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Abstract: Municipal solid waste (MSW) is projected to rise to 3.4 billion tonnes by 2050, with only
33% undergoing environmentally friendly management practices. Achieving a circular economy
involves sustainable approaches, among which diverting waste from landfills to composting plays
a crucial role. However, many of the products society uses and discards in MSW daily contain
per- and polyfluoroalkyl substances (PFAS), raising concerns that composts may inadvertently
introduce PFAS into the environment, posing a significant challenge to waste management and
environmental sustainability. PFAS have been detected in compost at concentrations ranging between
1.26–11.84 µg/kg. Composts are therefore a source of PFAS contamination, posing risks to human
and ecosystem health. Impactful technologies are therefore required for PFAS remediation during
the composting process. This review examines the composting process as a sustainable organic
waste management technology, examining the various systems employed, compost quality, and
uses, particularly emphasising the challenge posed by PFAS contamination. The review provides
novel insights into possible PFAS remediation technologies. A comprehensive understanding of
PFAS origin, fate, and transformation during the composting process is lacking, creating substantial
knowledge gaps regarding the inputs processes contributing most to PFAS accumulation in the final
product. Addressing these gaps in future studies is crucial for minimising PFAS discharge into the
environment and developing an effective remediation approach. This review highlights the urgent
need for innovative solutions to mitigate PFAS contamination in compost and the importance of
advancing research and technology to achieve sustainable waste management objectives.

Keywords: circular economy; compost; composting process; immobilisation; PFAS; waste management

1. Introduction

With a global population of more than 8 billion (U.S. Census Bureau International
Database 2023), a significant increase in global municipal solid waste (MSW) is projected,
presenting a major, growing concern [1]. MSW is an assorted mixture of wastes, including
components such as yard waste, kitchen waste, and various types of garbage that are
discarded and collected daily [2]. It is estimated that about 2 billion tonnes (Bt) of MSW are
generated annually worldwide, and this value is projected to grow to 3.4 Bt of MSW by
2050. Currently, only 33% of the overall production is treated using an environmentally
safe management system [3].

The organic fraction constitutes the largest component of MSW, accounting for between
28% and 64% (w/w) basis of total MWS [4]. This fraction can be utilised as a resource for
different technologies, such as composting, which represents an economically feasible way
to treat and valorise the organic fraction of MSW into a valuable product [5,6]. Composting,
which is defined as the natural biological decomposition of organic materials carried out
by microorganisms in an aerobic environment, represents one of the most widely used
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approaches to the utilisation of the organic fraction of MSW [7,8]. This method of waste
recycling and treatment diverts organic materials into nutrient-rich, stabilised and sanitised
compost, free of pathogens and plant seeds [9,10].

The environmentally friendly agricultural supplement “compost” can be used as an
organic fertiliser (biofertiliser) or soil amendment that improves soil’s physical, chemical,
and microbiological features, providing nutrients for plant growth, increases soil water
retention, and reduces the dependence on fossil fuel-based fertilisers [11]. However, de-
spite its numerous beneficial uses, contaminants (physical, chemical, and microbial) have
been reported in compost products that may pose risks to human health and the environ-
ment. Plastic, heavy metals, and other chemical contaminants have been the subject of
much research, and reduction measures have been put in place [12]. However, to date,
limited scientific data have been published on the occurrence and quantification of per-
and polyfluoroalkyl substances (PFAS) in composts. PFAS are synthetic organic chemicals
comprising more than 12,000 compounds, as listed in the U.S. Environmental Protection
Agency (EPA)’s PFAS master list, that were used as additives to a wide variety of indus-
trial and household consumer products due to their chemical and thermal stability and
hydrophobic and oleophobic properties [13,14]. Due to their persistence and recalcitrance
to degradation as a result of their strong carbon–fluorine bonds, they have the potential
to bioaccumulate and biomagnify in biota [15–17] and have toxic effects [18,19]. PFAS
have been linked to different types of cancer, such as kidney and testicular cancer, altered
immune and thyroid function, kidney disease, liver disease, and adverse development and
reproductive outcomes [20]. Recently, the International Agency for Research on Cancer
(IARC), the specialised cancer agency of the World Health Organization, reclassified PFOA
as a Group 1 carcinogen, indicating it is carcinogenic to humans, and categorised PFOS as
Group 2B, potentially carcinogenic to humans [21].

Composting as a waste management system reuses organic waste, but it can rein-
troduce persistent PFAS contaminants into the environment. The application and use of
PFAS-contaminated compost will discharge PFAS or their transformation products directly
and/or indirectly into the soil and then by plant uptake, and potentially transfer PFAS into
the food chain, resulting in a human and ecosystem health risk [22–24]. By disposing of
PFAS-containing products at the end of their service life, they enter the waste stream and
are present in high volume, which can lead to their environmental release via a number of
routes that cause contamination of water, soil, and air [25–27].

Composts are therefore a possible source of PFAS contamination in the environment
and agricultural food pathways. Given the increasing global awareness and concern
regarding the environmental and health impacts of PFAS, regulations on PFAS in compost
and their usage are becoming more stringent. Some studies have been conducted on the
presence of PFAS in compost; however, to the best of our knowledge, studies have yet
to comprehensively investigate the occurrence and transformation of PFAS during the
composting process and the potential of PFAS precursors to transform into other PFAS
products. Significant gaps therefore exist in understanding which inputs and process stages
contribute the most to PFAS accumulation in the final compost product.

This review aimed to comprehensively explore current knowledge of the presence and
fate of PFAS during composting. The review also assesses possible remediation strategies
to address the environmental and health challenges posed by PFAS in composting practices
and the final product. This will assist composters and regulators in developing protocols
that minimise PFAS discharges into the environment by understanding the mechanisms
underlying their potential removal during composting and proposing novel solutions to be
applied and mitigate the adverse impacts of compost application.

2. Sustainable Organic Waste Management-Composting

On average, globally, each person produces 0.74 kg of solid waste daily, ranging
between 0.11 to 4.54 kg, resulting in the worldwide generation of 3.4 billion tonnes (Bt) of
MSW by 2050 [3,3,28]. The world is expected to generate more than 11 million tonnes (Mt)
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per day by 2100 [29,30]. Among the total MSW generated globally, organic waste (food and
green waste) is the largest category, accounting for 44% [31].

Currently, the most used global waste management methods are landfilling and open
dumping due to their cost-effectiveness and low technical requirements, even though
they have a higher overall environmental impact. Landfilling is the traditional waste
disposal practice through burial at designated sites, whereas open dumping is dumping
the waste in an open environment [32,33]. Globally, an estimated 70% of the total generated
waste is either disposed of in landfills or dumped in open areas, while only 19% of the
total global waste collected is taken for environment-friendly treatment methods, such
as composting and recycling [34]. In terms of the environmental management of organic
waste, composting stands out as a promising solution for tackling the issue of organic
waste on a global scale. As the world strives to improve both environmental and human
health, composting offers a cost-effective, eco-friendly, and feasible approach to recycling
organic waste.

3. The Composting Process

Composting, as a means of recycling organic waste, offers numerous environmen-
tal benefits through waste reduction, resource reuse and buffering the effects of climate
change. It significantly contributes to reducing greenhouse gas emissions by diverting
organic waste from landfills. According to the Australian Economic Advocacy Solutions
(AEAS), in Australia during 2018–2019, composting accounted for an annual reduction
of approximately 3.8 Mt of CO2-equivalent greenhouse gas emission by recycling organic
waste. This is equivalent to removing 877,000 cars from the road or planting 5.7 million
trees [35]. In addition, composting reduces the volume of waste entering the landfill by up
to 30%, resulting in a product that can have beneficial uses [36].

Different aerobic composting methods are currently in use, including static piles,
windrows, in-vessel, and vermicomposting (Table 1) [37,38].

Table 1. Description of different composting methods used.

Composting System Description

Static pile composting

• Conventional method, Simple system.
• Minimal turning or maintenance.
• Piles of organic materials rely on natural processes for decomposition.
• Commonly used for larger-scale outdoor composting.0

Windrow composting

• Conventional method.
• Piles of organic materials placed in a long narrow pile called “windrows”.
• Regularly turned to aerate and facilitate decomposition.
• Commonly used for large-scale composting.

In-vessel composting

• Organic waste processed in closed containers or vessels such as bins, beds,
tanks, or rotating drums.

• Controlled decomposition by regulating temperature and moisture.
• Uses forced aeration and mechanical turning.
• Ideal for urban areas or space-restricted sites.
• A high level of automation reduces labour and land demand, and there is less

susceptibility to ambient climate conditions.

Vermicomposting • Utilises worms to break down organic matter into nutrient-rich compost.
• Commonly used for smaller-scale composting.

Each method applies specific conditions and requirements to ensure efficient and
environmentally responsible organic waste management. The choice of method will be
based on the volume and type of the feedstock, available space, time required for moni-
toring and maintenance, cost, intended use of the compost, odour control requirements,
environmental goals, and regulations [39,40].
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3.1. Stages of Composting

Regardless of the method used, the basic process of composting usually consists of
five stages: pre-treatment, primary fermentation, secondary fermentation, post-treatment
and storage, and deodorisation [40]:

• Pre-treatment: The starting materials (feedstock) undergo pre-treatment (screening,
sorting, crushing, and homogenising) to achieve optimal conditions to aid microbial
growth, which accelerates the composting process. Certain conditions must be met:
carbon-to-nitrogen (C:N) ratio between 25–30:1, a moisture level between 45% and 65%,
a neutral pH between 5.5 and 8.5, and a well-structured pile for adequate ventilation
with particle sizes between 3 and 15 mm; these values may differ slightly across
various references [41].

• Primary fermentation: During the initial composting phase, the pile temperature
rapidly increases to >60 ◦C from ambient temperatures, driven by the intense activity of
thermophilic bacteria. Abundant O2 is required for breaking down organic compounds
such as proteins, fats, and carbohydrates [42].

• Secondary fermentation: In this maturation stage, further decomposition by actino-
mycetes and fungi, which become more active at this stage, occurs, utilising organic
materials unused by other microorganisms [43]. The remaining organic matter is
converted into more stable humus or humus precursors within the compost pile.

• Post-treatment and storage: At this stage, the final product can undergo a range of
procedures to ensure the product’s high-quality standard as a commercial fertiliser.
Those procedures include screening, sieving, drying, nutrient supplementation, mi-
crobe inoculation, pelleting, packaging, etc., to ensure the product meets the standards
required for commercial compost.

Odour-control procedures must be included in each stage of the composting process,
as odorous gases, such as ammonia (NH3) and volatile organic compounds, are produced
and continuously released, especially in the initial stages. Procedures such as feedstock
pre-treatment and the use of equipment, e.g., air purification, are mandatory to minimise
the diffusion of odour gases to the surrounding environment [44].

3.2. Phases of Composting

Under optimal conditions, composting proceeds through three phases: mesophilic,
thermophilic, and cooling and maturation (Figure 1). The temperature profile determines
the specific microorganisms that will dominate at each phase [11,45].
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The mesophilic phase initiates decomposition at temperatures between 15 ◦C and
35 ◦C, driven by mesophilic microorganisms and fungi. These organisms utilise soluble
and easily degradable raw material components such as sugars, amino acids, and lipids,
leading to a rapid temperature increase. Subsequently, the thermophilic phase begins as
temperatures rise above 50 ◦C, led by thermophilic microorganisms, including actinobacte-
ria, which decompose proteins, fats, cellulose, hemicellulose, lignin, and plant structural
molecules. This phase is essential for hygienisation as pathogens, weed seeds and insect
larvae are destroyed as temperatures can reach 65–85 ◦C. The final phase involves cooling
and maturation, with decreased microbial activity and temperature, facilitating mesophilic
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organisms to degrade the remaining organic matter. During the biodegradation processes,
organic compounds are broken down into CO2 and NH3. This final phase is critical, as
stabilisation and humification of the organic matter produce a mature compost with humic
characteristics.

4. Compost Quality

During composting, putrescible organic matter is converted into mineralised products
such as nitrogen (N), sulphur (S), phosphorus (P), and other inorganic compounds, together
with stabilised organic matter, primarily in the form of humic substances (compost) [46,47].

Mature compost is a dark, crumbly, and earthy-smelling nutrient-rich substance. The
physical and chemical characteristics of compost vary, depending on the nature of the
feedstock, the extent of decomposition and the conditions in which the composting process
operates. This product can be used for multiple purposes and deliver a variety of benefits
by modifying a wide range of chemical, physical, and biological soil properties [48].

The quality of compost is evaluated based on two key indicators: “stability” and
“maturity”. The stability of compost refers to the degree of organic matter decomposition,
with resistance to further decomposition and potential for long-term storage, determined
using indices of microbial activity. The maturity of compost refers to the extent to which
the process has been completed and the degree to which organic matter has broken down
and transformed into a stable humus-like substance; it is associated with plant-growth
potential or phytotoxicity [49].

To ensure the safety, efficacy, and sustainable use of compost as a valuable product,
numerous countries have established compost quality standards or guidelines. In Australia
the “Australian Standard for Composts, Soil Conditioners and Mulches” (AS4454-2012)
state the minimum requirements of compost’s physical, chemical, and biological properties
to facilitate the beneficial recycling and use of compostable materials with minimal adverse
effects on environmental and human health. This standard covers different aspects, includ-
ing maturity, stability, acceptable content of contaminants, nutrient content, and microbial
safety, as well as guidelines for labelling, and documentation to ensure that they meet
established quality standards and are suitable for their intended purpose [50–52].

The use of good-quality compost as a soil amendment has positive effects on the
biological processes in the soil and improves its physical and chemical properties, resulting
in higher crop productivity and improved environmental quality. There are numerous
advantages of using compost, such as increasing soil structural stability, supporting plant
growth, contributing to reducing greenhouse gas emissions, and more, summarised in
Table 2 [53–56].

Table 2. The benefits of compost use.

Purpose of Use Advantages

Soil Amendment:

• Improves soil structure.
• Improves soil organic matter.
• Enhances soil water retention.
• Increases nutrient content and availability.
• Promotes soil fertility.
• Reduces soil erosion.
• Balances pH levels.
• Stimulates soil biological activity and microbial biomass.

Plant Growth:

• Supports healthier plant growth.
• Provides essential plant macro- and micronutrients such as nitrogen (N),

phosphorus (P) and potassium (K)
• Controls soil-borne pathogens.
• Encourages root growth and development.
• Reduces reliance on synthetic fertilisers.



Sustainability 2024, 16, 4745 6 of 21

Table 2. Cont.

Purpose of Use Advantages

Erosion control:

• Helps prevent soil degradation and runoff.
• Stabilises slopes and disturbed areas.
• Provides a protective layer for plant roots.
• Preserves topsoil integrity.

Waste management:
• Reduces the volume of waste.
• Reduces the amount of waste sent to landfills.
• Supports eco-friendly and sustainable waste management practices.

Carbon sequestration: • Contributes to carbon sequestration.
• Mitigates climate change.

Environmental impact:
• Minimises methane emissions from landfills.
• Reduces reliance on chemical inputs.
• Enhances long-term soil health and productivity.

In addition to the beneficial uses outlined in Table 2, compost has also been effectively
employed to bioremediate contaminated soils with heavy metals (Zn, Cu, Ni, Cd, Pb, Cr
and Hg) and organic pollutants (OPs), such as polycyclic aromatic hydrocarbons (PAHs),
pesticides, petroleum, and other pollutants, providing a degrading matrix for large numbers
of active microorganisms aided by available nutrients that promote degradation [57–59].

5. Compost Contaminants

Compost is a potential source of physical (plastic and glass), chemical (heavy metals
and organic pollutants), and microbial contamination (pathogens), owing to the extremely
heterogeneous nature of the waste [60,61]. The migration of these contaminants from soil
to plant and ultimately to humans through the food chain can be a major limiting factor
for the use of compost. There are excellent reviews in the literature covering physical
and biological contaminants in compost. This review will focus on the potential chemical
contamination of compost through heavy metals and organic pollutants (Table 3).

Table 3. Chemical contamination of compost.

Contaminant Type Explanation of Risk References

Inorganic Contaminants

Heavy metals (e.g.,
Cd, Co, Cr, Cu, Pb,
Ni and Zn)

• A study in Switzerland showed the mean values of heavy metals for compost (n = 81)
(mg kg−1 dw) as follows:

Cd→Co→Cr→Cu→Ni→Pb→Zn
0.13→4.1→20→60→16→54→155
Below the legal threshold values, which are:
Cd→Co→Cr→Cu→Ni→Pb→Zn
1→ - → - →100→30→120→400

• Repeated applications of compost to soil may lead to an accumulation of heavy metals.
• At high concentrations, heavy metals can cause toxicity to plants and negatively affect

animal and human health and soil microbial processes.
• Compost contamination by heavy metals is generally well studied and controlled in

compost applications such as source-separated waste collection.
• The addition of compost can reduce the bioavailability of heavy metals, reducing the

risk of their migration to plant tissues by increasing soil sorption capacity and heavy
metal retention.

[62,63]
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Table 3. Cont.

Contaminant Type Explanation of Risk References

Organic contaminants

Pesticides (e.g.,
DDT, cyprodinil,
dichlobenil, aldrin,
and chlordane)

• Pesticides in compost can cause damage to soil quality and plant growth.
• May result in endocrine disruption and carcinogenic impacts on humans, transferring

through the food chain.
• A study showed the concentrations (n = 15) (µg kg d.m.−1) of pesticides at a windrow

composting plant on day 0 and after 14, 56, and 112 days of composting:

Day 0 → 14 → 56 → 112
Pesticides (Sum) 43→28→10→14

• The concentration of these pesticides decreased over time during the composting
process, indicating that composting can be an effective method for reducing the
concentration of pesticides in organic waste.

[64]

Polychlorinated
biphenyls (PCBs)

• Used in a wide range of industrial applications such as oil in transformers, plasticisers,
dielectrics in capacitors, and more.

• PCBs are persistent in the environment.
• They bioaccumulate and transfer through the food chain.
• Their human health adverse effects include cancer and endocrine disruption.
• A study showed successful biodegradation of polychlorinated biphenyls (PCBs) up to

approximately 16% in the composting process, depending on their chlorination level.

[65]

Polycyclic aromatic
hydrocarbons
(PAHs)

• PAHs can be emitted from:

# Natural sources such as volcanic eruptions and natural forest fires.
# Mainly originate from anthropogenic sources such as industrial manufacturing

of PAHs and from the incomplete combustion of fossil fuels, wood, and
tobacco.

• PAHs in compost can affect soil health and plant growth.
• Cause human adverse health effects, such as carcinogenicity and teratogenicity.
• A study in European countries showed the concentration (µg kg−1 dw) of PAHs (∑12

PAHs) in compost samples (n = 88) ranged between 1.2 × 102 and 2.6 × 104 µg kg−1,
dry mass (dm).

• Comparison with European limit values, which range from 4 to 10 mg kg−1 dw, the
compost samples complied with the limits.

[66]

Per- and
polyfluoroalkyl
substances (PFAS)

• PFAS can bioaccumulate and biomagnify through the food chain.
• They have potential health and environmental risks.
• Recent studies revealed PFAS concentrations of Σ38 in compost (n = 4) ranging from

1.26 to 11.84 µg kg−1 dw, indicating widespread contamination.
• The same study showed a 2- to 3-fold increase in the concentrations of PFCAs using

the total oxidisable precursor assay.
• This can be explained due to the occurrence of PFAS precursors in the samples that

may transform into more stable and potentially toxic PFAS compounds.
• PFAS are linked to several adverse health effects, such as low infant birth weights,

cancer, thyroid hormone disruptions, and asthma, raising alarms about their presence
and fate in compost.

• Current analytical methods for PFAS detection in compost are still evolving and focus
on a limited number of compounds, suggesting a potential underestimation of the full
extent of PFAS contamination.

• The diversity and complexity of PFAS compounds significantly hinder efforts to fully
assess and mitigate their impact on compost quality and safety.

[23,67]

dw: dry weight.

The presence of contaminants in compost has been extensively studied and measures
for reduction have been implemented; however, current knowledge is insufficient to allow
the presence and management of PFAS, despite the fact that this is a contaminant of con-
cern in this context [12]. Currently, there are no federal regulations for PFAS in compost
worldwide. The standard for compost regulation in Germany includes specific limits of
0.1 mg/kg for perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS)
combined. Similarly, Austria has implemented limits for these PFAS compounds [51]. How-
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ever, soil screening levels (industrial and commercial) for different PFAS compounds have
been defined in some countries, such as Canada and some states in the USA [68]. In Aus-
tralia, the AS 4454-2012 standard specifies general and specific requirements for composts
as previously prescribed; however, PFAS in compost are not explicitly included [23,52].
Regulations, legislation, and guidelines for managing PFAS are still being developed, and
understanding of the fate of PFAS during the composting process and its potential impacts
on the environment and human health is now an urgent research issue.

6. Per- and Polyfluoroalkyl Substances (PFAS)

PFAS are fluorinated organic compounds often referred to as “forever chemicals” due
to their extreme persistence in the environment. The recent definition of PFAS in 2021
by the OECD (Organisation for Economic Co-operation and Development) defined PFAS
as substances that have at least one fully fluorinated methyl (-CF3) or methylene carbon
(-CnF2n-) [69,70], deviating from the definition of Buck et al. of PFAS as “highly fluorinated
aliphatic substances that contain one or more C atoms on which all the H substituents have
been replaced by F atoms, in such a manner that they contain the perfluoroalkyl moiety
(–CnF2n+1)” [13]. This revised definition broadens the range of fluorochemicals, and most
noticeably includes many pharmaceuticals and pesticides that are now part of the PFAS
family. These compounds have vastly different applications, diverse ecological footprints
and different environmental impacts [71,72].

PFAS may be classified into long-chain PFAAs, including perfluoroalkyl carboxylic
acids (PFCA, CnF2n+1COOH, n ≥ 7), perfluoroalkane sulfonic acids (PFSA, CnF2n+1SO3H,
n ≥ 6), and their potential precursors (PASF- and fluorotelomer-based compounds). Short-
chain PFAS includes PFCAs where n ≤ 6 or PFSAs where n ≤ 5 [13]. The length of the
fluorinated carbon chain strongly impacts their physicochemical properties, affecting their
behaviour in composts and the environment, as well as their distribution, bioaccumulation,
and toxicity [73].

The widespread use of PFAS has resulted in their presence in various environmental
matrices, including composts, as well as solid wastes, wastewaters, surface waters, ground-
waters, soils, and sediment [74–77]. Despite their widespread use, they were not initially
detected and documented in the environment, wildlife, and humans, as PFAS testing was
not broadly available until the early 2000s [78–80].

However, as research and scientific literature increased, awareness of the potentially
harmful effects of PFAS on human health, wildlife, and the environment grew. In particular,
long-chain PFAA, perfluorooctanoic acid (PFOA or C8 PFCA), perfluorooctane sulfonic
acid (PFOS or C8 PFSA), and their precursors are recognised as global contaminants of
high concern due to their persistence [81], accumulation in living organisms and biomag-
nification potential through the food web [82,83]. PFAS precursors such as PASF-based
substances can be partially transformed biotically or abiotically into PFCAs and/or PFSAs
in the environment and biota. Similarly, FT-based substances can also undergo partial
transformation into PFCA [81,84–86].

Several PFAS are classified as persistent organic pollutants (POPs) and are listed in
the Stockholm Convention. Namely, PFOS, its salts, and perfluorooctane sulfonyl fluoride
(PFOSF) are listed as POPs in Annex B (Restriction) in the 2009 literature. In 2019, PFOA,
its salts, and PFOA-related compounds were listed in Annex A (Elimination), resulting in
global restrictions on their production and uses [87]. Recently, in 2022, perfluorohexane
sulfonic acid (PFHxS), its salts, and PFHxS-related compounds were listed in Annex A to
the Convention [88].

Driven by concerns about their adverse effects on humans and the environment, PFAS
have received increased attention worldwide in the regulatory and scientific community.
Consequently, many countries have phased out or are in the progress of phasing out their
production and use [89–92]. In Australia, some PFAS have been monitored, and the use and
import of some PFAS, as part of the Global Monitoring Plan (GMP) under the Stockholm
Convention on POPs, have been regulated, leading to the development of regulatory,
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policy, and voluntary approaches to the response to PFAS contamination [93]. Following
this voluntary progress, global production has shifted toward the production of PFAS
precursors due to their higher degradation potential and shorter-chain homologues, which
are assumed to have a lower bioaccumulation potential [94,95]. However, short-chain PFAS
such as perfluorobutane sulfonic acid (PFBS) and perfluorobutanoic acid (PFBA) are more
persistent, less adsorbable, and more mobile, and thus could transport to remote regions
and pose lasting environmental impact [96,97].

Disposal of PFAS-containing products in MSW as a terminal repository for consumer,
commercial, and industrial solid wastes will subsequently return those forever chemicals
into the environment through leaching, air transport and other pathways. As they are
environmentally persistent, PFAS can move through the waste cycle indefinitely [98].
Current methods of managing waste perpetuate the cycle of contamination, as PFAS are
readily detected and by-products of treatment methods such as composts [23,99] and
biosolids [100,101], which can then contaminate soil, water, and crops.

7. The Source of PFAS in Compost

PFAS are introduced into compost via the feedstock materials that are processed
throughout the composting process, the liquids that are used in the process, or through air-
borne PFAS deposited by dust on the composted material [102]. The unique chemical and
physical properties of PFAS have led to their extensive use over many years in numerous
industrial, commercial, and consumer applications. Products such as food service products,
textiles, and paper may introduce PFAS directly into the waste stream, while pesticides
and fertilisers may contribute to waste stream contamination indirectly [103]. Research
by Goossen et al. found that the levels of PFAS in compost produced from manure and
compostable service ware were 20 to 45 times higher than those found in compost made
from separated food waste with manure and grass clippings [99]. However, to date, few
studies have reported and compared the occurrence of historical PFAS in composts from
different feedstock [104,105].

The presence of PFAS in food service-ware was confirmed by a study that found the
average concentration of fluorotelomer alcohols (FTOHs) in eco-friendly paper tableware
and popcorn bags were 2990 ng/g and 18,200 ng/g, respectively [106]. Those FTOHs can
transform into other PFAS during the composting process, similar to the transformation
of 6:2 FTOH into PFAS degradation products such as PFPeA, PFHxA, PFBA, 5:3 FTCA,
and 4:3 FTCA during sewage sludge composting [107]. Similarly, under aerobic conditions,
biodegradation of 8:2 FTOH generates long-chain PFOA as the main terminal product, in
addition to PFBA, PFPeA, PFHxA, PFHpA and PFNA [108].

Limited information is available on the transformation of PFAS precursors during
the composting process and also the possibility of long-chain PFAS breaking down into
shorter-chain PFAS, which are more mobile in the environment and can easily contaminate
groundwater and surface water. There is a pressing need for research to understand how
composting affects PFAS compounds during the process.

Among their numerous applications, PFAS have been used as an active and/or inactive
ingredient in biocides (pesticides and herbicides) and fertiliser formulations. Their role as
an additive helps pesticide delivery by functioning as surfactants, in addition to their use as
coating ingredients in fertilisers [109]. The long-chain PFOS was found with concentrations
in the range of 3.92–19.2 mg/kg in 6 of 10 insecticide formulations tested, suggesting a high
likelihood of uptake by crops in areas where these insecticides have been used [110].

Food waste streams may also be a source of PFAS contamination in compost: in a
comparison between composts made with and without food waste, one study reported
that compost containing food waste had higher PFAS levels than green waste compost [22].
PFAS contamination is widespread in food products such as seafood and livestock products
(e.g., meat), possibly because of bioaccumulation. Also, crops that end up in composting
feedstock will contribute to compost PFAS contamination due to uptake of PFAS from
polluted soil or water [111]. Liu et al. found ∑PFAS ranged from 58.8 ng/g to 8085 ng/g
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in ten vegetables (including celery and carrots) and three grain crops (wheat, corn, and
soybean) [112].

The application of compost to agricultural land to improve soil health and crop
productivity may inadvertently transfer PFAS to the soil, which are then taken up by plants
and crops or released in localised surface runoff or leach into groundwater [24,113–115].
Plant uptake of PFAS through the application of compost is an important pathway of
animal and human exposure to PFAS [113]. Therefore, it is critical to identify approaches
for the remediation of PFAS in compost to decrease their bioavailability in compost to
protect the food supply, the environment, and human health.

Remediation of PFAS in biowaste products can be achieved by focusing on minimising
the source of PFAS contamination, i.e., source control or elimination prior to soil application.
Efforts to control PFAS exposure by reducing the usage of PFAS-containing products
represent a beneficial approach. However, reducing PFAS exposure is challenging due to
the ubiquity of PFAS in modern life and the effort required from various sectors, including
policymakers and regulatory bodies [67,116].

At present, the primary focus of remediation technologies is the targeting of aqueous
waste streams contaminated with PFAS. Technologies such as sorption using granular
activated carbon, biochar [117,118], ion exchange resins [119], membrane technologies in-
cluding reverse osmosis (RO) and nanofiltration (NF) membranes [120], advanced oxidation
(i.e., chemical, electrochemical, and photochemical) [121,122], and foam fractionation [123]
have been studied and/or used to treat waterbodies such as wastewater, drinking water,
groundwater, and leachate [124].

In contrast, the application of PFAS remediation technologies developed for solid
media is categorised into three broad approaches, namely, mobilisation (e.g., phytore-
mediation, soil washing, and soil flushing), immobilisation (e.g., sorption and stabilisa-
tion), and destruction (e.g., biodegradation, thermal treatment, chemo-oxidation, and ball
milling) [125,126]. Most studies have focused on the treatment of PFAS-contaminated soil
remain in the experimental phase, while others have been tested in the field. Among these
techniques is stabilisation [127–129].

In addition, some of those technologies have been adapted for solid biowaste products
such as biosolids, yet to the best of the authors’ knowledge, no studies have been conducted
on the remediation of PFAS in compost. The following section focuses on technologies for
the remediation of PFAS in soil and biosolids, which are considered feasible for managing
PFAS-contaminated compost. However, compost may have different considerations due
to its organic nature and susceptibility to leaching, which may impact the choice and
effectiveness of remediation techniques [130].

8. Potential Treatment of Per- and Polyfluoroalkyl Substances in Composts

As there is currently a lack of studies on PFAS remediation approaches in compost, this
review discusses potential approaches that may be suitable for compost use. The suitability
for use in compost of each remediation technology in addition to their advantages and
disadvantages are listed in Table 4.

For the input stage of the composting system, the primary intervention for PFAS is
source control, which can be achieved through standard measures to control known sources
of PFAS contamination. Source control involves identifying the sources of PFAS reaching
the organic waste used for composting and the development of guidelines to minimise
these sources reaching the waste [67].

Mobilisation uses various amendments, such as surfactants and solvents, to facili-
tate the desorption of PFAS, making them more mobile and easier to remove, allowing
for subsequent remediation [125,131,132]. The mobilised PFAS can then be treated by
phytoremediation through plant uptake or by soil washing and flushing [133–137]. Most
studies have focused on the uptake and accumulation of PFAS in different plant species
from biowaste-amended soils, such as edible crops, which are not suitable for use in
phytoremediation purposes [24,138,139].
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In immobilisation, the amendment has the opposite effect: to immobilise PFAS in their
original environment, thereby decreasing their mobility and bioavailability. A wide range
of amendments has proven efficient in treating PFAS-contaminated soil and biosolids, in-
cluding activated carbon (AC), biochar, modified clay minerals like bentonite and kaolinite,
titanium dioxide, or a combination of different amendments to enhance the effectiveness
of immobilisation [140–146]. Zhang and Liang assessed the potential for managing PFAS
bioavailability in biosolids to timothy grass using immobilisation and mobilisation. Their
findings demonstrated the efficacy of stabilising PFAS and reducing their bioavailability by
adding the sorbent (i.e., granular activated carbon (GAC), RemBind, biochar) to biosolids.
In contrast, treating biosolids with the surfactant (e.g., sodium dodecyl sulphate) signifi-
cantly increased plant uptake, which could be a valuable approach for enhancing PFAS
removal if phytoremediation is applied [147]. The mobilisation approach is potentially
less ideal for composts due to risks of incomplete PFAS extraction, whereas the immobili-
sation approach could lead to PFAS retention in compost used for agricultural purposes,
highlighting the need for both methods to undergo extensive research and development to
ensure their efficacy and safety in treating PFAS during the composting process.

Destruction of PFAS in solid media can be achieved through degradation processes,
using either biotic processes such as biodegradation [148,149] and/or abiotic treatment such
as thermal treatment, i.e., incineration, commonly used for treating PFAS in soil [150,151],
and pyrolysis of biosolids [152], advanced oxidation/reduction treatment [153,154], and
mechanochemical treatment (e.g., ball milling) [155,156]. Research into biodegradation
approaches is ongoing, revealing degradation pathways for specific PFAS compounds. This
suggests bioremediation as a promising approach in tackling PFAS contamination, with
potential for the degradation of specific PFAS species within the composting environment.
Generally, destruction technologies are not suitable for use to treat PFAS in compost due to
the high temperatures involved and the potential disruption to the composting process.

Selection of a remediation technology that is potentially likely to be effective for
composts should be based on site-specific conditions, the specific PFAS compounds present,
the level of contamination, treatment goals, and regulatory requirements, among other
considerations [157]. Furthermore, selection should be based on the treatment efficacy and
ability to produce a good-quality compost that functions as a safe, effective organic fertiliser.

Source control measures are essential in preventing PFAS from entering the compost-
ing system, highlighting the importance of proactive strategies. Moreover, biodegradation
as a natural attenuation process during composting has not been investigated, suggesting a
critical area for future research to understand and potentially utilise microbial processes for
PFAS degradation. Among the limited technologies currently practised in the field, the im-
mobilisation of PFAS is considered one of the most cost-effective, viable and efficient ways
to remediate contaminated solid matrices. This method is efficient in reducing the leacha-
bility and bioavailability of PFAS in soils and biowaste-amendment soil. Though long-term
efficiency and stability have not been studied, one study has confirmed the effectiveness of
this approach by various sorbents for up to 3 years [128]. Therefore, there is a significant
potential for the immobilisation approach to remove PFAS contamination from compost
and therefore reduce the PFAS contamination originating from compost application.
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Table 4. Advantages and disadvantages of PFAS remediation technologies applicable to composts.

Approach Technique Advantages Disadvantages Suitability for Use in
Compost Reference

Mobilisation

Phytoremediation

• Sustainability (natural
process).

• Cost-effective.
• Requires minimal

equipment.
• Erosion control.
• Minimal destruction of

the contaminated site.
• Carbon sequestration.
• Biodiversity protection.
• Enhances the aesthetic.

value of the
remediation site.

• Can be applied in situ
and ex situ.

• PFAS do not
readily
biodegrade.

• Possibility of
converting
long-chain PFAS
into stable
medium-chain
PFAS.

• Limited plant
species.

• Time required,
i.e., slow process.

• Potential toxic
effects on plants
and risk of PFAS
entering the food
chain (bioaccu-
mulation).

• Limited practical
application:

affected by toxicity,
climatic conditions, and
seasonal factors.

• Low suitability.
• The risk of PFAS

bioaccumulation
and limited
degradation
capability makes
it less suitable for
composting.

• The mobilised
PFAS could have
higher potential
to contaminate
soil after the use
of compost.

[158–160]

Soil flushing and
soil washing

• Suitable for sandy soils
and clay sands (at
increased cost).

• Low-technology
approach with high
potential for land reuse
following the removal
of the contaminant.

• Large quantities of soil
can be treated.

• Can be applied in situ.

• Expensive.
• Long-term

operation.
• Large initial

investment.
• Requires

excavation.
• Low-level

concentrations
persist in the
leachate,
requiring
significant
post-treatment

• Not suitable.
• Could adversely

affect the
compost by
disrupting its
natural microbial
ecosystem,
altering the
physical structure
and moisture
content.

• Can potentially
reduce the overall
quality and
fertility of the
compost.

[161–163]

Immobilisation Sorption and
stabilisation

• Amendments used to
offer advantages of:

ease of application,
cost-effectiveness, and
commercially available.

• No need for off-site
management.

• Suitable for sandy and
clay soils.

• Can be applied in situ
and ex situ.

• Minimal site
disturbance.

• Cost-effective.

• PFAS are not
destroyed and
left on-site.

• Long-term
efficiency and
stability are
unknown.

• Costs may
increase based on
the volume of the
absorbent
required.

• Parameters of the
treated material
may change,
which affects
its use.

• Moderate
suitability.

• Immobilising
PFAS, preventing
leaching from
compost.

• PFAS not
destroyed may
pose long-term
risks to compost
quality.

[125,126,162,164]
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Table 4. Cont.

Approach Technique Advantages Disadvantages Suitability for Use in
Compost Reference

Destruction

Bioremediation
(biological
treatment)

• Can be applied ex situ.
• Cost-effective.
• Sustainable approach.
• Simple.

• Little evidence of
PFAS
biodegradation.

• Time-consuming
(slow
biodegradation of
PFAS.).

• Requires a
specific
environment.

• Moderate
suitability.

• If an effective
biological
treatment in
degrading PFAS,
it could be
suitable for
composting.

• However, the
slow and
uncertain
degradation
process may
affect the
composting
process and
compost quality.

[165,166]

Thermal
treatment

• Suitable for silty or clay
soils.

• Can be used for
managing PFAS in a
range of soil types.
Existing incineration
facilities are well
established.

• Incineration is a crucial
solution for handling
PFAS-containing waste.

• Expensive.
• Energy-intensive.
• Needs a high

initial investment
in infrastructure.

• Not suitable for
in situ treatment
because of the
high temperature
required.

• Not sustainable,
as it can destroy
the ecosystem.
Pretreatment may
be required,
increasing time.

• Managing the
emission of
greenhouse gases
is challenging.

• Not suitable, due
to its high energy
requirements and
potential for
ecosystem
damage.

• The high
temperatures
used may destroy
organic matter
essential for
composting.

[162,167,168]

9. Conclusions

In the face of escalating challenges due to rapid population growth, urbanisation,
and the growing gap between economic growth and environmental sustainability, this
literature review concludes with a critical analysis of the composting of MSW as a waste
management system. The increasing volume of MSW necessitates the adoption of sus-
tainable waste management technologies. Composting, a waste management approach to
recycling organic waste, emerges as a vital solution, contributing to a circular economy and
environmental preservation.

This review focuses on the emerging concern of PFAS contaminants in compost,
highlighting their potential transfer into soil and through the food chain, posing adverse
impacts on human health and the environment. Despite the numerous beneficial uses
of compost in agriculture, the presence of PFAS in compost, known for their persistence
and potential toxicity, creates new challenges. Published scientific data on the detection
and levels of emerging PFAS contaminants in composts are limited, with a recent study
reporting these substances ranged between 1.26 and 11.84 µg kg−1 on a dry weight basis.
These contaminants have been linked to various adverse human health effects, including
cancers, kidney disease, and altered development and immune functions, emphasising the
need for comprehensive research and regulatory frameworks.

The remediation of PFAS contaminants in compost is vital, given their potential
environmental and health impacts. In this context and in the absence of extensive studies on
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PFAS remediation approaches in compost, this review discussed the potential remediation
approaches, highlighting the approaches that may be suitable for use in composts.

The primary intervention at the input stage of the composting system is source control,
which involves identifying and minimising PFAS sources. Mobilisation techniques using
surfactants and solvents to facilitate the desorption of PFAS for subsequent remediation
through phytoremediation or soil washing have shown potential, though these methods
may not be ideal due to incomplete PFAS extraction risks. Destruction methods, includ-
ing thermal treatments and biodegradation, are generally unsuitable for compost due to
high temperatures and potential disruption to the composting process. Immobilisation
techniques, utilising amendments like activated carbon and biochar, aim to reduce PFAS
mobility and bioavailability, making them more suitable for compost, but still presenting
long-term risks.

However, there are significant gaps in understanding and assessing the effectiveness
and long-term implications of the remediation approaches in composting. Future studies
focused on understanding and developing these methods hold promising potential for
advancing sustainable waste management. By mitigating PFAS risks while preserving the
advantages of composting, such studies could open new avenues for innovative waste
treatment solutions and contribute to environmental sustainability.

In summary, while acknowledging the benefits of composting as a waste manage-
ment approach, research gaps exist in understanding the occurrence, transformation, and
mitigation of PFAS in the composting process. Identifying and addressing the stages of
composting that contribute most to PFAS accumulation is crucial. This understanding is
essential for developing strategies to minimise PFAS release into the environment, thus
ensuring sustainable waste management practices in harmony with protecting human
health and ecological integrity.
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66. Beníšek, M.; Kukučka, P.; Mariani, G.; Suurkuusk, G.; Gawlik, B.M.; Locoro, G.; Giesy, J.P.; Bláha, L. Dioxins and dioxin-like
compounds in composts and digestates from European countries as determined by the in vitro bioassay and chemical analysis.
Chemosphere 2015, 122, 168–175. [CrossRef]

67. Bolan, N.; Sarkar, B.; Vithanage, M.; Singh, G.; Tsang, D.C.W.; Mukhopadhyay, R.; Ramadass, K.; Vinu, A.; Sun, Y.; Ramanayaka,
S.; et al. Distribution, behaviour, bioavailability and remediation of poly- and per-fluoroalkyl substances (PFAS) in solid biowastes
and biowaste-treated soil. Environ. Int. 2021, 155, 106600. [CrossRef]

68. Jha, G.; Kankarla, V.; McLennon, E.; Pal, S.; Sihi, D.; Dari, B.; Diaz, D.; Nocco, M. Per- and Polyfluoroalkyl Substances (PFAS) in
Integrated Crop-Livestock Systems: Environmental Exposure and Human Health Risks. Int. J. Environ. Res. Public Health 2021,
18, 12550. [CrossRef]

69. Wang, Z.; Buser, A.M.; Cousins, I.T.; Demattio, S.; Drost, W.; Johansson, O.; Ohno, K.; Patlewicz, G.; Richard, A.M.; Walker, G.W.;
et al. A New OECD Definition for Per- and Polyfluoroalkyl Substances. Environ. Sci. Technol. 2021, 55, 15575–15578. [CrossRef]
[PubMed]

70. Organisation for Economic Co-Operation and Development. Reconciling terminology of the universe of per-and polyfluoroalkyl
substances: Recommendations and practical guidance. Ser Risk Manag 2021, 61, 1–43.

71. Alexandrino, D.A.; Almeida, C.M.R.; Mucha, A.P.; Carvalho, M.F. Revisiting pesticide pollution: The case of fluorinated pesticides.
Environ. Pollut. 2022, 292, 118315. [CrossRef]

72. Han, J.; Kiss, L.; Mei, H.; Remete, A.M.; Ponikvar-Svet, M.; Sedgwick, D.M.; Roman, R.; Fustero, S.; Moriwaki, H.; Soloshonok, V.A.
Chemical aspects of human and environmental overload with fluorine. Chem. Rev. 2021, 121, 4678–4742. [CrossRef] [PubMed]

73. Gagliano, E.; Sgroi, M.; Falciglia, P.P.; Vagliasindi, F.G.; Roccaro, P. Removal of poly-and perfluoroalkyl substances (PFAS) from
water by adsorption: Role of PFAS chain length, effect of organic matter and challenges in adsorbent regeneration. Water Res.
2020, 171, 115381. [CrossRef] [PubMed]

74. Boulanger, B.; Vargo, J.D.; Schnoor, J.L.; Hornbuckle, K.C. Evaluation of perfluorooctane surfactants in a wastewater treatment
system and in a commercial surface protection product. Environ. Sci. Technol. 2005, 39, 5524. [CrossRef] [PubMed]

75. Harada, K.; Saito, N.; Sasaki, K.; Inoue, K.; Koizumi, A. Perfluorooctane sulfonate contamination of drinking water in the Tama
River, Japan: Estimated effects on resident serum levels. Bull. Environ. Contam. Toxicol. 2003, 71, 31–36. [CrossRef] [PubMed]

76. Gallen, C.; Drage, D.; Eaglesham, G.; Grant, S.; Bowman, M.; Mueller, J. Australia-wide assessment of perfluoroalkyl substances
(PFAS) in landfill leachates. J. Hazard. Mater. 2017, 331, 132–141. [CrossRef] [PubMed]

77. Xiao, F.; Simcik, M.F.; Halbach, T.R.; Gulliver, J.S. Perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) in soils and
groundwater of a US metropolitan area: Migration and implications for human exposure. Water Res. 2015, 72, 64–74. [CrossRef]
[PubMed]

78. Hanssen, L.; Dudarev, A.A.; Huber, S.; Odland, J.Ø.; Nieboer, E.; Sandanger, T.M. Partition of perfluoroalkyl substances (PFAS) in
whole blood and plasma, assessed in maternal and umbilical cord samples from inhabitants of arctic Russia and Uzbekistan. Sci.
Total Environ. 2013, 447, 430–437. [CrossRef] [PubMed]

79. Olsen, G.W.; Mair, D.C.; Lange, C.C.; Harrington, L.M.; Church, T.R.; Goldberg, C.L.; Herron, R.M.; Hanna, H.; Nobiletti, J.B.;
Rios, J.A. Per-and polyfluoroalkyl substances (PFAS) in American Red Cross adult blood donors, 2000–2015. Environ. Res. 2017,
157, 87–95. [CrossRef]

80. Yamashita, N.; Kannan, K.; Taniyasu, S.; Horii, Y.; Petrick, G.; Gamo, T. A global survey of perfluorinated acids in oceans. Mar.
Pollut. Bull. 2005, 51, 658–668. [CrossRef]

81. Frömel, T.; Knepper, T.P. Biodegradation of fluorinated alkyl substances. In Reviews of Environmental Contamination and Toxicology
Volume 208: Perfluorinated Alkylated Substances; De Voogt, P., Ed.; Springer: New York, NY, USA, 2010; pp. 161–177. [CrossRef]

82. Houde, M.; Bujas, T.A.D.; Small, J.; Wells, R.S.; Fair, P.A.; Bossart, G.D.; Solomon, K.R.; Muir, D.C.G. Biomagnification of
Perfluoroalkyl Compounds in the Bottlenose Dolphin (Tursiops truncatus) Food Web. Environ. Sci. Technol. 2006, 40, 4138–4144.
[CrossRef]

83. Loi, E.I.; Yeung, L.W.; Taniyasu, S.; Lam, P.K.; Kannan, K.; Yamashita, N. Trophic magnification of poly-and perfluorinated
compounds in a subtropical food web. Environ. Sci. Technol. 2011, 45, 5506–5513. [CrossRef]

84. OECD. Working towards a Global Emission Inventory of PFAS: Focus on PFCAS—Status Quo and the Way Forward. 2015. Avail-
able online: https://www.oecd.org/chemicalsafety/risk-management/Working%20Towards%20a%20Global%20Emission%
20Inventory%20of%20PFAS.pdf (accessed on 26 May 2021).

85. Young, C.J.; Mabury, S.A. Atmospheric perfluorinated acid precursors: Chemistry, occurrence, and impacts. Rev. Environ. Contam.
Toxicol. 2010, 208, 1–109. [CrossRef]

https://doi.org/10.1016/j.wasman.2014.02.007
https://www.ncbi.nlm.nih.gov/pubmed/24613591
https://doi.org/10.3390/ijerph17217861
https://www.ncbi.nlm.nih.gov/pubmed/33121066
https://doi.org/10.1016/j.biortech.2008.03.052
https://www.ncbi.nlm.nih.gov/pubmed/18455393
https://doi.org/10.1016/j.chemosphere.2014.12.051
https://www.ncbi.nlm.nih.gov/pubmed/25618191
https://doi.org/10.1016/j.chemosphere.2014.11.039
https://doi.org/10.1016/j.envint.2021.106600
https://doi.org/10.3390/ijerph182312550
https://doi.org/10.1021/acs.est.1c06896
https://www.ncbi.nlm.nih.gov/pubmed/34751569
https://doi.org/10.1016/j.envpol.2021.118315
https://doi.org/10.1021/acs.chemrev.0c01263
https://www.ncbi.nlm.nih.gov/pubmed/33723999
https://doi.org/10.1016/j.watres.2019.115381
https://www.ncbi.nlm.nih.gov/pubmed/31923761
https://doi.org/10.1021/es050213u
https://www.ncbi.nlm.nih.gov/pubmed/16124283
https://doi.org/10.1007/s00128-003-0126-x
https://www.ncbi.nlm.nih.gov/pubmed/12945838
https://doi.org/10.1016/j.jhazmat.2017.02.006
https://www.ncbi.nlm.nih.gov/pubmed/28254660
https://doi.org/10.1016/j.watres.2014.09.052
https://www.ncbi.nlm.nih.gov/pubmed/25455741
https://doi.org/10.1016/j.scitotenv.2013.01.029
https://www.ncbi.nlm.nih.gov/pubmed/23410865
https://doi.org/10.1016/j.envres.2017.05.013
https://doi.org/10.1016/j.marpolbul.2005.04.026
https://doi.org/10.1007/978-1-4419-6880-7_3
https://doi.org/10.1021/es060233b
https://doi.org/10.1021/es200432n
https://www.oecd.org/chemicalsafety/risk-management/Working%20Towards%20a%20Global%20Emission%20Inventory%20of%20PFAS.pdf
https://www.oecd.org/chemicalsafety/risk-management/Working%20Towards%20a%20Global%20Emission%20Inventory%20of%20PFAS.pdf
https://doi.org/10.1007/978-1-4419-6880-7_1


Sustainability 2024, 16, 4745 18 of 21

86. Pickard, H.M.; Ruyle, B.J.; Thackray, C.P.; Chovancova, A.; Dassuncao, C.; Becanova, J.; Vojta, S.; Lohmann, R.; Sunderland, E.M.
PFAS and Precursor Bioaccumulation in Freshwater Recreational Fish: Implications for Fish Advisories. Environ. Sci. Technol.
2022, 56, 15573–15583. [CrossRef]

87. Fiedler, H.; Sadia, M.; Krauss, T.; Baabish, A.; Yeung, L.W. Perfluoroalkane acids in human milk under the global monitoring plan
of the Stockholm Convention on Persistent Organic Pollutants (2008–2019). Front. Environ. Sci. Eng. 2022, 16, 132. [CrossRef]

88. Drage, D.S.; Sharkey, M.; Berresheim, H.; Coggins, M.; Harrad, S. Rapid Determination of Selected PFAS in Textiles Entering the
Waste Stream. Toxics 2023, 11, 55. [CrossRef]

89. Steenland, K.; Fletcher, T.; Savitz, D.A. Epidemiologic evidence on the health effects of perfluorooctanoic acid (PFOA). Environ.
Health Perspect. 2010, 118, 1100–1108. [CrossRef]

90. Bach, C.C.; Bech, B.H.; Brix, N.; Nohr, E.A.; Bonde, J.P.E.; Henriksen, T.B. Perfluoroalkyl and polyfluoroalkyl substances and
human fetal growth: A systematic review. Crit. Rev. Toxicol. 2015, 45, 53–67. [CrossRef]

91. Paul, A.G.; Jones, K.C.; Sweetman, A.J. A First Global Production, Emission, And Environmental Inventory For Perfluorooctane
Sulfonate. Environ. Sci. Technol. 2009, 43, 386–392. [CrossRef]

92. 3M. Phase-out plan for POSF-based products. Filtr. Sep. 2000, 37, 4.
93. Brennan, N.M.; Evans, A.T.; Fritz, M.K.; Peak, S.A.; von Holst, H.E. Trends in the Regulation of Per- and Polyfluoroalkyl

Substances (PFAS): A Scoping Review. Int. J. Environ. Res. Public Health 2021, 18, 10900. [CrossRef] [PubMed]
94. Wang, Z.; Cousins, I.T.; Scheringer, M.; Hungerbühler, K. Fluorinated alternatives to long-chain perfluoroalkyl carboxylic acids

(PFCAs), perfluoroalkane sulfonic acids (PFSAs) and their potential precursors. Environ. Int. 2013, 60, 242–248. [CrossRef]
[PubMed]

95. Brendel, S.; Fetter, É.; Staude, C.; Vierke, L.; Biegel-Engler, A. Short-Chain Perfluoroalkyl Acids: Environmental Concerns and a
Regulatory Strategy under REACH. Environ. Sci. Eur. 2018, 30, 9. [CrossRef] [PubMed]

96. Cai, M.; Zhao, Z.; Yin, Z.; Ahrens, L.; Huang, P.; Cai, M.; Yang, H.; He, J.; Sturm, R.; Ebinghaus, R.; et al. Occurrence of
Perfluoroalkyl Compounds in Surface Waters from the North Pacific to the Arctic Ocean. Environ. Sci. Technol. 2012, 46, 661–668.
[CrossRef] [PubMed]

97. Sun, M.; Arevalo, E.; Strynar, M.; Lindstrom, A.; Richardson, M.; Kearns, B.; Pickett, A.; Smith, C.; Knappe, D.R.U. Legacy and
Emerging Perfluoroalkyl Substances Are Important Drinking Water Contaminants in the Cape Fear River Watershed of North
Carolina. Environ. Sci. Technol. Lett. 2016, 3, 415–419. [CrossRef]

98. Stoiber, T.; Evans, S.; Naidenko, O.V. Disposal of products and materials containing per- and polyfluoroalkyl substances (PFAS):
A cyclical problem. Chemosphere 2020, 260, 127659. [CrossRef] [PubMed]

99. Goossen, C.P.; Schattman, R.E.; MacRae, J.D. Evidence of compost contamination with per- and polyfluoroalkyl substances (PFAS)
from “compostable” food serviceware. Biointerphases 2023, 18, 030501. [CrossRef] [PubMed]

100. Gallen, C.; Eaglesham, G.; Drage, D.; Nguyen, T.H.; Mueller, J. A mass estimate of perfluoroalkyl substance (PFAS) release from
Australian wastewater treatment plants. Chemosphere 2018, 208, 975–983. [CrossRef]

101. Yu, J.; Hu, J.; Tanaka, S.; Fujii, S. Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) in sewage treatment plants.
Water Res. 2009, 43, 2399–2408. [CrossRef] [PubMed]

102. Dominic Schliebs. Critical Evaluation of Composting Operations and Feedstock Suitability Phase 2—Contamination; Department of
Environment and Science, Queensland Government: Brisbane, Australia, 2019.

103. Gaines, L.G.T. Historical and current usage of per- and polyfluoroalkyl substances (PFAS): A literature review. Am. J. Ind. Med.
2023, 66, 353–378. [CrossRef]

104. Munoz, G.; Michaud, A.M.; Liu, M.; Vo Duy, S.; Montenach, D.; Resseguier, C.; Watteau, F.; Sappin-Didier, V.; Feder, F.; Morvan,
T.; et al. Target and Nontarget Screening of PFAS in Biosolids, Composts, and Other Organic Waste Products for Land Application
in France. Environ. Sci. Technol. 2022, 56, 6056–6068. [CrossRef]

105. Kim Lazcano, R.; Choi, Y.J.; Mashtare, M.L.; Lee, L.S. Characterizing and Comparing Per- and Polyfluoroalkyl Substances in
Commercially Available Biosolid and Organic Non-Biosolid-Based Products. Environ. Sci. Technol. 2020, 54, 8640–8648. [CrossRef]
[PubMed]

106. Yuan, G.; Peng, H.; Huang, C.; Hu, J. Ubiquitous Occurrence of Fluorotelomer Alcohols in Eco-Friendly Paper-Made Food-Contact
Materials and Their Implication for Human Exposure. Environ. Sci. Technol. 2016, 50, 942–950. [CrossRef] [PubMed]

107. Qiao, W.; Miao, J.; Jiang, H.; Yang, Q. Degradation and effect of 6:2 fluorotelomer alcohol in aerobic composting of sludge.
Biodegradation 2021, 32, 99–112. [CrossRef] [PubMed]

108. Dinglasan, M.; Ye, Y.; Edwards, E.; Mabury, S. Fluorotelomer alcohol yields poly and perfluorinated acids. Environ. Sci. Technol.
2004, 38, 2664. [CrossRef] [PubMed]

109. Knepper, T.P.; Lange, F.T. Polyfluorinated Chemicals and Transformation Products; Springer Science & Business Media:
Berlin/Heidelberg, Germany, 2011; Volume 17.

110. Lasee, S.; McDermett, K.; Kumar, N.; Guelfo, J.; Payton, P.; Yang, Z.; Anderson, T.A. Targeted analysis and Total Oxidizable
Precursor assay of several insecticides for PFAS. J. Hazard. Mater. Lett. 2022, 3, 100067. [CrossRef]

111. U.S.EPA. Persistent Chemical Contaminants; U.S. Environmental Protection Agency (EPA): Washington, DC, USA, 2021.
112. Liu, Z.; Lu, Y.; Song, X.; Jones, K.; Sweetman, A.J.; Johnson, A.C.; Zhang, M.; Lu, X.; Su, C. Multiple crop bioaccumulation and

human exposure of perfluoroalkyl substances around a mega fluorochemical industrial park, China: Implication for planting
optimization and food safety. Environ. Int. 2019, 127, 671–684. [CrossRef] [PubMed]

https://doi.org/10.1021/acs.est.2c03734
https://doi.org/10.1007/s11783-022-1541-8
https://doi.org/10.3390/toxics11010055
https://doi.org/10.1289/ehp.0901827
https://doi.org/10.3109/10408444.2014.952400
https://doi.org/10.1021/es802216n
https://doi.org/10.3390/ijerph182010900
https://www.ncbi.nlm.nih.gov/pubmed/34682663
https://doi.org/10.1016/j.envint.2013.08.021
https://www.ncbi.nlm.nih.gov/pubmed/24660230
https://doi.org/10.1186/s12302-018-0134-4
https://www.ncbi.nlm.nih.gov/pubmed/29527446
https://doi.org/10.1021/es2026278
https://www.ncbi.nlm.nih.gov/pubmed/22128794
https://doi.org/10.1021/acs.estlett.6b00398
https://doi.org/10.1016/j.chemosphere.2020.127659
https://www.ncbi.nlm.nih.gov/pubmed/32698118
https://doi.org/10.1116/6.0002746
https://www.ncbi.nlm.nih.gov/pubmed/37278597
https://doi.org/10.1016/j.chemosphere.2018.06.024
https://doi.org/10.1016/j.watres.2009.03.009
https://www.ncbi.nlm.nih.gov/pubmed/19359027
https://doi.org/10.1002/ajim.23362
https://doi.org/10.1021/acs.est.1c03697
https://doi.org/10.1021/acs.est.9b07281
https://www.ncbi.nlm.nih.gov/pubmed/32567309
https://doi.org/10.1021/acs.est.5b03806
https://www.ncbi.nlm.nih.gov/pubmed/26655429
https://doi.org/10.1007/s10532-020-09924-9
https://www.ncbi.nlm.nih.gov/pubmed/33481147
https://doi.org/10.1021/es0350177
https://www.ncbi.nlm.nih.gov/pubmed/15212260
https://doi.org/10.1016/j.hazl.2022.100067
https://doi.org/10.1016/j.envint.2019.04.008
https://www.ncbi.nlm.nih.gov/pubmed/30991223


Sustainability 2024, 16, 4745 19 of 21

113. Sungur, Ş.; Çevik, B.; Köroğlu, M. Determination of perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS)
contents of compost amended soils and plants grown in these soils. Int. J. Environ. Anal. Chem. 2022, 102, 1926–1934. [CrossRef]

114. Levine, A.J.; Bean, E.Z.; Hinz, F.O.; Wilson, P.C.; Reisinger, A.J. Leaching of select per-/poly-fluoroalkyl substances, pharma-
ceuticals, and hormones through soils amended with composted biosolids. J. Environ. Manag. 2023, 343, 118185. [CrossRef]
[PubMed]

115. Röhler, K.; Susset, B.; Grathwohl, P. Production of perfluoroalkyl acids (PFAAs) from precursors in contaminated agricultural
soils: Batch and leaching experiments. Sci. Total Environ. 2023, 902, 166555. [CrossRef]

116. Hall, H.; Moodie, D.; Vero, C. PFAS in biosolids: A review of international regulations. Water EJ 2021, 5, 41. [CrossRef]
117. Johnson, E. Per-and Polyfluoroalkyl Substances (PFAS) Removal from Landfill Leachate: Efficiency Evaluation in Column

Experiments. Master’s Thesis, KTH Royal Institute of Technology, Stockholm, Sweden, 2019.
118. Xiao, X.; Ulrich, B.A.; Chen, B.; Higgins, C.P. Sorption of Poly- and Perfluoroalkyl Substances (PFAS) Relevant to Aqueous

Film-Forming Foam (AFFF)-Impacted Groundwater by Biochars and Activated Carbon. Environ. Sci. Technol. 2017, 51, 6342–6351.
[CrossRef] [PubMed]

119. Zaggia, A.; Conte, L.; Falletti, L.; Fant, M.; Chiorboli, A. Use of strong anion exchange resins for the removal of perfluoroalkylated
substances from contaminated drinking water in batch and continuous pilot plants. Water Res. 2016, 91, 137–146. [CrossRef]
[PubMed]

120. Tang, C.Y.; Fu, Q.S.; Criddle, C.S.; Leckie, J.O. Effect of flux (transmembrane pressure) and membrane properties on fouling and
rejection of reverse osmosis and nanofiltration membranes treating perfluorooctane sulfonate containing wastewater. Environ. Sci.
Technol. 2007, 41, 2008–2014. [CrossRef] [PubMed]

121. Krause, M.J.; Thoma, E.; Sahle-Damesessie, E.; Crone, B.; Whitehill, A.; Shields, E.; Gullett, B. Supercritical Water Oxidation as an
Innovative Technology for PFAS Destruction. J. Environ. Eng. 2022, 148, 05021006. [CrossRef] [PubMed]

122. McBeath, S.T.; Mora, A.S.; Zeidabadi, F.A.; Mayer, B.K.; McNamara, P.; Mohseni, M.; Hoffmann, M.R.; Graham, N.J. Progress and
prospect of anodic oxidation for the remediation of perfluoroalkyl and polyfluoroalkyl substances in water and wastewater using
diamond electrodes. Curr. Opin. Electrochem. 2021, 30, 100865. [CrossRef]

123. Burns, D.J.; Stevenson, P.; Murphy, P.J.C. PFAS removal from groundwaters using Surface-Active Foam Fractionation. Remediat. J.
2021, 31, 19–33. [CrossRef]

124. McCleaf, P.; Englund, S.; Östlund, A.; Lindegren, K.; Wiberg, K.; Ahrens, L. Removal efficiency of multiple poly- and perfluoroalkyl
substances (PFAS) in drinking water using granular activated carbon (GAC) and anion exchange (AE) column tests. Water Res.
2017, 120, 77–87. [CrossRef] [PubMed]

125. Bolan, N.; Sarkar, B.; Yan, Y.; Li, Q.; Wijesekara, H.; Kannan, K.; Tsang, D.C.; Schauerte, M.; Bosch, J.; Noll, H. Remediation of
poly-and perfluoroalkyl substances (PFAS) contaminated soils–to mobilize or to immobilize or to degrade? J. Hazard. Mater. 2021,
401, 123892. [CrossRef] [PubMed]

126. Sleep, J.A.; Juhasz, A.L. A Review of Immobilisation-Based Remediation of Per- and Poly-Fluoroalkyl Substances (PFAS) in Soils.
Curr. Pollut. Rep. 2021, 7, 524–539. [CrossRef]

127. McDonough, J.T.; Anderson, R.H.; Lang, J.R.; Liles, D.; Matteson, K.; Olechiw, T. Field-scale demonstration of PFAS leachability
following in situ soil stabilization. ACS Omega 2021, 7, 419–429. [CrossRef]

128. Navarro, D.A.; Kabiri, S.; Ho, J.; Bowles, K.C.; Davis, G.; McLaughlin, M.J.; Kookana, R.S. Stabilisation of PFAS in soils: Long-term
effectiveness of carbon-based soil amendments. Environ. Pollut. 2023, 323, 121249. [CrossRef] [PubMed]

129. Niarchos, G.; Ahrens, L.; Kleja, D.B.; Leonard, G.; Forde, J.; Bergman, J.; Ribeli, E.; Schütz, M.; Fagerlund, F. In-situ application of
colloidal activated carbon for PFAS-contaminated soil and groundwater: A Swedish case study. Remediat. J. 2023, 33, 101–110.
[CrossRef]

130. Xie, S.; Tran, H.-T.; Pu, M.; Zhang, T. Transformation characteristics of organic matter and phosphorus in composting processes of
agricultural organic waste: Research trends. Mater. Sci. Energy Technol. 2023, 6, 331–342. [CrossRef]

131. Pan, G.; Jia, C.; Zhao, D.; You, C.; Chen, H.; Jiang, G. Effect of cationic and anionic surfactants on the sorption and desorption of
perfluorooctane sulfonate (PFOS) on natural sediments. Environ. Pollut. 2009, 157, 325–330. [CrossRef] [PubMed]

132. Milinovic, J.; Lacorte, S.; Rigol, A.; Vidal, M. Sorption of perfluoroalkyl substances in sewage sludge. Environ. Sci. Pollut. Res.
2016, 23, 8339–8348. [CrossRef] [PubMed]

133. Senevirathna, S.; Mahinroosta, R.; Li, M.; KrishnaPillai, K. In situ soil flushing to remediate confined soil contaminated with
PFOS-an innovative solution for emerging environmental issue. Chemosphere 2021, 262, 127606. [CrossRef] [PubMed]

134. Nguyen, T.M.H.; Bräunig, J.; Kookana, R.S.; Kaserzon, S.L.; Knight, E.R.; Vo, H.N.P.; Kabiri, S.; Navarro, D.A.; Grimison, C.;
Riddell, N.; et al. Assessment of Mobilization Potential of Per- and Polyfluoroalkyl Substances for Soil Remediation. Environ. Sci.
Technol. 2022, 56, 10030–10041. [CrossRef] [PubMed]

135. Cheng, X.-Y.; Chen, W.-Y.; Gu, B.-H.; Liu, X.-C.; Chen, F.; Chen, Z.-H.; Zhou, X.-Y.; Li, Y.-X.; Huang, H.; Chen, Y.-J. Morphology,
ecology, and contaminant removal efficiency of eight wetland plants with differing root systems. Hydrobiologia 2009, 623, 77–85.
[CrossRef]

136. Gobelius, L.; Lewis, J.; Ahrens, L. Plant Uptake of Per- and Polyfluoroalkyl Substances at a Contaminated Fire Training Facility to
Evaluate the Phytoremediation Potential of Various Plant Species. Environ. Sci. Technol. 2017, 51, 12602–12610. [CrossRef]

137. Huff, D.K.; Morris, L.A.; Sutter, L.; Costanza, J.; Pennell, K.D. Accumulation of six PFAS compounds by woody and herbaceous
plants: Potential for phytoextraction. Int. J. Phytoremediation 2020, 22, 1538–1550. [CrossRef]

https://doi.org/10.1080/03067319.2020.1745200
https://doi.org/10.1016/j.jenvman.2023.118185
https://www.ncbi.nlm.nih.gov/pubmed/37224688
https://doi.org/10.1016/j.scitotenv.2023.166555
https://doi.org/10.21139/wej.2020.026
https://doi.org/10.1021/acs.est.7b00970
https://www.ncbi.nlm.nih.gov/pubmed/28582977
https://doi.org/10.1016/j.watres.2015.12.039
https://www.ncbi.nlm.nih.gov/pubmed/26774262
https://doi.org/10.1021/es062052f
https://www.ncbi.nlm.nih.gov/pubmed/17410798
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001957
https://www.ncbi.nlm.nih.gov/pubmed/37588034
https://doi.org/10.1016/j.coelec.2021.100865
https://doi.org/10.1002/rem.21694
https://doi.org/10.1016/j.watres.2017.04.057
https://www.ncbi.nlm.nih.gov/pubmed/28478297
https://doi.org/10.1016/j.jhazmat.2020.123892
https://www.ncbi.nlm.nih.gov/pubmed/33113753
https://doi.org/10.1007/s40726-021-00199-z
https://doi.org/10.1021/acsomega.1c04789
https://doi.org/10.1016/j.envpol.2023.121249
https://www.ncbi.nlm.nih.gov/pubmed/36764376
https://doi.org/10.1002/rem.21746
https://doi.org/10.1016/j.mset.2023.02.006
https://doi.org/10.1016/j.envpol.2008.06.035
https://www.ncbi.nlm.nih.gov/pubmed/18722698
https://doi.org/10.1007/s11356-015-6019-9
https://www.ncbi.nlm.nih.gov/pubmed/26780052
https://doi.org/10.1016/j.chemosphere.2020.127606
https://www.ncbi.nlm.nih.gov/pubmed/32805650
https://doi.org/10.1021/acs.est.2c00401
https://www.ncbi.nlm.nih.gov/pubmed/35763608
https://doi.org/10.1007/s10750-008-9649-9
https://doi.org/10.1021/acs.est.7b02926
https://doi.org/10.1080/15226514.2020.1786004


Sustainability 2024, 16, 4745 20 of 21

138. Blaine, A.C.; Rich, C.D.; Sedlacko, E.M.; Hundal, L.S.; Kumar, K.; Lau, C.; Mills, M.A.; Harris, K.M.; Higgins, C.P. Perfluoroalkyl
acid distribution in various plant compartments of edible crops grown in biosolids-amended soils. Environ. Sci. Technol. 2014, 48,
7858–7865. [CrossRef] [PubMed]

139. Wen, B.; Li, L.; Zhang, H.; Ma, Y.; Shan, X.-Q.; Zhang, S. Field study on the uptake and translocation of perfluoroalkyl acids
(PFAAs) by wheat (Triticum aestivum L.) grown in biosolids-amended soils. Environ. Pollut. 2014, 184, 547–554. [CrossRef]
[PubMed]

140. Hale, S.E.; Arp, H.P.H.; Slinde, G.A.; Wade, E.J.; Bjørseth, K.; Breedveld, G.D.; Straith, B.F.; Moe, K.G.; Jartun, M.; Høisæter,
Å. Sorbent amendment as a remediation strategy to reduce PFAS mobility and leaching in a contaminated sandy soil from a
Norwegian firefighting training facility. Chemosphere 2017, 171, 9–18. [CrossRef] [PubMed]

141. Sörengård, M.; Kleja, D.B.; Ahrens, L. Stabilization and solidification remediation of soil contaminated with poly- and perfluo-
roalkyl substances (PFAS). J. Hazard. Mater. 2019, 367, 639–646. [CrossRef] [PubMed]

142. Das, P.; Arias E, V.A.; Kambala, V.; Mallavarapu, M.; Naidu, R. Remediation of Perfluorooctane Sulfonate in Contaminated Soils
by Modified Clay Adsorbent—A Risk-Based Approach. Water Air Soil Pollut. 2013, 224, 1714. [CrossRef]

143. Bräunig, J.; Baduel, C.; Barnes, C.M.; Mueller, J.F. Sorbent assisted immobilisation of perfluoroalkyl acids in soils—effect on
leaching and bioavailability. J. Hazard. Mater. 2021, 412, 125171. [CrossRef] [PubMed]

144. Sorengard, M.; Kleja, D.B.; Ahrens, L. Stabilization of per-and polyfluoroalkyl substances (PFAS) with colloidal activated carbon
(PlumeStop®) as a function of soil clay and organic matter content. J. Environ. Manag. 2019, 249, 109345. [CrossRef] [PubMed]

145. Lath, S.; Navarro, D.A.; Losic, D.; Kumar, A.; McLaughlin, M.J. Sorptive remediation of perfluorooctanoic acid (PFOA) using
mixed mineral and graphene/carbon-based materials. Environ. Chem. 2018, 15, 472–480. [CrossRef]

146. Askeland, M.; Clarke, B.O.; Cheema, S.A.; Mendez, A.; Gasco, G.; Paz-Ferreiro, J. Biochar sorption of PFOS, PFOA, PFHxS and
PFHxA in two soils with contrasting texture. Chemosphere 2020, 249, 126072. [CrossRef]

147. Zhang, W.; Liang, Y. Changing bioavailability of per- and polyfluoroalkyl substances (PFAS) to plant in biosolids amended soil
through stabilization or mobilization. Environ. Pollut. 2022, 308, 119724. [CrossRef]

148. Kwon, B.G.; Lim, H.-J.; Na, S.-H.; Choi, B.-I.; Shin, D.-S.; Chung, S.-Y. Biodegradation of perfluorooctanesulfonate (PFOS) as an
emerging contaminant. Chemosphere 2014, 109, 221–225. [CrossRef]

149. Chetverikov, S.; Sharipov, D.; Korshunova, T.Y.; Loginov, O. Degradation of perfluorooctanyl sulfonate by strain Pseudomonas
plecoglossicida 2.4-D. Appl. Biochem. Microbiol. 2017, 53, 533–538. [CrossRef]

150. Alinezhad, A.; Challa Sasi, P.; Zhang, P.; Yao, B.; Kubátová, A.; Golovko, S.A.; Golovko, M.Y.; Xiao, F. An investigation of thermal
air degradation and pyrolysis of per-and polyfluoroalkyl substances and aqueous film-forming foams in soil. Acs EsT Eng. 2022,
2, 198–209. [CrossRef]

151. Wang, F.; Lu, X.; Li, X.-Y.; Shih, K. Effectiveness and mechanisms of defluorination of perfluorinated alkyl substances by calcium
compounds during waste thermal treatment. Environ. Sci. Technol. 2015, 49, 5672–5680. [CrossRef]

152. Kundu, S.; Patel, S.; Halder, P.; Patel, T.; Hedayati Marzbali, M.; Pramanik, B.K.; Paz-Ferreiro, J.; de Figueiredo, C.C.; Bergmann,
D.; Surapaneni, A.; et al. Removal of PFAS from biosolids using a semi-pilot scale pyrolysis reactor and the application of
biosolids derived biochar for the removal of PFAS from contaminated water. Environ. Sci. Water Res. Technol. 2021, 7, 638–649.
[CrossRef]

153. Lassalle, J.; Gao, R.; Rodi, R.; Kowald, C.; Feng, M.; Sharma, V.K.; Hoelen, T.; Bireta, P.; Houtz, E.F.; Staack, D. Degradation of
PFOS and PFOA in soil and groundwater samples by high dose Electron Beam Technology. Radiat. Phys. Chem. 2021, 189, 109705.
[CrossRef]

154. Hou, J.; Li, G.; Liu, M.; Chen, L.; Yao, Y.; Fallgren, P.H.; Jin, S. Electrochemical destruction and mobilization of perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonate (PFOS) in saturated soil. Chemosphere 2022, 287, 132205. [CrossRef] [PubMed]

155. Turner, L.P.; Kueper, B.H.; Jaansalu, K.M.; Patch, D.J.; Battye, N.; El-Sharnouby, O.; Mumford, K.G.; Weber, K.P. Mechanochemical
remediation of perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) amended sand and aqueous film-forming
foam (AFFF) impacted soil by planetary ball milling. Sci. Total Environ. 2021, 765, 142722. [CrossRef]

156. Battye, N.J.; Patch, D.J.; Roberts, D.M.; O’Connor, N.M.; Turner, L.P.; Kueper, B.H.; Hulley, M.E.; Weber, K.P. Use of a horizontal
ball mill to remediate per-and polyfluoroalkyl substances in soil. Sci. Total Environ. 2022, 835, 155506. [CrossRef]

157. Meegoda, J.N.; Bezerra de Souza, B.; Casarini, M.M.; Kewalramani, J.A. A Review of PFAS Destruction Technologies. Int. J.
Environ. Res. Public Health 2022, 19, 16397. [CrossRef]

158. Mayakaduwage, S.; Ekanayake, A.; Kurwadkar, S.; Rajapaksha, A.U.; Vithanage, M. Phytoremediation prospects of per- and
polyfluoroalkyl substances: A review. Environ. Res. 2022, 212, 113311. [CrossRef] [PubMed]

159. Dhanwal, P.; Kumar, A.; Dudeja, S.; Chhokar, V.; Beniwal, V. Recent advances in phytoremediation technology. Adv. Environ.
Biotechnol. 2017, 227–241.

160. Jiao, X.; Shi, Q.; Gan, J. Uptake, accumulation and metabolism of PFAS in plants and health perspectives: A critical review. Crit.
Rev. Environ. Sci. Technol. 2021, 51, 2745–2776. [CrossRef]

161. Svab, M.; Kubal, M.; Müllerova, M.; Raschman, R. Soil flushing by surfactant solution: Pilot-scale demonstration of complete
technology. J. Hazard. Mater. 2009, 163, 410–417. [CrossRef] [PubMed]

162. Mahinroosta, R.; Senevirathna, L. A review of the emerging treatment technologies for PFAS contaminated soils. J. Environ.
Manag. 2020, 255, 109896. [CrossRef] [PubMed]

https://doi.org/10.1021/es500016s
https://www.ncbi.nlm.nih.gov/pubmed/24918303
https://doi.org/10.1016/j.envpol.2013.09.040
https://www.ncbi.nlm.nih.gov/pubmed/24184376
https://doi.org/10.1016/j.chemosphere.2016.12.057
https://www.ncbi.nlm.nih.gov/pubmed/28002769
https://doi.org/10.1016/j.jhazmat.2019.01.005
https://www.ncbi.nlm.nih.gov/pubmed/30654281
https://doi.org/10.1007/s11270-013-1714-y
https://doi.org/10.1016/j.jhazmat.2021.125171
https://www.ncbi.nlm.nih.gov/pubmed/33529830
https://doi.org/10.1016/j.jenvman.2019.109345
https://www.ncbi.nlm.nih.gov/pubmed/31487666
https://doi.org/10.1071/EN18156
https://doi.org/10.1016/j.chemosphere.2020.126072
https://doi.org/10.1016/j.envpol.2022.119724
https://doi.org/10.1016/j.chemosphere.2014.01.072
https://doi.org/10.1134/S0003683817050027
https://doi.org/10.1021/acsestengg.1c00335
https://doi.org/10.1021/es506234b
https://doi.org/10.1039/D0EW00763C
https://doi.org/10.1016/j.radphyschem.2021.109705
https://doi.org/10.1016/j.chemosphere.2021.132205
https://www.ncbi.nlm.nih.gov/pubmed/34563764
https://doi.org/10.1016/j.scitotenv.2020.142722
https://doi.org/10.1016/j.scitotenv.2022.155506
https://doi.org/10.3390/ijerph192416397
https://doi.org/10.1016/j.envres.2022.113311
https://www.ncbi.nlm.nih.gov/pubmed/35460639
https://doi.org/10.1080/10643389.2020.1809219
https://doi.org/10.1016/j.jhazmat.2008.06.116
https://www.ncbi.nlm.nih.gov/pubmed/18701214
https://doi.org/10.1016/j.jenvman.2019.109896
https://www.ncbi.nlm.nih.gov/pubmed/32063301


Sustainability 2024, 16, 4745 21 of 21

163. Høisæter, Å.; Arp, H.P.H.; Slinde, G.; Knutsen, H.; Hale, S.E.; Breedveld, G.D.; Hansen, M.C. Excavated vs novel in situ soil
washing as a remediation strategy for sandy soils impacted with per- and polyfluoroalkyl substances from aqueous film forming
foams. Sci. Total Environ. 2021, 794, 148763. [CrossRef] [PubMed]

164. Biek, S.K.; Khudur, L.S.; Rigby, L.; Singh, N.; Askeland, M.; Ball, A.S. Assessing the impact of immobilisation on the bioavailability
of PFAS to plants in contaminated Australian soils. Environ. Sci. Pollut. Res. 2024, 31, 20330–20342. [CrossRef] [PubMed]

165. Ji, B.; Kang, P.; Wei, T.; Zhao, Y. Challenges of aqueous per- and polyfluoroalkyl substances (PFAS) and their foreseeable removal
strategies. Chemosphere 2020, 250, 126316. [CrossRef] [PubMed]

166. Shahsavari, E.; Rouch, D.; Khudur, L.S.; Thomas, D.; Aburto-Medina, A.; Ball, A.S. Challenges and current status of the biological
treatment of PFAS-contaminated soils. Front. Bioeng. Biotechnol. 2021, 8, 602040. [CrossRef]

167. Yamada, T.; Taylor, P.H.; Buck, R.C.; Kaiser, M.A.; Giraud, R.J. Thermal degradation of fluorotelomer treated articles and related
materials. Chemosphere 2005, 61, 974–984. [CrossRef]

168. Kang, Y.-G.; Birch, Q.T.; Nadagouda, M.N.; Dionysiou, D.D. Advanced destruction technologies for PFAS in soils: Progress and
challenges. Curr. Opin. Environ. Sci. Health 2023, 33, 100459. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.scitotenv.2021.148763
https://www.ncbi.nlm.nih.gov/pubmed/34323778
https://doi.org/10.1007/s11356-024-32496-7
https://www.ncbi.nlm.nih.gov/pubmed/38372916
https://doi.org/10.1016/j.chemosphere.2020.126316
https://www.ncbi.nlm.nih.gov/pubmed/32120153
https://doi.org/10.3389/fbioe.2020.602040
https://doi.org/10.1016/j.chemosphere.2005.03.025
https://doi.org/10.1016/j.coesh.2023.100459

	Introduction 
	Sustainable Organic Waste Management-Composting 
	The Composting Process 
	Stages of Composting 
	Phases of Composting 

	Compost Quality 
	Compost Contaminants 
	Per- and Polyfluoroalkyl Substances (PFAS) 
	The Source of PFAS in Compost 
	Potential Treatment of Per- and Polyfluoroalkyl Substances in Composts 
	Conclusions 
	References

