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Abstract
Perfluoroalkyl substances (PFASs) are a large class of persistent emerging pollutants, ubiquitous in different environmental 
compartments. In this study, twenty-one PFASs were determined in seventy-eight water samples collected from six different 
rivers in the Umbria region (central Italy) during a 13-month monitoring campaign. The sum of the twenty-one target analytes 
(Σ21PFASs) ranged from 2.0 to 68.5 ng  L−1, with a mean value of 22.0 ng  L−1. The highest concentrations of Σ21PFASs 
were recorded in the warmest months (from June to September) due to reduced river streamflow caused by low rainfall and 
high temperatures. PFASs with a number of carbon atoms between four and nine prevail over C10–C18 congeners due to 
their higher water solubility and to their increased use in industry. PFBA, followed by PFPeA, PFHxA, and PFOA, was the 
most abundant congeners detected in the analyzed river water samples. Finally, the calculation of risk quotients (∑RQs) 
has allowed to assess the risk for three aquatic organisms (fish, algae, and daphnid) deriving from the exposure to PFASs. 
The survey showed that the risk for the three aquatic organisms during the four seasons and throughout the year was always 
negligible. The only exception was a low risk for fish and daphnid in GEN river considering the annual exposure.
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Introduction

Perfluoroalkyl substances (PFASs) are a large group of syn-
thetic organic chemicals widely utilized in everyday prod-
ucts, such as food packaging, kitchenware, fabric, coatings, 
and electronics (Cai et al. 2018). PFASs are characterized 
by a fully fluorinated carbon chain and a hydrophilic head 
group (a carboxylic or sulphonic acid); this peculiar chemical 
structure gives the substances amphiphilic properties, widely 
exploited in the industrial field since 1960s (Zhang et al. 
2021a, b). In addition, the strength of carbon-fluoride (C-F) 
bond makes PFASs extremely resistant to any degradation 

process, such as biodegradation, photolysis, hydrolysis, and 
also metabolism (Organisation for Economic Co-operation 
and Development 2018; Castellani et al. 2023). Among more 
than 3000 perfluoroalkyl congeners, PFASs with a number 
of carbon atoms ≥ 6 cause great concern for human health 
due to their toxicity and bioaccumulation potential (Leng 
et al. 2021). Since 2009, in fact, perfluorooctane sulfonic acid 
(PFOS, 8 carbon atoms) and its salts were listed in the annex 
B of the Stockholm convention (UNEP 2009) to restrict their 
production and use. Ten years later, also perfluorooctanoic 
acid (PFOA, eight carbon atoms) and its salts were listed in 
the annex A of the Stockholm convention (UNEP 2019) to 
eliminate their production and use. In 2022, perfluorohexane 
sulfonic acid (PFHxS, six carbon atoms) and its salts were 
listed in the annex A of the Stockholm convention (decision 
SC-10/13; UNEP 2022a) and long-chain perfluorocarboxylic 
acids (LC-PFCAs, number of carbon atoms between nine and 
twenty-one) and their salts were proposed for listing in annexes 
A, B, or C of the Stockholm Convention (UNEP 2022b). The 
different length of the carbon chain implies different behav-
ior in term of migration, degradation, and bioaccumulation of 
PFASs. Specifically, short-chain PFASs are more persistent 
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and mobile in water media in comparison to long-chain PFASs 
that tend to accumulate in sediments (Chen et al. 2019). Long 
and short-chain PFASs also differ regarding the elimination 
rate from human body: short-chain compounds were excreted 
much more quickly than long-chain PFASs (Yao et al. 2018).

Despite short-chain PFASs are more subject to long-range 
transport and as persistent as long-chain PFASs (Yao et al. 
2018; Li et al. 2020a, b; Zhang et al. 2021a, b), they are not 
yet regulated because of their lower toxicity and lower bio-
accumulation potential (Wu et al. 2020; Zhang et al. 2022). 
This regulatory revolution has been implemented following the 
contamination of several environmental compartments, as well 
as living organisms, by PFASs (Zafeiraki et al. 2019; Zhou 
et al. 2021; Nayak et al. 2023). Due to the low volatility and 
high hydrophilicity characterizing this class of compounds, 
PFASs are mainly detected in aquatic environments (Wang 
et al. 2022). The contamination sources of aquatic matrices 
can be both direct (such as wastewater treatment plants or 
industrial discharges) or indirect (such as long-range transport 
or transformation of chemical precursors) (Dasu et al. 2022; 
Saawarn et al. 2022). It is well known that the exposure of 
aquatic organisms to PFASs can produce multiple toxic effects 
including lipid and carbohydrate metabolism alteration, oxida-
tive stress, endocrine and thyroid disruption, apoptosis, repro-
ductive, neurodevelopmental and immune toxicity, and growth 
inhibition (Lee et al. 2020; Mahoney et al. 2022). PFASs can 
also exert toxic effects on algae by reducing photosynthetic 
efficiency, by causing the accumulation of reactive oxygen 
species (ROS) that induce oxidative stress and by interrupting 
DNA replication, inhibiting algae growth (Liu et al. 2022).

In this study, the presence and seasonal trend of twenty-
one PFASs detected in six different rivers of Umbria region 
(central Italy) were investigated during a 13-month moni-
toring campaign. The collected contamination data were 
then used to track the possible emission sources of PFASs 
detected in river water samples. Finally, the potential risks 
for the aquatic flora and fauna (algae, fish, and daphnid) 
deriving from the exposure to PFASs were assessed through 
the calculation of risk quotients (RQs). This is, to our knowl-
edge, the first study that investigates the presence and sea-
sonal trend of PFASs in river water samples of central Italy. 
Additionally, the ecological risk assessment was a useful 
tool to evaluate the health status of the studied rivers.

Materials and methods

Sample collection

Seventy-eight river water samples were collected from six 
different rivers of Umbria region (central Italy; Fig. 1) dur-
ing a 13-month monitoring campaign (March 2022–March 
2023).

The rivers were selected based on a previous study con-
ducted by the regional agency for environmental protection 
of Umbria (Nucci et al. 2019a,b; Charavgis et al. 2022), in 
which emerged that these rivers exceeded the maximum lev-
els of PFASs fixed by directive 2013/39/EU (European Com-
mission 2013). Additionally, the six selected rivers were 
affected by potential sources of contamination as reported in 
Table 1. All the river water samples were collected monthly, 
using 0.5 L polypropylene (PP) bottle, pre-cleaned with 
methanol and ultrapure water. Due to the surfactant proper-
ties of PFASs, river waters were collected as grab samples, 
as indicated by EPA (Environmental Protection Agency; 
EPA 2022). The samples were refrigerated, transported to 
the laboratory, and stored at + 4 °C until analysis. Sampling 
details and area description are reported in Table 1.

Chemicals and reagents

LC–MS grade methanol (MeOH) was purchased by Merck 
(Darmstadt, Germany), and ultrapure water was obtained 
from a Milli-Q filter system (Millipore, Bedford, MA, 
USA). HPLC grade ammonium acetate was supplied 
by Merck (Darmstadt, Germany). Stock standard solu-
tions containing 2 μg  mL−1 of the target analytes (PFBA, 
PFPeA, PFBS, PFHxA, PFPeS, PFHpA, PFHxS, PFOA, 
PFHpS, PFNA, PFOS, PFDA, PFNS, PFUdA, PFDS, 
PFDoA, PFTriA, PFDoS, PFTeA, PFHxDA, and PFODA) 
were obtained from Wellington Laboratories Inc. (Guelph, 
Ontario, Canada). Mass-labeled injection standards (IS; 
M3PFBA, M2PFOA, MPFOS, and MPFDA) and mass-
labeled extraction standards (ES; MPFBA, M5PFPeA, 
M3PFBS, M5PFHxA, M4PFHpA, M3PFHxS, M8PFOA, 
M9PFNA, M8PFOS, M6PFDA, M7PFUdA, MPFDoA, 
and M2PFTeDA) at a concentration of 2 μg  mL−1 were 
purchased from Wellington Laboratories Inc. (Guelph, 
Ontario, Canada). Full names and internal standards of 
the target chemicals are listed in supplementary material 
in Table S1.

Sample extraction and instrumental analysis

The sample extraction and purification were performed 
following EPA method 533 (US EPA, 2019), as extensively 
described in Castellani et al. (2023). Briefly, 250 mL of 
river water samples, previously spiked with 250 μL of the 
ES at the concentration of 20 ng  mL−1, were loaded onto 
Strata™-XL-AW cartridge (100 mg, 6 mL, Phenomenex, 
CA, United States). Target PFASs were eluted into a poly-
propylene tube using 10 mL of MeOH containing 2% of 
 NH4OH. The samples were then dried under a gentle nitro-
gen flux and then re-suspended in 250 μL of IS solution 
(20 ng  mL−1). Chromatographic separation was performed 
by HPLC Agilent 1290 Infinity II (Agilent Technologies, 
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Santa Clara, CA, USA) equipped with Zorbax Eclipse Plus 
C18 RRHD (50 × 3.0 mm, 1.8 μm) chromatographic col-
umn purchased from Agilent Technologies (Santa Clara, 
CA). A delay column (Zorbax Eclipse Plus C18 RRHD, 
4.6 × 30 mm, Agilent Technologies, USA) was installed 
between the solvent mixer and injector module to avoid 
instrumental contamination. Chromatography was per-
formed using  H2O + 2 mM of ammonium acetate (A) and 
MeOH + 2 mM of ammonium acetate (B) at a flow rate 
of 0.5 mL  min−1. Gradient elution started at 40% of B for 
0.5 min and was raised to 80% within 7.5 min; after 4 min 

in isocratic condition, B was raised to 95% and equili-
brated for 1 min. The initial conditions were then restored, 
and the system was equilibrated for 2 min. The column 
temperature was 40 °C, and the injection volume was 5 
μL. The retention times of the target analytes are reported 
in Table 2. The HPLC was interfaced to an Agilent 6475 
triple quadrupole mass spectrometer with a Jet Stream 
6450 electrospray ionization unit (AJS-ESI) operating in 
multiple reaction monitoring (MRM) negative detection 
mode. The source and sheath gas temperatures were set at 
320 °C and 350 °C, respectively. The nozzle voltage and 

Fig. 1  Map of the six rivers (CAI, GEN, TOP, NES, TVN, and SAO) in Umbria region (central Italy)

Table 1  Sampling specifications, area description, and main sources of contamination affecting the studied rivers

River Geographic coordinates Area description Main sources of contamination

CAI 12° 15′ 44.73″ E 43° 0′ 9.06″ N Rural area Water plants, urban wastewater, industrial facilities, agricultural and livestock
NES 12° 21′ 58.61″ E 42° 54′ 27.60″ N Urban/industrial area Wastewater plants, urban wastewater, industrial facilities, agricultural and 

livestock
GEN 12° 17′ 29.24″ E 42° 58′ 8.93″ N Rural area Wastewater plants, urban wastewater, industrial facilities, agricultural and 

livestock
TOP 12° 30′ 27.33″ E 43° 1′ 34.51″ N Urban/rural area Wastewater plants, urban wastewater, industrial facilities, agricultural and 

livestock
SAO 12° 39′ 25.20″ E 43° 15′ 45.79″ N Rural area Urban wastewater, industrial facilities, agricultural and livestock
TVN 12° 36′ 38.53″ E 42° 55′ 50.37″ N Urban/industrial area Wastewater plants, urban wastewater, agricultural and livestock
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the ion capillary were 1500 V and 3750 V, respectively. 
The gas and the sheath gas flow were set at 5 L  min−1 and 
12 L  min−1. For all the analytes under study, the nebulizer 
was 50 psi and the cell accelerator voltage was 7 V. The 
collision energies and the fragmentor values set for the 
target analytes were reported in Table 2, together with 
precursor and product ions chosen for the quantification.

Statistical analysis

Principal component analysis (PCA) was performed by using 
R software (R-project for statistical computing, version 3.0, 
32-bit). PCA was carried out with the aim of clustering the 
possible tracers of the main emission sources affecting the 
six different rivers under study. Column mean centering and 

Table 2  Full names, acronym, internal standards, retention times (RT; minutes), precursor and product ions (q: qualifier, Q: quantifier), fragmen-
tor (V), and collision energy (eV) of the target analytes

Full name Acronym Internal standard RT (min) Precursor 
ion (m/z)

Product ion (m/z) Fragmentor (V) Collision 
energy 
(eV)

Perfluorobutanoic acid PFBA M3PFBA 0.81 213 169 60 8
Perfluoropentanoic acid PFPeA M5PFPeA 1.98 263 219 6
Potassium perfluoro-1-butanesul-

fonate
PFBS M3PFBS 2.08 298.9 Q 80 133 45

q 98.9 29
Perfluorohexanoic acid PFHxA M5PFHxA 3.56 312.9 268.9 66 5
Sodium perfluoro-1-pentanesul-

fonate
PFPeS M3PFHxS 3.82 349 Q 80 135 40

q 99 36
Perfluoroheptanoic acid PFHpA M4PFHpA 5.00 362.9 Q 319 66 5

q 169 13
Sodium perfluoro-1-hexanesulfonate PFHxS M3PFHxS 5.13 398.9 Q 80 174 49

q 99 45
Perfluorooctanoic acid PFOA M8PFOA 6.10 412.9 Q 368.9 86 5

q 169 13
Sodium perfluoro-1-heptanesul-

fonate
PFHpS M8PFOS 6.17 449 Q 80 100 50

q 99 46
Perfluorononanoic acid PFNA M9PFNA 7.09 462.9 Q 418.9 66 5

q 169 17
Sodium perfluoro-1-octanesulfonate PFOS M8PFOS 7.09 498.9 Q 80 210 50

q 99 50
Perfluorodecanoic acid PFDA M6PFDA 7.74 512.9 Q 469 102 5

q 169 20
Sodium perfluoro-1-nonanesulfonate PFNS M8PFOS 7.65 549 Q 80 165 76

q 99 48
Perfluoroundecanoic acid PFUdA M7PFUdA 8.45 562.9 Q 519 92 5

q 169 21
Sodium perfluoro-1-decanesulfonate PFDS M8PFOS 8.38 598.9 Q 80 120 94

q 99 60
Perfluorododecanoic acid PFDoA MPFDoA 9.04 612.9 Q 569 97 5

q 169 25
Perfluorotridecanoic acid PFTriA M2PFTeDA 9.56 662.9 Q 619 102 9

q 169 30
Sodium perfluoro-1-dodecanesul-

fonate
PFDoS M8PFOS 9.42 699 Q 80 100 64

q 99 60
Perfluorotetradecanoic acid PFTeA M2PFTeDA 10.08 712.9 Q 669 112 9

q 169 40
Perfluorohexadecanoic acid PFHxDA M2PFTeDA 11.92 813 Q 769 100 15

q 169 40
Perfluorooctadecanoic acid PFODA M2PFTeDA 13.38 913 Q 869 200 15

q 169 40
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row and column autoscaling were applied before performing 
PCA to correct the matrix of the data for different variable 
scaling and units.

Ecological risk assessment

To assess the risk for the aquatic biota (fish, algae, and daph-
nid), the risk quotients (RQs) were calculated, as suggested 
by Leng et al. (2021), following Eqs. (1) to (3) for sixteen 
of twenty-one PFASs under study. The choice of the com-
pounds was based on the different solubility of PFASs in 
the water matrix; for this reason, C-12 sulphonic acid and 
C-13,14,18 carboxylic acids were excluded from the RQ cal-
culation. The ∑RQs were calculated both seasonally and 
annually for all the six rivers under study. As reported by Li 
et al. (2020a), the value of the calculated RQ provides infor-
mation on the different risk categories: RQ < 0.01: negligible 
risk, 0.01 < RQ < 0.1: low risk, 0.1 < RQ < 1: medium risk, 
and RQ > 1: high risk.

where MEC is the measured environmental concentration 
(ng  L−1) expressed utilizing the upper bound approach 
(worst case scenario: values < LOD are equal to LOD value), 
PNEC is the predicted no-effect concentration (ng  L−1), and 
 LC50 and  EC50 are the median lethal concentration and the 
median effective concentration, respectively. The toxicity 
data of PFASs  (LC50 or  EC50) were estimated using EPI-
WEB 4.1, and the details were reported in Table 3. Finally, 
AF is the assessment factor, which is set at 100 for chronic 
toxicity.

Results and discussion

PFAS concentrations and monthly variations

The results of the analysis of river water samples (n = 1638 
analytical determinations) are summarized in Table  4. 
Among twenty-one target compounds, only the long-chain 
PFASs (PFNS, PFDS, PFUdA, PFDoA, PFDoS, PFTrDA, 
PFTeA, PFHxDA, and PFODA) were detected in less than 
50% of the analyzed river water samples. The concentrations 
of PFBA, PFBS, PFPeA, PFHxA, and PFOA were below 
the regulatory limits fixed by Italian 172/2015 Decree Law 
(Environmental Quality Standard (EQS): 7000 ng  L−1 for 

(1)RQ =
MEC

PNEC

(2)PNEC =
LC

50
or EC

50

AF

(3)RQtotal =
∑

RQ
i

PFBA, 3000 ng  L−1 for PFBS and PFPeA, 1000 ng  L−1 
for PFHxA, and 100 ng  L−1 for PFOA) in all the sampling 
months (Table 4). The concentration of PFOS, however, 
exceeded the maximum level fixed by Italian 172/2015 
Decree Law (0.65 ng  L−1) in 47% of the analyzed samples 
(Table  4). PFOS concentrations ranged from < LOQ to 
2.2 ng  L−1, with a mean of 0.8 ng  L−1; in detail, the highest 
concentrations of PFOS were recorded in the warmest month 
(from June to September) in all the rivers under study. GEN 
was the only river in which PFOS concentrations exceeded 
the fixed EQS in all the sampling months. On the other 
hand, TOP river was the only river in which PFOS did not 
exceed the fixed EQS in any sampling month. Castiglioni 
et al. (2015) measured PFOS concentration in five differ-
ent rivers in northern Italy, finding values between < LOQ 
and 43 ng  L−1, with a mean value of 14 ng  L−1. These val-
ues are 18 times higher than those reported in this study 
(Table 4). Valsecchi et al. (2015) measured PFOS concentra-
tion in waters collected from five different rivers in the most 
industrialized area of northern Italy, finding concentrations 
between < LOD and 150 ng  L−1. Also, in this case, the con-
centrations detected are much higher than those measured 
in this work. More recently, Barreca et al. (2020) reported 
PFOS concentrations between < LOQ and 29.4 ng  L−1 in 
57 river water samples collected in northern Italy, values 
13 times higher than those reported in this study (Table 4). 
Llorens et al. (2020) measured PFOS in sixteen different 
river waters collected in northeastern Spain, finding concen-
trations between < LOD and 1.5 ng  L−1 with a mean concen-
tration of 0.039 ng  L−1. These values are lower than PFOS 
concentrations reported in this work (Table 4). Regarding 

Table 3  Toxicity data  (LC50 or  EC50; ng  L−1) of PFASs for three 
aquatic organisms (fish, algae, and daphnid)

Fish Algae Daphnid

PFBA 1.32E + 09 5.97E + 08 7.61E + 08
PFPeA 4.09E + 08 2.54E + 08 2.50E + 08
PFBS 3.60E + 09 1.40E + 09 2.01E + 09
PFHxA 1.22E + 08 1.04E + 08 7.93E + 07
PFPeS 1.05E + 09 5.60E + 08 6.25E + 08
PFHpA 3.55E + 07 4.14E + 07 2.45E + 07
PFHxS 3.01E + 08 2.20E + 08 1.90E + 08
PFOA 1.01E + 07 1.62E + 07 7.44E + 06
PFHpS 8.50E + 07 8.54E + 07 5.71E + 07
PFNA 2.84E + 06 6.26E + 06 2.22E + 06
PFOS 2.37E + 07 3.27E + 07 1.69E + 07
PFNS 6.53E + 06 1.24E + 07 4.96E + 06
PFDA 7.90E + 05 2.39E + 06 6.60E + 05
PFDS 1.78E + 06 4.64E + 06 1.44E + 06
PFUdA 2.20E + 05 9.00E + 05 1.90E + 05
PFDoA 5.90E + 04 3.40E + 05 6.00E + 04
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the congeners distribution, PFASs with a number of carbon 
atoms between four and nine prevail over the long-chain 
congeners (C10–C18; Table 4). This trend could be due to 
the higher water solubility of short-chain PFASs and to the 
industrial replacement of long-chain congeners on behalf of 
the short ones. Also, Selvaraj et al. (2021) found a similar 
trend in Indian rivers. PFBA, followed by PFPeA, PFHxA, 
and PFOA, was the most abundant congeners detected in 
river water samples (Table 4). Giglioli et al. (2023) reported 
PFBA, followed by PFOA and PFBS, as major congeners 
detected in superficial waters of northern Italy. The sum of 
21 target PFASs (∑21PFASs) detected in the six selected 
river water samples ranged from 2.0 to 68.5 ng  L−1 (Fig. 2), 
with a mean value of 22.0 ng  L−1. As shown in Fig. 2, the 
∑21PFASs were higher in the warmest months (from May 
to August) in all the rivers under study. The ∑21PFASs 
were higher in NES river (68.5 ng  L−1), followed by GEN 
and CAI rivers (67.9 and 62.9 ng  L−1, respectively). SAO, 
TVN, and TOP were the rivers with the lowest ∑21PFASs 
(50.2, 23.3, and 20.4 ng  L−1, respectively; Fig. 2). Zhu et al. 
(2015) measured ∑PFAS concentration in Daling River 
(northeast China) in different seasons recording concentra-
tions between 1.77 and 9540 ng  L−1, with a seasonal trend 
characterized by higher concentrations in warmer months. 
Although the seasonal trend is the same, the concentrations 
of ∑PFASs recorded by Zhu et al. (2015) are significantly 
higher than those reported in this study (from 2.0 to 68.5 ng 
 L−1, Fig. 2). Munoz et al. (2019) evaluated the temporal var-
iation of PFASs during 1-year monitoring campaign of the 
Gironde River (South-West France), finding ∑PFAS values 
between 3.5 and 11 ng  L−1, with a median value of 6.2 ng 
 L−1. These values are lower than those reported in this study 
(values between 2.0 and 68.5 ng  L−1, with a median value 
of 17.1 ng  L−1). The temporal trend reported by Munoz et al 
(2019) showed higher concentrations of ∑PFASs in the 
coldest month (November–January) compared to the warm-
est months (May–July). This trend is not in agreement with 
those reported in this study, in which the ∑PFASs are higher 
in the warmer month (Fig. 2), probably due to a reduced 
river flow caused by high temperatures and a lack of rain.

Statistical analysis

PCA results are reported in the biplot in Fig. 3, while scores 
and loadings are summarized in Tables S2 and S3 (supple-
mentary material), respectively. The two obtained significant 
components (PC1 and PC2) explained 78.7% of the total var-
iance. Component 1 (63.6% of the total variance; Fig. 3) well 
separated two clusters of river waters, each characterized by 
its contamination profile. In the left part of the biplot, the 
first cluster is characterized by three rivers (TOP, TVN, and 
SAO) and three PFASs (PFTeA, PFNS, and PFTrDA). All 
three rivers previously mentioned were impacted by several Ta
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industries (paper mills, cement plants, and other smaller 
industrial activities) that discharged their wastewater directly 
into the rivers. In this case, these three long-chain PFASs 
(PFTeA, PFNS, and PFTrDA) can be considered tracers of 
the previously mentioned industrial activities. Chow and Foo 
(2023) analyzed PFASs in paper mill wastewaters finding a 
contamination profile characterized by PFOA, PFOS, and 
PFHxA. Hale et al. (2021) measured PFASs in six different 
sites of lake Tyrifjorden (Norway), highly impacted by a 
factory producing paper products, finding a contamination 
profile characterized by PFOS, PFHxA, and PFPeA. Also, 
Langberg et al. (2021) determined the chemical composition 
of wastewater produced by a paper mill in Norway, finding a 
profile dominated by PFOA, PFOS, and, as a smaller propor-
tion, by C5-C7 and C9 perfluorinated carboxylic acids. All 

three previously cited works reported a contamination pro-
file quite different from one another and different from that 
reported in this study. This could be explained considering 
the different types of treated raw materials. Unfortunately, to 
our knowledge, no study investigated the release of PFASs 
from cement plants; for this reason, a comparison with the 
literature is difficult. In the right part of the biplot, the sec-
ond cluster consists of three rivers (GEN, NES, and CAI) 
and several PFASs (Fig. 3). The three rivers composing the 
second cluster were affected by both urban wastewater and 
livestock holding discharges. Kolpin et al. (2021) analyzed 
water samples collected in rivers strongly impacted by urban 
and agricultural activities and livestock production, finding a 
contamination profile dominated by PFBS, PFOA, PFHxA, 
and PFPeA. Also, Tuan et al. (2021) found high concentra-
tions of PFBA, PFPeA, PFHxS, and PFHxA in river water 
samples affected by agricultural production, livestock farm-
ing, and urban wastewater discharges.

Ecological risk assessment

The total risk quotients (ΣRQs) for three typical organisms 
(fish, algae, and daphnid) calculated seasonally (winter, 
fall, summer, and spring) and annually (March 2022–March 
2023) for the six rivers under study are reported in Fig. 4. 
The ΣRQs were higher in GEN river for the three aquatic 
organisms in winter, summer, and spring (Fig. 4). During 
fall season, instead, the ΣRQs were higher in SAO river 
for all the aquatic organisms (Fig. 4). During summer, the 
ΣRQ values for fish and daphnid in GEN river significantly 
increased, reaching values of 8.99 ×  10−3 and 9.08 ×  10−3, 
respectively (Fig. 4). However, the risk for fish, algae, and 
daphnid during the four seasons was always negligible, with 
∑RQ values much lower than 0.01 (Fig. 4).

Fig. 2  Monthly trend (March 2022–March 2023) of the sum of twenty-one PFASs detected in the selected river water samples (CAI, GEN, NES, 
SAO, TOP, and TVN) in Umbria region (central Italy)

Fig. 3  Biplot (PC1 and PC2) of the PCA performed on the concen-
tration data of twenty-one PFASs detected in six rivers (TOP, TVN, 
SAO, CAI, NES, and GEN) of central Italy
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Considering the annual exposure, the highest ∑RQs 
were obtained for GEN river, followed by CAI and NES 
rivers (Fig. 4). In detail, the risk for fish (values between 
3.34 ×  10−3 and 1.03 ×  10−2; Fig. 4) was negligible in all the 
rivers under study, except for GEN river (low risk). For the 
daphnid, the risk was low in GEN river and negligible in all 
the other rivers (∑RQs between 3.55 ×  10−3 and 1.36 ×  10−2; 
Fig. 4). For the algae, the risk was always negligible, with 
∑RQ values between 8.04 ×  10−4 and 3.11 ×  10−3 (Fig. 4).

Conclusions

The contamination data obtained from 1638 analytical deter-
minations of twenty-one PFASs in six different rivers of 
Umbria region (central Italy) during a 13-month monitor-
ing campaign showed a situation of quite low contamina-
tion. The majority of the detected PFASs were consistent 
with the EQS established by Italian 172/2015 Decree Law. 
The single exception was PFOS: the concentrations of this 

compound exceeded the EQS in 47% of the analyzed sam-
ples. The monthly trend of the Σ21PFCS was characterized 
by higher concentrations in the hottest months (from June 
to September) in all the investigated rivers, probably due 
to a reduced river flow caused by high temperatures and 
low rainfall. The ecological risk assessment, based on the 
calculation of monthly and annual ∑RQs for three aquatic 
organisms (fish, algae, and daphnid), showed that the risk for 
fish, algae, and daphnid during the four seasons was always 
negligible. For the annual exposure, the risk for fish and 
daphnid was negligible, with the exception of GEN river 
(low risk). During 1-year monitoring campaign, the risk for 
the algae was negligible in all the rivers under study. The 
results obtained in this study confirmed the widespread dis-
tribution of PFASs in all the rivers under study, even in an 
area (central Italy) devoid of direct emission sources. The 
results of this study could be significant for developing a 
database to estimate the background contamination of river 
waters in central Italy.

Fig. 4  Total risk quotients (ΣRQs) calculated seasonally and annually for three aquatic model organisms (algae, daphnids, and fish) in six differ-
ent rivers from Umbria region (central Italy)
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