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Abstract: Per- and polyfluoroalkyl substances (PFASs) have been under intense investigation by
the scientific community due to their persistence in the environment and potentially hazardous
effects on living organisms. In order to tackle the presence of these compounds in water, to date,
the research has been strongly focused on the evaluation of the effectiveness of different types of
technologies. Considering the extreme complexity of the matter of PFASs and our relatively low
knowledge in this topic, the following question arises: is the “chemical only” approach that is followed
for evaluating the effectiveness of technologies for PFAS removal from water reliable enough? In
this work, some limitations of the present approach are discussed, highlighting the reasons why
it cannot be considered a reliable tool to correctly estimate the effectiveness of technology when
referring to emerging compounds such as PFASs. Bioassays can play a key role in moving towards
an integrated bio-chemical evaluation (chemical analysis and ecotoxicological evaluation), which is
strongly encouraged. This represents the only way to completely characterize a water matrix and
fully evaluate the impact of technologies when dealing with micropollutants in water, such as PFASs.
Future research should focus on defining an optimal battery of bioassays that specifically fit to best
represent changes in water quality in terms of short- and long-term impacts on living organisms.
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1. PFASs in the Water: The Background

Due to their chemical properties, since the 1940s, per- and polyfluoroalkyl substances
(PFASs) have been largely used in several industrial sectors [1] for building and construc-
tion, the production and storage of energy, the manufacturing of metal, the production of
chemicals and pharmaceuticals, and also in food industries, textile manufacturing, and
personal care product production [1,2]. However, the same stable C-F bond(s), which
promote their usage, allow them to persist in the environment, posing a serious risk to
living organisms [3]. Some PFASs have been targeted as potential hazardous pollutants
due to their negative effects on human health. For instance, perfluorooctane sulfonic acid
(PFOS) has been classified by the International Agency for Research on Cancer as “possibly
carcinogenic to humans” [4]. The same agency will also soon update the classification of
PFOS and perfluorooctanoic acid (PFOA) (which is not yet classified) [5].

However, this only represents the “tip of the iceberg”, with the exact number of
different existing PFASs currently unknown. For this same reason, the global amount
of PFASs produced each year is unknown. Thanks to even more specific and detailed
studies, the number of known PFASs is constantly rising, with more than 4000 fluorinated
compounds having already been ascertained according to recent data [6,7]. Despite the
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efforts made, this number is suspected to be a serious underestimation when considering
that several perfluoroalkyl molecules remain the property of private industries, with the
practical impossibility of being researched and analyzed in environmental media and their
molecular structures themselves remaining undeclared [8].

The knowledge among the different categories of PFASs remains heterogeneous, with
most of the studies focused on long-chain compounds (more than C7), while few data
are available for short (C5-C6) and ultra-short compounds (C2-C3) [9]. Some alternative
PFASs (a-PFASs) have been developed to replace compounds targeted as hazardous and/or
persistent (especially long-chain ones), but in some cases, these molecules also show huge
drawbacks, such as (i) a lower performance in the industrial sector, which means a higher
amount of a-PFAS consumption, and (ii) the possible formation of recalcitrant and persistent
compounds, which override the advantages in using these alternative molecules [10].
Wang et al. [11] carefully reviewed the potential environmental implications of a-PFASs,
highlighting that some of the most used alternative compounds (e.g., hexafluoropropylene
oxide dimer (HFPO-DA), 6:2 chlorinated polyfluorinated ether sulfonic acid (6:2 Cl-PFESA),
and hexafluoropropylene trimer acids (HFPO-TA)) showed comparable or even higher
potential toxicity with respect to the “conventional” ones. Therefore, the path to overcoming
the usage of PFASs with new alternative molecules is still long.

Due to the limited amount of available data, knowledge about the possible health
implications of short- and long-term compounds is also quite limited. Cui et al. [12] reported
a possible correlation between PFAS exposure and the development of urinary bladder
cancer, leukemia, pancreatic cancer, and non-Hodgkin’s lymphoma in the population of
Florida, U.S.A. However, as stated by the same authors, the factors of risk that could affect
the probability of developing cancer vary (e.g., lifestyle, other environmental pollutants,
etc.), and developing an extensive investigation (as a sort of case-control study), remains
difficult. In Veneto, an industrial region in northern Italy in which PFASs have been
detected in drinking water sources [13], the presence of PFASs in exposed populations has
been proved [14]. However, despite results that seem to highlight a relationship between
PFAS exposure and a higher mortality level for some causes of death [15], the development
of a massive epidemiological study among the population to better quantify the problem
remains a priority.

Due to the absence of robust literature regarding the health implications of short- and
long-term exposure to PFASs, the legislation about the presence of these contaminants in
water differs strongly depending on the country and type of water [16]. For this reason, the
monitoring of these contaminants in water is not homogeneous in all countries but mainly
depends on the presence of regulations in force or public concern for this issue. However,
when comparing data from different regions of the world, PFASs appear to be distributed
regardless of the level of economic/industrial development [17].

PFASs have been detected in all types of water (surface and groundwater, industrial
and domestic wastewater, urban stormwater, tap water, and even bottled water) [18–23],
and thousands of published documents deal with this issue. In water, these compounds
can be released during the entire lifecycle of consumer goods, from the production phase to
their usage (e.g., in the case of firefighting foams) and final disposal (e.g., in landfills) [24].
Water practically acts as a carrier for PFASs, helping them to reach food, such as terrestrial
animals, fish, and vegetables [25–27]. For this reason, the ingestion of contaminated water
or food represents the main route of exposure in humans [28–30].

An intense investigation is currently being carried out by the scientific community,
especially in order to estimate the effectiveness of different types of treatments in the
removal of these compounds. When combining the keywords “PFAS”, “removal”, and
“water” in Google Scholar©, almost 26,800 scientific documents are available ('16,900 only
from the last 4 years) (searched on 9 June 2023), demonstrating the huge interest on this
topic. To date, there has been no unique solution for PFAS removal from water found given
that the effectiveness of the treatments depends on many factors, primarily the type of
target compound.
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Generally, biological processes are not effective to degrade PFASs, so the most-used
approach is to separate them from water flux with techniques that have given promising
results in sorption (with activated carbon, ion exchange resins, and nanomaterials), mem-
brane filtration (nanofiltration and reverse osmosis), and foam fractionation [31,32]. Other
techniques, such as advanced oxidation processes, are currently under study, but they
represent a source of concern due to the possible formation of by-products. For instance,
Wang et al. [33] highlighted that the UV-based advanced oxidation of PFOA and PFOS can
generate short-chain perfluorocarboxylic acid compounds (PFCAs) as by-products.

On the contrary, some non-destructive techniques, like adsorption and ion exchange,
seem to give very promising results without the formation of by-products [34]. Especially
in regard to adsorption, to overcome the high cost of virgin materials, novel bio-adsorbents
were studied [35], but the question of how to stabilize and manage the exhausted material
remains open [32].

Currently, the main approach used to evaluate the effectiveness of a treatment on
PFAS removal is based on a comparison between the concentration (or load, in case of
continuous-flow conditions) of the target compound(s) before and after the process. This
“chemical only” assessment is essentially focused on detecting and quantifying the amount
of target substance(s) that the process is able to remove from the water.

Keeping this background in mind, some questions remain about this type of assess-
ment: is this approach the most reliable? Are we moving in the right direction? In this
work, we discuss the main limitations, suggesting a paradigm shift towards an alternative
type of evaluation.

2. Method and Approach

The literature has been screened on Scopus® and Google Scholar© using the keywords
“PFAS AND removal AND water” and “Bioassays AND emerging contaminants”. As a
criterion of exclusion, only works written in English and subjected to peer-review before
publication have been considered. Then, the documents were screened to avoid presenting
papers that are not relevant to the current discussion.

This work has been separated into three main sections: (i) Section 3 presents the main
gaps of the current studies regarding the removal of PFASs from water, (ii) Section 4 focuses
on the reasons why we need a paradigm shift from the current “chemical only” approach,
and (iii) Section 5 discusses why the bioassays could play a key role in evaluating the
performances of technologies for PFAS removal and presents some examples where an
integrated bio-chemical approach has been applied.

3. Some Limitations of the Current Studies

As discussed in Section 1, thousands of scientific documents are focused on evaluating
the feasible strategies for PFAS removal from water. However, one of the first questions
that could be raised is the following: are the results of the currently available studies
representative of a real scenario?

To answer this question, some aspects should be considered. Firstly, to date, most
of the works have been carried out with initial conditions that were far from what is
observed in real case studies. Recently, Phong Vo et al. [23] reviewed the presence of PFASs
in different types of water and wastewater, highlighting that, despite some differences
based on the country, the concentration of PFASs in surface water, groundwater, and
wastewater generally varies from ng L−1 to µg L−1, with even higher concentration in case
of some type of industrial wastewater (e.g., leachates). Drinking water generally exhibits
lower concentrations (in the order of ng L−1) depending on several factors, such as the
effectiveness of the treatment plant, the contamination of the untreated water, and the type
of perfluoroalkyl compound [23].

However, most of the studies on new removal strategies were carried out on synthetic
water with an initial concentration of the target PFAS up to several order of magnitude
higher than the concentration detected in the “real” waters. This aspect has been also
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pointed out by Gagliano et al. [36], who reviewed the results of adsorption techniques on
both short- and long-chain PFASs and found that most of the previous works were carried
out under operating conditions that were not realistic (e.g., high concentrations of PFASs or
high dosage of adsorbent materials). Lei et al. [37] also reviewed the current approaches
and applications for PFAS removal from water solutions and highlighted that nearly all
studies were carried out in conditions that were far from real ones, representing a serious
issue in the upscaling from laboratory to commercial applications.

Some inefficiencies of the current methods in detecting and quantifying PFASs in
drinking water have been pointed out by Winchell et al. [38], who also suggest that focus
should be placed on the optimization of analytical procedures. This could represent a
reason why most of the studies have been designed for simulating a higher concentra-
tion of PFASs, making the removal phenomenon more appreciable. However, in recent
years, the determination and quantification of perfluoro-alkyl compounds has been se-
riously improved. For instance, by coupling chromatographic system with ultra-high
resolution orbitrap mass spectrometry, it is possible to detect PFASs in concentrations up to
5 ng L−1 [39,40]. Moreover, the choice to test PFAS removal in conditions far that are from
real ones could cause misinterpretations of the effectiveness of the same treatment, such as
in the case of full-scale application, in which the operational conditions are different.

So far, the co-presence of other chemical pollutants (as in the real waters) has also
often been neglected, with focus instead being placed on the performance of the process
on a single PFAS, following the one-factor-at-a-time approach instead of applying more
realistic conditions. In fact, several recent studies proved that the co-presence of other per-
and polyfluoroalkyl compounds can lead to a competitive effect on the removal of target
molecules, especially in treatments involving adsorption [41].

4. The Need of a Paradigm Shift from the “Chemical Only” Approach

To date, more than 4000 PFAS compounds have been detected in the environment
(which is an underestimated number). Assuming the current limitations (see Section 3)
are surmountable, the following question arises: can a “chemical only” assessment be
considered an effective and reliable approach to evaluate the effectiveness of a technology
on PFAS removal?

To answer this question, the issue of precursors needs to be considered. In the currently
available studies dealing with removal strategies, these compounds are often neglected.
However, some PFASs can change their structure, forming intermediates and new, more
stable terminal products [42], making it difficult to understand the effective performance of
a treatment. For instance, fluorotelomer alcohols (FTOHs) have been used as a replacement
for other common PFASs in the industrial production of goods, but previous works have
proved that FTOHs can degrade in the environment into more stable compounds such as
PFOA [43]. To date, only some of the pathways of PFAS transformation have been fully
defined, while most remain unknown [44]. Moreover, although the conversion seems to be
stimulated in an oxidative environment, the conditions that lead to the transformation of
the precursors are not fully understood [45].

To make this concept clearer, a Sankey diagram of a fictional case study, in which
the effectiveness of a technology is evaluated, is reported in Figure 1. In this example,
four fictional PFASs were considered as known substances and investigated in this po-
tential work (PFAS-a, PFAS-b, PFAS-c, and PFAS-d), two PFASs symbolize the per- and
polyfluoroalkyl compounds known but not currently under investigation (PFAS-e, and
PFAS-f), and the other two PFASs represent compounds that are present in water but are
still unknown (PFAS-x and PFAS-y). The fictional hypothesis (not known by the potential
investigator) are (i) PFAS-b has two precursors (PFAS-a and PFAS-c), (ii) PFAS-x can be
produced from the transformation of four other compounds (PFAS-c, PFAS-d, PFAS-f, and
PFAS-y), (iii) PFAS-e and PFAS-f act as precursors of PFAS-d, and (iv) PFAS-c can transform
into PFAS-y. Please, note that the interactions between PFASs (both precursors and final
products) in this fictional case study have been voluntarily emphasized in order to better
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highlight the difference between the deductions that can be made from a “chemical only”
approach and a real situation. However, this is not an unrealistic case considering that
hundreds of compounds are known to be precursors of perfluoroalkyl acids and perflu-
oroalkylether acids (PFAAs) (e.g., perfluoroalkane sulfonyl fluorides, perfluoroalkanoyl
fluorides, perfluoroalkyl chetones, etc.), and many others are unknown either because the
pathways of transformation are still unclear or the compounds themselves have not yet
been discovered [46,47]. This scenario can also be emphasized in case of the adoption of
oxidation processes due to the formation of intermediate perfluoroalkyl by-products [33].
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Figure 1. Sankey diagram of a fictional case study, in which the effectiveness of a technology is
evaluated. Blue indicates known and investigated PFASs, violet represents known but not investi-
gated PFASs, while yellow indicates unknown PFASs. Fluxes that can be estimated in case of (a) the
“chemical only” assessment are compared to (b) a real situation. The legend refers to the comparison
of the current approach with respect to the real condition.

Due to the practical and economic impossibility of carrying out analyses on all com-
pounds and considering that some PFASs remain unknown, the “chemical only” assess-
ment intends to evaluate effectiveness based on a limited number of target compounds
(Figure 1a). However, the results could cause an overestimation and/or underestimation of
the fluxes and therefore of the real effectiveness of the process (Figure 1b). The “chemical
only” approach fails to fully take into account the precursors of other known (including the
several pathways that have not yet been identified) and unknown PFAS compounds.

Considering that the current methods for the targeted determination of PFASs allows
for obtain values to refer only to a limited number of compounds [48], which is very
different from the more than 4000 substances known so far, the attention of this research
has been recently focused on the analytical evaluation of “total PFAS”.

So, can the total PFAS quantification overcome the limitations of the targeted analysis
in evaluating the performance of a technology on PFAS removal? The answer is negative
for two main reasons: (i) one of the currently most challenging aspect in the non-targeted
determination of PFASs is the need to balance selectivity and inclusivity (i.e., achieving
sufficient detection limits to have reliable results but at the same time avoiding considering
fluorinated compounds other than PFASs) [49]; and (ii) not all PFASs show the same level of
toxicity [50]. Therefore, the knowledge of the removal efficiency on an aggregated number
of compounds does not properly represent the real effectiveness of the process.

5. Bioassays Could Play a Key Role

Ecotoxicology deals with the evaluation of the response to contaminants and external
conditions on individuals, populations, communities, and ecosystems [51]. Bioassays
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represent a tool that can provide important data about the short- and long-term effect of
contaminants by measuring the ecotoxicity at a lab scale [52].

A huge number of bioassays is currently available. For instance, testing the inhibition
of natural luminescent bacteria (e.g., Vibrio fischeri) is a common approach for evaluating the
cytotoxicity of water. Ames test, Comet assay, micronuclei test (on the cells of Allia cepa), the
reporter gene assay, the Green Screen assay (on the cells of Saccharomyces cerevisiae) are ex-
amples of tests used to quantify genotoxicity and mutagenicity [53,54]. Also, neurotoxicity
can be evaluated with tests such as the acetylcholinesterase inhibition assay [55].

As suggested by Pedrazzani et al. [54] and Campana and Wlodkowic [56], the selection
of the bioassay to be used is generally based on criteria such as the aim (acute/chronic
effect), the duration of the tests, the operational requirements (volume of samples, need of
skilled operators, etc.), and the costs.

To date, several authors have already proposed and applied bioassays to assess the eco-
toxicological quality of different types of water. For instance, in Sweden, Oskarsson et al. [57]
recently used this tool for evaluating the quality of source and drinking water. Although
the routine chemical target analysis did not detect any chemicals, bioassays highlighted
the activity of aryl hydrocarbon, estrogen, and androgen in some samples of surface water.
These interesting results suggest that bioassays can be very helpful in detecting the presence
of trace contaminants in water more effectively than performing chemical analyses alone.

In case of the use of advanced oxidation processes, bioassays can also be helpful to
check if the unwanted by-products of the treatment are more aggressive than the initial
compounds [58,59]. For instance, Kienle et al. [60] evaluated the effect of ozonation,
used for removing micropollutants, on the quality of treated effluents of wastewater
treatment plants. They applied in vitro bioassays for the quantification of endocrine,
genotoxic, and mutagenic effects, as well as in vivo bioassays (e.g., with oligochaetes).
Their results concluded that ozonation increased the ecotoxicity of treated wastewater,
except for mutagenicity, which can be reduced by the post-treatments [60].

The question that can raise is the following: can bioassays be considered “mature”
enough to be used in evaluating the performance of PFAS removal technologies? Several
previous works have already shown the advantages of using a combined approach (chemi-
cal analysis + bioassays) for evaluating the performance of a technology, especially when
dealing with emerging and trace contaminants.

For instance, in order to evaluate the effectiveness of tertiary wastewater treatment
on organic micropollutants, Papa et al. [61] combined chemical analysis with bioassays
to investigate estrogenicity and mutagenicity. Interestingly, their work pointed out that
bioassays were more sensitive to the overall toxicity of the effluent, even when the chemical
analysis showed a very good performance of the process on micropollutant removal [61].
Similarly, Bertanza et al. [62] proposed an integrated bio-chemical monitoring of ozonation
of WWTP effluents for the removal of endocrine disruptor compounds. Based on their
results, while chemical analysis showed an effectiveness of the process of up to 70%, the
bioassays showed that the process was not able to significantly reduce the estrogenicity
of the sample and even enhanced the genotoxicity of the treated water [62]. The same
approach has also been applied for testing photocatalytic treatments for the removal of
17-β-Estradiol from drinking water. In this case, toxicity tests using Cyprinus carpio con-
firmed the ability of photocatalysis to remove this estrogen [63].

Neale et al. [64] combined the chemical analysis of WW for more than 400 compounds
with bioassays for 13 different endpoints (e.g., mutagenicity with Ames test, cytotoxicity
combining algae assay with Pseudokirchneriella subcapitata, mortality with the Zebrafish
embryo toxicity test, etc.). They proved that the integrated bio-chemical approach repre-
sents a valid solution to characterize water with micropollutants. The two analyses were
complementary: chemical analysis provided data about the contaminants in the water,
while the bioassays gave information about the effects of the mixture in case of several
endpoints [64].
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Regarding drinking water, on several points of a plant treating water containing
PFASs, Alias et al. [65] applied a battery of tests on Daphnia magna, Pseudokirchneriella
subcapitata, Salmonella typhimurium, and Allium cepa in combination with conventional
chemical analysis prescribed by the legislation in force. Their results highlighted that an
integrated bio-chemical approach is essential to make considerations about the risk involved
in the daily intake of water by the population, especially in the case of micropollutant
contamination [65].

However, the application of this approach in studies dealing with the removal of
PFASs from water is not currently widespread. The main reasons could be various, but
the main ones could be (i) the higher costs of this type of assessment, which requires the
integration of the chemical analysis with ecotoxicological tests; (ii) the need for more time
to obtain the final results (the preparation and execution of bioassays can be longer than
chemical analysis), and (iii) the absence of a unique protocol that defines the battery of
bioassays tests that should be performed.

Which battery of the ecotoxicological assays is most convenient to perform to fully
characterize the water before and after treatment for PFAS removal? To date, data on this
aspect are limited, and a definitive answer is not yet available. However, some preliminary
results suggest how to direct future research. Neale et al. [66] studied the development of a
battery of bioassays to representatively characterize water with micropollutants, such as
pharmaceuticals and PFOA. Their results pointed out that the exact type of bioassay is not
important, but rather that a diverse panel of bioassays that includes different endpoints
is present [66]. In any case, further studies are needed to expand the battery of available
bioassays in order to better define and quantify their potential effect on the environment
and on the human health [53]. This is a crucial aspect considering that even residual PFASs
in water can represent a risk for human safety due to their persistence when this water
is reused.

Adopting a “chemical only” assessment to define the effectiveness of treatments for
PFAS removal not only cannot be considered sufficient to obtain representative results, but
can also lead to a misinterpretation of the real impact of the process on the environment
and on human health. Therefore, an integrated approach combining chemical analysis and
bioassays is strongly encouraged as the main solutions to overcome the limitations of the
current “chemical only” one.

6. Conclusions

• “Chemical only” assessment cannot be considered reliable to evaluate the effectiveness
of treatments for PFAS removal due to the presence of precursors (in many cases
with unknown pathways of transformation). Moreover, to date, many PFASs remain
unknown, and the only knowledge of the concentration of per- and polyfluoroalkyl
compounds cannot provide an exhaustive characterization of the water.

• Focusing the evaluation only on total PFASs could skew the results since (i) the need
to balance selectivity and inclusivity is a current challenge, and (ii) the level of toxicity
among the different PFASs is heterogeneous.

• Bioassays are already effectively used to assess the ecotoxicological quality of different
types of water. To better define the effectiveness of removal technologies in the case
of trace and emerging pollutants, some authors have suggested integrating chemical
analysis with a bio-chemical assessment.

• Although the use of an integrated bio-chemical approach (chemical analysis + bioassays)
in the evaluation of the effectiveness of technologies in PFAS removal is not currently
widespread, a paradigm shift towards this approach is strongly suggested to overcome
the main limitations of an “chemical only” approach.

• A unique protocol with an optimal battery of bioassays that are useful for fully
characterizing water before and after the application of processes for the removal
of PFASs has not yet been defined. Previous works have suggested that the most
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important aspect is to evaluate different bioassays that include different endpoints. In
any case, further research on this topic is strongly suggested by the authors.
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