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opment and validation of vapor
phase PFAS methods for soil gas, sewer gas, and
indoor air†

Heidi Hayes, *a Chris Lutes,b Nicola Watson,a Diane Benton,a David J. Hanigan, c

Seth McCoy,c Chase Holton,d Katherine E. Bronstein,e Brian Schumacher,f

John Zimmerman f and Alan Williamsf

There is no standard sampling and analysis method for vapor phase per- and polyfluoroalkyl substances

(PFAS) that can be routinely applied to soil gas, sewer/conduit gas, and indoor air samples. We have

validated a thermal desorption GC/MS/MS method for the measurement of a set of fluorotelomer

alcohols and perfluorooctanesulfonamides collected on multi-bed sorbent tubes. Applications to

perfluorocarboxylic acids were also evaluated since there is debate regarding under what circumstances

these compounds could be observed moving into gas phase. Perfluorooctanoic acid (PFOA) met Method

TO-17 calibration requirements when calibrated using National Institute of Standards and Technology

(NIST) traceable standard solutions introduced through the thermal desorption system and using multiple

reaction monitoring (MRM) transitions based on precursor mass ions identified in the PFOA spectra.

However, subsequent detailed studies suggested that PFOA was decomposing during the thermal

desorption sample introduction step when comparing two alternative GC/MS sample introduction

techniques. The primary peak resulting from the thermal desorption of PFOA standard had spectra

consistent with perfluoro-1-heptene (PFHp-1), suggesting that a degradation reaction was occurring.

Therefore, the identification of the PFCA compounds in this method is currently subject to a potential

positive interference from the corresponding perfluoroalkene and other thermally labile PFAS. Thus, it

may be beneficial to limit the application of the thermal desorption GC/MS/MS method to the

fluorotelomer alcohols and perfluorooctanesulfonamides and use a parallel solvent extraction approach

to quantify the PFCA-related compounds. Method validation including desorption efficiency, second

source verification, storage stability and method detection limit tests were successfully completed for

the fluorotelomer alcohols and perfluorooctanesulfonamides target analytes.
Environmental signicance

There is currently no standard sampling and analysis method for vapor phase per- and polyuoroalkyl substances (PFAS) in soil gas, sewer gas, and indoor air.
Vapor intrusion (VI) to occupied buildings occurs due to pressure differentials between indoor air and contaminated soil gas. Such a method is critically needed
given the prevalence of PFAS as subsurface contaminants (e.g., manufacturing facilities and re-ghting training locations). A substantial number of PFAS are
expected to be sufficiently volatile and sufficiently toxic via inhalation to require VI consideration. We have validated a thermal desorption GC/MS/MS method
for measurement of uorotelomer alcohols and peruorooctanesulfonamides collected on multi-bed sorbent tubes. We identied critical weaknesses when the
method is applied to peruoroalkyl carboxylic acids.
lifornia, LLC, Folsom, CA, USA. E-mail:

ngineering, University of Nevada Reno,

A

NC, USA

e of Research and Development Center for

deling, Watershed and Ecosystem

e Park, NC, USA

tion (ESI) available. See DOI:

y the Royal Society of Chemistry
Introduction

The prevalence of per- and polyuoroalkyl substances (PFAS) in
indoor air and as subsurface contaminants1 and the associated
concern of subsurface vapor intrusion (VI) to indoor air2 is
driving the development of a standard analytical method for the
routine measurement of vapor phase PFAS in soil gas, sewer/
conduit gas, and indoor air.

Current practice for evaluating the VI pathway consists of
a combination of direct measurements in groundwater, external
Environ. Sci.: Atmos.
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soil gas, subslab soil gas, and indoor air. No single line of
evidence is considered denitive, and direct measurements can
be costly and have signicant spatial and temporal variability,
generally requiring repeated measurements at multiple loca-
tions to assess the chronic risks of long-term volatile organic
compound (VOC) exposure.

VI occurs due to pressure and concentration differentials
between indoor air and the subsurface environment in which
subsurface gases become contaminated with volatile or semi-
volatile anthropogenic compounds. Indoor environments are
oen negatively pressurized with respect to outdoor air and soil
gas, which allows subsurface vapors to migrate into indoor air
through advection. In addition, established concentration
gradients may cause VOCs to migrate from subsurface areas of
higher concentration to indoor areas of lower concentration
through diffusion.

At least four polyuorinated organic substances (i.e., 4 : 2-,
6 : 2-, 8 : 2- and 10 : 2-uorotelomer alcohols; FTOHs) have
sufficient vapor pressure to be designated as vapor-forming
chemicals3 in accordance with the U.S. Environmental Protec-
tion Agency's (US EPA's) VI Guide.2 The FTOHs are known to be
present in indoor air in residential and commercial environ-
ments attributed to their use in paints, adhesives, textiles,
waxes, coatings.4–7 A recent study in US homes showed that
FTOHs were dominant species in residential indoor air.8 The
range of values for vapor pressure for many PFCA compounds
range across the 1 mm of Hg (133 Pa) volatility criterion. For
example, ITRC reports 16 values for PFHxA, all but one are
between 0.1 and 4.2 mm Hg (13 and 560 Pa).1

At many VI sites, ow moves preferentially through utility
conduits and can be referred to as “conduit vapor intrusion.”9

Sewers are a common conduit for VI. PFAS have been widely
observed at wastewater treatment plants10 and are likely present
in substantial concentrations in sewers from disposal and use
of consumer products. Biotransformation of FTOHs to PFCAs
has also been observed in municipal wastewater systems.5

Sewer system components include drop structures that may
generate mists or droplets and various ventilation features
including slope changes and ventilated manholes that inu-
ence the ow of sewer gas. Other components such as full
inverted siphons and p-traps can limit the migration of VOCs
through sewer systems.11,12 Therefore, it may be difficult to
distinguish “conduit vapor intrusion” of PFAS released to soil
and groundwater from direct releases in sewage. Sewer gas is
oen near saturated relative humidity and condensation occurs
within them due to temperature differentials.13 Therefore, the
presence of condensed water droplets in sampled sewer gas is
expected.

Some PFAS have been observed to be volatile or readily
aerosolized, resulting in global atmospheric distribution and
the potential for workplace and household exposure14–16

including through consumer products.17,18 Several studies have
measured PFAS in commercial aqueous reghting foam
(AFFF) and found various low molecular weight potentially
volatile PFAS compounds,19,20 which a conservative model
suggests could pose a VI concern.20
Environ. Sci.: Atmos.
There are currently no US EPA standard methods available
specically for the measurement of PFAS compounds in
ambient air. Sampling methods used in research for PFAS in
ambient and indoor air are based on collection with poly-
urethane foam (PUF), XAD-2 resin, or glass or quartz ber
lters.21–23 Initial studies towards the development of a thermal
desorption gas chromatography/mass spectrometry (GC/MS)
method for PFAS, primarily targeting FTOHs and short-chain
PFCAs, were reported by Thaxton et al.,24 and have recently
been reected in methods/results released by instrument
manufacturers in the form of application notes.25–27 Robbins
et al. reported the development of a thermal desorption (TD)-
GC/MS/MS method for consumer product emissions of 4 : 2,
6 : 2, 8 : 2 and 10 : 2 FTOH into indoor air.7 This development
served as the basis of the recently published ASTM standard test
method D8591-24 for determining FTOHs in test chamber air
using TD-GC/MS/MS.28 Thermal desorption methods are espe-
cially desirable for VI assessment of volatiles because they
provide high sensitivity with small sample volumes, which are
compatible with the typical low sampling volumes of soil gas
samples. In contrast, the methods most used for semivolatile
compounds require solvent extraction and thus require
substantially larger air sampling volumes.

PFCAs are generally considered to be predominantly parti-
tioned to the particulate phase in the atmosphere.1 Since PFCAs
are primarily ionic at environmentally relevant pH in aqueous
solution, their volatility was initially expected to be low.1

However, multiple mechanisms for the PFCAs to enter the gas
phase have been suggested: foam bubble bursting;14 cosolvent
effects on pKa;29 and direct sublimation from the solid phase to
the gas phase.30 Details of this work are discussed in the ESI.†

Roth et al. investigated the occurrence of PFAS in the head-
space above mildly agitated and dilute AFFF mixtures and
found that 16 of the 30measured PFAS were present: ve FTOHs
(0.5–38.1 mg m−3), 10 PFCAs (0.4–13 670 mg m−3), and 1 per-
uorotelomer sulfonic acid (72.1 mg m−3).31 The 10 PFCAs
detected ranged in carbon chain length from C5 to C16. The
dominant compounds were PFOA, PFHxA, and per-
uorodecanoic acid (PFDA). In a subsequent comment on the
Roth et al. publication,31 it was noted that PFOA appeared to
thermally degrade to form peruoro-1-heptene (PFHp-1) when
PFOA was injected onto thermal desorption tubes and desorbed
to a GC/MS, making it difficult to differentiate between PFHp-1
and other thermally labile PFAS such as PFOA.32 Upon closer
inspection of the experimental and published spectra of PFOA
and PFHp-1, Roth et al. noted several inconsistencies between
the expected and observed spectra, including the lack/presence
of a m/z 44 (loss of CO2) and lack/presence of a m/z 45 (loss of
COOH) present in the NIST published standard mass spectrum
but not in other published GC/MS spectra. Thus, it is possible
that the “PFOA-like peak” observed by GC/MS was aerosolized
or volatilized PFOA (which was known to be present in the AFFF
tested), but it is also possible that the single GC peak represents
PFHp-1 and/or the sum of various thermally labile PFAS.31,32

This uncertainty about the volatility of the PFCAs motivates the
current paper.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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In more recent research, the University of Nevada measured
the Henry's law constants (HLCs) of 15 PFAS, but PFOA was not
volatile enough to be measured until the pH was reduced
substantially, suggesting PFOA is not volatile when dissolved in
water at circumneutral pH; however cosolvent and air/water
interface effects were not evaluated.33–35 See the full discussion
in the ESI.† Together, these studies suggest that in the experi-
ments conducted by Roth et al. in which PFOA was measured in
the gas phase, PFOA was aerosolized during the mild agitation
of the AFFF or ejected as aerosols during popping of the AFFF
bubbles immediately before the gas phase was collected, rather
than present as a vapor.31

Substantial concentrations of FTOHs have been observed in
soil and soil gas at a chemical manufacturing facility with
known soil and groundwater PFAS impacts.36 However, the
observation of several PFCA compounds in the soil gas samples
was unexpected. Three PFCA compounds, PFHxA, PFBA, and
PFOA, were observed in the subslab sample directly beneath the
presumed source building at concentrations ranging from 59 to
650 mg m−3. Those three PFCAs as well as two additional
compounds, PFPeA and PFHpA, were also observed at a down-
gradient location at soil gas concentrations ranging from 0.7 to
180 mg m−3. This is consistent with known degradation path-
ways under certain conditions.37 The soil pH at this site is
between 5 and 7. Given that the water table and capillary fringe
at the eld site are shallow, the formation and bursting of
bubbles by the PFAS surfactants during soil gas sampling even
at <200 mL min−1 cannot be excluded. Given the complex
history of industrial production at the eld site reported by
Schumacher et al.,36 the presence of cosolvents that could favor
the presence of neutral forms of PFOA29 is probable.

The objective of the work presented was to develop a method
for sampling vapor phase PFAS compounds that is suitable and
accepted for widespread use in US laboratories for PFAS
compounds in soil gas, sewer/conduit gas, and indoor air. We
primarily conducted experiments in a California commercial
laboratory aimed at developing and testing the robustness of
a thermal desorption GC/MS/MS method for volatile and sem-
ivolatile PFAS. Given the questions surrounding the presence of
PFCAs in the gas phase, particular attention was paid to the
stability of PFCAs when measured by TD-GC/MS/MS. Limited
experiments to evaluate transformations of PFCA compounds
under thermal desorption conditions were independently con-
ducted with different instrumentation and methods at the
University of Nevada, Reno.

Methods
PFAS analytical approach and target compounds

Seventeen PFAS compounds listed in Table S1 in the ESI (ESI)†
were targeted by a California commercial laboratory to develop
and validate a method applicable to soil gas, sewer gas, and
indoor air samples utilizing TD-GC/MS/MS. This validation
effort was built on previous work conducted by the laboratory
covering a subset of Table S1† compounds in support of soil gas
measurements for previous eld studies discussed by US EPA38

and Schumacher et al.36 The effort also incorporated
© 2024 The Author(s). Published by the Royal Society of Chemistry
subsequent method renements by the laboratory to accom-
modate larger sample volumes required for indoor air
measurements of uorotelomer alcohols (10–300 L).

The PFAS method utilized multi-bed TD sorbent tubes for
vapor collection with analysis based on procedures described in
EPA Method TO-17.39 The sorbent tube used for the commercial
laboratory method evaluation was the CAMSCO PFAS/PFCA
tube, which is a multi-bed tube packed with hydrophobic
sorbents. These tubes were selected based on their performance
in a previous eld study and in the laboratory's subsequent
indoor air recovery studies conducted for uorotelomer alco-
hols. Alternative multi-bed TD tubes have also been used to
collect vapor phase PFAS for a range of applications.25,31 The
method, as currently proposed, directly samples onto sorbent
media without a preliminary stage, which might be designed to
remove particulates but would also potentially cause losses of
volatiles.40,41 The exclusion of PFAS analytes not mobile in the
gas phase can be achieved by limitation of ow rates to those
not expected to cause artifactual particulate suspension from
soil gas (<200 mL min−1)42 and small total air sample volumes
(10 mL to 1 L of soil or sewer gas).

The thermal desorption system was congured with a GC/
MS/MS, which is a modication to the single quadrupole (SQ)
MS described in TO-17.39 The tandem MS and multiple reaction
monitoring (MRM)mode was selected for the PFASmethod over
the conventional SQ MS in selected ion monitoring (SIM) mode
based on its improved sensitivity and selectivity when
measuring target compounds in complex environmental
matrices (Fig. S1†). MRM relies on a series of ionization and
mass ltering steps optimized for each target compound to
minimize or eliminate background noise and matrix interfer-
ence.43,44 Specically, the target compound is ionized in the rst
quadrupole and compound-specic precursor ion(s) are selec-
tively passed through a collision cell where collisions with an
inert gas fragment the precursor ion(s) to generate product
ion(s). Selected product ion(s) are then detected using the
second quadrupole. The GC separation column selected was
a DB-624 column, a mid-polarity column generally used for
VOCs which demonstrated acceptable peak shape and resolu-
tion for the targeted PFAS compounds.24 Alternative mid-
polarity columns suitable for VOC analysis have also been
applied to similar PFAS applications on TD-GC/MS systems.25,31

The initial analytical method development conducted prior
to US EPA38 and Schumacher et al.36 was based on successful
completion of steps 1 through 5 outlined in Table 1. Detailed
method parameters and analytical performance for this initial
method and subsequent soil gas analysis can be found in the
ESI (Tables S2 and S3).† The reporting limits and quality control
criteria in Table S4† were incorporated into the quality assur-
ance plan applied to the soil gas samples collected in the
associated eld study.

Additional development, testing, and validation were
undertaken to expand and optimize the targeted PFAS list,
evaluate potential interferences for PFCAs, and extend the
applicability of the method to include indoor air, sewer gas, and
soil gas. This included adding compounds not included in US
EPA38 and Schumacher et al.36 (9 : 2s FTOH, 11 : 2s FTOH, 12 : 2
Environ. Sci.: Atmos.
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Table 1 Analytical method evaluation steps using TD-GC/MS/MS to
measure air-phase PFAS

(1) Determine target retention time, spectra
(2) Establish parent and product ions (using MRM)
(3) Generate initial calibration curve (ICC) to establish linearity (method
criterion < 30%RSD)
(4) Assess desorption efficiency (method criterion >95%)
(5) Verify accuracy (second source verication) (70–130%)
(6) Complete method detection limit study (∼0.05 ng)
(7) Determine initial demonstration of capability – accuracy and
precision based on replicate spikes
(8) Conrm storage stability on tubes
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FTOH, and 13 : 2s FTOH) as well 2-peruorooctyl (1,2-13C2)
ethanol (8 : 2 FTOH-C13) to serve as a eld surrogate that
underwent initial analytical method evaluation as outlined in
Table 1. Evaluation of the stability of PFCAs through the
analytical system was undertaken to determine subsequent
impacts to compound identication. Tests included direct
injection of a PFOA solution into a GC/MS over a range of
injection port temperatures with follow-up tests conducted by
investigating PFOA analyzed on TD-GC/MS across a span of
desorption and cold trap temperatures.
Analytical method set up and validation

The analytical method was set up using two commercially
available TD introduction systems, each with a different
secondary trap design used to focus the thermally desorbed
compounds:

� Gerstel TD 3.5+ system with a cryogenically cooled trap
with quartz wool and forward ush of compounds to the GC
column, which is a non-selective approach useful for method
development.

� Markes TD100-xr system congured with a back ush
multi-bed sorbent trap in which the sample is focused in one
direction and desorbed and injected onto the GC in the oppo-
site direction to allow for sample split and re-collection for re-
analysis.

Initial calibration, desorption efficiency, second source
verication, initial demonstration of capability, and method
detection limit studies were conducted for the FTOHs, N-
MeFOSA, and N-EtFOSA using both systems. In both cases,
the TD system was coupled to an Agilent 8890 GC and 7000D
MS/MS using an Agilent DB-624 UI 60 m × 0.25 mm ID × 1.4
mm column for separation (Table S5†).

Prior to initial calibration, individual stock methanolic
standards for the target analytes were prepared and spiked onto
separate sorbent tubes and analyzed on the TD-GC/MS, col-
lecting full scan data to determine retention time and spectra.
Standards were then evaluated in MRM mode to determine
primary and conrmation transitions with the goal of incor-
porating unique transitions for denitive compound identi-
cation. Preparation of the calibration standards and calibration
procedures are detailed in the ESI.† Commercial PFCA stock
methanolic mixes were received with added base (NaOH) to
minimize conversion to their corresponding methyl esters. Due
Environ. Sci.: Atmos.
to the unavailability of calibration standards and the absence of
EI spectra in the NIST library for 9 : 2s, 11 : 2s, and 13 : 2s FTOH,
the laboratory developed an approach to tentatively identify
these compounds based on expected MRM transitions and ex-
pected retention time windows. Details are provided in the ESI.†

Desorption efficiency was evaluated to verify that the thermal
desorption step released more than 95% of the analyte mass
from the sorbent tube. Desorption efficiency (DE) was measured
by spiking a sorbent tube with the highest concentration
analyzed for the initial calibration and measuring the mass
from the analytical run. The tube was then spiked with internal
standard and reanalyzed to measure residual mass on the tube.
The %DE was calculated using the following equation:

%DE = [mi (mi + mr)] × 100%

where, mi = mass measured in the initial run, mr = mass
measured in the repeat run.

Procedures for Method Detection Limit (MDL) studies con-
ducted following CFR Appendix B Part 136 Revision 2 are dis-
cussed in the ESI.† An initial demonstration of capability
(IDOC) was conducted to comply with a general requirement for
environmental laboratory accreditation as outlined in The
NELAC Institute (TNI) Standard, 2016 and referenced in the US
Department of Defense Quality Systems Manual (Version 5.4).45

The IDOC was prepared by spiking four sorbent tubes using
a second source methanolic working standard containing all
target PFAS at concentration of 0.4 ng, a concentration one to
four times the limit of quantitation as specied in the TNI
Standard. The spikes were analyzed in the same analytical batch
and the average recovery and RSD were calculated for the four
replicate spikes to evaluate both accuracy and precision against
the method or laboratory criteria.

The TD tube storage stability evaluation was conducted by
spiking a set of 12 conditioned sorbent tubes with a methanolic
working standard containing the target PFAS compounds and
the eld surrogate generating a nal mass loading on each tube
of 5 ng for each target compound and 1 ng for the eld surro-
gate. Three of the spiked tubes were analyzed the day of prep-
aration (Day 0) with another three tubes analyzed at Day 7, Day
14, and Day 28. Prior to analysis, storage of spiked tubes was at 4
± 2 °C.

PFOA stability evaluation

The stability evaluation utilized two sample introduction tech-
niques: direct injection of PFOA solution into the GC injection
port and loading PFOA vapor or solution onto a sorbent tube
and thermally desorbing the spiked tube onto the GC. The
direct injection tests were used to evaluate impacts of the GC
injection port temperature on its full scan electron ionization
(EI) mass spectra and the presence of characteristic mass ion(s)
that could be used to distinguish PFOA from potential co-
eluting PFAS. The peak and spectra generated from the direct
injection tests were compared to the thermal desorption tests to
assess potential changes in PFOA behavior. Aer both the direct
injection and thermal desorption experiments, the peak
response and full scan spectra were evaluated at each
© 2024 The Author(s). Published by the Royal Society of Chemistry
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temperature against the NIST spectrum with attention to the
presence/absence of m/z 45 indicating a loss of –COOH.

Three experiments were conducted in this PFOA stability
evaluation. Experiment 1 evaluated PFOA performance through
the GC/MS system over a range of GC inlet temperatures.
Experiment 2 assessed PFOA peak response and EI spectra
generated from vapor phase PFOA collected on sorbent tubes
and analyzed by TD-GC/MS across a range of desorption
temperatures. Experiment 3 further evaluated the behavior of
PFOA during the thermal desorption step, examining peruoro-
1-heptene as a degradation product and potential interference.

GC/MS direct injection PFOA evaluation (experiment 1). The
direct injection tests were conducted at the California labora-
tory on an Agilent 7890B GC congured with 5977B MSD
equipped with an Agilent 7683B liquid injector. Initial tests
were conducted utilizing an Agilent DB-624 UI 30 m × 0.25 mm
ID × 1.4 mm ID, the same phase, thickness and diameter used
for the TD-GC/MS/MS PFAS method. However, no PFOA peak
was evident when injecting PFOA solutions in methanol. The
University of Nevada research team similarly did not observe
a PFOA peak from injections on a DB-624 or DB-WAX equiva-
lent, but did observe a PFOA peak on a HP-5MS equivalent
column using standards prepared in dichloromethane. Aer
consultation with the university team, the column was replaced
with a HP-5MS UI 30 m × 0.25 mm ID × 0.25 mm lm column
for the subsequent direct injection evaluation. High concen-
tration PFOA solutions were prepared by dissolving 4 to 6 mg of
PFOA crystals (100.0% purity, Supelco) in 1.0 mL of solvent and
sonicated for 10 min using heat. A solution was prepared in
dichloromethane for the initial set of injections and follow-up
tests were conducted using a solution prepared in methanol.
To minimize degradation of PFOA in methanol to methyl per-
uorooctanoate (PFOA methyl ester) during storage, solutions
were stored below 5 °C and storage time was limited to less than
4months.46 Additionally, the response of PFOAmethyl ester was
evaluated on the GC/MS runs to monitor stability of the meth-
anolic solutions used for the three experiments conducted for
the PFOA stability evaluation.

The GC program used for the PFOA direct injection evalua-
tion started at 50 °C for 1.0 min, ramping to 240 °C at a rate of
15 °C min−1. A 1.0 mL injection of each PFOA stock solution was
conducted using an inlet split of 1 : 15 at inlet temperatures of
60, 100, 150, 200, and 280 °C. The peak area response and EI
spectra for each injection temperature were evaluated, assess-
ing changes as a function of injection temperature to identify
potential evidence of thermal degradation of PFOA.

GC/MS thermal desorption PFOA evaluation (experiment 2).
To compare PFOA EI spectra generated using direct liquid
injection to PFOA full scan spectra generated on the PFAS TD-
GC/MS system, high PFOA mass loading directly onto the TD
tubes was conducted using PFOA vapor generated from the
PFOA (acid) solid crystals across a range of tube and cold trap
desorption temperatures. The PFOA vapor was generated by
transferring 79 mg of solid crystals into a 4.0 mL vial and
placing it into a Markes Micro-Chamber (https://markes.com/
thermal-desorption-instrumentation/accessories/micro-
chamberthermal-extractor) at a temperature of 60 °C to
© 2024 The Author(s). Published by the Royal Society of Chemistry
facilitate sublimation. Ultra-high purity nitrogen was used as
the sweep gas and PFOA vapors were collected directly onto
a sorbent tube positioned at the outlet of the micro-chamber.
The nitrogen sweep gas was set at 20 mL min−1 with collec-
tion onto the PFAS tube for 10 min, yielding a load volume of
200 mL. This qualitative technique allowed for the direct
collection of vapor phase PFOA at relatively high mass loadings
in the absence of solvent for evaluation of the full scan EI
spectra and thermal stability.

The PFOA vapor collected on the sorbent tube was thermally
desorbed on the TD-GC/MS/MS system with the Markes TD100-
xr conguration and parameters established during the PFAS
method set up and validation. These parameters included
a tube desorption temperature of 320 °C for 10 min and
a secondary trap desorption maximum temperature of 290 °C. A
follow-up test was conducted at lower desorption temperatures
in the range of 100 to 250 °C to evaluate the impact of
temperature on PFOA peak response and EI spectra. This
subsequent test was similar to the initial test using a vial with
PFOA crystals placed in the chamber at 60 °C. The tube
desorption and secondary trap desorption temperatures were
varied in tandem at temperature conditions of 100, 150, 200,
and 250 °C.

Thermal desorption PFOA degradation conrmation and
product identication (experiment 3). To further evaluate the
behavior of PFOA during the thermal desorption step and verify
peruoro-1-heptene (PFHp-1) was a thermal desorption degra-
dation product, a series of comparison tests were conducted
with the sample introduction step (direct liquid injection or
thermal desorption) as the only variable. Each introduction
technique utilized the same standard solution and injection
volume and consistent GC columns and temperature program.
These tests were conducted using a methanolic solution
prepared from PFOA acid crystals at 1100 mg mL−1 and repeated
using a methanolic solution prepared from neat PFHp-1 at 3560
mg mL−1. Comparison tests were conducted using the Agilent
HP-5MS UI 30 m × 0.25 mm ID × 0.25 mm lm that was
employed in experiment 1 to evaluate PFOA stability across the
GC injection port temperatures and repeated using the Agilent
DB-624 UI 60 m × 0.25 mm ID × 1.4 mm lm column, which
was used for the PFAS thermal desorption method in experi-
ment 2. Note that the HP-5MS column is a non-polar column
generally used for semivolatile applications and the DB-624
column is a mid-polar column commonly used for VOCs. The
direct injection tests were conducted on an Agilent 7890B GC
congured with 5977B MS equipped with an Agilent 7683B
liquid injector used in experiment 1, and the thermal desorp-
tion tests were conducted on a Markes TD100-xr coupled to an
Agilent 8890 GC and 7000DMS/MS as used in experiment 2. Full
scan EI data were collected on both systems. The test matrix is
summarized in Table S7.†
Second laboratory conrmation of select observations using
alternative equipment

The University of Nevada team conducted separate but
complementary experiments using a Shimadzu TQ8040 GC/MS/
Environ. Sci.: Atmos.

https://markes.com/thermal-desorption-instrumentation/accessories/micro-chamberthermal-extractor
https://markes.com/thermal-desorption-instrumentation/accessories/micro-chamberthermal-extractor
https://markes.com/thermal-desorption-instrumentation/accessories/micro-chamberthermal-extractor
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ea00084f


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
0 

N
ov

em
be

r 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2/

2/
20

24
 9

:0
8:

33
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online
MS equipped with a CTC Analytics Prep and Load Solution
(PAL3 marketed as part number AOC6000 by Shimadzu) and an
in-tube extraction dynamic headspace tool (ITEX-DHS). ITEX
uses a syringe to draw sample headspace gases through
a packed bed (Tenax TA for these experiments, Fig. S3†). The
syringe was used to draw 100 mL of headspace gas over the
sorbent from a sample vial containing 100 mg, 99% pure, solid
phase PFOA agitated (orbital motion) and heated to 50 °C for
5 min. The headspace gas was backushed into the vial and
another 100 mL of headspace aspirated. The sorbent was then
heated to desorb analytes back into the headspace gas and the
100 mL mixture was injected into the GC inlet. The loading and
desorption temperatures were 50 and 300 °C. The analyses were
performed on a Shimadzu Rxi-5Sil-MS 30 m × 0.25 mm ID ×

0.25 mm lm column, which was equivalent to the HP-5MS
column used in experiment 1 (GC/MS direct injection PFOA
evaluation). A splitless injection was used and inlet temperature
varied from 250 to 325 °C. Column ow was constant 1.00
mL min−1, with an initial oven temperature of 35 °C held for
2 min, followed by a 30 °C min−1 ramp to a 320 °C GC oven
temperature. The transfer line and ion source were 250 and
200 °C, respectively.
Results and discussion
Instrument validation

Compound identication for target compounds. The
selected MRM transitions for the target PFAS in Table S1 are
provided in the ESI† for two to four transitions (Table S8†).
Where possible, precursor ions selected reected key mass
ion(s) to aid compound identication rather than based on
abundance. For example, the mass ion representing the
molecular ion minus the hydrogen was used as a precursor ion
for the MRM transitions for the linear FTOHs. In the case of the
PFCAs, candidates for precursor ions reecting the carboxylic
group were not identied from the full scan spectra during
initial set up, and precursor mass ions were generally selected
based on the mass ion that represented the highest molecular
weight identied in the full scan spectra, avoiding the common
abundant mass ions associated with a wide variety of PFAS such
as m/z 131 and 69.
Table 2 Analytical linearity and sensitivity performance comparison on

Analyte

Gerstel 3.5+

Linearity (%RSD) Method detection limit

4 : 2 FTOH 8.2 0.029
5 : 2s FTOH 13 0.045
6 : 2 FTOH 6.4 0.047
7 : 2s FTOH 6.7 0.045
8 : 2 FTOH 13 0.032
10 : 2 FTOH 13 0.062
12 : 2 FTOH 13 0.041
n-MeFOSA 10 NA
n-EtFOSA 12 NA

a NA = not available, variable recovery observed.

Environ. Sci.: Atmos.
Initial method performance. The method linearity and
sensitivity performance for the target FTOHs, n-MeFOSA, and n-
EtFOSA on the two TD congurations are summarized in Table
2. Linearity across the calibration range of 0.1 to 10 ng was
consistent for both systems, well within the TO-17 method
criterion of <30% RSD. Sensitivity between the systems was
comparable with MDLs generally in the 0.03 to 0.1 ng range.
Each analyte demonstrated 98% to 100% desorption efficiency
across both systems. The evaluation of the ICV recovery yielded
comparable recoveries of 84% to 100% on the Gerstel instru-
ment and 81% to 97% on the Markes instrument.

The IDOC for each TD system is summarized in Table S9,†
showing the average recovery and %RSD of the four spikes
prepared from a second source standard at 0.4 ng. Both systems
had an average recovery between 70% and 130% and %RSD <
30%.

It was noted that n-MeFOSA and n-EtFOSA demonstrated
sporadic anomalous recoveries during the MDL study on the
Gerstel system and during the initial set up on the Markes
system. Upon further investigation, the inconsistent recoveries
were attributed to a small subset of sorbent tubes that were
subsequently removed from the inventory and replaced with
other tubes with the same model number that performed well.
The root cause of the low recovery exhibited by this set of tubes
was not identied.

PFCAs were then added to the target compound list on the
Markes TD100-xr system and compared to the performance of
the Gerstel system used for the soil gas screening as part of the
eld studies described by US EPA38 (ESI Tables S2 and S3†). The
PFCAs demonstrated good linearity across the range of 0.1 to 10
ng, meeting the TO-17 method criterion of <30%RSD and met
the initial demonstration of capability accuracy and precision
objectives (Table 3).

The comparable performance across both platforms using
divergent trapping techniques demonstrates that thermal
desorption is a reliable technique to achieve the analytical
criteria established in Table S4.† Based on comparable perfor-
mance of the Gerstel and Markes instruments, subsequent
method development and validation was conducted on the
Markes system to take advantage of the system's sample re-
Gerstel and Markes instrument configurationsa

Markes TD100-xr

(ng) Linearity (%RSD) Method detection limit (ng)

5.3 0.011
5.9 0.028
9.2 0.12
6.1 0.022
8.9 0.051
5.4 0.027
3.8 0.030
12 0.043
12 0.035

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Validation Performance for PFCAs by TD-GC/MS/MS (Markes
System)

Analyte
Linearity
(%RSD)

Method detection
limit (ng)

Initial demonstration of
capability

Average recovery %RSD

PFBA 16 0.11 87% 7.2%
PFPeA 2.2 0.027 101% 3.4%
PFHxA 2.3 0.019 106% 3.5%
PFHpA 2.9 0.021 101% 5.4%
PFOA 11 0.049 95% 4.4%
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collection feature to allow for sample archival and follow-up
analysis.

Storage stability. The average concentration of each set of
three spiked tubes analyzed at a time interval of 0, 7, 14, or 28
days aer storage at 4 ± 2 °C was calculated. To minimize
variability due to instrument response, concentrations were
normalized to daily continuing calibration response, which was
spiked at 1.0 ng. The recoveries are reported in Fig. S4† with
each bar representing the average of the three spiked tubes.
Recoveries were generally 70% to 130% and consistent over the
28 days period. The average recoveries of n-MeFOSA and n-
EtFOSA on day 28 were approximately 135%, likely due to
variability in the measurement rather than an actual increase in
concentration as a function of storage since there were no cor-
responding decrease in other PFAS compounds.
PFOA stability evaluation

GC/MS direct injection PFOA evaluation (experiment 1). The
direct injection of the PFOA solution into the GC/MS generated
a peak eluting at 5.2 min at an oven temperature of 125 °C on
the 30 m Agilent HP-5MS column. The total ion peak area
generated at each injection port temperature was consistent for
both the high concentration dichloromethane solution (5700 mg
mL−1) and methanolic solution (4300 mg mL−1) prepared from
the PFOA acid crystals (Fig. S5a and S5b†) over the injection
temperature range from 60 to 280 °C.

Additionally, the spectra when PFOA was injected at inlet
temperatures of 60 °C and 280 °C were consistent for both the
Table 4 Peak height for PFOA total ion chromatogram (TIC),m/z 45, and
(MeOH) at varying GC inlet temperatures

PFOA solution (mg mL−1) Solvent PFOA on-column (ng)

5700 DCM 380

4300 MeOH 290

© 2024 The Author(s). Published by the Royal Society of Chemistry
dichloromethane and methanol PFOA solutions. The spectra
generated at the peak apex under each of these conditions
yielded PFOA as the top NIST20 library match factor score
ranging between 919 and 922, indicating high identication
condence (Fig. S6a–d†).

Review of the peak spectra revealed that neither the PFOA
molecular ion (m/z 414) nor the molecular ion minus the loss of
H (m/z 413) was present at any of the injection port tempera-
tures for either the dichloromethane or methanol PFOA high
concentration solutions which is consistent with NIST reference
spectra. However, fragments advantageous in the identication
of the PFOA molecular structure (m/z 45 (COOH+) and m/z 395
(C8HF14O2

+)) were measurable across the range of inlet
temperatures yielding relatively consistentm/z responses (Table
4). Because the PFOA peak demonstrated tailing on the HP-5MS
column, peak height is tabulated rather than peak area. These
data suggest that PFOA can be measured by GC/MS techniques
without thermal desorption.

GC/MS thermal desorption PFOA evaluation (experiment 2)
and related ITEX study. Vapor phase PFOA collected on
a sorbent tube and introduced onto the GC/MS using thermal
desorption at 320 °C and cold trap desorption at 290 °C yielded
a large peak at 5.42 min as well as ve smaller peaks (Fig. 1)
which were absent in corresponding blank experiments. The
large peak (A) at 5.42 min was consistent with the retention time
generated from the PFOA methanolic standards analyzed by
thermal desorption on the GC/MS system during initial cali-
bration. Review of peak (A) showed that it was saturated when
scanning at the apex (5.42 min).

Despite the saturated peak (which would maximize the
chance of observing weak fragments) there was no evidence of
the oxygen containing m/z 395 or m/z 45 fragment ions
(Fig. S7a†), which had been observed with the high concentra-
tion PFOA solutions directly injected into the GC/MS. Scans on
each shoulder of the saturated peak were also evaluated for
spectral match (5.368 min and 5.477 min, Fig. S7b†) yielding
a top match with peruoro-1-heptene at a match factor score of
839. The smaller peaks present in the analytical run were
tentatively identied as peruorinated compounds using the
NIST20 library, although the match scores were quite low.
m/z 395 for PFOA solutions in dichloromethane (DCM) and methanol

Inlet temp (°C)

Peak height

TIC m/z = 45 m/z = 395

60 36 227 996 3 546 402 175 424
100 38 473 818 3 740 600 204 096
150 36 300 426 3 631 561 201 088
200 35 982 879 3 515 088 182 044
280 30 255 547 2 898 693 151 232
60 22 225 211 2 411 244 80 112

100 24 696 738 2 497 784 66 544
150 23 623 208 2 503 154 91 096
280 24 774 637 2 514 684 84 600

Environ. Sci.: Atmos.
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Fig. 1 Experiment 2: total ion chromatogram of PFOA vapor collected on PFAS tube analyzed using routine TD-GC/MS parameters yields
multiple peaks; Y axis is area counts, X axis is acquisition time (min).
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Follow-up tests lowering both the tube and secondary trap
desorption temperatures in tandem showed no peak response
when each was set at 100 °C or at 150 °C. Peak (A), eluting at
retention time of the PFOA methanolic standard introduced by
thermal desorption, was observed when the tube/trap desorp-
tion temperatures were at 200 °C and at 250 °C with a signi-
cant increase in peak response at the 250 °C tube/trap
desorption temperature (Fig. 2). Similar to the initial test con-
ducted at the tube and secondary trap desorption temperatures
of 320 °C and 290 °C respectively, ve non-targeted per-
uorinated peaks eluting at similar retention times were iden-
tied in the 200 and 250 °C analyses.

The spectra for peak (A) at the retention time of 5.34 min
analyzed at the 200 °C tube and trap desorption temperatures
showed a best library match with peruoro-1-heptene at
a match score of 861. The oxygen containing m/z 45 and 395
fragments diagnostic of PFOA were not present.

The analytical run conducted at the tube and trap desorption
temperatures of 250 °C resulted in an increase in peak area and
Fig. 2 Total ion chromatogram of PFOA vapor collected on tube analyze
area counts, X axis is acquisition time (min).

Environ. Sci.: Atmos.
a saturated peak (A) eluting at the initially identied PFOA
retention time. The saturated peak spectral information was
reviewed for the presence of lower intensity mass ion fragments
m/z 45 and 395, which were not present in the spectra (Fig. S8†).
The scans evaluated on the le and right of the apex on the peak
shoulder generated a match score of 832 for peruoro-1-
heptene.

These results indicate that the thermal desorption condi-
tions required to extract PFOA from the CAMSCO multi-bed
tube and subsequently release it from the secondary trap
generated a peak that was identied as peruoro-1-heptene
based on the NIST library match. Despite the high PFOA mass
loaded on the sorbent tubes,m/z 45 and 395 were not present in
any of the thermally desorbed samples. These results suggest
that PFOA appears to break down primarily to a peak tentatively
identied as peruoro-1-heptene (PFHp-1) in the thermal
desorption introduction step making the identication and
quantication of PFOA subject to error due to potential positive
interference.
d at 200 °C and 250 °C tube and trap desorption temperatures; Y axis is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In the separate experiment conducted by the University of
Nevada team using the ITEX introduction system, the PFOA
headspace vapor collected using Tenax TA sorbent with subse-
quent thermal desorption and injection of the headspace into
the GC/MS resulted in a peak eluting at 5.9 minutes with
a spectra which exhibited m/z 45, consistent with the direct
injection of PFOA solutions analyzed using an equivalent HP-
5MS column. The team did note an increase in the common
PFAS ions m/z 69, 119, and 131 at the holdup/dead time
compared to blanks. The relative abundance increased with
increasing inlet temperature from 250 to 325 °C, suggesting
generation of unretained peruorinated compounds as PFOA
degrades in the heated inlet. Their abundance, however, was
low compared to the peak identied as PFOA, and it did not
appear that appreciable degradation of PFOA was occurring on
the Tenax TA sorbent during ITEX thermal desorption.

Although thermal degradation of PFOA was not evident in
the direct injection of the high concentration PFOA solutions
into the GC inlet over the range of 60 to 280 °C, we suspect the
short residence time in the heated inlet in conjunction with the
high PFOA concentrations injected may have mitigated poten-
tial thermal degradation, thereby preserving the key mass ions
m/z 45 and 395. Additionally, PFOA did not appear to be
degraded when sorbed to Tenax TA only (ITEX experiment), in
contrast to the multi-bed CAMSCO PFAS/PFCA tubes and the
Markes Universal TD tubes.32 While the proprietary sorbents
used to pack these multi-bed tubes are not disclosed, it is
possible that if one or more carbon-based sorbents are used,
Fig. 3 Total ion chromatograms for PFOA analysis on HP-5MS column
area counts on Y axis, and retention time in minutes on the x axis, labels
compound, identified structures labeled.

© 2024 The Author(s). Published by the Royal Society of Chemistry
PFCA degradation may be enhanced by catalyzed thermal
decomposition. This hypothesis aligns with other research
demonstrating that PFAS sorbed to activated carbon are
degraded at lower temperature than PFAS, which are not sorbed
to activated carbon.47,48 Similarly, recent modeling studies have
highlighted the role of active sites on alumina surfaces in
catalyzing the degradation of PFOA at 300 °C49 and shown that
PFHp-1 is the primary product in the presence of alumina at
400 °C.50

Thermal desorption PFOA degradation conrmation and
product identication (experiment 3). To test this thermal
degradation hypothesis, experiment 3 was conducted to deter-
mine whether the absence ofm/z 45 and 395 in the TD-GC/MS EI
spectra was due to the transformation of PFOA during the
thermal desorption sample introduction and to further inves-
tigate PFHp-1 as a potential degradation product. Following the
test matrix in Table S7,† the PFOA injection comparison test
evaluation introduced PFOA onto GC/MS using direct inject and
thermal desorption on comparable GC/MS systems employing
a semivolatile column (HP-5MS) or a volatile column (DB-624).
Then peruoro-1-heptene injection comparison tests were
conducted following the same analytical protocol as the PFOA
tests.

PFOA injection comparison tests. The total ion chromatograms
and associated peak spectra generated by introduction of a 1.0
mL aliquot of a 1100 mg mL−1 PFOA methanolic standard using
direct injection and thermal desorption onto comparable GC/
MS systems congured with a HP-5MS column are compared
with direct injection (top panel) vs. thermal desorption (bottom panel);
on figure are X = non-perfluorinated compound; PF = perfluorinated

Environ. Sci.: Atmos.
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Fig. 4 Mass spectra for primary peak measured from PFOA injection using direct injection and TD on HP-5MS column; X axis is mass to charge
ratio, y axis is counts; Upper panel is direct injection method, bottom panel is thermal desorption, right inset shows chromatogram.
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in Fig. 3 and 4. Comparison data for the DB-624 column
conguration are shown in Fig. 5 and 6.

Direct injection of the PFOA methanolic mix on the HP-5MS
column generated a primary peak eluting at 8.161 min with
spectra that displayedm/z 45 and 395 and a NIST spectral match
score factor to PFOA of 846, consistent with the direct injection
results observed in experiment 1 (Fig. 4). However, when a 1.0
mL aliquot of the same PFOA methanolic standard was injected
onto the sorbent tube and introduced onto the HP-5MS column
using thermal desorption, the resulting primary peak eluted
much earlier at 1.789 min. Additionally, the peak at 1.789 min
did not show evidence of either of the oxygen containing ionsm/
z 45 or 395 despite saturation. Scans on the le and right
shoulder of the 1.789 minutes peak yielded a best match with
PFHp-1. Several unidentied peruorinated compounds were
evident in the thermal desorption run eluting near the primary
peak.

The direct injection of the methanolic PFOA standard on the
DB-624 column did not yield a prominent peak (Fig. 5). Several
Environ. Sci.: Atmos.
peruorinated peaks were identied including a poor
responding, tailing peak at 5.133 min which exhibited spectra
most closely matching PFHp-1. The primary peak (A) in Fig. 5
identied on the thermal desorption system was consistent
with the retention time during instrument calibration using the
methanolic PFOA standards. As was observed on the thermal
desorption HP-5MS run, peak (A) was saturated and character-
istic oxygen containing PFOA m/z 45 and 395 were not present.
The spectra from the le and right scans for peak (A) generated
from the thermal desorption PFOA run is shown in Fig. 6.
Several smaller unknown peruorinated peaks were also iden-
tied in the thermal desorption run.

The PFOA direct injection and thermal desorption compar-
ison tests conducted using the HP-5MS non-polar, general-
purpose column and repeated using the DB-624 mid-polar
volatiles column generated data supporting the occurrence of
PFOA transformation during the thermal desorption step.
When utilizing the HP-5MS column, the thermal desorption run
yielded a chemical that eluted signicantly earlier than the peak
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Total ion chromatograms for PFOA analysis on DB-624 column (Y-axis scaled to match Fig. 3) with direct injection (top panel) vs. thermal
desorption (bottom panel); X axis is acquisition time in minutes, Y axis is area counts, labels on figure: X = non-perfluorinated compound; PF =

perfluorinated compound not otherwise identified, identified compounds labeled.

Fig. 6 Left and right mass spectral scans for peak A Measured from PFOA injection Using TD on DB-624 column. In main panel Y axis is area
counts, X axis is mass to charge ratio; right inset is total ion chromatogram and selected ion chromatogram of peak of interest, with x axis
retention time and y axis area counts.
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measured by direct inject and exhibited a spectral pattern
distinct from the direct inject peak and missing the oxygen
containing PFOA m/z 45 and 395. In contrast to the single
prominent peak observed when injecting PFOA solution onto
the HP-5MS column, no discernible peak was observed when
directly injecting the same PFOA solution onto the volatiles DB-
624 column. However, when the PFOA solution was introduced
using thermal desorption onto the same DB-624 column
a prominent Gaussian peak (A) was observed showing similar
spectra as observed on HP-5MS thermal desorption injection.
Consistent with the results of experiment 2, the peak generated
from the thermal desorption sample introduction using either
© 2024 The Author(s). Published by the Royal Society of Chemistry
the HP-5MS and DB-624 was tentatively identied as PFHp-1
based on the NIST library search.

The absence of an observable PFOA peak on the direct
injection run conducted using the DB-624 column is likely
attributed to its acidic properties, since performance of GC
analyses of underivatized acid analytes on DB-624 type phases
are complex and include solvent interactions and irreversible
sorption. Most methods using DB-624 for acid analytes require
derivatization before analysis.51–53 The behavior exhibited by the
acidic compound PFOA when analyzed on the DB-624 column
using direct injection further supports the hypothesis that
PFOA is breaking down during the thermal desorption step to
Environ. Sci.: Atmos.
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a compound that exhibits signicantly improved chromato-
graphic performance.

Peruoro-1-heptene injection comparison tests. To verify the
tentative identication of the primary peak (A) in the thermal
desorption injections as PFHp-1, a 1.0 mL aliquot of 3560 mg
mL−1 authentic PFHp-1 standard in methanol was analyzed
using direct liquid injection and thermal desorption introduc-
tion on each column conguration. The total ion chromato-
grams for the direct inject and thermal desorption runs of
PFHp-1 on HP-5MS and DB-624 are shown in Fig. 7 and 8,
respectively along with the thermal desorption total ion chro-
matogram generated from the PFOA injection.

The introduction of the PFHp-1 standard using thermal
desorption generatedmultiple peruorinated peaks on both the
HP-5MS and DB-624 columns, though this was most evident on
the DB-624 column. While the HP-5MS column generated
a prominent peak for the thermal desorption analysis of PFHp-
1, review of the full scan spectra across the peak indicated that
this single total ion peak represents the coelution of several
unresolved peruorinated compounds including PFHp-1.

The DB-624 column appeared to resolve the coeluting per-
uorinated compounds noted on the HP-5MS thermal desorp-
tion run, and ve peruorinated peaks were identied on the
DB-624 thermal desorption PFHp-1 run within ±1 minute of
the retention time established using the PFOA standard.
Interestingly, the largest peak identied in the PFHp-1 thermal
desorption run did not match the NIST PFHp-1 spectra;
Fig. 7 Total ion chromatograms for PFOA and PFHp-1 standards analyze
vs. direct injection (middle panel); X axis is acquisition time, Y axis is ar
perfluorinated compound not otherwise identified, individual identified c

Environ. Sci.: Atmos.
however, one of the smaller peaks eluted at 5.340 min, consis-
tent with peak (A), the prominent peak generated from the
thermal desorption injection of PFOA. This smaller peak at
5.340 min also matched the PFHp-1 NIST spectra, generating
a match factor of 876. The multiple peruorinated peaks
observed suggest that PFHp-1 is also not stable in the thermal
desorption apparatus. A signicant fraction of PFHp-1 injected
appears to be thermally degraded, generating breakdown
products that have not been completely identied.

To estimate the magnitude of the potential artifact or bias to
the PFOA concentration measured by TD-GC/MS/MS due to the
presence of PFHp-1 in eld vapor samples, four PFAS sorbent
tubes were spiked with 100 ng of PFHp-1 methanolic solution.
The spiked tubes were analyzed on the TD-GC/MS/MS system
using the routine PFAS method. While the same peaks were
present in each run, some variability in peak area was evident,
specically for the peak eluting at 5.347 min which aligns with
the retention time (RT) previously established on the TD system
for PFOA, identied as peak (A) (Fig. S9†). The peak eluting at
5.347 min most closely matches the PFHp-1 NIST spectra,
consistent with the PFHp-1 thermal desorption results from
experiment 3.

In addition to the full scan data evaluation, the MRM data
from the four PFHp-1 spiked tubes were processed against the
PFCA TD-GC/MS/MS initial calibration. A peak was present in
each spike that met the laboratory's identication criteria for
PFOA as demonstrated by (1) the quantitation and the two
d on HP-5MS column with thermal desorption (top and bottom panels)
ea counts, labels on figure: X = non-perfluorinated compound; PF =

ompounds labeled.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Total ion chromatograms for PFOA (TD) and PFHp-1 on DB-624 column; top panel is thermal desorption analysis of PFOA, middle panel is
direct injection analysis of PFHp-1, bottom panel is thermal desorption analysis of PFHp-1; in each panel X axis is acquisition time (min) and Y axis
area counts. Labels on peaks X = non-perfluorinated compound; PF = perfluorinated compound; specific identified compounds labeled.
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conrmation transition peaks eluting at the expected retention
time (5.35 min) and (2) conrmation transition peak areas at
the expected ratios (±30%) as determined by the calibration
standards. Fig. S10† shows the MRM data and the peak iden-
tied as PFOA in a representative PFHp-1 spike.

Since internal standard was not injected onto the PFHp-1
tubes, the concentration measured as PFOA was estimated
based on the response factor of the daily continuing calibration
PFOA standard (1.0 ng). The apparent PFOA concentration
generated from 100 ng of PFHp-1 analyzed by TD-GC/MS/MS
ranged from approximately 1.8 to 3.2 ng, with an average
PFOA concentration of 2.9 ng. The estimated PFOA mass
measured in each of the 100 ng PFHp-1 injections are listed in
Table 5. While the data suggests that PFHp-1 is a relatively weak
interference for PFOA, the concentration range of PFHp-1 in the
environment relative to PFOA is unknown.

Studies investigating thermal treatment of PFAS-impacted
soils and spent water purication lters report PFHp-1 as
Table 5 Estimated PFOA artifact concentrations generated from 100
ng PFHp-1 spikes analyzed by TD-GC/MS/MS

Run Estimated concentrations (ng)

Spike 1 3.2
Spike 2 1.8
Spike 3 3.4
Spike 4 3.2
Average 2.88
%RSD 26%

© 2024 The Author(s). Published by the Royal Society of Chemistry
a primary breakdown product of PFOA at temperatures of 200–
400 °C as well as other peruorinated products, specically
peruoroalkenes, supporting our ndings.54 Additionally,
investigators have reported thermal degradation of PFHp-1 and
the generation of multiple peruorinated compounds at
temperatures similar to temperatures used for tube
desorption.55

Conclusion

A TD-GC/MS/MS method has been developed that exhibits good
linearity, sensitivity, and sample stability for seven FTOH
compounds for which at least one known standard is available,
and FOSA compounds. Three additional FTOH compounds
were incorporated based on retention time and structural
similarities. Method evaluation was successfully conducted on
two different manufacturer's instruments.

For the ve PFCA targeted, TO-17 calibration criteria can be
met for TD-GC/MS/MS, but evidence suggested that the thermal
desorption introduction step may cause inadvertent breakdown
of these compounds. Peruorooctanoic acid met TO-17 cali-
bration requirements when calibrated using NIST traceable
standard solutions introduced through the thermal desorption
system followed by analysis using GC/MS/MS. However, subse-
quent detailed studies comparing direct injection of PFOA
standards into the GC inlet to PFOA standards thermally des-
orbed from a multi-bed sorbent tube suggested that PFOA was
breaking down during the thermal desorption step. But, when
PFOA was thermally desorbed from the ITEX-Tenax TA sorbent
bed as part of an in-tube dynamic headspace preparation
Environ. Sci.: Atmos.
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technique, decomposition was minimally observed over a range
of inlet temperatures. The primary peak resulting from the
thermal desorption of PFOA standard loaded onto the multi-
bed sorbent tube exhibited spectra consistent with peruoro-
1-heptene (PFHp-1).

PFHp-1 also exhibited degradation, which appeared to be
enhanced during the thermal desorption step, raising further
concerns as to extent that other PFAS can degrade to generate
PFHp-1 or similar interference. Under the thermal desorption
conditions used for these tests, a signicant fraction of PFHp-1
injected into the analytical system appeared to generate
breakdown products that have not been completely identied,
which is a limitation of this study.

The implication of apparent breakdown of PFOA during the
thermal desorption introduction step and potential interfer-
ences in its identication and quantication will likely extend
to PFCAs in general since similar transformations are expected
but were not directly studied here. The uorotelomer alcohols
and sulfonamindes maintain their molecular structure during
the thermal desorption step and yield mass ions which are
characteristic of their molecular structure and associated
functional group. Alternate approaches using either a solvent
extraction method for the PFCAs or an alternate thermally
desorbed sorbent system should be explored.

Therefore, the identication of the PFCA compounds in this
method is currently subject to a potential positive interference
from the corresponding peruoroalkene and potentially other
thermally labile PFAS that may generate products with common
spectra and retention time. Thus, it may be benecial to limit
the application of the thermal desorption GC/MS/MS method to
the uorotelomer alcohols and peruorooctanesulfonamides
and use a parallel solvent extraction approach to quantify the
PFCA compounds.
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