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Abstract

Per- and polyfluoroalkyl substances (PFAS) are a global concern due to their persistence,
ubiquity, and accumulation in living organisms. Found in soils, biosolids, water, and
the food chain, they pose health risks such as hormone disruption, immune damage,
reproductive issues, and cancer. Regulations mainly target older PFAS like PFOA and PFOS,
while many newer PFAS, including breakdown products, are poorly understood in terms
of distribution, behavior, and toxicity. To address this complex issue, this review offers a
detailed overview of human exposure to PFAS and their toxic effects. It highlights biosolids
as a key, understudied source of PFAS in the environment. The review also discusses
limitations of testing, missing long-term cleanup data, and regulatory issues that neglect
total exposure and vulnerable populations. Additionally, it evaluates, in the specific context
of biosolids management, the effectiveness, scalability, benefits, and drawbacks of various
treatment technologies, such as thermal processes (pyrolysis, incineration, smoldering
combustion), advanced oxidation, adsorption, hydrothermal liquefaction, and biological
degradation. This work combines environmental science, toxicology, and engineering to
outline PFAS management in biosolids and proposes a research and policy plan. Focusing
on regulating PFAS as a group, validating real-world results, and employing adaptable
treatment strategies underscores the need for a coordinated, science-based effort to reduce
PFAS risks worldwide.

Keywords: emerging PFAS; sludge; environmental contamination; PFAS treatment
technologies; toxicological effects; analytical challenges; class-based regulation

1. Introduction
Per- and polyfluoroalkyl substances (PFAS) are a large and varied group of synthetic

chemicals. They have been widely used since the mid-20th century in factories and con-
sumer products. Due to their resistance to heat, water, and oil, they are helpful in food
packaging, fabrics, firefighting foam, and non-stick coatings. However, this same stability
causes PFAS to persist in the environment for a very long time. This is why they are
called “forever chemicals” [1]. These substances are now recognized as persistent organic
pollutants (POPs) because they resist degradation, bioaccumulate in living organisms,
and disperse globally through air and water [2,3]. PFAS contamination has been detected
across diverse environmental compartments—including surface and groundwater, soils,
sediments, and even remote regions such as the Arctic [4–10]. Reported concentrations vary
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widely, from a few nanograms per liter (ng/L) in uncontaminated surface waters to over
10,000 ng/L in hotspots impacted by industrial discharges or firefighting activities [11–15].
In biosolids, levels can range from below 10 ng/g dry weight in background locations
to more than 500,000 ng/g in severely affected areas [16,17]. Such contamination raises
increasing concern for human and wildlife exposure. Research links PFAS to immune
system impairment, endocrine disruption, reproductive and developmental toxicity, liver
damage, and increased risk of certain cancers [10–12]. As a result, chemicals like perfluo-
rooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) are now included in the
Stockholm Convention on Persistent Organic Pollutants. This demonstrates that the global
community recognizes the threats they pose to the environment and health [13]. In Europe,
PFAS are now a significant concern for regulators. The European Union has implemented
laws to limit the presence of PFAS in water and industrial pollution. Examples include
the recast Drinking Water Directive (2020/2184) and the proposed PFAS restriction under
the REACH regulation [14,15]. Additionally, the European Food Safety Authority (EFSA)
has established very low limits for the safe weekly intake of PFAS. These limits account
for the long-term health risks associated with continuous exposure to PFAS [16]. However,
there are only a few specific regulations for PFAS in sewage sludge and biosolids. Sludge
from municipal and industrial wastewater treatment can contain high levels of PFAS and
related chemicals. This regulatory gap represents a significant shortcoming in current
environmental protection efforts [17,18].

In Romania, managing PFAS is still in the early stages. The country must adhere to
EU regulations, including those related to PFAS in drinking water and chemicals. However,
there are currently no national standards or limits for PFAS levels in biosolids, treated
sludge, or agricultural soils. Research on PFAS in Romania is limited, primarily focusing
on water, with limited studies on PFAS in wastewater treatment plants (WWTPs) or solid
waste. As a result, awareness and the technical capacity to monitor PFAS in sludge are
limited, which could delay efforts to protect the environment and public health.

This review aims to provide a comprehensive overview of what we currently know
about PFAS in sewage sludge and biosolids. It covers how we detect and measure these
substances, their global presence, relevant regulations, and their environmental impacts.
The review examines the behavior of PFAS in biosolids, outlines sample preparation and
testing methodologies, and describes their environmental fate when biosolids are discarded
or reused, such as through land application or incineration. It also compares regulatory
approaches across multiple countries, including those in Europe, and highlights Romania’s
current regulatory position. The review identifies challenges and offers suggestions for
improving future regulations. Its primary goal is to gather essential scientific and regulatory
information to better manage the risks associated with PFAS in sludge. Additionally, it
emphasizes the importance for Romania to develop precise monitoring, treatment, and
regulation strategies. Overall, this review helps us understand the issues that PFAS pose
in Romania and supports Europe’s broader goal of achieving a sustainable and non-toxic
circular economy.

2. Analytical Methods for PFAS Detection in Sludge
2.1. Methodology for Screening the Relevant Literature

To ensure a comprehensive and unbiased synthesis, the literature included in this
review was identified using a structured and reproducible search strategy. The primary
databases consulted were Web of Science, Scopus, and PubMed, covering the period from
January 2000 to December 2024. The search was supplemented with relevant regula-
tory reports and guidance documents from organizations such as the U.S. Environmental
Protection Agency (US EPA), the European Chemicals Agency (ECHA), and the Organisa-
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tion for Economic Co-operation and Development (OECD). A combination of keywords
and Boolean operators was applied, including terms such as “PFAS”, “per- and polyfluo-
roalkyl substances”, and “perfluorinated compounds”, combined with “biosolids”, “sewage
sludge”, or “wastewater sludge”, and further linked with “environmental contamination”,
“treatment technologies”, “toxicological effects”, “analytical methods”, “biodegradation”,
and “thermal remediation”. Additional records were retrieved through backward citation
tracking from the reference lists of highly cited and thematically relevant papers. Only
peer-reviewed journal articles, official technical reports, and regulatory guidelines were
considered, provided they directly addressed PFAS occurrence, fate, toxicity, monitoring,
or treatment in biosolids, sludge, or related environmental matrices. Articles were re-
quired to contain clear methodological descriptions and, where applicable, quantifiable
data. Conference abstracts without full-text availability, non-English publications, and
studies with insufficient methodological detail or unclear data reliability were excluded.
The initial search yielded approximately 1200 records. After title and abstract screening,
486 articles were selected for full-text review. Following the application of the inclusion
and exclusion criteria, 212 references were retained in the final synthesis. All sources were
critically evaluated for data quality, robustness of study design, and relevance to the scope
of this review.

2.2. PFAS Analysis in Sludge Matrices

Although PFAS have been extensively studied in aquatic environments, their detection
and measurement in sludge matrices remain significantly under-explored [19] (Table 1).
This gap in research is mainly due to the physicochemical interactions between PFAS and
the complex biological components in sludge. PFAS molecules tend to bind strongly with
extracellular polymeric substances (EPS), which are common in sludge and can hinder both
extraction efficiency and the accuracy of quantitative measurements [20]. To ensure accurate
PFAS analysis in sludge, it is crucial to adopt a thorough and detailed methodology that
covers all stages of the analytical process: from proper sample collection and preservation
to adequate preparation and sensitive instrumental detection [19,21,22]. This multi-step
approach is crucial for minimizing analytical errors and ensuring consistent results.

The initial phase involves meticulous sample collection methods designed to prevent
contamination and analyte loss. Sludge samples are typically collected using pre-cleaned,
non-reactive instruments and immediately placed in polyethylene or polypropylene con-
tainers. These materials are chosen for their minimal interaction with PFAS. In contrast,
glass and fluoropolymer-based materials are strictly avoided because they can absorb PFAS
or introduce background contamination that might affect the subsequent analysis [17].
To further minimize the risk of external contamination, all containers are typically pre-
rinsed with methanol and ultrapure water before use. After collection, the samples are
homogenized to ensure representativeness and are stored at a controlled temperature of
−20 ◦C. This storage condition has been shown to preserve PFAS stability for up to 90 days,
with minimal degradation or alteration, making it suitable for extended environmental
studies [23].

Before conducting instrumental analysis of the samples, it is crucial to extract PFAS
compounds from the sludge matrix efficiently. This extraction process involves several
pre-treatment steps, beginning with freeze-drying and mechanical grinding to achieve a
consistent dry weight basis. Typically, the maximum dry weight (dw) is limited to 0.5 g
to ensure uniformity and prevent excessive matrix loading [24,25]. Internal standards
solutions, which serve as references for quantification, are added to the samples either at
the midpoint of the calibration range or at concentrations 3–5 times higher than background
levels, depending on whether the sample is spiked [25]. However, simply adding internal
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standards is not sufficient for accurate quantification. It is essential to allow complete
equilibration of the internal standards with native PFAS present in the sample matrix
before or during extraction, to ensure that both behave similarly during subsequent ana-
lytical steps. Achieving this equilibration can be particularly challenging with complex,
hydrophobic, and “sticky” matrices such as dewatered wastewater treatment sludge, where
strong sorption of PFAS to solids may hinder uniform distribution of the internal standard.
Extended contact times, matrix homogenization, and optimized extraction protocols are
therefore recommended to improve equilibration efficiency and analytical accuracy. The
extraction phase typically uses a basic methanol solution as the solvent, which is applied
along with ultrasonication or homogenization to break down the sludge matrix and release
PFAS compounds. After extraction, the mixture is centrifuged to separate the supernatant,
which contains the target analytes. This step is widely recognized as an essential and
common technique for recovering PFAS from complex solid matrices such as sludge and
biosolids [26].

Considering the inherently non-selective nature of PFAS extraction techniques, it
is crucial to include a cleanup step to remove co-extracted matrix elements that could
interfere with detection. Various sorbents, such as octadecyl-bonded silica (C18), weak
anion exchange (WAX) resins, hydrophilic–lipophilic balance (HLB) cartridges, non-porous
graphitized carbon (ENVI-Carb), primary and secondary amine-functionalized silica (PSA),
and bare silica, have been used for this purpose [27–30]. These sorbents are used alone or in
combination, depending on the sample complexity and the analytical goals. Ozelcaglayan
et al. noted that using multiple sorbents together significantly improves matrix cleanup
efficiency and enhances analytical results [28]. Moreover, the study showed that reducing
the amount of sorbents—specifically, PSA and C18—from 1000 mg to 200 mg resulted in
much higher PFAS recoveries (rising from 40–100% to 80–180%). This is associated with
fewer PFAS binding to the sorbent, which improves elution efficiency.

The results highlight the necessity for approaches tailored to the specific characteristics
of sludge, as well as the importance of balancing the effectiveness of cleanup procedures
with the recovery of analytes [31,32]. Due to the complex nature of sludge matrices, such
optimization is essential to ensure reliable and consistent analysis of PFAS in environmental
monitoring and risk assessment [33].

Table 1. Sample preparation methods for PFAS in sludge.

Matrix Key Preparation Steps Notes Study

Sewage biosolids

Freeze-drying → Grinding → Spike
with standards → Methanol

extraction → Ultrasonication →
Centrifugation → Cleanup via mixed

sorbents (C18, WAX, PSA)

Combined sorbents improved
recovery; reducing the PSA/C18

amount increased efficiency
(40–100% → 80–180%).

[28]

Sediment/sludge
Basic-methanol extraction →

Ultrasonic bath → Graphitized
carbon cleanup

Developed for freeze-dried and
wet matrices; evaluated

recovery, MDLs, matrix effects.
[30]

Sewage sludge

Oven-drying → Pulverizing →
Ultrasonication with persulfate

(acid–microwave) → Focused on
degradation process, not cleanup

Tested ultrasonic and oxidative
methods; found ineffective for

PFAS destruction but
informative for treatment.

[31]

Sewage sludge Hydrothermal treatment →
Sampling → LC-MS/MS analysis

Provided complete PFAS
concentration profiles

before/after thermal treatment.
[32]
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2.3. Analytical Strategies for Identifying PFAS Compounds

Mass spectrometry (MS) has become a preferred and highly effective method for
identifying and quantifying PFAS compounds [34] (Table 2). Specifically, for ionic PFAS cat-
egories, including perfluorinated sulfonic acids (PFSAs) and perfluorinated carboxylic acids
(PFCAs), the combination of liquid chromatography with electrospray ionization–tandem
mass spectrometry (LC/(-)ESI-MS/MS) has demonstrated excellent results. This method,
which uses C18-based guard columns along with mobile phases suitable for these analytes,
achieves detection limits in the nanogram per liter range for aqueous extracts. In the context
of biosolids, these limits refer to the concentration measured in the final extract after sample
preparation, which typically corresponds to low nanograms per gram (dry weight) levels
in the original sludge matrix, depending on the extraction volume and sample mass used.
A typical injection volume of 2.0 µL is used in LC-MS/MS analyses [35–38]. For volatile,
semi-volatile, and neutral PFAS compounds, gas chromatography–mass spectrometry
(GC-MS) provides an alternative analytical approach [39]. Importantly, derivatization has
enabled the detection of some ionic PFAS, such as PFCAs, with GC-MS, which improves
separation efficiency and reduces the risk of contamination from the instruments, as noted
by Shen et al. [19]. Even with these benefits, GC-MS has not been widely adopted for PFAS
analysis. The method faces challenges due to its labor-intensive sample preparation, limited
suitability for non-ionic and volatile PFAS, and issues related to reproducibility [40,41].
Consequently, LC-MS/MS remains the primary technique used in PFAS analysis. Both
LC-MS/MS and GC-MS, despite their everyday use, experience similar limitations, includ-
ing high operational costs, complex methods, and a lack of capabilities for real-time or
in situ detection [42]. Additionally, traditional quantification methods struggle to detect
PFAS precursors (for instance, N-EtFOSA) and their transformation products, especially
when reference standards are unavailable or when analytical sensitivity is insufficient. Ac-
curately measuring PFAS in complex sludge matrices is further complicated by the limited
availability of isotopically labeled standards, which are essential for internal calibration.

To address these analytical constraints, there is an increasing demand for innovative
detection methods that facilitate high-throughput, precise, and thorough characterization
of PFAS. Subsequent research should focus on developing alternative or supplementary
techniques, including non-targeted screening methods, to enhance detection capabilities
and meet the evolving analytical requirements in environmental PFAS monitoring.

Table 2. Instrumental methods for PFAS analysis in sludge and environmental matrices.

Method Target PFAS Advantages Limitations References

LC-MS/MS Ionic PFAS (e.g., PFSA,
PFCA)

High sensitivity; widely used;
suitable for a broad range of

PFAS

Time consuming; costly;
limited for volatile/neutral

PFAS
[17,38,42,43]

GC-MS (with
derivatization)

Volatile, semi-volatile, and
some ionic PFAS

Better separation; reduced
contamination; and detection

of derivatized ionic PFAS

Requires derivatization; less
reproducible; limited

compound range
[40,44–46]

LC-HRMS
(High-Resolution MS)

PFAS and unknown
precursors

Non-targeted screening;
identification of unknown

compounds

Requires complex data
analysis; expensive

equipment
[47,48]

TOF-MS (Time-of-Flight
MS)

Precursors and
transformation products

High mass accuracy; ideal for
structure elucidation

Lower sensitivity for trace
quantification [49]

Orbitrap MS Emerging PFAS and
transformation products

Ultra-high resolution; suitable
for complex mixtures

High cost; specialized
expertise needed [50]

GCxGC-MS
(Two-dimensional GC) Volatile/neutral PFAS

Enhanced separation;
functional for complex

samples

Technically demanding; not
suitable for ionic PFAS [51]
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High-resolution mass spectrometry (HRMS) and non-targeted analysis are rapidly
expanding PFAS monitoring by enabling the identification of unknown PFAS and their
transformation products, which are often overlooked in targeted techniques. Using sus-
pect screening and fragment pattern matching, researchers have identified new PFAS
compounds in sludge from various wastewater treatment facilities [19]. However, these ad-
vanced methods require significant computational capabilities and expert analysis, limiting
their application to specialized laboratories. Although LC-MS/MS remains the primary
method for quantifying PFAS, its limitations—namely, reduced sensitivity for certain ana-
lytes, a restricted compound scope, and high operational cost—underscore the need for
complementary approaches such as electrochemical or optical detection methods to im-
prove accessibility and coverage in complex environmental matrices like biosolids. Passive
sampling methodologies, such as solid-phase microextraction (SPME) and the polar or-
ganic chemical integrative sampler (POCIS), offer an alternative means of assessing PFAS
presence by providing time-weighted average concentrations and reducing variability asso-
ciated with spot sampling [17]. While these techniques have shown promise for short-chain
PFAS detection in wastewater discharges and sludge-amended soils, their quantitative
applicability to the full range of PFAS in sewage sludge is uncertain due to matrix com-
plexity and sorbent selectivity. This limitation means passive sampling is better suited as a
screening or complementary tool rather than a standalone quantitative method for PFAS
in biosolids.

2.4. Challenges in Quantifying PFAS and Emerging Techniques

The measurement of per- and polyfluoroalkyl substances (PFAS) in sludge presents
a challenging and evolving issue, attributable to the variety of PFAS chemical structures,
their low concentrations in environmental samples, and the lack of uniform method-
ologies applicable to all types of compounds. Currently, established methods such as
liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) and gas
chromatography–mass spectrometry (GC-MS) are recognized as the standards for PFAS
detection and quantification [17,19]. Although these techniques offer excellent sensitivity
and selectivity, they encounter significant difficulties, particularly when applied to complex
matrices such as sewage sludge.

A significant challenge is the limited availability of isotopically labeled internal stan-
dards for numerous PFAS compounds. This complicates the quantification process and
introduces uncertainty into the results [17]. Furthermore, interference from organic materi-
als, proteins, and surfactants in sludge samples can either reduce or enhance ionization,
leading to less accurate measurements even when using advanced LC-MS/MS equip-
ment [52]. Not all PFAS can be detected directly through standard methods, especially
ultra-short-chain PFAS and neutral precursors, which may not be captured during extrac-
tion or elution [53,54]. To address these issues, new and alternative analytical methodolo-
gies are being explored. Electrochemical sensing methods have become popular due to
their portability, cost-effectiveness, and potential for on-site testing. However, their direct
applicability to complex biosolid matrices remains limited, as matrix interferences can
reduce specificity and sensitivity without extensive sample cleanup. Reported detection
limits as low as 0.03 ng/mL refer to aqueous standards or relatively clean extracts, not
raw sludge, and achieving similar performance in biosolid extracts would require addi-
tional pre-treatment steps such as filtration, dilution, or solid-phase extraction to minimize
background interference [52]. Although these methods are not yet standardized, their
adaptability and quick response make them attractive for practical field applications.

Optical sensors, including colorimetric and fluorometric techniques, have also at-
tracted interest. These sensors utilize specific molecular recognition components, such
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as molecularly imprinted polymers or host–guest systems, designed to bind with PFAS
compounds selectively. For instance, a fluorescence-based sensor developed with a β-
cyclodextrin-modified polymer matrix successfully identified PFHxA and PFOS at con-
centrations relevant to the environment. However, challenges such as cross-reactivity and
limited specificity for individual compounds persist [53,54].

3. Occurrence of PFAS in Sludge Matrices
3.1. Global PFAS Concentrations in Sewage Sludge

The worldwide occurrence of per- and polyfluoroalkyl substances (PFAS) in sewage
sludge, as shown in Table 3, underscores their widespread presence and persistent nature
in various regions worldwide. Variations in concentration levels reflect the influence of
local industrial activities, regulatory policies, analysis methods, and the specific PFAS
compounds examined.

In North America, particularly in Canada and the United States, the levels of PFAS
in biosolids vary widely. Research from Canada has recorded concentrations as high as
17,000 ng/g dry weight (DW), particularly for perfluorinated carboxylic acids (PFCAs), such
as PFHxA and PFOA, with an average fluorine load estimated at 1316 ng/g when measured
as elemental fluorine [55,56]. Conversely, more recent studies indicate lower concentration
ranges, from 4.93 to 92.6 ng/g DW, likely due to advancements in wastewater treatment and
shifts in industrial PFAS use [57]. Within the United States, extensive monitoring initiatives
have regularly identified PFOS and PFOA as the primary PFAS compounds detected in
biosolids. Data from the National Sewage Sludge Survey estimated average PFOS levels at
around 402 ng/g dry weight (DW) [58]. Additional research has confirmed this distribution
pattern, showing consistent concentration levels for a group of eight PFCAs and four PFSAs,
with peak concentrations reaching nearly 22.5 ng/g DW [59]. However, more recent studies
have reported substantially higher PFAS concentrations, suggesting that localized sources,
variations in treatment processes, or changes in product use patterns may influence the
contaminant load in biosolids. This indicates an increasing influence of newly identified
PFAS on the overall environmental load. Total PFAS concentrations as high as 1650 ng/g
DW have been reported in biosolids from various wastewater treatment facilities [60,61].

Table 3. PFAS concentrations in sewage sludge at the global level.

Continent Country Period PFAS Type Concentration in
Sludge (ng/g DW) References

North America

Canada
2009–2010 13 PFAAs 2.1–17,000 [56]
2015–2016 11 PFAAs 1316 (as Fluor) [55]
2012–2017 22 PFAS 4.93–92.6 [57]

USA

2001 PFCAs, PFSAs 402 [58]
2005–2013 8 PFCAs, 4 PFSAs 22.5 [59]

2018 24 PFAS 195 [62]
2019 24 PFAS 16–204 [63]
2021 92 PFAS 182–1650 [60]
2022 40 PFAS 114–206 [61]
ON 24 PFAS 1–3200 [64]
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Table 3. Cont.

Continent Country Period PFAS Type Concentration in
Sludge (ng/g DW) References

Europe

Germany 2008–2013 11 PFAAs >500,000 [65]
2010–2016 PFOA, PFOS 702 [66]

Sweden 2004–2017 79 PFAS 50–1124 [67]
France 1976–2017 42 PFAS 220 [68]
Spain 2011 8 PFAAs <0.01–287 [69]

Greece 2009–2010 18 PFAS <0.26–237.2 [70]

Denmark 2017
73 PFAS 142 [71]

PFOA, PFNA, PFDA,
PFOS 0.4–34.1 [72]

Finland 2017 73 PFAS 129 [71]
Sweden 2017 73 PFAS 102 [71]
Norway 2017 73 PFAS 75 [71]

Italy 2018 PFOA, PFOS 2.5–22.4 [36]
Switzerland 2008–2011 PFAAs 4–2480 [73]
Netherlands 2008–2011 PFBA, PFOS 0.8–2440 [73]

Asia

S. Korea 2010 15 PFAS 0.8–1400 [74]

China
2011 C3–C14 PFAAs 126–809 [75]
2010 PFHxA, PFOS 0.35–135 [76]

Singapore 2006–2007 PFOA, PFOS 6.5–702.2 [77]
Thailand 2009 10 PFAAs 1534.5 [78]

Hong Kong 2008 19 PFAS 18.7–7466.2 [79]

Africa
Nigeria 2012 7 PFCAs, 3 PFSAs 0.01–0.597 [80]
Kenya 2013 10 PFAAs 0.098–0.683 [81]

Oceania Australia
2014 9 PFAAs 5.2–150 [82]
2018 44 PFAS 4.2–910 [35]

In Europe, Germany has documented some of the highest concentrations of PFAS in
sewage sludge, with levels exceeding 500,000 ng/g dry weight (DW), mainly consisting
of PFOS and PFOA [65]. These exceptionally high values have been linked to historical
industrial activities, particularly in textile and paper manufacturing, as well as the ex-
tensive past use of PFAS-containing firefighting foams at military and civilian training
facilities. Furthermore, legacy contamination from poorly regulated industrial discharges
prior to stricter European Union directives may have contributed to the substantial PFAS
accumulation observed in these sludge samples. Switzerland reported perfluoroalkyl acids
(PFAAs) with concentrations reaching up to 2480 ng/g DW [73]. Additionally, Germany
again recorded PFOA and PFOS levels over 700 ng/g DW [66]. Moderate levels of PFAS
have been found in Sweden and other Nordic countries. In Sweden, concentrations reached
1124 ng/g DW, involving a total of 79 PFAS compounds, with precursors like diPAPs and
FTCAs making up a significant portion [67]. Similar levels were observed in Denmark and
Finland, with total PFAS ranging from 75 to 142 ng/g DW [71]. In Southern Europe, PFAS
concentrations in biosolids varied widely. In Spain, levels ranged from 0.21 to 920 ng/g
DW, depending on the compound and sampling site [69]. Italy recorded PFOS levels up to
22.4 ng/g DW [36], while Greece also showed moderate concentrations [70].

Asian nations show notable differences in PFAS levels in sewage sludge. Notably,
South Korea and Thailand reported some of the highest concentrations in the region, with
Thailand displaying levels of 1534.5 ng/g dry weight (DW) and PFOS levels often reaching
553 ng/g DW [78]. In Hong Kong, PFAS concentrations ranged from 18.7 to 7466.2 ng/g
DW, highlighting the effects of intense urbanization and industrial discharge [79]. Sewage
sludge from China showed concentrations of up to 809 ng/g DW for various perfluoroalkyl
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acids (PFAAs), suggesting substantial PFAS inputs into wastewater treatment systems [75].
While such high levels point to notable contamination sources, they do not directly confirm
the extent of PFAS occurrence in surrounding environmental compartments without cor-
roborating evidence from soil, water, and biota monitoring. Singapore recorded moderate
PFOS levels, ranging from 30.7 to 702.2 ng/g DW [77]. Conversely, data from India are
limited; however, current findings suggest that the unregulated use of PFAS has led to
environmental pollution across various contexts [83,84].

In countries across Africa, the levels of PFAS found in sewage sludge are generally
lower than in some other regions, but they can still be detected. Specifically, in Nigeria,
concentrations have been recorded between 0.01 and 0.597 ng/g of dry weight (DW), with
PFOS being the most commonly identified type [80]. In Kenya, researchers discovered that
levels of PFHxA and PFOS ranged from 0.1 to 0.67 ng/g DW, indicating that even areas
with minimal industrial activity are experiencing PFAS pollution [81]. This information is
essential, as it highlights areas where data about PFAS are limited. In Oceania, Australia
has compiled one of the most extensive collections of PFAS data about biosolids. Reports
indicate concentrations ranging from 4.2 to 910 ng/g DW, as analyses have considered up to
44 different PFAS compounds [35,82]. These comprehensive monitoring efforts emphasize
the need for a broad analytical approach to effectively understand the complex issues
surrounding PFAS contamination in treated sludge.

Throughout the studies analyzed, PFOS and PFOA continue to be the most frequently
identified compounds, reflecting their long-standing use and persistence. Simultaneously,
new PFAS types, particularly shorter-chain alternatives and polymeric precursors, are
being increasingly discovered [60,68]. Variations in concentration are influenced not only
by local industrial activities but also by differences in analytical methods, enforcement of
regulations, and treatment technologies. The notably high levels found in sludges from
Europe and North America raise concerns about environmental impacts and bioaccumula-
tion risks, particularly when biosolids are applied in agriculture. The consistent presence
of PFAS across all continents indicates their widespread distribution and durability. These
findings underscore the importance of coordinated monitoring efforts and the need for
stronger international regulations regarding PFAS releases and biosolids management.

3.2. Factors Influencing PFAS Concentrations in Sewage Sludge

In the studies reviewed, PFOS and PFOA are the most frequently identified com-
pounds, a pattern that reflects their historical use and production. However, there is a
growing presence of newer PFAS, especially short-chain alternatives and polymeric precur-
sors [60,68]. Variations in concentrations are influenced not only by the industrial profiles
of different regions but also by differences in analytical methods, regulatory enforcement,
and treatment technologies (Figure 1). The notably high levels found in sludges from
Europe and North America raise concerns about environmental impact and the potential
for bioaccumulation, mainly when biosolids are used in agriculture.

The worldwide presence of per- and polyfluoroalkyl substances (PFAS) in sewage
sludge shows considerable variation, which can be linked to differences in country-specific
regulations, treatment methods, and local patterns of PFAS use in products. Regulations
and bans on specific PFAS, such as PFOS and PFOA, vary significantly between countries,
resulting in inconsistent environmental impacts in biosolids [85]. For example, while
some nations have implemented strict regulations through agreements like the Stockholm
Convention, others permit the unrestricted use of PFAS or fail to monitor their levels in
waste streams adequately. In addition to national policies, the design and operational
conditions of wastewater treatment plants (WWTPs) are also essential factors influencing
PFAS levels in sludge. Biological treatment systems with longer hydraulic retention times
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and higher operational temperatures tend to facilitate the conversion of PFAS precursors
into final perfluoroalkyl acids [56]. This means that the same initial PFAS concentrations
can result in different sludge burdens, depending on the operational characteristics of the
treatment plant.

Figure 1. Key factors influencing PFAS concentrations in sewage sludge.

The specific technique used for sludge treatment is another key factor influencing
PFAS levels in biosolids. A comparative study found that processes such as thermal
treatment and composting resulted in higher PFAS concentrations in the sludge, while
thermal hydrolysis had a minimal impact on PFAS retention [86]. This indicates that
although treatment technologies can alter the sludge matrix, the primary level of PFAS
is primarily determined by the incoming load from industrial and household sources.
Supporting this, another study provided strong evidence on how treatment methods, such
as anaerobic digestion and belt press dewatering, affect PFAS levels [87]. The research
showed that the total PFAS load (Σ92PFAS) in untreated sludge dropped by 65% after
anaerobic digestion and mechanical water removal. However, when heat drying was added
after anaerobic digestion, PFAS levels increased by a factor of two. This can be explained
by the process: while belt press dewatering physically removes PFAS with the water,
heat drying retains and may concentrate PFAS in the dried sludge because of precursor
conversion during heating.

This transformation of precursors caused by thermal conditions has been observed
in studies involving hydrothermal treatment. Research indicates that heating sludge to
165 ◦C increases the extractable levels of perfluoroalkyl and polyfluoroalkyl substances
(PFASs). While a complete breakdown of perfluoroalkyl carboxylic acids (PFCAs) occurs at
300 ◦C, concentrations of perfluoroalkyl sulfonic acids (PFSAs) tend to rise under similar
conditions [88]. Adding calcium hydroxide (Ca(OH)2) during high-temperature treat-
ment enhances the removal of PFAA precursors and PFSAs; however, compounds like
PFHpA and PFHxS remain, emphasizing the difficulty of entirely removing PFAS, even
with advanced thermal methods [88]. The chemical and biological properties of sludge
greatly influence the distribution and retention of PFAS. Factors such as pH, ionic strength,
and organic matter content significantly impact the behavior of PFAS in sludge environ-
ments [89]. Higher sorption occurs at pH levels between 6 and 8, with acidic conditions
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promoting adsorption due to lower negative charges on sludge particles. These results
align with previous studies, which have shown improved PFAS retention under lower pH
conditions [90]. Additionally, the presence of divalent cations can increase PFAS sorption
through electrostatic bridging, where positively charged ions link anionic PFAS molecules
to negatively charged sludge surfaces [89,91]. This process is essential for PFAS with longer
fluorinated carbon chains. In particular, sulfonic acids (PFSAs) generally exhibit greater
sorption than PFCAs of similar chain lengths, mainly because of higher molecular weights
and hydrophobic properties [89,92].

It is essential to recognize that PFAS found in sludge are not only those released into
the wastewater system but may also include transformation products formed within the
wastewater treatment plant (WWTP). The activity of microbes and enzymes, especially
in aerobic environments, promotes the oxidation of precursors, such as fluorotelomer
alcohols (FTOHs), into terminal compounds, including PFCAs [85,93]. Similarly, substances
like N-ethyl perfluorooctane sulfonamidoethanol (N-EtFOSE) can be biotransformed into
PFOS, further increasing the PFAS load in biosolids [94]. Once absorbed into the sludge
phase, PFAS exhibit significant persistence due to their chemical stability, tendency to bind
with organic matter, and resistance to biological degradation. Their affinity for solids,
particularly those rich in protein content, results from their hydrophobic and low-volatility
properties [73,95]. Unfortunately, conventional wastewater treatment processes are not
effective in removing these substances. As a result, sludge becomes a concentrated reservoir
for PFAS, containing both primary compounds and degradation by-products [73,90].

The disparities in PFAS concentrations in biosolids observed across various global
studies can be attributed to a range of factors, such as national regulations, sources of input,
the design of WWTPs, methods of sludge treatment, and the physicochemical properties
of sludge. A comprehensive understanding of these interconnected factors is essential
for formulating effective mitigation strategies, particularly as biosolids are increasingly
repurposed in agricultural activities and land reclamation, which offer potential avenues
for the reintroduction of PFAS into ecosystems and the food chain.

3.3. PFAS Fate and Pathways via Sludge Management

Once per- and polyfluoroalkyl substances (PFAS) are captured within sewage sludge,
their environmental impacts can extend far beyond wastewater treatment plants (WWTPs)
due to the standard methods used for sludge disposal and management. These methods
include incineration, landfilling, and applying sludge to agricultural land, with the latter
two being the most widely used globally [96] (Figure 2). Unfortunately, both disposal
methods pose significant risks to the environment, especially in terms of the mobilization
and spread of PFAS compounds into air, soil, and water systems. Of particular concern
are the short-chain PFAS (C4–C8), which have increased mobility and are more likely to
volatilize compared to longer-chain types. Once volatilized, these chemicals can move into
nearby environmental systems through atmospheric transport, leading to their infiltration
into surface waters, soil, and groundwater [97].

During the biological treatment stages of WWTPs, particularly during aeration, the
likelihood of PFAS volatilization increases. An example is perfluorobutanoic acid (PFBA),
which was detected at atmospheric concentrations of 116 pg/m3 after aeration, showing a
1.6-fold increase compared to levels in both the primary and secondary clarifiers [97]. This
highlights the risk of PFAS being released directly from the treatment process itself, even
before the sludge undergoes further disposal.
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Figure 2. Airborne PFAS concentration ranges (pg/m3) detected at various stages and locations
associated with wastewater treatment and sludge disposal processes.

Further supporting this pathway for atmospheric emissions, research by Hamid and Li
revealed that PFAS concentrations in the air around wastewater treatment plants (WWTPs)
were 1.5 to 15 times higher than in similar locations without WWTP emissions [98]. This
variation suggests that WWTPs can be widespread sources of PFAS in the atmosphere,
contributing to regional air pollution. In addition to biological treatment processes, the
incineration and disposal of PFAS-containing sludge also play a significant role in envi-
ronmental distribution. A detailed 2016 study from Tianjin, China, documented airborne
PFAS levels ranging from 400 to 1121 pg/m3 at incineration facilities and from 674 to
19,262 pg/m3 at landfills. These levels were found to be 2–3 times and 7–10 times higher,
respectively, compared to upstream background monitoring sites [99]. These notable fig-
ures highlight the intense release and emission of PFAS during waste treatment at high
temperatures and landfill decomposition. Once released into the atmosphere, PFAS can
undergo photodegradation or be transported over long distances, leading to their accumu-
lation in remote or pristine areas [98]. This phenomenon challenges the traditional view
that PFAS pollution is limited to areas near WWTPs or industrial sites, emphasizing the
transboundary and globally persistent nature of PFAS emissions.

In landfill environments, PFAS trapped in biosolids are also vulnerable to leaching
into the surrounding environment over time. This process facilitates their transfer into
leachate, which, in many cases, is sent back to wastewater treatment plants (WWTPs) for
further processing. Such practices inadvertently create a cycle of contamination, where
PFAS are reintroduced into the treatment system, further entrenching them in the sludge
and extending their persistence in the environment [99]. Evidence supporting this feed-
back loop has been observed in various countries. For example, a study from Australia
reported total PFAS levels in landfill leachate ranging from 1068 to 6878 ng/L, with perflu-
orohexanoic acid (PFHxA) being the most common compound, detected at levels between
450 and 2700 ng/L [100]. Similar findings have been documented in the United States
and China, underscoring the global significance of landfill leachate as a conduit for PFAS
contamination.

The relationship among WWTPs, biosolids, landfills, and airborne releases highlights
the complex nature of PFAS cycling in the environment. The continuous reintroduction of
PFAS into various environmental sectors, combined with their chemical durability, renders
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current containment and cleanup strategies less effective. Therefore, it is crucial to develop
integrated waste management methods and specialized PFAS treatment technologies to
break this cycle and reduce long-term environmental and health impacts.

4. Regulatory Landscape for PFAS in Sludge
4.1. International Regulations and Advisory Levels

The management of per- and polyfluoroalkyl substances (PFAS) in sewage sludge and
biosolids varies worldwide, highlighting a wide range of legislative actions addressing
this growing environmental concern (Table 4). Despite increasing awareness of PFAS’
persistence, buildup in living organisms, and harmful effects, most regulations focus mainly
on PFAS levels in drinking water and soil, while biosolids intended for land application
have received less attention.

On a global scale, the Stockholm Convention, endorsed by 152 nations since its
establishment in 2004, marks a significant step forward in regulating persistent organic
pollutants (POPs), including the addition of PFOS and later PFOA [101,102]. Although the
convention outlines international obligations, enforcement of regulations varies widely. In
the United States, the Environmental Protection Agency (USEPA) initially recommended
limits of 70 ng/L for PFOS and PFOA in drinking water from 2016 to 2022. Recently, these
thresholds have been lowered to 4 ng/L for both PFOS and PFOA and to 10 ng/L for
PFNA, PFHxS, and GenX, reflecting an emerging scientific consensus that even low levels
of PFAS exposure may pose health risks [103,104]. Canada proposed a drinking water
limit of 30 ng/L for a group of 30 PFAS compounds [104], while the European Union set a
threshold of 100 ng/L for 20 PFAS and an overall limit of 500 ng/L for total PFAS [105].
In contrast, China has established maximum allowable levels only for PFOS (40 ng/L)
and PFOA (80 ng/L) in drinking water [102]. Notably, despite increasing global concern,
transparent and enforceable standards for PFAS in biosolids are largely absent.

An analysis of international research and national guidelines reveals that many coun-
tries, including those in Asia, Africa, South America, and parts of Europe, lack regulatory
systems that specifically establish limits for PFAS in sewage sludge before disposal or
reuse in agriculture [85]. When such regulations exist, they are often specific to individual
states or serve as recommendations rather than mandatory standards. In the United States,
only a few states have established binding regulations for PFAS in biosolids. For instance,
Michigan requires remediation for biosolids containing PFOS at levels of ≥50 ng/g and
bans land application if levels exceed 125 ng/g. Similarly, New York State enforces com-
parable restrictions, with remediation thresholds at 20 ng/g for both PFOS and PFOA
and a ban level at 50 ng/g [106]. These limits are based on health risk assessments and
environmental monitoring, serving as temporary safeguards until more comprehensive
federal regulations are implemented. Maine has taken additional steps by creating one of
the most detailed PFAS regulatory frameworks at the state level in the U.S. In 2020, the
PFAS Task Force proposed strict screening levels: 5.2 µg/kg for PFOA, 2.5 µg/kg for PFOS,
and 1900 µg/kg for PFBS in biosolids. This proactive stance was prompted by widespread
PFAS contamination linked to the use of biosolids on agricultural land.

Germany, with a historical issue of land contamination related to PFAS, set a maximum
allowable concentration of 100 ng/g for PFOS and PFOA in soil and biosolids as early
as 2009 [85]. Similarly, Austria adopted the same standard for the reuse of biosolids. In
the United Kingdom, a limit of 46 ng/g for PFOS was established for sewage sludge.
The Netherlands has adopted a more cautious policy, setting soil limits at 2.3 ng/g for
PFOS and 0.9 ng/g for PFOA [107]. Other European examples include Denmark, which
set thresholds of 390 ng/g for PFOS and PFOSA, along with 1300 ng/g for PFOA. In
Sweden, the use of biosolid-amended soil is regulated based on specific applications, with
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limits of 3 µg/kg for residential gardens and up to 20 µg/kg for industrial zones. Canada
has established precautionary screening levels for soil, including a guideline of 10 µg/kg
for PFOS in agricultural soils, as recommended by the Canadian Council of Ministers
of the Environment [108]. Conversely, Australia has developed a more complex set of
thresholds within its End of Waste Code Biosolids policy, including limits of 10 µg/kg for
C9–C14 PFCAs, 1 µg/kg for perfluoroalkyl sulfonamides, and 4 µg/kg for both PFOA and
PFOS [109]. Nonetheless, the lack of a globally consistent regulatory framework for PFAS
in biosolids remains clear. Countries such as India, Singapore, China, Japan, and many
nations in South America and Africa do not have specific national standards for PFAS in
sewage sludge, despite scientific evidence showing their presence in waste streams from
these regions. As a result, the unregulated application of biosolids in agriculture poses a
quiet yet growing threat to both food security and environmental health.

The inconsistencies in regulations and the lack of universally recognized thresholds
highlight the urgent need for a unified international policy. Such a framework should
account for regional industrial profiles, wastewater treatment capabilities, and land use
practices. Since PFAS are persistent and can move through soil and groundwater, not
setting regulatory limits for biosolids continually risks environmental contamination.

Table 4. International regulations on PFAS in sewage sludge, biosolids, and soil fertilizers.

Country/Region Matrix Regulated
Compounds Limit/Advisory Level Reference

USA—Michigan Biosolids PFOS ≥50 ng/g: remediation
required [106]

USA—Michigan Biosolids PFOS ≥125 ng/g: land
application prohibited [106]

USA—New York Biosolids PFOA, PFOS ≥20 ng/g: remediation
required [106]

USA—New York Biosolids PFOA, PFOS ≥50 ng/g: land
application prohibited [106]

USA—Maine Biosolids PFBS, PFOS, PFOA PFBS: 1900 ng/g; PFOS:
5.2 ng/g; PFOA: 2.5 ng/g [110]

USA—Maine Biosolids General Land application banned [111]
Germany Biosolids/Soil PFOS + PFOA 100 ng/g [85]

UK Sewage Sludge PFOS 46 ng/g [112]
Austria Sewage Sludge PFOS + PFOA 100 ng/g [112]
Canada Agricultural Soil PFOS 10 ng/g [108]

Australia Soil (post-application) PFOA, PFOS 4 ng/g (each) [109]
Australia Soil (post-application) C9–C14 PFCAs 10 ng/g [109]

Netherlands Soil PFOS, PFOA PFOS: 0.9 µg/kg, PFOA:
0.8 µg/kg [107]

Denmark Soil PFOS 390 ng/g [113]
Denmark Soil PFOA 1300 ng/g [113]

4.2. PFAS Regulation in Romania: National Context

By 2025, Romania is expected to lack a specific national regulation that explicitly
addresses PFAS levels in sewage sludge, biosolids, or soil. Currently, the regulation of
PFAS in Romania follows the broader European Union framework, especially the EU
Drinking Water Directive (2020/2184) and the EU Chemicals Strategy for Sustainability
as part of the European Green Deal. These rules set maximum allowed concentrations
for some PFAS in drinking water, including 100 ng/L for the combined measurement of
20 PFAS compounds and 500 ng/L for total PFAS [15]. As an EU member, Romania must
adopt these directives into its national laws. Although Romania participates in EU-wide
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environmental monitoring efforts, there is a lack of published data on PFAS levels in
wastewater treatment plants, sludge, or farmland soils. The absence of national standards
for PFAS in biosolids or soils treated with fertilizers indicates a regulatory gap that could
prevent proactive environmental protection and risk mitigation. It is expected that Romania
will follow upcoming EU directives and the planned REACH restriction proposal, which
aims to ban the production, use, and import of most PFAS compounds within the EU.

So far, there are no official thresholds or requirements at the national level for remedi-
ating biosolids contaminated with PFAS. However, environmental authorities in Romania
are increasingly interested in addressing emerging contaminants, and investigations are
underway to assess the presence of PFAS in various ecological settings. Strong institutional
coordination and improved technical capabilities will be essential for Romania to develop
and implement its risk management framework for PFAS.

5. Environmental and Health Risks Related to PFAS in Biosolids
5.1. Risk of PFAS Uptake by Crops and Food Chain Contamination

Per- and polyfluoroalkyl substances (PFAS) are raising increasing concerns due to their
persistence in the environment and their ability to accumulate within the food chain. The
primary way humans are exposed is through consuming crops grown in soils contaminated
with PFAS, whether from the use of biosolids or proximity to industrial sites [114,115].
Recent studies have shown that PFAS buildup varies among different crop types, influenced
by environmental conditions and the specific traits of each plant species.

The concentration of PFAS in edible plant tissues varies significantly. In a field study
conducted in Flanders, Belgium, average total PFAS levels ranged from 1.55 ng/g wet
weight (ww) in leafy vegetables to 4.69 ng/g ww in legumes. These differences are related
to factors such as plant structure and physiological traits; for example, the absence of
Casparian strips in legumes allows for more efficient movement of PFAS from roots to
shoots [116,117]. Annual crops, such as leafy greens, legumes, and fruiting vegetables,
exhibited higher PFAS accumulation compared to perennial plants like fruit trees or wal-
nuts, likely due to their rapid growth, higher transpiration rates, and enhanced nutrient
uptake [118]. Among long-chain PFAS, certain compounds, such as PFUnDA, reached
higher concentrations in protein-rich crops like walnuts, where sorption is more likely
due to the hydrophobic nature and larger molecular weight of these substances [119,120].
Conversely, short-chain PFAS, including PFBA, PFPeA, PFHxA, and 4:2 FTS, were primarily
found in leafy and fruiting vegetables, consistent with their increased mobility in soil and
efficiency in xylem transport [121,122]. Root vegetables and shoot crops, on the other hand,
showed higher retention of long-chain PFAS, indicating these less mobile compounds tend
to accumulate more in underground tissues.

The risks associated with this buildup to human health are severe, particularly re-
garding dietary exposure. A recent evaluation of weekly PFAS intake from homegrown
vegetables and fruits grown near a fluorochemical plant found that, across all groups, the
estimated intake levels of PFHxS, PFOS, PFOA, and PFNA often went beyond the tolerable
weekly intake (TWI) of 4.4 ng/kg of body weight per week set by EFSA. For children aged
3 to 5 years, estimated consumption levels reached as high as 174 ng/kg of body weight
per week, with more than 95% of the gardens tested producing food that exceeded the TWI
limit [123]. When compared with the more lenient maximum tolerable risk (MTR) levels
established by the European Food Safety Authority (EFSA)—87.5 ng/kg of body weight
per week for PFOA and 43.8 ng/kg of body weight per week for PFOS—the PFAS intake
levels measured in some areas still went beyond these safety limits, indicating that eating
contaminated homegrown produce could pose a significant health risk [123,124].
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Internationally, comparable trends have been identified. Comprehensive review
regarding dietary intake (DI) and hazard ratios (HRs) associated with PFAS in both plant-
based and animal-based foods revealed that, in most situations, PFAS levels found in
vegetables and grains led to HR values falling below 1, indicating no immediate health
threat. However, in areas with significant environmental PFAS pollution—such as specific
regions in China—daily consumption of certain short-chain compounds like PFBA and
PFPeA often exceeded 20 ng/kg body weight/day, particularly among young children,
underscoring the importance of assessments that consider age-related exposure [125,126].
In contrast, products derived from animals, such as eggs and liver, were associated with
higher health risks. Eggs exhibited concentrations of PFOA exceeding 100 ng/g, while
levels of PFOS and PFBS ranged from 35 to 45 ng/g. Additionally, milk and cheese samples
revealed elevated PFOA levels, reaching up to 16 ng/g, although PFOS concentrations
were generally lower [127]. In some demographics, hazard ratio values for these food
items exceeded 1, signifying possible health risks, with peak values reaching as high as 11,
particularly in communities that rely on locally sourced animal products near sources of
contamination [128].

Consequently, foods of plant origin typically exhibit lower PFAS concentrations com-
pared to products of animal origin. Consumption of vegetables, fruits, and nuts—especially
those cultivated close to polluting sources—has the potential to exceed health-based rec-
ommendations. The results indicate that dietary intake of PFAS remains a significant
exposure pathway, and risk assessments should be tailored to specific crops and age groups.
These findings support the need for regulatory interventions, continuous monitoring, and
initiatives to raise public awareness about reducing PFAS-related health hazards.

5.2. Human Exposure Pathways via Soil, Air, and Water

Human exposure to per- and polyfluoroalkyl substances (PFAS) occurs through multi-
ple environmental pathways, including soil, air, water, and diet. In addition to drinking
water—which can be a major source in areas with documented contamination—food con-
sumption, especially of fish, shellfish, meat, and produce grown in contaminated soils
or irrigated with PFAS-impacted water, represents a significant exposure route in many
regions (Figure 3). While some case studies focus on highly contaminated drinking wa-
ter supplies, it is important to consider that in many countries, such as Sweden, PFAS
levels in water are relatively low, and dietary intake or other environmental exposures
may dominate the overall PFAS burden. Therefore, a comprehensive assessment of ex-
posure should integrate both high-contamination scenarios and more typical, lower-level
environmental and dietary contributions. These routes are interconnected and shaped
by both industrial operations and environmental changes [129,130]. There are notable
differences in PFAS levels worldwide in surface water, groundwater, and drinking water,
highlighting the unequal distribution of human exposure dangers (Table 5). Among the
highest documented concentrations are found in developed countries, with groundwater
levels of PFOS in Sweden reaching 42,200 ng/L and PFOA levels in the United States going
as high as 24,000 ng/L [131,132].

These concentrations significantly surpass existing health advisory standards and are
frequently associated with the historical application of firefighting foams and emissions
from industries producing fluorochemicals. Comparable contamination hotspots can
be observed in nations such as Germany, China, and Japan, where both surface and
groundwater pollution demonstrate a prolonged environmental accumulation [133–135].
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Figure 3. Representative pathways of human exposure to PFAS via environmental compartments.

Human exposure to PFOA and PFOS through drinking water remains a significant
concern, particularly in areas where the levels of these compounds exceed established
safety recommendations. For example, drinking water sources in Sweden have recorded
PFOS levels reaching as high as 8000 ng/L, which prompts significant health concerns [136].
In contrast, the lower concentrations observed in countries such as Canada or Singapore
might suggest either more efficient regulatory measures or insufficient contamination
data [137,138]. In general, this discrepancy highlights the critical need for comprehen-
sive monitoring and targeted interventions, particularly in high-risk areas where PFAS
contamination impacts drinking water resources.

Drinking water constitutes a primary pathway for PFAS exposure, particularly for
populations residing near contaminated sites, such as military installations or facilities
producing fluorochemicals. Instances of groundwater pollution have been extensively doc-
umented, occasionally revealing PFOS and PFOA levels that exceed established regulatory
limits. For example, in the United States, water supplies in affected regions have shown
PFOA concentrations reaching as high as 4300 ng/L [139]. In light of these findings, revised
advisory levels from the U. S. EPA now suggest a maximum allowable concentration of
4 ng/L for PFOA and PFOS in drinking water [140].

Soil and sediment serve as both storage areas and supplementary sources of PFAS
(Table 5). The durability of these chemicals allows for their prolonged presence in the
soil, particularly in areas where aqueous film-forming foams (AFFFs) have been used.
In Sweden, PFOA and PFOS have been identified in soil even decades after their initial
discharge, with concentrations reported as high as 8520 µg/kg of dry weight [130]. These
substances have the potential to leach into groundwater or be absorbed by crops, thereby
increasing exposure risks through the food chain.

Airborne exposure represents a significant, though less well-understood, mechanism
of contamination. PFAS can be released into the air through the evaporation of contami-
nated water, soil, or sludge, as well as from industrial emissions and other sources. Once
airborne, these PFAS compounds can travel considerable distances before settling, thereby
contributing to the widespread distribution of contamination. Research has identified the
presence of PFAS in indoor air and dust, especially within homes that utilize products
treated with PFAS [129]. Additionally, volatile precursors such as fluorotelomer alcohols
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(FTOHs) can be transported in the atmosphere and degrade into their final PFAS forms,
complicating the assessment of exposure.

Both wastewater and biosolids play roles in the environmental dispersal of PFAS.
Wastewater treatment plants (WWTPs) commonly process inflows contaminated with
PFAS, and conventional treatment methods are largely ineffective at eliminating these
substances, resulting in their continued presence in effluents and sludge. The application of
biosolids as fertilizer introduces PFAS into agricultural soils, where they may be taken up
by plants or leach into water sources [85,139]. In Australia, WWTPs are estimated to release
about 339 kg of PFAS each year, emphasizing the importance of wastewater as a significant
point source [130]. The cumulative effect of PFAS exposure through various environmental
pathways raises increasing concern, particularly since many individuals affected by this
contamination may be unaware of its persistence. The widespread presence of PFAS in
soil, water, and air—coupled with their strong environmental stability and resistance to
breakdown—promotes long-distance transport and accumulation. Furthermore, PFAS can
accumulate in living organisms across food chains, leading to enhanced human exposure
through the intake of contaminated water, crops, and animal products. These attributes
underscore the critical need for comprehensive risk management strategies, effective regu-
latory oversight, and integrated environmental monitoring systems that can track PFAS
sources, movement, and long-term health implications [129,130].

Table 5. Global PFAS concentrations in water matrices. Sampling contexts specify whether values
originate from nationwide monitoring programs, targeted hotspot investigations, or site-specific
contamination events, allowing better interpretation of extreme values.

Country Surface Water Groundwater Drinking Water
Sampling Context Ref.PFOA

(ng/L)
PFOS
(ng/L)

PFOA
(ng/L)

PFOS
(ng/L)

PFOA
(ng/L)

PFOS
(ng/L)

Italy 15.9 38.5 - - 1475 117 Monitoring near Lake Maggiore, influenced by
industrial/urban sources [141,142]

Spain 2.6 4.3 - - 29 140 Municipal drinking water survey as part of
multi-country study [143,144]

Germany 3640 193 160 8350 519 22 Fire training area contamination in Cologne, private
well sampling [133,145]

Sweden 522 2280 4470 42,200 100 8000 Sites near firefighting training areas,
biomonitoring study [131,136,146]

UK 370 17 230 208 263 130 National survey of PFOS, PFOA in
drinking/source waters [147]

Netherlands 2060 110 11.1 5 - - National groundwater/drinking water PFAS survey [148,149]

France 7 62 16 50 18 11 National screening of raw/treated tap water [150,151]

Ireland - - 96 1.3 1.8 7.1 Groundwater and landfill-impacted drinking water [138,152]

Greece - - - - 3.6 - Urban drinking water sampling [149]

China 223.8 30.2 2510 403 9.7 2.7 Near fluorochemical park and urban water sources [134,153,154]

Japan 360 97 1800 990 12 11 Urban and coastal water monitoring [135,155]

Korea 730 550 6.72 2.35 20.7 10.1 Post-leakage surveys, national water monitoring [156–158]

Philippines 8.4 2.9 - - 3 0.4 Urban drinking and source water sampling [159]

Thailand 10.7 1.3 34.96 25.88 16.5 6.3 Groundwater near waste sites, metropolitan tap water [159–161]

India 1.18 1.73 0.76 1.13 - - Urban drinking water sampling [83]

Vietnam 53.5 40.2 5.48 1.42 0.5 - National surface water survey [162]
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Table 5. Cont.

Country Surface Water Groundwater Drinking Water
Sampling Context Ref.PFOA

(ng/L)
PFOS
(ng/L)

PFOA
(ng/L)

PFOS
(ng/L)

PFOA
(ng/L)

PFOS
(ng/L)

Taiwan 68.9 61.2 40.3 76.8 - - Drinking water sources and groundwater in
urban areas [163,164]

Ghana 321.1 276.6 - - 190 168.3 River basin surface and tap water sampling [165]

Canada 21 15 3260 1450 7.6 5.9 Groundwater treatment and provincial surveys [137,166]

USA 11,000 1090 24,000 1600 4300 15 National survey of source and treated waters [132,139]

Australia 11 34 580 13,000 9.7 15.6 Surface/groundwater monitoring, flood impact study [167–169]

5.3. Toxicological Effects and Regulatory Implications

The widespread presence of PFAS in various environmental settings has caused
increased concern about their persistence, bioaccumulation, and toxic effects, with several
health outcomes standing out as particularly significant (Figure 4). Human exposure occurs
through contaminated food and water, inhalation of airborne particles, and skin contact,
with drinking water and diet often being the main exposure routes [133,170–173]. Once
inside the body, PFAS tend to build up in tissues because of their stability, resulting in long
biological half-lives.

 

Figure 4. Mechanism of PFAS toxicity.

Endocrine and metabolic disruptions are frequently reported in exposed populations,
including thyroid hormone imbalances, dyslipidemia, hyperuricemia, hypertension, and
obesity [81]. Prenatal lung damage via oxidative mechanisms has also been described [91].
Other adverse outcomes have been reported with different levels of evidence. These
include oxidative stress, DNA damage, apoptosis, and telomere shortening [172]; inter-
ference with gonadal development [173]; epigenetic alterations such as DNA methyla-
tion changes [174,175]; neurotoxic manifestations including behavioral changes, attention
deficits, and autism spectrum disorders associated with prenatal exposure [176,177]; and
disturbances of neurotransmitter function and synaptic interactions, since PFAS can cross
the blood–brain barrier [178,179].

Further evidence supports protein toxicity, with decreased vaccine antibody responses
and greater susceptibility to infections [180–183]. In males, PFAS interfere with steroid
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hormone production and spermatogenesis through mitochondrial and hormonal distur-
bances [184,185]. In females, irregular menstrual cycles, increased miscarriage risk, and
longer times to conceive have been reported [186–188]. Prenatal exposure to PFOA and
PFOS has been associated with restricted fetal growth, reduced birth weight, and devel-
opmental delays [189,190]. Additional concerns include decreased bone mineral density
and dental enamel defects in children [191–195]. Evidence also points to potential carcino-
genicity, with associations reported for cancers of the kidney, testis, and breast [196,197],
although some findings remain inconsistent [198]. Mechanistic studies suggest that PFAS
may influence tumor growth and epigenetic regulation [199].

Finally, mixture toxicity complicates risk assessment: PFAS may interact synergistically,
antagonistically, or additively. Predictive models such as CI-isobologram, Concentration
Addition (CA), Independent Action (IA), and Response Addition (RA) have been applied to
describe these interactions across species [200–202]. Comparative studies (Table 6) highlight
that co-exposures, particularly PFOS with other persistent pollutants such as methylmer-
cury and triclosan, can intensify toxic effects beyond those of individual compounds. For
example, the simultaneous exposure to PFOS and benzo[a]pyrene resulted in embryotoxic
effects and teratogenic outcomes in zebrafish embryos when examined using the CA and
IA models [203,204]. Similarly, PFOS, PFOA, and related substances exhibited complex
cytotoxic interactions in human liver cells (HepG2), with effects ranging from additive to
synergistic [127,205]. This highlights the importance of assessing PFAS within the context
of larger chemical mixtures rather than viewing them as individual entities. The range of
effects observed—including growth inhibition, neurotoxicity, and changes in metabolic
and reproductive health—illustrates the diverse impacts of PFAS across multiple organs
and systems. Therefore, the findings emphasize the need to incorporate mixture toxicity
models into future regulations, particularly when conducting environmental and human
health risk assessments [206].

Table 6. Effects of PFAS on aquatic and terrestrial organisms based on exposure concentration
and period.

Scheme PFAS Exposure (Concentration
and Time) Effects References

Caenorhabditis elegans PFOA 1.0 ng/L, 24 h

↑ Obesogenic effects; ↑ GPAT, FAS,
ACC, ACS; ↓ FAD, FATP, CPT; ↑
Triglyceride synthesis; ↑ MAPK,

PPAR signaling; ↓ TGF-β
signaling; ↑ Adipogenesis,

lipogenesis

[203]

Caenorhabditis elegans PFOS 0.25–25.0 µM, 72 h
↓ Gonadal development; ↓ Cell
proliferation; ↑ Cell apoptosis; ↑
DNA damage; ↑ ROS production

[173]

Zebrafish
(Danio rerio) PFOA 2 µM, 5 d ↑ Bdnf gene; ↓ Slco1d1, slco2b1,

tgfb1a; Behavioral effects [204]

BALB/c mice PFOA 0.31–20 mg/kg, 28 d
↓ Testicular weight; ↓ Sperm

quality; ↑ Germ cell deficiency; ↓
Testosterone and progesterone

[205]

Sprague-Dawley rats PFOS 1 mg/kg, 21 d ↑ Behavioral changes [206]

Exposure to per- and polyfluoroalkyl substances (PFAS) has been associated with
a range of neurotoxic effects, as demonstrated by both experimental and epidemiolog-
ical studies. Due to their lipophilic nature and small molecular size, certain PFAS can
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cross the blood–brain barrier and accumulate in the lipid-rich tissues of the central ner-
vous system [207]. Their accumulation is linked to the disruption of calcium homeostasis,
dysregulation of neurotransmitter systems (acetylcholine, dopamine, glutamate), neuroin-
flammation, oxidative stress, and mitochondrial dysfunction—mechanisms that contribute
to impaired neuronal function and the onset of neurobehavioral disorders [207,208]. Ani-
mal model studies have shown that early developmental exposure is associated with more
pronounced effects than adult exposure, including behavioral changes and impaired cogni-
tive functions [207,209]. Furthermore, population-based studies have reported correlations
between early PFAS exposure and increased ADHD symptoms in children, suggesting a
potential link between contamination and neurodevelopmental disorders [210]. Recent
data also indicate a possible involvement of PFAS in neurodegenerative processes. In
an exploratory clinical study, measurable concentrations of PFAS were detected in cere-
brospinal fluid (CSF) of patients—even in regions without fluorochemical industries—with
higher levels observed in individuals who had both biological markers of Alzheimer’s
disease and cognitive impairment compared to those without these characteristics [211].
Other research has shown that PFAS in CSF are associated with increased blood–brain
barrier permeability and with age, suggesting their progressive bioaccumulation in the
brain [211]. In vitro and in vivo studies have demonstrated that PFOS can increase Tau
protein phosphorylation and amyloid precursor protein expression—key processes in the
pathogenesis of Alzheimer’s disease [207,212]. These findings highlight the need for further
research to clarify the causal relationship between chronic PFAS exposure and the risk of
developing neurodegenerative diseases.

5.4. PFAS-Induced Hepatotoxicity

Per- and polyfluoroalkyl substances (PFAS) are a large class of synthetic chemicals
widely used in industrial and consumer products for their heat, water, and oil-resistant
properties. Their structural stability and environmental persistence have led to bioaccumu-
lation in humans, with the liver being a primary target organ for toxicity. Experimental
and epidemiological studies have demonstrated that PFAS exposure is associated with
hepatomegaly, altered lipid metabolism, peroxisome proliferation, mitochondrial dysfunc-
tion, and activation of nuclear receptor pathways such as PPARα and CAR [213]. In vitro
high-throughput transcriptomics using human hepatocyte models has shown that PFAS
induce dose-dependent transcriptomic and morphological alterations, with benchmark
dose modeling indicating potencies for human liver injury comparable to known hepato-
toxic drugs [214]. Moreover, these effects can be linked to specific mechanistic pathways,
providing translational value for predicting in vivo hepatomegaly and liver function dis-
ruption. Human population studies further support the hepatotoxic potential of PFAS. In a
nationally representative U.S. cohort, higher serum PFAS levels, particularly PFHxS, PFOA,
and PFHpS, were moderately associated with increased fatty liver disease (FLD) risk and
impaired liver function biomarkers, including elevated ALT, AST, GGT, and ALP [215].
The association was strongest in individuals with established hepatic risk factors, such as
heavy alcohol intake, obesity, and high-fat diets, suggesting synergistic effects between
PFAS exposure and metabolic stressors [215]. These findings highlight the relevance of con-
tinuous biomonitoring of PFAS in human populations and the importance of considering
co-exposure to lifestyle-related risk factors in assessing liver disease progression.

6. PFAS Removal and Treatment Technologies for Sludge
The growing concern about the long-term nature, accumulation, and harmful effects

of per- and polyfluoroalkyl substances (PFAS) has led to an increasing focus on developing
effective methods to remove them from sewage sludge. Conventional wastewater treatment



J. Xenobiot. 2025, 15, 135 22 of 44

facilities (WWTPs) are not built to get rid of PFAS, and this means that large amounts of
these chemicals stay trapped in sludge. When these biosolids are further treated through
land application, burning, or disposal in landfills, they can become ongoing sources of
PFAS pollution in the environment. Therefore, it is crucial, from both a scientific and
regulatory standpoint, to create and improve treatment technologies that can lower PFAS
levels in sludge.

6.1. Thermal and Hydrothermal Treatments

Thermal and hydrothermal methods have proven to be efficient strategies for ad-
dressing PFAS contamination in sewage sludge and biosolids. These approaches utilize
environments characterized by elevated temperatures and pressures to disrupt the robust
carbon-fluorine (C–F) bonds inherent in PFAS, facilitating their breakdown and conversion
into less enduring substances.

Smoldering Combustion (SC) represents a contemporary, self-sustaining thermal
method that employs flameless oxidation of biosolids, generally in conjunction with a
porous substrate such as sand. During this process, heat is generated through the oxidation
of biosolids, achieving temperatures that can rise to 650 ◦C, which is influenced by both air
flow and the composition of the biosolid [216]. While SC has not been directly utilized on
biosolids contaminated with PFAS, substantial success in destroying PFAS (>99%) has been
achieved with PFAS-affected soil and granular activated carbon (GAC) under comparable
conditions [217,218]. The mechanisms involved in this process include desulfonation,
defluorination, and hydrogen/fluorine exchange, resulting in the production of shorter-
chain PFAS by-products and eventual complete mineralization. Nevertheless, SC remains
in the development phase, necessitating further research to enhance energy efficiency,
control emissions, and analyze residuals.

Gasification, an established thermochemical technique, operates under conditions
with limited oxygen, with operational temperatures typically ranging from 600 to 900 ◦C.
Employed commercially in countries such as Germany, Australia, and the USA, gasification
transforms biosolids into syngas and biochar, with preliminary findings indicating its
potential for effective PFAS degradation. For example, a gasifier in Logan City, Australia,
operated at 600 ◦C, achieving nearly complete PFAS removal, which yielded biochar with
PFAS levels below detectable limits [219]. However, the intricacies of PFAS transformation
during gasification are not fully understood due to the complex chemistry involving PFAS
and sludge matrices.

Incineration is a commonly utilized technique for managing sludge and eliminating
PFAS, with operating temperatures ranging from 800 to 1000 ◦C. This method enables
nearly complete mineralization of PFAS, converting these substances into hydrogen fluo-
ride, carbon dioxide, and other minor volatile fluorinated compounds [220,221]. Research
indicates that at incineration temperatures, fluorotelomer-based polymers and polytetraflu-
oroethylene (PTFE) undergo significant decomposition; however, by-products such as
CF4 and C2F6, which contribute to greenhouse gas emissions, may form [222]. Although
incineration is effective, its high energy demands and the potential need for pre-drying
due to the substantial moisture present in biosolids are significant challenges. Additionally,
careful consideration must be given to the management of emissions and semi-volatile
fluorinated by-products.

Pyrolysis, which involves the thermal breakdown of organic matter in an oxygen-free
environment, has demonstrated high efficacy in degrading PFAS in biosolids. Research
has indicated that over 99% of PFOA and PFOS can be removed at temperatures exceeding
650 ◦C, with transformation products primarily consisting of hydrogen fluoride and short-
chain fluorocarbons [223,224]. The efficiency of PFAS removal is influenced by factors such
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as the chemical structure of the PFAS, treatment temperature, and presence of catalytic
minerals like calcium or iron. For instance, incorporating Ca(OH)2 during pyrolysis can
enhance PFAS breakdown and facilitate mineralization into calcium fluoride (CaF2) [225].

Hydrothermal liquefaction (HTL) processes biosolids into biocrude oil at elevated
temperatures ranging from 250 to 350 degrees Celsius and pressures between 10 and
25 megapascals. The degradation of PFAS substances in HTL is specific to each compound,
as evidenced by the removal rates of perfluoroalkyl carboxylic acids (PFCAs), such as PFOA,
which exceed 99% at 350 degrees Celsius. In contrast, sulfonate compounds like PFOS
show limited breakdown [226]. The use of additives, such as calcium hydroxide, enhances
the transformation of PFAS precursors into PFCAs and promotes further degradation.
Nonetheless, the effectiveness of HTL is significantly influenced by operational factors,
including temperature, residence time, and the composition of the sludge.

Thermal Hydrolysis Processes (THPs) are generally utilized to enhance anaerobic
digestion rather than specifically addressing PFAS removal. While THP enhances sludge
dewaterability and reduces pathogen levels, its impact on PFAS concentrations is negligible.
Research indicates that perfluoroalkyl acid (PFAA) levels remained stable following THP
treatment [227]. The durability of PFAS against hydrolytic degradation underscores their
chemical stability under typical THP conditions.

Both thermal and hydrothermal treatment methods provide promising options for
removing PFAS from biosolids. Techniques such as pyrolysis and gasification are highly
effective at eliminating these contaminants and are scalable, especially when optimized
with catalysts or operated at higher temperatures. However, further research is necessary to
fully understand the degradation mechanisms of PFAS, assess emissions and by-products,
and turn laboratory findings into practical solutions for real-world treatment facilities.

6.2. Adsorption and Advanced Oxidation Processes

Adsorption and advanced oxidation processes (AOPs) are widely recognized for their
ability to eliminate per- and polyfluoroalkyl substances (PFAS) from water and sludge
environments, offering notable advantages in terms of cost-effectiveness, design flexibility,
and scalability [228,229]. Among the various approaches, adsorption is considered one of
the most thoroughly researched and utilized methods for the separation of PFAS, owing to
its efficiency in concentrating pollutants onto solid matrices, which simplifies subsequent
treatment or disposal [228]. Activated carbon (AC), particularly in its powdered and
granular forms, is frequently employed due to its extensive surface area and hydrophobic
interactions with PFAS compounds. Nonetheless, its effectiveness is higher for longer-
chain PFAS (e.g., PFOS, PFOA) compared to shorter-chain PFAS [230]. Recent innovations
have led to the development of synthetic adsorbents, including anion-exchange resins
and metal–organic frameworks (MOFs), as well as bio-based materials such as biochar
and modified cellulose nanocrystals. For example, PCN-224, a zirconium-based MOF,
has demonstrated remarkable adsorption capacities of 963 mg/g for PFOS, 517 mg/g for
PFHxS, and 395 mg/g for PFBS [231]. In a similar vein, Franco et al. (2024) reported an
87% removal efficiency for PFOA using cationic cellulose nanocrystals derived from apple
pomace [232]. Aerobic granular sludge (AGS) has also been highlighted for its potential,
showing adsorption coefficients (Kd) significantly greater than those of activated sludge
(AS). Specifically, AGS displayed Kd values of 254, 205, and 207 for PFPeA, PFOA, and
PFDS, respectively, whereas lower values were recorded with AS [229]. This enhancement
in AGS’ performance is attributed to its greater hydrophobicity and intricate layered
structure, which improves the entrapment of PFAS.

Advanced Oxidation Processes (AOPs) are designed to mineralize PFAS through the
action of highly reactive species such as hydroxyl radicals (OH•) or hydrated electrons.
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Conventional AOPs, including UV/H2O2 and ozone-based systems, face challenges in
degrading PFAS due to the robust nature of C–F bonds. However, newer methods incorpo-
rating electrochemical oxidation (EO), sulfate radical-based systems (such as persulfate),
and photocatalytic techniques have demonstrated enhanced effectiveness, particularly
when optimized using catalysts like TiO2 or Fe(III) [232,233]. AOPs have shown particu-
lar efficacy in breaking down short-chain PFAS and converting precursors into terminal
perfluorinated compounds, which subsequent treatments can then address. Combined
strategies that merge adsorption and AOPs can further improve removal rates by first
concentrating PFAS on a solid medium and then facilitating in situ degradation through
oxidative radicals [234]. Reported results suggest that in sludge, AOPs are more efficient
at transforming short-chain PFAS and converting precursors into terminal perfluorinated
compounds, which can then be more effectively removed or degraded in subsequent
treatment steps.

The combination of adsorption and AOPs offers a promising integrated approach
for PFAS remediation in wastewater and sludge. Adsorption can first concentrate PFAS
onto a solid phase, increasing their local availability for in situ degradation via oxidative
radicals [234]. While adsorption is efficient and straightforward to operate, AOPs are
crucial for breaking down otherwise persistent PFAS compounds. However, in sludge
treatment, further research is needed to improve mineralization rates, enhance adsorbent
regeneration, lower energy demands of AOPs, and evaluate the formation and fate of
by-products in realistic field conditions.

Computational techniques, including molecular dynamics (MD) and density func-
tional theory (DFT) simulations, have also contributed to understanding PFAS–adsorbent
interactions and reaction mechanisms at the atomic level [228], enabling the design of
materials with greater selectivity and stronger binding affinities.

6.3. Biotransformation and Innovative Remediation Approaches

Biotransformation has emerged as a sustainable and economically viable method for
degrading PFAS in biosolids, leveraging the metabolic capabilities of microorganisms. The
effectiveness of microbial degradation is influenced by the structural complexity of PFAS,
the environmental conditions, and the specific microbial communities present (Table 7). A
variety of studies have shown partial effectiveness in transforming certain PFAS compounds
under both aerobic and anaerobic settings [235–237].

In anaerobic environments, microorganisms such as Acidimicrobium sp. strain A6,
along with mixed microbial communities that include Ralstonia, Bacillus, Aciditerrimonas,
and Desulfosporosinus, have exhibited varying levels of success in degrading PFOA and
PFOS (Huang et al., 2019) [235]. For instance, in a mixed culture using Fe(III) as an
electron acceptor and NH4+ as an electron donor, a 50% reduction of PFOA was recorded
over 100 days, compared to a 33% reduction observed in a pure culture. The microbial
degradation pathway produced a variety of short-chain perfluoroalkyl carboxylic acids
(PFCAs), signifying ongoing defluorination [235].

In aerobic systems, specific microbial strains, such as Ensifer adhaerens, Pseudomonas sp.
and Rhodococcus jostii, have enabled the breakdown of PFAS precursors, including diPAPs
and FTOHs, into terminal PFCAs, including PFOA and PFHxA. Notably, Ensifer adhaerens
is capable of commencing the degradation of PFOS by breaking the sulfonate group,
followed by hydroxylation and defluorination, which ultimately leads to the formation
of perfluoroheptanoic acid. Similarly, PFOA is subject to decarboxylation, along with
subsequent reactions that yield shorter-chain acids [235,238].

The mechanisms of biotransformation typically involve a range of processes, which
include reductive defluorination, hydroxylation, decarboxylation, and hydrogenation. Nev-
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ertheless, the fluoride toxicity imposes physiological barriers that can hinder the process,
as fluoride within cells can disrupt essential enzymatic activities. Microbial systems, such
as Pseudomonas sp., utilize fluoride/proton antiporters and CrcB-type proteins to alleviate
fluoride toxicity, which supports more effective degradation pathways [235]. Besides micro-
bial systems, enzyme-catalyzed oxidative humification reactions (ECOHRs) are emerging
as another promising approach. Enzymes such as peroxidases and laccases create reactive
oxygen species that can break C-F bonds. For example, the use of laccase and hydroxyben-
zotriazole on PFOA led to a 50% decomposition within 157 days, demonstrating signs of
defluorination and the generation of partially fluorinated alcohols and aldehydes [239].

Process conditions heavily influence the efficiency of biotransformation. Factors such
as temperature and pH have a direct impact on enzyme activity, with improved trans-
formation outcomes noted in alkaline soils and at elevated temperatures [240]. Aerobic
settings tend to support the degradation of unsaturated PFAS and short-chain PFCAs. In
contrast, anaerobic environments are more suitable for specific PFAS alternatives, such as
FTMeUPA and PFMeUPA, where defluorination and hydrogenation are predominant path-
ways [241]. The array of enzymes present within microbial systems includes cytochrome
P450s, monooxygenases, dehalogenases, and laccases that collectively facilitate the bio-
transformation of PFAS compounds. Hydrolytic defluorination, typically catalyzed by
halo acid dehalogenases, plays a crucial role in the aerobic degradation of short-chain
PFAS. However, the presence of sulfonic acid headgroups in PFSA can hinder these pro-
cesses, necessitating an initial desulfonation step via enzymes such as alkanesulfonate
monooxygenases (SsuDs) [236].

Despite encouraging laboratory findings, the application of biotransformation in the
field is hindered by several factors, including slow rates of degradation, limited knowledge
of intermediates, and the specific characteristics of different microbial strains. Employ-
ing electron donors and acceptors can enhance degradation results; however, the varied
composition of biosolids—comprising toxic metals and organic materials—may affect the
efficiency of microbial action. Consequently, future investigations should focus on identi-
fying robust microbial groups, refining environmental factors, and integrating enzymatic
methods to enhance the removal of PFAS in biosolids.

The creation of integrated biological–chemical systems and the utilization of omics
technologies to analyze metabolic pathways could provide novel opportunities for improv-
ing PFAS bioremediation methods. A thorough assessment of defluorination processes and
the toxicity of intermediates will be essential for guaranteeing the safety and effectiveness
of these advanced techniques in real-world wastewater treatment applications.

Table 7. Overview of PFAS biodegradation under aerobic and anaerobic conditions.

PFAS Initial
Concentration Microbial Strains Biodegradation and

Defluorination Efficiency Intermediates Reference

PFOA 500 mg/L Pseudomonas parafulva 32% in 72 h; 48% with 1 g/L
glucose in 96 h - [236]

PFOS - Pseudomonas
plecoglossicida 2.4-D 75%, with fluoride release PFHpA [93]

PFOA 0.1/100 mg/L Acidimicrobium sp.
strain A6

63% (0.1 mg/L), 100 d
50% (100 mg/L), 100 d

PFBA; PFPeA;
PFHxA; PFHpA [235]

PFOS 0.1/100 mg/L Acidimicrobium sp.
strain A6

60% (0.1 mg/L), 100 d
47% (100 mg/L), 100 d PFBA; PFBS [235]

PFOA/
PFOS 5 mg/L each Mixed culture 0% (aerobic), 30 d

100% (anaerobe), 30 d Not reported [242]
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Table 7. Cont.

PFAS Initial
Concentration Microbial Strains Biodegradation and

Defluorination Efficiency Intermediates Reference

PFOA 500 mg/L
Pseudomonas parafulva

strain
YAB1

48%, 5 d Not reported [236]

PFOS 1.8 mg/L
Pseudomonas aeruginosa

strain
HJ4

67%, 2 d PFBS; PFHxS [243]

PFOS 1000 mg/L Pseudomonas
plecoglossicida 2.4-D 100%, 6 d PFHpA [244]

PFHxS 0.2 mg/L Pseudomonas sp.
strain PS27 32%, 10 d Not reported [245]

PFHxS 0.2 mg/L Pseudomonas sp.
strain PDMF10 28%, 10 d Not reported [245]

PFOA 10 mg/L Pseudomonas aeruginosa 29%, 4 d PFHxA [237]

PFOA 10 mg/L Pseudomonas putida 19%, 4 d PFPeA; PFPxA;
PFHpA [237]

PFOS 10 mg/L Pseudomonas aeruginosa 47%, 4 d PHHxA; PFHpA [237]

PFOS 10 mg/L Pseudomonas putida 47%, 4 d PHHxA; PFHpA [237]

My-C4c 75 µM Dehalococcoides 100% removal in 1 day; 100%
defluorination in 2 weeks

CoA forms
(undetected) [242]

My-C5d 75 µM Dehalococcoides 50% removal; 82%
defluorination

MeUC5d_TP209;
TP121; TP139 [241]

6:2 FTUCA 75 µM Dehalococcoides 10% defluorination
PFHxA; PFPeA;

2H-PFHpA;
2H-PFHxA

[241]

3,3,3-trifluoropropionic
acid 50 µM Activated sludge

community
100% removal; 85%

defluorination - [240]

2-fluoropropionic acid 50 µM Activated sludge
community

100% removal; 21%
defluorination Volatile alkanes [240]

5,5,5-
trifluoropentanoic acid 50 µM Activated sludge

community
100% removal; 37%

defluorination Not reported [240]

4,5,5-trifluoropent-4-
enoic acid 50 µM Activated sludge

community
30% removal; 71%

defluorination
Monofluoromalonyl-

CoA [240]

6:2 diPAP 4.22 nmol/g soil Soil microbes -
5:2 sFTOH; 6:2 FTOH;

PFBA; PFPeA;
PFHxA; 5:3 Acid

[246]

8:2 diPAP 3.37 nmol/g soil Soil microbes - PFOA; PFHxA; 7:3
Acid; PFHpA [246]

PFMeUPA 75 µM Dehalococcoides 100% transformation; 10%
defluorination Not reported [241]

My-C5d 75 µM Dehalococcoides 100% transformation; 78%
defluorination MeUC5d_TP209 [103]

6.4. Comparative Evaluation of PFAS-Biosolids Treatment Technologies

The elimination of PFAS from sewage sludge presents significant technical and envi-
ronmental challenges due to the stability and persistence of these substances. Numerous
treatment methods have been established, each possessing distinct operational characteris-
tics, efficiencies, and limitations (Figure 5). Biodegradation is often seen as an eco-friendly
and cost-effective approach, benefiting from low energy requirements and the absence of
pre-drying of biosolids. However, this method faces several challenges, including slow
reaction rates, incomplete degradation of PFAS, and reduced microbial availability. The
specific molecular structure of PFAS and the particular enzymatic pathways involved
significantly influence the process of microbial defluorination. Hydrothermal liquefaction
(HTL) presents a promising option for decomposing specific carboxylate PFAS compounds
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at moderate temperatures (150–350 ◦C) and pressures (5–20 MPa). This method does not
require the pre-drying of biosolids and can transform organic materials into biocrude oil.
However, HTL is less efficient with sulfonate PFAS (e.g., PFOS), necessitates specialized
high-pressure reactors, and frequently produces complicated by-products that require
additional processing.

 

Figure 5. Operating characteristics, benefits, and limitations of various PFAS-biosolids treatment
technologies.

Smoldering combustion (SC) is an innovative technology that demonstrates relatively
low energy needs and achieves high PFAS removal rates (>99%). This method is particularly
appealing for in situ treatment due to its self-sustaining characteristics. Nonetheless, its
drawbacks include the requirement for pre-drying, potential emission of toxic substances,
and insufficient data concerning by-product formation. Incineration, a well-established
high-temperature technique, ensures nearly complete destruction of PFAS (>99%) and
enables energy recovery from the sludge. However, it necessitates substantial capital
investment, functions at temperatures ranging from 800 to 1000 ◦C, and produces poten-
tially harmful gaseous emissions that require efficient gas treatment systems. Gasification
transforms biosolids into syngas and biochar at temperatures usually above 600 ◦C. This
approach is practical for both carboxylate and sulfonate PFAS and incorporates processes
for energy recovery. Its drawbacks include the need for pre-drying, considerable energy
consumption, and potential generation of volatile fluorinated by-products.

Each treatment technology presents a balance of operational viability, environmental
safety, and effectiveness in degrading PFAS. The choice of method should be context
dependent, taking into account the properties of the sludge, availability of infrastructure,
and regulatory requirements (Figure 5).

7. Research Gaps and Future Perspectives
Although there are increasing efforts to comprehend and reduce the effects of per-

and polyfluoroalkyl substances (PFAS) on the environment and human health, notable
deficiencies remain in both current scientific understanding and regulatory methods. It is
essential to tackle these deficiencies to create effective, scalable, and safe strategies for the
remediation and management of PFAS.

7.1. Analytical Standardization Needs

A significant obstacle in the field of PFAS research is the lack of unified analytical
methods, particularly for complex and diverse matrices such as biosolids, soils, landfill
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leachates, and wastewater sludge. These environmental matrices frequently comprise a
variety of organic and inorganic components that can hinder the extraction, separation,
and identification of PFAS, resulting in inconsistent recovery rates and detection thresh-
olds. Present evaluations predominantly depend on targeted analyses employing liquid
chromatography–tandem mass spectrometry (LC-MS/MS), which enables the quantifica-
tion of specific, well-characterized PFAS, primarily long-chain compounds like PFOA and
PFOS. Nevertheless, targeted techniques mainly overlook short-chain PFAS, precursors,
transformation products, and polymeric forms, resulting in a substantial underestimation
of the total fluorine burden. Additionally, analytical outcomes can vary significantly among
laboratories due to differences in sample preparation, matrix cleanup methods, ioniza-
tion conditions, and instrument sensitivity, which compromises data comparability across
different studies and regions [19,22].

To mitigate these challenges, the adoption of high-resolution mass spectrometry
(HRMS) for both suspect and non-target screening is being increasingly advocated. HRMS
enables the identification of hundreds of potential PFAS, including new and previously
unidentified compounds; however, the interpretation of results is complicated and requires
sophisticated data processing algorithms and comprehensive spectral libraries. Further-
more, HRMS techniques have yet to be routinely validated for environmental monitoring
and often lack certified reference materials or sufficient quality assurance methodologies.

Recently, total organofluorine (TOF) and extractable organofluorine (EOF) analy-
ses have surfaced as promising methodologies to provide a more comprehensive under-
standing of PFAS contamination, especially regarding unidentified or unmeasured PFAS.
TOF/EOF approaches utilize combustion ion chromatography (CIC) or other fluorine-
specific detectors to quantify the overall fluorine content within a sample, irrespective
of the molecules’ identities. However, these methods also exhibit significant limitations:
they lack specificity for individual molecules, may erroneously detect fluorinated phar-
maceuticals or pesticides that contribute to the total fluorine signal, and are susceptible
to interference from matrix components [247,248]. Compounding the issue is the lack of
internationally standardized protocols for PFAS monitoring. For instance, EPA Method
537.1 or ISO 21675:2019 addresses a select number of PFAS in drinking water, but these
methods are not suitable for analyzing sludge or biosolid samples [249,250]. Further-
more, very few methods encompass the detection of volatile or semi-volatile PFAS, such
as fluorotelomer alcohols (FTOHs), which are crucial intermediates and precursors in
transformation pathways.

To progress towards a more effective and unified framework for monitoring PFAS,
a series of coordinated steps must be taken. First, it is crucial to create certified refer-
ence materials (CRMs) specifically designed for a broad spectrum of PFAS compounds
found in various environmental contexts, which is vital for ensuring accurate measurement.
Additionally, the creation of standard operating procedures (SOPs) that have undergone
rigorous validation through interlaboratory comparison studies is necessary to enhance the
consistency and dependability of findings. It is also essential for regulatory and analytical
techniques to develop in a way that explicitly considers short-chain and polymeric PFAS,
which are frequently overlooked, despite their persistence and mobility in the environ-
ment. Furthermore, the combination of non-targeted screening methods with TOF/EOF
quantification will facilitate a more comprehensive mass balance and improved evaluation
of PFAS transformation products. Lastly, synchronizing detection limits and recovery
standards across international regulations will significantly enhance the comparability
of data, facilitate regulatory consistency, and promote more efficient implementation of
global policies.
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7.2. Policy and Monitoring Priorities

Despite the growing recognition of the durability, mobility, and harmful effects of
per- and polyfluoroalkyl substances (PFAS), regulatory frameworks worldwide remain
disjointed and inadequate in addressing the extensive and complex issues related to PFAS
contamination. This lack of consistency in regulations is evident in the differing definitions,
permissible limits, and range of compounds recognized among various nations, with many
policies primarily concentrating on a limited number of legacy PFAS compounds, particu-
larly PFOA and PFOS. Nonetheless, over 12,000 chemically diverse PFAS substances are
documented in the U. S. EPA’s CompTox Chemicals Dashboard, many of which are still
insufficiently researched, unmonitored, and unregulated [251]. This fragmented regula-
tory environment results in significant protection gaps, particularly in developing nations
and areas with inadequate monitoring systems, where the use and release of PFAS often
remain unreported. Even in regions with relatively stringent regulations, enforcement is
generally restricted to standards for drinking water, neglecting high-risk pathways such as
the application of biosolids in agriculture, leachate from waste sites, industrial wastewater
discharge, reuse of recycled water, and emissions into the atmosphere. Moreover, at-risk
populations—including children, pregnant individuals, Indigenous groups, and residents
in proximity to fluorochemical manufacturing facilities or military installations—are often
overlooked in conventional risk evaluations. These populations may endure cumulative
and unequal exposures, particularly through the consumption of locally grown produce,
untreated water, or contaminated dust and air [252,253]. The inability to integrate cu-
mulative exposure assessments and demographic sensitivities into regulatory measures
significantly undermines the effectiveness of existing policies in safeguarding public health.

To address these deficiencies, there is an increasing call among specialists for a class-
based regulatory approach to PFAS. Instead of evaluating chemicals individually, which is
both scientifically and administratively unfeasible, the class-based method would catego-
rize PFAS with shared structural or toxicological characteristics, enabling more thorough
and proactive regulation [251]. This approach would also streamline the decision-making
process regarding restrictions, prohibitions, or gradual discontinuation of non-essential
PFAS applications in consumer goods, textiles, firefighting foams, and industrial activi-
ties. Furthermore, there is an urgent need for standardized global monitoring protocols
that can track PFAS across various environmental contexts beyond just drinking water,
including biosolids, sediments, soil, atmospheric emissions, and recycled water systems.
Such guidelines should outline sampling techniques, analytical procedures, and report-
ing requirements, and be supported by mandatory industry disclosures regarding PFAS
usage and emissions throughout supply chains. Additionally, policies should mandate
life cycle assessments (LCAs) and extended producer responsibility (EPR) for products
containing PFAS, ensuring that environmental and health consequences are considered
not only during manufacturing and disposal but also throughout the product’s usage and
degradation phases. This encompasses enforcing product labeling, prohibiting unnecessary
PFAS applications, and promoting safer alternatives to chemicals. In the absence of such
accountability, PFAS pollution is likely to continue proliferating across waste streams,
including biosolids from wastewater treatment facilities, which are increasingly used as
fertilizers in agriculture.

Ultimately, global collaboration is essential. Initiatives such as the Stockholm Conven-
tion on Persistent Organic Pollutants have begun to address the issue of PFAS, including
the recent addition of PFHxS to the list. Nevertheless, more extensive measures are required
through frameworks like the UNEP Global Plastics Treaty, the OECD PFAS Global Portal,
and bilateral agreements to standardize the classification, oversight, and regulation of PFAS
as a collective chemical group [254,255]. It is crucial to implement a precautionary, class-
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based regulatory framework for PFAS to ensure thorough chemical supervision. Including
PFAS in biosolids, recycled water, and waste materials within national monitoring and
reporting initiatives is crucial, as it captures the complete spectrum of exposure routes.
Regulatory bodies must also require manufacturers to conduct life cycle assessments and
submit environmental reports on PFAS usage, thereby facilitating transparency throughout
supply chains [256]. Furthermore, there is an urgent need to support at-risk communities
with targeted exposure assessments, public health surveillance, and the development of
accessible remediation programs. Finally, effective international collaboration is impera-
tive to align PFAS regulations, eliminate existing trade gaps, and avert the cross-border
movement of PFAS-contaminated materials.

7.3. Emerging PFAS and Unknown Precursors

The swift elimination of older PFAS such as PFOA and PFOS has led to the widespread
adoption of new fluorinated alternatives, many of which exhibit diverse structures and are
inadequately regulated. These alternatives include substances derived from fluorotelomers,
perfluoroether carboxylic acids (for instance, HFPO-DA or GenX), and polyfluorinated
iodine alkanes. Initially perceived as safer substitutes, recent evidence suggests that these
new PFAS can exhibit similar environmental persistence and potential for bioaccumulation,
alongside toxicological profiles that remain largely unexamined [257,258]. Compounding
the difficulties associated with their varied physicochemical properties, many of these sub-
stances are found in intricate technical mixtures and may act as precursors to terminal PFAS
through transformation processes when exposed to the environment or during treatment
processes. For instance, oxidative or microbial conditions can modify polyfluorinated pre-
cursors into more enduring and toxic perfluoroalkyl carboxylic acids (PFCAs) and sulfonic
acids (PFSAs). This adds complexity to risk assessment and treatment approaches, as the
original chemical might seem harmless, while its degradation products present significant
dangers to both ecological and human health.

In addition, most environmental monitoring initiatives rely on specific analytical
techniques that only detect a narrow range of established PFAS. Consequently, a consider-
able portion of overall PFAS pollution, particularly from unidentified or new precursors,
remains unmonitored. To address this analytical limitation, there is a growing need for
sophisticated suspect and non-target screening methods that utilize high-resolution mass
spectrometry (HRMS). Such methods can shed light on transformation pathways, unknown
metabolites, and novel PFAS analogs, thereby providing a more thorough comprehension
of environmental PFAS distributions [259,260]. Furthermore, the current insufficiency of
toxicological information regarding most new PFAS presents another hurdle for effective
regulation. Several of these substances evade existing legal classifications or fall below reg-
ulatory limits, despite their potential to break down into well-known harmful compounds.
Thus, there is a compelling argument for implementing a precautionary and class-based
approach to regulation that encompasses emerging PFAS and their transformation products
to reduce long-term risks to the environment and public health.

7.4. Need for Long-Term Field Studies

While significant advancements have been achieved in the development and enhance-
ment of PFAS remediation techniques, which include thermal treatments, adsorption,
hydrothermal liquefaction, and biological degradation, much of the evidence supporting
their effectiveness is derived from short-term experiments conducted in laboratory envi-
ronments. These controlled studies, although informative for understanding mechanisms,
frequently do not fully represent the complexity and variability present in real-world
environmental situations. Field conditions introduce a multitude of variables that can
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significantly influence the behavior of PFAS and the effectiveness of treatment methods,
such as varying temperature conditions, diverse microbial communities, fluctuating pH
levels, different soil porosities, the presence of additional contaminants, and inconsistent
hydrological factors. For example, the efficiency of adsorption demonstrated in laboratory
columns with clean materials may not apply to field scenarios where biosolids are mixed
and contain competing organic substances. Likewise, the defluorination capabilities of mi-
crobial communities observed in laboratory cultures might not be replicated in field soils or
digesters that harbor mixed and less well-characterized biological communities [261,262].

Another layer of complexity is added by the long-term fate of PFAS by-products and
the risk of rebound effects, where PFAS that were initially removed return to the environ-
ment due to desorption, dissolution from bound fractions, or the conversion of precursors
into terminal PFAS. This phenomenon has been documented in aged soils and landfill
leachates, where initial decreases in PFAS concentration were subsequently followed by
unanticipated increases, possibly due to slow-release mechanisms or incomplete degrada-
tion pathways [263]. Furthermore, the environmental trade-offs associated with different
remediation approaches are not well understood. For instance, incineration and gasifica-
tion may effectively break down PFAS, but they can also result in secondary emissions of
volatile fluorinated compounds. Similarly, thermal treatments may generate residuals or
ash that still contain persistent organofluorine compounds, which raises concerns regarding
long-term disposal. These unintended consequences need to be assessed over time under
operating conditions, especially as many full-scale implementations transition towards
execution without adequate post-treatment monitoring [264].

Long-term research is crucial for evaluating the sustainability of treatment methods.
Such studies can unveil operational challenges, including energy consumption, greenhouse
gas emissions, required maintenance frequency, and cost-effectiveness in light of changing
regulatory requirements. As PFAS treatment technologies are scaled up, establishing robust
monitoring frameworks is crucial to ensure treatment effectiveness, assess environmental
safety, and maintain regulatory compliance over extended periods, spanning years or even
decades [265].

8. Conclusions
Per- and polyfluoroalkyl substances (PFAS) constitute one of the most complex and

persistent categories of environmental pollutants, significantly impacting the health of
ecosystems, human well-being, and waste management systems. Their widespread pres-
ence in biosolids, soils, surface waters, groundwater, and even in treated drinking water,
highlights the urgent necessity for coordinated efforts in science, regulation, and technology.

This review has drawn attention to the various routes through which humans can be
exposed to PFAS, as well as the cumulative toxicological impacts associated with both pre-
viously used and newly emerging PFAS compounds. The persistence of these substances;
their potential to accumulate in living organisms; and their varying harmful effects, which
include interference with endocrine systems, immune system toxicity, and cancer devel-
opment, warrant immediate global action. Advances in technology for the remediation
of PFAS have shown encouraging results. Thermal techniques, including pyrolysis, smol-
dering combustion, and gasification, have achieved removal rates exceeding 99% under
carefully controlled conditions. Nonetheless, these methods entail certain operational and
environmental compromises, including increased energy consumption and the emission of
secondary pollutants. Biological treatment methods and hydrothermal techniques offer
more environmentally friendly alternatives; however, their effectiveness is inconsistent
across different PFAS structures and requires further refinement for practical application.
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Future initiatives should concentrate on several key areas. First, a significant transfor-
mation in analytical chemistry is essential; standardization of non-target and total fluorine
measurement methods will enhance our comprehension of PFAS presence and changes.
Second, regulations concerning PFAS must progress towards a precautionary, class-based
approach that considers the multitude of unregulated PFAS types and their precursors.
Third, research efforts should focus on breaking down new and ultra-short-chain PFAS
compounds, which are increasingly replacing discontinued legacy substances but may
present equal or greater hazards. Finally, long-term studies conducted in real-world settings
are crucial for assessing the sustainability, by-product generation, and scalability of the
proposed remediation technologies. To tackle the PFAS crisis, a collaborative, interdis-
ciplinary approach that incorporates thorough scientific research, responsible industrial
advancements, and synchronized global governance is necessary. Only through such a
comprehensive strategy can we manage the threats posed by PFAS and safeguard both
environmental and public health for future generations.
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