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• PFAS have been monitored in wastewater
and sludge samples in Northern Italy.

• Perfluoropentanoic acid (PFPeA) domi-
nated influent wastewater.

• Shorter chain PFAS including
perfluorobutane sulfonic acid dominated
effluent wastewater.

• Secondary biological treatment were
not effective in removing PFAS from
wastewater.

• Larger plant showed lower removal
efficiency.
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Wastewater treatment plants are known to be relevant input sources of per- and polyfluoroalkyl substances (PFAS) in the
aquatic environment. This study aimed to investigate the occurrence, fate, and seasonal variability of twenty-five PFAS in
four municipal wastewater treatment plants (WWTP A, B, C, and D) surrounding the city of Milan (Northern, Italy). Com-
posite 24-h wastewater samples were collected in July and October 2021 and May and February 2022 from influents and
effluents of the fourWWTPs. PFASwere detected at concentrations ranging between 24.1 and 66.9 μg L−1 for influent and
13.4 and 107 μg L−1 for effluent wastewater samples. Perfluoropentanoic acid was themost abundant (1.91–30.0 μg L−1)
in influent samples,whereas perfluorobutane sulfonic acid predominated (0.80–66.1 μg L−1) in effluent samples. In sludge,
PFOA was detected in plant A at concentrations in the range of 96.6–165 ng kg−1 dw in primary sludge samples and
98.6–440 ng kg−1 dw in secondary treatment sludge samples. The removal efficiency of total PFAS varied between 6 %
and 96 %. However, an increase of PFAS concentrations was observed from influents to effluents for plant D (during
July and October), plant A (during October and May), and plant C (during May) indicating that biotransformation of
PFAS precursors can occur during biological treatments. This was supported by the observed increase in concentrations
of PFOA fromprimary to secondary treatment sludge samples in plant A.Moreover, the plant operating at shorter hydraulic
retention times (plant D) showed lower removal efficiency (<45 %). Seasonal variation of PFAS in influent and effluent
appears rather low and more likely due to pulse release instead of seasonal factors.
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1. Introduction

Poly- and perfluoroalkyl substances (PFAS) are a group ofmanufactured
chemicals having a carbon chain in which hydrogen atoms are totally
(perfluoroalkyl substances) or partly (polyfluoroalkyl substances) replaced
by fluorine atoms and connected with different functional groups (e.g. car-
boxylic and sulphonic acid groups). PFAS also include polymers such as
fluoropolymers, perfluoropolyethers, and side-chain fluorinated polymers.
PFAS are categorized into short-chain (i.e., with a number of perfluorinated
carbons <6 and 7 for perfluorosulfonic and perfluorocarboxylic acids, re-
spectively), and long-chain PFAS (OECD, 2011). PFAS have been produced
since the 1940s and used globally formany industrial and domestic applica-
tions owing to their water and oil-repellent properties. For example, they
have been used in firefighting foams, semiconductors, lubricants, textiles,
surfactants, and paints, as well as in food-packing materials, commercial
household products (such as stain, waterproofing, cleansers), and cosmetics
(Oliaei et al., 2013; Sunderland et al., 2019, Vo et al., 2020, Gaines, 2022).

Numerous studies have been published over the last 15 years on the tox-
icity effects of PFAS on aquatic organisms, which comprise repercussions
on growth, development, and reproduction (Fabbri et al., 2014; Lu et al.,
2015; Ji et al., 2008; Lee et al., 2019; USEPA, 2017). Moreover, toxicolog-
ical effects of PFAS on human health have been evaluated to include im-
mune system alteration, thyroid function alteration, liver disease, lipid
and insulin dysregulation, kidney disease, adverse effects on growth and re-
production, and cancer (Genser et al., 2015; Lee and Choi, 2017; Attanasio,
2019; Steenland et al., 2009; Blake et al., 2018; Waterfield et al., 2020;
EFSA Panel on Contaminants in the Food Chain, 2020). These studies
mainly concerned the toxicity of long-chain PFAS such as perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonic acid (PFOS). Because of their po-
tential health and environmental impacts, the production of long-chain
PFAS decreased since the 2000s leading to a progressive increase in the
usage of short-chain PFAS in many applications. In fact, long-chain PFAS
were first voluntarily phased out by many industries (Kraff and Riess,
2015) and then theywere subject to national (EU, 2019/1021) and interna-
tional (e.g. UNEP, 2019a) restrictions. PFOS and PFOA are listed under
Annex A of the Stockholm Convention on persistent organic pollutants
(POPs), to progressively eliminate the use of these substances globally
(UNEP, 2019a), whereas perfluorohexane sulfonic acid (PFHxS), its salts,
and PFHxS-related compounds have been proposed for listing under the
Stockholm Convention (UNEP, 2019b). At European Union (EU) level,
PFOS and PFOA are restricted under the EU POP Regulation (EU, 2019;
EU, 2020).

Wastewater treatment plants (WWTPs) are relevant input sources of
PFAS in the aquatic environment as they receivewaste from residential, com-
mercial, and industrial facilities (Paul et al., 2008; Gago-Ferrero et al., 2017).
Some potential PFAS sources in wastewater are for example the industrial fa-
cilities where PFAS are produced, the textiles and leather factory, the semi-
conductor industry, industrial surfactants, resins, plastics manufacturing,
domestic use and disposal of consumer products, and household applications
(Clara et al., 2008; Ahrens, 2011, Buck et al., 2011). In the last ten years,
PFAS have been monitored in influent and effluent wastewater in many
parts of the world (Castiglioni et al., 2015; Gago-Ferrero et al., 2017; Lenka
et al., 2021; Kim et al., 2022; Jiang et al., 2023, Szabo et al., 2023). Most
of the monitoring studies on wastewater have been carried out in China
(31 %), Europe (30 %), and North America (16 %) (Lenka et al., 2021;
Cookson and Detwiler, 2022). Many studies reported that conventional
WWTPs are not effective in removing PFAS fromwastewater and higher con-
centrations of somePFAS are often found in effluent than in influent, suggest-
ing the formation of shorter chain PFAS during wastewater treatments from
polyfluorinated precursors (Arvaniti and Stasinakis, 2015; Thompson et al.,
2022). In 2010, an EU-wide monitoring survey investigated 156 polar
organic contaminants, including PFAS in effluents from 90 European
WWTPs. Among PFAS, PFOA was the most detected compound (detection
frequency of 99 %) followed by perfluoroheptanoic acid (PFHpA, 94 %)
and PFOS (93 %). Perfluorononanoic acid (PFNA), perfluorodecanoic acid
(PFDA), perfluorohexanoic acid (PFHxA), and PFHxS were also frequently
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detected (detection frequency range of 70–89 %). Italy took part in the
European monitoring survey by analysing two wastewater samples. Later
in 2015, Castiglioni et al. provided data on PFAS monitoring in municipal
and industrial WWTPs serving the city of Milan (Northern Italy) in three-
year monitoring campaigns (2011–2013) (Castiglioni et al., 2015). PFOA
and PFOS were the dominant PFAS in effluent wastewater (Castiglioni
et al., 2015). Currently, the number of PFAS monitoring studies in Italian
WWTPs is limited to only 3 % of the global geographical distribution
(Lenka et al., 2021), and no seasonal variability of PFAS occurrence has
been previously conducted. The types and concentrations of PFAS globally
change over time because of the regulatory and voluntary actions as pointed
out in many recently published studies where short-chain PFAS predominate
both influent and effluent wastewater (Lenka et al., 2021). In addition, most
of the studies have been focused on aqueous matrix as the determination of
PFAS in sludge is difficult due to the demanding efforts required by the anal-
ysis in this complex matrix. Knowing the occurrence and fate of PFAS in
WWTPs distributed in different parts of the world allows an understanding
of their global production, usage, and transport.

This study aimed to determine the occurrence, fate, and removal of
PFAS in WWTPs located in an urbanized region with low manufacturing
output in North of Italy. The effect of different wastewater treatments and
the treatment capacity of the plant on the removal efficiencies are outlined
to better understand the fate of PFAS in WWTPs. The seasonal variation of
PFAS contamination in wastewater influent and effluent was also investi-
gated to define sampling frequency in future PFAS monitoring campaigns.

2. Sampling

Composite 24-hwastewater samples (32 samples) were collected on the
same day and hour in July and October 2021 and May and February 2022
from influent and effluent of four WWTPs (A, B, C, and D) located in the
surrounding of Milan, Italy. Information on the WWTPs (location, type of
treatment, processing capacity, equivalent person, average daily flow
rate, and hydraulic retention time) is summarized in Table S1. The source
of wastewater was primarily residential, with a contribution from local
industries lower than 20%. Many types of industries discharge their waste-
waters into these plants such as food industries, chemical industries, fuel
distribution, treatment, and coating of metals. Moreover, plant D also re-
ceives wastewaters from textile dyeing, plastic, and rubber manufacturing
industries. A minimum period of three rain-free days was observed prior
to sample collection. Influent and effluent samples were collected with a
MAXX SP5 autosampler (LabUnlimited Carl Stuart Group, UK) in polyethyl-
ene bottles (Sigma-Aldrich, Italy) pre-rinsedwithmethanol and purewater.
At the moment of collection, the temperature of the wastewater samples
was 14 °C during February and 22 °C during the warmer months. After col-
lection, samples were stored at−20 °C until analysis. A field blankwas pre-
pared with every kit, transferred to a clean bottle on-site, and then
extracted concurrently with samples. Field blanks were extracted within
the same batches as samples and matched with the corresponding WWTPs.

Sludge samples were collected from the sludge tanks using pre-cleaned
high-density polyethylene bottles. An aliquot of approximately 1 kg of each
sludge sample was dried at 40 °C, ground and homogenized with a mortar
and pestle and stored at −20 °C until extraction. The dry matter of sludge
samples was determined by drying 10 g of fresh sludge at 105 °C. Sludge
samples were collected during February 2022 from the four WWTPs. Dur-
ing July and October 2021 and May 2022, samples were collected only
from plant A (as unlike other plants, it employed membrane bioreactor)
and plant D (because of the highest treatment capacity).

3. Materials and methods

3.1. Standards and reagents

Analytical standards and isotopically labeled analogues PFAS were
purchased from Wellington Laboratories Inc. (Guelph, ON, Canada). They
consists a stock solution of: i) native standards (PFAC30PAR) containing
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perfluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPeA), perfluoro-
butane sulfonamide (FBSA), perfluorobutane sulfonic acid (PFBS), PFHxA,
4:2 fluorotelomer sulfonic acid (4:2 FTS), perfluoropentane sulfonic acid
(PFPeS), PFHpA, fluorohexane sulphonamide (FHxSA), PFHxS, PFOA, 6:2
fluorotelomer sulfonic acid (6:2 FTS), perfluoroheptane sulfonic acid
(PFHpS), PFNA, perfluorooctane sulfonamide (PFOSA), PFOS, PFDA, 8:2
fluorotelomer sulfonic acid (8:2 FTS), perfluoroundecanoic acid (PFUnDA),
N-methyl -perfluoro-1-octanesulfonamidoacetic acid (N-MeFOSAA), N-ethyl
perfluoro-1-octanesulfonamide (NEtFOSA), perfluorodecane sulfonic acid
(PFDS), perfluorodedecanoic acid (PFDoDA), perfluorotridecanoic acid
(PFTrDA), and perfluorotetradecanoic acid (PFTeDA); ii) isotopically labeled
standards (MPFAC-24ES) containing 13C4 PFBA, 13C5 PFBA, 13C5 PFHxA,
13C4 PFHpA, 13C8 PFOA, 13C9 PFNA, 13C6 PFDA, 13C7 PFUnA, 13C2 PFDoA,
13C2 PFTreA, 13C3 PFBS, 13C3 PFxS, 13C8 PFOS, 13C8 PFOSA, d5-NetFOSAA,
d3-N-Me-FOSAA, 13C2 4:2 FTS, 13C2 6:2 FTS, and 13C2 8:2 FTS. LC/MS grade
solvents and all other reagents used for sample preparation such as methanol
(MeOH), ammonium acetate, glacial acetic acid, and ammonium hydroxide
(28 % ammonia in water ≥99.99 %) were provided by VWR International
(Milan, Italy).

3.2. Sample preparation

The water samples (100 mL) were filtered with Munktell filter paper
discs, Grade 388, 12–15 μm (Munktell Filter AB, Falun, Sweden). Then,
wastewater samples were adjusted to pH 3 with acetic acid and spiked
with the isotopically labeled standard solution to a concentration of
80 ng L−1.

Analytes were extracted by solid-phase extraction (SPE, Lee Sun New
et al., 2021) using Agilent SampliQ Weak Anion Exchange (6 mL,
150 mg; CPS analitica for Chemistry, Agilent Technologies). In particular,
the cartridges were conditioned sequentially with 4 mL of methanol
0.5 % (v/v) ammonia, 4 mL of methanol, 4 mL of water, and 3 mL of
water 1 % acetic acid. Then, the samples were loaded onto the cartridges
with a flow rate of ca. 2 mL min−1. The cartridges were washed with
4 mL of acetate buffer 25 mmol L−1 pH 4 and 4 mL of ultrapure water;
after that, they were vacuum dried for 10 min. The elution was carried
out with 4 mL methanol and 4 mL of methanol 0.5 % (v/v) ammonia.

The eluates were evaporated under a gentle nitrogen stream at 25 °C till
500 μL. Aliquots of 80 μL were collected and reconstituted with 20 μL of ul-
trapure water, obtaining a solution MeOH:H2O (80:20, v/v) before injec-
tion. Samples were analyzed in duplicate.

For sludge samples, approximately 0.25 g of dried sludge was extracted
with ultrasonication for 30 min using methanol with 0.1 % of ammonia as
extraction solution according to EPA 3550C 2007 and EPA 8327 2021.
After extraction, the pH of the extract was adjusted to pH 3with acetic acid.

3.3. Instrumental analysis

Samples were analyzed by an Ultimate 3000 ultra-HPLC (UHPLC)
system connected via a heated ESI source to a TSQ Vantage™ triple-stage
quadrupole mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany). The UHPLC system consisted of a binary pump equipped with a
degasser, a thermostated microwell plate autosampler, set at 14 °C, and a
thermostated column oven. The chromatographic column was an Agilent
Zorbax Eclipse Plus C18 (2.1 × 100 mm, 1.8 μ); the Agilent Infinity Lab
PFC (4.6 × 30 mm) delay column was added after the pump but before the
injector to overcome the background PFAS contamination issue that could
occur in a single analytical run. The column was thermostated at 35 °C, and
mobile phases were: (A) H2O:MeOH (95:5, v/v) 2mmol L−1 ammonium ace-
tate, and (B) MeOH 2mmol L−1 ammonium acetate. The flow rate was set at
300 μLmin−1; the injection volumewas 40 μL. The gradient elution of 35min
was optimized as follows: after an isocratic step at 10%B for 4min, Bwas lin-
early increased to 90 % in 13 min and kept constant for 14.5 min, and then it
was brought to the starting 10% in 0.5 min, and the column let to equilibrate
for 3 min. The UHPLC-MS/MS system was managed by Xcalibur software
(v.2.1, Thermo Fisher Scientific). The ESI source parameters were: spray
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voltage 3.2 kV, capillary temperature 220 °C, sheath gas pressure, ion sweep
gas pressure, and auxiliary gas pressures 50, 0, and25 (arbitrary units), respec-
tively. Multiple reaction monitoring (MRM) parameters for each standard
compound were optimized in negative ion mode with direct injection of stan-
dard solutions at a concentration of 10 ng mL−1. The selected MRM condi-
tions are reported in Table S2. Quantification was done using the isotopic
dilution method with labeled PFAS analogues; the most intense precursor/
product ion transition was the quantifier ion, whereas the second one was
the qualifier ion. Standard solutions were prepared in MeOH to check the lin-
earity of the method. These solutions were prepared at five different concen-
trations ranging between 0.01 ng mL−1 and 25 ng mL−1 with the relative
isotopically labeled standard at a concentration of 50 ng mL−1. The linearity
ranges of calibration curves are reported in Table S2.

3.4. Quality control

To evaluate the method developed for water and sludge samples, differ-
ent quality parameters such as recovery, reproducibility, and sensitivity
were studied. The results are presented in Table S2. Recovery tests for
method evaluation were carried out by spiking purewater samples at levels
of 25 ng L−1, 250 ng L−1, and 500 ng L−1 for each PFAS. The same recov-
ery tests were conducted on a wastewater pool showing results comparable
to those obtained with pure water that was chosen for method validation
due to the presence of endogenous quantities of analytes of interest in
wastewater. Recoveries (RE (%)) for individual analytes were calculated
by the ratio between the samples fortified before the extraction (set
1) and the ones spiked after the extraction (set 2). The evaluation was
done according to Eq. (1) normalizing the obtained natives' areas with
the relatives Internal Standard (IS) peaks areas (spiked at a concentration
of 80 ng L−1). The endogenous amount was considered by subtracting
Area(C0) that is referred to a not spiked sample.

RE %ð Þ ¼ Area set1ð Þ � Area C0ð Þ½ �
Area set2ð Þ � Area C0ð Þ½ � � 100 (1)

For the sludge sample the spike was at 100 ng kg−1 dw. Five replicates
were done to evaluate the reproducibility of the method. Precision was eval-
uated by carrying out intra-day, and inter-day precision calculations in ex-
tracts spiked at fortification values of 250 ng L−1 and 100 ng kg−1 dw for
water and sludge samples, respectively. Recoveries were>70%with relative
standard deviations (RDSs) in the range of 2–9 % and <20 % for wastewater
and sludge samples, respectively. PFAS concentrations measured in the
sludge sample used for recovery calculation were lower than limit of detec-
tion (LOD) defined as the minimum amount of analyte providing a peak
with a signal-to-noise ratio (S/N) =3. Method limit of quantification
(MLOQ), defined as the minimum amount of analyte providing a peak with
a signal-to-noise ratio (S/N) = 10 was estimated for each PFAS. MLOQs
ranged between 0.35–3.15 ng L−1, and 0.07–0.15 ng kg−1 dw for wastewa-
ter and sludge samples, respectively.

3.5. Calculation of PFAS removal and mass load

For each WWTP, the removal efficiency was calculated knowing the
total PFAS concentration in influent wastewater samples (Cinf) and effluent
wastewater samples (Ceff) according to Eq. (2):

Removal %ð Þ ¼ Cinf � Ceff=Cinfð Þ � 100 (2)

Moreover, dailymass load (g/day) of individual PFASwas calculated by
multiplying influent and effluent concentrations of single PFAS at each
WWTP by the corresponding daily flow rate (Table S1).

3.6. Statistical analysis

Data analysis was conducted using R statistical software (v4.3.0, R Core
Team, 2023). Asymptotic two-sample Kolmogorov-Smirnov test was used



Fig. 1. Concentrations of total short chain and long chain PFASs in influent (a) and effluent (b) wastewater samples in July and October 2021, May and February 2022.
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to assess for relationships between the concentration of individual PFAS at
all WWTP during the dry season (July, October, and May) and wet season
(February).

4. Results and discussions

Twenty-five PFAS from five classes (perfluorocarboxylic acids,
perflurosulfonic acids, fluorotelomer sulfonates, perfluorosulfonamides,
perfluorosulfonamidoacetic acids) were detected in wastewater samples
from influents and effluents of four Italian WWTPs during the sampling
campaigns in July and October 2021, February, and May 2022. Concentra-
tions of PFAS in influent and effluent wastewater samples are summarized
in Tables S3 and S4, respectively.

4.1. PFAS concentrations in influent wastewater

Total PFAS concentrations in influent ranged from 24.1 to 66.9 μg L−1.
Plant D showed the highest influent PFAS concentrations
(24.1–64.5 μg L−1) followed by Plant C (41.8–60.4 μg L−1) as expected be-
cause these two plants treat the highest wastewater daily volume (Table S1).
Plant B was less contaminated than plants C and D. However, a spike in con-
centration was found during May in plant B (the total PFAS amount was
438 μg L−1) due to the high level of PFHxS detected (393 μg L−1). This
could be attributed to local industries as reported in previous studies, which
linked maximal values of PFAS concentrations to industrial wastewater (Vo
et al., 2020; Lenka et al., 2022). Total long-chain PFAS concentrations were
slightly higher (range 11.4–42.6 μg L−1, whereas including the spike in con-
centration the range was 11.4–414 μg L−1) than those of short-chain PFAS
concentration (13.1–35.2 μg L−1) (Fig. 1a). Influent wastewater was mainly
4

dominated by short-chain PFPeA (1.91–30.0 μg L−1) followed byNMeFOSAA
(MLOQ-20.3 μg L−1), PFOS (MLOQ-13.1 μg L−1), PFBS (MLOQ-11.7 μg L−1),
PFHxS (MLOQ-11.6 μg L−1 excluding the spike in concentration), PFHxA
(0.85–7.87 μg L−1), PFOA (1.04–7.55 μg L−1), PFBA (0.76–5.56 μg L−1),
PFHpA (0.71–4.06 μg L−1) and PFTrDA (MLOQ-3.27 μg L−1) in all four inves-
tigated WWTPs.

Fig. 2a shows the percentage composition of total PFAS in influent water
samples from the four investigated WWTPs. Among short-chain PFAS,
PFPeA accounted for a range of 4–60 % (mean value 23 %) of the total
PFAS concentration. Other short-chain dominant homologues were PFHxA
(0.25–26 %, mean value 8 %) PFBS (0.02–18 %, mean value 7 %), PFBA
(0.7–11 %, mean value 5 %), and PFHpA (0.13–12, mean value 4 %).
PFPeA, PFBA, PFHpA, and PFHxA were detected in all samples, whereas
PFBS was detected in 94 % of the samples. Among long-chain PFAS, PFHxS
and NMeFOSAA dominated accounting for a range of 0.009–90 % (mean
value 14 %) and 0.008–34 % (mean value 13 %), respectively, of the total
PFAS concentration. Other long-chain dominant PFAS were PFOS
(0.004–19 %, mean value 7 %), PFOA (0.2–11 %, mean value 6 %), and
PFTrDA (0.002–25 %, mean value 5 %). PFOA was detected in all the waste-
water samples. NMeFOSAA, PFTrDA and PFOS were also frequently detected
(>80 % of the total samples), whereas PFHxS showed lower detection fre-
quency (56 %). Regarding FTS, 4:2 FTS was less detected (<6 % of the sam-
ples) than 6:2 FTS and 8:2 FTS which were present above the MLOQ in
<50 % of the investigated WWTP influent samples. PFPeS and PFDS were
present above the MLOQ in <12% and 19% ofWWTP samples, respectively.
PFOSAandNEtFOSAwere present above theMLOQ in<19%and25%of the
influent samples, respectively. FBSA was above MLOQ in 62 % of the investi-
gated samples at a concentration < 0.91 μg L−1. PFNA and PFDAwere above
MLOQ in<94% and 62% of the samples, respectively at concentration lower



Fig. 2. Percentage compositions of PFASs in influent (a) and effluent (b) wastewater samples collected from the four investigatedWWTPs (A, B, C and D) in July and October
2021, May and February 2022.
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than 1.83 ngL−1. PFDoA, PFUnDA and PFTeDA were frequently detected
(>60 %) at concentration lower than 3.27 μg L−1. PFHpS were present
above the MLOQ in <6 % of the samples, and FHxSA, was under the MLOQ
in all the influent samples. The presence of short-chain PFAS in influentwaste-
water have been already reported in previous studies (Lenka et al., 2021) indi-
cating the prevalent production and use of shorter chain as substitute of longer
chain PFAS in many consumer products and industrial applications (Wang
et al., 2013a, 2013b; Lenka et al., 2021;). For example, PFHxA, PFBS, and
PFBA have been used as alternative to PFOA and PFOS for surface treatment
of textile, leather, and carpet as well as for treatment of food contact material,
in production of fluoropolymer, in decorative metal plating and as fire-
fighting foams (Wang et al., 2013a, 2013b). PFBS is also a by-product of
PFBS-precursors or PFBS-related substances, which are mainly used as surfac-
tants and repellent protection of textiles, leather, carpets, and hard surfaces, as
these last degrade during use in the waste stage or in the environment
5

(Nielsen, 2017; ECHA, 2019). Since PFHpA is not commercially produced in
EU, its presence inwastewater can be the result of the environmental transfor-
mation of longer chain PFAS (ECHA, 2022). However, PFHpA and PFPeA
have been found in food contact material such as microwave popcorn bag
(Zafeiraki et al., 2014; Schaider et al., 2017). In addition, PFBA, PFBS,
PFHxA, PFHpA, and PFPeA have been found in several consumer products
which include carpets, gloves, impregnation sprays, leather, ski wax, and out-
door textiles (Kotthoff et al., 2015). The presence of PFOA and PFOS inwaste-
water samples suggests that although they have been restricted in consumer
products (EU Regulation, 2019/1021; Regulation (EU) 2020/784), they
have still not been completely phased out. PFHxS has replaced PFOS as surfac-
tant and protective coating in applications such as aqueousfirefighting foams,
textile coating, metal plating and in polishing agents (Wang et al., 2013a,
2013b; Boucher et al., 2018). N-MeFOSAA is a degradation product of the vol-
atile N-methyl perfluorooctanesulfonamido ethanol (N-MeFOSE) used in
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protective surface coatings (3M, 1999; Boulanger et al., 2005; Buck et al.,
2011). PFTrDA derived from a mixture of fluorotelomer-based precursors
(which include mainly PFNA) marketed for use as fluorinated surfactant
(Buck et al., 2011). The contamination of PFAS found in this study could be
attributed to domestic waste (use and disposal of consumer products contain-
ing additives or impurities) and to industrial discharges because, although the
contribution of local industries was a minority (<20 %), the levels of PFAS in
wastewater influents were very high (in the order of μg L−1) compared to
those reported in urban wastewater in previous studies (which reported
PFAS concentrations in the order of ng L−1) (Castiglione et al., Rotander
et al., 2015; Campo et al., 2014; Lenka et al., 2021). In addition, previous stud-
ies showed that PFAS concentrations in wastewater from intensive industry
were higher than 1 μg L−1 (Vo et al., 2020; Gagliano et al., 2020; Wang
et al., 2013a, 2013b; Rotander et al., 2015). Water solubility also plays a
role in distribution of PFAS in wastewater. Short-chain PFAS are generally
more soluble in water than longer PFAS due to the smaller number of carbon
atoms in their chain linked to the carboxylate and sulfonate groups, which are
hydrophilic (USEPA, 2019;Wang et al., 2011). However, the concentration of
some longer PFAS such as N-MeFOSAA and PFOS were higher than shorter
PFAS (PFBA and PFBS) although their water solubility was lower (water solu-
bility, N-MeFOSAA, 0.00052 mg L−1; PFOS, 0.049 mg L−1; PFBS,
8859.8 mg L−1 and PFBA, 344 mg L−1) (USEPA, 2012). This could suggest
that there were constant sources of these substances flowing throughWWTPs.

4.2. PFAS concentrations in effluent wastewaters

Total PFAS concentrations in effluent ranged from 13.4 to 107 μg L−1. Ef-
fluents from plant D had the highest PFAS concentrations (33.6–107 μg L−1)
followed by plant C (41.8–60.4 μg L−1), whereas effluents from plant B were
the least contaminated (13.4–24.1 μg L−1). Unlike in influent wastewater,
total long-chain PFAS concentrations were lower (range 6.33–44.5 μg L−1)
than short-chain PFAS concentrations (4.41–82.4 μg L−1) (Fig. 1b).Moreover,
effluent wastewater was mainly dominated by PFBS (0.80–66.1 μg L−1)
followed by PFHxS (<MLOQ-20.7 μg L−1), PFPeA (1.15–12.6 μg L−1), PFOS
(1.50–12.0 μg L−1), PFHxA (0.46–7.72 μg L−1), PFTrDA (<MLOQ-
7.75 μg L−1), PFBA (0.70–6.46 μg L−1), PFOA (0.51–4.49 μg L−1),
NMeFOSAA (<MLOQ-3.67 μg L−1) and PFHpA (0.53–3.33 μg L−1).

Fig. 2b shows the percentage composition of total PFAS in effluent
water samples from the four investigated WWTPs. PFBS accounted for a
range 6–61 % (mean value 26 %) of total PFAS concentration. Other
short-chain dominant homologues were PFHxA (3–18 %, mean value
10 %), PFBA (3–16 %, mean value 7 %), PFPeA, (4–26 %, mean value
7 %) and PFHpA (2–8 %, mean value 4 %). PFBS, PFHxA, and PFPeA and
PFHpA were detected in all effluent wastewater samples. Among long-
chain PFAS, PFOS (4–23 %, mean value 21 %), NMeFOSAA (0.0005 %–
20 %, mean value 8 %) and PFOA (3–11 %, mean value 6 %) were domi-
nant. PFHxS ranged between 0.01 and 49 % (mean value 0.7 %) of the
total effluent samples. PFOS, PFOA and PFDoDAwere detected in all the ef-
fluent samples, whereas NMeFOSAA and PFHxS were detected in 94% and
81 % of the total effluent wastewater samples, respectively. FTS, namely
4:2 FTS, 6:2 FTS and 8:2 FTS were present above the MLOQ in <69 %,
50 % and 56 % of the investigated WWTP effluent samples, respectively.
PFPeS and PFOSAwere present above theMLOQ in less 19% of the effluent
samples. FHxSA and PFDS were above the MLOQ in <12 % and 19 %, re-
spectively. FBSA was above the MLOQ in 94 % of the samples at
concentration < 0.10 μg L−1. PFDA and NEtFOSA were present above
MLOQ in <50 and 56 % of the samples, respectively. PFNA, PFUnDA,
PFTrDA and PFTeDA were frequently detected (>75 %) at concentration
lower than 7.73 μg L−1. PFHpSwas below theMLOQ in all the effluent sam-
ples. Many studies reported that domestic effluents have lower concentra-
tions of PFAS than industrial effluents and are mainly dominated by
PFOA, PFOS, PFHxS, PFBA, and PFHxA (Castiglioni et al., 2015; O'Connor
et al., 2022; Lenka et al., 2021). Moreover, FTS have been found to be pre-
dominant in industrial effluents (O'Connor et al., 2022). In our study, FTS
were detected occasionally, and high concentrations of PFOA, PFOS,
PFHxS, PFBA, and PFHxA were measured in effluent samples. Thus, the
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results found in effluent wastewater from this study suggest that the con-
tamination of PFAS in the fourWWTPswas due to both domestic and indus-
trial waste.

4.3. PFAS seasonal variability

Seasonal variations of PFAS pollution in the four ItalianWWTPs was in-
vestigated by monitoring wastewater during cold and wet season (Febru-
ary) and comparing the mass load values of PFAS to those calculated
during the dry season (April, May, and October). In influent wastewater
samples, total PFAS mass load ranged between 963 and 3196 g/day in
July 1773 and 9044 g/day in October 1933 and 12,366 g/day in May
2021, 1519 and 9151 g/day in February 2022 (Fig. 3a; Table S5). The
higher mass load estimated during May 2022 was due to the spike in con-
centration of PFHxS (393 μg L−1) measured at plant B, which was probably
linked to local industrial wastewater discharge. The concentrations of total
PFAS in the cold and wet season were slightly higher than those in the dry
season. The discharge of PFAS into wastewater mainly comes from indus-
trial and manufacturing facilities and products consumption (Hamid and
Li, 2016). The higher influent PFAS concentrations in winter could be at-
tributed to human consumption of products containing PFAS such as winter
clothes made of waterproof materials rich in PFAS (Zhou et al., 2017).
PFPeA was the most dominant PFAS found in July (191–1198 g/day), Oc-
tober (147–2571 g/day) and February (686–1300 g/day). PFHxS was dom-
inant in May (11,089 g/day) because of the spike in concentration at Plant
B. However, PFPeA was the second most abundant PFAS found in May
(517–1766 g/day) in plant B, C and D. NMeFOSAA showed lower detection
frequency (50 %) and mass load (0–0.88 kg/day) during July. The concen-
trations in October (0.14–1445 g/day) and May (168–977 g/day) were
lower than those measured in February (120–1850 g/day). The dominance
of PFPeA and NMeFOSAA in influent samples, which reached the highest
concentration during the cold season (February), suggests a direct source
from consumption products. For other PFAS, differences in concentrations
and detection frequency due to seasonality were not observed.

In effluent samples, total PFAS mass load ranged between 684 and
5192 g/day in July; 614 and 16,514 g/day in October; 378 and 4276 g/
day in May 2021; 735 and 8217 g/day in February 2022 (Fig. 3b; Table S6).
The highest mass load value of total PFAS (16,514 g/day) was measured at
plant D in October 2021, whereas the lowest value was measured at plant
B (378 g/day) in May 2022. PFPeA was the most dominant PFAS in effluent
samples in July, reaching a value of 831 g/day, whereas PFBS was dominant
in October (10,166 g/day) and in February (2108 g/day) in plant D.

Asymptotic two-sample Kolmogorov-Smirnov test indicated no signifi-
cant differences between the concentration of individual PFAS during wet
and dry season in both influents (D = 0.08, p-value = 0.7232, alternative
hypothesis: two-sided) and effluents (D=0.12333, p-value=0.204, alter-
native hypothesis: two-sided) showing p-value greater than the significance
level of 0.05.

As a whole, seasonal variation of PFAS in influent and effluent appears
rather low and could be attributed more likely to pulse release instead of
seasonal factors.

4.4. Removal efficiency

Removal efficiency of PFAS in the different WWTPs were calculated
using Eq. (2) and are shown in Fig. S1. The overall concentration of total
PFAS decreased after treatment with a few exceptions: at plant D an in-
crease of total PFAS concentrations from influent to effluent was observed
during July andOctober; in plant A during October andMay; in plant C dur-
ing May (Fig. S1). In a previous work, Guerra et al. reported that different
condition during the treatment processes, such as hydraulic retention
time, aeration time, and microbial abundance, may affect PFAS removal
(Guerra et al., 2014). Plant B showed the highest removal of PFAS
(29–97 %) probably because it operated at longer hydraulic retention
time (HRT, 12–14 h) compared to the other WWTPs. Plant B also received
a lower load of wastewater (80.000 equivalent person, p.e.) with lower



Fig. 3. Total PFAS mass load estimated in influent (a) and effluent (b) from the four studied WWTPs (A, B, C and D) during months of July and October 2021, May and
February 2022.
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contribution deriving from factories (10% p.e.). On the other hand, plant D
which operated at shorter hydraulic retention times (5–6 h) showed the
lower removal efficiency (−82–45%). Plant D received a greater load of in-
dustrial waste besides serving a larger population. All four wastewater
treatment processes considered in this study utilize the activated sludge
procedure after the denitrification. In addition, plant A employed mem-
brane biological reactor (MBS) system after biological oxidation.

Negative values of total PFAS percentage indicate an increase of total
PFAS concentrations from influent to effluent. The increased concentra-
tions of PFAS concentrations in effluent have been already reported in
most WWTPs worldwide and it is mainly attributed to biotransformation
of PFAS precursors in WWTPs applying biological treatments, which deter-
mine an increase of concentrations of PFAS (Arvaniti and Stasinakis, 2015).
The percentage of total PFAS removal across the plants were −62 % and
29 % during July; −82 % and 67 % during October; −39 % and 96 %
during May; 10–51 % during February (Fig. S1). During the wintertime
(February), an increased concentration of PFAS in the effluents of the four
WWTPs was not observed, and this could be attributed to the lower temper-
ature (14 °C) of the wastewater that does not promote the degradation of
longer chain PFAS to shorter chain PFAS (Arvaniti and Stasinakis, 2015;
Thompson et al., 2022).

Tables S7-S10 show the percentage differences between influent and efflu-
ent concentrations of single PFAS for the four WWTPs. Negative percent
7

differences indicate that concentrations in the effluent are higher than influent
and positive indicate higher concentrations in the influent than effluent. Fo-
cusing on the most dominant PFAS found in this study, PFOA showed an
influent-to-effluent removal efficiency ranging between −99 % and 78 %.
In plant A, the concentration of PFOA increased >50 % after treatment.
Plant B and C showed the best removal for PFOA (75 % and 78 %, respec-
tively). Lower percentages of removal were observed for PFOS
(−173,778–22 %). Plant C and D showed an increase in PFOS concentration
after treatment. Plant B showed the highest removal efficiency (42–84 %) ex-
cept during July (−173,778 %). PFHxA showed removal efficiency ranging
between−107%and73%. Plant B gave positive values of removal efficiency
only during May and October (35 % and 53 %, respectively). Plant D showed
the worst removal efficiency for PFHxA. PFPeA showed satisfactory removal
efficiency (26–94 %) in three out of four WWTPs. Plant A showed the worst
removal (−162–62 %) for PFPeA, whereas PFBA removal efficiency was
−249-47 %. These last two PFAS reached the best removal efficiency in
Plant B. PFHpA removal efficiency was of −80-58 %. The major variability
of removal efficiency across the plant was observed for PFBS (−86,546 %
to 72 %), NMeFOSAA (−81,979–99 %) and PFTeDA (−57,296–99 %).
Plant A showed the worst NMeFOSAA removal. PFBS showed a greater in-
crease in concentration from influent to effluent in plant A and D. The ob-
served increase in concentrations of several PFAS in effluent wastewater
suggests that further source of PFAS in wastewater plant is the degradation



Fig. 4. Concentration of PFOA (ng kg−1 dry weight) in primary and secondary sludge collected from WWTP A.
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of PFAS precursors during treatments. This could be supported by the observa-
tion that plant A, which employed the MBR system, showed an increase in
concentrations of many shorter PFASs from influent to effluent. Many studies
reported that in biological treatment polyfluoroalkyl precursor including
FOSA, FOSAA, FtOH, FTSA and FTS can degrade to shorter chain PFAS such
as PFOA, PFOS and PFHxA, leading to an increase of total PFAS in effluent
(Lenka et al., 2021; Zhao et al., 2013). PFPeA and PFHxA are found to be
biodegradation products of 6:2 FTS and 6:2 FTOH (Wang et al., 2011b;
Zhang et al., 2013); PFHxA, PFPeA, PFOA, PFHpA are degradation products
of 6:2 and 8:2 FTOH (Yu et al., 2018). However, in our study we monitored
only FOSA (present in three influent samples at concentration lower
than 0.35 μg L−1) and FTS (present in <8 samples at influent
concentration < 1.06 μg L−1) as precursors. PFHxA and PFOA are reported
to be degradation products of FOSA in WWTPs (Yi et al., 2018); PFBA is re-
ported to be a by-product of PFPeA, PFHxA (Hamid et al., 2020). Our results
showed that the treatment capacity and treatment processes were the largest
contributors to removal efficiency. In addition, microbial degradation pro-
cesses (such as activated sludge and MBR) led to an increase of PFAS in efflu-
ents due to the formation of biotransformation products.

4.5. PFAS in wastewater sludge

Concentrations of PFAS measured in sludge samples after primary and
secondary treatments are reported in Table S11. Most of PFAS monitored
in wastewater treatment sludge were present at concentrations <MLOQs.
However, PFOA was detected in sludge from plant A and its concentrations
in primary sludge sampleswere lower (96.6–165 ng kg−1 dw) than those in
secondary treatment sludge samples (98.6–440 ng kg−1 dw) (Fig. 4). Fur-
thermore, a limited number of PFAS were detected occasionally in second-
ary sludges: PFOS was detected in plant D in October (142 ng kg−1) and in
plant B in February (250 ng kg−1); PFBS was detected in plant A in May
(96.6 ng kg−1); PFHpA was detected in plant A in July (108 ng kg−1

dw), and PFHxA was detected in plant A in October (239 ng kg−1 dw).
This confirms that secondary wastewater treatments are further source of
PFAS pollution since they lead to biodegradation of PFAS precursors, deter-
mining an increase in concentrations of somePFAS from influent to effluent
and from primary to secondary sludge.

Solid-water partition coefficient (Kd) is an important parameter for
understanding the transport of hydrophobic contaminants in the aqueous
environment, being these in contact with both the aqueous and solid
phase. Kd was calculated for PFOA from the concentrations in the influent
samples (Cw, expressed in ng L−1) and in the primary sludge samples (Cs,
expressed in ng kg−1) according to Kd = Cs/Cw (L kg−1) (3). Kd values
for PFOA ranged between 0.04 and 0.09 L kg−1. These values were much
lower than those found in previous studies such as in sludge samples col-
lected from sewage treatment plants located in Valencia and Castilla-La-
Mancha, Spain (25.4 103 L kg−1, mean value) (Campo et al., 2014), in
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industrial areas located in Catalonia, Spain (30–54 L kg−1) (Milinovic
et al., 2016), and in Singapore (188–597 L kg−1) (Yu et al., 2009).

4.6. Comparison with previous studies

PFAS concentrations measured in wastewater samples in our study were
compared to those previously reported in selected studies worldwide
(Table S12). In particular, data fromWWTPs using conventional wastewater
treatment plants with secondary biological treatment (activated sludge) are
reported. The number and type of PFAS analyzed for each study are also in-
cluded in the table. In general, we found PFAS concentrations much higher
than those reported in previous studies. For example, PFAS concentrations
in effluent wastewater samples measured in our study were much higher
(13.4–107 μg L−1) than those found by Castiglioni et al. in municipal
(15–27 ng L−1) and industrial (205–1128 ng L−1) serving the city of Milan
(Italy) in three-year monitoring campaigns (2011–2013) (Castiglioni et al.,
2015). Castiglioni et al. found PFOA and PFOS dominant among PFAS and
poorly removed in all the WWTPs (removal rates were of 13–50 %)
(Castiglioni et al., 2015). In our study we often found concentrations of
PFOA and PFOS increasing from influent-to-effluent. EU-wide monitoring
survey carried out in 2010 detected seven PFAS (mostly long-chain PFAS)
in effluents from 90 European WWTPs at concentrations lower than those
found in our study with PFHxA (304 ng L−1) and PFOA (255 ng L−1) the
most abundant (Loos et al., 2013). PFAS measured in sewage treatment
plants from Spain (Campo et al., 2014), Bavaria, Germany (Becker et al.,
2010), Belgium (Jeong et al., 2022), and Baltic Sea region (Undeman et al.,
2019; Lenka et al., 2021) showed lower concentrations in influent and efflu-
ent compared to those reported in our study. However, industrial wastewater
fromfirefighting exercises located in France showedhigher concentrations of
PFAS (5.3×106 to 1.2×108 ng L−1) than those reported in our study with
fluorotelomers the most abundant followed by PFOS (Dauchy et al., 2019).

Chinese municipal WWTPs showed PFAS concentrations much lower
than those found in our study in both influent and effluent, with PFBA
often predominant (Jiang et al., 2023; Mu et al., 2022). In our study, we
found PFPeA dominant in influent and PFBS and PFOS mainly dominant
in effluents. The levels of PFAS in wastewater from 77 different industrial
plants in Korea were also lower in both influent and effluent than those
found in our study (Kim et al., 2021).

PFAS contamination in African WWTPs was much lower than those
found in our study, with PFBA and PFHxS the most abundant in influent
and PFBA the most abundant in effluent (Jiang et al., 2023). In Australian
wastewater, PFAS levels were lower with PFPeA, PFHxA, PFHpA, PFOA,
PFNA, and PFDA increasing significantly between influent and final effluent
(Coggan et al., 2022). PFAS contamination was lower than those found in
WWTPs in Michigan (Helmer et al., 2022) and in Southeast United States
(Kim et al., 2022), showing in both cases an increase of concentration across
WWTPs after biological treatments (Helmer et al., 2022; Kim et al., 2022).
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For sludge, the concentration of PFOA found in our study was much
lower than those reported in previous studies (see Fig. S2) carried out in
Spain through 2010 (Campo et al., 2014), in Australia throughout 2017
(Coggan et al., 2022) in Sweden through 2004–2016 (Fredriksson et al.,
2022), in Southeast United State during 2020–2021 (Kim et al., 2022),
and in China during 2015–2016 (Jiang et al., 2023). Comparable values
of PFOA contamination were found in sludge from African WWTPs
(South Sudan, Tanzania, and Kenya) during 2015–2016 (Jiang et al.,
2023).

5. Conclusion

In this study, twenty-five target PFASweremonitored in influent and ef-
fluent wastewater from four municipal WWTPs located in the North of Italy
(Milan). Influent wastewater was mainly dominated by PFPeA (23 %)
followed by PFHxS (14 %) and NMeFOSAA (13 %). PFOA and PFOS and
other short-chain PFAS (PFHxA, PFBS, PFBA and PFHpA)were<8%. Efflu-
ent wastewater was dominated by PFBS (26 %) and PFOS (21 %). PFHxA,
PFBA, PFPeA, PFHpA, NMeFOSAA, and PFOS dominated by <10 %. PFAS
concentrations were higher than those in urban wastewater and of the
same order of magnitude in industrial wastewater previously reported.
Shorter chain PFAS concentrations were higher than long-chain concentra-
tions in effluents, and for some PFAS, higher concentrations have been
monitored in effluents than in influent indicating that biotransformation
of PFAS precursors occurs during biological treatments. Secondary biologi-
cal treatment seems to be not effective in removing PFAS from wastewater,
and MBR are even less effective. WWTP with shorter hydraulic retention
times showed lower removal efficiency (−82–45 %). Seasonal variation
of PFAS in influent and effluent appears rather low and more likely due
to pulse release instead of seasonal factors.
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