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ABSTRACT: The products of incomplete destruction (PIDs) of per-
and polyfluoroalkyl substances (PFAS) represent a substantial ambiguity
when employing thermal treatments to remediate PFAS-contaminated
materials. In this study, we present new information on PIDs produced in
both inert and oxidative environments from five long-chain PFAS,
including three now regulated under the U.S. Safe Drinking Water Act,
one cationic precursor compound, and one C10 PFAS. The data did not
support the generation of tetrafluoromethane from any of the studied
PFAS, and carbonyl fluoride was found only from potassium
perfluorooctanesulfonate (K-PFOS) when heated in air in a narrow
temperature range. Oxidative conditions (air) were observed to facilitate
PFAS thermal degradation and accelerate the mineralization of K-PFOS.
Spectroscopic data suggest that PFAS thermal degradation is initiated by
the cleavage of bonds that form perfluoroalkyl radicals, leading to organofluorine PIDs (e.g., perfluoroalkenes). In air, perfluoroalkyl
radicals react with oxygen to form oxygen-containing PIDs. The mineralization of PFAS was enhanced by adding solid additives,
which were categorized as highly effective (e.g., granular activated carbon (GAC) and certain noble metals), moderately effective,
and noneffective. Remarkably, simply by adding GAC, we achieved >90% mineralization of perfluorooctanoic acid at 300 °C and
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B INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS), known for their
strong carbon—fluorine bonds and surfactant capabilities, are
widely used in various industrial and consumer products, such
as food packaging, nonstick cookware, carpets, cosmetics, and
aqueous film-forming foams (AFFFs).'” In recent years,
PFAS have raised significant environmental and health
concerns due to their high stability, potential for bioaccumu-
lation, and widespread detection in natural Waters,4_6
precipitation,7_10 wastewater,”' ™! s0il,'*7!® biosolids,' "'
municipal solid wastes,"” plants,”"*' 2720 n
April 2024, the U.S. Environmental Protection Agency
(USEPA) finalized the regulation of six PFAS, including
perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid
(PFOS), and perfluorononanoic acid (PFNA), under the Safe
Drinking Water Act.”” PFOA and PFOS have also been
designated as hazardous substances under the Comprehensive
Environmental Response, Compensation, and Liability Act,”®
highlighting ongoing regulatory responses to these concerns.
Nevertheless, the widespread distribution and resilience of
PFAS present significant challenges in terms of management

and animals.
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and control, underscoring the pressing need to develop and
assess effective remediation technologies.zg_?’7

As of now, the USEPA considers granular activated carbon
(GAC), ion exchange (IX), and high-pressure membrane
filtration the best available techniques for removing PFAS from
natural waters.”® However, once spent, materials like GAC and
IX beads require careful handling to ensure safe disposal and
prevent secondary contamination. These materials concentrate
PFAS, which could be released back into the environment if
not properly managed. To tackle this issue, various thermal-
based cleanup methods targeting PFAS-contaminated spent
media have been investigated and demonstrated potential in

recent laboratory and field tests.>” ¢
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The application of thermal treatments extends beyond the
spent media. Thermal technologies—incineration,”” = pyrol-
ysis,” 7% smoldering,’>*® dry air oxidation,"”***” sonoly-
s1s,58 " ball m1111ng,61 =% thermal desorptlon,ﬂ_66 plas-

a7 7% Zdrothermal treatment at elevated pressure (e.g.,
16 MP ),7°77 and supercritical water oxidation”>”*”""—
have been evaluated for their effectiveness on diverse vectors of
PFAS, including soil, biosolids, and municipal solid wastes.
The apparent half-life of PFOA heated in air at 400 °C is 3.7 +
0.37 min,”" while for the potassium salt of PEOS (K-PFOS) at
500 °C, it is 3.1 + 0.58 min,”’ demonstrating the efficacy of
thermal treatment in decontaminating PFAS-contaminated
solid materials even at moderate temperatures.

While effective, thermal treatments are not free from
challenges. The formation of volatile products of incomplete
destruction (PIDs) from PFAS is particularly concerning
because they include greenhouse gases such as perfluorocar-
bons (PFCs) and hydrofluorocarbons (HFCs). In one study
utilizing real-time Fourier-transform infrared (FTIR) spectros-
copy, tetrafluoromethane (CF,), the longest-lived greenhouse
gas, and carbonyl fluoride (CF,0), a highly toxic compound,”®
were identified during the pyrolysis and combustion of short-
chain perfluoroalkyl carboxylic acids (PFCAs).”” Weber and
colleagues conducted a series of experiments via thermogravi-
metric analysis coupled with FTIR (TGA-FTIR) for the
simultaneous and continuous real-time analysis of the volatile
PIDs of PFOA and PFOS (the acid form).°***™%* Their
findings consistently demonstrated the formation of perfluor-
oheptanoyl fluoride (C,F,0) from PFOA, perfluorooctanoyl
fluoride (Cg¢F,;O) from PFOS, and CF,O from both
compounds during thermal processes. Additionally, CF, was
identified from PFOA when heated under oxidative con-
ditions.*’

Meanwhile, in a separate approach, Hughey et al. employed
sampling bags to capture gaseous PIDs of K-PFOS, which were
subsequently analyzed by FTIR.*> Their research identified
several perfluoroalkenes, including C,F,, perfluorooct-2-ene,
hexafluoropropene, and perfluorooct-1-ene, as the thermal
decomposition products of PFOS. Notably, neither CF, nor
CF,O were detected in their study.”

Other investigations, employing non-FTIR methods such as
gas chromatography and high-resolution mass spectrometry
(GC—HRMS),** pyrolysis—GC—MS,* and gas-phase nuclear
magnetic resonance spectroscopy (NMR),* did not detect
CF, and CF,O under pyrolysis®>*® or oxidative®" heating
conditions during the treatment of PFOA or PFAS mixture.

It is likely that some (short-lived) PIDs may be detectable
by real-time FTIR technologies (e.g, TGA-FTIR), not by
other techniques. This variability in data highlights a crucial
gap in our understanding of the PIDs of PFAS. To address this
knowledge gap, this study utilized TGA—FTIR to investigate
the PIDs of PFAS generated under both pyrolytic and
combustion conditions. TGA—FTIR allows for the analysis
of PFAS weight loss upon heating and real-time monitoring of
gases evolved, as detected by FTIR. To our knowledge, this
study is the first to present spectroscopic information on the
PIDs of PFNA, perfluorodecanoic acid (PFDA), and an AFFF-
relevant cationic PFAS.

The second objective of this study was to explore strategies
for enhancing the thermal degradation of PFAS using solid
catalysts and additives, which may lower the temperature
required for mineralization and potentially steer degradation
away from undesirable pathways. A recent study has

demonstrated that hydrothermal decomposition of PFOA at
reduced temperatures is markedly accelerated in the presence
of dimethyl sulfoxide, a polar aprotic solvent."” However, the
use of organic solvents like dimethyl sulfoxide often raises
concerns regarding environmental impact and recovery
challenges. From an engineering perspective, solid catalysts
may be preferred for the thermal treatment of PFAS-containing
materials.

The potential of cost-effective solid catalysts has not been
fully realized, presenting an opportunity for major advance-
ments in this field. Prior research has explored three types of
catalysts or additives—pure platinum (Pt),”” alumina
(AL,O;),”® and alkali and alkaline-earth metal addi-
tives’”*%"”! —demonstrating that suitable additives can
improve the thermal degradation of PFAS while reducing the
production of PIDs. This study contributes to the existing
literature by evaluating, for the first time, the effects of various
conventional solid catalysts and additives used in chemical and
thermal processes (e.g, cracking and hydrogenation),” "%’
including palladium (Pd) on ALO,; (Pd/AlLO,), Pt/ALO;,
silica—alumina catalyst support, and zeolite Y. We also
included biochar to simulate the black carbon in natural
soils, which is typically produced from organic matter through
pyrolysis under limited o gen conditions. Natural chars are
commonly found in soils, " originating from past wildfires,
land clearing, and the burning of crop residues.'”~"'® Char
black carbon contributes to 30—50% of the soil organic carbon
in specific regions, like the soils of the Midwest prairies.”" ' '*
The polyaromatic surface of biochar is believed to facilitate the
redox transformation of organic compounds by acting as an
electron shuttle, thereby accelerating the process.''>~""> Lastly,
we included three commonly used GAC samples, including
HD4000, Filtrasorb 200 (or F200), and Norit 400 made by
leading manufacturers.

We focused on three essential criteria in identifying
appropriate additives for enhancing PFAS thermal mineraliza-
tion: the ability to promote PFAS mineralization at low to
moderate temperatures with a low environmental footprint,
effectiveness across different PFAS classes, and cost efficiency.
This exploration was motivated by the need to identify
methods that not only effectively degrade PFAS but also do so
in an environmentally friendly manner, thereby addressing one
of the crucial aspects of PFAS management: the minimization
of PIDs.

B MATERIALS AND METHODS

PFAS. The test chemical set (Table SI of the Supporting
Information, SI) included PFCAs in the acid form (PFOA,
PFNA, PFDA, and perfluoroundecanoic acid (PFUnDA)), K-
PFOS, and N—(3-perﬂuoroalkylsulfonamidoprogan 1-yl)-
N,N,Ntrimethylammonium (C8-N-TAmP-FASA''®). C8-N-
TAmP-FASA is also named as perfluorooctanesulfonamido
ammonium salt in other studies.””''” The melting points of
these compounds vary significantly: PEOA melts between 48.4
and 51.6 °C, PFNA between 76.8 and 78.8 °C, PFDA between
89.2 and 89.6 °C, PFUnDA between 108.8 and 109.8 °C, C8-
N-TAmP-FASA between 144.1 and 146.3 °C, and K-PFOS
between 282.6 and 282.7 °C.” The melted compounds begin
to vaporize at temperatures close to their boiling points and
degrade mainly in the gas phase,”” with PFCAs starting to
degrade between 150 and 200 °C, C8-N-TAmP-FASA at ~250

°C, and K-PFOS at ~400 °C.*” PFUnDA was only included in
the catalyst/additive experiments.
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Figure 1. Panels (a—d) display the reference FTIR spectra"'®"*°"'** for various possible species generated from PFAS during thermal treatments,

including short-chain PFCs, HFCs, and long-chain PFCs.

Catalysts and Additives. A variety of commercial
catalysts and additives were examined, including molecular
sieve rods, hydrogen zeolite Y, Pd/ALO; Pt/Al,O; and
silica—alumina catalyst support. Additional materials, such as
biochar made from pecan shells, various GAC samples, iron
filings, and a specific polymer (XAD-2 resins), were also tested.
Characteristics of these catalysts and additives can be found in
the SL

Thermal Treatment Conditions. Two groups of thermal
treatments of PFAS were conducted. In the first experimental
setup, PFAS samples—with or without catalysts/additives—
were dried, ground finely to increase surface area, and then
subjected to thermal analysis using a TGA device (Q600 SDT
TA Instruments) from room temperature to 700 °C at a rate of
10 °C/min in either a N, or air atmosphere. Using a
temperature ramp during TGA analysis prevents rapid
degradation and allows a more detailed analysis of evolved
gases, providing clear insights into PID composition
throughout decomposition stages.

The gases that evolved during heating were analyzed in real-
time using a FTIR spectrometer (PerkinElmer Spectrum ONE
FTIR) at a resolution of 2 cm™, interfaced with the TGA.
Quality control measures included using a PFAS-free blank
control sample (Figure S1), comparing our FTIR spectra with

reference spectra (Figures S2 and S3), and cross-checking—for
instance, if a peak appears in a specific group of PFAS but not
in others, it is likely associated with that group of PFAS or their
PIDs. A complete methodology on sample preparation and
TGA—FTIR settings can be found in the SI. Figures S4—S22
illustrate the weight loss of PFAS during thermal treatments.

Recognizing the semiquantitative nature of FTIR technol-
ogies, we also carried out a second group of experiments to
confirm the TGA-FTIR observations regarding the impact of
catalysts/additives on PFAS mineralization. The second set of
experiments adhered to a previously established protocol.***”
Briefly, a known quantity of PFOA alone or mixed with a
catalyst/additive was placed in a sealed 300 mL vessel and
heated in a muffle furnace (Neytech, Vulcan 3—550, USA)
from room temperature to a preset temperature at a 10 °C/
min. The yield of inorganic fluorine (F) released from PFOA
degradation was measured to assess the effectiveness of the
process.

Measurement of F. Samples from the second set of
experiments were processed and analyzed using a Mettler
Toledo pH/mV Meter equipped with a F ion-selective
electrode, as detailed in our previous studies’””' and the SIL
The total apparent yield (%) of F (mol) from a PFAS with (2n
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Figure 3. (a): TGA—FTIR spectra of K-PFOS when heated at various temperatures ranging from 400 to 700 °C in air. To highlight the HF
formation, we have amplified the peak absorbance values between 4000 and 3000 cm ™' 5-fold for the spectrum at 500 °C. Panels (b) and (c):
normalized FTIR in the wavenumber range of 4000—3000 and 1600—1300 cm™". Panels (d—f): the peak intensities as a function of the treatment
temperature. Figure S23 shows TGA—FTIR spectra of K-PFOS heated in N,. Table S2 presents the assignments of FTIR peaks for all PFAS

analyzed in this study.
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Figure 4. (a): Screening of commercial catalysts (in blue) and other additives in altering the mineralization or defluorination of PFOA heated at
300 °C for 60 min in air. Commercial catalysts: MS, molecular sieve; SiAlCat, silica—alumina catalyst support; Al,0;SiO,, hydrogen zeolite Y; Pt/
ALO;, Pt on alumina; Pd/ALO;, Pd on alumina. Other additives: BC, biochar; Fe, iron filings; and three mainstream GAC samples. (b, c): Contour
maps showing the percentage apparent yield of F (Fjqqpp) during the thermal treatment of PFOA and PFNA, respectively, across a range of
temperatures and heating durations with the presence of GAC. (d): Comparative Fy;qq.,,, from various perfluorinated compounds (PFOA, PENA,
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during repeated uses.

+ 1) F atoms was calculated from the initial mass (Mpgag, mol)
of PFAS

MF
X 100%
(2n + 1) X Mpp,g (1)

Fyield,app(%) =

B RESULTS AND DISCUSSION

Reference FTIR Spectra of PFCs, HFCs, and Other
Potential Thermal Degradation Products of PFAS. We
begin with a brief overview of the FTIR spectra of reference
compounds gathered from the U.S. National Institute of
Standards and Technology database®”''®™'** and a recent
study by the U.S. Pacific Northwest National Laboratory.'*’
The spectrum””"''® of CF,O exhibits a prominent absorption
near 1935 cm™!, characteristic of the C=O stretching
vibration, with additional peaks at ~1232 and ~1028 cm™
representing the stretching and bending vibrations of C—F
(Figure 1a). The spectrum of SiF, shows a sharp and intense
peak at ~1030 cm™',''?'*° attributable to the stretching
vibration of the strong Si—F bond (Figure 1a).

Characteristic peaks at ~1250 and 1114 cm™" were observed
in both PFCs (Figure 1b,d)"2%!**712> and HFCs (Figure
1¢)."*"*" Compared to short-chain PFCs, long-chain PFCs
and HFCs exhibit two characteristic peaks at 1220—1206 and
1155—1145 cm™" (Figure Ic). The spectrum of CF, is noted
for a single peak at 1250 cm™.

For perfluoroalkenes, the peaks at 1789 and 1720 cm™
represent the C=C stretch of a double bond in perfluoro-1-
alkenes (e.g, perfluorohept-l-ene) and perfluorohept-2-ene,
respectively. Cyclooctafluorobutane (C,Fg) displays a domi-
nant peak at 962 cm™" (Figure 1b).

Thermal Degradation Products of PFOA Investigated
by TGA-FTIR. Detailed investigations focused on the thermal
decomposition of PFOA and K-PFOS across a range of
temperatures. Panels (a) and (b) in Figure 2 present the FTIR
spectra of PFOA when heated up to 700 °C in N, and air,
respectively. In N,, the spectrum for PFOA at 150 °C is very
similar to the reference spectrum,127 suggesting little to no
decomposition at this temperature The results align with our
previous observation” that the thermal degradation of PEOA
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Figure S. FTIR spectra showcasing the thermal degradation of PFOA and its PIDs formed at various temperatures in different atmospheres and in

the presence of an additive.

is either thermodynamically or kinetically unfavorable at 150
°C. Above 150 °C, characteristic peaks of PFOA associated
with the O—H stretch at 3600 cm ™!, the C=0 stretch at 1817
cm™, and CF; vibrations around 1250 cm™ began to decline
in intensity, pointing to initiation of thermal degradation
(Figure 2a).

Simultaneously, new peaks emerged at ~1205 and ~1145
em™' (Figures lc and 2). Weber et al. recently identified
perfluorooctanoyl fluoride (C4F40) from PFOS in thermal
processes, based on peaks observed at approximately 1207 and
1145 cm™' (both C—F stretching) and at ~1879 cm™
(stretching vibration of the ketone C=O bond).***" The
absorbance at ~1879 cm™ falls slightly outside the typical
range for ketone C=0 bonds (1775—1650 cm1).?®

In comparison, the thermal degradation of PFOA in the
presence of air began at 150 °C, as evidenced by the
diminishing peak (~1819 cm™') associated with the C=0
bond in PFOA’s carboxyl group (Figure 2b). The emergence
of new peak(s) at ~1723 cm™" (vC=C) could signify the
formation of perfluoro-2-alkene, such as perfluorohept-2-ene
(C,F,,) (Figure S24). FTIR peaks of HF and CO, were not
observed when PFOA was heated alone in N or air (Figure 2).
As shown below, the yield of F from PFOA heated alone is
quite low. Carboxyl radicals, if released from PFOA via the
decarboxylation pathway, may recombine with some nonpolar
degradation products to form short-chain homologues; we
previously demonstrated the formation of short-chain homo-
logues from PFOA upon heating.**** This might explain the
absence of CO, peaks in Figure 2. Collectively, these findings
demonstrate that the degradation of vaporized PFOA begins at
approximately 150 °C, accompanied by an increasing presence
of PIDs.

Thermal Degradation Products of K-PFOS Inves-
tigated by TGA-FTIR. Figures S23 and 3 present the FTIR
spectra of K-PFOS when heated up to 700 °C in N, and air,

respectively. In a N, atmosphere, the stability of K-PFOS was
evident up to approximately 400 °C, as peaks for the S=O
stretch in sulfonate at 1347 cm™" and the C—F stretch at 1154
and 1250 cm™' for CF, and CF; groups, respectively,
maintained their presence (Figure S23). As the temperature
increased above 500 °C, the characteristic peaks of K-PFOS
began to fade and peaks (1500 and 1000 cm™") corresponding
to potential PIDs began to emerge.

The decomposition pattern of K-PFOS in air differs
significantly from that in N,, with some new peaks being
only detected under the oxidative condition. The peaks at
~1950, 1028, 978, and 774 cm™" represent CF,0, which was
observed only when K-PFOS was heated at 450 and 500 °C in
air. It was not detected in PFCAs (Figures 4, S, S25, and S26),
C8-N-TAmP-FASA (see below), or when K-PFOS was heated
in N, (Figure S23) or in air at >500 °C (Figure 3). These
findings suggest that CF,O formation is species-dependent,
temperature-dependent and sensitive to the presence of
oxygen.

Furthermore, the medium peak at 1430 cm™' (C—O-H
bending)'*® confirms the emergence of oxygen-containing
PIDs in an oxidative environment, akin to the observations
with PFOA. Additionally, peaks between 4000 and 3500 cm™!
corresponding to HF or (HF),, are particularly noteworthy. HF
is known to self-associate in the vapor phase, forming (HF),
through strong hydrogen bonds.'*”"** These clusters can show
a range of interactions, leading to multiple peaks in the FTIR
spectrum in that region.'””"*" The appearance of (HF),
highlights the influence of oxygen in promoting the
decomposition and mineralization of K-PFOS.

To enhance the visibility of subtle changes observed in the
spectra (Figure 3a), we normalized the absorbance (Figure
3b,c). We then focused on the wavenumber ranges of 3412—
3250 cm™ (Figure 3d) and 1600—1300 cm™ (Figure 3e),
highlighting the peaks'*® corresponding to O—H (3330 cm™)
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and C—O—H (1425 cm™). The peak intensities remained
relatively low at temperatures up to 500 °C, but exhibited a
significant increase at S50 °C and peaked at 650 °C (Figure
3g), suggesting the thermal degradation of K-PFOS within this
temperature range. A previous study revealed that K-PFOS
begins to melt at approximately 280 °C, and the molecules
subsequently vaporize above this temperature, reaching
maximum vaporization rates around 430 °C.”” The observed
changes in peak intensities (Figure 3d—g) align with the
thermal phase transition stages of K-PFOS,* indicating that
the formation of PIDs was mainly due to the decomposition of
vapor phase of K-PFOS.

The thermal degradation mechanisms of PFAS, such as
PFOA and PFOS, are not yet fully understood. Only a few
studies have developed mechanisms based on experimental
evidence. Wang et al. suggested direct F elimination from
PFCAs during thermal treatments.”” Blotevogel et al. found
that the primary decomposition mechanism of PFOA is C—
COOH cleavage, whereas a-elimination predominates in the
breakdown of hexafluoropropylene oxide dimer acid (HFPO—
DA).* Using density functional theory, Adi and Altarawneh
explored various potential thermal decomposition pathways for
HFPO-DA."" Additionally, Alinezhad et al.** and Sasi et al.**
have investigated the thermal degradation mechanisms of
PFCAs, HFPO—DA, and the long-chain homologues of
HFPO-DA. The DFT computations® have illustrated that
direct C—C f bond fission is thermodynamically (162 kJ/mol)
preferred over fission of the terminal C—C bond forming CF,
(232 kJ/mol) or elimination of an F atom (245 kJ/mol)
producing perfluorinated alkenes. The findings from the
present work, along with those of these previous stud-
ies, 9497 ollectively indicate that the initial homolytic
cleavage or HF elimination reactions in parent PFAS leads to
the formation of perfluoroalkyl radicals (eq 2), which then
transform into organofluorine PIDs, including perfluoroalkenes
(eqs 3 and 4).43Fs1,57,132

PFAS(CnF2n+1 - X)(g) - CnF2n+l °+Xe (2)

CE,.,®* >R —CEe+R,—-CF

= CE,(homolytic cleavage) (3)

C,Ey41® = C,3B,_3 — CF = CE + F (felimination)
4)

This mechanism (eqs 2—4) is supported by the observed
formation of perfluoropropene (CF;(FC=CF,)) from per-
fluorobutanoic acid (CF;(CF,),COOH), perfluoro-1-butene
(C,F;(FC=CF,)) from perfluoropentanoic acid
(CF;4(CF,);COOH), perfluoro(propyl vinyl ether) (C;F,O-
(FC=CF,)) from HPFO—DA (C,F,OFCCF,COOH), and
perﬂuorohek?t—l—ene (CsF,;(FC=CF,)) from both PFOA and
PFOS.**"*® In an oxygen-rich environment, the formed
perfluoroalkyl radicals react with O, to form oxygen-containing
products as observed in this study (Figures 2 and 3).
Different Catalysts/Additives. The thermal degradation
of PFAS produces organofluorine PIDs and inorganic F species
(Figures 1—3). Our investigation then progressed to examining
approaches to reducing the generation of PIDs or maximizing
the mineralization or the yield of inorganic F from PFAS
through the amendment of cost-effective solid materials. Two
previous studies have shown that the mineralization of PFCAs
can be changed by dimethyl sulfoxide®” and pure Pt.””

Considering the high cost of pure Pt (~US$1000 per oz)
and the potential for explosive reactions when dimethyl
sulfoxide is mixed with certain compounds, we sought
alternative materials. To this end, we evaluated biochar,
GAC, and commercially available materials used in cracking
and hydrogenation processes.”” "%

As illustrated in Figure 4a, biochar failed to enhance the
mineralization of PFOA. In contrast, GAC samples, particularly
those from bituminous coal (F200 and Norit 400),
dramatically boosted the Fyiyq.,, of PFOA from 6.5% to
between 73 and 75% when heated at 300 °C (Figure 4a).
HD4000, derived from lignite coal, also enhanced Ficiqqpp
though its effectiveness was less pronounced than that of the
bituminous coal-based GACs. The enhanced mineralization of
PFOA (vapor) at 150 °C and above may be attributed to its
adsorption to GAC, which possesses a higher thermal
conductivity than air."**'** While PFAS typically degrade in
the gas phase in the absence of GAC, the presence of GAC
may facilitate adsorption-enhanced or surface-mediated degra-
dation processes. The exact mechanism of surface-assisted
mineralization remains unclear and could be influenced by
various factors, including the potential acceleration of initial
cleavage steps. In contrast, biochar exhibits a significantly lower
adsorption capacity for PFOA, previously measured at less
than 30 L/kg* compared to >500 L/kg for GAC, indicating a
less effective role in PFOA degradation.

A few mineral-based materials, such as Pt/Al,O; and Pd/
AL O3, moderately increased Fy;iqpp of PFOA. It is important
to note that F radicals released from PFOA during the heating
treatment may bind with the surfaces of some minerals, as
previously observed by Wang et al,'®® Alinezhad et al,”' and
Abou-Khalil et al,”® resulting in an unextractable fraction of F.
Nevertheless, the substantial increase in measurable Fiqq.p,
from PFOA in the presence of GAC clearly demonstrates its
effectiveness and the advantages of using GAC in this
application. The pressure inside a 300 mL sealed vessel
when heated to 300 °C was estimated to be 1.9 atm or 0.2
MPa using the ideal gas law equation.

As illustrated in contour maps (Figure 4b,c), the addition of
GAC significantly enhanced Fq,,, from both PFOA and
PENA, peaking at 60—80% within temperatures of 300—400
°C after heating for 30- or 60 min. Figure 4d displays Fyieiqapp
values from four PFCAs at different temperatures during a 60
min treatment with GAC (F200). The results consistently
show high yields of F achieved at 300 °C across all PFCAs
studied.

Figure 4e gives the yield of F from PFOA when heated at
300 °C for 60 min in the presence of GAC across three
consecutive cycles. The yield of F remained relatively
consistent across the cycles, demonstrating the effectiveness
of GAC in enhancing the thermal mineralization of PFOA.
Additionally, the minimal decrease in GAC weight during
these repeated uses further underscores its robustness for this
purpose (Figure 4e). Interestingly, the yield of F from PFOA
was slightly increased to >90% when heated with the reused
GAC (Figure 4e).

Figure S provides further insights into the effects of various
catalysts and additives on the PIDs formed from PFOA heated
at 200—700 °C in air (Figure Sa—d) and N, (Figure Se—h).
With GAC, even at a lower temperature of 200 °C, we saw a
significant reduction in PID peaks and the emergence of (HF),
peaks between 4000 and 3500 cm™" (Figures 2b and Sa). The
use of biochar also reduced the generation of PIDs; however,
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its impact on mineralization was much less pronounced
(Figure Sb). The effectiveness of silica—alumina became
apparent only at >500 °C, as indicated by the (HF), peaks
(Figure Sc). The porous, noncarbonaceous XAD-2 polymer
did not enhance the mineralization of PFOA since (HF),
peaks were not observed in the spectra (Figure 5d).

In the inert N, atmosphere, the inclusion of GAC also
enhanced the mineralization of PFOA (Figure Se,f), evidenced
by the appearance of the (HF), peaks, analogous to
observations made in the presence of GAC in air. These
observations indicate that GAC is effective in both air and N,
environments. Pd/AlL,O; (Figure Sg) appears to be an effective
catalyst for PFOA mineralization, demonstrating a significant
enhancement in (HF), peaks similar to that observed with
GAC. In contrast, Pt/Al,0; (Figure Sh) was less efficient,
which aligns with the F yields (Figure 4).

SiF, peak at ~1030 cm™ was observed when PFOA was
heated together with GAC in both air and N, atmospheres
(Figure Sa,f). Wang et al. found that PFOA, when pyrolyzed
on GAC, likely underwent mineralization into SiF,, indicating
that GAC enhances the conversion of PFOA into simpler
inorganic forms.'*® This finding suggests that the presence of
GAC can significantly influence the pathway and efficiency of
PFOA’s thermal decomposition, thereby facilitating more
effective mineralization of PFOA."*

Enhanced Mineralization of PFNA, PFDA, Cationic
PFAS, and K-PFOS. PFNA (Figure S25), PFDA (Figure
S26), a cationic PFAS (Figure 6), and K-PFOS (Figure 7)

C8-N-TAmP-FASA [fa s aiiiiy |
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Figure 6. FTIR spectra of C8—N-TAmP-FASA heated in air: (a)
without GAC and (b) with GAC. To enhance clarity, we have
amplified the peak absorbance values between 4000 and 3000 cm™" 5-
fold in panel (b). The assignments of FTIR peaks for all PFAS
analyzed in this study are detailed in Table S2.

were included to determine if the effects observed with GAC
can be generalized across PFAS of different chain lengths and
functionalities. The melting and boiling points of PFDA are
higher than those of PFOA; the empirical evaporation point of
melted PFDA is approximately 180 °C,” leading to the
detection of gaseous phase PFDA at 200 °C, but not at 150 °C
(Figure S26a). In the absence of GAC, the spectra reveal
multiple peaks between 1800 and 1150 cm™" (Figure S26a). In
the presence of GAC, these peaks were significantly reduced,
with a noticeable emergence of peaks of (HF), between 4000

and 3500 cm ™}, indicating enhanced mineralization of PFDA
(Figures 4d and S26b). Similar trends were observed for PFNA
(Figure S25). Additionally, the emergence of the new peak at
~1723 cm™ (vC=C) (Figures S25b and S26b) could signify
the formation of perfluoro-2-alkene, such as perfluorooctene-2
(CsFy6) (Figure S24).

C8-N-TAmP-FASA, an AFFF-relevant cationic polyfluor-
oalkyl substance (or precursor’”''”), melts and vaporizes at
higher temperatures than PFDA;*” therefore, gas-phase C8-N-
TAmP-FASA was not detected at temperatures below 250 °C
(Figure 6a). With the presence of GAC, a significant reduction
in peaks related to PIDs was observed (Figure 6b), coupled
with an increase in the peaks for (HF),, demonstrating GAC’s
role in facilitating the mineralization of this compound as well.

The thermal mineralization of K-PFOS was also enhanced
by GAC. Analyzing results from Figures S23 and 7a, we can see
that introducing GAC significantly reduced or eliminated the
absorption peaks associated with PIDs of K-PFOS heated in
N, at temperatures above 500 °C, while peaks for (HF),
became apparent. This pattern was consistent when K-PFOS
was heated with GAC in an air atmosphere, resulting in the
disappearance of PID bands, particularly the peaks of CF,O
(Figures 3a and 7b). This suggests that GAC effectively aids in
the thermal breakdown of K-PFOS, providing valuable insights
into its potential application in both anaerobic and aerobic
settings for environmental cleanup.

Note that in this study, pure PFAS were heated alongside
GAC, rather than being preadsorbed onto it. The thermal
behaviors of pure PFAS (e.g.,, K-PFOS) may differ from that of
ionized species (e.g., PFOS anions). Nonetheless, the onset
temperatures observed in this study—150 °C for PFOA heated
with GAC and over 150 °C for PFOA heated alone—align
with our previous findings** on the thermal treatment of PFAS
preadsorbed on GAC.

The profound impact of GAC on the thermal degradation of
PFAS support the following mechanism:*’ upon heating,
crystalline PFAS solids melt into a liquid and then vaporize
into a gas, and the thermal degradation of PFAS occurs
primarily in the gas phase as PFAS vapor. The presence of
GAC adsorbs PFAS vapor and promotes the degradation and
mineff}i%ation through mechanisms that are under evalua-
tion. ™"

Finally, because the peak at 1250 cm™ is typical for both
PFCs and HFCs (Figure 1b—d), the detection of a peak at
1250 cm™' (e.g, Figures 2, 3, 5—7) cannot be used to
substantiate the formation of CF,. The peak at 1250 cm™ is
observed when PFAS are heated at low to moderate
temperatures (Figures 2, 3, S—7), suggesting the presence of
non-CF, PFCs and HFCs, such as long-chain perfluoroalkenes
identified through non-FTIR methods.** ™" At temperatures
above 300 or 400 °C, these compounds decompose into
smaller PFCs and HFCs, with dominant absorbances shifting
to around 1210 and 1150 cm™" (Figure 1b,c), confirming that
they are not CF,, which has a single FTIR absorbance at
around 1250 cm™" and requires temperatures exceeding 1000
°C to decompose.'”” Recent studies have shown that long-
chain perfluoroalkenes (e.g., perfluorohept-1-ene, C,F,) and
perfluoroalkanes (e.g, perfluoro-n-heptane, C,F;;) begin to
decompose at temperatures 200 and 500 °C, respectively.*>'**

B ENVIRONMENTAL IMPLICATIONS

This study critically evaluates the formation of PIDs during the
thermal treatment of five PFAS, including three that are newly
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Figure 7. FTIR spectra of K-PFOS subjected to thermal treatment in the presence of GAC in (a) N, and (b) air atmospheres at varying
temperatures. The peak absorbance values between 4000 and 3000 cm™' have been amplified S-fold to highlight (HF), clusters.

regulated in drinking water.”” For the first time, spectroscopic
evidence is provided for the PIDs of PENA, PFDA, and C8-N-
TAmP-FASA. Under our experimental conditions, we found
no evidence of CF, generation and observed that CF,O
formation is limited to narrow temperature ranges, specifically
around 450 and 500 °C, when K-PFOS is heated in air without
GAC.

Nevertheless, our data unveil the formation of PIDs from
PFAS even at an elevated temperature of 700 °C (e.g,, Figure
2), underscoring the challenges inherent in achieving complete
PFAS mineralization. Hence, the second segment of this
research, which centers on the identification of durable and
cost-effective catalysts/additives that minimize PID generation
from PFAS while optimizing mineralization, holds relevance
for field thermal treatment research. Certain materials
exhibited moderate effectiveness (e.g., Pd/ALO; and silica—
alumina) (Figures 4 and 5), while GAC was found to be a
robust and durable material that can minimize PID formation
from various types of PFAS while improving the mineralization
or defluorination of PFAS (Figures 4—7).

Overall, it is envisaged that the discoveries and insights from
this study will deepen our understanding of PFAS thermal
degradation and aid in the broader efforts to improve the cost-
effectiveness and sustainability of PFAS remediation practices.
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