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Abstract

Per- and polyfluoroalkyl substances (PFAS) have received increased attention due to their
environmental prevalence and threat to public health. Trifluoroacetic acid (TFA) is an ultra-short-
chain PFAS and the simplest perfluorocarboxylic acid (PFCA). While the US EPA does not
currently regulate TFA, its chemical similarity to other PFCAs and its simple molecular structure
make it a suitable model compound for studying the destruction of PFAS. We show that
hydrothermal processing in compressed liquid water degrades TFA at relatively mild conditions
(T =150 - 250 °C, P < 30 MPa), initially yielding gaseous products, such as CHFz and CO, that
naturally aspirate from the solution. Alkali amendment (e.g., NaOH) promotes the mineralization
of CHFs3, yielding dissolved fluoride, formate, and dissolved carbonate species as final products.
Fluorine and carbon balances are closed using Raman spectroscopy and fluoride ion selective
electrode measurements for experiments performed at alkaline conditions, where gas yields are
negligible. Qualitative FTIR gas analysis allows for establishing the degradation pathways;
however, the F-balance could not be quantitatively closed for experiments without NaOH
amendment. The kinetics of TFA degradation under hydrothermal conditions are measured,
showing little to no dependency on NaOH concentration, indicating that the thermal
decarboxylation is a rate-limiting step. A proposed TFA degradation mechanism motivates

additional work to generalize the hydrothermal reaction pathways to other PFCAs.

Keywords: PFAS, trifluoroacetic acid, fluoroform, hydrothermal, alkaline, reaction kinetics

Synopsis: TFA degradation under mild hydrothermal conditions yields gaseous CHF3z and CO.,

and alkali amendment rapidly mineralizes organic fluorine.
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1 Introduction

1.1 Background

Per- and polyfluoroalkyl substances (PFAS) are a group of recalcitrant compounds whose
widespread contamination, environmental persistence, and toxicity have triggered public health
concerns [1, 2]. Three PFAS, perfluorooctanesulfonic acid (PFOS), perfluorooctanoic acid
(PFOA), and perfluorohexanesulfonic acid (PFHxS), have been added to the Stockholm
Conventions list of persistent organic pollutants (POPs) [3], and the US EPA recently proposed
maximum contaminant levels (MCLs) for six PFAS, including PFOS, PFOA, PFHXxS,
perfluorononanoic acid (PFNA), perfluorobutanesulfonic acid (PFBS), and hexafluoropropylene
oxide-dimer acid (HFPO-DA), also known as GenX.

Though not on the list of regulated compounds, trifluoroacetic acid (TFA) is one of the most
common perfluorinated chemicals; as of 2006, between 1 and 10 million Ibs. are manufactured or
imported annually to the United States [4]. TFA is used as a solvent, an acid catalyst, and a reagent
in trifluoromethylation reactions. The trifluoromethyl group (CFz-) is also common in many
pharmaceutical compounds such as fluoxetine (Prozac®), agrochemicals (e.g., trifluralin [5, 6]),
refrigerants (e.g., R-134a), and most PFAS. Environmental degradation of these compounds and
longer-chain PFAS can yield TFA; it has also been detected as a byproduct of PFAS treatment in
supercritical water oxidation (SCWO) [7], plasma-based treatment [8], hydrothermal treatment [9,
10] and low-temperature treatment of PFCAs [11]. TFA is the smallest and simplest PFCA
molecule and is likely to follow similar reactivity as its longer chain analogues, which is attractive
for elucidating the primary reaction mechanisms of PFCAs.

Several end-of-life PFAS destruction technologies have been investigated, including

photocatalytic degradation [12], sonochemical destruction [13], plasma-based treatment [8],
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electrochemical oxidation [14, 15], and hydrothermal technologies [16]. Treatment methods that
rely on the partitioning behavior of PFAS do not readily degrade TFA. The hydrothermal
approaches treat the entire fluid volume and show greater promise; however, the reaction rates and
the routes for TFA and longer-chain PFCA destruction are only partially understood.

While LC-MS/MS methods are well established for PFAS analysis, rapid spectroscopic analysis
techniques can significantly expedite research and facilitate quantitative reaction kinetic studies.
Raman spectroscopy is well-suited for analyzing aqueous mixtures, as water has a weak Raman
spectrum, allowing for the rapid identification and quantification of mixture constituents.
Quantitative Raman spectroscopy relies on the principle that the magnitude of a molecule's Raman
signal is directly proportional to its molar concentration in the sampling volume. While Raman
spectroscopy was not previously used for studying the chemical kinetics of PFAS degradation, the
spectra peak heights or peak areas can be used to quantify species concentrations of parent
compounds and byproducts of the reaction [17]. These data can be used to determine the chemical
reaction Kinetics, as previously shown for organic acids [18], alcohols [19, 20], and chemical agent
surrogates [21]. The signal calibration and spectra deconvolution can be challenging for low
concentrations of analytes and complex mixtures, such as intermediates of the decomposition of
complex molecules [22]. Raman scattering is a weak phenomenon; thus, PFAS concentrations
must be relatively high (>mg/L) to generate useful data. TFA decomposition is particularly well-
suited for analysis by Raman spectroscopy due to the limited number of potential decomposition
products, their clear Raman signals, and their high solubility in the liquid phase.

Hydrothermal methods have been used to destroy PFAS in subcritical water under alkaline
conditions and supercritical water under oxidative conditions [7, 15, 23-25]. Hydrothermal

alkaline treatment (HALT) in batch reactors has been shown to destroy and defluorinate PFAS
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compounds in various matrices, including AFFF [26, 27], spent GAC [28], contaminated
groundwater [29], and foam fractionate [30]. The literature suggests second-order rate constants
for PFOA destruction and proposed second-order rate constants for PFOS at fixed T =350 °C [9,
24]. TFA is a suitable model compound for studying the reaction Kinetic rates and reaction
mechanisms; these can be extrapolated for more complex PFCAs (e.g., PFOA, PFNA).
Continuous flow HALT (CF-HALT) was demonstrated to treat PFAS-impacted fire training pit
water [31]. However, outside of this case study, the rates and the Kinetic pathways in the CF-HALT
process have not been presented in the literature. Continuous flow hydrothermal systems are
advantageous in practical applications and enable real-time process monitoring and control [32].
Related to PFAS treatment, continuous flow SCWO reactors show significantly higher destruction
efficiencies of neat PFAS [7, 15] than batch reactor experiments [33]. One possibility for higher
destruction rates is that mixing phenomena in continuous flow regimes provide better heat and
mass transfer required for reactions. At the same time, the bulk solution remains in the liquid phase
[34]. Additionally, a high surface-to-volume (S/V) ratio in the tubular reactors may be responsible
for catalytic wall effects, increasing reaction rates.

Motivated by the need to find effective PFAS treatment technologies and hypothesizing that the
decomposition pathways of TFA are analogous to the longer chain PFCAs, we studied TFA
decomposition in compressed subcritical water with and without alkali amendment. Two
continuous flow systems were used to evaluate the effect of the S/V ratio on the reaction rate.
Fluorine and carbon balance are tracked by combining Raman spectroscopy and fluoride ion
selective electrode (ISE). To capture byproducts that could be separated from the bulk liquid and

exist in the headspace, gaseous products were analyzed by Fourier transform infrared (FTIR)
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spectroscopy. The data were used to measure reaction kinetics and establish the mechanisms
controlling TFA degradation and mineralization.

2 Materials & Methods

2.1 Experimental Apparatus: Continuous Flow Hydrothermal Reactors

Two continuous-flow, tubular hydrothermal reactors with different surface-to-volume (S/V) ratios
were used for the experiments described herein. The two reactors were designed to achieve the
same operating conditions, e.g., temperature, pressure, and residence time (trs), with different
form factors and heating strategies. Testing in the two systems assesses the potential effects of
surface chemistry and informs the design of scaled-up hydrothermal reactors. Gas and liquid
effluent collected from both reactors were used to measure reaction rates and elucidate
transformation pathways. Reactor 1 was used to gather liquid samples. Reactor 2 operates with a
much higher throughput, generating more gaseous products during an experiment; the gas samples
from Reactor 2 are presented. Figure 1 shows the conceptual approach used in the study.

2.1.1 Reactor1

Reactor 1 uses a positive displacement SSI (Teledyne, LS-Class) HPLC pump to introduce the
feedstock (premixed TFA-NaOH solution) into an Inconel 600 (INC600) tubular reactor section,
with a length of 10 m, OD ~3.18 mm (1/8" inch tubing), internal volume 4.2mL, and a
S/IV ~ 26.3 cm™, see Figures S1 and S3 The heated reactor section is coiled and submerged in a
heated sand bath, held at a set temperature using a proportional-integral-derivative (PID)
controller. The type-K thermocouples measure the temperature in the sand bath and the reactor
tubing. The measurements of the reactor wall upstream and downstream of the coiled section
confirm that the reactor operates at near-isothermal conditions (AT <5 °C), appropriate for

studying the reaction kinetic rates. After exiting the heated section, the reaction products are
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rapidly cooled in a quenching section where the INC600 tubing is submerged in room-temperature
water. After quenching, products are throttled across a back-pressure regulator (BPR) and enter
the gas-liquid separator. The effluent is collected in glass scintillation vials. A 2 mL aliquot is
removed from the scintillation vial and put into a 2 mL polypropylene microcentrifuge tube. The

naturally aspirated gaseous products are collected in Tedlar™ bags.

No Alkali Fluoroform

) Gas Phase
Continuous Flow ( , ) _
Hyd rothermal Reactor | zj (CF3H, TFA) —NaOH:TFA = 20:1

0 e Tt
T>175C .
¢ \
TFA e

With Alkali
F in Solution

Figure 1: Conceptual diagram of the approach. Aqueous TFA solution is processed in a continuous flow
hydrothermal reactor at T > 175 °C, P = 25 MPa. Gaseous and liquid products were collected and
characterized to elucidate the reaction mechanism.

2.1.2 Reactor 2

A separate, larger flow rate reactor (Reactor 2) was used to evaluate the effect of the S/V ratio on
the kinetic rates of TFA degradation and the potential for scale-up. The throughput of ~0.5 - 3 gph
(0.032 - 0.19 Ipm) is based on the pump performance and heat exchanger design. A PFD and the
system images are shown in Figures S2 and S4. A high-pressure diaphragm metering pump

(LEWA, Leonberg, Germany) feeds a premixed TFA-NaOH solution through the reactor
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assembly, consisting of a counter-flow tube-in-tube recuperative heat exchanger and a welded
Inconel reactor section, with a S/V = 1.57 cm™. The influent is preheated in the heat exchanger
before it enters the reactor heated by three resistive band heaters. Type K thermocouples are placed
inside thermowells to measure fluid temperature and are used in PID controls. The effluent is
passed through a heat exchanger and cooled below 100 °C. The solution is throttled across the
BPR; the effluent stream is passed through a gas/liquid separator, the gas is collected in a Tedlar™
bag, and the liquid samples are collected in 50 mL centrifuge tubes. The zwes is found using an
approximated density at a given temperature and pressure for the internal volume of this reactor
(627 mL). The s in the heat exchanger during temperature ramp-up and cool-down is not
considered in the analysis of kinetic rates.

2.1.3 Reagents

Deionized (DI) water (resistivity, p = 18.2 MQ-cm) from ELGA PURELAB® Option-Q lab water
purification system was used for preparing all stock solutions. TFA (>99%, Thermo Fisher
Scientific) was used to prepare stock solutions for testing without further purification. 10 M-NaOH
solution (Supelco) was used for reagent preparation. LC/MS grade methanol (>99.9%, Optima),
LC/MS grade water (Optima), and HPLC grade ammonium acetate (>98%, Fisher) were used for
LC-MS/MS samples.

2.2 Experimental Procedures

Experimental procedures were the same for both reactor systems. The reactor was heated to the
experimental temperature while pumping DI water at the desired flow rate. Once the set
temperature was reached, the premixed TFA-NaOH solution was introduced. The samples were
collected after a prescribed time delay, allowing the reactants and products to flow through the

reactor and reach a steady-state effluent profile. The required sampling delay is based on the zyes

https://doi.org/10.26434/chemrxiv-2023-27389 ORCID: https://orcid.org/0000-0003-4519-3873 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-27389
https://orcid.org/0000-0003-4519-3873
https://creativecommons.org/licenses/by-nc-nd/4.0/

distribution curve, characteristic of the laminar flow regime, and considering the fluid density in
the hot and cold sections of the reactor [35]. Both reactors were operated in the T = 150 - 275 °C
range and at a pressure of 25 MPa to maintain the compressed liquid phase. The zres = 5- 40 min
was set by adjusting the pump flow rates. The TFA inlet concentration was 0.02 M (2.28 g/L) or
0.1 M (11.4 g/L) for Reactor 1 and 0.01 M (1.14 g/L) for Reactor 2. The molar concentration of
NaOH was varied in the 0 to 2 M range, corresponding to NaOH: TFA molar ratios of 0:1, 4:1,
and 20:1. SI Table 1 shows the experimental matrix.

2.3 Product Analysis

Raman Spectroscopy was performed on the liquid effluent. A MargMetrix® (AlIO-M72) Raman
system (MargMetrix, Seattle, WA) was used with a custom 1/8" sapphire BallProbe®. A 785 nm,
450 mW laser was used with an integration time of 10 s. The detector spectral range is 200-
3100 cm! with 8 cm™?! resolution (MargMetrix Inc., Seattle, WA). In-house code was used to
automatically subtract the spectrum's fluorescent baseline and deconvolute peaks [18, 22].
Additional details on the methods and calibration are shown in Figures S5 and S6. Liquid effluent
was also quantified using a quadrupole tandem mass spectrometer with a 2795 Alliance HT LC
system (LC-MS/MS; Waters, Milford, MA). The LC was equipped with a Zorbax Eclipse XDB-
C18 column (Agilent, Santa Clara, CA). A calibration curve was obtained in the 0.05-50 ppb range
using the unlabeled TFA, sodium salt standard (Cambridge Isotope, Tewksbury, MA). Each
effluent sample was diluted with LC-MS grade methanol (60%) and water (40%). The mobile
phase consisted of 10 mM ammonium acetate in water and 10 mM ammonium acetate in methanol.
LC-MS/MS protocols were previously reported [7].

Fluoride analysis was performed using fluoride ISE (Orion, 9609BNWP). All samples were

diluted in water and mixed with total ionic strength adjustment buffer 2 (TISAB 2) 50% (v/v).
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Calibration was performed before each experimental set using five dilutions in the 25 — 7000 pg/L
range. The pH was measured before and after the experiments see Figure S7.

Gas analysis was performed by FTIR (Perkin Elmer Frontier, Waltham, MA) equipped with a gas
cell (100x38 mm), Pike Technologies (Fitchburg, WI). The sample peaks in the mid-IR range
(4000 — 1000 cm'?) were scanned 30 times at a resolution of 0.5 cm™. The CaF, cell mirror limited
analysis to A > 1000 cm™. The gas sample was diluted ~1000x with argon and nitrogen to avoid
saturation of spectra. A laboratory blank sample was analyzed before every sample, and the gas
cell was flushed with air between runs.

3 Results & Discussion

3.1 Sample Analysis

A limited number of potential byproducts in the TFA decomposition allows for deconvolution of
spectra of Raman and FTIR spectra [19]. Figure 2 (a) shows the Raman spectra for liquid effluent,
NaOH:TFA = 4:1 (stoichiometric conditions for TFA mineralization), T =200 °C and varied
residence time; four species were detected in the effluent: TFA, formate (HCOO"), carbonate
(COs%), and bicarbonate (HCOs). As s increases, the TFA peaks decrease, and formate,
carbonate, and bicarbonate peaks increase. The ratio HCO3/CO3? increases with reaction time due
to NaOH consumption, as shown in Figure 2(a). At the NaOH:TFA = 20:1 condition (NaOH
excess), the HCOg3™ is absent in the effluent as the pH >> 10.3 (pKa2 of carbonic acid). Formate was

also observed in the effluent, in agreement with previous work on CHF3/ NaOH systems [36, 37].
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Figure 2: TFA decomposition products, Tres ~ 10min, T =200°C: (a) Raman spectra for the liquid samples 4:1
NaOH/TFA. (b) FTIR spectra for gas samples, NaOH / TFA = 0:1(no NaOH), show the presence of TFA,
COg2, and CHF3; NaOH / TFA = 20:1 (NaOH excess) shows only CO2 emissions. The 0:1 case FTIR spectra
are offset for presentation purposes.

Figure 2(b) shows the typical FTIR spectra of the gaseous sample for TFA degradation for 0:1
TFA/NaOH case (0 M and 0.00875 M) and 20:1 (0.175 M and 0.00875 M). Three gases were
identified: TFA, CHFs, and CO,. The peaks at A = 1150, 1209, 1380, and 3035 cm * indicate the
presence of fluorocarbons using the HITRAN and NIST databases. The 1150 and 1209 cm™ peaks
are associated with C-F stretches, indicating TFA vapors or CHF3 presence. The fluoroform is best
identified by 1380 cm™ and 3050 cm™ peaks as that C-H bend and stretch are specific only to
CHFs. The TFA-specific peaks are associated with C=0 stretch at 1850 ™, and CO; has a specific
double peak at ~2350 cm™. These cases demonstrate the production of CHF3 by hydrothermal
decarboxylation of TFA and mineralization by NaOH in a high pH environment. For the same
level of sample introduced to the FTIR, CO peaks are lower in the high NaOH condition, where
carbon was partially bound in water-soluble products. Note that Raman spectra show the presence
of carbonate ions as a final product at high pH conditions, while lower pH cases show both
carbonate and bicarbonate ions, see Figure 2(a).

3.2 Carbon and fluorine balance

Figure 3 shows the summed yields (%mol) for carbon- and fluorine-containing species measured

in the liquid phase. Gaseous carbon- and fluorine-containing species were identified but not
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analyzed quantitatively; thus, they were not incorporated into the mass balance. Figure 3(a) and
(b) show TFA degrades without alkaline amendment at T ~200 °C; inorganic carbon and fluoride
from the degraded TFA was not detected in the liquid phase. The carbon and fluorine from TFA
degradation are present in gaseous products as CO, and CHFg, as seen in the FTIR spectra in Figure
2(b).

Figure 3(c) and (d) show that a stoichiometric addition of NaOH vyields full recovery of carbon
and fluorine in the liquid effluent. The fluoride balance is close to 100% for all tested zres, Organic
fluorine products were not detected by FTIR in the gaseous phase. The balance of carbon-
containing products (COz% and HCO3") varies during the reaction with a change in pH (as the
NaOH is being depleted), see Figure 2, and the final ratio depends on the effluent's pH. Formation
of formate has been previously reported as the reaction product of fluoroform with NaOH [36, 37].
Previous studies also report CO as a product; however, none was detected in this study. Note that
LC/MS/MS analysis for selected experimental conditions of TFA concentration in the liquid

effluent closely matches the Raman measurements, see Table 1.
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Figure 3: Aqueous phase C- and F- balance vs. s, as measured by Raman and F-1SE in the liquid product.
The initial NaOH concentration: 0 M NaOH (a, b), 0.4 M NaOH (c, d), and 2 M NaOH (g, f). Reaction
conditions 0.1 M TFA, T =200 °C.
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Table 1: Comparison of sample concentrations in Reactor 1 runs at T = 200 °C using LC/MS-MS and Raman
Spectroscopy of the liquid effluent.

NaOH (M) Residence Time Conc. TFA by Conc. TFA by Percent
(min) Raman (M) LC/MS-MS (M) Difference (%)
0.4 10 0.063 0.054 16.2
0.4 5 0.094 0.085 10.1
0 10 0.074 0.070 4.9

3.3 TFA destruction Kinetics
Comparing the TFA destruction data from C- and F- mass balances, shown in Figure 3, the increase
in NaOH concentration does not appear to affect the rate of TFA disappearance. Thus, a two-step
global TFA mechanism in the NaOH-amended HALT environment can be proposed: (i) a rate-
determining thermal decarboxylation of TFA yielding CHF3 and CO>, followed by (ii) CHF3
mineralization by reaction with OH™:
CF;COOH - CF3H + CO, (R1)

CF;H +4NaOH — 3NaF + HCOONa + 2H,0 (R2)
We anticipate that other alkali amendments will likely have a similar effect to NaOH; however,
these were not investigated here.
The R1 reaction rate was previously investigated, most notably by Auerbach et al. [38] in ethylene
glycol and Belsky et al. [39] in high-pressure water (P = 275 bar). Both studies report that TFA
thermally degrades, yielding CHFz and COz at T > 180 °C. The study by Belsky et al. is especially
relevant as we can (i) extend the alkaline concentration range and (ii) compare the reaction rate
from their Ti and 316 SS custom flow cell reactors [40] to data from our tubular INC600 reactor,
S/V=533cm™L
The rates of fluoroform mineralization (step R2) were not directly quantified in this work. By
itself, fluoroform is thermally stable up to T ~ 900 °C as shown in shock tube experiments [41];

however, fluoroform can be degraded at T ~ 600°C by catalytic hydrolysis in the presence of water
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vapor [42]. Moreover, in the presence of alkali, the reaction has been reported to occur at
T ~ 150 °C [36, 37], which is lower than the temperature required for TFA decarboxylation (step
R1). Our experiments are consistent with these findings, e.g., the addition of 0.4 M NaOH leads
to stoichiometric formation of fluoride ion and a closed fluorine mass balance (100% + 6%) for all
tested conditions, indicating that the initial fluoroform reaction product from TFA reacts rapidly
with OH’, preventing its buildup and release from the reactor.

The first-order kinetic rate for hydrothermal decarboxylation (F;COOH — CF;H + C0O, ) was
determined using an Arrhenius approach, see Figure 4 (a). The rates for Reactor 1 were derived
using the data from three sets of experiments over the range of NaOH concentration (0 — 2M)
corresponding to stoichiometric ratios of NaOH: TFA (0:1, 4:1, 20:1). In our experiments, the

degradation rate for the parent TFA did not depend on the NaOH concentration and the best fit for

-Eq
Arrhenius rate constant, k = A et , is obtained with activation energy, E, = 191.1 £+ 7.8 kJ/mol,

and pre-exponential constant, A = 40.82 + 1.97 s, where R is the gas constant.

Figure 4(b) shows the Reactor 1 and 2 data, the TFA decarboxylation rates, and the TFA thermal
degradation rates previously measured in ethylene glycol [38] and hydrothermal Ti and 316 SS
[39] reactor are in excellent agreement with our data, indicating that the TFA decomposition rate
has little to no dependency on reaction media, wall material, or the amendments. To evaluate
possible catalytic effects of Inconel, the data from Reactor 1 (S/V = 26.3 cm ~!) and Reactor 2
(S/V =1.57 cm 1) were compared. Figure 4(b) shows Reactor 1 having a lower apparent rate;
however, it should be noted that zes for Reactor 2 did not include the time the liquid spent in the
recuperative heat exchanger during the preheat to operating temperature and cool down to the
temperature, so the apparent faster TFA destruction in Reactor 2 is likely due to the "shoulder

effect” in the temperature profile as a function of the flow time. The agreement with Belsky et al.
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from Ti and 316 SS reactors [39] further supports the conclusion that the hydrothermal

decarboxylation step (F;COOH — CF;H + C0,) does not depend on wall properties.
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Figure 4: Arrhenius plot of TFA thermal degradation in hot alkaline liquid water. Reactor 1 has Kinetics for
NaOH:TFA stoichiometric ratios of 0:1 and 4:1. Reactor 2 has a much lower surface area to volume ratio to
test any potential catalytic effect of the reactor wall materials.

3.4 Reaction Mechanism

In the absence or with sub-stoichiometric addition of alkaline, the hydrothermal decarboxylation
step leads to the formation of gaseous CHF3 and CO_ and water-soluble inorganic carbon products
COs? and HCOs". A rate-determining thermal decarboxylation yields CO2 and a CF3™ carbanion
species, the latter which rapidly abstracts a proton from water to form fluoroform (CHF3). This
product is volatile and will readily aspirate from neutral or acidic pH solutions. However, the
fluoroform product will rapidly react with OH" at higher pH conditions, and the CHFsz and HCO3"
are no longer observed:; in their place, we see F, HCOO", and additional CO3> (Figure 3). Repeated
nucleophilic substitution reactions release F, and dehydration of the resulting unstable gem-diol

yields the observed format (HCOQO") product.
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Although previous reports propose the formation of CO as a reaction product [43], we did not
observe any CO in the gas phase, consistent with the mechanism proposed here. Alternatively, the
yields were either below the detection limit, or any CO formed reacted rapidly with OH" to yield
the formate (CO + OH~ — HCOO™), which was observed in experiments with NaOH amendment.
Related to the hydrothermal treatment of PFCAs, the kinetics of C4 — C12 PFCAs in HALT have
been previously studied in batch reactors [9]. However, these studies did not report on analyzing
any gaseous species. We hypothesize that the general hydrothermal degradation reaction
mechanism will hold for longer-chain PFCAs; the intermediate step in degradation pathways will
yield the corresponding 1H-perfluoroalkane volatile organic fluorine species (VOFs), but the
addition of NaOH will rapidly defluorinate these species to F~ and a mixture of organic and
inorganic carbon species. Further work is needed to test this hypothesis and identify the range of

end products for different PFCAs.
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Figure 5: Proposed TFA reaction pathway for hydrothermal transformation and mineralization of TFA,
Including alkali-independent and alkali-dependent reaction steps. The products inside the dash lines are
observed experimentally.

The decarboxylation step of the proposed mechanism is likely generalizable to other PFCAs, e.g.,
in their 1950s paper, LaZerte et al. showed that PFCAs in the form F(CF2),COOH degrade to

F(CF2)nH when dissolved in water or ethylene glycol at elevated temperatures. This trend does not
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hold for the thermal degradation of PFCAs in gaseous form, which typically produces primary
perfluoroalkanes [44]. While there is evidence of the decarboxylation pathway for PFCAs, the
decomposition rates have not been reported. Additionally, the fate of these longer 1H-
perfluoroalkanes in a caustic environment has not been investigated. Application of rapid analysis
techniques, such as Raman and FTIR spectroscopy and the development of spectral libraries of

fluorine gases [45], can elucidate the kinetic mechanism of PFAS destruction.

3.5 Environmental Implications

A continuous flow HALT system enables high-throughput treatment of TFA in the waste stream
of industrial processes and environmental cleanup. TFA is one of the most abundant mass-
produced perfluorinated chemicals and is also found in the environment as a byproduct of
incomplete mineralization in several end-of-life PFAS approaches. Due to its simple chemical
structure, TFA serves as a suitable model compound and a benchmark for other PFCA.

The study shows the importance of the hydrothermal decarboxylation route yielding the
recalcitrant gas byproducts; thus, monitoring the process and ensuring these species' complete
mineralization is essential. Fluoroform, as well as longer 1H-perfluoroalkanes, have been detected
during hydrothermal PFAS treatment. By themselves, thermal methods (hydrothermal, SCWO, or
incineration) may not be sufficient to fully degrade the gaseous products. The alkaline amendment
aids the mineralization of volatile organic fluorine species, yielding dissolved fluoride as the stable
end product.

Results show strong temperature dependency on destruction kinetics. The presented kinetic rates

can be used to estimate process times required to achieve the required levels of destruction as a
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function of reactor temperature. Such information could be used in the design of scale-up reactors
and their optimization, e.g., energy consumption, corrosion propensity, etc.

Spectroscopic methods used in the study Raman and FTIR allow for rapid analysis and
identification of the liquid and gaseous species. Spectroscopic techniques can be utilized for in-

situ process monitoring and control to ensure complete PFAS mineralization.
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4 Figures
4.1 Figure S1: Process diagram for Reactor 1
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4.2 Figure S2: Process Diagram Schematic of Reactor 2. Heat exchanger is added for

heat recovery
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Figure S3: Photograph of Reactor 1, before the insulation and sand are added.
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Figure S5: Example of Raman deconvolution. Conditions: T=200C, Residence time =20min,
NaOH 0.4M. Note that the raw count has been shifted up 800 units for presentation purposes.

The sapphire signal is present, as the immersion Raman probe uses the Sapphire lens.

L Sapphire

6000 4 5000

5000 — Water
= 4 4000
3 HCO3
© 4000 |
5 ——Co03 1 3000 ¢
.8 S
= o
>
=) i o
g 3000 4 2000 =
C ©
g 2000 -
o < 1000

1000 | L/\ K / \ /\J

J\ A X
O A AL 4 A 1

500 750 1000 1250 1500 1750 2000
Raman Shift (m)

4.4 Figure S6: Raman Calibration Curves for all quantitatively measured species
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Figure S7: pH of 0.1M TFA samples treated at 200 °C.
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4.5 Figure S8: P-trap based Gas Sampling system of effluent stream. Argon used as a

dilutent.
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4.6 Figure S9: Raman and LC-MS/MS Comparison
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4.7 Figure S10: LC-MS/MS Details

5 Equations
5.1 Equation S1: Standard error of Slope

1 ,— )2
SEml)j S0-9) s1)

n—2 Y(x;—x)?

5.2 Equation S2: Standard error of y-intercept

1 n 2
SE(Bo) = \/(m) > —¥)? [ﬁ + m] (82)

https://doi.org/10.26434/chemrxiv-2023-27389 ORCID: https://orcid.org/0000-0003-4519-3873 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-27389
https://orcid.org/0000-0003-4519-3873
https://creativecommons.org/licenses/by-nc-nd/4.0/

6 Tables
6.1 Table S1: Full data table

NaOH | Temp | Res
[CFsCO0Ty | [CF:COO] | [CO+?] [HCO5] [HCOOT] F

(M) | (C) | (min)

0.0 | 185 | 40 0.102 0.085 0.000 0.000 0.000

00 | 193 | 10 0.096 0.091 0.000 0.000 0.000

0.0 | 198 5 0.096 0.088 0.000 0.000 0.000 0.000
00 | 203 | 10 0.096 0.074 0.000 0.000 0.000 0.001
00 | 206 | 20 0.096 0.047 0.000 0.000 0.000 0.001
0.0 | 206 | 40 0.096 0.013 0.000 0.000 0.000 0.003
0.0 | 205 5 0.096 0.079 0.000 0.000 0.000

00 | 213 | 10 0.096 0.054 0.000 0.000 0.000

0.0 | 220 5 0.102 0.047 0.000 0.000 0.000

04 | 178 | 10 0.106 0.105 0.008 0.000 0.000

04 | 181 | 20 0.106 0.094 0.018 0.000 0.010

04 | 182 | 40 0.106 0.091 0.030 0.000 0.019

04 | 193 5 0.106 0.094 0.015 0.000 0.007 0.027
04 | 204 | 10 0.106 0.063 0.049 0.000 0.041 0.147
04 | 206 | 20 0.106 0.038 0.068 0.012 0.064 0.217
04 | 207 | 40 0.106 0.007 0.010 0.094 0.078 0.284
04 | 213 | 10 0.106 0.032 0.063 0.012 0.061

04 | 220 5 0.106 0.024 0.049 0.039 0.066
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20 | 180 | 40 0.088 0.118 0.036 0.000 0.028
20 | 195 | 20 0.077 0.118 0.037 0.000 0.031
20 | 200 5 0.102 0.118 0.015 0.000 0.013 0.058
20 | 205 | 10 0.075 0.118 0.043 0.000 0.039 0.154
20 | 205 | 20 0.046 0.118 0.070 0.000 0.066 0.260
20 | 205 | 40 0.015 0.118 0.108 0.000 0.097 0.334
20 | 215 | 10 0.041 0.118 0.075 0.000 0.071
20 | 225 5 0.037 0.118 0.082 0.000 0.079
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