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Abstract

Per- and polyfluoroalkyl substances (PFAS) are a group of emerging organic contaminants
receiving rising attention due to the threat they may pose to human health and their strong
persistence in the environment, determined by their widespread use in the market as
additives, reactants, or coverings. Since the most common end-of-life of products is landfill,
countless case studies have confirmed the presence of PFAS in leachates. This work aims to
evaluate and compare the environmental impacts of four different PFAS removal techniques
from landfill leachate through a life cycle assessment performed on laboratory tests. Global
warming, particulate matter formation, and human toxicity were examined and discussed in
detail, since they represent most of the final single-score impact. The toxicity contribution of
the residual PFAS in the matrix was investigated, resulting almost negligible. The results
highlight activated carbon, sludge disposal, and sulfuric acid as major environmental hotspots
for all categories. The clariflocculation followed by activated carbon adsorption results in the
least impactful technique with promising PFAS removal efficiencies, between 44.3% and
82.2% depending on carbon dosage. Very precise correlations in the trends of the impact
categories and the use of different functional units were also analysed.

Keywords: PFAS; landfill leachate; flocculation; active carbons; Fenton; wastewater
treatment; LCA; toxicity

Academic Editors: Cheng-Han Lee,
Hsing Jung Ho and Fan-Wei Liu

1. Introduction
Received: 3 October 2025

Revised: 29 November 2025 Per- and polyfluoroalkyl substances (PFAS) are a broad class of emerging organic
Accepted: 15 December 2025 contaminants that have received increasing attention in recent decades due to their specific
Published: 4 January 2026 chemical and physical characteristics that determine both their success in the market and their
Copyright: © 2026 by the authors. long permanence within the environment [1-3]. Perfluorooctanoic acid (PFOA) and
Licensee MDPI, Basel, Switzerland. perfluorooctane sulphonate (PFOS) are the most studied and well-known compounds of this
This article is an open access article class, and their precursors are among the most important sources of contamination due to

distributed under the terms and these emerging pollutants. Due to their very high chemical, physical, and heat resistance, they

conditions of the Creative Commons

Attribution (CC BY) license. are classified as PBT substances (persistent, bioaccumulative, and toxic) and are widely used

as reactants, coatings, and additives in the varnish, food packaging, waterproof clothing, pot

Environments 2026, 13, 35 https://doi.org/10.3390/environments13010035



Environments 2026, 13, 35

2 of 21

covering, and fire extinguisher sectors [4,5]. Since some of these products find their end-of-life
fate in landfills, these substances are often detected in landfill leachate all around the globe [6-
8]. This highly contaminated liquid fraction is generated by rain infiltration and moisture
condensation from the waste, which leads to the dissolution and concentration of several
substances in the leachate stream. These streams are usually collected and properly treated in
a wastewater treatment plant (WWTP) [9-11]. Since the goal of wastewater treatment is to
remove pollutants from, or reduce their concentration in, the leachate and consistently
decrease the associated impact on the environment, in this work, we applied a life cycle
assessment (LCA), intending to estimate and compare the potential environmental
consequences of four different PFAS removal techniques from landfill leachate. Nowadays,
there are many case studies on PFAS abatement techniques in liquid matrices and their
effectiveness, such as clariflocculation, evaporation, reverse osmosis, nanofiltration, and active
carbon adsorption, which show variable results and efficiency depending on the chemical
characteristics and complexity of the sample. Among the various possible options, we decided
to focus on the techniques that can be most easily and quickly integrated into the current
landfill leachate treatment processes in Italy, which, in the vast majority of cases, use chemical-
physical precipitation techniques (clariflocculation) followed by different technologies
depending on the fraction being treated. These processes were developed at the laboratory
scale, trying to simulate the working conditions of a full-scale plant as accurately as possible,
allowing the collection of primary data.

The first approach to the study consisted of the analysis of the most common
chemical-physical treatment applied in WWTP: clariflocculation. Several studies confirm
encouraging removal rates of clariflocculation processes at the lab scale from surface
water, while examples involving landfill leachate are lacking [12-14]. For this reason, an
extensive analysis was performed on this technique with the use of FeCls as a coagulating
agent and Ca(OH): as a precipitating agent, simulating the working conditions of a full-
scale plant. One of the possible treatment technologies that could be easily implemented
in the clariflocculation-based plants currently in operation is the technique based on
activated carbon (AC) adsorption processes. Many studies have demonstrated that
activated carbons are effective in removing PFAS from wastewater matrices at both
laboratory and full scale [8,15]. Two different AC-based procedures and frameworks were
tested to evaluate the most suitable technique, also evaluating their environmental
sustainability. The first approach involved the adsorption on the AC surface during the
clariflocculation process and the following deposition of the carbons in the sludge. In the
second approach, the adsorption on the AC involved only the clarified fraction resulting
from the clariflocculation step, enabling the collection and the recovery of the carbons. All
the following environmental impact implications are accounted for and described in the
following sections. Finally, since modified Fenton-based advanced oxidation processes
(AOPs) reveal promising PFAS abatement efficiency through the use of very cheap and
common chemicals such as hydrogen peroxide (H20:) and ferrous chloride (FeClz), several
tests were performed on landfill leachate samples using this removal technique to
evaluate suitability and environmental impacts [16-18].

A fundamental aspect of the environmental impact assessment in the abatement of
pollutants is the toxicity, which can be associated with both contamination and the
abatement process. Since PFAS have proven negative health effects, we decided to
investigate the toxicity contribution due to the residual fraction of PFAS in the treated
liquid matrix that would be discharged onto the superficial water stream after each
removal process, comparing it with the other contributions within the system.

Another challenge in environmental impact assessment in the field of wastewater
treatment is defining the functional unit (FU). Many examples of different FUs adopted in
studies about leachate treatments [19-21] and PFAS removal processes [22-25] can be found
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in the literature. Most of the FUs used comprise a quantitative description of the volume
treated or obtained after the process (typically 1 m?®), and sometimes a qualitative description
of the fraction (i.e., safe drinking water, remediated groundwater). Only very few examples
reported the quantity of pollutant removed [6]. In this work, we decided to define two
different FUs, referring to both of the aspects identified in the literature, to assess their fitness
for the sector. The definition of the FUs is reported in Section 2.2.1, and observations in Section
4.

2. Materials and Methods

In this section, the laboratory procedures are briefly listed, summarised, and
described. According to the parameters and conditions described in Section 1, we decided
to proceed with the simulation of the working conditions of a full-scale plant as accurately
as possible, and analysis, in the laboratory, of the following abatement techniques:

- Clariflocculation, described in Section 2.1.2. It consists of a chemical-physical
treatment where pollutants and suspended substances are aggregated and deposited
thanks to charge interactions through the use of specific coagulating and
precipitating agents, FeCls and Ca(OH): in this case. Several studies have
demonstrated that flocculation and coagulation processes reduce the concentration
of PFAS in the water matrices by exploiting their adsorption onto flocs via
hydrophobic interactions and enhancing their removal [12,13].

- Clariflocculation in the presence of PAC in a single-step process (PAC SS),
described in Section 2.1.3. The tested amounts of PAC were 7.3 g/L, 17 g/L, and 33
g/L. This process exploits the primary removal mechanism of PAC, which consists of
the physical adsorption of pollutants onto the highly porous surface, mainly through
hydrophobic and electrostatic interactions [26,27].

- Clariflocculation and PAC adsorption in a double-step process (PAC DS),
described in Section 2.1.4. The tested amounts of PAC were 3.3 g/L, 5 g/L, 7.3 g/L,
and 8.7 g/L. In this framework, the PAC only comes into contact with the clarified
fraction resulting from the clariflocculation step. This should decrease the PAC
poisoning due to the organic and inorganic contaminants that could negatively affect
their adsorption capacity. This approach also allows the collection and recovery of
the PAC at the end of the process since it is not included in the previous stepse
sludges.

- Fenton oxidation (main reactants: FeCl. and H20:), described in Section 2.1.5. This
process is one of the most common techniques in wastewater and leachate treatment
worldwide. Thanks to the production of highly reactive hydroxyl radicals (¢OH) and
hydrogen (*H), this technique is effective in the removal and abatement of organic
content and pollutants [28,29].

In accordance with analytical standards and LCA methodology, the calculation and
assessment of PFAS removal efficiency (Section 2.1.1) were performed, and the
environmental impacts (Section 2.2) of each technique were analysed. A schematic
representation of the overall workflow and the detailed PFAS analysis procedure are
available in the SI (Scheme S1). Results are shown in Section 3.

2.1. Laboratory Procedures
2.1.1. PFAS Analysis Procedure

The analysis was performed on each sample of leachate before and after each
treatment, applying the ASTM (Advancing Standards Transforming Markets) Method

D7979-19 integrated with an appropriate sample preparation necessary for the complexity
of such matrices [30]. This is a worldwide, consensus-standard liquid
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chromatography/tandem mass spectrometry test method for the analysis of 21 PFAS in
non-potable water. The samples must be held in polypropylene containers, and those with
high turbidity must undergo dilution to avoid possible problems with the efficiency of the
instrumentation. The samples must undergo filtration with a polypropylene filter to
remove any suspended solids and, subsequently, acidification using CHsCOOH, which is
necessary to allow the release of the dissociated form of PFAS. The concentration of PFAS
was determined by the liquid chromatography—tandem mass spectrometry (LC-MS/MS)
technique. The equipment used was the WATERS ACQUITY™ UPLC™ [-Class PLUS
System (Waters Corporation, Milford, MA, U.S.A) with an ACQUITY™ UPLC™ BEH C18
1.7 pm 2.1 x 100 mm IVD column (Waters Corporation, Milford, MA, U.S.A), coupled with
a WATERS XEVO™ TQ-S MICRO (Waters Corporation, Milford, MA, U.S.A) for mass
spectrometry (MS). The ion source used in the MS analysis was electrospray ionisation
with negative polarity, and the acquisition mode was Multiple Reaction Monitoring
(MRM), which detects the transition from precursor to product. The operator followed the
operating sequence and quality controls of the analytical procedure established by the
EPA 537 regulatory method [31]. Nowadays, for leachate fraction analysis, the use of the
most high-performance instrumentation enables reaching the quantification limits (LOQ)
of 10 ng/L. An in-depth explanation of the PFAS analysis procedure is available in the SI
(Scheme S1).
The PFAS removal efficiency (%) was calculated as follows (Equation (1)):

Conc. PFAS output
Conc. PFAS input

PFAS removal ef ficiency (%) = (1 ) X 100 1)

2.1.2. Clariflocculation

The clariflocculation treatment involves an initial acidification phase of 300 mL of
leachate with 3.6 mL of H2504 50% w/w (dilution of Sigma-Aldrich sulfuric acid 99.999%,
St. Louis, Missouri, USA). Next, the coagulation phase takes place through the addition of
0.6 mL of FeCls40% w/w (Sigma-Aldrich), which is intended to break down any colloids
present and allow clots to form. The coagulation step was carried out by stirring the
system for 5 min. Next, 4.6 mL of 15% w/w Ca(OH): (Sigma-Aldrich) was added until a
pH of 8.5 was reached to obtain precipitation of metals in the form of hydroxides. Then,
0.3 mL of anionic polyelectrolyte was added to allow flake formation, and the system was
kept under gentle agitation for 15 min. After 20 min of decanting, the clear liquid was
collected for residual PFAS analysis [32].

2.1.3. Clariflocculation in Presence of PAC in a Single-Step Process (PAC SS)

The treatment involves an initial acidification phase of 300 mL of leachate with 3.6
mL of H250440% w/w. Next is the coagulation phase through the addition of 0.6 mL of
FeCls 40% w/w. The system was stirred for 5 min. Then, 7.3 g of powdered activated carbon
was added, and the system was stirred for 5 min to allow PFAS and other organic
pollutants to adsorb onto the carbons. The procedure was repeated, adding increasing
amounts of powder. The tested amounts were 7.3 g, 17 g, and 33 g. Then, varying amounts
of 15% w/w Ca(OH): were added to achieve precipitation of metals in the form of
hydroxides. The amount of Ca(OH): decreases as the dosage of activated carbon increases
because the pH tends to be less acidic. Then, 0.3 mL of anionic polyelectrolyte was added
as a flocculant, and the system was kept under gentle agitation for 15 min. After 20 min
of decanting, the clear liquid was collected for residual PFAS analysis [32].

2.1.4. Clariflocculation and PAC Adsorption in a Double-Step Process (PAC DS)
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The clariflocculation treatment was carried out as mentioned above in Section 2.1.1.
A total of 50 mL of clarified water was taken by syringe, then transferred to a new
container for subsequent addition of activated carbon. The tests were carried out using
increasing concentrations of activated carbon powder: 3.3 g/L, 5 g/L, 7.3 g/L, and 8.7 g/L.
Once the activated charcoal was added, the system was stirred for 5 min and allowed to
decant for the time necessary for the deposition of solid residues. The obtained clarified
solution was subjected to analysis for the determination of residual PFAS [32].

2.1.5. Fenton Oxidation

Fenton treatment involves the addition of 10 mL of H202 35% (SAFC) v/v and 30 mL
of FeCl2 9% w/w (Sigma-Aldrich) in Fe to 300 mL of the leachate sample. The dosing of
ferrous chloride should be performed slowly to control the reaction kinetics that cause the
formation of a brown foam that tends to rise in the beaker. Next, the system was stirred
for a time equal to 4 h. Approximately 30 mL of 15% w/w Ca(OH)2 was added to bring the
system to a pH of 8.5, and the anionic polyelectrolyte was added to allow the flakes to
form. Next, given the high presence of sludge that makes it difficult to collect the liquid
phase, centrifugation was required. The supernatant obtained was then taken and
analysed to determine the content of residual PFAS [32].

2.2. Life Cycle Assessment

LCA is a worldwide recognised methodology, standardised by ISO 14040 and ISO
14044 [33,34], which allows for calculating the potential environmental impact of a product
or process, considering its entire life cycle, applying a cradle-to-grave approach when
possible [35]. It includes different steps: goal and scope definition, life cycle inventory (LCI),
life cycle impact assessment (LCIA), and interpretation. Since PFAS and their degradation
productseexposure are associated with negative health effects such as immune and thyroid
dysfunction, liver and kidney disease, lipid and insulin dysregulation, adverse reproductive
and developmental outcomes, and cancer [36,37], we decided to further investigate the
toxicity contribution of PFAS; in particular, the impact due to the residual fraction of PFAS
in the treated liquid matrix discharged onto the superficial water stream after each removal
process. A real case of a post-treatment discharge of leachate was simulated, including the
concentration of other ions in the computation (Table S47). The USEtox model (version 2.14)
was used in the calculation, and PFAS characterisation factors (CF) are taken from the
literature. USEtox is a scientific consensus model endorsed by the UNEP/SETAC (United
Nations Environment Programme, Society of Environmental Toxicology and Chemistry) for
the toxicity assessment of chemicals and the calculation of the CFs for human toxicity
(cancer and non-cancer) and ecotoxicity (freshwater) through a fate-exposure-effect model
that simulates the behaviour and impacts of the contaminants [38,39].

2.2.1. Goal and Scope Definition

The scope of this study is to calculate and compare the environmental impact of four
different PFAS removal techniques from landfill leachate, also investigating sludge
incineration and landfilling. Since different techniques resulted in variable PFAS removal
efficiencies, we decided to include the potential toxicity impacts associated with the
release of PFAS into the environment in the evaluation. The characterisation factors
adopted for the estimation of the environmental impact due to PFAS release were drawn
from Holmquist et al. (2020) [40] and Aggarwal (2025) [41], which provided estimation by
employing the USETox model. USEtox is a dedicated method specifically designed to
support the toxicity assessment in LCA methodologies, including the impact due to the
residual fraction of PFAS in the discharge (superficial water stream). We adopted the two
most common FUs in the field in order to assess their accomplishments in the
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quantification of the function for our case study and better understand and consider their
use in different situations [20,42,43], i.e., “the treatment of 1 m? of leachate” and “the
removal of 1 g of PFAS from the leachate.” The choice of the FUs and the main limitations
are discussed in Section 4. The stages of the process included in the system boundaries are
chemical production and transportation, electricity (EE) use during the treatment, sludge
management (with the consideration of different scenarios), and release into the environ-
ment of the treated liquid fraction. The studied system, along with all the processes in-
cluded within its boundaries, is represented in Figure 1.
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Figure 1. Graphical representation of system boundaries and flowchart of the steps involved.

2.2.2. Life Cycle Inventory Analysis

The data regarding the experimental procedures and the removal efficiencies are pro-
vided by the laboratory report drafted by the test executor (primary data). The complete
inventory dataset is reported in the SI (Tables S1-54), referring to 1 m? of leachate entering
the process.

The values of EE consumption are provided by the plant manager (i.e., primary data),
from which the samples of leachate are derived. The EE value used refers to the electricity
consumption due to the treatment of 1 m® in a chemical-physical precipitation full-scale
module (Table S5). It was decided to add the EE contribution of the centrifugation step for
the Fenton process, since the necessity of this separation step in the laboratory experi-
ments was observed. The system has been modelled using the Italian electricity mix
(2020), since the research group ran all the experiments in Italy and the plants providing
data and samples are located in Italy, such as the company that made its laboratories avail-
able for analysis. The data regarding the discharge chemical characteristics model were
provided by the plant manager (primary data), who also provided the leachate samples.
The characterisation factors necessary for the toxicity assessment of the residual PFAS
fraction and the discharge are taken from the USEtox database (v.2.14) (mercury, lead,
arsenic, cadmium, chromium, nickel) and from the literature (PFAS) [40,41].

To obtain the data corresponding to the second FU (the removal of 1 g of PFAS), the
values calculated for the first functional unit, specific to each treatment technique, are
multiplied by the volume of leachate (in m?) required to remove 1 g of PFAS from the
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stream. The multiplication factors are as follows: clariflocculation (139.41 m?), PAC7.3 SS
(40.64 m?), PAC17 SS (28.09 m?3), PAC33 SS (26.23 m?), PAC3.3 DS (60.32 m?), PAC5 DS
(49.84 m3), PAC7.3 DS (37.30 m3), PAC8.7 DS (31.71 m3), and Fenton (46.72 m3).

Some assumptions have been made to deal with data gaps. The first one concerns the
sludge composition, which is considered constant in all treatments. Specifically, the com-
positions are considered representative of average sludges produced by a typical Euro-
pean wastewater treatment plant, as documented in ecoinvent, because they showed iden-
tical water content and no additional physical and chemical characteristics were analysed,
and even if such data had been available, it would not have been possible to take them
into account due to the lack of such precise data in the databases used for background
information provision. Considering the high content of water and low concentrations of
volatile organic compounds (VOCs), the impacts caused by direct emissions via evapora-
tion or volatilisation of the fractions were not included in the model. The transportation
of chemicals and sludge was assumed to be 100 km by freight lorry, according to the in-
formation provided by the plant manager, who estimated an average distance considering
the chemical suppliers and the sludge transfer landfill. The recovery efficiency of the spent
PAC in the double-step process was assumed as 90% performed via thermal treatments
[25,43]. The authors are aware that the reliability and representativeness of a full-scale
plant, starting from data at laboratory scale, is one of the most common challenges in the
LCA of a small-scale system. Most of these challenges are due to the difference in the
quantity of electricity used and in the apparatus efficiencies between different scales, as
found by Piccinno et al. (2016) [44] and Arfelli et al. (2023) [45]. For this reason, we decided
to use primary electricity data from the full-scale plant provided by the plant manager,
opting for the medium-voltage electricity impact proxy from ecoinvent. To better match a
full-scale scenario, representativeness was also considered in the transportation phase,
where a freight lorry (16-32 metric tons, diesel, EURO 5) was used, as well as in the end-
of-life stage of the sludges (incineration and landfilling scenarios).

The product system was modelled on SimaPro (version 12.0.0) [46], and background
information was drawn from ecoinvent (version 3.10), which was selected as the reference
database [47]. SimaPro is a dedicated LCA software designed for collecting, analysing,
and monitoring the environmental performance of products and services, enabling the
modelling and analysis of life cycles, identifying environmental hotspots, and evaluating
impact contributions. ecoinvent is a life cycle inventory (LCI) database that provides well-
established and revised information about several products, processes, and systems used
by LCA practitioners to complete background information of their models (e.g., cradle-to-
gate impacts related to the Italian energy mix).

2.2.3. Life Cycle Impact Assessment

In this phase, all the data obtained in the inventory analyses were processed and con-
verted into the corresponding potential environmental impacts. The environmental im-
pacts of the whole system were calculated by employing the ReCiPe 2016 (Hierarchical
perspective/V1.08/World2010) as the LCIA method [48]. This is one of the most compre-
hensive and widely used impact assessment methods for environmental evaluation,
providing midpoint and endpoint results with an adopted perspective representative of
the system under scrutiny. The study primarily focused on the identification of the most
impactful and responsible categories for each technique and scenario (incineration and
landfilling of sludge). The analysis of each technique was performed following two dif-
ferent FUs and two different fates for sludge (incineration and landfilling). The authors
decided to also analyse the toxicity contribution of the residual fraction of PFAS in the
discharge for each technique using USEtox, a dedicated toxicity LCIA model.
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2.2.4. Uncertainty Analysis

Uncertainty evaluations were performed for the midpoint impact category results
within two different scenarios: PAC 8.7 DS and Fenton, since their inventories encompass
the highest number of parameters and all the possible factors within the study case. We
may reasonably assume that these scenarios are associated with the greatest uncertainty
among those examined in this case study. The analysis was performed in line with the
guidelines provided in UNI 11698:2017 [49]. The study was mainly modelled with pri-
mary data, directly measured in the system under study. Very few assumptions were
made regarding transport and PAC recovery efficiency. These data can be considered
highly reliable and meet the highest standards for data quality criteria commonly applied
in LCA, including reliability, completeness, temporal, geographical, and technological
correlation. For a quantitative determination of uncertainties associated with each inven-
tory parameter, we referred to the data quality pedigree matrix [50]. The score for the
reliability related to high-quality data (score = 1) was assigned to all the LCI parameters
except for PAC recovery and transport, since they are, respectively, taken from the litera-
ture (score = 2) and based on information provided by the plant manager (score = 3). Re-
garding completeness, a score equal to 1 was assigned to every LCI parameter except for
PAC recovery (score = 2) and transport (score = 3). A score of 2 was assigned to every LCI
parameter concerning temporal correlation, evaluating the year of difference from our
reference year. A score equal to 1 was assigned to each parameter concerning the geo-
graphical correlation, since the data used were considered representative of the system
under study. The technological correlation of all inventory data was evaluated with a
score equal to 1, except for PAC recovery, since this was taken from the literature (score =
2). A Monte Carlo simulation with 1000 runs was performed to determine the intrinsic
variability of the parameters and how the quality of the data provided in the case study
may affect the results. The complete pedigree matrix is available in the SI (Figure S1), and
the results are available in the SI (Tables 545 and 546) and commented on in Section 3.2.

3. Results
3.1. Removal Efficiency of PFAS

The abatement techniques were performed with five different leachate samples, and
the removal efficiency was calculated by applying Equation (1) reported in Section 2.1.1.
All the values reporting the initial and the final PFAS concentration of each test are shown
in Table 510, while the average PFAS removal efficiency, calculated as the mean of each
treatment test result for each technique, is reported in Table 1.

Table 1. Average PFAS removal efficiency (%) for each technique. PAC = powdered activated car-
bon; SS = single-step (clariflocculation in the presence of PAC); DS = double-step (clariflocculation
is followed by PAC adsorption).

Technique PFAS Removal Efficiency (%)

Clariflocculation 20.6
PAC7.3¢g/LSS 64.5
PAC17 g/L SS 92.4
PAC33 g/L S5 98.9
PAC 3.3 g/L DS 443
PAC5.0 g/L DS 53.1
PAC?7.3g/L DS 70.2
PAC8.7 g/L DS 82.2
Fenton 62.3
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The results show that clariflocculation does not allow for a significant removal of
PFAS. The literature suggests that a slightly higher abatement is achieved for long-chain
compounds with respect to shorter ones, but it not sufficient to obtain a satisfactory re-
duction yield. Other studies obtained comparable removal efficiency with sensibly lower
coagulant dosage; Wang et al. (2025) reached a removal of PFOA and PFOS of 5% and
20%, respectively, dosing 33 mg/L of Fe2(SOa)s [12]. Maroli et al. (2024), with a dose of 100
mg/L of FeCls, obtained a PFOA and PFOS abatement of 28% and 36% [13]. The removal
ratios obtained by Bao et al. (2014) for PFOS and PFOA were 32% and 12% when 50 mg/L
of FeCls was used as a coagulant [14]. The better performances of the other studies could
be explained by the fact that all the experiments were carried out using surface water
samples that, as reported in the articles, present a much lower chemical complexity than
that typical of landfill leachate (chemical oxygen demand, organic content, suspended sol-
ids, etc.). The lack of literature regarding clariflocculation PFAS removal yield from land-
fill leachate samples leads to a non-trivial comparison between different case studies.

The treatment with activated carbon (i.e., PAC SS) resulted in significantly higher
removal rates compared to the clariflocculation process. The tests were conducted using
increasing amounts of carbon, focusing on dosages compatible with a potential scale-up.
In general, an increase in abatement yields was observed as the quantity of PAC used
increased. While this trend is easily observable at low PAC dosage, the increase in removal
efficiency becomes marginal with high dosage. Furthermore, no correlation was observed
between the initial PFAS concentration and PFAS removal efficiency within the same tech-
nique (Table S10). Compared to PAC SS treatment, the PFAS removal efficiency obtained
with 7.3 g/L in the PAC DS is higher, 70.2% vs. 64.2%, probably due to the higher availa-
bility of active sites in the carbon, as it is added after the clariflocculation process, which
has already removed some of the organic pollutants typically associated with active car-
bon poisoning [51-53]. It can be noted that the PAC-DS process achieves PFAS removal
efficiency higher than clariflocculation even at low dosages. Several studies obtained com-
parable or better removal performances with lower PAC utilisation, probably due to lower
PFAS concentration and simpler matrix characteristics, since most of them were con-
ducted on drinking water plant samples or lightly PEAS-contaminated wastewater and
leachates [8,15,54]. The most comparable case study obtained 60% of LPFAS11 removal
with a dose of 400 mg/L and 90% with 1100 mg/L, starting from a PFAS concentration of
1122 ng/L [55].

Fenton oxidation treatments have achieved an average PFAS removal yield of 62.3 +
4.8%. In general, these processes result in a substantial reduction in pollutant concentra-
tion due to the formation of radical reactions, but these processes have not yet been ap-
plied for PFAS removal due to the high costs and complexity of the reactions involved,
which can lead to the formation of PFAS precursors that, when re-emitted in the environ-
ment, could re-transform into toxic and dangerous compounds. This technique also pro-
duced a high amount of well-suspended sludge, which makes the centrifugation neces-
sary for the separation from the clarified leachate fraction (Table 54) [32]. Very few studies
have tried to assess the removal efficiency of this technique, and they suggest that alt-
hough the hydroxyl radicals play a primary role in PFAS oxidation, it is generally believed
that they alone cannot effectively decompose perfluorinated compounds [56]. Mitchell et
al. obtained a degradation of 89% of the initial concentration of 100,000 ng/L produced in
the laboratory starting from deionised water using 34.03 g/L of H202and 0.028 g/L of Fe3
[57]. The abatement decreases to 24% with the addition of OH scavengers . The research
is now focusing on Fenton-based advanced oxidative processes, where UV (ultra-violet)
radiation or a catalyst is applied.

3.2. Life Cycle Assessment Results
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The results of the single score, available in the SI (Tables S6-S9) (Figures S2 and S3),
show that global warming (GW), particulate matter formation (PMF), human carcinogenic
toxicity (HTc), and human non-carcinogenic toxicity (HTnc) are by far the most contrib-
uting categories, representing about 97% of the contribution to the single score (perspec-
tive H). The authors decided to proceed by focusing on these categories in order to iden-
tify the major environmental hotspots in the system.

The environmental impacts for each scenario and category are reported in the SI (Ta-
bles S11-544). The results regarding the GW contribution, HTc and HTnc, and PMF are
summarised in Figure 2.

N GW HTc HTnc PMF
FU=1m" of 3 3 3 3
leachate (kg CO; eq/m’) (kg 1,4 DCB eq/m’) (kg 1,4 DCB eq/m") (kg PM 2.5eq/m’)
Incineration| Landfilling |Incineration| Landfilling [Incineration| Landfilling |Incineration| Landfilling
Clarifl. 9.7 148 07 0.6 19.4 28.5 0.04 0.04
PAC73SS |35.1 453 41 36 48.5 66.3 0.08 0.08
PAC17SS  |70.0 923 79 6.7 923 131.0 0.14 0.14
PAC33SS [127.6 169.4 14.1 119 164.1 236.7 025 0.24
PAC33DS |13.5 18.7 17 15 234 32.3 0.04 0.04
PAC5DS 154 20.5 19 16 245 33.4 0.04 0.04
PAC73DS |17.9 23.0 20 18 26.0 34.9 0.05 0.05
PAC8.7DS |[194 245 23 20 27.1 36.0 005 0.05
Fenton 47.0 76.4 76 6.0 75.3 126.2 0.04 0.03
FU=1gof GW HTc HTnc PMF
removed (kg CO; eq/geeas) (kg 1,4 DCB eq/geras) (kg 1,4 DCB eq/geras) (kg PM 2.5 eq/geras)
PFAS Incineration| Landfilling |Incineration| Landfilling [Incineration| Landfilling |Incineration| Landfilling
Clarifl. 1351 2067 100.4 809 2709 3974 50 5.0
PAC7.3SS 1425 1843 167.1 1447 1973 2696 B3 8.3
PAC17SS  [1965 2592 B21.7 188.0 2594 3680 40 4.0
PAC33SS |3347 4445 370.3 3113 4305 6208 65 6.4
PAC33DS |816 1125 105.2 885 1413 1950 24 24
PAC5DS 766 1022 928 79.1 1221 1665 21 2.1
PAC73DS |668 859 754 65.1 968 1300 17 1.7
PAC8.7DS |614 777 724 63.6 859 1142 15 1.5
Fenton 2197 3567 354.1 2804 3520 5894 17 1.6

Figure 2. Results of global warming (GW), human carcinogenic (HTc) and non-carcinogenic toxicity
(HTnc), and particulate matter formation (PMF) for each PFAS removal technique. The results are
differentiated depending on the two different FUs used and the fate of sludge (incineration and

landfilling). SS = single-step; DS = double-step.

The differences between the two scenarios are entirely attributable to the distinct end-
of-life pathways of the sludge generated during the treatment. The treatments with higher
sludge production are those that register the highest differences. The impacts calculated
with reference to the two different functional units (i.e., 1 m? of treated water and 1 g of
PFAS removed), as illustrated in Table 1, reflect the efficiency of the removal process. For
example, the relative difference between the Fenton process and the PAC 33 SS process,
identified as the process with the highest impact on GW, decreases from 63% and 55% (in
the incineration and landfill scenarios, respectively) to 34% and 20%, thereby indicating a
lower removal efficiency. In addition, in the landfilling scenario, an increase in the impact
contribution from 27 to 62% can be observed for GW, and from 33 to 67% for the human
non-carcinogenic toxicity, as well as a decrease from 12% to 21% for the HTc, and from
1% to 7% in the PMF category, depending on the removal technique.

The results of the impacts on GW, HTc, HInc, and PMF of each technique are corre-
lated with the corresponding PFAS removal efficiency and are represented in Figure 3.
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Figure 3. Results on global warming (GW), human carcinogenic toxicity (HTc), human non-carcino-
genic toxicity (HTnc), and particulate matter formation (PMF) obtained according to the treatment
of 1 m3 of leachate as FU and correlated to the PFAS removal efficiency (%) for each technique. The
results are presented in two columns, representing the two possible end-of-life pathways for the
sludge: incineration on the left and landfilling on the right. The orange line links and highlights the
trend followed by the PAC SS (single-step) processes. The green line follows the trend set by the
PAC DS (double-step) processes.

The reason for focusing on GW, PMF, HTc¢, and HTnc is due to their influence on the
single score. Indeed, PMF contributes 44% and 38% to the single score within the incin-
eration and landfilling scenarios, respectively. It is followed by GW (30% and 36%), HTc
(13% and 10%), and HTnc (11% and 13%). It is specified that results related to all 17 cate-
gories are reported in the ESI (Tables S11-544).

Concerning GW, according to the first FU, the clariflocculation results in the least
environmentally burdensome solution, thanks to the limited use of chemicals and the non-
use of PAC. The limited PFAS removal efficiency of this process provokes an important
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increase in the impact, according to the second FU, and the overcoming of all the PAC DS
techniques. The use and quantity of PAC result in the most influential and impactful pa-
rameters, representing, on average, 56% and 42% of the impact of the techniques that in-
volve them for incineration and landfilling scenarios, respectively. Since the landfilling of
the sludge resulted in the least preferable fate, the amount of sludge produced and its
disposal became an important parameter in the GW contribution, representing, on aver-
age, 32% of the impact for this scenario. The normalisation to the second FU (1 g of PFAS
removed) demonstrates that the removal efficiency is accounted for and influences the
results, relatively increasing the impact of the technique with lower performance, and de-
creasing those with higher efficiency. According to this FU, the PAC DS processes are the
least impactful. The increase in the amount of PAC used led to an increase in the removal
efficiency and a subsequent decrease in the number of m? necessary to be treated for the
abatement of 1 g of PFAS. The results of the PAC impact on GW are in line with the values
present in the literature involving full-scale treatment plants assuming the same quantity
used [42].

Adopting the second FU, the HTc impact of the Fenton process significantly in-
creases, and the trend regarding the double-step active carbons adsorption impact re-
verses. The most impactful phases are the PAC production, representing on average 40%
of the contribution within the techniques involving them, and the sulfuric acid produc-
tion, representing on average 17% of the impact. In the landfilling scenario, most of the
impact is due to the same processes, with an average contribution of 47% and 20%, re-
spectively. PAC DS techniques registered, like in the global warming contribution, the
lowest impact with high removal efficiency, demonstrating it as the most promising tech-
nology.

Concerning HTnc, an increase in the impact can be observed in the landfilling of the
sludge with respect to incineration. Thanks to the low involvement of chemicals and the
low production of sludge, clariflocculation results in the least impactful technique, while
adopting the second FU, it overcomes the other processes, resulting in the third most im-
pactful alternative. According to the second FU, the most impactful techniques are PAC33
SS and the Fenton process. Sludge disposal and PAC production are the most crucial steps
in the system, representing, respectively, 34% and 29% for the incineration scenario and
53% and 21% for the landfilling one.

Finally, the most impactful phases regarding the PMF category within the system are
sulfuric acid and PAC production, which represent about 45% and 42% of the contribu-
tion, respectively. No significant differences are observable in the results since sludge
management contributes only 2% to the impact. Like in the other impact categories, the
PAC DS processes demonstrated the most promising compromise between environmen-
tal and removal performances.

The details and results of the uncertainty analysis are included in the SI (Tables 545
and 546). The authors decided to perform the analysis on two different techniques: PAC
8.7 DS and Fenton (landfilling scenarios), since their inventories encompass the highest
number of parameters and all the possible flows within the study case, through a Monte
Carlo simulation with 5000 runs carried out with the dedicated tool in the SimaPro soft-
ware (version 12.0.0) with a confidence interval of 95%. The consideration of the standard
deviation, in addition to the obtained results, does not change the consideration about
GW (10.8% for PAC 8.7 DS, 17.6% for Fenton) and PMF (10.6% for PAC 8.7 DS, 11.9% for
Fenton) in the comparison among the different techniques, while it significantly affects
the discussion regarding the toxicity. The high uncertainty associated with HTc and HTnc
represents an obstacle in the estimation and stating of a preference among the alternatives
with certainty. The uncertainty may depend on both the inventory data quality and the
selected LCIA method. Our data is mainly derived from the ad hoc model, which can be
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considered primary information, reflecting high-quality input data for the foreground
system. In addition, the ReCiPe 2016 method imported into SimaPro does not include in-
formation related to the uncertainty associated with the LCIA method. For this reason, the
notable uncertainty could be justified by the standard deviation assigned to the back-
ground flows. This supposition is consistent with previous studies (Chen et al., 2021; Rossi
et al., 2024) [58,59]. Specifically, several factors (i.e., chemical-physical characteristics of
the substances, mobility and transport inside and between environmental compartments,
persistence, exposure models and interactions with sensitive targets, and response of the
sensitive target) may have an impact on the cause-and-effect model associated with tox-
icity behaviour of a substance.

The authors decided to further explore the correlation between the results of the var-
ious impact categories by performing a correlation study, drawing a trend line and calcu-
lating the correlation coefficient. It is emphasised that these results do not imply a cause-
and-effect relationship, but they may suggest that different categories may be affected
equally or proportionately by the same cause, as explained before. The coefficients of cor-
relation are explicit in Table 2, while graphics and calculations are available in the SI (Fig-
ures 54-57). Graphics representing a comparison of the trend for each technique and im-
pact category are also available in the SI (Figures S8 and S9). A strong correlation was
found between GW and human toxicity impacts, probably due to the high percentage
contribution of PAC for both categories. In general, weaker correlations comprise PMF
impacts, in particular, those related to the second FU (removal of 1 g of PFAS). This could
be due to the higher contribution of sulfuric acid production to the impact in the last cat-
egory, which is much lower in the others.

Table 2. Coefficients of correlation (R?) between different impact categories results within every
scenario and FU. Red values indicate a coefficient under 0.7 (low correlation); yellow values indicate
a coefficient between 0.7 and 0.9 (medium correlation); light-green values indicate a coefficient be-
tween 0.9 and 0.99 (high correlation); green bold values indicate a coefficient over 0.99 (very high
correlation). GW = global warming; HTc=human carcinogenic toxicity; HTnc =human non-carcino-

genic toxicity; PMF = particulate matter formation.

Incineration Landfilling
FU HTc HTnc PMF HTc HTnc PMF
GW 0.968 0.993 0.907 GW 0.993 0.993
treatment of 1 0,988 T 0.992
m?3 of leachate ¢ . ¢ .
Tnc HTnc
FU HTc HTnc PMF HTc HTnc PMF
GW 0.924 0.525 GW 0.924 0.957 0.412
removal of 1g 1 0.201 HT 0212
of PFAS ¢ ' ¢ '
HTnc 0.507 HTnc 0.366

The correlation study proceeds by analysing the link between the most impactful pa-
rameters, as determined by our results, and each impact category, following the same
framework explained before. The coefficients (R?), illustrated in Table 3, demonstrate a
strong correlation with the amount of virgin PAC used and the amount of sludge pro-
duced within the process. These parameters could be considered good indicators for a
qualitative environmental assessment of the removal process. Some exceptions can be ob-
served in the influence of the quantity of sludge produced on the PMF category, whose
contribution is minimal, as stated before. Complete calculations and graphics (Figures S8
and S9) are available in the SI.
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Table 3. Coefficients of correlation (R?) between the amount of virgin PAC used, the amount of
sludge produced, and each impact category contribution within every scenario. Red values indicate
a coefficient under 0.7 (low correlation); yellow values indicate a coefficient between 0.7 and 0.9
(medium correlation); light-green values indicate a coefficient between 0.9 and 0.99 (high correla-

tion); green bold values indicate a coefficient over 0.99 (very-high correlation).

FU = treatment of 1 m3 of leach- Grams of PAC Kg of Sludge
ate Incineration Landfilling Incineration Landfilling
Global warming 0.997 0.997 0.931
Human carcinogenic toxicity 0.998 0.998 0.958 0.943
Fluman non-carcinogenic tox 0.998 0.998 0.926 0.966
icity
Particulate matter formation 0.999 0.999 0.622 0.612
Single score 0.998 0.998
Grams of PAC Kg of Sludge
FU = removal of 1 g of PFAS Incineration Landfilling Incineration Landfilling
Global warming 0.988 0.986 0.929 0.912
Human carcinogenic toxicity 0.98 0.979 0.924 0.957
H}lman non-carcinogenic tox- 0.969 0.971
icity
Particulate matter formation 0.958 0.957 0.297 0.284
Single score 0.974 0.974

Since it is proven that PFAS have negative outcomes on human health and ecosys-
tems, and each technique demonstrated different PFAS removal efficiency, the authors
decided to assess the toxicity contribution of the residual PFAS fraction in the discharge.
Characterisation factors, sources, calculations, and results are fully reported in the SI (Ta-
bles S49-S54). The analyses reported that the most prevalent PFAS in the discharge sam-
ple are PFOA (perfluoroctanoic acid), PFBA (perfluorobutanoic acid), PFBS (perfluorobu-
tanesulfonic acid), and PFHxA (perfluorohexanoic acid), representing 55.8%, 14.6%,
13.9%, and 6.8%, respectively. They are assumed to be the only PFAS compounds present
in the discharge for modelling toxicity to facilitate the identification of characterisation
factors and calculations (Table S48). Other substances and molecules were inserted in the
model to simulate the chemical characteristics of a real discharge situation (Table 547).
The chemicalseconcentration and characterisation are taken from the annual plant report
that the leachate samples came from, involving the following substances: mercury, lead,
arsenic, cadmium, chromium, and nickel (the limits meet all legal requirements regarding
surface discharges).

The results show that the release of PFAS contributes to the overall toxicity impacts
of the system, less than 1% in each category, both at the midpoint and endpoint level. The
only significant contribution registered from PFAS toxicity is regarding the midpoint (hu-
man health, non-cancer) category [cases/kg emitted] (freshwater compartment), where
they represent 29.7% of the discharge contribution. The total discharge toxicity contribu-
tion represents around 4% of the total system impact for human health (HH) cancer mid-
point and human health endpoint, and less than 1% for ecotoxicity (EC) categories. The
ecotoxicity contribution of PFAS was calculated using the characterisation factors pro-
vided by Holmquist et al. (2020) [40] based on USEtox version 2.1 and Aggarwal (2025)
[41] based on USEtox version 2.13. The authors of those works applied the so-called PFAS-
adapted model, where some consensus variations to the regular USEtox methodology
were applied, such as the use of Koc instead of Kow for the chemical partitioning model-
ling to better suit their peculiar amphiphilic properties and the consideration of the
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degradation into other potentially toxic products. No significant variation in the results
was detected in this case study due to the low contribution of PFAS toxicity to the system.

4. Discussion and Conclusions

The study successfully identified major environmental hotspots of each leachate
treatment technique, evaluating the most promising process in terms of the sustainability
of clariflocculation (chemical-physical precipitation), followed by the physical adsorption
of contaminants on particulate active carbons of the clarified fractions (PAC DS). The dos-
age of PAC influences the PFAS removal efficiency and the environmental performance
of the process, although higher dosages also entail greater environmental impacts. Com-
paring data from previous abatement tests resulted in a complex scope, as very few PFAS
abatement studies have been performed directly on leachate as it is. The complexity and
variability of this matrix make the abatement of micropollutants a challenging task. The
authors focused on four different impact categories to take as broad a view as possible of
the environmental impacts of the processes examined. Landfilling of sludge registered an
increase in the impact on GW and HTnc, and a decrease in the impact on HTc and PMF
compared to incineration. These values and trends are also confirmed with the adoption
of the other FU. The major environmental hotspot results from the production of PAC,
which overcomes electricity and other flows, resulting in the most impactful parameter
for three out of four categories discussed in this work, confirming the trends identified
from past studies where the production and treatment of PAC represented the most im-
portant and challenging environmental challenge for the processes in which PAC is in-
volved [60].

Analysing all the other categories considered by the ReCiPe method, the results con-
firm that the double-step adsorption on active carbon treatment (PAC DS) is the most
promising technique regarding the environmental impact. Trends similar to those dis-
cussed in the study can be observed for all the other impact categories with every scenario
and technique. The landfilling of the sludge results in the most impactful end-of-life sce-
nario in the following categories: freshwater eutrophication (FE), freshwater ecotoxicity
(Ftox), marine ecotoxicity (Mtox), and land use (LO), while it resulted in the most sustain-
able option in the others.

Considering all the other impact categories analysed by the ReCiPe method, the most
impactful environmental hotspots for the clariflocculation technique are the iron (III) chlo-
ride production and the sludge management, which are major contributors to strato-
spheric ozone depletion (5OzD), ionising radiation (IR), ozone formation (OzF), land use
(LO), and mineral resource scarcity (MRSc), and freshwater eutrophication (FE), freshwa-
ter ecotoxicity (Ftox), and marine ecotoxicity (Mtox), respectively.

The major environmental hotspot for the techniques involving PAC is still its pro-
duction, followed by the contribution due to the iron (III) chloride when a limited amount
of carbon is added in the treatments. The production of the polyelectrolyte and the sludge
management consist of the most impactful phase within the Fenton system, considering
all the other impact categories, due to the high amount necessary in the treatment (six
times more than in other techniques).

Several considerations and strategies can be evaluated to decrease the environmental
impacts, such as the adoption of less impactful alternatives for the adsorption step, like
biochar, which, unfortunately, to date, does not seem to guarantee the same removal per-
formance as PAC [61]. A promising alternative might be the implementation of higher-
performance PAC recovery processes, reducing the input amount, including the environ-
mental burdens associated with the recovery in the evaluation or considering a different
active carbon source, such as coconut and wood, which have demonstrated lower impacts
[62]. It is reasonable to deduce that the impact assessment of these techniques at full scale
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may result in a higher percentage contribution from electricity, as reported in several stud-
ies [25,42]. This is because in this study, unlike the use of chemicals, electricity consump-
tion has already been optimised using primary data from existing treatment plants. To
better analyse and comprehend the role and contribution of the electricity grid in the over-
all impact of the system, the authors performed a sensitivity analysis involving the most
sustainable scenarios (PAC DS), where the influence of different national electricity grids
was assessed. The impact assessment was performed adopting two very different electric-
ity mixes: the Polish national grid (0.88 kgCO2eq/kWh) and the Swedish national grid (0.04
kgCO2eq/kWh). Extensive results are available in the SI (Tables S55-558). The analysis
revealed a maximum fluctuation in the overall system impact results between 2% and
+4% depending on the scenario and impact category taken into consideration. This com-
ponent and its underlying assumptions, as well as the sustainable practices that could be
implemented to reduce the electricity grid impact, should be carefully considered and
discussed within systems where energy consumption is critical.

The analysis of the toxicity contribution of the discharge and the relative PFAS con-
tent, performed through the USEtox model, shows their negligible impact compared to
the other steps of the system that represent 95.4% (midpoint HH, cancer), 98.1% (midpoint
HH, non-cancer), 96.2% (endpoint HH), and 100% for EC (midpoint and endpoint) of the
total contribution, respectively. Further research and investigation are necessary for the
refinement of PFAS characterisation factors. Nowadays, only the USEtox model is able to
evaluate their fate pathway and toxicity, but very few works are already available, and
results significantly vary among them. The authors tried to identify and use the most re-
cent and updated values in the literature. To better comprehend the role and influence of
the pollutant concentration in the discharge (other than PFAS) and its toxicity contribu-
tion, the authors decided to implement a sensitivity analysis, where the highest allowed
concentrations of metals (mercury, lead, arsenic, cadmium, chromium, and nickel) are
modelled in the discharge and differences were detected and assessed. Extensive results
and reporting are available in the SI (Tables S59-563). The results did not demonstrate
sensible variation in the EC (midpoint and endpoint) categories, while significant varia-
tions were registered in the HH categories. The overall impact of the systems increased
by a mean of +164% (midpoint HH, cancer) and +297% (midpoint HH, non-cancer), with
few fluctuations depending on the end-of-life phase and involved technique. These vari-
ations were also reflected in the endpoint HH categories, which registered a mean increase
of +204%. This analysis highlighted the importance of the discharge pollutant concentra-
tion contribution in the scenarios involving the treatment of the heavily polluted fractions,
such as landfill leachate, since its contribution to the overall toxicity increased to 26.6%
(midpoint HH, cancer), 37.8% (midpoint HH, non-cancer), and 31.6% (endpoint HH).

The coefficients of correlation shown in Section 3.2 demonstrate that different impact
categories can be proportionally or similarly influenced by the same factor, such as a
chemical or the amount of waste produced, and that very few parameters are able to
strongly influence the results of the entire system and be successfully used as preliminary
qualitative parameters for the environmental assessment of a process.

The results obtained in the abatement tests confirm the difficulties that the treatment
of such a polluted and complex wastewater matrix could lead to, as also reported in the
studies already described, which demonstrate better PFAS removal yield with similar or
lower chemical requirements.

Some existing technologies have already been applied in the treatment of landfill
leachate within a full-scale plant for the removal of PFAS, such as nanofiltration (NF) and
reverse osmosis (RO), but very few and conflicting case studies have been analysed so far.
These techniques exhibit excellent PFAS abatement efficiencies, but they are energy-inten-
sive, and their cost and environmental sustainability strongly depend on the electricity
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mix impact and cost and contaminantseconcentration [6]. Their use is generally preferred
and exploited in emergencies, where high concentrations of contaminants are registered
and rapid adaptation to legislation is required. The use of these techniques in situations
involving normal routine activities with pollutant concentrations within the norm and
their environmental performance should be further investigated, since they already con-
sist of a technology that is successfully used around the globe.

The results of the study are reported according to two different FUs to highlight the
differences and considerations regarding their use depending on the scope and the de-
sired information. The authors decided to adopt two different FUs to stimulate the debate
and the observations arising from the results. The second FU (removal of 1 g of PFAS)
could be considered more accurate because it includes a more precise quantification of the
function, evaluating and incorporating the performance of the removal, and answering
the question “How well?” which is a fundamental and indispensable aspect of an FU.
According to this FU, the PAC SS process, the Fenton oxidation, and the clariflocculation
result in the most impactful techniques. The results obtained with the first FU (treatment
of 1 m® entering the process) need to be plotted and ordered according to each removal
efficiency to express significant data. Actually, in some cases, this FU may be the most
suitable to adopt, since the most suitable FU strongly depends on the goal of the study
and on the information required.

In the case that the researchers already know the minimum removal efficiency
needed for a treatment and their goal is to identify the least impactful technique that guar-
antees this performance, “treatment of 1 m? entering the process” may be the most suitable
as the other FU overlooks this aspect.

In the case that the study aims to identify the least impactful technique for the re-
moval of a certain quantity of contaminants (i.e., sampling campaign), “removal/collec-
tion of 1 g of PFAS” is the most suitable FU, because the other overlooks the amount of
m? of leachate necessary to be treated for the accomplishment of the task.

The authors therefore recommend a careful consideration of the background and the
FU definition process.
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Abbreviations

The following abbreviations are used in this manuscript:

SI Supporting information

LCA Life cycle assessment

PFAS Per- and polyfluoroalkyl substances
PFOA Perfluorooctanoic acid

PFOS Perfluorooctainoicsulfonic acid
PFBA Perfluorobutanoic acid

PFBS Perfluorobutanoicsulfonic acid

PFHXA  Perfluorohexanoic acid
WWTP Wastewater treatment plant

PAC Particulate activated carbon
ASTM Advancing standards transforming markets
UPLC Ultra-performance liquid chromatography
LOQ Limit of quantification
ISO International standardisation and organisation
LCI Life cycle inventory
LCIA Life cycle impact assessment
UNEP United Nations Environment Programme
SETAC Society of Environmental Toxicology and Chemistry
CF Characterisation factor
FU Functional unit
EE Electrical energy
SS Single-step
DS Double-step
vOC Volatile organic compound
H Hierarchical
GW Global warming
HTc Human carcinogenic toxicity
HTnc Human non-carcinogenic toxicity
PMF Particulate matter formation
HH Human health
EC Ecotoxicity
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