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Water impact

Effect of chemical structure on the sonochemical
degradation of perfluoroalkyl and polyfluoroalkyl
substances (PFASs)T

Nerea Abad Fernandez,®® Lucia Rodriguez-Freire,®
Manish Keswani*“ and Reyes Sierra-Alvarez®

Perfluoroalkyl surfactants include chemicals characterized by a fully fluorinated carbon chain (hydrophobic
and oleophobic tail) bound to a hydrophilic head (a carboxyl or sulfonic group). These compounds are
toxic and highly resistant to chemical/biological attack, and some are known to be bio-accumulative. This
study investigates the sonochemical degradation at 500 kHz of different carboxylic and sulfonic
perfluoroalkyl and polyfluoroalkyl substances (PFASs, 1.7 mM total organic fluorine) to assess the effect of
chain length, functional head group, and substituents (-CH,-CH,—- moiety and ether group) on the degra-
dation rate. Under these conditions, the rates of defluorination determined for two widely used
perfluoroalkyl substances, perfluorooctanesulfonate (PFOS) and perfluorooctanoic acid (PFOA), were 3.5 to
37 uM F~ min, respectively. The degradation rate of perfluoroalkyl sulfonates decreased with the perfluo-
rocarbon chain length as indicated by the 1.3 and 1.9-fold lower defluorination rates for perfluorohexane-
and perfluorobutane sulfonate than that of PFOS. A similar trend was observed during the sonolysis of
perfluoroalkyl carboxylate analogs with 6, 5 or 3 carbon atoms which had 1.1-, 1.8-, and 2.3-fold lower
defluorination rates, respectively, than that of PFOA. Furthermore, perfluoroalkyl compounds appeared
more amenable to sonolysis than the polyfluoroalkyl analogues with the same number of C atoms
(defluorination rate of PFOS/6 : 2 fluorotelomer sulfonate = 2.3). The results demonstrate that sonolysis is a
promising approach to treat PFASs in aqueous streams. Furthermore, they underscore that the chemical
structure of PFASs has a marked effect on the rate at which they undergo sonochemical degradation.

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) are highly persistent, toxic pollutants that are receiving increasing attention due to their widespread
environmental distribution. Conventional treatment methods have proven ineffective to treat these hazardous contaminants due to their high resistance to

chemical and biological attack. This study demonstrates that sonochemical treatment at 500 kHz has promise as a remediation technique to degrade a

range of PFASs with varying carbon chain length and functional groups. Furthermore, this study provides new experimental data confirming that the rate
of sonolysis is strongly dependent on the chemical structure of the PFASs.

Introduction

nated, in which some carbon atoms are bound to hydrogen
atoms." Perfluoroalkyl chemicals are a group of compounds

Fluorinated surfactants are widely used chemicals which may
be classified as either perfluorinated, in which all hydrogen
atoms are substituted by fluorine atoms, or as partially fluori-
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with varying carbon chain length and functional groups,
which according to the United States Environmental Protec-
tion Agency (US-EPA) can be broadly categorized into
perfluoroalkyl sulfonates (PFSAs) and perfluoroalkyl carbox-
ylic acids (PFCAs). Polyfluoroalkyl substances, which are de-
fined as fluorinated compounds having at least one
perfluoroalkyl moiety C,F,,.; , are related compounds that
have the potential to be transformed abiotically or biotically
into perfluoroalkyl substances.>

Perfluoroalkyl- and polyfluoroalkyl substances (PFASs)
have a wide variety of applications, such as non-stick poly-
mers, water and stain proof coatings for paper and textiles,
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oxidative protective coatings on metals, inert surfactants for
semiconductor etching, aqueous film-forming foams (AFFFs),
thermally stable lubricants preservatives, fluoropolymer and
fluoroelastomer production, surface treatment, food packing,
hydraulic oil for airplanes, cosmetics, floor wax, polish,
paints and lacquers.>* Perfluorooctane sulfonate (PFOS,
CsF;S05) and perfluorooctanoic acid (PFOA, C,F;5;COOH)
are two widely used PFASs which have been detected in sur-
face water, groundwater, sediments, sewage treatment efflu-
ents and sludge, landfill leachate and drinking water in vari-
ous parts of the world.>® Moreover, they are distributed
across the globe and found in animals living in pristine envi-
ronments (e.g., polar bears) in the most remote locations.’
The total emissions of PFOA over the time period 1950-2010
have been estimated to be in the range of 2600-5050 tons."’
Over the same time period, 450-2700 tons of PFOS have been
released. PFOS, its salts and perfluorooctane sulfonyl fluoride
(PFOS-F) have been classified as PBTs (persistent, bio-
accumulative and toxic chemicals) by the Stockholm Conven-
tion in May 2009,'" since they are extremely persistent in the
environment, bioaccumulative in wildlife and humans, and
toxic to laboratory animals and wildlife.>">™"> PFOA, its salts
and PFOA-related compounds are currently under consider-
ation to be included in the PBT list. In December 2002, EPA
significant new use rules (SNURs) allowed the continuation
of a few, limited and highly technical applications of PFOS-
related substances where no known alternatives are available.
Lastly, in May 2016, EPA set a new lifetime health advisory
(HA) of 70 ng L™ PFOS and PFOA combined.*®

Organic perfluorination imparts these compounds with
unique physical properties such as chemical and thermal sta-
bility,’” a greater surface activity," and a higher oxidative re-
sistance.’ The low carbon-fluorine (C-F) bond polarizability
gives them both hydrophobic and oleophobic characters.'®
PFASs are also stable to attack by acids, bases, oxidants, and
reductants, since the C-F bond is the strongest among or-
ganics.' This stability makes them recalcitrant toward most
conventional degradation technologies. Treatment technolo-
gies such as reverse osmosis, nano-filtration and activated
carbon can remove perfluorochemicals from water.> However,
incineration of the concentrated waste is required for com-
plete destruction of the fluorochemicals. Even advanced oxi-
dation processes (AOPs), which utilize the hydroxyl radical,
are relatively ineffective for PFOA and PFOS destruction, re-
quiring very stringent conditions such as very high tempera-
ture and/or pressures to provide some degradation.” In con-
trast, sonolysis is a promising treatment to degrade
perfluorinated surfactants.'”'®*° Acoustic irradiation of lig-
uid induces cavitation, a process during which preexisting
gas cavities in the liquid oscillate or collapse in a periodically
changing pressure field created by sound waves.>' Transient
bubble collapses generate average vapor/gas temperatures
near 5000 K and much higher bubble vapor/gas core temper-
atures (>10000 K),”* resulting in hydroxyl radical (HO") for-
mation by the thermal decomposition of water.>® The heat
energy unleashed by cavitation yields thermal decomposition
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of PFAS molecules to their inorganic constituents (fluoride
(F), sulfate (SO,>), CO, and CO,)."” Sonolysis of
perfluorinated surfactants is believed to occur primarily at
the water—cavitating bubble interface via pyrolytic reactions.
PFSAs and PFCAs have very low vapor pressures™ and, there-
fore, a low tendency to partition into the vapor phase of the
bubbles.

Previous sonochemical studies have mainly focused on
the degradation of PFOS and PFOA due to their considerable
industrial importance and wide application. Although PFOS
and PFOA are the most studied PFASs, other perfluoroalkyl
chemicals with chain lengths varying from C2-C12 have also
been detected in different environmental samples, even in re-
mote polar regions.'®*>?® Furthermore, AFFF are made of a
wide variety of fluorinated chemicals and their treatment
poses a serious challenge.””*® Thus, there is a gap in under-
standing the effect of the chemical structure in their
sonochemical degradation.

The present work investigated the sonochemical degrada-
tion under 500 kHz sound frequency of various classes of
PFASs, including several PFSA and PFCA surfactants with
varying perfluorocarbon chain length, a perfluorinated ether
(perfluoro(2-ethoxyethane)sulfonic acid (PFEES)), and a fluoro-
telomer compound (6:2 fluorotelomer sulfonate (6:2 FTS)),
with the objective to understand the effect of the chemical
structure of PFASs on the effectiveness of the sonochemical
treatment.

Materials and methods
Chemicals

Fig. 1 and Table 1 show the chemical structures and key
physicochemical properties of the different PFASs, respec-
tively. Perfluoro(2-ethoxyethane)sulfonic acid (PFEES, CAS #
113507-82-7; 97% purity) was purchased from Alfa-Aesar
(Ward Hill, MA, USA). PFOA (CAS # 335-67-1; 96% purity), the
potassium salt of PFOS (CAS # 2795-39-3; >=98% purity),
perfluorohexane carboxylic acid (PFHxA, CAS # 307-24-4;
>97% purity), perfluoropropionic acid (PFPrA; CAS # 422-64-
0; 97% purity), perfluoropentanoic acid (PFPA, CAS # 2706-
90-3; 97% purity), sodium perfluorobutane sulfonate (PFBS,
CAS # 375-73-5; 97% purity), and perfluorohexanesulfonic
acid potassium salt (PFHxS, CAS # 3871-99-6; >=98% purity)
were procured from Sigma-Aldrich, Co. (St. Louis, Mo, USA).
6:2 Fluorotelomer sulfonic acid (6:2 FTS, CAS # 27619-97-2;
98% purity) was purchased from SynQuest Labs, Inc.
(Alachua, FL, USA). Ultrapure water obtained from a MilliQ
Plus UV system with a minimum resistance of 18 MQ cm™"
was used for preparation of all solutions for the degradation
experiments. Sodium fluoride (99%) and the total ionic
strength adjustment buffer (TISAB II) used during fluoride
measurements were purchased from Fisher Scientific Inc.
(New Jersey, USA). Compressed argon was provided by Cryo-
genics and Gas Facility (The University of Arizona, Tucson,
AZ, USA).

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Chemical structures and acronyms of the different perfluoroalkyl and polyfluoroalkyl chemicals (PFASs) studied. “n” represents the number
of carbons in the perfluorocarbon chain. (1) Perfluoroalkyl sulfonates (PFSAs), (2) perfluoroalkyl carboxylic acids (PFCAs), (3) 6:2 fluorotelomer
sulfonate (6: 2 FTS), and (4) perfluoro(2-ethoxyethane) sulfonic acid (PFEES).

Table 1 Physicochemical properties of the (per)fluorinated compounds tested in this study

Structural Water solubility Vapor pressure”  Henry's constant
Compound Abbreviation  formula (uM) (kPa) (dimensionless)  pK,
Perfluorooctanesulfonate PFOS CgFy1750;5~ 1.7 x10*-3.3 x 10* (a)  0.33 (a) 0.01 (a) -3.41 (d)
Perfluorohexanesulfonate PFHXS CeF1350;” N/A 4.20 x 107 (d)? -3.45 (d)?
Perfluorobutanesulfonate PFBS C4FoS0;” N/A 2.60 x 107 (d)® -3.94 (d)®
Perfluorooctanoate PFOA CgF150," 5.3 X 10° (c) 1.53-1.85 (b) 0.09 (a) 0.90 (d)”
Perfluorohexanoate PFHXA CeF110," <1.7 x 107 (e) 0.11-0.12 (e)” N/A 0.84 (e)
Perfluoropentanoate PFPA CsFoO,~ 2.16-3.24 (b) N/A 0.81 (d)”
Perfluoropropionate PFPrA C3F50, 3.93 (b) N/A N/A
6:2 Fluorotelomer sulfonate 6:2 FTS CgH5F,3S0; N/A N/A N/A
Perfluoro(2-ethoxyethane) sulfonate ~ PFEES C4FoSO,~ N/A N/A N/A

All properties determined at 25 °C; N/A = not available. “ Vapor pressure determined for the undissociated species. * Modeled; (a) Giesy and
Kannan (2002);° (b) Kwan (2001);>* (c) Campbell et al. (2009);*° (d) Wang et al. (2011);** (e) ENVIRON International Corporation (2014).>

Sonochemical experiments

A multi-frequency cubical reactor custom made by Weber Ul-
trasonics (Clarkston, MI, USA) was used. The stainless steel
reactor (23 cm x 23 cm x 23 cm) was fitted with one trans-
ducer assembly on each wall with operating frequencies in
the range of 25 to 500 kHz. A generator was used to provide
the transducer with an input power of 200 W (~8 W cm™).
All the experiments were carried out in a beaker
containing a 200 mL of PFAS solution. A rectangular glass
container (20 cm x 6 cm X 6 cm and 0.3 cm wall thickness)
was suspended 1 cm from the 500 kHz transducer surface.
The experimental solution contained in the beaker was par-
tially covered with Parafilm® and bubbled with argon for 20
min prior to the experiment and a blanket of this gas was
maintained throughout the experiment. The beaker was
placed in the sonochemical reactor, which contained cooling
water circulated through a heat exchanger to maintain the
temperature of the experimental solution constant at 30-35

This journal is © The Royal Society of Chemistry 2016

°C during exposure to the acoustic field. A scheme of the ex-
perimental set-up can be seen in Fig. 2. Samples were taken
periodically for 3 hours and the fluoride concentration was
analyzed. An experiment was performed to evaluate the
sonochemical degradation of PFOS over an extended time
(360 min). Additional measurements of sulfate and total or-
ganic carbon (TOC) were also performed for selected experi-
ments. The solution pH and temperature were recorded dur-
ing the experiments.

Analytical methods

The fluoride ion concentration was determined using an ion
selective electrode (ISE) provided by Thermo Scientific Inc.
(Beverly, MA, USA). The ISE was calibrated using standards
prepared with varying concentrations of sodium fluoride
(10°° to 107" M). A total ion strength adjustment buffer
(TISAB II) solution was added to the samples to ensure high
ionic strength for potentiometric measurements. Equal

Environ. Sci.: Water Res. Technol,, 2016, 2, 975-983 | 977
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Fig. 2 Experimental set-up utilized to perform the sonochemical degradation experiments under 500 kHz. The experimental set-up at 1 MHz is
the same, but with the PTC sonochemical reactor instead of the Weber reactor (represented in this figure).

volumes (5 mL) of samples and buffer were mixed and stirred
before fluoride ion measurements.

The concentration of sulfate ions in aqueous samples was
measured using an ion-chromatography system Dionex IC-
3000 (Sunnyvale, CA, USA) fitted with a Dionex IonPac AS18
analytical column (4 mm x 250 mm) and a AG18 guard col-
umn (4 mm x 50 mm). The eluent (KOH) concentration was
17 mM.

The TOC in the solution as a function of sonication time
was measured as an indicator of the degree of mineraliza-
tion. A Shimadzu total organic carbon analyzer (Vesy model,
Shimadzu, Columbia, MD, USA) was used for TOC analysis as
non-purgeable organic carbon (NPOC). A calibration curve
using potassium hydrogen phthalate (KHP) concentrations in
the appropriate range was generated prior to each round of
sample measurement. Samples (2 mL) were added to vials
containing 8 mL of water adjusted to pH 2 with concentrated
hydrochloric acid (HCI). One standard (15 mL) with a known
concentration of PFOS (464 uM) was always measured to en-
sure the protocol was working. The method was validated by
comparing the measured with the theoretical TOC concentra-
tion in solutions containing known PFOS concentrations. As
shown in Fig. S1 in the ESL} the TOC recovery was measured
to be 93% of the theoretical value. Previous studies have also
demonstrated that the TOC analysis was able to measure 81-
100% (91% average) of the carbon content in four fluorinated
test substances (PFOS, PFOA, pentafluoropropanol, and
trifluoroacetate).”

Results and discussion
PFOS and PFOA degradation

The sonochemical degradation of two widely used PFASs,
PFOS and PFOA, with the same carbon chain length (8 C)
was investigated. Fig. 3A and 4A plot the concentration of
fluoride released as a function of sonication time in experi-
ments with PFOS (100 uM) and PFOA (113 uM), respectively.
PFOS and PFOA defluorinated at a similar rate under 500
kHz. After an initial lag phase of approximately 30 min, a
steady release of fluoride with time was observed with a rate

978 | Environ. Sci.: Water Res. Technol,, 2016, 2, 975-983

of 3.5 to 3.7 uM F~ min ', which is indicative of PFOS and
PFOA defluorination. The concentration of fluoride released
after 180 min was 640 uM for PFOS (37.6% of the total initial
fluorine content of 1.7 mM) and 670 uM for PFOA (39.8%
defluorination). When the sonochemical degradation time
was extended to 360 min, 79.2 + 5.51% of the total fluorine
was released at the end of the experiment, and the
defluorination rate (3.7 uM min ') was constant during this
time (Fig. S2 in the ESIt). An increase in the concentration of
dissolved sulfate with sonication time at a rate of 9.6 10> uM
SO,>” min~" was also observed in the experiments with PFOS
(Fig. 3B), which indicates cleavage of the C-S bond and oxi-
dation of the terminal sulfonic group. The concentration of
sulfate released after 180 min was 18 uM, which corresponds
to 17.8% of the total theoretical sulfur content in the added
PFOS.

If PFOS is completely mineralized, the expected ratio be-
tween the molar concentration of F~ and SO,> released
(A[F)/A[SO,*]) is 17; however, the experimentally measured
A[F J/A[SO,>7] ratio was 35.3. This observation was also
reported in a previous study investigating the extended
sonochemical degradation of 100 uM PFOS under 1 MHz fre-
quency.” The higher A[F]/A[SO,>] ratio suggests that
defluorination is easier than the removal of the sulfonic acid
head group. In this respect, it is interesting to note that
Moriwaki et al. (2005)*° observed the formation of shorter
chain PFASs with 6 and 7 carbons following sonolysis of
PFOS (20 uM) at a frequency of 200 kHz. In contrast with
these results, Vecitis et al. (2008)"” reported higher rates of
sulfate production than that of fluoride formation during the
sonochemical degradation studies with PFOS (10 uM) at 618
kHz, suggesting preferential cleavage of the C-S bond under
the experimental conditions utilized in their study. These dis-
crepancies could be related to the difference in the concen-
tration used in the study performed by Vecitis and coworkers
and in the current study (10 uM vs. 100 uM, respectively),
and to the different sound frequencies utilized (500 kHz vs.
618 kHz, respectively). Previous studies have confirmed that
the sonolytic degradation of PFOS is influenced by the fre-
quency applied."’

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Degradation of PFOS (100 puM) exposed to 500 kHz sound field
for 180 min. Release of fluoride (x) and percentage fluoride released
(0) (panel A); release of sulfate (x) and percentage sulfate released (O)
(panel B); and removal of total organic carbon (TOC) (x) and
percentage TOC removed (0O) (panel C) as a function of sonication
time. The release of F~ followed a zero-order reaction rate with the
equation: [F1; = [F'lp + kt, where [F']p = 41.78 uM is the F~ concentra-
tion at time zero, k = 3.575 uM min! is the reaction rate constant, with
R? = 0.982.

In addition to the concentration of F~ released and SO,*
concentration, the mineralization of PFOS and PFOA was also
studied by measuring the change in the TOC concentration
in the solution as a function of the sonication time, as shown
in Fig. 3C and 4B, respectively. The TOC concentration de-
creased from the initial 846 to 719 uM (15.0% of TOC re-
moval) in the case of PFOS, and from 871 to 485 uM (44.3%
of TOC removal) in the case of PFOA after 180 min of sonica-
tion, following a zero-order reaction at an average rate of 0.7
and 1.7 uM min~" for PFOS and PFOA, respectively. These re-
sults, together with the sulfur and fluorine released, indicate
that sonochemical treatment can mineralize both com-
pounds. The higher mineralization rate observed for PFOA

This journal is © The Royal Society of Chemistry 2016
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than PFOS could be explained by the different nature of their
degradation intermediates and products. PFOA could pro-
duce shorter chain perfluoro- and polyfluoroalkyl carboxyl-
ates while PFOS could release both perfluoro- and poly-
fluroroalkyl carboxylates and sulfonates. The difference in
degradation rates among PFCAs and PFSAs will be investi-
gated in the next subsection. Finally, the pH decreased from
5.7 to 3.1 in the case of PFOS, and from 4.1 to 3.4 for PFOA
in 180 min, which is likely due to the production of hydro-
fluoric acid (pK, (HF) = 3.2) and PFAS intermediates, and
subsequent consumption of hydroxyl ions.**

From the results obtained, it can be concluded that acous-
tic cavitation is effective in the degradation of aqueous solu-
tions of PFOS and PFOA. The rate of defluorination observed
in this study for PFOS (100 uM) and PFOA (113 uM) followed
zero-order kinetics, with R> values of 0.98 (Fig. 3A and 4A),
which is in agreement with previous observations reporting
that at high initial PFAS concentrations (>40-100 pM TOF,
depending on the frequency used) saturation concentration
is reached and the sonochemical degradation of both com-
pounds is not concentration dependent.®'® This observation
has been attributed to saturation of bubble-water interface
sites where sonochemical degradation of perfluoroalkyl sur-
factants is believed to occur via a pyrolytic mechanism. At
lower PFAS concentrations, however, sonochemical degrada-
tion appears to follow pseudo-first order kinetics."”***°

Chain length and functional group effect on the
sonochemical degradation of PFASs

The sonochemical degradation of various PFASs (Fig. 1) was
investigated under 500 kHz sound frequency to understand
the effect of changes in their chemical structure on the effec-
tiveness of the sonochemical treatment. The compounds in-
vestigated included several PFSAs and PFCAs with perfluoro-
carbon chain length ranging from 3 to 6 as well as two other
related compounds, a perfluorinated ether (PFEES, a 4-C
compound), and a sulfonated fluorotelomer (6:2 FTS,
C¢F13CH,CH,S0;57) containing two non-fluorinated C atoms
(Fig. 1). The initial concentrations used and rates of
defluorination during the degradation of the various PFASs
are listed on Table 2.

The fluoride released upon the degradation of the differ-
ent PFSAs as a function of the sonication time is shown on
Fig. 5A. The rate of defluorination determined for these
analogues followed zero-order kinetics and increased
with increasing number of perfluorocarbon atoms. The
defluorination rate determined for PFOS, a compound with
8 C atoms, was 3.5 uM min ', which is 1.3- and 1.9-fold
higher than the rates calculated for the PFSA analogues with
6 and 4 C atoms (2.6 and 1.8 uM min™" for PFHxS and PFBS,
respectively). Similarly, the defluorination of the PFCAs
proceeded according to zero-order kinetics and the rate gen-
erally increased with increasing number of perfluorocarbon
atoms (Fig. 5B). The rate of fluoride release determined for
PFOA (8 C) was 1.1-, 1.9- and 2.3-fold higher than those

Environ. Sci.. Water Res. Technol., 2016, 2, 975-983 | 979
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Fig. 4 Degradation of PFOA (113 uM) exposed to 500 kHz sound field for 180 min. Release of fluoride (x), and percentage fluoride released (O)
(panel A), and the removal of total organic carbon (TOC) (x) and percentage TOC removed (O) (panel B) as a function of treatment time. The
release of F~ followed a zero-order reaction rate with the equation: [F'1; = [F 1o + kt, where [F]o = 36.00 uM is the F~ concentration at time zero, k
= 3.674 uM min"is the reaction rate constant, with R? = 0.98.

Table 2 Summary of the sonochemical degradation studies with different (per)fluorinated compounds (1.7 mM total organic fluorine) at a frequency of
500 kHz

Fluoride released (after 180 min)

MW Degradation
Group Compound (g mol™) rate (uM F~ min™") (%) (uM)
PFAS PFOS 499.1 3.5+03 37.6 £3.3 638.0 + 56.6
PFHxS 399.1 2.6 £0.5 27.6 £5.7 469.0 + 96.2
PFBS 299.1 1.8+0.2 19.1 +2.2 323.5 £ 37.5
PFCA PFOA 413.1 3.7+03 39.8£2.8 671.0 + 48.1
PFHxA 313.1 3.5+£0.1 37.9+1.3 644.0 + 21.2
PFPA 263.1 2.5+04 26.5 +4.2 449.5+71.4
PFPrA 163.0 1.6 £ 0.2 17.1 £ 2.0 290.0 + 33.9
Other fluorochemicals 6:2 FTS 428.2 1.5+0.1 16.2 + 0.6 275.0 £ 11.3
PFEES 316.1 39+05 419 £ 4.8 711.5 + 81.3
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Fig. 5 Effect of the fluorocarbon chain length on the rate of perfluoroalkyl sulfonate (PFSA) and perfluoroalkyl carboxylate (PFCA) degradation
under a sound frequency of 500 kHz. Panel A: fluoride release from 100 uM PFOS (x), 114 uM PFHxS (O), and 189 uM PFBS (0), and percentage
fluoride released from 100 uM PFOS (a), 114 uM PFHxS (m), and 189 uM PFBS (@) as a function of time. Panel B: fluoride release from 113 uM PFOA
(A), 154 uM PFHXxA (0), 189 uM PFPA (O), and 340 puM PFPrA (x); and percentage fluoride released from 113 uM PFOA (a), 154 uM PFHXxA (e), 189

uM PFPA (m), and 340 uM PFPrA (¢) as a function of treatment time.

calculated for PFHxA (6 C, 3.5 uM min '), PFPA (5 C, 2 uM
min™"), and PFPrA (3 C, 1.6 uM min™"). A summary of the re-
sults obtained for the PFSAs and PFCAs tested is shown in
Fig. 6. The observed increase in the rate of defluorination
can be attributed to an increase in the hydrophobic character
of these perfluoroalkyl surfactants with increasing alkyl chain
length,*>** which in turn would be expected to increase the

980 | Environ. Sci.: Water Res. Technol,, 2016, 2, 975-983

affinity of the molecule for the water-bubble interface,
resulting in reduced pyrolytic degradation. Numerous theo-
retical studies have shown that, within a homologous series
of linear PFASs with the same functional group, the octanol-
water (Koy) and air-water partition coefficients (K,,) are
expected to increase exponentially with increasing
perfluorinated chain length of 2-12 carbons.”®***> The

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Effect of perfluorocarbon chain length on the susceptibility of
perfluoroalkyl carboxylates (A) and perfluoroalkyl sulfonates (O) to
sonochemical degradation at an acoustic frequency of 500 kHz. k is
the pseudo-first order rate determined from the fluoride release vs.
time data for the various compounds. The trend lines have R? values of
0.83 and 0.99, respectively.

increasing lipophilicity of PFCAs and PFSAs with increasing
perfluoroalkyl chain has been attributed to the increase in
van der Waals interactions and free-energy costs for creating
a cavity in the solvent associated with the addition of a CF,
group,® and the strong electron-withdrawing effect of the
perfluoroalkyl chain on the oxoanion headgroup.*® Although
differences in K,, for PFASs with a given perfluorinated
chain length are small,>® a recent experimental study has
demonstrated that enrichment of PFSAs and PFCAs at the wa-
ter-air interface of microdroplets increases asymptotically
with the number of perfluorinated carbons (n) reaching
values that are about 2x higher for PFSAs than for PFCAs
above n ~ 9.7 The hyperbolic, rather than the predicted ex-
ponential, increase of K,,, with n was ascribed to the onset of
conformational restrictions to interfacial enrichment above n
~ 4.

These results together with those discussed in the previ-
ous section indicate that the hydrophilic functional group
has a weak effect on the rate of PFAS degradation, with car-
boxylates degrading slightly faster than sulfonates with the
same perfluorocarbon chain length (Fig. 6). For example, the
rates of defluorination determined for PFBS and PFPA were
1.8 to 2.0 uM F~ min", respectively. In studies performed at
much lower concentrations of PFASs, Campbell et al. (2009)*°
also observed that the sonolytic kinetics of PFHxA (0.32 uM)
was faster than that of PFHxS (0.23 uM) at frequencies rang-
ing from 202 to 1060 kHz. Although PFCAs are less hydropho-
bic and surface active than PFSAs with the same number of
carbon atoms,** the latter study attributed the higher
defluorination rates observed for the PFCAs to their lower
thermal activation energies.

Effect of the degree of fluorination on sonochemical
degradation

The fluorotelomer 6:2 FTS (CgF;,(CH,),SO;H, Fig. 1) was se-
lected as an example of a polyfluoroalkyl sulfonate to exam-
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ine the impact of the presence of CH, moieties on the rate of
sonochemical attack. Surfactants based on six-carbon fluoro-
telomers are important chemicals which have largely replaced
PFOS and PFSA-based surfactants in numerous applica-
tions.*®*° Fluorotelomer sulfonates are also formed as degra-
dation products of fluorotelomer sulfonyl surfactants which
are widely used in AFFFs.’>"! The sonochemical degradation
of 6:2 FTS (130 uM) and PFOS (100 uM), two fluorinated sul-
fonates with an identical number of C atoms but different
number of F atoms, was compared. Similar to the results
obtained for the PFCAs and PFSAs, the defluorination of 6:2
FTS followed zero-order kinetics (after ~30 min of initial lag)
at a rate of 1.5 pM min ', which is 2.3-fold lower than the
rate determined for PFOS under similar conditions. The pH
of the solution decreased from 5.0 to 3.6 at the end of the ex-
periment. The lower degradation rate of 6:2 FTS than that of
PFOS seems to be related to its chemical structure (Fig. 1).
Polyfluorinated chemicals, such as 6:2 FTS, are susceptible
to chemical and microbial attack leading to the formation of
shorter chain length perfluoro- and polyfluoroalkyl
carboxylates.*®***™** The formation of shorter PFCAs is likely
to result in a decrease of the rate of sonolysis since, as
discussed in the previous section, the shorter chain length
compounds are less hydrophobic and do not adsorb as effec-
tively on the bubble-liquid interface. 6:2 FTS itself is also
considerable less hydrophobic than PFOS (K, values of 2.66
and 4.49 estimated for 6:2 FTS and PFOS, respectively, using
EPI-SUITE), a factor that could also contribute to the lower
degradation rates determined. The lower lipophilicity (lower
Kow and K,,) of fluorotelomer acids than that of their
perfluorinated analogues has been attributed to the decrease
in the electron-withdrawing effect of the perfluorinated chain
on the oxyanion head group caused by CH, moieties and the
resulting increase in the polarity of the sulfonate or carboxyl-
ate group.®®

The sonochemical degradation of PFEES (CF;CF,-
O—(CF,),S0;, 183 uM) was also studied. PFEES is a
perfluorinated ether sulfonate (Fig. 1) with superior mechani-
cal properties and high chemical and thermal stability, which
is used as a PFOS substitute in a number of applications in-
cluding as a cracking catalyst and in proton exchange mem-
branes for fuel cells.”> PFEES contains an ether bond linking
two perfluoroalkyl chains, one of which has a terminal sulfo-
nate group. Fig. 7 compares the defluorination rate observed
during the sonochemical degradation of PFEES to that
obtained for PFOS. The rate of defluorination determined in
experiments with PFEES, 3.9 uM min', was very similar to
that observed for PFOS but 2.2-fold higher than that of PFBS,
a PFSA with the same number of perfluorocarbon atoms. The
rate of degradation is also higher than anticipated based on
the low hydrophobicity of the compound (K., = 2.25, esti-
mated using EPI-SUITE). The higher defluorination rates ob-
served for PFEES may be due to the susceptibility of the com-
pound to attack by hydroxyl radicals (OH") produced during
the sonochemical processes. Several studies have demon-
strated that hydroxyl radicals attack both the main- and the
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Fig. 7 Effect of fluorination degree on the degradation rate of various
fluorochemicals under a sound frequency of 500 kHz. Fluoride
released from 100 uM PFOS (x), 130 uM 6:2 FTS (0), and 183 uM
PFEES (A), and percentage fluoride released from 100 uM PFOS (¢), 130
uM 6:2 FTS (®), and 183 uM PFEES (A) as a function of sonication
time.

side chains in PFEES causing the rupture of the C-O-C ether
bond and loss of the sulfonic group from the side chain.*>*®
In contrast, hydroxyl radicals seem to play a minor role in
the sonochemical degradation of PFASs as indicated by the
ineffectiveness of advanced oxidation processes (AOPs) that
rely on OH" attack such as UV-ozonation or Fenton's reaction
(a process based on H,0, and Fe®) to destroy PFOS and
PFOA.3O'49'50

Application of sonochemical degradation

The scalability of a sonochemical process depends on the
acoustic frequency and transducer power density. At lower ul-
trasonic frequency (20-100 kHz) and higher power density
(>10 W em™), a conical bubble structure is known to form
close to the transducer surface,” which restricts the bubble
activity in the vicinity of the transducer making the process
less scalable. At higher megasonic frequency (>2 MHz) and
lower power density, although the process is scalable, it gen-
erates milder cavitation, which may adversely affect the ex-
tent of mineralization of the contaminants and result in a
less effective process. Therefore, a choice of an intermediate
acoustic frequency (0.5-1.0 MHz) with optimum power den-
sity (such as the one selected for this study) will offer the
benefit of both scalability and performance for remediation
of large volumes of a wide range of organic pollutants.

Conclusions

This study demonstrates that perfluoroalkyl compounds (i.e.,
PFSAs, PFCAs, perfluorosulfonate ethers) as well as poly-
fluoroalkyl compounds (i.e., fluorotelomer) are susceptible to
sonochemical degradation as evidenced by the observed re-
lease of fluoride, loss of total organic carbon, and, in the case
of PFSAs, release of sulfate, when their aqueous solutions
were irradiated at a frequency of 500 kHz. The degradation
rate increased significantly with increasing perfluoroalkyl
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chain length. In contrast, the head group had a weak effect
on the rate of PFAS degradation, with carboxylates degrading
slightly faster than sulfonates with the same perfluorocarbon
chain length. Furthermore, the rate of defluorination was
also found to increase with the degree of fluorination as con-
firmed by the 2.6-fold higher rate determined for PFOS than
that of a fluorotelomer compound with the same number of
carbon atoms (6:2 FTS). The observed enhancement in the
susceptibility of PFASs to sonolytic decomposition with in-
creasing perfluorocarbon chain length and fluorination de-
gree is likely related to the contribution of these chemical
features in increasing compound hydrophobicity and,
thereby, the compound concentration adsorbed at the inter-
face of acoustic cavitation bubbles where pyrolytic degrada-
tion is believed to take place. These results indicate that
sonochemical treatment is a promising method for the treat-
ment of aqueous streams containing PFASs.
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