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ABSTRACT: The thermal decomposition products and mechanisms of per- and Quartz m
polyfluoroalkyl substances (PFASs) are poorly understood despite the use of thermal ,—783’C-~\

treatment to remediate PFAS-contaminated media. To identify the thermal ((/qfﬂ’ ¢ CF\U}‘
decomposition products and mechanisms of perfluorocarboxylic acids (PFCAs), & 6’5’“ 300° o f‘\
gaseous perfluoropropionic acid (PFPrA) and perfluorobutyric acid (PFBA) were ;s % \
decomposed in nitrogen and oxygen at temperatures from 200 to 780 °C. In nitrogen [ PFBA Thermal 1
(i.e,, pyrolysis), the primary products of PFPrA were CF,=CF,, CF;CF,H, and N24—|\— \ De(::‘r;ldp:;l:mn ! _,'_’02
CF;COF. CF;CF=CF, was the dominant product of PFBA. These products are \ o %(}\ w &/
produced by HF elimination (detected as low as 200 °C). CF, and C,F, were \(/3“’()0\\0\‘0,3‘ ,,SQ@@Q’ R
observed from both PFCAs, suggesting formation of perfluorocarbon radical Legend YxQ,gf Cﬂ’,"%{o
interme.diaFes. Pyrolysis pl"oducts were highly th?:rmally stable, resulting in poor :gg\]’s?fo;abkdecomposition ~a]_--
defluorination. In oxygen (i.e,, combustion), the primary product of both PFPrA and  ___ e decompositian Platinum ‘W

PFBA below 400 °C was COF,, but the primary product was SiF, above 600 °C due

to reactions with the quartz reactor. Oxygen facilitated thermal defluorination by reacting with PFCAs and with pyrolysis products
(i.e., fluoroolefins and fluorocarbon radicals). Platinum improved combustion of PFCAs to COF, at temperatures as low as 200 °C,
while quartz promoted the combustion of PFCAs into SiF, at higher temperatures (>600 °C), highlighting the importance of surface
reactions that are not typically incorporated into computational approaches.

KEYWORDS: PFCAs, pyrolysis, combustion, PFAS, thermal treatment

1. INTRODUCTION perfluoroacyl fluoride. Reactions 2 and 3 have been proposed

Per- and polyfluoroalkyl substances (PFASs) are fluorinated to be minor pathw'ays. However, wheg perﬂuorooctanmc' acid
. . . (PFOA) was experimentally evaluated in a quartz or aluminum
organic chemicals used in numerous products such as

. 12 . . . . reactor, there was a divergence between the DFT-proposed
cosmetics, '~ nonstick coatings, packaging, pesticides, and

. . and experimental products; only reactions 2 and 3 were
aqueous film-forming foams.” The widespread use of PFASs b 2728 A dditionally. DET dels d ¢ icall
and their long half-lives in the environment have led to their observed. HHoTaTY) mnode’s do Not fyprea’y

4 .. 1 and air*—° 1 PEAS capture the surface effects of reactor materials or catalysts,
) etect19n n w;'lter, Sofh andai. - Human exposure FO 108 highlighting the need for experimental verification of thermal
is associated with multiple negative health outcomes, including

) ] ) - decomposition mechanisms and products.
cancer, decreased birth weight, and immune system and lipid

metabolism disruption.""10 Similar ecological health outcomes CB,+1COOH — C,_E,_,COF + HF + CO (1)
have also been observed for animals exposed to PFASs, in part _

4 CE ,,COOH - C _,E_ _.CF=CE + HF + CO
because some PFASs are highly bioaccumulative.'"'” The Lt nmane3 : @
toxicity, bioaccumulation, and persistence of PFASs have C,E,,,COOH - C,_E,_,CEH + CO, (3)

attracted the attention of the scientific and regulatory
community.13

To address PFAS contamination, thermal treatments such as
incineration,"*~'® smoldering,'” pyrolysis of biosolids,'®'* and
regeneration of granular activated carbon (GAC)™™** are
currently being studied. There is a substantial body of research
focusing on computational predictions of perfluorocarboxylic Received: November 4, 2022 E!UW
acids (PFCAs) decomposition based on density functional Revised:  February 24, 2023 B
theory (DFT). Results from these studies have suggested that Accepted:  March 21, 2023 @
the primary pyrolysis mechanism of perfluoropropionic acid Published: April 5, 2023
(PFPrA),” perfluorobutyric acid (PFBA),”* and perfluoro-
pentanoic acid”>*® is HF elimination via reaction 1, yielding

Published experimental research has focused on the
temperature required to decompose PFCAs, rather than the
mechanisms, and has demonstrated that decomposition begins
at ~200 °C and partial mineralization (>86%) occurs above

oy
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700 °C.*"**~** With addition of calcium hydroxide or calcium
oxide above 400 °C, fluorine from perfluorooctanesulfonic acid
(PFOS) (>60%) and PTFE (>80%) was mineralized and fixed
as calcium fluoride."**> When PFASs were sorbed to GAC
prior to thermal treatment, the temperature required to
initialize decomposition of PFASs was substantially lower
than the temperature of those not sorbed to GAC. This was
attributed to a catalytic effect of the relatively mobile electrons
in the GAC surface,”” but overall, surface effects and catalysis
of PFAS thermal decomposition have been relatively poorly
studied.

Volatile organofluorine (VOF) can also be formed during
the thermal decomposition of PFASs*"** and can be
transported long distances (>150 km),”® but the formation
and fate of volatile decomposition products are not well
understood. Mass balances on fluorine during thermal
treatment are rarely achieved,'” and low mineralization rates
of fluorine indicate the formation of organofluorine and/or
VOE.”** For example, the VOF yield was as high as 13%
during thermal treatment of GAC loaded with PEOA** and
VOF such as CF, and C,F4 are extremely challenging to
thermally decompose, even up to 1000 °C.*° Thus, it is
imperative to understand the formation of VOF during thermal
treatment to identify treatment alternatives that mitigate VOF
release.

Finally, both combustion (in oxygen) and pyrolysis (in an
inert atmosphere) are parts of thermal treatment.'’" It is
known that O, improves mineralization of PFASs, but the
mechanisms are again not well understood.**” The objectives
of this study were (1) to compare the decomposition pathways
proposed by computational studies to experimental results, (2)
to understand the effects of temperature on thermal
decomposition and/or mineralization of PFCAs and respective
VOF formation, (3) to identify the role of O, in the thermal
mineralization of PECAs, and (4) to assess the effect of reactor
materials, including quartz (present in nearly all previous
studies of PFAS decomposition as the reactor material) and
platinum (Pt), on decomposition. To achieve these goals, we
investigated the fate and transformations of two model PFCAs,
PFPrA and PFBA, in nitrogen (N,) and O, atmospheres at
temperatures from 200 to 780 °C via Fourier transform
infrared spectroscopy (FTIR). PFPrA and PFBA were selected
because they were volatile enough in initial experiments to
produce a FTIR signal when the headspace gas above a neat
standard was introduced into the FTIR cell and because the
decomposition mechanisms are likely to be similar for all
PFCAs, a commonly observed group of PFASs in the
environment.

2. MATERIALS AND METHODS

2.1. Reagents and Materials. PFPrA and PFBA (both in
their acid forms) and 350 mg of Pt foil (0.025 mm thickness,
99.9%) were purchased from Sigma-Aldrich (St. Louis, MO).
Quartz wool was purchased from COSA Xentaur (Houston,
TX). Two Pt wires (0.25 mm diameter, 100 cm length) were
purchased from Alfa Aesar (Tewksbury, MA).

2.2. Thermal Decomposition Experiments. A modified
Shimadzu TOC-VCSH instrument was used as a temperature-
controlled furnace for the thermal treatment of PFCAs.>> The
temperature was controlled through the instrument software. A
quartz combustion tube was packed with 0.3 g of quartz wool
to prevent short circuiting in the combustion tube or Pt wire
and foil to test the potential for catalytic degradation.’” O, or
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N, carrier gases were passed through the combustion tube at a
rate of 300 mL/min. A stoppered vial containing <1 mL of
pure PFPrA or PFBA was connected in parallel with the carrier
gas line. The combustion tube was interfaced to a S m optical
path FTIR gas cell. The gas downstream of the combustion
module was monitored by a Shimadzu IRTracer-100 instru-
ment equipped with a MCT (mercury—cadmium—telluride)
detector. The resolution of FTIR was 2 cm™'. The number of
scans to produce a spectrum was three, taking 12 s to acquire.

Each thermal decomposition experiment was conducted
under four variable conditions: reactants (PFPrA and/or
PFBA), temperature (200—780 °C), atmosphere (N, or O,),
and packing material (quartz wool and/or Pt). Before each
experiment, the stoppered vial and gas cell were purged with
carrier gas at a flow rate of 300 mL/min to remove interference
from air. Initially, the carrier gas bypassed the stoppered vial
and flowed directly into the combustion tube (Figure 1), and

300 mL/min
)
L _»_ —p—- _» -
Packing
Ne/0: Materials
Volatile 200-780°C
PFAS
0ff-gas
Legend
p Valve o

=» Gas Flow Direction

Figure 1. Schematic of the experimental approach.

the temperature of the combustion tube was set to 200 °C.
When the temperature of the combustion tube and the FTIR
baseline were stable, the headspace gas from the stoppered vial
containing either PFPrA or PFBA was introduced by altering
the carrier gas flow path. For 3 s (PFPrA) or 10 s (PFBA), to
produce a sufficiently strong FTIR signal to interpret the
spectra without saturating the detector (based on initial
experiments), the carrier gas flowed through the headspace of
the stoppered vial. PFBA required more time because of the
lower vapor pressure.”® The carrier gas flow path was then
returned to directly flow to the combustion tube. The FTIR
spectra were scanned and recorded every 1 min for the first 4
min and then every 2—3 min later until no signal remained,
approximately 20 min later. The temperature was then
adjusted as needed (e.g, 300, 400, 600, and 780 °C), and
the FTIR baseline was reset. Spectra with the strongest peaks
but having an intensity of <1 absorbance unit were utilized for
product identification, and IR peak assignments are listed in
Table SI.

2.3. Product Identification Approach. Products were
identified by matching observed FTIR spectra with published
spectra from the NIST Chemistry Webbook,® spectrabase.
com," or journal publications.”' ~*" Reference spectra and the
spectra from this study are listed in Table S1. For the sake of
clarity during comparisons, reference spectra were adjusted by
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Figure 2. Infrared spectra acquired during pyrolysis of PFPrA in N, at temperatures from 200 to 780 °C. Dashed and dotted lines are standard

spectra from the library (see Table S1).

multiplying by a constant. The spectra of organofluorine
compounds, including PFPrA, PFBA, 1H-perfluoroethane
(CF,CF,H), CF,=CF,, CF;CF=CF,, COF,, CF;COF, and
C,F¢, were in some cases partially obscured due to overlapping
peaks of other products. When partial overlap occurred,
products were confirmed by two additional characteristic peaks
that were not obscured by other products in the fingerprint
region. Spectra of inorganic species, including CO,, CO, HF,
and SiF,, rarely overlapped with those of other products. In
one case, the SiF, peak at 1030 cm™ during the pyrolysis of
PFBA above 600 °C was completely obscured by CF;CF=
CF,. However, the spectra of SiF, could be clearly observed at
two adjacent temperatures, 600 and 780 °C, where the
spectrum of CF;CF=CF, was weaker (Figure S5). Each of the
identified products was observed at least twice in separate
experiments.

To describe the relative absorbance intensity of the formed
products in Figures 3 and 4, we defined four terms: dominant,
strong, intermediate, and weak. We define “dominant” as a
peak or group of related fluorine-containing peaks from the
reagent (e.g, parent PFAS) or decomposition products that
were most prevalent in the spectra. In many cases, a dominant
product was the only peak or set of associated peaks in the
spectra (see Figure S1B at 600 °C, where C;F is the dominant
peak). “Strong” was a product with a peak absorbance of >0.3.
“Intermediate” was a product with an absorbance between 0.1
and 0.3. “Weak” had an absorbance of <0.1. We have included
these groupings to relate the relative intensity of the products
in a succinct way, and the full spectra are provided in the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Pyrolysis of PFCAs. 3.1.1. Pyrolysis in the Presence
of Quartz. PFPrA and PFBA were pyrolyzed between 200 and
780 °C in a quartz reactor partially filled with quartz wool to
impede short circuiting. An example FTIR spectrum during
PFPrA pyrolysis is shown in Figure 2, and a summary of the
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products of both PFPrA (CF,CF,COOH) and PFBA
(CF;CF,CF,COOH) is shown in Figure 3. The products fell

» Weak » Intermediate ¢ Strong ® Dominant
unknown|® . co ©® .
Co . .
CO»| PS * . CO: * * *
CaFs CFs
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Figure 3. Pyrolysis products in N, at various temperatures: (a) PFPrA
(b) PFBA, (c) PFPrA with Pt, and (d) PFBA with Pt. FTIR spectra
are provided in Figures S1 and S2. Weak, intermediate, strong, and
dominant are defined in Materials and Methods. An asterisk indicates
that only the COF group was confirmed.

into three categories: inorganic fluorine (i.e, HF and SiF,),
identified and unidentified organofluorine, and mineralized
carbon (i.e, CO and CO,). At 200 °C, organofluorine
products were not observed for either PFPrA or PFBA. HF
was, however, observed at 200 °C (Figure S6), suggesting that
the decomposition of PFPrA and PFBA by HF elimination is
initiated at relatively low temperatures. Beginning at 300 °C,
olefins were present (Figure S7), and at >400 °C, most or all
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of reactants were decomposed to their respective olefins (i.e.,
PEPrA — CF,=CF,; PFBA — CF,CF=CF,) and CF,CF,H
(only from PFPrA). Above 600 °C, SiF, and C,F were also
formed from both PFPrA and PFBA.

Prior computational studies have suggested that reaction 1
dominates pyrolysis of PFCAs,”****° but during pyrolysis of
PFBA, the corresponding CF;CF,COF was not detected at any
temperature. For PFPrA at 400 °C, we observed C=O
stretching at 1898 cm™', which can be attributed to the acyl
fluoride group (-COF) in CF;COF* as predicted by reaction
1 (Figure 2). However, other computational and experimental
research has suggested that the observed acyl fluoride
functional group may also be formed during the pyrolysis of
PFASs via reactions with HF (reaction 4), forming a
corresponding CF;CF,COF from PFPrA rather than
CF;COF (reaction 1).*>* The -COF peak was relatively
small, and C—F stretching was somewhat obscured by other
products. However, considering that some HF formation was
concurrently present in the spectra and that some COF, was
also concurrently observed (likely formed via reaction S, which
requires CF;CF,COF),’>"" the -COF peak is likely associated
with CF;CF,COF. Overall, we find that reaction 1 is unlikely
to play a major role in the pyrolysis of PECAs below ~600 °C
in a quartz reactor. This is further supported by the lack of
observed C4F3;COF being formed via reaction 1 during PFOA

pyrolysis in two other publications.””**
CECECOOH + HF — CECECOF + H,0 (4)
CECECOF — CE=CE, + COE, ()

Reactions 2 and 3 have been proposed to be minor pathways
by a computational study,” but here we note that these
pathways appear to be principal below ~780 °C. The primary
products of PFPrA pyrolysis were HF, CO,, CF,=CF,, and
CF;CF,H above 200 °C. These products are explained well by
HF elimination via reactions 2 and 3. However, for PFBA,
CF;CF,CF,H was not observed at any temperature, and
therefore, reaction 3 does not appear to play a major role.
Instead, CF;CF=CF, was the dominant product at all
temperatures, suggesting the dominant decomposition pathway
is reaction 2. In another publication, the pyrolysis of PFBA
sodium and potassium salts (e.g, CF;CF,CF,COONa and
CF,CF,CF,COOK, respectively) yielded >97% CF,CF=
CF,>” agreeing well with our findings using protonated
PFBA. PFBA has only one additional fluorinated carbon (CF,)
compared to PFPrA, but the decomposition products are
substantially different, highlighting that for these two small
molecules, small changes to the molecular structure can have
large impacts on outcomes. Although these changes are
substantial, we expect that for longer chain PFCAs the primary
decomposition pathways will be among the three pathways
identified here (reactions 1—3).

Above ~600 °C, there appeared to be a substantial change
in mechanism. For example, CF;CF=CF, was formed at >600
°C during the pyrolysis of PFPrA, likely from the thermal
transformation of CF,=CF,, which was also observed at >400
°C.>*** This transformation became more apparent at higher
temperatures (Figure 2). It is well documented that CF,=CF,
is highly reactive, and some of the reactions can produce other
VOF, including perfluorocyclobutane (cyclo-C,Fy), perfluor-
oisobutene [(CF;),C=CEF,], perfluoroethane (C,F;), and
tetrafluoromethane (CF,), although these products were not
apparent in this study.”*”*
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Above ~600 °C, CO and SiF, were also significant products.
The reaction between HF and quartz forming SiF, is well-
known, but HF is unlikely to be the primary source of SiF,
because the system is hydrogen limited. It is more likely that
CO and SiF, were formed from reactions between
perfluorocarbon radicals and quartz, as reported by others.***°
The formation of C,F4 and CF, at 780 °C from both PFPrA
and PFBA (Figure S1) also suggests the formation of
perfluorocarbon radicals from homolysis of C—C and C—F
bonds, which then terminate in these more stable molecules.

It is worth noting that the source of oxygen in CO and CO,
not only is from the carboxyl group by reactions 1—3 but also
may be from quartz (SiO,) by reaction with fluorocarbon
radicals.”> ™" CO, can also be formed during the pyrolysis of
fluorocarbons (e.g, CHF; and C,F,) without supplemental
oxygen in an aluminum reactor, and the oxygen was thought to
be from aluminum.***’

In summary, temperature is critical and delineates PFCA
decomposition into two regions during pyrolysis. (1) From
~200 to ~600 °C, PFCA decomposition begins at the least
stable functional group, the carboxylic acid, via HF elimination
forming more stable fluorinated olefins and 1H-perfluoroal-
kanes. (2) Above ~600 °C, perfluorocarbon radicals are
produced, resulting in the formation of CF, and C,F
Perfluorocarbon radicals also reacted rapidly with the quartz
reactor, resulting in the formation of SiF,. The reaction
between radicals and the quartz reactor has implications for
thermal treatment, where co-occurring waste materials may
substantially alter the products from those that would be
expected from computational analysis alone.

3.1.2. Catalyzed Pyrolysis with Pt. To understand the
potential of surface effects to change the decomposition
mechanisms, the quartz reactor was filled with large-surface
area Pt foil and wire. The products of PFPrA and PFBA
decomposition are shown in panels ¢ and d of Figure 3,
respectively. At 200 °C, the product spectra were similar to
those produced without Pt; most reactants were not
decomposed. The greatest difference between quartz and Pt
packing was the disappearance of olefins at increased
temperatures for both PFPrA and PFBA. For example, for
PFPrA, CF,=CF, was not observed above 400 °C with Pt but
was present even at 780 °C when no Pt was present. For
PFBA, CF;CF=CF, was again present below 400 °C, but its
level decreased with an increase in temperature, despite being
the dominant product at all temperatures without Pt. For both
PFPrA and PFBA, oxygen-containing products (e.g., COF, and
CF;COF) were formed to a greater extent in the presence of
Pt, likely due to oxidation of the respective olefins by surface-
bound reactive oxygen species’”™® present from residual O,
and H,0 sorbed when the Pt was not in use and exposed to
air. CF;CF,H was also formed to a lesser extent from PFPrA in
the presence of Pt compared to without Pt, although the
difference in mechanism is not clear.

At 780 °C, C,F¢ and CF, were formed to a greater extent in
the presence of Pt, especially for PFBA (Figure S2). Formation
of these two products over the olefin (CF;CF=CF,, when
only quartz was present) indicates that perfluorocarbon
radicals formed to a greater extent on the Pt surface than
when no Pt was present. This is because the formation of C,Fq
and CF, is primarily from reactions between perfluorocarbon
radicals (i.e., radical termination).’”®*

The signal associated with the -COF group observed during
the pyrolysis of PFPrA without Pt was again observed with Pt,
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and now the CF;COF could clearly be identified from
observed C—F stretching at 300 and 400 °C (Figure S2a).
This suggests that although reaction 1 played a minor role
without Pt, it was more important when Pt is present and
indicates that surface effects can alter the decomposition
pathways. This was particularly evident at 300 °C, where
CF;COF was a principal product, and little or no CF;CF,H or
CF,=CF, was present (Figure S2b), despite being formed
when Pt was not present in the reactor (Figure 3¢c). Given that
reaction 1 appears to be occurring with Pt, we also expected to
find the product CO. However, no CO was observed. This is
likely because CO was catalytically oxidized to CO, by oxygen
or hydroxyl present on the Pt surface.”> How Pt promotes
reaction 1 is not clear, but it is apparent that the addition of Pt
to the reaction mixture substantially changed the decom-
position mechanisms of PFPrA.

For PFBA, the characteristic -COF peak at 1898 cm™" was
observed but it is not clear if it was from CF;CF,COF, which
would be expected on the basis of the findings from PFPrA,
due to multiple overlapping signals in the C—F region. COF,
was also present simultaneously (Figure S2b), and therefore,
this signal is more likely attributed to CF;COF from the
oxidation of CF;CF=CEF, on the surface of Pt by reaction 6.

3.2. Combustion of PFCAs. 3.2.7. Combustion with
Quartz Wool. Combustion (ie., in the presence of O,)
products of PFPrA and PFBA with a quartz reactor and quartz
packing are shown in panels a and b of Figure 4, respectively.
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col@ . col®
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Figure 4. Combustion products in O,: (a) PFPrA, (b) PFBA, (c)
PFPrA with Pt, and (d) PFBA with Pt. The FTIR spectra are provided
in Figures S3 and S4. Weak, intermediate, strong, and dominant are
defined in Materials and Methods.

At 200 and 300 °C, O, did not substantially participate in the
decomposition of PFPrA and PFBA; the products were similar
to or the same as those produced by pyrolysis. One notable
difference at 200 °C was that HF was formed less than by
pyrolysis based on signal intensity, or not formed at all (Figure
S6). It is not clear why HF was formed to a lesser extent.

At 400 °C, the extent of formation of CF;CF,H and CF,=
CF, from PFPrA was substantially reduced compared to that of
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pyrolysis (Figures Sla and S3a), but the production of COF,
increased, based on the absorbance ratio of CF;CF,H or
CF,=CF, to COF,. This may be because O, reacts with the
olefin CF,=CF,, resulting in the formation of COF, via
reaction 7, where CF,=CF, was produced from PFPrA by
reaction 2. When PFBA was combusted at 400 °C, CF;COF
and COF, were formed to a greater extent than during
pyrolysis, and the extent of formation of the product CF;CF=
CF, was reduced (Figures S1b and S3b). This is explained well
by reaction 6, and thus, it is likely that the observed COF,
produced by PFPrA is produced through a similar reaction
with the intermediate olefin (reaction 6), rather than direct
reactions between PFPrA and O,.

CECF=CE, + O, —» CECOF + COE (6)

(7)

We expected similar mechanisms at higher temperatures
(ie, O, oxidizes products formed through pyrolytic mecha-
nisms, such as olefins into CF;COF and COF,) because during
pyrolysis the mechanisms, involving the production of olefins,
were similar at all temperatures (Figure 3). However, the
dominant fluorinated product was SiF, for both PFPrA and
PFBA above 600 °C (Figure 4). During pyrolysis, SiF, was a
product of reactions between perfluorocarbon radicals and
quartz, and most organofluorine products persisted up to 780
°C. However, with O, present at the same temperature, no
organofluorine was observed in the gas phase from PFBA, and
the majority of organofluorine was also mineralized for PFPrA.
The complete mineralization of PFCAs to SiF, at these high
temperatures makes it difficult to explain the mechanisms due
to the lack of observed intermediates, which likely have
extremely short half-lives and react with quartz or terminate
through reactions with other radicals. PFPrA and PFBA likely
form some intermediates produced through reactions with O,
(possibly oxygen-containing fluorocarbon radicals), and these
intermediates then preferentially react with quartz to form
SiF,. These reactions would also compete with perfluor-
ocarbon radical recombination, explaining the lack of
observable C,F4 and CF,.

Overall, there was some overlap between the pyrolysis and
combustion mechanisms. Below 300 °C, O, played a negligible
role in thermal decomposition; between 400 and 600 °C, O,
reacted with pyrolysis products (i.e., olefins), and above 600
°C, SiF, was the dominant product. We believe these two
PFCAs yielded unidentified fluorocarbon radical intermediates
through reactions with O,, which then preferentially reacted
with the quartz reactor to form SiF, as primary products. This,
in turn, suppresses the formation of VOF (i.e., CF, and C,F),
which is difficult to destroy, and has implications for thermal
treatment processes operating with excess oxygen, which may
help to control VOF emissions at high temperatures.

3.2.2. Catalyzed Combustion with Pt. When Pt was
introduced with O,, the products of PFPrA were similar at
200 °C (Figure 4c) to those when only quartz was present.
One important difference was that some PFBA was oxidized to
COF, at 200 °C, and this did not appear to occur at this
temperature without Pt (Figure 4b,d). At an only slightly
higher temperature (300 °C), COF, was the primary product
for both PFPrA and PFBA. Notably, when Pt was present,
COF, did appear to originate from not only the oxidation of
olefins but also the direct oxidation of PFCAs at or below 300
°C. We base this on the following. (1) Olefins were not

CE=CE + O, - 2COF,
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Figure S. Proposed decomposition pathways of PFPrA (top) and PFBA (bottom) in the presence of quartz (SiO,, reactor material) or Pt and
quartz. Note that Pt can provide ®OH/eO through reactions with surface-sorbed O, and H,O. The combustion intermediates “fluorocarbon
radicals” were not directly observed but are proposed on the basis of the products.

observed, and therefore, there is little or no olefin present to be
oxidized to COF,. (2) If the expected olefin CF;CF=CF, was
to be oxidized by O,, it would result in COF, and CF;COF
absorbance spectra of similar intensity, similar to those at 400
and 600 °C shown in Figure S4b and reaction 7, but the COF,
signal intensity was substantially greater than that of CF;COF
below 300 °C. Using DFT, Altarawneh et al. reported that the
abstraction of hydrogen from the carboxylic acid group by
eOH (reactions 8 and 9) yields CF;CF,CF,e, which has the
lowest activation energy of the abstractable sites.®®
CF;CF,CF,e can then react with O, and eOH to form
COF, (reactions 10 and 11),%” facilitated by eOH present on
the surface of Pt as a result of splitting of residual water and/or
0,.°%9%% These catalyzed thermal decomposition pathways
were also derived on the basis of the results from other
processes (i.e., photolysis, electrochemistry, and advanced
oxidation) and have been compiled in a recently published
review.”” Below ~300 °C, it appears that this pathway is
dominant when Pt is present.

CECE,CE,COOH + OH — CECE,CECOOe + H,0

(8)
CECECECOOe — CECECE e + CO, 9)
CECECE, e + ¢OH/O, — 2COE, + CEe (10)
CEe + ¢OH — 2COE, + HF (11)

Between 400 and 600 °C, reactions 8—11, yielding COF,,
were less dominant. Instead, for both PFPrA and PFBA,
unimolecular decomposition yielding olefins and 1H-perfluor-
oalkanes dominated, similar to pyrolysis. The intermediate
olefins appeared to be terminally oxidized by O, to COF, and/
or CF;COF. Above 600 °C, mineralized products tended to
dominate, including CO,, HF, and SiF,. CF;COF and COF,,
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which were the primary oxidized products at lower temper-
atures when Pt was present, were surprisingly not present at
780 °C. It is possible that at higher temperatures, PFPrA and
PFBA were decomposed and formed SiF, in the top of a quartz
tube via the perfluorocarbon radical pathway (section 3.2.1),
before reaching the Pt placed in the lower portion of the tube,
explaining why the products are the same as those from
combustion with quartz.

3.3. Summary of Decomposition Pathways. A
summary of the primary observed decomposition pathways
of PFPrA and PFBA is illustrated in Figure S on the basis of
discussions presented above. It should be noted that the
temperatures labeled in Figure 5 do not indicate a cutoff of
decomposition mechanisms. Those decomposition pathways
are likely to happen at all temperatures with varying kinetics,
and the representation presented here embodies only the
decomposition pathways that tend to outcompete other
pathways in the labeled temperature ranges. The primary
pyrolysis products, olefins and CF;CF,H, are highly stable up
to 780 °C but readily react with O,. In an inert atmosphere, Pt
facilitated the decomposition of PFPrA and PFBA, and their
pyrolysis products, although these mechanisms appeared to
rely on surface-sorbed oxygen and thus are not truly pyrolysis.
With O,, Pt catalyzed the oxidation of PFBA at temperatures
as low as 200 °C. Above 600 °C, quartz and O, together
promoted the mineralization of PFCAs into SiF,.

4. IMPLICATIONS

Thermal treatment presents an opportunity to end the PFAS
cycle by mineralization to fluoride and carbon dioxide, but the
mechanisms and thus potential to produce gaseous organo-
fluorine products are not well understood. We show here that
temperatures of <780 °C or the absence of oxygen results in
relatively recalcitrant gaseous PFAS (e.g., olefins, CF,, and
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C,F) from two PFCAs. Without further treatment of the off-
gas, PFASs may be transferred from contaminated media to the
atmosphere. Relevant systems include thermal desorp-
tion,”"***” PFAS-laden GAC regeneration,”””"**** pyrolysis
of biosolids,"®'® and systems with slow heat or flame
propagation. Post-treatment of produced gases during such
treatment is likely to require additional high-temperature
treatment (>780 °C) in the presence of excess O,. In addition,
combustion is usually conducted in an air (21% O,)
atmosphere, which may influence the efficiency of mineraliza-
tion of PFAS. Further thermodynamic and kinetic studies of
gaseous PFAS degradation and the potential to degrade or
capture the products of incomplete combustion are warranted.

Formation of CF, and C,F4 during pyrolysis at high
temperatures may be particularly problematic as they are
difficult to decompose once formed. One strategy for avoiding
their formation may be to conduct pyrolysis below 600 °C,
forming olefins or polyfluorinated products that are decom-
posed more readily in a thermal process with excess O,.
Addition of a Pt catalyst may be beneficial at temperatures
below ~600 °C but does not provide a substantial benefit
above 600 °C when oxygen and quartz are present and PFCAs
appear to be entirely mineralized.

One mineralized product, SiF,, appears to be a product of
reactions between organofluorine radicals and the quartz
reactor, and thus, other coincident materials present in the
reactor (e.g, soil silica) should be considered in a computa-
tional evaluation of PFAS thermal decomposition. Terminal
products such as HF, COF,, and SiF, are likely to be removed
well by alkaline scrubbers present in air pollution control
devices because they are relatively soluble and hydrolyze under
alkaline conditions.

In addition to the implications for thermal treatment, the
finding that at lower temperatures with O, present, PFCAs can
be selectively oxidized to COF, on the surface of Pt is valuable
in terms of total organofluorine measurements. Organofluorine
measurements are currently hampered by interference from
inorganic fluorine present in environmental samples. COF, is a
product that is generated only from combustion of PFASs,
cannot be formed from inorganic fluorine (e.g, CaF, and
NaF), and therefore may be valuable as an organofluorine
surrogate, avoiding interference from inorganic fluorine.
Selective oxidation of the perfluorocarbon chain (CF,), to
COF, likely applies to other PFAS species as long as
perfluorocarbon radicals or fluorinated olefins are formed
during combustion so that COF, is subsequently formed
through reactions 6—11. In ongoing unpublished work by our
team, we have already observed this product from PFOS
combustion, and we believe that a COF, surrogate measure-
ment of PFASs presents an opportunity for a robust new
analytical method.
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Assignment of IR peaks (4400—600 cm™') recorded
during thermal decomposition of PFPrA and PFBA
(Table S1), infrared spectra acquired during pyrolysis of
PFCAs in N, at varying temperatures [(a) PFPrA and
(b) PFBA (Figure S1)], infrared spectra of catalyzed
pyrolysis products of PFCAs in N, at varying temper-
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atures with Pt [(a) PFPrA and (b) PFBA (Figure S2)],
infrared spectra acquired during combustion of PFCAs
in O, at varying temperatures [ (a) PFPrA and (b) PFBA
(Figure S3)], infrared spectra of catalyzed combustion
products of PFCAs in O, at varying temperatures with
Pt [(a) PFPrA and (b) PFBA (Figure S4)], infrared
spectra of products of PFBA at 600 and 780 °C in N,
(Figure SS), formation of HF during PFPrA and PFBA
decomposition at 200 °C (Figure S6), and infrared
spectra of products of PFCAs at 300 °C in N, and O,
[(a) PFPrA and (b) PFBA (Figure S7)] (PDF)
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