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ABSTRACT: In this study, we have developed an innovative
thermal degradation strategy for treating per- and polyfluoroalkyl
substance (PFAS)-containing solid materials. Our strategy satisfies
three criteria: the ability to achieve near-complete degradation of 00:00:00 00:00:20
PFASs within a short timescale, nonselectivity, and low energy cost.
In our method, a metallic reactor containing a PFAS-laden sample
was subjected to electromagnetic induction that prompted a rapid
temperature rise of the reactor via the Joule heating effect. We
demonstrated that subjecting PFASs (0.001—12 ymol) to induction
heating for a brief duration (e.g, <40 s) resulted in substantial
degradation (>90%) of these compounds, including recalcitrant
short-chain PFASs and perfluoroalkyl sulfonic acids. This finding
prompted us to conduct a detailed study of the thermal phase
transitions of PFASs using thermogravimetric analysis and differ-
ential scanning calorimetry (DSC). We identified at least two endothermic DSC peaks for anionic, cationic, and zwitterionic PFASs,
signifying the melting and evaporation of the melted PFASs. Melting and evaporation points of many PFASs were reported for the
first time. Our data suggest that the rate-limiting step in PFAS thermal degradation is linked with phase transitions (e.g,
evaporation) occurring on different time scales. When PFASs are rapidly heated to temperatures similar to those produced during
induction heating, the evaporation of melted PFAS slows down, allowing for the degradation of the melted PFAS.
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B INTRODUCTION protection of drinking water sources from PFAS contamination
a global priority.

The use of granular activated carbon (GAC) and anion
exchange (AIX) resins for the sorptive removal of PFASs from
water has become a common practice in practical applica-
tions.”"~** Single-use and nonionic resins have been recently
explored as a potential alternative to GAC and regenerable AIX
resins for removing short-chain PFASs from water.”>*® The
disposal of exhausted GAC and resins can present challenges,
as the spent media contain PFAS. Regenerating PFAS-laden
spent GAC and resins using inorganic salts (e.g., NaCl) or
methanol alone is difficult,”” %’ because PFAS molecules are
far more hydrophobic than inorganic anions such as CI™. Thus,
there is an urgent need for effective technologies to minimize,
attenuate, and remediate PFASs in spent media. An ideal
treatment method for solid wastes containing PFAS would be

Per- and polyfluoroalkyl substances (PFASs) are synthetic
chemicals produced for various industrial and commercial
products such as cosmetics," facemasks,” food containers,>*
nonstick cookware,” baking papers,” and aqueous film-forming
foams (AFFFs).”® Due to their widespread use, PFASs have
been found in various environmental compartments, raising
concerns about their potential health risks.”"> Of particular
concern is the presence of PFAS in drinking water
supplies.' "> On March 14, 2023, the U.S. Environmental
Protection Agency (EPA) released the proposed PFAS
National Primary Drinking Water Regulation, which aims to
establish maximum contaminant levels or a hazard index for six
primary PFAS, perfluorooctanoic acid (PFOA), perfluoroocta-
nesulfonic acid (PFOS), perfluorononanoic acid (PFNA),
hexafluoropropylene oxide dimer acid (HFPO-DA, commonly
known as GenX Chemicals), perfluorohexane sulfonic acid
(PFHxS), and perfluorobutane sulfonic acid (PFBS). If Received:  March 19, 2023
finalized, the regulation would require U.S. public water Revised:  April 13, 2023
systems to monitor and reduce PFAS contamination in Accepted:  April 17, 2023
drinking water. Similar regulations are being developed or Published: April 26, 2023
implemented in many other countries and regions, including

the European Union,'® Canada,'”'® and China,"’ making the
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effective for a broad spectrum of PFAS, achieve rapid
degradation, and be suitable for use in rural or remote
communities that lack centralized waste treatment facilities.

Thermal-based approaches have emerged as an attractive
means’”>® to decontaminate PFAS-laden GAC,**333773°
resins,*® and other solid materials (e.g, s0il,*>*® biosolids,*
and biomass**). Our group investigated conventional thermal
treatment using regular ovens/furnaces as a means of
degrading PFASs in soil’’ and spent GAC.”””"** We now
have a moderate level of understanding regarding the fate of
PFAS during conventional heating: (1) thermal decomposition
of PFAS proceeds through multistep free-radical reactions,
including initiation, chain propagation, and termination;>>*°
(2) the addition of GAC or a resin (Amberlite XAD-2) can
substantially accelerate the thermal decomposition of per-
fluorocarboxylic acids (PFCAs) and HFPO-DA at low and
moderate temperatures (<400 °C);** (3) perfluoroalkyl
sulfonic acids (PFSAs) rec%uire a relatively high temperature
(>450 °C) to decompose; ”** (4) polyfluoroalkyl substances
are subject to thermal side-chain stripping on the non-
fluorinated moiety’’ and more prone to degradation than
perfluoroalkyl counterparts;®' (3) the thermal degradation of
PFAS yields various transient intermediates, includin
perfluoroalkenes, at low and moderate temperatures;’’~>
and (6) substantial mineralization (>90%) of PFOA and
potassium salt of PFOS (K-PFOS) occurs at 700 °C and
above.”

Despite the insights gained from recent stud-
ies,” V373908 myuch s still unknown about the phase
transitions (such as melting and evaporation) of these
compounds,*® which is crucial for developing effective thermal
remediation plans and understanding their behavior in other
thermal processes such as cooking, baking, and firefighting in
which PFAS-containing products are used. Furthermore, the
rate-limiting steps or factors controlling PFAS thermal
decomposition kinetics also remain elusive, and little” or no
effort has been devoted so far for accelerating PFAS thermal
decomposition. Traditional methods such as smoldering®® and
thermal desorption** are energy-intensive and time-consum-
ing, while incineration is prohibitively expensive and can lead
to the formation of toxic chlorinated/brominated dioxins and
furans.”>~** The U.S. DoD has placed a temporary halt on the
burning or incineration of PFAS as a destruction and disposal
method.”” Pyrolysis has also shown to be effective in degrading
PFAS,’”* but is also costly. Thus, there is a pressing need for
alternative, cost-effective thermal methods for PFAS degrada-
tion in solid materials, such as the spent media.

The purpose of the present study was twofold: (a) to
develop an innovative and practical technique through which
ultrafast degradation of short- and long-chain PFAS on spent
media can be achieved; and (b) to better understand thermal
phase transitions (e.g., melting and evaporation) of PFASs at a
fundamental level. We first present an innovative PFAS
thermal treatment technology through which the degradation
of PFAS can be achieved in a matter of a few minutes. The
method is based on the Joule heating effect, where heat is
generated in a metallic reactor by electromagnetic induction
without direct contact between the induction heater and the
reactor. Additional heat is produced by hysteresis losses for
magnetic materials during thermal treatment.”® Compared to
conventional thermal techniques (e.g., flame heating, furnaces,
and ovens), induction heating offers a fast heating rate and is
potentially inexpensive.
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We then conducted a series of fundamental studies to
investigate the thermochemical properties of PFAS and
explored several mechanisms that could explain the observed
ultrafast degradation of PFAS during induction heating.
Published studies with these objectives in mind are very
few’>" and were seldom carried out in a systematic manner.
Consistent with existing literature,””>® we tested the
hypothesis that phase transitions such as evaporation could
be the rate-limiting step. Because the costs of thermal
treatment rise significantly with the residence time, identi-
fication of the rate-limiting steps could lead to technological
improvements and remediation cost reduction.

Induction Heating Device, PFASs, and Solid Samples.
We included all six PFASs in the EPA’s proposed PFAS
National Primary Drinking Water Regulation as well as five
PFCAs that are frequently observed in the natural environment
(Table S1), including perfluorobutyric acid (PFBA, C4),
perfluoropentanoic acid (PFPeA, CS), perfluoroheptanoic acid
(PFHpA, C7), perfluorodecanoic acid (PFDA, C10), and
perfluoroundecanoic acid (PFUnDA, C11). In addition to
these 11 perfluorinated chemicals, this study also included
three cationic and zwitterionic PFASs (Table S1), perfluor-
ooctaneamido betaine (PFOAB), perfluorooctaneamido am-
monium salt (PFOAAmS), and N-(3-perfluoroalkylsulfonami-
dopro7pan-1-yl)-N,N,Ntrimethylammonium (C8-N-TAmP-
FASA’) that is also named as perfluorooctanesulfonamido
ammonium salt (PFOSAmS) in other studies.””' The GAC
was Filtrasorb 200 (Calgon Carbon Corporation, PA) (BET
surface area, 691.4 m*/g; microporosity, 0.3 cm’/g; meso-
porosity, 0.07 cm?/g; Figure S2). The resin was a single-use
AIX resin (AmberChrom® 1X8, formerly Dowex ® 1X8).

The induction heating device was a handheld induction-
heating tool (Bolt Buster) procured from LACE Technologies,
Inc (Addison, IL, USA). Stainless-steel reactors (7 mL; 45 mm
in height and 19 mm in outside diameter) with a stainless-steel
screw lid were obtained from the QAQC Lab Inc. (White
Stone, VA, USA) for induction heating experiments. The
reactor temperature during induction heating was recorded
using a Digi-Sense dual-laser infrared thermometer (Cole
Parmer, IL, USA) in a continuous scan mode connected to a
computer with an infrared thermometer software package
(Figure S1).

Induction Heating Experiment #1: PFASs with or
without the Presence of GAC. A known volume (0.2 mL)
of stock solutions (0.1 mmol/L in methanol, Optima LC/MS
grade) of PFCAs, K-PFSAs, and HFPO-DA was added into a
stainless-steel reactor (without a lid) and dried overnight in a
forced-air oven (Cascade Tek, Cornelius, OR, USA) at 25 °C.
After that, the reactor was screwed tightly closed using clamps
and inductively heated (Figure S1) for a maximum operating
time of 2 min. The induction heating of PEASs was conducted
in an air atmosphere. After heating, it took approximately 65 s
for the reactor to cool down to room temperature.

After induction heating and cooldown, a known volume of
methanol and ammonium acetate at 100 mol/L was added.”
The residual PFASs and degradation products were analyzed
using an ultrahigh-pressure liquid chromatograph connected to
a high-resolution, time-of-flight mass spectrometer (Synapt
G2-S, Waters Corporation, Milford, MA) (see SI). Degrada-
tion in this paper refers to the breakdown of PFASs into
smaller molecules due to exposure to high temperatures. The

https://doi.org/10.1021/acsestengg.3c00114
ACS EST Engg. 2023, 3, 1370—-1380


https://pubs.acs.org/doi/suppl/10.1021/acsestengg.3c00114/suppl_file/ee3c00114_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.3c00114/suppl_file/ee3c00114_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.3c00114/suppl_file/ee3c00114_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.3c00114/suppl_file/ee3c00114_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.3c00114/suppl_file/ee3c00114_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.3c00114/suppl_file/ee3c00114_si_001.pdf
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.3c00114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(a) O Multi-Pras system (with GAC)

® Multi-PFAS system (without GAC)

Single-PFAS system (PFDA or PFOS; without GAC)

Induction heating Time (sec)

100 (@ ® ® ® ® 100 % A A A A 100 W \V4 vV V V¥
80 0 | 80 N J 80 \V/ |
60 ; 91.65-100% 60 90.85-100% 60 i 92.36-100%
5 40 40 i 40 i
< 20 20 20
§ 0l ® | PFBA o] A i PFPeA| oy PFOA
5 0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
é_ Induction heating Time (sec) Induction heating Time (sec) Induction heating Time (sec)
§1gg<§¢© e w gdq - qgdd W o> p bR
a | 0 q | | S |
60 ; 94.73-100% 60 _ 60 i 92.56-100%
40 ° 40 93.81-100% 40 o
20 i 20 20
0d ol PFDA| ol D> PFUnDA|
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Induction heating Time (sec) Induction heating Time (sec) Induction heating Time (sec)
PFCAs
£ 100 0 ® ®m @ @ 100 ® O Q @ 100 % % W % 100 ® ¢QQ
5 80 80 . 80 * 80
= 60 i 60 ] 60 | 1.17-100° 60 | N
2 a0 95.14-100% 20 | 80.26-100% 0 71%7 8 00% 0 81.85-100%
g 20 i 20 | 20 ‘ 20 i
§ ‘olm  _[HFPO-DA| oe® | ol | 0@
8 0 20 40 60 80 100 120 0 20 40 60 80 100120 0 20 40 60 80 100 120 0 20 40 60 80 100 120

Induction heating Time (sec)

Induction heating Time (sec) Induction heating Time (sec)

PFECA and K-PFSAs

b) S s 6 & & & @
S 80! :
-‘2‘ 60/ 100% "5 PFBA [] HFPO-DA
2 40 /\ PFPeA
gz After 1-min + PFHpA
9 07 induction heating PFOA
a ol ; : ‘ ‘
0.00 0.05 0.10 0.15 0.20

Amount of GAC (g)

S0y @ & © W W ks

5 8oL T | |

G 60| @ 97.74-100%

o )

2 40] 82 QO K-PFBS

5 20 Y¢ K-PFHxS

é 0 After 2-min induction heating K-PFOS
0.00 0.05 0.10 0.15 0.20

Amount of GAC (g)

Figure 1. Induction heating (up to 2 min) of PFCAs, HFPO-DA, and K-PFSAs in an air atmosphere in a sealed steel reactor. (a): Initial mass of
each PFAS was 0.02 y#mol in multi-PFAS systems with or without GAC (0.1 g). To estimate the maximum degradation efficiency, the initial mass of
PFDA and K-PFOS was increased to 12 gmol in certain single-PFAS treatment experiments. (b): Induction heating of PFAS preadsorbed on
different amounts of GAC (0.01, 0.02, 0.04, 0.06, 0.09, 0.12, 0.15, and 0.2 g); the loadings (#mol/ggac) are as follows: HFPO-DA, 0.30—0.93;
PEBA, 0.48—1.36; PFPeA, 0.50—0.79; PFHpA, 0.47—0.98; PFOA, 0.63—1.70, K-PFBS, 0.67—1.26; K-PFHXxS, 0.56—1.45; and K-PFOS, 1.06—4.94.
Decomposition efficiency was assigned to 100% if no measurable PFAS was found after the thermal treatment. Note that the actual PFAS heating
time is longer than the induction heating time (e.g, 20 s) as it took approximately 65 s to cool down from ~84S °C to room temperature.

thermal degradation efficiency was calculated by comparing the
residual mass of PFASs in the heated sample with that in
nonheated controls.”” In select experiments, distilled water
instead of methanol was added to the reactor to measure
water-extractable fluoride ions (F~) by an F ion selective
electrode (METTLER TOLEDO) on a Mettler Toledo pH/
mV Meter (FiveEasy F20).

To examine the effect of GAC, the induction heating
experiments described above were repeated by directly mixing
a PFASs with GAC particles (0.1 g) to represent the PFAS
molecules loosely associated with GAC particles.

Induction Heating Experiment #2: PFASs Pread-
sorbed on GAC and AIX Resin. In this experiment, PFBA,
PFBS, PEPeA, PFHpA, PFHxS, PFOA, PFOS, and HFPO-DA
were preadsorbed to GAC and resin in landfll leachate that
was provided by Waste Management Inc. Because no
measurable PFASs (n = 14; Table S1) were detected in
microfiltered landfill leachate samples, these chemicals were
spiked to landfill leachate in the laboratory to facilitate
detection. Adsorption was performed in S50-mL sterile
polypropylene vials’” at initial concentrations of 1.92—45.5
pumol/L PFASs and 0.01-0.2 g GAC and 0.07 g AIX resin.
The vials were shaken end-over-end at 22 °C for two days.
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After sorption, the supernatant fluid was decanted. The
remaining PFAS-laden particles were freeze—dried and stored
in a desiccator to reach room temperature. These PFAS-
containing particles were split into two portions in a procedure
described previously:” one portion of the particles was
extracted using methanol amended with 100 mol/L
ammonium acetate to determine PFASs on particles before
heating.”” The other portion of the PFAS-laden particles was
placed in a precleaned, stainless-steel reactor. The reactor was
sealed with a stainless-steel screw cap and heated by the
induction-heating device (Figure S1) for a maximum operating
time of 2 min. If a heating time exceeding 2 minutes was
needed, the induction-heating tool was allowed to cool down
for 3 min before being reused for heating the reactor.
Determination of Thermal Phase Transition Param-
eters of PFASs. We carried out a series of thermogravimetric
analysis (TGA), differential thermogravimetry (DTG), and
differential scanning calorimetry (DSC) experiments at the
default heating rate (10 °C/min) in different atmospheres (O,,
CO,, and N,) (TGA/STD Q600; TA Instrument, DE). The
first derivative of the DSC curve was used to determine
inflection points or exothermic or endothermic peaks for in-
depth interpretations. An endothermic peak on DSC curves is

https://doi.org/10.1021/acsestengg.3c00114
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a melting point (MP) if the sample weight does not undergo a
significant change over the course of this peak or a sublimation
peak if the sample weight decreases substantially below its
MP.>*** To examine the effect of heating rate, we performed
additional TGA analyses at different heating rates (S5, 10, and
20 °C/min) using a TGA 8000TM instrument (Perkin Elmer).

The Arrhenius activation energies (EA’evapomion) correspond-
ing to the evaporation of melted PFOA and PFOS molecules
were determined from the TGA data at appropriate temper-
ature ranges (see below). PFAS mass loss due to evaporation
can be described as:>

do/dt = k X f(a) (1)
where da/dt is the rate of evaporation, @ is the fractional
evaporation at any time, and k is the rate constant. The term
f(@) is a function form of a. The rate constant is dependent
upon the thermal treatment temperature (T) according to the
Arrhenius equation:

k=A X exp(~E, /RT)

()

evaporation

Plots of In k versus 1/T would give the apparent activation
energy.

Thermal Degradation of Gas-Phase PFOA and PFOS.
As shown below, the evaporation of melted PFOA and K-
PFOS molecules occurs at 46—155 and 277—-450 °C,
respectively. We previously performed thermal degradation
experiments in a sealed reactor at temperatures where the
degradation of gas-phase of PFOA (> 200 °C) and K-PFOS
(>400 °C) occurred.””** The previous results’”** were used
to estimate the Arrhenius activation energies
(EA‘gas_Phase degradaﬁon) corresponding to the gas-phase degrada-
tion of PFOA and PFOS in a pressured reactor.

Furthermore, we also carried out additional experiments of
heating PFOA at >200 °C in a tube furnace under the flow of
N,, which is a nonpressured system (see SI for more details).
The results were used to estimate Ej g phase degradation ©f PFOA
in a nonpressured reactor.

Induction Heating as an Innovative Thermal Ap-
proach for PFAS Degradation in Spent Media. Thermal
treatment is a vital approach for the decontamination of spent
or exhausted GAC laden with PFASs.*”**?73%%¢ Tt is a
common industry practice to regenerate the spent GAC at
<300 °C or reactivate the spent carbon at 700—900 °C in N,
for approximately 30 min. The thermal disposal of spent resins
containing PFASs has only recently received attention.” In
this study, we present induction heating as a promising means
to achieve fast degradation of PFASs in the spent media.
Induction heating is the process of heating electrically
conductive materials such as metallic objects by rapidly
fluctuating a magnetic field from positive to negative. Because
the heat is generated inside a metallic object rather than by an
external heat source, the object can be heated up very rapidly.
Upon induction heating, the temperature of the steel reactor
quickly increased from room temperature (22 °C) to ~500 °C
in 30 s, with a heating rate of 16 °C/s. Then, within another 30
s, the temperature rose to ~845 °C (Table S2). The infrared
thermometer underestimated the steel temperature by a large
margin (Table S2). Infrared thermometers measure an object’s
temperature by collecting the infrared radiation emitted by the
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object, which can lead to inaccuracies when measuring low-
emissivity materials like stainless steel.

As shown in Figures la and 2, substantial degradation (71—
98%) of HFPO-DA and PFCAs was observed following an

10015 9
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-20
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Figure 2. Induction heating of a mixture of PFASs preadsorbed on a
single-use AIX resin in an air atmosphere. Loadings (umol/g,x) are
as follows: PFBA, 6.42—7.65; PFPeA, 1.65—2.05; PFOA, 2.58—3.30,
PENA, 13.2—17.8; PFDA, 8.86—10.9; PFUnDA, 10.3—12.5; K-PEBS,
2.56—3.15; K-PFHxS, 1.42—2.02; and K-PFOS, 2.42—3.15. Decom-
position efficiency was assigned to 100% if no measurable PFASs were
found after the thermal treatment. Note that the actual PFAS heating
time is longer than the induction heating time (e.g,, 20 s) as it took
approximately 65 s to cool down from ~845 °C to room temperature.

induction heating time of 10 s. A longer induction heating time
of 40 s resulted in an even greater decomposition (>99.5%)
(Figures la and 2). K-PFSAs were more thermally stable than
PFCAs; a brief induction heating treatment for 20 s resulted in
28—34% degradation of all K-PFSAs, while a treatment time of
40 s increased the extent of degradation to >90%. Near-
complete degradation of K-PFOS on the spent media was
observed after the induction heating of 2—3 min (Figures la
and 2). It took a slightly longer time to degrade K-PFSAs on
the resin than on GAC (Figure 2). This may be related to the
different thermal conductivities between GAC and the resin;
however, the exact reason is unclear at this stage.

In selected experiments, we increased the initial mass of K-
PFOS and PFDA to 12 umol to facilitate the detection of
degradation intermediates. Despite this high initial mass,
induction heating resulted in greater than S-log (99.999%)
degradation of K-PFOS and PFDA within just 2 minutes
(Figure 1b). Our previous study showed that the effect of the
initial mass of PFASs on their thermal degradation is
insignificant, provided appropriate temperatures (>500 °C)
and time (>30 min) combinations are used.””***® No
detectable transformation products®">® were observed in
ultra-high performance liquid chromatography (UPLC)—
quadrupole time-of-flight mass spectrometry (QToF)-mass
spectrometry (MS)/MS analyses, indicating the rapid degra-
dation of both parent PFAS compounds and transient
intermediates during induction heating. Although this study
did not measure the gaseous products of PFASs, our previous
research demonstrated the rapid degradation of gaseous
fluorinated compounds produced from PFASs, AFFFs, and
surfactant concentrates.”” The heating rate used in that study’
was 400 °C/min, or 6.7 °C/s, which is comparable to the
present work. We discovered that the type and intensity of
gaseous products detected by gas chromatography—MS (GC—
MS) sharply decreased with increasing temperature up to 890
°C.*” Perfluoroheptene (C,F,) is a main gaseous thermal
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Figure 3. TGA, DTG, and DSC curves of PFOA and K-PFOS under N, and O,. See Figures S3—S524 for results on all PFASs.

decomposition product of PFOA, PFOS, and cationic/
zwitterionic precursor compounds.”> We also showed that
perfluoro-1-heptene (CAS: 355-63-S; BP: 81 °C) began to
decompose at temperatures as low as 200 °C and underwent
almost complete degradation upon heating at 890 °C for just 2
min.*””> Very few organofluorine compounds were detected
when PFOA, PFOS, AFFFs, and surfactant concentrates were
heated at 890 °C for 2 min.*> These UPLC—QToF-MS/MS
and GC—MS results are consistent with our results on the
significant mineralization rate (up to 92 mol %) of PFOA and
K-PFOS heated at 700 °C and above.”” This temperature
range falls within the range of induction heating employed in
this study.

Furthermore, it is worth noting that GAC has a much higher
thermal conductivity (0.4—1.36 W/(m K)*”°®) than air
(<0.051 W/(m K) at <400 °C>) at low temperatures,
which enhances the thermal degradation of PFCA by
adsorbing gas-phase PFCA molecules.”> However, the impact
of GAC becomes insignificant at temperatures of 400 °C and
above, as the thermal conductivity of air increases considerably
with temperature.”” In this study, we observed no significant
effect of GAC on the degradation of PFCAs and K-PFSAs
(Figure 1a) during induction heating, as the reactor’s
temperature could reach up to 845 °C.

Mechanistic Considerations. On the basis of our
previous findings,””*"***° we believe that the thermal
degradation of PFASs involves the following stages when
heated in an oven or furnace at a conventional rate (e.g, 10
°C/min), (I) melting (eq 3), (II) evaporation of melted
molecules (eq 4), and (III) degradation of gas-phase PFAS
molecules (eq S):
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melting
PFAS ——3 PFAS (liquid) (3)

evaporation

PFAS (liquid) ——— PFAS (gaseous) (4)

initiation i
PFAS (gaseous) —— perfluoroalkyl radicals
propagation . . )
———transient intermediates

termination
final products

(5)

In addition to the high efficiency of induction heating, the
fast degradation of PFASs during induction heating may be
attributed to the reduction of time spent on evaporation and
thermal degradation of PFASs in the melting stage (eqs 6 and
7):

meltin
PFAS % DFAS (liquid) and PFAS
sublimation
PFAS (gas) (6)
degradation
PFAS (liquid/gas) ——— final products (7)

To better understand the role of phase transitions (melting
and evaporation) of PFASs in their thermal degradation
processes, which have not been well understood, we conducted
(1) TGA-related analyses of PFASs and (2) compared the
Arrhenius activation energies required for thermal phase
transition and thermal degradation processes.

Thermal Phase Transitions of PFASs. TGA has
previously proved to be useful in studying PFAS thermal
behaviors in different atmospheres.””*" In this study, we
utilized two related techniques, DTG and DSC, to study the
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Figure 5. Floating columns showing the MP, EP, and BP temperature range for PFCAs, nonfluorinated alkyl carboxylic acids, and K-PFSAs. EPs for
PFASs and nonfluorinated alkyl carboxylic acids are not available in the literature. NA: not available in the literature. Literature data were obtained
from PubChem and SciFinder®. MPs and EPs of PFCAs and K-PFSAs were measured in N, and O, in this study (see Figure 4).

phase transitions of PFASs. These techniques provided
valuable weight loss and heat flow information during the
process (SI). At the default heating rate (10 °C), several major
endothermic peaks were identified on DSC curves for every
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PFAS (Figures S and S3—S24). The first endothermic peak
appeared at a relatively low temperature with no significant
weight loss in PFASs (see TGA and DTG curves in Figures
S3—S24 for all PFASs). We assigned this peak as the MP of
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Figure 6. Illustration of the thermal phase transition and degradation of PFOA and K-PFOS.

PFASs (Figure 4). The close agreement in PFAS phase
transition parameters (e.g, MP) in different atmospheres, as
shown in Figure 4, provides a high level of confidence in the
results. The DSC-derived MPs of PFOA (48—52 °C) and K-
PFOS (283 °C) agree well with the literature values (46—52
°C for PFOA™**®" and 277—280 °C for K-PFOS®?).

A second endothermic peak was identified on the DSC
curves at a higher temperature (e.g., 155 °C for PFOA) at
which the weight loss rate reached the maximum according to
TGA results (Figure 3). Our team had previously confirmed
that PFOA thermal decomposition occurred very slowly at 150
°C in a sealed reactor, indicating that the marked weight loss
of PFOA at 155 °C (Figure 3) was primarily due to the
evaporation of melted or liquid PFOA molecules. Therefore,
we defined this temperature as the evaporation point (EP),
characterized by an endothermic DSC peak at a temperature
between the MP and the boiling point (BP).

Both MP and EP of PFCAs increased with the number of
perfluorinated carbons (ncgp,), reaching ~110 °C (MP) and
181—191 °C (EP) for PFUnDA (C11) (Figure 4a). A linear
relationship between MP and EP and ncg, was found:

MP (°C) = 19 X ngg, — 100 (°C)
; (r=0.99; p < 0.001; 95%CI = 10 — 28

for the slope; four PECAs in Figure 4a) (8)
EP (°C) = 11 X ngg, + 69 (°C)

; (r=0.96; p < 0.001; 95%CI = 8 — 14

for the slope; four PECAs in Figure 4a) 9)

An increase in one perfluorinated carbon unit (—CF,—) led
to a rise in the MP and EP of PFCAs by approximately 19 and
11 °C, respectively (eqs 8 and 9). The difference between MP
and EP decreased with the chain length, ranging from 103 to
107 °C for PFOA (C8) to 72—81 °C for PFUnDA (Cl11)
(Figures 4a and S25). In contrast, nonfluorinated counterparts
(e.g., octanoic acid) have a much lower MP, a higher BP, and a
wider temperature difference between MP and BP than
PFCAs, resulting in lower volatility (Figure S).

K-PFSAs had a higher MP (261—283 °C), a much higher EP
(428—456 °C), and a wider difference (146—178 °C) between
MP and EP than PFCAs, indicating that they are significantly
less volatile than PFCAs (Figures 4a, S, and $25). These
findings are in agreement with the thermal degradation results
(Figures 1 and 2). The solid-state phase predominated for K-
PFSAs below 250 °C. The chain effect on the MP and EP of
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PFSA salts (i.e., K-PFASs) was not as significant as on those of
PFCAs; an increase in one perfluorinated carbon unit
(—CF,—) in K-PFSAs led to a rise in MP by only 3 °C (eq
10) or no change in EP as shown in Figures 4a, S, and S25:

MP (°C) = 3 X n¢g, + 300 (°C)
; (r=0.64; p = 0.08; 95%CI = —14 — 21

for the slope; three K — PFSAs in Figure 4a) (10)

The DSC curves of K-PFBS and K-PFOS revealed a third
endothermic peak (Figures S9, S14, and S16) in the high-
temperature range (562—569 °C), coinciding with weight loss,
suggesting thermal decomposition of the melt (liquid) K-PFBS
and K-PFOS on the TGA sample crucible.

The MPs of the two cationic PFASs (PFOAAmS and
PFOSAmS or C8-N-TAmP-FASA) were similar, ranging from
144 to 158 °C, which was higher than that of a zwitterionic
PFAS (PFOAB, 95—105 °C) (Figure 4b). The EP values for
these cationic and zwitterionic PFASs were 243—-266 °C
(Figure 4b).

The effect of the atmosphere (O, and N,) on MPs and EPs
was insignificant for the studied PFCAs, K-PFSAs, and cationic
and zwitterionic polyfluorinated species (Figure 4). Previous
research from our group indicated that the thermal degradation
rate and extent of PFCAs and K-PFSAs were not significantly
affected by the atmosphere (N,, CO,, O,, and air).””*"

Using the weight loss data in TGA measurements (Figures
S3 and S10), we determined the Arrhenius activation energy
(EA‘evapmﬁon) to be 105—113 kJ/mol corresponding to the
evaporation of melted PFOA molecules at 116—149 °C. The
value of Ej cuporation Varied slightly between different atmos-
pheres (O, and N,) (Figure S26a and Table S3). Based on the
thermal degradation data of gas-phase PFOA in a sealed
reactor and in a nonpressured system (Figure S26b),"*’
Ep gas-phase degradation Was estimated at 77 kJ/mol in air or 87—89
kJ/mol in N, at 200—400 °C (eq S; Table S3). A comparison
of EA,evaporation and EA,gas—phase degradation suggests that the
evaporation of melted PFOA molecules (eq 4) is a rate-
limiting step, as illustrated in Figure 6.

For comparison, we also determined the values of
EA,evaporation (287_360 kJ/mOI) and EA,gas—phase degradation (1214
kJ/mol) of K-PFOS (Figures 6 and S26 and Table S3). The
result again suggests the evaporation of melted K-PFOS
molecules as a rate-limiting step. The significant value of
Ep evaporation for PFOS  also indicates that PFOS is very
nonvolatile relative to PFOA.
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We observed that an increase in heating leads to slowed
evaporation (Figure S27). An ultrafast heating rate can be
achieved with induction heating during which the degradation
of melted PFASs may occur (eqs 6 and 7 and Figure 6).

PFASs are a class of anthropogenic organic compounds widely
used in industrial and commercial applications due to their
unique chemical and physical properties. Despite the growing
body of research on PFASs, there remain many knowledge
gaps in the fundamental thermochemistry of these substances.
Our work has provided unequivocal evidence that PFAS
molecules undergo melting and then an evaporating stage
during thermal decomposition. This is the first study, to the
best of our knowledge, that compares the thermal phase
transition and thermal degradation processes of PFASs. MPs
and EPs of many PFASs were reported for the first time. Our
thermogravimetric data also support the thermal decom-
position of melted PFASs. The thermogravimetric data,
together with the degradation results, support the phase
transitions (e.g., evaporation) of PFOA and PFOS as a rate-
limiting step. This finding may be applicable to other
nonvolatile PFAS compounds at room temperature, which
calls for further investigation.

Another contribution of this study is the development of a
fast-degradation method for PFASs in spent media. PFASs
generally resist degradation, posing considerable challenges to
established water treatment and waste disposal practices. The
removal and degradation of PFASs from water can be achieved
by various approaches, such as 6I;h(é);cocatalytic degrada-

S 63—66 . N
tion, reductive defluorination, enhanced adsorp-

. 7073 . 74-77 o
tion, electrochemical agzproaches, supercritical
78-80 1, 83,84

water oxidation, plasrna8
and hydrothermal methods assisted with base and aprotic
solvents.”” However, much fewer options are available to
handle solid materials containing PFASs.*>*” In this study, we
have demonstrated that the innovative approach of induction
heating can significantly degrade PFASs in spent media within
a short period. Unlike conventional slow heating methods,
induction heating rapidly increases the temperature, enabling it
to pass quickly through the low and moderate temperature
range where many fluorinated PFAS species are likely to be
generated.”’ ~** Furthermore, induction heating requires
minimal time to reach a desired temperature and cool down,
making it highly energy-efficient and much faster than
conventional thermal methods. This PFAS thermal degrada-
tion approach does not need to be performed in a continuous
operation and is potentially “low-tech” and inexpensive for
reactivation of spent media (Figures 1 and 2). It is effective for
PFSAs (e.g, PFOS) and short-chain PFASs (Figures 1 and 2).
Additionally, the induction heating process is also inherently
safer than other heating methods as it does not involve
combustion or open flame.

Lastly, while induction heating offers many advantages, it has
some drawbacks. One major drawback is the corrosion of the
metallic reactor. We have separately studied the yield of F from
PFASs upon heating.””** The mineralization rate of PFOA and
PFOS can reach 92 mol % with increasing temperature to
>700 °C.” In the present study, the internal corrosion of the
reactor was seen after use, suggesting that reactive F species
(e.g, F- and HF) react with the steel reactor species producing
insoluble metal fluoride.””~"> This is substantiated by the
~90% reduction of measurable F when PFOA was heated in

and nonthermal plasma,
85-87
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the steel reactor (see SI). Our recent study has demonstrated
that kaolinite can dramatically decrease the emission of F from
PFASs upon heating.”® Therefore, adding kaolinite to the
reactor may mitigate the corrosion of the reaction, which
warrants further studies.
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