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Fact sheet

Treatment Options for Removing PFAS from Sewage Sludge

How is Sewage Sludge managed in the
EU-27?

In 2020 more than 7.5 million tonnes (dry matter) of
sewage sludge were produced in the EU-27. Despite the
significant differences in management practices among
Member States, agricultural use via land application, was
the most common, accounting for 35% of the total. A
further 15% was composted, 10% was landfilled, and 30%
was incinerated®.

Are there PFAS in Sewage Sludge?

According to a review paper published in 2025% more than
180 PFAS have been detected in sewage sludge. The
observed concentrations typically range from tens to
hundreds of ng/g dry weight, depending on the
compound. The most studied PFAS classes are perfluoro-
alkyl carboxylic acids (PFCAs), perfluoroalkyl sulfonic
acids (PFSAs), and perfluoroalkyl sulfonamides (FASAs). In
general, long-chain PFAS exhibit higher adsorption onto
sludge compared with short-chain analogues, and PFSAs
bind more strongly than PFCAs.

What are the main problems with the
presence of PFAS in Sewage Sludge?

When contaminated sewage sludge is applied to agricul-
tural soil, a direct pollutant exposure pathway is estab-
lished. This practice increases the risk of exposure to the
terrestrial environment and of contamination of ground-
water. Furthermore, if the land is used for agricultural
purposes, then contaminants can be taken up by plants
grown in the area, contaminating food sources. Long-term
monitoring studies in America have demonstrated the
transfer of PFAS from sewage sludge (more commonly
termed biosolids in America) to agricultural lands®.

How is Sewage Sludge treated in a
Wastewater Treatment Plant?

Sewage sludge is typically subjected to treatment process-
es designed to reduce its volume (e.g., thickening, dewa-

tering, solar drying) and to achieve stabilization under
either aerobic (e.g., aerobic digestion, composting),
anaerobic (e.g., anaerobic digestion) or alkaline condi-
tions (alkaline stabilization). It is generally accepted that
PFAS are not significantly eliminated during conventional
anaerobic digestion*. However, drawing reliable conclu-
sions is hindered by the relatively small number of
compounds typically monitored in full-scale systems
while the presence of (unknown) precursors that could
potentially form target PFAS in the bioreactor hampers
the establishment of comprehensive mass balances. In
the last years, lab-scale experiments have reported
defluorination of specific long-chain PFAS under anaero-
bic conditions when using specific microbial inocula®.
Significant elimination of PFAS in sewage sludge has also
not been observed following the application of aerobic
biological processes (e.g. composting, aerobic digestion).
Some PFAS precursors (e.g. polyfluoroalkyl phosphoric
acid diesters, diPAPs) can be biotransformed into PFCAs
during biological treatment.

Thermal technologies to remove PFAS
from Sewage Sludge

Thermal treatment technologies are promising methods
for the destruction of PFAS found in sewage sludge, with
the most common methods being incineration and
pyrolysis. Some data is also available for hydrothermal
treatment.

Incineration uses high temperatures to transform waste
or other materials into heat, ash, and gasesin an
oxygen-rich environment. Incineration begins decompos-
ing PFCAs at 200 °C and PFSAs at 450 °C, while complete
mineralization of PFAS occurs at temperatures exceeding
1000 °C2. Research on the breakdown of PFAS during the
incineration of sewage sludge is still limited®’. Additional-
ly, this method suffers the disadvantage of having high
capital cost, producing emissions of greenhouse gases,
necessitating prior thermal drying of sludge, and a lack of
published data on its effectiveness in removing PFAS
during periods when incinerators are not operating under
optimal conditions.
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Pyrolysis typically takes place between 300 and 800 °C in
the absence of oxygen, and results in the production of
biochar, bio-oil, and pyrolysis-gas. Biochar produced at
temperatures above 500 °C is relatively PFAS-free; howev-
er, complete destruction of PFAS cannot be confirmed as
short-chain PFAS and volatile organic fluorine have been
detected in exhaust gas, aqueous pyrolysis liquid and
pyrolysis 0il®. The dominant mechanisms of PFAS removal
are transformation, volatilization and thermal destruction.
Athermal oxidizer operating at temperatures of 21000°C is
recommended for the elimination of PFAS in flue gas.

Hydrothermal treatment involves the conversion of
organic materials under high-temperature and high-pres-
sure conditions, without the need for prior drying, to a
carbon-rich solid product (hydrochar), liquids, and gases.
Hydrothermal processes are categorized as hydrothermal
gasification (T: >350 °C, P: >100 bar), hydrothermal
liquefaction (T: 250-350 °C, P: 100-250 bar), and hydrother-
mal carbonization (T: 180-300 °C, P: 10-80 bar). After
hydrothermal treatment, PFAS concentrations in hydro-
char are much lower than in raw sewage sludge and the

process is more effective at degrading PFCAs than
PFSAs?2. The liquid produced is toxic and needs further
treatment before discharge or reuse®. Limited studies
have, so far, analyzed multiple PFAS and/or total fluorine
in both solid, liquid and gas phase. Compared to other
thermal technologies, relatively limited experience is
available on the operation of pilot-scale or full-scale
systems.

ZeroPM contribution to the field

During the ZeroPM project, a pilot-scale sewage sludge
treatment plant was constructed and operated for just
under two years. The system combined sludge treatment
(thermal or ultrasound), anaerobic digestion and hydro-
thermal carbonization in series (Figure 1). The system was
installed at the Sewage Treatment Plant (STP) in Mytilene,
Lesvos, Greece, and was evaluated for its performance,
energy consumption and PFAS removal. PFAS removal
was calculated based on analysis in the dissolved and
particulate phases and application of mass balances in
different reactors.
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Figure 1. (a) Parts of the pilot-scale sewage sludge treatment system (left picture): (1) thermal pretreatment, (2) ultrasound

pretreatment, (3) anaerobic digester, (4) hydrothermal carbonization reactor. (b) Sampling points (right picture): (S1) inlet, (S2)
outlet of thermal pretreatment, (S3) outlet of ultrasound pretreatment, (S4) outlet of anaerobic digester and (S5) outlet of hydro-
thermal carbonization reactor.
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Key research findings include:

Thermal (80 °C for 1 hour) and ultrasound (20 kHz,
900 W for 15 minutes) pretreatment of sewage
sludge significantly increased the availability of
readily biodegradable organic matter leading to an
increase in biogas production, by 69% and 63%,
respectively. There was no removal of target PFAS.
Changes in the distribution of some compounds
between the dissolved and particulate phase were
observed.

Conventional anaerobic digestion (37 °C, hydraulic
retention time: 18 d) did not remove PFAS. The
addition of GAC in the anaerobic digester (10 g L?)
and the application of voltage (2 V) resulted in partial
removal of some PFAS (e.g. PFOS: 27%, 8:2 FTS:
53%). Under these conditions, an increase in biogas
production was observed (+92% with the addition of
GAC, +120% with the application of voltage and
GAC).

Significant PFAS removal was achieved in the
hydrothermal carbonization (HTC) reactor for all
tested conditions (Condition A: 200°C, 17 bar, 2 h;
Condition B: 250°C, 36 bar, 2 h). The removal rate
varied depending on the target compound and the
class of PFAS. The highest removal was achieved for
FASAs, which exceeded 95%, while the removal of
PFCAs and PFSAs ranged from 40% to 100%, and
56% to 100%, respectively.

The daily energy consumption of the whole system
ranged between 13.4 kWh d* and 25 kWh d* and it
was affected by the ambient temperature and the
operational conditions of HTC. The energy consump-
tion during hydrothermal carbonization ranged
between 6.9 kWh d* and 8.6 kwh d.

The hydrochar liquid produced by HTC was charac-
terized by high concentrations of Chemical Oxygen
Demand (COD), and NH,-N, trace concentrations of
some PFAS (in the range of few ng L) phytotoxicity
and ecotoxicity.

The hydrochar liquid should be treated on-site using
a combination of physicochemical and biological
methods, or it should be recirculated to the inlet of
the Sewage Treatment Plant for co-treatment with
municipal wastewater.
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