
Analyst

PAPER

Cite this: Analyst, 2025, 150, 4630

Received 19th July 2025,
Accepted 6th September 2025

DOI: 10.1039/d5an00758e

rsc.li/analyst

Comparison of solid phase microextraction
geometries for effective preconcentration of
volatile per- and polyfluoroalkyl substances
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Neutral per- and polyfluoroalkyl substances (PFAS) serve as precursors to perfluorinated acids, and their

transformation contributes to the ongoing release of legacy PFAS contaminants into the environment.

The accurate and efficient extraction of neutral, volatile PFAS remains a critical analytical challenge. In this

study, we evaluated the impact of solid phase microextraction (SPME) geometry and agitation methods

on extraction performance using SPME-fiber and SPME-arrow devices in headspace (HS) and direct

immersion (DI) extraction modes. Agitation of the samples during extraction was conducted with a

cycloid-shaped Heatex agitator at 600 rpm and compared to an orbital shaker at 250 rpm.

Results demonstrated that SPME-arrow devices offered enhanced sensitivity and broader linear

dynamic ranges for fluorotelomer alcohols such as 1H,1H,2H,2H-perfluoro-1-hexanol (4:2 FTOH).

In contrast, SPME-fibers showed improved response for hydrophobic, semi-volatile analytes such as

N-methylperfluorooctanesulfonamidoethanol (MeFOSE) with lower limits of quantitation (0.005 µg L−1–

0.25 µg L−1). The influence of extraction mode on SPME-geometry was systematically investigated with

residual plots (DI-HS) reaffirming the propensity for extraction by DI of hydrophobic, semi-volatile ana-

lytes and volatile analytes by HS. The Heatex agitator improved extraction efficiency for diffusion-limited

compounds by enhancing convective mixing and reducing mass transfer resistance in the boundary layer.

Extraction time profiles suggested the occurrence of competitive adsorption at extraction times longer

than 35 min. These findings underscore the importance of tailoring SPME parameters – agitation type,

extraction mode, time, and sorbent geometry – when developing sample preparation workflows for ana-

lysis of neutral volatile PFAS.

1 Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of syn-
thetic organic chemicals that contain a carbon backbone fully
or partially substituted by fluorine atoms. Their unique
physicochemical properties, including hydrophobicity, oleo-
phobicity, and exceptional chemical and thermal stability,
have led to widespread use in industrial and consumer pro-
ducts.1 However, these same properties contribute to their
environmental persistence, potential for bioaccumulation, and
resistance to degradation.2–4 Exposure to certain PFAS has
been linked to adverse health outcomes such as immunotoxi-
city, reproductive toxicity, and carcinogenicity.2,4 As the toxico-
logical effects of PFAS become better understood, they have

spurred increased scientific interest in the development of
characterization and remediation techniques. Among the most
extensively studied PFAS are long-chain perfluoroalkane sulfo-
nates and perfluorocarboxylates (C4–C15), namely perfluorooc-
tanoic acid (PFOA) and perfluorooctane sulfonate (PFOS). Due
to their non-volatile and lower water solubility, exposure
sources for these substances can be attributed to either direct
transfer, such as dietary intake, or indirect transfer through
the metabolic transformation of perfluoroalkyl acids (PFAA)
precursors.5 Neutral, volatile PFAA precursors can be converted
into more persistent and toxic PFAS with longer biological
half-lives, contributing to the overall presence of ionic PFAS
within environmental systems.3

Large-scale PFAS synthesis commonly involves telomeriza-
tion, a process in which smaller fluorocarbon building blocks
condense to produce perfluoroalkyl iodides with a range of
carbon atoms. These intermediates can subsequently undergo
further reactions to generate fluorotelomer alcohols (FTOHs)
and fluorotelomer olefins (FTOs), which may be emitted into
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the environment during the manufacturing process or as
industrial waste.6,7 Compared to their non-fluorinated
analogs, the presence of weak van der Waals interactions leads
to higher vapor pressure, resulting in increased volatility of
FTOHs and FTOs.8 For example, the Henry’s law constant (KH)
of 1-hexanol is approximately 1.71 × 10−3 atm m3 mol−1 while
its fluorinated analog 4:2 FTOH, has a KH of 7.6 × 10−3 atm m3

mol−1.8–10 Given their central role in the manufacturing indus-
try, the detection and quantification of volatile PFAA precur-
sors is critical in understanding sources of PFAS within the
environment and to enable an accurate mass balance for PFAS
transformation processes. PFAS are predominantly analyzed
via liquid chromatography coupled with tandem mass spec-
trometry (LC-MS/MS), using electrospray ionization (ESI).11,12

However, LC-MS/MS methods face notable limitations in the
simultaneous detection of ionic and non-ionic PFAS due to: (1)
ionization suppression of FTOHs caused by buffered mobile
phases, (2) limited ionizability of certain PFAA precursors
under atmospheric pressure ionization, particularly those with
high fluorine-to-carbon (F : C) ratios, and (3) the volatility of
certain analytes, which can hinder their retention and
quantification.5,7,13 As a result, gas chromatography coupled
with mass spectrometry (GC-MS) has emerged as a valuable
tool for analyzing neutral volatile PFAS. Due to the ultra-trace
concentrations at which these compounds are present in
environmental samples, they present significant analytical
challenges, including achieving effective preconcentration
prior to GC-MS.6,14 To address these limitations, the incorpor-
ation of targeted extraction techniques that can enhance
analyte preconcentration and improve method sensitivity is
needed.15

To this end, techniques such as dynamic headspace extrac-
tion (DHS), capture via thermal desorption (TD) tubes, and
solid phase extraction (SPE), are increasingly used for the
determination of volatile PFAS in environmental samples.16–18

Considered the gold standard for analysis of ionizable PFAS,
SPE can suffer from insufficient extract cleanup, breakthrough,
and low recoveries due to the loss of volatile compounds
during handling. While successfully applied for sampling of
volatile PFAS, TD has also been associated with the potential
thermal degradation of PFOA to perfluoro-1-heptene upon de-
sorption, leading to the detection of the degradation product
rather than the native compound.14,19 Notably, the combi-
nation of DHS and TD, achieved limits of quantification for
FTOHs down to low parts-per-trillion levels (6.57 ng L−1) when
used in tandem with zers time-of-flight mass spectrometers.16

While each sample preparation approach offers distinct advan-
tages; they also have associated limitations and can require
multiple steps. Solid phase microextraction (SPME) is a comp-
lementary alternative that integrates sampling, extraction, and
preconcentration into a single solvent-free step. Requiring
minimal sample preparation, SPME is easily automated and
can reduce potential analyte loss, making it an attractive
alternative for high-throughput workflows.20 The portability of
SPME enables rapid on-site sampling, making it suitable for
applications where sample transportation is cumbersome or

when continuous sampling is required.21,22 SPME-fibers with
an extraction phase of Divinylbenzene/Carboxen/
Polydimethylsiloxane (DVB/Car/PDMS) have been successfully
used for the extraction of volatile PFAA precursors from both
aqueous and gaseous samples at ultra-trace levels of 5 ng L−1

and <5 ng L−1, respectively.15 Even so, the key limitation of
commercially available SPME-fibers lies in their relatively
small sorbent phase volume (0.028–0.612 µL), which can
restrict analyte loading capacity and ultimately limit
sensitivity.20

SPME-arrows represent an alternative extraction geometry
that retain the advantages of commercial SPME-fibers, while
excluding their drawbacks. Featuring a significantly larger
extraction phase volume (3.8–11.8 µL) immobilized on a stain-
less-steel rod, SPME-arrows have been shown to increase
extraction capacity and reproducibility.23,24 This higher
sorbent surface-to-volume ratio in SPME-arrows compared to
SPME-fibers can enhance extraction kinetics, a critical advan-
tage for quantifying volatile PFAS at ultra-trace levels.24

Additionally, extraction phases used for commercial SPME-
fibers are also available in SPME-arrow format. Given that
DVB/Car/PDMS SPME-fibers have demonstrated successful
extraction of volatile PFAS at low concentrations, it follows that
SPME-arrows employing the same sorbent chemistry should
exhibit comparable, if not superior, performance. In this work,
two different SPME extraction geometries, arrow and fiber,
were systematically assessed for their ability to preconcentrate
and extract 6 volatile PFAS. Headspace (HS) and direct immer-
sion (DI) extraction modes were investigated to assess perform-
ance under varying sample conditions. The effect of agitation
method on extraction efficiency was explored by comparing
the cycloid-shaped mixing motion of the Heatex to the orbital
shaker (OS). Results demonstrated that the combination of
HS-SPME-arrow with Heatex agitation yielded lower limits of
detection (LODs) and quantification (LOQs), as well as broader
linear dynamic ranges relative to other tested configurations.

2 Experimental conditions and
methods
2.1 Reagents and materials

Individual standard solutions of PFAS in methanol (50
or 100 mg L−1), namely 1H,1H,2H,2H-perfluoro-1-hexanol
(4:2 FTOH), 1H,1H,2H,2H-perfluoro-1-octanol (6:2 FTOH),
1H,1H,2H,2H-perfluoro-1-decanol (8:2 FTOH), N-ethyl
Perfluorooctanesulfonamide (EtFOSA), and N-methylperfluoro
octanesulfonamidoethanol (MeFOSE) were purchased from
AccuStandard® Inc. (Connecticut, USA); and N,N-dimethyl-n-
perfluorooctanesulfonamide (Me2FOSA) from Wellington
Laboratories (Ontario, Canada). Internal standards, including
N-ethyl-d5-perfluoro-1-octanesulfonamide and 1,2-13C2,1,1,2,2-
D4 8:2 fluorotelomer alcohol (D5-EtFOSA and 1,2-C13,1,1,2,2-
D4-8:2 FTOH), were purchased from Cambridge Isotope
Laboratories, Inc. (Massachusetts, USA). Per manufacturer’s
instructions, PFAS standards were stored at −20 °C or room
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temperature. Details regarding the organofluorine compounds
can be found in the SI in Table S1. Working standard solutions
were prepared daily by diluting stock solutions in methanol.
Ultrapure water (UPW) (18.2 MΩ cm) was sourced from an
Alto™-i Type 1 Ultrapure Water Purification System by Avidity
Science (Wisconsin, USA).

Commercial 10 mm SPME-fibers were provided by CTC
Analytics (Zwingen, Switzerland), in an automated format with
an 80 µm thick extraction phase consisting of Divinylbenzene/
Carbon Wide Range/Polydimethylsiloxane (DVB/C-WR/PDMS).
Similarly, commercial 1.10 mm SPME-arrows with a 120 µm
thick extraction phase of DVB/C-WR/PDMS were provided by
CTC Analytics (Zwingen, Switzerland), and assessed. Prior to
use and periodically within experimental sets, SPME fibers
and arrows were conditioned according to the manufacturer’s
guidelines.

2.2 Instrumentation

Chromatographic separation and detection were performed
using an Agilent 8890/5997C gas chromatograph-mass spectro-
meter (GC-MS) system equipped with a split/splitless inlet and
ultra-high purity helium gas (99.999%), sourced from AirGas
(Pennsylvania, USA), was used as the carrier gas. Injections
were performed using a Multipurpose Sampler (MPS) autosam-
pler, equipped for automated SPME (Gerstel, Inc., Maryland,
USA) using a CTC SPME arrow liner (ID 1.7 mm, for split/split-
less injector). An Agilent HP-5MS UI capillary column (30 m,
0.25 mm i.d., 0.25 μm film thickness) was used to achieve
chromatographic separation. A constant flow rate of 1.0 mL
min−1 was maintained during the temperature program which
started at 50 °C for 2 min, followed by a ramp of 15 °C per min
to 120 °C, held for 1 min, before increasing to 300 °C at a rate
of 40 °C min−1 and held for 1 min, resulting in a total run
time of 13.2 min. Mass spectrometry was accomplished using
electron ionization (EI) at 70 eV, with the following conditions:
ion source temperature, 230 °C; quadrupole temperature,
150 °C; and transfer line temperature, 280 °C. Data were
aquired in single ion monitoring (SIM) mode; ions monitored
for quantification are provided in bold in Table S1.

Data acquisition and processing were performed using
MassHunter Workstation: quantitative analysis (version 12.0,
Build 12.0.893.1) (Agilent Technologies, California, USA).
Origin 9.0 (OriginLab Corporation, Massachusetts, USA) was
used for additional data processing. Scanning electron
microscopy (SEM) (Carl Zeiss AURIGA, CrossBeam, California,
USA) was employed to characterize the surface and cross-
section of the SPME-arrow.

2.3 SPME methodology

For DI optimization experiments, 10 mL clear round-bottom
vials (Verex Headspace Vial, 23 × 46 mm, 18 mm screw cap,
Phenomenex, California, USA) were filled with 9 mL of
aqueous PFAS mixture, and incubation times of 2 min, 5 min,
and 10 min were evaluated. For HS optimization, 20 mL clear
round-bottom vials (Verex Headspace Vial, 23 × 75 mm,
18 mm screw cap, Phenomenex, California, USA) containing

9 mL of the same aqueous PFAS mixture were used, and incu-
bation times of 5 min, 15 min, and 25 min were assessed. In
all experiments, samples were freshly prepared and analyzed
immediately to minimize analyte loss. Based on previous work
from our group, extraction temperatures were set to 60 °C for
direct immersion (DI) and 50 °C for headspace (HS) con-
ditions, followed by a 5 min desorption at 270 °C in splitless
mode. Once the desorption was completed, the purge valve
was opened for 5 min at a flow rate of 100 mL min−1, and the
gas saver mode was activated at 5.1 min. Optimization was
conducted based on extraction mode rather than sorbent geo-
metry, with parameters tailored accordingly. For both extrac-
tion modes, extraction times ranging from 5 to 90 min were
evaluated using an orbital shaker (OS) at 250 rpm and a
Heatex agitator at 600 rpm, to identify the optimal conditions
for analyte extraction efficiency. The OS was operated at its
default extraction speed of 250 rpm, which is recommended to
prevent potential damage to the SPME fiber. All experiments
were performed in triplicate using independent samples; sub-
sequent fiber blanks did not reveal carryover of the analytes.

Method validation was conducted in HS mode under opti-
mized conditions—samples were incubated at 50 °C and agi-
tated at 600 rpm for 25 min, followed by a 20 min extraction
and a 5 min desorption. A series of aqueous standards at con-
centrations of 0.005, 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5, 10, and 25 µg
L−1 were prepared to assess the impact of extraction geometry
on the linear dynamic range for HS-SPME. Each concentration
level was tested in triplicate using independently prepared
samples to ensure reproducibility and statistical reliability.
Internal standards, including N-ethyl-d5-perfluoro-1-octanesul-
fonamide and 1,2-13C2,1,1,2,2-D4 8:2 fluorotelomer alcohol
(D5-EtFOSA and 1,2-C13,1,1,2,2-D4-8:2 FTOH) were added to
each sample at a final individual concentration of 5 µg L−1.
Method performance was evaluated by determining linearity,
accuracy, precision, limit of detection (LOD), limit of quanti-
tation (LOQ), and the linear dynamic range for both SPME geo-
metries. Linearity was further assessed using lack-of-fit test.25

3 Results and discussion
3.1 Optimization of SPME geometry and extraction mode

Headspace extraction via SPME is limited by the mass transfer
of analytes from the bulk sample to the headspace, which is
correlated to the analyte’s Henry’s Law constant. Moreover, the
kinetics of the mass transfer between the liquid and gaseous
phase are based on Fick’s laws of diffusion.26–28 In the case of
DI, the rate of extraction is correlated to the diffusion of ana-
lytes through the extraction phase and across the diffusion
boundary layer surrounding the extraction phase.29–31 As the
extraction phase volume of the SPME device increases, so too
does analytical sensitivity and extraction efficiency, as in the
instance of SPME-fiber to SPME-arrow.27 To investigate the
combined effects of geometry and extraction mode, residual
response plots (DI–HS) were generated over an extraction time
range (5 to 90 min) using a Heatex agitator at 600 rpm for the
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SPME-fiber (Fig. 1A) and SPME-arrow (Fig. 1B) as analytes
approached equilibrium under HS and DI conditions. Positive
values indicate greater response in DI mode, while negative
values reflect higher response in HS mode. Among the FTOHs,
4:2 FTOH exhibited consistently negative residuals for both
geometries across all time points, indicating greater extraction
efficiency in HS, regardless of extraction time. This trend
reflects 4:2 FTOHs Henry’s law constant (7.6 × 10−3 atm m3

mol−1), which facilitates rapid and efficient volatilization into
the headspace, making it highly amenable to HS-SPME regard-
less of SPME geometry.9 At shorter extraction times for the
SPME-arrow, residual values for 6:2 FTOH were near zero, indi-
cating comparable extraction efficiency between DI and HS
modes. However, as extraction time increased, residuals
became strictly positive, suggesting enhanced extraction by DI
with extended extraction times. For the SPME-fiber, the
residual plot for 6:2 FTOH exhibited a negative value at the ear-
liest time point (5 min), shifting progressively toward positive
values with increasing extraction time. In contrast, 8:2 FTOH

exhibited the opposite trend: extraction with the SPME-arrow
favored DI, while extraction with the SPME-fiber showed
greater efficiency in HS mode. Regardless of SPME geometry,
the semi-volatile and more hydrophobic analytes—Me2FOSA,
EtFOSA, and MeFOSE, were consistently extracted with
greater efficiency by DI compared to HS, with this trend
becoming more pronounced as the extraction time increased.
This behavior can be attributed to their decreased volatility
when compared to the FTOHs, which can limit their parti-
tioning into the HS. While the impact of ionic strength on
SPME extraction efficiency was not examined in the present
study, its importance as a parameter for optimization cannot
be overlooked. Previous work from our group has investi-
gated the role of ionic strength for a similar suite of volatile
PFAS.15

3.2 Comparative analysis of commercial agitation devices

There are several approaches to accelerate HS-SPME kinetics.
The simplest of these include increasing temperature, which

Fig. 1 Residual plot analysis comparing the difference in analyte response over time between HS and DI for (A) fiber and (B) arrow. Differences
between analyte responses at different time points using DI and HS are plotted. When the value is above 0, it is indicative that the DI response is
higher than HS at those time points, while when the value is below 0, it indicates that the HS response is greater than DI. Conditions for HS extrac-
tions were as follows: incubation (20 min) and extraction occurred at 50 °C, followed by a 5 min desorption. Analyte concentration was 0.5 µg L−1

6:2 FTOH, 8:2 FTOH, Me2FOSA, 1 µg L−1 EtFOSA, 2 µg L−1 4:2 FTOH and 4 µg L−1 MeFOSE. Conditions for DI extractions were as follows: incubation
(2 min) and extraction occurred at 60 °C, followed by a 5 min desorption. Analyte concentration was 2 µg L−1 4:2 FTOH, 1 µg L−1 6:2 FTOH, 8:2
FTOH, Me2FOSA, EtFOSA, and 2 µg L−1 MeFOSE.
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causes an increase in the analyte diffusion coefficient in the
sample, and applying agitation, which reduces liquid–gas
mass transfer resistance and minimizes the diffusion layer
around the extraction device, causing a reduction in the con-
centration gradient in the boundary layer, allowing equili-
brium to be attained faster.28 Previous work has been con-
ducted investigating the impact of temperature on the suite of
PFAS in this study.15 Since the FTOHs reach a maximum
extraction efficiency at 50 °C, this temperature was selected for
further HS-SPME experiments. In this work we evaluated the
role of agitation, the application of an increased stirring rate,
and a more efficient stirring mechanism, which can lead to a
higher mass transfer rate of the analyte into the extraction
phase.32,33 The impact of agitation mechanism on the extrac-
tion kinetics was investigated for both SPME-fiber (Fig. S1)
and arrow geometries (Fig. S2). While both the orbital shaker
(OS) and Heatex introduce a mechanical motion to the liquid
and gas phases within the vial, they differ in the pattern of
shaking. Additionally, the default extraction speed of 250 rpm
was used for the OS to avoid SPME-fiber damage, a concern
not observed with the Heatex even at higher rpm. The Heatex
promotes uniform heat distribution and improved thermal
equilibration due to its cycloid-shaped mixing motion, thereby
facilitating the headspace partitioning of more semi-volatile
compounds.33 This is reinforced by comparing the responses
of the semi-volatile, later-eluting compounds, Me2FOSA,
EtFOSA, and MeFOSE, with both SPME-fiber and arrow. As the
volatility of the analyte decreases, the benefit of Heatex agita-
tion becomes more pronounced. For example, the use of the
OS resulted in increased extraction efficiency of Me2FOSA
regardless of SPME geometry. Specifically, there was an
average increase in extraction efficiency of 58% at the 75 min
time point for OS when compared to Heatex for SPME-arrow.
For EtFOSA, the OS achieved a 5% increase in extraction
efficiency at the same time point when compared to the
Heatex. Notably, for the least volatile analyte MeFOSE, the OS
demonstrated a decrease of 68% compared to the Heatex agita-
tor. A reduction in agitation speed can result in longer times
to achieve equilibrium and can lead to reduced extraction in
pre-equilibrium extraction conditions.32,33 Therefore, when
comparing the extraction response of 4:2 FTOH with SPME-
arrow (Fig. S2), the positive impact of the increased rpm of the
Heatex on extraction efficiency is expected. At 15 min, using
the Heatex agitator at 600 rpm, the SPME-arrow had a 250%
increase in extraction efficiency for 4:2 FTOH (peak area = 3.5
× 104) compared to the same time using the OS at 250 rpm
(peak area = 1.0 × 104). A comparable, though less pronounced
increase, was also observed for 4:2 FTOH when the SPME-fiber
geometry was used at 15 min. The response with the Heatex
agitator had 49% increased efficiency (peak area = 5.2 × 104)
compared to the OS (peak area = 3.5 × 104) at the same time
point (Fig. S1). While FTOHs and FOSE/FOSAs exhibited
different behaviors depending on the agitator type, they fol-
lowed similar trends across both extraction phase geometries.
Greater variability was observed when the Heatex and SPME-
arrow were used in combination, while the relative standard

Fig. 2 Extraction time profiles of 4:2 FTOH extracted as part of a PFAS
aqueous mixture (circle) and as an individual component (square).
Extraction was conducted using an SPME-fiber in HS using an orbital
shaker (OS); a temperature of 50 °C and 250 rpm was used for both
incubation (25 min) and extraction, followed by a 5 min desorption.
Analyte concentration was 2 µg L−1.

Fig. 3 Scanning electron microscopy (SEM) images showing a cross-
section of the DVB/Car-WR/PDMS arrow (A) and a overview of the outer
surface of the SPME-arrow (B).
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deviation (RSD%) range for the OS agitator averaged between
0.6–10%, the Heatex agitator yielded RSD% values between
0.9–17%. This may be attributed to microleaks in the septa
caused by the combination of high rpm and the larger dia-
meter of the SPME-arrow device. This issue could be mitigated
by testing alternative septa caps and employing analytical
replicates. As the OS is manufacturer-limited to a maximum
agitation speed of 250 rpm, it was not possible to determine
whether the same phenomenon would occur with the OS at
higher rpm.

3.3 Occurrence of competitive adsorption

When comparing the response of the most hydrophilic and
volatile compounds (4:2 FTOH and 6:2 FTOH), analyte
response decreased over extraction time. This effect was more
pronounced with the SPME-fiber than the SPME-arrow, likely
due to the fiber’s smaller sorbent capacity and available
adsorption sites. To probe the time-dependent decrease, the
response of 4:2 FTOH was monitored as a single standard and
within a multicomponent mixture (Fig. 2). When extracted via
HS using the SPME-fiber in a mixture, the signal for 4:2 FTOH,
the relatively most polar and volatile analyte, declined over
time. However, this decrease did not occur when the extraction
was repeated with 4:2 FTOH as a single component. These
trends suggest that 4:2 FTOH is displaced from the DVB/Car-
WR/PDMS extraction phase when extracted from a multicom-
ponent mixture. At the time that 4:2 FTOH decreases in

response, 35 min, the extraction efficiency of more hydro-
phobic analytes increases. This phenomenon may be attribu-
ted to competitive adsorption, whereby low-affinity com-
pounds, such as 4:2 FTOH, are progressively replaced on the
extraction phase by higher-affinity analytes, such as MeFOSE
or EtFOSA, at longer extraction times.34 This effect results in a
measurable decrease in the response of the displaced analyte
(4:2 FTOH) and a corresponding increase in the response of
the displacing compounds (i.e., MeFOSE and EtFOSA). The
classical DVB/Car/PDMS extraction phase utilizes a multi-layer
adsorbent system, whereby larger analytes first interact with
the weaker DVB adsorbent while smaller analytes migrate
deeper into the Car-PDMS layer for dual retention.20,29 When
DVB and Carboxen adsorbents are co-dispersed in PDMS at
ratios equivalent to their respective single sorbent coatings,
analytes migrate to the stronger adsorbent. SEM cross-sec-
tional and surface imaging revealed a mixed-phase rather than
multilayer morphology of the SPME-arrow coating (Fig. 3).
This structural configuration likely promotes competitive
adsorption phenomena, thereby amplifying displacement
effects under prolonged extraction conditions.

3.4 Method validation

The method was validated for both SPME-fiber and arrow geo-
metries in HS using the Heatex agitator at 600 rpm. Two isoto-
pically labeled internal standards were also added from the
FTOH and FOSA families. The concentration range covered

Table 1 Figures of merit for the HS-SPME-fiber GC-MS protocol

Analytes

LOD LOQ Precision (RSD, %) Accuracy (%)

µg L−1 S/N µg L−1 S/N Accuracy (%) at LOQ Intra-daya Inter-dayb 0.3 µg L−1 3 µg L−1

4:2 FTOH 0.005 11 0.05 32 113 5 9 121 120
6:2 FTOH 0.005 80 0.05 226 94 1 11 98 105
8:2 FTOHc <0.005 — 1 4117 92 3 10 — 111

0.005 98 102 4 10 103 —
Me2FOSA <0.005 — 0.005 242 111 4 3 97 103
EtFOSA <0.005 — 0.005 345 91 2 7 94 104
MeFOSE 0.1 79 0.25 526 108 7 12 119 92

Dash (—) = concentration level not within linear dynamic range or determinable. a n = 3. b n = 5. cMultiple entries are related to distinct linear
dynamic ranges, as reported in the SI (Table S2).

Table 2 Figures of merit for the HS-SPME-arrow GC-MS protocol

Analytes

LOD LOQ Precision (RSD, %) Accuracy (%)

µg L−1 S/N µg L−1 S/N Accuracy (%) at LOQ Intra-daya Inter-dayb 0.3 µg L−1 3 µg L−1

4:2 FTOH <0.005 — 0.005 110 90 9 13 106 112
6:2 FTOH 0.005 40 0.05 756 111 5 8 98 109
8:2 FTOH 0.005 168 0.05 557 103 5 11 104 99
Me2FOSA <0.005 — 0.005 179 89 4 11 112 118
EtFOSA <0.005 — 0.005 581 99 5 7 114 102
MeFOSE 0.1 450 0.5 603 91 8 9 — 117

Dash (—) = concentration level not within linear dynamic range or determinable. a n = 3. b n = 5.
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was between 0.005 µg L−1 and 25 µg L−1. Results pertaining to
the linear dynamic range, regression equation, and coefficient
can be found in Table S2 for SPME-fiber and S3 for SPME-
arrow. The most hydrophobic analyte MeFOSE, had a lower
LOQ (0.25 µg L−1) and LOD (0.1 µg L−1) with the SPME-fiber
(Fig. S3 and S4). For the most volatile analytes, 4:2 FTOH and
6:2 FTOH, the SPME-arrow demonstrated greater linearity and
sensitivity compared to fiber geometry with LODs as low as
0.005 µg L−1 (Fig. S5 and S6). SPME-arrow also demonstrated a
single broad linear dynamic range for all analytes, compared to
SPME-fiber. Regression coefficients, ranging from 0.9774 to
0.9955 for SPME-fiber and 0.9734 to 0.9984 for SPME-arrow, as
well as lack-of-fit testing, confirmed the method’s linearity
within the reported ranges (p-value > 0.05). Furthermore, both
fiber and arrow geometries demonstrated good precision, with
RSD values ranging from 1–12% for SPME-fiber and 4–13%
for SPME-arrow. Finally, accuracy was assessed by spiking ultra-
pure water at two different levels, 3 µg L−1 and 0.3 µg L−1.
Under these conditions, recoveries between 94 and 119% were
obtained (Tables 1 and 2).

4 Conclusion

The results obtained in our work demonstrate the impact
alternative agitation methods and extraction phase geometries
have on the preconcentration of volatile PFAS. Here, we
provide a thorough investigation into how increasing extrac-
tion phase thickness, agitation speed, and agitation mode can
impact linear dynamic range, sensitivity, and extraction
efficiency. SPME-arrows generally provided broader linear
dynamic ranges (0.005 µg L−1–25 µg L−1) and higher regression
coefficients (R2 > 0.99), apart for Me2FOSA, when compared to
SPME-fibers. This is especially true for FTOHs, such as 4:2 and
6:2 FTOH. A comparison of cycloid-shaped mixing (Heatex) to
orbital shaking (OS) showed that for the most hydrophobic
analytes, such as MeFOSE, multidirectional motion increases
their transfer to the HS and, therefore, their adsorption by the
extraction phase. The extraction time profiles for the most
polar and volatile analytes ( i.e., 4:2 FTOH) indicated that the
displacement effect potentially occurred after 35 min of extrac-
tion when using the DVB/Car-WR/PDMS extraction phase.
This is suggestive of a potential adsorption competition
phenomenon between the polar fluoroalkyl alcohols and the
more hydrophobic sulfonamides and sulfonamidoethanols.
Collectively, our findings underscore the utility of tailoring
SPME parameters to ensure optimal preconcentration and sen-
sitivity for analysis of neutral volatile and semi-volatile PFAS.
Future work would explore applying this methodology to a
higher-resolution instrument, which may mitigate potential
interferences in complex samples near the LOQ and enable the
achievement of lower LOQs. In summary, this work highlights a
promising new framework for expanding SPME applications for
the extraction and preconcentration of volatile PFAS, as well as
opens the door to understanding potential competitive adsorp-
tion effects which can occur in multicomponent systems.
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