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ABSTRACT: In this study, we found that thermal decomposition of per- and
polyfluoroalkyl substances (PFAS) in soil was rapid at moderate temperatures of
400−500 °C, regardless of whether the soil was contaminated by a single PFAS
compound or a PFAS mixture in aqueous film-forming foams. Substantial
degradation (>99%) of PFAS in soil, including perfluorooctanoic acid (PFOA),
perfluorooctane sulfonate (PFOS), short-chain homologues, cationic and
zwitterionic precursors, and PFOA and PFOS alternatives, occurred in 30 min
at 500 °C in both a sealed reactor in air and a horizontal reactor under a
continuous flow of N2. The effect of the initial PFAS level in soil (0.001−10
μmol/g) and soil texture was insignificant, provided a sufficiently high
temperature was applied. Furthermore, this study showed, for the first time,
that kaolinite dramatically decreased the apparent yield of F from PFAS heated at
>300 °C, likely due to the chemisorption of F radicals on kaolinite. This
phenomenon was not observed when kaolinite and an inorganic fluoride salt
(NaF) were thermally treated. Lastly, various nonpolar thermal degradation products of PFOA and PFOS were reported for the first
time. The profile of fluorinated volatiles, particularly perfluoroalkenes, was similar between these two chemicals. The results support
a radical-mediated degradation pathway of PFAS.
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■ INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are synthetic
organofluorine chemicals that have been mass-produced since
the 1950s for a variety of high-temperature resistant products,
such as nonstick cookware and aqueous film-forming foams
(AFFFs) for firefighting devices.1−3 More than 3000 PFAS
might have been manufactured,4 and more than 750 PFAS
have been identified in environmental and biological
samples.5−14 Long-chain PFAS bioaccumulate in food
chains,13,15−18 leading to ecological and human health
risks.19−22 Widespread PFAS occurrence in the environment
has caused great concern among the scientific community,
policymakers, and the general public. The USEPA plans to
regulate two primary PFAS, perfluorooctanoic acid (PFOA)
and perfluorooctanesulfonic acid (PFOS), under the Safe
Drinking Water Act.23 The global historical production of
PFOA and related chemicals was estimated to be 3600−5700 t
between 1951 and 2004.2 The estimated global production of
PFOS and a major precursor compound (perfluorooctane
sulfonyl fluoride) was 122,500 t between 1970 and 2002.1 Both
PFOA and PFOS are resistant to degradation24−27 and difficult
to remove during conventional water and wastewater treat-

ment.25,27−29 The revised EU Water Framework Directive,
which is subject to the final approval by the EU parliament,
proposes a limit value of 100 ng/L for a total of 20 PFAS,
including PFOA, PFOS, and their short-chain homologues.30

Certain short-chain PFAS are being included in the list of
Persistent Mobile and Toxic substances.31

Perfluoroalkyl carboxylic acids (PFCAs, e.g., PFOA) and
perfluoroalkyl sulfonic acids (PFSAs, e.g., PFOS) are non-
volatile at ambient temperature, ionic or ionizable at
circumneutral pH (6−9), moderately hydrophobic, and soluble
in water. If released to the soil, they may interact with soil
organic matter and sorb to soil particles, posing a threat to
human health through both direct and indirect routes of
exposure, including ingestion and inhalation of fugitive soil
particles32 and PFAS transfer from soil to crops.33,34 PFAS can
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also move off-site and reach drinking-water sources (surface
water and groundwater) via runoff or leaching.32,35−37 It was
previously estimated that ingestion of contaminated ground-
water constitutes a more important route of exposure to PFOA
and PFOS than ingestion of contaminated soil.32 AFFF-
impacted sites,36,38,39 PFAS manufacturing facilities,32,40−42

and landfills43,44 constitute predominant point sources of soil
contamination of PFAS, whereas land application of PFAS-
containing biosolids45,46 and reclaimed wastewater47 are
nonpoint contamination sources in rural areas. More than
400 sites have been identified in the United States where
known or suspected release of PFAS to soil has occurred due
to the use of AFFFs for fire training.48 PFOA and PFOS at
levels up to 10,000 ng/g were observed in contaminated soil
near point sources (see Figure 2 of ref 32). Remediation of
PFAS-contaminated sites is currently a national priority in the
United States.
A few treatment and remediation approaches have been

investigated for removing PFAS from contaminated water and
soil, including solvent flushing,49 photocatalytic degrada-
tion,50−52 sequestration,53,54 ball milling,55 electrochemical
approaches,56,57 and hydrothermal methods.58,59 The reme-
diation efficiency, however, may be strongly influenced by the
concentration of PFAS in the treated media and the properties
(e.g., functionality and chain length) of PFAS. PFAS are
relatively difficult to remove from soil by conventional physical
and chemical means. In an interim guidance, USEPA has
identified thermal treatment as one of the technological
solutions that is commercially available and has the capacity to
degrade or manage the migration of PFAS in contaminated
materials.60 Recent laboratory studies have reported that
thermal treatment is highly effective for decontaminating
PFAS-containing materials, including soil,61,62 activated
carbon,63−65 and sludge.66

Thermal decomposition of PFAS molecules involves a series
of physical transitions, such as melting and evaporation, and
multistep chemical reactions, including radical-mediated
initiation, chain propagation, recombination, chain stripping
(for polyfluorinated compounds67), and termination.68 Our
group recently reported that two types of initiations are likely
involved:64,65,67,68 end-chain scission and random-chain
scission. Thermal decomposition of PFCAs, PFSAs, and
polyfluorinated compounds yields various transient intermedi-
ates, including shorter-chained PFAS and underreported PFAS
that are nonvolatile at room temperature.64,67 Granular
activated carbon (GAC), or other highly porous materials,
can adsorb gas-phase PFCA molecules, alter thermal
decomposition pathways, and substantially accelerate PFCA
decomposition at low and moderate temperatures (<400
°C).64

Despite the insights gained from previous studies, a
fundamental understanding in certain vital aspects of PFAS
thermal decomposition is still limited and fragmented.
Information on volatile, nonpolar thermal decomposition
products of PFAS compounds is sparse in the literature. By
means of gas-phase nuclear magnetic resonance (NMR),
Krusic and Roe identified 1H-perfluoroheptane (C7HF15) and
perfluoro-1-heptene (C7F14) as thermal decomposition prod-
ucts of PFOA.69 However, because of the generally low
sensitivity and selectivity of NMR, it is unclear whether these
two species are the only nonpolar thermal decomposition
products of PFOA. Information on nonpolar thermal
decomposition products of other PFAS chemicals, such as

PFOS, is practically nonexistent in the literature. This
information is critically needed because the environmental
impact associated with these products can be significant. Based
on our previous results,64,65,67,68 we tested the hypothesis in
this study that free-radical degradation of the perfluorinated
chain of PFAS yields unsaturated perfluorocarbons (e.g.,
perfluoroalkenes).
Furthermore, a few key parameters that may affect the

thermal remediation of PFAS-contaminated soils have been
understudied or overlooked. A significant heating time of up to
14 days61 or a very high heating temperature, such as >1000
°C,62 was used previously in cleaning up soils contaminated
with PFAS. Because the costs of remediation rise significantly
with the treatment temperature and time, the effect of the
temperature−time profile needs to be established. Likewise,
the effect of the initial PFAS level in the soil and the soil
texture need to be investigated.
Since the production of PFOS, PFOA, and related

compounds was phased out,70,71 alternatives (e.g., GenX and
F-53B) have been produced and introduced in the market.4,72

GenX is a relatively new PFOA alternative,6,73,74 while F-53B
has been manufactured for several decades as an alternative to
PFOS.7,8 In GenX and F-53B, perfluoroalkyl segments are
connected by ether linkage(s). Both chemicals have been
detected in the surface soil at concentrations of 100 ng/g.75,76

The thermal stability and degradation behaviors of fluorinated
ether compounds have remained elusive. This study was
carried out to delineate these factors that impact the fate of
PFAS in soil during heating and influence the selection and
operation of thermal technologies for the remediation of
PFAS-contaminated sites.

■ MATERIALS AND METHODS
PFAS Chemicals. The present study included 18 PFAS

chemicals in six classes (Table S1 in the Supporting
Information) as well as two AFFF samples that contain a
mixture of PFAS (Table S2).67 These 18 PFAS included seven
legacy PFCAs and PFSAs, two legacy anionic PFAS, and
PFOA and PFOS alternatives: perfluorobutyric acid (PFBA),
perfluoropentanoic acid (PFPeA), perfluoroheptanoic acid
(PFHpA), PFOA, perfluorononanoic acid (PFNA), perfluor-
odecanoic acid (PFDA), perfluoroundecanoic acid (PFUn-
DA), and potassium salts of perfluorobutanesulfonic acid
(PFBS), perfluorohexanesulfonic acid (PFHxS), PFOS, hexa-
fluoropropylene oxide dimer acid (HFPO-DA), 6:2 chlori-
nated polyfluorinated ether sulfonate potassium salt (6:2 Cl-
PFAES; the major component of F-53B), 2-(N-
methylperfluorooctanesulfonamido)acetic acid (N-MeFO-
SAA), and the sodium salt of 8:2 fluorotelomer sulfonate
(8:2 FTS). Furthermore, the test set also included four cationic
and zwitterionic PFAS, perfluorooctaneamido ammonium salt
(PFOAAmS, C14H16F15N2OI), perfluorooctanesulfonamido
ammonium salt (PFOSAmS, C14H16F17N2O2SI), perfluorooc-
taneamido betaine (PFOAB, C15H16F15N2O3), and perfluor-
ooctanesulfonamido betaine (PFOSB, C15H16F17N2O4S)
(Table S1). These cationic and zwitterionic substances have
been detected in AFFFs and Fluorad brand surfactant
samples5,10,11 and can be degraded to PFOA and PFOS in
chemical,77 biological,78 and thermal67 processes. Cationic and
zwitterionic PFAS account for approximately 50% of newly
identified PFAS compounds3 and have been found to compose
up to 97% of the total PFAS mass in soils of a fire-training
area.79
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We considered two scenarios (#1 and #2) in our
experiments to illustrate the effect of five factors (Figure S1):
two thermal parameters (heating temperature and heating
time), PFAS properties, soil texture, and PFAS concentration
in soil.
Soils. The heating experiments in both scenarios were

conducted using a natural soil that is a clay loam with a soil
organic matter of 9.8%80 and a reference kaolinite clay (KGa-
1b; Clay Minerals Society).81,82 Ottawa sand (Fisher
Scientific) and Pahokee peat (IHSS, St. Paul, MN) were
included in certain experiments to examine the effect of soil
texture. Soil samples were air-dried before use in thermal
treatment experiments.
Scenario #1: Adsorption and Thermal Decomposition

of PFAS in Soil (Clay Loam and Kaolinite Clay). The
preadsorption of PFAS chemicals in soil was performed in
batch sorption experiments following the procedure described
previously (or see the Supporting Information).80 The liquid
phase was a landfill leachate sample provided by Waste
Management Inc. No measurable PFAS (n = 18; Table S1)
were detected in microfiltered landfill leachate samples. To
facilitate detection, the leachate samples were spiked with
PFAS to ∼2 × 10−6 mol/L in the laboratory. The apparent
sorption equilibrium was reached after 2 days. After sorption,
the supernatant fluid was decanted. The sorption equilibrium
concentration of PFOA ranged up to ∼0.9 μmol/L that is in
the same order of magnitude for PFOA groundwater
concentration in contamination hotspots.32 The remaining
PFAS-laden soil particles were freeze-dried, stored in a
desiccator to reach room temperature, and thermally treated
in a sealed container using the procedure64,65 described in the
Supporting Information. Without specification, thermal
decomposition experiments were performed in a sealed
container in an air atmosphere.
The sorption data were fit to the Freundlich model

=C K C( )ns F w (1)

where n is the Freundlich exponent providing an indication of
isotherm nonlinearity and KF [(μmol/kg)(μmol/L)−n] is the
Freundlich sorption coefficient. The parameters were obtained
by a nonlinear least-squares regression weighted by the
dependent variable. The observed distribution ratio (Kd, L/
kg) is defined as the adsorbed-to-solution concentration ratio

=K C C/d s w (2)

Kd is related to KF by

= −K K C( )nd F w
1

(3)

Soil particles laden with PFAS were split into two portions.
One portion of the particles (e.g., 0.1 g) was extracted using
methanol (Vextr, 25 mL) containing ammonium acetate at 100
mol/L,65 and the mixture was sonicated for 30 min. The PFAS
mass before thermal treatment (MPFAS,solid,initial) was computed
using eq 4

= ×M C V E( )/PFAS,solid,initial extr extr (4)

where E (%) is the extraction efficiency and Cextr (μmol) is the
concentration of PFAS in the extract measured using a Waters
Acuity ultrahigh-pressure liquid chromatograph coupled with a
Waters quadrupole time-of-flight mass spectrometer (Synapt
G2-S, Waters Corporation, Milford, MA, USA).11,77 Analytical
details are described in the Supporting Information. Our

extraction method achieved recoveries of 90.2−104.2% for
PFAS from soil (Figure S2). The other portion of the PFAS-
laden solid particles was placed in a precleaned, closed
borosilicate glass container64,65 and heated in an air
atmosphere within a muffle furnace (Neytech, Vulcan 3-550,
USA) at a preset temperature (125, 150, 200, 300, 400, 425,
450, 475, and 500 °C) for a certain residence time.
Furthermore, depending on the operating temperature, the
residence time of thermal remediation can vary from a few
minutes to hours or days.83 To understand the effect of
treatment time, PFAS-laden solid particles were heated at a
given temperature for different durations (7, 15, 22, and 40
min). After heat treatment and cool down, distilled water
(DW) was added to the container to measure water-extractable
fluoride ions (F−) or methanol containing 100 mmol/L
ammonium acetate to measure residual PFAS (see the
Supporting Information and Figure S2).65

Scenario #2: Thermal Decomposition of PFAS
Loosely Associated with Soil. For the second scenario,
experiments were performed by directly mixing PFAS
chemicals or AFFF with soil particles to represent the free
state of PFAS molecules in soil or those molecules weakly
associated with soil particles (see the Supporting Information).
To understand the effect of atmosphere, pyrolysis of PFAS

with kaolinite was conducted in a temperature-programmable
two-zone quartz tube furnace (MTI Corporation, CA) under a
flow of N2 (200 mL/min). The mixture was heated at a rate of
10 °C/min to the desired final heat treatment temperature and
held for 30 min. Off-gas from the furnace and residual PFAS
chemicals in the off-gas were treated and analyzed in the same
manner as described previously.65

To examine the adsorption of F− on kaolinite, an inorganic
salt (NaF) was heated together with kaolinite at different
temperatures. After heat treatment and cool down, DW was
added to the container to measure water-extractable F−.

X-ray Diffraction and Fourier Transform Infrared.
Kaolinite particles collected from PFAS thermal degradation
experiments were stored in a desiccator for 2 days and
characterized by X-ray diffraction (XRD) (SmartLab, Rigaku,
Japan) and Fourier transform infrared (FTIR) spectroscopy
using a Nicolet iS5 spectrometer with an iD5 ATR accessory
(Thermo Scientific, Madison, WI, USA). XRD has been
previously used to identify minerals formed between calcium
compounds and F released from PFAS during thermal
treatments.66

Identification of Volatile Decomposition Products.
Our team has put significant effort into identifying volatile
thermal decomposition products of PFAS. Capturing all trace-
amount volatile decomposition products and analyzing them
using conventional gas chromatography−mass spectrometry
(GC−MS) were found not to be trivial tasks. In the present
study, we employed thermal desorption−pyrolysis (TD−Pyr)
(Frontier 3030D, Frontier Labs Inc., Japan) connected to a
cryogenic trapping-GC−MS system (Agilent GC 7890 and
5975C MS; Santa Clara, CA) to detect the pyrolysis
decomposition products of PFOA and PFOS. Analytical details
can be found in the Supporting Information. TD−Pyr−GC−
MS was used in our previous studies.64,65 The newly included
cryo-trap (CT) on the inlet of the GC column allows gaseous
products to be cooled cryogenically and concentrated in the
CT before GC−MS analysis, which may improve the
sensitivity of detection. Because of the direct introduction of
a sample, the TD−Pyr−CT-GC−MS system can capture
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products/species that may not be detected by traditional GC−
MS. Compounds were considered correctly detected when
their GC−MS spectra presented a library match quality of
≥80% or tentatively detected with a library match quality of
70−80%.

■ RESULTS AND DISCUSSION
PFAS Adsorption on Kaolinite from Landfill Leachate.

Soil and sediment sorption of anionic PFCAs and PFSAs has
been investigated extensively and reviewed in detail.84,85 The
sorption of anionic PFAS species increases with the organic
content of sediments,84 the ionic strength of the solution,81,86

and the perfluorinated carbon chain length.81,84 Sorption
isotherms of PFAS to soil/kaolinite/sediments from natural
waters were generally either linear or nonlinear with a concave-
downward curvature.80,81,84,87−90

Figure 1 illustrates the adsorption of HFPO-DA and short-
chain and long-chain PFCAs and PFSAs on kaolinite in landfill
leachate. The isotherms display concave-upward curvatures,
giving a Freundlich coefficient (n) of 1.15−1.45. This implies a
decrease in adsorption as the concentration falls during the
natural dilution of the liquid phase. Sorption of surfactants is
typically characterized by a normal isotherm at a low
concentration (region 1) and then a concave-upward curve
due to the formation of hemimicelles (region 2) or micelles

(region 3).91−95 Landfill leachate is rich in dissolved organic
matter that may reduce the critical micelle concentration of
PFAS.96 The concave-upward isotherms (Figure 1) may reflect
the transition from region 1 to region 2.
The free energy of adsorption (ΔGt) can be partitioned into

terms representing the hydrophobic effect (ΔGh), the
electrostatic repulsion between PFAS anions and the negatively
charged kaolinite surface (ΔGe), and a lumped term (ΔGo) for
all other interactions, including dipolar, quadrupolar, and steric
hindrance

Δ = Δ + Δ + ΔG G G Gt h e o (5)

Inherent in eq 5 is the assumption that weak attractive
forces, such as dispersion, dipole−dipole, and quadrupole−
quadrupole interactions, do not interfere with electrostatic
interactions. The hydrophobic effect of PFAS originates from
the disruption of the cohesive energy of water by the
perfluoroalkyl chain, which drives PFAS molecules to the
kaolinite surface. Although there is no unambiguous way to
quantify the hydrophobic effect, the contribution of the
fluorinated moiety (CF2) to ΔGh can be expressed as81,84,97

Δ = × Δ +G m G bh
CF2 (6)

Figure 1. (a−g) Distribution of PFCAs, PFSAs, and HFPO-DA between kaolinite and landfill leachate. Dashed lines represent the fitting of
adsorption data by the Freundlich model (eq 1). The Freundlich parameters (log KF; n) and the coefficient of determination (R2) are also provided.
(h) Free energy of adsorption (ΔGt) as a function of the number of perfluorinated carbons in PFCAs. The Kd in the ΔGt calculation was computed
at 2, 4, and 6 μmol/L using eq 3 [three lines in (h)].
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where ΔGCF2 is the hydrophobic contribution made by each
CF2 moiety driving PFAS to the kaolinite surface, m is the
number of perfluorinated carbons in PFAS, and b is a constant.
It was previously estimated that each CF2 moiety contributed
2.5−2.7 kJ/mol to ΔGh81 or 0.5−0.6 log units to the measured
distribution coefficients.84 By combining eqs 5 and 6, we can
solve for ΔGt in terms of m

Δ = × Δ + Δ + Δ +G m G G G bt
CF

e o
2 (7)

Assuming ΔGe and ΔGo are independent of m, we can write

Δ ∝G mt (8)

Consistent with eq 8, the value of (−ΔGt) follows the order,
PFBA < PFPeA < PFHpA ≤ PFOA (Figure 1h), the same
order as in the number of perfluorinated carbons, suggesting
that the hydrophobic effect is a major driving force.
Thermal Decomposition of PFAS in Soil at Different

Temperatures. Figures 2, S3−S6 illustrate the effect of
temperature on PFAS decomposition in soil when heated for
30 min in air or N2 (pyrolysis). Thermal decomposition or
degradation in this study is defined as an irreversible process
resulting in PFAS structure change, whereas thermal trans-
formation refers to the formation of other species from a
parent PFAS compound. As illustrated in Figures 2 and S3, the
thermal decomposition efficiency of the studied PFAS in soil in
the sealed (air) system was similar to that measured in a
constant-pressure system under a flow of N2, which is

consistent with our previous observations.64,65 However, future
studies are needed to understand the effect of oxygen on
thermal decomposition products and pathways of PFAS.
Three temperature regions were observed (I, II, and III):

PFCAs in soil remained mostly stable at <200 °C, started to
decompose at 200−400 °C, and decomposed almost
completely in 30 min at ≥400 °C (Figures 2 and S3).
PFSAs, on the other hand, are more thermally stable than
PFCAs; a 30 min thermal treatment at 400 °C resulted in 60−
71% degradation of PFSAs in the soil (Figures 2 and S3).
The decomposition of PFAS is related to the bond

dissociation energies and other heteroatoms in the perfluori-
nated chain. Polyfluorinated compounds (N-MeFOSAA, 8:2
FTS, PFOAB, PFOAAmS, PFOSB, and PFOSAmS) and those
present in AFFF samples exhibited near-complete degradation
(>99%) in the soil when the temperature was ≥400 °C
(Figures 2, S4, and S5). Because the nonfluorinated moiety is
subject to side-chain stripping,67 Polyfluorinated compounds
are less thermally stable than perfluoroalkyl counterparts (e.g.,
PFOS; Figure 2).
The minimum temperature leading to decomposition

(>30%) of PFOA and PFOS alternatives was 200 °C (Figure
2). Polyfluorinated ether sulfonate (6:2 Cl-PFAES; the major
component of F-53B) appears to be more thermally stable than
the perfluorinated ether carboxylic acid (HFPO-DA, i.e., the
conjugate acid of GenX). Within 30 min, 99.8% of HFPO-DA
and 26.0% of 6:2 Cl-PFAES decomposed at 300 °C. Both the

Figure 2. Decomposition of PFAS preadsorbed in a natural soil after thermal treatment for 30 min at different temperatures (scenario 1). Initial
PFAS loading on soil (μmol/gsoil): PFBA, 0.0022; PFPeA, 0.0040; PFHpA, 0.0062; PFOA, 0.0097; PFNA, 0.019; PFDA, 0.047; PFUnDA, 0.079;
PFBS, 0.0025; PFHxS, 0.0042; PFOS, 0.021; HFPO-DA: 0.0029; N-MeFOSAA: 0.030; 8:2 FTS: 0.026. The decomposition efficiency was assigned
100% if no measurable PFAS was found in soil after thermal treatment. The experiments (Figure 2) were performed in a sealed container in air. See
Figure S3 for results obtained with a tube furnace under a flow of an inert gas (N2).
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fluorinated ether compounds (HFPO-DA and 6:2 Cl-PFAES)
were more readily degraded by heating than the perfluoroalkyl
counterparts (e.g., PFBA and PFOS) (Figure 2), which appears
to be related to the ether group in the perfluorinated chain.
Xiao et al. believed that PFAS thermal decomposition can
occur through a random-chain scission pathway: the breaking
off a C−C bond at seemingly random locations on the
perfluorinated chain.67 Bentel et al. calculated the bond
dissociation energies of perfluoroalkyl ether carboxylic acids
(PFECAs).98 The authors believed that the ether C−O bond
in PFECAs (e.g., HFPO-DA) was prone to cleavage.98 The
ether group in the perfluorinated chain of HFPO-DA and 6:2
Cl-PFAES may serve as a vulnerable bond scission site during
thermal treatment.
Thermal Decomposition Kinetics. All curves of the

residual mass of PFAS in soil versus the thermal treatment time
were exponential in nature (Figure 3). At 400 °C, a
considerable reduction (92.6%) in the total mass of HFPO-
DA was observed following treatment for the shortest time
used (7 min); however, the longer treatment time (15 min)
resulted in an even larger reduction (99.7%). The PFCA mass
also dropped dramatically in the first 7 min and continued to
fall at an apparently slower rate for the next 30 min. The mass
loss followed first-order kinetics. The apparent thermal
decomposition half-lives (t1/2,thermal) of HFPO-DA, PFCAs,
and PFSAs in soil at 400 °C were 2.7, 3.1−5.0, and 28.7−51.8
min, respectively. The decomposition of PFSAs (e.g., PFOS)
occurred at a much slower rate at 400 °C (Figure 3).
At 500 °C, 99.99% degradation of PFOA was observed after

heating for only 7 min (Figure 3). Thermal decomposition of
PFSAs in soil was also significantly enhanced with a rise in
temperature from 400 to 500 °C (Figure 3). A brief treatment
for 7 min at 500 °C resulted in 45−55% degradation of all
PFSAs in soil, while a treatment time of 15 min increased the
extent of degradation to 94−98%. After 40 min, up to

99.9976% PFSAs, including PFOS, were degraded at 500 °C
(Figure 3). A small portion of PFSAs, however, continued to
decompose at a much slower rate. A longer treatment time or a
higher decomposition temperature would be required to
decontaminate the soil beyond a decontamination level of
99.9976% (Figure 3). The apparent thermal decomposition
half-lives of PFSAs in soil were determined to be 2.4−3.1 min
at 500 °C.

Effect of Initial PFAS Loading in Soil. The concentration
of PFOA and PFOS in the soil can vary by 4 orders of
magnitude, up to >10,000 ng/gsoil in contamination
“hotspots.”32 At 400 °C, a consistently high decomposition
rate (>98%) of PFCAs and HFPO-DA was observed over 4
orders of magnitude in concentration ranging from 0.00077 to
∼24.2 μmolPFCA/gclay (Figure 4). Heating at 400 °C was
insufficient to degrade PFSAs in 30 min (Figure 3); therefore,
an increase in PFSA loading led to an apparent decline in the
thermal decomposition rate (Figure 4). The effect of initial
loading became insignificant for PFSAs at 500 °C (Figure 4) at
which they decomposed effectively (Figures 2 and 3). The
residual PFSA mass dropped to <0.6% of the initial mass
within 30 min at 500 °C, regardless of the initial level of PFSAs
(Figure 4). Additionally, the effect of soil texture on thermal
PFOA decomposition was found to be insignificant (Figure
S6).

Apparent Yield of F. The quantification of F− ions in
water has been frequently performed using ion chromatog-
raphy (IC). However, the measurement of F− by IC can be
hampered by the overlap of peaks of F− and other anions, such
as formate and acetate.99 In the present study, water-
extractable F− ions were quantified by (1) the USEPA
SPADNS method100 used in our previous studies64,65 and
(2) a F ion selective electrode (F-ISE). Both the methods
yielded reliable results over a wide concentration range of F−

(Figure 5e,f). However, the detection limit of the SPADNS

Figure 3. Thermal decomposition of PFAS in soil as a function of heating time (min) in a closed system with air. Initial PFAS loading on soil
(μmol/gsoil): PFBA, 0.0022; PFPeA, 0.0040; PFHpA, 0.0062; PFOA, 0.0097; PFNA, 0.019; PFDA, 0.047; PFUnDA, 0.079; PFBS, 0.0025; PFHxS,
0.0042; PFOS, 0.021; HFPO-DA: 0.0029. The dashed lines represent the best fit to the decomposition data using the first-order kinetic model.
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method is only 2 mg F−/L; a substantial dilution of a sample
may cause dilution errors (Figure 5e).
Our team previously observed that the yield of F from both

PFOA and PFOS increases with thermal treatment temper-
ature, reaching >80 mol % at 700−900 °C.65 The presence of
GAC can significantly enhance PFOA thermal decomposition
at low and moderate temperatures (≤400 °C) and increase the
yield of F correspondingly.64 In this study, the apparent yield
of F from PFOA sharply declined with the presence of
kaolinite (Figure 5), although the degradation of PFOA was
not significantly affected (Figure S6). Similar results were also
observed when PFOA was heated together with a natural soil
(Figure S7). The measurable yield of F declined from 25.1 to
1.1 mol % when PFOA was heated at 400 °C with kaolinite at
a mass ratio of 0.2 gkaolinite/μmolPFOA (Figure 5a). The effect of
kaolinite on the apparent yield of F from PFOA was significant
only when the heating temperature was greater than 300 °C
(Figure 5a), which became more pronounced with a rise in the
mass ratio of kaolinite to PFOA (Figure 5b) and the heating
time (Figure 5c).
Note that F− ions were measured in the DW extract of

PFOA and kaolinite after the thermal treatment. However, it is
unlikely that the adsorption of F− on kaolinite in DW caused
the observed decline in F yield (Figure 5a−c) because no
significant loss of F− was found when NaF was heated with
kaolinite and extracted with DW (Figure 5d). We postulate
that the disappearance of measurable F illustrated in Figure
5a−c may have been caused by the reaction between kaolinite
particles and F radicals64,65,67 generated during PFOA thermal

Figure 4. PFAS decomposition in kaolinite heated for 30 min at 400
and 500 °C as a function of initial loadings covering 4 orders of
magnitude.

Figure 5. Apparent yield of F from PFOA during thermal treatment (initial mass: 1 μmol) (a) as a function of the temperature with or without the
presence of kaolinite (0.2 g), (b) as a function of the initial mass ratio of kaolinite to PFOA, and (c) as a function of the heating time at three
temperatures. The F− concentrations in the water extract were measured using the USEPA SPADNS method. (d) Measured mass of F− after
heating NaF (5 mg or 0.12 mmol) at different temperatures with or without the presence of kaolinite (0.2 g). The F− concentrations in the water
extract were measured with F-ISE. (e,f) Comparison of the two methods (SPADNS and F-ISE).
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treatment. Such a reaction may not necessarily lead to the
formation of new crystals such as cryolite (Na3AlF6)

101

because XRD and FTIR spectra did not exhibit peaks for
new crystal phases or functional groups apart from the
structure of kaolinite (Figures S8 and S9). However, it is
also likely that XRD and FTIR are not sensitive enough to
detect the newly formed crystalline phases. The thermal
interaction mechanisms between F radicals and kaolinite are
worthy of further study but are outside the scope of this paper.
Volatiles Generated from PFOA and PFOS upon

Heating. Despite the difference in their structures, PFOA and
PFOS generated a similar profile of fluorinated pyrolysis
products (Figures 6 and S11−S18 and Table S3), including

unsaturated perfluorocarbons. This is consistent with our
hypothesis. Perfluoro-1-heptene (C7F14) was identified as a
thermal treatment product of PFOA and PFOS at 500 °C.
Two C6 species, 1H-perfluorohexane (C6HF13) and perfluoro-
1-hexene (C6F12), were also frequently detected. Short-chain
perfluoroalkenes, including perfluoro-1-butene (C4F8), hexa-
fluoropropene (C3F6), and tetrafluoroethylene (C2F4), were
likely generated, but their MS library match qualities were less
than 70%. The detection of perfluoroalkenes agrees well with
the chain scission mechanism (Figure S10): the perfluoroalkyl
chain is broken up from the bond between the perfluoroalkyl
chain and the nonfluorinated moiety or at seemingly random
locations on the perfluoroalkyl chain. This process forms
perfluoroalkyl biradicals64,65 that successively relax to give
perfluoroalkenes (Figure S10). Furthermore, pyrolysis of
PFOS yielded long-chain perfluoroalkanes, including perfluor-
ooctane (C8F18) and perfluoroheptane (C7F16), following a
chain-scission and recommendation mechanism (Figure
S10).64,67 Previous researchers postulated that short-chain
perfluoroalkanes, perfluoromethane (CF4, m/z 88.0), and
perfluoroethane (C2F6, m/z 138.0) are generated during the
thermal treatment of PFOS;102 however, no mass spectral
evidence and literature data are available to support their
hypothesis. In the current study, short-chain perfluoroalkanes
were not detected.
Another interesting observation is that fewer volatile

products were generated when PFAS was heated at 890 °C
(Figure 6). Khan et al. calculated the theoretical thermal
decomposition half-life of PFOS to be only 1 s at 727 °C.103

Our group previously found a significant increase in the yield
of F (up to 92 mol %) when PFOA or PFOS was heated at
700−900 °C.65 The fast decomposition of PFAS and their
volatile decomposition products at 890 °C may result in the
high yield of F observed previously65 and the fewer volatile
thermal decomposition products detected in this study (Figure
6).

Conclusions. This paper presents a detailed investigation
of the thermal degradation of PFAS in soil, focusing on the
effect of temperature, thermal treatment time, initial
contamination level, and soil texture. Several novel observa-
tions were made that are highly relevant to the thermal
remediation of PFAS-contaminated soil.60 This study demon-
strated that thermal treatment of soil at moderate temperatures
is effective for decomposition of PFAS of various classes.
Appropriate temperature (≥500 °C) and time (≥30 min)
combinations led to a near-complete decomposition of the
studied PFAS in either an air or a N2 atmosphere. Performing
pyrolysis on solid materials in an inert atmosphere may prevent
the generation of dioxins and furans as observed in
combustion/incineration processes.104−107 The thermal stabil-
ity followed the order: PFSAs > 6:2 Cl-PFAES ≈ 8:2 FTS ≈
PFCAs > N-MeFOSAA > HFPO-DA.
On the other hand, while thermal treatment holds promise

for degradation of PFAS chemicals, the emission of volatile
organofluorine species during thermal decomposition of PFAS
may prove to be a significant challenge. This study indicates
that various nonpolar products, particularly perfluoroalkenes,
are generated from PFOA and PFOS at moderate temperatures
(Figure 6), which require further treatment. Short-chain
perfluoroalkanes of significant concern,60 such as perfluoro-
methane and perfluoroethane, were not observed. However,
further studies are required to determine whether other PFAS
under thermal conditions generate short-chain perfluoroal-
kanes that are greenhouse gases and more thermally stable108

than PFAS. Last, handling of F radicals that may form
corrosive hydrogen fluoride represents another technological
challenge to thermally treat PFAS-containing materials.60 The
findings of this study demonstrated that the emission of F
radicals can be significantly reduced with the presence of
kaolinite or soil.
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