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ARTICLE INFO ABSTRACT

Handling Editor: Xiu-Ping Yan The C-F alkyl structural backbone of per- and polyfluoroalkyl substances makes this class of molecules resistant
to heat and degradation, leading to their high persistence and mobility in the environment and bioaccumulation

Keywords: in the tissues of living organisms. In this study, 15 PFAS with an alkyl chain length from C4 to Ci4, currently

Ton-exchange sorbents monitored by the U.S. Environmental Protection Agency (EPA), were preconcentrated by solid-phase micro-

Solid phase microextraction

extraction (SPME) and analyzed by liquid chromatography-tandem mass spectrometry. The adsorption and
Perfluoroalkyl substances ( ) Y y 1q graphny: P ry P

desorption mechanisms of PFAS onto ion-exchange extraction phases was evaluated to understand the extraction
process of PFAS from various environmental matrices under different conditions. This was achieved using two
SPME geometries, namely fibers and thin films. The use of thin films resulted in a twofold improvement in
extraction efficiency compared to fibers, especially for the short-chain PFAS. Methanol:water (80:20, v/v) was
chosen as the optimized desorption solution, with ammonium formate added to minimize carryover. Extraction
time profiles for both SPME geometries showed faster equilibration with thin films (30 min) compared to fibers
(90-120 min). The linear dynamic range obtained with this method using fibers and thin films ranged from 10 to
5000 ng L ! and 2.5-5000 ng L™}, respectively, with acceptable accuracy (70-130%) and precision (<15%). LOD
ranged within 2.5-10 ng L™! for fibers and 0.01-0.25 ng L™ for thin films. Investigating the factors affecting
PFAS recovery in complex samples enabled the quantitative assessment of PFAS contamination in various
environmental water samples such as seawater, melted snow and biospecimens like human plasma. A 96-SPME
holder was used for validation, which is compatible with sampling in 96-well plates and ensures high throughput
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in the analysis of real samples. The total concentration of PFAS detected in seawater and snow was 51.3 ng L™*

and 16.4 ng L™}, respectively.

Abbreviations

C18 Octadecyl silica

EDS Energy dispersive x-ray spectroscopy detector
EtFOSAA N-ethyl perfluorooctanesulfonamidoacetic acid
EPA Environmental protection agency

ESI Electrospray ionization

GenX Hexafluoropropylene oxide dimer acid

HESI Heated electrospray ionization

HLB Hydrophilic-lipophilic balance

HLB-WAX/PAN Hydrophilic-lipophilic balance/polyacrylonitrile
LOD Limit of detection

LOQ Limit of quantification

MeFOSAA N-methyl perfluorooctanesulfonamidoacetic acid
MRM Multiple reaction monitoring

PAN Polyacrylonitrile

PBS Phosphate-buffered saline

PFAS Per and poly fluoroalkyl substances
PFBA Perfluoro butanoic acid

PFBS Perfluorobutanesulfonic acid

PFDA Perfluorodecanoic acid

PFPeA  Perfluoropentanoic acid

PFHxA  Perfluorohexanoic acid

PFOA Perfluorooctanoic acid

PFOS Perfluorooctanesulfonic acid
PFHpA  Perfluoroheptanoic acid

PFNA Perfluorononanoic acid

PFTrDA Perfluorotridecanoic acid
PFTeDA Perfluorotetradecanoic acid
PFUdA  Perfluoroundecanoic acid
SEM Scanning electron microscope
SPME Solid phase microextraction
WAX Weak anion exchange

1. Introduction

The widespread use of perfluoro- and polyfluoroalkyl substances,
commonly known as PFAS in the manufacturing industry has led to
increasing environmental contamination. Thus it is becoming critical for
environmental monitoring and public health protection to accurately
detect PFAS in water, biota, and complex environmental samples [1,2].
PFAS structure consists of a polar functional group, usually a carboxylic
or sulfonic acid, connected to either a fully (per-) or partially (poly-)
fluorinated alkyl chain [3,4]. The fluorinated alkyl backbone of PFAS is
hydrophobic and lipophobic (i.e., it is not attracted to water or nonpolar
organic substances). This is because the C-F bond is symmetrically ar-
ranged in the alkyl chain, which causes PFAS’s low overall polariz-
ability. This low polarizability also means a weak van der Waals
interaction. Therefore, fluorinated compounds are immiscible with both
water and organic solvents, forming a three-phase system [5,6]. These
orthogonal properties that characterize PFAS, allow this class of mole-
cules to easily disperse at interfaces of heterogeneous systems, such as
air and water [7]. In addition to this unique chemistry, the strength and
stability of C-F bonds contribute to the high persistence and mobility of
PFAS in the environment, as well as bioaccumulation in animals, plants
and human tissues [8,9].

Most PFAS are ionized in aqueous environments and thus can be
readily transported through aqueous systems, and oceans are considered
an important sink for these pollutants. PFAS are released directly into
rivers through the discharge of industrial effluents, landfills, and
sewage, and in due course, enter the marine environment [10].
Long-range transport of volatile and semi-volatile PFAS precursors can
lead to degradation into ionic PFAS (such as carboxylic and sulfonic
acids), which are considered potential PFAS sources in remote areas
[11]. Precipitations are among effective pathways to remove PFAS from
the atmosphere, as PFAS have been detected in snow [12], rainwater
[13,14] and stormwater [15,16]. However, with the varying composi-
tion of these water samples, matrix effects during chemical analysis may
pose a challenge due to their salinity and/or the presence of dissolved
organic matter that may co-elute with the PFAS of interest [17,18].
Filtration of these samples could be an option; however, this may result
in loss of analytes or cross-contamination of samples. Furthermore,
because of the high risk posed by the release of PFAS into the

environment and their ability to bioaccumulate in living organisms, it is
important to study PFAS not only in aqueous media but also in biological
samples, such as blood or plasma, to establish a link between environ-
mental contamination and human exposure. Commonly used techniques
for the determination of PFAS in complex samples include filtration
[19], solvent extraction [20], and solid phase extraction (SPE) [21].
These methods have limitations, such as a long sample preparation time,
high solvent and sample consumption, and the risk of
cross-contamination of complex samples due to multiple sample pre-
treatment steps [22]. Therefore, techniques to improve selectivity and
efficient enrichment while minimizing matrix effects are critical for
high-precision monitoring of PFAS in the environment and biological
samples.

Microextraction methods provide a valid alternative to the above
techniques to improve preconcentration and reduce the use of organic
solvents, resulting in a more sensitive and environmentally friendly
extraction strategy. SPME is characterized by its versatility and appli-
cability to a wide range of samples because of its ability to perform both
headspace and direct sampling of complex systems through the use of
biocompatible extraction phases [23-25]. Several SPME geometries are
available and have been explored in various applications such as air,
water, soil, and biological sampling [24], with fiber geometry being the
most commonly used SPME configuration. However, if method sensi-
tivity is an issue, alternative geometries such as thin films can be used to
increase extraction efficiency. In addition, thin film SPME allows for a
large surface area to volume ratio of the extraction phase, which im-
proves extraction kinetics [26,27]. The use of biocompatible extraction
phases also allows extraction from complex samples such as biofluids
and tissues by minimizing biofouling of the extraction devices and
co-extraction of sample interferences [28]. Polyacrylonitrile (PAN) is
the most commonly used biocompatible polymer for SPME-LC applica-
tions. PAN is hydrophilic and has good chemical stability and
anti-biofouling properties that prevent the adhesion of macromolecules
that cause fouling. This is due to a hydration layer, which is formed by
hydrogen bonds between the functional groups on the surface of the
device and the water molecules in the sample [29]. These properties
make PAN optimal for SPME use in biological fluids, tissues, and food
analysis. Its good chemical stability allows desorption in organic sol-
vents and prevents swelling of the extraction phase.

Commonly used sorbents for PFAS are C;g [30], HLB [31,32], WAX
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[33,34] and mixed mode phases coupled to a weak anion exchange
(WAX) moiety [35,36]. In our previous study [37], HLB-WAX/PAN
provided best recoveries and balanced extraction coverage for 4 repre-
sentative PFAS (Cy4, Cg and 2 Cg). In this study, we expanded the number
and type of PFAS investigated to include PFAS with alkyl chain ranging
from C4 to Cq4, and with carboxylic, sulfonic and sulfonamidoacetic acid
functionalities. Moreover, strategies to ensure PFAS quantitative
desorption and reduce carryover on the HLB-WAX/PAN sorbent were
also investigated. In our previous work [37], adding ammonium hy-
droxide into the desorption solution reduced the carryover on the
HLB-WAX extraction phase to < 5%. However, it is still unclear whether
the desorption mechanism is primarily due to the effect of pH on the
WAX moieties or to an anion exchange interaction of the anionic PFAS
and hydroxide ion on the extraction phase. Therefore, in this study the
performance of HLB-WAX/PAN SPME devices for preconcentration of
15 PFAS were investigated, in order to (i) determine the mechanisms
controlling the desorption of PFAS from the extraction phase and
extraction of PFAS from the sample matrix, which is especially critical in
the analysis of seawater and melted snow due to the presence of dis-
solved ions and organics in the sample that can affect selectivity, (ii)
evaluate matrix effects in seawater, melted snow, and human plasma,
(iii) develop a high-throughput method using 96-well plates for complex
matrices, and (iv) assess how the extraction efficiency of PFAS changes
in a biological matrix such as human plasma due to binding to native
plasma components.

2. Materials and methods
2.1. Chemicals and supplies

All standards PFBA, PFePA, PFBS, PFHxA, PFHpA, GenX, PFOA,
PFOS, PFDA, PFNA, CPFUdA, MeFOSAA, EtFOSAA, PFTrDA and
PFTeDA were purchased from AccuStandard (New Haven, CT, USA). 3¢
labeled internal standards (13C8 -PFOA, 13C8 -PFOS, 13C3 —GenX and 13C2
— PFUdA) were obtained from Wellington Laboratories (Ontario, Can-
ada). Other properties of these analytes are listed in Table S1. Ultrapure
water from a Nanopure Infinity System (Barnstead, Thermofisher Sci-
entific) was used as mobile phase A. LC-MS grade methanol and iso-
propanol were purchased from Birch Biotech (Morgantown, PA),
ammonium formate, ammonium acetate and ammonium hydroxide
from Fisher Scientific (Hampton, NH), ammonium fluoride from Acros
Organics, and ammonium chloride from Sigma Aldrich (St. Louis, MO,
USA). A seasalt mixture used to produce simulated seawater samples
was purchased from Lake Products Company LLC, MO, USA. The
composition of the sea salt mixture is listed in Table S2. Phosphate-
buffered saline (PBS) and human plasma preserved with sodium cit-
rate were purchased from Sigma Aldrich and Innovative Research (M,
USA), respectively. N,N-dimethylformamide and polyacrilonitrile (PAN)
were purchased from Acros Organics and Sigma Aldrich respectively.
HLB-WAX particles were purchased from Waters Corporation (Milford,
MA). C18/PAN and HLB/PAN fibers were kindly provided by Millipore
Sigma (Bellefonte, PA, USA) and HLB-WAX/PAN fibers and thin films
were prepared according to the procedures described in our previous
work [37]. The length of the extraction phases was 1 cm and their
thickness is as follows: the C18/PAN thickness 42 pm, HLB/PAN 37 pm,
HLB-WAX/PAN fiber and thin film were 35 pm and 190 pm, respec-
tively. The nitinol wire and blades were purchased from Component
Supply Company (Sparta, TN) and Yarder Manufacturing Co. (Toledo,
OH), respectively.

2.2. Sample collection and storage

All water samples were collected in high-density polyethylene bot-
tles as recommended by US EPA [38]. Snow was collected after accu-
mulation in Februray 2022 at the University of Toledo campus and
allowed to melt in a refrigerator before being frozen at —20 °C. Real
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seawater samples were collected at North Myrtle Beach in South Car-
olina and stored in the refrigerator until analysis. The human plasma
was stored in the freezer at —20 °C until analysis.

2.3. Fiber and thin film preparation

The fibers and thin films (deposited on a metal blade) were prepared
by dip coating using a dip coater (Ni-Lo X2 Dip Coater, Ottawa, Canada).
Briefly, 5 g of polyacrilonitrile and 72.5 mL of dimethylformamide were
placed in a beaker and heated to 90 °C for 1 h and then cooled. A slurry
was then prepared by mixing the HLB-WAX particles with the above
solution and stirring overnight before coating. The nitinol wires were
cleaned in a sonicator in methanol for 30 min, while the blades were
etched with 220 grit sandpaper and cleaned in methanol: isopropyl
alcohol (50:50, v/v) for 15 min. Both the fibers and blades were coated
by dipping them in the slurry to a length of 1 cm and cured in an oven at
125 °C for 1 min. On average, a total of 6 layers of extraction phase were
deposited on fibers and 4 layers on the metal blades to ensure a homo-
geneous coating. The inter-batch reproducibility for both fibers and thin
films is shown in Fig. S1.

2.4. SPME procedure

A 96-well plate robot (PAS technology Deutschland GmbH, Ger-
many) (Fig. S2) was used for extraction and desorption of the water
samples. For plasma samples, an agitator was used for extraction from
700 pL plastic vials and the 96-well plate for desorption. Extraction was
performed for 20 min in a 2 mL plastic plate with 96 wells. Sample
volume was 500 pL for plasma and 1 mL for water. For the desorption
process, a 350 pL 96-well plate (MicroSolv, Leland NC) with a glass
insert was used and desorption was performed for 20 min. 150 pL
desorption solution of methanol:water (80:20, v:v) with 0.5% (w:w)
ammonium formate was used for the SPME fiber procedure. For SPME
thin film, desorption was performed in 250 pL of methanol:water (80:20,
v:v) desorption solution with 2% (w:w) ammonium formate. Both
extraction and desorption were performed at a speed of 1000 rpm. After
extraction from the plasma samples, a short rinsing step was performed
in ultrapure water to remove any loosely adhering particles on the fibers
and thin films before immersion in the desorption solution.

2.5. Working standard preparation

All working standards and stock standards were prepared and stored
in methanol at 4 °C except PFOA individual stock standard solution, that
was stored at — 20 °C. PFTeDA and PFTrDA stock standards, were stored
in 50:50 methanol:water according to manufacturer’s recommendation.

2.6. Instrumentation and data processing

A QSight LX50®binary UHPLC pump, autosampler, and column
compartment (PerkinElmer Inc., Waltham, MA, USA) with a Perki-
nElmer Brownlee SPP Cyg column (50 mm x 3 mm, 2.7 pm) was used for
chromatographic separation, with the column compartment kept at
30 °C. A Restek PFAS delay column Cpg, (50 x 2.1 mm, 3 pm) (Restek
Corporation, Bellefonte, PA) was used to trap and delay PFAS in the
system to ensure accurate and reliable quantification. The total run time
was 10 min with an injection volume of 10 L (partial loop injection,
total loop size 20 pL). Ultrapure water (A) and methanol (B), both
containing 2.5 mM ammonium acetate, were used as the mobile phase
for the gradient. At a flow rate of 0.5 mL/min, the mobile phase gradient
started at 5% B from 0 to 1.0 min and then increased to 45% at 1.5 min.
It was then maintained at 98% B from 7 to 8.0 min and finally decreased
to 5% B from 8.1 to 10 min. The QSight 220 ® (PerkinElmer Inc. Wal-
tham, MA, USA), a triple quadrupole mass spectrometer was used for
detection and quantification of analytes in negative heated electrospray
ionization (HESI) mode. Multiple Reaction Monitoring (MRM) was used
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to monitor all target analytes and internal standards. Nitrogen gas for
the ESI source, the laminar flow ion guide, and collision cell was
generated by a Parker/Balston nitrogen generator system (Parker Han-
nifin Corporation, Lancaster, NY, USA). The optimized MS conditions
were: ESI voltage —2300 V, drying gas and nebulizer gas 100 and 300,
respectively, source and HSID temperature 300 °C and 200 °C, respec-
tively. Table S1 shows the analytes” MS/MS transitions, including the
internal standards.

A JEOL JSM -7500 F scanning electron microscope (SEM) (JEOL
USA, Inc., Peabody, MA) with a BRUKER XFlash 5010 series energy
dispersive x-ray spectroscopy detector (EDS) (Billerica, MA) was used
for surface morphology and thickness of SPME fiber and thin film. SEM
images of the fibers and thin films can be found in Fig. S3.

Data acquisition and processing were performed using Simplicity
3Q®software (version August 1, 2006.12348) (PerkinElmer Inc., Wal-
tham, MA, USA). Origin 9.0 (OriginLab Corporation, Northampton, MA,
USA) was used for additional data processing. A mixture of standard
solutions with concentrations ranging from 0.05 to 50 pg L ~! was used
to calibrate the instrument and calculate the mass of PFAS extracted by
the SPME fibers and thin films during method optimization.

2.7. Matrix effect and method validation

Matrix effects were studied for snow, seawater and human plasma
based on the procedure proposed by Matuszewski et al. [39]. Extractions
from blank samples and desorption in a methanol:water (80:20, v/v)
solution were performed. After desorption, a mixture of PFAS standards
was added to the desorption solution prior to instrumental analysis.
Three concentrations of 25, 50, and 500 ng L™ were analyzed for matrix
effects. Similarly, ultrapure water and PBS were used as control samples
for water and plasma, respectively. In addition to the control samples,
the PFAS mixture was added to a pure desorption solution and analyzed.
The absolute matrix effects were calculated using Equation (2.1).

post extraction spiked desorption solution
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Fig. 1. Comparison of the absolute recovery normalized by extraction phase
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Extraction and desorption time was at 90 min with agitation speed at 1000 rpm.
Desorption solution was methanol:water (80:20, v/v).

volume ( * volume of extraction phase) x 100 with different sorbents.

other acids such as acetic acid, propionic acid, and n-butyric acid can
enhance response in the negative mode, but this largely depends on the
concentration and compounds of interest, as studied by Wu et al. [40].
This phenomenon can be attributed to the droplet surface (i.e., the
accumulation of anions on the droplet surface leading to a change in
local pH) and the relatively higher gas phase affinity of these acids
compared to formic acid [41,42]. In addition, the use of ammonium
formate and ammonium acetate was also compared to determine the
optimum mobile phase composition (Fig. S5). Ammonium acetate

ME%

SPME calibration was performed by extraction from ultrapure water
spiked with PFAS at concentrations of 0.25, 5, 15, 25, 50, 100, 250, 500,
1000, and 5000 ng L! for thin films and 10, 15, 25, 50, 100, 250, 500,
1000, and 5000 ng L™ for fibers, with internal standards spiked at 150
ng L1, Extractions were performed in triplicate for each concentration.
For instrumental analysis, extracts were injected in triplicate, giving a
total of nine replicates for each concentration level. Linearity, linear
dynamic range, accuracy, precision, limit of quantitation (LOQ) (eval-
uated as the lowest concentration in the calibration curve with accuracy
between 70 and 130% and precision <20%), and limit of detection
(LOD) (lowest concentration that can be accurately detected with a S/N
> 3) of the method were evaluated.

3. Results and discussion
3.1. Chromatographic conditions

Various mobile phase additives were added to ensure maximum
sensitivity, especially for the more hydrophobic PFAS. Fig. S4 shows that
the addition of 0.1% formic acid decreases the sensitivity of all analytes.
Since PFAS are ionized in negative ESI mode, acidic conditions generally
decrease negative ESI mode response and lower pH does not favor the
formation of deprotonated acids [40]. However, it should be noted that

= x
post extraction spiked desorption solution control matrix or clean desorption solution

100 Equation 2.1

favored the response of the most hydrophobic compounds (Cg-Cj4),
whereas ammonium formate enhanced that of PFBA and PFPeA, the two
most polar compounds: the responses of other compounds were un-
changed. Therefore, ammonium acetate was chosen as the optimal ad-
ditive for the mobile phase.

3.2. SPME conditions

3.2.1. SPME extraction phase evaluation

The extraction efficiency of 15 PFAS was investigated with three
different biocompatible sorbents, namely C18/PAN, HLB/PAN and HLB-
WAX/PAN, compared at an extraction time of 90 min (Fig. 1). This
evaluation was necessary to understand the interaction of the 15 PFAS,
having different chemical structure, and functionality with the chemis-
try of the extraction phases. 90 min was chosen as the extraction time to
bring the conditions as close to equilibrium as possible and to ensure
maximum sensitivity for all sorbents [43]. It was observed that C;g/PAN
extracted the longer-chain PFAS (Cg - C14) more efficiently than the
shorter-chain compounds (C4 - C7) due to the strong hydrophobic
interaction favoring the distribution of the longer-chain PFAS onto the
extraction phase. This is due to the C-F bonds being symmetrically ar-
ranged in the PFAS alkyl chain, resulting in an overall nonpolar chain
with low polarizability, so that the PFAS exhibit only weak van der
Waals interactions [6]. In general, the hydrophobicity increases as the
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carbon chain length increases, as shown by the number of carbons and
log P values in Table S3. However, the use of C;3/PAN resulted in
extraction discrimination, as the shorter chain PFAS compounds with
log P values between 2.31 and 4.41, were poorly extracted. Absolute
recoveries for these analytes with C;g ranged from 0.05 to 2.2%. HLB, on
the other hand, provided balanced coverage of all analytes and
improved extraction of shorter chain compounds compared to C;g (ab-
solute recoveries of 0.10-3.0%). Balanced extraction coverage is a
critical factor in multi-residues analysis because it avoids discrimination
in the extraction of analytes with different chain lengths and chemical
functional groups. Our results show that HLB-WAX/PAN not only pro-
vided balanced coverage of the 15 PFAS tested (C4 - Ci4), but also
improved the extraction efficiency of all analytes compared to HLB and
showed a twofold increase in the recovery of short-chain PFAS
compared to C;g. These findings are in line with our previous study that
only evaluated 2 Cg, 1 C4 and Cg PFAS and can be explained as a result of
anion exchange between the negatively charged PFAS compounds and
the WAX moieties, which are cationic between pH 1 and 5, whereas
between pH 6 and 8 only one WAX moiety is cationic and the other is
neutral [37]. Similarly, other studies have shown that using WAX SPE
cartridges improves the extraction efficiency of anionic PFAS compared
to HLB [44]. Therefore, HLB-WAX/PAN was chosen as the optimized
extraction phase to efficiently extract the wide range of PFAS targeted in
our study. It is worth mentioning that, if the more hydrophobic PFAS (i.
e., those having a longer C > 7 alkyl chain) are the primary targets for an
analytical method, C;g can be alternatively used for improved extraction
efficiency.

3.2.2. Fiber SPME and thin film SPME comparison

Since PFAS are present in the environment at trace and ultra-trace
concentrations, improving the sensitivity, the kinetics of mass transfer
between the sample and the extraction phase, and the overall
throughput of the analysis is critical to achieving adequate sensitivity for
environmental monitoring and human exposure assessment. However,
reaching the desired sensitivity, especially with respect to the limits of
quantification imposed by regulatory agencies, can be challenging due
to the limited volume and chemistry of the extraction phase used [45].
Therefore, to improve extraction efficiency, two SPME geometries -fiber
and thin film in blade format-were investigated. In addition, by using
thin films, higher throughput can be achieved when analyzing water
samples in 96-well plate format.

The solution to improve extraction performance was to increase the
volume of the extraction phase, as explained in Supplementary Infor-
mation Equation 3.1. This equation directly relates the amount of ana-
lytes extracted at equilibrium to the volume of the extraction phase.
Increasing the volume of the extraction phase leads to an increase in
extraction efficiency. However, increasing the volume of the extraction
phase when using a fiber geometry leads to slower extraction kinetics,
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since the thickness of the extraction phase increases as a result [26,46].
Therefore, the equilibrium time may be longer compared to other ge-
ometries such as thin film. Hence, HLB-WAX/PAN was immobilized on a
metal blade support, which provides a higher surface area-to -volume
ratio and increases the extraction efficiency, as shown in Fig. 2A. The
high surface area-to-volume ratio can enhance the sampling rate
reducing the time necessary to reach equilibrium according to Equation
3.2 (Supplementary Information) [26].

Furthermore, fiber constant, a parameter useful in interpreting
extraction efficiencies of different extraction phases, was calculated for
both geometries. Fiber constant is defined as f. = KV, for liquid coat-
ings and as f, = K,sS, for solid coatings. Where K is the distribution
coefficient of the analyte (between the extraction phase and sample), V,
volume of extraction phase and S, is the active surface of the fiber
coating. However, the calculation of K¢ for solid coatings requires the
determination of solid extraction phase surface concentration Se which
can be expressed as the ratio of the amount extracted to the active
surface of the solid coating, but the knowledge of the S, value can be
challenging to obtain. However, the fiber constant can also be calculated
as shown in Equation (3.3) [47,48]:

n, Vs

= ¢ Equation 3 .3
V,C; — n, d

fe

As demonstrated in Fig. 2B, the fiber constants of PFAS gradually
increases with an increase in hydrophobicity and then decreased for the
later eluting analytes PFTrDA and PFTeDA. The lower fiber constant of
PFTrDA and PFTeDA, the bulkier PFAS compounds targeted in this
study, could be attributed to steric hindrance playing a role in their low
extraction efficiency, making these molecules unable to properly
interact with the WAX moieties for ion exchange.

Moreover, it was observed that the balanced extraction coverage by
the HLB-WAX/PAN was more pronounced when using the thin film. The
larger volume of the extraction phase in the thin film also resulted in
improved extraction recovery of all analytes. This is important because
PFAS compounds are found in the environment at parts per trillion
concentrations and due to their ability to bind to biomolecules and
organic matter, improved sensitivity is required to quantify them.

3.2.3. Optimization of extraction conditions

Different extraction conditions were evaluated and optimized for
each SPME geometry. The extraction time profile was studied for both
fiber and thin film. Fig. 3A and B shows extraction time profiles for five
representative PFAS and Fig. S6 for all remaining analytes. The results
show that equilibrium was reached after 30 min for all analytes when
using the thin film, while equilibrium was reached after 90/120 min
using the fiber, depending on the analyte. According to Equation 3.2
(Supplementary Information), this can be explained by the fact that the
larger surface area to volume ratio not only ensures higher sensitivity,

B B Thin fim
Fiber

Fiber constant
log P

22

PFBA 3§
PFBS B
PFHXA
PFHpA
PFOA 35
PFNA
PFDA

Fig. 2. A) Extraction performance of devices obtained at 90 min of extraction and desorption times with agitation speed at 1000 rpm. Desorption solution was
methanol:water (80:20, v/v), B) Fiber constant calculated for both fiber and thin film.



A.A. Olomukoro et al.

A
= PFBA
o PFPeA
- 6 I A PFBS
124 I | v PFHxA
g 4 + GenX
B {
8 4 1 :
8 b
5 'S i ; L4
g ; !
< 24 s ¢
FY p4 3
¥ L W . .
] - [
.
0 r T T r T
10 20 30 60 920 120
Time (min)

Analytica Chimica Acta 1260 (2023) 341206

B
12
= PFBA
© PFPeA
104 A PFBS
s 5 _ e X v PFHxA
g’ § + GenX
£, z e $
h-] 7 Y b
£ U
Bt
i 64 4 [ [}
o
M
z t ;! ‘
3 4
& i
24
0 r T T T T T
0 20 40 60 80 100 120

Time (min)
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but also improves the kinetics of extraction and thus shortens the time to
reach equilibrium [26,46,49]. 20 min allowed both geometries to
extract a sufficient amount of PFAS while maintaining high throughput.
Therefore, 20 min was chosen as the optimized extraction time for both
geometries (fiber and thin film). However, when sensitivity is a chal-
lenge, longer extraction times can be used.

3.2.4. Sample volume optimization

In SPME, the amount of analyte extracted is directly proportional to
the sample volume (Equation 3.1 - Supplementary Information) [23]. In
the laboratory, the sample volume is limited (usually 1-20 mL) due to
the size of commercial vials and their compatibility with automated
systems. For field applications, the sample volume can be large and its
effect on the amount of analyte recovered becomes insignificant when
Vs > KesVe because Equation 3.1 reduces to Equation 3.4.

n.=K,V,C; Equation 3.4

In this study, the effect of sample volume on analyte recovery was
investigated at two different extraction times (20 and 90 min) for both
fibers and thin films (Figs. S7 and S8) to ensure the best compromise
between adequate sensitivity, extraction time and high throughput of
this method. It was found that the increment in the amount of analytes
extracted at 20 min at increasing sample volumes was not as significant
as at 90 min. This is because, at equilibrium conditions, analytes have
enough time to reach the extraction phase from the bulk of the solution
and diffuse through the boundary layer, moreover the maximum
amount of analytes is extracted at the different sample volumes, which is
not the case at pre-equilibrium conditions. The effect of sample volume
on the extracted amount becomes negligible, especially for analytes with
small fiber constants such as PFBA as seen in Fig. S6 [23,50]. In contrast,
extraction efficiency of analytes with high fiber constants (PFOA, PFOS,
PFDA, PFNA, etc.) is strongly dependent on sample volume.

1 mL was chosen as the optimal sample volume because it provided
desirable sensitivity. In addition, a sample volume of 1 mL is compatible
with the use of 96-well plates, which are available for high-throughput
analyses.

3.2.5. Ionic strength

The effect of ionic strength on sorption of PFAS onto the HLB-WAX
phase was investigated by simulating salinity of natural water bodies.
Simulated seawater was prepared from a commercially available sea salt
mixture containing ten different salts at varying compositions as found
in natural seawater. The salt mixture includes NaCl, MgCly-6H50,
NayS0Oy4, CaCl,, KCl, NaHCO3, SrCly-6H50, and NaF in the order of their
occurrence in natural seawater. Table S2 shows the composition of the
salt mixture and the conductivity measurements for solutions prepared
at different salinity levels. Simulated seawater was prepared according
to the manufacturer’s description and samples at varying ionic strength
were prepared from the undiluted (100%) seawater by dilution with

ultrapure water. This experiment aimed to understand how levels
typical of different types of environmental waters can affect the inter-
action of PFAS on the extraction phase, thus affecting recoveries
compared to extraction from ultrapure water.

The tested samples were labeled as follows: 0% (contains only ul-
trapure water), 5% (contains 5% seawater and 95% ultrapure water),
75% (contains 75% seawater and 25% ultrapure water), and 100%
(seawater only), etc. Fig. SOA shows the ionic strength evaluation using
HLB-WAX/PAN. The amount of extracted analytes for the short-chain
PFAS (PFBA (C4), PFPeA (Cs), PFBS (C4), PFHxXA (Cg), GenX (Cg) and
PFHpA (Cy)) showed no significant change as the salt concentration
increased, except for the initial increase in recovery from ultrapure
water to 5% seawater. However, for the later eluting compounds, i.e.,
PFOA (Cg), PFOS (Cg), PFNA (Cg), PFDA (C1g), the amount extracted
decreased with increasing ionic strength starting from solution at 10%
seawater. For MeFOSAA (Ci1), PFUdA (Ci;), EtFOSAA (C;2), PFTrDA
(Cy3) and PFTeDA (C;4), a decrease in the recovery was significant even
at lower values of ionic strength (e.g. 5% seawater solution). These
trends could be explained taking into account two phenomena: (1) the
addition of salt may affect water solubility for the most hydrophobic
PFAS, increasing their propensity for the adsorption on solid surfaces of
the vial and thus reducing the partition coefficient of the extraction
phase [51], (2) considering that the electrostatic interactions that take
place between the WAX moiety and the PFAS are dependent on the
relative distance among charges, shorter chain PFAS can interact
strongly with the extraction phase while bulkier PFAS have a weaker
interaction and can be easily displaced on the extraction phase by
negative ions added in the solution. Moreover, to further corroborate
this hypothesis, an HLB/PAN extraction phase containing no ion ex-
change components was also tested at various ionic strengths (Fig. S9B).
For the analytes with carbon length C4-Co, the extraction efficiency
increased with increasing salt concentration, showing the typical effect
of salting out [52]. Interesting trends were observed for PFOA and PFOS
both having Cg perfluorinated chain but different head groups, a
carboxylate and a sulfonate respectively. The recovery of PFOA
increased with increasing ionic strength, while for PFOS, increasing
recovery were observed up to 20% seawater solution with decreasing
recovery obtained at higher ionic strength. The difference in trends may
be related to the different polar surfaces of PFOA (37 f\z) and PFOS (63
A?). The larger polar surface area of PFOS may enhance the interaction
with silanol groups on the wall of the glass vials, leading to the
adsorption of PFOS on the vials when water solubility is affected by ionic
strength. This similarity becomes more apparent with increasing carbon
length (i.e., C1g - C14).

3.3. Desorption conditions

3.3.1. Desorption solution
After optimization of the extraction conditions, fine-tuning of the
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Fig. 4. Desorption solution optimization A) First desorption B) Percent carryover. 10 pg L' spiked in 1 mL of sample solution at 1000 rpm. Desorption was carried
out in 320 pL 100% methanol, methanol:water (80:20, v:v), methanol:water (50:50, v:v).

desorption solution is required. To achieve maximum sensitivity and
minimize carryover in the extraction phase, desorption solutions of
100% methanol, methanol:water (50:50, v:v), and methanol:water
(80:20, v:v) were evaluated (Fig. 4A).

Methanol:water (50:50, v/v) as desorption solution resulted in a
higher amount of desorbed analytes for most compounds, except for
PFTrDA and PFTeDA. To verify presence of carryover, a second
desorption was performed. The percent carryover with methanol:water
(50:50, v/v) was above the acceptable limits (>15%) for the longer-
chain Cg-C;4 PFAS (Fig. 4B). The possible reason for this high carry-
over is that methanol:water (50:50, v/v) has a weak solvent strength and
cannot remove a sufficient amount of PFAS from the extraction phase.
This hypothesis is supported by the fact that, liquid chromatographic
separation on a C;g stationary phase reveals that the mobile phase
composition to elute PFTrDA and PFTeDA consists of 15% water and
85% methanol. 100% methanol and methanol:water (80:20, v/v)
resulted in similar desorption efficiency and low percent carryover.
However, the use of 100% methanol causes peak distortion for early
eluting PFAS as a consequence of injection solvent mismatch [53].
Therefore, methanol:water (80:20, v:v) was used as the optimized
desorption solution.

3.3.2. Desorption solution additives

In our previous work [37], adjusting the pH of the desorption solu-
tion to 10 using ammonium hydroxide drastically reduced the carryover
when using HLB-WAX extraction phase. We hypothesized that the
driving desorption mechanism involved the amino groups on the
piperazine moieties on the HLB-WAX sorbent to become neutral at pH
10, facilitating quantitative desorption. Therefore, 0.05% ammonium
hydroxide was added to all desorption solutions.

However, it was uncertain whether the negligible percent carryover
after addition of ammonium hydroxide in the desorption solution was
only due to the effect of pH on the charges of the WAX moieties or to an
anion displacement effect between the negatively charged PFAS and the
OH™ ions present in solution. Therefore, the mechanism driving the
desorption of PFAS from HLB-WAX was further investigated by adding
ammonium salts (ammonium formate, ammonium hydroxide, ammo-
nium fluoride and ammonium chloride) with different counter ions to
the desorption solution. Different concentrations of each salt added to
the desorption solution were studied, namely 0.05, 0.3, 0.5 and 2% (w/v
%). The obtained % carryover for these desorption solutions was
compared to values obtained in pure solvent (0%- no salt addition).
While the amount of analytes desorbed was not significantly affected by
the addition of salt (Fig. S10), likely due to variation of carryover within
the experimental error, it was observed that the addition of salt was
necessary to further reduce the percent carryover (Fig. S11). From this
experiment, we hypothesize that the anions of the ammonium salts (C1™,
OH™, COO7, and F~) compete with the negatively charged PFAS for the

anion exchange interaction on the extraction phase and this phenome-
non drives the desorption mechanism. The pH of the desorption solution
containing ammonium salts (as specified in the caption for Fig. S11)
were different and only ammonium hydroxide provided pH values able
to neutralize the -NH groups on the WAX sorbent. Although ammonium
hydroxide provided the lowest percent carryover, ammonium formate
was used as the optimized additive to the desorption solution because it
provided the best signal stability for a long series of consecutive LC-MS
runs (n > 20).

3.3.3. Desorption volume optimization

It was observed that when working with thin films, the % carryover
was higher than for fibers due to the greater amount of extraction phase
on the device. Therefore, the desorption volume was optimized with
different ammonium salts, such as ammonium hydroxide and ammo-
nium formate at different volumes (320 pL and 500 pL) (Fig. S12A).
Desorption volumes <320 pL resulted in better preconcentration but
higher carryover. Therefore, a second and third consecutive desorption
for the fiber and thin film was performed after the desorption process
(Figs. S12B and S12C) to verify residual carryover. 150 and 250 pL were
selected as optimal volumes for the fibers (Fig. S13) and thin films,
respectively. 250 pL was chosen for the thin films because the use of 150
pL was not sufficient to completely cover the extraction phase which
could lead to less reproducible results. In addition, a time profile for
desorption was established for both geometries and 20 min was selected
as the optimal time with low carryover (Fig. S14).

3.4. Method validation and environmental samples analysis

The optimized extraction and desorption conditions (extraction and
desorption time, desorption solution, desorption volume, solution and
additives and sample volume) were further used to create SPME cali-
bration curves by spiking ultrapure water at concentrations ranging
from 10 to 5000 ng L~" for fibers and 2.5-5000 ng L~! for thin films.
LOQ values ranged from 10 to 100 ng L™* and 2.5-50 ng L™ for fibers
and thin films, respectively. LOD for SPME fiber was 2.5 ng L™ for all
analytes except PFTrDA, which was 5 ng L™! and PFTeDA 10 ng L.
0.01 ng L1 was the LOD achieved with thin film with the exception of
PFTeDA which was 0.25 ng L™!. The results showed that the use of a thin
film achieved a wider linear dynamic range and a lower LOQ and LOD,
especially for the hydrophilic and hydrophobic compounds. This in-
dicates that the use of thin film is crucial for the detection of PFAS
concentrations in the sub-parts per trillion range. The linearity, LOQ and
LOD values obtained for all analytes are presented in Table 1. Tables 54
and S5 show the accuracy and precision values obtained for all analytes
with fiber and thin film within acceptable limits, as stated by US EPA,
between 70 and 130% [38]. Selected chromatograms obtained for
analytes injected at the LODs values for both geometries are shown in
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Table 1

R?, linearity and weighting for all analytes obtained using SPME thin film and SPME fiber.
SPME Thin film SPME Fiber
Analyte R? LDR (ng LhH LOD (ng LY Weighting Analyte R? LDR (ng LY LOD (ng LY Weighting
PFBA 0.997 2.5-5000 0.01 1/x PFBA 0.997 15-5000 2.5 1/x
PFPeA 0.998 2.5-5000 0.01 1/x PFPeA 0.995 10-5000 2.5 1/x
PFBS 0.993 2.5-5000 0.01 1/x PFBS 0.996 10-5000 2.5 1/x
PFHxA 0.998 2.5-5000 0.01 1/x PFHxA 0.995 10-5000 2.5 1/x
GenX 0.998 2.5-5000 0.01 1/x GenX 0.994 10-5000 2.5 1/x
PFHpA 0.999 2.5-5000 0.01 1/x PFHpA 0.999 10-5000 2.5 1/x
PFOA 0.999 2.5-5000 0.01 1/x PFOA 0.998 10-5000 2.5 1/x
PFNA 0.999 2.5-5000 0.01 1/x PFNA 0.999 10-5000 2.5 1/x
PFOS 0.997 2.5-5000 0.01 1/x PFOS 0.998 15-5000 2.5 1/x
PFDA 0.997 5-5000 0.01 1/x PFDA 0.996 15-5000 2.5 1/x
MeFOSAA 0.996 15-5000 0.01 1/x MeFOSAA 0.994 25-5000 2.5 1/x
PFUdA 0.997 15-5000 0.01 1/x PFUdA 0.996 15-5000 2.5 1/x
EtFOSAA 0.997 5-5000 0.01 No weighting EtFOSAA 0.996 25-5000 2.5 1/x
PFTrDA 0.993 25-5000 0.01 1/x PFTrDA 0.995 50-5000 5 1/x
PFTeDA 0.982 50-5000 0.25 1/x PFTeDA 0.980 100-5000 10 1/x

Fig. S15. different counterions, and it was deduced that the anion-exchange

The calibration curves obtained were further used to quantify PFAS
content in environmental waters. Analysis of seawater and snow sam-
ples was performed by spiking internal standards at 150 ng L 1. Table S6
and Fig. S16 demonstrated that some of the targeted PFAS were detected
in the real samples while PFPeA, GenX, PFTeDA and PFOS were not
detected in seawater or snow water. PFAS detected in both seawater and
snow water are PFBA, PFHxA, PFOA, PFNA, PFDA, PFUdA, PFTrDA,
EtFOSAA and MeFOSAA.

Matrix effects evaluation was performed in snow and seawater to
validate the accuracy of our results. The evaluation could only be per-
formed for analytes that were not present in any of the water samples.
Minimal ion enhancement was observed for PFPeA at 25 ng L7! for
seawater and snow, as demonstrated in Table S7. As our results in sec-
tion 3.2.2 predicted, seawater presented higher matrix effects due to the
effects of ionic strength on the extraction efficiency. In light of this, a
matrix-matched calibration in seawater or a standard addition method
are recommended for accurate quantification of PFAS in seawater
samples.

3.5. Extraction of PFAS from human plasma

Strategies for biomonitoring of PFAS in human biofluids are critical
for assessing environmental exposure. Considering the biocompatibility
of PAN-based extraction phases used in this work a proof of concept to
demonstrate the applicability of our method for PFAS analysis in human
plasma was performed. The amount of PFAS extracted from PBS and
plasma samples was compared to demonstrate the sensitivity of the
developed method for human plasma, which is a complex sample that
includes binding agents (Fig. S17). As the figure illustrates, the amount
extracted from plasma was significantly lower than that of PBS. This
indicates the presence of PFAS binding to the plasma components
compared to PBS with no binding matrix. Matrix effects assessment was
performed with human plasma and minimum to no matrix effect was
observed using both fibers and thin film devices, expect for PFBA and
PFPeA (Table S8). Furthermore, extraction from pooled human plasma
was performed revealing that PFBA and PFPeA were detected, this is the
reason why the matrix effect for these two compounds are above
acceptable values. Fig. S18 shows the overlay of the fiber blank and
plasma blank, indicating the presence of these compounds in the plasma.

4. Conclusion

This work presents a thorough investigation of extraction and
desorption mechanisms on ion exchange extraction phases for 15 PFAS.
The desorption mechanism of PFAS from the ion-exchange extraction
phase HLB-WAX/PAN was determined using ammonium salts with

interaction is the dominant interaction in the desorption of PFAS
rather than the effect of pH on the charges of the WAX moiety.

Two SPME geometries - fiber and thin film - were evaluated to
improve not only the sensitivity of extraction but also the kinetics of
mass transfer, leading to high throughput. The use of thin film proved
necessary to increase sensitivity, especially for monitoring contaminants
at low part per trillion levels with LOD values as low as 0.01 ng L%,
Good linearity, accuracy, and precision were obtained with this method.
LOQ ranged from 10 to 100 ng L~? for fiber geometry and 2.5-50 ng L~
for thin film. The LOQ values obtained were below the latest (March
2023) USEPA proposed limit (4 ng L) for PFOA and PFOS in drinking
water. 11 of the 15 PFAS studied were present in seawater and snow,
with the exception of GenX, PFPeA, PFOS, and PFTeDA. The amount of
PFAS extracted from PBS and human plasma shows that the free con-
centration of PFAS in plasma is lower due to binding to plasma com-
ponents. The negligible matrix effects obtained in human plasma
indicate the suitability of HLB WAX-PAN SPME devices for PFAS envi-
ronmental monitoring and human exposure assessment. PFBA and
PFPeA were present in the human plasma sample analyzed, however, it
remains uncertain whether the presence of these PFAS was due to post-
sampling contamination, as a third party collected these samples for
commercial purposes.
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