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HIGHLIGHTS

e A robust protocol for determination of
PFAS in complex matrices such as
sewage sludge and biochar.

e Multiple PFAS congeners present at
elevated concentrations in eight
different organic waste fractions.

o Residual PFAS concentrations in bio-
chars produced between 500 and 800°C.

e > 95% of PFAS decomposed or accu-
mulated in pyrolysis oil following dry
pyrolysis > 500°C.

e Emission factors of PFAS during pyrol-
ysis dominated by short chains and
range 0.01 — 3.1 mg tonne™’.
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ABSTRACT

Current treatment options for organic waste contaminated with per- and polyfluoroalkyl substances (PFAS) are
generally limited to incineration, composting or landfilling, all resulting in emissions. Dry pyrolysis is a prom-
ising emerging alternative to these practices, but there is uncertainty related to the fate of PFAS during this
process. The present work first developed a robust method for the determination of PFAS in complex matrices,
such as sewage sludge and biochar. Then, a mass balance was established for 56 different PFAS during full-scale
pyrolysis (2-10 kg biochar hr'l, 500-800 °C) of sewage sludges, food waste reject, garden waste and waste
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PFAS timber. PFAS were found in all wastes (56-3651 ng g™*), but pyrolysis resulted in a > 96.9% removal. Residual

Biochar

Method development
Emission factors
Mass balance

PFAS (0.1-3.4 ng g'!) were detected in biochars obtained at temperatures up to 750 °C and were dominated by
long chain PFAS. Emitted PFAS loads ranged from 0.01 to 3.1 mg tonne of biochar produced and were
dominated by short chain PFAS. Emissions made up < 3% of total PFAS-mass in the wastes. Remaining un-

certainties are mainly related to the presence of thermal degradation products in flue gas and condensation oils.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a large group of
synthetic organic chemicals used in an ever-widening range of industrial
and consumer applications since the 1940 s [25]. Their spreading in the
environment has led to adverse health effects, particularly endocrine
disruption and carcinogenicity [56]. The strong carbon-fluorine bonds
confer them high thermal stability, persistence and relatively high water
solubility, which have made them ubiquitous in the environment [1,32]
Particularly, compounds such as perfluoroalkyloctanoic acid (PFOA)
and perfluoroalkyloctanoic sulfonate (PFOS) have been included in the
Stockholm Convention [60,61], and thus, their production has shifted
from long chain (CFy >7, where CF, represents the number of per-
fluorinated alkyls in a chain) towards short chain (6 <CF, >4) and ul-
trashort chain (3 <CFg >1) PFAS compounds [11,18]. The high mobility
of short chain and ultrashort chain PFAS makes them spread fast in the
environment and challenging to remove, e.g., in wastewater treatment
plants (WWTPs), leading to a widespread occurrence in drink water
sources [42]. Lately, attention has also been given to PFAS precursor
compounds, such as perfluorooctylsulfonamides (FSA) and fluo-
rotelomer alcohols, due to both the discovery of their toxicity and their
environmental transformation pathways [74].

Due to their widespread use and environmental presence, PFAS
compounds find their way into most waste streams, including municipal
solid waste [8], electronic waste [57], sewage sludge [23,52,62,68],
animal manure [40], food waste [43], composite wood building mate-
rials and textile waste [14]. Inadequate treatment of such waste streams
has led to PFAS compounds being spread in the environment [34,52],
and also presents a major challenge for recycling in the circular economy
[27].

Modern waste incineration, usually operated at > 1000 °C, has been
an accepted approach to handling hazardous waste in many regions [16,
22], as modern waste incinerators readily degrade most organic con-
taminants and are designed with flue gas scrubbing and energy recov-
ery. The fate of PFAS during waste incineration processes is not well
understood and there are both concerns about unmonitored compounds,
such as precursors, and ultrashort chain PFAS, and environmental risks
related to the release of thermal degradation products [55]. During the
last few decades, pyrolysis has received increased attention from the
scientific community as a more sustainable thermal handling option for
organic waste [15,35,36,66]. Pyrolysis entails heating up organic waste
in absence of oxygen to produce syngas, oil and biochar [13]. Biochar is
a porous carbon-rich product, with a versatile set of characteristics that
can be exploited for multiple usages, such as agricultural soil improve-
ment [29,31,45], carbon capture and storage [50], sorbents for organic
contaminants [2,6,28], fillers in concrete [26], and substitutes for
anthracite coal in metallurgical industry [70]. Furthermore, the effect of
pyrolysis as a thermal treatment option to decompose organic contam-
inants has been demonstrated for pharmaceuticals, polychlorinated bi-
phenyls (PCBs), polyaromatic hydrocarbons (PAHs) and endocrine
disrupting and hormonal compounds [39], chlorophenols and chlori-
nated pesticides [53], as well as organophosphorus flame retardants
[19].

Recently, Alinezhad et al. [7] demonstrated for soils that the type of
thermal treatment, incineration or pyrolysis, does not matter in terms of
PFAS removal as long as temperature and residence time are sufficient, i.
e. > 500 °C and > 30 min, respectively. Other laboratory studies [64,69]
have documented the degradation of a wide range of PFAS compounds,

in spent activated carbon (AC) or in aqueous film forming foam (AFFF)
respectively, under an inert atmosphere and similar conditions, and
were able to detect a range of perfluoroalkene-, perfluoroalkane-, per-
fluoroalkyl aldehyde- and fluorotelomer alcohol degradation products.
Nonetheless, they were not able to detect the specific ozone-harming
perfluoroalkanes, perfluoromethane and perfluoroethane, or other
short chain polyfluoroalkane greenhouse gases. McNamara et al. [38]
furthermore documented that PFAS that don’t degrade fully can accu-
mulate in the pyrolysis oils during biosolids pyrolysis. These results are
promising for pyrolysis as a waste handling alternative for
PFAS-contaminated organic waste. However, as Stoiber et al. [55] noted
in the case of waste incineration, the effects demonstrated in idealized
laboratory studies might not be the same for full scale operations. Such a
discrepancy has previously been documented in data from sewage
sludge pyrolysis in two commercially operated plants that showed the
presence of PFAS in flue gas scrubber water [58], although at low
concentrations (PFOA at 13.2 ng L1 and PFOSA at 46.2 ng LY. This
suggests, to some extent, that PFAS compounds can survive a sequence
of high temperature pyrolysis and combustion treatments in an upscaled
system.

Hence, the purpose of the present study was to fill knowledge gaps
related to the fate of PFAS during real-world, industrial pyrolysis of
contaminated organic waste by exploring how feedstock and pyrolysis
conditions affect the presence of PFAS in both biochar and the emitted
exhaust from a medium scale pyrolysis system (operational up to 5-10
kg hr'!). This was performed by testing the following hypotheses: 1)
Given a high enough pyrolysis temperature, PFAS will be removed from
the solid phase (feedstock to biochar) regardless of initial concentrations
and composition of congeners and 2) a pyrolysis mass balance that in-
cludes emission factors will demonstrate that the majority of quantifi-
able PFAS compounds are decomposed in the process. This study
presents the first investigation of PFAS in pyrolysis of organic waste
types other than sewage sludge. To the best of the authors’ knowledge, it
is also the first to quantify the potential release of PFAS compounds from
a medium scale pyrolysis system, let alone provided emission factors for
PFAS from pyrolysis. This study also considered 56 different com-
pounds, including ultrashort chain PFAS and PFAS precursors, which
required the development of a novel and robust method for PFAS
analysis in complex matrices such as sewage sludge and biochar.

2. Materials and methods
2.1. Chemicals and materials

PFAS standards were acquired from various providers or self-
synthesized (see Table S1 for full details). Isotopically labelled internal
standards: PFOA-'3Cg (99%), PFOS-'3Cg (99%) and 6:2 FTS-'3Cy-D,
were bought from Cambridge Isotope Laboratories.

LC-MS grade Methanol (MeOH) and acetonitrile (ACN) were pur-
chased from Merck (Darmstadt, Germany). Ethyl acetate (EtOAc,
>99.7% v/v), ammonium acetate (>98% w/w) and formic acid (FA,
96%) were supplied by VWR Chemicals (Trondheim, Norway). Ammo-
nium acetate (>99% w/w) was bought from Fluka (Munich, Germany).
Water was purified with a Milli-Q grade water system (Q-option, Elga
Labwater, Veolia Water Systems LTD, U.K.) or purchased (LiChrosol®,
UHPLC-MS grade) from Merck (Darmstadt, Germany). Whatman® Glass
fiber filters (GFF) and Amberlite® XAD-2® was purchased from Merck
(Darmstadt, Germany). Nitrogen (N2, >99.6%) was acquired from Linde
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Gas AS (Oslo, Norway).

2.2. Contaminated organic waste fractions

2.2.1. Waste fraction descriptions

Seven contaminated waste materials, and one reference material,
were investigated in this study (Table 1). The waste materials included
four sludges from wastewater treatment plants, one reject from food
waste biogas production, and three wood-based fractions — waste tim-
ber, garden waste and wood chip pellets from forestry/logging. Based on
existing literature, the waste fractions investigated were all expected to
contain different concentrations of PFAS. The raw waste samples will be
referred to as feedstocks for the pyrolysis process for the remainder of
this study.

2.2.2. Bulk sampling and pre-treatment before pyrolysis

Samples of about 2 m® were collected in bulk at a randomly chosen
time point for each feedstock by the respective waste handling com-
panies/wastewater treatment plants. The relatively large sample size
was based on the need to have both sufficient feedstock for the planned
pyrolysis treatments and to assure representativeness. The full-size bulk
samples were dried (moisture content 5-10%) using a batch paddle drier
(1.5 x5 m) made by Scanship AS (T¢nsberg, Norway). The drier heats
the sample material to about 102-110 °C by channelling superheated
steam from a heat exchanger into a heating jacket fitted around the
drier. The dried feedstocks were then pelletised (length 40 mm, radius 8
mm). Both pre-treatments, drying and pelletisation, were applied to
homogenize the chemical composition and physical properties of the
feedstocks before pyrolysis.

2.3. Pyrolysis

2.3.1. Pyrolysis technology

A medium scale Biogreen® pyrolysis unit (2-10 kg biochar hr!) built
by ETIA Ecotechnologies (now a part of VOW ASA, Lysaker) was used in
the present study (Figure S.1). In this unit, feedstock material was fed
through a feeding screw with a vacuum lock, into the pyrolysis reactor
which contains an electrically heated screw, the Spirajoule©, with a
maximum temperature of 900 °C. The feedstock material was converted
to biochar as it moved along the screw, and residence time in the reactor
was controlled by the rotational frequency of the screw. The reactor was
operated at negative pressure to allow pyrolysis gas to be quickly
separated from the biochar, as to minimize contact time between bio-
char and gas. The pyrolysis gas was channelled directly into a condenser
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unit where the gas was cooled to approximately 10 °C. Pyrolysis oil was
collected through a liquid lock while the syngas continued into a burner
where it was combusted with propane at 800-900 °C before being
released as exhaust through a chimney.

2.3.2. Operational conditions

Feedstock feeding rates of 5-10 kg hr! were used. The wood-based
substrates (wood chips, waste timber and garden waste) were run at
around 5 kg hrl, to avoid tar-clogging between reactor and the
condenser, while some of the sludge-based materials were processed at
rates closer to 10 kg hr'l. To remove O, from the system, the reactor and
connecting pipes were flushed with Ny for 10 min before the start.
Residence time in the reactor was 20 min for all samples except for the
de-watered sewage sludge, for which a 40 min residence time was used.
The change in residence time for this feedstock only, was the result of a
need to address technical challenges related to clogging of the feeder
screw.

Pyrolysis temperature was considered the main treatment variable in
this study, and the samples were pyrolyzed at two or more temperatures
between 500 and 800 °C (see Table 1 for details). Not all feedstocks were
pyrolyzed at the same set of temperatures due to a combination of
logistical and technical challenges. Treatment temperature was defined
as measured in the biochar leaving the reactor at the end of the heated
screw. After the pyrolysis set point temperature was reached, the reactor
was run for another 1-2 hrs in order to reach stable conditions before
sampling.

Gas emission measurements and sampling of biochar were done only
during the period of stable conditions, which lasted approximately 2 hrs
for each treatment temperature.

Biochar yield (Ygiochar, %) at a specific treatment temperature was
determined as the rate of biochar produced (Rpiochars K8 hr'!) divided by
the feedstock feeding rate (Rfeedstock, K8 hr')) over the period defined as
stable conditions:

YBiuchar

-1
(%) = Riocnar (kg hrq) % 100 €))
Rrcedsiok (kg hr™")

As a control, yield was also calculated for each step in the pyrolysis
process (heating, stabilization, and cooling), and the sum of these
respective yields were compared to the yield calculated by total feed-
stock in and total biochar out for the entire pyrolysis run.

Table 1
Description of the waste material feedstocks studied, conditions for their respective pyrolysis treatments, and sampling information.
Feedstock Abbrev.  Description Pyrolysis Pyrolysis Solid phases  Flue gas
temperatures (°C) residence time sampled sampled
(min)
Digested sewage DSS-1 Sewage sludge and food waste gone through thermal hydrolysis (170 500, 600, 700 and 20 Yes Yes (excl.
sludge °C) before anaerobic digestion for biogas production 750 750 °C)
Digested sewage DSS-2 Sewage sludge gone through anaerobic digestion for biogas 500, 600, 700 and 20 Yes Yes
sludge production 800
Limed sewage sludge LSS Sewage sludge gone through anaerobic digestion for biogas 600 and 750 20 Yes Yes
production, then added lime (39%) for stabilization/hygenization
Dewatered sewage DWSS Raw sewage sludge, thermally hydrolysed (170 °C) and then 600, 700 and 800 40 Yes No
sludge dewatered using a heated centrifuge (100 °C).
Reject from food FWR Fraction of food waste rejected from biogas production. Consists of 600 and 800 20 Yes No
waste biogas material that does not pass an initial sieving process to reject plastics
production and other too large or non-digestible items.
Waste timber WT Discarded wood products and objects from private households, 500, 600, 700 and 20 Yes No
businesses, and construction/demolition (no chemically 800
impregnated wood)
Garden waste GW Gardening waste from private households and businesses. Fraction 500, 600 and 800 20 Yes No
includes twigs, leaves, roots, and some sand/gravel.
Wood chips CWC Pellets produced from pine wood chips from forestry/logging. 500, 600, 700 and 20 Yes No

750
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2.4. Sampling and emission measurements

2.4.1. Solids sampling

Feedstock subsamples for chemical characterization were taken by
random grab sampling (10-20 scoops, 1 kg) during the pelletisation
process. Biochar subsamples were composed by random grab sampling
(10-20 scoops, 1 kg) from the total amount of biochar (2-10 kg) pro-
duced during each treatment temperature. Both feedstock and biochar
subsamples were air dried in the laboratory, crushed (D< 1 mm,
controlled by sieve) and homogenized using a ball mill (Retsch ISO
9001) at 50 rpm for 10 min. Between each sample, the ball mill was
scrubbed with soap, rinsed twice with MeOH:MilliQ (50%) and dried
(100 °C, 10 min).

Pyrolysis oil was collected in bulk through a liquid lock throughout
the period of stable conditions. The bulk sample was split into an
aqueous and an oil phase using a phase separating funnel. The fractions
were weighed to establish the ratio between oil and water, before sub-
samples were collected by vigorously shaking and then pouring out the
relative amounts of each phase to produce a smaller (100 mL) sample in
HDPE bottles.

2.4.2. Gas emission sampling

Exhaust gas and aerosols were sampled from inside the chimney (the
only exit for flue gas), within the inner 2/3 of the chimney diameter at
about 20 cm below the outlet. Gas measurements were done for all the
sewage sludge-based feedstocks, except for the DWSS (all treatments)
and the DSS-1 (750 °C treatment).

Particle based and gas phase contaminants in the exhaust were
sampled using a low volume air sampler (Comde-Derenda, Stahnsdorf,
Germany), operated at a rate of 2.4 m>h}, that draws flue gas from the
chimney into a cartridge with a GFF filter for aerosol collection
(0.45 um, pre-cleaned by heating to 450 °C for 8 hrs) followed by an
XAD-2 sorbent for gas phase contaminants (dried at 105 °C for 24 hrs
and pre-cleaned through Soxhlet-extraction with MeOH, ACN, toluene
(8 hrs per solvent) and cyclohexane 4 hrs, ~ 100 mL per sampling). A
single point sample integrated over a period of 60 min was collected for
each treatment temperature. The filter cartridge was rinsed with MeOH
between each sampling. The combination of GFF and XAD-2 in a low
volume air sampler has previously been used successfully in ambient air
sampling of PFAS [12].

Carbon based gas composition of the exhaust — carbon monoxide
(CO), carbon dioxide (CO,), methane (CH,4), and non-methane volatile
organic carbon [NMVOC = ethane (C2Hg) + propane (C3Hg) + ethylene
(CoHy) + hexane (CgHi4) + formaldehyde (CHOH)], in addition to hy-
drofluoric acid (HF), was determined using a portable Fourier Transform
Infrared Spectrometer (FTIR) from Gasmet. One data point was recorded
every three minutes (n =~ 40 per treatment). Nitrogen (N3) content in the
sample was corrected for by running a N5 blank before every sampling.
Aerosol concentrations (<10 um, PM;() were measured separately every
10-20 min (n = 6-12) with a pdr-1500 instrument from Thermo Sci-
entific. PM;o concentrations were converted to total suspended particles
(TSP) using a factor 1.4, as according to Sparrevik et al. [54]. Gas
composition data was used to establish a carbon balance for the process
(see Section 2.5).

2.5. Sample preparation and instrumental analysis

2.5.1. Carbon analysis

Total carbon in the feedstock and biochar samples was analysed in
triplicates using the dry combustion method as described by Nelson &
Sommers [41] with IR on a Leco CHN628 instrument. Total carbon in
the pyrolysis oil condensates were determined through conversion of all
carbon species to COy through combustion with subsequent infrared
detection according to method ASTM D5291 by Karlshammerverket
Laboratory, Karlshamn, Sweden.
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2.5.2. PFAS analysis

For the PFAS analysis two different extraction methods were used
(extraction method A and B), and three different instrumental methods
(instrumental method A, B and C). Extraction method A was combined
with instrumental method A to target 41 congeners (method AA), while
extraction method B was combined first with instrumental method B to
target 11 congeners (method BB) and then with instrumental method C
to target further 4 congeners (BC). Each method is summarized in short
here, but full details can be found in SI, section C.

Extraction method A: This approach required method develop-
ment, see the SI for details (section B). All feedstock, biochar, XAD and
GFF samples were extracted for analysis, in triplicate, targeting 41
congeners that included 15 perfluorinatedalkylcarboxylic acids (PFCA),
9 perfluorinatedalkylsulphonic acids (PFSA), 4 fluorotelomere sulpho-
nates (FTS), 8 fluorosulphonamides (FSA), and 5 miscellaneous substi-
tute compounds. See the full list of congeners in the SI (Section A, and
Table S1).

The extraction procedure used was based on Asimakopoulos et al.
[10] with minor modifications: Ultrasound assisted extraction (UAE)
was performed on 0.1 g sample in EtOAc (3 mL), ammonium acetate
aqueous buffer and ultrasonication (45 min, 40 °C) followed by centri-
fugation (10 min, 4000 rpm). The UAE was repeated another two
consecutive times to produce a final volume of ~9 mL (3 x 3 mL).
Extract clean-up with 2 mL Milli-Q water and centrifugation (10 min,
4000 rpm) was undertaken before concentration under a gentle nitrogen
stream (N2, 35 °C) to near dryness, and reconstitution in MeOH:Milli-Q
(1 mL, 50:50).

Instrumental method A: The instrumental method used was based
on Trimmel et al. [59] with minor modifications. Target analytes were
determined with UPLC-MS/MS with a Xevo TQ-S triple quadrupole mass
spectrometer, equipped with a Z spray ESI source, connected to an
Acquity UPLC I-Class system, both acquired from Waters (Milford, MA,
U.S.). Analytes were separated using a Kinetex Cj;g column
(30 x2.1 mm, 1.3 um) serially connected to a Cjg security guard
(2 x2.1 mm i.d.), both supplied by Phenomenex (Torrance, CA, U.S.).

Extraction method B: Two sewage sludge-based feedstocks (DSS-1
and DSS-2), their resulting biochars and the XAD-resins from gas emis-
sion measurements at all treatment temperatures were selected for
quantification of additional PFAS. Due to limited sample amounts, GFF
samples were not available for these analyses.

The samples were extracted following the protocol suggested by
Ahmadireskety et al. [3] with modifications: UAE was applied on 0.2 g
with NH3/MeOH (1%, 5 mL) and ultrasonication (30 min, 40 °C), fol-
lowed by centrifugation (10 min, 4000 rpm) and supernatant collection,
repeated to produce a final supernatant volume of 10 mL. The super-
natant was reduced until near dryness (N3, 35 °C), before being recon-
stituted in MeOH (1 mL). An additional clean-up procedure was done by
adding the supernatant sample (1 mL) to a mixture of acetic acid
(100 pL, anhydrous) and Superclean™ ENVI-Carb™ (50 =+ 5 mg).
Vigorous shaking (30 s) and centrifugation (10 min, 4000 rpm) of the
mixture was followed by supernatant collection and evaporation until
near dryness (No, 35 °C), before reconstitution in ACN:Milli-Q (95:5)
and filtration (recycled cellulose syringe filter, 0.2 pm).

Instrumental method B: This method was used to monitor 11 pre-
cursor compounds not included in method A, namely 7 perfluorinated
alkanoic acids, 2 perfluoroalkoxy acetic acids and 2 perfluoroalkyl
bisphosphates, see the SI for full details (section A, Table S1). They were
analysed using reversed-phase liquid chromatography-mass spectrom-
etry (RPLC-MS) on a Nexera XR HPLC system hyphenated to an Sciex
QTrap 5500 System. Chromatographic separation was achieved using an
XSelect HSS T3 column (50 x2.1 mm, 3.5 um) equipped with the cor-
responding pre-column (5 x2.1 mm, 3.5 um) held at 30 °C.

Instrumental method C: Ultrashort chain PFAS, 4 congeners,
including 3 PFCA and 1 PFSA (see SI section A and Table S1) were
analysed using hydrophilic interaction chromatography coupled to mass
spectrometry (HILIC-MS), as previously described by Neuwald et al.
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[42].

Instrumental methods B and C: For the ultrashort chain and
additional precursor PFAS in this study no internal standards (or com-
parable internal standards) were available. Therefore, the actual sam-
ples were spiked before extraction and after extraction to evaluate
absolute recoveries. The results can be found in Table S4.

2.6. Quality control and assurance

Procedural blanks were analysed to evaluate background contami-
nation arising from the lab materials and solvents. During analysis,
solvent blanks, and a standard solution were injected at regular intervals
to check for any potential cross contamination or sample carryover, and
to evaluate signal variations and drift. The injection needle was washed
with a solution of MeOH:Milli-Q (50:50; v/v) with 0.1% FA before and
after each injection.

To ensure accuracy and precision, multiple-point calibration curves
were prepared: Instrumental method A: 11 points from 0.01 to
50 ng mL?! in MeOH:Milli-Q (50:50, v/v), Instrumental method B: 7
points from 0.05 to 20 ng mL! in ACN:Milli-Q (95:5, v/v), and Instru-
mental method C: 7 points from 0.01 to 5 ng mL™ was prepared in ACN:
Milli-Q (95:5, v/v), demonstrating regression coefficients for all the
studied compounds, R > 0.98, R% > 0.99 and R? > 0.999, respectively.
Two MS/MS transitions were optimized per TA. The most intense
transition (higher S/N ratio) was considered as the quantification tran-
sition (1) and the second as the confirmation transition (2) (Table S2).
The instrumental limits of quantification (iLOQs) were calculated for
each target analyte as ten times the signal from the baseline noise (S/N
ratio) and ranged from 0.01 to 5.00 ng mL?! (Table S2). The method
LOQs (mLOQs) were estimated accordingly with pre-extraction spiked
samples and ranged from 0.25 to 50 ng mL™ (Table $2). All samples
were analysed in either duplicates (GFF) or triplicates (feedstocks, bio-
char and XAD) to control for sample heterogeneity and method error.
Glass fiber filter samples were analysed in duplicates rather than trip-
licates due to limited amounts of sample material availability.

Obtained absolute recoveries (Abs%), relative recoveries (Rel%) and
matrix effects (ME%) are presented in Table S4. Quantification of the
target analytes was accomplished based on the internal standard method
and matrix-matched calibration standards [48].

2.7. Data analysis

All concentrations are presented as ng g dry weight (d.w.). For
statistical analyses the numeric values of 0 and LOQ/2 were used in
cases where one or two of the replicate data points were < LOD or LOQ
respectively.

To estimate the relative effectiveness of pyrolysis as a waste treat-
ment option for PFAS, the removal efficiency (RE) was calculated ac-
cording to the equation suggested by Mosko et al. [39]:

Cbiochar X Ybiuchar
Cfeedslock

RE(%) = 100% — ( (2

where Cpiochar is the concentration (ng g'l) in a biochar produced at a
given pyrolysis temperature, Ceedstock is the concentration (ng g) in the
feedstock and Ypiochar is the yield (Eq. 1) of the biochar in the pyrolysis
process. To avoid overestimation of RE, the discrete values of LOD and
LOQ were used as Cpjochar fOr all compounds that were originally
detected in the feedstock (Cfeedstock > LOD) but not in the resulting
biochar.

Emission factors in mg PFAS;, per tonne of biochar produced (EFp.
FAS, Ug tonnei,liochar) were calculated using the carbon balance approach
[21,47,54,72]. This method uses the carbon balance between feedstock
going into the process and biochar, pyrolysis oil and flue gas coming out
to calculate the net molar component-to-CO5 emission ratios and thus
the volume of flue gas produced (Ve gas) (for details see SI, Section C).
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A measured concentration of PFAS in the flue gas (concppag) can thus be
combined with the estimated Viye gas to yield the EFpgas (Eq. 3)

EF pras = concppas X Viwe  gas 3)

A mass balance for PFAS upon the pyrolysis of 1 tonne of each
feedstock is set up based on total concentrations of PFAS in the feedstock
and resulting biochar (adjusted by biochar yield) and emission factors
for total PFAS. Only feedstocks and treatments for which biochar and
emission data was available were included in the analysis (Table 1). No
data on PFAS in the pyrolysis oil condensed from the syngas was ac-
quired, since the extraction of PFAS from this matrix entailed analytical
challenges that would not ensure the quality of the results; pyrolysis oil
is a strongly acidic mixture of water, organic acids, phenols, alcohols,
and complex high molecular mass organic compounds [46]. The fraction
not found in biochar or exhaust is therefore considered to be either
decomposed or in the pyrolysis oil.

3. Results and discussion
3.1. PFAS in feedstocks

In total, 26 out of the 41 PFAS-congeners analysed for using method
AA were detected across the eight feedstocks (see Fig. 1, Table S.5), in
concentrations ranging from 56-3651 ng g™*. In addition, using method
BB for two of the sewage sludge feedstocks (DSS-1 and DSS-2), 3 of the
11 additional precursor compounds were detected, but no ultrashort
chain PFAS were detected (method BC). The sewage sludge feedstocks
presented the largest variety of PFAS congeners: 9, 12, 10 and 9 different
PFAS-congeners were detected in DSS-1, DSS-2, LSS, and DWSS
respectively (Fig. 2). Eight congeners were detected in the food waste
reject. Few congeners were detected in the wood-based feedstocks (five
in WT, two in GW and five in CWC).

Sewage sludge feedstocks. The total amounts of PFAS (PFAS,) in
the sewage sludge feedstocks were 56 + 11, 441 + 33, 340 + 43 and
214 + 88 ng g'! for the DSS-1, DSS-2, LSS and DWSS respectively. These
concentrations are similar to previously reported findings from around
the globe [23,51,52,67]. The distribution of PFAS in the sewage sludge
feedstocks (Fig. 1), DSS-1, DSS-2, LSS and DWSS, were mainly domi-
nated by PFPeA (0, 76.3, 63.8. and 0% of PFAS;.; respectively), followed
by PFOS (25.4%, 8.6%, 3.8% and 16.2% of PFAS, respectively) and 4:2
FTS (43.7%, 6.2%, 18.8% and 37.3% of PFAS, respectively). Addi-
tionally, PFBA constituted 40% of the PFAS; in the DWSS, but was not
detected in the other sludge feedstock samples.

Wood-based feedstocks. PFAS in the wood-based feedstocks (114 —
3651 ng g'l), wood chips (CWC), waste timber (WT) and garden waste
(GW), were dominated by PFHxA (Fig. 1). This congener is a surfactant
typically found in high concentrations in AFFF [5,18,30], but also in
textiles [49], fluoropolymer production [63], wood composite building
materials [14], vegetation from contaminated soils [24], and is
furthermore the end product of natural oxidative degradation processes
of precursor compounds [4]. The high concentration in the CWC (3651
+ 1846 ng g'), confirmed by a triplicate sample) could be a result of
contamination during the production chain of the wood chip pellets.

Food waste reject feedstock. The second highest PFAS;, feedstock
concentration was found in the food waste reject (FWR, 676 + 62 ng g
1), which was dominated by PFBA (32.3% of PFAS;,), PFPeA (31.8% of
PFAS;,) and 4:2 FTS (33.0% of PFAS,,;). PFBA and PFPeA have previ-
ously been detected in packaging materials and non-stick ware con-
nected to food processing and packaging [30,71]. These short chain
congeners can furthermore stem from the food itself [24].

On the whole, the large concentration range (56-3651 ng g! PFAS-
tot) and wide variety of PFAS-congeners (28 congeners) (Fig. 1) make the
selected feedstocks well suited to demonstrate the effect of pyrolysis as a
waste handling method for PFAS-contaminated organic waste, as the
effect of thermal degradation of PFAS depends both upon total con-
centration and PFAS-type [7].
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Fig. 1. Total concentration (PFAS,, ng g1) and distribution (% of PFAS,) of PFAS compounds detected in the digested sewage sludge (DSS-1 and DSS-2), limed
sewage sludge (LSS), de-watered sewage sludge (DWSS), food waste reject (FWR), waste timber (WT), garden waste (GW), and wood chips (CWC) prior to pyrol-

ysis treatment.
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Fig. 2. Total PFAS (PFAS, ng g 1) in biochars produced at various pyrolysis
temperatures (500-800 °C) from the digested sewage sludge (DSS-1 and DSS-2),
limed sewage sludge (LSS), de-watered sewage sludge (DWSS), food waste
reject (FWR), waste timber (WT), garden waste (GW), and wood chips (CWC).
Data points and error bars are showing the mean and standard deviations from
triplicate analysis.

3.2. PFAS in biochars

Concentrations of PFAS,, in the biochar samples ranged between
<LOD and 3.4ng g (Fig. 2, Table S.5) and were thus 1-3 orders of
magnitude less than the concentrations in the original feedstocks (de-
tails about removal efficiency in Section 3.3, Table 2). There was no
statistically significant (p > 0.05) linear reduction in PFAS concentra-
tion with pyrolysis temperature. However, biochars produced at 500 °C
had the highest PFAS;,; concentrations (1 — 3.4 ng g'}), except for WT
biochar where no PFAS was detected (Table S.5). Meanwhile, no PFAS
were detected in biochars produced at 800 °C. To the best of our
knowledge, attempts to detect residual PFAS concentrations in biochar
have previously only been made in pilot studies by Thoma et al. [58] and
Kundu et al. [33]. In the former, PFAS in sewage sludge (biosolids) and
resulting biochars from two commercial pyrolysis plants run at around

Table 2

Removal efficiency (RE, %) of PFAS,. in the transformation of digested sewage
sludge (DSS-1 and DSS-2), limed sewage sludge (LSS), de-watered sewage sludge
(DWSS), food waste reject (FWR), waste timber (WT), garden waste (GW), and
wood chips (CWC) to biochars at various pyrolysis temperatures (500-800 °C).

Feedstock  Pyrolysis RE (%) Feedstock  Pyrolysis RE (%)
temp (°C) temp (°C)

DSS-1 500 >96.93 FWR 600 > 99.95
600 > 96.89 800 > 99.96
700 > 98.18 WT 500 > 99.99
750 > 98.35 600 > 99.98

DSS-2 500 > 99.55 700 > 99.99
600 > 99.88 800 > 99.99
700 > 99.87 GW 500 > 99.67
800 > 99.99 600 > 99.95

LSS 600 > 99.92 800 >99.81
750 > 99.87 CWC 500 > 99.99

DWSS 600 > 99.92 600 > 99.99
700 > 99.92 700 > 99.99
800 > 99.93 750 > 99.99

600 °C were investigated. They reported PFOS and PFOA (0.5 and
0.2 ng g! respectively), at concentrations 10 times lower than what was
found in the present work. In the latter, sewage sludge was pyrolyzed at
500 and 600 °C to in a semi pilot scale unit, but the biochars produced
had non-detectable concentrations (LODs not provided). In both studies
however, little or no details were provided about the analytical methods
used.

Pyrolysis reduced the variety of PFAS congeners — the biochar sam-
ples contained 60-100% fewer congeners than their feedstock materials
(Tables S.5). Alinezhad et al. [7] found that polyfluorinated compounds,
such as FTS and FSA are more easily degraded than PFCA and PFSA, with
the PFSAs being the most recalcitrant. The present study could indicate
similar trends, as PFSAs and PFCAs made up the majority of PFAS (80%)
detected in biochars (PFPeA, PFHxA, PFOA, PFNA, PFHpS, PFOS and
P37DMOA), although trace amounts of 6:2 FTS (0.04-0.14 ng g’l) were
found in some of the WT (600 °C), GW (500 and 600 °C) and CWC (500,
600 and 700 °C) biochars, and 6:2 FTUCA (0.4 + 0.2 in ng g'l) was
detected in DSS-2 at 500 °C (Table S.5). However, the presence of PFSAs
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and PFCAs in the biochars could also be explained by thermal trans-
formation of precursor compounds [65]. While short chain PFAS (<6
CFy-moieties) dominated PFAS presence in feedstock samples (Fig. 1;
median fraction of short chain PFAS was 95% across the eight feedstocks
(Table S.5)) a shift towards long chain PFAS (>6 CFy-moieties) was
observed for the biochars. Across all biochars in which PFAS were
detected, the median fraction of long chain PFAS was 99% (Table S.5).
No ultrashort chain PFAS compounds were detected in the biochars. This
biochar PFAS-fingerprint could be explained by long chain PFAS having
a higher thermal stability and would hence be corroborated by Xiao
et al. [64], who observed a decreasing thermal stability of PFCAs with
decreasing tail length when studying the regeneration of spent activated
carbon through thermal decomposition. Another reason for the domi-
nance of long chain PFAS in the biochars could be that short chain PFAS
are more easily evaporated to the gas phase. This argument is supported
by both the high presence of short chain species in the flue gas (see
Section 3.4) and by Blotevogel et al. [17], who did not see any chain
length dependence on thermal stability in a mathematical modelling
study of PFAS incineration.

3.3. PFAS Removal Efficiencies

Removal efficiencies (RE) for PFAS, were larger than 96.9%
(Table 2) across all treatment temperatures (500-800 °C) and feedstocks
(sludge and wood based). Note that RE (Eq. 2) is corrected by biochar
yield to consider mass reduction (2-5 times original mass, Table S.6)
during the pyrolysis process. The lowest REs were recorded for DSS-1 at
500 °C and 600 °C (96.93% and 96.89%, respectively). At treatment
temperatures > 700 °C however, more than 98% of PFAS,, was removed
from all feedstocks. These results are in agreement with Alinezhad et al.
[7] who presented the decomposition of PFAS in soil under thermal
treatments, demonstrating that RE after pyrolysis at 500 °C and resi-
dence time of 30 min was above 99%, regardless of PFAS initial load and
type. In the present study, the residence time applied in the pyrolysis
experiments was 20 min. It could be possible that by increasing the
residence time, higher RE% would have been obtained.

The somewhat lower RE recorded for DSS-1 compared to the other
feedstocks is probably due to the DSS-1 feedstock having a relatively
larger amount of the long chain sulfonate, PFOS (14 ng g™\, 25.4% of

Table 3
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PFAS;o), which is likely less volatile or more recalcitrant towards
thermal degradation [7] than the PFAS congeners that dominated some
of the other feedstocks (see Section 3.2 for more details).

Overall, the temperatures required to achieve REs > 98% for PFAS
being higher than 700 °C is similar to or higher than reported for other
organic contaminants as Mosko et al. [39] demonstrated for pharma-
ceuticals, PCBs, PAHs and endocrine disrupting and hormonal com-
pounds, in sewage sludge pyrolysis. For organophosphate flame
retardants (OPFRs), as documented in a parallel study by our group
using the same samples [19], pyrolysis temperatures > 500 °C were
sufficient to achieve REs ~100%. The relative persistence to thermal
degradation of PFAS compared to other organic contaminants is how-
ever expected, due to the high energy of the C-F bond relative to that of
C-C and C-Cl bonds [44]. Nonetheless, an important caveat to these
results is that several non-target PFAS (i.e. PFAS other than the 56
analysed for) may have been produced, such as per and polyfluorinated
alkanes and alkenes with and without a head group [7,69].

3.4. PFAS Emission Factors

PFAS were detected in the flue gas (post syngas combustion) from the
pyrolysis of the sewage sludge feedstocks at all treatment temperatures
(Table 3), demonstrating that pyrolysis at > 500 °C coupled with syngas
combustion at 800-900 °C does not fully decompose PFAS present in the
original feedstock. This is corroborated by Thoma et al. [58] who
detected PFAS in flue gas scrubber water of pyrolysis units run at 600 °C
with syngas combustion at 1020 °C. Total PFAS-concentrations in the
exhaust, both particle and gaseous fractions included, ranged from
<LOD to 100 ng m™ with a mean concentration of 50 + 70 ng m™>. The
mean concentration of gaseous PFAS (40 + 61 ng m'3) was somewhat
higher than the particle based PFAS (10 + 11 ng m'®), but samples from
both fractions demonstrated high heterogeneity (large standard de-
viations). Mathematical modelling has demonstrated that similar tem-
peratures as applied in the present study (700-900 °C) should be
sufficient to degrade PFAS [9,17]. The present findings of remaining
PFAS after syngas combustion are probably representative for many
after-combustion units. Our findings thus indicate that extra consider-
ation needs to be put into designing a suitable combustion chamber for
full-scale pyrolysis units allowing for sufficient residence time and gas

Emission concentrations (ng m™>) for PFAS detected in flue gas from the pyrolysis of digested sewage sludge (DSS-1 and DSS-2) and limed sewage sludge (LSS), along
with the relative fractions of total PFAS found in the gaseous and particle-based fractions (%). Emission factors (EF, mg tonne™) for total PFAS also shown. Con-

centrations and EF shown as mean + standard deviation.

Metric PFAS PFAS DSS-1 DSS-2 LSS
type compound 500 600 700 500 600 700 800 600 750
Emission concentrations PFCA PFBA n.d. 10.76 11.5 n.d. 3.6 7.4+0.5 9+1 9.4+0.5 12+2
(ng m) +0.02 +0.4 +0.2
PFPeA 2.0 26 + 36 n.d. n.d. 9+15 n.d. n.d. n.d. n.d.
+ 0.4
PFHpA n.d. 100 + 99 35+ 61 n.d. n.d. n.d. n.d. n.d. n.d.
7 H-PFHpA n.d. 22 427 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFSA PFBS 42 58 +£16 46 £ 6 n.d. n.d. n.d. 10.9 0.19 +£0.03 n.d.
+ 10 +0.8
n.d. n.d. n.d. 0.6 £ 0.8 n.d. n.d. n.d. n.d. n.d.
FTS 6:2 FTS n.d. n.d. 0.03 n.d. n.d. n.d. n.d. n.d. n.d.
+0.05
8:2 FTS n.d. n.d. n.d. n.d. 8+14 n.d. n.d. n.d. n.d.
FSA PFOSA n.d. n.d. n.d. n.d. 6+11 n.d. n.d. n.d. n.d.
MeFOSAA 11 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
+19
Misc. NaDONA 5+9 n.d. 3+6 n.d. n.d. n.d. n.d. n.d. n.d.
Sum PFAS ot 59 217 96 + 62 0.6 +0.8 27 7.4+0.5 20+1 9.6 + 0.5 12+2
+ 23 + 110 +23
Sum Gaseous (%) 97 94 88 0 87 0 55 0 0
Particles (%) 3 6 12 100 13 100 45 100 100
EF (mg tonne™) Sum PFASo¢ 0.2 31£1.6 1.2+0.8 0.01 0.9 0.32 0.7 0.0096 0.9
+0.1 +0.02 +0.8 +0.02 +0.1 + 0.0005 +0.2
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mixing to achieve complete degradation.

Unlike the biochar samples, where long chain PFAS dominated
(Tables S.5), short chain PFAS represented the majority (60%) of all
PFAS detected in the exhaust, particle-bound, and gaseous fractions. The
two carboxylic acids with 3 and 4 CF,-moieties, PFBA and PFPeA, and
the sulfonic acid with 4 CFy-moieties, PFBS, comprised 44-100% of all
PFAS detected in the exhaust, despite not being detected in the feedstock
pyrolyzed. Yao et al. [69] suggested radical mediated chain scission
either at the functional head or at random sites along the chain as the
most probable thermal degradation pathway for PFAS. In our study ul-
trashort chain PFAS compounds were, however, not detected in the
gaseous phase of the flue gas, and they were not analysed for in the
particle phase due to practical difficulties. The dominance of short chain
PFAS could therefore be the result of one or more of the following ex-
planations: short chain PFAS more easily evaporating to the flue gas (M.
[73], partial degradation of longer chain PFAS by chain scission [69],
and/or conversion of precursor compounds to short chain PFSA and
PFCA [65].

Calculated EFppastor (Eq. 7) show that a range of 0.01 - 3.1 mg of
PFAS;,: were emitted per tonne of biochar produced from the sewage
sludges studied (Table 3). EFpgag for all single PFAS compounds detected
are compiled in Table S.8 and the calculated volumes of syngas used to
derive these factors are shown in Table S.9. To the authors’ knowledge,
EFppas have never been reported, either for dry pyrolysis or full scale
waste incineration plants [55]. Thus, there is no literature to compare
the present results to. The EFppag are about 10-1000 times lower than
emission factors for polycyclic aromatic hydrocarbons (PAHs) from the
pyrolysis of waste timber at 600 °C, as previously documented by our
group [53]. However, it is expected that PAH emissions should largely
exceed PFAS emissions, as these compounds can be generated from
carbon matrices during pyrolysis and combustion [37].

3.5. PFAS Mass Balance using pyrolysis as a waste treatment option

The potential of pyrolysis as a waste treatment alternative was
assessed through the mass balance of total PFAS in the pyrolysis treat-
ment of 1 tonne of feedstock (Table 4). Three feedstocks (DSS-1, DSS-2
and LSS) and the pyrolysis temperatures applied in their treatments (500
- 800 °C) were considered. Of the total amount of PFAS present in the
feedstocks, a small fraction ends up in the biochar (<2%) regardless of
pyrolysis temperature and feedstock, as is also reflected by the calcu-
lated removal efficiencies (Table 2). However, regarding emissions
themselves, a similarly small fraction is released with flue gas through
the chimney (<3%). This means that the large majority of PFAS (>95%)
in the feedstocks is either decomposed in the pyrolysis reactor or com-
bustion chamber, trapped in the pyrolysis oil, and/or released as
degradation products not targeted in the present work. Possible future
work could consist of total Extractable Organic Fluorine (EOF) non-
target analyses of the biochar and pyrolysis oil to improve the organo-
fluorine mass balance.

The mass balance varied somewhat with pyrolysis temperature, but

Table 4
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it appeared that the factor that affects the distribution the most, is the
composition of PFAS congeners in the feedstock. The sample DSS-1, with
a relatively high concentration of PFOS (14 =+ 4 ng g'!), pyrolyzed at
600 °C can be considered as the worst-case scenario, for which 1.73% of
PFAS;,: would end up in the biochar, 2.81% would be emitted and
95.47% would be decomposed (Table 4). The best-case scenario on the
other hand would be the pyrolysis of the DSS-2 feedstock, which has
almost 10 times higher concentration in the feedstock than DSS-1, but
which is dominated by short chain PFCAs and FTS (Fig. 2). Pyrolyzing
the DSS-2 feedstock at 600 °C, would result in 0.00% ending up in the
biochar, 0.08% being emitted and 99.92% being decomposed. Consid-
ering the fact that most options for handling PFAS-containing waste lead
to some sort of emission, either through flue gas, landfill leachate or soil
runoff [55], the relatively large amount that is decomposed using the
pyrolysis approach could be worth the emissions caused, especially if
emissions can be lowered, e.g. by optimizing the pyrolysis process for
PFAS removal, or more simply by a filter solution.

As some of the feedstock and temperature treatment combinations
yielded high particle-based emissions (up to 100%, Table 3) it is ex-
pected that emissions can be reduced by introducing a flue gas scrubber,
an established technology for waste incineration. Wet scrubbers are
especially efficient for scenarios when the target contaminants are
associated with particles, as reported by [20] who demonstrated a
reduction of 90% in emissions of dioxins from waste incinerators with
high particle loads. Thoma et al. [58] did not quantify PFAS-emissions,
but detected PFAS in water from wet scrubbing of exhaust during the
pyrolysis of sewage sludge, thereby indicating scavenging of PFAS
compounds from the flue gas. Thus, there is a need to properly document
the effect of flue gas cleaning technology on PFAS-emissions from py-
rolysis. It is also important to note that the present work accounts for
emissions of a wide range of PFAS-congeners and precursor compounds,
but has not documented the release of other possible thermal degrada-
tion products identified in laboratory studies, such as perfluoroalkanes,
perfluoroalkenes, perfluoralkyl aldehydes and fluorotelomere alcohols
[7,69]. The presence of said compounds in exhaust from commercial
pyrolysis units could be challenging to document due to the need for
advanced technology such as online gas chromatography systems. A first
approach could therefore be to assess the environmental risk related to
the emissions of potential degradation products identified in laboratory
studies.

There is also a need to quantify PFAS in pyrolysis oil. This fraction
contains both water and organic oily liquids, with the interface between
those potentially acting as a scavenging phase for surface-active PFAS
compounds. McNamara et al. [38] detected certain PFAS compounds, e.
g. PFBA, in the pyrolysis oil at concentrations higher than in the feed-
stock, during laboratory scale pyrolysis of biosolids, suggesting that
specific PFAS and their thermal conversion products can accumulate in
this phase. This means that a significant amount of the fraction not
accounted for in biochar or emitted gases in the present study could be in
the pyrolysis oil. If this is indeed the case, the oil will have to be han-
dled/used in such a way that further emissions will not occur. At the

Mass balance for PFAS,,, in the pyrolysis of 1 tonne of sewage sludge (DSS-1, DSS-2 and LSS) at temperatures between 500 and 800 °C.

In feedstock (1 tonne) In biochar

Emitted Decomposed or trapped in pyrolysis oil

Sample PFAS;o (mg) Pyr temp (°C) PFASot Fbiochar (%)
(mg)

DSS-1 55.6 500 0.91 1.64
600 0.96 1.73
700 0.30 0.55

DSS-2 429.4 500 1.36 0.32
600 0.00 0.00
700 0.00 0.00
800 0.00 0.00

LSS 339.6 600 0.17 0.05
750 0.29 0.09

PFAS;,: (mg) Femitted (%) PFAS ot Fdecomposed (%)
(mg)
0.13 0.231 54.6 98.13
1.56 2.808 53.1 95.47
0.67 1.203 54.6 98.25
0.01 0.001 428 99.68
0.33 0.077 429.1 99.92
0.12 0.029 429.3 99.97
0.25 0.058 429.2 99.94
0.01 0.002 339.4 99.95

0.41 0.12 338.9 99.79
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local level, the pyrolysis oil and syngas could themselves be combusted
as a heat source on site, including for the heating of the pyrolysis unit
itself, which would further destroy the residual PFAS.

4. Conclusions

The present work has demonstrated that dry pyrolysis has potential
as a waste handling alternative for PFAS-contaminated organic waste.
For optimization towards PFAS removal, an adequately high pyrolysis
temperature and residence time must be used. Considering the results
from the present and previous studies, pyrolysis of contaminated organic
waste should be operated at a minimum of 600 °C in order to properly
decompose PFAS and other organic contaminants to non-detectable
levels.

The nature of the feedstock and the type of PFAS present in the
samples should also be considered, as removal efficiencies differed
among the different feedstock pyrolyzed. Long chain PFAS accumulate
to a larger extent in the biochar than short chain PFAS. Therefore, py-
rolysis conditions should be adjusted to individual feedstocks, to achieve
optimal removal of PFAS from the solid matrix.

The fraction of PFAS in the original organic wastes that ends up being
released with the flue gas is relatively low (<3%). However, despite that
the emissions make up a small fraction of the total mass of PFAS being
treated, the total emissions from large-scale operations could be signif-
icant. Considering that the complete presence and nature of degradation
products in the flue gas is unknown, flue gas cleaning might be necessary
to avoid PFAS compounds being cycled back into the environment;
alternatively, pyrolysis conditions and the pyrolysis reactor design could
be optimized to either lower the formation of short chain PFAS, or to
capture them quantitatively in the pyrolysis oil. Such optimization
would require a better understanding of the organofluorine mass bal-
ance, that could be generated through total organofluorine analysis as
well as non-target analysis.

PFAS decomposition seems to be a motivation for adopting dry py-
rolysis as a waste handling option; however, future studies should
consider other externalities, such as life cycle impacts compared to the
status quo options of sending the contaminated feedstocks to in-
cinerators, landfills, or to be used as fertilizer in agricultural areas.

Environmental implications

Dry pyrolysis has been suggested as a promising alternative for
handling organic waste as it combines thermal destruction of contami-
nants, energy generation, and production of useful carbon-rich biochar
for diverse applications. Such applications include soil quality
improvement or soil amendment for contaminant risk abatement. There
are, however, uncertainties related to the fate of organic contaminants
in the pyrolysis process. The present study presents the decomposition
and emission factors of a wide range of PFAS during the dry pyrolysis of
diverse organic wastes in a full-scale unit (2-10 kg biochar hr'l), thus
providing important information for future assessments on the envi-
ronmental impact of pyrolysis as a waste handling option.
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