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SECTION 1 - THE SCENARIO

SECTION 1
The Scenario: PFAS pollution in the Veneto Region
The direct or indirect discharge of chemicals into the aquatic environment may lead to hazards
to human health, harm to living resources and to aquatic ecosystems and interferences with all the
legitimate uses of water. Recently, the emission of the so-called “emerging” organic contaminants
has become a priority environmental issue. Emerging contaminants are widely used in everyday
life, as human and veterinary pharmaceuticals, personal care products, pesticides, surfactants and
water- and grease-repelling products. Contaminants of emerging concern are not necessarily new
chemicals, but generally, they are neither regulated by the legislation nor newly detected in the
environment.
Among emerging contaminants a particular interest is currently focused on Persistent Mobile
Organic Contaminants (PMOC), which are highly polar compounds capable to move and persist in
the water cycle and in raw waters used for drinking water production and irrigation. Because they
degrade very slowly, are very mobile in aqueous medium and the preferable accumulation matrix
is water (including water contained in the biological tissues), the release of PMOC into the
environment can lead to a long-term exposure of the population with consequent adverse health
effects, which in many cases cannot be adequately assessed because monitoring data and
knowledge on eco-toxicological properties are lacking.
Among the PMOCs, perfluoroalkyl and polyfluoroalkyl substances (PFAS) have been causing
major concern in recent years due to their peculiar properties of persistence and mobility in the
environment, their widespread use and their suspected health effects. PFAS comprise more than
5,000 anthropogenic organic chemicals that have been used since the late 1940s in a wide variety
of commercial products and industrial applications due to their unique surfactant and repellant
properties. PFAS are persistent environmental contaminants, resistant to biodegradation, photooxidation, direct photolysis, and hydrolysis (OECD, 2018). PFAS are also capable of
bioaccumulation and biomagnification and some congeners have a very long half-life in the human
serum ranging from 2.7 to 5.3 years (Li et al., 2018). Sources of exposure to PFAS for humans may
include food, drinking water, house dust, air, and breast milk for infants (EFSA, 2020). PFAS
exposure has been associated to a number of adverse health effects, including immunotoxicity,
hepatotoxicity, metabolic and reproductive alterations, and testicular and kidney cancer (EFSA,
2020; IARC, 2016).
The first European project that identified the presence of PFAS in waters and sediments of
European rivers was PERFORCE (Perfluorinated organic compounds in the European environment,
EU Research Program FP6-POLICIES, 2006). The outcomes of PERFORCE raised the
environmental problem created by PFAS and were the starting point for more detailed
investigations conducted by the Italian Institute for Water Research of the National Research
Centre (IRSA-CNR) that ultimately led to the discovery of the PFAS contamination in the Veneto
Region.
In 2011, the Italian Ministry for the Environment, Land and Sea commissioned the IRSA-CNR to
study PFAS contamination in major Italian river basins (Valsecchi et al., 2015). Results of this study
revealed surface water and groundwater in a large area of the Veneto Region in North-East Italy
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was contaminated with PFAS that were also found in drinking water samples. The results of the
study were communicated to the Regional Government in late spring 2013. In July 2013, the Agency
for Environmental Prevention and Protection of the Veneto Region (ARPAV) set up an
environmental monitoring plan that is still ongoing to determine the extent and level of
groundwater and drinking water contamination, to identify its source, and to track its development
over space and time. A manufacturing plant located in the town of Trissino that produced PFAS
since the late 1960s was identified as the source of water contamination. Specific studies
demonstrated the vast propagation of PFAS through the phreatic table and the surface water
network, due to the close interconnection between surface and ground water bodies. Overall, the
contamination extended over an area of 930 km2 located inside the Brenta-Bacchiglione river basin
and involving three different Provinces (Vicenza, Padova and Verona). The groundwater
contamination plume propagated across decades from Trissino up to 18 km in the east direction
and up to 35 km in the south-southeast direction reaching a total estimated extension of 190 km2.
Thirty municipalities were totally or partially served by contaminated waterworks with roughly
140,000 inhabitants potentially exposed to high doses of PFAS through drinking water (Pitter et al.,
2020).
During the emergency phase several PFAS were detected with range of concentration from 10
up to 25000 ng/L along the plume axis. Between July and August 2013, water treatment plants were
equipped with granular activated carbon (GAC) filters that led to an abrupt reduction in PFAS
concentrations in drinking water distributed by public waterworks, and the effectiveness of water
treatment continued to improve so that by 2018 PFAS congeners were undetectable in the majority
of samples. A comprehensive description of the management of this environmental disaster from
a public health perspective can be found elsewhere (WHO, 2017).
The management of the pollution posed a number of challenges to Public Authorities. First of
all, in 2013, when the pollution was discovered, PFAS were unregulated substances and no legal
thresholds had been established for their levels in the different matrices, including drinking water.
Moreover, knowledge on the environmental fate of PFAS and their migration through food was
very limited. Other difficulties came from the absence of analytical standards and validated
methods for the determination on PFAS in the various matrices. Last but not least, the complex
and multifaceted nature of the contamination and its associated risks imposed the need for an
interdisciplinary evaluation and decision-making process based on shared data and information,
that had never been experimented before in the Veneto Region and required a great effort to be
put in place.
The LIFE PHOENIX project was conceived in the abovementioned context to help overcome
the several difficulties that the Veneto Region’s Authorities were facing. The main aim of LIFE
PHOENIX was to demonstrate how a model of governance based on a permanent interinstitutional network supported by innovative information and forecast tools can work for the
prevention and mitigation of damages caused by PMOCs, with the ultimate goal to improve
population health, preserve the environment, avoid negative socio-economic consequences and
save public money.
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SECTION 2
Specific objectives and partnership of the LIFE PHOENIX project
The LIFE PHOENIX project pursued the following specific objectives:
To establish an inter-institutional structure in charge of assessing and managing
environmental risks with possible impacts on human health
To develop instruments and tools to aid in risk assessment, such as guidelines, information
systems, forecast tools
To raise awareness of risks related to contamination of the water resources and on
prevention measures, both among stakeholders and among citizens
To experiment innovative technologies for depuration of drinking water and irrigation
water
To promote transferability of the model of governance and its tools to other contexts.
LIFE PHOENIX was coordinated by the Veneto Region’s Directorate for Prevention, Food
Safety, Veterinary. Veneto Region, according to the Italian law, is a public administration with
institutional commitments concerning the definition and implementation of policies in many fields,
including the competence about the organisation of healthcare services. Among the regional
offices, the Directorate for Prevention, Food Safety, Veterinary is responsible for the governance
of public health policies, including those concerning the Environment & Health sector, through
planning, direction, control and coordination of the Regional Health Service.
The project involved the following partners as associated beneficiaries:
Azienda Zero: a regional public company that exerts a role of coordination and governance
of the regional healthcare service and guarantees a centralised technical and
administrative support to the Veneto Region and to the Local Health Units;
the regional Agency for Environmental Prevention and Protection (ARPAV): a public
agency established with the regional law n. 32/1996 that guarantees environmental
monitoring, environmental modelling and control activities on pressure sources, with the
goal to help identify and eliminate risks to humans and the environment;
the Italian Institute for Water Research of the National Research Centre (IRSA–CNR): a
public institute established in 1968 with the task of carrying out research in the areas of
water resource management and protection and in the development of methodologies and
technologies for water purification and treatment of waste water (urban and industrial);
the University of Padua (UNIPD) – Biology and Engineering Departments: a public
university founded in 1222, among the oldest in the world; its role in civil society and in the
international context is proved by its many activities, such as the uncountable research
cooperation projects promoted by professors and researchers.

LIFE16ENV/IT/000488

3

LIFE PHOENIX

SECTION 3 – ACTIONS & RESULTS

SECTION 3
Actions and results of the project
3.1 GOVERNANCE MODEL FOR THE ASSESSMENT AND MANAGEMENT OF ENVIRONMENTAL ISSUES
WITH A POSSIBLE IMPACT ON HUMAN HEALTH

As already stated, the main aim of LIFE PHOENIX was to build up and test a novel organisation
for the integrated governance of Environment & Health issues. One of the pillars of this model was
the establishment of a structured inter-institutional system based on a permanent Regional
Commission for Environment & Health supported by inter-disciplinary expert groups.
The Commission for Environment & Health of Veneto Region has been established with
Deliberation of the Regional Government in 2017 and has the task to assess risks for human health
associated with environmental contamination and to identify the most appropriate actions to be
carried out to control those risks and/or mitigate impacts. The Commission is an inter-sectorial and
inter-institutional decision-making body composed of representatives of all the regional offices
and Entities with competencies in the fields of Public Health, Environment, and Agriculture:
the Director General of the Health and Social Area
the Director General of the Area for Land Protection and Safety
the Attorney Coordinator of the Veneto Region’s Legal office
the Director of the Directorate for Environment
the Director of the Directorate for Soil Protection
the Director of the Directorate for Agriculture, Hunting and Fishing
the Director of the Directorate for Prevention, Food Safety, Veterinary
the Director of the Unit for Integrated Water System and Water Protection
the Director of the Unit for Protection of the atmosphere
the Director of the Unit for Reclamation and irrigation
the Director of the Unit for Environmental remediation and the Venice project
the Director of the Regional Epidemiological Service
the Director General of ARPAV
experts from ARPAV for specific issues.
To provide the Commission with all the evaluations and analyses needed to take appropriate
decisions, a permanent Technical Scientific Committee has been established with Deliberation of
the Regional Government in 2018. The Technical Scientific Committee is composed by high profile
technicians from public agencies and research institutions (e.g., National Health Institute, ARPAV, CNR,
Universities) with role of supporting the Commission for Environment and Health on the following themes:
identification of dedicated present and future water resources;
identification of hazards that are potential sources of contamination for water resources
intended for human use;
identification of protective measures;
identification of guidelines and the best technical measures available;
identification of technologies for the mitigation of contaminants.
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During the course of the project, the Commission for Environment & Health, supported by the
Technical Scientific Committee and with the aid of the forecast tools developed under the
operative actions, took some collegial decisions concerning the management of PFAS
contamination:
redefinition of the contaminated area: using the outputs of the action "Implementing
innovative and integrated forecast tools", the groundwater contamination plume was
reassessed and the area served by contaminate drinking water resources updated
extension of the monitoring activities conducted by ARPAV: starting from 2019 the PFAS
congener cC6O4 was added to the monitoring of surface and groundwater bodies,
including the withdrawal points upstream of the area of collection areas for drinking
purposes ("POT" points) of contamination, in order to give completeness to the level of
attention on these substances.
Different tools have been developed to support the work of the Commission for Environment
& Health and of the Technical Scientific Committee and will be described thereafter:
Management guidelines and Self-analysis Check-list
Integrated information system
Forecast hydro-geological models.
Management guidelines and Self-analysis Check-list
The document entitled “Guidelines to control and manage issues related to contamination from
emerging pollutants and risk prevention” summarises the innovative approach that has been
successfully test within the LIFE PHOENIX project providing a structured track as well as
methodological instruments to replicate this approach in different situations or contexts. The
document has been published on the project’s website. The guidelines are complemented with a
“Self-analysis Check-list”, a tool conceived to help institutions assess their ability to implement the
proposed governance model and the resources needed to fill some gaps. The self-analysis checklist summarizes, for each specific operational, monitoring and dissemination action, what are the
minimum conditions to be able to act following the model proposed by LIFE PHOENIX and what
are the fundamental steps to ensure the successful outcome of the implementation at
local/regional level.
Integrated information system
One of the key outputs of the LIFE PHOENIX project is an innovative information system for
Environment & Health, designed to facilitate and support the risk analysis process regarding
environmental risks with a possible impact on human health. This information system is composed
of two components:
a Data warehouse (DWH) that collects data extracted from multiple institutional databanks
owned by different Entities
an online geo-portal with multi-layer structure organised in several thematic areas that
allows integration of the different datasets and production of various types of reports,
either tables, graphs, or maps with geo-referenced objects.
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The process that led from the first conceptualisation of the information system to its detailed
design and eventually development was very complex and inter-disciplinary, involving experts and
representatives of many different entities also outside the project’s partnership.
As a first step, the project’s Management Board identified the key questions the information
system should be able to answer, that can be summarised as follows:
Geographical distribution of a chemical variable
Distribution of chemical variables related to the territorial pressures (e.g. disposal sites,
wastewater treatment plants, industrial discharges, etc.)
Distribution of chemical variables related to the territorial uses (agriculture, breeding
farms, pints of water abstraction, etc.)
Seasonal variations of a chemical variable
Temporal trend of a chemical variable.
Starting from those key questions, the Management Board identified the existing databanks
that should be interrogated to provide answers and contacted the owning Entities to assess the
actual availability of information of interest and the willingness of the Entities to provide those
information on a regular basis. Then an accurate analysis was carried out in strict cooperation with
owning Entities to define in detail the attributes of different datasets, the variables to be extracted
and uploaded in the information system, the periodicity of data transfer and the procedures to
check for data completeness and accuracy.
At present, the DWH includes the following:
a basal geographical layer
a polygonal shapefile of municipalities
a polygonal shapefile of river basins
a polygonal shapefile of irrigation districts
a geo-coded dataset of pressure sources (productive plants, incinerators, landfills,
wastewater treatment plants, farms, etc), including data on type of activities,
environmental authorisations, points of wastewater discharge
a geo-coded dataset of catchment points of irrigation water, including information on the
related irrigation district
data on population size by municipality and on drinking water companies (population and
municipalities served)
a geo-coded dataset of drinking water catchment points and treatment plants
datasets of results of official analyses carried out on several environmental matrices (soil,
sludge, surface water, groundwater, wastewater, leachate, drinking water) including geocoded sampling points
aggregated biomonitoring data on serum PFAS concentrations in the population residing
in the contaminated area, by municipality of residency.

LIFE16ENV/IT/000488

6

LIFE PHOENIX

SECTION 3 – ACTIONS & RESULTS

In parallel, the Management Board and computer scientists worked together to design the
statistical reporting system. It was deemed essential that the system was able to produce various
types of reports, both ready-to-use and customizable upon free interrogation of the system by
users. Figure 1 shows an example from the pre-established set of reports already available on the
web portal.

Figure 1. Example of user interface of the information and statistical system: some types of pressure
sources (landfills and waste recovery plants) are geo-localized on the map of the Veneto Region in
relation to river basins and municipalities.

The information and statistical system is an advanced business intelligence tool intended for
use by experts belonging to Entities with competencies in the fields of environment and health. In
order to ensure appropriate use and adequate protection of the data contained, access will be
allowed only to users formally identified by the Entities, on the basis of a written protocol defining
roles and responsibilities that will be approved by the Commission for Environment & Health.
A web-based platform based on a unified, open and flexible high-performance architecture that
supports cloud data processing has been identified for the creation of the information and
statistical system. The platform integrates a Data Warehouse and advanced multi-layer reporting
and predictive tools.
Forecast hydro-geological models
Another key action of the project has led to the development and validation of a predictive
mathematical model fed with environmental monitoring data and capable of predicting the spread
of the pollutants’ contamination plume in space and time. This tool will be crucial to guide risk
analysis and decision-making as it allows to forecast the fate of contaminants in the environment
also estimating the time the contaminants will take to reach critical targets such as drinking water
catchments. The forecast model is described in detail in Section 3.2.
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3.2 PRODUCTION AND VALIDATION OF THE FLOW AND TRANSPORT NUMERICAL MODEL
Introduction
The purpose of action B4.1 of the LIFE PHOENIX project was to build up, calibrate and validate
a three-dimensions hydrogeologic flow and transport model for forecasting. To this end several
fate and transport run simulations were performed for old (PFOA) and new generation PFAS
(cC6O4 e HPFO-DA).
Numerical groundwater contaminated modelling is a powerful methodology to investigate the
pollutants space-temporal evolution. In addition, it supports the decision makers with scientific and
technical information.
The implementation of the model was carried out in the territory contaminated by PFAS in the
Veneto region (Figure 2). The reconstruction of the pollution carried out by ARPAV, allowed the
identification of the origin of the pollution – a fluorochemical plant - and the first delimitation of
the contaminated territory. The extensive environmental surveys highlighted that the
fluorochemical plant had an important impact on the water of large areas of the Veneto region,
more than 200 square kilometers between Vicenza, Padua and Verona district. The maximum
concentration value in the groundwater is over 70.000 nanogram per liter (out of source
contaminated site).

Figure 2. Geographic frame with study area.
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Model implementation
A preliminary geological and geomorphological analysis is necessary to properly define the
three-dimension conceptual model.
Many geological, structural, geomorphological and geophysical data supported the
development of a three dimensions geologic conceptual model. Moreover, the gravel distribution
provided the definition of zone with different hydraulic conductivity. In order to provide a basinscale geological model, the alluvial aquifer has been simplified into two distinct layers. The first one
represents the surface covering layer of clay that becomes thicker in the middle plain; the second
one represents the porous aquifer layer composed of gravel, sand and silt.
The effective infiltration, evaluated according to the Kennesey’s methodology, has been
developed and integrated with the water irrigation contributes. In addition, river discharges have
been implemented according to bibliography studies. Water wells, withdrawals have been divided
in three main groups: withdrawals for public pipeline purposes; local withdrawals which have a flow
rate >10 l/s; widespread withdrawals with a flow rate lower than <10 l/s.
Moreover,
geophysical
and
hydrogeological surveys supported and
improved these conceptual models,
which have led to a numerical model for
groundwater flow and contaminant
transport simulation and fate analysis.
In order to improve the knowledge of
sorption processes in the specific study
area,
experimental
laboratory
determination of the partition
coefficients has been performed.

Figure 3. Bedrock geology model.

Calibration and validation
Flux calibration and validation processes are important steps for the modelling
implementation. The calibration and the validation ensure that a model is a “true” simulation of
reality. In other words, these phases are decisive to define the quality and the accuracy of the
model. The main target of the flow calibration and validation processes is to limit, as much as
possible, differences between measured groundwater level and simulation outcomes levels. In
particular, in the final validation phase, has been used the groundwater dataset levels collected by
ARPAV in the 2017s drought. The comparison process between the outputs of simulated flux model
and the measured values in different hydrologic conditions ended positively. The plots of the
observed and simulated water levels indicate a good correlation between the simulated and
observed water levels in the area of interest. These important phases allowed to improve
calibration model; besides, the input parameters (hydraulic conductivity values and areas,
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boundary conditions) have been refined improving the flux model and thus minimizing the
statistical output error. The iterative and feedback process of refinement of the input parameters
allowed to further decrease the RMS from 2.01 to 1.07 m. (Figure 4).

Figure 4. The deviation between observed data and computed results in validation process.

The groundwater flow field
The numerical model simulates the real trend of groundwater flow with a progressive decrease
of average hydraulic heads from upstream (about 105 m a.s.l.) to downstream (29 m a.s.l.) as
highlighted in figure 5.
In the upper part of the domain, in the middle valley, the groundwater contours are fairly
regular, with little local variations that could indicate lateral anisotropies in the hydraulic
conductivity. In the centre of the domain, close to Montecchio/Alte, there is an important flow field
variation. In fact, in this area there is a significant reduction of velocity, a strong decrease of
hydraulic gradients and an important divergence of the flow lines. The streamlines take two
directions: southbound and eastward. The numerical model provides a possible hydrodynamics
explanation about this hydrogeological condition: the significant increase of aquifer section flow
area causes a decrease in flow rate and so a lower hydraulic gradient. Further at south, the concave
contour lines indicate a drainage axis. In this area there is the first springs system of the Brendola
stream. These results are in accordance with other freatimetric reconstructions performed in the
area.
The hydraulic gradient varies between 0.03% in the lower valley and 0.8 % in the upper valley
with an average value of 0.2 %.
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Figure 5. Contour lines and vector map of simulate groundwater flow with a hydrogeological cross
section of the Agno valley.
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Hydrogeological water balance
One of the most important checks performed moreover during simulation was the analysis of
the overall or partial water mass balances of the model. The steady-state flow model, through the
quantification of the inflows and outflows, provides a hydrogeological water balance of the alluvial
aquifer system under average conditions. Water balance also provides important information on
recharge and drainage factors of aquifer. The terms of the hydrological balance as average input
and output flow rate are described below. The groundwater inflows from the northern sectors
aquifer, equal to 3.26 m3/s, are the main recharge factor of the hydrogeological system. The second
recharge term of the hydrogeological mass balance is the rivers dispersion with a flow rate over 2.1
m3/s. The recharge operated by effective infiltration (rainfall and irrigation) in the north of the
model domain is less relevant since does not exceed 0.46 m3/s.
The output mass flow of the model is higher than 3.9 mc/s of which 1.08 m3/s on the east side
and 2.14 m3/s from the southern sector towards south. Finally, the outflow rate from plain springs
is 0.65 m3/s. This value indicates that the springs system plays an important role in groundwater
and for the possible migration of contaminants into surface water. The withdrawal of greater wells
is 1.48 m3/s while the diffuse withdrawal is equal to 0.68 m3/s. Wells are the most important artificial
outflow of the mass balance.

Figure 6. Terms of the hydrogeological flow balance.
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Fate and transport model simulations
The last and most important phase was the implementation of the numerical transport model
and the developed of transport and fate model simulations able to predict the spatial and temporal
evolution of a pollution through the development of forecasting scenarios. This potential, implicit
in numerical modelling, was used in the last phase of the activities by introducing various transport
scenarios concerning in particular cC6O4, HFPO-DA and, finally, PFOA (used as tracer of historical
pollution by PFAS).
All simulations produced are based on the reconstruction of the conceptual model of the source
term and the currently available groundwater pollutant concentration data. This activity covered
both predictive transport simulations from observed concentrations in groundwater (Figure 7) and
development, for example, scenarios reconstructed to simulate the transport of some of the
representative substances belonging to the PFAS family such as PFOA (long chain), cC6O4 and
HFPO-DA (short chain). This "scenario-based" approach was necessary for two reasons:
1. The quantification of the term source of pollution (Trissino site) is not yet defined;
2. The data necessary for a complete reconstruction of the term source are not available for
the past, considering that the emissions from the source site varied in time and space.
All scenarios reconstructed for the project were therefore based on the currently available data
and, when the data were insufficient or missing, used assumptions which, if not confirmed, they
may partially invalidate the results of the simulations. It is therefore clear that the results of these
simulations present all the limits of reliability of an approach "by hypothesis" and then to be
confirmed through further analysis.
The contamination plumes have form, size, and speed all determined by type of contaminant
(solubility, sorption, etc…) and by the velocity of groundwater. Advection is the dominant transport
process in the pollution cases studied here and, consequently, the speed of the groundwater flow
is the main factor to define the speed of the pollution plumes.
A further element to consider in the following simulations is the limit of quantification (LOQ)
that is typical for each substance. By reducing this limit the ability to detect substances increases
and therefore the distributions detected may be different.
The salient features and the findings of all these simulations are summarized in the final
conclusions paragraph.
PFOA – forecasting scenario
This scenario simulates the progressive attenuation of the pollutant phenomenon following
the complete removal of the source of contamination and the natural replacement of
groundwater.
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Figure 7. Predictive simulation of the evolution of PFOA contamination in the scenario following a
complete removal of the source of pollution.

cC6O4
In this paragraph the propagation scenario of the cC6O4 in groundwater is represented.
This substance, as with the GenX, had not yet been detected when the LIFE PHOENIX project
started.
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This demonstrates the full potential and flexibility of the numerical modelling approach or the
possibility of simulating any type of substance.
The release pathway of this substance
was through the contaminated subsoil. The
concentration values used must be
comparable to those measured. This
scenario uses LOQ 50 ng/L, with different
LOQ the simulation evolution plume will be
different. The distribution of concentrations
can be seen in the figures below with a
comparison between the simulation results
and the observed values.

Figure 8. Simulation run of the transport of cC6O4 in
groundwater. The model domain is highlighted by the
mesh (the dark grey lines). Simulation time 3360 days.
LOQ 50 ng/l.

Figure 9. Comparison of simulation results with monitoring data. In the left one we can see the result
of simulation (ten years run), in the right side the real measured values.

HFPO-DA
This section shows the simulation of another new generation short chain’s PFAS: HFPO-DA or
Genx. As in the previous case, the reconstructed conceptual model of the site source is composed
only by polluted subsoil and the concentration values entered shall be coherent with the values
measured by monitoring in groundwater. This scenario uses current LOQ 5 ng L. Even in this case
with different LOQ the evolution of plume simulation will be different.
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Figure 10. Transport simulation of HFPO-DA in groundwater.
Simulation time 2640 days. LOQ 5 ng/l.

PFAS (PFOA)
In this reconstructed scenario, PFOA has been used as a PFAS pollutant tracer due to its greater
concentration and extension in the different environmental matrices.
The implementation of the term source suffers from the limited information available also in
consideration of the industrial production in the chemical plant changed significantly over time (see
figure 11) and therefore, probably, also the quantities and types of emissions.
Many other factors, some of which are not well known, have had to be estimated. All these
reasons make this simulation affected by a wide margin of uncertainty and therefore to be treated
with caution. This uncertainty is greatest when approaching the southern end of the model. The
reconstructed conceptual model of the term source is composed of two components: the polluted
subsoil and the stream Poscola used as receptor of industrial discharges (Figure 12).
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Figure 11. PFOA and PFOS production since 2001 in the
fluorochemical plant of Trissino (Company data)
.

Both of these terms have varied over time and, as regards discharges on the Poscola, also in
space. The simulation begins in 1967 and ends in 2013 year.

Figure 12. Conceptual model of the term source.

The following figure (Figure 13) shows the final moment of the transport simulation with the
pollutant plume extended both to the east and to the south, otherwise to the new generation PFAS
are present in this time only in the flow direction to the east. This is in accordance with the
monitoring data detected by ARPAV in recent years.
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Figure 13. PFAS (PFOA) plume contamination by reconstructed emission scenario.
Simulation time 16790 days. LOQ 500 ng/l.

Conclusions
A 3D finite elements numerical model (FEM) of the aquifer sedimentary basin was developed
and tested for predictive purposes. Advection, diffusion, hydrodynamic dispersion and adsorption
have been simulated.
Several transport run simulations were performed for old and new generation PFAS (PFOA,
cC6O4 e HFPO DA). For older generation PFAS (PFOA) emission scenarios have been
reconstructed on the basis of the limited information available before 2013, in order to overcome
uncertainty from the source of pollution. All these reconstructed scenarios were then made with
the few data currently available and resorted, when the data were insufficient or missing, to
assumptions and/or simplifications that, if not confirmed, they may partially invalidate the results
of the same simulations. For this reason, the results of these simulations present all the limits of
reliability of an approach of this type and therefore to be confirmed through further studies.
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All the run simulations allow to get important information about the PFAS contamination event
such as:
1. The contamination plumes have form, size, and speed determined by source terms (concentration
values and pathways emissions) and by contaminant properties (solubility, sorption, etc…). In
particular, the different distribution observed appears in close relation to the different length of the
molecular chain.
2. The transport simulations identify a polluting axis with greater concentration along the Trissino Montecchio Maggiore – Sovizzo - Creazzo junction towards the east, as detected of monitoring survey
by ARPAV. This finding reflects a preferential direction of pollution due to hydrodynamic field status
confirmed by ARPAV groundwater monitoring.
3. PFAS pollution is plausible with an event occurring over a decades-long time scale, likely to have
started more than 50 years ago. This indication is consistent with the start of industrial production in
the former chemical plant and with the monitoring of pollution by ARPAV in the last 8 years.
4. The reconstructed scenarios are consistent in tracing the origin of the contamination plumes from
PFAS, cC6O4 and HFPO-DA to the chemical plant of Trissino.
5. The groundwater flow and the adsorption process are the main factors to define the transport and so
the fate of pollution of PFAS. As with most groundwater systems, advection is the dominant transport
process in this case as well.
6. The stream near the chemical plant (used for industrial discharge), probably in the past has played an
important role in the dispersion of pollution both in terms of propagation speed and extent of
contamination;
7. The reconstructed simulation scenario for older generation PFAS (PFOA used as tracer) indicates that
the concentration values are compatible with the vestiges of massive pollution likely continued at least
until 2007. This indication is consistent with the pollution concentrations detected on the
contamination front in 2013 by ARPAV.
8. The propagation kinetics analysis finds that the contamination of water bodies is occurred
progressively as a distance from the pollution source. The most likely scenario, with river Poscola
dispersions source, estimated (with LOQ 0.5 microg/l) the arrival of the polluted front in less of two
years for the Montecchio Maggiore town, and in about ten / fifteen years later for Almisano (Lonigo).
9. The run simulation of HFPO-DA estimates the possible beginning of the contamination in 2014.
10. The total amount of contamination about cC6O4 and HFPO-DA released in the environmental from
site source cannot be estimate due to the uncertainty of the source terms. The magnitude estimated
is in the order of 10 kg/year.
11. The forecasting scenarios, on equal terms and considering the detection limit, indicate that natural
depletion times are different for each single pollutant (please note that the pollution is a mixture of
several PFAS substances). In the best-case scenario as plume of cC6O4 (low concentration, small area)
with LOQ 50 ng/l, the natural depletion time, in the modelled area, is about 10 years. In the worst-case
scenario as PFOA (high concentration and wide extension) it is greater than 60 years.
12. The estimated amount of PFAS released in the environmental from site source is possible only as an
order of magnitude for lack of data about source term. The scenario reconstructed assumes an
emission in the environment of several hundred kg per year with maximum values in the period when
the chemical plant was in full production with the production discharges directly on the Poscola river.
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Acronym

Description

ARPAV

Veneto Region Environmental Agency

CAS

Chemical Abstracts Service

cC6O4

Difluoro{[2,2,4,5-tetrafluoro-5-(trifluoromethoxy)-1,3-dioxolan-4-yl]oxy}acetic acid

HPFO-DA

Hexafluoropropylene oxide-dimer acid

LOQ

PFAS

Limit of quantification
microgram per liter, typical reporting units for analyses of micropollutants in water, equivalent
to ppb Parts per billion for water samples with a density of 1 gram per centiliter (i.e., low total
dissolved solids)
nanogram per liter, typical reporting units for analyses of PFAS in water, equivalent to ppt for
water samples with a density of 1 gram per centiliter (i.e., low total dissolved solids)
Per- and polyfluoroalkyl substances.

PFOA

Perfluorooctanoic acid (C8)

PFOS

Perfluorooctanesulfonic acid

microg/L

ng/L
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PFAS

FATE IN DIFFERENT ENVIRONMENTAL COMPARTMENTS, INCLUDING EDIBLE

PLANTS

The LIFE PHOENIX project envisaged an extensive monitoring program to assess the
distribution of PFAS in different environmental matrices (irrigation water, soil, plants) in agriculture
areas in Veneto, with a specific focus on more mobile but shorter chain PFAS.
Collected samples were analysed by methods which were redefined and optimized at the
beginning of the project. In particular, the analytical procedure to determine PFAS in vegetable
samples was developed, validated and submitted for publication on a scientific journal.
Development of method for PFAS extraction from vegetal samples
A method for the determination of 12 PFAS in vegetal samples was developed to optimize the
detention of short-chain PFAS (C<8) due to their higher potential to be translocated and
bioaccumulated in plants than long-chain congeners. The analytical procedure, based on ultrasonic
extraction, clean-up and HPLC-MS/MS analysis, determined PFAS in the different plant tissues
allowing to study the PFAS distribution and partition in vegetal compartments. The proposed
approach is particularly relevant in edible plant investigation because PFAS levels recorded in the
comestible fractions provide information for human risk assessment due to vegetable
consumption. Furthermore, data on the remaining not edible parts, intended for breeding forage,
are also useful for the assessment of the PFAS transfer in the breeding trophic chain. The
performance of this method was validated by analysing samples (root, stem and leaf) of reed grass.
The validated procedure was then applied to vegetal samples collected in agricultural areas
impacted by a fluorochemical plant discharge in Veneto.
Sample preparation
At harvest, each plant was split in their different parts: root, stem, leaf and, in case of maize
plant, corn cob and corn kernel. Root was washed using tap water and deionized water to remove
soil residues and dried with cleaned paper. Each part of plant was considered as a single sample,
which was divided in two portions. A few grams of sample were dried in oven at 105°C for 24h to
determine the percentage of humidity. The remaining sample was transferred into a food storage
bag and placed in freezer at -20 °C. Shortly before extraction phase, a sufficient portion of frozen
sample was thawed in oven at 60°C until the complete drying (constant weight), then crushed by
grinder and wrapped in aluminium foil until analysis.
Sample extraction
The extraction was carried out according to Mazzoni et al. (2016) with minor modifications.
For PFAS quantification, about 1 g (2 g for corn kernel) of dry crushed sample was placed into
a PP tube and spiked with 100 µL of 40 µg L-1 SIL-IS. The extraction was then performed with
the addition of 10 mL of a mixture of water and ACN (10:90 v/v) and 140 µL of formic acid
followed by vortex agitation for 30 sec, sonication for 15 min and then centrifugation for 12 min
(8000 rpm, 10°C). The same steps were repeated twice more by adding 5 mL of ACN and 70 µL
of formic acid. After each centrifugation, supernatant was transferred within a single PP tube
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where 0.5 g of NaCl and 2 g of anhydrous MgSO4 were added later. The PP tube was
immediately shaken to prevent coagulation of MgSO4, centrifuged and stored at -4◦C for one
night. After that, the extract was concentrated to 1 mL under a gentle stream of nitrogen,
purified using a prewashed phospholipid removal SPE cartridge (Phree™) and transferred into
a glass vial. 0.2 mL of extract were then transferred into an Eppendorf tube and evaporated to
dryness under a gentle nitrogen stream. The residue was dissolved in 0.2 mL of a mixture of a
buffer solution (2 mM ammonium acetate/5% MeOH) and MeOH (95:5 v/v). The extract was
then agitated by vortex for 30 s, sonicated for 15 min and centrifuged for 2 min (3200 rpm,
10°C). After that, 100 µL of sample were transferred into a micro-vial and acidified by adding 5
μL of formic acid before the injection. Procedural blanks were included during analyses and
handled in the same manner of samples.
Instrumental analysis
All samples were analysed by UHPLC-MS/MS equipped with Water Acquity UPLC BEH C18
column. Injection volume was 20 μL. Mobile phases A and B were 2 mM ammonium acetate/5%
MeOH and MeOH, respectively. The chromatographic separation was achieved in 12 min with a
constant flow rate of 0.3 ml min-1. The mobile phase composition varied according to the following
gradient program: starting composition of 97.5% of A and 2.5% of B for 2 min, then 30% of A and
70% of B for 3.5 min and lastly 100% of B for 6.1 min.
A triple quadrupole mass spectrometer equipped with a heated-electrospray ionization (HESIII) probe operating in negative mode was used. The mass spectrometer operated at a resolution of
0.7 Da in negative multiple reaction monitoring (MRM) mode. The Xcalibur 4.0 (Thermo Scientific)
was used for instrument control, data acquisition and processing.
Confirmation and Quantification
Compound identification was performed by comparing their retention times (RT) with those of
the SIL-IS (deviation ≤ 0.25%) or with the RT of the reference standards if SIL-IS was unavailable.
Quantification was performed by using the isotopic dilution method. Calibration curves were
prepared using ACN standard solutions with concentration from 0 to 20 µg L-1. 100 µL of each
standard solution were transferred in micro-vial and spiked with 10 µL of 40 µg L-1 SIL-IS and
evaporated to dryness under a gentle nitrogen stream following the same procedure adopted for
the sample extracts. The residue was redissolved in 100 µL of a mixture of the buffer solution and
MeOH (95:5 v/v) and finally acidified with 5 µL of formic acid before injection. Standard calibration
curves were acquired before and at the end of each analytical sequence. Solvent blank samples
were injected every five samples. Procedural blanks were injected at the beginning and at the end
of each analytical sequence.
Method development
According to Yamazaki and co-workers (2019), samples were dried before extraction. The
introduction of this step brought considerable advantages. First of all, dry samples are easier to
crush than the wet one. Moreover, percentage of humidity in the analysed sample was very
variable, ranging from 2% to 72%. The water content in specimen affects some extraction aspects
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such as the final volume of the supernatant obtained after centrifugation and the amount of salts
to be added. In particular, drying of samples allowed to standardized these quantities, to obtain
a smaller volume of supernatant, speeding up then its concentration, lower the interference of
water in the pretreatment procedures (Xiang et al., 2017) and reduce the amount of salts to add.
The extraction procedure of Mazzoni et al. (2016) was developed for the detection of PFAS in
animal tissues and sediments and its application on dry plant samples required some changes.
Compared to Mazzoni et al. (2016) procedure, the extraction was repeated once more adding a
higher total amount of ACN (19 mL instead of 9.5 mL) because vegetal sample tends to absorb
extraction solvents. Moreover, a higher amount of salts (0.5 g of NaCl and 2 g of MgSO4 instead
of 0.2 g and 0.6 g, respectively) were required to prevent coagulation of MgSO4 in the
supernatant. In both methods, phospholipids were removed passing the concentrated extract
through Phree™ cartridge. Indeed, phospholipids are essential components of biological
membranes and signal transduction cascades in plants but can interfere with the analysis of PFAS
(Honda et al., 2018).
In-line clean up procedure of the extracts by turbulence flow chromatography (TFC) (Mazzoni
et al., 2016) was avoided and the plant extracts were analysed by direct injection. The latter
injection method was adopted to improve the recovery of early-eluting short-chain PFAS, which
are more bioaccumulable in edible plants (Scher et al., 2018). To achieve optimal separation
efficiency of short-chain PFAS, the mobile phase gradient was optimized. In particular, at the
beginning of the chromatographic run, the mobile phase was composed by a 97.5% buffer
solution to improve the shapes of early-eluting peaks.
Method validation
The method was subjected to the validation procedure by analysing samples (root, stem and
leaf) of reed grass (Phragmites australis). The procedure was verified to be satisfactory in term of
matrix effect, recovery, repeatability, linearity and sensitivity. The obtained results highlighted also
the matrix effects of vegetal components on the PFAS extraction and determination, mainly due
to the complex composition of the vegetal tissues (e.g., cuticular waxes wrapped on the aerial
parts). The obtained results are showed in detail and discussed in Ferrario et al. (2021).
Environmental monitoring results
Matching the results of the biomonitoring study to those of chemical analysis, Veneto local
authority divided the contaminated area in three zonas with different health impacts: zone of max
exposure (red area), of precaution (yellow area) and not directly impacted (green area). Nine
sampling stations representative of the framed areas with different levels of PFAS pressures were
selected (Figure 14).
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A “reference” site (located
north of the impacted area) was
also included. All sampling
stations are characterized by the
presence of a water body used
for irrigation, agricultural soil, a
ubiquitous aquatic vegetal
species (Phragmites australis)
and vegetable crops (Zea mais,
Lactuca
sativa,
Cichorium
intybus, Allium cepa). From May
2018 to October 2020, irrigation
waters were monthly collected (n
Figure 14. Sampling area. Sampling sites, emission source
= 225), while soil (n = 119) and plant
(blue point) and contamination plume (hatched area) are
samples (n = 83) were collected
reported.
twice a year during harvest season.
This monitoring plan allowed to study the variability of PFAS concentrations in irrigation
waters, to verify the pollution from these substances in agricultural soils subject to irrigation and to
evaluate the accumulation capacity of PFAS by spontaneous and cultivated plants.
Figure 15 shows the concentrations of PFAS recorded in the considered environmental
matrices. The levels of these compounds in irrigation waters are characterized by a high variability
due to the different water supply throughout the year. Events of higher contamination were
occasionally recorded. On the other hand, soil pollution reflects the area classification based on
different levels of PFAS pressures: the highest concentrations were indeed found in samples from
the red area while the lowest levels were detected in those from the green area. This matching was
not observed in plants whose contamination level was similar in the three areas, regardless of
sampling site. It is also noteworthy that PFAS concentrations in edible plant samples (onion,
lettuce, corn kernels) were lower than those measured in spontaneous species and never exceeded
2 ng g-1 per wet weight.
PFAS is a group of heterogeneous substances with different chemical-physical properties. The
behaviour of these compound is mainly driven by the length of their fluorinated alkyl chain. In
accordance with this, regardless of sampling site, irrigation water contamination was dominated
by more water-soluble short-chain compounds (C<8), while soil was mainly polluted by more
lipophilic long-chain PFAS (C≥8). On the contrary, the composition of vegetal contamination was
affected by the sampling site (Figure 16). In particular, plants collected in the green area were
mainly polluted by long-chain compounds (C≥8), released in the past, while short-chain chemicals
(C<8), of more recent origin, were dominant in vegetable samples taken in the red area, which is
directly impacted by the fluorochemical plant discharge in surface waters.
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Figure 15. PFAS concentration in samples from area of max exposure (red area),
of precaution (yellow area) and not directly impacted (green area).
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Figure 16. PFAS contamination in samples. Short- (C<8) and long-chain (C≥8) compounds
are represented in shade of blue and red, respectively.
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In conclusion, the monitoring activity carried out within the LIFE PHOENIX project made it
possible to quantify the level of irrigation water and agricultural soil contamination in one of the
areas most impacted by PFAS release. Moreover, the study was focused on PFAS determination in
plants, in which these compounds were occasionally found. In particular the attention was paid on
PFAS uptake in edible crops in order to provide information for human risk assessment due to
vegetable consumption.
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3.4 BIOLOGICAL AND ECOTOXICOLOGICAL EARLY WARNING SYSTEMS: CELL BIOMARKERS OF STRESS
IN A SOIL BIOINDICATOR IN PFAS-POLLUTED AREAS
This action of the LIFE PHOENIX project had the following objectives:
the optimization of a “smart methodology” based on some “early warning” biomarkers of
environmental stress, and earthworms as bioindicator organisms,
the use of this analytical tool for the ecotoxicological assessment of some sites in the
Veneto region affected by PFAS pollution.
Therefore, it was to develop an action system that can be successfully applied in cases of
pollution comparable to that under study in the Veneto Region. We therefore worked to improve
the effectiveness of the use of biomarkers, by implementing an adaptation of the protocols that
would allow a faster evaluation of the classic procedures, in order to increase the number of
processed samples and increase the significance of the data.
Terrestrial oligochetes are detritivorous organisms considered an index of good soil quality and,
indicated by the OECD since 1984 among the 5 best terrestrial bioindicators (OECD 1984, 2009).
These animals are bioaccumulators of PFAS, and in particular the intakes of PFOS, PFOA and PFBS
have been much studied.
During the project, earthworms were sampled from the soils of the three areas identified by the
Veneto Region with different degrees of pollution (Fig. 17).

Figure 17. Map of Veneto with the ten sampling sites.
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In the initial stages of the project, a series of laboratory tests were carried out in order to
validate the reliability of the proposed tests in these organisms. For these tests, which preceded
the activities in the field, earthworms of a species very common in European soils, Eisenia hortensis
also known as Dendrobaena veneta (Fig. 18), purchased in specialized shops and coming from
uncontaminated farms, were used. The earthworms found in the sampling sites were instead
transported in the laboratory with their soil and kept alive.
For each specimen we proceeded:
a) to the recovery, using physiological methods (Brousseau et al., 1994), of samples of the
coelomic liquid from which the coelomocytes used to test five biomarkers were isolated,
b) to dissect each organism into three portions.
c) to the use of tissues of these three portions for the determination of PFAS levels, the
establishment and implementation of the biobank, and the maintenance in the freezer at 80 °C of sample aliquots for any subsequent analysis.
The analyses performed on coelomocytes concerned the five biomarkers indicated in the
project: cell mortality, stability of lysosomal membrane, production of reactive oxygen species
(ROS), total antioxidant capacity (TAC) and DNA fragmentation.
The cell mortality test is based on the integrity of the plasma membrane, the cellular
component that allows the maintenance of cellular homeostasis, separating the intracellular
environment from the extracellular one and ensuring the selective transport of the molecules that
have to enter or leave the cell itself. By the cell mortality test, the loss of this function is highlighted,
indicating that the cell is dead. The analysis was conducted by optical microscopy, testing the Cell
Drop tool (De Novix Inc., Wilmington, DE, USA) in order to increase speed and efficiency of the test.
In figure 19, the dead cells are those coloured in blue due to the entry into the cytoplasm of the
Trypan blue dye.

Figure 18. Specimen of Eisenia
hortensis also known as
Dendrobaena veneta.
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The second biomarker evaluates the stability of lysosomal membrane, which is believed to
be a generalist measure of cellular stress (Martinez-Gomez et al., 2015). In lysosomes with an
unstable membrane, enzymes such as hydrolases leave this intracellular structure and react with
the substrates present in the cytosol, damaging cellular homeostasis. Optical microscopy
analysis was performed by optimizing the original method (Weeks and Svendsen, 1996) to reduce
execution timing. In figure 20 the cells that develop the red colour are those in which lysosomes
are damaged, and therefore no longer able to retain the Neutral Red dye that can thus diffuse
into the cytoplasm.

A

B

C

D

Figure 20. Lysosomal membrane stability test with the neutral Red dye. In the four images, from A (T0
minutes) to D (T60 minutes), we can observe the increase in the red coloration of the cells over the time.
Magnification 400× in white light microscopy.

ROS, such as superoxide and hydroxyl radicals, hydrogen peroxide, and various organic
peroxides, are normally produced during major cellular metabolic reactions, but their rate of
formation can easily increase when an organism is exposed to various exogenous factors, including
environmental pollutants. If ROS are produced in excess, an imbalance is generated between their
production and elimination, increasing the risk of oxidative stress that can lead to damages to
biological macromolecules and finally to cell death (Bonato et al., 2020). ROS production was
evaluated by optical fluorescence microscopy (Fig. 21) and the use of specific probes for different
cellular districts (dihydroethidium for cytosol and nucleus, dihydrorodamine for mitochondria),
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implementing the quality of the analysis and the number of processed samples thanks to the use
of 96-well plates (instead of single sample reading) and the Operetta CLS automatic image reader,
equipped with Harmony software (PerkinElmer Inc., Waltham, MA, USA).

Figure 21. ROS production in coelomocytes. On the left, the dihydroethidium probe marks with a red
fluorescence the ROS that are forming in the cytoplasm and nucleus; on the right, the dihydrorodamine probe
with a green fluorescence the ROS that are forming in mitochondria. 400× magnification in fluorescence.

The TAC evaluates the ROS elimination activity of the complex of antioxidant molecules
present in the cell. Antioxidants can be small molecules such as glutathione and vitamins, or
enzymes such as superoxide dismutase, catalase and glutathione peroxidase. The antioxidant
activity of individual molecules is very often evaluated, but the method we used allows to have a
more general picture of the possibilities that cells can put into play to defend themselves against
the negative effects produced by ROS. Moreover, the development of this method on the specific
biological model allowed to increase the number of analyses (in UV/VIS spectrophotometry),
thanks to the use of 96-well plates (instead of reading on a single sample).
The last considered biomarker is the DNA fragmentation, an index of genotoxicity and
cytotoxicity produced by chemical and physical agents, analysed by gel electrophoresis and optical
fluorescence microscopy. The method, known as Comet Assay as the damaged DNA appears with
a comet shape after electrophoresis, is very long and laborious, and therefore we aimed to increase
the number of replicates simultaneously analysed using 96-well plates and same instrumental
support used for the ROS evaluation (Operetta CLS automatic image reader equipped with
Harmony software).
Thanks to the activities under controlled laboratory conditions, it was possible to work on the
finalization, on Eisenia hortensis, of the methods related to the five chosen biomarkers. In
particular, for four of them (cell mortality, lysosomal membrane stability, ROS levels and total
antioxidant capacity) we were able to optimize the methods in relation to the specific model
organism (earthworm). The optimization of the DNA damage method took much longer than
expected, in addition to providing results that were lower than expected, and therefore was not
used for the subsequent ecotoxicological assessment of the various environmental situations
affected by PFAS pollution.
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The experimental laboratory activity also served to evaluate the possibility of using the
biomarkers selected in the project as a smart methodology of environmental stress, exposing
earthworms for 30 days to mixtures of multiple PFAS (PFBA, PFBS, PFPeA, PFHxA, PFHpA , PFNA,
PFDA) at the concentrations detected following environmental monitoring carried out (in the order
of ng/L). This treatment did not produce any detectable biological effect using the considered
biomarkers. While this datum is positive from an ecotoxicological point of view, because it indicates
that exposure to these pollutants for a short time (acute exposure), at the environmental
concentrations currently present in the Veneto region, does not produce immediate cell damages
in animals experiencing this adverse condition, on the other hand it does not give full-scale
information, in which earthworms are chronically exposed to PFASs. In fact, following this
treatment, the accumulation of the individual PFAS in earthworm tissues is extremely low, unlike
earthworms sampled in nature (which were chronically exposed to these pollutants) that have
significantly higher accumulation levels.
To have confirmation of our hypothesis, we carried out laboratory tests by exposing specimens
of the same species to much higher concentrations of PFASs (in the order of µg/L and mg/L),
obtaining both an accumulation of PFAS and a significant variation of the different biomarkers
compared to the controls (specimens not exposed to the pollutant) only in earthworms exposed to
the highest concentrations. For example, earthworms exposed to concentrations of PFOA and
PFBS of the order of mg/L (i.e. 106 times higher than those found in polluted environments) showed
a significant accumulation of these two PFASs in the coelomocytes already after 14 days of
exposure (8.5 μg PFOA/g of dry weight and 400 μg PFBS/g of dry weight), whereas specimens
exposed for 30 days to concentrations of PFOA and PFBS of the order of μg/L (i.e. 103 times higher
than those found in polluted environments) did not show any accumulation of PFASs.
Simultaneously with the accumulation of PFAS there was a variation of biomarkers in accordance
with evidence of coelomocyte damage in earthworms exposed to PFBS, such as a stability of the
lysosomal membrane three times lower (compared to controls), a halving of the TAC and an
increase in the formation of ROS in the cytoplasm (+ 100%), in the nucleus (+ 300%) and in the
mitochondria (+ 700%).
Therefore, experimentation under controlled laboratory conditions has confirmed that PFASs
can cause significant damage to the body, but only after acute exposure to very high concentrations
of these pollutants (which most likely will never be found in the environment) or following of
prolonged exposure over time, which favours a slow but progressive accumulation of these
substances within the animal's body. It also confirms the validity of the selected biomarkers, as
their variations are consistent with a toxicological picture in which the entry of PFAS into the cell
causes an increase in ROS production in all districts, and this condition causes damages not only to
cell structures, such as the plasmatic and lysosome membranes, but also to the proteins of the
antioxidant system, which is therefore not adequately able to counteract the production of these
cytotoxic elements. In conclusion, although the selected biomarkers have not proved useful for the
evaluation of acute stress from short-term exposures at environmental concentrations, they can
certainly represent a smart methodology in contexts of chronic environmental stress.
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This hypothesis was further confirmed by the results obtained in the ecotoxicological
assessment carried out on the ten sampling sites, using earthworms as bioindicator organisms and
four biomarkers. The most relevant results were obtained from three of these ten stations, where
high levels of PFAS were not always present in the soil or water, but the resident earthworms
showed a conspicuous accumulation of PFAS in their body.
In particular, in the earthworms of station 4, located in an area that the Veneto Region indicated
as focus area (yellow), the highest levels of PFHxA, PFHpA, PFDA and PFUnA were detected during
the sampling of May 2019 (Fig. 22). This corresponds to high levels of cell mortality, ROS production
in all cellular compartments (cytoplasm, mitochondria, and nucleus) and total antioxidant capacity,
with increases ranging from 250% to 850%, with respect to normal values. These four PFAS
therefore exert a generalized response of the various biomarkers in the earthworm, but their
coexistence at high levels does not allow us to identify specific early warnings for each of them.

Figure 22. Levels of PFAS and biomarkers in earthworms of station 4 sampled in May 2019. The highest
levels of PFHxA, PFHpA, PFDA and PFUnA correspond to high levels of cell mortality, ROS production
(in all cellular compartments) and total antioxidant capacity.

In the earthworms of station 8, located in an area that the Veneto Region had indicated as the
area of maximum exposure (red), the highest levels of PFBS were detected during the sampling of
June 2020 (Fig. 23). This corresponds to high levels of ROS production at mitochondrial level
(+250%). This biomarker can therefore be proposed as specific early warning for PFBS in the
specific bioindicator organism.
In the earthworms of station 9 (also in the red area) the highest levels of PFOA, PFPFDoDA and
PFOS were detected during the sampling of May 2019 (Fig. 24). This corresponds to high levels of
cell mortality, with an increase of 800%. Therefore, cell mortality can be proposed as a specific early
warning for these PFAS in the specific bioindicator organism, and in particular of PFOA which is the
one present in greater quantities.
The highest levels of PFNA were detected in station 9 earthworms during the October 2019
sampling (Fig.25). This corresponds to high levels of ROS production in the nucleus (+250%). This
biomarker can therefore be proposed as specific early warning for PFNA, using the earthworm as a
bioindicator organism.
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Figure 23. Levels of PFAS and biomarkers in earthworms of station 8 sampled in June 2020. The highest
levels of PFBS correspond to high levels of lysosomal fragility and ROS production in mitochondria.

Figure 24. Levels of PFAS and biomarkers in earthworms of station 9 sampled in May 2019. The highest
levels of PFOA, PFDoDA and PFOS correspond to high levels of cell mortality.
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Figure 25. Levels of PFAS and biomarkers in earthworms of station 9 sampled in October 2019. The
highest levels of PFNA correspond to high levels of lysosomal fragility and ROS production in the nucleus.

In conclusion, we can confirm the effectiveness and usefulness of using this set of biomarkers
as a smart methodology for assessing the environmental impact by PFAS. Although it has been
used in the specific reality of the Veneto region, we believe that it can also be applicable to larger
areas, thus constituting a methodological approach that can be replicated in other European and
world contexts. The tool that we developed is obviously implementable, for example by improving
the part relative to the Comet analysis method which.
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3.5 TEST OF INNOVATIVE METHODS FOR WATER PURIFICATION: ION EXCHANGE RESINS FOR DRINKING
WATER AND CONSTRUCTED WETLANDS FOR IRRIGATION WATER

In the LIFE PHOENIX project, two innovative methodologies have been tested and developed
to mitigate the spread and concentration of PerFluorinated Alkyl Substances (PFAS) in drinking
water and surface water used for irrigation. For drinking water ion exchange resins have been
employed, while for irrigation water, constructed wetlands were tested in two different conditions:
in a small pilot plant and on a larger scale in a wet area of real size.
Ion exchange resins for drinking water
The pilot plant
The technology of ion exchange resins (Zaggia et al., 2016)has been identified and tested
because, unlike actived Carbon Beds, can also be adopted for specific types of short-chain PFAS
such as PFBS (perfluorobutanesulfonic acid) and PFBA (pentafluorobenzoic acid). Furthermore, the
resins have the possibility of being regenerated and reused several times directly in the plant. In
this way there could be an environmental advantage, as well as an economic advantage compared
to the technology of the activated carbon filters.
The experimentation took place at the drinking water distribution plant of Acque Veronesi
(s.c.a.r.l.) (Fig. 26), near Lonigo (Vicenza), which has both a polluted pit, no longer used, because
it’s contamination of PFAS, and a technical room available for setting up the pilot plant and for all
logistical needs (electricity, water supply, etc.).

Figure 26. Acque Veronesi (s.c.a.r.l.) Plant near Lonigo (Vicenza):
a) aerial view; b) Site of the pilot plant with ionic exchange resins

The pilot plant uses water with a minimum flow rate, allows measurement and regulation using
field instruments and reduces the effects of interference with walls or by-pass. The size of the
implant allows for transport and the resin is easily replaceable or regenerable.
As we can see from figure 27, the system is completely automated, consisting of a tank (filter)
filled with 50 liters of ion exchange resin and equipped with valves that allow the management
of the service and regeneration phases. A 200/L tank for the regenerating solution was installed
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next to the resin tank. The raw water is filtered before it passes through the resin bed exiting the
treated water connection. Once the resin saturation is reached, the valves switch to the
regeneration position: the inlet of raw water is stopped and the regenerating solution is pumped
into the spent resin bed. Once the resin regeneration is complete, the implant returns to its
service position.

b

a

Figure 27. Pilot plant: a) control panel; b) regenerable ion exchange resins

A second plant was added to the system, however, equipped with a filter with non-regenerable
ion exchange resins in order to have more data to compare (Fig. 28).

a

b

Figure 28. Pilot plant: a) control panel; b) non-regenerable ion exchange resins
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Efficiency test
During the various tests carried out, the water was sampled at the inlet before the filter, and
separately at the outlet from the filters of the two different types of resins and from the activated
carbon system filter. Thus, three different types of samples were collected. In all the samples the
concentration of PFAS was analysed, the efficiency rate of the resins and of the activated carbon
calculated with two parameters:
the Time of use of each method before the breakthrough (the moment in which the pollutant
comes out from the filters),
the Adsorption Index (AI - Adsorption Index) which allows to determine the amount of
contaminant removed from a unit mass of filter from the beginning of the test to the
"breakthrough", that is, before the contaminant escapes. The formula used is the following: AI
= Mc,b/M, where Mc,b is the mass of contaminants removed in the "passage" and M is the mass
of the filters (Acque Veronesi s.c.a.r.l.).
Results of the tests carried out
The tests were carried out at intervals of 7-10 days from October 2019 to February 2020 for a
total of 110 days. For each test, 12 samples of water matrices both for incoming and outgoing water
were used, on which the analyses of the PFAS species within the samples were carried out (Tables
1 and 2):
Resin Usage Time: Our ion exchange resin system has been shown to work for 34 days prior to
"breakthrough".
Adsorption Index (AI): During the 34 days of operation our system treated 378 m3 of water with
an average inflow concentration of 382.6 ng / L and removed 144.62 mg of PFAS with an AI of
3.024. The activated carbon system had a use time of 91 days before breakthrough, where it
treated 933 m3 of water, removing 345.3 mg of PFAS with an AI of 3.74. The daily adsorption of
PFAS by the ion exchange column is 4.25 mg, that of the activated carbon column is 3.79 mg.
Conclusion
Both technologies have proved to be valid for the purification of drinking water, with a similar
adsorption index. Although the data are comparable to those of activated carbon, the positive use
of resins allows us to broaden the spectrum of methodological approaches related to the PFAS
pollution problems of drinking water. In particular, ion exchange resins could solve some
adsorption problems, by activated carbons, of molecules with a low number of carbon atoms, such
as PFBA and PFBS and more, which have largely replaced the 8-atom PFAS (PFOA and PFOS), now
banned.
In conclusion, from the data obtained from our experimentation we could state that the use of
ion exchange resins could be considered a promising technology with interesting and more
advanced results than the use of activated carbons. However, this technology requires at the
moment further fine-tuning to extend the duration of their time of use (e.g. optimization of the
saturation matrix) and to reduce costs for regeneration activities. In the future, thanks to these
results, plants could be experimented in which these two technologies will be combined.
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Table 1. Ion exchange resin pilot plan: concentration of PFAS (ng/L) in the inlet water during the
experimentation from 24 October 2019 to 11 February 2020
Sampling

PFBA

PFPeA

PFBS

PFHxA

PFHpA

PFHpS

PFHxS

PFOA

PFNA

PFDA

Linear*

date

PFOS

TOTALE

Linear*

24/10/2019

63

40

53

35

7

<5

12

131

<5

<5

18

359

31/10/2019

72

35

66

30

<5

<5

9

124

<5

<5

22

358

07/11/2019

70

46

67

43

8

<5

13

154

<5

<5

24

425

15/11/2019

45

40

62

40

7

<5

16

160

<5

<5

28

398

21/11/2019

57

36

64

32

8

<5

11

146

<5

<5

19

373

29/11/2019

46

35

65

40

7

<5

11

144

<5

<5

19

367

06/12/2019

58

41

61

47

7

<5

14

130

<5

<5

20

378

20/12/2019

46

35

65

40

7

<5

11

144

<5

<5

19

367

30/12/2019

42

33

52

35

6

<5

11

152

<5

<5

17

316

16/01/2020

47

28

67

30

8

<5

11

141

<5

<5

28

360

28/01/2020

42

27

55

32

9

<5

7

129

<5

<5

15

316

11/02/2020

58

31

57

32

9

<5

13

133

<5

<5

17

350

* Perfluoroalkyl substances with linear chains of carbon atoms greater than 70%.
Table 2. Ion exchange resin pilot plan: concentration of PFAS (ng/L) in the outlet water during the
experimentation from 24 October 2019 to 11 February 2020
Sampling

PFBA

PFPeA

PFBS

PFHxA

PFHpA

PFHpS

PFHxS

PFOA

PFNA

PFDA

Linear*

date

PFOS

TOTALE

Linear*

24/10/2019

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

0

31/10/2019

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

0

07/11/2019

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

0

15/11/2019

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

0

21/11/2019

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

0

29/11/2019

10

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

10

06/12/2019

29

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

29

20/12/2019

46

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

46

30/12/2019

56

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

56

16/01/2020

56

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

56

28/01/2020

65

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

65

11/02/2020

37

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

37

* Perfluoroalkyl substances with linear chains of carbon atoms greater than 70%.
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Phytoremediation of irrigation water
The pilot plant
The LIFE PHOENIX project was one of the first projects at a European level and the first at an Italian
level to address the problem of perfluorinated compounds (PFASs) in water for irrigation purposes,
testing low-impact and low-cost methods, such as phytodepuration, to mitigate naturally the
concentration of these pollutants in the irrigation waters.
A first step of the study involved the setting up of a phytoremediation pilot plant to test the
adsorption and storage capacity of PFAS by an aquatic plant, which was ubiquitous in Veneto, such as
Phragmites australis, commonly called straw of swamp, a plant that grows where water is available in
abundance.
The plant was located in Lonigo (Vicenza) at the garden center "Vivai Dall’Ava", which provided us
technical and logistical support in order to carry out our tests. The main function of our pilot plant was
to capture the PFAS from a contaminated well, which already existed within the nursery. The plant (Fig.
29) consists of two plastic tanks: the first, smaller (Fig. 29a) is used as a water storage tank
(approximately 1 m3) and has the function of feeding the main tank (volume of water about 3 m3, Fig.
29b), containing P. australis in the central section.

a

b

Figure 29. Operation scheme of the phytoremediation pilot plant:
a) storage tank; b) main tank

The main tank is filled with a substrate consisting of three different layers of stones of different
granulometry: on the bottom, and almost 50 cm in height, we find coarse gravel formed by pebbles
of 8-10 cm in diameter (Fig. 30a); the intermediate layer, 25 cm high, is made up of medium gravel
(20-35 mm in diameter); the last layer, 3-5 cm, is made up of fine gravel. In March 2018, 200
seedlings of Phragmites australis were planted in this thin layer (Fig. 30b).
The two tanks are connected to the pit and to each other by a series of pipes and taps. To
optimize the operation of the pilot plant, two probes were also installed (for measuring the water
level in each tank) and a timer (to automatically activate the pumps to fill the two tanks).
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b

a

Figure 30. Phytoremediation pilot plant Main tank: a) during the preparation with layers of stone; b)
with young plants of Phragmites australis planted for a few weeks

Functioning
In a phytoremediation plant, the water is pumped into the storage tank directly from the
polluted well. Then, through the use of a small pump, the water fills the main tank containing the
plants and flows slowly until it drains, taking a few days (from 5 to 7), that is the time necessary to
allow to the Phragmites to sequester the pollutants present in the water and carry out its
phytodepuration processes.
The water level inside the two tanks is regulated by two piezometers and is displayed in real
time on a web portal, while the water speed is regulated by the influx of the pump.
Efficiency test
To prove the adsorption capacity of the PFAS, by Phragmites australis, several tests were
carried out during the project, to confirm or not the filtering capacity of the system. The
concentrations of PFAS in the water entering and leaving the pilot plant were recorded for 7 days.
The time interval between the inlet and outlet sampling allowed to compare the values
between each other, given the residence time of the water previously evaluated within the
system.
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System settings
Furthermore, during the research activities, in three different periods in 2020, other kind of
data were collected in order to evaluate all the variables (e.g. rainfall of incoming rainwater,
environmental temperature, concentration of PFAS, etc.) useful for calculating the
evapotranspiration and the water balance in the system, as well as the concentration of PFASs in
the incoming and outgoing water: the first period was carried out in June, the second in early
September and the third, more intense, in late September. In figure 31 it is possible to see the
calculated water balance.

Figure 31. Phytoremediation pilot plant - Calculated Mass balance: Qout, outflow total water volume;
ET, total water volume absorbed by plants by the evapo-transpiration process

In our pilot plant system, the water inflow value was fixed (275 L / d) and the outflow volume
could vary approximately between 210 and 250 L / d, with an evapotranspiration volume that was
at least 10% less. compared to that of the influx. The concentrations of PFAS were recorded both
in and out of the pilot plant system and the results are shown in Table 3. The tests were performed
several times during the growing season of the plants (from April to September).
The data obtained allowed us to set up our mathematical model.
Results
If we analyze the data in a superficial way, considering only the PFAS concentrations of the inlet
and outlet water, the results may seem not very appreciable, because the water entering and
leaving the pilot plant contain approximately the same concentration of PFAS. In fact, to
understand the abatement capacity of a wet area, mass flows must be evaluated. In fact, the
primary objective of a treatment plant is to reduce the mass flow of an outgoing pollutant
compared to the incoming one. Therefore, both PFAS concentrations and water flows must be
considered.
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Table 3. Phytoremediation pilot plant: mean PFAS concentrations in ng/L detected in inlet and outlet
water in June and September 2020

PFAS

June Test (20 - 26)

September Test (6 - 12)

September Test (24 - 30)

Mean
Concentration

Mean
Concentration

Mean
Concentration

Mean
Concentration

Mean
Concentration

Mean
Concentration

Inlet

Outlet

Inlet

Outlet

Inlet

Outlet

(ng/l)

(ng/l)

(ng/l)

(ng/l)

(ng/l)

(ng/l)

PFBA

806

736

1.306

1.029

1.001

1.005

PFPeA

472

455

1.004

881

642

614

PFHxA

464

416

757

642

590

566

PFHpA

102

96

86

96

123

123

PFOA

1.868

1.714

1.837

2.037

2.681

2.720

PFNA

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

PFDA

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

PFUnA

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

PFDoDA

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

PFBS

444

467

512

546

517

542

PFHxS

34

38

<LOD

<LOD

36

39

PFOS

68

70

<LOD

60

70

67

TOTALE

4.258

3.992

5.502

5.291

5.660

5.676

The mass flow corresponds to the water flow multiplied by the PFAS concentration and, while
the concentration is almost the same in both the inflow and outflow, the volume of the water runoff
is clearly less than the inflow, due to the not negligible effect of evapotranspiration during a whole
"seasonal sampling".
According to the hydraulic balance we calculated, the evapotranspiration volume was at least
10% of the inlet flow (Bettio D., 2018). In this way the plant has a positive abatement capacity for
PFAS.
Several mathematical models were tested to find the one that best suited our conditions in
order to obtain the best estimate of the water runoff as a function of the evapotranspiration of the
plants.
With an inflow volume of 275 L / d, a quantity of PFAS equal to approximately 1,413,500 ng / d
was pumped into the pilot plant system every day. If we consider the average abatement capacity
of the plant of 12% (which corresponds to the reduction in the volume of outgoing water), the
quantity of PFAS absorbed by the pilot plant is equal to 169,620 ng/d. We have to remember, that
the system worked for 180 days for a total of 49.5 m3 of water pumped in the pilot plant, with a
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PFAS abatement of 30.53 mg. This result seems far better than hypothesized in the LIFE PHOENIX
project (30 mg of PFAS abatement for 250 m3 of water pumped in the pilot plant).
In conclusion, we can say that the phytoremediation pilot plant is able to absorb an appreciable
amount of PFAS from polluted waters. However, it is a mitigation action that does not immediately
reduce the concentration of PFAS in the water, as can be seen in Table 3, but which, in the long
term, could be used as a mitigation strategy for the whole irrigation system.
Large-scale phytoremediation in three wetlands of the Veneto region
A wetland is a so-called transition zone, an area partially covered by water or saturated with
water. Within the project area, three different wetlands with similar features have been identified
(Fig. 32):
Ca' di Mezzo in the green area (low risk from PFAS),
Monselice in the yellow zone (medium risk from PFAS),
Monastiero in the red zone (high risk from PFAS).

Figure 32. Map of the three wetlands system: Ca’ di Mezzo - Padova (green zone),
Monselice - Padova (yellow zone) and Monastiero - Verona (red zone)

The three wetlands are managed by the Adige Euganeo Reclamation Consortium. All three
wetlands have an entry point, where irrigation water enters in the system, a series of small
channels, or ponds, to decrease the speed of the water flow, and a runoff point that could allow the
possibility to manage the water flow speed in order to maximize the phytodepuration and
adsorption capacity of the plants. The concentrations of PFASs were recorded both at the entrance
and at the exit, and the results are reported in tables divided for each wetland (see Tables 4 - 7).
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Table 4. Wetlands: mean PFAS concentration (ng/L) measured
in the inlet and outlet water
WETLANDS

Ca’ di Mezzo

Monselice

Monastiero

PFAS

Mean Concentration

Mean Concentration

Mean Concentration

Inlet

Outlet

Inlet

Outlet

Inlet

Outlet

PFBA

38

9

14

13

59

9

PFPeA

20

<LOD

7

8

7

5

PFHxA

40

3

14

13

7

6

PFHpA

20

<LOD

4

4

3

2

PFOA

31

10

17

17

116

10

PFNA

9

<LOD

<LOD

<LOD

<LOD

<LOD

PFDA

3

<LOD

<LOD

<LOD

<LOD

<LOD

PFUnA

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

PFDoDA

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

PFBS

13

6

7

7

74

50

PFHxS

<LOD

<LOD

3

3

<LOD

<LOD

PFOS

5

0

0

0

58

0

TOTALE

179

28

66

65

324

82

Table 5. Daily water flow in the three wetlands investigated

Ca’ di Mezzo
Flow
3

m /day

Monselice

Monastiero

Inlet

Outlet

Inlet

Outlet

Inlet

Outlet

21.600

17.280

12.960

8.640

8.640

7.776

Table 6. Mass flow of PFAS in and out of the three wetlands investigated

Ca’ di Mezzo

Monselice

Monastiero

PFAS

Inlet

Outlet

Inlet

Outlet

Inlet

Outlet

g/day

3,87

0,48

0,86

0,56

2,8

0,64
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Table 7. Percentage of abatement of PFAS in the three wetlands investigated

Wetlands

Vin (m3)

Vout (m3)

PFAS in
(ng/l)

PFAS out
(ng/l)

PFAS (g)
inlet

PFAS (g)
outlet

Abatement
%

Ca’ di Mezzo

3.888.000

3.110.400

179,0

28,0

696,0

87,1

87,5

Monselice

1.000.944

846.834

66,0

65,0

66,1

55,0

16,7

Monastiero

194.400

174.960

324,0

82,0

63,0

14,3

77,3

Results
Wetland test results look very encouraging. In particular, in the two areas, Ca 'di Mezzo and
Monastiero, the PFAS abatement efficiency is 87.5% and 77.3% respectively. As regards, however,
the wet area of Monselice, the PFAS abatement efficiency is 16.7% much lower than the other two.
This data, not comparable with the efficiencies observed for the other two wetlands, is affected by
an important management by the Consorzio di Bonifica Adige Euganeo, which uses the area as an
expansion tank, or storage basin, depending on the different climatic and seasonal conditions. This
means that the area undergoes, in an irregular way, significant reductions in the flow rates treated.
The heterogeneity of these systems makes it very delicate to evaluate the efficiency of these
plants (Kadlec R. and Wallace S., 2008): the wet areas Ca 'di Mezzo and Monastiero are fed
continuously through an in-line channel, while the humid area of Monselice is fed by a lifting system
activated according to management needs.
Conclusion
The phytodepuration pilot plant gave good results, confirmed and indeed surpassed by the
tests in the wet areas on a full scale. Phytodepuration has proved to be a very important strategy
to mitigate the PFAS present in irrigation waters. At the moment, other water mitigation systems
are not being studied or applied. In Italy, it is the first attempt in the environmental field to use
constructed wetlands for PFAS, a low-impact and low-cost methodology.
The appreciable results of the experimentation with the pilot plant were a strong stimulus to
the application of tests on a full scale, in particular in three wetlands managed by the Adige
Euganeo Reclamation Consortium, with the concrete possibility of being able to evaluate the mass
flows in natural environments and, therefore, to follow the mitigation of PFAS in the water.
Currently, the Veneto Region hosts over 300 wet areas of various types and, at least half, would
be usable in order to immediately apply phytoremediation.
On the basis, of the observed results, we can state that the constructed wetland system is a
methodology applicable to the mitigation of the concentration of PFAS in irrigation waters and
replicable in situations similar to the one considered in the LIFE PHOENIX project.
For the system to work on a large scale, however, it is essential to implement synergistic actions
between the different "actors" of the territory to create a more advanced governance of the agrienvironment.
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The points to consider, in any case, could be:
Review and reprogram the management of the pruning and mowing of ditches and
wetlands in general, adopting targeted rules in order to recover the material produced and,
if PFASs were present, treat it as a possible waste, thus avoiding their release into the
environment.
Update and expand the regulations currently in force on waste so as to be able to manage
the mowing of wet areas for possible transfer to specific disposal plants.
Think of an innovative management of irrigation water, in which the wetlands are the
central hubs of the “phytoremediation” system of most of the irrigation waters present in
the Veneto Region. Furthermore, the management of ditches and second-level canals
should be rethought, treating them as widespread wetlands. This would increase the
usability of the territory also from the naturalistic point of view.
Finally, the possibility of a wide-ranging use of phytoremediation to remove PFAS from
irrigation water could be an "added value" in the perception of the quality of the agri-food chain of
the Veneto Region.
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3.6 ASSESSMENT OF THE SOCIO-ECONOMIC IMPACT OF THE PFAS CONTAMINATION
The monetization of social benefits: a meta-analysis application
The estimation of the economic benefits of a specific policy action (or regulation) requires a
good knowledge concerning the different methodologies adoptable for this purpose. In the context
of environmental protection interventions, as the one object of the LIFE-PHOENIX project and
developed in the action B.3 and B.4, the main problem in the benefit analysis is related to the
valuation of the so-called non-market commodities. The latter are environmental resources whose
price is not clearly defined since they are not exchanged in a real market (because they are not
excludable or separable) and therefore a variation in their quantity or quality is not intuitive to
monetize.
In the framework of the LIFE-PHOENIX project, the commodity whose level would change
thanks to the mitigation strategies introduced is represented by drinking and irrigation water
quality. Indeed, from an economic perspective, a reduction in PFAS contamination may be
considered as equivalent to an increase in water quality, whose monetary value represents a social
benefit for the households living in the contaminated area. Since it does not exist any real market
for water quality, the valuation procedure aimed at monetizing a positive variation in its level relies
on the classical economic theory on individual preferences and utility. Despite ecosystem services
are not regularly traded, in fact, individuals always preserve a personal valuation about the utility
they get from them with respect to other general goods.
The best strategy that may be implemented to estimate the monetary value of an
environmental resource, therefore, involves surveys in which individuals are directly asked how
much they value a specific change in the quality/quantity level of a natural service. In particular, the
economic valuation of a certain environmental improvement is generally measured as the amount
of money – in a fixed unit of count (e.g., €/2018) – an individual would be willing to trade to obtain
that improvement. The latter quantity is technically called Willingness to Pay (WTP) and is the
outcome of our meta- analysis for the PFAS area.
Hence, it is clear that the assessment of the WTP for an environmental quality change would
require data gathered from a well-designed survey distributed in the contaminated area. Indeed,
the first best to estimate social benefits of the LIFE-PHOENIX project would be to ask1 people living
in the Red, Orange and Yellow Area how much they would be willing to pay to restore the quality
level in drinking/irrigation water.
However, in our context funding limitations and time constraints are significant, as often
happens in environmental valuation studies. If this is the case, an optimal alternative developed in
the literature to estimate benefits from ecosystem services quality change is the benefit transfer
methodology. Benefits transfer refers to the procedure of "adapting values estimated from past
researches to assess the value of a similar, but separate, change in a different resource". Applied to
1

By applying valuation methods widely used in environmental studies: Averting Expenditure (revealed
preferences); Contingent Valuation (stated preferences); Travel costs (revealed preferences); Hedonic
pricing (revealed preferences).
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the environmental valuation context, willingness to pay values for a certain quality change,
estimated by previous empirical papers in different sites (study sites), are combined and applied for
the estimation of the same value in a new, but similar, site (policy site).
In particular, one of the procedures aimed at exploiting benefit transfer is the Meta-Analysis,
defined as a systematic and quantitative summary of the results reported in existing scientific
contributions about the valuation of the same environmental resource. After the collection of
several primary studies analysing a common empirical outcome, researchers investigate the
relationship of the estimated values (in our case WTP for higher water quality) with the socioeconomic characteristics of each site (core-economic variables - e.g., income, population density,
sex, age) and/or the methodological characteristics of the specific paper (study design variables e.g., how data are gathered, how the question about WTP is formulated).
Initially, we selected all studies aimed at valuing positive groundwater quality changes in
general, collecting a total of more than 90 studies. Afterwards, among them we chose only the ones
which respect the study selection criteria defined as follow:
1. Papers must estimate the same economic outcome: annual willingness to pay for better
drinking water quality.
2. Results on willingness to pay must be available in the study in the form of mean or median
of the distribution;
3. A contamination event prior to the survey was not considered to be a necessary condition
to judge a valuation study suitable for our purpose, since we decided to control for
contamination directly in the regression function;
4. We exclude studies valuing groundwater quality that does not specify if the groundwater
object of the analysis is used as source for drinkable and home use;
5. We exclude studies which clearly claim the bad quality of their results due to asymmetry
between the characteristics of the sample interviewed and the target population.
Lastly, it is key to precise that we even drop all studies which investigate quality changes in
drinking water in developing countries, because in that case we would make a big mistake due to
commodity inconsistency.
Filtering by these criteria, we ended up with a total of 40 studies and 72 observations. A full list
of the researches selected is provided inside Table 8.
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Table 8. List of papers estimating WTP in analogous study sites selected for the MA.

The meta-analysis is implemented by estimating a regression model which explains how
estimates of WTP, of all the studies selected, vary according to: a set of core economic variables of
the country/region considered; some study design variables which control for papers heterogeneity
concerning the methodology applied in the data gathering process and analysis.
The estimated log-log model for the study s is the following:

!

! "

#

! # $

!

%

!

"&

'

Where the dependent variable is
= Natural log of annual willingness to pay per
household estimated in the study expressed in 2018 $1.
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The explanatory variables, according to the WSTU approach, are divided in two groups. The study
design variables are the following:
: 1 if the estimated WTP is the mean; 0 if the estimated WTP is the median;
: 1 if dichotomous choice in the WTP question; 0 otherwise;
: 1 if the payment vehicle used in the survey is extra taxes on water bills; 0 otherwise;
: 1 if the valuation is related to a contamination event; 0 if it is not;
: 1 if the study employs the contingent valuation methods; 0 if the study employs averting
behavior method or others;
: 1 if the survey is conducted by phone interviews; 0 otherwise;
While core economic-demographic variables are the following:
: Natural log of the average annual personal income in the study site in $;
" #
: Natural log of population density in the study site in h/) 2 ;
% : 1 if the average age in the site is bigger or equal than 45; 0 otherwise;
# $ : 1 if the percentage of female in the population is bigger or equal than 50%; 0 otherwise;
"&
: Percentage of people in the population who holds a bachelor’s degree or higher.
The valuation function behaves statistically well, with a percentage of variance explained by the
model (* ) equal to 98 % and nine out of eleven parameters estimated significantly different from
zero (eight of them at 1% significance level and one at 5 %).
In particular, from a methodology point of view, the WTP estimate is significantly higher when
is considered the mean of the collected values w.r.t. the median
0.7785 , if dichotomous
choice method is applied in the WTP question
0.6437 and if WTP is aked after a previous
contamination event
0.7785 . Looking at the socio-economic features, instead, WTP
estimate is significantly higher for an higher-income !
0.3821 , older !
0.8448 and
female !
1.2096 individuals. Eventually WTP estimate is significantly lower the higher is the
population density of the policy site ( !
70.1749 .
Using the parameters estimated in Table 9, and plugging in the value function the explanatory
variables for the PFAS area we obtain a annual WTP which stands in the interval [267,48 €; 496,13
€] per household, given a measurement errors of 30% applied to the point estimate.
Given the number of households living in each area, annual social benefits from a reduction in
PFAS drinking water pollution stands therefore in the interval [33.432.466,94 €; 62.088.867,17 €]2.

2

Even if this interval appears to be quite big, literature suggests that measurement error is the main defect
of benefit transfer procedure. As a consequence, 30% of range around the point estimate is necessary to
overcome this source of inaccuracy.
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Table 9. Estimated parameters from the meta-analysis regression (value function).

Analysis of health costs in emergency cases of contamination: the experience of the Veneto Region
The analysis of the socio-economic impact of the project has been implemented with a focus
on the Health Surveillance Program organized by the Regione Veneto for the target population.
The organizations involved are: Veneto Region, for planning and coordination of the Health
Surveillance Plan, Aulss 8 Berica, Aulss 9 Scaligera and the Arpav agency for laboratory analysis.
We have proceeded with the identification of the phases of the Health Surveillance Plan, finding
three main phases: preliminary phase, with studies and evaluations for the adoption of the health
surveillance plan and convocation of the interested population, first level phase of analysis, with
interview on socio-demographic characteristics, personal health history and tests on non-fasting
blood and urine, and finally a second level phase, with specialistic examinations and medical services.
It has been delivered a questionnaire to all the institutions involved in order to collect the
necessary information and data, related to the expenses incurred in this program (already precentralized by the Veneto Region), and then the information collected have been reclassified
according to common and homogeneous criteria.
The first cycle of monitoring programme, which started at the end of 2016, was meant to finish by
2020, but due to the Covid19 pandemic there were several interruptions of the activities and the
expected end has been postponed to 2021. Therefore, by the end of the LIFE PHOENIX project the
monitoring activities are still ongoing and as a consequence some of the evaluations must be considered
not definitive and limited to the existing data. The aim of this analysis is to elaborate a recognition of
the Healthcare costs, direct and indirect, necessary to develop further economic evaluations, intended
as a comparison of alternative courses of action in terms of their costs and consequences (Drummond
et al., 2015). Moreover these partial evaluations could provide useful information for whole-disease
models in comparing expected costs with real-world cost data (Buja et al., 2021).
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Data collection of the costs related to the emergency - Health surveillance plan on the
population exposed to PFAS
Direct Costs amounts to 3.853.333 € related to the different phases of monitoring activity,
planning and coordination, distribution of the questionnaire, first phase of examinations and
sample collection, second phase of control and specialist examinations:
The cost of preparing and managing the health surveillance plan (hours of work of the Medical
Directors, Health sector personnel, Administrative Section employees) and coordination
between the institutions from 2016 to following years amounts to 856.643,52 €. This cost has
been estimated multiplying the hours of the personnel involved with the Standard Cost Table
of the Veneto Region available for the LIFE PHOENIX project in 2017.
The unit cost of letters: Cost of letters, processing, printing, enveloping and postage (including
the cost of administrative staff) amounts to 143.583,00 € has been estimated multiplying the
number of letters sent with the unit cost of necessary to produce.
The external postal service, including administrative activities for the text elaboration,
preparation of agendas, creating invitations, file extraction, postal software data entry,
amounts to 72.559,46 € has been estimated multiplying the number of letters sent with the unit
cost of necessary to and delivery
The number of individuals involved in First Level in the screening program as of DGRV 2133/2016
and DGRV 691/2018 and the related invitation: 76.025 are the people invited at 18/12/20, and
94.331 is the number of letters sent (included further progress and solicitations).
First Level activity began in December 2016 with interviews and blood/urine sample collection
and the estimated cost amounts to 2.324.027,72 € including the tools and the additional analysis
provided by Arpav. We have collected the costs which correspond to serological analysis, and
investment in equipment for serological screening analysis (high-performance liquid-phase
chromatography and automated robotic system for preparation of biological samples).
Second Level activity began in December 2017 with specialistic examinations and the estimated
cost amounts to 456.519,63 €. We looked for the number of individuals subjected to the first
and second level of (ad hoc follow-up examinations) considering ad hoc in-depth examinations
in internal, cardiological or antidiabetic centers.
Indirect costs are considered as costs related to patients and family members not directly
attributable to the NHS and require purely economic (≠ ﬁnancial) evaluations. We have looked for the
number of individuals subject to the first level of analysis considering different methods of convocation
(data extracted from the Regional Information System). This information is relevant to estimate the
amount of time dedicated by the population to the program. Other information relevant for the
estimation were the average patient permanence within Ulss clinics, the average time spent delivering
and counseling to a patient, the call center activities.
In order to provide an economic assessment of the time dedicated we first proceeded to obtain an
estimate for the monetary value of an hour of free time and working time, following the methodology
of added value to GDP (De Luca, 2000). For the estimation of the value of the time we have adopted the
“social” value of time compared to the marginal contribution to the local (Veneto) GDP, reaching a value
of 1.205.544,21 € as evaluation of the time spent.
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Conclusion
The meta-analysis developed within the LIFE PHOENIX Project has been able to produce an
exportable econometric model which relates the WTP (Willingness to Pay) estimates for better
drinking water quality - collected from more than 90 past papers - to core economic variables of
the study sites and study-design variables. The best model specification is a log-log linear
regression and it has been estimated with OLS. Parameters estimated allow us to compute the
WTP for potentially curbing PFAS pollution in the Red Area (our policy site) and therefore the
related social benefits.
Further research may be dedicated at computing WTP for better irrigation water quality, which
is actually an open issue since really few past studies developed such a specific analysis. As a
consequence, there are not the optimal condition to apply benefit transfer to compute WTP for a
reduction in PFAS pollution in irrigation water and an original survey should be conducted on the
exposed population to obtain a complete configuration of social benefits.
We also developed an economic and financial valuation of the cost sustained by the Veneto
Region to implement the surveillance plan on the exposed population. The study adopts the
perspective of the Veneto Regional Healthcare Service, considering only the direct costs sustained
by the public health authorities, and using cost data gathered with questionnaires and from official
reimbursement tariffs in 2020.
All the most known complete economic evaluations techniques in Healthcare (CMA, CBA, CEA
and CUA) adopt the analysis of the costs expressed in monetary values and are different for the
kind of comparisons of interventions or the evaluations of benefits. The data gathered could be
useful to formulate the analysis of costs and comparing expected costs with real-world costs (Buja
et al. 2021), and to study the side of benefits intended as alternative use of resources and spared
costs (Drummond et al. 2015).
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SECTION 4
Benefits brought by the project to the regional system
and development prospects
The LIFE PHOENIX project has represented an important test for the integration between
Environment and Health, demonstrating that a shared approach to issues of environmental origin
with an impact on the health of the population is not only possible but guarantees better results
than working by sectors. During the project, an intersectoral working method was tested and
common tools were developed that constitute a solid basis for continuing along the intersectoral
path, as also indicated by the National Prevention Plan 2020-2025 recently approved with an
agreement between the Italian State and the Regions.
In the next few years, the working method and operational tools developed in LIFE PHOENIX
will find concrete application in the context of the safety of the drinking water supply chain, with
the aim of supporting the adoption throughout the Region of a new holistic approach based on the
model of the Water Safety Plans proposed by the World Health Organization. This approach, which
shifts the focus from retrospective control on distributed water to risk prevention and management
in the drinking water supply chain, extended from collection to taps, is actively promoted in Italy
by the Ministry of Health and the Istituto Superiore di Sanità with a view to strengthen water quality
control strategies, remodelling them on the basis of knowledge deriving from risk analysis. The
regional Directorate for Prevention, Food Safety, Veterinary will make the information and
statistical system developed within LIFE PHOENIX available to the competent Bodies to support
the risk analysis process that each Integrated Water Service Manager will have to conduct on its
own supply systems, with the collaboration of the Local Health Unit and of ARPAV. This will also
make it possible to test the functionality of the information system in the field and highlight the
need for improvement and development.
The numerical model of flow and transport of pollutants, successfully implemented and tested
in the area of the upper and middle Veneto plain affected by PFAS pollution, has proved to be an
important and effective tool for interpreting, quantifying and predicting the propagation of
pollutants in groundwater, providing estimates of the masses of contaminants released and
reliable predictions on the future evolution of contamination. Numerical modelling therefore
represents an advanced and powerful analysis tool to support decisions in order to respond to the
most diverse types of real scenarios (e.g. accident with the release of a new contaminant) proving
to be a valuable tool in the management of environmental emergencies or, if applied for preventive
purposes, in the implementation of the Water Safety Plans. This tool needs to be further developed
and perfected for a better understanding of the extensive PFAS contamination event that occurred
in Veneto: a greater knowledge of the geological structure, hydrological and hydrodispersive
parameters would allow to expand the model area for a more complete and exhaustive analysis of
the polluted area. In particular, the extension of the model in the plain served by irrigation, through
a full integration of surface water, groundwater and soil waters, could provide important
information regarding the impact of contamination on the food chain and therefore on population
exposure (also retrospectivelly).
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It is now evident, and this project has brought numerous supporting data, that the high mobility
and persistence of PFAS in the aqueous matrix favors their diffusion in all environmental
compartments, with a contribution not yet sufficiently studied by atmospheric transport. From this
it follows that a significant point source can impact a very large area, exposing ecosystems and
population to the risk caused by this class of substances. Soil is one of the pollution receptor
compartments of both water and the atmosphere. As demonstrated during the project, soil
constitutes an effective buffer system for long-chain PFAS but not for short-chain ones that are
captured by plants. However, this does not mean that soil is a sequestration compartment for these
substances, because they can be reintroduced into ecosystems through the terrestrial trophic
network, from invertebrates such as earthworms to birds and mammals. Further studies are
needed on the role of such trophic network in the dispersion of PFAS. Another aspect to be
explored with regard to soils is the determination of background concentrations in soil and
agricultural products in order to determine the background exposure of organisms through the
different exposure routes. In the absence of an European legislation for soils, it is necessary to
promote extensive international cooperation to establish background values of PFAS
contamination in the various sectors and of exposure for the population.
On the environmental analysis and monitoring front, the LIFE PHOENIX project has made it
possible to develop a package of methods and procedures that can be used and further refined in
the near future, also through application on a larger scale, with the aim of early detection of the
contamination of the various environmental matrices and monitoring its progress over time, also
providing indications on the effectiveness of control and mitigation measures. The determination
of a set of cellular biomarkers of stress in the earthworm, a bioindicator organism of soil quality,
tested in the specific reality of the Veneto Region, has proved to be a promising methodological
approach for the assessment of the environmental impact by PFAS and to be potentially applicable
to larger areas. Extensive biomonitoring campaigns based on this approach would make it possible
to analyze a large number of samples and obtain significant results in an adequate time frame to
provide precise indications on the ecotoxicological situation.
Alongside the tools for forecasting, analysis and monitoring, the LIFE PHOENIX project also
intended to test innovative tools for the mitigation of PFAS contamination. On this front, promising
results have been obtained by applying a method based on natural processes, phytodepuration, to
irrigation water. In Italy, it is the first attempt in the environmental field to use constructed
wetlands as a low-impact and low-cost depuration methodology for PFAS. The good results
obtained are particularly interesting for the territorial context of the Veneto Region which is very
rich in humid areas of various types potentially usable for phytodepuration. The large-scale use of
this natural method of water purification requires the adoption of synergistic actions between the
various "actors" involved in the management of the territory, in order to transform the wetlands
(including those of ditches and second-level canals ) in central junctions of the phytodepuration
system of most of the irrigation waters present in the Veneto Region. Such an approach would also
bring benefits from a naturalistic point of view and the usability of the territory.
Finally, the project activities allowed an initial quantification of the direct and indirect costs that
the contamination from PFAS entailed for the regional system. In fact, through a meta-analysis
procedure, an exportable and replicable econometric model has been developed which allows to
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estimate the Willingness To Pay (WTP) for a better quality of drinking water starting from a series
of socio-economic and methodological variables. The application of this econometric model to the
PFAS-contaminated area of the Veneto Region returns an estimate of the WTP in the range
between € 267.48/year and € 496.13/year per household. In addition, an economic and financial
survey was carried out of the direct costs incurred by the Veneto Regional Health Service for health
surveillance activities in favor of the exposed population, resulting in € 3,853,333.
The data and information collected so far may be refined in the future with further research, for
example by evaluating the WTP through surveys carried out in the specific context and taking into
account, in addition to drinking water, also other vulnerable environmental matrices such as
irrigation water. The cost recognition carried out represents a fundamental prerequisite for any
type of economic analysis aimed at evaluating and comparing possible alternative uses of
resources.
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