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Abstract

Per- and polyfluoroalkyl substances (PFASs) are widely used anthropogenic chemicals. For
environmental and toxicological analysis, it is important to understand the stability of PFASs,
including novel per- and polyfluoroalkyl ether acids (PFEAS), in commonly used solvents. In
this study, we investigated the effects of PFAS characteristics, solvent type, water-to-organic
solvent ratio, and temperature on the stability of 21 PFASs including 18 PFEAs. None of

the studied PFASs showed measurable degradation in deionized water, methanol, or isopropyl
alcohol over 30 days; however, nine PFEAs degraded in the polar aprotic solvents acetonitrile,
acetone, and dimethy| sulfoxide (DMSO). PFEA degradation followed first-order kinetics, and
first-order rate constants increased with increasing temperature and with decreasing water-to-
organic solvent ratio. Monoethers with a carboxylic acid functional group adjacent to a tertiary
carbon (>CF-COOH) degraded more rapidly than multiethers, in which the carboxylic acid
moiety was adjacent to repeating -CF,0- groups. In contrast, monoethers with a carboxylic
acid moiety adjacent to a secondary carbon (-CF,-COQH), were stable in all tested solvents.
Using high resolution mass spectrometry, we determined that PFEAs with a >CF-COOH group
were stoichiometrically decarboxylated in aprotic solvents and formed products with a >CFH
group; e.g., hexafluoropropylene oxide-dimer acid (HFPO-DA or GenX), HFPO-trimer acid,
and HFPOtetramer acid were stoichiometrically converted to Fluoroethers E-1, E-2, and E-3,
respectively. PFEA degradation results highlight the importance of solvent choice when preparing
dosing solutions and performing extractions for environmental and toxicological assessments of
PFEAs.
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INTRODUCTION

Per- and polyfluoroalkyl substances (PFASS) are a class of anthropogenic chemicals
produced and used since the 1940s.1 The unique stability and surface tension lowering
properties of PFASs have led to a variety of applications, including their use in firefighting
foams, metal plating, paper coatings, stain repellents, and fluoropolymer production.2-2

To date, almost 5,000 PFAS-related CAS numbers have been registered.10.11 Among the
PFASs, perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) are the
most widely studied. Concerns about their environmental persistence, bioaccumulation
potential, toxicity, mobility, and widespread occurrence have led to the phase out of the
production of PFOS, PFOA, their precursors, and other long-chain PFAAs starting in the
early 2000s.11-14 |n response, fluorochemical manufacturers have transitioned to producing
fluorinated alternatives, including shorter-chain homologues [e.g. perfluorohexanoic acid
(PFHxA)] of long-chain PFAAs and their precursors, as well as per- and polyfluoroalkyl
ether acids (PFEASs).13 For example, the ammonium salt of hexafluoropropylene oxide-
dimer acid (HFPO-DA) with the trade name “GenX” has replaced the ammonium salt of
PFOA as a processing aid in fluoropolymer production since about 2010, and HFPO-DA
has been detected in river water downstream of fluorochemical manufacturing sites.2:15-17
In North Carolina, HFPO-DA is also generated as a by-product during the production of
fluoropolymer building blocks and has been discharged into the Cape Fear River (CFR).518
Sun et al. (2016)° reported the average HFPO-DA concentration was 631 ng/L (range:
55-4,560 ng/L) in CFR water samples collected in 2013. Besides HFPO-DA, several other
manufacturing by-products, likewise generated during the production of fluoropolymers
and their building blocks, were discharged into the CFR. These manufacturing by-products
can be broadly classified as (1) perfluoroalkyl monoether carboxylic acids (mono-ether
PFECAS), (2) perfluoroalkyl multi-ether carboxylic acids (multi-ether PFECAS), and (3)

Environ Sci Technol. Author manuscript; available in PMC 2023 May 17.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Zhang et al.

Page 3

polyfluoroalkyl ether acids (Table 1, Table S1, Figure S1).5:18-21 A recent study reported
that among these manufacturing by-products, six PFEAs (i.e. Nafion byproduct 2, NVHOS,
HydroEVE, PFO30A, PFO4DA, and PFO5D0A) were commonly detected in blood serum
of residents living in downstream communities that rely on the CFR as a source of drinking
water.22

Homologues of HFPO-DA containing additional hexafluoropropylene units are also
associated with fluorochemical production.? For example, the trimer acid of HFPO,
hexafluoropropylene oxide-trimer acid (HFPO-TA, Table 1), is used as a processing aid

in fluoropolymer production and is an important building block in the synthesis of other
fluorinated products.21° The presence of HFPO-TA was reported in the effluent of a
fluoropolymer production plant in China and the concentration ranged from 5,200 to
68,500 ng/L, suggesting considerable amounts of this novel compound being produced in
China.21® Also, the tetramer acid of hexafluoropropylene oxide (HFPO-TeA, Table 1) has
been detected in a river near a fluoropolymer manufacturing facility, which was ascribed to
its active use as a polymerization aid or its presence as an impurity therein.23.24

The discovery of novel PFASs requires development of compound-specific methods to
conduct quantitative measurements of prevalence and assess the risk of toxicity. For these
analyses, it is important to understand the stability of PFASs, including novel PFEAS,

in organic solvents commonly used for stock standard solutions in analytical chemistry,
during sample preparation (e.g., solvent extraction of soils), or for dosing solutions in
toxicological studies. PFASs have long been known to be stable under a variety of
conditions. For example, a previous study observed perfluoroalkyl carboxylic acids (PFCAS)
and perfluoroalky! sulfonic acids (PFSAs) with chain length <10 to be stable (recovery =
79-110%) in water over a period of 28 days.2> Methanol or basic methanol is commonly
used when preparing PFAS stock solutions for environmental analysis.25-29 However, PFOA
and other PFCAs can form methyl esters in methanol if no base is added.2? In toxicological
studies, dimethyl sulfoxide (DMSO) is often used as a carrier solvent due to its low toxicity
and permeation across biological barriers.31-33 Recently, a few studies reported the apparent
loss of HFPO-DA in DMSO in toxicological studies,33-36 and Liberatore et al.3” found that
HFPO-DA degraded to an H-substituted ether derivative, Fluoroether E-1 (heptafluoropropyl
1,2,2,2-tetrafluoroethyl ether), in polar, aprotic solvents such as acetonitrile, acetone, and
DMSO. However, the stability of other PFEAs in commonly used solvents that are relevant
to environmental and toxicological analysis remains unknown.

In this study, we determined the stability of 21 PFASs including 18 PFEAs in solvents
including deionized water, methanol, acetonitrile (ACN), acetone, DMSO, and isopropyl
alcohol (IPA). Specific objectives were to (1) investigate the effects of PFAS characteristics,
solvent type, water-to-organic solvent ratio, and temperature on the stability of PFASs, (2)
determine reaction rate constants associated with the degradation of reactive PFASs, and

(3) identify degradation products for reactive PFASSs using both liquid chromatography-high
resolution mass spectrometry (LCHRMS) and gas chromatography-high resolution mass
spectrometry (GC-HRMS).
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MATERIALS AND METHODS

Materials

Twenty-one PFASs in four classes (i.e., 1 PFCA, 1 PFSA, 18 PFEAs and 1
fluorotelomer sulfonate) were studied (Table S1 and Figure S1). Analytical standards

of PFASs were obtained from Wellington Laboratories (Guelph, ON, Canada), Fluoryx
Labs (Carson City, NV), Cambridge Isotope Laboratories (Tewksbury, MA), The
Chemours Company (Wilmington, DE), and SynQuest Laboratories (Alachua, FL)

(see Table S1 for details). Isotopically labeled internal standards were purchased

from Wellington Laboratories (Guelph, ON, Canada). Analytical standards of 1,2,2,2-
tetrafluoroethyl trifluoromethyl ether (HFE 227), heptafluoropropyl 1,2,2,2tetrafluoroethyl
ether (Fluoroether E-1), 2H-perfluoro-5-methyl-3,6-dioxanonane (Fluoroether E2), and
2H-perfluoro-5,8-dimethyl-3,6,9-trioxadodecane (Fluoroether E-3) were obtained from
SynQuest Laboratories (Alachua, FL) (Table S2). All other chemicals and solvents were
purchased from Fisher Scientific (Hampton, NH) and Sigma-Aldrich (St. Louis, MO).

PFAS stability test

Analytical standards of PFASs were either used as received in methanol or deionized water
(Table S1), or they were diluted with methanol or deionized water to create PFAS stock
solutions. An aliquot of a 50 ng/uL stock solution containing an individual PFAS or PFAS
mixture (no differences were observed in experiments conducted with individual PFASs
and PFAS mixtures) was added to polypropylene (PP) tubes and evaporated to dryness in

a fume hood at room temperature (20.2°C) to eliminate effects of methanol or water on
degradation experiments. The PFAS residue was subsequently dissolved in 10 mL of solvent
[i.e. deionized water, methanol, acetonitrile (ACN), acetone, DMSO, or isopropyl alcohol
(IPA)] at room temperature to yield a starting concentration of ~50 ug/L. For experiments
involving various water-to-organic solvent ratios, solvents of different compositions (100%
organic solvent, 90:10% (v/v) or 80:20% (v/v) organic solvent:water) were added. Then,
PP tubes were vortexed and mixed to fully dissolve PFASs. Samples (100 L) were taken
from the PP tubes at times selected based on results of preliminary experiments to obtain
sufficient data points with measurable concentrations and to determine degradation rate
constants. Samples were diluted into 10 mL deionized water in PP tubes and stored at
room temperature until analysis. To determine the effect of temperature on PFAS stability,
experiments were conducted in constant temperature rooms at three temperatures [cold
(3.4°C), room (20.2°C), and hot (32.4°C)]. Upon evaporation of methanol from the stock
solution, PFAS residues were dissolved in solvents that had been previously brought to the
temperature of interest. Temperature was recorded at least four times during the experiment,
and the average temperature was reported. Experiments were not conducted at 3.4°C in
DMSO because its melting point is 19°C.

Liquid chromatography-mass spectrometry (LC-MS) analysis

LC-MS analysis was performed using an Agilent 1290 Infinity Il HPLC coupled to an
Agilent 6545 quadrupole time-of-flight (QTOF) mass spectrometer. Details of the analytical
method are described in the Supporting Information (Text S1). Authentic standards were
used to determine all PFAS concentrations. When possible, quantification was conducted
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with an isotope dilution approach, in which the analyte response was normalized to that of
an isotopically labeled analog.19-2! For other PFASS, the analyte response was normalized to
that of an isotopically labeled PFAS with an LC retention time similar to that of the analyte
(Table S1). Details of the PFAS quantitation and quality assurance/quality control (QA/QC)
are provided in the Supporting Information (Texts S2-S3).

Degradation product identification

To identify and quantify the degradation products of HFPO-DA, HFPO-TA, and HFPO-TeA,
an aliquot of a 5 mg/mL stock solution containing an individual HFPO acid homologue in
methanol was added to solvent (ACN, acetone, or DMSQ) in a 25-mL volumetric flask,
yielding a starting concentration of ~5 mg/L. The volumetric flask was inverted twice

to fully mix the added PFAS, and the first sample (tp, analyzed by LC-MS) was taken
immediately after mixing. Then, an aliquot from the volumetric flask was transferred to

a 20-mL headspace-free amber glass vial and stored at room temperature (20.2°C) for 5
days (d) to achieve complete degradation. After 5 d, samples were taken and analyzed

using a headspace gas chromatography-mass spectrometry (GC-MS) method. Details of the
headspace GC-MS method are provided in the Supporting Information (Text S4-S5).

To identify the degradation products of PMPA, PEPA, and multi-ether PFECAs (PFO2HXA,
PFO30A, PFO4DA, and PFO5D0A), an aliquot of a 0.1 mg/mL stock solution containing
an individual multi-ether PFECA was added to solvent (ACN, acetone, or DMSO) in a
2-mL glass vial, yielding a starting concentration of ~1 mg/L. Samples were stored at room
temperature (20.2°C) for 5 d for PMPA and PEPA, and ~60 d for four multi-ether PFECAs
to achieve complete or significant degradation. Subsequently, samples were analyzed by
GC-HRMS as described in the Supporting Information (Text S5).

RESULTS AND DISCUSSION
Effect of solvent type on PFAS stability

To assess the effect of solvent type on the stability of 21 PFASs (i.e., 1 PFCA, 1

PFSA, 18 PFEAs and 1 fluorotelomer sulfonate as shown in Table S1 and Figure S1),

batch experiments were conducted in deionized water and five organic solvents [methanol,
acetonitrile (ACN), acetone, DMSO, and isopropyl alcohol (IPA)] at room temperature
(20.2°C). None of the studied PFASs showed measurable degradation in deionized water
after ~30 d (Table S3). Percent recoveries for PFHxA and PFHXS in deionized water after
~30 d were 93 and 91%, respectively, in agreement with a previous study for PFCAs and
PFSAs with chain length < 10 (recovery = 79-110% in water in 28 d).25 In methanol and
IPA, PFHXA and PFHXxS were also stable, with recoveries of 98-100% in methanol and 99%
in IPA after ~30 d (Tables S4-S5). The latter results are also consistent with a previous
study indicating no measurable degradation of PFCAs and PFSAs with chain length < 8 in
solvents composed of water and methanol.? Furthermore, neither 6:2 FtS nor the 18 studied
PFEAs showed measurable degradation in methanol and IPA after ~30 d (Tables S4-S5).

In the polar aprotic solvents ACN, acetone, and DMSO, all of the branched mono-ether
PFECAs (PMPA, PEPA, HFPO-DA, HFPO-TA, HFPO-TeA) and all of the multi-ether

Environ Sci Technol. Author manuscript; available in PMC 2023 May 17.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Zhang et al.

Page 6

PFECASs (PFO2HxA, PFO30A, PFO4DA, PFO5D0A) degraded (Figure 1, Figure S3,
Tables S6-S8). Branched mono-ether PFECAs degraded most rapidly in acetone, followed
by ACN and DMSO (Figure 1 and Figure S3). For example, after 1 h (0.04 d), percent
recoveries of HFPO-DA were 25, 74, and 88% in acetone, ACN, and DMSO, respectively
(Figure 1a). Our observations for HFPO-DA are consistent with a previous study of HFPO-
DA degradation in polar aprotic solvents, with half-lives on the order of hours.3” Another
study used computational modeling and found decarboxylation of trichloroacetic acid was
likewise solvent-dependent, being most favored in polar aprotic solvents such as DMSO.38
The degradation of multi-ether PFECAs happened most rapidly in acetone, but degradation
rates were slower than those of branched mono-ether PFECAs. For example, after 21 d,
PFO4DA recoveries were 22, 77, and 77% in acetone, ACN, and DMSO, respectively
(Figure 1b).

Effect of PFAS characteristics on PFAS stability

PFHXxA and PFHXS did not display measurable degradation in the studied solvents over
~30 d at room temperature (20.2°C) (Tables S3-S8). The same was also observed for

6:2 fluorotelomer sulfonate (6:2 FtS) and all studied polyfluoroalkyl ether acids including
Nafion by-product 2, NVHOS, HydroEVE, ADONA, and F-53B. For example, percent
recoveries of polyfluoroalkyl ether acids were 92—104% in deionized water, 96-103% in
methanol, 96-106% in ACN, 95-105% in acetone, 93-104% in DMSO, and 102-108% in
IPA in ~30 d (Tables S3-S8).

Linear mono-ether PFECAs including PFMOAA, PFMOPrA, and PFMOBA, in which
the carboxylic acid moiety was adjacent to a secondary carbon (-CF,-COOH), also did
not exhibit measurable degradation in any of the studied solvents over ~30 d (Tables S3—
S8). In contrast, branched mono-ether PFECAS containing a carboxylic acid functional
group adjacent to a tertiary carbon (>CF-COOQOH), including PMPA (branched isomer of
PFMOPrA), PEPA (branched isomer of PFMOBA), and HFPO-DA, degraded rapidly in
ACN, acetone, and DMSO (Figure 2, Figures S4-S5, Tables S6-S8). For instance, in
ACN, percent recoveries of PMPA, PEPA, and HFPO-DA declined to 47, 35 and 26%,
respectively, after ~0.2 d (Figure 2a).

Other HFPO acid homologues [i.e. GenX (ammonium salt of HFPO-DA), HFPO-TA, and
HFPOTeA] also degraded rapidly in ACN, acetone, and DMSO (Figure 2b, Figures S4-S5).
For example, percent recoveries of HFPO-DA, GenX, HFPO-TA, and HFPO-TeA in ACN
were 26, 28, 53 and 46%, respectively, after ~0.2 d. Liberatore et al.3” proposed that HFPO-
DA degraded in aprotic solvents via a solvent-mediated proton transfer mechanism that was
facilitated by the H-bond accepting nature of the polar aprotic solvents ACN, acetone, and
DMSO. In our study, rates of HFPO-DA and GenX decomposition were practically identical
(Figure 2b), suggesting that protonation of the polar, aprotic solvents was possible regardless
of whether the proton was associated with the -COOH group of HFPO-DA or with the NH4*
cation of GenX (see Figure S1 for HFPO-DA and GenX structures).

Multi-ether PFECAs, in which the carboxylic acid was adjacent to repeating -CF,0- groups
(i.e. PFO2HxA, PFO30A, PFO4DA, and PFO5D0A), degraded at a rate that was ~2 orders
of magnitude slower than that of branched mono-ether PFECAs (Figure 2¢). Furthermore,
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there was no correlation between degradation rate and chain length for multi-ether PFECAs.
For example, after ~30 d, percent recoveries of PFO2HxA, PFO30A, PFO4DA, and
PFO5DoA dropped to 67, 66, 60, and 67%, respectively, in ACN (Figure 2c).

Kinetics and reaction order

To determine the reaction order for the degradation of branched mono-ether PFECAS (i.e.
PMPA, PEPA, HFPO-DA, and GenX) and multi-ether PFECAs (i.e. PFO2HxA, PFO30A,
PFO4DA, PFO5D0A, HFPO-TA, and HFPO-TeA) in ACN, acetone, and DMSO, we
performed kinetic experiments with HFPO-DA at different initial concentrations (10, 50,
and 100 pg/L) in ACN, acetone, and DMSO (Figure S6), and experiments at initial
concentrations of 10 and 50 pg/L were conducted in duplicate. Degradation rates at the
tested initial concentrations were similar and did not exhibit consistent changes with initial
concentration (Figure S6). Furthermore, degradation rates were linear when log-transformed
concentrations were plotted as a function of time. Thus, the degradation of branched mono-
ether PFECAs and multi-ether PFECAs in ACN, acetone, and DMSO can be expressed by
first-order Kinetics (Text S6). First-order rate constants (4) for the degradation of mono- and
multi-ether PFECASs in ACN, acetone, and DMSO are summarized in Table 2 and Table

S9 along with 95% confidence intervals. For example, & values describing the degradation
of PMPA were 3.03, 19.2, and 2.00 d~1 in ACN, acetone, and DMSO, respectively (Table
2). These kvalues translate into PMPA half-lives that range from 52 min in acetone to

8.3 hours in DMSO. For branched mono-ether PFECAS, k values increased with increasing
chain length; e.g. kA values for HFPO-DA were approximately twice those of PMPA in
acetone and DMSO. For the HFPO acid homologues GenX, HFPO-TA, and HFPO-TeA,
kvalues were in the same order of magnitude as those for HFPO-DA. For example, in
acetone, the first-order rate constants were 47.9, 27.8, and 32.1 d™1 for GenX, HFPO-TA,
and HFPO-TeA, respectively (compared with & = 45.4 d~1 for HFPO-DA). Thus, half-lives
of the tested HFPO acid homologues range in acetone from about 21 min for GenX to

36 min for HFPO-TA. For multi-ether PFECAs, first-order rate constants were several
orders of magnitude lower than those for branched monoether PFECAs, i.e. 0.0128-0.0170
d~1in ACN, 0.0578-0.106 d~1 in acetone, and 0.0139-0.0195 d~1 in DMSO (Table 2).
Corresponding half-lives of multi-ether PFECAs were 41-54 d in ACN, 6.512 d in acetone,
and 36-50 d in DMSO. No correlations were found between 4 values and the chain length of
multi-ether PFECAs (Table 2).

Effect of water-to-organic solvent ratio on PFAS stability

To assess the impact of water-to-organic solvent ratio on PFAS stability, we conducted
experiments with branched mono-ether PFECAs (PMPA, PEPA, and HFPO-DA) and multi-
ether PFECAs (PFO2HxA, PFO30A, PFO4DA, and PFO5D0A) in ACN, acetone, and
DMSO with different compositions (100% organic solvent, 90:10% (v/v), and 80:20% (v/v)
organic solvent:water). Increasing water-to-organic solvent ratio led to a decrease in the
degradation rate of branched mono-ether PFECAs in ACN, acetone, and DMSO (Figure 3,
Figures S7-S8, Table S10). For instance, in 100% ACN, k for HFPO-DA was 4.96 d~1;

in 90% ACN+10% water, it was 0.0380 d~1; and in 80% ACN+20% water, HFPO-DA
degradation was negligible after ~30 d (Figure 3a, Table S10). Thus, the half-life of HFPO-
DA increased from 3.4 h in 100% ACN to 18 d in 90:10% (v/v) ACN:water. Results
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obtained for HFPO-DA, PEPA, and PMPA with 80% ACN+20% water suggest that ACN
can be used as a solvent for sample preparation (e.g. extraction of food samples, preparation
of blood serum samples) as long as the water content of the sample exceeds 20%. However,
degradation of HFPO-DA, PEPA, and PMPA would remain a concern for acetone and
DMSO even when the water content is 20%.

Results of degradation experiments conducted with multi-ether PFECAs (PFO2HXA,
PFO30A, PFO4DA, and PFO5D0A) in ACN, acetone, and DMSO at different water-to-
organic solvent ratios are depicted in Figure S9. After ~30 d, multi-ether PFECA recoveries
ranged from 60-67% in 100% ACN, 0-19% in 100% acetone, and 52-63% in 100%
DMSO. However, adding 10 or 20% water to solvents led to no measurable degradation

of multi-ether PFECAs after ~30 d (Figure S9). Overall, increasing the water percentage

in ACN, acetone and DMSO led to substantial decreases in PFECA degradation rates.
Liberatore et al.3” suggested that protic solvents, such as water, stabilize the carboxylic
acid moiety of PFECAs via hydrogen-bonding, and observing increased PFECA stability
with increasing water content in ACN, acetone, and DMSO is consistent with the suggested
stabilization mechanism.

Effect of temperature on PFAS stability

Experiments were conducted to evaluate the effect of temperature [cold (3.4°C), room
(20.2°C), and hot (32.4°C)] on the stability of branched mono-ether PFECA (i.e. PMPA,
PEPA, and HFPODA) in ACN, acetone, and DMSO. Calculated first-order rate constants
are shown in Table S11. A positive correlation between first-order rate constants and
temperature (from 3.4 to 32.4°C) was observed for PMPA, PEPA, and HFPO-DA in ACN,
acetone, and DMSO. For instance, first-order rate constants describing the degradation of
HFPO-DA in ACN were 0.383, 4.96, and 31.8 d™1 at 3.4, 20.2, and 32.4°C, respectively
(Table S11). In DMSO, experiments were not conducted at 3.4°C because the melting point
of DMSO is 19°C. Compared with HFPO-DA, similar patterns were observed for PMPA and
PEPA,; i.e., kvalues describing the degradation rates of PMPA and PEPA in ACN, acetone,
and DMSO increased with increasing temperature (Table S11).

The temperature-dependence of first-order rate constants describing the degradation of
branched mono-ether PFECAs in ACN, acetone, and DMSO was described by the Arrhenius
equation (Text S7). Arrhenius plots for PMPA, PEPA, and HFPO-DA in ACN, acetone, and
DMSO are depicted in Figure 4 and Figures S10-S11, and the corresponding activation
energies and pre-exponential factors are shown in Table S12. The activation energies for
PMPA, PEPA, and HFPO-DA degradation in ACN were similar at 108.8, 108.5, and

106.7 kJ/mol, respectively, suggesting chain length had no effect for branched mono-ether
PFECAs (Figure 4a, Table S12). For HFPO-DA, activation energies were 106.7, 112.0, and
147.1 kdJ/mol in ACN, acetone, and DMSO, respectively, suggesting solvent effects were
small (Figure 4b, Table S12).

Degradation product identification

We observed the degradation of branched mono-ether PFECAs (PMPA, PEPA, and HFPO-
DA), HFPO acid homologues (HFPO-TA, and HFPO-TeA), and multi-ether PFECAS
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(PFO2HXA, PFO30A, PFO4DA, and PFO5DoA) in polar, aprotic solvents (i.e. ACN,
acetone, and DMSO). To identify degradation products, reactive PFASs were contacted with
polar aprotic solvents for 5 days, after which time samples were analyzed by GC-Orbitrap
HRMS (Figure 5, Figures S12-S16). When PMPA degraded in acetone, the GC-Orbitrap
total ion chromatogram (TIC) for the sample collected after 5 days exhibited a new
chromatographic peak with a retention time of 1.73 min, consistent with the retention

time for 1,2,2,2-tetrafluoroethyl trifluoromethyl ether (HFE 227) (Figure 5). Also, the most
abundant ion in the mass spectrum (/m/z = 166.99269) for the PMPA degradation product in
acetone matched that for the HFE 227 standard (/2= 166.99259), which was identified as
the [M-F]* ion of HFE 227 (Figure 5). Other prominent ions in the mass spectrum for the
PMPA degradation product in acetone included /m/z=68.99472 and 101.00096. Annotation
of the spectra with predicted structures based on exact mass and anticipated components
reveals the likely chemical identity of these fragments as CF3 and CoHF4; and each of

these formulas is a subset of the molecular precursor (HFE 227, C3HOF7). Retention times
and abundance ratios were consistent between the observed PMPA degradation product and
the HFE 227 standard, thus demonstrating that PMPA transformed to HFE 227 in acetone.
Similarly, in ACN and DMSO, TIC and mass spectra show PMPA transformed to HFE 227
(Figure S15). The GC-Orbitrap TIC and mass spectrum of the PEPA degradation product in
acetone are shown in Figure S16. We hypothesized PEPA transformed in aprotic solvents via
decarboxylation, and the proposed molecular structure of the degradation product is depicted
in Figure S16.

We observed the formation of Fluoroethers E-1, E-2, and E-3 from the degradation of
HFPO-DA, HFPO-TA, and HFPO-TeA, respectively, in polar, aprotic solvents including
ACN, acetone, and DMSO (TICs and mass spectra are shown in Figures S12-S14). For
example, the TIC exhibits chromatographic peaks with a retention time of 1.90 min

for the degradation product of HFPODA in acetone, consistent with the retention time

for Fluoroether E-1 (Figure S12). The most abundant feature for HFPO-DA degradation
product in acetone is 266.98624, which was identified as the [M-F]* ion of Fluoroether

E-1. Similarly, TICs and mass spectra show HFPO-TA and HFPO-TeA transformed to
Fluoroethers E-2 and E-3, respectively, in ACN, acetone, and DMSO (Figures S13-S14).

A GC-triple quadrupole MS was used to quantify concentrations of Fluoroethers E-1,

E-2, and E-3 resulting from the degradation of HFPO-DA, HFPO-TA, and HFPO-TeA,
respectively, in aprotic solvents. The rapid disappearance of HFPO-DA was accompanied by
the formation of Fluoroether E-1, with molar yields of 129% * 14% in ACN, 120% + 26%
in acetone, and 92% + 3% in DMSO in 5 d (Table S13). Similarly, the degradation of HFPO-
TA and HFPO-TeA was accompanied by the stoichiometric formation of Fluoroether E-2
and E-3, respectively. For example, molar yields of Fluoroether E-2 from the degradation of
HFPO-TA were 90% + 13% in ACN, 109% + 16% in acetone, and 84% + 16% in DMSO
(Table S13).

To gain insights into the degradation mechanism, we conducted experiments with (1) HFPO-
DA, (2) HFPO-TA, (3) HFPO-TeA, and (4) a mixture of Fluoroethers E-1, E-2, and E-3
(control experiment) in fully deuterated acetone (detailed in Text S4), and the abundance

of [M-F]* and [M-F+1]* ions for Fluoroethers E-1, E-2, and E-3 was determined (Table
S14). Compared to the control experiments conducted with Fluoroethers E-1, E-2, and
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E-3, for which percentages of the heavy isotopologue [M-F+1]* were consistent with the
natural abundance (1.109%) of 13C (Table S14), percentages of the heavy isotopologues
were substantially higher when Fluoroethers E-1, E2, and E-3 were produced from the
degradation of HFPO-DA, HFPO-TA, and HFPO-TeA in deuterated acetone (Table S14).
As proposed by Liberatore et al. (2020),37 the degradation of HFPO-DA likely involves

the formation of a carbanion intermediate, and this carbanion has nucleophilic properties.3?
Formation of the carbanion may be a result of proton transfer from the carboxylic acid
group of HFPO-DA to the ketone oxygen of acetone and subsequent CO, elimination from
deprotonated HFPO-DA, 37 or it may result from an addition/elimination reaction analogous
to the haloform reaction (Figure S17).40 The latter may involve the nucleophilic addition

of the aprotic polar solvent (e.g. acetone) and/or hydroxide (if trace levels of water were
present, which is likely, e.g. from humidity in ambient air), followed by the elimination of a
carbocation in the case of acetone or water and CO, in the case of hydroxide (Figure S17).
Finally, the carbanion abstracts H* or D* from the protonated solvent,3 the carbocation,
and/or water (Figure S17). If hydroxide served as a nucleophile, both light and heavy
hydroxide (OH", OD") may have been present as a result of H/D interchanges*! between
trace levels of H,O and deuterated acetone, such that both light and heavy water could have
served as a source of H*/D* for the formation of Fluoroether E-1. Alternatively, formation
of heavy Fluoroether E-1 suggests that the carbanion not only abstracts H associated with
the oxygen of protonated acetone3” or the carbocation (Figure S17), but also deuterium from
deuterated methyl groups followed by rearrangement to form a -CD,H group (Figure S17).
Similar reactions can explain the formation of Fluoroethers E-2 and E-3 from HFPO-TA
and HFPO-TeA, respectively. Based on averages of triplicate experiments, the prevalence
of heavy isotopologues increased with increasing chain length of the degradation products
(Table S14). Because of higher variability in the data, only the increase from Fluoroether
E-1 to Fluoroether E-3 was statistically significant and was likely due to isotopologues
containing 13C.

For multi-ether PFECAs (PFO2HxXA, PFO30A, PFO4DA, and PFO5D0oA), we were unable
to identify degradation products in aprotic solvents. We analyzed total ion chromatograms
and extracted ion chromatograms for fragments anticipated for the possible breakdown
structures and typical to fluorinated compounds (i.e. 77/7=68.99466, CF3*) obtained on
high-resolution and lowresolution GC-MS and the LC-HRMS instruments. However, no
byproducts were detected, possibly because of low responses and/or incompatibility with
analytical methods as described in detail in Text S5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SYNOPSIS

Nine of 18 evaluated per- and polyfluoroalkyl ether acids degraded in three organic
solvents commonly used in environmental and toxicological studies.

Environ Sci Technol. Author manuscript; available in PMC 2023 May 17.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Zhang et al.

Page 15

Implications

We assessed the stability and reactivity of 21 PFASs including 18 novel PFEAS in six
solvents commonly used in toxicology and environmental analytical chemistry (deionized
water, methanol, IPA, ACN, acetone, and DMSQO). All selected PFASs were stable in
deionized water, methanol, and IPA at room temperature over a period 30 days; however,
nine of the selected PFEAs degraded in the polar aprotic solvents ACN, acetone, and
DMSO. PFEA half-lives in pure solvents ranged from 0.35 hours for GenX in acetone

to 54 d for PFO30A in ACN. Results of this study highlight that solvent selection is
important when preparing (1) PFEA dosing solutions for toxicological studies, (2) stock
standard solutions for calibrating analytical instrumentation for quantitative analysis of
PFEAs, and (3) environmental or biological samples by solvent extraction, liquid-liquid
extraction, or solid-phase extraction approaches. PFEA degradability in aprotic solvents
can be mitigated by the presence of water and by low temperatures. Further research
should focus on identifying the mechanism(s) involved in PFEA degradation to support
the development of models that can predict (1) the stability of a wide range of PFASs

in solvents of interest and (2) the formation of degradation products. Furthermore,

future research could explore whether solvent-mediated processes can be used for PFAS
destruction.
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Figure 1.

Stability of (a) HFPO-DA and (b) PFO4DA in water, methanol, isopropyl alcohol (IPA),
dimethyl sulfoxide (DMSO), acetonitrile (ACN), and acetone at room temperature (20.2°C).
The inset in panel (a) shows the stability of HFPO-DA in water, methanol, and IPA. Curves
describe results of first-order kinetic models, and the corresponding rate constants are

given in Table 2. To facilitate comparability, all analyte concentrations were normalized

to the initial concentration (Ci/Cg). Error bars represent standard deviations of duplicate
measurements. See Figure S1 for compound structures.
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Stability of perfluoroalkyl ether carboxylic acids (PFECAS): (a) mono-ether PFECAsS,

(b) HFPO acid homologues, and (c) multi-ether PFECASs in acetonitrile (ACN) at room
temperature (20.2°C). Curves describe results of first-order kinetic models, and the
corresponding rate constants are given in Table 2. HFPO-DA is plotted in both panels

(@) and (b) for comparison. To facilitate comparability, all analyte concentrations were
normalized to the initial concentration (C/Cg). Error bars represent standard deviations of
duplicate measurements. See Figure S1 for compound structures.
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Stability of HFPO-DA in (a) acetonitrile (ACN), (b) acetone, and (c) dimethyl sulfoxide
(DMSO) with different water-to-organic solvent ratios at room temperature (20.2°C). Curves
describe results of first-order kinetic models, and the corresponding rate constants are given
in Table 2 and Table S10. The inset in each panel highlights data for HFPO-DA in 100%
organic solvent. To facilitate comparability, all analyte concentrations were normalized

to the initial concentration (Ci/Cg). Error bars represent standard deviations of duplicate
measurements. See Figure S1 for compound structures.
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(a) Arrhenius plots describing the temperature-dependence of first-order rate constants of
HFPO-DA, PEPA, and PMPA in acetonitrile (ACN) at three temperatures [cold (3.4°C),
room (20.2°C), and hot (32.4°C)]; and (b) the Arrhenius plot of the first-order rate constants
of HFPODA in ACN, acetone, and dimethyl sulfoxide (DMSO). The first-order rate
constants at different temperatures are given in Table S11. Temperature was recorded at
least four times during the test and average temperature was reported. Experiment was not
conducted at 3.4°C in DMSO due to the high melting point of DMSO (19°C). See Figure S1
for compound structures.
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Figure 5.

(A) GC-Orbitrap total ion chromatogram (TIC) comparisons of 1,2,2,2-Tetrafluoroethyl

trifluoromethyl ether standard (top) and degradation product of PMPA in acetone in 5
days in black color and acetone blank in gray color (bottom); (B) mass spectra of 1,2,2,2-
Tetrafluoroethyl trifluoromethyl ether standard (top) and degradation product of PMPA in
acetone in 5 days (bottom); (C) mass spectra list of 1,2,2,2-Tetrafluoroethyl trifluoromethyl
ether standard (top) and degradation product of PMPA in acetone in 5 days (bottom).
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Table 1.

Examples of per- and polyfluoroalky ether acids (PFEAS)

Compound Formula CAS # Molecular structure

Perfluoroalkyl mono-ether carboxylic acids (mono-ether PFECas)

DH
Perfluoro-2-methoxyacetic acid (PFMOAA) C3HF503 674-13-5 F% OH

Hexafluoropropylene oxide-dimer acid (HFPO-DA) = Perfluoro-2-
propoxypropanoic acid (PFPrOPrA) CgHF1105 13252-13-6

Perfluoroalkyl multi-ether carboxylic acids (multi-ether PFECas)

FF F
F o.
74 X OH
Perfluoro(3,5-dioxahexanoic) acid (PFO2HxA) C4HF;0,4 39492-88-1 £ 9 % F
0

r\},_f F')('o‘?/r F\/o\//r -
Perfluoro(3,5,7,9-tetraoxadecanoic) acid (PFO4DA) CoHF1Os 39492905 ¢ © % ¢ %<

F HO

F F —0

F Fe F F

Hexafluoropropylene oxide-trimer acid (HFPO-TA) CyHF1704 13252-14-7 F 0 | ¢ .
¢

Hexafluoropropylene oxide-tetramer acid (HFPO-TeA) C12HF2305  65294-16-8 Food ¢

Polyfluoroalkyl ether acids

F
FF E K LI‘IH
Ethanesulfonic acid, 2-[1-[difluoro(1,2,2,2- tetrafluoroethoxy)methyl] -1,2,2,2- 0. F FF\ZéO i°
tetrafluoroethoxy] —1,1,2,2-tetrafluoro- (Nafion by-product 2) CrHaF14505  749836-20-2 s—l—‘—o" PPFRO
F H
F F Qy_oH
F FF S\
1,1,2,2-tetrafluoro-2-(1,2,2,2-tetrafluoro- ethoxy)ethane sulfonate (NVHOS) C4H,FgSO,  801209-99-4 ?S( A)i },
o
H F
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First-order rate constants (&) describing the degradation of PFECASs in 100% acetonitrile (ACN), acetone, and
dimethyl sulfoxide (DMSQ) at room temperature (20.2°C)

ACN Acetone DMSO
Compound
k(d™) R2 k(d™ R? k(d™) R?

PFMOAA No measurable degradation in ~30d  No measurable degradation in ~30d  No measurable degradation in ~30 d
PFMOPrA No measurable degradation in ~30 d  No measurable degradation in~30d  No measurable degradation in ~30 d
PMPA 3.03 %0 0.906 (2.74, 3.31) 19.2 20,909 (17.1,21.2) 20020826 (1.73, 2.27)
PFMOBA No measurable degradation in ~30d  No measurable degradation in ~30d  No measurable degradation in ~30 d
PEPA a75? (4.41, 5.10) 0.945 2700 (24.7,29.3) 0.943 2630 (2.28, 2.97) 0.838
HFPO-DA (PFPrOPrA) 4.96 7 (4.39,5.52) 0.882 4547435, 473) 0.988 3927 (3,34, 451) 0819
GenX 5.86 (5.50, 6.22) 0.997 47.9 (42.3,53.5) 0.993 4.64 (4.18,5.11) 0.992
PFO2HXA 0.0136 (0.0122,0.0151) ~ 0.972  0.0578 (0.0547,0.0608)  0.993  0.0168 (0.0153,0.0183)  0.980
PFO30A 0.0128 (0.0114, 0.0142) 0.970 0.0743 (0.0680, 0.0806) 0.982 0.0195 (0.0176, 0.0213) 0.978
PFO4DA 0.0170 (0.0152, 0.0188) 0.973 0.106 (0.0946, 0.116) 0.979 0.0160 (0.0143, 0.0178) 0.971
PFO5DoA 0.0129 (0.0116, 0.0143) 0.972 0.0732 (0.0691, 0.0773) 0.994 0.0139 (0.0124, 0.0154) 0.970
HFPO-TA 3.39(3.05, 3.73) 0.990 27.8(23.4,32.2) 0.987 3.52(3.17, 3.88) 0.992
HFPO-TeA 3.71(3.21,4.22) 0.998 32.1(22.0,42.1) 0.931 3.68 (2.91, 4.45) 0.987

a . . . . R L
Experimental results were analyzed using the regression data analysis tool in Microsoft Excel and the average kinetics constant was reported.
Values in parentheses represent the lower and upper limit of 95% confidence interval.

Experiment was conducted in replicates starting at different initial concentrations (10, 50 and 100 pg/L).
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