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Per- and Polyfluoroalkyl Substances (PFAS) or Interference? Using

High-Resolution Mass Spectrometry as an Investigative Tool in Food Analysis

Brian Ng, Christine M. Fisher, Susan Genualdi, Wendy Young, Elsie Peprah, Ann M. Knolhoff, and Lowri deJager

Matrix interferences can impact routine analysis with triple quadrupole methods for monitoring and quantifying
PFAS in food.

Tackling PFAS Complexity with HRMS and Bioanalytical Techniques
Carrie McDonough and Wesley Scott

There are many benefits of using high-resolution mass spectrometry (HRMS) in analyzing PFAS accumulating
in living organisms. This article shows how HRMS, when combined with exposure-relevant mixtures, can help
elucidate more about PFAS toxicity and exposure.

A Multiphase Sampling and Analytical Approach for Investigating Airborne PFAS Transmission
Steve Suh, David Kennedy, Reika Takahara, Manabu Takayanagi, Hiroshi Hayashida, and Zhonghua Shen

The investigation of airborne PFAS transmission is important in preserving the outdoor urban environment. The
authors explain why GC-MS/MS and LC-MS/MS are the best techniques for analyzing airborne PFAS.

New Technologies That Accelerate Persistent Organic Pollutant (POP) Sample Preparation
Chris Shevlin and Rahmat Ullah

Accelerated solvent extraction (ASE) is widely viewed as a better alternative to GC-MS when analyzing
persistent organic pollutants (POPs). The authors explain why new technological developments offer many

benefits and accelerate POP sample preparation processes.

Analytical Techniques in Exploring the Persistent Global PFAS Problem
Simon Hird, Warren Potts, and Ken Rosnack
The presence of PFAS in the environment requires governmental agencies to establish regulatory limits for

PFAS in human essentials, such as drinking water. LC-MS/MS can be used to analyze a wide range of sample
types containing PFAS, but avoiding PFAS contamination is critical for this technique to work effectively.

Like what you're reading?
; Subscribe to our
newsletters!
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Measurement of PFAS in Complex
Consumer Product Matrices Using
Negative Reagent lons

PFAS are widely used in consumer products to improve
durability and provide various properties, including
non-stick or stain coatings and water resistance

(Kenny Newberry, https://axial.acs.org/earth-space-
and-environmental-chemistry/phasing-out-pfas-in-
consurmer-products). Understanding their presence

in products is important because these molecules

not only persist in the environment but are potentially
toxic and persist in the bodies of humans and animals.
Testing for the presence of low-concentration PFAS
impurities using direct measurement techniques can be
challenging due to many consumer products containing
high concentrations of volatiles, resulting in reagent ion
depletion and saturation effects (Perkins et al. https://
dol.org/10.3390/analytica4030024). This leads to a loss of
sensitivity for the PFAS contaminants.

Selected ion flow tube mass spectrometry (SIFT-MS)

is a direct MS technique that utilizes eight reagent ions
simultaneously to analyze whole air. This is advantageous
in complex mixtures like personal care and household
products, as each reagent ion offers unique selectivity
through orthogonal ionization properties, potentially
mitigating matrix effects caused by the more abundant
volatiles present in these products. While PFAS react with
the eight reagent ions available in SIFT-MS, three reagent
ions are insensitive to the mMore abundant components in
these products: O,-, NO,-and NO,~. This application note
demonstrates selective, high-sensitivity quantitation of
two fluorinated species even in products with complex
volatile matrices, such as shaving cream, fabric softener,
deodorant, and dishwasher rinse aid.

Standards were prepared for pentafluoropropionic acid
(PFPA) and heptafluorobutyric acid (HFBA) into Nalophan
bags filled with zero air. Full scans fromm m/z 10 - 400 were
run on a Syft Tracer™ instrument to identify product ions
and determine their respective branching ratios for all
reagent ions. Consumer products suspected of having
PFAS were decanted into 250 mL glass bottles. Samples
were heated to 40 °C for 10 minutes, and the sample
bottle septum was pierced directly with the instrument
inlet. Zero air flowed into the bottle to equalize the
pressure during sampling. Full scans were run on each
sample and post-processed to identify and quantify
PFPA and HFBA.

PFPA and HFBA were measured in four consumer
products using the five negative reagent ions (OH-, O,
NO,,NO,-, O"). Figure 1(a) displays the reagent ion signals
for the negative reagent ions in a blank and in the fabric
softener sample. Saturation was observed for O- and
OH- (Figure 1(a) - light blue and pink traces) and they
were excluded from the concentration calculations.
Reagention signals for O,-, NO,-and NO, (teal, navy

and purple) remain high in these complex matrices,

enabling the remaining product ions for PFPA and HFBA
to be averaged for determination of the headspace
concentration. The concentrations obtained for the
products are shown in Figure 1(b).
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SIFT-MS successfully quantified PFPA and HFBA in
consumer products at low levels, even when the overall
matrix VOC concentration was high. The eight reagent
ions in Syft Tracer™ provide enhanced selectivity,
because three negative reagent ions can measure low
concentrations of PFAS without any ion suppression
effects. This prevents the need for sample dilution or
pre-concentration of this important class of toxic VOCs,
facilitating rapid sample screening.

www.syft.com
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Per- and Polyfluoroalkyl Substances (PFAS)
or Interference? Using High-Resolution Mass
Spectrometry as an Investigative Tool in Food Analysis

Accurate quantification of per- and polyfluoroalkyl substances (PFAS) in food is necessary to understand potential dietary exposure.
While beneficial for most applications, quantification of PFAS using low-resolution triple quadrupole instruments can be complicated
by the presence of co-eluted interferences, which can result in false positives or inaccurate PFAS concentrations. This article discusses
the use of high-resolution mass spectrometry (HRMS) to distinguish between matrix interferences and PFAS compounds in a variety
of food matrices, and incorporation of these interferences into routine triple quadrupole methods for monitoring.

ue to the extensive use of

per- and polyfluoroalkyl sub-

stances (PFAS) in consumer
products and industrial applications
since the 1950s, these compounds
have been detected in the environ-
ment, humans, and food. Therefore,
the accurate quantification and deter-
mination of PFAS in foods is impor-
tant to better understand potential
dietary exposure.

Since the identification of tauro-
deoxycholic acids as an interference
with perfluorooctane sulfonic acid
(PFOS) in human serum (1), interfer-
ences continue to be identified with
individual PFAS in samples including
environmental, biological, and food
matrices. As analytical methods con-
tinue to expand with additional ana-
lytes and matrices, the detection of
interferences and false positives has
also increased.

Routine low-resolution triple quad-
rupole analysis continues to be the
primary analytical technique for the
quantification of PFAS in food and
environmental samples due to its
lower cost, ease of use, and typically
lower detection limits compared to
high-resolution mass spectrometry
(HRMS). However, the unit mass reso-
lution of triple quadrupole methods
is insufficient to differentiate PFAS
compounds from potential interfer-

ences within £ 1 Dalton (Da) of the
target precursor mass and tandem
mass spectrometry (MS/MS) transition
mass. This can lead to false positives
or over-estimation of PFAS concentra-
tions. This is particularly challenging for
complex matrices, such as foods, and
for short-chain PFAS compounds with
only one transition ion, such as perfluo-
robutanoic acid (PFBA) and perfluoro-
pentanoic acid (PFPeA). This challenge
is exacerbated when the only avail-
able transition is not unique or diag-
nostic (for example, loss of CO, from
a compound containing a carboxyl
group). These shorter chain analytes
are known to uptake into plants and
can transport to the leafy portions (2),
which makes their accurate quantifica-
tion in plant and agricultural products
challenging. In addition, recent publi-
cations have identified PFPeA interfer-
ences in chocolate-containing foods
and shellfish (3,4), and PFBA interfer-
ences from fatty acids in biological and
environmental matrices (4,5).
High-resolution mass spectrometry
(HRMS), often using orbital ion trap or
time-of-flight (TOF) instruments, can
be used to differentiate PFAS com-
pounds from matrix interferents that
differ in mass by = 0.0001 to 0.0010
Da (less than a =10 ppm mass differ-
ence). Therefore, PFAS analytes, such
as PFBA and PFPeA, can be identified

using the accurate mass of the precur-
sor and product ions for PFBA (m/z
2129792 to m/z 1689894) and PFPeA
(m/z 2629760 to m/z 2189862). For
this article, due to the order of mag-
nitude difference in mass accuracy
between instruments, Da and ppm
will be used to describe the mass
accuracy of triple quadrupole and
HRMS instruments, respectively.

This article describes an approach
that can be used to differentiate
matrix interferences from true posi-
tive PFAS detections using HRMS
and tandem mass spectrometry (MS/
MS). The approach is demonstrated
using a matrix interferent for PFPeA
that is commonly found in choco-
late; however, this procedure can be
broadly applied to diverse matrices
and other PFAS compounds with
suspected interferents.

When there is a suspected matrix inter-
ference based on the triple quadru-
pole data (such as positive detections
for PFBA and PFPeA, retention time
shifts relative to corresponding labeled
internal standards, or unexpectedly
high concentrations), the sample can
be analyzed using liquid chromatog-
raphy (LC)-HRMS with the same or
a similar LC method as used for the
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Source: Figures were modified from Genualdi, S; Beekman, J; Carlos, K; et al. Analysis of per- and poly-
fluoroalkyl substances (PFAS) in processed foods from FDA's Total Diet Study. Anal. Bioanal. Chem. 2022,
414, 1189-1199 and reproduced with permission from Springer Nature (3).

LC-HRMS EICs generated from a chocolate chip cookie sample for (a) PFPeA
(pink; m/z 262.9760 = 5 ppm) and the labeled PFPeA surrogate (blue; m/z 265.9861 + 5
ppm); (b) PFPeA m/z262.9760 + 1 Da; and (c) the suspected interferent at m/z 262.1087 + 5
ppm (green) and its associated '3C isotope (red; m/z 263.1120 = 5 ppm).

1.20E+06 1 (a)

218.1188

219.1221

8.00E+05 217 219

218.1188
1.00E+06 -

u.)

6.00E+05 -
114.0561

Intensity (a

4.00E+05

2.00E+05

262.1087
0.00E+00 L

50 100 150 200 250 300
m/z

2508405 1 1y 262218

262114

u.)

: 2.00E+05

1.50E+05 -

Intensity (a

1.00E+05

5.00E+04 4

0.00E+00

Source: Figures were modified from Genualdi, S.; Beekman, J.; Carlos, K; et al. Analysis of per- and poly-
fluoroalkyl substances (PFAS) in processed foods from FDA's Total Diet Study. Anal. Bioanal. Chem. 2022,
414, 1189-1199 and reproduced with permission from Springer Nature (3).

(a) The HRMS-MS/MS spectrum for the suspected interferent at m/z 262.1087;
and (b) EICs for the m/z 262 to m/z 218 (green) and m/z 262 to m/z 114 (red) transitions of
the suspected interference on the triple quadrupole instrument.
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triple quadrupole method. To illustrate
the process for accurately identifying
interferents with HRMS, an example
is shown from a chocolate chip cookie
with a suspected PFBA interferent
analyzed with both triple quadrupole
(ABSciex 6500 Plus QTRAP hybrid
quadrupole/linear ion trap) and HRMS
(Thermo Q-Exactive Orbitrap) instru-
mentation. The full scan mass spectral
data is examined first by generating
extracted ion chromatograms (EICs) for
the accurate masses of the suspected
PFAS compounds and any relevant sur-
rogate compounds with a mass range
of +1 Da to mimic the triple quadru-
pole mass accuracy and =5 ppm to
utilize accurate mass. Figure 1a shows
the EICs for PFPeA (pink; m/z 2629760
+ 5 ppm) and the labeled PFPeA sur-
rogate (blue; m/z 2659861 = 5 ppm);
the latter was spiked into the chocolate
chip cookie sample. There is no peak
for PFPeA at 6.04 min (as expected
based on the labeled PFPeA reten-
tion time). Figure 1b shows an EIC for
a mass range of +1 Da of PFPeA (m/z
2619760 to m/z 2639760) which can be
used to directly compare the HRMS
results to the triple quadrupole data.
The data show that the peak at 5.88
min is likely a matrix interferent which
caused a false positive detection on
the triple quadrupole instrument due
to the retention time proximity to the
standard (shown in Figures 1a and 1b).
The accurate mass of the suspected
interferent at 5.88 min was determined
to be m/z 263.1120. Interestingly, this is
actually the 1¥C isotope of m/z262.1087.
Figure 1c shows the extracted ion chro-
matograms (EICs) for the exact masses
of the "C (m/z 2621087 + 5 ppm) and
13C (m/z 263.1120 + 5 ppm) isotopes,
where the elution profiles align well
with each other and the EIC of the sus-
pected triple quadrupole interferent in
Figure 1b.

Once the mass-to-charge of the
suspected interferent is found, MS/
MS data is examined to verify that
the interferent precursor generates
a product ion within £1 Da of the
expected transition mass (for exam-
ple, m/z 2629760 — m/z 2189862
for PFPeA) in the MS/MS spectrum.
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Tackling PFAS Complexity with HRMS
and Bioanalytical Techniques

Per- and polyfluoroalkyl substances (PFASs) are highly persistent anthropogenic compounds that are widespread in the
environment. There are thousands of PFASs, yet few neat standards exist for unequivocal identification, quantification,
or toxicity assays. The bioanalytical study of complex commercial PFAS mixtures is an innovative route to better
understand novel PFAS exposure and toxicity. Here, we highlight efforts using high-resolution mass spectrometry
(HRMS) and exposure-relevant mixtures to prioritize PFASs based on their potential to accumulate in living organisms.

(PFASSs)

are unlike many legacy hydro-
phobic persistent organic pollutants
(POPs) in that fatty tissues are not
their main reservoir in the body. Many
PFASs are anions at physiological pH,
and they have similar structures to
endogenous fatty acids. Fatty acids
are transported throughout the body
by the transporter protein serum
albumin, and so are PFASs. Although
the bioaccumulation of legacy POPs
can be predicted by hydrophobic-
ity alone, PFAS toxicokinetics in the
human body are related to affinity
for human serum albumin (HSA) and
renal transporters (organic anion
transporters, or OATs), as well as affin-
ity for the phospholipids that make up
cellular membranes. These complex
interactions have necessitated the
development of more sophisticated
models to predict and understand
PFAS toxicokinetics (1), as well as mul-
tiple in vitro and in vivo experimental
approaches to ground truth them (2).

The observation that “trace amounts
of organic fluorocompounds derived
from commercial products” were
present in blood from the general
population was first made in the
1970s using nuclear magnetic reso-
nance (NMR) (3). Since then, our abil-

ity to identify and measure PFASs in
biological samples has advanced sig-
nificantly. Presently, liquid chroma-
tography with tandem mass spec-
trometry (LC-MS/MS) is recognized
as the go-to method for sensitive
and accurate measurement of tar-
geted PFASs, with detection limits
of 0.1-1 ng/mL, depending on the
analyte. Using these methods has
revealed that PFASs are present in
the blood of virtually every human
on Earth, as well as most wildlife.
Although the levels of PFASs are
often low (near detection limits), they
have been found to be elevated in
countless communities with PFAS-
impacted drinking water and in
occupationally exposed individuals.
The health consequences of these
exposures are concerning, including
immunosuppression, several types
of cancer, increased risk of obesity,
and liver disease.

LC-MS/MS has revealed that per-
fluoroalkyl acids (PFAAs), such as
perfluorooctane sulfonate (PFOS)
and perfluorooctanoic acid (PFOA),
are widespread in human blood. The
coupling of this technique with inte-
grative organofluorine measurement
techniques like total organofluorine
combustion ion chromatography
(TOF-CIC) has also highlighted how
little of the total organofluorine body
burden is accounted for by these tar-
geted LC-MS/MS methods. A recent

study monitoring the blood of the
general Swedish population found
that an average of 60% and 41%
of total organofluorine was unex-
plained by targeted LC-MS/MS in
females and males, respectively (4).
The data raised the following ques-
tion: what compounds make up the
rest of this organofluorine? Are they
fluorinated pharmaceuticals, novel
PFASs with no analytical standards,
or ultra-short-chain or neutral vola-
tile PFASs not caught by traditional
reverse-phase LC (RPLC)?

There are thousands of PFASs with
diverse properties that pose a consid-
erable challenge for analytical chem-
ists attempting to characterize all
PFASs contributing the unidentified
organofluorine burden in a biologi-
cal sample. In addition, some PFASs
(referred to as “precursors” or “pre-
PFAAs") are labile under certain con-
ditions, transforming in the environ-
ment or in vivo to form perfluorinated
end products that are highly stable.
Many PFAS precursors eventually form
common perfluoroalkyl acids, where
original precursor functionality and
structure have been lost. This com-
plicates the understanding of source
contribution or environmental foren-
sics because it is impossible to know
which precursor was initially present.
This also precludes an understand-
ing of the full health impacts because
direct exposure to a distinct precursor
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is expected to have different toxicolog-
ical effects than exposure to the final
product PFAA (5).

We know that humans are chroni-
cally exposed to a complex mixture
of PFASs, including poorly under-
stood pre-PFAAs that are widespread
in commercial products. Because of
studies combining LC-MS/MS and
integrative techniques like TOF-CIC,
we also know that we are not captur-
ing total organofluorine with targeted
LC-MS/MS techniques. Without con-
firming molecular identification, it is
impossible to fully understand the
predominant exposure sources and
the associated health risks.

The use of complex, exposure-rele-
vant mixtures enables the study of
novel PFASs present in these mixtures
when there are no neat standards. This
allows for the prioritization of novel
PFASs based on their bioaccumulation
or biotransformation to known toxic
PFAAs. Yeung and Mabury demon-
strated the utility of such methods in
2013 by conducting detailed analyses
of rainbow trout tissues after exposure
to two distinct aqueous film-forming
foams (AFFFs) (6). AFFFs are used to
fight fuel fires, and they were widely
used as part of fire training activities by
first responders and military personnel.
Prolonged use of AFFFs during training
or simulation exercises have left large
impacted fire training areas where the
soils, groundwater (7), and surround-
ing coastal environments (8) will remain
contaminated for decades to centuries
to come (9). Yeung and Mabury noted
that not only did targeted PFASs mea-
surable by LC-MS/MS accumulate in
the AFFF-exposed fish, but the fish
also contained significant amounts of
unknown organofluorine.

Several recent studies have demon-
strated the usefulness of similar tech-
niques incorporating high-resolution
mass spectrometry (HRMS) and in vitro
or in vivo exposures to complex AFFF
mixtures for investigating the bioaccu-
mulation and toxicity of PFAS-contain-
ing AFFFs. Yang and associates (10)
used size-exclusion column co-elution

and HRMS to measure the binding
potential of PFASs to human liver fatty
acid binding protein (hL-FABP) and
identify novel PFASs in a commercial
AFFF mixture and in AFFF-impacted
waters that are hL-FABP ligands. They
identified novel substituted perfluo-
roalkyl sulfonates (PFSAs) including
unsaturated, ketone-, hydrogen-, chlo-
rine-, and oxygen-substituted PFSAs,
as hL-FABP ligands. Li and colleagues
(11) combined HRMS and equilibrium
dialysis to identify AFFF-associated
PFASs with high bioaccumulation
potential. They tentatively identified
several of the novel substituted PFSAs
also found by Yang and associates
that were likely noncovalently bound
to HSA, as well as at least one novel
AFFF-associated sulfonamide pre-
cursor (N-dimethylammoniopropyl
perfluorohexane sulfonamide) that
appeared to have some potential for
covalently binding to HSA.

Recent in vivo treatments using
AFFF have also been used for deter-
mining bioaccumulation potential and
biotransformation products of novel
PFASs. Our work applying HRMS to
analyze serum from mice dosed with
a field-collected predominantly elec-
trochemically fluorinated AFFF (the
same AFFF used by Li and colleagues
in HSA binding studies) also identi-
fied several novel substituted PFSAs
accumulating in blood serum after a
brief 6 d depuration, confirming that
these compounds highlighted by in
vitro studies were indeed accumu-
lating in AFFF-exposed living organ-
isms (12). We also identified a series of
novel bis-sulfonamides in post-dep-
uration mouse serum, though these
compounds were neither detected in
the original AFFF used in our dosing
study, nor have they been recognized
as a potential component of AFFF in
other HRMS studies. Potential expla-
nations for the presence of these bis-
sulfonamides in AFFF-dosed mouse
serum where these compounds may
have been present in the AFFF at a
low level and were not detectable
until their accumulation in mouse
serum enhanced their relative abun-
dance in comparison with other AFFF
components. This highlights their
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bioaccumulation potential, or they
formed as metabolic products of
other sulfonamide-based AFFF com-
ponents. The discovery of these com-
pounds in an in vivo AFFF-dosed
model highlights the usefulness of
such methods for prioritizing identi-
fication of novel biologically relevant
PFASs that may be hidden in com-
plex mixtures prior to exposure.

Our later work using HRMS to char-
acterize PFAS mixturesin humanblood
serum from an AFFF-impacted com-
munity in El Paso County, Colorado,
further highlights the utility of these
laboratory-based complex mixture
studies to inform and direct human
biomonitoring. Among the approxi-
mately 200 residents whose blood
was analyzed in this study, unsatu-
rated PFOS (UPFQOS), a compound
tentatively identified with high bioac-
cumulation potential in our mouse
experiments, was detected in 85% of
residents, and it was also found in raw
drinking water (13). The spatial trends
in semi-quantitative abundance sug-
gested this compound originated
from the same AFFF source as other
PFASs in El Paso County drinking
water, and the widespread presence
of UPFOS in human serum echoed
our findings of high bioaccumulation
potential in AFFF-exposed mice.

Similar methods have recently been
applied to prioritize novel compounds
in complex PFAS-containing environ-
mental samples. Bangma and associ-
ates (14) treated mice with industrially
impacted surface water from Bladen
County, North Carolina, a site previ-
ously impacted by Chemours' Fay-
etteville Works where elevated detec-
tions of several novel ether PFASs
were found. Their results corroborated
recently characterized human serum
profiles from the same area (15), high-
lighting PFOSDA, Nafion Byproduct 2,
and HydroEVE as compound needing
prioritization for toxicological testing.

Despite the application of many
advanced analytical techniques and
the work of numerous investigators
worldwide, the significant portion of
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unidentified organofluorine remaining
in the biosphere presents a significant
challenge in the analytical community.
Although technigues combining HRMS
with in vitro or in vivo prioritization of
complex, exposure-relevant dosing
mixtures hold promise, there are still
many uncertainties inherent in these
approaches. For example, these studies
may be influenced by saturation of bind-
ing sites, competitive binding amongst
individual PFASs, or both. Such satura-
tion and competition are likely not rep-
resentative of real exposure scenarios
occurring at lower concentrations, but
elevated dosages are needed to facili-
tate identification of novel compounds.
Additionally, measuring PFASs requires
an expensive, time-intensive methodol-
ogy such as LC-HRMS, and the uncov-
ering of novel PFASs will likely require
additional method development and
even more advanced analytical instru-
mentation to capture sub-classes like
the ultra-short-chain and neutral volatile
PFASs. Despite these many challenges,
continual progress is being made to
understand total PFAS body burden,
including advances in sample prepara-
tion, instrumentation, and in silico tech-
niques to broaden the fraction of total
PFASs that are encompassed. Addi-
tionally, efforts to harmonize naming
conventions, provide machine-readable
structures for novel PFASs (16), and
communicate confidence of novel PFAS
identifications in a consistent way (17), as
well as the growing number of PFASs
identified and entered into spectral
databases, are accelerating discovery
and understanding of the biological rel-
evance of novel PFASs.

Carrie McDonough is an Assistant Pro-
fessor in the Department of Chemistry
at Carnegie Mellon University in Pitts-
burgh, Pennsylvania. Wesley Scott is
a Postdoctoral Research Associate in
the Department of Chemistry at Carn-
egie Mellon University in Pittsburgh,
Pennsylvania. Direct correspondence
to: wesleys@andrew.cmu.edu
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For example, Figure 2a shows the MS/
MS spectrum for the suspected PFPeA
interferent at m/z 2621087 in the cookie.
The most abundant fragment in the MS/
MS spectrum is m/z 218.1188, which has
a BC isotope at m/z 2191221. This frag-
ment is within the =1 Da window of the
PFPeA fragment mass at m/z 2189862,
further indicating this compoundis likely
the false positive being detected on the
triple quadrupole instrument.

At this point, attempts can be made
to identify the interferent. If the struc-
ture of the interferent is known, addi-
tional sample preparation steps can
be developed to remove it. As men-
tioned previously, taurodeoxycholic
acid has been identified as a common
component in biological and food
matrices which interferes with the
main transition used to quantify PFOS
(m/z 499 — m/z 80). This compound
can be removed from samples with
an additional cleanup step utilizing
graphitized black carbon during sam-
ple preparation (6). However, identify-
ing interferents and developing addi-
tional sample preparation procedures
for each can require significant time
and resources, which may not be fea-
sible in every case. Because interfer-
ences will continue to arise as more
PFAS compounds are monitored and
additional foods are tested, there is
a need for a rapid approach to limit
these interferences.

One way to address this challenge is
by leveraging additional product ions in
the MS/MS spectrum of the interferent
generated on the HRMS instrument.
In the chocolate chip cookie example,
the suspected interferent generated a
product ion of m/z 114.0561 as shown
in Figure 2a. Because this product ion
is not present for PFPeA, the m/z 262
to m/z 114 transition can be added to
the triple quadrupole method to con-
firm the presence of this interference
(Figure 2b). This interferent was also
confirmed by Bangma and co-authors
in their investigation of PFPeA in cocoa
mix (). As more interferents are identi-
fied and documented, these additional
transitions can be added to triple quad-
rupole methods to rapidly distinguish
them from PFAS compounds in the
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same analysis, without the need for
additional sample preparation develop-
ment/procedures. This is also extremely
valuable for labs that may not have
access to HRMS instrumentation.

The approach described here is
broadly applicable to diverse PFAS
compounds and matrices, making it
amenable to the rapid pace at which
new PFAS interferences are being
found. In addition to the PFPeA in
the chocolate chip cookie example,
this approach has been successfully
applied to distinguish interferences
from PFBA in deer meat samples and
from 4:2 fluorotelomer sulfonic acid
(@:2 FTS) in corn snaplage using a dif-
ferent HRMS instrument (ABSciex 7600
ZenoTOF). Given the challenges asso-
ciated with interferences in complex
matrices, the use of HRMS is a power-
ful tool for PFAS confirmation and for
investigation of interferences.

HRMS is capable of distinguish-
ing matrix interferents from targeted
PFAS compounds in complex matri-
ces based on mass differences within
+ 0.0001-0.0010 Da (for example, +5
to 10 ppm), reducing the risk of false
positives and over-estimation. In addi-
tion, the full MS/MS spectrum of inter-
ferents can be leveraged to establish
alternate transitions to distinguish
PFAS and interferent compounds in
the same analytical data acquisition on
triple quadrupole mass spectrometers,
without requiring interferent identifica-
tion and additional sample preparation
procedures. This approach ensures
that PFAS amounts reported in foods
are accurate when used for the calcula-
tion of dietary exposure estimates.

Brian Ng, Christine M. Fisher, Susan
Genualdi, Wendy Young, Elsie Peprah,
Ann M. Knolhoff, and Lowri deJager are
with the USFDA Center for Food Safety
and Applied Nutrition, in College Park,
Maryland. Direct correspondence to:
Susan.Genualdi@fda.hhs.gov
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A Multiphase Sampling and Analytical Approach
for Investigating Airborne PFAS Transmission

Steve Suh, David Kennedy, Reika Takahara, Manabu Takayanagi, Hiroshi Hayashida, and Zhonghua Shen

The authors evaluated a sampling and analytical system to measure differing modes of atmospheric per- and polyfluorinated
substances (PFAS) transmission. The sampling was conducted with the FM4 sampling module, which features particulate
collection followed by polyurethane foam sorption followed by activated carbon disc adsorption, a configuration designed
to capture PFAS-laden particulate matter (one-micron to ten-microns), as well as aerosol, volatile, and ionic PFAS species in a
single sampling event. Individual sampling media fractions were subsequently analyzed by gas chromatography coupled with
tandem quadrupole mass spectrometry (GC-MS/MS) and liquid chromatography coupled with tandem quadrupole mass
spectrometry (LC-MS/MS) for 33 ionic and 20 neutral PFAS species. A multi-day field sampling event conducted in an outdoor
urban environment demonstrated that the system was able to capture and differentiate a number of airborne PFAS species.
The study showed that simultaneous, multi-phase sample collection coupled with GC-MS/MS and LC-MS/MS analysis can be
a useful approach to further elucidate the mode and manner of atmospheric PFAS transmission.

per- and polyfluorinated substances

(PFAS), contaminant sources,
and dispersion modes continue
to expand. Early studies targeted
a small number of PFAS analytes
(primarily long chain carboxylic and
sulfonic acids) and largely focused on
water-borne dispersion arising from
PFAS manufacturing and industrial
applications such as fire suppression
foams (1). However, improved analyti-
cal methods based on tandem mass
spectrometry have greatly increased
the understanding of environmental
PFAS contamination. More recently,
focus has shifted to environmen-
tal PFAS compounds that display a
much wider range of functionalities
with more diverse chemical prop-
erties (2). This has expanded the
view of how PFAS are dispersed in
the environment.

Some non-ionic PFAS (particularly
fluorotelomers) possess significant
volatility and still others (both ionic
and non-ionic) can be adsorbed upon
airborne particulates (3). Highly polar
ionic PFAS can become concentrated
(up to 62,000-fold (4) at the air-water
interface of small bubbles, and thenbe
dispersed as aerosols upon bursting.

I nvestigations of new environmental

This phenomenon underlies the asser-
tion that sea spray aerosol transport is
responsible for the wide distribution
of PFAS in remote arctic regions (5).
Airborne transport also introduces
the potential for dispersion of PFAS
from aerated waste management
facilities (6) and from indoor use of
PFAS-containing stain repellents and
anti-fogging agents (7).

These multiple modes of dispersion
and potential sources have increased
interest in airborne PFAS transmission
but have also made it more difficult to
study the phenomenon. PFAS analyti-
cal chemistry has made great strides,
but fewer advances are seen in PFAS
air sample collection. Notably, in
2021, the U.S. Environmental Protec-
tion Agency (EPA) introduced Other
Test Method 45 (OTM-45), which
features a multimedia air sampling
configuration for measuring selected
PFAS from stationary sources (8).
However, the sampling apparatus
is quite complex and difficult to run
and is not amenable to high through-
put PFAS analysis. A further advance
has been reported by Wu and co-
authors (9), which features a novel,
integrated sampler design which
can simultaneously collect both par-

ticulate and vaporous contaminants
from ambient air, and has improved
applicability for PFAS sampling from
stationary sources.

In this paper, we present field test-
ing results from the deployment of
a commercially available sampling
device of the same design. The FM4
sampler simultaneously collects dif-
ferent airborne PFAS fractions (par-
ticulate, vapor, and ionic) on separate
sorption media (quartz fiber filter,
polyurethane foam and activated car-
bon fiber disc) for subsequent
analysis. The analytical techniques
employed (10) feature gas chroma-
tography coupled with tandem quad-
rupole mass spectrometry (GC-MS/
MS) for neutral PFAS analytes and
liguid chromatography coupled with
tandem quadrupole mass spectrom-
etry (LC-MS/MS) for ionic PFAS.

The data presented below illus-
trate how the analysis of PFAS com-
ponents captured on the various
sampling media can differentiate
chemically diverse PFAS species and
suggest potential atmospheric trans-
port modes. Results are presented
from multiday field sampling events,
which show distinctly different atmo-
spheric PFAS compositions and sug-
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gest further opportunities for the
application of this approach.

Experimental: Consumables
Standards and Reagents

Target PFAS analytes and internal
standards were obtained from Wel-
lington Laboratories, Cambridge
Isotope Laboratories, Biosynth Car-
bosynth, and Sigma-Aldrich, and
are presented in Table | along with
chromatographic retention times
and MS/MS transition parameters.
LC-MS grade methanol and ace-
tonitrile were obtained from Kanto
Chemical Co., ethyl acetate and
ammonium acetate were obtained
from Fujifilm Wako Pure Chemical
Corporation, and dichloromethane
was obtained from Kishida Chemi-
cal Co., Ltd.

FM4 Sorption Media

Quartz fiber filter (QFF) media (47 mm)
of three classes (>10 pm, 10-2.5 pm
and 2.5-1.0 pm), Polyurethane foam
(PUF) sorption media (47 mm x 50
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""" Quartz Fiber Filter (QFF) (>10 pm)

------ Quartz Fiber Filter (QFF) (10-2.5 ym)

------ Quartz Fiber Filter (QFF) (2.5-1.0 um)

""" Polyurethane Foam (PUF)

------ Activated Carbon Fiber Disk (GAIAC)

FIGURE 1: Schematic diagram of the FM4 sampler.

mm) and activated carbon fiber discs
(GAIAC-47 mm) were obtained from
GL Sciences, Inc.

Chromatographic Columns

LC column: 1.9 ym, 2.1 mm I.D.
x 100 mm InertSustain AQ C18
and GC column: 0.25 mm i.d. x 30
m, df = 0.25 pm InertCap Pure-
WAX were both obtained from GL
Sciences, Inc.

after s 5
Ours- MWN MEDICAL MINUTES

Experimental - Instrumentation

Air Sampling Device

The FM4 air sampling devices (10)
were acquired from GL Sciences, Inc.
and were operated at a flow rate of
20 L/min. A schematic diagram is pre-
sented in Figure 1.

LC-MS/MS Instrumentation

The instrumentation parameters for
the LC-MS/MS target analytes were

8.
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developed with an Agilent 1260 Infin-
ity Prime LC coupled with an Agilent
Ultivo Triple Quadrupole LC-MS/MS,
and are presented in Table Il. The
analytical methodology followed 1SO
21675:2019.

GC-MS/MS Instrumentation

The instrumentation parameters for
the GC-MS/MS target analytes were
developed with an Agilent 8890/7010B
Triple Quadrupole GC-MS/MS, and are
presented in Table llb. The analytical
methodology followed the procedures
described more fully in reference (10).

Preparation and Extraction

of Sampling Media

The sampler and media were pre-
cleaned to remove PFAS artifacts.
QFF media were baked for 3 h at 350
°C to remove volatile contaminants.
The PUF filters and GAIAC discs
were sequentially cleaned with water,
methanol, ethyl acetate and dichlo-
romethane, and dried in a vacuum
oven. Metal components of the FM4
sampler were cleaned by sonication in
50% water:ethanol.

For LC-MS/MS analysis, QFF media
were extracted and vortexed three
times with 4 mL of methanol and the
combined 12 mL of extract was then
reduced in volume to 1 mL by nitro-
gen gas evaporation at 40 °C. PUF
media and GAIAC disks were each
extracted three times with 10 mL of
1:1 dichloromethane:ethyl acetate
and the combined 30 mL of extract
was then reduced in volume to 1 mL
by nitrogen gas evaporation at 35 °C
and directly analyzed by GC-MS/MS.
The remaining extract was then evap-
orated to near dryness with nitrogen
gas at 40 °C and taken up in 1 mL of
methanol for LC-MS/MS analysis.

Results and Discussion

Method Chromatographic Performance
Typical MRM chromatograms are dis-
played in Figure 2. Chromatograms
for the 33 LC-MS/MS target analytes
(Figure 2a) are displayed separately
from the 24 stable isotope surrogates
(Figure 2b) to better show the distri-
bution of the surrogates amongst the
analytes. The number aside each peak
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corresponds to the analyte number-
ing system in Tables la and Ib. Chro-
matograms for the 20 GC-MS/MS
target analytes and 8 surrogates are
displayed together in Figure 2c. The
numbers aside each peak correspond
to the analyte numbering system in
Table Ib. Note that the neutral PFAS
analytes N-MeFOSA and N-EtFOSA
are analyzed by both GC-MS/MS and
LC-MS/MS, but FOSA (PFOSA) is ana-
lyzed by LC-MS/MS.

Method Quantification
Target PFAS analytes were quantified
by external calibration. Calibration
curves for LC-MS/MS analytes were
generated at 2, 19, 50, 200, 1000, and
5000 pg/L and for GC-MS/MS at 25,
50, 100, 250, 500, 1000, 2000, 5000,
20,000, and 50,000 pg/L. All linear
regression points differed by less than
20% from known value. The limit of
quantification was calculated as the
smallest concentration of the standard
on the calibration curve that could be
accurately measured within +20% of
its theoretical value at a signal-to-noise
ratio of 10 or greater. To verify the sta-
bility of the instrument, a mixed stan-
dard solution adjusted to 1000 pg/mL
for LC-MS/MS and 5 ng/mL for GC-
MS/MS was measured for each analy-
sis batch. If the concentration of the
mixed standard solution was not within
+20% of the corresponding theoretical
value, a new calibration curve was pre-
pared. The material blank (procedural
blank) and material recovery (proce-
dural recovery) were analyzed for every
batch of samples. The target com-
pounds can also be quantified by the
internal standard method, and loss in
the sampling and extraction processes
can thereby be corrected to a limited
extent. However, in the field sampling
data presented below the results were
not so corrected, owing to the limited
number of commercially available iso-
topically labeled internal standards.
Method quantification limits (MQLs)
were developed for all 49 target ana-
lytes. The MQLs in the blank test of
each material and the measurement
of real samples are presented in Table
lll. The MQLs from the blank tests are
expressed as pg (total quantity). The

MQLs from the field measurements
are expressed as pg/m? (volumetric
mass), based upon a 72-h sampling
event with the sampler operating at a
flow rate of 20 L/min. Volumetric mass
MQLs for the 48-h and 24-h sampling
events are higher by factors of 2 and
3 respectively, owing to the reduced
volume of air processed. The LC-MS/
MS field sampling MQLs were gener-
ated on an Agilent 1269 Infinity Il LC
interfaced with a Sciex Triple Quad
4500 MS/MS system and, for GC-MS/
MS, on a Shimadzu GCMS-TQ8050
system. Both LC-MS/MS and GC-
MS/MS MQLs followed the analytical
methodology and instrumentation
parameters previously described in
the Experimental section.

Sampling Method

Performance Characterization
Material recovery tests were per-
formed by directly spiking native and
surrogate standards onto each sorp-
tion matrix to establish the efficiency
of the analytical extraction process.
Native analyte recoveries for most
analytes and media were between
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70% and 120%. Exceptions were the
FTUCAs and FDIAs where recoveries
ranged from 33% to 75% (average of
50%) with the longer chain analytes
showing higher recoveries.

Media blank tests (n = 5) performed
on pre-treated media showed no
mean extractable quantities greater
than 20 pg for most analytes with
the exception of PFHxA in PUF and
GAIAC (60 pg and 82 pg, respectively)
and BPFB in GAIAC (51 pg).

Travel blank tests (n = 2) were per-
formed with fully prepared FM4 sam-
plers transported to the sampling site
and returned to the laboratory with-
out air collection. All field travel blanks
were generally clean and showed ana-
lyte levels consistent with the media
blanks. The only exception was 6:2
FTOH which was below the MQL in
the media blank, but appeared in the
travel blanks at a mean level of 73 pg
in the GAIAC media, suggesting an
external contamination source.

Finally, recovery tests were per-
formed to evaluate the loss of target
analytes during the field sampling
process. A surrogate standard mixture
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was spiked directly onto the sampling
media and ambient air was sampled
for 24 h, 48 h, and 72 h (n= 6 for each).
Recoveries were similar to the material
recovery tests (70% to 120%), showing
that PFAS retained by the media are
not lost during the sampling process.
The exceptions were the short chain
PFCAs and FOSAs where recoveries
ranged from 31% to 68% (average of
52%). These results are approximately
30% to 50% lower than in the mate-
rial recovery tests, showing that such
analytes could be partially lost during

sampling and suggesting that field
sampling results could be biased low.
The longer chain PFDAs, however,
did not exhibit reduced recovery.
Although these recovery results were
adequate for the scoping objectives
of this study, future research studies
using PFAS-fortified aerosol might be
better served by quantifying specific
analyte recoveries.

Field Sampling Results
Several field sampling events were
conducted to evaluate the ability of
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the sampling device and the associ-
ated analytical protocol to character-
ize atmospheric PFAS composition.
The sampling site was located in a
mixed rural and residential area of Tsu-
kuba city, Ibaraki Prefecture, Japan,
approximately 35 miles northeast of
Tokyo. There is no heavy industry in the
immediate area and there are no known
PFAS-contaminated sites nearby.

Sampling was conducted in a cov-
ered, open-air structure. Three FM4
samplers (n = 3) were operated simul-
taneously at a flow rate of 20 liters per
min for a period of 24 h. The samplers
were then shipped to the laboratory
in Tsukuba city, where the sorption
media were removed and analyzed
per the prescribed protocol. Twenty-
five days later, the same three sam-
plers (cleaned and replenished) were
returned to the Tsukuba sampling site
and a duplicate 24-hour sampling and
analytical event was conducted. Com-
parisons of the two 24-h sampling
events are presented in Figure 3a and
Figure 3b. The duplicate sampling
and analytical procedures were then
repeated as a 48-h event and finally as
a 72-h event. However, only the results
for the 24-h sampling events are pre-
sented here, as these data adequately
illustrate the utility of procedure.

Note that the southwest wind direc-
tion on Day 1 (Figure 3a) placed the
sampling site downwind from the
highly populated and industrialized
Tokyo-Yokohama area, whereas on
Day 2 (Figure 3b), with a northwest
wind, the site was downwind from the
less urbanized Tochigi prefecture. A
comparison of the colored composi-
tion wheels from the two sampling
events, shows that the general atmo-
spheric PFAS composition and spe-
cific PFAS concentrations from the
two events were markedly different.

Examining the individual analyte
concentrations, the atmospheric com-
position on Day 1 appears equally
weighted toward fluorotelomer alco-
hols (FTOHs) and perfluorocarboxylic
acids (PFCAs), whereas PFCAs pre-
dominate on Day 2. After removing
the Day 1 contribution from 6:2 FTOH
(a previously recognized travel blank
contributor), the Day 1 data still show a
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Other compositional differences are noticed, such as
the 3X higher level of PFBS and the 5X higher level of
PFBA on Day 2. Also of interest is the presence of 8:2
FTOH on Day 1, which was undetected on Day 2, as well
as the presence of 6:2 FTl, owing to the unusual chemi-
cal nature of this fluorotelomer analyte. One could
continue to tease out differences from the two 24-h
sampling events, but the primary conclusion is that two
distinctively different atmospheric PFAS compositions
were sampled.

The same can be said of the data from the 24-h and
72-h sampling events which are not presented here but
which show equally intriguing differences. For exam-
ple, the 72-h Day 2 event displays the same distinctive
descending PFCA pattern seen in the 24-h Day 2 event.
However, this pattern is completely absent in the other
72-h event and both 48-h events. In addition, compared
with the 24-h event, PFCA concentrations in the 72-h
events are 2-3 times higher in the PUF and ACFF frac-
tions, suggesting that the particulate:aerosol ratios were
significantly different for the two events.

Moreover, the 72-h Day 1 concentration of 8.2 FTOH
(80 pg/m?3) is quite similar to the 24-h Day 1 event but
is 3—4X higher than the 72-h Day 2 event and for both
48-h events. Notably, HFPO-DA appears in both the
48-h Day 1 and Day 2 events at concentrations of 25 pg/
m?3 and 70 pg/m3, respectively, but was not observed
at all in the 24-h and 72-h events. Finally, a visual com-

FIGURE 2: LC-MS/MS and GC-MS/MS chromatograms. (a) LC-
MS/MS target analyte chromatograms, (b) LC-MS/MS surrogate
chromatograms, and (c) GC-MS/MS analyte and surrogate
chromatograms.

much higher contribution from FTOHSs, owing to the pres-
ence of 8:2 FTOH.

Also noticeable are the distinctly different PFCA pat-
terns in the two sampling events. Day 2 shows a gen-
erally descending pattern of PFCA concentrations
from short chain (PFPrA) to long chain (PFUNnDA) in all
media, whereas the Day 1 PFCA contribution predomi-
nantly comes from PFPrA in PUF and ACFF, but not in
QFF. Additionally, the Day 2 descending PFCA pattern
is quite pronounced on the QFF media wherein ionic
PFAS are presumably sorbed on 1-10-micron particles.
Surprisingly, no PFPrA was seen in the QFF media on
Day 1, whereas it predominates the QFF results on Day
2. However, the descending pattern continues on the
PUF and ACFF media suggesting that the bulk of the
nonvolatile ionic PFAS are present in aerosol particles
(less than 1 micron) which are partially entrained in the
PUF media, but more fully captured by the ACFF.

Q@ bl Sciences
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Air Sampler for PFAS
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parison of all six color composition
wheels shows that the 48-h Day 2
event sampled a distinctly differ-
ent atmospheric PFAS composition
compared to the other five events.

Changes in meteorological
conditions (such as wind direc-
tion) and the potential contribu-
tion of transitory sources certainly
played a role in the varying atmo-
spheric PFAS analyte contributions
and their measured concentra-
tions. However, this study was not
designed to definitively identify
the causes of these variations; that
should be the subject of further
investigation. Rather, the primary
purpose of this study was to dem-
onstrate the variable complexity
of atmospheric PFAS contamina-
tion and to highlight the utility of
the multistage sampling and ana-
lytical approach for investigating
potential sources, impacts and
potential remediations.

Conclusions

This paper described the charac-
terization and field testing of a mul-
tistage field sampling device com-
bined with LC-MS/MS and GC-MS/
MS analysis for the determination
of 54 PFAS analytes in air at the low
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FIGURE 3: Comparison of the two 24-h sampling events. (a) PFAS analyses from the first sampling event (n = 3) with weather: southwest
wind; mostly clear/sometimes foggy; 10 to 24° C (16 °C average); (b) PFAS analyses from the second sampling event (n = 3) with weather:
northwest wind; clear; -3 to 11 °C (3 °C average).

pc/m3 level. Field-testing experi-
ments demonstrated the ability of
the approach to quantitatively char-
acterize local atmospheric PFAS
composition and to differentiate
the PFAS compositions from differ-
ent sampling events. This sampling
and analytical approach should have
application for the investigation of
airborne PFAS sources and trans-
mission modes and for the evalu-
ation of potential mitigation and
remediation approaches.

Acknowledgments

The FM4 sampling module was
developed by Futamura Chemical
Co., Ltd. under a joint research
agreement with National Insti-
tute of Advanced Science and
Technology (AIST). Part of this
research was performed by the
Environment Research and Tech-
nology Development Fund (1G-
2102) of the Environmental Resto-
ration and Conservation Agency
of Japan.

Steve Suh is with GL Sciences, Inc. in Tor-
rence, California. Reika Takahara, Manabu
Takayanagi, Hiroshi Hayashida, and Zhon-
ghua Shen are with GL Sciences, Inc. in
Tokyo, Japan. David Kennedy is with
David Kennedy and Associates, in Rio
Verde, Arizona. Direct correspondence to:
stevesuh@glsciencesinc.com

This article has additional
supplemental information
only available online.
Scan code for link.

1

K


https://www.chromatographyonline.com/view/a-multiphase-sampling-and-analytical-approach-for-investigating-airborne-pfas-transmission
mailto:stevesuh@glsciencesinc.com

26 HOT TOPICS IN PFAS SEPTEMBER 2023

WWW.CHROMATOGRAPHYONLINE.COM

New Technologies That Accelerate Persistent
Organic Pollutant (POP) Sample Preparation

Despite best efforts in 2004 to ban their use, persistent organic pollutants (POPs) remain prevalent across the globe, including
in soil. To protect human health, agricultural and environmental soil require careful investigation, but preparing samples for
gas chromatography-mass spectrometry (GC-MS) analysis is time-consuming, and mostly done manually. Accelerated solvent
extraction (ASE) has been the preferred preparation method for the past few decades, and while we have seen advancements,
the method remains manual. Now, new technology offers parallel sample processing, combined extraction and evaporation,
and automation—leading to faster analysis, reduced risk of error, and freed-up time for personnel.

ersistent organic pollutants

(POPs) are still a cause of safety

concern. After significant efforts
from the Stockholm Convention on
POPs to reduce and eliminate these
compounds in 2004 (1), many are now
banned. However, their persistence
means they can remain in soil for a
long time. From soil, POPs can make
their way into the food chain, causing
adverse effects. Accurate POP quanti-
tation is therefore essential to protect
human health.

Proper sample preparation is critical
for easier gas chromatography-mass
spectrometry (GC-MS) analysis. Cleaner
samples with fewer compounds reduce
competitive ionization and enhance the
signal, allowing analysis to better meet
reproductivity, recovery, and sensitivity
requirements. In addition, clean sam-
ples greatly reduce instrument main-
tenance, as dirty samples can foul up
equipment and cause ion suppression,
leading to signal loss.

To prepare samples for analysis, the
compounds need to be removed from
solid (or semi-solid) matrices and taken
up into a liquid for injection. However,
the workflow is complex, consisting of
three steps: extraction, cleanup, and
evaporation (Figure 1).

Two-thirds of all processing time is
spent preparing the samples, which
is still mostly manual. Despite many
advances in preparation, it remains

resource-intensive, requiring person-
nel to do laborious and tedious pro-
cesses. Itis also error-prone: over 80%
of all laboratory errors occur during
sample preparation. These draw-
backs have profound influence on the
overall workflows:
e Sample throughput is low, and
turnaround times are long
® Increased errors drive up costs
for re-running samples, and
bring risks to accreditation
e  Staff retention and recruitment
is challenging, contributing to
high turnover and limiting pro-
ductivity
Accelerated solvent extraction
(ASE), a high-temperature and high-
pressure technique, offers fast and
effective sample extraction. Due toits
strengths, ASE is often the technique
of choice, but relatively few changes
have been made over recent years,
offering space for improvement. ASE
is, for example, a manual process
that requires subsequent cleanup
and solvent evaporation to concen-
trate samples for instrumental analy-
sis. Alternatively, manual processes
like Soxhlet can be used; however,
it uses large volumes of solvent and
takes a lot of time, which a chemist
must solely dedicate to the process,
which drives up costs.
Now, parallel extraction protocols
with automated sample preparation

exist as alternatives to manual prepa-

ration. Additionally, both extraction

and evaporation can be combined in
an automated system to save time and
drive productivity:

* Freed-up time for person-
nel: Combining tasks increases
walk-away time during sample
preparation

* Reduced errors: There is less
user intervention required,
and no spills occur

®  Accurate workflows: Automa-
tion allows end-point detec-
tion to stop the process at the
desired level

New systems feature a gas-assisted
extraction mode, which saves on both
solvent use and extraction time. After
collection, the needles can be rinsed
to reduce carryover. Evaporation is
then performed in the still-sealed ves-
sels—under gentle vacuum, to avoid
the loss of semi-volatile compounds—
and a nitrogen (N,) stream is blown
through the same collection needle.
Samples that are less volatile can also
be heated to aid evaporation.

So, how effective are combined
and automated extraction and evap-
oration systems for POP purification
(Figure 2)? Here, we explore their suit-
ability for preparing organochlorine
pesticides (OCPs), polychlorinated
biphenyls (PCBs), and polyaromatic
hydrocarbons (PAHSs) in soils.
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Initial Sample
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Severe Processing Bottleneck

The POP sample preparation workflow.

OCP Sample Setup

Pesticides and surrogate standards
were mixed and diluted with hexane
to produce stock solutions. The stock
solution was diluted to obtain calibra-
tion standards with concentrations
of 0.01, 0.02, 0.05, 0.1 and 0.2 pg/mL.
Pentachloronitrobenzene (2 pg/mlL)
was then added to each standard.

PCB Sample Setup

PCB Congener Mix and surrogate
standard (2,4,5,6-tetrachloro-m-xylene)
were mixed and diluted with hex-
ane to form stock solutions (1 pg/mL).

The stock solution was diluted to make
calibration standards of 0.005, 0.02,
0.05, 0.10, 0.20, and 0.3 pg/mL. An
internal standard solution of decachlo-
robiphenyl (10 pg/mL, 20 pL) was then
added to each calibration standard.

PAH Sample Setup

PAHs and surrogate standards were
mixed and diluted with acetone-methy-
lene chloride in a 1:1 ratio. The resultant
stock solutions were diluted to make
calibration standards with concentra-
tions of 0.1, 0.2, 0.5, 0.75, 1.0, and 2.0
pg/mL. An internal standard solution
of naphthalene-d8, acenaphthene-d10,

WWW.CHROMATOGRAPHYONLINE.COM

phenanthrene-d10, chrysene-d12, and
perylene-d12 (20 pg/mL, 20 pL) was then
added to each calibration standard.

General Setup

For each study, clean loam soil (2 g) was
mixed in a glass beaker with diatoma-
ceous earth (2 g, Dionex ASE Prep DE
dispersant). This mixture was poured
into an extraction cell and spiked with
the appropriate standard, as detailed
above. All the samples then underwent
ASE using the Thermo Fisher Scientific
EXTREVA ASE accelerated solvent
extractor, as per the conditions out-
lined in Table I. The solvents used were
acetone-hexane (1:1) for OCPs, hexane
for PCBs, and acetone-methylene chlo-
ride (1:1) for PAHs.

Newersystems combine sample extrac-
tion and evaporation in a single auto-
mated platform, greatly reducing the
need for human intervention. Extrac-
tion and concentration of multiple sam-
ples is performed in parallel, increas-
ing throughput. As an added bonus,
these systems also reduce the volume
of solvent used for extraction, making
the workflow more cost-effective and
environmentally friendly.

OCP Analysis

OCPs, synthetic chlorinated hydrocar-
bon derivates, were once widely used
to protect crops, livestock, buildings,
and households from insect damage.
But OCPs persist, bioaccumulate, and
biomagnify, leading to their restric-
tion and banning in many locations
globally, including the United States
and the European Union. In addition
to their harmful properties, OCPs can
be analytically challenging; they are
semi-volatile, meaning samples must
be carefully cleaned for accurate quan-
titation.

A recent study examined 20 differ-
ent OCP analytes in spiked soil matri-
ces (2). Compared to single extraction
instruments and serial processing,
an automated instrument combin-
ing extraction and evaporation gave
higher throughput for OCP samples,
especially in conjunction with parallel
processing. Recovery studies were per-
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Combined extraction and evaporation: 48 samples per day
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formed, with all OCP recoveries falling
between 80% and 115% for both 10
mL and 100 mL cells (Figure 3), meet-
ing the recommended acceptance
criteria from the U.S. Environmental
Protection Agency (EPA).

Further analysis and studies demon-
strated the strength of automated and
combined extraction and evaporation.
Significantly, the relative standard devia-
tion (RSD) was below 79% for all stan-
dards, demonstrating reproducibility
of the method using the system. Car-
ryover studies were also performed—
even from high spike samples, very little
carryover was detected (0.00-0.43%),
ensuring result accuracy and integrity.

PCB Analysis

PCBs are a class of chlorinated hydro-
carbons that were widely produced and
used until their manufacture was banned
in 1979. These resilient, non-flammable,
and stable compounds also benefit
from high boiling points, making them
suitable for a plethora of applications
from hydraulic equipment to paints. But
PCBs also bioaccumulate and biomag-
nify, and, given their toxicity, pose a sig-
nificant threat to human health.
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Aiming to simplify PCB analysis, a
study used an automated protocol
combining extraction and evaporation
for sample preparation (3). PCB ana-
lytes in soil samples were quantified,
with two sample sizes tested: 2 g of
soil in a 10 mL cell, and 20 g of soil in a
100 mL cell.

PCB recoveries were between 77.0%
and 1009%, also meeting EPA accep-
tance criteria (5). Notably, even highly
volatile compounds such as PCB18 were
extracted with high efficiency. The RSD
was also determined and found to be
below 20% for all compounds, demon-
strating that the extraction and evapo-
ration protocol showed good repro-
ducibility (Table Il). Further, proficiency
testing (PT) samples were purchased
and run, with all PCBs detected within
PT published acceptance ranges.

Researchers optimized the work-
flow further, offering additional effi-
ciencies using the method. Most sig-
nificantly, they reduced the flow rate
from 1.6 mL/min to 0.35 mL/min (Table
I, method 2), finding it only minimally
affected recovery rates but slashed
solvent consumption by half.

PAH Analysis

PAHSs are persistent environmental con-
taminants that arise from the incomplete
combustion of organic materials such as
coal, ail, petrol, and wood. Hundreds of
PAHSs are known, but only 16 have been
designated as high priority pollutants
by the EPA for toxicity, carcinogenicity,
and mutagenicity. Also, as PAHs bind
to particulate matter, they can be trans-
ported long distances away from their
origin, further intensifying the need for
accurate concentration determination.

Recently, a study used new ASE
methodology to determine the 16 PAHs
in soil @). All the recovery rates of the
PAH analytes were between 77.5% and
106.6%, well within EPA requirements.
The method was also highly reproduc-
ible, with an RSD of below 20% for all
compounds investigated.

To further determine the accuracy
and precision of the approach, the
team performed carryover studies. Less
than 0.5% carryover was determined
for all analytes, demonstrating the effi-
cacy of rinsing between extractions.

Finally, 12 replicates on certified PT
samples all gave RSDs of below 7%, fall-
ing within the acceptance range of the
accompanying certificate (Table Ill).

Fast and effective sample preparation
is crucial to maintain the highest level of
quality in POP analysis, but traditional,
manual procedures currently make it
time-consuming, resource-intensive
and error prone. What's more, ineffi-
cient processes can be laborious and
demotivating for analysts, leading to
recruitment and retention issues.

Now, sample preparation doesn't
need to be a bottleneck in the ana-
lytical workflow. Automating sample
preparation and combining extraction
and evaporation steps significantly
improves the process by making it faster
and more cost-effective. In addition, a
protocol that runs samples in parallel
can improve capabilities further by dra-
matically increasing sample throughput.

The advanced and automated ASE
methods that combine extraction and
evaporation enable highly efficient sam-
ple preparation for OCBs, PCBs, and
PAHSs. Three studies demonstrated that
the method met the recovery require-
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ments outlined by the EPA for each class
of analyte, and all samples had RSDs
below 20%, demonstrating the repro-
ducibility of the approach. Additionally,
a rinse between extractions can effec-
tively minimize carryover, with less than
0.5% carryover of the analytes detected.
Beyond accuracy and precision in
POP analyte determination, automated
parallel extraction and evaporation
systems also improve sample through-
put, while reducing error and hands-on
time. Such an automated workflow can
improve POP analysis for many labora-
tories, and result in increased personnel
productivity, happiness, and retention.

Chris Shevlin is Scientific and Educational
Affairs Manager, lon Chromatography
and Sample Preparation, at Thermo
Fisher Scientific. Rahmat Ullah is Manager,
Chemistry for the lon Chromatography
Sample Preparation (ICSP) business unit at
Thermo Fisher Scientific. Direct correspon-
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Analytical Techniques in Exploring the
Persistent Global PFAS Problem

Per- and polyfluoroalkyl substances (PFAS) are synthetic chemicals with unique properties. They are used in a wide
range of different industries because they repel water and oil, and they are heat-resistant. However, PFAS contamination
has become a widespread global concern because of their ubiquitous occurrence, persistence in the environment
and living organisms, and potential health risks. Governments around the world are continuously introducing
and updating regulatory limits for PFAS in drinking water, other types of water, biota, and, most recently, food.
Analyzing such a wide range of sample types for PFAS requires high sensitivity and selectivity, typically provided
by methods based on advanced liquid chromatography-tandem quadrupole mass spectrometry (LC-MS/MS)
instrumentation. However, one critical aspect to sampling and analyzing PFAS accurately is to avoid PFAS contamination
during these processes. This paper emphasizes the significance of robust and reliable PFAS analysis to support efforts
to mitigate the global PFAS crisis. Collaboration, research, and advanced analytical solutions are essential to safeguard
food, water, and the environment, thusly reducing the impact of PFAS on public health and the environment.

er- and polyfluoroalkyl sub-

stances (PFAS) are synthetic

chemicals with a myriad of
industrial and cosmetic uses, and they
contain unique properties that enable
them to repel oil and water as well
as being resistant to heat. Common
uses include firefighting foams, water-
resistant and non-stick coatings, water-
proof mascara, floor polishes, and oil-
resistant coatings for paper products
approved for food contact.

Currently, there are thousands
of known PFAS with more than 600
permitted for use in the United
States alone. Despite decades of
research on PFAS, fundamental bar-
riers remain to addressing worldwide
contamination by these chemicals
and their associated impacts on envi-
ronmental quality and health. What
we do know is that three of the most
researched PFAS compounds (per-
fluorooctanoic acid [PFOA], perfluo-
rooctane sulfonic acid [PFOS], and
perfluorohexane sulfonate [PFHxS])
have shown adverse health effects in
people (1-3).

* They are highly mobile, ubiqui-
tous, persistent, and toxic envi-
ronmental contaminants that

accumulate in humans, animals,
and the environment.

e They are characterized by their
high chemical stability, enor-
mous structural diversity, and
consistent presence in both
the scientific literature and
mass media.

e The basic structures of PFAS
consist of a carbon chain with
substituted fluorine atoms
replacing hydrogen atoms on
the chain.

e Different categories of PFAS
can be grouped based upon
the different substituents and
functional groups within or ter-
minal to the chain.

Dietary intake is considered
as one of the main human expo-
sure pathways of these chemicals.
Once they enter the human body,
PFAS do not metabolize and
instead can accumulate in tissues
as mentioned previously.

As advisory and regulatory limits
continue to be created and updated
to protect public health and the

environment, detection require-
ments for PFAS have been getting
more demanding. For example, on
June 15th, 2023, the U.S. Environ-
mental Protection Agency (EPA)
tightened its lifetime health advisory
levels in drinking water for PFOA
and PFOS. The proposed interim
level for PFOA is 0.004 ng/L, or four
parts per quadrillion (ppq), currently
the lowest recommended level.
As an analogy, think of trying to
identify four specific ants out of all
the estimated one quadrillion ants
on the planet! Since then, in March
2023, the U.S. EPA proposed estab-
lishing legally enforceable levels
for six PFAS (PFOA, PFOS, perfluo-
rononanoic acid [PFNA], hexafluoro-
propylene oxide dimer acid [HFPO-
DA], PFHxS, and perfluorodecane
sulfonic acid [PFBS]) in drinking
water as part of the National Pri-
mary Drinking Water Regulation (4).
The proposed maximum contami-
nant levels (MCLs) for PFOA and
PFOS are 4.0 ppt while the remain-
ing are based on a "Hazard Index".
Other established drinking water
maximum levels of PFOA and PFOS
are 80 and 40 ng/L in China (5),
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Overlaid chromatograms are shown for solvent blanks (green), extraction blanks
(orange), and spiked extracts (blue) for (a) PFOA at 0.004 ng/L; (b) GenX at 0.02 ng/L; (c)
PFOS at 0.02 ng/L; and (d) PFBS at 0.02 ng/L. Axis labels are time (min) for x-axis and

intensity for y-axis.

respectively, whereas those in Aus-
tralia are 560 and 70 ng/L, respec-
tively (6). As stated in the Official
Journal of the European Union,
"By 12 January 2024, the Commission
shall establish technical guidelines
regarding methods of analysis for
monitoring of per- and polyfluoroal-
kyl substances under the parameters
'PFAS Total’ [totality of all individual
PFAS should not exceed 500 ng/L]
and ‘Sum of PFAS’ [sum of PFAS in
Part B of Annex Il should not exceed
100 ng/L], including detection limits,
parametric values and frequency of
sampling” (7).

The first regulatory limits for some
PFAS in some foods of animal ori-
gin have recently been agreed to in
Europe alongside recommended
indicative limits in many other
foods. Commission Regulation (EU)
2022/2388 (8) that amended Regula-
tion (EC) No 1881/2006 was enacted
on January 1st, 2023, and it set man-
datory individual maximum levels for
a limited number of PFAS (PFOA,
PFOS, perfluorononanoic acid [PFNA]
and perfluorohexane sulfonic acid
[PFHXS]), together with a maximum
level for the sum of those PFAS,
in various foods of animal origin.
The regulation was restricted to food
of animal origin because this group

was thought to be the most impor-
tant contributor to human exposure
to PFAS. Maximum levels, depending
on the commodity, range from 0.2
to 50 pg/kg. As you can see, where
maximum or advisory limits exist for
water and food, the actual specific
PFAS, as well as the maximum limits
themselves included in the legisla-
tion, varies significantly between or
even within regions.

Reliable analytical methods are
needed to check compliance with
regulatory limits and to determine
exposure. For routine monitoring and
research purposes, detection of PFAS
to the ng/L, ng/kg, or part-per-trillion
(ppt) level requires the use of liquid
chromatography-tandem quadru-
pole mass spectrometry (LC-MS/MS).
Although avoiding sample preparation
may improve laboratory throughput, as
well as reduce potential sources of con-
tamination, a sample preconcentration
step can be used for that ultimate
method sensitivity.

With so many common sources (9)
of PFAS contamination in our every-
day environment, it can be difficult to
routinely achieve such low-level anal-
ysis. Although complete avoidance

WWW.CHROMATOGRAPHYONLINE.COM

of PFAS is impossible, steps can be
taken to minimize background contri-
butions. In the field, caution should
be taken to avoid Teflon-containing
materials such as waterproof cloth-
ing, plastic clipboards, and chemical
ice packs. In the laboratory, items
to avoid include sticky notes, cer-
tain glass disposable pipettes, vial
caps with Teflon seals, and low den-
sity polyethylene (LDPE) containers.
Detergents and personal care prod-
ucts used in the laboratory, used to
launder laboratory coats or worn by
scientists should also be considered
possible contamination sources. It
is recommended that all laboratory
supplies be checked for PFAS con-
tamination before use in the analysis.

Although not all countries have test-
ing requirements in place, a good
number of proactive steps are being
taken by others. In response to grow-
ing evidence of the harmful effects
of PFAS, many changes and regula-
tions have been proposed around the
world. The impact of PFAS continues
to be researched and our understand-
ing improved. Waters' PFAS solution
— including quality controlled sample
preparation, flexible data management
tools, PFAS specific training, along with
certified reference materials and pro-
ficiency testing — is helping scientists
determine PFAS at very low levels and
study their persistence and toxicity, as
governments work to develop plans to
remove them from our environment.
Through customer collaboration, we
continue to refine and improve our
solutions that enable scientists and
innovators around the world to ensure
the safety of food and water. It is part
of our overall commitment to leave the
world better than we found it.

Simon Hird, Warren Potts, and Ken
Rosnack are with Waters Corporation.
Direct correspondence to: Ken_Rosnack@
waters.com
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Shimadzu’s suite of LC-MS/MS solutions for the
analysis of PFAS easily delivers the sensitivity and
accuracy expected by modern environmental
laboratories. In addition to reliable, repeatable results,
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ease of use for maximum uptime and throughput. All
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