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A B S T R A C T

Sonolysis has been proposed as a promising treatment technology to remove per- and polyfluoroalkyl substances (PFASs) from contaminated water. The mechanism
of degradation is generally accepted to be high temperature pyrolysis at the bubble surface with dependency upon surface reaction site availability. However, the
parametric effects of the ultrasonic system on PFAS degradation are poorly understood, making upscale challenging and leading to less than optimal use of ultrasonic
energy. Hence, a thorough understanding of these parametric effects could lead to improved efficiency and commercial viability. Here, reactor characterisation was
performed at 44, 400, 500, and 1000 kHz using potassium iodide (KI) dosimetry, sonochemiluminescence (SCL), and sonoluminescence (SL) in water and a solution
of potassium salt of PFOS (hereafter, K-PFOS). Then the degradation of K-PFOS (10 mg L−1 in 200 mL solution) was investigated at these four frequencies. At 44 kHz,
no PFOS degradation was observed. At 400, 500, and 1000 kHz the amount of degradation was 96.9, 93.8, and 91.2%, respectively, over four hours and was
accompanied by stoichiometric fluoride release, indicating mineralisation of the PFOS molecule. Close correlation of PFOS degradation trends with KI dosimetry and
SCL intensity was observed, which suggested degradation occurred under similar conditions to these sonochemical processes. At 1000 kHz, where the overall
intensity of collapse was significantly reduced (measured by SL), PFOS degradation was not similarly decreased. Discussion is presented that suggests a hydrated
electron degradation mechanism for PFOS may occur in ultrasonic conditions. This mechanism is a novel hypothesis in the field of PFAS sonolysis.

1. Introduction

Perfluorooctanesulfonic acid (PFOS) is one of many per- and poly-
fluoroalkyl substances (PFASs). It is one compound in a group of vari-
able chain length perfluoroalkyl acids (PFAAs) with a sulphate func-
tional group, which are more broadly referred to as perfluorosulfonic
acids (PFSAs). PFSAs have the configuration CnF2n+1SO3H, PFOS
having eight perfluoroalkyl carbon atoms (C8) [1–3]. PFSAs do not
fully mineralise in the environment; however, some PFASs can bio-
transform into perfluoroalkyl acids (PFAAs). This leads to a decrease in
chain length which makes the molecules increasingly soluble in water
and therefore more mobile in the natural environment [4–7]. The po-
tassium salt of PFOS has a solubility of around 520 mg L−1 at 20 °C
[8,9] and, as a surfactant, has both hydrophobic (perfluoroalkyl group)
and hydrophilic (sulfonate group) components [10]. PFASs are com-
monly used throughout industry (e.g. in firefighting foams) and are
linked to harmful effects in humans and animals [11]. The current
practice for aqueous PFAS treatment is to concentrate large volumes of
impacted waters to improve the economics of energy-intensive de-
struction technologies (e.g. incineration) [10,12]. As a result of the
costs associated with high temperature incineration of PFASs, there is a

need for more effective mineralisation/destruction methods [10,13].
The difficulty in achieving complete mineralisation of PFASs comes
from their multiple and extremely strong C–F bonds [14,15]. Ad-
ditionally, the adjacent fluorine atoms along the perfluroalkyl chain can
electrostatically and sterically shield the carbon–carbon bonds from
direct attack [16]. A detailed description of PFAS treatment methods
and degradation mechanisms can be found in previous reviews
[7,10,13,17–18].
This work considers the degradation of K-PFOS via sonolysis.

Ultrasonic cavitation has the potential to degrade PFOS, as attributed to
high temperature pyrolysis during bubble collapse [19–27]. Moriwaki
et al. showed a 28% and 60% degradation for 10 mg L−1 PFOS solution
under air and argon, respectively, at 200 kHz (3 W cm−2) [19]. Other
authors observed PFOS degradation of up to 99% of its initial con-
centration at 358 kHz and suggested that the mechanism was pyrolysis
at the high temperature bubble surface [21]. Theoretically, the ionic
functional group could be initially cleaved via pyrolytic C-S bond
cleavage, followed by mineralization of the perfluoroalkyl group, as
indicated by stoichiometric release of sulphate as PFOS degrades [28].
However, other research groups have indicated that defluorination
occurs more readily before functional group cleavage [24]. This is
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consistent with the formation of low molecular weight compounds
which would suggest that ionic functional group cleavage is not the
initial stage of decomposition [19], likely due to the poor leaving
ability of the sulfonate functional group. The degradation of 10, 100,
and 460 μM concentrations of PFOS, under ultrasound at 25, 500, and
1000 kHz found the highest frequency to be most effective, attributed
to an increase in the number of active bubbles in solution [25]. This
observation conflicts with other work across similar frequencies which
found that 358 kHz was the most effective [21]. The ability for PFOS
degradation to occur is proposed to be limited by the available active
bubble surface area, which becomes readily saturated with PFOS mo-
lecules [22,27].
The hydrophobic, lipophobic, and fluorophillic nature of the per-

fluoroalkyl moiety in PFOS will cause aggregation (or self-assembly) of
PFOS at gas–liquid interfaces [29,30]. PFOS also has a low vapour
pressure and thermal stability and is therefore unlikely to readily va-
porise inside the bubbles [19]. Ultrasound applied at mid to high fre-
quencies (~300–1000 kHz) can generate significant numbers of radi-
cals due to the transient nature of cavitation and an increase in the
number of bubbles [31,32]. Hence, PFOS has a certain stability at the
bubble interfacial region (or surface), where it is exposed to radical-
mediated reactions [33,34]. Besides radical species, hydrated electrons
are debated to exist (with short lifetimes) at the bubble interface and
possibly in the bulk solution [35–38], although they have only been
detected at high frequency and/or in alkaline solutions [35,38,119].
Therefore, the discussion of the data in this work explores the potential
that the PFAS sonolytic reaction mechanism involves the emission of
hydrated electrons from a non-equilibrium plasma, a concept which has
been discussed in other PFAS degradation techniques [39–42] but not
in the context of PFAS sonolysis.
Additionally, there is still little information regarding the effects of

frequency, in terms of the standing to travelling wave ratios and bubble
characteristics on the degradation of PFOS. Therefore, the ultrasonic
reactor in this work is characterised through KI dosimetry, sonochem-
iluminescence (SCL), and sonoluminescence (SL) to elucidate the yields
and spatial distribution of sonochemical activity at different fre-
quencies. The rates of PFOS degradation and release of fluoride ions are
then compared to the various characteristics of the ultrasonic field, as
determined using these characterisation techniques. Such character-
isation and comparison have yet to be completed in literature with
respect to PFAS degradation and frequency effects. This yields valuable
information on the reaction mechanism under various operating con-
ditions and the enhancement of reaction rates through the determina-
tion of optimum bubble conditions.

2. Experimental

2.1. Materials and conditions

98% Heptadecafluorooctanesulfonic acid potassium salt, 99.5%
(reagent grade) potassium iodide (KI), analytical standard 0.1 M so-
dium fluoride and 97% luminol (5-amino-2,3-dihydro-1,4-phthalazi-
nedione) were acquired from Sigma-Aldrich®. Ionic strength adjustor
(ISA) TISAB I was purchased from Cole-Parmer. All solutions were
made using distilled water (Milli-Q) from an Elix Essential 3 (UV) Type
2 operating at 14.5 MΩ cm.

2.2. Reactor configuration

The amplifier, step up transformer, glass reactor, and cooling jacket
circulation system were used as previously reported [43–45] and for
convenience these are shown in the Supplementary information (Fig.
S1). The transducers were made by Honda Electronics Co. LTD. and are
composed of piezo-electric ceramics, 5 cm in diameter, connected to a
vibration plate 10 cm in diameter. The contact area of the transducer to
the liquid was 6.6 cm in diameter. The frequencies of operation of the

four ultrasonic plates were 44, 400, 500, and 1000 kHz, respectively.
The height of liquid in the reactor was 58 mm. Experiments were
conducted at room temperature (25 ± 3) °C. A cooling jacket with
water was employed to ensure the temperature of solution did not in-
crease beyond 45 °C. This was done to control experimental parameters
as far as reasonably practicable and to prevent damage to the ultrasonic
electronics. Argon saturated solutions have enhanced sonolytic reaction
rates, compared to air saturated solutions, due to argon’s high poly-
tropic index [46,47]. While this is also true in the case of PFOS de-
gradation [19], all experiments were conducted in an air atmosphere
since this is more likely to reflect the gaseous environment used in an
industrial clean-up of PFASs, due to the high cost of argon.

2.3. Reactor characterisation

2.3.1. Calorimetry
To calculate the ultrasonic power in solution, the calorimetric

power was determined via Equation 1 [48].

=P mC dT
dtP (1)

Where;

=m Mass of water g( )

=C Specific heat capacity of water (4.19 J g K )P
1 1

=dT
dt

Rate of solution temperature increase during sonication K s( )1

All calorimetry experiments were repeated a minimum of three
times and the average calorimetric powers and standard deviations
calculated, shown in Table 1.

2.3.2. KI dosimetry
KI solution (0.1 M) was used to give an approximate measure of

overall sonochemical activity via the oxidation of iodide ions to the
triiodide ion (I3 ) in solution, for which a detailed reaction scheme has
been presented previously [49]. Detection and quantification of the
triiodide ion was completed using UV–Vis spectrophotometry at
355 nm and a molar absorptivity of 26,303 L mol−1 cm−1, via Beer’s
law [48]. As per previous work, the sonication time for KI dosimetry
was 14 min [43–45]. However, nitrogen in air saturated systems can be
converted into nitrous acid under ultrasound which, in turn, can oxidise
KI [49]. Further, this reaction is catalysed by oxygen in the air [50,51].
Ergo, the authors acknowledge the limitations of this method for
quantifying hydroxyl radical-mediated production via I3- detection for
an air saturated system. Hence, KI dosimetry was used as an approx-
imation of the relative differences in I3- production (and hence overall
sonochemical activity) between frequencies. The KI dosimetry results
were also used to support the other metrics of sonochemical activity
used in this work, i.e. calorimetry, sonoluminescence, and sonochem-
iluminescence. All KI dosimetry data were measured at least three times
with the averages and standard deviations calculated, as shown in
Fig. 3c.

Table 1
Calorimetric powers for frequencies 44, 400, 500 and 1000 kHz at 40 W. The
RP values represent the reflected power from the transducer to the amplifier
due to poor impedance matching. Each frequency was tuned to an applied
frequency to minimise reflected power (RP).

Frequency (kHz) Applied
Frequency (kHz)

Reflected Power
(RP) (W)

Calorimetric Power
(W)

44 44.9 8 20.8 ± 0.9
400 402.6 0 30.5 ± 0.3
500 500.0 0 32.0 ± 0.8
1000 996.1 0 34.6 ± 0.2
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2.3.3. Sonochemiluminescence/sonoluminescence image analysis
Image analysis of SCL and SL was used to provide information re-

garding the intensity and location of active cavitation using a basic
(0.1 M NaOH) 1 mM luminol solution (SCL) [52], Milli-Q water (SL)
[49] and 18.5 μM (10 mg L−1) K-PFOS solutions (SL). SCL imagery was
used to evaluate the spatial distribution of chemical activity using the
reaction of luminol with the superoxide radical anion in solution [53].
SL imagery captures luminescence from inside the collapsing bubbles
due to molecular disassociation/ionisation. Spatial distribution and
light quantification of both SCL and SL was performed with an ANDOR
iXon3 EMCCD camera and software. The camera was operated at
−70 °C with an EM gain level / exposure time (seconds) of 50 / 20 for
SL and 4 / 4 for SCL. The decrease in gain / exposure time for SCL was
to protect the camera from exceeding its recommended intensity limits.
Light intensity measurements were used for quantitative analysis, then
for qualitative analysis, the imagery was optimised by changing the
limits of the software filter, hence the differing background brightness
for different frequencies, displayed in Fig. 4. All SL and SCL data were
measured at least three times with the averages and standard deviations
calculated as shown in Fig. 3.

2.3.4. Calculation of rate constants
Two sets of data were available for calculation of rate constants: 1)

The concentration of PFOS with time and 2) Fluoride release with time.
However, it was noted that the reaction order appeared to change with
time, ergo an initial zero order reaction rate was calculated for the first
two hours of the reaction and a first order reaction rate calculated for
the latter two hours. First, the data were plotted on both linear–linear
and log-linear plots with a linear trendline and the R2 values assessed to
determine the rate order. All graphs plotted to determine rate order are
included in Supplementary information, Figs. S2–S4. Then, the slope of
the relevant plot was taken as the rate constant, using Eqs. (2)–(4).

= = = = =r k C
t

C C
minutes120X

th
X

th X X t mins X t mins0 0 , 120 , 0
(2)

=r k CX
st

X
st

X t
1 1

, (3)

= = =k
C C

minutes
ln( ) ln( )

120X
st X t mins X t mins1 , 240 , 120

(4)

where;

=X PFOS or F

=r Zeroth order reaction rate for component XX
th0

=k Zeroth order rate constant for component XX
th0

=C
t

Change in concentration of species X with timeX

=

=

C Concentration of X at a time t

r First order reaction rate for component X

( )X t

X
st

,

1

=k First order rate constant for component XX
st1

Note that, for the fluoride release, calculation of a first order rate
constant between times 0 and 120 min is not feasible since the fluoride
concentration at time t = 0 min is 0 and a natural log ofCF ,0 cannot be
taken. All rate constants are calculated based on the average data from
at least three experimental repeats and standard deviations given in
Table 3.

2.4. K-PFOS degradation analysis and experimentation

2.4.1. K-PFOS Sonication procedure
Aside from the glass reactor, polypropylene containers and pipettes

were used at all times since PFOS can be irreversibly adsorbed to glass
[54]. K-PFOS solution (~100 mg L−1) was diluted to 10 mg L−1

(18.5 μM) for use as stock solution. The volume of sonicated stock so-
lution was 200 mL and the applied power for all frequencies was 40 W.
The applied sonication time was 4 h and 2 mL samples were taken every
hour (starting from 1 h) for fluoride analysis, and 5 mL for PFOS ana-
lysis in the additional set of experiments (see Section 2.4.2). To protect
the transducers from heat damage, sonication was performed in 20-
minute intervals with 5-minute cooling periods between each pro-
gressive sonication. Thus, the total time the K-PFOS solution was in the
reactor was 295 min. The solution weight was recorded before and after
the 4-hour sonication period and a lid was fitted to the vessel during
sonication to minimise losses due to ultrasonically-induced mist for-
mation and possible evaporation of water and volatile compounds. The
average loss of solution after 4 h sonication, when PFOS and fluoride
analysis was performed, was 26.4 ± 0.7 g, (for all frequencies), in-
cluding loss due to sampling (~21 g). The average maximum tem-
perature reached during sonication was 42.8 ± 2.1 °C. All sonication
experiments were repeated a minimum of three times and the data
averages and standard deviations calculated, as shown in Fig. S5.

2.4.2. Perfluorinated compound and fluoride analysis
Initially, analysis of fluoride release from sonication of 10.0 mg L−1

of K-PFOS was completed using a Cole-Parmer Combination Fluoride
Ion Selective Electrode, for a minimum of three repeats. For all con-
ductivity readings, a volume of ISA equal to 10% of the sample was
added to the solution, the electrode inserted, and the solution mixed at
100 rpm using a magnetic stirrer. Once the conductivity reading sta-
bilised to within±0.05 mV, the temperature was gently increased to
25 °C ± 0.05 °C using a hot plate and the conductivity recorded. The
electrode was calibrated with a dilution series made using a 0.1 M
standard of NaF diluted from 0.1 to 10−5 M, each one decade apart. The
calibration data was produced in triplicate and a correlation derived
between the fluoride ion concentration and conductivity is summarised
in Eq. (5).

=F e[ ] 0.0073 0.039 (5)

Where;

=F Concentration of fluoride ions[ ] (mol L )1

=e Exponential number

= Conductivity mV( )

To analyse reaction progression, 2 mL samples were taken from the
reactor and analysed once per hour. The fluoride concentration at time
zero was subtracted from all subsequent readings to account for F− ions
present in the Milli-Q water. Further, 200 mL of Milli-Q water was
sonicated without the presence of K-PFOS to measure the conductivity
due to the possible breakdown of fluorine containing species in the
water. The values recorded at each hour for the sonication of water
were subtracted from the PFOS sonication readings. The average
fluoride reading for the initial K-PFOS solution was 9.03 µM and so-
nication of Milli-Q water produced 2.73 µM (equivalent to 2.9 mol%
and 0.86 mol%, respectively, of fluorine contained in the initial K-
PFOS).
Additional samples of the sonicated K-PFOS solutions were sent to

ALS Environmental (UK) for PFAS analysis using LC-MS/MS [55], and
fluoride and sulphate analysis using spectrophotometry [56,57]. Soni-
cation of 9.42 mg L−1 (17.5 μM) PFOS solution was performed under
identical conditions to the samples used for fluoride probe analysis.
Then analysis was performed to identify perfluorinated compounds
(C4–C12). The full suite of target analytes and detection limits are
provided in the Supplementary information (Table S1). PFASs were
analysed from a 1 in 10 dilution of 5 mL samples and complementary
fluoride analysis was performed using direct samples of 2 mL every
hour. The vessel and transfer beakers were rinsed with methanol, and
the methanol wash was sent for analysis with the sonicated samples. pH
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change was also measured using both a Hanna HI 8424 and a Mettler
Toledo 5GO F2 pH meters. The pH of the initial solution and final re-
action products were measured at 21.3 °C. Each measurement was re-
peated a minimum of three time so that the average change in pH and
standard deviation could be plotted for all four frequencies.

3. Results and discussion

3.1. K-PFOS degradation by sonolysis

The results of the fluoride analysis using the fluoride probe and ALS
spectrophotometry after 4 h of sonication, are shown in Table 2. Note
that the theoretical yield of fluoride ions given 100% PFOS degradation
is 315.9 µM (6.001 mg L−1) from the initial 10 mg L−1 K-PFOS. Ex-
cluding the 44 kHz results, the two fluoride analysis methods have an
average agreement within±7%, with a maximum discrepancy
of± 15%. When accounting for the slight difference in initial K-PFOS
concentrations between methods (10 mg L−1 vs 9.42 mg L−1) the
average agreement is± 1% with a maximum discrepancy of 14%. PFOS
sorption onto the glassware was not accounted for in the fluoride
electrode analysis and does not appear to significantly affect the results
when compared with the ALS analysis.
Plots of fluoride release as measured by the fluoride probe and ALS

spectrophotometry are shown in Figs. 1 and 2, respectively. Both
fluoride analyses suggest that mineralisation is completed within 3 h of
sonication at 400 and 500 kHz, but at 1000 kHz fluoride continues to be
released after 3 h. The experimental error associated with the probe is
approximately 3.4%, since the 44 kHz sonication showed ±3.4% de-
gradation, and the 500 kHz sonication showed 103.3% degradation at
3 h and a return to 100% release at 4 h (Fig. 1). Assuming complete
degradation of the PFOS molecule, this error corresponds to± 340.0
µg L−1 (0.632 µM) PFOS, 3.1% of the initial solution concentration. It
is difficult to see the variation in degradation rates between different

frequencies at low PFOS concentrations (i.e., nearing 3 h sonication)
but fluoride release in the first 2 h differs more significantly between
frequencies. By considering Figs. 1 and 2, 400 kHz shows the greatest
initial (within the first 2 h) fluoride release, followed by 500 kHz, then
1000 kHz.
The degradation of PFOS in solution after 4 h, analysed by ALS, is

shown in Table 2. The variation of measured PFOS degradation values
at 44 kHz is within experimental error (± 282.4 µg L−1 {0.565 µM})
showing that the sonication at this frequency is ineffective. This error
represents 3.0% of the initial PFOS concentration. All frequencies
showed an increase of ~20 °C in bulk temperature during sonication
(see Fig. S5) and the applied frequencies induced mechanical agitation
of the solution, as expected [58,59]. The lack of PFOS degradation at
44 kHz suggests that the increase in bulk temperature and liquid agi-
tation due to the applied ultrasound do not influence PFOS degradation.
Previous reports on low frequency (20 kHz) degradation of PFOS are
limited to trace levels (pM), using an ultrasonic horn [61]. Degradation
rates at higher frequencies are of the same order of magnitude as pre-
vious work (reported rate constant of 2.8 × 10−2 min−1 at 358 kHz in
argon at 10 °C [22]), as shown in Table 3. The fluoride release as
measured by the electrode analysis and ALS spectrophotometer shows
zero order kinetics in the initial 2 h of sonication (Table 3). The fluoride
measurements via electrode analysis and those given by ALS have si-
milar values. Within the first 2 h, both analyses show that 400 kHz has
the least agreement with zero order kinetics and 1000 kHz has the best
agreement (Figs. 1 and 2). Beyond the 2 h mark, all frequencies showed
pseudo first order kinetics, with the switch between the two reaction
orders occurring somewhere between 2.3 and 2.9 µM PFOS, as is con-
sistent with previous literature [20,22,27].
Both the stoichiometric release of fluoride ions at 400, 500, and

1000 kHz (Fig. 2) and the complete degradation (at 400 and 500 kHz)
indicate that sonolysis under these conditions completely degraded
PFOS without significant formation of less fluorinated shorter chain

Table 2
Fluoride release and PFOS degradation after four hours for frequencies 44, 400, 500 and 1000 kHz at 40 W, using the different analytical techniques.

Frequency (kHz) Fluoride release after 4 h, as measured by: PFOS degradation after 4 h, (ALS LC-MS/MS)

F- probe ALS Spectrophotometry

% µM % µM %

44 0.0 ± 3.4 0.0 ± 10.7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
400 99.5 ± 4.9 314.3 ± 15.5 95.0 ± 13.2 300.0 ± 42.1 96.9 ± 3.0
500 100.0 ± 2.8 315.9 ± 8.8 92.8 ± 15.5 293.2 ± 48.9 93.8 ± 3.0
1000 100.0 ± 8.2 315.9 ± 25.9 95.0 ± 13.2 300.0 ± 42.1 91.2 ± 2.7

Table 3
Fluoride release and PFOS rate constants within the initial and final two hours for frequencies 44, 400, 500 and 1000 kHz at 40 W, using the different analytical
techniques.

Frequency (kHz) Zero order fluoride release rate constant (µg L−1 min−1) within 0–2 h, as measured by: Zero order PFOS rate constant within 0–2 h (µg L−1 min−1), as
measured by:

F− probe (R2) ALS Spectrophotometry (R2) ALS HPLC/MS (R2)

44 N/A N/A N/A N/A N/A N/A
400 42.7 ± 1.8 (0.9659) 40.1 ± 4.4 (0.9481) −66.5 ± 7.3 (0.9298)
500 39.8 ± 3.0 (0.9912) 36.8 ± 4.1 (0.9892) −54.2 ± 6.0 (0.9448)
1000 38.5 ± 3.1 (0.9999) 32.9 ± 3.6 (0.9826) −53.1 ± 5.8 (0.9710)

Frequency (kHz) First order fluoride release rate constant (×10−3 min−1) within 2–4 h, as measured by: First order PFOS rate constant within 2–4 h (×10−2

min−1), as measured by:

F− probe (R2) ALS Spectrophotometry (R2) ALS HPLC/MS (R2)

44 N/A N/A N/A N/A N/A N/A
400 1.3 ± 0.8 (0.7023) 1.4 ± 0.9 (0.7966) −1.3 ± 0.04 (0.9056)
500 1.9 ± 0.8 (0.6634) 1.9 ± 0.4 (0.8314) −1.3 ± 0.04 (0.9966)
1,000 2.2 ± 1.2 (0.8954) 3.1 ± 0.4 (0.9997) −1.0 ± 0.03 (0.9995)
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PFAAs. Although trace concentrations of some shorter chain PFAAs
were detected at all frequencies, the total amount of all short chain
species represented less than 1% of the total yield by mass (Table S2).
The most significant product was PFOA, which decreased with time,
followed by perfluoroheptanoic acid (PFHpA) and perfluorohexanoic
acid (PFHxA) that indicates the conversion of PFOS to PFOA and sub-
sequent chain reduction in ultrasonic conditions. The conversion of
PFOS to PFOA and subsequent shorter chain formation was previously
observed at 200 kHz [19]. PFOS chain shortening was also reported at
500 and 1000 kHz based on comparative sulphate and fluoride release
rates rather than specific molecule detection [24,25]. Conversely, au-
thors report that at 354 and 618 kHz the sulphate release was stoi-
chiometric with PFOS degradation [28]. Further, at 575 kHz, PFOS and
PFOA were sonicated together and formation of small chain PFCAs and
PFSAs was not observed [27]. Hence differing theories around the

mechanisms of degradation are proposed, with either initiation via C-S
cleavage [28] or by generation of a sono-intermediate species [27]. At
the same time, sonolysis degrades shorter chain PFAAs [21,24] hence
secondary reactions could proceed too quickly for appreciable de-
gradation products to be realised, as recognised in the sono-inter-
mediate model [27].
The most efficient frequency for PFOS degradation was 400 kHz,

followed by 500 kHz and 1000 kHz. Note that the difference between
degradation rate constants at 500 kHz and 1000 kHz was not statisti-
cally significant. Previous comparisons of frequency settings using
10 μM PFOS found that at 1000 kHz, fluoride release was approxi-
mately 1.3-times faster than at 500 kHz [25]. However, the reactor
geometry varied between frequencies, making a direct comparison
difficult as this will impact the bubble dynamics [47]. Further, the so-
nication was performed indirectly via submersion of the reaction vessel
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Fig. 3. Graphs of (a) SL intensity from water, (b) SCL from luminol solutions, (c) triiodide production from KI solution, (d) SL intensity from PFOS solution (200 mL
solutions), (e) PFOS reaction rate during initial 120 min of sonolysis and (f) pH changes during four hours of sonication from initial pH 5.66 (200 mL solutions).

Fig. 4. SL active bubble distributions from water (top) and PFOS (middle), and SCL active distributions from luminol (bottom) for 200 mL solutions at 40 W. The
changes in background colour for different frequencies are due to the different limits used by the image software to optimise the light present. The exposure and gain
times were the same for each frequency.
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in sonicated DI water, as opposed to direct sonication of the PFOS so-
lution in the case of this work. Using a lower initial concentration (in
the range of 0.4 μM), degradation of a PFOA / PFOS mixture was fastest
at 358 kHz compared to 610 and 202 kHz and the magnitude of the
difference increased with power density [20].
There was a difference of around 20 °C between the initial solution

temperature and the stable temperature during sonolysis, as well as a
difference of around 7.0 °C during sonolysis at the four different fre-
quencies (see Fig. S5). However, these temperature variations do not
play a significant role in PFAS degradation since the solution at 44 kHz
was heated to around 35 °C and showed no degradation. Furthermore,
the thermal decomposition rate of PFOS has been shown to be insig-
nificant below temperatures of around 600 K, with half-lives of several
thousand hours even at these elevated temperatures [62]. In other ul-
trasonic work which degraded PFOA using 40 kHz ultrasound and
sulfate ions, the effect of increasing temperature from 25 to 45 °C (si-
milar to the temperature variation in this work) was shown to be
minimal compared to the impact of ultrasound and of the sulfate ions
[56]. Both the aforementioned paper and a similar work showed that
increasing temperatures above 20 °C had a negative effect on PFOA
degradation rate [61,63]. This is in opposition to this work, in which
increased degradation rates correlated with increased temperature and
suggests bulk temperature is a secondary effect of sonication. Finally,
multiple works have investigated purely heating of several PFASs (in-
cluding PFOS) to 40–85 °C noted no degradation (only sorption to
glassware) without the use of additional oxidants [64,65]. For these
reasons, it appears that such small fluctuations in temperature would
not have a significant impact on reaction rate compared to the tem-
peratures achieved within a collapsing bubble, which are in excess of
several hundred Kelvin [66].
pH was also altered during the reaction from an initial value of 5.66

to 5.08, 3.09, 3.16, and 5.39 for frequencies of 44, 400, 500, and
1000 kHz, respectively, as shown in Fig. 3f. The relative changes in pH
at the different frequencies do no follow the relative changes in PFOS
concentration with time, thereby indicating that (at the given pHs) pH
is not a dominant factor in PFOS degradation for this experimental
arrangement, as was the case in several other works [63,67–68]. This
also suggests that pH is not entirely controlled by PFOS breakdown
products since, if this were true, one would expect similar changes in
pH at 1000 kHz as at 400 and 500 kHz, due to their similar changes in
PFOS concentration with time. pH change is therefore likely dominated
by breakdown of N2 in the air saturated solution to form nitric/nitrous
acid, which has been shown to be frequency dependant [50].
These various results demonstrate that the rate of degradation of

PFOS is frequency dependent. However, it also depends on the char-
acteristics of the reactor. Hence, in the subsequent sections we aim to
investigate the bubble characteristics compared to PFOS degradation to
further elucidate the observed phenomena.

3.2. Correlation of PFOS degradation with bubble characteristics

The system was characterised at different frequencies (Figs. 3 and 4)
using (i) SL intensity and distribution in water, (ii) SCL intensity and
distribution in luminol, (iii) triiodide production in potassium iodide
solution, and (iv) SL intensity and distribution in PFOS solution. For all
characterisation techniques, 44 kHz has a low magnitude of quantified
activity (Fig. 3). At 44 kHz, bubbles are expected to be larger in size and
fewer in number [60]), the former contributing to increased coales-
cence to an inactive size [69]. Further, the collapse at this frequency
can be more transient [70], which can lead to lower collapse intensity.
In this case, we define collapse intensity in terms of internal tempera-
tures reached [71,72]. These factors contribute to the lower total in-
tegrated intensities of SCL and SL, and reduced triiodide production
compared to other frequencies, as observed. The reduced activity (SCL
and SL) at 44 kHz is congruent with no significant observation of PFOS
degradation at this frequency. Reports of PFOS degradation at low

frequency are limited to trace amounts (< 0.002 μM) [61]; however,
PFOA has been degraded at lower frequencies combined with oxidants
such as carbonate [73], sulphate [63], and periodate [68], with various
radical-mediated processes proposed. However, PFOS is not effectively
degraded by radical-mediated mechanisms nor oxidative processes
alone [4,10,13], so the bubble collapse mechanisms at 44 kHz, which
are more transient, less spherical [74], and provide a lower surface area
to volume ratio [75], are not suited to PFOS degradation at higher
concentrations.
In the low-mid frequency range, standing wave formation

throughout the solution is expected to dominate [43]. This is observed
here at 44 and 400 kHz, where lines of activity are observed within the
reactor for SL and SCL (Fig. 4a – f). At 400 and 500 kHz, there is re-
flection of the sound field at the surface of the solution and enhanced
standing wave formation (Fig. 4d – i). However, at 1000 kHz, where the
bubbles are smaller in size but greater in number [60], no appreciable
SL is observed. This is due to reduced standing wave proportions at
higher frequency [76] and weaker individual bubble collapse intensity
[70,72,77]. Higher frequencies are often characterised with an area of
standing wave activity toward the surface of the solution, as observed
in previous work in the same reactor with 400 mL solution [43].
However, the reduced height at 200 mL reduces attenuation of the
sound field, preventing standing wave formation at the surface [78]. All
frequencies will have some combination of standing and travelling
waves as can be seen with the formations at both 400 and 500 kHz
(Fig. 4d – i).
The relative changes in SL between frequencies (Fig. 4e, h, and k)

indicate that there is a reduction in overall collapse intensity for the
1000 kHz system, as previously observed at higher frequencies [79].
Here, at this higher frequency, bubbles will be smaller in size than the
lower frequency systems [60]. However, both the sonochemical pro-
cesses, SCL and iodide oxidation, and PFOS degradation still show
significant activity. The standing wave formation at 400 kHz likely
promotes the sonochemical processes and the sonochemical activity
tends to decrease in the order of 400 > 500 > 1000 kHz similar to
the observed PFOS degradation. Specifically, the total iodine-complex
production at 400 kHz is ~ 1.6-times and ~ 1.4-times production at
1000 and 500 kHz, respectively. Then, SCL intensity at 400 kHz is ~
2.0-times and ~ 1.3-times that at 1000 kHz and 500 kHz, respectively.
PFOS degradation within the initial two hours at 400 kHz is in a similar
range that is ~ 1.2-times as fast as 500 and 1000 kHz. The SL does not
follow any similar correlation when compared to PFOS degradation as
SL intensity has similar values at 400 and 500 kHz, and a ~ 100-fold
increase in intensity at 400 kHz compared to 1000 kHz. A similar trend
is shown when considering pH change (Fig. 3f) and converting to H+

concentration. Both 400 kHz and 500 kHz reached H+ concentrations
of ~ 10-3.2 M after four hours of sonication, while 1000 kHz reached 10-
5.3 M, approximately 100 times less concentrated than at 400 kHz and
500 kHz. Hence, the relative shape of Fig. 3f closely resemble those of
Fig. 3a and d. This suggest that pH changes in ultrasonic systems are
also dependant on bubble conditions which favour SL.
The association of PFOS degradation with conditions that promote

sonochemical processes was previously observed when 1000 kHz de-
graded PFOS 1.3-fold faster than 500 kHz [25]. The hydroxyl radical
production under these conditions was 4.1-times higher at 1000 kHz
compared to 500 kHz. There is no consistent and direct correlation
between the sonochemical processes and PFOS degradation in con-
sideration of the past and present work. However, PFOS clearly does
not require the same high intensity collapse conditions (evidenced by
SL), but rather is maximised when sonochemical processes are also
maximised.
The SL images (Fig. 4a and b) show that at 44 kHz there is little

change in the active SL bubble distributions between PFOS and water,
hence the similar levels of SL intensity (Fig. 3a and d). At 400 kHz, SL
intensity from PFOS is reduced by 23.5% in comparison to water
(Fig. 3a and d). The images show reduction in the standing wave at the
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surface for the PFOS solution, along with more distributed activity
throughout, with some vertical streaming lines (Fig. 4d and e). At
500 kHz, the two SL active distributions for water and PFOS solution
are similar (Fig. 4g and h), although SL intensity shows a small but
significant 8% decrease for PFOS solution (Fig. 3a and d). At 1000 kHz,
SL was detected in very small amounts (Fig. 3a and d). Therefore,
conditions that favoured PFOS degradation (400 kHz) also demon-
strated a reduction in SL in PFOS solutions compared to water.
This reduction in SL, congruent with favourable PFOS degradation,

may indicate quenching of SL by evaporation of PFOS into the bubble as
observed with other organics [80]. However, this is unlikely due to
PFOS’s low volatility [19], as also suggested for other surfactants [81].
Coalescence can be reduced in the presence of surface-active solutes
[82] reducing the mean bubble radius, as observed for sodium dode-
cylsulphate (SDS), which can reduce growth to active SL size [83].
Provided a reduction in coalescence does not inhibit bubble growth to
the rectified diffusion [84] or Blake threshold, [69] other effects can
take place. Surfactants can increase bubble transience [85] which, in
turn, may reduce the intensity of collapse [86] or increase bubble
fragmentation, reducing the number of SL emission cycles [71]. Also,
rectified diffusion may be increased [85], reducing collapse intensity as
more polyatomic gas enters the bubbles [87]. Hence PFOS will likely
cause reduced bubble size and/or reduced collapse intensity when
added to water.
The SL images of water and PFOS solution at 400 kHz (Fig. 4d and

e) show a reduction in the travelling wave for PFOS, causing a decrease
in SL at the surface of solution, with a more widespread region of ac-
tivity. This could be due to reduced attenuation of the wave from
smaller bubbles (due to reduced coalescence in the presence of PFOS,
hence overall a smaller bubble population) and therefore an overall
increased stable bubble population. Also, a reduction in SL cycles and
increased cavitation events through fragmentation (increased in the
presence of a surfactant through increased transience) may provide
more surface area for PFOS to adsorb. Since adsorption on the bubble
surface is favoured with increased bubble stability [88], most likely the
reduction in bubble size through reduced coalescence is favourable to
the adsorption of PFOS on the bubble surface and subsequent de-
gradation.
The variation of PFOS degradation shows a balance between col-

lapse intensity and available surface area. At 400 kHz, with the highest
degradation, we expect the lowest available surface area (in comparison
to 500 and 1000 kHz) but increased collapse intensity. However, at
1000 kHz when we expect a large increase in surface area but reduced
collapse intensity, PFOS degradation is still able to take place of the
same order. This is likely because smaller bubbles can adsorb more
PFOS at their surface, due to their greater stability and a higher surface-
to-volume ratio, allowing for more sonochemical reactions to take place
[75]. This is supported by no observation of PFOS degradation for the
44 kHz system where, although there is an intense collapse, as mea-
sured by SL, no degradation is observed.

3.3. Implications for the PFOS degradation mechanisms by ultrasound

PFOS sonolysis products depend largely on the experimental con-
ditions. Some report complete mineralisation [28] or very low yields of
degradation products [19], while others report evidence of incomplete
mineralisation [24,25]. This may indicate more than one degradation
mechanism which is influenced by the applied ultrasonic parameters.
Classical sonochemistry that occurs either via degradation inside the
bubble or at the interface via interactions with oxidising radicals does
not apply here. Nano-droplet injection would be expected at 44 kHz,
where the most transient conditions occur [89], yet no appreciable
degradation was observed, supporting the surfactant's resistance to
enter the bubbles via these mechanisms. Then, the bubble surface
where PFOS resides is the primary site of hydroxyl radical population
and recombination [33,34]. The 44 kHz surface availability is reduced

due to a reduction in the number of bubbles in comparison to higher
frequencies [70]. Further, several studies have shown that oxidation
alone of PFOS has yet to be demonstrated [4,10,13].
The general consensus is that PFOS degradation occurs via pyrolysis

at the bubble surface [19,28], with the rate limiting step being diffusion
to reaction sites [22,27,28]. However, different initiating steps have
been proposed; the pyrolytic cleavage of the ionic headgroup [28] or
via formation of a sono-intermediate [27]. Both rely on thermal de-
gradation. Thermal degradation of fluorotelomers (a type of PFAS) at
600 °C (~873 K) resulted in by-product formation [90] that was not
apparent above 750 °C (1023 K). Then, complete mineralisation is re-
ported to require temperatures in the order of 1000–1200 °C for 2 s
(1273–1473 K) [91–93]. Temperatures at the bubble surface for a single
bubble have been estimated to be ~1900 K [94], which is well within
the required temperature for pyrolysis of the organic compound.
However, estimates for the average temperature at the bubble surface
in a multi-bubble system place it in the region of ~800 K [66] which
follows from nonequilibrium plasma formation where there are a range
of temperatures [95]. Frequency and power also determine the tem-
perature upon collapse. A high frequency system (1056 kHz) generally
shows reduced bubble temperatures at low powers in comparison to
lower frequencies, and only at higher powers can the maximum tem-
perature be equal or greater [31]. Similar data has been presented by
other authors [79]. Since the plasma inside a cavitation bubble is
known to be very opaque in nature [96], it is likely that a similar
temperature trend would be observed at the bubble surface. However,
the temperature at the bubble surface is likely close to the water tem-
perature and only greater than water for a brief moment (in the order of
nano-milli seconds compared to 2 s treatment time for incineration
[91–93]) due to exposure of liquid to the core as bubbles fragment [97].
This effect would be reduced for a higher frequency system where
bubble surface instabilities are reduced compared to lower frequencies
[70]. Hence in multi-bubble systems, such as those used for PFOS de-
gradation, the surface temperatures may not be large or sustained en-
ough for pyrolytic cleavage. Especially at higher frequencies where
collapse temperatures (and bubble transience) can be significantly re-
duced.
Alternative mechanisms for sonolytic degradation of PFOS may be

via plasma-induced degradation mechanisms. Nonequilibrium plasmas
have been evidenced in multi-bubble systems in aqueous solutions and
are not necessarily accompanied by SL [95]. Also seen here at
1000 kHz, significant SL conditions are not required for PFOS de-
gradation. Nonequilibrium (or nonthermal) plasmas are characterised
by high temperature electrons, hence electron activity at the bubble
surface and potentially some ejection into bulk solution is likely to
occur, alongside higher detection of sonochemical activity. Hydrated
electrons have been suggested as a mechanism for PFAS degradation in
plasmas [39], photochemical systems [40,41], and electrochemical
treatment [42]. Hydrated electron degradation of PFSAs are proposed
to occur via hydrogen/fluorine (H/F) exchange in the middle of the
alkyl chain or cleavage of the headgroup [15]. H/F exchange would
lead to shorter chain PFSAs and PFCAs, of which only PFCAs were
observed here and from treatment at 200 kHz from PFOS [19]. Al-
though perfluoropropanesulfonic acid (PFPrS) and per-
fluoropentanesulfonic acid (PFPeS) have been reported from the sono-
lysis of aqueous film forming foams containing a mix of PFASs [98].
When subject to the same sonolytic conditions as their longer chain
counterparts, shorter chain compounds may not degrade with the same
efficiency [21], hence a range of possible observations would be made
depending on the ultrasonic parameters applied. Cleavage of the
terminal ionic functional group was proposed to form a perfluorinated
alkyl group, which is easily evaporated into the bubble and mineralised
[28]. In the degradation scheme initiated by a hydrated electron,
cleavage of the sulfonate group leads to formation of PFOA as observed
in this work and at 200 kHz [19], in differing amounts. In sonochemical
conditions, PFOA is known to further degrade to shorter chain PFCAs
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[19,99]. A combination of the mechanisms (ionic functional group
cleavage, sono-intermediate, and/or aqueous electron attack) would
also explain the non-stoichiometric release of sulphate reported in some
cases and complete mineralisation in others. Hence, hydrated electron-
initiated mechanisms could explain the variation in production of
shorter chain PFAAs and intermediates and production of PFOA from
PFOS observed.
The formation of hydrated electrons at the bubble surface during

cavitation has also been reported at high frequency in alkaline condi-
tions [36,119] Eq. (6). However, this step was said to be limited by
competition for hydrogen atoms by the comparatively faster reaction of
Eq. (7) [35].

+ +H OH H O eaq2 (6)

+H H H2 (7)

Further, no hydrated electrons were detected in bulk solution under
argon at 50 kHz [37]. This may be due to the use of a lower frequency
and/or the short-lived nature of the electron. In this case +Cd2 was used
as a scavenger to prevent the reaction of aqueous electrons with spin
trap agent α-(4-pyridyl-1-oxide)-N-tert butylnitrone (POBN) which can
scavenge electrons but not H atoms. However, the cadmium cation
would not as readily move to the bubble surface as the spin trap agent
POBN, nor would it populate the interface as would be the case for
PFOS. Other authors have suggested that solvated electrons allow for-
mation of Cl from chloroacetate solutions involving cleavage of the Cl-
C bond [38]. This bond energy is significantly lower
(~315–330 kcal mol−1) [100] than the C-F bond of PFOS
(~440–530 kJ mol−1) [100–102].
In sonolysis, the proposition of the hydrated electron may be

countered since, in the presence of 10 mM sodium nitrate, a well-known
scavenger of hydrated electrons, the sonolytic degradation rates of
100 μM PFOS and PFOA were not affected [103]. However when so-
dium nitrate was used as a scavenger, the suppression of PFOA de-
gradation was around 35% in a gas discharge plasma, compared to the
almost total suppression of PFOA degradation in a liquid discharge
plasma [39]. The means of degradation in the gas discharge plasma
were attributed to either high energy electrons or ionised argon in
addition to the hydrated electron. In sonolysis and the gas discharge
plasma, the degradation of PFOS and many plasma-reactions occur at
the gas liquid interface, rather than in the bulk solution, hence the
PFOS population could preferentially react with electrons produced.
The main challenge in determining the effects of hydrated electrons

is understanding their characteristics at liquid interfaces which have
only been elucidated more recently [104,105]. The penetration of
electrons into solution was previously said to be limited by their high
reactivity and short lifetimes. However, using sensitive optical techni-
ques for short lived species at a plasma liquid interface, the penetration
depth before reaction has been measured at (2.5 ± 1.0) nm with an
approximate electron concentration of 1 mM at the interface region
[104]. Solvated electrons lifetimes at liquid interfaces (such as at the
surface of a bubble) were previously calculated to be around 10 ps
[106], much lower than in bulk solution [107]. However, more recent
studies have shown that lifetimes can be significantly extended to over
100 ps [105]. These new observations suggest that electron activity at
the surface of the bubbles may play more of a role in the degradation of
surface-active solutes such as PFOS than previously thought.
This also implies that the surface properties of the cavitation bub-

bles can determine electron lifetimes. The bubble wall can be con-
sidered as a concentration shell that constricts on expansion and ex-
pands on contraction [84]. Therefore, if the shell is less constricted, it is
likely that there will be fewer electron reactions and that they may
penetrate farther. Also, if there is deviation from sphericity (increased
transience) then this will influence the electrons via changes in the
bubble wall properties in which they reside. This, combined with the
propensity of PFOS molecules to move to the surface region, may

account for the disparity between observance and non-observance of
hydrated electron activity, yet the ability for PFOS degradation to occur
via electrons in sonolytic conditions.
Therefore, in summary, plasma formation in cavitation bubbles may

allow for hydrated electron activity at the surface of the bubbles. These
electrons can have longer lifetimes at bubble surfaces, in comparison to
bulk solution, and this is also the region where PFOS molecules will
tend to reside. Evidence of PFOS degradation via hydrated electrons has
been observed using plasmas and electro- and photo-chemical methods.
The results of this work have shown that the intensity of collapse, which
would support a pyrolytic mechanism, does not readily influence the
amount of degradation taking place. Rather, the PFOS degradation was
more closely linked with sonochemical effects. Hence, we have pro-
posed that PFOS degradation at the bubble surface may be attributed to
chemically-mediated reductive defluorination via the hydrated elec-
tron.

3.4. Implications for industrial scale PFOS remediation

Sonolysis has been proven to completely degrade a range of PFASs
and PFAS solutions [19,103,108,109] and may be a valuable treatment
in environmental PFAS remediation. However, sonolysis is an energy
intensive treatment and work must be done to keep efficiency as high as
possible. Bulk temperatures will, to some extent, control the dissolved
gas concentration which would be higher at lower temperatures and
might enhance degradation rates. However, variations in bulk solution
temperatures did not appear to play a significant role in enhancing
PFAS reaction rates in this work or others [61,63–65]. Therefore,
control of bulk temperatures during PFAS sonolysis should be carefully
balanced to optimise treatment times against cooling costs, whilst also
maintaining temperatures which maintain the lifetime of the ultrasonic
devices.
The cost of sonolysis must also be justified against the cost of other

possible treatments. A plethora of PFAS treatments exist
[7,10,12,13,17,18,110], which can broadly be divided into two cate-
gories; removal and destructive technologies. While most removal
technologies can be highly efficient for several PFASs, including PFOS,
relatively few technologies have been shown to effectively degrade
PFOS. A comparison of the efficiency of PFOS degradation processes is
shown in Table 4. Works are listed in order of their increasing effi-
ciency, which is based on the G-value method as given previously
[20,111]. The G-value was calculated using Eq. (6) below, on a mass
basis. Note here that the power was based on the total power drawn for
each work (as opposed to calorimetric power) in order to accurately
reflect overall treatment efficiency.

=G
V C C

P t
g kWh

( )
( )Value

PFAS PFAS t,0 , 1
(6)

where;

=V Treatment Volume L( )

=C PFAS concentration at the end of the reaction g L( )PFAS t,
1

=C PFAS concentration at the start of the reaction g L( )PFAS,0
1

=P Drawn power input into the reactor kW( )

=t Reaction time h( )

Photochemical degradation appears to be slow and inefficient, with
significant formation of shorter chains which mitigates treatment
(Table 4). This is perhaps due to conversion losses, i.e., during light
transmission through the water and conversion of light energy to che-
mical splitting, due to the ready absorption of electrons generated in
the bulk liquid by hydroxyl radicals [117]. The efficiency of sonolysis
varies, although this work is one of the more efficient examples, with
increased efficiency at higher concentrations [22]. The highest reaction
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rate and efficiency in this work were achieved during the zero-order
regime of the reaction (the initial 2 h). This is well explained by sa-
turation of the bubble surface during the zero-order regime, which al-
lows PFOS molecules to readily partition to the bubble surface [19,22].
Hence, cost effectiveness of treatments could be improved with a flow-
through system to maintain high PFAS concentrations in the reactor.
Plasma is generally the most efficient and may be because both the

photochemical and sonochemical procedures reviewed here were ap-
plied in a continuous manner, whereas plasma was applied in pulses.
Therefore, the use of pulsed ultrasound may be able to improve the
efficiency of sonolysis for PFASs and make it competitive with plasma
treatments, since it is known to enhance efficiency in other sono-
chemical reactions [118]. However, the scalability of plasma [12] and
formation of shorter chains (low fluoride release) [111] remain sig-
nificant challanges, perhaps indicating a selectivity for longer chains
and less efficient complete mineralisation compared to sonolysis. All the
aforementioned technologies are suspected to form aqueous plasma or
electrons during PFOS degradation, and no other PFOS degradation
mechanisms are known. Hence, PFOS might only be degradable via the
mechanism proposed of emitted electrons due to the high strength of
the C-S bond. Therefore, the most efficient technology might be one
which most efficiently generates aqueous plasmas/electrons, which
would explain why pulsed plasma generation appears to be the most
efficient mode of degradation.

4. Conclusions

In this study, PFOS degradation occurred in the descending order
400 > 500 > 1000 kHz where 96.9, 93.8 and 91.2% degradations
were achieved with rates of (1.3 ± 0.49), (1.3 ± 0.03) and
(1.0 ± 0.03) × 10−2 min−1 for 400, 500, and 1000 kHz, respectively.
There was also an associated increase in fluoride release, consistent
with total mineralisation after 4 h. The close correlation with I3 pro-
duction and SCL intensity suggests conditions which favour radical
production also augment PFOS degradation. At 44 kHz, the relative
changes in the three processes differed and there was no degradation
where SL, SCL, and I3 production were present. Under conditions
where bubble size was reduced (1000 kHz) and the intensity of collapse
did not facilitate a strong SL signal, degradation was able to remain of
the same order as the more intense collapse systems. This disparity
between the intensity of collapse, bubble surface temperatures (which
may not be high enough for pyrolytic degradation of PFOS), knowledge
of other hydrated electron PFOS degradation processes and new in-
sights into hydrated electron characteristics led to the conclusion that
some degradation is likely taking place via hydrated electrons. It was
suggested that conflicting literature on whether hydrated electrons can
contribute to degradation of PFOS may be due to the different bubble
surface dynamics for different ultrasonic systems and the surface
properties of the degradation molecules. Thus, further work is sug-
gested to understand the relationship between these dynamics and the
propensity of hydrated electrons to contribute to PFAS / pollutant

degradation processes. These findings, and their comparison with those
of other technologies, have implications for the future treatment of
PFAS pollution as they suggest both bulk liquid and intra-bubble col-
lapse temperatures are less important to PFAS degradation than pre-
viously thought and that efficient plasma/aqueous electron generation
are critical to cost effective treatment.
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