has been used in one study to pre-concentrate some
volatile PFAS including FTOHs and FTMAC:s in liquid (Batch et al., 2016), suggesting that SPME
may also be used to pre-concentrate PFAS in gas samples. Second, SPME has not been used to
pre-concentrating volatile PFAS in gas samples, but it has been widely used for pre-concentrating
many other types of volatile chemicals in gas, as reviewed in Table 1.3. The second objective of
this project is to develop methods for volatile PFAS measurement by combining SPME and GC-
MS.

Table 1.3: Reported studies for measuring volatile compounds in gas by SPME-GC-MS

Method Detected compound Pre-concentration Application Reference
GC-MS! trihalomethanes SPME? ambient air Carter et al.,
(swimming pool) 2019
GC-MS dimethylhydrazine SPME ambient air Bukenov et al.,
transformation 2022
products
GC-MS linear and cyclic SPME biogas Ghidotti et al.,
volatile methyl 2019
siloxanes
GC-MS formaldehyde and SPME indoor air Bourdin et al.,
other carbonyl 2014
compounds
GC-MS volatile organic SPME human breath Rudnicka et al.,
compounds 2011
GC-MS BTEX? SPME ambient air Baimatova et
al., 2016
GC-MS volatile Organic SPME ambient air Ibragimova et
Compounds al., 2019
Note:

' GC-MS = Gas chromatography-mass spectrometry
2 SPME = Solid phase microextraction
3 BTEX = Benzene, toluene, ethylbenzene and xylene

It is common to use solvents to extract volatile PFAS from solid and liquid samples (e.g., solid
and liquid waste in this project) to measure PFAS. Combining solvent extraction and SPME may
provide a higher sensitivity than solvent or SPME alone. The combination of SPME and solvent
extraction has been used for measuring various compounds from various environmental settings
including soil (Herbert et al., 2006), air (Lucaire et al., 2019) and water (Bonansea et al., 2013).
Table 1.4 shows some studies in which the combined method is used to pre-concentrate pesticides,
phthalates, fungicides, etc. The commonly used solvents include acetonitrile, acetone, ethanol,
and methanol. The volume of the solvent usually should not exceed 2.5% of the volume of the
liquid mixture to minimize the competition between the solvent and the analyte for adsorption onto
the fibers. The third objective of this project is to develop a method for volatile PFAS
measurement for solid and liquid samples using pre-concentration based on solvent extraction and
SPME, followed by GC-MS quantification.



Table 1.4: Reported methods for volatile compounds measurement based on solvent extraction-SPME,
followed by GC-MS

Detected Solvent extraction Application Reference
compound
aromatic amines ultrasonically extracted indoor air Lucaire et al., 2019
with acetonitrile
organochlorine ultrasound-assisted solvent water M. Cérdenas-Soraca et
pesticide extraction with acetonitrile al.,2019
phthalates ultrasonic solvent extraction sediment Fernandez-Gonzalez et
with methanol al., 2017
pesticides solid phase extraction with water Bonansea et al., 2013
acetone
organochlorine accelerated solvent extraction air Mokbel et al., 2016
pesticides and with acetonitrile
polychlorinated
biphenyls
organophosphate microwave-assisted extraction airborne particulate Naccarato et al., 2018
ester with ethanol matter
benzothiazoles, microwave-assisted extraction airborne particulate Naccarato et al., 2021
benzotriazoles and with ethanol matter
benzosulfonamides
chlorinated microwave-assisted extraction soil Herbert et al., 2006
pesticides with ethanol
fungicides ultrasonic extraction coupled soil Lambropoulou., 2004
with acetone
pesticides accelerated solvent extraction atmosphere Raeppel et al., 2014
with acetonitrile
pesticides passive samplers (XAD-2 resin- atmospheric pesticides

based) with acetonitrile

Schummer et al., 2014




1.4. Project objectives and tasks

The overarching goal of this project is to expand knowledge in the area of PFAS in the landfill gas
emissions. It will also provide methods for measuring volatile PFAS for the landfilling industry
and the PFAS research community. The three specific objectives have been discussed in Section
1.3, and are reiterated below:
Objective 1: to determine the dynamic release of volatile PFAS (e.g., PFOHs) from
landfills
Objective 2: to develop methods for volatile PFAS measurement in gas by combining
SPME and GC-MS
Objective 3: to develop methods for volatile PFAS measurement for solid and liquid
samples using solvent extraction and SPME, followed by GC-MS.

To achieve the three objectives, three tasks are to be completed, including
Task 1: Pre-concentration of volatile PFAS
Task 2: Measurement of volatile PFAS in landfill gas emissions
Task 3: Fate of PFAS in lab-scale landfills

Tasks 2 and 3 address the first objective. Task 1 addresses the second and third objectives.



2. METHODS
2.1. Pre-concentration of volatile PFAS (Task 1)
2.1.1 Pre-concentration of volatile PFAS in gas samples by a pre-concentrator

Figure 2.1 shows the system that we used, including an autosampler, a pre-concentrator, and a GC-
MS system. We used a 7100 pre-concentrator (Entech Instruments) to pre-concentrate one
representative volatile PFAS -- Octafluorocyclobutane (C4F3). The detection and quantification
of analyte were carried out on a Hewlett-Packard GC-MS system (GC 5890 series II; MSD
5971A). The MS was set in an electron ionization mode. Full-scan mode was used with mass
ranging from 50 to 850 m/z. The carrier gas was helium.

The pre-concentration was achieved through three traps. 100 mL of nitrogen spiked with C4Fg
was drawn through an autosampler into the first trap, which was cooled to -170 °C with liquid
nitrogen. The target compound (C4F3) was trapped, while N, and O, was passing. The first trap
was then heated to 10 °C to desorb the trapped compound. While water was retained, the target
compound was carried to the second trap by the carrier gas helium. In the second trap (-50 °C),
the target compound was trapped, but CO, passed through. The second trap was then heated to
170 °C to desorb the target compound. The third trap was a focuser set at 150 °C. The target
compound was then passed to the GC/MS for analysis.

Figure 2.1: A gas chromatography — mass spectrometry system coupled with a 7100 pre-
concentrator for measurement of volatile PFAS

2.1.2 Pre-concentration of volatile PFAS in liquid and gas samples by SPME

We developed a method based on SPME to measure FTOHs as representative volatile PFAS. The
separation and detection of analytes were carried out on a Hewlett-Packard GC/MS system (GC
5890 series II; MSD 5971A). The MS was set at an electron ionization mode. Full-scan mode
was used with mass ranging from 50 to 850 m/z. The carrier gas was helium.



With the above conditions, we made standard curves of FTOHs including 4:2 FTOH, 6:2 FTOH,
8:2 FTOH, and 10:2 FTOH. We spiked FTOHs in deionized water and air, respectively, at various
known concentrations to create standards. For water standards, we compared the regular SPME,
in which the fiber was partially submerged in water, to headspace SPME, in which the fiber was
completely in the headspace.

We first used external standards. We then added two internal standards (2-perfluorohexyl [1,1-
2Hz]-[1,2-'3C] ethanol (MFHET) and 2-perfluorooctyl [1,1-2H,]-[1,2-13C2] ethanol (MFOET)) to
improve accuracy and repeatability of our method. Detection was conducted in the selected ion
monitoring mode with m/z of 244, 344, 444, 505, 348 and 448 atomic mass units for selective
detection and quantification of 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, 10:2 FTOH, MFHET and
MFOET, respectively. Table 2.1 shows the chemical formula structure of FTOHs and the internal
standards. The electron ionization mass spectra of native 6:2 FTOH are shown in Figure 2.2 as an
example of FTOHs. The electron ionization mass spectra of MFHET are shown in Figure 2.3 as
an example of the internal standards.

Figure 2.2: Electron ionization mass spectra of 6:2 FTOH

Figure 2.3: Electron ionization mass spectra of MFHET



Table 2.1: Fluorotelomer alcohols and the stable isotope-labeled standards (internal

standards)
Compounds Chemical formula Structural formula
42FTOH  1H,1H,2H,2H- CsHsFoO FeF e oy
perfluoro-1- F] L H
hexanol FEFET A
6:2FTOH  1H,1H,2H,2H- CsHsF130 FLF e o
perfluoro-1- P L H
octanol A
82 FTOH  IH,1H,2H,2H- C1oHsF170 FLF L F L F o,
perfluoro-1- P _—
decanol Fe P e FEFEHY
102 FTOH  1H,1H,2H,2H- C12HsF210 FOF LR FF M
perfluoro-1- F H
dodecanol S L L
MFHET 2-perfluorohexyl 13C,!12C¢D,H5F130 Fel ek |:13"'| OH
[1,1-2H,]-[1,2- F Fa¢p
13C,] ethanol FEFETETD
MFOET 2-perfluorooctyl 13C,!12CsD,H3F170 Ce e e e on
[1,1-*H2]-[1,2- F P3¢ p
13C,] ethanol e A

To obtain the lowest detection limits, we optimized the experimental conditions of SPME. We
evaluated the influence of the extraction time (1, 5, 10, 15, 20, 30 minutes) and temperature (25,
50, 75, and 100 °C) on the areas of the response at four FTOHs concentrations (50, 100, 500, and
1000 ng/L). We measured repeatability and intermediate precision of the samples at the
concentration of 500 ng/L. To evaluate the repeatability of the method, we analyzed the same
sample eight times during one day in one experiment and during one month in the other
experiment. The method detection limit (MDL) was defined as the concentration corresponding
to the mean response area plus three times of standard deviation from a blank sample. The method
quantification limit (MQL) was defined as the concentration corresponding to the mean response
area plus 10 times of the standard deviation (Wen et al., 2018; Pozo et al., 2022). The MDLs and
MQLs were determined for each matrix on repetitive analyses (n = 7) of blank samples.

2.1.3 Pre-concentration of volatile PFAS by solvent extraction and SPME

To measure volatile PFAS in solid products such as paper and textiles, and liquid samples, the first
step is usually solvent extraction. The next steps may involve solid phase extraction and/or extract
concentration. Volatile PFAS may be lost during these steps, particularly in the step of extract
concentration. In this project, we first evaluated two pre-concentration methods: 1) solvent
extraction - SPME, and 2) solvent extraction - extract concentration (via gentle flow of nitrogen at
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35 °C) - SPME. The solvent extraction method followed Sinclair et al. (2007). The extract
concentration method followed Wu et al. (2021). The SPME method was the same as in Section
2.1.2.

By using the abovementioned method, we analyzed a wide range of products to determine the
volatile PFAS in them. Table 2.2 contains 32 types of products in nine categories that we analyzed.

Table 2.2: Solid and liquid products tested for volatile PFAS

Number Compounds

Cl Six types of carpets

C2 Seven types of popcorn bags

C3 Six types of wrapping paper

C4 Three types of disposable masks and one type of reusable masks
C5 One type of anti-fog spray

C6 Four types of pizza boxes

C7 One muffin cup

C8 One baking cup

C9 Two types of high temperature-resistant parchment paper
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2.2. Measurement of volatile PFAS in landfill gas emissions (Task 2)

We took landfill gas emission samples from a landfill in Florida that contained two types of landfill
cells, including municipal solid waste (MSW) cells and construction & demolition (C&D) landfill
cells. We have reviewed two categories of methods for sampling landfill gases, including active
sampling and passive sampling. Following the common practice in the literature, we used active
sampling for direct emission samples, and passive sampling for samples in ambient air close to
direct emission. The samples are described in Table 2.3.

Table 2.3: Landfill gas emission samples

Sample  Sample location Sample Sampling
number type method
L1 Before the flare (combination of all MSW! Direct Active sampling
landfill cells and C&D? landfill cells) emission
L2 Sixty centimeters below the final cover (an Direct Active sampling
MSW landfill cell) emission
L3 Sixty centimeters below the final cover (a C&D  Direct Active sampling
landfill cell) emission
L4 Air sample close to flare Ambient Passive sampling
air
L5 Air sample one meter above the ground (a MSW  Ambient Passive sampling
landfill) air
L6 Air sample one meter above the ground (a C&D  Ambient Passive sampling
landfill) air
L7 Control sample (500 meters away from landfill Ambient Passive sampling
cells) air
L8 Blank sample (before and between samples) Blank N/A
samples
Notes:

' MSW = municipal solid waste
2 C&D = construction and demolition
3 N/A = not applicable

Regarding active sampling, we filled 60 mL glass bottles with the landfill gas, and then measured
the samples by SPME-GC-MS following the method in Section 2.1.2. The passive sampling
method followed Morales-McDevitt et al., (2022). We modified the method by reducing the
extraction solvent volume and adding internal standards to minimize the errors due to loss of
volatile PFAS during the extraction. Before the passive sampling, we cleaned PE sheets and
glassware by submerging them in methanol for 24 hours. We then washed them with deionized
water for four times, and dried them overnight. We placed the PE sheets in the ambient air of the
sampling locations (See Table 2.3) for 25 days. We extracted the volatile PFAS overnight by
methanol. The volume of the extracted liquid was decreased to 300 pL by a gentle nitrogen stream,
mixed with 29.7 mL deionized water, and then analyzed by headspace SPME. We calculated the
concentrations of the volatile PFAS in the air following:
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N

Coir =
w Kpg—qir X Mg X 103

(Eq2-1)

Where N; is the amount of volatile PFAS in the PE sheets (ng), Cairis the concentration of volatile
PFAS in the air (ng/L), Kpe-qir 1s the partitioning coefficient between PE sheets and air (mL/g pe
sheets), and mi 1s the mass of the PE sheets (g pE sheets).  All the measurements were carried out in
triplicate. We also measured blank samples before the experiments and between the experiments
for quality control.

2.3. Fate of PFAS in lab-scale landfills (Task 3)

We made 15 lab-scale landfills to evaluate the fate of PFAS. An example lab-scale landfill is
shown in Figure 2.4. Each landfill consisted of a glass bottle (500 mL) containing one type of
simulated solid waste in simulated rainwater. Five syringes were connected to each bottle to
collect the produced gas while maintaining the atmospheric pressure in the bottle. To simulate the
internal landfill environment, the bottles were on hotplates to maintain a temperature of 55 °C in
the bottles. The moisture was set at 70% by mixing the solid waste with simulated rainwater (155-
320 mL, depending on the amount of the simulated solid waste and water content of the waste).
Before mixing, the simulated rainwater was degassed with N> gas for 30 minutes to be anaerobic.
The pH of the mixture was then adjusted to 7.0. Table 2.4 describes the 15 lab-scale landfills in
detail.

We took liquid samples from the bottles on the first day of the experiments. We measured the
water quality parameters in these liquid samples using methods summarized in Table 2.5. We also
took gas samples from the bottles on the first day of the experiments, and measured volatile PFAS
using the headspace SPME-GC-MS method described above, methane using the GC-flame-
ionization detection method. To determine the dynamic change of the volatile PFAS, we took gas
samples from the headspace of the lab-scale landfills every 1-3 weeks to measure volatile PFAS.
After the experiments are completed, we will take liquid samples and measure all parameters in
Table 2.5.

Figure 2.4: A lab-scale landfill for evaluating the fate of PFAS in solid waste
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Table 2.4: Lab-scale landfills for evaluating the fate of PFAS in solid waste

Bottle number

Materials!

Description

1 140 grams carpet + 320 mL rainwater
. A mixture of six types of
2 140 grams carpet + 320 mL rainwater carpets with each type
3 140 grams carpet + 320 mL rainwater weighing 23.3 grams.
4 70 grams popcorn bags + 155 mL rainwater
. A mixture of seven types of
5 70 grams popcorn bags + 155 mL rainwater paper with each type
6 70 grams popcorn bags + 155 mL rainwater weighing 10 grams.
7 100 grams masks + 221 mL rainwater
. A mixture of three types of

8 100 grams masks + 221 mL rainwater masks with each type
9 100 grams masks + 221 mL rainwater weighing 33.3 grams.
10 140 grams no-PFAS waste + 310 mL

rainwater

No-PFAS control: high-
140 grams no-PFAS waste + 310 mL © . conrol: g

11 ) density polyethylene

rainwater .

(HDPE) plastic

12 140 grams no-PFAS waste + 310 mL

rainwater
13 rainwater
14 rainwater No-waste control
15 rainwater

Notes:

"' While the weight of the simulated waste varied between 70 and 140 grams, the volumes of the
simulated waste in all bottles were similar.
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Table 2.5: Summary of measurement methods for liquid samples

Parameters Methods
pH Electrometric method
Conductivity Electrometric method
Oxygen Electrometric method
COoD! USEPAS reactor digestion method
Acetate Ion chromatographic method
SO4* Ion chromatographic method
NOs Ion chromatographic method
Non-volatile PFAS? USEPA method (537 modified) by a commercial lab using
LC-MS-MS*
DOC* METHOD 415.3-USEPA

Note:

' COD = Chemical oxygen demand

2PFAS = Per-and polyfluoroalkyl substances

3 LC-MS-MS = Liquid chromatography with mass spectrometry in tandem
4DOC = Dissolved organic carbon

> USEPA = United states environmental protection agency

We measured 24 non-volatile PFAS in each of the five types of landfills on the 159™ (no-waste
control), 159" (no-PFAS control), 159" (carpet), 159 (masks), and 117® (popcorn bags) days,
respectively. The 24 non-volatile PFAS and their quantification limits are summarized in Table
2.6.

14



Table 2.6: Quantification limits of non-volatile PFAS measured by LC-MS-MS' for the 15 lab-

scale landfills

PFAS Unit Field Simulated Lab-scale landfills containing the waste below
blank rainwater after a few months
atday 0 No waste Plastic Carpet Masks Popcorn
control (no-PFAS bags
control)

4:2 FTS? ng/L 3.6 100 100 100 100 100 5,000
6:2 FTS? ng/LL 3.6 100 100 100 100 100 5,000
8:2 FTS* ng/L 3.6 100 100 100 100 100 5,000
NEtFOSAA®> ng/L 3.6 100 100 100 100 100 5,000
NMeFOSAAS ng/L 3.6 100 100 100 100 100 5,000
PFBS’ ng/L 3.6 100 100 100 100 100 5,000
PFBAS® ng/LL 3.6 100 100 100 100 100 5,000
PFDS’ ng/L 3.6 100 100 100 100 100 5,000
PFDA!® ng/LL 3.6 100 100 100 100 100 5,000
PFDoA!! ng/L 3.6 100 100 100 100 100 5,000
PFHpS'? ng/L 3.6 100 100 100 100 100 5,000
PFHpA'? ng/LL 3.6 100 100 100 100 100 5,000
PFHxS!'" ng/L 3.6 100 100 100 100 100 5,000
PFHxA" ng/LL 3.6 100 100 100 100 100 5,000
PFNS!'® ng/L 3.6 100 100 100 100 100 5,000
PFNA' ng/LL 3.6 100 100 100 1000?’ 100 5,000
FOSA' ng/LL 3.6 100 100 100 100 100 5,000
PFOS" ng/L 3.6 100 100 100 100 100 5,000
PFOA* ng/LL 3.6 100 100 100 1000 100 5,000
PFPeS?! ng/L 3.6 100 100 100 100 100 5,000
PFPeA?’ ng/LL 3.6 100 100 100 100 100 5,000
PFTeDA? ng/L 3.6 100 100 100 100 100 5,000
PFTrDA* ng/LL 3.6 100 100 100 100 100 5,000
PFUnA? ng/LL 3.6 100 100 100 100 100 5,000
Notes:

' LC-MS-MS = Liquid chromatography with mass spectrometry in tandem
24:2 FTS= 4:2 Fluorotelomer sulfonate 3 6:2 FTS= 6:2 Fluorotelomer sulfonate *8:2 FTS= 8:2

Fluorotelomer sulfonate > NEtFOSAA= N-Ethylperfluorooctane sulfonamidoacetic acid

S NMeFOSAA= N-Methylperfluorooctane sulfonamidoacetic acid ’ PFBS=
Perfluorobutanesulfonic acid 8 PEFBA= Perfluorobutanoic acid ? PFDS= Perfluorodecane sulfonic

acid '"PFDA= Perfluorodecanoic acid '' PFDoA= Perfluorododecanoic acid

12 PFHpS= Perfluoroheptanesulfonic acid ' PFHpA= Perfluoroheptanoic acid '* PFHxS=
Perfluorohexanesulfonic acid '° PFHxA= Perfluorohexanoic acid ' PFNS=
Perfluorononanesulfonic acid '” PENA= Perfluorononanoic acid '® FOSA= Perfluoro-1-octane

sulfonamide '° PFOS= Perfluorooctanesulfonic acid 2° PFOA= Perfluorooctanoic acid 2! PFPeS=

Perfluoropentanesulfonic acid 2 PFPeA= Perfluoropentanoic acid 2> PFTeDA=
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Perfluorotetradecanoic acid ** PETrDA=Perfluorotridecanoic acid *° PFUnA=
Perfluoroundecanic acid

26 The dilution factor for the measurement of PFAS in the lab-scale landfills containing popcorn
bags was higher than the other landfills.

27 The dilution factor for the measurement of PFOA and PFNA in the lab-scale landfills containing
carpet was higher than the other PFAS.
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3. RESULTS AND DISCUSSION
3.1. Pre-concentration of volatile PFAS (Task 1)
3.1.1 Pre-concentration of volatile PFAS by a pre-concentrator
We made two standard curves for C4Fg in nitrogen (Figure 3.1). The first curve (Figure 3.1(a))
was based on GC-MS; the second curve (Figure 3.1(b)) was based on pre-concentrator-GC-MS.

The quantification limit of C4Fg was approximately 9.0 ng/L when the pre-concentrator was used,
and 9.0 pg/L when the pre-concentrator was not used.

a) C,Fg standard curve (GC-MS)
~ 1.0E+08 r
'§ y=0.881x..e
< 8.0EH7 R? = 0.9984
S)
% 6.0E+07 F :
S 4.0E+07 |
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“ 0.0E+00 &= : . ,
0.0E+00 5.0E+07 1.0E+08 1.5E+08
Response area
b) C,Fg standard curve (preconcentrator GC-MS)
__ 1LOE+04
E]b ..
E 7.5E+03 t
g y = 6E-06x - 91.183
+§ 5 0E£03 | R2=0.9977
3
S 25E+03 |
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Response area

Figure 3.1: Standard curves for C4Fg: a) based on GC-MS, b) based on a pre-concentrator
coupled with GC-MS.
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3.1.2 Pre-concentration of volatile PFAS by SPME

First, we determined the retention times of various FTOHs by analyzing them in deionized water
using SPME-GC-MS. As shown in extracted ion chromatograms (Figure 3.2), the retention times
of 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH were 16.6, 20.2, 22.8, and 24.9 min,
respectively. We then compared regular SPME (fiber submerged in water) and headspace SPME
for pre-concentration. Both methods worked for all the FTOHs, but the headspace SPME resulted
in bigger areas of response. We used headspace SPME for all the following measurement.

1500 2000 25.00
Figure 3.2: Extracted ion chromatograms of native FTOHs and their retention times

Based on headspace SPME combined with GC-MS set at a full-scan mode, we made standard
curves for the four types of FTOHs as external standards in deionized water and air. The results
for deionized water are shown in Figure 3.3, and the results for air are shown in Figure 3.4.

To lower the detection limits and increase accuracy, we used the selected ion monitoring mode
and the combination of external and internal standards in the next sets of experiments. In the
selected ion monitoring mode, we used m/z of 244, 344, 444, 505, 348 and 448 atomic mass units
for detection and quantification of 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, 10:2 FTOH, MFHET and
MFOET, respectively. The standard curves based on the selected ion monitoring mode and the
combination of external and internal standards are shown in Figure 3.5 for FTOHs in water and
Figure 3.6 for FTOHs in air. Table 3.1 summarizes the repeatability, intermediate precision,
recovery of FTOHs, method detection limits, and minimum quantification limits for FTOHs in air
samples.
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Standard curve for 4:2 FTOH in water (100 - 5000 ng/L)
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Figure 3.3: The standard curves generated by the headspace SPME-GC-MS method for

measurement of FTOHs in deionized water based on external standards and a full-scan mode.
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Standard curve for 4:2 FTOH in air (200 - 1000 ng/L)
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Figure 3.4: The standard curves generated by the SPME-GC-MS method for measurement of

FTOHs in air based on external standards and a full-scan mode.
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Figure 3.5: The standard curves generated by the SPME-GC-MS method for measurement of
FTOHs in deionized water based on the selected ion monitoring mode and the combination of

external and internal standards.
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Standard curve for 4:2 FTOH in air based on internal standard (20 - 4000
Q ng/L)
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Figure 3.6: The standard curves generated by the SPME-GC-MS method for measurement of
FTOHs in air based on the selected ion monitoring mode and the combination of external and

internal standards.

22



Table 3.1: Analytical parameters for FTOHs measurement in air by SPME*-GC-MS

Analytical parameters Compounds
Recovery (%R) Spiked level 4:2 FTOH  6:2 FTOH 8:2FTOH 10:2 FTOH
(ng/L)

50 112 107 105 84
100 109 98 102 119
500 91 95 93 129
1000 114 104 105 121

Repeatability 1000 5 3 4 15

RSD! (%) (n=8)

Intermediate 1000 7 3 5 18

precision RSD (%)

(n=8)

Method detection 7 3 3 11

limit (MDL?) (ng/L)

Quantification limit 20 6 7 20

(MQL)’ (ng/L)

Notes:

'RSD = Relative standard deviation

2MDL = Method detection limit

3 MQL = Method quantification limit

4 The extraction time was 20 minutes and the extraction temperature was 100 °C

We also evaluated the impact of extraction time and extraction temperature on pre-concentrating
FTOHs in air by SPME. As shown in 3.7(a), the area of response increased when the extraction
time increased. The only exception was 4:2 FTOH, for which the response slightly decreased after
the extraction time increased to 20 minutes or more. An extraction time of 20 minutes was used
in the rest of the experiments considering that the difference between 20 minutes and 30 minutes
was less than 11%, but 33% of experimental time could be saved.

The impact of extraction temperature on the areas of response was shown in Figure 3.7(b), and
depended on the type of FTOH. The area of response of 4:2 FTOH and 6:2 FTOH decreased when
the extraction temperature gradually increased from 25 to 100 °C. The trend for 10:2 FTOH was
opposite. The impact of extraction temperature on the area of response was less than 20% for 8:2
FTOH. 100 °C was used in the following experiments because 10:2 FTOH was the most
challenging to be detected, and 100 °C gave the largest area of response for 10:2 FTOH.
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a) The impact of extraction time on areas of response
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Figure 3.7: The impact of extraction time (a) and temperature (b) on the areas of response of

GC-MS for measuring FTOHs in air
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3.1.3 Extraction of volatile PFAS from solid and liquid products by solvent extraction
followed by pre-concentration via SPME

Table 3.2 compares two slightly different methods for the measurement of volatile PFAS in solid
and liquid samples. Both methods combined solvent extraction, headspace SPME pre-
concentration, and GC-MS measurement. The second method differed from the first method by
further reducing the solvent volume after extraction through a gentle nitrogen stream.

Table 3.2: Method quantification limits of FTOHs in solid and liquid samples by combining
solvent extraction, headspace SPME pre-concentration and GC-MS

Method 4:2 FTOH 6:2 FTOH 8:2 FTOH 10:2 FTOH
(ng/g) (ng/g) (ng/g) (ng/g)
Without solvent 74 37 37 74
evaporation
With solvent 9.3 4.6 4.6 93
evaporation

Note: The recovery ranged between 78-83% for the FTOHs.

We used the first method (without evaporation) to detect and quantify volatile PFAS from the 32
products. Ten of the 32 products, including 30 solid products and one liquid product (anti fog
spray) contained volatile PFAS. 6:2 FTOH was the only volatile PFAS detected. The maximum
concentration corresponded to anti-fog spray with the concentration of 9.3x10° ng/g (= 9,800
mg/L). Figure 3.8 shows the concentrations of 6:2 FTOH in nine solid products that contained 6:2
FTOH above the method quantification limits (37-74 ng/L, see Table 3.2). The nine solid products
included six types of popcorn bags and three types of food wrapping paper. Six of the seven types
of popcorn bags analyzed in the experiments contained 6:2 FTOH with the maximum
concentration of 541 ng/g, and the average concentration of 261 ng/g. Three of six types of food
wrapping paper contained 6:2 FTOH with the maximum concentration of 322 ng/L and the average
concentration of 269 ng/g.

Then, we used the second method, which had better quantification limits, to further evaluate the

other 22 products. Similar to the first method, we did not detect any volatile PFAS in these 22
products.
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6:2 FTOH in different products
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Figure 3.8: Concentration of 6:2 FTOH in various solid products

3.2. Measurement of volatile PFAS in landfill gas emissions (Task 2)

We measured the concentration of volatile PFAS for an MSW landfill cell and a C&D landfill cell
in a closed landfill in Florida. The results are shown in Figure 3.9. 6:2 FTOH and 8:2 FTOH were
the only two volatile PFAS above the quantification limits of our methods. We took three direct
landfill gas emission samples: below the MSW landfill final cover, below the C&D landfill final
cover, and from the landfill gas collection system right before the flare, respectively. The sample
before the flare represented the combination of gas collected from all cells in this landfill. The
concentration of 6:2 FTOH in the three samples ranged from 6.4 to 10.1 ng/L. The concentration
of 8:2 FTOH was 7.1, 8.0, and <7 ng/L (quantification limit), in the three samples below the MSW
landfill cover, before the flare, and below the C&D landfill cover, respectively. The detection of
6:2 FTOH and 8:2 FTOH is consistent with literature (Table 1.1) because many products contained
these FTOHs. In recent years, 6:2 FTOH has been more frequently used in products than the
longer-chain FTOHs like 8:2 FTOH and 10:2 FTOH (Yuan et al., 2016; Muensterman et al., 2022).
The results of volatile PFAS in various products (Task 1) confirm this statement.

The concentrations of 6:2 FTOH and 8:2 FTOH in the three ambient air samples were at least three
orders of magnitude lower than those in the direct landfill gas emission samples. We detected only
6:2 FTOH in the ambient air close the flare at 2.3 10~ ng/L.

To the best of our knowledge, there is no reported study in the literature regarding volatile PFAS
in the direct landfill gas emissions. However, some studies measured volatile PFAS in the ambient
air in the landfill gas. These studies show that 6:2 FTOH and 8:2 FTOH are the dominant volatile
PFAS in the ambient air (Ahrens et al., 2011; Tian et al., 2019), which is consistent with our study.
The maximum concentration of 6:2 FTOH and 8:2 FTOH in landfill ambient air was 6x10 and
18 x107 ng/L, respectively in Ahrens et al. (2011). These concentrations are in the same order of
magnitude as the concentrations in our study.
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Concentration of FTOHs in landfill gas emissions
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Figure 3.9: Concentrations of FTOHs in the landfill gas emissions
Note 1: Landfill gas samples were measured by SPME pre-concentration and GC-MS. The
quantification limits for FTOHs are shown in Table 3.1.
Note 2: Ambient air samples were measured by PE sheets-based passive sampling coupled with
solvent extraction, headspace SPME pre-concentration and GC-MS. The quantification limits
for 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH were 3.2x1073, 1.6 x 1073, 1.1 x 107, and
0.66 x 107 ng/L, respectively.

Note 3: Control samples included blank samples before the experiments, between the
experiments and a sample 500 m away from the landfill.

3.3. Fate of PFAS in lab-scale landfills (Task 3)

We measured volatile PFAS in the headspace of the 15 lab-scale landfills every one - three weeks.
We detected 6:2 FTOH only in the headspace of the triplicate lab-scale landfills containing
popcorn bags. As shown in Figure 3.10(a), the emission of 6:2 FTOH in these landfills started
from the first day of the experiments. The concentration of 6:2 FTOH in the headspace increased
from below the quantification limit of 60 ng/L on the first day of experiments to 1.8x10° ng/L on
the 117" day. We will continue to monitor the emission of 6:2 FTOH. The triplicate lab-scale
landfills were similar in that the 6:2 FTOH increase was approximately linear at a slope of
approximately 1.6x10° ng/(Led), corresponding to a 6:2 FTOH release rate of 22 ng/(Lsdaygram
of popcorn bags). Considering that the henry constant for 6:2 FTOH (H*) at 55 °C at is 12,456
pasm’/mol (= 0.2 liquid concentration /gas concentration), the corresponding 6:2 FTOH

concentrations in the liquid of the lab-scale landfills are estimated by the following equations and
shown in Figure 3.10(b) (Wu et al., 2011).

liquid concentration = H¢¢ X gas concentration (Eq 3 — 1)

liquid concentration = 0.20 X gas concentration (Eq 3 — 2)
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On the 117th days, there was 718 ng of FTOH in the headspace of the lab-scale landfills per gram
of popcorn bag. The increase of temperature from room temperature to 50 °C resulted in expansion
of the headspace gas at the beginning of the experiments. After the first day, the volume of the
headspace did not significantly change. Table 3.3 provides information about the liquid samples
in the lab-scale landfills at the beginning of the experiments.

a) Concentration of 6:2 FTOH in headspace of the lab-scale
landfills containing popcorn bags
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Figure 3.10: Concentration of 6:2 FTOH a) in headspace and b) liquid of the lab-scale landfills
containing popcorn bags. Note: Controls included lab-scale landfills without waste and lab-scale
landfills containing no-PFAS waste (high-density polyethylene plastic).
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Table 3.3: Characterization of liquid in the 15 lab-scale landfills on the first day of experiments

Bottle number Oxygen SO4* NOs Acetate Total pH

(mg/L) (mg (mg N/L) (mg C/L) dissolved

S/L) solids (mg/L)
1 (Carpet #1) <0.3 0.32 0.08 BQL! 16.1 6.9
2 (Carpet #2) <0.3 0.32 0.08 BQL 16.0 6.9
3 (Carpet #3) <0.3 0.31 0.09 BQL 16.3 7.0
4 (Popcorn bags #1) <03 0.32 0.08 BQL 16.2 7.0
5 (Popcorn bags #2) <03 0.34 0.08 BQL 16.0 7.1
6 (Popcorn bags #3) <03 0.35 0.08 BQL 16.6 6.9
7 (Mask #1) <0.3 0.31 0.08 BQL 16.3 6.9
8 (Mask #2) <0.3 0.32 0.08 BQL 16.1 7.1
9 (Mask #3) <0.3 0.32 0.07 BQL 16.3 7.0
10 (Plastic #1) <0.3 0.34 0.08 BQL 16.0 6.9
11 (Plastic #2) <0.3 0.33 0.07 BQL 15.8 7.0
12 (Plastic #3) <0.3 0.32 0.08 BQL 16.1 7.0
13 (Rainwater #1) <0.3 0.32 0.08 BQL 16.4 7.0
14 (Rainwater #2) <0.3 0.34 0.09 BQL 16.2 6.9
15 (Rainwater #3) <0.3 0.32 0.08 BQL 16.2 7.0

Note:
' BQL = Below quantification limit, which is 0.20 (mg C/L) for acetate

Table 3.4 summarizes the concentration of the 24 non-volatile PFAS measured by LC-MS-MS.
PFAS were below quantification limit in all controls, including a field blank control, the simulated
rainwater (representing the liquid in all landfills at the beginning of experiments), the lab-scale
landfill controls containing no waste, and the lab-scale landfill controls containing no-PFAS waste.
The only exception was that perfluorononanoic acid (PFNA) was slightly above the quantification
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limit at the simulated rainwater. Non-volatile PFAS was below the quantification limits in all lab-
scale landfills after a few months of experiments except the following two landfills. The landfills
containing carpets had PFHpA, PFOA, and PFNA in the liquid at concentrations of 230, 1,700,
and 1,400 ng/L, respectively. The landfills containing masks had PFOS, PFHpA, PFOA, and
PFNA in the liquid at concentrations of 670, 130, 150, and 310, and 130 ng/L, respectively.

Table 3.4: Concentration of non-volatile PFAS in liquid measured by LC-MS-MS! in the 15 lab-
scale landfills after a few months?

PFAS Unit  Field Simulated Lab-scale landfills containing the waste below
blank  rainwater at after a few months
day 0 No waste HDPE Carpet Masks Popcorn
(control) plastic bags
(No-PFAS
control)

42 FTS* ng/L 3.6 BQL BQL BQL BQL BQL BQL
6:2FTS’ ng/L 3.6 BQL BQL BQL BQL BQL BQL
82FTS® ng/L 3.6 BQL BQL BQL BQL BQL BQL
NEtFOSA ng/L 3.6 BQL BQL BQL BQL BQL  BQL
A7

Né\/IeFOSA ng/L 3.6 BQL BQL BQL BQL BQL  BQL
A

PFBS’ ng/L 3.6 BQL BQL BQL BQL BQL BQL
PFBA'C ng/L 3.6 BQL BQL BQL BQL BQL  BQL
PFDS!! ng/L 3.6 BQL BQL BQL BQL BQL BQL
PFDA'2 ng/L 3.6 BQL BQL BQL BQL BQL BQL
PFDoA”  ng/L 3.6 BQL BQL BQL BQL BQL BQL
PFHpS'* ng/L 3.6 BQL BQL BQL BQL BQL BQL
PFHpA®' ng/L 3.6 BQL BQL BQL 230 130 BQL
PFHxS'® ng/L 3.6 BQL BQL BQL BQL BQL BQL
PFHxA” ng/L 3.6 BQL BQL BQL BQL BQL  BQL
PFNS'S ng/L 3.6 BQL BQL BQL BQL BQL BQL
PFNA'" ng/L 3.6 140 BQL BQL 1,400 310 BQL
FOSA% ng/L 3.6 BQL BQL BQL BQL BQL BQL
PFOS?! ng/L 3.6 BQL BQL BQL BQL 670 BQL
PFOA% ng/L 3.6 BQL BQL BQL 1,700 150 BQL
PFPeS? ng/L 3.6 BQL BQL BQL BQL BQL BQL
PFPeA?* ng/L 3.6 BQL BQL BQL BQL BQL BQL
PFTeDA>® ng/L 3.6 BQL BQL BQL BQL BQL  BQL
PFTrDA* ng/L 3.6 BQL BQL BQL BQL BQL BQL
PFUnA?”” ng/L 3.6 BQL BQL BQL BQL BQL BQL
Notes:

' LC-MS-MS = Liquid chromatography with mass spectrometry in tandem

2 Non-volatile PFAS were measured on the 159, 159, 159, 159, and 117 days for landfills
containing rainwater (no waste control), plastic, carpet, masks, and popcorns bags.

3 BQL = Below quantification limit, which is shown in Table 2.6.
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44:2 FTS= 4:2 Fluorotelomer sulfonate ° 6:2 FTS= 6:2 Fluorotelomer sulfonate ©8:2 FTS= 8:2
Fluorotelomer sulfonate ' NEtFOSAA= N-Ethylperfluorooctane sulfonamidoacetic acid

8 NMeFOSAA= N-Methylperfluorooctane sulfonamidoacetic acid * PFBS=
Perfluorobutanesulfonic acid ' PFBA= Perfluorobutanoic acid '' PFDS= Perfluorodecane
sulfonic acid ' PFDA= Perfluorodecanoic acid '* PFDoA= Perfluorododecanoic acid

14 PFHpS= Perfluoroheptanesulfonic acid !> PFHpA= Perfluoroheptanoic acid '® PFHxS=
Perfluorohexanesulfonic acid ' PFHxA= Perfluorohexanoic acid '8 PFNS=
Perfluorononanesulfonic acid ' PENA= Perfluorononanoic acid 2 FOSA= Perfluoro-1-octane
sulfonamide ?' PFOS= Perfluorooctanesulfonic acid ?> PFOA= Perfluorooctanoic acid 2* PFPeS=
Perfluoropentanesulfonic acid ** PFPeA= Perfluoropentanoic acid > PFTeDA=
Perfluorotetradecanoic acid 26 PFTrDA=Perfluorotridecanoic acid 2’ PFUnA=
Perfluoroundecanic acid
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4. CONCLUSIONS

In this study, we evaluated three methods for pre-concentrating volatile PFAS before measuring
them using GC-MS. First, we used a commercially available pre-concentrator for pre-
concentrating a volatile PFAS -- C4Fg in nitrogen gas, and then measured it using GC-MS.
Compared to the measurement by GC-MS along, the addition of the pre-concentrator lowered the
quantification limit by three orders of magnitude.

Second, we used SPME to pre-concentrate FTOHs, including 4:2 FTOH, 6:2 FTOH, 8:2 FTOH,
and 10:2 FTOH, in deionized water and air. This method lowered the detection limits for both
types of samples. Regarding the air samples, we further compared two types of SPME: the regular
SPME, in which the fiber was submerged in water and the headspace SPME, in which the fiber
was completely in the headspace. The headspace SPME method gave lower (better) detection
limits: The areas of response were 70-340% larger for the headspace SPME. We also evaluated
the impact of extraction time (1 - 30 minutes) and temperature (25 - 100 °C) on the areas of
response for FTOHs. We used 20 minutes for our following experiments because it represented a
good balance between performance and timing. The impacts of temperature depended on the type
of FTOH. Based on the optimized pre-concentration conditions (i.e., 20 minutes and 100 °C), the
quantification limits for 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH in air was 20, 6, 7, 20
ng/L, respectively.

Third, we combined solvent extraction and SPME for extracting and pre-concentrating volatile
PFAS in the simulated liquid and solid waste samples. The detection limits based on the combined
method was between 37-74 ng/g for the four FTOHs. By further adding solvent evaporation into
the method, the detection limits were lowered to 4.6-9.3 ng/g. We used this method to measure
volatile PFAS in 31 solid products and one liquid product. We detected 6:2 FTOH in 10 of the
products, including six types of popcorn bags, three types of food wrapping paper, and anti-fog

spray.

We used SPME-GC-MS to measure volatile PFAS in three direct landfill gas emission samples
collected in a closed landfill containing MSW landfill cells and C&D landfill cells: 1) below the
final cover of an MSW landfill cell, 2) below the final cover of a C&D landfill cell, and 3) before
the flare, which represented the gas collected from all cells in this landfill. We detected 6:2 FTOH
ranging from 6.4 to 10.1 ng/L, and 8:2 FTOH from less than the quantification limit (7 ng/L) to 8
ng/L. We also sampled the ambient air close to the three emission locations described above using
PE sheet-based passive sampling, followed by solvent extraction, SPME pre-concentration, and
GC-MS measurement. We detected only 6:2 FTOH at 2.3x107 ng/L at the ambient air close to
the flare.

We operated 15 lab-scale landfills for up to 159 days. Each types of landfill in triplicate consisted
of a closed glass bottle containing one of the following five types of solid waste materials in
simulated rainwater: carpet, masks, popcorn bags, HDPE plastic (no-PFAS control), and rainwater
only (no-waste control). These landfills simulated the internal landfill environments: anaerobic
conditions and 55 °C. Using SPME-GC-MS, we detected 6:2 FTOH only in the headspace of the
triplicate lab-scale landfills containing popcorn bags. The emission of 6:2 FTOH started from the
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first days of the experiments. The emission rate was stable throughout the experiment at 1.6x103
ng/(Led). After 117 days, there was 718 ng of FTOH in the headspace of the lab-scale landfills
per gram of popcorn bag. After operating the lab-scale landfills for more than 100 days, we
measured 24 types of non-volatile in the liquid of the landfills. The following three PFAS were
detected in the liquid of the landfills containing carpet and masks: PFHpA (130 - 230 ng/L),
PFOA (150 - 1700 ng/L), and PFNA (310 - 1,400 ng/L).

33



REFERENCES

Ahrens, L., Shoeib, M., Harner, T., Lee, S.C., Guo, R. and Reiner, E.J. "Wastewater treatment
plant and landfills as sources of polyfluoroalkyl compounds to the atmosphere"
Environmental science & technology, 45(19): 8098-8105 (2011).

Baimatova, N., Kenessov, B., Koziel, J.A., Carlsen, L., Bektassov, M. and Demyanenko, O.P.
"Simple and accurate quantification of BTEX in ambient air by SPME and GC-MS"
Talanta, 154: 46-52 (2016).

Barry, V., Winquist, A. and Steenland, K. "Perfluorooctanoic acid (PFOA) exposures and incident
cancers among adults living near a chemical plant” Environmental health perspective,
121(11-12): 1313-1318 (2013).

Benninghoff, A.D., Orner, G.A., Buchner, C.H., Hendricks, J.D., Duffy, A.M. and Williams, D.E.
"Promotion of hepatocarcinogenesis by perfluoroalkyl acids in rainbow trout" Toxicological
Sciences, 125(1): 69-78 (2012).

Bonansea, R.I., Amé, M.V. and Wunderlin, D.A. "Determination of priority pesticides in water
samples combining SPE and SPME coupled to GC-MS. A case study: Suquia River basin
(Argentina) " Chemosphere, 90(6): 1860-1869 (2013).

Bourdin, D. and Desauziers, V. "Development of SPME on-fiber derivatization for the sampling
of formaldehyde and other carbonyl compounds in indoor air" Analytical and bioanalytical
chemistry, 406(1): 317-328 (2014).

Bukenov, B., Baimatova, N. and Kenessov, B. "Quantification of transformation products of rocket
fuel unsymmetrical dimethylhydrazine in air using solid-phase microextraction" Journal of
Separation Science, 45(2): 614-622 (2022).

Cardenas-Soracd, D.M., Tucca, F.I., Mardones-Pefia, C.A. and Barra-Rios, R.O. "Development of
an analytical methodology for the determination of organochlorine pesticides by ethylene-
vinyl acetate passive samplers in marine surface waters based on ultrasound-assisted solvent
extraction followed with headspace solid-phase microextraction and gas chromatography-
tandem mass spectrometry” Journal of Chromatography A, 1605: 360341(2019).

Carter, R.A., West, N., Heitz, A. and Joll, C.A. "An analytical method for the analysis of
trihalomethanes in ambient air using solid-phase microextraction gas chromatography-mass
spectrometry: An application to indoor swimming pool complexes" Indoor air, 29(3): 499-
509 (2019).

Cui, D., Li, X. and Quinete, N. "Occurrence, fate, sources and toxicity of PFAS: What we know
so far in Florida and major gaps. TrAC Trends in Analytical Chemistry, 130: 115976 (2020).

Dimzon, 1.K., Westerveld, J., Gremmel, C., Fromel, T., Knepper, T.P. and de Voogt, P., 2017.
"Sampling and simultaneous determination of volatile per-and polyfluoroalkyl substances
in wastewater treatment plant air and water" Analytical and Bioanalytical Chemistry,
409(5): 1395-1404 (2017).

Dreyer, A., Weinberg, 1., Temme, C. and Ebinghaus, R. "Polyfluorinated compounds in the
atmosphere of the Atlantic and Southern Oceans: evidence for a global distribution"
Environmental science & technology, 43(17): 6507-6514 (2009).

Fernandez-Gonzalez, V., Moscoso-Pérez, C., Muniategui-Lorenzo, S., Lopez-Mahia, P. and
Prada-Rodriguez, D. "Reliable, rapid and simple method for the analysis of phthalates in
sediments by ultrasonic solvent extraction followed by head space-solid phase
microextraction gas chromatography mass spectrometry determination" Talanta, 162: 648-
653 (2017)

34



Ghidotti, M., Fabbri, D. and Torri, C. "Determination of linear and cyclic volatile methyl siloxanes
in biogas and biomethane by solid-phase microextraction and gas chromatography-mass
spectrometry" Talanta, 195: 258-264 (2019).

Gliige, J., Scheringer, M., Cousins, .T., DeWitt, J.C., Goldenman, G., Herzke, D., Lohmann, R.,
Ng, C.A., Trier, X. and Wang, Z. "An overview of the uses of per-and polyfluoroalkyl
substances (PFAS) " Environmental Science: Processes & Impacts, 22(12): 2345-2373
(2020).

Hamid, H., Li, L.Y. and Grace, J.R. "Review of the fate and transformation of per-and
polyfluoroalkyl substances (PFASs) in landfills" Environmental Pollution, 235: 74-84
(2018).

Herbert, P., Morais, S., Paiga, P., Alves, A. and Santos, L. "Development and validation of a novel
method for the analysis of chlorinated pesticides in soils using microwave-assisted
extraction—headspace solid phase microextraction and gas chromatography—tandem mass
spectrometry" Analytical and bioanalytical chemistry, 384(3): 810-816 (2006).

Ibragimova, O.P., Baimatova, N. and Kenessov, B. "Low-cost quantitation of multiple volatile
organic compounds in air using solid-phase microextraction. Separations, 6(4): 51 (2019).

Jensen, A.A. and Leffers, H., 2008. Emerging endocrine disrupters: perfluoroalkylated substances"
International journal of hydrology, 31(2): 161-169 (2008).

Kotthoff, M., Miiller, J., Jirling, H., Schlummer, M. and Fiedler, D. "Perfluoroalkyl and
polyfluoroalkyl substances in consumer products" Environmental Science and Pollution
Research, 22(19): 14546-14559 (2015).

Lambropoulou, D.A. and Albanis, T.A. "Determination of the fungicides vinclozolin and dicloran
in soils using ultrasonic extraction coupled with solid-phase microextraction" Analytica
chimica acta, 514(1): 125-130 (2004).

Li, F., Su, Q., Zhou, Z., Liao, X., Zou, J., Yuan, B. and Sun, W. "Anaerobic biodegradation of 8:
2 fluorotelomer alcohol in anaerobic activated sludge: metabolic products and pathways"
Chemosphere, 200: 124-132 (2018).

Li, Q., Xu, X., Sen-Chun, L.F. and Wang, X. "Determination of trace PAHs in seawater and
sediment pore-water by solid-phase microextraction (SPME) coupled with GC/MS" Science
in China Series B: Chemistry, 49(6): 481-491 (2006).

Liu, J. and Avendafio, S.M. "Microbial degradation of polyfluoroalkyl chemicals in the
environment: a review" Environment international, 61, pp.98-114 (2013).

Liu, X., Guo, Z., Folk IV, E.E. and Roache, N.F. "Determination of fluorotelomer alcohols in
selected consumer products and preliminary investigation of their fate in the indoor
environment" Chemosphere, 129: 81-86 (2015).

Lucaire, V., Schwartz, J.J., Delhomme, O., Ocampo-Torres, R. and Millet, M. A sensitive method
using SPME pre-concentration for the quantification of aromatic amines in indoor air.
Analytical and bioanalytical chemistry, 410(7): 1955-1963 (2018).

Mokbel, H., Dine, A., Jamal, E., Elmoll, A., Liaud, C. and Millet, M. "Simultaneous analysis of
organochlorine pesticides and polychlorinated biphenyls in air samples by using accelerated
solvent extraction (ASE) and solid-phase micro-extraction (SPME) coupled to gas
chromatography dual electron capture detection" Environmental Science and Pollution
Research, 23(8): 8053-8063 (2016).

Morales-McDevitt, M.E., Becanova, J., Blum, A., Bruton, T.A., Vojta, S., Woodward, M. and
Lohmann, R. "The air that we breathe: Neutral and volatile PFAS in indoor air"
Environmental Science & Technology Letters, 8(10): 897-902 (2021).

35



Muensterman, D.J., Cahuas, L., Titaley, I.A., Schmokel, C., De la Cruz, F.B., Barlaz, M.A.,
Carignan, C.C., Peaslee, G.F. and Field, J.A. "Per-and Polyfluoroalkyl Substances (PFAS)
in Facemasks: Potential Source of Human Exposure to PFAS with Implications for Disposal
to Landfills" Environmental Science & Technology Letters, 9(4): 320-326 (2022).

Naccarato, A., Tassone, A., Martino, M., Elliani, R., Sprovieri, F., Pirrone, N. and Tagarelli, "A.
An innovative green protocol for the quantification of benzothiazoles, benzotriazoles and
benzosulfonamides in PM10 using microwave-assisted extraction coupled with solid-phase
microextraction gas chromatography tandem-mass spectrometry" Environmental Pollution,
285: 117487 (2021).

Naccarato, A., Tassone, A., Moretti, S., Elliani, R., Sprovieri, F., Pirrone, N. and Tagarelli" A
green approach for organophosphate ester determination in airborne particulate matter:
Microwave-assisted extraction using hydroalcoholic mixture coupled with solid-phase
microextraction gas chromatography-tandem mass spectrometry" Talanta, 189: 657-665
(2018).

Qiao, W., Miao, J., Jiang, H. and Yang, Q. "Degradation and effect of 6: 2 fluorotelomer alcohol
in aerobic composting of sludge" Biodegradation, 32(1): 99-112 (2021).

Pozo, K., Moreira, L.B., Karaskova, P., Piibylova, P., Klanova, J., de Carvalho, M.U., Maranho,
L.A. and de Souza Abessa, D.M. Using large amounts of firefighting foams releases per-
and polyfluoroalkyl substances (PFAS) into estuarine environments: A baseline study in
Latin America" Marine Pollution Bulletin, 182: 113938 (2022).

Raeppel, C., Fabritius, M., Nief, M., Appenzeller, B.M. and Millet, M. "Coupling ASE and SPME—
GC/MS for the analysis of current-used pesticides in atmosphere. Talanta, 121: 24-29
(2014).

Ras, M.R., Borrull, F. and Marcé¢, R.M. "Sampling and preconcentration techniques for
determination of volatile organic compounds in air samples" TrAC Trends in Analytical
Chemistry, 28(3): 347-361 (2009).

Rewerts, J.N., Morr¢, J.T., Massey Simonich, S.L. and Field, J.A. In-vial extraction large volume
gas chromatography mass spectrometry for analysis of volatile PFASs on papers and
textiles. Environmental science & technology, 52(18): 10609-10616 (2018).

Rudnicka, J., Kowalkowski, T., Ligor, T. and Buszewski, B. "Determination of volatile organic
compounds as biomarkers of lung cancer by SPME-GC-TOF/MS and chemometrics"
Journal of Chromatography B, 879(30): 3360-3366 (2011).

Schummer, C., Tuduri, L., Briand, O., Appenzeller, B.M. and Millet, M. "Application of XAD-2
resin-based passive samplers and SPME-GC-MS/MS analysis for the monitoring of spatial
and temporal variations of atmospheric pesticides in Luxembourg" Environmental
pollution, 170: 88-94 (2012)

Siao, P., Tseng, S.H. and Chen, C.Y. "Determination of perfluoroalkyl substances in food
packaging in Taiwan wusing ultrasonic extraction and ultra-performance liquid
chromatography/tandem mass spectrometry" Journal of Food & Drug Analysis, 30(1):
(2022).

Sinclair, E., Kim, S.K., Akinleye, H.B. and Kannan, K. "Quantitation of gas-phase perfluoroalkyl
surfactants and fluorotelomer alcohols released from nonstick cookware and microwave
popcorn bags" Environmental science & technology, 41(4): 1180-1185 (2007).

Tian, Y., Yao, Y., Chang, S., Zhao, Z., Zhao, Y., Yuan, X., Wu, F. and Sun, H. "Occurrence and
phase distribution of neutral and ionizable per-and polyfluoroalkyl substances (PFASs) in

36



the atmosphere and plant leaves around landfills: a case study in Tianjin, China"
Environmental science & technology, 52(3): 1301-1310 (2018).

van der Veen, 1., Hanning, A.C., Stare, A., Leonards, P.E., de Boer, J. and Weiss, J.M. "The effect
of weathering on per-and polyfluoroalkyl substances (PFASs) from durable water repellent
(DWR) clothing" Chemosphere, 249: 126100 (2020).

Wang, N., Szostek, B., Buck, R.C., Folsom, P.W., Sulecki, L.M. and Gannon, J.T. "8-2
Fluorotelomer alcohol aerobic soil biodegradation: Pathways, metabolites, and metabolite
yields" Chemosphere, 75(8): 1089-1096 (2009).

Wang, Z., Xie, Z., Moller, A., Mi, W., Wolschke, H. and Ebinghaus, R. "Atmospheric
concentrations and gas/particle partitioning of neutral poly-and perfluoroalkyl substances in
northern German coast" Atmospheric Environment, 95: 207-213 (2014).

Weinberg, 1., Dreyer, A. and Ebinghaus, R. "Landfills as sources of polyfluorinated compounds,
polybrominated diphenyl ethers and musk fragrances to ambient air" Atmospheric
Environment, 45(4): 935-941 (2011).

Wen, B., Pan, Y., Shi, X., Zhang, H., Hu, X., Huang, H., Lv, J. and Zhang, S. "Behavior of N-
ethyl perfluorooctane sulfonamido acetic acid (N-EtFOSAA) in biosolids amended soil-
plant microcosms of seven plant species: Accumulation and degradation" Science of the
total environment, 642: 366-373 (2018).

Whitehead, H.D., Venier, M., Wu, Y., Eastman, E., Urbanik, S., Diamond, M.L., Shalin, A.,
Schwartz-Narbonne, H., Bruton, T.A., Blum, A. and Wang, Z. "Fluorinated compounds in
North American cosmetics" Environmental Science & Technology Letters, 8(7): 538-544
(2021).

Winkens, K., Koponen, J., Schuster, J., Shoeib, M., Vestergren, R., Berger, U., Karvonen, A.M.,
Pekkanen, J., Kiviranta, H. and Cousins, [.T. "Perfluoroalkyl acids and their precursors in
indoor air sampled in children's bedrooms" Environmental Pollution, 222: 423-432 (2017).

Wu, Y., Miller, G.Z., Gearhart, J., Peaslee, G. and Venier, M. "Side-chain fluorotelomer-based
polymers in children car seats" Environmental Pollution, 268: 15477 (2021).

Wu, Y. and Chang, V.W.C., 2011. "The effect of surface adsorption and molecular geometry on
the determination of Henry's law constants for fluorotelomer alcohols" Journal of Chemical
& Engineering Data, 56(8): 3442-3448 (2011).

Wu, Y. and Chang, V.W.C. "Development of analysis of volatile polyfluorinated alkyl substances
in indoor air using thermal desorption-gas chromatography—mass spectrometry" Journal of
chromatography A, 1238: 114-120 (2012).

Yuan, G., Peng, H., Huang, C. and Hu, J. "Ubiquitous occurrence of fluorotelomer alcohols in eco-
friendly paper-made food-contact materials and their implication for human exposure"
Environmental science & technology, 50(2): 942-950 (2016).

Zhang, S., Szostek, B., McCausland, P.K., Wolstenholme, B.W., Lu, X., Wang, N. and Buck,
R.C. "6: 2 and 8: 2 fluorotelomer alcohol anaerobic biotransformation in digester sludge
from a WWTP under methanogenic conditions" Environmental science & technology,
47(9): 4227-4235 (2013).

37



