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Abstract. Per- and poly-fluoroalkyl substances are a group of synthetic aliphatic
compounds containing one or more perfluoroalkyl moieties (CnF2n + 1-). Due
to their unique surface-active properties and high chemical and thermal stability,
they are used in various consumer products such as cosmetics, food packaging,
furnishings, and textiles. Their use dates back to the 1940s. Despite their peculiar
performances, recent scientific works investigate their sustainability and safety
deriving from environmental ubiquity, persistence and bioaccumulation. Indeed,
these chemicals are not metabolized in animals and are eliminated mainly through
the kidneys, with a low excretion capacity in the case of humans. Many studies
conducted worldwide have reported significant serum levels of per- and poly-
fluoroalkyl substances in most of the general population, associating them with
several health conditions, including hepatoxicity, dyslipidaemia, and endocrine
and immunotoxicity outcomes. Besides, new sources of emissions due to degra-
dation phenomena are continuously identified. Consequently, long-chain per- and
poly-fluoroalkyl substances have triggered supervising actions and restrictions
that fostered research about possible alternatives. This article aims to screen cur-
rent European scientific investigations conducted to evaluate the impact of these
chemicals on the environment and human health, focusing on food packaging
and textile production. Due to the paper’s length limitation, not all the scien-
tific literature is described because of the need to leave space to discuss possible
substitutes. Relevant studies are reported about implementing sustainability and
safety/hazard assessment for per- and poly-fluoroalkyl substances. Eventually, the
need to develop new and specific analysis methods is discussed.

Keywords: PFASs - Food packaging - Textiles - Life cycle sustainability
assessment - Safety assessment - Hazard assessment

1 Introduction

Perfluorocarbons’ first appearance in the scientific field dates back to 1886, with Carbon
tetrafluoride (PTFE) synthesis. The term Per-Fluorinated Chemicals was initially used
as a reference for these substances. It was phased out after Per- and Poly-fluoroalkyl
Substances (PFASs) with functional groups were introduced in the 1940s. The worldwide
spread of PFASs was due to unique chemical and physical properties deriving from their
molecular structure: indeed, the highly fluorinated portion of their molecules results in
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amphiphilicity, whereas the functional group, which most have, allows for interaction
with polar compounds. Moreover, their resistance to degradation makes them useful at
high temperatures or pressure conditions or in corrosive environments. These features
are appealing for a variety of industrial applications but lead to the persistence of these
chemicals in the environment and even in living beings [1].

Recent studies on the environmental impacts and health effects of PFASs have sig-
nificantly increased due to their predominantly diffuse use in the past decades without
any restriction and a growing understanding of their unsustainable health risks. This
concern has grown so much that, after proving and realising that bioaccumulation and
likely health risks decrease with decreasing perfluoroalkyl chain, a novel classification
was introduced to divide PFASs into long- and short-perfluoroalkyl chains. A few details
of the most discussed substances are reported below [2] because the overall classifica-
tion of PFASs is outside the scope of the present work. The long-perfluoroalkyl chain
substances mainly refer to:

— PerFluoro-alkylCarboxylic Acids (PFCAs) with eight or more fluorinated carbons
(whose PerFluoroOctanoic Acid, PFOA, is the most studied);

— Perfluoro-Alkane Sulfonates, PFSAs, with seven or more fluorinated carbons (whose
PerFluoroOctane Sulfonic acid, PFOS, is the most studied);

— Substances (like Fluorinated Telomer alcohols, FTOHs) that have the potential to
split off (e.g. due to atmospheric oxidation or biodegradation) to long-chain PerFlu-
oroAlkyl Acids, PFAAs, giving rise to lower molecular weights products with higher
mobility with respect to their precursors.

The short-perfluoroalkyl chain substances mainly refer to:

— PFCAs with seven or fewer fluorinated carbons; and
— PFSASs with six or fewer fluorinated carbons.

This short review attempts to excerpt some salient European case studies concerning
food packaging or textile industrial production from the recent and profuse scientific
literature. A preliminary list of possible substitutes under investigation for PFASs is also
discussed (see Sect. 2). European investigations through Life Cycle Assessment (LCA)
and Safety/Hazard Assessment have been recently addressed to evaluate the safety and
sustainability of PFASs (see Sect. 3). Eventually, an evaluation of the need for new and
specific analysis methods to understand the sustainability and safety of new chemicals
before their introduction into the market is discussed.

2 European Case Studies and Possible Alternatives to PFASs

Since 2004, several per-fluorinated chemicals used in food packaging underwent an
intense scrutiny by consumer groups and environmental authorities because of their
relatively high toxicity and link to a variety of health disorders and cancer. Since PFOS
and PFOA were regulated in 2004 and 2017, respectively, there has been a growing
awareness that the usage of PFAS in textiles and outdoor wear increases human exposure
at every stage of the product (i.e., during production, use and final disposal) [3].

An overview of the examined peer-reviewed articles addressing PFASs migration
from food packaging is reported in Table 1.
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Table 1. Studies addressing PFASs migration from food packaging and possible substitutes.

Chemicals EU country/products Methods/disadvantages References

PFCAs Spain/from pet food paper | Liquid chromatography (4]
bags to whole and low-fat | (LC) coupled to tandem
milk and Tenax® Mass Spectrometry
(MS)/increased
contaminant migration at
high temperature (80-120

°C)

PFCAs Sweden/fast-foods, LC-MS/significant [5]
pre-prepared meals, bake | detection in food samples
goods

FTOHs Germany/from packaging | Sliding spark (6]
to dough and butter, spectroscopy/increased
Tenax® contamination at different

humidity levels

FTOHs Denmark/from dishes and | LC-MS/increased [7, 8]
cupcake packages to food | contamination at
increased temperatures

PE, PVA-co-PE, PET Laminated/extruded Not compostable, not [9, 10]
coating paper/paperboard | recyclable, not renewable
resources
PLA, PBS, PBAT, PHAs | Laminated paper Low performances and [11]
high cost

Elizalde et al. observed PFCAs migration levels from packaging to the simulant
Tenax®, after 10 days at 40 °C. Even if they did not detect any diffusion phenomenon at 40
°C, anincrease of temperature in the range 80—120 °C gave rise to the migration of PFCAs
[4]. Furthermore, when testing migration to real foods, such as lyophilized whole and
low-fat milk samples, PFCAs migration into food samples were much higher than those
obtained into Tenax®. Gebbink et al. tried to quantify PECAs migration levels into several
Swedish fast-foods, pre-prepared meals, and baked goods (before and after preparation),
concluding that consumption of food packed in PFCAs precursors could be an indirect
source of human exposure to PFCAs [5]. In a German study, Fengler et al. investigated
the migration of FTOHs, from baking paper into real local food samples (dough and
butter), as well as into Tenax® simulant, at defined parameters (temperature, time). The
probability of FTOHs degradation increases with increasing temperatures, and, thus,
baking paper with oleophobic surface treatment may be critical food contact materials.
The authors came to justify the differences observed in the diffusion of these chemicals,
when varying temperature and time, with the differences in samples humidity [6]. A
study from Denmark, carried out by Granby et al., aimed to quantify FTOHs migration
to food, from dishes and cupcake packaging provided by distributors and retailers in
Norway. They also assisted to an increased migration with increasing temperatures [7].
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As a consequence of that and other studies performed in Denmark, in 2020 the Danish
Ministry of the Environment and Food has established a total fluorine indicator value of
0.1 pg/cm? in food packaging [8]. This represents the first measure taken by a European
country in reducing PFASs in food packages and currently other European countries
support this kind of restrictions after confirming the carcinogenic, endocrine disruptive
and immunotoxic effects of these substances.

Concerning the present trends of substitution of PFAS in the food industry, lam-
ination of paper and paperboard by extrusion coating or with preformed melted thin
plastic films is the most common commercial method to provide long-term water and oil
resistance. Even if PolyEthylene (PE), Poly(Vinyl Alcohol-co-Ethylene) (PVA-co-PE)
and PolyEthylene Terephthalate (PET) represent good alternatives to PFASs, the major
disadvantages of synthetic polymer laminated papers products are that they are neither
compostable nor recyclable and they are derived from a nonrenewable, finite resource
[9, 10]. As a result, there has been growing interest in laminating paper products with
bio-based, biodegradable polymers, such as PolyLactic Acid (PLA), PolyButylene Suc-
cinate (PBS), PolyButylene Adipate Terephthalate (PBAT) and PolyHydroxyAlkanoates
(PHASs). Drawbacks for these polymers are represented by their biodegradability encoun-
tered in commercial composting facilities, as well as their high cost and sometimes lower
performances (in flexibility, heat sealability, adhesion to the paper, resistance to hot lig-
uids), for which research efforts are being made and include also blending with other
polymers, surface coating with sizing agents (like polysaccharides, proteins, polyesters,
inorganics) or internal sizing (rosin, alkenyl succinic anhydride) [11].

An overview of the examined peer-reviewed articles addressing PFASs used in
textiles is reported in Table 2.

Three different studies conducted by Greenpeace in several European nations (e.g.,
Italy, Sweden, Finland, Switzerland, etc.), found PFASs (in particular PFOA) in outdoor
clothing and hiking gear coming in contact with human skin, as wells as FTOHs [12—
14]. Furthermore, a recent study on the effect of weathering on Swedish water repellent
clothing revealed an increase in concentrations of most PFAAs in weathered and laun-
dered articles compared to the original samples [15]. An increase in volatile FTOHs
was also observed in some samples after weathering and laundering, being it justified
by the authors with the degradation of FTOHs precursors in time. Besides air, identified
as direct exposure source for humans, these results also highlight water as an indirect
one, since conventional wastewater treatment plants do not typically have technologies
for PFASs capture and destruction, and so PFASs coming with precipitation and laundry
water are emitted into the waterways with more risks posed for the environment and
human health. A recent study from Sweden, conducted by Schellenberger et al., also
revealed not only the loss of PFASs contained in textile fragments (e.g., microfibers),
but also the formation and loss of low molecular PFASs, both the phenomena occurring
throughout weathering [16].

To the current state of the art, very few alternatives to PFASs have been identified for
the clothing market, since it is fiddly to replicate PFASs peculiar performances. Besides
repellency to water, oil and dirt, the PFASs-based impregnation agents provide repellency
to alcohol and a high level of washing and dry-cleaning durability. In recent years, many
manufacturers of impregnating agents have developed non-fluorinated alternatives to
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Table 2. Studies addressing PFASs migration from textiles and possible substitutes

Chemicals EU country/products Methods/disadvantages References

PFOA, FTOHs Several European LC-MS/exposure through [12-14]
countries/outdoor clothing | human skin contact
and hiking gear

FTOHs Sweden/water repellent Electrospray negative [15]
clothing ionization; gas

chromatography and
MS/exposure through air and
drinkable water

PFASs microfibers | Sweden/textiles for outdoor | Combustion ion [16]
activities or personal chromatography and
protective equipment LC-TMS/increased exposure

throughout weathering

Paraffin and silicon | Textile and clothing No efficient repellency [17]
against oil and alcohol

Dendrimers Textile and clothing No efficient repellency [18, 19]
against oil and alcohol; No
data on health properties

PVC, PU Textile and clothing Fabrics not breathable [20]

PFASs-based finishing agents, in response to a demand for more “environmentally-
friendly” solutions. Whilst many of these agents providing water repellency are marketed
(e.g., those based on paraffin and silicone chemistries), none of the same agents provides
efficient repellency against oil, alcohol and oil-based dirt [17].

Water repellent dendrimer-based impregnation agents have been recently introduced
into the market, but they are still not able to guarantee repellency to oil, alcohol and oil-
based dirt, even if research efforts on this line are being made. Furthermore, there are no
data on health properties of the active substances and other components (since the product
compositions were not sufficiently specified for an assessment), even if, according to the
producer’s information, these products should not be labelled or classified as harmful [18,
19]. Another alternative is represented by polymer coatings (e.g., PolyVinyl Chloride,
PVC, or PolyUrethane, PU). They may provide repellency against water, oil and dirt,
but the fabrics are not breathable, and have not been further assessed [20].

3 Life Cycle and Safety Assessments for Evaluation of PFASs’
Impacts

LCA has been largely implemented to evaluate environmental impacts and sustainability
of clothing, household textiles, industrial textile and geotextiles [17]. These works can
be classified—based on the functional unit used as reference—in three categories: (1)
Product-oriented: when the functional unit is a single item or the economic buying quan-
tity of a target product; (2) Consumer-oriented: when references are the consumers/users;
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(3) Use-oriented: when considering the number of wears, cleaning cycles or years of use
of a target product. Impact category indicators can also be divided into three groups: (1)
Footprint-based indicators: are focused on a single impact category (e.g. carbon foot-
print, water footprint); (2) Problem-oriented indicators: multi-dimensional assessment
conducted at the midpoint level; (3) Damage-oriented indicators: reduced number of
indicators conducted at the endpoint level.

It is worth mentioning that extensive studies on the impact of PFASs started in 2016
with a work about durable water-repellent chemistry for textile finishing, by Hanna
Holmquist et al. [17]. Then, an original method has been proposed in 2020 to evaluate
characterisation factors implemented in a standardised LCA with the aim of calculating
the (eco)toxicity of several members of the PFASs family [21]. In particular, the author
underlined the need to include an aspect that is not typically considered in a conven-
tional LCA: the fate and degradation of these chemical products. By introducing a new
step in the LCA approach—named “transformation”—located between the Life Cycle
Inventory and the Life Cycle Impact Assessment (LCIA), they aimed at identifying rel-
evant terminal degradation products from primary pollutant chemicals. Characterisation
factors, defined as CF;j in expression (1), are modified by introducing a fraction factor
“f” of the primary pollutant, so that they are finally converted into the active degraded
chemicals:

IS. =Y (CF; x Ej) =Y (CFi x fi x E}) (1)

(XS]

where IS, is the impact score of the category “c” and E; is the mapped emission.

In 2021, a LCIA with this novel evaluation of the impact score was implemented
[22]. As with other cases, authors overcame the lack of data by proposing an effective
approach based on the combination of industry consultation (datasheets when available)
and scientific or grey (patents repositories) literature research.

It is possible to mention some aspects that need further development: (a) concerning
system boundaries, it is worth remarking a lack of studies focusing on a cradle-to-grave
perspective and, in general, the need for more attention to textiles use stage by including
use processes (washing, cleaning, drying, ironing, repairing, etc.). (b) Databases are
often mentioned as the weak point, and missed data determine uncertainties that can only
be avoided by reducing system boundaries. This issue is coherent with the previously
mentioned concerns about the shortage of investigations based on a cradle-to-grave
system. (c) An integrated approach—Safe-and-Sustainable-by Design (SSbD) material,
process and products—is still under development and refinement.

4 Conclusions

PFASs are ubiquitous in the environment and our lives. Their chemical and thermal
stability, as well as their hydrophobic and oleophobic properties, provide unique mate-
rial benefits, but also high persistency, bioaccumulation, and toxicity. As studies about
human health and environmental effects of PEASs continue to grow, and the controversy
about the sustainability and safety of these chemicals is hopefully going to be sorted
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out, scientists, governments, product manufacturers, purchasing organizations, and con-
sumers should work together to limit more and more the production and use of these
substances globally and to develop safer and functional nonfluorinated alternatives.

Furthermore, given PFASs persistence in the environment, in absence of indisputably
safer substitutes, an open discussion should be started, informed by the scientific evi-
dence, to understand whether consumers would give up certain product functionalities
to protect themselves against potential health risks.

It has been demonstrated the importance of the LCA approach and methods to assess
the sustainability and safety of this class of chemicals. Despite the extensive use of the
LCIA to evaluate and compare materials and products, scientists stressed the lack of stud-
ies regarding cradle-to-grave system boundaries, reliable and regional data inventories
and, occasionally, the use of inconsistent functional units.

Eventually, in the case of PFASs, fate and degradation of these chemicals should
be taken into account to correctly evaluate the environmental impact of their use. In
particular, we examined a relevant case in which, for this purpose, a modification of
characterisation factors calculation has been proposed and successfully implemented.
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