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Abstract: Per- and polyfluoroalkyl substances (PFASs) have multiple emission sources, from
industrial to domestic, and their high persistence and mobility help them to spread in all the
networks of watercourses. Diffuse pollution of these compounds can be potentially mitigated by
the application of green infrastructures, which are a pillar of the EU Green Deal. In this context, a
phytoremediation pilot plant was realised and supplied by a contaminated well-located in Lonigo
(Veneto Region, Italy) where surface and groundwaters were significantly impacted by
perfluoroalkyl acids (PFAAs) discharges from a fluorochemical factory. The investigation involved
(PFBA), (PFOA),
perfluorobutanesulfonic acid (PFBS) and perfluorooctanesulfonic acid (PFOS) inside the inlet and

the detection of perfluorobutanoic acid perfluorooctanoic ~ acid
outlet waters of the phytoremediation pilot plant as well as in reed grasses grown into its main tank.
The obtained results demonstrate that the pilot plant is able to reduce up to 50% of considered
PFAAs in terms of mass flow without an evident dependence on physico-chemical characteristics
of these contaminants. Moreover, PFAAs were found in the exposed reed grasses at concentrations
up to 13 ng g ww. A positive correlation between PFAA concentration in plants and exposure time
was also observed. In conclusion, this paper highlights the potential efficiency of phytodepuration
in PFAS removal and recommends improving the knowledge about its application in constructed

wetlands as a highly sustainable choice in wastewater remediation.

Keywords: PFAS removal; Phragmites australis; phytoremediation pilot plant; PFAS accumulation;
green infrastructure

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a large group of organofluorine
compounds. According to the report on the terminology of PFASs recently published
under the framework of the Global PFC Group “PFAS are defined as fluorinated
substances that contain at least one fully fluorinated methyl or methylene carbon atom
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(without any H/Cl/Br/I atom attached to it), i.e., with a few noted exceptions, any chemical
with at least a perfluorinated methyl group (—CFs) or a perfluorinated methylene group
(-CF2-) is a PFAS” [1]. The presence of the extremely strong C-F bond leading to their high
stability and resistance to thermal and (bio)chemical degradation [2-4]. Due to their
unique properties, PFASs have been widely employed in everyday products and
industrial formulations with many different applications from non-stick coatings (e.g.,
cookware and food packaging) to fire-fighting foams, pesticides, and cosmetics since the
1940s [5]. At the same time, these characteristics of PFASs make them environmentally
persistent, with the potential to undergo long-range transport and damage living
organisms [6,7]. Among PFASs, the most diffused compounds in the environment are
perfluoroalkyl acids (PFAAs), which include perfluoroalkyl carboxylic acids (PFCAs) and
perfluoroalkyl sulfonic acids (PFSAs) [8]. PFASs are widely detected around the globe [9]
in all environmental compartments, including air [10], water [4,11], soils and sediments
[12], animals [13-15], plants [16,17], and human beings [18]. Moreover, they are often
associated with toxic effects in organisms including humans [19-21]. These adverse health
effects are particularly well-known with regard to long-chain (C8 and above) PFASs that
have been consequently phased out from production in the US and Europe. Long-chain
PFASs are now restricced in wuse (e.g, perfluorooctanoic acid, PFOA,
perfluorooctanesulfonic acid, PFOS, and their salts and related compounds under the
Stockholm Convention, and long-chain PFASs included on the EU REACH candidate list)
and many national food and health authorities have established tolerable daily intakes
(TDIs) [22-25].

PFASs are a major worldwide concern related to water management [26]. To address
PFASs occurrence in wastewater, various treatment processes have been developed and
successfully employed [27-32]. Recently, several critical reviews on different approaches
for PFASs removal from water have been published [26,33-35]. Shortly, the currently used
technologies include ion exchange resins, filtration, Granular Activated Carbon (GAC),
chemical oxidation, ultraviolet (UV) irradiation, and incineration. The ion exchange
process, using anion exchange resins, exhibited promising potentials for the effective
removal of PFOS from wastewater [36]. However, some gaps still need to be filled such as
how to safely treat and dispose of the highly concentrated eluate generated from this
process or how effective is the ion exchange process in removing PFAAs [37]. Water
treatment through physical separation technologies, such as nanofiltration and reverse
osmosis membranes [33], is considered the most effective method for PFAAs removal as
well as the most expensive one [38]. Additional costs are related to drinking water; indeed,
this process removes harmful contaminants but may strip many minerals from treated
water, which needs to be remineralized [38]. On the contrary, GAC technology is
characterized by lower costs [39]. The efficacy of this method is widely accepted and
proven [35], but is quickly lost with time [40,41] and PFAA-saturated GAC should be
regenerated by thermal processes at high temperature [42]. On the other hand, chemical
oxidation is considered a promising process to degrade contaminants from water [43].
Generally, PFASs are resistant to most oxidants/reductants used in water treatments [44]
and incomplete mineralization may cause the creation of toxic intermediates that are more
harmful than their precursors [26]. Oxidation process efficiency can be increased
including UV irradiation [45] even though the removal of PFCAs and shorter-chain PESAs
by UV system is ineffective [26]. Finally, incineration is one of the most familiar routes to
destroy organic compounds that are burnt at 600-1000 °C. In fact, degradation of PFASs
requires extremely high temperatures because the carbon-fluorine bonds are severed at
1000 °C [46]. As a consequence, operating costs are high and harmful emissions [47-50] as
well as active greenhouse gases [46] can be formed.

In recent years, more attention has been paid on green infrastructure to limit the
pollutant diffusion in the environment [51-54]. Natural or constructed wetlands (CWs)
are considered a highly sustainable choice in wastewater remediation [55] as well as a
cost-effective and easy to operate solution [56]. CWs can transform many of the common
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pollutants (and less common) into harmless products or essential nutrients that can be
used for additional biological productivity and, consequently, extract pollutants from the
water-soil medium. The removal of contaminants in CWs is obtained by a synergic work
that mainly involves soil particles, plants, and microbial communities [57]. More
specifically, the plants that grow in water-saturated soil play an active key role in
stabilizing the bacteria that colonise the root systems and rootstocks [54]. Regarding
PFASs, promising results were obtained by Chen et al., (2012) [58] who investigated the
removal of PFOA and PFOS from spiked water by four individual pilot-scale planted CW
systems. Nevertheless, the knowledge on PFASs fate in CWs and the efficiency of CWs in
PFASs removal is still in its infancy [56].

Reed grass, Phragmites australis (Cav.) Trin. Ex Steud., is one of the most widely
spread plants in the world and it has been used in phytoremediation treatments of
different types of wastewater, soil, and sediments since the 1970s [59]. Several studies
demonstrated the ability of this species to uptake high levels of metals [35,60] as well as
to remove veterinary drugs [61,62], pharmaceutical products [63-65], phthalic acid esters
[66], silica [67], dyes [68,69], and pesticides [70,71] from water. Despite this, only a few
studies reported data concerning reed grass affinity to PEASs accumulation. In particular,
Mudumbi et al., (2014) [72] investigated the susceptibility of this species to uptake PFOA
from contaminated riparian sediments while in Wang et al., (2019) [73] bioaccumulation
of PFASs was monitored in reed grasses grown in a CW which receives water from
wastewater treatment plants (WWTPs). This limited number of works proves that most
studies on PFASs uptake are focused on agricultural plants [16] and their aims are mainly
connected with food security rather than environmental clean-up [74].

In this context, a phytoremediation pilot plant was realised and supplied by a
contaminated well-located in Lonigo (Vicenza Province, Veneto Region, northeastern
Italy) where surface and groundwaters were significantly impacted by PFAA discharges
from a fluorochemical plant [75,76]. The groundwater contamination plume, which
extends over an area of 190 km?, affects both public waterworks and private wells raising
health concerns for residents [77]. Based on this, the present study aims to investigate the
efficiency of a phytoremediation pilot system covered by reed grass in PFAA removal and
to describe the PFAA uptake and distribution in different vegetable parts.

2. Materials and Methods
2.1. Study Area

The phytoremediation pilot plant was installed inside the “Vivai dall’Ava” garden
centre, sited at Lonigo municipality (Vicenza Province, Veneto Region, northeastern
Italy). Lonigo is served by a contaminated waterwork, which draws water from a
groundwater which is the most impacted PFAA polluted area in Italy [77]. The complete
physico-chemical characteristics of waters used in the test are available on the water
manager website (www.acquedelchiampospa.it/analisi-acqua/analisi (accessed on 16
March 2022). As stated in the quarterly report released in November 2018, groundwater
collected in Lonigo has a pH of 7.5, conductivity of 580 uS/cm, alkalinity of 350 mg L-!
HCOs- and hardness of 22.4 mg L. The high level of water contamination by PFASs is
well-documented by the results of the regional environmental monitoring plan started in
2013, according to which in Lonigo PFAA levels reached up to 4.7 ug L in surface water
and 31.1 pg L' in groundwater (data available on ARPAV website
(www.arpa.veneto.it/dati-ambientali (accessed on 16th March 2022)).

During the monitoring campaign in 2018, the groundwater from the private well was
mainly contaminated by PFOA, with concentrations ranging from 1.5 to 2.4 pug L, and
perfluorobutanoic acid (PFBA) that reached up to 1.2 ug L. About 12% of the pollution
was due to perfluoropentanoic acid (up to 0.8 ug L), perfluorobutanesulfonic acid (PFBS,
up to 0.7 ug L) and perfluorohexanoic acid (up to 0.7 pg L) while the other PFAAs
represented less than 3% of water contamination (ARPAV). The continuous monitoring
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of the water quality during this study highlighted that PFAA concentrations were
constant over time in the considered well.

2.2. The Phytoremediation Pilot Plant

The disposition of the components forming the phytoremediation pilot plant is
sketched in Figure 1. In particular, three plastic tanks formed the core of the pilot plant and
addressed the following functions: (i) the first tank (input tank, base of 1 m x 1 m and height
of 1 m) was used as water storage and received the contaminated water directly from the
well; (ii) the second one (phytoremediation tank, base of 1 m x 3 m and height of 1 m) was
the principal tank and it was fed by the input tank with a constant flow rate, while (iii) the
last one (output tank, base of 0.43 m x 0.67 m) collected the overflow of the phytoremediation
tank. A set of pumps, pipes, and taps linked the three tanks, guaranteeing the hydraulic
connection among them. It is important to highlight that the phytoremediation tank had
two baffles delimitating two calm water zones thick 0.2 m each (Figure 1), hence the effective
length of the phytoremediation tank is 2.6 m. The phytoremediation and output tanks were
not covered or shielded during the experimental campaign.

Solar Pannel
Phytoremediation Tank

/\ 1]
| / \ (/| ReedGrass
! G VI -ll AR

Data Logger

!
| I (1 | |
Contaminated Well [”j Input Tank W A TN | | i‘ J: i 1AL Output Tank
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Figure 1. Overview of the Lonigo phytoremediation pilot plant (the dimensions are not in scale).

The phytoremediation tank had a central section containing three layers of gravel
with different granulometry over which the reed grasses were planted. Going from the
top to the bottom, there was a thin layer of 5 cm of fine gravel (5 mm of diameter), below
it there was a layer 25 cm thick of medium gravel (1020 mm) and further underneath
there was a layer of 50 cm composed by coarse gravel (80-100 mm). The fraction of soil in
the phytoremediation tank was equal to 1% of the tank volume. This configuration had
the purpose to isolate the performance of reed grass in PFAA extraction from a
contaminated flow, neglecting the role potentially played by the soil. Indeed, the chosen
approach allows us to simplify a typical water treatment process that occurs in a CW to
better understand the single contribution due to plant uptake and therefore optimize the
management of vegetal fraction in a phytoremediation system.

We decided to use reed grass because it is widely employed in wastewater treatment
wetlands since it grows easily whenever abundant water is available [59,78]. Hence, in
April 2018, 200 small plants of reed grasses were planted in the fine gravel thin layer. The
water level inside the phytoremediation tank was kept such as to completely saturate the
entire gravel mass.

Figure 1 reports also the disposition of the in-situ instrumentation involved to
monitor the hydraulic quantities of interest during the experimental campaign. Two low-
pressure vibrating wire piezometric sensors (piezometers, Encardio Rite, India) recorded
the water level inside both the input tank and the phytoremediation tank in a real-time
mode and the data were stored in an appropriate data logger, powered without
interruption by solar panels. Instead, inside the outer tank, a graduated rod was mounted
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to visually quantify the water levels. Moreover, we placed two automatic samplers
(autosamplers, Teledyne ISCO, Lincoln, NE, USA), one gathering the water samples for
the inlet tank and the other from the outlet tank, to measure the PFAA concentration. Each
autosampler contains 24 bottles with a capacity of 1000 mL. Further, the “Vivai dall’Ava”
garden centre is equipped with an air temperature sensor placed at 2 m above the ground.

In September 2018, before pursuing the water quality test and after the system
reached steady-state conditions, it was possible to estimate the most relevant hydraulic
parameters governing the Lonigo pilot plant. The mean inlet discharge to the
phytoremediation tank (Q;y) was directly set by the pump located in the input tank and it
is equal to 0.275 m%day. For measuring the mean outlet discharge from the
phytoremediation tank (Qyyr), the situation was different since the outflow was not
regulated by a pump. Hence, Qyyr was estimated by monitoring the variation in water
levels inside the outlet tank during dry conditions, providing an average value of 0.175
md/day. Since the piezometers revealed a constant water level inside the tanks and no
water losses occurred, the difference between Q;y and Quyr can be attributed to
evapotranspiration (ET). To validate this hydraulic steady-state condition, the daily ET
was estimated using both the FAO-56 Penman-Monteith method [79] and the
Hargreaves—Samani method [80], using the in situ recorded air temperature and the
meteorological observations (i.e., air relative humidity, wind speed, and solar radiation)
gathered by the ARPAV station present in the Lonigo municipality. The two methods
provided similar results and the modelled Q,yr, estimated as the difference between Qy
and ET, supports the measured value of Q,yr, with a discrepancy estimated to be of the
order of 25% due to both the evapotranspiration modelling [81,82] and measurement
uncertainty (the interested readers can find additional details in Bettio (2018) [83]).

The hydraulic retention time (HRT) was measured with a tracer test experiment that
uses Rhodamine WT as the tracer. In particular, three doses of 1 g each of Rhodamine WT
were directly injected into the phytoremediation tank. At the same time, the Rhodamine
WT concentration in the outflow of the tank was measured by means of a submersible
fluorimeter (SCUFA, Turner Designs, San Jose, CA, USA). The measurements were taken
for 2 weeks and the concentrations were determined every 2 h. Through this procedure,
HRT was estimated to be 5.1 days. Table 1 resumes the hydraulic parameters pertaining
to the phytoremediation tank.

Table 1. Hydraulic Parameters Characterising the Phytoremediation Tank. @,y is the Inlet Flow
Rate, Qpyr is the Outlet Flow Rate, and HRT is the Hydraulic Retention Time.

QIN (m3 Day‘l) QOUT (m3Day‘1) HRT (Day)
0.275 0.175 5.1

2.3. Experimental Activities

In 2018, two efficiency tests were carried out on 24 September (hereafter indicated as
“before PFAA spike”) and 1 October (hereafter indicated as “after PFAA spike”) taking
inlet and outlet water for four consecutive days. The second efficiency test started with
the addition of a mixture of PFBA, PFBS, PFOA, and PFOS in the input tank. These
chemicals were selected for the following reasons: PFBA and PFOA are the dominant
congeners recorded in the water of the well, PFBS represents the commonest PFAA in the
Veneto drinking water while PFOS is one of the most frequent and abundant congeners
revealed in the serum of Veneto inhabitants [77]. The nominal concentrations of the spiked
solution (PFBA 35, PFBS 15, PFOA 25, PFOS 15 pg L) were chosen according to the
typical discharge concentrations of the wastewater treatment plants in the impacted area
in Veneto. The actual concentrations measured in the input tank after adding and mixing
100 mL of the spiking solution (PFBA 350, PFBS 150, PFOA 250, PFOS 150 mg L) are
reported in Table 2.
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Table 2. PFAA Concentration in Water Expressed Both as a Single Congener (PFBA, PFOA, PFBS,
PFOS) and the Sum of the Same (XPFAA). It is Important to Recall That the Autosampler in the
Outlet was Activated Two Days Before that one at the Inlet.

Concentration (ug L-1)

Day Date Tank “pEBA PFBS PFOA PFOS  IPFAA
Before PFAA spike
1 24 September 2018  Input 1.00 0.52 2.70 0.08 4.30
2 25September 2018 Input 1.01 0.50 2.71 0.07 4.30
3 26 September 2018  Input 1.02 0.54 2.61 0.07 4.23
4 27 September 2018  Input 0.97 0.52 2.71 0.07 4.26
3 26 September 2018 Output 1.02 0.53 2.6 0.07 4.22
4 27 September 2018 Output 1.00 0.53 2.7 0.07 4.31
5 28 September 2018 Output 0.99 0.54 2.8 0.06 4.38
6 29 September 2018 Output 1.00 0.57 2.8 0.07 4.42
After PFAA spike
1 1 October 2018 Input 34.32 15.59 23.62 8.43 81.95
2 2 October 2018 Input 24.92 13.26 20.26 5.53 63.96
3 3 October 2018 Input 16.47 9.29 14.06 3.33 43.14
4 4 October 2018 Input 11.82 6.93 11.64 222 32.61
3 3 October 2018 Output 12.12 7.84 11.44 1.34 32.74
4 4 October 2018 Output 14.52 8.31 13.27 1.99 38.08
5 5 October 2018  Output  15.62 8.59 14.47 2.16 40.84
6 6 October 2018 Output 13.09 8.25 12.54 1.80 35.69

The autosampler in the outflow was activated exactly two days after the switching
on of the autosampler in the inflow, hence each test lasted for 6 consecutive days. In this
way, considering the HRT value, the entire evolution of the plume induced by the PFAA
spike should be properly caught. In both tests, the samples were collected every 4 h until
all the 24 bottles of both autosamplers were filled. After that, four average samples were
created by unifying the first sextet of bottles, the second sextet of bottles, the third sextet
of bottles and the fourth sextet of bottles, respectively. From each average sample, a bottle
of 500 mL was extracted and sent to ARPAYV laboratory for chemical analysis. To sum, for
each test, eight bottles of 500 mL each (four from the autosampler placed at the input tank
and four from the autosampler placed at the output tank) were gathered and analysed
(see Sections 2.5 and 2.6 to have more details on the analysis procedure).

The capacity of the pilot plant in subtracting each PFAA congeners from the
incoming water was estimated by means of the removal efficiencies, which, expressed on
the basis of the mass flow loads, is equal to RE(%) = (1 — Myyr/M;y) X 100. The calculus
must be performed between the first-day inlet data and the fifth-day outlet data since the
HRT is roughly equal to 5 days (Table 1).

Samples of reed grass were also collected from the phytoremediation tank and sent
to the IRSA-CNR laboratory for chemical analysis, according to the methodology reported
in Ferrario et al., (2021) [17] (see Section 2.5). One vegetal sample was taken before PFAA
addition (12 September 2018) while a pool of plants was collected about at 20 days (24
October 2018, hereafter indicated as ‘t20’), 5 months (7 March 2019, “tiso), and 10 months
(14 August 2019, “tso0) “after PEAA spike” in the tank. The characteristics of reed grasses
at harvest are reported in Table 3.
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Table 3. Characteristics of Samples at Harvest Time. Each Sample Was Constituted by a Pool of
Plants. Height Was Expressed as the Average Height of the Reed Grass Belonging to the Same Pool.
The Percentage of Moisture Was Estimated in the IRSA-CNR Laboratory (See Section 2.5). The Reed
Grass Collected on 12 September (Percentage of Moisture = 49.9%) Was Not Divided into Fractions
Because Its Leaves Were Not Yet Unfurled.

Date Height Weight Root Stem Leaf
. o, Fraction of . o, Fraction of . o Fraction of
(cm) (g ww) Moisture (%) Plant (%) Moisture (%) Plant (%) Moisture (%) Plant (%)
12 September
2018 1280 637 - - - - - -
24 October 2018 1404 1383 33.0 447 7.6 34.8 3.7 20.5
7 March 2019  163.7 166.1 37.7 31.5 22.3 38.6 14.5 28.9
14 August 2019 187.0 194.0 86.4 18.3 28.3 44.4 15.7 37.3
2.4. Chemical Analysis and Standards
Four perfluoroalkyl acids (two carboxylic and two sulfonic acids) were investigated
in water and vegetal samples (Table 4.). A mixed standard of native PFAAs (PFAC-MXB
Stock Solution) with equal concentrations, was purchased from Wellington Laboratories
Inc. (Guelph, Ontario, Canada). Stable isotope labelled PFCAs and PFSAs used as internal
standard compounds (SIL-IS) were bought from Wellington Laboratories (Guelph, ON,
Canada) in solution mixtures (mass-labelled MPFAC-MXA solution at 2 mg mL™). All
reagents were analytical reagent grade. LC-MS grade Chromasolv acetonitrile (99.7%),
LC-MS grade Chromasolv methanol (99.9%), ammonium acetate (99%) and concentrated
formic acid (98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Water (<18
MQ cm resistivity) was produced by a Millipore Direct-QUV water purification system
(Millipore, Bedford, MA, USA).
Table 4. List of Considered PFAAs in the Increasing Chain-Length Order.
Abbreviation = Chemical (Common) Name No. of Perfluorinated - Functional = Molar Mass CAS Number
Carbons (CnF2n) Group (g mol)
Short-chain PFAA
PFBA Perfluorobutanoic acid 3 -COOH 214 375-22-4
PFBS Perfluorobutanesulfonic acid 4 -SOs 300 375-73-5
Long-chain PFAA
PFOA Perfluorooctanoic acid 7 -COOH 414 335-67-1
PFOS Perfluorooctanesulfonic acid 8 -SOs 500 1763-23-1

2.5. Sample Extraction

Water samples were analysed according to the Standard Operating Procedures
(ASTM D7979-16) adopted by ARPAYV laboratory and validated according to ISO/IEC
17025:2005. For plant analysis, sample preparation and extraction were carried out
according to Ferrario et al.,, (2021) [17]. Briefly, at harvest, each plant was split into its
different parts (root, stem, and leaf) that were individually analysed. A few grams of
sample were dried in an oven at 105 °C for 24 h to determine the percentage of moisture.
Shortly before the extraction phase, a sufficient portion of the remaining sample was
thawed in the oven at 60 °C until complete drying (constant weight). About 1 g of the dry
crushed sample was spiked with 100 mL of 40 pg L SIL-IS and then extracted by ultra-
sonication with acidified acetonitrile and treatment with MgSO4/NaCl. The evaporated
extract (1 mL) was filtered on Phree™ cartridges (Phenomenex, Torrance, CA, USA)
before analysis.
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2.6. PFAA Determination

PFAA detection in water was performed by HPLC LC-30AD XR Shimadzu coupled
with an API 6500 AB Sciex triple quadrupole and with a CTC PAL HTS XT autosampler.
The column used was a Phenomenex Kinetex Evo C18 (1.7 pm x 2.1 mm x 100 mm). The
water analysis followed the ASTM Standard Method D7979-16 [84].

Regarding plants, the vegetal final extracts were analysed by liquid chromatography
coupled to mass spectrometry UHPLC-MS/MS (TSQ Quantum™ Access MAX, Thermo
Scientific, Waltham, MA, USA) equipped with a Waters Acquity UPLC BEH C18 column
(50 x 2.1 mm id, 1.7 um particle size) by direct injection. Detailed method for PFAA
determination in plants are described in Ferrario et al., (2021) [17].

Quantification was performed using the isotopic dilution method. External standard
solutions at different concentrations were prepared by diluting PEAC-MXB Stock Solution
to obtain the calibration curves, which were acquired before each analytical run. The
correlation coefficients (R2) of the calibration curves were >0.98 for all target compounds
in the two matrices. Recoveries ranged from 103 to 123% for water and from 46 to 162%
for the plant. Limits of quantification (LOQs) were estimated according to the ISO 6107-
2:2006 standard as tenfold the standard deviation of the lowest calibration curve standard.
The LOQs of PFAAs in water were 2.5 ng L. In plants, the LOQ values were expressed
in ng g' ww by referring to the wet weight of the extracted sample and ranged from 0.2
to 0.7 ng g! ww. Reported PFAA concentrations were corrected by subtracting the
average procedural blank values above LOQs.

3. Results and Discussion
3.1. PFAAs in Water

The investigation involved the detection of four PFAAs (i.e.,, PFBA, PFOA, PFBS, and
PFOS) inside the inlet and outlet water of the phytoremediation pilot plant as well as in
reed grasses located within its main tank (Figure 1).

Table 2 shows PFAA concentrations in inlet and outlet water before and after the
PFAA spike in the tank. The obtained results highlighted that under not altered conditions
(i.e., “before PFAA spike”) PFAA concentration in the inlet water was constant over time
with a mean concentration of 4.27 + 0.03 pg L. In the same range were also PFAA levels
recorded in the outlet water. Based on this, it is possible to conclude that the pilot plant
was not able to reduce PFAA concentration in the water under not altered conditions.
However, it must be considered that during the test reed grasses were still in the first
phases of the growth (see Table 2 and Section 3.2) and that this preliminary conclusion
does not assess the removal efficiencies considering the mass flows (see Table 5 and
following paragraph). Differently, with the PEAA injection, the level in the output is more
than halved with respect to the input concentration. This behaviour is more clearly visible
by representing the values of Table 2 in a graphical form, as shown in Figure 2.

Table 5. Removal Efficiencies RE(%) Calculated Considering the Mass Flows: RE(%) =
(1 = Moyr/Mpy) x 100.)

. PFBA PFBS PFOA PFOS YPFAA
Before PFAA spike 36.7 32.8 34.5 50.4 35.1
After PFAA spike 71.0 64.9 61.0 83.7 68.3
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Figure 2. PFAA total concentration before the PFAA spike (top panel) and after the PFAA spike
(bottom panel). The red markers indicate the values of the inlet averaged daily samples whereas the
blue markers indicate those of the outlet.

It is interesting to note how the concentration peak of the PFAA spike in the inflow
is clearly visible in the outflow after around 5 days (Figure 2, bottom panel), as expected,
considering the value of HRT (Table 1). This is in agreement with the fact that our
phytoremediation tank works as a plug flow reactor [85]. Each congener reports a similar
trend as for Csprga (Table 2 and Figure 3), without revealing any further information.
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Figure 3. Congener concentrations before the PEAA spike (from day 1 to day 6) and after the PFAA
spike (from day 8 to day 13). The red markers indicate the values of the inlet averaged daily samples
whereas the blue markers indicate those of the outlet.

By recalling that Qyyr and Q;y (Table 1) are not equal since part of the water is
transformed into water vapour due to evapotranspiration, it can be interesting to consider
also the mass flow in addition to the concentration, in order to quantify the performance
of the phytoremediation pilot plant. The inlet mass flow M,y can be calculated as M;y =
Ciy Q;y and the outlet mass flow Myyr can be similarly estimated (with appropriate mod-
ifications). By taking into consideration the HRT value and the concentration peak prop-
agation shown in Figures 2 and 3, an acceptable choice is to compare M;y and Myyr be-
tween the first and fifth day, respectively (Figure 4). By this way, it is possible to assess
that, after the HRT, the phytoremediation tank can reduce by 35% the daily “PFAAs
incoming mass flow in the “before PFAA spike” test and by almost 65% the daily ZPFAAs
incoming mass flow in the “after PFAA spike” test. It is therefore interesting to note that the
more the incoming concentrations and mass flow increase, the better the phytoremediation
pilot plant works. Furthermore, all the congeners are reduced and stored inside the
phytoremediation tank. In the test with low PFAA concentration (Table 5 and Figure 4, left
panel), the PFBA, PFOA, and PFBS congeners are reduced by more than 30% each, while
PFOS mass flow is almost halved. Similarly, during the test with high PFAA
concentrations (Table 5 and Figure 4, right panel), the reduction in PFBA, PFOA, and PFBS
mass flows is always higher than 60%, while the PFOS decreasing reaches values around
80%. The considered compounds have different lengths of fluorinated alkyl chain and
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functional group (Table 4) that mainly drive their behaviour [86]. Despite this, there is no
evidence that the physico-chemical characteristics, such as octanol/water partition
coefficients (K,,,) and the number of perfluorinated carbons, of the PFAA congeners,
influence the removal efficiencies of the pilot plant.

Before PFAA spike After PFAA spike

PFBA ~
PFBS ~
PFOA
PFOS
T PFAA
PFBA
PFBS ~
PFOA
PFOS
T PFAA

Figure 4. Normalised inlet and outlet mass flow before the PFAA spike (left panel) and after the
PFAA spike (right panel). The comparison was performed between the first-day inlet data and the
fifth-day outlet data since the HRT is roughly equal to 5 days.

In general, the removal efficiency of CWs is influenced by some external factors
including temperature, hydraulic retention time, influent quality, the density of
vegetation, and characteristics of microbial communities [87-89]. In addition, the removal
efficiency usually decreases with increasing the pollutant load [90] and is quite
independent by loading rate [91]. Conversely, we found that an increase in the PFAA load
in the influent water causes an enhancement in the removal efficiency of the
phytoremediation pilot plant. The same trend of removal performance was observed in
pilot plants similar to that in Lonigo, but aimed to treat nitrogen loads. In these cases, an
improvement of nitrogen loads resulted in higher removal of nitrate-nitrogen and total
nitrogen [91,92].

3.2. PFAAs in Reed Grass

Figure 5 shows the results of the PFAA determination in the three pools of plants
collected 20 days (t), 150 days (tis0) and 300 days (tsw) after the PFAA spike test in the
phytoremediation tank. XPFAA in the whole plant was calculated as the sum of PFAA
concentrations determined in each vegetal fraction, considering its biomass. Due to this
approach, the plant harvested before the addition of the PFAA mixture was not analysed
because its stem and leaves were not yet unfurled and then were not distinguishable.
Considering the whole plant, ZPFAA concentration was 2.5 ng g! ww in the pool of reed
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grass collected at t=o while levels up to 6.6 and 12.9 ng g ww were found in plants
harvested at tio and tsm, respectively. The obtained results suggested that LPFAA
concentration in exposed reed grasses increased with exposure time, as observed even for
wheat [93], a graminaceous plant as well. This correlation between contaminant uptake
and exposure time confirms that bioaccumulation seems limited only by the toxicity
threshold at which the chemical damages the plant causing growth inhibition or death
[94]. The increase in ZPFAA concentration found in reed grass collected from the Lonigo
plant can be considered constant over time with a rise of 2.6% in the first 130 days after
the PFAA spike (from tz to tis0) and of 2% in the following 150 days (from tiso to ts0). This
result seems to be in contrast with the seasonal trend of accumulation observed in the
same species [95]. Indeed, authors found that the highest uptake of metals and nutrients
in reed grass occurs between April and November. However, vegetal samples collected
from the Lonigo plant were collected from the end of October to the beginning of August
and then the two experimental studies did not cover the same time frame. Moreover, the
mentioned work was carried out in Ireland where weather conditions are different from
northern Italy.

15- Plant fraction

. leaf

stem

B root

-
o

praa NG g ww]

Cy
*

20 150 300
Time after PFAA spike [day]

Figure 5. PFAA concentration in plants (ng g~' ww) harvested about 20 days (t0), 5 months (t150) and
10 months (tso0) “after PFAA spike” in the tank. Different colours represent ZPFAA levels in each
part of the plant: root (brown), stem (dark green) and leaf (light green).

An uneven partition of compounds between vegetal fractions was also noticed
(Figure 5). In particular, stem resulted to be the least polluted part, unable to accumulate
PFAA concentrations below the limits of quantification (LOQ) values. On the contrary,
most PFAA pollution was generally detected in leaves. This result shows that PFAA
partition in plants grown in the pilot system is the same as observed in spontaneous reed
grasses [17].

In contrast to these general findings, over 60% of PEFAA contamination found in the
pool harvested at tiso was detected in root and the concentration recorded in its leaf (mean:
2.4 ng g' ww) was not significantly different from that found in the sample collected at
to (mean: 2.5 ng g' ww). A possible explanation can be that this pool was collected in
early spring (7 March 2019), after the winter season when plants need less water to keep
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hydrated due to lower temperatures, less solar radiation and then a decrease in
evapotranspiration. A seasonal cycle was already observed in reed grass less than 0.5 m
tall [96], the same size range as vegetables from the Lonigo pilot plant. As a consequence,
a negligible volume of polluted water might have reached leaves from October (t20) to
March (tiso) while roots were continuously exposed to the contaminated medium.
Significant uptake of the reed grass was measured also in plants harvested at tsoo (Figure
5). This evidence suggested that spiked substances were stored in the growth medium
(e.g., residual soil and biofilms on gravels) and absorbed by the roots.

PFAAs are a group of heterogeneous substances with different chemical-physical
properties. The behaviour of these compounds is mainly driven by the length of their
fluorinated alkyl chain and their functional group [86]. Based on this, the composition of
PFAA contamination found in vegetal samples was evaluated to compare the affinity of
reed grass to each considered congener. It is important to remind that the pilot plant
constantly receives contaminated water from the well (see Sections 2.1 and 2.2) and that
levels of congeners in inlet and outlet water after the end of the second test (6 October
2018) are not available. In general, the contamination measured in the reed grasses grown
inside the Lonigo pilot plant was dominated by short-chain PFAAs, as also observed in
reed grasses grown in CWs that receive water from fluorochemical industrial WWTPs
[73]. Such phenomenon is particularly evident in the sample collected at tso. The highest
levels of short-chain PFAAs found in these plants can be explained considering that over
95% of reed grass contamination were recorded in leaf. Indeed, this vegetal fraction tends
to mainly accumulate short-chain PFAAs rather than long-chain congeners, which have
lower mobility [16]. Despite this, PFOA was always detected in harvested reed grasses,
probably because this is the dominant PFAA in the well water, which feeds the pilot plant
(see Section 2.1).

The behaviour of the different substances can be observed in Figure 6.
Bioaccumulation of perfluorocarboxylic acids (PFBA and PFOA), which were less
dissociated in the water and whose partition depends more on their lipophilicity, showed
a slight increase in the first 20 days and then their concentrations declined plausibly due
to the biomass dilution. The behaviour of perfluorosulfonic acids (PFBS and PFOS), which
are completely dissociated in water, was more difficult to interpret. Excluding that those
substances can be metabolized by the plant [16], we can suppose that the
perfluorosulfonate anions were more prone to be exchanged by the plants with the
growing environment because they are soluble compounds. PFOS in particular was less
accumulated by the plants because it was present at low concentrations in inlet water and
was more strongly retained by soil and biofilms on which the plants grew.

One of the problems of the implementation of phytodepuration plant for PFAAs is
the disposal of the contaminated plants. The frequency of the mowing procedure should
depend on the plant vegetative cycle. Then, the mowed plants which are contaminated by
PFAAs should be thermally treated in incinerators at high temperature in order to destroy
these very persistent molecules. Decomposition of PFAAs can be obtained at the usual
operating temperatures of urban incinerators, but the total defluorination needs higher
temperatures, 900-1000 °C [94].
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Figure 6. Percentage distribution of PFAAs in inlet water (left panel) “before PFAA spike”, and in
reed grass samples (right panel) harvested about 20 days (t20), 5 months (tis0) and 10 months (tso)
“after PFAA spike” in the tank.

4. Conclusions

The green infrastructures are considered a pillar of the EU Green Deal in order to
mitigate diffuse pollution. PFASs have multiple emission sources, from industrial to
domestic ones, and their high persistence and mobility help them to spread in all the
networks of watercourses. These compounds are difficult to control in the point sources,
but the application of green infrastructure can help to fulfil this goal.

This paper demonstrates that the reed grass, commonly used in phytoremediation
are able to uptake PFASs during their lifetime. In particular, PFASs concentration in
exposed reed grasses increased with exposure time, ranging from 2.5 ng g-' ww in plants
harvested in October to 12.9 ng g-' ww in those collected in August of the following year.
Anuneven partition of PFA As between vegetal fractions was also noticed, confirming that
these compounds can be significantly accumulated in leaves. Based on data recorded in
outlet water, phytoremediation under controlled conditions in the pilot plant is able to
reduce from 30 to 50% of PFASs in terms of mass flow without an evident dependence on
their physico-chemical characteristics. Obtained results also highlight that higher
concentrations in the inflow water facilitate plant uptake and removal efficiency. Future
work will be to test this uptake mechanism and removal efficiency in CWs under real
conditions. In general, CWs are considered a highly sustainable choice in wastewater
remediation [55] even though the cost-effectiveness of PFASs removal and disposal
should be evaluated considering that high-temperature incineration is necessary to
dispose PFASs contaminated plants.
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