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Abstract: A quantitative analytical method for PFAS determination in airborne particulate matter (PM)
has been developed using liquid chromatography coupled with high-resolution mass spectrometry
(LC-HRMS), allowing for the determination of 33 compounds. The procedure was applied to ambient
PM10 with limits of quantification for PFAS in the fg m−3 range. PM10 samples collected during a year-
long campaign conducted in an urban site in Umbria (Central Italy) have been characterized for their
PFAS content. Among the seven detected PFASs, perfluorooctanoic acid (PFOA) and perfluorooctane
sulfonate (PFOS) were the most abundant compounds. Furthermore, this work allowed us to obtain
the first seasonal trend of airborne PFASs in Central Italy. Seasonal trend analysis shows that PFAS
concentration in the atmosphere peaks in summertime. A comparison with trends of other relevant
primary and secondary air pollutants determined at the sampling site suggests a secondary nature of
the observed PFAS, which are formed in the atmosphere directly from gaseous precursors and can
contribute to worsen the urban air quality in summertime.

Keywords: PFAS; seasonal trend; PM10; summertime urban air quality; Central Italy

1. Introduction

Perfluroalkyl and polyfluoroalkyl Substances (PFAS) are a broad group of more than
14,000 compounds [1] defined as fluorinated substances that contain at least one fully
fluorinated methyl or methylene carbon atom (without any H/Cl/Br/I atom attached to it),
i.e., any chemical with at least a perfluorinated methyl group (−CF3) or a perfluorinated
methylene group (−CF2−) (with a few noted exceptions) [2]. Fluorine atoms, instead of
hydrogen, make these substances thermally stable and chemically inert. Thus, they can
be used to produce paper and food contact materials, cables and wiring, tapes, paints and
varnishes, household products, lubricants and sealing agents, electronics and rechargeable
batteries, textiles, and more. However, these properties make PFASs highly persistent
in the environment and mobile across soil, water, and air compartments due to their
volatile/semi-volatile behavior and amphiphilic properties. Moreover, some of those com-
pounds can bioaccumulate in biota and induce adverse effects on living organisms [3–5].
Therefore, some were recently inserted into the Stockholm Convention on persistent organic
pollutants [6,7], and interlaboratory tests were performed and reported in the scientific
literature [8]. Several different sources of PFASs in the environment have been individuated
and classified as direct sources, including industrial production of PFAS or PFAS-related
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materials and indirect sources, which are related to the formation of PFAS in the environment
from precursor molecules, such as, for example, fluorotelomer substances [9]. Different
monitoring plans and guidelines were outlined to evaluate the diffusion in environmental
and food matrices and the exposure and effects of these substances on human health. The
United Nations published guidance to provide an overview of challenges regarding the
analysis of perfluorpalkyl and polyfluoroalkyl substances, focusing on PFOS (perfluoro
octane sulfonic acid) in the water column and on setting guidelines for international moni-
toring programs [10]. The U.S. Environmental Protection Agency drafted a PFAS strategic
roadmap to safeguard communities from PFAS contamination [11] and, in this context,
also included a study to increase the understanding of the fate and transport of PFAS air
emissions. The exposure to PFASs through airborne dust [12,13] or atmospheric transport
from production plant emissions to urban areas [14,15] is well-documented, and some reg-
ular air-monitoring plans [16,17] were prepared as a consequence. Perfluorooctanoic acid
(PFOA) and PFOS are legacy long-chain PFAs and have been gradually eliminated in most
developed countries due to their toxic effects on wildlife and human beings. Surprisingly,
PFOA and PFOS are still the most abundant compounds observed in atmospheric aerosols,
even if their concentration levels are lower than those observed near an industrial site in
China, where production is ongoing [18]. One possible explanation is that neutral perfluo-
rinated acids can be formed directly in the atmosphere from acyl halides that, in turn, may
be derived from the hydrolysis of a series of anthropogenic compounds, which include
surfactants, fluoropolymers, coolants, and fire suppressors [19,20]. Clearly, more research
is needed to advance an exhaustive understanding of PFASs’ role in air quality, including,
for example, the mechanism of atmospheric formation and the role of precursors [19,20].
From an analytical point of view, the large number of compounds and low atmospheric
concentrations pose a challenge to determining the total amount of PFASs (see i.e., [21,22]),
and additional analytical methods are also desirable. Finally, long-term monitoring of
PFASs in PM should be expanded to include more measurement sites in undersampled
regions worldwide.

The main aims of this work were (1) to optimize an analytical method for PFAS
determination in air filter samples, (2) to apply the protocol to PM10 samples collected
in an urban environment in Central Italy, an area with very scarce datasets on PFAS
atmospheric concentration, and (3) to perform an analysis of PFAS seasonal trends and
correlations with some other relevant air-quality parameters in the context of a year-long
monitoring campaign.

2. Materials and Methods
2.1. Reagents and Materials

LC-MS grade methanol and concentrated ammonia (30%) were purchased from Hon-
eywell (Charlotte, North Carolina, USA). LC-MS grade acetonitrile (ACN) was supplied
by Carlo Erba (Milano, Italy). Acetic acid and sodium acetate were purchased from VWR
International Srl (Radnor, Pennsylvania, USA). n-nonane, ammonium acetate, and ENVI-
Carb™ SPE Bulk were purchased from Sigma–Aldrich (St. Louis, MO, USA). Ultra-pure
water was produced using a Milli-Q purification apparatus (Millipore, Bedford, MA, USA).
SPE Strata-X-AW (200 mg, 6 mL) was from Phenomenex (Torrance, CA, USA), as well as
the LC column (Kinetex XB-C18 100A, 100 × 3 mm 2.6 µm). Oasis HLB (2.1 × 20 mm,
five µm, code 186002034) and Oasis WAX (2.1 × 20 mm, five µm code 1860022508) were
obtained from Waters (Milford, MA, USA). PFAS native and labeled standards (internal
standards, ISs) were supplied by Wellington Laboratories (Guelph, ON, Canada) (Table 1).
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Table 1. List of the 33 analytes and their Internal Standards (IS).

Name Acronym IS

Perfluoro-n-butanoic acid PFBA [13C4]PFBA
Perfluoro-n-pentanoic acid PFPeA [13C5]PFPeA
Perfluoro-n-hexanoic acid PFHxA [13C5]PFHxA
Perfluoro-n-heptanoic acid PFHpA [13C4]PFHpA
Perfluoro-n-octanoic acid PFOA [13C8]PFOA
Perfluoro-n-nonanoic acid PFNA [13C9]PFNA
Perfluoro-n-decanoic acid PFDA [13C6]PFDA

Perfluoro-n-undecanoic acid PFUdA [13C7]PFUdA
Perfluoro-n-dodecanoic acid PFDoA [13C2]PFDoA

Perfluoro-n-tridecanoic acid a PFTrDA [13C2]PFTeDA
Perfluoro-n-tetradecanoic acid PFTeDA [13C2]PFTeDA
Perfluoro-n-hexadecanoic acid PFHxDA [13C2]PFHxDA
Perfluoro-n-octadecanoic acid a PFODA [13C2]PFHxDA

Potassium perfluoro-1-butanesulfonate L-PFBS [13C3]L-PFBS
Sodium perfluoro-1-pentanesulfonate a L-PFPeS [13C3]L-PFHxS

Sodium perfluoro-1-hexanesulfonate L-PFHxS [13C3]L-PFHxS
Sodium perfluoro-1-heptanesulfonate a L-PFHpS [13C3]L-PFHxS

Sodium perfluoro-1-octanesulfonate L-PFOS [13C3]L-PFOS
Sodium perfluoro-1-nonanesulfonate a L-PFNS [13C6]PFDA
Sodium perfluoro-1-decanesulfonate a L-PFDS [13C7]PFUdA

Sodium perfluoro-1-dodecanesulfonate a L-PFDoS [13C7]PFUdA
Potassium

9-chlorohexadecafluoro-3-oxanonane-1-sulfonate a 9Cl-PF3ONS [13C7]PFUdA

Potassium
11-chloroeicosafluoro-3-oxaundecane-1-sulfonate a 11Cl-PF3OUdS [13C7]PFUdA

Sodium 1H,1H,2H,2H-perfluorooctanesulfonate 6:2FTS [13C2]6:2FTS
Sodium 1H,1H,2H,2H-perfluorodecanesulfonate 8:2FTS [13C2]8:2FTS

3-Perfluoroheptylpropanoic acid a FHpPA d3-N-MeFOSAA
2-Perfluorooctylethanoic acid FOEA [13C2]FOEA
2H-Perfluoro-2-decenoic acid FOUEA [13C2]FOUEA

2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-heptafluoropropoxy)-
propanoic acid HFPO-DA [13C3]HFPO-DA

Sodium dodecafluoro-3H-4,8-dioxanonanoate a NaDONA [13C5]PFHxA
N-ethylperfluoro-1-octanesulfonamidoacetic acid N-EtFOSAA d5-N-EtFOSAA

N-methylperfluoro-1-octanesulfonamidoacetic acid N-MeFOSAA d3-N-MeFOSAA
Potassium perfluoro-4-ethylcyclohexanesulfonate a PFECHS [13C5]PFHxA

a Analyte without the corresponding labeled Internal Standard (IS).

2.2. Sample Collection

The PM10 sampling campaign started in November 2015 and lasted until December
2016 in the city of Terni (Central Italy), a well-known environmental hot spot [23–26]
due to the historical presence of many chemical and steel-production plants in an urban
environment. A high-volume PM10 impactor (TISCH, TE6001), operated at 1440 L min−1,
was deployed on the roof (3 m above the ground) of an urban air-quality cabin (Carrara,
latitude 42◦33′38′′ longitude 12◦39′3′′). Seventy-five daily PM10 samples were collected
on quartz filters (Whatman, Marlborough, MA, USA, QMA 20.3 ×25.4 cm), uniformly
covering the four seasons. A set of ancillary meteorological data and air-quality parameters,
including NOX (Teledyne T200), O3 (Teledyne T400), CO (Teledyne T300), benzene, toluene,
and xylene (VOC BTX analyzer, Chromatotec) concentrations were also recorded.

2.3. Organic Carbon and Elemental Carbon Analysis in PM10

A substantial amount of organic matter, OM, deposited on PM10 filters can influence
the PFAS determination [22]. Therefore, the PM10 samples were analyzed using an Organic
Carbon/Elemental Carbon (OC/EC) Laboratory Instrument (Model 5L, Sunset Laboratory
Inc.) to apply the EUSAAR_2 protocol [27,28]. A punch of 1 cm2 was used for the EC/OC
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analysis, and the accuracy of the measurements was tested using a sucrose solution and
found to be within ±10%. OM has been evaluated from OC utilizing a factor of 1.6 for
urban sites in Italy [29].

2.4. Sample Treatment

A portion of 4 cm2 (2 × 2 cm) was cut from a quartz filter and spiked at 12.5 pg cm−2

with the mixture of ISs (5 µL of a solution at 10 ng mL−1). After adding 3 mL of UP
water, the sample was extracted with 7 mL of ACN for 15 min, sonicated for 15 min,
and centrifuged at 10,000 rpm for 10 min. The supernatant was transferred to a 15 mL
tube, and the extraction was repeated using 5 mL of ACN containing 0.75% acetic acid,
sonicated, and centrifuged. The reunited supernatants were evaporated until about 5 mL
under a nitrogen stream (40 ◦C). The clean-up and instrumental conditions were the same
as described by Barola et al. 2020 [30]. Briefly, 40 mL of UP water were added to each
sample. Strata-X-AW SPE cartridges were conditioned with 6 mL of MeOH and 6 mL of
water and rinsed three times with the eluting mixture (3 × 6 mL of 2% NH4OH in MeOH).
The SPE cartridges were then reconditioned with 6 mL of MeOH and 6 mL of water.
After sample loading, the cartridges were washed with 6 mL of sodium acetate 25 mM
(pH = 4), 4 mL of MeOH 40%, and 6 mL MeOH and dried under vacuum. The analytes were
eluted with 6 mL of 2% NH4OH in MeOH into a 15 mL tube containing 80 mg of d-SPE
ENVI-CarbTM and 100 µL of acetic acid. After shaking and centrifugation, the supernatant
was transferred into a 15 mL tube containing 50 µL of n-nonane. After evaporation, 0.2 mL
of 80:20 MeOH/ammonium acetate four mM were added, and the sample was injected
into the LC-HRMS system.

2.5. Chromatographic and MS Conditions

The analyte separation was performed on a Thermo Ultimate 3000 HPLC system
(Thermoscientific, San Jose, CA, USA) equipped with a Kinetex XB C18 column
(100 × 3.0 mm; 2.6 µm). Between the pump and injector, an Oasis WAX (20 × 2.1 mm)
and Oasis HLB (20 × 2.1 mm) were installed. Mobile phases were UP water (A) and
methanol (B), containing two mM of ammonium acetate. The gradient started with 100%
eluent A at 0.05 mL min−1. In 1 min, the flow increased to 0.3 mL min−1, and the eluent
B increased to 20%. This condition was maintained for 2 min and followed by a linear
increase of B up to 70% in 8 min. This condition was maintained for 4 min. A successive
linear increase to 100% of the mobile phase B followed for the next 6 min. After 2 min,
the flow returned to 0.05 mL min−1, and the system returned to 100% A in 5 min. A
re-equilibration step of 2 min followed for a total run time of 30 min. The column and
sample temperatures were set at 40 ◦C and 16 ◦C, respectively. The injection volume was
20 µL. The mass analyzer Q-Orbitrap (Thermo Scientific, Waltham, MA, USA) was equipped
with a heated electrospray ionization source (HESI-II), operating in negative polarity mode.
The optimized HESI-II temperature was set at 320 ◦C, the capillary temperature was set at
300 ◦C, the electrospray voltage was set at 3.5 kV, and the S-lens value was adjusted at 50 V.
Sheath and auxiliary gas were 40 and 15 arbitrary units, respectively. The extraction mass
window was five ppm. The method allowed for the identification and quantification of the
33 PFAS reported in Table 1. Further details are reported in Table 2.

2.6. Quality Control (QC)

In each analytical batch, along with the filter samples collected at the urban site, one
reagent blank, one field blank filter, two fortified samples (6.25 and 12.5 pg cm−2), and
one matrix-matched standard and solvent standard curve were injected. Calibration curve
was built in solvent (MeOH/ammonium acetate 4 mM 80/20 v/v) at 5, 25, 125, 500, and
2500 pg/mL (concentration of ISs: 500 pg/mL). Reagent blank (procedural blank) and field
blank filter were used to monitor the possible laboratory contamination due to solvents,
consumable parts (e.g., tubes, SPE cartridges, etc), mobile phases, and sampling materials.
The two spiked samples (6.25 pg cm−2 and 12.5 pg cm−2) included in each batch were
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used as quality control (QC) and as an ongoing assessment of method performances. In
addition, to estimate LOQs (limits of quantification), three spiked samples at 0.25, 0.5, and
1 pg cm−2 were analyzed in triplicate. LOQs were set at the lowest level of spiking with
trueness (apparent recovery) included in the range 65–135% and precision less or equal
to 25% (intermediate precision) according to Ref. [31]. Trueness and CV% in Table 3 were
obtained from QCs.

Table 2. Monitored ion species and retention times (RT).

Fragment Ions

N Analyte Elemental
Formula

RT
(min)

Monitored
Ion

Measured
m/z

Ion
Formula

Measured
m/z Ion Formula Measured

m/z
Ion
Ratio
(1/2)

CE
(eV)

1 PFBA C4HF7O2 7.1 [M-H]− 212.9792 C3F7
− 169.0 [M-H]− 213.0 100/2 10

2 PFPeA C5HF9O2 9.6 [M-H]− 262.9760 C4F9
− 219.0 C4OF7

− 197.0 100/4 10
3 L-PFBS CF3(CF2)3SO3K 10.2 [M-K]− 298.9430 SO3

•− 80.0 [M-K]− 299.0 100/47 30
4 L-PFPeS C5F11SO3Na 11.4 [M-Na]− 348.9398 SO3

•− 80.0 FSO3
− 99.0 100/28 40

5 PFHxA C6HO2F11 11.6 [M-H]− 312.9728 C2F5
− 119.0 C5F11

− 269.0 100/30 20

6 HFPO-DA C6HF11O3 11.6 [M-H-
CO2]− 284.9769 a C3OF7

− 185.0 [M-H-CO2]− 285.0 100/46 20

7 L-PFHxS C6F13SO3Na 12.5 [M-Na]− 398.9366 SO3
•− 80.0 FSO3

− 99.0 100/25 50
8 NaDONA C7HF12O4Na 12.5 [M-Na]− 376.9689 C4O2F9

− 251.0 COF3
− 85.0 100/82 20

9 PFHpA C7HF13O2 12.8 [M-H]− 362.9696 C3F7
− 169.0 C2F5

− 119.0 100/18 10
10 PFECHS C8F15SO3K 13.1 [M-K]− 460.9334 FSO3

− 99.0 C8F15
− 381.0 100/79 30

11 6:2FTS C8H4F13SO3Na 13.7 [M-Na]− 426.9679 SO3
•− 80.0 C8H3O3F12S− 407.0 100/60 30

12 L-PFHpS C7F15SO3Na 13.3 [M-Na]− 448.9334 SO3
•− 80.0 FSO3

− 99.0 100/27 50
13 PFOA C8HF15O2 13.8 [M-H]− 412.9664 C7F15

− 369.0 C3F7
− 169.0 100/23 10

14 FOUEA C10H2F16O2 14.2 [M-H]− 456.9727 C2F5
− 119.0 C9F15

− 393.0 100/90 50
15 FOEA C10H3F17O2 14.3 [M-H]− 476.9789 C9F15

− 393.0 CO2F− 63.0 100/88 10
16 FHpPA C10H5F15O2 14.4 [M-H]− 440.9977 C9F11

− 317.0 C8F9
− 267.0 100/20 30

17 L-PFOS C8F17SO3Na 14.5 [M-Na]− 498.9302 SO3
•− 80.0 FSO3

− 99.0 100/31 50
18 PFNA C9HF17O2 14.5 [M-H]− 462.9632 C3F7

− 169.0 C4F9
− 219.0 100/87 20

19 9Cl-PF3ONS C8F16ClSO4K 14.5 [M-K]− 530.8956 [M-K]− 530.9 C6OClF12
− 350.9 100/55 20

20 L-PFNS C9F19SO3Na 14.8 [M-Na]− 548.927 SO3
•− 80.0 FSO3

− 99.0 100/36 50
21 8:2FTS C10H4F17SO3Na 14.8 [M-Na]− 526.9615 HSO3

− 81.0 C10H3F16SO3
− 507.0 100/65 30

22 PFDA C10HF19O2 15.5 [M-H]− 512.9600 C4F9
− 219.0 C8F9

− 267.0 100/95 20

23 N-
MeFOSAA C11H6F17NO4S 15.8 [M-H]− 569.9673 C8F17

− 419.0 C4F9
− 219.0 100/19 20

24 L-PFDS C10F21SO3Na 16.1 [M-Na]− 598.9238 SO3
•− 80.0 FSO3

− 99.0 100/44 50
25 N-EtFOSAA C12H8F17NO4S 16.4 [M-H]− 583.9830 C8F17

− 419.0 C10H5O2NF17S− 526.0 100/40 20
26 PFUdA C11HO2F21 17.2 [M-H]− 562.9569 C5F11

− 269.0 C10F21
− 519.0 100/54 20

27 11Cl-
PF3OUdS C10F20ClSO4K 17.3 [M-K]− 630.8892 C8OClF16

− 450.9 [M-K]− 630.9 100/34 30

28 PFDoA C12HF23O2 19.4 [M-H]− 612.9537 C3F7
− 169.0 C4F9

− 219.0 100/30 30
29 L-PFDoS C12F25SO3Na 19.8 [M-Na]− 698.9174 SO3

•− 80.0 FSO3
− 99.0 100/40 60

30 PFTrDA C13HO2F25 20.4 [M-H]− 662.9505 C3F7
− 169.0 C4F9

− 219.0 100/40 30
31 PFTeDA C14HO2F27 20.7 [M-H]− 712.9473 C3F7

− 169.0 C4F9
− 219.0 100/55 30

32 PFHxDA C16HF31O2 21.2 [M-H]− 812.9409 C3F7
− 169.0 C4F9

− 219.0 100/83 30
33 PFODA C18HF35O2 22.0 [M-H]− 912.9345 C3F7

− 169.0 C5F11
− 269.0 100/98 30

a In-source fragment ion.

Table 3. Analyte and related labeled internal standard, LOD (pg/cm2), LOQ (pg/cm2), trueness (%),
and CV%.

Analyte LOD (pg/cm2) LOQ (pg/cm2) Trueness (%) CV%

PFBA (Perfluoro-n-butanoic acid) >1 NA
PFPeA (Perfluoro-n-pentanoic acid) 0.5 0.5 77 9
PFBS (Perfluoro-1-butanesulfonate) 0.25 0.5 78 8
PFHxA (Perfluoro-n-hexanoic acid) 0.5 0.5 98 2
PFPeS (Sodium perfluoro-1-pentanesulfonate) 0.25 0.25 118 11
HFPO-DA
(2,3,3,3-tetrfluoro-2-(1,1,2,2,3,3,3-heptafluoropropoxy)-propanoic acid) >1 NA

PFHpA (Pefluoro-n-heptanoic acid) 0.5 1 96 4
PFHxS (Perfluoro-1-hexanesulfonate) 0.25 0.25 80 10
PFHpS (Sodium perfluoro-1-heptanesulfonate) 0.25 0.25 89 2
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Table 3. Cont.

Analyte LOD (pg/cm2) LOQ (pg/cm2) Trueness (%) CV%

NaDONA (Sodium dodecafluoro-3H-4,8-dioxanonanoate) 0.25 0.25 109 6
PFECHS (Potassium perfluoro-4-ethylcyclohexanesulfaonate) 0.25 0.25 104 16
6:2FTS (Sodium 1H,1H,2H,2H-perfluorooctane sulfonate) 0.5 1 84 12
PFOA (Perfluoro-n-octanoic acid) 0.5 0.5 123 15
PFOS (Perfluoro-1-octanesulfonate) 0.25 0.5 73 3
PFNA (Perfluoro-n-nonanoic acid) 0.25 0.5 82 11
FOUEA (2H-Perfluoro-2-decenoic acid) 0.25 >1 NA
FOEA (2-Perfluorooctyl ethanoic acid) >1 NA
9Cl-PF3ONS (Potassium
9-chlorohexadecafluoro-3-oxanonane-1-sulfonate) 0.25 0.25 86 5

FHpPA (3-Perfluoroheptyl propanoic acid) 0.5 >1 NA
8:2 PAP (Sodium 1H,1H,2H,2H-perfluorodecylphospate) >1 NA
8:2FTS (Sodium 1H,1H,2H,2H-perfluorodecane sulfonate) 0.25 0.5 77 6
L-PFNS (Sodium perfluoro-1-nonanesulfonate) 0.25 0.25 114 7
PFDA (Perfluoro-n-decanoic acid) 0.25 0.5 96 9
N-MeFOSAA (N-methylperfluoro-1-octanesulfonamidoacetic acid) 0.25 0.25 109 7
PFDS (Perfluoro-1-decanesulfonate) 0.25 0.25 109 2
PFUdA (Perfluoro-n-undecanoic acid) 0.25 0.5 78 4
N-EtFOSAA (N-ethylperfluoro-1-octanesulfonamidoacetic acid) 0.25 0.5 86 1
11Cl-PF3OUdS (Potassium
11-chloroeicosafluoro-3-oxaundecane-1-sulfonate) 0.25 0.25 118 1

PFDoA (Perfluoro-n-dodecanoic acid) 0.25 0.5 84 4
PFDoS (Sodium perfluoro-1-dodecanesulfonate) 0.25 >1 NA
PFTrDA (Perfluoro-n-tridecanoic acid) 0.25 1 121 16
PFTeDA (Pefluoro-n-tetradecanoic acid) 0.25 0.25 102 9
PFHxDA (Perfluoro-n-hexadecanoic acid) 0.25 0.25 120 4
PFODA (Perfluoro-n-octadecanoic acid) 0.5 >1 NA

2.7. Statistical Analysis

All the statistical analyses were conducted using the R 4.2.2 statistical framework (R
Core Team) within the RStudio integrated development environment

3. Results and Discussion
3.1. Optimization of Sample Preparation

In the optimization procedure, we aimed to reduce the filter’s fraction dedicated to the
PFAS determination as much as possible because we aimed to use the rest of the filter for
other analyses. The total loaded surface of the air filter samples was 405 cm2. A filter portion
of 4 cm2 was chosen for the present analysis, which provided a satisfactory sensitivity. For
the sample extraction, ACN was used to prevent the esterification of carboxylate substances
that could react in an acidic condition in the presence of methanol to form the related
methyl ester compound. The two purification steps guaranteed the selective extraction of
acidic compounds (weak anion exchange solid phase extraction—SPE) and the removal
of aromatic compounds through a pi–pi interaction with graphitized carbon (dispersive
EnviCarb bulk) [32]. In order to prevent or at least minimize the contamination from the
sampling preparation, SPE cartridges were washed three times before sample loading with
methanol (2% of ammonium hydroxide) to remove traces of PFAS contained in the plastic
support and the stationary phase of the WAX column [30]. Moreover, the final solution
composition (MeOH/AA 4 mM 80/20 v/v) makes the most lipophilic substances (C16-
C18) stable in this condition. Table 3 reports method LOQs, trueness, and precision (CVs
evaluated in lab reproducibility conditions). Linearity was verified from 0.25 pg/cm2 to
2500 pg/cm2. The matrix effect, evaluated by comparing analyte signals in matrix-matched
standards and solvent standards, was negligible for all the analytes. Considering that the
typical sampled air volume was 1600 m3, LOQ ranged from 60 to 120 fg m−3, depending
on the analyte.
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3.2. PFAS Concentration and Composition Profiles

Seventy-five PM10 filter samples from the Terni site were analyzed for PFAS determi-
nation, as described above. Among the 33 searched PFASs listed in Table 1, only seven
compounds were identified—specifically PFBA, PFHxA, PFHpA, PFOA, PFDA, 6:2FTS,
and PFOS—and six quantified above LOQ, which is consistent with previous studies’ re-
sults [21], except for PFBA, for which the LOQ was outside the desired precision range.
Concentrations are provided in Table 4, which also includes the PFAS sum, along with
the OM contents. Due to the presence of measurable background concentrations of some
PFASs (PFBA, PFBS, PFHxA, PFHpA, 6:2FTS, PFOA, PFNA, PFOS, and PFDA) in labo-
ratory and field blank filters, the PFAS concentrations are furnished after the subtraction
of the mean background concentrations, plus three times their standard deviation. The
average background is of the order of 25% of the measured concentrations.

Table 4. PM10, OM, and PFAS concentrations (n = 75 samples) from Terni in 2016.

PM10,
µg/m3

OM,
µg/m3

PFHxA
pg/m3

PFHpA
pg/m3

PFOA
pg/m3

PFDA
pg/m3

PFOS
pg/m3

SUM
pg/m3

Median 29.7 8.5 2.0 0.6 4.8 0.5 1.2 10.3
Mean 35.1 15.3 2.7 0.9 8.1 0.8 5.8 17.8
Min 13.0 3.9 0.1 0.1 0.2 0.1 0.2 1.5
Max 109.9 87.5 12.6 3.8 26.1 3.6 22.6 139

A descriptive statistic of compound concentrations is presented in Table 4, including
the total concentration of PFAS, calculated as the sum of the detectable compounds and the
organic matter content. PFAS distributions are slightly positively skewed. It is known [33]
that, for aqueous samples, OM may produce an interference connected with the retention
performances of the SPE cartridge, which may affect more hydrophilic compounds. This
effect occurs for OM levels much higher than the PFAS concentration, i.e., in the order
of ppm. To exclude this potential artifact from the present atmospheric samples, we
determined the OM abundance in the PM10 filters. The obtained OM abundances are
reported in Table 4 and were found to be in a low concentration range, i.e., ppb, which is
only slightly higher with respect to the concentration of the targeted PFAS compounds. The
fluorotelomer sulfonate 6:2FTS was only detected in three samples restricted to springtime.
Therefore, it is not reported in Table 4 because it is statistically not significant on a yearly
based dataset.

3.3. General Trends of Air Quality in Terni during the Sampling Campaign

Timelines of PM10, the mass concentration of particulate matter, and OM, the organic
matter fraction of PM10, are shown in the lower panel of Figure 1. They both show
wintertime maxima, aligning with a general phenomenology of PM10 in Italy [34]. This
trend is typical of basin valleys enclosed by mountain ranges, where cities and industries are
often established. These valleys are territories featuring low wind speeds and atmospheric
stability conditions, which may promote the formation of strong vertical aerosol gradients
in the troposphere and a very shallow atmospheric boundary layer [23–25].

Timelines of two important gaseous pollutants monitored at the sampling site, ozone
(O3) and nitric oxide (NO), are plotted in the upper panel of Figure 1. NO is a primary pol-
lutant directly emitted from combustion sources such as vehicular traffic, domestic heating
systems, and industrial plants. The NO concentration shows a wintertime maximum and a
substantial decline in the summertime, mainly related to the effective oxidation cycle that
promotes the O3 formation, which is a secondary photochemical pollutant that accumulates
in the summertime.
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(black) and its organic matter content (OM; red).

Therefore, the air quality in the Terni basin in the wintertime is dominated by meteo-
rological conditions and by photochemistry in the summertime.

3.4. PFAS Concentration and Composition Profiles

PFOA was the most abundant compound with concentrations ranging from 0.2 to
26.1 pg m−3 (median: 4.8 pg m−3). These results are comparable to those recorded at other
urban sites such as Manchester (15.7 pg m−3), Beijing (12.5 pg m−3), Zurich (7.7 pg m−3),
Tsukuba (2.6 pg m−3), and Kjeller (1.54 pg m−3), but they are much lower than the val-
ues measured near fluorochemical manufacturing plants such as Hazelrigg (552 pg m−3),
Manchester (341 pg m−3 ), and Changshu (556 pg m−3) [35–38]. Slightly lower concentra-
tions were measured for PFOS: from 0.2 to 22.6 pg m−3 (median: 1.2 pg m−3), values within
the range of those were recently measured worldwide [15]. The timeline of the total PFAS
concentration, expressed as the sum of the seven detected compounds (see Section 3.2), is
shown in the upper panel of Figure 2 (black bars) for the observation period (November
2015–December 2016). The value of precipitation (red sticks) registered at the site is also
reported in the same plot. The PFAS concentration shows an increasing trend from winter
to summer and a decline in the successive autumn and winter periods. Indeed, a marked
decline in PFAS concentration appeared after prolonged precipitation periods (such as
those registered in May and September), suggesting an efficient role of rain as a scavenger
of neutral PFAS, both in the gas and particulate phases [39].

3.5. PFAS Daily and Seasonal Trends

The timeline of the total PFAS concentration, expressed as the sum of the seven
detected compounds (see Section 3.2), is shown in the lower panel of Figure 2 (black bars)
for the observation period (November 2015–December 2016). The values of precipitation
(red sticks) and temperature (blue line) registered at the site are also reported in the same
plot. The PFAS concentration shows an increasing trend from winter to summer and a
decline in the successive autumn and winter periods. The PFAS concentration is moderately
positively correlated (R = 0.4) with the temperature. Indeed, a marked decline in PFAS
concentration appeared after prolonged precipitation periods (such as those registered in
May and September), suggesting an efficient role of rain as a scavenger of neutral PFAS,
both in the gas and particulate phases [39].
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Figure 2. Timelines of total PFAS concentration (PFAS; black) and precipitation (red) for the ob-
servation period. In the upper panel (blue), the yearly trend of temperature at the sampling site
is reported.

The seasonal trends at the site are better summarized as seasonal boxplots and are
shown in Figure 3 for the four most abundant PFASs (PFOA, PFOS, PFHxA, and PFHpA).
Conventional meteorological seasons have been used. All four compounds have a sum-
mer maximum and show an increasing trend from winter to summer, with a decline in
autumn [40]. This trend is more pronounced for PFOS than for PFOA, which shows greater
variability in the winter period. As a consequence, the ratio of the median values of the
two most important C8 compounds, PFOA and PFOS, reads 9.5 in winter and declines to
1.3 in the summertime.

Separations 2024, 11, x FOR PEER REVIEW 9 of 12 
 

 

autumn [40]. This trend is more pronounced for PFOS than for PFOA, which shows 

greater variability in the winter period. As a consequence, the ratio of the median values 

of the two most important C8 compounds, PFOA and PFOS, reads 9.5 in winter and de-

clines to 1.3 in the summertime. 

 

Figure 2. Timelines of total PFAS concentration (PFAS; black) and precipitation (red) for the obser-

vation period. In the upper panel (blue), the yearly trend of temperature at the sampling site is re-

ported. 

 

Figure 3. Seasonal trends of PFOA, PFOS, PFHxA, and PFHpA. 

We noticed that the seasonal trend of PFAS in PM10 is opposite to that of PM10 itself, 

which results in one order of magnitude enhancement of the mass-to-mass concentration 

of PFAS in PM10 in the summertime. PFASs are positively correlated (R = 0.46) with O3., a 

typical secondary pollutant of a photochemical nature. Moreover, the most abundant 

PFOAs and PFOSs are not correlated with the typical vehicular traffic markers, such as 

0

10

20

Winter Spring Summer Autumn

season

P
F

O
A

, 
 p

g
 m

-
3

0

5

10

15

20

Winter Spring Summer Autumn

season

P
F

O
S

, 
 p

g
 m

-
3

0

5

10

Winter Spring Summer Autumn

season

P
F

H
x
A

, 
 p

g
 m

-
3

0

1

2

3

Winter Spring Summer Autumn

season

P
F

H
p
A

, 
 p

g
 m

-
3

Figure 3. Seasonal trends of PFOA, PFOS, PFHxA, and PFHpA.
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We noticed that the seasonal trend of PFAS in PM10 is opposite to that of PM10 itself,
which results in one order of magnitude enhancement of the mass-to-mass concentration
of PFAS in PM10 in the summertime. PFASs are positively correlated (R = 0.46) with O3.,
a typical secondary pollutant of a photochemical nature. Moreover, the most abundant
PFOAs and PFOSs are not correlated with the typical vehicular traffic markers, such as
benzene (R = −0.03 and R = −0.21, respectively), toluene (R = 0.01 and R = −0.16), CO
(R = −0.1 and R = −0.27), and NO (R = −0.06 and R = −0.20). Altogether, these results agree
with a secondary nature of the observed neutral PFAS, particularly in the summertime.
This is consistent with a photochemical formation in the atmosphere from precursors
emitted at the sources [20,39,40]. These precursors include fluorotelomer alcohols, which
oxidatively degrade in the atmosphere to yield PFOA and have been, and continue to be,
used extensively in the industry for various purposes, from stain repellents to firefighting
foams. Heat waves, wildfires, and photochemical processes may impact summertime air
quality [41–43] and are currently of great concern because significant gaps in knowledge are
present. As a result of the present study, we suggest that, in addition to what is mentioned
above, the elevated concentrations of PFAS may also contribute to lowering the air quality
in the summertime.

4. Conclusions

A method for PFAS determination in airborne particulate matter sampled using
quartz filters has been optimized, allowing for the determination of 33 compounds with
quantification limits mainly ranging from 0.25 to 1 pg cm−2. The procedure was then
applied to ambient PM10 samples collected during a year-long campaign conducted in
an urban site in Central Italy. PFOA and PFOS were the most abundant PFASs. Even
if their production was phased out in the U.S. and Europe, these compounds and their
precursors are still manufactured in some countries, and there is no regulation about their
release in the environment. Seasonal atmospheric trends showed that PFAS concentrations
peak in summer, suggesting a secondary nature of PFOA and PFOS, probably due to the
transformation of precursors directly into the atmosphere. The mass-to-mass concentration
of PFAS in PM10 in the summertime is 10 times higher than in the wintertime.
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