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Abstract 

Pyrolysis is one method for treating sewage sludge, particularly in remote areas or decentralised systems. The 
end product of pyrolysis, sludge-char, can serve as a soil improver. However, there is a lack of comprehensive data 
on the organic pollutants’ behaviour in sludge-char. In our work, we focused on the behaviour of per- and polyfluoro-
alkyl substances (PFASs). Sludge was pyrolyzed at 200–700 °C to determine the minimum safe temperature for effec-
tive PFASs removal. It is important to note that PFASs may not only be mineralized but also cleaved to unanalyzed 
PFASs and other organofluorinated substances. To address this issue, we incorporated additional measurements 
of organic fluorine in the experiment using combustion ion chromatography (CIC). Due to the inherent heterogene-
ity of sludge, containing a variety of pollutants and their precursors, we conducted pyrolysis on artificially contami-
nated sand. This allowed us to assess and compare the behaviour of PFASs in a homogeneous matrix. Based on our 
analyses, we determined that a temperature greater than 400 °C is imperative for effective PFASs and organic fluorine 
removal. The results were verified by analyzing samples from a commercial sludge pyrolysis unit at the Bohuslavice-
Trutnov WWTP, which confirmed our measurements. In light of these results, it becomes evident that sludge pyrolysis 
below 400 °C is unsuitable for PFAS removal from sewage sludge.

Highlights 

• The minimum temperature for significant PFASs and organic fluorine removal was 400 °C.
• PFASs were part of primary pyrolysis gas: purification or combustion is necessary.
• Contamination by PFASs and their congeners could be monitored with organic fluorine.
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Graphical Abstract

1 Introduction
Per- and polyfluoroalkyl substances (PFASs) are per-
sistent synthetic chemicals with more than 12,000  dif-
ferent species containing carbon–fluorine bonds (EPA 
2021). This bond is one of the strongest in organic 
chemistry; therefore, PFASs are characterised by high 
chemical and thermal stability and environmental per-
sistence (O’Hagan 2008; Stahl et  al. 2011). Depending 
on the number of carbons in a molecule, PFASs are cat-
egorized into long-, short-, and ultrashort-chain groups 
(Ateia et al. 2019; Buck et al. 2011). PFASs find applica-
tion in various industrial sectors, such as electroplating, 
electronics, plastics, firefighting foam, textile impregna-
tion, semiconductors, sports equipment, and pipes due 
to their different properties, such as low surface tension, 
non-flammability, hydrophobicity, oleophobicity, or good 
thermal conductivity (Glüge et  al. 2020). However, they 
can affect the human body’s functioning, leading to can-
cer, changes in sperm quality, cholesterol production, or 
endocrine gland disruption (Fenton et al. 2021).

Their extensive use results in their spread through 
waste streams (mainly contaminated water and sewage 
sludge) into the environment (Munoz et  al. 2022; Tav-
asoli et  al. 2021), which can result in their presence in 
plants and the food chain (Ghisi et  al. 2019; Ruan et al. 
2015; Semerád et  al. 2022). From the available data, the 
concentration of PFASs (represented by perfluorooc-
tanesulfonic acid (PFOS) and perfluoro-n-octanoic acid 
(PFOA)) in sewage sludge varies considerably and has 
been measured in the range of 0.1–1191  ng   g−1 (PFOS) 

and 0.1–1517  ng   g−1 (PFOA), respectively (Hall et  al. 
2021). Even though some authors have already reported 
PFASs undergo biodegradation in soil (Horst et al. 2020; 
Zhang et al. 2022b), given their diverse types and the pre-
cautionary principle to protect the soil stock, food chain, 
and human health, we cannot only rely on the self-clean-
ing function of soil.

Thus, PFAS-containing sludge should not be used for 
direct material recovery (agriculture or composting) 
but treated to remove PFASs and other organic pollut-
ants. From our perspective, thermal treatment meth-
ods, such as mono-incineration or pyrolysis, are ways of 
treating sludge to eliminate present organic pollutants 
(Hušek et  al. 2022). Mono-incineration is a centralized 
solution for large quantities of sludge, while pyrolysis is 
more applicable in remote areas with annual sludge pro-
duction greater than 500  tDM. The resulting sludge-char 
(solid pyrolysis product) finds application in land recla-
mation as a soil improver, increases soil permeability and 
water retention, and serves as a medium- to long-term 
source of phosphorus (Hušek et  al. 2022). However, the 
requirement is a low content of heavy metals in sludge, as 
they tend to concentrate in char (Mancinelli et al. 2016; 
Zhang et al. 2021). In the case of organic pollutants dur-
ing pyrolysis, residence time and operating temperature 
are crucial (Buss 2021). However, there is currently still 
legislative distrust of pyrolysis persists due to the wide 
range of organic pollutants in sewage sludge and the lack 
of data on their removal, including PFAS (Huygens et al. 
2019; Regulation (EU) 2019/1009).
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Several authors have described PFAS behaviour and 
requirements for their removal in pyrolysis (oxygen-free 
atmosphere). According to Wang et  al. (2022), PFASs’ 
thermal decomposition occurs in a gas phase or in/on 
solids depending on their ability to volatilize. Volatiliza-
tion is affected by the presence of salts, heterogeneity and 
consistency of surface/matrix, and pyrolysis temperature. 
Thermal decomposition is influenced by the functional 
group and its non-fluorinated part of a chain (if present), 
the perfluorocarbons’ number, reactor type, and reaction 
atmosphere physicochemical properties. It is also gener-
ally affected by temperature, gas content, residence time, 
and gaseous and solid phases mixing rate (Wang et  al. 
2022). Alinezhad et  al. (2022) mentioned the matter of 
physical transitions, such as melting and evaporation, 
and different multistep chemical reactions, such as radi-
cal-mediated initiation and chain propagation, recombi-
nation, stripping, and termination. Winchell et al. (2021) 
highlighted the importance of hydrodefluorination in 
removing PFASs, temperature, reactor design, and resi-
dence time. During hydrodefluorination, the C–F bond is 
converted to a C–H bond, for which sufficient hydrogen 
is required. Simultaneously, hydrogen is one of the fluo-
rine acceptors and acts as a reagent (catalyst) in the reac-
tion (Winchell et al. 2021). Hydrogen enters the reaction 
from residual moisture and sludge composition (Moško 
et  al. 2022, 2020). Decomposition is initiated by both 
end-chain and random-chain scission (Alinezhad et  al. 
2022). Perfluoroalkyl carboxylic acids (PFCAs) decom-
position and defloration start above 150  °C, and over 
500  °C leads, among other defloration products, to the 
formation of volatile organofluorine (VOF  –   CF4,  C2F6, 
 C2F4), coke, and cyclic compounds (Wang et  al. 2022). 
For longer-chain PFCAs, pyrolysis products are shorter-
chain PFCAs such as 1H-perfluoroalkanes, perfluoro-
1-alkenes, CO,  CO2, HF, and unidentified VOF (Wang 
et al. 2022). By perfluoroalkyl sulfonic acids (PFSAs) – a 
PFOS representative, the defloration and decomposition 
only begin above 300 °C (Wang et al. 2022) and are based 
on HF elimination leading to the formation of α-sultone, 
which degrades to  SO2 and perfluorooctanoyl fluoride 
(Weber et al. 2021).

The amount of analyzed PFASs during pyrolysis (in char 
and soil) decreases with increasing temperature. 500  °C 
can be considered as the limit below which the pyrolysis 
operation temperature should not drop (Alinezhad et al. 
2022; Kundu et al. 2021; Bamdad et al. 2022; Thoma et al. 
2022; Sörengård et al. 2020; McNamara et al. 2022; Wil-
liams et al. 2021; Sørmo et al. 2023). However, these pub-
lications do not include analyses of organic fluorine (Aro 
et al. 2021; Kärrman et al. 2021) in char or pyrolyzed soil 
to rule out the presence of PFAS “dark matter” products 
(Kotthoff and Bücking 2018): unknown and unanalyzed 

PFASs and PFASs cleavage products (McNamara et  al. 
2022; Sørmo et al. 2023). A mere decrease in the analyzed 
PFASs content may not indicate their removal but only 
their transformation. The analysis of organic fluorine 
provides a control mechanism, but there is still a gap in 
the research due to the lack of broader determination and 
demonstration of changes in organic fluorine content. 
Simultaneously, along with organofluorine from PFASs, 
organic fluorine contained in other pollutants, such as 
selected pharmaceuticals and agrochemicals, is also 
measured (Han et al. 2021).

In our work, we pyrolyzed sewage sludge and artifi-
cially contaminated sea sand at 200–700 °C. We aimed to 
determine the temperature at which the analyzed PFASs 
drop below the limit of quantification (LOQ), observe 
the change in organic fluorine content relative to the 
temperature, and monitor PFAS content  leading to the 
determination of a safe operating temperature for sludge 
pyrolysis units that effectively remove PFAS, including all 
organofluorinated substances. Using artificially contami-
nated sea sand allowed us to simulate an environment 
without other pollutants and PFAS precursors that could 
affect the pyrolysis behaviour of the observed PFASs. 
To distinguish the difference between the behaviour of 
standard PFASs and PFASs that are part of the sludge 
matrix. The obtained data were verified on a commercial 
sludge pyrolysis unit operated at the Bohuslavice-Trut-
nov wastewater treatment plant (WWTP) in the Czech 
Republic (CZE) – Additional file 1: Fig. S1.

2  Materials and methods
2.1  Materials
The LC column XSelect CSH C18 (75 × 2.1 mm, 2.5 μm) 
and the XSelect CSH C18 (2.5 μm) precolumn were pur-
chased from Waters (USA). Milli-Q water was prepared 
by a Direct-Q® water purification system (18.2  MΩ.
cm−1; Merck, Germany). Methanol for extraction (HPLC 
grade) was obtained from VWR (Czech Republic), and 
acetonitrile (LC–MS grade) was purchased from Honey-
well Company (USA). The SPE Supelclean™ ENVI-Carb™ 
columns were obtained from Merck (Germany). The 
standards of PFAS were purchased as analytical grade 
chemicals (> 97% purity) from Apollo Scientific (UK) or 
in stock solutions of 10  μg.ml−1 from Wellington Labo-
ratories (Canada). GenX (FRD-902) was obtained from 
HPC Standards (Germany).

2.2  Sample description and preparation for pyrolysis 
experiment

Before thermal treatment, the sea sand used (Sea Sand 
Purified CAS: 7631-86-9) was contaminated with 24 dif-
ferent PFASs, including representatives of PFCAs, PFSAs, 
perfluoroalkane sulfonamides (FASAs), fluorotelomer 
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acids (FTAs), fluorotelomer sulfonic acids (FTSAs) and 
2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)propanoic 
acid (HFPO-DA), see Additional file 1: Table S1 (PFASs 
with an asterisk) for detailed information about the indi-
vidual chemicals. The studied stabilized sewage sludge 
was chosen according to the content of a wide range of 
PFASs. The place of origin was WWTP, with a capacity of 
approximately 30,000 population equivalent (PE), meso-
philic anaerobic sludge stabilization, and dewatering of 
the digested sludge by centrifuge. Subsequently, the sam-
pled sludge was dried to constant moisture in a dry out-
door environment, ground on a cutting mill, and sieved 
to a fraction of 0.5 to 2.0 mm.

The physical and chemical properties of the sludge and 
sludge-char are summarised in Additional file  1: Tables 
S2 and S3. The ash content (A) was determined according 
to standard ČSN EN 15403 and the volatile content (V) 
according to ČSN EN 15402. The elementary analysis was 
performed in a  Vario EL Cube (Elementar). The lower 
heating value (LHV) and higher heating value (HHV) 
were determined based on ČSN EN 15400. The chlorine 
and fluorine content of the sample was determined by 
the analysis of calorimetric vessel leachate after comple-
tion of calorimetric analysis following ČSN EN 15408. 
The solution analysis by ion chromatography was per-
formed on an ICS 1000 (Dionex) instrument. For more 
information, see Moško et al. (2021b).

The FTIR analysis was performed on a Nicolet iS100 
spectrometer (Thermo-Nicolet, USA) in conjunc-
tion with a  diamond ATR attachment Smart Orbit 

TM (Thermo-Nicolet, USA), reflectance measure-
ment  –  DTGS KBr detector. The measurement param-
eters included spectral range 4000–400  cm−1, resolution 
4  cm−1, number of spectral accumulations 64, and Happ-
Genzel apodization. Spectra were processed using Omnic 
9 software (Thermo-Nicolet Instruments Co., USA). ATR 
correction and subtraction of air humidity and  CO2 were 
performed. The portion of the spectra ranging from 2500 
to 1900  cm−1 was excluded due to the ATR artefact of the 
crystal. The results are shown in Additional file 1: Fig. S2.

2.3  Thermal treatment – pyrolysis
The samples for pyrolysis were prepared in a stainless 
steel fixed-bed reactor by slow pyrolysis of approxi-
mately 110  g of sea sand or 60  g of dry sewage sludge. 
The reactor was made of 17251  (US  309) steel tube: 
25 mm × 2 mm with a length of 40 cm. The reactor was 
placed in the electrically heated oven (schematically 
shown in Fig.  1) and heated to the desired temperature 
(200, 250, 300, 400, 500, 600, and 700 °C) for 2 h. These 
chosen temperatures simulate commonly used thermal 
treatment methods: torrefaction (200–250 °C), low-tem-
perature pyrolysis (< 500 °C), and low-medium tempera-
ture pyrolysis (500–700 °C).

Throughout the experiments, including the time before 
the reactor was placed into the oven and during the 
reactor’s cooling after the experiments, the inert carrier 
gas – helium – was continuously supplied to the bottom 
of the reactor at a  constant flow rate of 150  ml   min−1. 
The off-gas from the reactor (mixture of carrier gas, 

Fig. 1 Scheme of the pyrolysis apparatus: 1 mass flow controller, 2 oven, 3 stainless steel reactor, and 4–6 impingers containing acetone 
and cooled in an ice bath
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condensing and non-condensing gases) subsequently 
passed through three ice-bath cooled impingers contain-
ing acetone to trap the condensing part of the off-gas. 
The non-condensing part was not captured and ana-
lyzed. The experimental methodology was adopted and 
adjusted from our previous work Moško et  al. (2021a). 
The most significant modification is using a steel reactor 
instead of a quartz reactor to prevent its destruction due 
to HF release.

2.4  Analysis of PFASs
Five different samples were analyzed for the presence of 
37 different PFASs (Additional file 1: Table S1): sea sand, 
thermally treated sea sand, sewage sludge, sludge-char, 
and acetone solutions containing absorbed pyrolysis con-
densate. The PFASs analyzed represented their entire 
spectrum with respect to the chain length (long and 
short) and their substitutes (potassium-9-chlorohexade-
cafluoro-3-oxanonane-1-sulfonate (9Cl-PF3ONS), potas-
sium-11-chloroeicosafluoro-3-oxaundecane-1-sulfonate 
(11Cl-PF3OUdS), NaDONA (sodium dodecafluoro-
3H-4, 8-dioxanonanoate), and HFPO-DA (GenX)). The 
methodology for analyzing sea sand, sewage sludge, and 
sludge-chars is consistent with that used in our previous 
publication by Semerád et al. (2020).

2.4.1  Sample extraction and purification
The artificially contaminated sea sand, sewage sludge, 
and sludge-char were extracted using previously vali-
dated and published method (Semerád et  al. 2020). 
Briefly, within the protocol, solid samples were freeze-
dried, greatly homogenized, and extracted by pressur-
ized liquid extraction (PLE) with three cycles of heated 
methanol (3–5 g, 150  °C and 1500 psi). Afterwards, the 
obtained extracts were purified using Supelclean™ ENVI-
Carb™ columns according to the same publication. Liq-
uid samples, pyrolysis condensates containing acetone 
as a solvent, were evaporated under a gentle stream of 
nitrogen and reconstituted in methanol. As in the case 
of solid sample extracts, these reconstitute condensates 
were purified equally using the SPE cleaning step prior to 
the LC–MS/MS analysis.

2.4.2  LC–MS analysis
The quantification of 37 representatives of PFASs has 
been achieved using the same method and instrumenta-
tion as in a previous publication focused on PFAS screen-
ing in various matrices (Semerád et al. 2020). Briefly: the 
LC–MS/MS system consisted of an LC Shimadzu Nex-
era X2 and Sciex 4500 mass spectrometer operating in 
negative mode. Targeted PFASs have been separated on a 
XSelect CSH C18 column (75 × 2.1 mm, 2.5 μm, Waters, 
USA) equipped with a pre-column. For each analysis, 5 µl 

of the sample was injected into a column heated to 40 °C, 
using a gradient elution with a flow rate of 0.6 ml.min−1 
and two solvents A: acetonitrile:formic acid (99.5:0.5) and 
B: water:acetonitrile:formic acid (79.5:20.0:0.5). The gra-
dient was as follows (min, %A): 0, 80; 0.5, 80; 5, 10; 12, 
10; 15, 5; 16, 0; 20, 0; 25, 80; 30, and 80. The detailed set-
tings of the mass spectrometer and limits of detection/
quantification are shown in Additional file 1: Tables S4a 
and S4b. Quality control has been introduced and fol-
lowed the same structure used in a previous publication 
(Semerád et al. 2022) to achieve reliable results.

2.5  Fluorine content
Total fluorine (Additional file 1: Chapter S7) and organic 
fluorine have been determined by combustion ion chro-
matography (CIC). Total organic fluorine was deter-
mined using the direct combustion of solid samples 
(100 ± 1  mg) weighted into quartz. The organic fluorine 
was determined in organic extract or acetone condensate 
as follows. Methanol extract of solid materials obtained 
by PLE (5–10 g) (sewage sludge, sludge-char, or sand) or 
acetone condensate were concentrated under a gentle 
stream of nitrogen, transferred into quartz cups, evapo-
rated to dryness and combusted in a combustion mod-
ule Xprep C-IC (Trace Elemental Instruments) as solid 
samples. The gas flow rate was 300 ml.min−1 for oxygen 
and 100  ml.min−1 for argon. The temperatures of the 
furnaces were 750 and 1000  °C. As an absorption solu-
tion, 5 ml of hydrogen peroxide (100 mg.l−1) in MQ water 
has been used. After the combustion, the Dionex™ ICS-
5000 Ion Chromatography System (Thermo Scientific) 
with Dionex AG18 (4 × 50 mm) guard column and AS18 
(4 × 250 mm) anion exchange column together with sup-
pressed conductivity detection by an ADRS600 dynami-
cally regenerated suppressor were used to determine the 
concentration of fluorides in absorption solution. The 
run time of the whole method was 30 min and consisted 
of elution at a flow rate of 1 ml.min−1 and the following 
gradient: 0–1  min; 10  mM KOH; 1–4  min; from 10 to 
23  mM KOH. The mobile phase was prepared by dilut-
ing 0.1 M KOH eluent concentrate for ion chromatogra-
phy (Sigma-Aldrich). The data processing was performed 
using Chromeleon 7.3 (Thermo Scientific Inc.).

2.6  Data analysis, presentation, mass balance and energy 
distribution, gas composition, recovery rate, 
and removal efficiency

The LC–MS/MS data as well as the construction of the 
calibration curves used for ME determination, were pro-
cessed by Analyst 1.6.3 software.

The mass balance and energy distribution of the pro-
cess at 600  °C and gas composition are given in the 
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Additional file  1: Chapter S5, Tables S5, S6, and S7 and 
Fig. S3, including comments.

The removal efficiency (RE) of PFASs and organic fluo-
rine by pyrolysis was calculated according to Eq. (1).

where RE is the removal efficiency in %; cpyr is the con-
centration of the substance of interest (PFASs or organic 
fluorine) in a  pyrolyzed sample in ng.g−1

DM; mpyr is the 
mass of the sample after pyrolysis in g; csam is the con-
centration of the substance of interest in a sample before 
pyrolysis in ng  g−1

DM, and msam is the mass of the sample 
before pyrolysis in  gDM.

2.7  Bohuslavice‑Trutnov sludge‑char properties 
and pollutants analysis

The ash content (A) and ultimate analysis in Table 6 were 
performed as with the sludge in Chapter 2.2. The PAHs 
were determined based on ČSN EN 16181, PCBs on 
ČSN EN 17322, AOX on ČSN EN 16166, pharmaceuti-
cals and personal care products (PPCP), see Moško et al. 
(2021a). The methodology for determining the structural 
properties was adopted from our previous publication 
by Moško et  al. (2021b) using ASAP 2020 and ASAP 
2050 automated volumetric gas adsorption instruments 
(Micromeritics). The phosphorus content was deter-
mined according to Unified Work Procedures – SOP 62 
A ÚKZÚZ by ICP-OES and converted to  P2O5. The con-
tent of the individual heavy metals in Table 7 was estab-
lished according to the standards: ČSN EN ISO 5961 
– Cd, ČSN ISO 8288 – Pb, ČSN 46 5735 – Hg, ČSN EN 
ISO 15586 – As, and ČSN EN 1233 – Cr.

3  Results and discussion
The chapter is structured into three parts dealing with 
artificially contaminated sand, sewage sludge, and the 
commercial sludge pyrolysis unit of the Bohuslavice-
Trutnov WWTP. Changes in the PFAS content are dis-
cussed against the measured values of organic fluorine. 
The third part includes an overview of commercial 
sludge-char’s physical and chemical properties and the 
current legislation in the Czech Republic that allows 
sludge-char use on land. The total input concentration of 
individual PFAS and their change in quantity contained 
in the solid residues and acetone trapping with temper-
ature are provided in the Supplementary Information 
(Additional file  1: Chapter S6  –  Tables S8, S9, S10, and 
S11).

3.1  Artificially contaminated sea sand
Sea sand was artificially contaminated with 24 differ-
ent PFASs (Additional file 1: Table S1) and pyrolyzed at 

(1)RE = 100 ∗ 1−
cpyr ∗mpyr

csam ∗msam

a  temperature ranging from 200 to 700  °C. The pyroly-
sis products were analyzed for 37 different PFASs (Addi-
tional file 1: Table S1), where only those PFASs added to 
the input were detected.

3.1.1  PFAS
3.1.1.1 Solid sample The initial PFASs contamination 
in sand 2,000 ± 99.7  ng   g−1

DM gradually decreased to 
8.3 ± 1.4 ng  g−1

DM at 400 °C (Table 1 and Additional file 1: 
Table  S8), indicating direct proportionality to tempera-
ture. The removal efficiency of the PFASs analyzed ranged 
from 2.2 % (200 °C) to ≥ 99.6 % at 400 °C and higher.

Of all PFASs, n-methyl-perfluoro-1-butane sul-
phonamide (MeFBSA) and perfluorooctane sulfona-
mide (FOSA) were the fastest reduced (Additional file 1: 
Table  S8). HFPO-DA (GenX) minimizes faster than 
perfluorohexanoic acid (PFHxA) with the same number 
of perfluorinated carbons, indicating lower chain stabil-
ity, probably related to the presence of a foreign group 
(HFPO-DA (GenX) – ether) (Sasi et al. 2021). The most 
thermally stable were representatives of the PFSA group, 
which were the only ones detected at 400  °C. The C–F 
and  F2CF-SO3 bonds present in PFSAs are ranked among 
the strongest bonds carbon can form (Arp and Slinde 
2018).

3.1.1.2 Acetone solution The PFASs’ content trapped 
in acetone solutions shows variation with pyrolysis tem-
perature (Table 1). The highest PFASs volatilization was 
observed at 400 °C. Beyond this temperature, there was a 
decline in the PFASs amount, indicating mineralization, 
decomposition into PFASs not monitored in our analysis, 
transformation into other organofluorinated substances 
(as confirmed by organic fluorine analysis), or reduced 
effectiveness in trapping.

In the acetone solution, only PFCAs were detected 
(excluding the long chain one: perfluoro-n-dodecanoic 
acid (PFDoA), perfluoro-n-tridecanoic acid (PFTrDA), 
along with perfluoro-n-tetradecanoic acid (PFTeD)), 
FASAs (all), and FTAs (all) (Additional file 1: Table S9). 
McNamara et  al. (2022) proposed the PFOS degrada-
tion pathway during pyrolysis as PFOS  –  perfluoro-n-
heptanoic acid (PFHpA)  –  perfluoro-n-hexanoic acid 
(PFHxA) – perfluoro-n-pentanoic acid (PFPeA) – PFBA. 
At 400  °C, when PFOS content significantly decreased, 
the amount of the mentioned PFCAs in acetone 
increased. Overall, representatives from the FASAs group 
were detected in the acetone solution with the highest 
content (Additional file 1: Table S9).

After accounting for changes in the individual PFAS 
contents of both pyrolysed sand and the acetone solu-
tion, along with their standard deviations, an increase in 
the amount of PFHxA, PFOA, PFNA, EtFOSA, and 7:3 
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FTA was observed at 200  °C and PFHpS at 200  °C and 
300 °C (Additional file 1: Tables S8 and S9). Since the sea 
sand initially lacked the analysed PFAS and organofluo-
rine before contamination (Tables 1 and 2), any observed 
increases can be attributed to the formation from the 
PFASs present. For example, PFCAs’ thermal decompo-
sition leads to forming intermediates and PFCAs with 
shorter chains (Sasi et al. 2021; Wang et al. 2022).

3.1.2  Organic fluorine
3.1.2.1 Solid sample The organic fluorine content of 
artificially contaminated sea sand decreased with increas-
ing temperature (Table 2). However, at 250 °C and 300 °C, 
the organic fluorine removal rate was lower than that 
of analyzed PFASs (Table 1). This data suggested PFASs 
cleavage into non-analyzed PFASs and other organic 
fluorine compounds. Above 400 °C, the organic fluorine 
removal rate exceeded 97 %, confirming effective PFASs 
removal. The total fluorine removal after conversion to the 
inorganic state is provided in Additional file 1: Table S12.

3.1.2.2 Acetone solution The amount of organic fluorine 
trapped in acetone from contaminated sea sand pyrolysis 
increased with the temperature (Table 2). The negligible 
weight loss of the sand after pyrolysis (< 0.15 %) indicated a 
stable inorganic matrix with practically no volatiles. Con-
sequently, the inert carrier gas contained only desorbed, 
pure PFAS standards and their degradation products. No 
condensation of the gas occurred in the instrument pip-
ing between the reactor and the impingers. Although the 
PFASs monitored were no longer detected at 600 °C and 
700  °C (Table 1), the organofluorines (breakdown prod-
ucts of the PFASs analyzed) persisted in the acetone solu-
tion.

3.2  Sewage sludge
The total concentration of PFASs in the analyzed sludge 
was 203.9 ± 21.5  ng.g−1

DM, with the highest initial con-
centration observed for PFOS at 166.7 ± 15.2  ng.g−1

DM 
(Additional file  1: Table  S10). Since the Czech Republic 
does not have a limit for PFASs in sludge, the sludge can 
be used on agricultural land if the applicable legislative 
limits are met (see Hušek et al. (2022)). In contrast, Ger-
many has set a PFAS limit of 100  ng.g−1

DM (the sum of 
PFOS and PFOA) (Röhler et al. 2021), and based on this 
criterion, our tested sludge would not meet the standards 
for use on German agricultural land.

3.2.1  PFAS
3.2.1.1 Solid samples (sludge‑char) Out of 37 analyzed 
PFASs (Additional file  1: Table  S1), 18 were detected 
in the sludge and pyrolysis products (Additional file  1: 
Table  S10). The initial concentration of PFASs in the 

sludge was 203.9 ± 21.5 ng.g−1
DM (Table 3), with a signifi-

cant presence of PFOS (most notable), FOSA, fluorinated 
telomer acid (5:3) (5:3  FTA), and 8:2 FTS (Additional 
file 1: Table S10). The PFASs content in the sludge-char 
varied with increasing temperature and, at 500  °C, fell 
below the LOQ. A removal efficiency of over 99 % for the 
studied PFASs was already achieved at 400 °C.

The most stable PFAS in char was PFOS, along with 
representatives of the FTSAs group (fluorinated tel-
omer sulfonate (FTS): 6:2, 8:2, and 10:2). PFOS has high 
thermal stability (Xiao et  al. 2020). However, a signifi-
cant change in content occurred in the sludge already 
at 200  °C, resulting in the removal of 47 % PFOS, while 
the remainder stayed relatively stable up to 300 °C (Addi-
tional file  1: Table  S10). This PFOS behaviour contrasts 
with the sea sand experiments, where no significant 
change in PFOS content occurred below 400  °C (Addi-
tional file 1: Table S8).

We attributed this discrepancy to the different states of 
PFASs in the pyrolyzed material. In the sea sand experi-
ments, PFASs were pure, adsorbed standards, whereas, 
in sludge, they were part of the matrix (absorbed and 
adsorbed) and may interact with present pollutants, 
microorganisms, and organic matter. Thus, a complex 
matrix (sludge or soil) can influence PFASs’ behaviour, as 
Sörengård et al. (2020) observed for soil samples.

Concerning FTSAs, both 6:2 FTS and 10:2 FTS exhib-
ited an increase in their amount compared to the original 
values (Additional file 1: Table S10), possibly due to their 
thermal stability and/or their formation from their pre-
cursors. The thermal stability of 8:2  FTS (complement-
ing FTSAs, group), which was not present in the sludge, 
was previously confirmed through the pyrolysis of PFAS 
standards in sea sand (Additional file 1: Table S8).

3.2.1.2 Acetone solution The quantity of PFASs captured 
in acetone during sludge pyrolysis (Table 3) exceeded that 
in contaminated sand (Table 1), which initially contained 
nearly ten times more PFASs than the sludge. During the 
sludge pyrolysis, primary pyrolysis gas (a mixture of non-
condensing and condensing gases) was present in piping, 
condensed, and trickled into impinger. PFAS could thus 
be captured in the condensate, along with which they 
entered the acetone. Conversely, the piping remained dry 
during sand pyrolysis.

PFASs contraction peaked at 300 °C and 400 °C. From 
500  °C, there was a substantial decrease in the amount 
of PFAS in acetone, indicating their cleavage or miner-
alization. Among all the analyzed PFAS, only three were 
trapped in the acetone: PFHxA, FOSA, and 5:3  FTA 
(Additional file  1: Table  S11). All three PFASs exceeded 
their input levels. Except for PFHxA at 200  °C, a  simi-
lar increase was not observed during sand pyrolysis, 
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indicating the likely formation of these PFASs from their 
precursors and other unanalyzed PFAS present in the 
sludge.

The overall increase above the PFASs input value was 
observed at 300 °C, as indicated in Table 3 under the total 
residual sum. We attributed this phenomenon to the 
PFASs formation resulting from the cleavage of PFASs 
unanalysed and their precursors (Aro et al. 2021; Zhang 
et al. 2022a, b; Zhang and Liang 2021).

3.2.2  Organic fluorine content of solid samples
The organic fluorine content consistently decreased with 
increasing temperature, dropping from the original con-
centration of 62.9 ± 8.8  ng.g−1

DM to below LOQ above 
400  °C (Table  4). Consequently, neither analysed PFASs 
nor organic fluorine were detected in our laboratory’s 
pyrolysed sludge above 400  °C, ideally reaching 500  °C. 
The total fluorine removal after conversion to the inor-
ganic state is provided in Additional file 1: Table S13.

3.2.3  Total fluorine content of condensates in acetone
The fluorine content increased with temperature and 
reached high levels in the acetone compared to the origi-
nal organic fluorine value of the sludge (Table 4). In this 
context, we cannot speak specifically about organic fluo-
rine capture but rather of total fluorine (organic and inor-
ganic) trapped in the acetone. Unlike the sea sand, which 
did not contain fluorine before PFAS application, the 
sludge contained both fluorine forms. Organic and inor-
ganic fluorine compounds were absorbed in condensate 
or/and trapped in the acetone, resulting in an increase 
above the input value.

3.3  WWTP Bohuslavice‑Trutnov sludge‑char
The commercial sludge pyrolysis unit (PYREG P500 KSF) 
at the WWTP Bohuslavice-Trutnov  –  52,000  PE (Addi-
tional file 1: Fig. S1) was put into trial operation in 2020 
and approved on October 22, 2021. Sludge is dried in a 
low-temperature dryer and pyrolyzed at 600  °C for at 

Table 3 Average concentrations of PFASs in sewage sludge, sludge-char, and acetone

Sludge 200 °C 250 °C 300 °C 400 °C 500 °C 600 °C 700 °C

Solid sample ∑18 PFASs
[ng  g−1

DM]
203.9 ± 21.5 119.6 ± 14.1 108.8 ± 1.7 100.4 ± 2.2 0.2 ± 0.0  < LOQ  < LOQ  < LOQ

∑18 PFASs
[ngDM]

10,700 ± 1126 5721 ± 676 4671 ± 73 3799 ± 82 6.1 ± 0.9  < LOQ  < LOQ  < LOQ

PFAS removal 
efficiency [%]

– 46.5 56.3 64.4 99.9 100 100 100

Acetone ∑18 PFASs
[ng  ml−1]

– 4.4 ± 1.1 28.5 ± 2.5 45.7 ± 0.7 37.1 ± 6.9 27.8 ± 5.4 30.8 ± 5.1 23.7 ± 1.5

∑18 PFASs
[ng]

– 784 ± 197 5786 ± 514 9379 ± 134 8291 ± 1547 6105 ± 1194 7619 ± 1250 6941 ± 449

Total residual sum
(solid sample + acetone) [ng]

10,700 ± 1126 6505 ± 704 10,457 ± 514 13,177 ± 157 8297 ± 1547 6105 ± 1194 7619 ± 1250 6941 ± 449

Table 4 Average concentrations of (organic) fluorine in sewage sludge, sludge-char, and acetone

Sludge 200 °C 250 °C 300 °C 400 °C 500 °C 600 °C 700 °C

Solid 
sam-
ple

Organic 
fluorine
[ng  g−1

DM]

62.9 ± 8.8 48.0 ± 7.0 29.5 ± 1.1 16.7 ± 1.0  < LOQ  < LOQ  < LOQ  < LOQ

Organic 
fluorine
[ngDM]

3302 ± 462 2298 ± 335 1264 ± 47 633 ± 38  < LOQ  < LOQ  < LOQ  < LOQ

Organic 
fluorine 
removal
efficiency 
[%]

– 30.4 61.7 80.8  > 96 100 100 100

Ace-
tone

Fluorine
[ng  ml−1]

–  < LOQ 320 ± 40 733 ± 20 823 ± 230 1291 ± 80 1450 ± 50 1429 ± 30

Fluorine
[ng]

–  < LOQ 64,865 ± 8108 150,404 ± 4104 183,835 ± 51,375 283,873 ± 17,591 358,655 ± 12,367 418,361 ± 8783
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least 10 min. After leaving the pyrolyzer, primary pyroly-
sis gas is incinerated in a combustion chamber at 1000–
1100  °C (Fuka et  al. 2021). The annual capacity of the 
dryer-pyrolyzer system in use is 3,000 tonnes of mechan-
ically dewatered sludge.

3.3.1  PFASs and organic fluorine removal
Dry sludge and sludge-char were analyzed using the 
same methods as the other samples tested. Of the 
37  PFASs analyzed, 14 were detected. The PFASs con-
centration in the dry sewage sludge was 100.6 ± 12.0 ng.
g−1 and decreased under LOQ after pyrolysis (Table  5). 
The results are consistent with laboratory-scale analyses: 
above 500 °C in char and sand, the analyzed PFASs con-
tent was below LOQ.

The organic fluorine content of the sludge was as 
high as PFASs, indicating the presence of other sub-
stances, such as PFASs (unanalyzed and precursors), 

pharmaceuticals, or agrochemicals. After pyrolysis in 
a commercial unit, the sludge-char contained organic 
fluorine below the LOQ. The sample analyzed showed a 
similar behaviour to samples prepared under laboratory 
conditions.

3.3.2  Bohuslavice–Trutnov sludge‑char: properties 
and legislation

The properties of the Bohuslavice–Trutnov sludge-
char are listed in Table 6, and the methodology for their 
determination is available in Chapter  2.7. Our previous 
papers described the impact of temperature on sludge-
char quality, including porosity and H/C ratio (Moško 
et  al. 2021b), organic pollutants content (Moško et  al. 
2021a), and primary pyrolysis gas energy yield (Moško 
et  al. 2020). Temperatures above 500  °C (ideally at the 
rated output above 600  °C) can be considered sufficient 
to influence all these variables positively.

Table 5 PFASs content in dry sludge and sludge-char from Bohuslavice-Trutnov WWTP (in dry matter)

PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUdA

Dry sewage sludge [ng  g−1
DM] 2.3 ± 0.2 9.2 ± 0.6 1.5 ± 0.3 0.7 ± 0.9 2.7 ± 0.1 8.0 ± 1.9 5.3 ± 1.5

Sludge-char [ng  g−1
DM]  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ

PFDoA PFTrDA PFTeDA PFHpS PFOS 5:3 FTA 10:2 FTS

Dry sewage sludge [ng  g−1
DM] 12.5 ± 0.2 4.9 ± 0.4 4.4 ± 0.3 2.9 ± 0.7 11.7 ± 0.3 32.5 ± 14.3 1.9 ± 0.2

Sludge-char [ng  g−1
DM]  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ

∑  PFASs14 in sewage sludge [ng  g−1
DM] 100.6 ± 12.0

∑ PFASs in sludge-char [ng  g−1
DM]  < LOQ

Organic fluorine concentration in
sludge [ng  g−1

DM]
100.5 ± 9.1

Organic fluorine concentration in
sludge-char[ng  g−1

DM]
 < LOQ

Table 6 Properties of sludge-char from Bohuslavice-Trutnov WWTP (in dry matter)

SBET, Specific surface area;  Smeso, Specific surface area of mesopores;  Vtot, Total pore volume;  Vmicro, Microporesvolume; ρHg, Apparent density; ρHe, True solid density; 
ε, porosity determined as ε = 1–(ρHg/ρHe); A, Ash; H/C, Hydrogen to Carbon molar ratio; Sum 16 PAH, sum of acenaphthene, acenaphthylene, anthracene, benzo(a)
anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(g,h,i)perylene, benzo(k)fluoranthene, chrysene, dibenz(a,h), fluorene, fluoranthene, indeno(1,2,3-c,d)
pyrene, naphthalene, phenanthrene, and pyrene; PCBs, sum of 7 congeners: 28 + 52 + 101 + 118 + 138 + 153 + 180; PPCP, sum of 17alpha-Estradiol, 17beta-Estradiol, 
Acesulfame, Acetaminophen (Paracetamol), Amitriptyline, Atenolol, Atorvastatin, Bisphenol A (BPA), Bisphenol F (BPF), Caffeine, Carbamazepine, Carbamazepine 
10,11-epoxide, Cetirizine, Citalopram, Clarithromycin, Daidzein, Diclofenac, Equilin, Equol, Erythromycin, Estriol, Estrone, Ethinylestradiol, Fluconazole, Furosemide, 
Gabapentin, Genistein, Hydrochlorothiazide, Ibuprofen, Iomeprol, Ketoprofen, Lamotrigine, Metoprolol, Mirtazapine, Naproxen, Norethindrone, Norgestrel, 
Omeprazole, Paraxanthine, Saccharine, Sulfamethazine, Sulfamethoxazole, Sulfanilamide, Sulfapyridine, Telmisartan, Tramadol, Triclosan, Trimethoprim, Venlafaxine, 
Zearalenol

Process temperature [°C]

600 °C

SBET  [m2  g−1] Smeso  [m2  g−1] Vtot  [mm3
liq  g−1] Vmicro  [mm3

liq  g−1] Vintr  [cm3  g−1] ρHg [g  cm−3]

45.0 21.0 61.0 13.0 0.42 1.03

ρHe [g  cm−3] ε [–] A [wt%] C [wt%] H [wt%] N [wt%]

2.29 0.55 76.2 22.3 0.50 1.46

S [wt%] H/C Sum 16 PAH [mg  kg−1] Sum PCB [mg  kg−1] Sum PPCP [mg  kg−1] P2O5 [wt%]

0.70 0.27  < 0.50  < 0.01 LOQ 9.30
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Regarding European Union legislation, the use of sludge-
char as a soil improver is currently not supported due to 
the lack of information on removing organic pollutants 
(Huygens et  al. 2019; Regulation (EU) 2019/1009). How-
ever, this regulation does not impact the internal markets 
of the Member States (Regulation (EU) 2019/1009). In the 
Czech Republic, the legislation on fertilizers changed on 
November 1, 2021, (Regulation No. 474/2000 Coll. 2021), 
and the use of sludge-char on land becomes possible if the 
legislative limits are met (Table 7), the char obtains neces-
sary registration, and end-of-waste status.

Sludge-char from Bohuslavice-Trutnov WWTP was 
registered as a soil improver by the Central Institute 
for Supervising and Testing in Agriculture of the Czech 
Republic on March 7, 2022 (UKZUZ 2022). On July 4, 
2022, the regional authority removed Bohuslavice sludge-
char from the waste catalogue and transferred it to the 
end-of-waste status (KUKHK 2022).

4  Conclusion
Pyrolysis at 400 °C and above effectively removes moni-
tored PFASs, a finding validated under both laboratory 
and operational conditions. Conversely, torrefaction and 
pyrolysis below 400 °C are unsuitable for PFASs removal. 
Due to the large number of different PFASs, it is advis-
able to include the analysis of organic fluorine. Organic 
fluorine includes all PFASs, regardless of functional 
group, and other fluorine-containing substances such 
as agrochemicals and certain pharmaceuticals. In our 
experiments, the organic fluorine content was signifi-
cantly removed from solid samples from 400 °C onwards, 
which is in line with the results for PFASs removal.

The amount of PFASs and organic fluorine also 
changed with temperature in the primary pyrolysis gas 
trapped in acetone,  indicating the capability to evapo-
rate at the expense of the remaining content in the char 
and sand. This was combined with the short residence 
time of the primary pyrolysis gas, which was insuffi-
cient to destroy the PFASs inside the reactor. Based on 
these facts, in commercial sludge pyrolysis units, in addi-
tion to sufficient heat and appropriate reactor design 

(residence time), the produced gas must be cleaned or 
treated in a  combustion chamber where the remaining 
PFASs, organic fluorine, and other organics are oxidized 
(decomposed).

Due to the diverse range of contaminants, includ-
ing PFASs, and the sludge-char quality, the minimum 
operating temperature of a commercial sludge pyroly-
sis unit should be above 500  °C at a rated output above 
600 °C and the residence time of the sludge/sludge-char 
in the pyrolyzer should be at least 10 min. The resultant 
sludge-char can be used as a soil improver but will always 
contain a certain amount of heavy metals concentrated 
from the sludge. Therefore, usage should be restricted to 
areas outside of food production, such as land reclama-
tion, green areas, and parks. Further research directions 
should lead to verifying our results by measuring organic 
fluorine in other commercial sludge pyrolysis units oper-
ating under the above-mentioned conditions and start-
ing a discussion on setting limits for organic fluorine as a 
new general limit for waste-based materials.
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The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s42773- 024- 00322-5.

Additional file 1: Figure S1. Map with the location of WWTP Bohuslav-
ice (map source: Mapy.cz). Figure S2. FTIR analysis of sewage sludge 
and sludge-char. Figure S3. Main gaseous species in non-condensable 
pyrolysis gas. Table S1. Summary of analysed PFASs (asterisked artificial 
contaminants for sea sands). Table S2. Selected physical and chemical 
properties of sewage sludge (in dry matter). Table S3. Elementary analysis 
of sewage sludge. Table S4a. Detailed settings of the mass spectrometer 
and limits of detection/quantification. Table S4b. Detailed settings of 
the mass spectrometer and limits of detection/quantification. Table S5. 
Mass balance of the sludge pyrolysis and distribution of energy of the 
sludge among the products. Table S6. Complex compositions of non-
condensable pyrolysis gas. Table S7. Main gaseous sulphur compounds 
in non-condensable pyrolysis gas; expressed as a gram of S per  m−3. 
Table S8. PFASs concentration [ng.g.−1] and amount [ng] in sea sand and 
pyrolyzed sand (average). Table S9. PFASs amount [ng] in acetone from 
artificially contaminated sea sand pyrolysis (average). Table S10. PFASs 
concentration [ng.g.−1] and amount [ng] in sewage sludge and sludge 
char (average). Table S11. PFASs amount [ng] in acetone from sewage 
sludge pyrolysis (average). Table S12. Change in total fluorine content 
of sea sand samples. Table S13. Change in total fluorine content of 
sewage sludge samples. Table S14. Total fluorine content – pyrolysis unit 
Bohuslavice Trutnov WWTP.

Table 7 Czech legislative pollutants limits for sludge-char used in agriculture land and their content in sludge-char produced at the 
Bohuslavice-Trutnov WWTP (in dry matter) (Regulation No. 474/2000 Coll.)

Sum 12 PAH, sum of anthracene, benzo(a)anthracene, benzo(b)fluoranthene

benzo(k)fluoranthene, benzo(a)pyrene, benzo(ghi)perylene, phenanthrene, fluoranthene, chrysene, indeno(1,2,3–cd)pyrene, naphthalene, and pyrene

Cd Pb Hg As Cr Sum 12 PAH

CZE legislative limits 
[mg  kg−1

DM]
5.00 100 0.50 30.0 100 20.0

Bohuslavice WWTP
sludge-char [mg  kg−1

DM]
0.46 57.2 0.003 2.94 74.1  < 0.50

https://doi.org/10.1007/s42773-024-00322-5
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