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INTRODUCTION 

Pyrocarbonisation has emerged as a highly effective technology for the destruction of organic pollutants present 

in a wide range of waste materials. In recent years, growing scientific evidence has demonstrated its capability to 

address contaminants commonly found in sewage sludge, with particular emphasis on per- and polyfluoroalkyl 

substances (PFAS). 

Multiple studies have shown that PFAS are effectively decomposed during sludge pyrolysis, resulting in their 

absence or presence below detection limits in the produced biochar. For example, Kundu et al. (2021) reported 

that more than 90 % of PFOS and PFOA were destroyed through an integrated pyrolysis–combustion process 

applied to sewage sludge [1]. 

Experimental and full-scale data provided by the US EPA Office of Research and Development further support 

these findings. Investigations conducted at a commercial pyrolysis facility operated by Bioforcetech using PYREG 

technology demonstrated that pyrolysis at approximately 600 °C with a residence time of 10 minutes, followed by 

combustion of the pyrolysis gases at 850 °C, resulting in complete PFAS removal from sewage sludge solids. In the 

same study, all 38 monitored PFAS compounds were either removed or reduced to levels below analytical 

detection limits in the resulting biochar [2,3]. 

Operational experience from the Fårevejle wastewater treatment plant in Denmark has confirmed these results at 

full scale. Pyrolysis of sewage sludge at temperatures between 600 and 650 °C with residence times exceeding 

3 minutes, combined with subsequent incineration of pyrolysis gases at 850 °C for more than 2 seconds, led to the 

elimination of all seven previously detected PFAS compounds. Repeated trials consistently showed PFAS 

concentrations below detection limits in both biochar and flue gas emissions [4]. 

Comprehensive studies by Sørmo et al. (2023), covering several full-scale pyrolysis installations and four sewage 

sludge feedstocks, revealed PFAS reductions of one to three orders of magnitude in the biochar relative to 

untreated materials. Removal efficiencies exceeded 96 % at 500 °C and surpassed 98 % at temperatures of 700 °C 

and higher. The authors concluded that pyrolysis temperatures of at least 600 °C are required to ensure effective 

degradation of PFAS and other organic micropollutants to non-detectable levels [5]. 

mailto:sid-ahmed.kessas@suez.com
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The thermal oxidation of pyrolysis gases plays a key role in preventing PFAS release. A US EPA study (2023) 

evaluated PFAS destruction efficiency by comparing influent concentrations to gaseous, liquid, and solid emissions 

from high-temperature incineration. Destruction efficiencies exceeding 99.999 % were achieved for most 

quantifiable PFAS, with no detectable fluorinated products of incomplete destruction, indicating near-complete 

mineralisation [6]. 

Similarly, McNamara et al. (2023) reported that pyrolysis of biosolids at temperatures ranging from 500 to 800 °C 

removed more than 99 % of targeted PFAS and precursor compounds from the solid phase. Notably, among 

several innovative technologies evaluated, sludge pyrolysis was the only technique reaching a Technology 

Readiness Level (TRL) > 7, corresponding to operation in a real industrial environment [7]. 

Field data from a full-scale pyrolysis plant in California further demonstrated PFAS degradation to non-detectable 

levels in biochar, flue gas, and scrubber water when sludge was treated at 600 °C with subsequent thermal 

oxidation at 850 °C. Fourier transform infrared spectroscopy (FTIR) screening confirmed that all monitored C1–C8 

PFAS species were below detection limits in the flue gas [8,9]. 

Laboratory-scale and pilot studies consistently support these operational results. High-temperature pyrolysis 

experiments conducted by Bamdad et al. (2022) achieved PFAS reductions of approximately 97–100 wt % in 

biochar produced at 700 °C [10], while Hušek et al. (2024) demonstrated that temperatures above 400 °C are 

required for effective PFAS and organically bound fluorine removal from sewage sludge [11]. Most recently, Keller 

et al. (2024) confirmed that pyrolysis eliminates more than 99 % of PFAS, microplastics, and pharmaceutical 

contaminants from biosolids, while enabling potential resource recovery through biochar valorisation [12]. 

The objective of this study was to evaluate the destruction efficiency and phase distribution of PFAS during full-

scale sludge pyrocarbonization, including solid & gas streams. In addition, the study aimed to assess the ability of 

pyrolysis combined with complete oxidation of pyrolysis gases to produce a PFAS-free biochar suitable for safe and 

sustainable resource recovery. 

MATERIALS AND METHODS 

The PYREG PX750 system at Kleve operates with a two-stage destruction process: 

• Stage 1 — Carbonisation reactor: ~600 °C, 15–20 min residence time (oxygen-limited pyrolysis). 

Feedstock: municipal sewage sludge, pre-dried to >80% dry solids via belt dryer (60–100 °C). Input dry 

matter: 19.7% (raw sludge), 92.4% (dried sludge before reactor). 

• Stage 2 — FLOX® flameless thermal oxidation (WS Wärmeprozesstechnik): 950–1050 °C at reactor outlet. 

Integrated wet scrubber and post-scrubber gas cleaning downstream. 

The combustion flue gases generated from pyrolysis gas are cooled and dedusted, then treated by an acid 

scrubbing column followed by an activated carbon tower before being released to the atmosphere. 

10 sampling points covering all solid (dewatered sludge, dry sludge, biochar, siloxane ashes), gaseous (pyrolysis 

gas, exhaust gas before and after scrubber and at the stack), and liquid phases (Scrubber water before & after the 

column) — the most comprehensive multi-phase PFAS characterization conducted on a PYREG system to date. 

PFAS concentrations in solid matrices (dried sludge, biochar and ash) were determined by ALS France using 

accredited analytical methods based on solid-phase extraction followed by liquid chromatography coupled to 

tandem mass spectrometry (LC-MS/MS). A comprehensive target list of approximately 50 PFAS compounds was 
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analyzed, including perfluorocarboxylic acids (PFCAs), perfluorosulfonic acids (PFSAs), fluorotelomer sulfonates, 

sulfonamides and selected PFAS substitutes, with compound-specific limits of quantification in the µg·kg⁻¹ range. 

Gas-phase PFAS measurements were performed by INERIS, with chemical analyses subcontracted to EUROFINS 

Analyses de l’Air. Semi-volatile PFAS (55 target compounds) were sampled using a multi-stage trapping system 

(filters, adsorption resins and absorption solutions) and analyzed according to US EPA OTM-45, implemented 

under the French standard XP X 43-126. These analyses were conducted under COFRAC accreditation, using 

LC-MS/MS for compound-specific quantification. 

In parallel, volatile fluorinated compounds and volatile PFAS (30 target compounds) were collected in passivated 

stainless-steel canisters and analyzed in accordance with US EPA OTM-50 using gas chromatography coupled to 

mass spectrometry (GC-MS). Additionally, trifluoroacetic acid (TFA) was quantified separately in condensates and 

absorption solutions using dedicated laboratory methods.  

PFAS concentrations in the liquid effluent at the scrubber outlet were measured in accordance with the French 

regulatory framework for urban wastewater, as defined by the decree of 3 September 2025 on the analysis of 

per- and polyfluoroalkyl substances (PFAS) in influent and effluent waters of urban wastewater treatment plants. 

The analytical method was based on solid-phase extraction (SPE) followed by liquid chromatography coupled to 

tandem mass spectrometry (LC-MS/MS). The analytical scope covered the 22 PFAS included in the regulatory list 

and was additionally extended to include trifluoroacetic acid (TFA). 

Quality assurance included field blanks, isotopically labeled internal standards, recovery and breakthrough 

controls, and systematic reporting of detection and quantification limits. 

RESULTS AND DISCUSSION 

ALS France analysed 50 PFAS compounds across raw sludge (SP-1), dried sludge (SP-2), biochar product (SP-3), and 

filter siloxane ashes (SP-4). Key findings are presented below: 

Table 1: Kleve WWTP — Solid Phase PFAS Results (µg/kg wet weight). 

PFAS Compound 
SP-1  Raw Sludge 

(µg/kg) 
SP-2  Dried Sludge 

(µg/kg) 
SP-3  Biochar (µg/kg) SP-4  Ashes (µg/kg) 

PFOS (dominant) 0.91 2.10 <0.3 <0.3 

Capstone B (6:2 FTAB) 1.10 <1.0 <2.0 <2.0 

PFDA 0.51 1.10 <0.3 <0.3 

5:3 FTCA 0.29 1.40 <0.3 <0.3 

N-MeFOSAA 0.44 0.44 <0.3 <0.3 

N-EtFOSAA 0.36 0.44 <0.3 <0.3 

10:2 FTS 0.23 0.38 <0.3 <0.3 
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7:3 FTCA 0.15 0.33 <0.3 <0.3 

PFNA <0.15 0.26 <0.3 <0.3 

PFOA <0.15 0.22 <0.3 <0.3 

PFUnDA <0.15 0.22 <0.3 <0.3 

PFDoDA 0.17 0.2 <0.3 <0.3 

H4PFDS, 8:2 FTS 0.2 0.42 <0.3 <0.3 

PFOSA <0,15 0.31 <0.3 <0.3 

PFHxA <0,15 0,0623 <0.3 <0.3 

PFTeDA <1,5 0,051 <0.3 <0.3 

 (6:2FTS) (H4PFOS) <0,15 0,233 <0.3 <0.3 

All other 39 compounds <LQ <LQ <LQ <LQ 

Total Fluorine (dry basis 

%) 
0.007 0.009 0.011 0.009 

Dry Matter (%) 19.7 92.4 86.0 98.7 

 

• All 50 PFAS compounds below limit of quantification (<LQ) in both biochar (SP-3) and ash/filter (SP-4) 

• PFOS was the dominant compound in dried sludge at 2.10 µg/kg; all other compounds ≤1.40 µg/kg 

• Total fluorine (dry basis) slightly increased from 0.009% (dried sludge) to 0.011% (biochar) — consistent 

with organic matrix reduction concentrating mineral fluorine, not indicating PFAS carry-through 

• Concentration factor between raw sludge (19.7% DM) and dried sludge (92.4% DM) explains PFAS 

increase from SP-1 to SP-2 — same mass, less water 

Gaseous Phase Results 

INERIS characterized the gas phase across four points: raw pyrolysis gas (SP-G1), post-combustion pre-scrubber 

(SP-G2), post-scrubber (SP-G3), and stack/chimney (SP-G4). This is the critical phase for understanding PFAS fate 

— a key knowledge gap highlighted by Sørmo et al. (2023). 

• SP-G1 (raw pyrolysis gas, pre-FLOX®): 7 PFAS compounds quantified — PFBA, PFPeA, PFOA, PFHxA, 5:3 

FTCA confirmed; 8:2 FTUCA and 7:3 FTCA at trace. It is observed that the amount of PFAS present in the 

pyrolysis gas is higher than that detected in the dried sludge. This may be attributed either to the 
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non-detection of certain PFAS species in the sludge matrix or to the formation of specific PFAS 

compounds during the pyrolysis stage. 

(mass load 4.3–5.4 mg/h vs 0.923 mg/h input — see table below). 

• SP-G2 (post-FLOX® combustion, pre-scrubber): all previously quantified compounds destroyed — only 

PFHxDA detected as a single trace (below quantification limit). 

• SP-G3 (post-scrubber fumes): all PFAS <LQ. 

• SP-G4 (stack/final emission): all PFAS <LQ except one trace of PFPeS (below quantification limit). TFA not 

detected at any point. 

The FLOX® thermal oxidiser at 1000 °C effectively destroys all PFAS volatilized in the pyrolysis stage. The single 

stack trace (PFPeS, <LQ) is below any regulatory threshold and is consistent with findings in Sørmo et al. (2023), 

who noted short-chain PFAS residuals can appear in flue gas even when overall destruction exceeds 99%. 

Liquid Phase and PFAS Mass Balance 

Table 2: Kleve WWTP — PFAS Mass Balance Across All Phases 

Stream PFAS Load Notes 

Dry Sludge Input 0.923 mg/h Baseline 100% 

Pyrolysis Gas (raw, SP-G1) 4.3–5.4 mg/h 
~370–488% of input — PFAS 

volatilized & concentrated 

Post-FLOX® Stack (SP-G4) 0.00006–0.0002 mg/h 99.99% destruction at 1000 °C 

Biochar Product (SP-3) 0 PFAS detected All 50 compounds <LQ 

Scrubber Water <0.01 µg/L 
6:2 FTS trace Day 1 only (0.015 µg/L 

Day 1; <LQ Day 2) 

Scrubber water results (INERIS): all 22 PFAS <0.01 µg/L at inlet, outlet Day 2, and outlet Day 1 except for one 

transient trace of 6:2 FTS at 0.015 µg/L on Day 1 only (below any drinking water guideline; consistent with minor 

carry-through during system stabilization). 

The mass balance confirms 99.99% total PFAS destruction across the combined PYREG carbonisation + FLOX® 

combustion process. Input load: 0.923 mg/h. Stack emission: 0.00006–0.0002 mg/h. This represents the most 

complete industrial-scale PFAS fate characterization for a PYREG system published to date. 

CONCLUSIONS 

This study provides one of the most comprehensive full-scale assessments to date of PFAS fate and destruction 

during sewage sludge pyrocarbonization, covering solid, gaseous and liquid phases across the entire treatment 

line. Results obtained on the PYREG PX750 unit at the Kleve municipal wastewater treatment plant demonstrate 

that high-temperature sludge pyrocarbonization at approximately 600 °C, combined with complete thermal 

oxidation of pyrolysis gases at near 1000 °C, achieves near-complete PFAS destruction under real industrial 

operating conditions. Across the solid phase, none of the 50 targeted PFAS compounds were detected above 

quantification limits in the resulting biochar or in the siloxane ash fractions, despite the presence of 16 PFAS 
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species in the dried sludge feedstock. The observed increase in total fluorine content in the biochar relative to 

dried sludge reflects concentration effects associated with organic matter removal rather than PFAS persistence, 

confirming effective transfer and degradation of organic fluorinated compounds. Gas-phase investigations 

represent a key contribution of this work. While several PFAS species were detected in the raw pyrolysis gas, 

indicating volatilization during the carbonization stage, high-temperature FLOX® thermal oxidation resulted in the 

effective destruction of all quantified PFAS, with only a single compound detected sporadically below 

quantification limits after oxidation. Final stack emissions and post-scrubber fumes showed PFAS concentrations 

consistently below detection limits. The resulting mass balance confirms an overall PFAS destruction efficiency of 

approximately 99.99 %, in line with, and extending, previous pilot- and full-scale observations reported in the 

literature. Liquid phase analyses further support the robustness of the process. Scrubber effluents were analysed 

in accordance with the French regulatory framework for urban wastewater, covering the 22 PFAS listed in the 

national monitoring decree, with additional inclusion of trifluoroacetic acid (TFA). No systematic PFAS transfer to 

the liquid phase was observed, confirming that gas-phase oxidation effectively prevents redistribution of PFAS into 

secondary waste streams. Beyond contaminant removal, the process produces a PFAS-free biochar suitable for 

safe reuse, supporting nutrient recycling while contributing to long-term carbon sequestration.  
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