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Emerging destructive technologies for per- and polyfluor- . Hiah

oalkyl substances (PFASs) are receiving increased attention. To validate Unique - < 9

these emerging technologies for commercial use, rigorous testing efforts PFASS TDS

are needed to ensure that all types of PFASs can be degraded with C, to Cg
minimal organofluorine byproduct formation. In this effort, a mixture of / HAJ-T \

ultra short-, short-, and long-chain PFASs in an aqueous matrix with high
total dissolved solids (TDS) content is processed using hydrothermal

19
alkaline treatment (HALT). Degradation and defluorination are assessed LC-MS/MS Cic&IC F-NMR
at various HALT operating conditions (T = 250—350 °C, NaOH = 2—16 ¢
wt %). Broadly, perfluoroalkyl sulfonic acids are observed to be more \ /

recalcitrant, while PFASs containing a carboxylic acid functional group m

are r?fidlly degraded and. defluorinated, even under milder treatment Fluorine Mass Balance
conditions. In all experiments, the fluorine mass balance is near-

stoichiometric at optimized conditions, and a “multiple-lines-of-evidence” analytical approach including targeted LC—MS/MS
analysis, free fluoride quantification, and total organic fluorine measurements strongly suggests that there is minimal undesired
organofluorine byproduct formation. Additionally, the fate of inorganic anions in the aqueous matrix is tracked, evidencing a lack of
competing reactions that could afford unwanted byproducts. Overall, this study robustly demonstrates that HALT can facilitate
complete degradation and defluorination of ultra short-, short-, and long-chain PFASs in a challenging solution (~10 wt % TDS).

PFAS, hydrothermal, defluorination, trifluoroacetic acid, ultra short-chain

There has been considerable effort focused on PFAS

Per- and polyfluorinated alkyl substances (PFASs) make up a removal from liquid matrices. Concentration techniques such

large subclass of organofluorine compounds that has recently as adsorption processes using media such as granular activated

encountered regulatory scrutiny." While the unique thermo- carbon (GAC)™” and ion exchange (IEX) resin,'’ and reverse
physical properties of PFASs offer differentiated performance osmosis (RO) membrane filtration'' have been scaled and
for many applications, these same properties render some implemented for treatment. In many cases, spent IEX or GAC
PFASs as highly stable which can lead to persistence in the media must be replaced in relatively high frequency, and are
environment.” Recently, the removal and destruction of PFASs shipped off-site for incineration or hazardous landfill
from drinking water, wastewater, and environmental matrices disposal."”” Other separation and concentration technologies
has received increased attention. produce a liquid byproduct, such as foam fractionation,"’

Extensive efforts have shed light on the global detection of
ultra short-chain PFAS compositions;” > including composi-
tions such as trifluoroacetic acid (TFA), pentafluoropropionic
acid (PFPrA), and heptafluorobutyric acid (PFBA); all of
which underwent effective degradation and defluorination in
this work. Emerging health advisories for TFA in several
European countries, along with evolving global PFAS
regulations, highlights that ultra short- and short-chain PFAS
treatment in wastewater streams will likely become a focus in
coming years.6’7

regenerable IEX,'*"> and membrane filtration systems.11 In
industrial wastewater treatment settings with high treatment
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Figure 1. Ultra short-, short-, and long-chain PFASs in solutions type I and type II. Average solution density = 1.07 g/mL.

volumes and where short-chain and/or ultra short-chain PFASs
may be present, foam fractionation provides limited efficacy
due to the low surface activity of short-chain and ultra short-
chain PFAS." In scenarios with high liquid treatment volumes
and high starting PFAS concentrations regenerable IEX resin
and/or membrane technologies are more effective and
economical.'®” However, these concentration technologies
produce PFAS-rich solutions comprising challenging levels of
inorganic salts that must be subsequently managed—ideally
with destructive treatment.

On-site PFAS destruction methods are now emerging, with
an emphasis on removing PFASs from the environment rather
than simply concentrating. Some methods have achieved a
high degree of PFAS destruction and defluorination even in
complex, real-world feedstocks. A coupled photoelectrochem-
ical destructive treatment approach has shown promise in
achieving high degrees of destruction and defluorination for a
complex AFFF mixture,"® and supercritical water oxidation
(SCWO) systems have also achieved near-stoichiometric levels
of PFAS destruction and defluorination in several studies.'”>’
However, many destruction techniques have primarily focused
on long-chain PFASs without attention on the more
challenging shorter chain homologues. Some destructive
technologies leverage the hydrophobic nature and partitioning
behavior of long-chain PFASs to enhance exposure to a
localized reacting environment, such as nonthermal plasma-
based systems where reactions occur at a gas—liquid
interface.””” Furthermore, water matrix compatibility with
selected destruction techniques can significantly limit options
for highly challenging PFAS-containing streams and can result
in the formation of perchlorate from dissolved chloride in
electrochemical systems,” the precipitation of inorganic salts
(e.g, NaCl, CaCO;) in supercritical water systems,'” or
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competing reactions and/or transmission challenges in UV-
based systems.”*”>°

Hydrothermal alkaline treatment (HALT) is a thermochem-
ical process leveraging high pH conditions (typically pH > 13)
and elevated temperatures (T = 150 to 350 °C) in subcritical
water (P > Pboﬂing) to degrade halogenated organic compounds.
HALT has previously demonstrated effective PFAS degrada-
tion and defluorination in a wide range of matrices, including
single-compound solutions of perfluorooctanesulfonic acid
(PFOS), perfluorooctanoic acid (PFOA)*” TFA,*® AFFE,**°
groundwater and soil,’’ spent GAC,” fire training pond
water,”> foam fractionate,”* and plant matter.”® In several
previous studies, a high stoichiometric percentage of inorganic
fluoride (IF) production was observed, and no known or
unknown fluorinated intermediate compounds were observed
during HALT processing.””*’

The predominant HALT mechanisms have been hypothe-
sized and characterized in previous studies. In 2021, Hao et al.
proposed that nucleophilic substitution is likely to be an active
reaction mechanism for defluorination, and both Wu et al. and
Hao et al. observed an increase in reaction rates for
perfluorosulfonic acid (PFSA) degradation with increasing
hydroxide ion concentrations.”””” The current hypothesis is
that nucleophilic substitution is the initial reaction step for
PFSA degradation, producing an intermediate species which is
highly reactive with hydroxide ions. In 2024, Austin et al.
observed that TFA degradation occurs at much milder
temperatures (150 to 250 °C) with or without the presence
of hydroxide, suggesting that a thermal decarboxylation
mechanism is active for perfluorocarboxylic acid (PFCA)
degradation.”® Austin et al. also observed that fluoroform
(CF;H) rather than IF is a stable final product from TFA
degradation under hydrothermal conditions without hydroxide
ions present, whereas the presence of even small amounts of
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hydroxide ions strongly suppressed fluoroform production,
instead promoting fluoride ion production.”® This suggests that
fluorocarbon intermediates produced during PFAS degradation
are highly reactive with hydroxide ions and suggests that the
degradation of the parent PFAS species is the rate-limiting step
toward complete defluorination with the HALT process.
Overall, PFCA degradation is hypothesized to be a two-step
process, the first step involving thermal decarboxylation of the
parent compound, followed by hydroxide-driven destruction of
an intermediate 1H-perfluoroalkane species (e.g., fluoroform).

While HALT has clearly been investigated across several
specific PFASs and complex matrices, these findings have yet
to be generalized to a wider range of PFASs, especially ultra
short- and short-chain analogues. The treatment and
destruction of ultra short- and short-chain PFAS is a known
challenges for many technologies; however, previous HALT
studies have shown efficacy in treating ultra short-chain PFASs
such as TFA. The objective of this study is to apply the
mechanistic insights from previous studies to the treatment of
a range of PFASs contained within a synthetic solution
representing a real-world feedstock, leveraging a scaled-up
HALT system.

Herein, we report a destruction study via HALT focusing on
highly challenging salt solutions [~10% total dissolved solids
(TDS)] comprising PFASs ranging in chain length and
functional group type, with a primary focus on ultra short-
chain analogues (<3 fully fluorinated carbon atoms). The high
TDS solution employed in this study is representative of an
industrial wastewater stream produced from a treatment train
involving regenerable IEX and membrane systems. The
regeneration of IEX produces a high TDS brine which is
high in PFAS content, and further concentration of this brine is
possible via membrane systems. The PFASs present in the
mixture are representative of relative hypothetical concen-
trations in an industrial wastewater stream. The challenge of
treating ultra short- and short-chain PFASs in a high TDS
matrix is significant, as most PFAS destruction technologies
struggle to treat these PFAS species, or struggle to handle high
TDS wastewaters. A novel, multiple-lines-of-evidence approach
with a suite of analytical techniques is leveraged to track the
fluorine mass balance, demonstrating effective degradation and
defluorination of PFASs in the HALT environment. Overall,
this study is the first-of-its-kind to demonstrate the application
of a scaled-up HALT system for the treatment of a range of
practically significant PFASs in a high TDS feedstock.

Reagents. Six groupings of PFASs were tested in this study,
including PFCAs, a perfluoroalkyl ether carboxylic acid
(PFECA), polyfluoroalkyl carboxylic acids (polyFCAs),
PFSAs, fluoroalkane sulfonamides (FASAs), and a bis-
(perfluoroalkane sulfonyl)imidic acid (PFSI). Compositions
within these groupings are highlighted in Figure 1 and span
across ultra short-, short-, and long chain homologues. The
term “PFAS” used throughout this work adopts the definition
provided by the Organisation for Economic Cooperation and
Development (OECD).*® While the “ultra short-chain” PFAS
designation remains somewhat ambiguous,‘?”[*’?ﬁ_39 we define
PFASs with <3 fully fluorinated carbon atoms as ultra short.
Short- and long-chain designations have been defined by the
US Environmental Protection Agency, OECD, and
others.”*”*" In the current study, the categorization by
chain-length is purely on a technical basis with the sole
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motivation of better understanding degradation and defluori-
nation efficacy as a function of PFAS chain length and type.
While Figure 1 illustrates all PFASs in their neutral state, the
elevated pH (>13) of the current work renders all species
shown are in their charged, anionic state.** Additional reagent
information is included in the Supporting Information (Table
S1).

PFAS-Containing Solutions for HALT. Two solution
types were prepared for HALT (Figure 1). Type 1 was
subjected to a range of treatment conditions with an emphasis
on understanding the degradation and defluorination levels of
relatively understudied ultra short-chain PFCAs TFA, PFPrA,
and PFBA (a combined ~92 wt of total PFAS). Other PFASs
in type I comprise additional ultra short-chain PFASs 2,3,3,3-
tetrafluoropropionic acid (2333-TFPA), 2,2,3,3-tetrafluoropro-
pionic acid (2233-TFPA), trifluoromethanesulfonic acid
(TEMS), and short-chain perfluoropentanoic acid (PFPeA),
2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)propanoic acid
(HFPO—DA), and perfluorobutanesulfonic acid (PFBS). To
broaden the spectrum of PFASs studied, solution type II
contained the same species as type I in addition to
perfluorohexanoic acid (PFHxA), PFOA, PFOS, perfluorobu-
tane sulfonamide (FBSA), N-methylperfluorobutane sulfona-
mide (MeFBSA), and bis(trifluoromethanesulfonyl)imidic acid
(TFSI). Both type I and type II solutions were prepared by
charging deionized water with NaCl, Na,SO,, NaNO;,
NaHCOj;, and Na,CO; to targeted concentrations of 7.5,
0.5, 1.5, 0.25, and 0.25 wt %, respectively. The resultant
solution was then spiked to targeted PFAS concentrations.
Additional solution preparation details are provided in the
Supporting Information.

HALT Experimental Apparatus and Procedures. A
continuous-flow, pilot-scale HALT reactor was used for all
experiments. A simplified process flow diagram, description of
the system, and photos of the system are included in the
Supporting Information (Figures S4 and S5).

For every tested solution (type I and type II), solid NaOH
was premixed into the individual sample containers to the
desired overall NaOH concentration (2—16 wt %). Untreated
samples were collected before NaOH addition to confirm
starting PFAS concentrations, to assess any degradation due to
NaOH at ambient conditions, and to quantify any losses to
container surfaces due to changes in the ionic strength of the
solution, which is known to affect PFAS solubility. Due to the
pH of the prepared solutions, all PFASs will be in a salt form
and thus unable to evaporate from solution. Solutions were
thoroughly mixed and allowed to cool to ambient temperatures
prior to processing through the HALT system.

For each experiment, the HALT system was initialized and
brought to the desired experimental temperature (250—350
°C), pressure (~25 MPa), and flow rate (63 mL/min [1 gallon
per hour]) while processing distilled water. Once the system
reached a steady state at the desired temperature, a sample was
collected (“system blank”) to quantify any background PFAS
concentrations or carryover between experiments. Next, the
influent to the HALT system was switched from distilled water
to the premixed solution. Individual treated samples were
collected after 2, 3, and 4 h of steady-state processing to
provide triplicate data points for each condition tested. Error
bars in all plots reflect one standard deviation across the three
collected samples. All samples were collected in high-density
polyethylene (HDPE) sample bottles.
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Analytical Materials and Methods. Triple quadrupole
mass spectrometry (LC—MS/MS), ion chromatography (IC),
combustion ion chromatography (CIC), and "F NMR
spectroscopy are analytical techniques that were used to
determine solution concentrations of speciated PFASs, total
organic fluorine (TOF), IF, and non-PFAS anions. Detailed
summaries of each analytical technique are provided in the
Supporting Information.

Data Analysis. Percent PFAS degradation, defluorination,
and F-mass recovery were calculated as described in eqs 1-3

% degradation = £ X 100
Co (1)

[IF] — [IF],
[TOF],

% defluorination = X 100

2)

[IF] + [TOF] % 100

% F mass recovery =
[IF], + [TOF],

3)

where C, is analyte (e.g, PFPrA, TFA, Cl, etc.) concentration
before the addition of NaOH and HALT. C is analyte
concentration following addition of NaOH and HALT.
[TOF], and [IF], are TOF and IF, respectively, of the initial
solution prior to NaOH addition and HALT. [TOF] and [IF]
are TOF and IF concentrations, respectively, of the resultant
solution following HALT.

B RESULTS AND DISCUSSION

Destruction Performance by PFAS Type. Solution type
I was first studied for effective PFAS degradation across a range
of temperatures (T = 250—350 °C) and NaOH concentrations
([NaOH] = 2—16 wt %). Figure 2A shows total PFAS
concentrations (blue bars) before and after HALT processing
at each tested condition and % degradation (red data points).
The most aggressive processing conditions (350 °C, 16 wt %
NaOH) expectedly resulted the highest measured PFAS
degradation (>99%), as evidenced by the least total PFAS
remaining in solution after treatment (300 ng/g). While
holding the same temperature, PFAS degradation remained
high at relatively lower NaOH loadings of 7 wt % and 2 wt %
(>99% and 2900 ng/g PFAS, 98% and 16,000 ng/g PFAS,
respectively). At 2 wt % NaOH loading, lower temperatures of
300 and 250 °C showed further drop in degradation (96%).

Carboxylic acid-containing PFCAs, PFECA, and polyFCAs
underwent exceptional degradation across all HALT con-
ditions (>99% removal, Figure 2B), with only a total of 140—
760 ng/g remaining in solution. Not surprisingly, the mildest
HALT conditions (250 °C, 2 wt % NaOH) left the highest
concentration in solution. It should be noted that even non-
detect values (textured bars) were included to calculate final
concentrations after HALT. Therefore, remaining concen-
trations are likely lower than reported. Figure 2C clearly shows
that PFSAs are much more recalcitrant in the HALT reaction
environment; the reader is directed to the differences in %
degradation y-axis scales between graphs B and C. PFSA levels
are essentially unchanged after HALT processing at 250 °C
and 2 wt % NaOH concentration. PFSA degradation is highly
sensitive to reaction temperature, as evidenced by the nearly
50% difference in degradation between 300 and 350 °C at 2 wt
% NaOH concentration, and >99% difference between 250
and 350 °C. Degradation is also sensitive to [NaOH], which is
clearly shown when evaluating NaOH loadings of 16, 7, and 2
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Figure 2. HALT of solution type L Starting concentration (C,) is an
average across all 6 conditions tested. (A) Total PFAS. (B) Total
PFCAs, PFECA, and polyFCAs. (C) Total PFSAs. Left y-axes
represent the total concentration and the right y-axes are %
degradation. Solid bars represent the sum of detected values while
textured bars represent the sum of method detection limits (MDLs)
for analytes with non-detect values. Red data points represent %
degradation. Error bars for both remaining concentrations and %
degradation represent one standard deviation of three samples taken
throughout each run and only consider detectable values. In cases of
relatively lower data spread, error bars may be hidden by data points.
Supporting data is provided in the Supporting Information (Table

S3).

wt % at 350 °C (>99, 89, and 44% degradation, respectively).
Processing at higher NaOH concentration can achieve near-
complete PFSA removal, similar to previous findings.””*’
Figure 3 summarizes a speciated breakdown of the %
distribution of residual PFCAs, PFECA, and polyFCAs
following HALT across all test conditions. Solid bars represent
detected and quantified values while textured portions
represent the MDLs of nondetect species. TFA, PFPrA, and
2233-TFPA were most often remaining in solution following
HALT, while 2333-TEPA, PEBA, PEPeA, and HFPO—DA
were never detected above MDLs. TFA appears to be the most
stable PFCA studied, and we hypothesize that the higher
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Figure 3. Distribution of PFCAs, PFECA, and polyFCAs following
HALT. The left y-axis corresponds to the stacked bars. Solid bars
represent detected values while textured bars represent the MDLs for
nondetect values. The right y-axis corresponds to the red data points
and represents the sum of PFCA, PFECA, and polyFCA
concentrations following HALT, including MDLs.

quantity of remaining PFPrA at 250 °C and 2 wt % NaOH is a
consequence of its relatively higher initial concentration (see
Figure 1). Based on previously observed trends in Austin et al.,
we expect all PFCAs to undergo an initial thermal
decarboxylation reaction, and that relatively longer-chain
PFCAs (e.g, PFBA) are more susceptible to thermal
decarboxylation than TFA.*®

The observed difference in concentrations of polyFCAs
2333-TFPA and 2233-TFPA remaining in solution following
HALT indicates that the susceptibility of the molecular
degradation of partially fluorinated compositions can change
as a function of H atom positioning on the fluorinated alkyl tail
(see Figure 1 for molecular structures). The disparity between
the two TFPA congeners is most apparent under the mildest
HALT conditions (250 °C, 2 wt % NaOH), where
approximately 390 ng/g 2233-TFPA remains in solution
while 2333-TFPA is undetected with an MDL of 34 ng/g.
This observed difference could be a consequence of
unmatched susceptibility to initial thermal decarboxylation or
could be due to degradation via uncommon mechanistic
pathways.

Fluorine Mass Balance Closure. While the degradation
of targeted species is critical in evaluating the efficacy of PFAS
removal, it is also imperative to obtain a complete fluorine
mass balance to account for other species formed throughout
treatment.*> Two critical components to account for total
fluorine (TF) are TOF and IF concentrations in solution,
which allow for the quantification of % defluorination (eq 2) as
well as % F mass recovery (eq 3). In this pursuit, a multiple-
lines-of-evidence approach was taken to quantify both TOF
and IF levels before and after HALT by leveraging several
analytical techniques (LC—MS/MS, CIC, IC, and PEF NMR
spectroscopy, Figure 4). For each HALT condition, the x-axis
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indicates the analytical technique used to quantify TOF values.
IF was determined by either IC or '”F NMR spectroscopy.
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Figure 4. % TOF and IF following HALT of solution type I
Theoretical [TF], was determined by [TOF], + [IF],. Analytical
methods used for quantification of [TOF], and [TOF] are shown on
the x-axis, along with the conditions of each test. For both LC—MS/
MS and CIC methods, IC was used for determining [IF]. "F NMR
quantified both TOF and IF. Error bars represent one standard
deviation of three samples taken throughout each experiment. Data
supporting this figure can be found in the Supporting Information
(Table S7).

First, CIC was evaluated as an analytical technique to
quantify % defluorination and % F-mass recovery (eq 3).
Across all NaOH loadings at 350 °C, high defluorination (92—
97%) and F-mass recovery (93—99%) were realized. Excep-
tional defluorination levels were also observed at lower
temperature. For instance, 2 wt % NaOH loading at 350 and
300 °C afforded 97 and 94% defluorination, respectively, with
excellent F-mass recovery (96—99%). However, dropping
temperature to 250 °C did show an appreciable decrease in
both defluorination (75%) and F-mass recovery (79%). Given
the high % degradation levels (96%) under these mildest
conditions, it is likely that the gap in F-mass balance is due to
volatile organic fluorine generation and losses from solution.

Another effective analytical technique for F-mass tracking is
F NMR spectroscopy. Excellent agreement between CIC and
F NMR spectroscopy methods for both % defluorination and
% F-mass recovery was found (93—99% and 92—99%,
respectively). LC—MS/MS analysis can also provide F-mass
balance information by conversion of speciated [PFAS] to
[TOF]. In all cases, LC—MS/MS showed slightly elevated %
F-mass recoveries. One potential explanation is slightly
depressed [TOF], relative to CIC and F NMR, which
could be a consequence of ion suppression. Despite this, good
agreement in % F-mass recovery across all three analytical
approaches was realized for optimized cases of 2 wt % NaOH
at 350 and 300 °C (93% and 90%, respectively).

Destruction and Defluorination Performance for
Solution Type Il. To better understand HALT efficacy across
a broader library of PFASs, type II solution was processed at
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one HALT condition (350 °C and 11 wt % NaOH, Table 1).
PFCAs, polyFCAs, and PFECA studied in solution type I were

Table 1. HALT of Solution Type II”

PFAS type % degraded” 9% TF° % TOF*
PFCAs >99 93¢ 0.30°
PFECA >99
polyFCAs >99 96 0.31°
PESAs 98
FASAs >99 96/ 0.15"
PESI >99

“Conditions of HALT: 350 °C, 11% NaOH. “Determined by LC—
MS/MS analysis. “Values are based on [TF], and the sum of % IF and
% TOF is % F mass-balance recovery. “Determined by IC analysis.
“Determined by CIC./Determined by 19F NMR analysis. Supporting
data is available in the Supporting Information (Table S8).

included in solution type I, in addition to PFHxA and PFOA.
TFEMS, PFBS, and PFOS accounted for the PFESA class. The
inclusion of fluoroalkyl sulfonamides (FASAs) MeFBSA and
FBSA, and perfluorosulfonimide (PFSI) TFSI provided an
expansion in PFAS functional groups studied (see Figure 1 for
solution type II details). As expected, PFSAs were most
recalcitrant (~98% removal) while PFCAs, PFECA, and
polyFCAs underwent >99% degradation with analytes
measuring nondetect levels with exception to TFA and
PFPrA (89 and 13 ng/g, respectively). FASAs MeFBSA and
FBSA underwent >99% degradation, indicating facile removal
of sulfonamide analytes. Lastly, PFSI (TFSI) showed removal
to nondetect levels (MDL = 2.0 ng/g). To the authors’
knowledge, the degradation of TFSI has not been reported
prior to this work.

The same multiple-lines-of-evidence approach for fluorine
mass balance highlighted in Figure 4 was taken for solution
type II (Table 1). CIC, YF NMR, and LC—MS/MS
determined 94—96% F-mass recovery by quantifying TOF
and IF concentrations before and after HALT. Exceptional
agreement of 97% across all three analytical methods was
realized.

Fate of Inorganic lons. The challenging nature of solution
types I and Il is, in part, a consequence of high concentrations
of inorganic salts NaCl, NaNO;, Na,SO,, and NaHCO,/
Na,CO; buffer (%10 wt % TDS). Tracking these ion
concentrations before and after HALT processing allowed
for assessment of any competing reactions, precipitate
formation, or production of other reaction byproducts. This
is relevant in the context of other PFAS destruction
technologies. For example, electrochemical oxidation is
known to form perchlorate when chlorides are plresent,23 and
the presence of inorganic ions can decrease the effectiveness of
UV-based processes, presumably as a consequence of lower
UV transmission as well as competitive dissolved electron
(ex7) scavenging.** In view of these concerns, initial (C,) and
final (C) concentrations were measured and normalized values
were compared for $0,*7, NO;~, and CI~ anions across all 6
conditions tested for solution type I (Figure S). For all
conditions, anion concentrations before and after processing
were nearly equivalent. Under the most aggressive treatment
conditions, we surmise that the 16 wt % NaOH load may have
contributed to a slight increase in chloride and sulfate levels as
a consequence of NaOH impurities. The lack of anion
concentration change before and after treatment suggests
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Figure S. Change in chloride, nitrate, and sulfate concentrations from
HALT. Initial (Cy) and final (C) concentrations are an average of
three samples taken throughout each run and error bars represent one
standard deviation of triplicate data points. Supporting data is

provided in the Supporting Information (Table S4).

that dissolved inorganic anions play a purely spectator role
during HALT processing.

Practical Implications. Many other PFAS destruction
technologies fail to effectively treat short- and ultra short-chain
PFASs, in some cases due to insufficient surface activity. For
example, plasma destruction relies on PFASs to migrate to a
liquid—gas interface at bubble surfaces where plasma is
discharged. Studies have shown that PFBA and shorter
PFASs are not effectively treated by plasma processing.”'
Electrochemical oxidation suffers from a similar limitation,
where reactions mostly take place near the solid—liquid
interface at electrode surfaces. UV-based processes reliant on
the formation of micelles will also not effectively address short-
chain and ultra short-chain PFASs, as C, PFCAs and shorter-
chain PFASs will not form micelles or will not effectively
migrate to micelles.

High TDS solutions also create treatment challenges,
notably for electrochemical oxidation and SCWO destruction
processes. Electrochemical oxidation readily generates per-
chlorates in chloride-rich liquids, which creates subsequent
treatment needs.”> SCWO processing takes place in the
supercritical phase of water, where the solubility of polar
compounds is very low (e.g., NaCl solubility is ~0.1 wt %).
SCWO processing of salty feedstocks therefore requires
excessive dilution, or advanced salt control strategies to
prevent salt precipitation and reactor clogging,*~*" Many of
these other technologies have excellent practical use cases in
other scenarios, but the simultaneous treatment of ultra short-
and short-chain PFASs in a high TDS solution proves a
challenge to most existing technologies.*®

This study demonstrates that HALT can effectively manage
PFAS-rich and high salt solutions, even when short- and ultra
short-chain PFASs are present. While more aggressive
treatment conditions are needed to effectively degrade and
defluorinate PFSAs, milder conditions are sufficient for treating
PECAs, polyFCAs, PFECAs, FASAs, and PFESIs. For instance,
2 wt % NaOH or lower appears to be sufficient for degrading
and defluorinating PFCAs, PFECAs, and polyFCAs; in real
treatment scenarios, this drastically reduces the chemical
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consumption (both alkali and conjugate acid) needed for the
HALT process. Overall, this study demonstrates that HALT
could be applied to treat IEX regeneration brines and
membrane reject streams where both high TDS and high
concentrations of ultra short- and short-chain PFASs may be
present.

HALT is one of very few PFAS destruction processes which
has now demonstrated the effective degradation and
defluorination of short- and ultra short-chain PFASs. A
multiple-lines-of-evidence approach by both targeted and
nontargeted analytical techniques was leveraged to show
complete conversion of PFASs to inorganic dissolved fluoride
during HALT treatment. No competing reactions with
dissolved ions are observed, and no salt precipitation occurs
in the subcritical liquid processing phase. Additionally, near-
stoichiometric dissolved fluoride production at optimized
conditions strongly indicates that HALT avoids the production
of VOFs, as supported by previous studies. PFCAs, PFECAs,
and polyFCAs are significantly more susceptible to degradation
via HALT processing compared to PFSAs, suggesting that mild
HALT with low NaOH loading can provide efficient and
effective treatment of high TDS wastewater streams without
significant quantities of PFSAs.

In the practical setting, this study demonstrates that HALT
can enable high-volume treatment of industrial wastewater
containing short- and ultra short-chain PFASs. Various
technologies, including RO membrane separation and
regenerable sorbents, can be used to separate and concentrate
PFASs from wastewater, and HALT technology can treat the
resulting PFAS-rich liquid with no observed deleterious
treatment impact imparted by high concentrations of non-
fluorinated inorganic salts. Recent trends in PFAS occurrence
and an evolving global regulatory environment strongly suggest
that effective treatment of ultra short and short-chain PFASs
will become a central focus in coming years.

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsestengg.4c00378.

Additional reagent information, analytical information
including instrumentation, method descriptions, and
validation procedures, experimental procedures, descrip-
tions and figures of the experimental apparatus, and
tabulated experimental data on PFAS and ion concen-
trations (PDF)

Corresponding Authors

Brian Pinkard — Aquagga, Inc, Tacoma, Washington 98402,
United States; Mechanical Engineering Department,
University of Washington, Seattle, Washington 98195, United
States; © orcid.org/0000-0002-4517-4712; Email: brian@
aquagga.com

Sean M. Smith — Specialty Materials Development
Laboratory, Corporate Research and Development, 3M
Company, Saint Paul, Minnesota 55144, United States;
Email: smsmith@mmm.com

2816

Authors

Phanasouk Vorarath — Specialty Materials Development
Laboratory, Corporate Research and Development, 3M
Company, Saint Paul, Minnesota 55144, United States

Tricia Smrz — Specialty Materials Development Laboratory,
Corporate Research and Development, 3M Company, Saint
Paul, Minnesota 55144, United States

Scott Schmick — Specialty Materials Development Laboratory,
Corporate Research and Development, 3M Company, Saint
Paul, Minnesota 55144, United States

Luke Dressel — Specialty Materials Development Laboratory,
Corporate Research and Development, 3M Company, Saint
Paul, Minnesota 55144, United States

Christopher Bryan — Global Environmental Health and
Safety, Corporate Research and Development, 3M Company,
Saint Paul, Minnesota 55144, United States

Mike Czerski — Aquagga, Inc, Tacoma, Washington 98402,
United States

Alex de Marne — Aquagga, Inc, Tacoma, Washington 98402,
United States

Ariella Halevi — Aquagga, Inc, Tacoma, Washington 98402,
United States

Cody Thomsen — Aquagga, Inc, Tacoma, Washington
98402, United States

Chris Woodruff — Aquagga, Inc, Tacoma, Washington
98402, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsestengg.4c00378

Author Contributions

1B. R. Pinkard and S. M. Smith contributed equally to this
manuscript. The manuscript was written by contributions of all
authors. All authors have given approval to the final version of
the manuscript. B. R. Pinkard and S. M. Smith contributed to
the conceptualization, project administration, supervision,
writing, data curation, and design of methodology employed
in this study. P. Vorarath, T. Smrz, S. Schmick, and L. Dressel
contributed to the investigation and resources employed in this
study. M. Czerski, A. de Marne, A. Halevi, and C. Thomsen
contributed to the investigation and resources employed in this
study. C. Bryan and C. Woodruff assisted with the supervision
and project administration for this study. All experiments were
performed by authors affiliated with Aquagga, Inc. All sample
and data analyses were performed by authors affiliated with 3M
Company.

Notes

The authors declare the following competing financial
interest(s): Authors BP, MC, AM, AH, CT, and CW are co-
owners and/or employees of Aquagga, Inc., which has a
pecuniary interest in the herein described technology. Authors
SS, PV, TS, SS, LD, and CB declare no competing financial
interests.

We thank Michael Terrazas (3M) and Michael Parent (3M)
for reviewing the manuscript.

(1) US EPA Office of Water. Proposed PFAS National Primary
Drinking Water Regulation. https://www.epa.gov/system/files/
documents/2023-04/PFAS%20NPDWR%20Public%20Presentation__
Full%20Technical%20Presentation_3.29.23 Final.pdf (accessed Feb
12, 2024).

https://doi.org/10.1021/acsestengg.4c00378
ACS EST Engg. 2024, 4, 2810-2818


https://pubs.acs.org/doi/10.1021/acsestengg.4c00378?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.4c00378/suppl_file/ee4c00378_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brian+Pinkard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4517-4712
mailto:brian@aquagga.com
mailto:brian@aquagga.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sean+M.+Smith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:smsmith@mmm.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Phanasouk+Vorarath"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tricia+Smrz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+Schmick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luke+Dressel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+Bryan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mike+Czerski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+de+Marne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ariella+Halevi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cody+Thomsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chris+Woodruff"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00378?ref=pdf
https://www.epa.gov/system/files/documents/2023-04/PFAS%20NPDWR%20Public%20Presentation_Full%20Technical%20Presentation_3.29.23_Final.pdf
https://www.epa.gov/system/files/documents/2023-04/PFAS%20NPDWR%20Public%20Presentation_Full%20Technical%20Presentation_3.29.23_Final.pdf
https://www.epa.gov/system/files/documents/2023-04/PFAS%20NPDWR%20Public%20Presentation_Full%20Technical%20Presentation_3.29.23_Final.pdf
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.4c00378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(2) Buck, R. C.; Franklin, J.; Berger, U.; Conder, J. M.; Cousins, 1.
T.; de Voogt, P,; Jensen, A. A; Kannan, K; Mabury, S. A; van
Leeuwen, S. P. Perfluoroalkyl and polyfluoroalkyl substances in the
environment: Terminology, classification, and origins. Integrated
Environ. Assess. Manag. 2011, 7 (4), 513—541.

(3) Ateia, M.; Maroli, A.; Tharayil, N.; Karanfil, T. The overlooked
short- and ultra short-chain poly- and perfluorinated substances: A
review. Chemosphere 2019, 220, 866—882.

(4) Bjornsdotter, M. K.; Yeung, L. W. Y.; Karrman, A.; Jogsten, 1. E.
Challenges in the Analytical Determination of Ultra Short-Chain
Perfluoroalkyl Acids and Implications for Environmental and Human
Health. Anal. Bionanal. Chem. 2020, 412, 4785—4796.

(5) Li, F.; Duan, J.; Tian, S; Ji, H.; Zhu, Y.; Wei, Z.; Zhao, D. Short-
Chain Per- and Polyfluoroalkyl Substances in Aquatic Systems:
Occurrence, Impacts and Treatment. Chem. Eng. ]. 2020, 380,
122506.

(6) European Chemicals Agency. ECHA Publishes PFAS Restriction
Proposal. https://echa.europa.eu/-/echa-publishes-pfas-restriction-
proposal (accessed Feb 19 2024).

(7) Tyrrell, N. D. A Proposal That Would Ban Manufacture, Supply,
and Use of All Fluoropolymers and Most Fluorinated Reagents within
the Entire EU. Org. Process Res. Dev. 2023, 27, 1422—1426.

(8) Park, M.; Wu, S.; Lopez, 1. J.; Chang, J. Y.; Karanfil, T.; Snyder,
S. A. Adsorption of perfluoroalkyl substances (PFAS) in groundwater
by granular activated carbons: Roles of hydrophobicity of PFAS and
carbon characteristics. Water Res. 2020, 170 (1), 115364.

(9) Cantoni, B.; Turolla, A.; Wellmitz, J.; Ruhl, A. S.; Antonelli, M.
Perfluoroalkyl substances (PFAS) adsorption in drinking water by
granular activated carbon: Influence of activated carbon and PFAS
characteristics. Sci. Total Environ. 2021, 795, 148821.

(10) Dixit, F.; Dutta, R.; Barbeau, B.; Berube, P.; Mohseni, M. PFAS
removal by ion exchange resins: A review. Chemosphere 2021, 272,
129777.

(11) Liu, C.; Zhao, X.; Faria, A. F.; Quifiones, K. Y. D.; Zhang, C,;
He, Q; Ma, J; Shen, Y,; Zhi, Y. Evaluating the efficiency of
nanofiltration and reverse osmosis membrane processes for the
removal of per- and polyfluoroalkyl substances from water: A critical
review. Sep. Purif. Technol. 2022, 302, 122161.

(12) Scheurer, M.; Nodler, K; Freeling, F.; Janda, J.; Happel, O.;
Riegel, M.; Muller, U,; Storck, F. R.; Fleig, M.; Lange, F. T.; Brunsch,
A.; Brauch, H.-J. Small, mobile, persistent: Trifluoroacetate in the
water cycle-Overlooked sources, pathways, and consequences for
drinking water supply. Water Res. 2017, 126, 460—471.

(13) Burns, D. J.; Stevenson, P.; Murphy, P. J. PFAS removal from
groundwaters using Surface-Active Foam Fractionation. Remed. J.
2021, 31 (4), 19-33.

(14) Zaggia, A.; Conte, L.; Falletti, L.; Fant, M.; Chiorboli, A. Use of
Strong Anion Exchange Resins for the Removal of Perfluoroalkylated
Substances from Contaminated Drinking Water in Batch and
Continuous Pilot Plants. Water Res. 2016, 91, 137—146.

(15) Woodard, S.; Berry, J.; Newman, B. Ion exchange resin for
PFAS removal and pilot test comparison to GAC. Remed. J. 2017, 27
(3), 19-27.

(16) Wujcik, C. E; Cahill, T. M,; Seiber, J. N. Extraction and
Analysis of Trifluoroacetic Acid in Environmental Waters. Anal. Chem.
1998, 70 (19), 4074—4080.

(17) Freeling, F.; Bjornsdotter, M. K. Assessing the environmental
occurrence of the anthropogenic contaminant trifluoroacetic acid
(TFA). Curr. Opin. Green Sustainable Chem. 2023, 41, 100807.

(18) Guan, Y.; Liu, Z,; Yang, N.; Yang, S.; Quispe-Cardenas, L. E.;
Liu, J.; Yang, Y. Near-complete destruction of PFAS in aqueous film-
forming foam by integrated photo-electrochemical processes. Nat.
Water 2024, 2, 443—452.

(19) Li, J.; Austin, C.; Moore, S.; Pinkard, B. R.; Novosselov, L. V.
PFOS destruction in a continuous supercritical water oxidation
reactor. Chem. Eng. ]. 2023, 451 (4), 139063.

(20) McDonough, J. T.; Kirby, J.; Bellona, C.; Quinnan, J. A.; Welty,
N.; Follin, J.; Liberty, K. Validation of supercritical water oxidation to
destroy perfluoroalkyl acids. Remediation 2022, 32, 75—90.

2817

(21) Singh, R. K.; Fernando, S.; Baygi, S. F.; Multari, N.; Thagard, S.
M.,; Holsen, T. M. Breakdown products from perfluorinated alkyl
substances (PFAS) degradation in a plasma-based water treatment
process. Environ. Sci. Technol. 2019, $3 (5), 2731—2738.

(22) Palma, D.; Richard, C.; Minella, M. State of the art and
perspectives about non-thermal plasma applications for the removal of
PFAS in water. Chem. Eng. J. Adv. 2022, 10, 100253.

(23) Barisci, S.; Suri, R. Evaluation of chlorate/perchlorate
formation during electrochemical oxidation of PFAS: The roles of
free chlorine and hydroxyl radical. J. Water Proc. Eng. 2022, S0,
103341.

(24) Fennell, B. D.; Mezyk, S. P.; McKay, G. Critical Review of UV-
Advanced Reduction Processes for the Treatment of Chemical
Contaminants in Water. ACS Environ. Au 2022, 2 (3), 178—205.

(25) Bentel, M. J; Yu, Y; Xu, L.; Li, Z.; Wong, B. M.; Men, Y.; Liu,
J. Defluorination of Per- and Polyfluoroalkyl Substances (PFASs) with
Hydrated Electrons: Structural Dependence and Implications to
PFAS Remediation and Management. Environ. Sci. Technol. 2019, 53
(7), 3718—3728.

(26) Gao, J; Liu, Z.; Bentel, M. J; Yu, Y.,; Men, Y,; Liu, J.
Defluorination of Omega-Hydroperfluorocarboxylates (w-HPFCAs):
Distinct Reactivities from Perfluoro and Fluorotelomeric Carbox-
ylates. Environ. Sci. Technol. 2021, 55 (20), 14146—141S5S.

(27) Wu, B; Hao, S; Choi, Y. J; Higgins, C. P; Deeb, R;
Strathmann, T. J. Rapid Destruction and Defluorination of
Perfluorooctanesulfonate by Alkaline Hydrothermal Reaction. Envi-
ron. Sci. Technol. 2019, 6 (10), 630—636.

(28) Austin, C; Purohit, A. L; Thomsen, C.; Pinkard, B. R;
Strathmann, T. J.; Novosselov, I. V. Hydrothermal destruction and
defluorination of trifluoroacetic acid (TFA). Environ. Sci. Technol.
2024, 58 (18), 8076—808S5.

(29) Hao, S; Choi, Y. J; Wu, B; Higgins, C. P.,; Deeb, R;
Strathmann, T. J. Hydrothermal Alkaline Treatment for Destruction
of Per- and Polyfluoroalkyl Substances in Aqueous Film-Forming
Foam. Environ. Sci. Technol. 2021, 55 (5), 3283—3295.

(30) Pinkard, B. R. Aqueous film-forming foam treatment under
alkaline hydrothermal conditions. J. Environ. Eng. 2022, 148 (2),
05021007.

(31) Hao, S.; Choi, Y. J.; Deeb, R.; Strathmann, T. J.; Higgins, C. P.
Application of Hydrothermal Alkaline Treatment for Destruction of
Per- and Polyfluoroalkyl Substances in Contaminated Groundwater
and Soil. Environ. Sci. Technol. 2022, 56 (10), 6647—6657.

(32) Soker, O.; Hao, S; Trewyn, B. G.; Higgins, C. P.; Strathmann,
T. J. Application of Hydrothermal Alkaline Treatment to Spent
Granular Activated Carbon: Destruction of Adsorbed PFASs and
Adsorbent Regeneration. Environ. Sci. Technol. Lett. 2023, 10 (5),
425—-430.

(33) Pinkard, B. R; Austin, C.; Purohit, A. L.; Li, J.; Novosselov, L
V. Destruction of PFAS in AFFF-impacted fire training pit water, with
a continuous hydrothermal alkaline treatment reactor. Chemosphere
2023, 314, 137681.

(34) Hao, S.; Reardon, P.; Choi, Y. J.; Zhang, C.; Sanchez, ]J. M,;
Higgins, C. P.; Strathmann, T. J. Hydrothermal Alkaline Treatment
(HALT) of Foam Fractionation Concentrate Derived from PFAS-
Contaminated Groundwater. Environ. Sci. Technol. 2023, 57 (44),
17154—17168S.

(35) Zhang, W.; Cao, H.; Subramanya, S. M.; Savage, P.; Liang, Y.
Destruction of Perfluoroalkyl Acids Accumulated in Typha latifolia
through Hydrothermal Liquefaction. ACS Sustainable Chem. Eng.
2020, 8 (25), 9257—9262.

(36) Organization for Economic Cooperation and Development.
Reconciling Terminology of the Universe of Per- and Polyfluoroalkyl
Substances: Recommendations and Practical Guidance. https://one.
oecd.org/document/ENV/CBC/MONO(2021)25/En (accessed Feb
13 2024).

(37) Kim, J.; Xin, X.; Mamo, B. T.; Hawkins, G. L.; Li, K.; Chen, Y.;
Huang, Q.; Huang, C.-H. Occurrence and Fate of Ultra short-Chain
and Other Per- and Polyfluoroalkyl Substances (PFAS) in Wastewater
Treatment Plants. ACS EST Water 2022, 2, 1380—1390.

https://doi.org/10.1021/acsestengg.4c00378
ACS EST Engg. 2024, 4, 2810-2818


https://doi.org/10.1002/ieam.258
https://doi.org/10.1002/ieam.258
https://doi.org/10.1016/j.chemosphere.2018.12.186
https://doi.org/10.1016/j.chemosphere.2018.12.186
https://doi.org/10.1016/j.chemosphere.2018.12.186
https://doi.org/10.1007/s00216-020-02692-8
https://doi.org/10.1007/s00216-020-02692-8
https://doi.org/10.1007/s00216-020-02692-8
https://doi.org/10.1016/j.cej.2019.122506
https://doi.org/10.1016/j.cej.2019.122506
https://doi.org/10.1016/j.cej.2019.122506
https://echa.europa.eu/-/echa-publishes-pfas-restriction-proposal
https://echa.europa.eu/-/echa-publishes-pfas-restriction-proposal
https://doi.org/10.1021/acs.oprd.3c00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.3c00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.3c00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.watres.2019.115364
https://doi.org/10.1016/j.watres.2019.115364
https://doi.org/10.1016/j.watres.2019.115364
https://doi.org/10.1016/j.scitotenv.2021.148821
https://doi.org/10.1016/j.scitotenv.2021.148821
https://doi.org/10.1016/j.scitotenv.2021.148821
https://doi.org/10.1016/j.chemosphere.2021.129777
https://doi.org/10.1016/j.chemosphere.2021.129777
https://doi.org/10.1016/j.seppur.2022.122161
https://doi.org/10.1016/j.seppur.2022.122161
https://doi.org/10.1016/j.seppur.2022.122161
https://doi.org/10.1016/j.seppur.2022.122161
https://doi.org/10.1016/j.watres.2017.09.045
https://doi.org/10.1016/j.watres.2017.09.045
https://doi.org/10.1016/j.watres.2017.09.045
https://doi.org/10.1002/rem.21694
https://doi.org/10.1002/rem.21694
https://doi.org/10.1016/j.watres.2015.12.039
https://doi.org/10.1016/j.watres.2015.12.039
https://doi.org/10.1016/j.watres.2015.12.039
https://doi.org/10.1016/j.watres.2015.12.039
https://doi.org/10.1002/rem.21515
https://doi.org/10.1002/rem.21515
https://doi.org/10.1021/ac9802123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac9802123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cogsc.2023.100807
https://doi.org/10.1016/j.cogsc.2023.100807
https://doi.org/10.1016/j.cogsc.2023.100807
https://doi.org/10.1038/s44221-024-00232-7
https://doi.org/10.1038/s44221-024-00232-7
https://doi.org/10.1016/j.cej.2022.139063
https://doi.org/10.1016/j.cej.2022.139063
https://doi.org/10.1002/rem.21711
https://doi.org/10.1002/rem.21711
https://doi.org/10.1021/acs.est.8b07031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b07031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b07031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ceja.2022.100253
https://doi.org/10.1016/j.ceja.2022.100253
https://doi.org/10.1016/j.ceja.2022.100253
https://doi.org/10.1016/j.jwpe.2022.103341
https://doi.org/10.1016/j.jwpe.2022.103341
https://doi.org/10.1016/j.jwpe.2022.103341
https://doi.org/10.1021/acsenvironau.1c00042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenvironau.1c00042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenvironau.1c00042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b06648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b06648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b06648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.9b00506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.9b00506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c09404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c09404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c06906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c06906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c06906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1061/(asce)ee.1943-7870.0001974
https://doi.org/10.1061/(asce)ee.1943-7870.0001974
https://doi.org/10.1021/acs.est.2c00654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c00654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c00654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.3c00161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.3c00161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.3c00161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemosphere.2022.137681
https://doi.org/10.1016/j.chemosphere.2022.137681
https://doi.org/10.1021/acs.est.3c05140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c05140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c05140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c03249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c03249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://one.oecd.org/document/ENV/CBC/MONO(2021)25/En
https://one.oecd.org/document/ENV/CBC/MONO(2021)25/En
https://doi.org/10.1021/acsestwater.2c00135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestwater.2c00135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestwater.2c00135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.4c00378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Engineering

pubs.acs.org/estengg

(38) Chow, S. J.; Ojeda, N.; Jacangelo, J. G.; Schwab, K. J. Detection
of Ultra short-Chain and Other Per- and Polyfluoroalkyl Substances
(PFAS) in US Bottled Water. Water Res. 2021, 201, 117292.

(39) Joudan, S.; Gauthier, J.; Mabury, S. A;; Young, C. J. Aqueous
Leaching of Ultra short-Chain PFAS from (Fluoro)polymers:
Targeted and Nontargeted Analysis. Environ. Sci. Technol. Lett.
2024, 11 (3), 237—-242.

(40) United States Environmental Protection Agency. Long-Chain
Perfluorinated Chemicals (PFCs) Action Plan. https://www.epa.gov/
assessing-and-managing-chemicals-under-tsca/long-chain-
perfluorinated-chemicals-pfcs-action-plan (accessed Feb 19 2024).

(41) Organization for Economic Cooperation and Development.
Portal on Per and Poly Fluorinated Chemicals. https://www.oecd.
org/chemicalsafety/portal-perfluorinated-chemicals/aboutpfass/ (ac-
cessed Feb 19 2024).

(42) Interstate Technology Regulatory Council. PFAS - Per- and
Poly-fluoroalkyl Substances: Physical and Chemical Proper-
ties.https://pfas-1.itrcweb.org/4-physical-and-chemical-properties/
(accessed Feb 19 2024).

(43) Smith, S. J; Lauria, M,; Higgins, C. P.; Pennell, K. D,;
Blotevogel, J.; Arp, H. P. H. The Need to Include a Fluorine Mass
Balance in the Development of Effective Technologies for PFAS
Destruction. Environ. Sci. Technol. 2024, 58 (6), 2587—2590.

(44) Uwayezu, J. N.; Carabante, L; van Hees, P.; Karlsson, P.;
Kumpiene, J. Validation of UV/persulfate as a PFAS treatment of
industrial wastewater and environmental samples. J. Water Proc. Eng.
2023, 53, 103614

(45) Voisin, T.; Erriguible, A.; Ballenghien, D.; Mateos, D.; Kunegel,
A.; Cansell, F.; Aymonier, C. Solubility of Inorganic Salts in Sub- and
Supercritical Hydrothermal Environment: Application to SCWO
Processes. J. Supercrit. Fluids 2017, 120, 18—31.

(46) Kritzer, P.; Dinjus, E. An assessment of supercritical water
oxidation (SCWO): Existing problems, possible solutions and new
reactor concepts. Chem. Eng. J. 2001, 83 (3), 207-214.

(47) Bermejo, M. D.; Cocero, M. J. Supercritical water oxidation: A
technical review. AICKE J. 2006, 52 (11), 3933—3951.

(48) Zheng, G.; Eick, S. M.; Salamova, A. Elevated Levels of Ultra
short- and Short-Chain Perfluoroalkyl Acids in US Homes and
People. Environ. Sci. Technol. 2023, 57 (42), 15782—15793.

2818

https://doi.org/10.1021/acsestengg.4c00378
ACS EST Engg. 2024, 4, 2810-2818


https://doi.org/10.1016/j.watres.2021.117292
https://doi.org/10.1016/j.watres.2021.117292
https://doi.org/10.1016/j.watres.2021.117292
https://doi.org/10.1021/acs.estlett.3c00797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.3c00797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.3c00797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/long-chain-perfluorinated-chemicals-pfcs-action-plan
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/long-chain-perfluorinated-chemicals-pfcs-action-plan
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/long-chain-perfluorinated-chemicals-pfcs-action-plan
https://www.oecd.org/chemicalsafety/portal-perfluorinated-chemicals/aboutpfass/
https://www.oecd.org/chemicalsafety/portal-perfluorinated-chemicals/aboutpfass/
https://pfas-1.itrcweb.org/4-physical-and-chemical-properties/
https://doi.org/10.1021/acs.est.3c10617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c10617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c10617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jwpe.2023.103614
https://doi.org/10.1016/j.jwpe.2023.103614
https://doi.org/10.1016/j.supflu.2016.09.020
https://doi.org/10.1016/j.supflu.2016.09.020
https://doi.org/10.1016/j.supflu.2016.09.020
https://doi.org/10.1016/S1385-8947(00)00255-2
https://doi.org/10.1016/S1385-8947(00)00255-2
https://doi.org/10.1016/S1385-8947(00)00255-2
https://doi.org/10.1002/aic.10993
https://doi.org/10.1002/aic.10993
https://doi.org/10.1021/acs.est.2c06715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c06715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c06715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.4c00378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

