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A B S T R A C T   

Ultrasonic breakdown of perfluorooctanoic acid and perfluorooctane sulfonic acid were evaluated at various 
ultrasonic frequency (575 kHz, 860 kHz, and 1140 kHz), pH (3–12), bulk water temperature (14.5–30 ◦C), and 
gases (Helium, Nitrogen, Oxygen, Ozone, Argon). Contrary to the result reported in the literature, we observed 
an increase in the rate kinetics of PFOA and PFOS decomposition in an air environment (i.e., without sparging 
any gases), at higher pH, and higher bulk water temperature. The rate kinetics of PFOA degradation in gases 
follows the order as Helium > Nitrogen > Argon > Oxygen > Ozone. The present work concludes that the 
presence of known/unknown chemical compounds formed during sonolysis, influence the interaction of PFOA 
and PFOS with the cavity-water interface. The cavity collapse simulation using Gilmore equation showed that an 
increase in acoustic pressure increases the compression ratio and bubble radial velocity of the collapsible cavity. 
This study suggests that the lower degradation rate of PFOS as compared to PFOA, over a range of ultrasound 
frequencies, is due to the lower number of active cavities collapsing at higher temperatures. The radius of active 
collapsible cavities, with maximum compression ratio and bubble radial velocity, was 3.2 µm, 2 µm, and 1.7 µm 
at an ultrasonic frequency of 575 kHz, 860 kHz, and 1140 kHz, respectively.   

1. Introduction 

The detection of perfluoroalkyl substances (PFASs) specifically per-
fluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) in 
the water [1], air [2,3], blood, wastewater [4], fishes [5] is widely re-
ported in the literature [6]. The toxicological studies on an animal show 
that PFOA and PFOS change functions of some of the organ in the body 
and alter the hormones at relatively higher concentration [7]. Conse-
quently, the United Nations Environmental Program (UNEP) Stockholm 
Convention amended its list of persistent organic pollutants (POPs) in 
2009 and added PFOA and PFOS in it. The probable toxicity for a human 
being made United States Environmental Protection Agency (US EPA) to 
release health advisory of PFOA and PFOS concentration in drinking 
water of 70 part per trillion [7]. 

Several physicochemical methods such as persulfate [8], electro-
chemical oxidation [9,10], photolytic oxidation [11], chemical reduc-
tion process [12], plasma technology [13], and sonolysis [14–17] have 
been tested for converting PFASs into its inorganic and harmless form 
fluoride [18–20]. Amongst the tested process, Nzeribe et al. (2019) 
report that sonolysis and plasma technology shows a higher rate of de- 

fluorination compared to other processes [19]. However, those studies 
were carried out under ideal conditions, and complete mineralization of 
PFASs requires further studies for its broader application [18]. Recent 
studies on high frequency (202–1140 kHz) ultrasound-induced degra-
dation of PFASs elucidated that defluorination of recalcitrant per-
fluoroalkyl compounds can be achieved by sonochemical reaction of 
PFASs with an active transient cavitating bubble [14,16,21–24]. Vecitis 
et al. reported reaction pathways of complete mineralization of PFOA 
and PFOS to its inorganic constituent using high-frequency ultrasound 
[15]. 

Sonication of the aqueous solution creates many cavities. Some of the 
cavities formed during sonication violently collapse under the influence 
of rarefaction and compression phase of ultrasound and create high- 
temperature hot-spot [25]. Many studies postulate the formation of 
plasma with hydrated electrons and ions [26], highly reactive radicals, 
and temperature of more than 1000 ◦K at the core of the cavity [27]. 
This leads to the generation of sonoluminescence, the formation of 
strong oxidant hydroxyl radical, and initiation of a chain of chemical 
reactions during sonication of the aqueous sample at ultrasonic fre-
quency ranged from 18 kHz to 2 MHz [28–30]. Thermal properties, as 
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well as cavity-water interface velocity during the collapse of the active 
cavity, is moderated by gases and vapour in the solution during soni-
cation along with other parameters [31]. Review by Rooze et al. (2013) 
reports 3–5 times higher efficiency of KI oxidation (i.e., higher hydroxyl 
radical formation) in an air environment compared to argon environ-
ment at the high-frequency ultrasound [31]. On the contrary, investi-
gation of literature by Merouani et al. pointed out that higher 
production of hydrogen peroxide in an argon environment in some 
literature and an air environment in another literature [32]. Ultrasound 
initiate various reaction scheme in the aqueous water solution, Mer-
ouani et al. (2015) have given a list of 70 such reaction pathways with its 
end products [33]. 

Uncertainty still exists in the understanding of homogeneous and 
heterogeneous ultrasonic chemical reaction [34] as different sets of re-
actions occur inside the core of the cavity, at the cavity-water interface 
and in the bulk solution. For organic and inorganic compounds, ultra-
sonic conversion reaction is a function of active cavities present in the 
solution. Acoustic frequency is a crucial sonochemical parameter that 
modulates the cavitation dynamics of the bubble cloud present in the 
solution [34,35]. Besides, sonochemical parameters such as a power 
density, reactor design, the area of the emitting surface, dissolved gases, 
and the nature of the solvent affect cavitation dynamics and sono-
chemistry [36–38]. 

It was reported that low-frequency ultrasound leads to a more violent 
collapse of a cavity that generates higher localized temperature and 
pressure in the cavitating bubble compared to high-frequency ultra-
sound [25,34,39,40]. However, higher reaction rates were observed for 
many chemical reactions at high frequencies [34,36,41–43]. It was 
postulated that even though collapse at a higher frequency is less vio-
lent, the number of active cavitating bubbles are more at higher fre-
quency as compared to low-frequency ultrasound. This leads to more 
number of available free radicals for a chemical reaction in the bulk 
liquid [34,36,41–43]. However, this rationale seems incomplete, 
because degradation of PFASs is observed only at a high frequency 
(>200 kHz) and no detectable degradation at a lower frequency (<200 
kHz) [14,15,44]. Rayleigh-Plesset (R-P) model has been extensively 
used to explain the cavitation phenomenon [40,45]. However, numer-
ical investigation of bubble cavity collapse using the R-P model has been 
validated for a short duration (i.e., up to 25–40 cycles of cavity collapse) 
and only at low frequencies of 20 kHz [46–50]. The R-P model assumes 
that the liquid is incompressible during collapse; however, compress-
ibility prevails in the cavitating bubble during its collapse, and bubble 
wall velocity exceeds supersonic velocity. Thus, it will be advantageous 
to use Gilmore equation [51] for the analysis of bubble dynamic, which 
takes into account compressibility and viscosity of fluid during 
cavitation. 

The acoustic pressure is another important factor in a sonochemical 
system that modulates generation, growth, and collapse of cavities [50]. 
The acoustic pressure generated by the ultrasonic transducer is directly 
proportional to the acoustic power delivered to the solution. Thus, 
acoustic power stimulates the generation of active collapsible cavities 
that participate in ultrasonic chemical conversion reactions. Campbell 
et al. (2015) evaluated the effect of power density on the degradation of 
PFASs and reported a linear increase in degradation rates with an in-
crease in a power density [52]. However, some studies [52–54] on 
power density-dependent degradation of organic compounds show an S- 
shaped relationship similar to the dose-response curve. 

The theoretical and experimental maximum temperature in the 
cavity during the collapse has been reported with heavier rare gases 
having higher polytrophic index compared to diatomic gases. However, 
a similar trend does not follow for radical formation after cavity 
collapse. Many investigations suggest that mismatch between maximum 
cavity collapse temperature with rare gases and radical formation or 
chemical breakdown reactions [31]. The pH [55] and the bulk water 
temperature [56] of the solution influences sonochemical reaction 
during sonolysis. The cavity-water interface of the active collapsible 

cavity shows negative charges [55]. The ionic state of the chemical 
compounds plays a pivotal role while partitioning with cavity-interface. 
Thus, pH profoundly influences the mass flux of contaminant from bulk 
water to cavity-water interface and further into the core of the cavity 
due to diffusion. Many studies on acoustic cavitation report a higher rate 
of degradation of the organic compound at lower bulk water tempera-
ture mostly at lower frequency ultrasound [28]. On the contrary, an 
increase in the rate of decomposition of a certain organic compound also 
observed with an increase in bulk water temperature at higher frequency 
[57]. This contrasting result suggests that degradation of the contami-
nant does not only depend on thermolytic collapse of the cavities but 
also the factors which affect contaminants diffusion at the active 
collapsible cavity. 

Though sonochemical degradation of PFOA and PFOS are studied 
under different condition [16,17,21–23,44,58], the literature is void of 
studies on the influence of pH, bulk water temperature, and gases on 
PFOA and PFOS degradation. Prior studies on PFOA and PFOS ultrasonic 
decomposition suggest that thermolytic decomposition of PFOA and 
PFOS degradation occurs at the cavity-water interface and hydroxyl 
radical does not possess enough energy to influence PFOA and PFOS 
breakdown. Therefore, studying the influence of ultrasonic frequency, 
pH, bulk water temperature, and gases might help in understanding the 
nature of the active cavity collapse. In view of the above, in present work 
influence of pH, temperature, and gases on the degradation of per-
fluoroalkyl substance are tested. Further, an attempt has been made to 
answer the question of why PFOA has a higher degradation rate 
compared to PFOS under high ultrasonic frequency ultrasound by 
simulating cavity collapse using Gilmore model. 

2. Materials and methods 

2.1. Chemicals and reagents 

Analytical grade perfluorooctanoic acid (PFOA, 96%); heptadeca-
fluorooctanesulfonic acid potassium salt (PFOS, 98%) were purchased 
from Sigma Aldrich, USA. Stable-Isotope surrogate of perfluorooctanoic 
acid (13C8 PFOA, 99%) and Sodium perfluorooctanesulfonate (13C8 
PFOS, 99%) were purchased from Cambridge Isotope Laboratories, Inc. 
HPLC grade Methanol (>99.8%), Acetonitrile (>99.9%) and HPLC 
water were obtained from Sigma-Aldrich. Concentrated hydrochloric 
acid, strong ammonia solution were purchased from Fisher Scientific. 
Helium, Argon, Nitrogen, Oxygen, and Ozone were purchased from 
Airgas., Philadelphia, USA. Oasis weak anion exchange (WAX; 3 cc 
cartridge 60 mg 30 μm) cartridges for solid-phase extraction (SPE) of 
PFOA and PFOS were purchased from Water Corp (Milford, MA, USA). 
The aqueous solution was prepared with Milli-Q water (>20 MΩ cm− 1 

resistivity). All materials were used as received. 

2.2. Sonication experiment 

The mixture of PFOA and PFOS was sonicated in batch mode at an 
ultrasonic frequency of 575 kHz, 860 kHz, and 1140 kHz using Mein-
hardt multi-frequency transducer (model E/805/T/M) in 1000 mL cy-
lindrical coolant jacketed glass reactor. Circulating coolants maintained 
the bulk temperature of the PFOA/PFOS solution. Initial pH of the so-
lution was adjusted using sodium hydroxide and hydrochloric acid, as 
required. Calorimetry was done to determined acoustic power trans-
ferred to the solution [59]. The calorimetric power (Pc) delivered to the 
solution during sonication was measured using Pc = CpM dT

dt , here M [kg] 
is the mass of aqueous solution, Cp [J/(kg K)] is the heat capacity, T [K] 
is the temperature, and t [s] is the time [59]. The calorimetric power 
density (PD) is the ratio of the calorimetrically measured power and the 
volume of the aqueous sample. 

Four sets of the experimental investigation were carried to check the 
effect of ultrasonic frequency, and additives on PFOA and PFOS 
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degradation. The first set of the experiment was carried out at an ul-
trasonic frequency of 575, 860, 1140 kHz without sparging any gas (i.e., 
an air environment). The second set of sonochemical experiments were 
conducted by varying initial pH (2.67–11.67) with and without sparging 
argon gas. Sonolysis of a mixture of PFOA/PFOS were carried at various 
bulk water temperature (14.5–30.7 ◦C) without sparging any gas in the 
third set of experiments. The fourth sets involved sparging of various 
gases (Helium, Nitrogen, Argon, Oxygen, and Ozone) during sonication 
of aqueous PFOA/PFOS solution. Before the sonochemical experiment, 
gas, as needed, was bubbled into the solution for 20 min. During the 
sonochemical experiment, the gas was continuously bubbled. All sono-
chemical experiments were carried out in duplicate for 120 min at a 
constant ultrasonic power of 120 W. The procedure followed for sono-
chemical experiments and by-product formed during sonolytic degra-
dation of PFASs is reported in Shende et al. [60]. We could not measure 
defluorination due to the very low initial concentration of PFASs. 
However, the formation of short-chain carboxyl and sulphonic PFASs 
(C3-C7) were monitored during all experiments. We note that the fre-
quencies of the transducer as provided by the manufacture are reported 
in the present work. 

2.3. Solid-phase extraction 

Solid-phase extraction of PFOA and PFOS was carried out using Oasis 
Wax cartridge to minimize matrix in the sample. An Oasis WAX column 
was preconditioned with 4 mL of 0.1% ammonium hydroxide in meth-
anol solution, methanol, and Milli-Q water before loading sample. The 
sample was loaded into the WAX column at a rate of 2–3 drop/second. 
After extraction, the cartridge was rinsed with UPLC water, dried under 
vacuum for 10 min, and eluted with 4 mL of 0.1% of ammonium hy-
droxide in methanol. The aliquot was evaporated near dryness and 
reconstituted with methanol & Milli-Q water (1:1). 

2.4. Instrumental analysis 

Ultra-performance liquid chromatography Waters Acquity (Waters 
Corp, USA) was utilized to detect PFOA and PFOS. The UPLC was 
equipped with Waters Acquity UPLC BEH C18 (2.1 × 50 mm, 1.7 μm) 
column coupled to a Waters Xevo TQ-S mass spectrometer interfaces 
with an electrospray ionization source. The details of PFOA/PFOS 
analysis are given in Shende et al. (2019) [60]. Immediately before 
analysis, 18 ppb of labeled-Isotope surrogate standard (13C8 PFOA, 
13C8 PFOS) were added to both standard solution and all sample to 
evaluate potential matrix effect. 

2.5. Numerical analysis using Gilmore equation 

The existence of ultrasonic cavitation in the liquid depends on the 
balance of acoustic forces and hydrodynamic forces. The hydrodynamic 
problem of a moving spherical bubble wall oscillated due to erratic 
acoustic pressure was solved by applying the law of conservation of 
mass, momentum, and energy [61]. Gilmore [51] derived an equation 
for ultrasonic cavitation which incorporate second-order compress-
ibility. The Gilmore equation takes into account viscosity of the liquid, 
surface tension, and loss of energy of bubble due to radiated pressure 
waves [51]. The Gilmore equation as modified by Lauterborn and Kurz 
(2010) [62] is, 
(
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Ṙ2
=

(

1+
Ṙ
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where f [Hz] is an ultrasonic frequency; R [m] is the radius of the 
cavitating bubble; Rn [m] is an initial radius of the cavitating bubble; Ṙ=
dR
dt [m/s] is the bubble radial velocity; R̈ = d2R

dt2 [m/s2] is the rate of change 
of bubble radial velocity; P∞ [Pa] is the hydrostatic pressure at infinity; 
Pa [Pa] is the acoustic pressure; ρ0 [kg/m3] is the density of water at 
thermal equilibrium at room temperature; Pv [Pa] is the water vapour 
pressure; H is the enthalpy difference between the liquid at pressure P 
and P∞; c0 is the sound velocity in the liquid at normal condition; C [m/ 
s] is the sound velocity at the wall of a bubble; σ [N/m] is the surface 
tension; μ [Pa.s] is the dynamic viscosity; γ =

Cp
Cv 

is the ratio of specific 
heat at constant pressure and constant volume; B and nT are empirical 
constant, which depends on the pressure-density curve for isentropic 
compression. Gilmore gave the value of B = 3000 atm and nT = 7 for 
water. β = 0.0015130423 is related to Van-Der-Waals constant. The 
details of cavitation dynamics using Gilmore equation can be found in 
Lauterborn and Kurz (2010) [62]. 

The fifth-order Runge-Kutta-Fehlberg method with a step-size algo-
rithm was used to solve Gilmore equation numerically in MATLAB 2019 
(The MathWorks Inc., Natick, Massachusetts, USA). The profile of 
radius-time was obtained with relative and absolute tolerance of 10− 7 

and 10− 12. The cavitation period was 100 µs unless noted otherwise. It 
was reported that the size of the cavity decreases with an increase in an 
ultrasonic frequency [34,50]. In order to account for the effect of a 
frequency on the degradation of PFASs, the numerical analysis was 
carried out by solving the Gilmore equation for cavities of several sizes 
(0.1–100 µm). Additionally, some studies reported an increase in rate 
kinetics with an increase in ultrasonic power [52,53,63,64]. Therefore, 
numerical analysis was also carried out at various acoustic pressures 
(0.1–100 atm). The Gilmore equation was solved for a mixture of PFOA 
(102 nM) and PFOS (113 nM). The values used for solving Gilmore 
equation were: Dynamic viscosity = 0.001 Pa⋅s, surface tension =
0.0728 N/m, polytrophic Index = 1.4, density of water = 1000 kg/m3, 
hydrostatic pressure = 1 atm, Pv = 2337 Pa [58]. Ultrasonic intensity (I) 
during a sonochemical experiment at 575 kHz, 860 kHz, and 1140 kHz 
was 0.69 W/cm2, 1.2 W/cm2 and 1.34 W/cm2 respectively. Thus, the 
acoustic pressure (Pa) delivered to the solution was calculated using 
Pa = (2ρc0I)

1
2, and was 1.44, 1.89, and 2.02 atm for 575 kHz, 860 kHz, 

and 1140 kHz, respectively. The resonant frequency of the acoustically 
vibrating bubble could be written, as shown below [40]. 

Rr =

(
3γPo

ρ(2πf )2

)1
2

(2)  

Where Rr [m] is the resonant radius of the bubble at frequency f. The 
estimated resonant radii of the bubble at an ultrasonic frequency of 575 
kHz, 860 kHz, and 1140 kHz were 5.7 µm, 3.81 µm, 2.88 µm, respec-
tively. It was reported that bubble cavitation occurs when the radius of 
the bubble is lower than the resonant radius [27]. Thus, the numerical 
investigation was carried out by solving the Gilmore equation for a 
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cavity which has an initial radius of 2 µm to evaluate the effect of 
acoustic pressure and frequency. The maximum temperature (Tmax) and 
pressure (Pmax) achieved by a bubble during collapse were estimated 
using Eqs. (3) and (4) [61], 

Tmax = T0

(
Rmax

R0

)3(γ− 1)

(3)  

Pmax = P0

(
Rmax

R0

)3γ

(4)  

where, T0and P0 are an initial temperature and pressure of the gas in the 
cavity in the absence of a sound field. 

3. Results 

3.1. Sonochemical degradation of PFOA and PFOS 

3.1.1. Effect of ultrasonic frequency 
The degradation of PFOA and PFOS followed zero-order kinetics at a 

sample volume of 500 mL (Fig. 1a,b) and pseudo-first-order kinetics at a 
sample volume of 200 mL (Fig. 2a,b) over a range of frequency. These 
results are similar to those reported in the literature [60,65,66]. Fig. 1 
shows the ultrasonic degradation rate kinetics of PFOA and PFOS at a 
frequency of 575 kHz, 860 kHz and 1140 kHz in 500 mL aqueous so-
lution without sparging any gas. The initial temperature of the sample 
was 10 ◦C that stabilized to 21 ± 1 ◦C in 15 min during sonication. The 
zero-order rate constant of PFOA and PFOS degradation was 0.5 ± 0.07 
nM/min, and 0.3 ± 0.06 nM/min, respectively, over a range (575–1140 
kHz) of ultrasound frequency. The formation of short-chain carboxyl 
PFASs were not observed during the experiment. The short-chain PFASs 
compounds monitored during the experiment were perfluoroproponic 
acid (PFPrA), perfluorobutonic acid (PFBA), perfluoropentaonic acid 
(PFPeA), perfluorohexonic acid (PFHxA), perfluoroheptanoic acid 
(PFHeA), perfluorobutane sulphonic acid (PFBS), perfluoro hexane 
sulphonic acid (PFHxSA). These results are in contrast with the Panda et 
al., which reported the formation of above short-chain PFASs compound 
while degradation of PFOA/PFOS at an ultrasonic frequency of 20 kHz 
[67]. We have shown in our former study [60] the formation of 
hydrogen peroxide, nitrite and nitrate during the ultrasonic breakdown 
of the PFASs. 

Fig. 1 shows that the degradation rate of PFOA was 3.4, 2.4 and 1.4 
times higher than PFOS during ultrasonic irritation of 500 mL aqueous 
solution at a frequency of 575 kHz, 860 kHz, and 1140 kHz, respectively. 
However, with 200 mL aqueous solution, the degradation of PFOA was 
three times higher than PFOS over the same range of frequency (see 
Fig. 2). Additionally, Figs. 1 and 2 show that the degradation rate of 
PFOA and PFOS in a 200 mL aqueous sample was higher compared to a 
sample volume of 500 mL. However, a variation of frequency from 575 
kHz to 1140 kHz had an insignificant effect on PFOA and PFOS degra-
dation during sonication of 200 mL and 500 mL of aqueous sample 
(Figs. 1 and 2). 

3.1.2. Effect of pH 
Normalized degradation profile of mixture of PFOA and PFOS under 

different pH conditions are given in Fig. 3a,b,d,e. Fig. 3c,f shows the 
pseudo-first-order rate constant of ultrasonic degradation of PFOA and 
PFOS over a range of pH values (2.67–11.67) with and without sparging 
argon gas. The results suggest that sparging of argon gas during an 
experiment reduced the rate of degradation of PFOA by 22–76% over the 
range of pH values, however, rate of degradation of PFOS reduced by 
21–40% at alkaline pH. At neutral and acidic pH values, the rate of 
degradation of PFOS increases by 1.3–1.97 times due to sparging of 
argon gas. 

3.1.3. Effect of bulk water temperature 
Normalized degradation profile of mixture of PFOA and PFOS over a 

range of initial bulk water temperature conditions are given in the 
Fig. 4a,b. Fig. 4c shows pseudo-first-order rate constant of degradation 
of PFOA and PFOS at various initial temperature (14.5–30.7 ◦C) after 
irradiation of a mixture of PFOA & PFOS at an ultrasonic frequency of 
575 kHz for 120 min without sparging any gas. The temperature of the 

Fig. 1. Normalized time-dependent plot of sonolytic degradation of mixture of 
PFOA and PFOS over a range of frequency at sample volume of 500 mL a) 
[PFOA]t/[PFOA]i vs time in minutes b) [PFOS]t/[PFOS]i vs time in minutes. c) 
Zero-order rate constant of PFOA and PFOS. [ sonolytic conditions: a) f = 575 
kHz: PD575 kHz = 30 W/L, PI575 kHz = 0.68 W/cm2, Tempi = 10 ◦C, Tempf =

20 ◦C; b) f = 860 kHz: PD860 kHz = 50 W/L, PI860 kHz = 1.13 W/cm2, Tempi =

10 ◦C, Tempf = 21 ◦C; c) f = 1140 kHz: PD1140 kHz = 62.8 W/L, PI1140 kHz =

1.42 W/cm2, Tempi = 10 ◦C, Tempf = 23 ◦C; PFOA = 115 ± 10 nM, PFOS =
120 ± 8 nM; Initial pH = 6.02, Final pH = 2.8, without sparging gas, irradiation 
time = 120 min, error bar shows 95% confidence interval]. 
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solution increased by 10–15 ◦C during the initial 15 min after which 
temperature stabilized to temperature as reported in Fig. 4. Fig. 4 shows 
that PFOA degradation rate increase with an increase in temperature, 
whereas a slight increase in the degradation rate of PFOS, can be 
observed with temperature. These results are similar to results observed 

by Jiang et al. (2006) where they have reported an increase in the 
degradation of a chlorophenol with an increase in temperature from 10 
to 40 ◦C at an ultrasonic frequency of 500 kHz [57]. The activation 
energy of the PFOA and PFOS ultrasonic degradation is estimated using 
the Arrhenius equation. The calculated activation energy for PFOA and 
PFOS suggest that 17.149 kJ/mole and 31.16 kJ/mole of activation 
energy is required to initiate the conversion of PFOA and PFOS into its 
intermediates, before complete mineralization into fluoride. 

3.1.4. Effect of gases 
A set of the experiment was conducted by sparging various gases 

(Helium, Nitrogen, Argon, Oxygen, and Ozone) through a solution of a 
mixture of PFOA and PFOS during sonolysis at an ultrasonic frequency 
of 575 kHz. The results, as shown in Fig. 5, suggest that the degradation 
rate of the PFOA and PFOS were higher without sparging of any gases (i. 
e., in an air environment). The sparging of gases decreased the rate of the 
kinetics of PFOA and PFOS. The rate of degradation of PFOA followed 
order Air > Helium > Nitrogen > Argon > Oxygen > Ozone. This order 
of degradation is similar to an experimental investigation carried out by 
Meat et al. (1975), wherein, rate of formation of nitric acid during 
sonication of degassed DI water at 447 kHz followed order Air > Ni-
trogen > Argon > Oxygen [68]. On the contrary, rate of degradation of 
PFOS followed order as Air > Helium > Argon > Oxygen > Nitrogen >
Ozone. Shende et al. (2019) reported the formation of hydrogen 
peroxide, nitrate, and nitrite during degradation of PFOA and PFOS 
[60]. As the experiment was conducted for a longer time of 120 min, the 
formation and accumulation of compounds other than PFOA and PFOS 
increase in solution, which drops the pH of the solution to lower than 3. 
These accumulated known/unknown chemical compounds might affect 
cavity-water interface interaction with PFOA and PFOS, which may 
decrease the probability of PFOA and PFOS to adsorb on the cavity- 
water interface for its thermolytic degradation. These results indicate 
that concentration or saturation of given gas in the aqueous solution 
changes dynamics of reactions occur during sonolysis. 

3.2. Bubble dynamics using Gilmore equation 

The experimental measurements of a cavity collapse at low fre-
quency (18.5 kHz) and high frequency (1000 kHz) obtained by Mettin 
et al. (2015) [35] and Camara et al. (2004) [69], respectively were used 
to validate a Gilmore model. Fig. 6a and Fig. 7a show the excellent fit of 
the numerical solution of a Gilmore equation for radius vs time profile 
with the experimental observations at low frequency as well as high 
frequency. Fig. 6b and Fig. 7b show the profile of a bubble radial ve-
locity with respect to time. The maximum bubble radial velocity of a 
bubble having an initial radius of 0.8 µm and 2 µm is 1442 m/s and 421 
m/s at an ultrasonic frequency of 1000 kHz. The bubble radial velocity 
of the cavity having an initial radius of 17.15 µm is 587 m/s at an ul-
trasonic frequency of 18.5 kHz. These results suggest that the Gilmore 
equation is applicable for bubble dynamic studies at high frequency and 
low frequency. 

Fig. 8 shows the numerically solved Gilmore equation’s radius-time 
curve, and bubble radial velocity-time curve of the cavity having an 
initial radius of 2 µm at an ultrasonic frequency of 575 kHz, 860 kHz, 
and 1140 kHz respectively for 30 µs. At an ultrasonic frequency of 575 
kHz, it was observed that during first 5 µs of sonication, the radius of the 
bubble could increase maximum 2.7 times of its original size and bubble 
radial velocity was lower than 220 m/s (Fig. 8), however after 5 µs, the 
maximum bubble radial velocity could reach 122 m/s, and bubble 
radius could expand 1.2–2.4 times of its original size. Similarly, at an 
ultrasonic frequency of 860 kHz, increase in bubble radius was 2.9–3.9 
times of its original size during the first 5 µs and 3.9 times after that. The 
radial velocity of the bubble interface varied between 213 m/s and 566 
m/s. The bubble radius expansion was 2.68–3.43 times of original size at 
an ultrasonic frequency of 1140 kHz, and bubble-radial velocity was 
175–297 m/s. This result suggests that cavity-water interface velocity (i. 

Fig. 2. Normalized time-dependent plot of sonolytic degradation of mixture of 
PFOA and PFOS over a range of frequency at sample volume = 200 mL a) 
[PFOA]t/[PFOA]i vs time in minutes b) [PFOS]t/[PFOS]i vs time in minutes. c) 
Pseudo first-order rate constant of PFOA and PFOS. [ Sonolytic conditions: a) f 
= 575 kHz: PD575 kHz = 77 W/L, PI575 kHz = 0.69 W/cm2, Tempi = 10 ◦C, 
Tempf = 23 ◦C b) f = 860 kHz: PD860 kHz = 113 W/L, PI860 kHz = 1.2 W/cm2, 
Tempi = 10 ◦C, Tempf = 27 ◦C c) f = 1140 kHz: PD1140 kHz = 148 W/L, PI1140 

kHz = 1.34 W/cm2, Tempi = 10 ◦C, Tempf = 30 ◦C; PFOA = 102 nM, PFOS =
113 nM; pH = 6.02, without sparging gas, irradiation time = 120 min, error bar 
shows 95% confidence interval]. 
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Fig. 3. Effect of an initial pH on degradation of mixture of PFOA & PFOS without sparging Argon and with sparging argon. Normalized time-dependent degradation 
plot of a) PFOA b) PFOS and c) pseudo first order rate kinetics over range initial pH without sparging any gas. Normalized time-dependent degradation plot of d) 
PFOA e) PFOS f) pseudo-first-order kinetics over a range initial pH with sparging Argon [f = 575 kHz: PD575kHz = 77 W/L, PI575kHz = 0.69 W/cm2, Tempi = 10 ◦C, 
Tempf = 21.3 ◦C; PFOA = 102 nM, PFOS = 113 nM, V = 200 mL; irradiation time = 120 min, error bar shows 95% confidence interval]. 

Fig. 4. Effect of an initial bulk water temperature on sonolytic degradation of mixture of PFOA & PFOS without sparging gas. Normalized time-dependent 
degradation plot of a) PFOA b) PFOS. c) Pseudo-first-order kinetics over a range of bulk water temperature [f = 575 kHz: PD = 77 W/L, power intensity = 0.69 
W/cm2; PFOA = 102 nM, PFOS = 113 nM, V = 200 mL, irradiation time = 120 min, error bar shows 95% confidence interval]. 
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e. bubble wall velocity) did not go beyond the velocity of sound in the 
water during the collapse of the bubble at a high ultrasonic frequency. 

The number of peaks in Fig. 8 gives an indication of a number bubble 
collapse event from a single collapsible cavity. The estimated number of 
collapse events per second at 575 kHz, 860 kHz, and 1140 kHz were 
1,560,000, 860,000, 1,140,000, respectively. The single cavity may not 
lead to the continuous collapsible events as shown in Fig. 8 due to 
external hydrodynamic and acoustic factors, such as coalesces of the 
bubble, upward movement of the cavity due to drag force and lower 
bubble density and simplifying assumption in the Gilmore model. 

Besides, active collapsible cavities are much lower in number compared 
to that of a total number of cavities generated due to acoustic forces. 
However, these results could be considered as maximum achievable 
cavity collapse events under given conditions from the single cavity. The 
actual number of collapse events are expected to be lower than the 
number calculated using Gilmore equations as validation of the equation 
has been carried out for a shorter duration. Thus, results should be used 
only for comparing relative variations. The results suggest that a 
compression ratio of 1.2–4, subsonic bubble-water interface velocity, 

Fig. 5. Effect of gases sparging on the sonolytic degradation of a mixture of PFOA & PFOS. Normalized time-dependent degradation plot of a) PFOA b) PFOS. c) 
Pseudo-first-order kinetics over a range of gases [f = 575 kHz: PD = 77 W/L, Power intensity = 0.69 W/cm2, Tempi = 10 ◦C, Tempf = 21.3 ◦C, PFOA = 102 nM, PFOS 
= 113 nM, V = 200 mL, irradiation time = 120 min, error bar shows 95% confidence interval]. 

Fig. 6. a) Comparison of radius versus time profile of bubble driven at 1000 
kHz estimated using Gilmore equation with the experimental observation of 
Camara et al. (2004) [69], b) bubble radial velocity estimated using Gilmore 
equation. [Circle (blue): initial bubble radius = 0.8 µm and Acoustic pressure =
4 atm; Diamond (red): initial bubble radius = 2 µm and Acoustic pressure =
3 atm]. 

Fig. 7. a) Comparison of radius versus time profile of bubble driven at 18.5 kHz 
estimated using Gilmore equation with the experimental observation of Mettin 
et al. (2015) [35], b) bubble radial velocity estimated using Gilmore equation. 
[Circle (blue): initial bubble radius = 17.15 µm and Acoustic pressure =
1.23 atm]. 
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and more number of bubble collapse events are characteristics of bubble 
collapse events at the higher ultrasonic frequency. 

Fig. 9 shows a box plot of compression ratio (Rmax/R0), box plot of 
bubble-radial velocity (m/s), a number of bubble collapse events per 
second observed, and box plot of maximum temperature in the cavity 
during collapse at various initial bubble size at an ultrasonic frequency 
of 575 kHz, 860 kHz, and 1140 kHz. Fig. 10 shows results obtained after 
solving the Gilmore equation for the cavity of initial radius 2 µm at 
various acoustic pressure. The box plot shows observed statistics (min-
imum, maximum, median, outlier values) of peak values of compression 
ratio and bubble-radial velocity during 100 µs of cavitation. 

We assumed that cavities having very low bubble radial velocity 
(below 20 m/s) could be considered as oscillating cavities without active 
collapse. Thus, cavities having radius lower than 1.2 µm, 0.75 µm, 0.65 
µm and cavities having radius higher than 8.5 µm, 8 µm, 6.5 µm at an 
ultrasonic frequency of 575 kHz, 860 kHz and 1140 kHz respectively 
were oscillating cavities without active collapse (See Fig. 9). 

Fig. 9 indicates that an increase in the initial radius of the cavity 
increased the compression ratio, bubble radial velocities, and maximum 
temperature of the cavities up to a certain point, and a further increase 
in bubble size decreased those parameters. The range of bubble radius 
where the active collapse was observed was 1.3–8.5 µm at 575 kHz, 
0.8–8 µm at 860 kHz and 0.7–6.5 µm at 1140 kHz. An active bubble 
collapse was considered those collapse where the compression ratio was 
more than 1.5, and bubble radial velocity was more than 20 m/s. The 
maximum compression ratio and bubble radial velocity were observed 
with the cavities whose initial radius was 3.2 µm, 2 µm, and 1.7 µm at a 
frequency of 575 kHz, 860 kHz, and 1140 kHz respectively. The cavities 
which have radius higher than resonant radius had bubble radial 

velocity lower than 72 m/s. The lower velocity of the bubble wall of 
resonant bubble implies that most of the active collapsible bubble has a 
size lower than the resonant radius. 

The cavities were vibrating without active collapse at very low 
bubble radial velocity (20 m/s) when the acoustic pressure was below 1 
atm at 575 kHz, 0.8 atm at 860 kHz and 1.2 atm at 1140 kHz (see 
Fig. 10). Fig. 10 indicates that the bubble compression ratio, a bubble- 
radial velocity and maximum achievable temperature increases with 
an increase in acoustic pressure. The bubble radial velocity was well 
above supersonic velocity (above 1500 m/s) at acoustic pressure higher 
than 3.5 atm, 7.2 atm, 9 atm at an ultrasonic frequency of 575 kHz, 860 
kHz, and 1140 kHz respectively. 

Moreover, Fig. 10 shows that the number of bubble collapse events 
varies with applied acoustic pressure. The number of bubble collapse 
events decreased with an increase in acoustic pressure value from 1 atm 
to 2 atm at 575 kHz and from 1 atm to 2 atm at 860 kHz and 1140 kHz 
respectively. Further, the number of active cavity collapse event was 
constant at acoustic pressure in the range of 3–8.5 atm (570,000 sec− 1) 
at 575 kHz, 2–6 atm (860,000 sec− 1) at 860 kHz, and 2–4.5 atm 
(11,400,000 sec− 1) at 1140 kHz. The number of collapse event was 
higher than above values at acoustic pressure higher than 8.5 atm, 6 
atm, 4.5 atm at an ultrasonic frequency of 575 kHz, 860 kHz, and 1140 
kHz respectively. These acoustic pressure value corresponds to ultra-
sonic power intensity of 24 W/cm2 (at 575 kHz), 12 W/cm2 (at 860 
kHz), 6.75 W/cm2 (at 1140 kHz). 

Fig. 8. Numerical simulation using Gilmore equation on effect of frequency on bubble cavitation having initial radius (Ro) of 2 µm, [Frequency = 575 kHz, 860 kHz, 
1140 kHz, dynamic viscosity = 0.001 Pa⋅s, surface tension = 0.07 N/m, polytrophic Index = 1.4, density of water = 1000 kg/m3, hydrostatic pressure = 1 atm, R/Ro 
= cavity compression ratio]. 
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4. Discussion 

4.1. Sonochemical degradation of a mixture of PFOA and PFOS 

4.1.1. Effect of an ultrasonic frequency 
The calorimetrically measured power density of 200 mL and 500 mL 

aqueous sample varies for the same electrical power input at frequency 
575 kHz, 860 kHz, 1140 kHz (Figs. 1 and 2). Son (2017) reported a 
similar increase in calorimetric power density with decrease in the 
height of aqueous solution (i.e. volume) at a frequency of 291 kHz and 
448 kHz [37]. Figs. 1 and 2 also show up to a 3-fold increase in a PFOA 
and PFOS degradation with an increase in a power density from 30 W/L 
to 77 W/L at a frequency of 575 kHz. A similar trend was observed at 
860 kHz frequency wherein 4.5 and 3.8 times increase in a PFOA, and 
PFOS degradation rate was noted with an increase in a power density 
from 50 W/L to 113 W/L respectively. Similarly, at 1140 kHz, an in-
crease in a power density from 62.8 W/L to 148 W/L resulted in up to a 
4-fold increase in a PFOA and PFOS degradation rates. 

It should be noted that even though the volume of the sample and an 
ultrasonic power input through the transducer was same during exper-
iments, the corresponding calorimetric power density was different in 
results as mentioned above. Besides, stabilized temperatures of the 
aqueous samples were different during the experiments at any given 
frequency and volume (Fig. 1 and Fig. 2). Therefore, the stabilized 
temperature of the aqueous solution may have influenced degradation 
kinetics of PFOA and PFOS. It was reported that an increase in 

temperature of the bulk solution decreases the sonochemical degrada-
tion kinetics of organic compounds [34]. 

Fig. 9 suggests that cavities (optimized) whose initial bubble radius is 
3.2 µm, 2 µm, and 1.7 µm can generate the maximum temperature of 
1386 K (at 575 kHz), 1551 K (at 860 kHz), and 1456 K (at 1140 kHz). 
There are many cavities, whose size is below and above the optimized 
size cavity (See Fig. 9). These cavities can have maximum achievable 
temperature in the range of 367–1316 K at 575 kHz, 493–1504 K at 860 
kHz, and 493–1409 K at 1140 kHz during the collapse (see Fig. 9). These 
data suggest that the number of high-temperature collapsible cavities (i. 
e. optimized cavity) are lower in number compared with the low- 
temperature collapsible cavities. Temperature requires for the thermo-
lytic decomposition of PFOA is 200–300 ◦C lower than PFOS [70,71]. 
Thus, it can be inferred from the above data that the lower rate of PFOS 
degradation compared to PFOA could be due to a lower number of 
collapsible cavities with very high temperature during sonochemical 
reactions. 

Numerical investigation using Gilmore equation suggests that an 
increase in a frequency decreases the initial size of the active collapsible 
cavity. The estimated temperature of many active collapsible cavities 
was higher than 1000 K, which suggests that enough number of cavities 
having elevated temperature were available for PFASs conversion at 
tested frequencies. This may be the reason for the insignificant change in 
the degradation rate of PFASs with an increase in frequency at tested 
power densities. The observed slight variation in PFOA and PFOS at 
tested ultrasonic frequency may be attributed to the other sonochemical 

Fig. 9. Effect of initial bubble size on the collapse of the cavity at an ultrasonic frequency of 575 kHz, 860 kHz and 1140 kHz after numerically solving Gilmore 
equation. Box plot of normalized change in bubble size at a) 575 kHz e) 860 kHz i) 1140 kHz. Box plot of bubble radial velocity (m/s) at b) 575 kHz f) 860 kHz j) 
1140 kHz. The number of collapses from single bubble per second at c) 575 kHz g) 860 kHz k) 1140 kHz. Box plot of maximum cavity temperature (K) at d) 575 kHz 
h) 860 kHz l) 1140 kHz. [(frequency = 575 kHz, Pa = 1.47 atm), (860 kHz, Pa = 1.89 atm), (f = 1140 kHz, Pa = 2.02 atm)]. 
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parameter such as the temperature of the solution during the experi-
ment, and calorimetric power density, etc. 

4.1.2. Effect of pH 
PFOS is stronger acid compared to PFOA as a pKa value of PFOA 

ranged from − 0.5 to 4.2, whereas the pKa value of PFOS is less than 1 
[6,72]. This suggests that both PFOA and PFOS is in the anionic form 
(negatively charged) under experimental pH condition. The bubble- 
water interface is negatively charged and highly hydrophobic [55]. 
Therefore, the ionic state of the contaminants plays a vital role in the 
partitioning of the PFOA and PFOS with an interface of the cavitating 
bubble. Further, competition between other chemical compounds (pre-
sent at the beginning of sonication and generated due to sonolysis) to 
interact with cavitating bubble and active radicals influences partition 
of PFOA and PFOS with the bubble-water interface. The PFOA and PFOS 
degradation occur at the cavity-water interface, and the core of the 
cavity, [15,60] and hydroxyl radical formed during sonolysis do not help 
in degradation of PFOA and PFOS [14,18,20,44]. The concentration of 
protonated H+ ions is more at low pH compared to a basic pH of an 
aqueous solution of PFOA and PFOS. This leads to competition between 
H+ ion and PFAS ions to adsorb at the cavity-water interface. The 
probability of H+ ion to adsorb at cavity interface is more compared to 
negatively charged PFOA/PFOS ions due to comparatively negatively 
charged cavity-water interface. Shende et al. (2019) [60] demonstrated 
the formation of hydrogen peroxide, nitrite, and nitrate formation dur-
ing ultrasonic degradation of PFOA/PFOS under acidic condition. This 

suggests that the probability of PFOA/PFOS ions interaction with the 
cavity interface is lower at acidic pH compared to basic pH. The OH−

concentration is more at basic pH, and H+ ions are less. This less 
competition of H+ at basic pH helps more PFOA/PFOS ions to get adsorb 
onto the cavity-water interface. This may be the reason for an increase in 
PFOA and PFOS degradation with an increase in pH in an air environ-
ment (i.e., without sparging argon) as shown in Fig. 3a. 

Contrary to the result reported in the literature on the influence of 
argon gas on the degradation of organic compounds, Fig. 3b shows a 
decrease in the rate of degradation of PFOA and PFOS with the addition 
of argon gas during sonolysis of PFOA and PFOS. Moreover, the increase 
in pH decreased the degradation rate of PFOA and PFOS during sonolysis 
in an argon environment. These results are similar to obtained by Cheng 
et al. (2010) [44], where they reported a higher rate of PFOA and PFOS 
degradation at low pH in an argon environment. Cheng et al. (2010) 
[44] hypothesize that anion present in the solution during sonolysis 
affect the property of the cavity-water interface such as water structure 
at the interface and surface potential. Khiriachtchev et al. (2000) re-
ported formation argon fluorohydride (HArF) [73] during photolysis of 
hydrogen fluoride in an argon environment. 

Further, argon could also breakdown into positively charged argon- 
ion and electron under applied electrical potential [74]. Therefore, 
similar to the breakdown of oxygen and water in the core of cavity [27], 
we hypothesize that argon could breakdown into positively charged 
argon radicals/ions due to very high temperature in the core of 
collapsible bubble. These argon radicals might affect the surface charges 

Fig. 10. Effect of acoustic pressure on cavitation of 2 µm bubble at an ultrasonic frequency of 575 kHz, 860 kHz and 1140 kHz after numerically solving Gilmore 
equation. Box plot of normalized change in bubble size at a) 575 kHz e) 860 kHz i) 1140 kHz. Box plot of bubble radial velocity (m/s) at b) 575 kHz f) 860 kHz j) 
1140 kHz. The number of collapses from single bubble per second at c) 575 kHz g) 860 kHz k) 1140 kHz. Box plot of maximum cavity temperature (K) at d) 575 kHz 
h) 860 kHz l) 1140 kHz. [Initial bubble radius = 2 µm] 
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of the bubble-water interface. The surface potential at the cavity-water 
interface may also depend on other radicals formed during sonolysis 
such as hydroxyl radicals, oxygen radicals, nitrogen radicals, etc. The 
probability of attraction of negatively charged PFASs could be more 
toward positively charged argon ions in the bulk water compared to the 
negatively charged cavity-water interface. This may be the reason for 
the lower rate of degradation of PFOA/PFOS in an argon environment. 

At lower pH, positively charged argon radicals might induce rela-
tively positive charge to a cavity-water interface, which may attract 
negatively charge PFASs towards it. On the contrary, the probability of 
attraction of negatively charged hydroxyl ion towards cavity water 
interface increases with an increase in pH of the aqueous solution. Jiang 
et al. (2002) reported a decrease in hydrogen peroxide formation with 
increasing pH of the solution at an ultrasonic frequency of 610 kHz [55]. 
This suggests that competition between hydroxyl ions and PFASs ion at 
high pH might be the reason for the decrease in PFOA/PFOS degradation 
rate with an increase in pH in an argon environment. 

4.1.3. Effect of a bulk water temperature 
Figs. 1 and 2 shows experimental results of PFOA and PFOS degra-

dation at 575 kHz wherein stabilized temperature was 21–30 ◦C and 
power density were 77 and 30 W/L. Similarly, Fig. 4 shows that PFOA 
degradation rate increase with an increase in temperature, whereas a 
slight increase in the degradation rate of PFOS, can be observed with 
temperature. These results suggest that sonochemical degradation of 
PFASs increase with an increase in the temperature. This result is con-
trary to the result obtained previously for the degradation of organic 
compounds wherein a decrease in degradation was observed with an 
increase in bulk solution temperature specifically at a lower frequency of 
20 kHz [34,35,43]. 

Sonolysis at a lower frequency generate a bubble of larger size 
compared to a higher frequency (See Figs. 6 - 7). Increase in the tem-
perature of the water decreases its viscosity. Therefore, the probability 
of coalesces of the bubble increases at higher bulk water temperature 
due to the larger bubble size and decreased viscosity. This leads to a 
decrease in a number of the active collapsible cavity at a higher bulk 
water temperature and lower frequency. This may be the reason for a 
decrease in the rate of degradation with an increase in bulk water 
temperature at a lower frequency. However, in the case of sonication at a 
higher frequency, the probability of coalesces of cavity decreases at 
higher bulk water temperature due to the smaller size of the cavities and 
reduced viscosity. Additionally, an increase in the bulk water tempera-
ture increases contaminant collision frequency with an active cavity due 
to an increase in its kinetic energy. Further, the total number of cavities 
generated at a higher frequency is much larger than that generated at a 
lower frequency. This could be the reason for the increase in the 
degradation rate of PFOA and PFOS with an increase in the bulk water 
temperature. 

4.1.4. Effect of gases 
Many investigations over century reported the effectiveness of rare 

gases for increasing reaction rate, sonoluminescence intensity, and core 
temperature during cavity collapse in order Xenon > Krypton > Argon 
> Neon > Helium. Nagata et al. (2001) and Okutsu et al. (2006) reported 
a linear relationship between the high-frequency ultrasonic reaction rate 
with standard thermodynamic properties of gases such as solubility and 
thermal conductivity [75,76]. We did not find the linear relationship of 
rate of degradation of PFOA and PFOS with a standard value of gases for 
solubility, thermal conductivity, isobaric heat capacity, isochoric heat 
capacity, polytropic index, and diffusion coefficient as given in Table 1 
and Fig. 5. 

The solubility of gas, sonoluminescence intensity, and rate of for-
mation of hydrogen peroxide is more in an argon statured environment 
compared to helium environment at high frequency. Hydrogen peroxide 
formation depends on the concentration of H+, O2, H2O, and dissocia-
tion of H2O, O2 into hydroxyl radicals in the core of cavity and bulk 

water. This suggests that the reaction scheme, which leads to the for-
mation of hydroxyl radical is predominant in a solution having oxygen, 
ozone, argon environment. Conversely, reaction schemes which follow 
hydroxyl radical are parsimonious in a helium and nitrogen environ-
ment. The predominance of hydroxyl radical formation in argon, oxy-
gen, ozone environment allows the formation of many organic and 
inorganic compounds such as hydrogen peroxide, nitrite, nitrate, and 
other intermediate products of reactions in the bulk water. These newly 
formed compound originated from hydroxyl radical reaction scheme 
brings competition for PFOA and PFOS to get adsorbed on active 
collapsible cavities. Cheng et al. (2010) reported a decrease in the rate of 
degradation of PFOA and PFOS in the presence of organic and inorganic 
compounds [21,44]. Therefore, a lower rate of degradation of PFOA and 
PFOS in Ar, O2, and O3 environment compared to He and N2 environ-
ment could be due to the predominance of hydroxyl radical-dependent 
reactions in the Ar, O2, and O3 saturated environment compared to 
He, N2 environment. 

In case of air environment (i.e., without sparging any gas), the rate of 
degradation of PFOA and PFOS is higher compared to sparging of gases 
(He, N2, Ar, O2, O3). Ultrasound is a commonly used technique for 
degassing the aqueous solution. Therefore, during an experiment in an 
air environment, the dissolved concentration of gases will be minimum. 
This helps in the formation of less amount of chemical compounds which 
follows the hydroxyl radical reaction scheme. The probability of 
adsorption of PFOA and PFOS on the cavity-water interface increase in 
this situation as the concentration of competitive chemical compounds is 
less in the bulk water. 

The unstable cavity forms in a solution having a high dissolved 
concentration of gases [78,31]. Brenner observed stable sonolumi-
nescence intensity in a narrow region of gas concentration [78]. Ex-
periments in present work were carried out with the fully saturated gas 
environment. This suggests that a higher number of unstable cavities 
might have formed during sonication of PFOA/PFOS solution. These 
lower number of stable cavities during an experiment with different 
gases might also lower the rate of PFASs degradation compared to the 
experiment without sparging any gas. 

As reported in the previous literature for PFOA and PFOS degrada-
tion with ultrasound [16,17,21,23,24,44,60,65], the results in present 
work further confirm that degradation of PFOA and PFOS occurs at the 
cavity-water interface or in the core of the active collapsible cavity. The 
results on the influence of pH, temperature, and gases give further evi-
dence that degradation of PFOA and PFOS depends on the adsorption of 

Table 1 
Standard properties of gases in the water at 300 ◦K [77].  

Gases Solubility Thermal 
conductivity 

Cv Cp γ D 

g/kg mW.m− 1.K− 1 kJ/(kg 
K) 

kJ/(kg 
K) 

– cm2/s 

Helium 6.99 ×
10− 6 

155.7 3.1160 5.193 1.667 7.28 
×

10− 5 

Argon 2.52 ×
10− 5 

17.7 0.3124 0.5215 1.669 2.50 
×

10− 5 

Oxygen 2.29 ×
10− 5 

26.5 0.6587 0.9199 1.390 2.42 
×

10− 5 

Nitrogen 1.18 ×
10− 5 

26.0 0.7432 1.041 1.400 2.00 
×

10− 5 

Ozone 1.89 ×
10− 6 

– – – – – 

Air 2.00 ×
10− 5 

26.4 0.7173 1.007 1.400 2.00 
×

10− 5 

Cv: Heat Capacity at constant volume; Cp: Heat capacity at constant pressure; D: 
Diffusion coefficient in water; γ: Polytropic index. 
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PFOA and PFOS at the cavity-water interface. Although PFOA and PFOS 
are surface-active compounds, presence of organic and inorganic com-
pounds in the bulk water moderate probability of PFOA and PFOS to 
adsorb on the in the cavity-water interface at a high ultrasonic 
frequency. 

5. Conclusion 

The effect of frequency was explored on the degradation of a mixture 
of perfluoroalkyl substances – PFOA and PFOS. Variation in ultrasonic 
frequency had an insignificant effect on PFASs degradation under 
experimental conditions. A decrease in volume of solution from 500 mL 
to 200 mL increased PFOA degradation by 3.1 times, 4.5 times, 3.9 times 
and PFOS degradation by 2.7 times, 3.8 times, 1.8 times at 575 kHz, 860 
kHz and 1140 kHz respectively. 

Numerical investigation using Gilmore equation indicates that the 
compression ratio of active cavities ranged from 1.2 to 4 over a range of 
frequencies, bubble wall radial velocity had subsonic velocity during 
cavity collapse, and the number of cavity collapse event per unit time is 
high. The estimated temperature at the core of cavity during bubble 
collapse ranged from 367 K to 1536 K. The cavities whose initial size was 
3.2 µm, 2 µm, and 1.7 µm at a frequency of 575 kHz, 860 kHz and 1140 
kHz had maximum compression ratio and bubble radial velocity. Most of 
the active collapsible cavities had radius lower than the resonant radius 
of corresponding frequency. The study suggests that lower degradation 
rate of PFOS compared to PFOA may correspond to a lower number of 
active cavity collapse events with elevated temperature. The simulation 
using Gilmore equation suggests that compression ratio and bubble 
radial velocity increases with an increase in acoustic pressure. An 
asymmetric collapse at much higher acoustic pressure may the reason 
for constant degradation rate at much higher applied power density. The 
enhancement in the degradation of dilute perfluoroalkyl substances is 
possible by optimization of the acoustic and hydrodynamic parameter. 

Influence of pH, temperature, and sparging of gases was tested on 
degradation of perfluorooctanoic acid and perfluoro octane sulfonic acid 
at an ultrasonic frequency of 575 kHz. The degradation rate of PFOA and 
PFOS are higher in an air environment (i.e., without sparging any gases) 
and at high temperature (i.e., 30 ◦C). This may lead to a reduction in 
ultrasonic treatment cost of PFOA and PFOS as additional pumping cost 
(for gas sparging), and cooling cost could be minimized. Ultrasonic 
degradation of PFOA and PFOS decreases with an increase in pH in an 
argon environment. Conversely, without sparging any gases, degrada-
tion kinetics increase with the increase in pH. Moreover, sparging of 
gases (Helium, Nitrogen, Argon, Oxygen, Ozone) decreased degradation 
kinetics of PFOA and PFOS. These results confirm that breakdown of 
PFOA and PFOS occurs at the cavity-water interface. Formation of the 
known/unknown compound during sonolysis in an aqueous solution 
brings competition for PFOA and PFOS for interaction with the pe-
riphery of the cavity. 
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