
Early-Life PFAS Exposure in Sweden:
A Study of Maternal Transfer and Pre-
vention Through Drinking Water Treat-
ment Technologies
Bachelor Thesis in Industrial and Material Science, B.Sc

Elin Flakberg
Josefin Magnusson
Salam Hamadeh
Simon Bååth

DEPARTMENT OF INDUSTRIAL AND MATERIAL SCIENCE

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2026
www.chalmers.se

www.chalmers.se




BACHELOR THESIS 2026

Early-Life PFAS Exposure in Sweden:
A Study of Maternal Transfer and Prevention

Through Drinking Water Treatment Technologies

Elin Flakberg
Josefin Magnusson
Salam Hamadeh

Simon Bååth

Department of Industrial and Materials Science
Chalmers University of Technology

Gothenburg, Sweden 2026



Early-Life PFAS Exposure in Sweden:A Study of Maternal Transfer and Prevention
Through Drinking Water Treatment Technologies
Elin Flakberg, Josefin Magnusson, Salam Hamadeh, Simon Bååth

© ELIN FLAKBERG, JOSEFIN MAGNUSSON, SALAM HAMADEH, SIMON
BÅÅTH, 2026.

Supervisor: Zhenyuan Xia, Chalmers Univeristy of Technology
Examiner: Uta Klement, Chalmers University of Technology

Bachelor Thesis 2026
Department of Industrial and Materials Science
Chalmers University of Technology
SE-412 96 Gothenburg
Sweden
Telephone +46 31 772 1000

Cover: Illustration of maternal and fetal exposure to PFAS compounds via drinking
water contamination.

Typeset in LATEX, template by Kyriaki Antoniadou-Plytaria
Gothenburg, Sweden 2026

iv



Abstract
PFAS are persistent and environmentally hazardous substances that occur in drink-
ing water and may pose adverse health effects in humans, particularly in vulnerable
populations such as fetuses and children. Exposure can occur through drinking wa-
ter and be transferred from pregnant women to the fetus via the placenta or from
mother to child via breastmilk, making early-life exposure difficult to avoid. Such
exposure has been associated with effects on immune function, including reduced
vaccine response, as well as impacts on child development. This study aims to inves-
tigate the potential health effects of PFAS exposure in fetuses and infants in Sweden,
and to evaluate how current water treatment methods need to be developed to meet
existing and future regulatory requirements. The study was conducted as a litera-
ture review based on scientific articles, complemented by interviews with experts in
the field.

The findings indicate that PFAS exposure may affect children’s health even at low
concentrations, highlighting the importance of reducing exposure. At the same
time, the current state of knowledge is characterized by significant uncertainties,
particularly regarding short-chain and ultrashort-chain PFAS, where lack of data
should not be interpreted as evidence of low risk. Current treatment methods can
largely meet existing guideline values but have notable limitations, especially in that
they primarily remove rather than degrade PFAS. While conventional techniques
are generally effective for long-chain PFAS, they are less effective for short-chain
compounds. Emerging technologies such as electrochemical oxidation show potential
for destructive PFAS treatment, including degradation of shorter-chain compounds,
although challenges related to energy demand, operational costs, and large-scale
implementation remain significant.

Overall, the study shows that no optimal treatment method for PFAS currently ex-
ists, as the most promising techniques face high cost and large-scale implementation
challenges. Future efforts should therefore focus on the development of more cost-
effective methods to make advanced treatment technologies, such as electrochemical
water treatment, cost-effective for widespread municipal use. Furthermore, the need
for PFAS source control is critical, given that PFAS treatment is resource-intensive,
and reducing exposure is particularly important for vulnerable populations such as
pregnant women and children.
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1
Introduction

Per- and polyfluoroalkyl substances (PFAS) are characterized by a carbon chain
in which hydrogen atoms are fully or partially replaced by fluorine atoms [1]. This
carbon-fluorine bond is one of the strongest bonds in organic chemistry, contributing
to the exceptional stability of these substances. As a result, PFAS exhibit properties
such as high surface activity, increased chemical resistance, physiological inertness,
and high thermal stability [2]. These characteristics have led to their widespread
use in industrial and consumer applications, including paints, textiles, paper, food
packaging, and firefighting foams. Due to their extensive use and environmental
persistence, PFAS are now globally distributed and can be detected in soil, surface
and groundwater and biota [3]. PFAS have been used since the 1950s and are now
detected in nearly all environmental compartments [2]. Initially, the adverse effects
of PFAS were largely unknown, and their advantageous properties enabled the pro-
duction of cheaper and more efficient consumer and industrial products. However,
it is now well established that PFAS are associated with environmental persistence,
bioaccumulation, and potential adverse health effects. As a result, increasing efforts
are being made to regulate and phase out the use of PFAS.

PFAS are commonly classified into two groups, long-chain and short-chain, based
on the number of carbon atoms in their perfluorinated carbon chain [4]. Long-
chain PFAS, such as PFOA and PFOS, also known as “legacy PFAS”, were largely
phased out and substituted by shorter-chain alternatives after their environmental
and health risks were recognized, yet remain detectable in the environment due to
their extreme persistence [5]. The phase out of these prominent legacy PFAS began
in Sweden, following European Union Regulations, in the year 2008 [6]. Limits on
these PFAS became more strict over time, with restrictions on PFOA compounds
and their salts being adopted from year 2020. Despite these regulations, legacy
PFAS persist in soil, water, food chains, and drinking water systems, meaning human
exposure to long-chain PFAS has not stopped and remains an ongoing concern.

As the health risks of PFAS become increasingly recognized, the need to protect
against exposure has grown. PFAS are of particular concern due to their persistence
and potential adverse health effects even at very low concentrations, reflected in
drinking water guideline values established in the ng/L range [7]. Pregnant women
and their fetuses are especially vulnerable, as fetuses and infants are highly sensitive
to chemical exposure due to undergoing rapid developmental phases that are highly
affected by nutrition and toxins [8]. PFAS are transmitted from mother to child
through the placenta during pregnancy and through breastfeeding after birth [9].
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1. Introduction

During pregnancy, the fetus develops rapidly and although the placenta provides
some protection, PFAS can still cross this barrier. After birth, critical organs and
systems such as the brain and immune system continue to develop, making infants
highly sensitive to chemical interference. Additional factors, including higher intake
of food and fluids relative to body weight and increased contact with contaminated
dust or surfaces, further elevate exposure risks [8]. These characteristics make early-
life stages partially susceptible to the persistent and bioaccumulative properties of
PFAS. As a consequence, children can be exposed even before birth, without any
possibility to control or influence their own exposure.

This study presents a literature study that focuses on pregnant women in Sweden,
where PFAS contamination of drinking water has highlighted the national relevance
of this issue. Although exposure to PFAS can occur through multiple pathways,
including food and consumer products, these sources are subject to some extent
to individual choice and behavioral modification. In contrast, exposure through
drinking water is largely involuntary and difficult for individuals to control. Recent
Swedish guidelines regulating PFAS concentrations in drinking water further em-
phasize the importance of understanding exposure pathways and associated health
risks [10]. Drinking water will therefore be considered the primary exposure route
in this study, as it represents a significant, well documented, and less controllable
source of PFAS exposure in Sweden. The study is limited to the transfer of PFAS
from mother to child during pregnancy and breastfeeding, with particular emphasis
on direct biological transfer mechanisms via the placenta and breast milk. Exposure
pathways occurring later in childhood will not be focused on in order to maintain a
clear focus on early-life exposure.

Furthermore, the analysis will concentrate on a selection of well-studied long-chain
PFAS, PFOS, PFOA, PFHxS and PFNA due to the availability of robust scientific
data. Short-chain PFAS will be briefly discussed to provide comparative context,
but will not constitute the main focus. While short-chain PFAS are increasingly
used and relevant in current exposure scenarios, long-chain PFAS tend to bind more
strongly to proteins than short-chain PFAS [11] and are therefore more suitable for
in-depth analysis in this research given their more extensively documented proper-
ties. Given the importance of drinking water as a major and largely uncontrollable
exposure pathway, effective water treatment methods are essential for reducing PFAS
exposure. Several techniques have been developed to remove PFAS from contam-
inated water, including ion exchange, membrane filtration, carbon filtration, and
foam fractionation, with granular activated carbon, a type of carbon filtration, be-
ing the most commonly used treatment in Sweden according to Philipp Wanner,
Associate Professor in Contaminant Hydrogeology at Gothenburg University (per-
sonal communication via e-mail, 12 March 2026). While these methods have shown
varying degrees of effectiveness, they also present limitations in terms of cost, effi-
ciency, and applicability to different PFAS compounds. Emerging technologies are
therefore being explored as potential future alternatives to improve PFAS removal.
By examining the maternal transfer of PFAS and the developmental consequences
of early-life exposure in Sweden, this study seeks to clarify potential health risks
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1. Introduction

and discuss strategies to reduce exposure during pregnancy and early childhood.
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2
Theory

The background section will provide an overview of the information relevant to this
study. It will introduce PFAS, their chemical properties and the difference between
long- and short-chain. Furthermore, exposure, bioaccumulation and transfer within
the body with particular focus on early-life are presented. This is followed by a
presentation of the main exposure pathway in this study and the health-guidance
vaules for PFAS in drinking water. Finally, commonly used and emerging treatment
methods for drinking water are presented.

2.1 Overview of PFAS and Their Chemical Prop-
erties

PFOA and PFNA are perfluoroalkyl carboxylic acids, menaing they contain a car-
boxyl functional group (−COOH) [12], while PFOS and PFHxS are perfluoroalkane
sulfonic acids containing a sulfonic functional group (−SO3H) [13]. Sulfonic acids
are relatively stronger and more chemically stable acids, which makes them bind
more strongly to protein in the blood and tissues [14]. Chain length also affects
bioaccumulative properties. PFNA (C9) has a longer fluorinated carbon chain than
PFOA (C8), making it more hydrophobic and bioaccumulative. PFOS tends to
bioaccumulate more than PFOA, due to both its chain length and sulfonate group.
Despite having a shorter chain length, PFHxS (C6) still bioaccumulates notably
because sulfonates bind strongly to proteins.

Carboxylates such as PFOA and PFNA tend to be more soluble in water which
generally makes them travel more readily through groundwater than sulfonate PFAS
with comparable carbon chain lengths [14]. However, as chain length increases,
mobility typically decreases, and the compound is more likely to bind to sediments
and organic material, which is seen with PFNA. Within the human body, all four
compounds attach to blood proteins rather than accumulating in fatty tissues. PFOS
and PFHxS are known to have particularly long biological half-lives. PFOA and
PFNA can also remain in the body for several years, but are generally eliminated
more quickly, especially compared to PFHxS [15].

5



2. Theory

Figure 2.1: Chemical Structure of Perfluorooctanoic Acid (PFOA)

Figure 2.2: Chemical Structure of Perfluorooctanesulfonic Acid (PFOS)

Figure 2.3: Chemical Structure of Perfluorohexane Sulfonic Acid (PFHxS)

Figure 2.4: Chemical Structure of Perfluorononanoic Acid (PFNA)

2.1.1 Long-Chain and Short-Chain PFAS
PFAS can be broadly categorized as long-chain and short-chain compounds based
on the length of their fluorinated carbon backbone, which influences their prop-
erties and how they behave in nature [16]. Carboxylic acids with eight or more
carbon atoms, such as perfluorooctanoic acid (PFOA), and sulfonic acids with six
or more carbon atoms, such as perfluorooctane sulfonic acid (PFOS), are considered
long-chain PFAS. Similarly, short-chain PFAS have less than eight and six carbon
atoms for carboxylic acids and sulfonic acids respectively. A subgroup of short-chain
PFAS compounds, often referred to as ultra-short-chain PFAS, consists of two or
three carbon atoms, such as trifluoroacetic acid (TFA) and perfluoropropionic acid
(PFPrA) [17]. Generally, short-chain PFAS are more water-soluble and mobile in
nature, enabling them to travel more easily in groundwater and drinking water sys-
tems than long-chain PFAS [18]. On the other hand, long-chain PFAS tend to bind
more strongly to proteins, therefore accumulating at higher concentrations in living
organisms and food webs [19]. Long-chain PFAS such as PFOA and PFOS often
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2. Theory

show greater bioaccumulation and longer half lives in the body, in comparison to
short-chain PFAS which are usually found in the body at much lower concentrations
and are typically excreted more rapidly [19, 20].

Figure 2.5: Chemical Structure of Trifluoroacetic acid (TFA)

Figure 2.6: Chemical Structure of Perfluoropropionic Acid (PFPrA)

2.2 PFAS Persistence and Early-life Exposure
The structural characteristics of PFAS, including chain length and functional groups,
strongly influence their environmental persistence and behavior in the human body
[21, 15]. These properties contribute to their tendency to accumulate and remain
in biological systems over extended periods [15]. As a result, PFAS exposure is of
particular concern during sensitive life stages, where transfer between mother and
child can occur.

2.2.1 Persistence and Bioaccumulation
PFAS is often referred to as “a forever chemical”, and the reason behind this is due
to their high persistence in the environment, as complete degradation has rarely
been observed in studies [15]. This persistence is largely attributed to the presence
of high-energy carbon-fluorine bonds [22]. Although some PFAS can undergo partial
degradation, they are often converted into other PFAS compounds rather than fully
mineralized [15]. This makes it possible for PFAS to bioaccumulate in organisms
and has been shown especially in protein-rich organs, tissue and body fluids such
as liver, kidneys, lungs, brain, human serum and breast milk [15, 22]. PFAS have
also been found to have a high affinity to Human serum albumin (HSA) which is
a binding protein [23] that primarily can be found in the plasma fraction of the
blood, such as serum or plasma in humans [15]. Continuous exposure may lead to
increasing internal concentrations over time and the excretion of PFAS by urine,
feces, menstruation and breastfeeding will slow down when PFAS are bound to
proteins [15]. It has been found that 1 to 50 molecules of PFAS can be bound to
one HSA and this leads to that more than 90% of PFAS are bound in the blood.
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2. Theory

Since only the unbound PFAS can be excreted, strong protein binding reduces elim-
ination efficiency [15]. In addition to strong protein binding, other mechanisms
further reduce PFAS elimination and contribute to bioaccumulation. Enterohepatic
circulation allows PFAS excreted via bile to be reabsorbed back into the bloodstream
and liver. PFAS also undergo active reabsorption in the kidneys. Transport proteins
can actively reabsorb PFAS from the pre-urine back into the bloodstream, thereby
reducing urinary excretion. In humans, organic anion transporters such as OAT4
and possibly OAT1 and OAT3 have been identified as important contributors to the
reabsorption process. This contributes to the long biological half-lives observed for
several PFAS compounds.

Biological half-life refers to the time required for the concentration of a substance
in the human body to decrease by 50 % due to elimination processes [15]. It has
been found that structural differences among PFAS affects their half-life. PFAS
with eight-carbon chains generally have longer biological half-lives than those with
four-carbon chains. Furthermore, sulfonates generally have longer half-lives than
carboxylates. The biological half-lives of different PFAS can vary between studies
and this variation may reflect differences in study populations and exposure levels.
For example, in one study the estimated half-life for PFOS and PFOA in human
sera was ranging from 3.8 - 5.4 years [21], while another reported that the serum
half-life for PFOS was 3.4 years and for PFOA it was 2.7 years [15]. For PFHxS
the half-life in human serum 5.3 years and for PFNA 3.5 years. The variation in
biological half-lifes among PFAS compounds can partly be explained by differences
in their ability to bind to proteins like HSA.

2.2.2 Placental Transfer
During the pregnancy the placenta will be formed and developed until it is a com-
plete organ, but it is only temporary and will be delivered after birth [24]. Proper
placental development is essential for the pregnancy to be successful. It is a vital
organ during pregnancy due to its ability to act as the lungs, kidneys, gut and liver
of the fetus but also to give a protected environment [25]. It consists of, among
other structures, the placental membrane and its function is to exchange gases, nu-
trients, fetal waste and hormones between the mother and fetus, without mixing the
blood [24]. It also consists of the umbilical cord and its function is both to attach
the fetus to the placenta and enable fetal blood circulation. One of the most vitals
functions of the placenta is the transfer of nutrients that are essential for the fetus
from the maternal circulation [22]. Although it acts as a selective barrier and can
prevent certain biological macromolecules from crossing, studies have shown that
some harmful substances, including PFAS can pass through the placenta barrier.
The placenta is considered a potential target organ for PFAS due to its biological
and molecular similarities to other target organs [15].

The ratio between maternal and cord serum concentrations is commonly used to
estimate transplacental transfer efficiency [15]. In most studies, this ratio is below
one and that indicates higher PFAS concentrations in maternal serum compared
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2. Theory

to cord serum. It has been seen that the transfer efficiency varies between different
PFAS compounds [21]. Table 2.1 presents PFAS concentrations in maternal and cord
serum from women in Ronneby, Sweden [26]. Although the population in Ronneby
represents an extreme exposure scenario, the study still provides valuable insight
into transplacental PFAS transfer. The table shows that the cord serum has a lower
PFAS concentration than the maternal serum, while still demonstrating that PFAS
can be transferred to the fetus.

Table 2.1: PFAS concentration in maternal and cord serum from a study in Ron-
neby [26].

PFAS
compound

Maternal serum
during pregnancy
(ng/ml)

Maternal serum at
delivery (ng/ml)

Cord serum (ng/ml)

PFOS 18.2 15.8 8.54
PFOA 1.82 1.52 1.25
PFHxS 11.6 10.6 7.24
PFNA 0.42 0.36 0.19

The concentrations presented in table 2.1 are higher than those reported from places
without known contamination. For populations with background exposure, one
study reported serum PFAS levels of approximately 3 ng/ml for PFOA, 4 ng/ml for
PFOS and 0.8 ng/ml for PFHxS [15].

Several studies suggest that carbon chain length, functional groups, isomers and
molecular structure influence transplacental transfer efficiency [21, 15]. It has been
suggested that there is a U-shaped relationship between fluoroalkyl chain length and
transfer efficiency [15]. Meaning that long- and short chain PFAS show a higher
transfer efficiency than mid-chain compounds. It has also been seen that branched
isomers of PFOS and PFOA have a higher efficiency when crossing the placenta
than linear isomers and for PFOS, the closer the branching point is to the sulfonate
end, the placenta transfer is increased [15, 21]. Functional groups also appear to
play a role [15]. PFAS containing carboxyl groups have been reported to exhibit
higher transfer efficiency than sulfonate-containing PFAS. It has been reported that
the transfer ratio of PFOA and PFHxS were the highest, approximately 0.67-0.68,
while PFOS and PFNA showed a lower ratio of approximately 0.48-0.51 [26]. When
summarizing this the ranking of transfer efficiency was PFOA → PFHxS → PFOS
→ PFNA [21, 26].

The mechanisms underlying placental transfer are not fully understood but are be-
lieved to involve both passive diffusion and active transport [15, 23]. Passive dif-
fusion is considered the primary pathway, with the free PFAS in maternal serum
being the key determinant of transfer efficiency [23]. When PFAS are bound to
HSA, creating an HSA-PFAS binding complex, it is unlikely to pass through the
placenta membrane [21]. Since only the unbound fraction of PFAS is assumed to
cross the placenta, differences in plasma protein-binding affinity may significantly
affect transfer efficiency [21, 15]. Lower binding affinity would increase the avail-

9



2. Theory

ability of free PFAS for placental passage. In addition to passive diffusion, active
transport may contribute to PFAS placental transfer by transporters [23]. Trans-
porter protein such as OAT4 have been suggested being involved in PFAS placental
transport [15]. When PFAS interacts with these transporters, it may either facilitate
or restrict transfer. But it have been reported that the stronger binding affinities
between PFAS and OAT4 the more restricted the potential for transfer from the
fetal side to the maternal side [23]. This leads to higher concentrations of PFAS in
the placental tissue. The precise molecular interactions between PFAS and placental
transporters remain incompletely understood.

2.2.3 Transfer via Breast Milk
In addition to transplacental transfer during pregnancy, infants may be continuously
exposed to PFAS postnatally through breastfeeding [21]. The milk contains PFAS
because it is transferred from the maternal serum [15]. Although PFAS concentra-
tions in breast milk are typically one to two orders of magnitude lower than those in
maternal serum, breastfeeding has been shown to significantly increase PFAS body
burden in infants [21]. An estimated daily intake of PFAS in infants from breast
milk has been reported to range from 7.1 - 40 ng per kg body weight in Stockholm
and 5.2 - 25 ng per kg body weight in Gothenburg during the study [27] .

Studies have demonstrated that breastfeeding is a major contributor to infant PFAS
exposure [15, 21]. It has been estimated that breastfeeding might contribute to 94%
of PFOS exposure and 83 % of PFOA exposure for six-month-old infants [27]. It has
been possible to see a positive correlation between maternal PFOS concentrations
and PFOS concentration in breast milk, cord blood and neonatal blood and this
further supports the role of lactational transfer as an important exposure pathway
[21]. PFOS and PFOA concentrations measured in breast milk have frequently
exceeded screening values established for children’s drinking water intake and have
been reported across different geographical regions. This supports the conclusion
that breast milk constitutes a major source of PFAS exposure in infants.

Collected data indicates that breastfeeding duration influences infant PFAS concen-
trations [27]. Per month of exclusive breastfeeding the serum PFAS concentration
can increase with as high as 30 % [28]. It has also been found that, in the first
month after the infant was delivered, the prenatal exposure was lower than the
exposure from exclusive breastfeeding. Consistent with these findings, infants who
were breastfed had a 2-fold higher mean PFAS concentrations than infants that were
not breastfed [27]. However, breastfeeding is still recommended as it has important
health benefits for both mother and child [28, 29]. Infants may be particularly
vulnerable due to their higher intake of food and liquids relative to body weight
compared to adults, resulting in a higher exposure dose per kilogram body weight
[15].
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2.2.4 Vulnerability During Early-life Development
Pregnancy represents a critical window of exposure, as rapid developmental pro-
cesses occur during this period and the timing of environmental exposures may
result in long-term health effects [30]. During pregnancy, both mother and the fe-
tus are especially sensitive to exposure due to dramatic physiological changes. The
placenta plays a crucial role in protecting the fetus, which does not have a fully
developed detoxification system. PFAS can cross the placental barrier and bioac-
cumulate in fetal organs, which may contribute to adverse health effects and birth
outcomes [30, 22].

During pregnancy, fetal organs are not fully developed which leads to very limited
resistance and detoxification capacity [22]. Because of this limited ability to elimi-
nate xenobiotic compounds, prenatal exposure to PFAS may contribute to adverse
health effects that can persist throughout childhood. It can also disturb hormonal
processes that are required for normal growth and development for the fetus [15].

The fetus may also be indirectly affected if the uterine environment is negatively
affected by maternal health conditions [15]. PFAS exposure during pregnancy has
been suggested to be associated with pregnancy complications, including preeclamp-
sia and gestational hypertension in the mother [15, 30]. These maternal conditions
have been associated with adverse health outcomes in the offspring, including an
increased risk of hypertension and cardiac remodeling later in life.

2.3 Exposure Pathways of PFAS
Approximately 100,000 children are born each year in Sweden [31], emphasizing
the population-level importance of understanding PFAS exposure during pregnancy.
PFAS are released into the environment through the production, use and disposal
of PFAS-containing materials [3]. The exposure pathways that contribute to the
intake of PFAS include drinking water, diet, the indoor environment and consumer
products, with drinking water and diet representing the main exposure routes for the
general population. An overview of common everyday PFAS exposure pathways is
provided in Appendix B. Most dietary exposure comes from fish, shellfish and other
animal products [32]. This is due to the high persistence of PFAS and their ability to
accumulate in living organisms by binding to proteins in the blood and liver rather
than to adipose tissue. Concentrations can therefore increase along the food chain
and dietary habits may contribute to differences in exposure among individuals [33].

PFAS have historically been used in a wide range of consumer products due to
their oil- and water-repellent properties [1]. For example, they have been applied
in textiles, cosmetics, firefighting foams and food packaging materials [3]. PFAS
may migrate from food packaging into food, thereby contributing to indirect oral
exposure. The indoor environment also constitutes an important exposure source.
Small particles from PFAS-treated materials may be released and accumulate in
household dust, potentially leading to oral exposure via hand-to-mouth contact.
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This is relevant for young children, who frequently spend time close to the floor and
more often place their hands or objects in their mouths. In addition, some PFAS
exist in forms that evaporate easily [34]. Exposure may therefore occur either via
inhalation or by coming into contact with them later after they have settled in dust.
In the case of textiles and cosmetics, dermal exposure through skin contact may
also occur and even at low concentrations, it may lead to the gradual accumulation
[2, 3]. The skin uptake needs further research to understand the mechanism of
dermal absorption [35]. What can be highlighted from the research is that long-
chain PFAS could be slowed down by the skin barrier, meanwhile short-chain PFAS
can penetrate the skin barrier more easily.

2.3.1 Drinking Water as a Pathway of Great Importance
According to the Swedish Food Agency, individuals in Nordic countries typically
consume approximately 1–2 L of drinking water per day, in addition to around
1–1.5 L obtained from food [36]. During pregnancy, water requirements increase
and European Food Safety Authority (EFSA) recommends an additional intake of
approximately 300 mL per day [37]. Because water is consumed daily and in rel-
atively large volumes, it represents a continuous and significant source of PFAS
exposure. Drinking water intake is difficult to avoid and may therefore contribute
substantially to the total body burden. For consumer products, PFAS-free alter-
natives are increasingly available. For example food packaging without fluorinated
coatings, PFAS-free textiles and cosmetics labeled as fluorine-free. However, such
choices may be difficult to implement consistently without regulations [38].

The significance of drinking water as an exposure pathway varies depending on
geographical location and in highly exposed areas, drinking water may account for
the majority of total PFAS exposure [3]. In Sweden, PFAS exposure patterns have
been strongly influenced by documented contamination events. One of the most
well-known cases is the contamination in Ronneby [20, 39], where groundwater used
for drinking water was affected by firefighting foams from a nearby military airfield.
This resulted in exceptionally high PFAS concentrations and has been extensively
studied as an example of drinking water as a dominant exposure pathway. Those
who was heavily exposed to PFAS-contaminated drinking water showed higher PFAS
concentrations in their bloodstream than the reference population. These findings
could not be explained by other lifestyle factors, highlighting drinking water as the
dominant exposure pathway in the studied population. Fire-fighting foams, aqueous
film-forming foams (AFFF), have historically, in more places than Ronneby, been
a major source of PFAS contamination [40], particularly near airports and military
sites. Although the use use of AFFF is now being restricted and phased out in
the European Union, legacy contamination remains an important source of human
exposure, especially through drinking water.

Another example of where PFAS contamination has been associated with AFFF
is in Uppsala, Sweden [33]. Drinking water contamination has contributed to el-
evated PFAS serum levels in both mothers and children. A study on first-time
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mothers in Uppsala County, based on serum samples collected between 1996 and
2022, shows that PFAS exposure has decreased over time, resulting in fewer in-
dividuals exceeding the serum reference value established by the EFSA. However,
54% of the mothers sampled between 2018 and 2022 still exceeded this level. In
addition to contamination hotspots, PFAS exposure is present at background levels
in the general Swedish population, indicating widespread background exposure in
the population. It is mainly the concentrations of long-chain PFAS, such as PFOS,
PFOA and PFHxS, that have decreased over time [41]. Levels of PFNA and certain
short-chain PFAS, such as PFBS, have increased instead [42]. These findings are
particularly relevant in the context of early-life exposure, as reducing PFAS contam-
ination in drinking water can lower maternal body burden and consequently reduce
placental and breast milk transfer to the fetus.

2.4 Health-Based Guidance Values for PFAS in
Drinking Water

Mattias Öberg, Associate Professor in Toxicology at Karolinska Institutet (personal
communication, 23 March 2026) provided information on how EFSA based its 2020
risk assessment on the sum of four PFAS: PFOA, PFNA, PFHxS and PFOS [43].
The most critical endpoint was reduced antibody response to vaccination in children.
EFSA identified a benchmark serum concentration (BMDL10) of 17.5 ng/mL for
the sum of these four PFAS in 1-year-old children and from this derived a tolerable
weekly intake (TWI) of 4.4 ng/kg body weight per week. EFSA further concluded
that parts of the European population exceed this TWI, which is considered a health
concern. Using Physiologically Based Pharmacokinetic modelling, EFSA estimated
that the serum level in children corresponded to a long-term maternal exposure of
0.63 ng/kg body weight per day.

These health-based recommendations are taken into account in the development of
legally binding regulations of municipal drinking water [44]. In Sweden, a legally
binding limit of 4 ng/L for the sum of four PFAS (PFOA, PFNA, PFHxS and PFOS)
entered into force on 1 January 2026. At the EU level, the revised Drinking Water
Directive became applicable in Member States on 12 January 2026 and introduced
two PFAS parameters in drinking water: 100 ng/L for the sum of 20 specified
PFAS and 500 ng/L for total PFAS. In 2024, the European Commission established
harmonised technical guidelines for PFAS monitoring in drinking water, including
analytical methods, detection limits, and sampling frequencies across EU Member
States [44]. Sweden has added the limitation of 4 ng/L for the sum of four PFAS
and this restriction is substantially stricter than the EU parametric value of 100
ng/L for 20 PFAS, even if the values are not directly comparable. Sweden focuses
on a smaller group of well-studied PFAS with well-established toxicological effects,
while the EU limit covers a broader range of compounds including both long- and
short-chain substances. Denmark has an even stricter national limit than Sweden of
2 ng/L for PFAS4 [45]. Other countries have also introduced or plan to introduce
stricter national approaches for PFAS in drinking water in addition to the limits
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set by the EU [46, 44]. Germany will introduce a limit of 20 ng/L for PFAS4 from
2028. European countries including Sweden, Denmark, Germany, the Netherlands
and Norway are also actively involved in broader PFAS regulatory initiatives.

Emerging PFAS such as short-chain and ultrashort-chain compounds, including TFA
are less clearly addressed in these regulations [47]. TFA is the smallest compound
classified as a PFAS and is widely present in the environment, partly due to its
formation as a degradation product of other fluorinated substances and its use in
applications such as refrigerants. Unlike long-chain PFAS, TFA does not appear to
bioaccumulate in the human body. Current assessments indicate that exposure to
TFA through food and drinking water does not pose a health risk at present levels.
However, significant knowledge gaps remain and ongoing evaluations by regulatory
bodies such as the European Chemicals Agency (ECHA) and the European Food
Safety Authority (EFSA) are needed to determine whether future regulatory limits
may be required for TFA and other types of PFAS.

2.5 Current Drinking Water Purification Tech-
niques

Drinking water purification in Sweden is not originally designed to clean the water
of PFAS. This causes some technical challenges [48]. In Sweden, water producers
try to limit PFAS in raw water by for example closing contaminated wells, mixing
contaminated water with cleaner raw water or change location of the water source
[49]. These measures are often not enough and more advanced methods for purifica-
tion of the water of PFAS in Sweden is needed. Some of the most proven methods
are activated carbon filtration, ion exchange and membrane filtration [50, 51]. Foam
fractionation is another purification method that is used to a limited extent in Swe-
den. [52]. It is common that the methods are combined to clean drinking water of
PFAS [53]. For example, activated carbon filtration and membrane filtration can
be used together for a better result. In Sweden, the techniques are being studied
and how to best optimaze the purification of drinking water. The process of purify
drinking water from PFAS is overall expensive and the processes must adapt to the
kind of PFAS is in the water.

These conventional treatment methods are primarily based on physical and physico-
chemical separation processes rather than degradation. Activated carbon filtration,
membrane filtration, foam fractionation, and ion exchange differ in their under-
lying mechanisms but share the common function of transferring PFAS from the
water phase to another medium, such as filter materials, concentrates, or foam
[48, 50, 51, 52]. Although these approaches can achieve effective removal under
suitable conditions, their performance depends on factors such as the length of the
PFAS chain, the composition of the water, and the design of the system. Conse-
quently, each method has specific advantages and limitations which are described in
the following sections.
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According to Philipp Wanner, associate professor in contaminant hydrogeology at
Gothenburg University, these methods do not result in the destruction of PFAS, they
generate secondary waste streams that require further treatment. Common man-
agement strategies include the regeneration of filter materials or high-temperature
incineration of media contaminated with PFAS [54]. Thermal treatment is currently
one of the primary approaches for achieving near complete degradation, as PFAS
can be largely broken down at temperatures around 1000 ◦C. However, this process
requires strict control to ensure efficient destruction and to prevent the formation
or release of harmful by-products through flue gases, as incomplete combustion may
lead to the formation of smaller PFAS compounds that can be emitted to the atmo-
sphere.

According to Kristin Barkman, Water and Environmental Consultant at Sweco (per-
sonal communication, 23 March 2026), Sweden’s capacity for treating PFAS contam-
inated waste remains highly limited. Currently, only one facility in Sweden, located
in Kumla, is officially approved to handle such waste. Öberg further explains that
the Kumla facility has faced both operational and environmental challenges, in-
cluding concerns regarding potential leakage and the historical handling of PFAS
containing waste. These illustrates some of the practical difficulties associated with
managing and treating PFAS contaminated materials in Sweden.

2.5.1 Ion Exchange
Ion exchange (IX) is a treatment method in which PFAS ions in water are exchanged
with less harmful ions such as OH- or Cl- for anion exchange resins [51]. The
IX method uses synthetic resin beads that contain positively charged functional
groups through which contaminated water is passed [55]. Many PFAS compounds,
including PFOA and PFOS, are anionic, negatively charged surfactants that are
strongly attracted to the positively charged sites on the resin surface. As a result,
they are retained on the resin surface primarily through electrostatic interactions. In
addition, hydrophobic interactions between the fluorinated carbon chains of PFAS
and the resin’s polymer backbone further enhance their adsorption. As a result of
these combined mechanisms, IX resins are often highly efficient at PFAS removal.

IX demonstrates a strong performance in PFAS separation from water across a wide
range of compounds [56]. IX resins have a high sorption capacity and can maintain
effective removal over extended periods before breakthrough occurs, making them
well suited for continuous treatments systems. The efficiency of the process depends
on factors such as PFAS chain length and contact time, with longer contact times
generally leading to better removal. This method can effectively capture both long-
chain and short-chain PFAS, including those that are more mobile in water.

While highly effective, this method also has several important limitations. Its perfor-
mance can be significantly influenced by water chemistry, particularly the presence
of competing anions such as sulphate and nitrate, as well as natural organic mat-
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ter, which can occupy active sites on the resin and reduce PFAS removal efficiency
[56]. Over time, the resin becomes saturated and must be replaced or regenerated.
Regenerations typically requires concentrated salt solutions, producing a secondary
waste stream rich in PFAS that must be properly managed. In addition, the effi-
ciency of the process depends on sufficient contact time. If the contact time is too
short, breakthrough can occur more quickly, reducing treatment performance.

2.5.2 Activated Carbon Filtration
Activated carbon filtration is a widely applied method in water treatment to remove
PFAS from drinking water and granular activated carbon (GAC) is one of the forms
[57]. GAC is currently the most commonly used technology for PFAS removal in
drinking water treatment plants in Sweden (Wanner, e-mail). In practice, GAC is
typically implemented as fixed-bed filters, often retrofitted into existing treatment
processes, which makes the method relatively easy to integrate into established
infrastructure. The method is widely used due to its relatively low operational
complexity and moderate energy requirements, making it suitable for large-scale
drinking water treatment applications. The purification process is primarily based
on adsorption, which means that dissolved substances in water bind to the surface
of a solid material [57]. GAC is particularly effective because of its high specific
surface area and extensive network of pores. This provides many adsorption sites
where contaminants, such as PFAS, can bind to the carbon surface. However, the
need for periodic replacement or regeneration of the carbon material represents an
important operational consideration, particularly in full-scale applications.

When water contaminated with PFAS passes through a filter containing activated
carbon, the process occurs in several steps [57]. First, PFAS molecules are trans-
ported from the water phase to the surface of the carbon particles through convection
and diffusion. As the molecules approach the carbon surface, the water velocity de-
creases, and a thin layer of nearly stagnant water forms around the particle, often
referred to as a boundary layer. When PFAS molecules reach this region, transport
instead occurs through diffusion, which is driven by concentration differences. Be-
cause PFAS are continuously adsorbed onto the carbon surface, the concentration
near the surface becomes lower than that in the surrounding water, creating a con-
centration gradient that drives PFAS molecules to move spontaneously toward the
carbon surface through random molecular motion. The direct energy demand for
this step is relatively low, although overall system performance depends on hydraulic
design and contact time.

Once the molecules reach the surface of the carbon particles, the next step occurs,
where PFAS diffuse into the pore structure of the carbon material, a process often
referred to as intraparticle diffusion [57]. As adsorption occurs within the pores,
additional molecules continue diffusing deeper into the material. As the molecules
move through the pores, they can interact with the pore walls, and if these interac-
tions are sufficiently strong, PFAS may become adsorbed onto the internal carbon
surface. In practical applications, multiple GAC filters are sometimes operated in
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series to improve removal efficiency and to better control breakthrough, which occurs
when the adsorption capacity of the carbon becomes exhausted (Wanner, e-post).

The efficiency of adsorption is, among other things, influenced by the structure of the
PFAS molecules [57]. In general, long-chain PFAS are adsorbed more effectively than
short-chain PFAS, because longer fluorinated carbon chains have stronger hydropho-
bic properties and therefore a greater affinity for the carbon surface. Short-chain
PFAS are more water-soluble and interact more weakly with activated carbon, mak-
ing them more difficult to remove using conventional carbon filtration technologies.
Under suitable conditions, GAC can achieve removal efficiencies from 92%-100%
for many PFAS [58], particularly long-chain compounds such as PFOS and PFOA.
However, short-chain PFAS, such as TFA, are removed significantly less efficiently,
which represents a key limitation of the method (Wanner, e-mail).

2.5.3 Membrane Filtration
Membrane filtration is an effective method to reduce PFAS concentrations in drink-
ing water [50, 59]. In this process, water is forced through a semi-permeable mem-
brane under pressure. The membrane allows water molecules to pass while retaining
dissolved contaminants such as PFAS. As a result, a permeate stream is produced,
while rejected contaminants remain in the retentate stream [60, 61].

There are two main membrane technologies used for the removal of PFAS, nanofiltra-
tion and reverse osmosis [60]. Both technologies rely on pressure-driven membranes.
The main differences are their separation efficiency and pore size, the microscopic
openings in the membrane that determine which molecules can pass through the
membrane [61]. In reverse osmosis, separation is mainly determined by a solution-
diffusion mechanism. Nanofiltration is mainly based on size exclusion. Reverse
osmosis membranes have a dense structure, a pore size of about 0.1-1 nm and re-
quire high operating pressures, usually between 10 and 100 bar. The method has
been shown to achieve very high PFAS rejection, often above 99% under favourable
conditions. Nanofiltration has a pore size about 0.5-2 nm and needs less pressure
and energy. Generally, the pressure is between 5 and 40 bar. Nanofiltration can
achieve high PFAS rejection, although performance varies depending on membrane
properties, water chemistry, and the type of PFAS present.

PFAS separation in membrane filtration is governed by several mechanisms, includ-
ing size exclusion, electrostatic repulsion, and solute–membrane interactions [59].
Size exclusion prevents larger molecules from passing through the membrane, while
electrostatic repulsion occurs because both the membrane surface and many PFAS
are negatively charged, reducing their transport through the membrane [60, 61]. In
addition, physicochemical interactions such as hydrophobic interactions, hydrogen
bonding, and dipole interactions can influence PFAS retention.

Membrane performance is further influenced by external factors such as water chem-
istry and operating conditions [50]. Parameters including pH, ionic strength, nat-
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ural organic matter, pressure, temperature, and water flux can affect membrane
properties and PFAS rejection [61]. Commercial nanofiltration and reverse osmosis
membranes are typically thin-film composite membranes with a selective polyamide
layer supported by additional layers for mechanical stability [59].

Despite their high removal efficiency, membrane processes do not destroy PFAS but
instead concentrate them in a waste stream that requires further management [61].
Membrane fouling, caused by the accumulation of substances on the membrane sur-
face or within its pores, can reduce both filtration rate and performance. In addition,
these systems often require high energy input, particularly in reverse osmosis. Mem-
brane filtration alone is therefore often insufficient for complete PFAS removal and is
commonly combined with other treatment methods to improve overall performance.

2.5.4 Foam Fractionation
Foam fractionation is another method that can be used for the removal or enrichment
of surface-active substances from water systems [62]. It can be used for removal of
proteins from wastewater after food processing, removal of dye from wastewater
after textile dyeing and removal of heavy metal ions from industrial wastewater.
Studies have also shown that foam fractionation also works to remove PFAS from
water systems. It is possible because PFAS have surface-active properties due to
their hydrophobic fluorinated chains and hydrophilic functional groups [63]. But
the method is not commonly implemented in municipal drinking water treatment in
Sweden, as it is primarily suited for highly contaminated water streams rather than
as a standard purification step [48, 52].

Foam fractionation is a separation method where air bubbles are introduced into a
liquid [62]. This creates numerous air-liquid interfaces and due to thermodynamic
interactions, hydrophobic and surface-active compounds, it can absorb into these
bubble surfaces. A foam at the surface will start to form when the film surround-
ing the rising air bubble has a low enough energy to become stable. The stability
of the foam is influenced by processes such as drainage of liquid films separating
the bubbles, gas diffusion between bubbles and bubble coalescence. The foam is
then collected above the foam-liquid interface and collapsed to produce a concen-
trated liquid stream. The remaining liquid becomes depleted of the surface-active
compounds and can be discharged or continue to other processes.

Foam fractionation has been shown to be a relatively simple and cost-effective
method for PFAS removal [63]. However, several limitations remain. The method
is more effective for long-chain PFAS, while the removal of short-chain compounds
are limited [64]. To enhance the removal of short-chain PFAS, the addition of co-
factors may be applied [63]. This could influence both operational conditions and
environmental considerations. In addition, most studies on foam fractionation have
been conducted at relatively high PFAS concentrations. The concentrations used
are higher than the concentration in drinking water. The method also does not de-
grade PFAS but instead concentrates them in a foam phase, which requires further
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treatment. Furthermore, the performance of the method is influenced by the water
composition and operational conditions. This makes it more difficult to achieve sta-
ble and reliable performance in full-scale drinking water treatment system. These
factors contribute to why foam fractionation is not used as a standard method for
municipal drinking water purification.

2.6 Emerging Techniques for Water Treatment
In addition to conventional treatment methods, a range of emerging technologies
are being developed to address the limitations of current systems. These approaches
aim to improve removal efficiency (especially for short-chain PFAS), reduce energy
consumption, and destroy PFAS rather than just concentrate them (Wanner, e-
post). Some of the most promising methods are plasma, biobased, photochemical
and electrochemical water treatment.

Plasma-based treatment does not refer to a single technology but rather to a group
of advanced oxidation-like processes in which different plasma generation techniques
are used to produce reactive species capable of degrading PFAS. The process is based
on the generation of highly reactive species, such as electrons, radicals, and ions,
which can break the strong carbon–fluorine bonds characteristic of PFAS compounds
[65, 66, 67]. Through these reactions, PFAS molecules can undergo degradation via
mechanisms such as electron transfer, bond cleavage, and defluorination. Biologi-
cal treatment involves enzymes and microorganisms capable of cleaving the strong
carbon-fluorine bond and removing fluorine atoms by oxygenation (oxidation) or
gaining electrons (reduction), thus allowing further enzymatic breakdown of the
remaining molecular structure [68].

Photochemical degradation of PFAS uses light, usually UV, in combination with
photocatalysts to break the strong carbon–fluorine bonds in PFAS [69]. The method
works by activating a catalyst, often a metal oxide, with UV or visible light [70].
When the catalyst is irradiated, electrons are excited, leading to the formation of
electron–hole pairs that drive subsequent chemical reactions. Dissolved oxygen is
reduced by taking electrons to form superoxide radicals, while water is oxidized by
the positive holes to produce hydroxyl radicals. These reactive species can degrade
organic contaminants, such as PFAS, by attacking their chemical bonds. PFAS are
then broken down stepwise, with long-chain compounds first degraded to short-chain
intermediates, which are subsequently mineralized into end products such as carbon
dioxide, fluoride, and hydrogen fluoride.

Electrochemical treatment focuses on the destructive degradation of these highly
persistent compounds through electrically driven reactions. According to Salman
Farissi, postdoctoral researcher at Department of Mechanical Engineering at Chalmers
University of Technology (personal communication, 31 March 2026), the process
involves applying the electric current between submerged electrodes, typically con-
sisting of an anode and a cathode, within contaminated water. To ensure sufficient
electrical conductivity, a supporting electrolyte is often added to the water sample.
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At the anode, strong oxidative species such as hydroxyl radicals are generated, which
react with PFAS molecules and break them down into smaller constituents, including
carbon dioxide and fluoride ions. The efficiency of the process is strongly influenced
by the choice of electrode material, with advanced materials such as coated titanium
or boron-doped diamond offering enhanced reactivity and stability. Due to its ability
to transform PFAS at the molecular level, electrochemical treatment is considered
a promising approach, although it is still under development and faces challenges
related to energy requirements, material costs, and large-scale implementation.
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Methods

This study is conducted as a literature review. This method is used to collect and
summarize existing scientific knowledge on the transfer of PFAS from mother to
child, the potential health effects associated with early-life exposure, drinking water
as an important exposure route, water purification methods, risk assessment and
regulatory limits. A literature based approach was chosen to provide a structured
overview of current research and to identify knowledge gaps within the field. Al-
though PFAS exposure occurs through multiple pathways, including diet, consumer
products, and indoor environments, drinking water is considered a particularly im-
portant exposure route due to its continuous consumption and limited individual
control. This study therefore focuses on drinking water as a key pathway, while
acknowledging that total PFAS exposure is influenced by multiple sources. The ge-
ographical focus is on Sweden, particulary in relation to water treatment methods,
drinking water quality and regulatory limits. International studies are included to
provide a broader scientific context. PFAS research is continuously developing with
new data being generated by researchers and authorities. The conclusions of this
study therefore, reflect the current state of knowledge at the time of writing and
may change in the future as new knowledge emerges.

The aim of the project is considered achieved if the literature review provides a
clear and structured overview of how PFAS are transferred from mother to child
and the potential developmental effects of early-life exposure. These are examined
in relation to drinking water as an important exposure source, including regulatory
limits and water treatment methods in Sweden, based on relevant scientific studies.

3.1 Literature Search and Selection
To collect scientific knowledge, articles were collected through searches in established
databases such as PubMed, Google Scholar, Web of Science as well as through
databases on Chalmers University of Technology library. A limitation of the study
is that not all relevant studies may have been included, as the literature search was
not fully systematic. Multiple databases were used to reduce the risk of selection
bias. To find suitable articles on the topic, relevant keywords such as "PFAS",
"per- and polyfluoroalkyl substances," "exposure", "early life exposure", "placental
transfer", "maternal transfer", "breastfeeding", "water treatment", "regulatory limits"
and "health effects" were used. Synonyms of keywords were also used to ensure a

21



3. Methods

thoroughgoing search. Titles and abstracts were initially read first to understand
the relevance before full-text articles were reviewed. Studies not relevant to the
research aim were excluded. Peer-reviewed articles were prioritized to ensure the
quality of the information. The selected studies were reviewed and compared to
identify common findings, differences between studies and knowledge gaps. Non-
peer-reviewed sources, such as reports and webpages from authorities, universities,
and relevant organizations, were included when they provided useful information.
Literature published mainly from 2018 onward was prioritized. Publications before
the year 2018 were included when they provided foundational information, historical
context or established methods and definitions relevant to the study. Authority and
regulatory sources were selected based on the most recent available versions. In
total, 82 articles were included in the thesis.

3.2 Interviews
In addition to the literature review, relevant experts were contacted to gain con-
textual understanding and clarify specific aspects of PFAS exposure, transfer mech-
anisms and water treatment strategies. Five interviews were conducted with re-
searchers and professionals in Sweden working within relevant fields. The selection
of academic experts was based on previously reviewed literature and the authors of
key studies, as well as recommendations.

The interviews were carried out through either digital meeting platforms or e-mails.
The interview sessions on digital meeting platforms were conducted with one or two
participants from the project group. The questions were adapted to each interviewee
depending on their specific expertise, for example in toxicology, water treatment
or transfer from mother to child. The questions were distributed in advance. A
compilation of the interview questions can be found in the appendix. Notes and
recordings were used to document the interviews and the information was then
analyzed to identify what should be included in the study. All participants were
informed about the purpose of the study and agreed that their names or companies
could be mentioned in the thesis.

3.3 Experimental Demonstration
To complement the literature review, a laboratory visit was conducted with Salman
Farissi. During this session, the experimental setup and procedures of a method
that removes PFAS from water were presented and explained. The purpose of this
observation was to provide a deeper understanding. No primary data were collected
to be a part of this study. The observation only served as a complementary learning
activity to support the interpretation of the literature.
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3.4 Use of Artificial Intelligence
AI has been used as a supportive instrument throughout the project. It has been
used to verify whether images are permitted for use in the thesis, to make the front-
page image, to assist with LaTeX commands, to transcribe the conducted interviews
and to summarize scientific sources at the beginning of the work to gain an initial
overview of research papers more efficiently. Its use has been approached with
caution. AI has also been used for language corrections and translating text from
Swedish to English. All translations were carefully reviewed to ensure accuracy.
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4
Results and Discussion

This chapter examines key aspects of PFAS, including treatment technologies, health
effects, and regulatory framework. In addition to literature-based analysis, the chap-
ter also includes a laboratory demonstration of electrochemical oxidation, provid-
ing practical insight into PFAS treatment processes. First, the demonstration is
presented, followed by a discussion of the challenges associated with conventional
treatment methods and an overview of emerging alternative technologies. This is
followed by an analysis of health effects associated with early-life exposure to PFAS,
and the section concludes with a discussion of current guideline values and regulatory
challenges.

4.1 Laboratory Demonstration of Electrochemi-
cal Oxidation

The authors of this study had the opportunity to observe a laboratory demonstra-
tion at the Department of Industrial and Materials Science at Chalmers Univer-
sity of Technology. The session provided insight into the practical implementation
of electrochemical oxidation for the treatment of PFAS-contaminated water. This
demonstration illustrated the fundamental principle of electrochemical treatment,
where contaminated water is exposed to an applied electric current through elec-
trodes. The system consisted of an anode and a cathode placed in a solution. The
anode was a titanium plate coated with catalytic metals, while the cathode was
made of stainless steel. The coated titanium electrode seen in Figure 4.1 is specifi-
cally designed to enhance electrochemical activity compared to uncoated titanium,
thereby improving PFAS degradation efficiency.
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Figure 4.1: Uncoated titanium plate (left) and coated titanium plate (right).

In the experimental setup shown in Figure 4.2, both electrodes were immersed in
PFAS-containing water and a low current was applied. To ensure sufficient con-
ductivity of the solution, sodium sulfate was added as a supporting electrolyte. A
magnetic stirrer was used to maintain continuous mixing during the operation. Un-
der these conditions, PFAS compounds are transported to the anode surface, where
they undergo oxidative degradation. This process can break down PFAS molecules
into smaller products, such as carbon dioxide and fluoride ions, rather than trans-
ferring them to another phase, as is the case with adsorption-based methods.

Figure 4.2: Laboratory setup used for electrochemical oxidation of PFAS-
contaminated water.

In literature, boron-doped diamond (BDD) electrodes are presented as a more ad-
vanced option, which can be seen in Figure 4.3 (left). BDD electrodes offer higher
stability, longer operational lifetimes and stronger oxidative capabilities. However,
these advantages come at a significantly higher cost, which currently limits their
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large-scale application. According to Salman Farissi, the process cost for BDD-
electrochemical treatment of long-chain PFAS is around 10 − 15 KWh · m−3 with
above 99% removal efficiency. Based on the average electricity price in the SE3
electricity zone in Sweden, which includes both Stockholm and Gothenburg [71],
the cost will be 5.5 − 7.7 SEK · m−3. Furthermore, Salman empathizes that the
cost for treatment of short-chain PFAS could be lower, but so will also the removal
efficiency (60-70%). To address this limitation, mixed metal oxide electrodes such as
catalytic metal oxide coated titanium, shown in Figure 4.3 (right), can bring down
the process and production costs that are associated with the BDD-electrochemical
process while also showing improved treatment of short-chain PFAS. This is possi-
ble due to the low current requirement for the new material to degrade the PFAS,
making the electrochemical process affordable overall. The newly synthesized elec-
trode material is reusable more than ten times, making it durable and stable. The
large-scale application requires pilot scale studies, which are going on at the lab.
This demonstration highlighted the importance of the choice of electrode material.

Figure 4.3: Boron-doped diamond (BDD) plate after multiple treatment cycles
(left). Coated titanium electrode after multiple treatment cycles (right).

4.2 Limitations for Conventional PFAS Treatments
and Emerging Alternatives

Despite the widespread use of conventional treatment methods such as ion exchange,
activated carbon filtration and membrane filtration, there are several limitations in
the removal of PFAS from drinking water. As drinking water can constitute an
important exposure pathway, particularly for women of reproductive age [37], im-
proving treatment efficiency may also contribute to reducing maternal body burdens
and subsequent transfer to the fetus and infant. As a result, there is a growing need
for alternative treatment strategies that not only remove PFAS from water but also
enable their degradation. In response to these limitations, several emerging treat-
ment technologies are currently being investigated (Wanner, e-mail).
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4.2.1 Conventional Treatments
The conventional methods primarily rely on adsorption and this leads to that the
PFAS are not destroyed but rather collected [68]. As a result, additional handling
and disposal of contaminated materials are required and this remains a significant
challenge (Wanner, e-mail). There is a risk that the PFAS-containing waste is merely
transferred and potentially reintroduced into another environmental compartment
instead of being removed and destroyed. In Sweden, this challenge is further empha-
sized by the limited treatment capacity, as only one approved facility is currently
available for PFAS contaminated waste treatment (Barkman, personal communi-
cation), creating a bottleneck in safe disposal. Furthermore, reliance on a single
treatment facility may increase the vulnerability of the national waste management
system and highlights the need for expanded treatment capacity, robust monitoring
systems, and improved destruction technologies. In addition, the effectiveness of
these methods can vary depending on PFAS properties, such as chain length.

Another limitation for conventional PFAS treatment methods is that the effective-
ness varies depending on the chain length. With an increasing use and environmental
release of short-chain there is a growing need for treatment methods capable of re-
moving both long- and short-chain compounds. Conventional methods such as GAC
and foam fractionation show lower removal efficiency when it comes to short-chain
PFAS. In the case of foam fractionation, the addition of co-surfactants is often re-
quired to improve the removal efficiency [62]. This leads to higher operational costs
and may introduce potential environmental concerns. Whereas ion exchange and
membrane filtration perform better [55, 59]. However, these methods are associ-
ated with other limitations such as sensitivity to water composition, high energy
input and limited lifetime, highlighting that no single conventional method provides
a complete solution. The increasing replacement of long-chain PFAS with short-
chain alternatives further complicates treatment, as these compounds are generally
more mobile and less responsive to conventional removal methods. This creates a
mismatch between evolving contamination patterns and the capabilities of existing
technologies.

In addition, the performance of both foam fractionation and ion exchange can be
significantly influenced by the water composition [63, 56]. The presence of natural
organic matter, competing ions such as sulphate and nitrate and other dissolved
substances can interfere with treatment processes and this reduces the overall re-
moval performance and introduces variability between different water sources. As
a result, methods that perform well under controlled conditions may show lower
and less predictable efficiency in real-world applications, highlighting a limitation in
their robustness. For ion exchange, these effects can lead to that the resins must be
replaced or regenerated, which in turn produces a secondary waste stream rich with
PFAS [55]. Similar challenges, that material has a limited lifetime are observed for
membrane filtration and GAC [60, 57]. Membranes can become fouled over time,
while activated carbon gradually loses adsorption capacity and requires replacement
or regeneration. At high contamination levels, this may substantially increase opera-
tional costs, energy demand and material consumption. In addition, these processes
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generate PFAS containing residuals that require further management. The handling
of such secondary waste introduces a risk of PFAS being redistributed into other
environmental compartments, rather than being permanently removed. This high-
lights a fundamental limitation of conventional treatment methods, as they require
continuous management and do not provide long-term solutions to PFAS contami-
nations.

These limitations highlight the need for alternative treatment approaches that not
only remove PFAS from water but also enable their effective degradation. As a
result, several emerging technologies are currently being investigated as potential
solutions to overcome the shortcomings of conventional methods.

4.2.2 Electrochemical Treatment

Electrochemical PFAS treatment shows strong potential, but several key challenges
limit its scalability and application in the real world. Most studies are conducted
under simplified laboratory conditions, whereas real contaminated wastewater and
groundwater typically contain competing ions and organic matter [72]. Low conduc-
tivity in water reduces ion transport and increases electrical resistance, and compet-
ing species can interfere with PFAS adsorption and oxidation, reducing treatment
performance. The electrodes used also impact treatment efficiency. High-performing
materials like BDD are effective but expensive, while cheaper alternatives can have
lower activity or degrade over time. In addition, electrode fouling and surface degra-
dation during operation can further reduce performance and require maintenance or
replacement. Electrode properties strongly influence PFAS adsorption and reaction
rates that ideally would be optimized for different water conditions.

Significant technical and economic constraints remain unsolved. Electrochemical
treatment often requires substantial energy input, which can lead to high operational
costs, particularly at low PFAS concentrations, and applying laboratory set-ups to
real world water treatment systems is still challenging [72]. Furthermore, limitations
in mass transfer can reduce treatment efficiency in larger-scale systems by slowing
down the transport of PFAS molecules through the water to the reactive electrode
surfaces where degradation occurs [73]. As a result, the overall reaction rate may be
controlled not by the electrode’s reactivity, but by how quickly PFAS compounds
can reach the surface, an effect that becomes more pronounced in systems with
larger volumes, insufficient mixing, or longer transport distances. In addition, there
is a lack of comprehensive data on long-term performance and economic feasibility.

Despite these challenges, electrochemical treatment offers a significant advantage
over many conventional methods, as it enables the degradation of PFAS rather
than merely transferring contaminants to another phase [72]. As a result, consider-
able efforts have been made to overcome these limitations and bring the technology
closer to practical application. This approach, often referred to as electrochemi-
cal advanced oxidation processes (EAOP), is now gradually being implemented and
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commercialized for real wastewater applications by several companies around the
world [74]. One example being the German company PFASuiki that uses EAOP
for PFAS destruction [75]. While different companies use different electrode ma-
terials, catalysts, and reactor designs, the underlying concept is largely the same:
applying electrochemical reactions to oxidize and degrade PFAS compounds in con-
taminated water [74]. The further development and spread of this can potentially
provide a more effective and sustainable solution for PFAS removal. Its development
and implementation demonstrate strong potential for addressing the growing public
health concerns associated with PFAS contamination, particularly for vulnerable
populations such as pregnant women and individuals exposed during early stages of
life.

4.2.3 Plasma Water Treatment

Experimental studies have demonstrated that plasma treatment can achieve high
degradation efficiencies, up to 90%, under controlled laboratory conditions, particu-
larly for long-chain PFAS [65, 66]. However, these results should be interpreted with
caution, as treatment efficiency appears to decline substantially in complex water
matrices such as drinking water and wastewater, where competing substances limit
the interaction between reactive species and PFAS. This suggest that laboratory
performance may not be directly transferable to real world applications.

Despite its promising degradation potential, plasma-based treatment also faces sev-
eral important limitations. One major challenge is that PFAS are not always fully
mineralized, meaning that they are not completely broken down into harmless end
products. Instead, transformation products and shorter-chain PFAS may be formed
during treatment, which remain persistent and may still pose environmental or
health concerns [65, 66]. In the context of prevention strategies, this is particularly
relevant, as incomplete destruction may reduce contamination levels without elimi-
nating exposure risks entirely. Furthermore, the process is energy-intensive and cur-
rently remains largely limited to laboratory scale applications. Consequently, while
plasma-based technologies represent a promising future option, substantial technical
development and full-scale validation are required before they can be considered a
reliable large-scale solution.

4.2.4 Biological Treatment

Biological treatment offers several advantages as a potential method for PFAS re-
moval [68]. It is considered an environmentally friendly and cost-effective method
that can be applied in situ using naturally occurring biological agents. This reduces
the need for energy-intensive processes and minimizes disturbance to the surround-
ing environment. However, despite these advantages, significant limitations remain
that restricts its broader applicability. Biological treatment is currently limited to
laboratory-scale applications. Experimental studies have been able to show that
the removal efficiencies range from approximately 32% to 75%, these results are

30



4. Results and Discussion

depending on the microorganism used and the specific PFAS compound. This vari-
ation in the removal efficiency indicates that the performance of the method is not
consistent, making it unreliable.

The removal efficiency is also influenced by the duration of the treatment process,
however, the relationship is not always linear [68]. This implies that extending the
treatment time does not necessarily result in a higher efficiency rate. The slow
degradation in biological treatment further reduces its overall effectiveness. This
method has primarily been investigated for compounds such as PFOA and PFOS,
but complete degradation is rarely achieved due to high chemical stability of PFAS,
which may result in the formation of intermediate products. Moreover, it has also
been seen that when using biological treatment in water with high concentrations
the biotransformation rate is reduced due to the chemical toxicity. This suggest that
the method becomes even less effective under conditions where contamination levels
are high. Considering that biological treatment already exhibits lower efficiency
rate compared to other methods, its performance may be further reduced in such
environments. Finally, the available information regarding the biodegredation of
PFAS using bacteria and fungi is limited, contributing to the uncertainty surronding
the method. Consequently, its effectiveness, feasibility and applicability at larger
scales remain uncertain.

4.2.5 Photochemical Treatment

Photochemical methods with photocatalysis have demonstrated high removal effi-
ciencies under controlled conditions [69]. For example, metal oxide–based photocat-
alysts have achieved a degradation of 98% of PFOA and a degradation of 95,5% of
PFOS, highlighting the strong oxidative potential of these systems. However, de-
spite these promising results, complete mineralization is often not achieved. Instead,
long-chain PFAS are frequently transformed into short-chain intermediates, such as
PFBA and PFPeA, which are more mobile, persistent, and resistant to further
degradation. Such changes in PFAS composition reduce overall treatment effective-
ness and increase the risk of environmental dispersion, particularly in groundwater
systems [69].

Beyond incomplete degradation, several practical and technical constraints limit
large-scale application. The efficiency of photochemical processes is highly depen-
dent on water chemistry, as dissolved oxygen, natural organic matter (NOM), and
inorganic ions such as nitrates can act as radical scavengers, reducing treatment
performance [70]. Consequently, pre-treatment steps, including removal of organic
matter or adjustment of chemical conditions, are often required, increasing both
complexity and cost. Although advanced systems, such as UV/persulfate and photo-
Fenton processes, can enhance the degradation of PFAS and improve mineralization
rates, they may also lead to the formation of fluorinated transformation products
[69]. These include short-chain perfluoroalkyl acids and other intermediate com-
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pounds, some of which may be more persistent, mobile or potentially toxic, partic-
ularly when formed through secondary reactions within the water matrix.

Scalability represents an additional major challenge for photochemical treatment.
Many photocatalysts require UV light due to their wide bandgaps, meaning that
only high-energy radiation can activate the catalyst [70]. This dependence on UV
irradiation increases energy demand and limits the feasibility of natural sunlight in
large-scale applications. In addition, photocatalysts may gradually lose activity as
a result of surface fouling and accumulation of reaction intermediates, which block
active sites and alter the catalyst structure. As a result, periodic regeneration is
necessary, often involving additional chemical or energy input, further increasing op-
erational costs and system complexity [69]. In general, photochemical methods offer
strong oxidative capacity for the degradation of PFAS, but remain largely limited
to laboratory and pilot scales due to challenges related to by-product formation,
energy demand, and catalyst stability [70].

4.2.6 Comparative Assessment of Emerging Technologies
All emerging PFAS treatment technologies demonstrate strong degradation potential
under controlled laboratory conditions, but differ significantly in efficiency, robust-
ness, and scalability. Biological treatment is the most environmentally sustainable
and energy-efficient option, but its low degradation rates, variability, and limited
maturity make it less suitable for near-term large-scale implementation [68]. Pho-
tochemical methods demonstrate very high degradation efficiencies under optimized
conditions but are strongly constrained by water matrix sensitivity, light dependency
and catalyst deactivation [69]. Plasma-based treatment can achieve rapid and high
removal efficiencies, but its high energy consumption and incomplete mineralization
issues reduce its near-term applicability [65, 66, 67].

Electrochemical treatment appears to be the most balanced technology, combining
relatively high and controllable degradation efficiency with greater robustness in
complex water matrices. In addition, it has a clearer pathway toward integration
into existing water treatment infrastructure compared to other emerging methods.
However, challenges related to energy demand, electrode stability, and mass trans-
fer need to be addressed [73]. Overall, electrochemical treatment represents the
most promising approach for future development, while plasma and photochemical
methods may be suitable for specific applications, and biobased treatment remains
a long-term sustainable option requiring further fundamental research.

4.2.7 Common Issues and Future Research Needs
Despite their differences, all emerging PFAS treatment technologies share several
common limitations. Most methods are currently restricted to laboratory or pilot-
scale studies, and their performance under real-world conditions remains insuffi-
ciently validated [65, 68, 69, 72]. In complex water matrices, competing ions and
natural organic matter can significantly reduce treatment efficiency across all tech-
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nologies. In addition, many processes suffer from incomplete mineralization, leading
to the formation of shorter-chain PFAS or other transformation products that may
remain persistent and environmentally mobile [66, 68, 69]. Energy demand is also a
key constraint for several methods, particularly electrochemical, plasma, and pho-
tochemical systems, which limits economic feasibility at scale [67, 70, 72]. Never-
theless, these technologies have demonstrated the technical ability to degrade PFAS
into smaller and potentially benign compounds, unlike conventional methods that
primarily transfer PFAS into concentrated waste streams requiring further handling
and disposal. Karthik Laxman Kunjali, Co-Founder and CEO of Stockholm Water
Technology (personal communication via e-mail, 20 March 2026) further emphasizes
that PFAS treatment should be viewed within the broader context of integrated
water treatment systems, since contaminated water often contains mixtures of pol-
lutants, including heavy metals, salts, bacteria, and organic compounds. According
to Kunjali, future breakthroughs will therefore likely depend on technologies capa-
ble of simultaneously address multiple contaminants while maintaining cost-effective
operation and minimizing pretreatment requirements. Future research should there-
fore focus on improving energy efficiency, enhancing treatment robustness, reducing
by-product formation, simplifying integration into existing treatment systems, and
advancing scale-up from laboratory to full-scale water treatment applications.
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Table 4.1: Emerging technologies [65, 66, 67, 68, 69, 70, 71, 72, 73, 76], (Farissi,
e-mail)

Method Biological
Treatment

Photochemical
Treatment

Plasma
Treatment

Electrochemical
Treatment

Principle Uses enzymes and
microorganisms
to break
fluorine–carbon
bonds

Uses
light-activated
catalysts to
generate reactive
radicals that
break
carbon–fluorine
bonds

Uses plasma to
generate highly
reactive species
(electrons,
radicals and ions)
that degrade
PFAS through
bond cleavage
and
defluorination

Application of
oxidation–
reduction
reactions in water
to break down
PFAS molecules
into smaller, less
harmful products.

Removal
efficiency

Between
32%–75%

Between
95.5%–98%

Laboratory
conditions: up to
>90%, reduced in
complex water
matrices

High in
laboratory
conditions,
reduced in
complex water
matrices

PFAS
Target

PFOA and PFOS PFOA and PFOS PFOA and PFOS Both long- and
short-chain PFAS

Advantages Environmentally
friendly,
cost-effective and
can be applied in
situ

Environmentally
friendly, highly
effective for
long-chain PFAS,
flexible and
tunable, can be
combined with
other treatments
and has potential
for in situ
application

Capable of
degrading PFAS
rather than
separating them,
effective for
strong C–F bond
cleavage, no need
for chemical
additives

Destroys PFAS,
potential for full
mineralization,
tunable through
electrode/mate-
rial design

Limitations Slow and
incomplete
degradation, low
and variable
efficiency, long
treatment time
and formation of
intermediates

Energy-intensive,
incomplete
mineralization,
limited
effectiveness for
short-chain
PFAS, sensitive
to water matrix,
catalyst
deactivation and
high operational
costs

Energy-intensive,
incomplete
mineralization,
formation of
transformation
products, reduced
efficiency in
complex water
matrices, limited
performance for
short-chain PFAS

High energy
demand, sensitive
to water matrix
(ions, organic
matter),
expensive,
requires
conductive water
(electrolyte
addition)

Approximate
cost (for
long-chain)

Under
development –
cost not yet
established

6.68 −
7.2 SEK · m−3

9.2 SEK · m−3 5.5 −
7.7 SEK · m−3

Development
stage

Laboratory scale Laboratory and
pilot scale

Laboratory scale Laboratory to
early pilot scale
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In addition to the technical challenges associated with PFAS removal, there are
difficulties in establishing health-based guideline values and regulatory limits.

4.3 Varying Guideline Values and Regulatory Lim-
its

A key challenge in PFAS risk management is the difference between health-based
guidance values and regulatory limits in drinking water. EFSA has established
a tolerable weekly intake of 4.4 ng/kg body weight per week [43]. However, the
legally binding limits in the EU drinking water directive (100 ng/L for PFAS20)
are much higher than what would be expected based only on EFSA´s health-based
assessment. This gap reflects the complexity of translating scientific evidence into
policy. Regulatory limits are not based exclusively on toxicological data but also take
into account technical feasibility, analytical limitations and economic considerations.
As a result, there may be a gap between what is considered biologically safe and
what is achievable in water treatment systems.

National regulations further illustrate this variation. Denmark has implemented an
even stricter limit of 2 ng/L for the same compounds as Swedens limitations [45].
Both Swedens and Denmark’s limits are substantially lower than the regulations in
EU and are more aligned with EFSA´s health-based recommendations, indicating
a more precautionary approach. The stricter Danish limit raises questions about
whether the Swedish limit is sufficiently protective, particularly for vulnerable pop-
ulations such as pregnant women and infants. Öberg underlines that guideline values
for PFAS in drinking water are derived by linking observed effects in human blood to
estimated daily intake levels, followed by back-calculation to acceptable concentra-
tions in drinking water based on assumed consumption rates. He notes that national
limit values not only reflect on toxicological evidence but also policy decisions re-
garding how much of total PFAS exposure should be attributed to drinking water.
While he means that current limits are considered protective to a large extent, he
points out that they are not fully protective for all population groups. For example,
highly exposed individuals, particularly children, may still exceed recommended in-
take levels even when drinking water meets existing standards. This may increase
the risk of adverse developmental and immunological effects.

Although current assessments by the Swedish Food Agency indicate that TFA does
not bioaccumulate in the human body and is not considered to pose health risks [47],
Öberg emphasizes that this does not necessarily imply that TFA poses no risk, par-
ticularly under continuous exposure conditions. He means that continuous exposure
to TFA, may still result in relatively stable concentrations in the body. Further-
more, TFA is highly persistent, mobile in the environment and originates from mul-
tiple precursor substances, which makes long-term exposure difficult to control [17].
Ultrashort-chain PFAS such as TFA are also characterized by high water solubility
and environmental mobility. This raises concerns that current risk assessments may
underestimate the potential health implications of such compounds.
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An additional challenge identified by Öberg concerns the limitations of current risk
assessment frameworks. He emphasizes that regulatory approaches remain largely
based on individual substances, even though human exposure occurs as complex
mixtures of many different PFAS, a challenge increasingly recognized in the scien-
tific literature [17, 43]. There are also significant knowledge gaps regarding new
and short-chain PFAS, as well as degradation products, which are not consistently
included in current regulations. Öberg further stresses that the ongoing shift from
long-chain to short-chain PFAS may not necessarily reduce health risks, but rather
replace well-studied compounds with less understood alternatives. Although short-
chain PFAS are generally less bioaccumulative and have shorter biological half-lives
than long-chain PFAS, studies have shown that half-lives tend to increase with
fluorinated chain length. In exposed individuals, estimated half-lives ranged from
approximately 44 days for short-chain PFBS to nearly 3 years for PFHxS and PFOS
after exposure to contaminated drinking water had ended [77]. Despite remaining
in the human body for a shorter time, short-chain PFAS are more mobile in the
environment and can persist in water systems [17]. This raises concerns that the
current transition may repeat earlier patterns, where substances initially considered
less harmful later prove to pose significant risks.

Taken together, these factors suggest that current regulatory frameworks may under-
estimate total PFAS exposure and indicate the need for adaptive regulatory frame-
works as new evidence becomes available. This further supports the argument that
PFAS regulation must address not only individual compounds, but also the broader
chemical group and its dynamic evolution over time. As discussed above, current
water purification methods have important limitations, and PFAS remains in the
Swedish municipal drinking water. This is particularly relevant for pregnant women,
fetuses and infants, as contiunues exposure may contribute to maternal body burden
and subsequent transfer during pregnancy and breastfeeding. This underlines the
importance of understanding the potential effects of PFAS exposure.

4.4 Effects of Early-Life PFAS Exposure
Annelise Blomberg, Associate Resercher in Environmental Exposure and Epidemi-
ologi at Lunds University (personal communication, 23 March 2026) provided valu-
able insights into the health impacts of PFAS on fetuses and children and the as-
sociated environmental exposure pathways. While several health outcomes have
been consistently linked to PFAS exposure, the relationship between exposure and
effect remains complex and, in many cases, difficult to interpret with certainty. The
most well-established associations include reduced birth weight and impaired im-
mune function, particularly reflected in decreased antibody responses to children’s
vaccinations [78]. Öberg emphasizes that there are indications of health effects even
at relatively low exposure levels, although it remains difficult to define what con-
stitutes “very low” exposure, since nearly all individuals already carry measurable
PFAS levels in their blood. According to Öberg, the strongest evidence concerns
the four PFAS included in EFSA’s assessment (PFOA, PFNA, PFHxS and PFOS),
where effects on the immune system, particularly reduced antibody response to vac-
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cination in children, have been observed at comparatively low serum concentrations.
He also notes that associations with increased blood lipid levels and reduced birth
weight have been reported, although uncertainties remain regarding causality and
effect thresholds. PFAS accumulation in placental tissue has also been associated
with pregnancy complications, suggesting that the placenta itself may represent a
target organ for PFAS toxicity [79], and emerging evidence also suggest that pre-
natal PFAS exposure may increase susceptibility to disease later in life [80]. This
illustrates that even low-level exposure may be biologically relevant, while the ex-
act dose–response relationships are still not fully understood. Blomberg explains
that these associations are primarily based on epidemiological studies, which iden-
tify correlations rather than direct causation. This distinction is crucial, as children
are simultaneously exposed to multiple environmental contaminants, making it chal-
lenging to isolate PFAS as the sole driver of observed health effects.

This difficulty is further emphasized by the nature of PFAS exposure itself. Indi-
viduals are rarely exposed to a single compound in isolation but rather to complex
mixtures of different PFAS, often alongside other pollutants [78]. Additionally, ex-
posure patterns tend to persist over time. For example, children with high prenatal
exposure are also likely to experience continued postnatal exposure through breast-
feeding and shared environmental sources, for example in areas with contaminated
drinking water, resulting in correlated exposure patterns across early developmen-
tal stages [28, 27, 19]. This makes it methodologically challenging to determine
whether specific developmental stages, such as in utero exposure versus early child-
hood, are more critical than others. Although frameworks such as the Developmental
Origins of Health and Disease (DOHaD) support the idea that early-life exposures
have long-term consequences, human data remains limited due to ethical constraints
and the long timeframes required to observe chronic outcomes. However, a recent
systematic review and meta-analysis reported associations between prenatal PFAS
exposure and adverse neurodevelopmental outcomes in children [81]. Recent cohort
studies have also reported associations between prenatal PFAS exposure, altered
thyroid hormone function, and reduced intelligence quotient (IQ) in children [82].

The distinction between long-chain and short-chain PFAS introduces another layer
of complexity to both scientific understanding and risk assessment (Blomberg, per-
sonal communication). Long-chain PFAS, such as PFOS and PFOA, are well studied
due to their persistence in the human body, with half-lives spanning several years.
Their tendency to bioaccumulate makes them easier to detect in human serum and
has allowed researchers to establish clearer associations with health outcomes. In
contrast, short-chain PFAS are more rapidly excreted and therefore less likely to
accumulate to detectable levels in the body. While this has sometimes been inter-
preted as indicating lower risk, Blomberg and Öberg highlight that this assumption
is not scientifically supported. The apparent lack of evidence for short-chain PFAS
toxicity is largely a consequence of analytical and methodological limitations rather
than proof of safety.

One of the major challenges in PFAS research today is the difficulty in detecting
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and quantifying short-chain and emerging PFAS compounds. Unlike legacy PFAS,
which can be measured using targeted analytical methods, many newer compounds
require non-targeted approaches that are less precise and more uncertain (Blomberg,
personal communication).

The issue of PFAS lies not only in the documented effects of known compounds but
also in these substantial uncertainties. The persistence of PFAS in the environment,
combined with their widespread use and resistance to degradation [78], means that
exposure is ongoing and difficult to mitigate once contamination has occurred. Over-
all, the current state of knowledge suggests that PFAS exposure poses a meaningful
risk to children’s health, particularly during early developmental stages. However,
significant uncertainties remain regarding the severity of these risks, the relative im-
portance of different exposure pathways, and the effects of newer PFAS compounds.
Importantly, the absence of conclusive evidence for many emerging PFAS should
not be interpreted as evidence of safety. This combination of established harm and
unanswered questions makes PFAS a particularly challenging and urgent issue in
environmental health research today.

4.5 Societal and Ethical Considerations
Early-life exposure to PFAS represents a significant societal and ethical concern be-
cause it affects the most vulnerable populations, fetuses and infants, who cannot
control their exposure. Since PFAS can be transferred from mother to child during
pregnancy and breastfeeding, exposure occurs involuntarily and is shaped by envi-
ronmental conditions [8, 78]. This shifts responsibility from individuals to society,
including regulatory authorities and companies that use PFAS in their products.
The potential for long-term health effects, even at low exposure levels, makes PFAS
exposure a broader societal concern rather than solely an individual issue, particu-
larly due to the potential future healthcare burden. Since many PFAS compounds
remain insufficiently studied, particularly newer short-chain alternatives [2, 17], reg-
ulatory decisions often need to be made before complete toxicological evidence is
available. This poses an ethical dilemma for regulatory authorities, as waiting for
complete toxicological certainty may allow continued exposure to highly persistent
substances with potentially harmful long-term effects. Therefore, precautionary
approaches that prioritize early risk reduction may be important, especially when
exposure affects vulnerable groups such as pregnant women and infants. In addition,
PFAS contamination is often unevenly distributed, with some communities facing
higher exposure due to historical pollution or less risk-aware producers [78, 49]. This
raises issues of environmental justice and unequal protection.

The varying regulatory limits for PFAS in drinking water between different coun-
tries reflect differences in scientific interpretation, risk awareness, policy priorities,
and regulatory feasibility [1, 78]. These limits should not be understood as absolute
thresholds of safety, but rather as negotiated standards under uncertainty, where
levels below the set limits may still pose risks, particularly for sensitive groups. As
a result, differences in regulations can lead to unequal levels of protection across
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populations and may undermine public trust when regulatory authorities define and
communicate "safe" exposure levels inconsistently. From a societal perspective, this
highlights the need for transparent risk communication to the general public, contin-
uous investment in effective water treatment technologies, and thorough evaluation
of chemicals before they are introduced on a larger scale. Ultimately, reducing PFAS
exposure should be a shared societal responsibility involving regulatory authorities,
industry, and water utilities. Since PFAS are highly persistent and difficult to remove
once released into the environment, preventive measures aimed at limiting emissions
and contamination may be more effective than relying solely on remediation and risk
management after exposure has already occurred. Due to the potential for exposure
to continue across generations, current regulatory decisions may influence not only
present populations but also future generations.
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5
Conclusion

This literature review suggests that current treatment methods can meet existing
guideline values for PFAS in drinking water, but that these methods have signifi-
cant limitations, particularly for short-chain and ultrashort-chain PFAS. As more
research is conducted on these PFAS groups, it is likely that stricter restrictions will
be introduced in the future, which may be challenging to meet with current treat-
ment technologies. Furthermore, the analysis indicates a possible gap between what
is biologically safe and what is technically and economically feasible. The fact that
some countries, such as Sweden and particularly Denmark, have introduced stricter
national drinking water limits than those established under the EU Drinking Wa-
ter Directive underlines the uncertainty surrounding what constitutes sufficiently
protective exposure levels. Vulnerable groups, including fetuses and children, may
still be at risk of exceeding recommended exposure levels even when drinking water
complies with existing regulatory limits. Of particular concern is that early-life ex-
posure to PFAS has been associated with immunological and developmental effects,
with reduced antibody responses to childhood vaccinations being among the most
consistently reported findings. At the same time, current understanding is charac-
terized by significant uncertainties. The lack of data, especially for short-chain and
ultrashort-chain PFAS, should not be interpreted as evidence of low risk, but rather
as a limitation of current analytical and epidemiological methods.

In addition, current risk assessment and regulation remain mainly substance-specific,
despite human exposure occurring as complex mixtures. This may lead to an un-
derestimation of the overall risk. The ongoing shift from long-chain to short-chain
PFAS also poses a risk for so called "regrettable substitution", where less studied
compounds replace well-studied hazardous substances without sufficient evidence of
safety. Among the evaluated techniques, electrochemical oxidation appears partic-
ularly promising, as it has the potential to fully degrade PFAS, thereby minimizing
the generation of waste streams that require further treatment. EAOP has al-
ready been commercialized in several countries, further supporting its potential as
a promising technology that could be implemented more widely to reduce long-term
environmental and public health risks through drinking water, one of the largest
sources of PFAS exposure that consumers and vulnerable populations cannot avoid
through personal choice. However, this must be viewed in the context that no opti-
mal treatment method currently exists, since all available technologies have inherent
limitations related to energy consumption, operational costs, scalability, and inte-
gration into existing water treatment systems. Furthermore, future breakthroughs
will likely depend on treatment technologies capable of simultaneously addressing
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multiple contaminants while maintaining cost-effective operation in complex water
matrices. Overall, the study points to a need for both the development of more
efficient and economically feasible treatment solutions, alongside stricter and more
comprehensive regulatory approaches that consider PFAS as a group rather than as
individual compounds. In the long term, increased emphasis on source control may
be necessary to reduce environmental and human exposure, as complete degradation
of PFAS is likely to be resource-intensive and associated with high economic and
energy costs.
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A
Appendix 1

A.1 Interview Questions
This appendix presents the interviews conducted as part of this study. The purpose
of these interviews was to provide expert insights into PFAS-related challenges. The
interviewees represent a range of relevant professional fields. The interview questions
are presented below.

A.1.1 Philipp Wanner - Associate Professor in Contaminant
Hydrogeology at Gothenburg University

• Which technologies are currently used in Sweden to remove PFAS from drink-
ing water and how are they implemented in practice at water treatment plants?

• How effective are the commonly used PFAS removal technologies and what
are their limitations?

• How does the PFAS composition, for example short-chain vs long-chain PFAS,
influence the efficiency of different treatment methods?

• How does the composition of the raw water, such as the presence of natural
organic matter, competing ions or pH, affect the efficiency of PFAS removal?

• Why are PFAS particularly difficult to remove from drinking water compared
to other organic contaminants?

• What happens to the PFAS that are removed during the treatment process and
are there risks that the contamination problem is simply transferred elsewhere?

• Which emerging or developing technologies for PFAS removal are currently be-
ing researched and how promising do you consider them compared to existing
methods?

• Looking ahed, what are the biggest challenges and research gaps in PFAS
removal from drinking water and do you think current technologies will be
sufficient to meet future regulations?

A.1.2 Mattias Öberg - Associate Professor in Toxicology at
Karolinska Institutet

• Are there signs of effects even at very low exposure levels?
• How are guideline values for PFAS in drinking water established? Are current

limits sufficiently protective?
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A. Appendix 1

• How significant is contaminated drinking water as an exposure source for preg-
nant women and their fetuses compared to other exposure pathway?

• What are the major knowledge gaps regarding PFAS and health risks?
• What consequences might the shift to short-chain PFAS have from a toxico-

logical perspective?
• What is needed to improve PFAS risk assessments in the future?

A.1.3 Annelise Blomberg - Associate Resercher in Environ-
mental Exposure and Epidemiologi at Lunds Univer-
sity

• Based on your research, how important is drinking water as a source of PFAS
exposure compared with diet or consumer products?

• Which types of PFAS are most commonly detected in drinking water compared
with those detected in human blood or serum? Are legacy PFAS generally
found at lower concentrations today compared with short-chain PFAS that
are more widely used?

• How well do PFAS concentrations measured in blood or serum reflect actual
exposure from sources such as drinking water?

• Which health effects n children currently have the strongest evidence linking
them to early-life PFAS exposure?

• Are there particularly sensitive periods during pregnancy or early childhood
when PFAS exposure may have a greater impact?

• Do short-chain PFAS pose similar risks to fetal or child development as long-
chain PFAS?

• What are the biggest knowledge gaps regarding PFAS exposure and children’s
health?

A.1.4 Karthik Laxman Kunjali - Co-Founder and CEO of
Stockholm Water Technology

• Could you briefly explain your technology and how it works in practice?
• Do you currently work with PFAS in your solutions and if so, in what way?
• How does the composition of the raw water, for example organic matter, affect

how your technology performs or is applied?
• Do you see differences in how different types of PFAS, such as long- and short-

chain compounds, can be removed with your technology? Are there particular
challenges when it comes to short-chain PFAS?

• What would you say is the main limitation of current PFAS treatment? Is it
the technology, the cost or regulation?

• How are the contaminants that become concentrated during your process han-
dled after treatment?

• Which types of water sources do you see as being most affected by PFAS?
• How do you see your role evolving in the future of PFAS and water treatment

solutions?
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A.1.5 Kristin Barkman - Water and Environmental Consul-
tant at Sweco

• How does the composition of the raw water (e.g. organic matter) influence the
choice of treatment technology?

• How do you manage the PFAS concentrate that may remain after treatment?
• What role does Sweco typically have in PFAS projects? Is it mainly advisory

work, design of the treatment systems, or management of the entire process?
• Are there any promising research projects or pilot studies that you are cur-

rently following?
• What is the main limitation of current PFAS treatment: technology, cost, or

legislation?
• Are different treatment technologies selected based on the type of PFAS in-

volved? IS the choice based on whether the PFAS are long-chain or short-
chain? What are the limitations when it comes to removing short-chain PFAS?

• Which types of water sources (groundwater, surface water, private wells) are
most vulnerable?
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A.2 Table With Common Sources of PFAS
This appendix represents common sources of PFAS exposure for pregnant women
and children. The classification is based on a synthesis of literature on PFAS expo-
sure pathways in everyday life and should be interpreted as indicative rather than
complete, as exposure may vary depending on local contamination and individual
behaviour.
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Table A.1: Examples of common sources of PFAS exposure for mom and baby
[3, 33, 32, 47, 43, 38, 32, 78]

Category Examples Relevance for PFAS exposure

Drinking water Tap water, groundwater, surface
water

Continuous daily intake makes drinking water a
major exposure pathway, particularly in
contaminated areas.

Food (fish and seafood) Fish, shellfish, freshwater fish PFAS can bioaccumulate in aquatic food chains,
leading to higher concentrations in fish and
seafood, especially from contaminated waters.

Infant food Baby food, infant formula Important exposure pathway for infants, who
have higher intake per body weight and
increased susceptibility to PFAS exposure.

Processed foods Ready meals, fast food, packaged
snacks

May contribute to PFAS exposure through both
contaminated ingredients and contact with
PFAS-containing packaging material.

Food packaging Fast food wrappers, pizza boxes,
microwave popcorn bags,
grease-resistant paper and
cardboard

PFAS are used for grease resistance and may
migrate from packaging materials into food,
contributing to dietary exposure.

Animal products Meat, eggs, dairy products, liver PFAS bind to proteins and may be present in
animal-derived foods, contributing to dietary
exposure.

Indoor environment Household dust, treated carpets,
furniture

PFAS-containing materials can release particles
that accumulate in dust and may be ingested.

Beverages (other than
water)

Coffee, tea, soft drinks, juice and
other beverages

May contribute to PFAS exposure through
water used in production or contact with
packaging materials.

Cookware Non-stick cookware, e.g.
PTFE-coated pans

PFAS-related substances have historically been
used in coatings and may contribute to exposure,
particularly from older or damaged products.

Textiles Waterproof clothing,
stain-resistant fabrics, carpets,
upholstery

PFAS are used for water- and stain-repellent
properties and may contribute to indirect
exposure via dust and skin contact.

Consumer products Cosmetics, cleaning products,
personal care products

PFAS are used for performance properties such
as durability and water repellency and may lead
to dermal or indirect exposure.

Firefighting foams Aqueous film-forming foams
(AFFF)

Major historical source of environmental
contamination, particularly near airports and
military sites.

Plant-based foods Vegetables, fruits, root crops PFAS can be taken up from contaminated soil
and irrigation water, contributing to dietary
exposure, particularly in polluted areas.

Grains and cereals Wheat, rice, bread, cereals Generally contain lower PFAS concentrations,
but may contribute to background exposure due
to high consumption rates.
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