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Per- and polyfluoroalkyl substances (PFAS), also known as "forever chemicals," are persistent environmental
contaminants that pose significant risks to human health and aquatic ecosystems. Their extreme chemical sta-
bility primarily due to the strong carbon—fluorine (C-F) bond, the strongest bond in organic chemistry makes
them highly resistant to degradation, even under harsh oxidative conditions. This study examines the degra-
dation and defluorination of PFAS using a catalyst-free and chemical-additive-free orifice-based hydrodynamic
cavitation (HC) treatment system. In HC, the rapid formation and subsequent collapse of cavitation bubbles
generate intense shockwaves, localized high pressures, and elevated temperatures. These extreme conditions
create a highly reactive physicochemical environment capable of initiating PFAS breakdown and promoting
effective defluorination. In this study, perfluorooctane sulfonate (PFOS), a representative long-chain PFAS, was
selected at initial concentrations of 1 mg/L and 5 mg/L. Treatments were conducted under intense HC conditions
(inlet orifice pressure of 48 bar; cavitation number of 0.03) with varying treatment durations. The results
demonstrated increased PFOS degradation with treatment time along with detection of released fluoride ions
indicating effective cleavage of C-F bonds. PFOS degradation reached 37%, and the degree of defluorination was
20% related to initial PFOS, respectively. The degradation followed first-order kinetics, with rate constants
ranging from 0.7 x 10~ to 40 x 10~ 1/min. At an electrical energy per order (EEO) of 7-598 kWh/m®/order, the
corresponding electrical energy input required for PFOS degradation ranged from 1 to 75 kWh/m®. These
findings underscore the potential of HC as a scalable and effective PFAS treatment technology.

1. Introduction transplacental transfer [6,7]. Emerging evidence also suggests that PFAS

exposure may alter DNA methylation in children, with implications for

Per- and polyfluoroalkyl substances (PFAS) are a large and struc-
turally diverse class of over 14,000 synthetic fluorochemicals widely
used in industrial and consumer products (as shown in Fig. 1a) due to
their hydrophobicity, oleophobicity, and chemical stability [1-3]. Their
extreme persistence has led to widespread environmental contamina-
tion, particularly in water sources, raising significant public health and
ecological concerns [4,5]. PFAS are highly mobile in aquatic environ-
ments, bioaccumulative, and have been linked to a range of adverse
health effects, including endocrine disruption, liver toxicity, immune
suppression, and developmental delays. Studies have found PFAS in the
blood of ~97% of the U.S. population, including fetuses, indicating
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immune function, metabolism, and neurodevelopment [8].

PFAS are highly resistant to thermal, chemical, and biological
degradation due to the exceptional strength of the carbon—fluorine bond
(~485 kJ/mol), which is stronger than most other single bonds (as
shown in Fig. 1b), making them extremely persistent in the environment
[9-11]. Some PFAS (e.g. PFOS, perfluorooctanoic acid: PFOA and per-
fluorohexanesulfonate: PFHxS) can take more than a thousand years to
break down under natural conditions [12,13]. The conventional
wastewater treatment plants (WWTPs) are often ineffective at removing
them and can even act as secondary sources of PFAS emissions [6]. PFAS
contamination is globally pervasive, with detections in drinking water,
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groundwater, sediments, and even in wildlife from remote regions such
as the Arctic [14]. In response, regulatory actions are being imple-
mented. The European Union’s revised Drinking Water Directive (EU
2020/2184) sets enforceable limits for PFAS in drinking water, requiring
member states to meet thresholds of 500 ng/L for total PFAS or 100 ng/L
for a group of 20 specific compounds by January 2026 [14,15]. While
only a limited number of PFAS have been banned at the EU level so far,
and some EU countries have recommended broader bans, wider re-
strictions are currently under regulatory review [16].

With growing recognition of PFAS contamination as a critical envi-
ronmental crisis, there is an urgent need for effective remediation stra-
tegies [17,18]. Current treatment methods such as adsorption onto
activated carbon, ion exchange, and membrane filtration primarily focus
on sequestration rather than degradation, leading to secondary waste
streams that require further management [19]. For example,
high-temperature incineration (~1000 °C) is commonly used to destroy
PFAS-containing waste [20]. However, the incineration approach is
costly and may lead to incomplete combustion or partial defluorination
[18,21]. Advanced oxidation and reduction processes (AOPs and ARPs),
including, cold plasma, sulfate radical-based degradation, photolysis,
sonolysis, electrochemical oxidation, and other related approaches have
been explored for PFAS treatment [17,22,23]. Although these methods

(a)
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demonstrate strong potential for breaking down PFAS, several chal-
lenges remain. Many of these methods still generate transformation
by-products, only a limited number have been evaluated at large scale,
and several approaches are highly energy-intensive, making their
application to real wastewater effluents difficult. Scalability and oper-
ational cost therefore remain major barriers to practical
implementation.

HC is a promising and scalable approach for wastewater treatment
[27,31-33]. It has been tested for the degradation of emerging con-
taminants such as pharmaceuticals, dyes, and industrial chemicals, and
has also shown potential for PFAS degradation [28,29]. HC operates by
rapidly forming and collapsing vapor bubbles due to pressure fluctua-
tions, releasing tremendous energy that produces high-velocity micro-
jets, shock waves, and microturbulence. These phenomena generate
extreme, transient physicochemical conditions, including localized
temperatures exceeding 5000°C and pressures of several hundred at-
mospheres (Fig. 1¢) [28,31]. Numerous studies have investigated bubble
radius dynamics, transient temperature and pressure profiles during
bubble collapse, and their relevance to chemical degradation processes
[34-37]. Bubble implosion generates intense thermal and mechanical
effects, leading to the formation of highly reactive species (especially
hydroxyl radicals: HOe, hydrogen atom radicals: He, solvated electrons:
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Fig. 1. (a) Representative consumer and industrial products containing PFAS [24]. (b) Bond dissociation energies of relevant single bonds [25,26]. (c) Schematic
illustration of cavitation bubble formation and collapse via HC, highlighting the resulting physical environment and proposed PFAS degradation pathways [27-30].



A. Kumar et al.

esol, etc.), which contribute to PFAS degradation and defluorination.
PFAS molecules, due to their surfactant nature, tend to accumulate at
the bubble-liquid interface during cavitation [28,29,38,39]. Their hy-
drophobic fluorinated tail preferentially aligns toward the bubble
interface, while the hydrophilic head group (e.g., -SOs”) remains in the
aqueous phase, stabilizing the molecule at the interface [40,41].

During HC, PFOS degradation primarily takes place through pyro-
lytic decomposition caused by the extreme, localized high temperatures
and pressures generated during bubble collapse [28,29]. The degrada-
tion can occur in three main regions. First, inside the bubble, very high
temperatures and pressures promote thermal cleavage and the forma-
tion of reactive species such as HOe. Second, at the bubble-liquid
interface, the temperatures although lower than inside the bubble are
still high enough to enable thermal decomposition of PFOS. Third, in the
bulk liquid, longer-lived reactive species formed at the interface can
further degrade the intermediate products. The degradation and
defluorination occur mainly at the bubble-liquid interface, where PFOS
is exposed to intense thermal and chemical conditions, enabling pyrol-
ysis or thermolysis [28,41]. PFOS itself does not react efficiently with
HOe because its C-F bonds are highly stable. However, once PFOS is
fragmented by cavitation-driven thermal effects, it can generate reactive
intermediate products. Therefore, although HOe alone cannot cleave the
C-F bonds, they play an important role in degrading PFOS intermediates
formed after initial thermal fragmentation and thus mineralization [10,
28,29].

Previous studies on PFAS degradation using HC are very limited. To
date, only a few investigations have addressed this topic. One study
examined the degradation of PFAS mixtures, including PFOS, at trace
concentrations in the ng/L range (e.g., around 2 ng/L) [28]. Another
study focused on the degradation of PFOA using HC combined with
activated persulfate at initial concentrations between 0.5 and 10 mg/L
[29]. These studies demonstrated that HC could induce both degrada-
tion and partial defluorination of PFAS molecules. In particular, Wang et
al [29] reported the formation of shorter-chain PFAS intermediates
following HC treatment of PFOA, either alone or in combination with
persulfate, indicating stepwise breakdown of the parent compound.
Among cavitation-based processes, acoustic cavitation (AC) has been
extensively studied for PFAS degradation; however, HC offers several
key advantages, including lower treatment costs, greater system size
flexibility, and improved scalability. Most existing PFAS degradation
studies focus on environmentally relevant trace levels (ng/L to pg/L)
typically found in surface water and groundwater. In contrast, this study
addresses higher PFAS concentrations representative of concentrated
waste streams, such as concentrates of membrane filtration or regener-
ation solutions from adsorption processes (e.g. electrosorption), aqueous
film-forming foams (AFFF), industrial discharges, and landfill leachate.
Furthermore, quantification of fluoride release which is relevant for
degradation verification requires working in the mg/L PFAS concen-
tration range as trace fluoride quantification is difficult.

In this work, the experimental investigation was carried out using an
orifice-type HC system to evaluate PFAS degradation and defluorination
in a tap water matrix. The HC process offers a chemical-, catalyst- and
waste-free treatment strategy. Leveraging the extreme physical and
chemical conditions created during cavitation events, our approach
specifically targets long-chain PFAS such as PFOS, one of the most
persistent and recalcitrant compounds within the PFAS family. Treat-
ment variables included reaction time, number of passes through the HC
reactor, and initial PFOS concentration, all under a constant inlet pres-
sure of 48 bar. Fluoride ion release was used as a primary indicator of
C-F bond cleavage, providing quantitative insight into degradation ef-
ficiency. In addition, EEO, energy consumption and treatment cost (in €
per m® of PFOS-treated water) were estimated and compared with
existing PFAS remediation technologies. This work advances the
development of scalable, sustainable HC-based solutions for PFAS
treatment and offers a promising pathway for addressing the growing
environmental and regulatory challenges posed by these persistent
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pollutants.
2. Materials and methods
2.1. PFOS sample preparation

A stock solution of PFOS (purchased from Sigma-Aldrich, > 98%
purity) was prepared by dissolving it in tap water at an initial concen-
tration of 200 mg/L. This stock solution was then diluted with tap water
to achieve the desired working concentrations of 1 mg/L and 5 mg/L. In
this study, most of the treatment experiments were conducted using an
initial PFOS concentration of 5 mg/L to assess its degradation efficiency.
The initial PFOS solution also contained PFHxS as an impurity or pre-
cursor at a low concentration of 4 ug/L (at 5 mg/L of PFOS). Compared
to PFOS, PFHXS is a shorter-chain PFAS (C = 6) classified as an anionic
fluorosurfactant, known for its high persistence and ability to bio-
accumulate in organisms [28]. Due to its presence, PFHxS was also
included as a target contaminant in the analysis. The physicochemical
properties of PFOS, existing concentrations in the environment, aquatic
systems, human body, and food, as well as their impacts, are shown in
Supplementary Material Table A.1 [3,42-45].

2.2. Hydrodynamic cavitation setup

Fig. 2(a) illustrates the experimental setup used for PFOS degrada-
tion via HC. A high-pressure reciprocating pump (Novados H3, AxFlow)
was employed to circulate the PFOS solution from the feed tank through
a stainless-steel pipe (6 mm outer diameter, 4 mm inner diameter) to-
ward a laser-drilled orifice (200 pm). A pressure gauge (manometer:
Afriso, 0-100 bar) and pressure sensor (RS PRO Pressure Sensor, 160 bar
Max, Gauge Reading) were installed upstream of the orifice to monitor
inlet pressure, providing both manual and real-time digital readings to
ensure accurate control of cavitation conditions. Flow rate through the
orifice was measured using a flow meter (Bronkhorst, ES-FLOW). The
solution pH (SMARTPAT PH 8570, Krohne, sensor) and temperature
were continuously monitored. Treated samples were collected in tubes
and stored in the refrigerator at low temperature for analysis.

Fig. 2(b) shows the HC based PFAS treatment system, which can
operate at flow rates of up to 100 L/h. The red-circled section highlights
the cavitation module containing the orifice nozzle used to generate
cavitation. The orifice configuration was selected because the abrupt
pressure drop and high-velocity liquid jet passing the orifice create
highly intense HC [24,37,38]. This localized cavitation generates strong
shear forces, microjets, and reactive species that can effectively degrade
PFAS, including PFOS. Orifice plates are widely used in HC systems due
to their simplicity, reproducibility, and energy efficiency, as well as their
ability to produce a well-defined cavitation region. Although other
cavitation geometries, such as venturi nozzles or rotor-stator systems,
are also capable of generating HC, the orifice-based setup was chosen for
its operational simplicity and for its ability to achieve high local cavi-
tation intensities making it particularly suitable for studying PFOS
degradation.

Fig. 2(c) is a close-up view of the nozzle with the orifice at the top. As
fluid passes through the orifice, the local pressure drops below the liquid
vapor pressure, leading to cavitation bubble formation. The transparent
window allows real-time monitoring of cavitation activity and flow
behaviour. Fig. 2(d) shows an image captured using a high-speed
Phantom 710 L camera (equipped with a Tokina Macro ATX Pro 100
mm f/2.8 lens and illuminated by a Veritas 120 E LED lamp with 12
diodes), depicting the cavitation bubblecloud formed as fluid passes
through the orifice. This visualization provides valuable insight into the
flow characteristics and cavitation dynamics. It was also found that even
after long experimental durations, no clogging of the orifice was
observed. The orifice was tested under both conditions PFOS treatment
in tap water and treatment of other contaminants spiked into real
wastewater samples from municipal wastewater treatment plants [32,
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Fig. 2. (a) Schematic of the experimental setup. (b) PFOS treatment system. (c) HC chamber featuring the orifice plate. (d) High-speed imaging of cavitation captured

at 72000 frames per second.
33].Analytics for PFOS samples.
2.3. Analytics for PFOS samples

PFOS and its C4-C8 perfluorocarboxylate degradation intermediates,
i.e., PFBA (C4), PFPeA (C5), PFHeA (C6), PFHpA(C7) and PFOA (C8),
were determined with an HPLC-MS system (SHIMADZU Corporation;
LCMS-2020). The mobile phase consisted of solvents A and B: solvent A
was composed of 20 mM ammonium acetate in 10 vol% methanol and
90 vol% deionized water and solvent B was composed of 20 mM
ammonium acetate in 10 vol% deionized water and 90 vol% methanol.
A mixture consisting of 65 vol% of solvent B and 35 vol% of solvent A
was pumped with a flow rate of 0.25 mL/min. The run time of each
measurement was 28 min. The detection limit of this method is 0.6 pg/L
for PFOS, 0.2 pg/L for PFHxS and in the range of 0.2 ug/L to 2 ug/L for
the remaining PFAS analyzed and the standard deviation is within 2% of

the mean value. The standard deviation of the HPLC-MS results,
expressed as a percentage of the mean value, is shown in Supplementary
Material (Table A.2). PFOS and PFHxS concentrations as a function of
treatment time, with error bars indicating measurement uncertainty,
shown in Supplementary Material (Fig. A.1)

Fluoride concentrations were analyzed using the Spectroquant®
Fluoride test reagent (Supelco, 1.17236.0001). Fluoride ions react with
part of an arsenic-free red zirconium-dye solution to form a colorless
complex, which in turn results in a bleaching of the red color (SPADNS
method). The concentration of the unconsumed zirconium-dye solution
is subsequently determined photometrically at 575 nm. The method is
analogous to USEPA 340.1. Samples containing 0.1 to 2 mg/L fluoride
were mixed with the SPADNS reagent solution in a volume ratio of 10:1
and the absorbance was measured after 20 min.
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2.4. PFOS treatment conditions

The treatment of PFOS using HC was carried out under well-defined
flow and operational parameters, as detailed in Table 1. Cavitation was
generated at a high inlet pressure of 48 bar, achieving a flow rate of 8.9
L/h, which resulted in a pressure drop indicative of favourable condi-
tions for bubble formation and collapse. Experiments were conducted at
temperature of 22 °C and a neutral to slightly basic pH of 8.07, using 0.5
L of the PFOS solution. The temperature of the liquid was measured
throughout the treatments and remained nearly constant. The experi-
ments were performed in continuous recirculation mode with multiple
number of passes and treatment times of up to 240 min. Five treated
samples were collected at intervals of 30, 60, 120, 180, and 240 min.

2.5. Analysis of obtained experimental data

The following parameters and equations were used to analyze the
experimental data, as shown in Table 2. Each formula, along with a
description of its significance and the definitions of relevant variables, is
provided below.

The cavitation number is a dimensionless parameter used to char-
acterize the intensity of cavitation. A lower C, indicates stronger cavi-
tation conditions. The terms used in its calculation are defined as
follows: Prec (N/mz), the pressure measured at the recovery region after
the orifice; Py, (N/m?), the liquid vapor pressure at the operating
temperature; p, the liquid density (kg/m?); and v,, the velocity at the
orifice (m/s).

The Reynolds number (Re) is a dimensionless value used to predict
flow patterns in fluid dynamics. High Re value indicates turbulent flow,
which is desirable for effective cavitation.u represents dynamic viscosity
of the liquid (Pa-s).

The degradation efficiency (%) of PFOS during treatment was
calculated by comparing the initial concentration ([PFOS],) and the
concentration at time t ([PFOS],mg/L). Defluorination was calculated
to quantify the extent to which fluorine atoms bound in PFOS molecules
are released as inorganic fluoride ions (F). The percentage defluorina-
tion reflects the degree of PFOS mineralization, indicating how much of
the fluorine content was successfully recovered [TF], represents total
fluorine content (mol/L) initially present in the PFOS compound.

The net amount of F~ released during the degradation process was
calculated, indicating the release of fluorine atoms from PFAS break-
down into the aqueous phase. Here, [F]; represent the molar fluoride
concentration at time t, and [F~ ], denotes the initial molar fluoride
concentration in tap water.

The F- mass recovery quantifies the proportion of total fluorine
encountering both the measured inorganic fluoride ions released ([F 1)
and the theoretically estimated fluorine still bound in PFOS molecules
present at a given time ([TF]) relative to the initial total fluorine con-
tent. The recovery metric ensures mass balance by accounting for both
released and residual fluorine, offering insight into the extent of PFOS

Table 1
Flow conditions during the PFOS treatment by HC.
Notation Values

Inlet pressure at orifice P, (bar) 48
Flow at orifice Q, (L/h) 8.9
Orifice size D, (um) 200
Fluid velocity at orifice v, (m/s) 78.69
Reynolds number Re 15.74 x 10°
Cavitation number Cy 0.032
Sample temperature T (°C) 22
pH of PFOS solution pH 8.07
Sample volume Vs (L) 0.5
Number of passes via HC N, 0to71
Time per pass t, (min) 3.37
Hydraulic power HP (W) 9.36
Hydraulic retention time HRT (min) 11 to 92
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Table 2
Mathematical formulas used for the analysis of the obtained experimental data.
Parameters Formula
Cy o 1Prec — Puap
5 X Px v2
R. Re— p X Vo X Dg
1
PFOS degradation, % [PFOS], — [PFOS],
———— x 100
[PFOS],
Defluorination, % F) —[F], % 100
[TF],
F- yield, ug/L [F1-[F 1o
F- mass recovery, % [F:]t + [TF], % 100
[F~], + [TF],
Degradation kinetics of ~ [PFOS] Kt
—_—t_ ek
PFOS [PFOS],
Degradation rate of [PFOS]y
! b _ okl
PFOS in terms of 1/ [PFOS],
NP
HP, W (Po = Pambient) X Qo

The electrical energy

HP (kW) x treatment time (h)

per order, EEO in 3 [PFOS],
KWh/m®/order Vs (m?) > log( {prog)
E iel kWh
nergy yield, mg/kW [PFOS], (%) x Vs (L) x PFOS degradation % x %

HP (kW) x treatment time (h)
HP (kW) x treatment time (h)
Vs (m?)
HP (kW) x treatment time (h)
Vs (m3)
HC chamber volume (L)
L
Q (ﬁ)
N, L
Qo (E
Vs (L)
Change in degradation %
Change in number of passes

Energy input, kWh/m?>

3
Cost, €/m x 0.2889 (€/kWh)

HRT, min

N, = x treatment time (h)

PFOS degradation per
pass, %

degradation and the efficiency of fluoride recovery. time t.

The degradation kinetics of PFOS was evaluated by monitoring its
concentration over time during treatment. The data were fitted to a first-
order kinetic model, which showed the best fit based on the regression
constant (R?). This model allows for the determination of the degrada-
tion rate constant (k;), indicating how rapidly PFOS is degraded under
the applied conditions (k;: first-order PFOS degradation rate constant,
1/min). To express the degradation rate of PFOS in terms of 1/Nj, the
first-order rate constant equation was modified by replacing t with Ny,
resulting in a corresponding rate constant, ko, expressed in terms of 1/
Np (ko: first-order degradation rate constant, 1/Np).

HP was calculated to represent the energy required by the pump to
drive the PFOS solution through the system, based on the pressure dif-
ference between the orifice inlet and ambient conditions, as well as the
flow rate. The parameters used in the calculation are defined as follows:
P, is the pressure measured at the orifice inlet, Pyypient is the ambient
pressure (both expressed in N/m?), and Q, is the volumetric flow rate
(expressed in m3/s).

The EEO, a log-reduction-based efficiency metric, was calculated to
express the energy required to reduce the PFOS concentration by one
order of magnitude in one cubic meter of water. This metric allows for
the comparison of energy efficiency among different treatment pro-
cesses, system configurations, and operational scales. The parameters
used in the calculation are defined as follows: Vs is the treated volume
(rn3), and [PFOS], and [PFOS]; represent the initial concentration and
the concentration at time t (mg/L), respectively.

Energy yield (in mg/kWh), a mass-based removal efficiency metric,
was calculated to represent the amount of PFAS specifically PFOS
removed per kilowatt-hour of energy consumed. It is used to compare
the efficiency of treatment systems in terms of mass removal. This metric
reflects the removal efficiency relative to energy input; a higher energy
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yield indicates a more efficient process with potentially lower opera-
tional costs for contaminant removal. However, it needs to be mentioned
that energy yield in case of first-order kinetics processes is highly
affected by the initial target compound concentration.

Energy input (kWh/m?), a volume-based cost metric, was deter-
mined as the total electrical energy required to treat one cubic meter of
water. It provides an estimate of the overall treatment cost per unit
volume and serves as a basis for cost estimation and preliminary
benchmarking of the process. The cost in euros (€) per cubic meter for
PFAS treatment using HC was calculated based on energy consumption.
The unit price for industrial electricity was considered using the EU
average electricity rate (current rate of conversion) of ~€0.2889 per
kWh.

HRT represents the actual time that the PFOS-containing solution
spends inside the HC chamber during a single pass. It is a critical
parameter, as it determines how long the fluid is exposed to cavitation-
induced physical and chemical effects, which drive pollutant
degradation.

The number of passes N, refers to how many times the entire volume
of the solution circulates through the cavitation device, including the
feed tank and connecting pipes, during the treatment process. It provides
insight into the cumulative exposure of target pollutants to cavitation
effects. A higher N, typically indicates increased contact with the cavi-
tation field, potentially enhancing degradation. The degradation per
pass is calculated for each interval between consecutive pass counts.
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3. Results and discussion
3.1. PFOS degradation and defluorination

In this work, cavitation was generated at P, of 48 bar, and the cor-
responding C, defined as the ratio of the static pressure deficit to the
dynamic pressure was calculated as 0.032. A Cy less than 1 generally
indicates conditions favourable for cavitation inception, while signifi-
cantly lower Cy values correspond to more intense transient cavitation
[27,28,46]. Under such conditions, bubble collapse produces extremely
high localized temperatures and pressures, enhancing PFOS degradation
through pyrolytic cleavage and the formation of reactive species. At C, ~
0.032, the system operates in a strong cavitation regime where PFOS
destruction can occur predominantly via localized pyrolysis at or near
the bubble interface, in combination with radical-driven oxidation of
intermediate fragments. Previous HC studies on organic pollutants
consistently report that lower cavitation numbers lead to more violent
bubble collapse and higher degradation efficiencies [27,46,47]. Our
own prior investigations on succinic acid removal and the degradation
of persistent pharmaceuticals similarly demonstrated improved degra-
dation performance at lower Cy values [32,33].

The Re was calculated to be 15.74 x 10, indicating turbulent flow
through the orifice. This turbulent flow promotes rapid bubble collapse
and efficient energy transfer, which can enhance mixing and cavitation
intensity. High-speed imaging, shown in Fig. 2(d), captured a cavitation
cloud emerging from the orifice, composed of numerous tiny bubbles.
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Upon bubble collapse, the resulting intense physicochemical effects can
potentially degrade the head groups and cleave the strong C-F bonds in
PFOS, thereby contributing to its overall degradation. Cavitation events
originating from the orifice are visualized in Supplementary Video.

To evaluate process performance, PFOS degradation and defluori-
nation were plotted as functions of N}, through the HC reactor, as shown
in Fig. 3(a). With increasing Ny, PFOS degradation increased steadily
and reached about 25%, while defluorination attained about 20% at the
highest number of passes. At lower N, values, PFOS degradation
exceeded defluorination, indicating that initial breakdown likely pro-
duces intermediate transformation products and/or there is a fraction of
PFOS lost due to adsorption to components of the system. In general, low
turnover values are related to large relative errors due to the problem of
the difference of two large numbers while the formation of fluoride as
product is more characteristic. At higher Ny, PFOS degradation ratios are
larger and more reliable and under these conditions degradation and
defluorination ratios became nearly equal. No shorter-chain per-
fluorocarboxylates were detected throughout the reaction period,
despite the LC-MS detection limit being sufficient to identify products
formed at levels as low as 0.05 mol% of the initial PFOS concentration.
The high fluoride yield per degraded PFOS molecule, combined with the
absence of shorter-chain products in the aqueous phase, indicates that
PFOS reaching the cavitation bubble undergoes near-complete miner-
alization, implying further decomposition of intermediates into fluoride
ions. This observation is consistent with previous studies. Wang et al
[29] reported 18.9% degradation and 15.8% defluorination of PFOA
using HC alone, with no transformation products detected.

In contrast, other oxidation and reduction processes often require
significantly longer treatment times to achieve full defluorination and
run via step-wise chain-shortening of perfluoroalkyl acids. For example,
Deng et al [48] showed that ultrasonic persulfate activation degraded
PFOA in biochar within 4 hours, while defluorination reached 99.6%
after 10 hours. Guan et al [49] demonstrated complete PFAS degrada-
tion using a treatment train of UV/sulfite and electrochemical oxidation,
where reductive defluorination alone could not achieve full minerali-
zation, but subsequent electrooxidation enabled complete conversion of
perfluorinated intermediates. In contrast, HC-based processes do not
produce chain-shortened or partially defluorinated intermediates in the
water phase, but instead promote direct removal and near-complete
mineralization of PFAS upon the first molecular attack by thermoly-
sis/pyrolysis in the collapsing bubble. While this study cannot provide
definitive proof, it offers strong evidence supporting this mechanism,
warranting further investigation.

Fig. 3(b) presents the degradation and defluorination per pass,
providing a comparative metric well-suited for assessing the perfor-
mance of various HC systems in pollutant treatment. The highest
degradation per pass (up to 1.6%) occurred between 0-8.9 passes, while
the highest defluorination per pass (up to 0.44%) was observed between
53.4-71.2 passes. In the previous work, Talabazar et al [28] applied a
micro-HC chip reactor and achieved 36.1% removal of 11 long- and
short-chain PFAS (ng/L range) in membrane bioreactor (MBR)-treated
wastewater over 5 treatment cycles (32.5 min total treatment time, at
17.2 bar). Previous investigations have similarly demonstrated that
organic pollutant degradation under HC correlates with the number of
passes through the reactor [30,50].

The HRT, defined as the exact duration the PFOS solution remained
in the HC chamber, was calculated to be 92 min for 71 passes. This
corresponds to approximately 1 min per pass within the cavitation
chamber, compared to an overall treatment time of 240 min (~3 min per
pass, including recirculation).

PFHXxS, a shorter-chain PFAS often present as an impurity in PFOS,
exhibited distinct behavior under HC treatment. Fig. 3(c) shows the
normalized concentration and degradation profile of PFHxS over time.
After 240 min, PFOS degradation reached 25%, whereas PFHxS degra-
dation was 14%. The initial PFHxXS concentration was approximately
1000 times lower than that of PFOS. The PFOS-to-PFHxS concentration
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ratio (Fig. 3d) showed a slight increasing trend throughout the treat-
ment. PFHXS is less hydrophobic and adsorbs less readily to interfaces
compared to PFOS. Its lower degradation efficiency may be attributed to
the shorter perfluorinated chain, which reduces interfacial adsorption
and limits access to cavitation zones, thereby slowing pyrolytic
decomposition. This observation aligns with Talabazar et al [28], who
reported lower PFHxS degradation (1-19%) compared to PFOS
(38.8-55.4%) during HC treatment of mixed PFAS at ng/L levels.
Similarly, sonochemical cavitation studies by Fernandez et al [51]
demonstrated slower PFHxS degradation (2.6 uM F~/min) versus PFOS
(3.5 uM F/min), accompanied by lower fluoride release (469 uM vs. 638
uM after 180 min). These findings highlight the influence of molecular
structure, initial concentration, and cavitation intensity on PFAS treat-
ment efficiency.

The initial concentration of pollutant molecules can play a critical
role in determining degradation efficiency under HC. According to
previous HC-based studies, the degradation rate is inversely propor-
tional to the initial concentration of target pollutants [27,28,46,52].
However, these findings are mainly related to target compounds which
are reactive towards HOe and other reactive species formed in the
process and such behaviour points to radical formation as
rate-controlling step. As shown in Fig. 4(a), PFOS degradation pro-
ceeded more rapidly at lower initial concentrations, achieving 30%
removal after one pass and 37% after two passes. Fig. 4(b) shows that
PFOS degradation was higher at the lower initial concentration, whereas
defluorination remained nearly unchanged between the two concen-
trations. The higher apparent removal efficiency observed at 1 mg/L
PFOS may be partly attributed to the greater relative contribution of
sorption losses, as available surface sites can reach saturation more
rapidly at lower PFOS concentrations.

In dilute solutions, adsorption to reactor surfaces or interfaces may
therefore contribute more significantly to the observed degradation. In
addition, interfacial saturation effects at cavitation bubbles may play an
important role. At higher PFOS concentrations, PFOS molecules likely
compete for access to the bubble-liquid interface, leading to saturation
of the reactive interfacial zone where cavitation-induced pyrolytic
degradation occurs. This competition can limit molecular breakdown
and subsequent defluorination. Conversely, at lower PFOS concentra-
tions, PFOS molecules can partition more efficiently to these reactive
zones, promoting enhanced degradation, while defluorination remains
governed by the intrinsic reaction pathways and thus shows only minor
variation.. This behavior aligns with earlier findings: Awoyemi et al [53]
reported that high initial PFAS concentrations saturate the bubble sur-
face area, hindering further cavitation-driven degradation. A similar
kind of behaviour was also observed in the study conducted by Wang et
al [29] on PFOA degradation.

3.2. PFOS degradation and defluorination kinetics

The kinetics of PFOS degradation and defluorination were analyzed
to understand the rate and efficiency of PFOS breakdown during HC
treatment. Fig. 5(a) shows the first-order kinetics of PFOS and the cor-
responding release of F~ over a treatment period of 0-240 min, starting
with an initial PFOS concentration of 5 mg/L. The degradation of PFOS
follows a first-order kinetic model (R% = 0.94), with a rate constant kprog
= 0.7 x 107 1/min, as indicated by the linear decrease in In( [PFOS]:/
[PFOS]o). The degradation kinetics exhibit two distinct phases, although
the difference in slope is relatively small. PFOS degradation proceeded
with an initially faster phase from 0-120 min, followed by a slower
phase from 120-240 min. When a single first-order kinetic model is
applied across the entire treatment duration, this transition in reaction
behaviour results in a moderate decrease in the overall goodness of fit.
This deviation from ideal first-order kinetics is likely due to several
factors: reduced mass transfer of PFOS molecules to the bubble-liquid
interface at lower concentrations, accumulation of intermediate species
that compete for reactive sites, and decreased reactivity as fewer PFOS
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molecules are available at the cavitation interface during the later stage
of treatment.

The formation of F- also follows first-order kinetics (R? = 0.97), with
a higher rate constant kg- = 4.59 x 10~ 1/min. However, it should be
noted that in general at low turnover degrees, the concentration-time
plots can still give similar good fits with first-order and zero-order ki-
netics plots. The rapid release of F- suggests that HC not only breaks
down PFOS efficiently but also promotes its mineralization, with fluo-
ride serving as a key indicator of the degradation process. Fig. 5(b) ex-
tends the kinetic analysis to N, showing that PFOS degradation
continues to follow a first-order trend (R? = 0.94) with a rate constant
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kpros = 2.38 x 107® 1/Nj,. The generation of F- increases accordingly,
with a rate constant kg- = 15.48 x 10 1/N,, (R*> = 0.97). More infor-
mation on the degradation and defluorination kinetics of PFOS achieved
in the present study, along with a comparison to existing data on PFOA
treatment by HC/persulfate reported by Wang et al [29], is provided in
the Supplementary Material (Table A.3).

3.3. Aqueous fluoride ions formation and mass balance

The measurement of aqueous fluoride ions and fluorine mass balance
is essential to evaluate the extent of PFOS defluorination and
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mineralization. Total fluorine was assessed by summing the contribu-
tions from both free inorganic fluoride and organically bound fluorine.
While free fluoride (released) was directly measured, the fluorine con-
tent in parent PFOS was estimated based on measured PFOS concen-
trations. As shown in Fig. 6(a), over the treatment duration, the
concentration of F~ in the aqueous phase increased steadily, indicating
progressive defluorination. Simultaneously, the fluorine content asso-
ciated with PFOS declined, confirming that fluorine was being released
from the parent molecule. The defluorination percentage increased
proportionally with treatment time, reaching approximately 20% by the
end of the process.

Fluctuations in the fluoride mass balance are a common challenge in
PFAS degradation studies and may be attributed to incomplete
defluorination, analytical limitations in fluoride detection, sorption
losses, and the formation of stable fluorinated intermediates [20,
54-56]. Fig. 6(b) compares the total fluorine content before and after
treatment calculated as the sum of [F']; and [TF]; (total fluorine in
PFOS) to evaluate mass conservation. While previous reports frequently
document mass balance fluctuations in fluoride recovery [20,54-56],
we find an almost complete mass balance, thereby validating also the
reliability of the quantification methods. Minor deviations observed in
the early stages may be attributed to the strong sorption activity of
PFOS, which readily adsorbs to system surfaces. Nevertheless, the
fluorine mass balance is within 97 to 104% over the whole treatment
time, indicating notable accuracy of the methodology. Overall, the mass
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balance and fluoride release data strongly indicate that HC treatment
facilitates both the breakdown and the mineralization of PFOS into CO2
and F-.

3.4. Energy requirement for PFOS degradation

The estimation of energy consumption and treatment costs for PFOS
removal using HC is critical for assessing the technical and economic
feasibility of the process and for enabling meaningful comparisons with
previously reported PFAS treatment technologies. In this study, the
energy requirements for PFOS degradation were evaluated using mul-
tiple performance metrics. These included the amount of PFOS mass
removed per unit of energy input (expressed as mg/kWh), the total
specific energy consumption normalized to the treated water volume
(expressed as kWh/m?®) as well as EEO (expressed as kWh/m?3/order).
Together, these parameters provide a comprehensive assessment of the
energy efficiency of the HC process and its potential applicability for
large-scale PFOS remediation.

Fig. 7(a) presents the energy yield (mg PFOS removed per kWh) for
both initial concentrations. An inverse relationship was observed: as
degradation increased, energy yield decreased. At an initial PFOS con-
centration of 1 mg/L, the energy yield ranged from 177 to 286 mg/kWh,
while at 5 mg/L, it was significantly lower, ranging from 17 to 70 mg/
kWh. The energy input in kWh/m?, as shown in Fig. 7(b), represents the
total energy required for PFOS treatment in a tap water matrix.

920

[PFOS], = 5 mg/L (b) [%*
80

/ \ A
704 - 20
60 A -16
50 +
40 12
30 A L8
204 A [PFOS], =1 mg/L

25

PFOS treatment cost (€/m°)

o N

10 1

A
I -0

0-
10

T T

A
30 35 40
PFOS degradation %

600 () =
500 -
400
300 - u

200 -

EEOpros (KWh/m®/order)

100

04

/SR

® [PFOS],=1mglL
m [PFOS], = 5 mglL

Low EEOpcqg

10 15 20 25

30 35 40 45 50

PFOS degaradtion (%)

Fig. 7. Energy requirements for PFOS degradation: (a) energy yield versus PFOS degradation, (b) total energy input and corresponding treatment cost versus PFOS

degradation, and (c) EEO versus PFOS degradation.



A. Kumar et al.

Naturally, the water matrix plays a significant role in treatment effi-
ciency. Based on the energy input, the corresponding treatment cost in
euros was estimated. At an initial PFOS concentration of 1 mg/L, where
lower energy was required, the cost ranged from €0.30 to €0.60/m?>,
corresponding to an energy input of 1.05 to 2.11 kWh/m?, In contrast,
for a higher initial concentration of 5 mg/L, the energy demand
increased substantially (9 to 75 kWh/m?), resulting in treatment costs
ranging from around €3 to €22/m>. Overall, the estimated treatment cost
using HC ranged from €0.30 to €22/m?, depending on initial concen-
tration and energy input.

The EEO varied with the extent of degradation, as shown in Fig. 7(c).
Lower EEO values were achieved with fewer passes and lower initial
PFOS concentrations. For instance, at an initial concentration of 1 mg/L,
the EEO ranged from 7 to 10 kWh/m?/order for degradation levels be-
tween 30 % and 37 %. In contrast, at a higher concentration of 5 mg/L,
EEO values increased substantially, ranging from 154 to 598 kWh/m?3/
order for degradation levels between 13% (likely limited by PFOS
adsorption) and 25% (approximately 20% defluorination). To evaluate
the efficiency of the HC process, these EEO values were compared with
those reported for other PFOS treatment technologies, as summarized in
Table 3. Our calculated EEO values (7 to 598 kWh/m?3/order) are
generally lower than most of those reported in the literature (see
Table 3), suggesting that HC is a relatively energy-efficient treatment
method. Notably, even though the HC reactor used in this study has not
been fully optimized, its performance is already comparable to, or in
some cases better than, other established PFOS degradation technolo-
gies. More details are provided in Supplementary Material (Note).

3.5. Possible PFOS mineralization process by hydrodynamic cavitation

In this work, efficient mineralization of PFOS was achieved, as evi-
denced by the release of F- ions and the absence of detectable organic

Table 3
Comparison of EEO and rate constant values from literature and the present
work for PFOS degradation methods.

Treatment process [PFOS], kpros X EEO x References
concentration 10°% @/ 10°
(mg/L) min) (kWh/
m3/
order)
HC 1-5 0.7- 40 0.007 — Present
0.598 work
Sonication 0.0029 16 2.900 Kalra et al
[57]
Sonication 1 15.3 0.502 — 1li¢ et al [55]
1.644
Gliding arc plasma 100 0.0232 -  Lewis et al
0.2134 [58]1
Direct UV 20 0.09 18.19 Yamamoto
et al [59]
Sonolysis 10 16 8.0 Moriwaki et
al [60]
uv 18.6 15.2 1.27 Lyu et al
[61]
Electrochemical ~ 25 14 Luo et al
oxidation [62]
Plasma ng/L-mg/L 0.380 —
range 0.830
Electrochemical 0.005 — Sharma et al
oxidation 0.132 [43]
Photocatalysis 200 9.335
Electron beam 1 0.556
Photodegradation +  18.6 1.177
boiling
Electrochemical 50 0.032
oxidation
Heat 100 0.417 64.4 Yang et al
uv 100 0.300 38.4 [63]
Ultrasound 100 0.0833 396.4
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intermediates after extended treatment. These results indicate that PFOS
was effectively degraded without the accumulation of persistent trans-
formation products. The proposed PFOS degradation pathway under HC
conditions is summarized and schematically illustrated in Fig. 8. Upon
exposure to HC, PFOS molecules preferentially adsorb at the gas-liquid
interface of collapsing cavitation bubbles due to their amphiphilic na-
ture. The extreme local conditions generated during bubble collapse
characterized by very high temperatures and pressures provide suffi-
cient energy to initiate molecular bond cleavage. Degradation is ex-
pected to begin with cleavage of the sulfonate headgroup, as the C-S
bond (bond dissociation energy ~301-355 kJ/mol) is significantly
weaker than the C-F bond (~485 kJ/mol). Subsequent degradation and
defluorination likely proceed through a combination of radical-
mediated reactions and thermal (pyrolytic) decomposition during
repeated bubble collapse events. Although no intermediates were
detected experimentally, a plausible degradation pathway can be
inferred based on PFOS molecular structure and known cavitation
chemistry. Fig. 8 therefore presents multiple mechanistic possibilities.
One pathway involves transient formation of shorter-chain fluorinated
acids, which may be generated but rapidly degraded and thus not
detected in the aqueous phase. Alternatively, PFOS molecules may un-
dergo extensive C-C bond scission within the cavitation bubble itself,
leading directly to complete mineralization without release of measur-
able intermediates. Overall, the results suggest that both reactions
within the bubble interior and at the bubble-liquid interface contribute
to PFOS degradation, ultimately resulting in effective defluorination and
mineralization under HC conditions.

Previous studies have attempted to elucidate PFAS degradation
pathways under cavitation-based treatments [28,29,64]. HC alone
probably does not release detectable intermediates into the aqueous
phase; however, when combined with reagents, such as oxidants, in-
termediates often appear. For example, Wang et al [29] reported that HC
combined with activated persulfate accelerated PFOA removal but
generated several short-chain intermediates, including PFHpA, PFHxA,
PFPeA, and PFBA. In contrast, HC alone produced no measurable in-
termediates under the same conditions, suggesting that while the pres-
ence of persulfate enhances parent compound removal, it does not
guarantee similar fast complete mineralization.

Talabazar et al [28] proposed that PFAS degradation under HC is
driven by high-energy pyrolytic and thermolytic events within
collapsing bubbles, leading to primary C-F bond cleavage and the gen-
eration of F~. Similarly, Rodriguez-Freire et al [64] observed PFOS
degradation via sonochemical cavitation, detecting fluoride and sulfate
as major products and suggesting transient short-chain PFAS in-
termediates. Vecitis et al [41] described a two-step acoustic cavitation
mechanism involving PFOS adsorption at the bubble interface followed
by pyrolytic decomposition. In the present study, no short-chain per-
fluorocarboxylates were detected throughout the treatment, despite
HPLC-MS detection limits as low as 0.05 mol % of the initial PFOS
concentration. This absence suggests either complete degradation of any
transient intermediates or concentrations below the current analytical
threshold. Future work will employ more sensitive time-resolved and
high-resolution techniques to capture low-abundance intermediates and
refine the mechanistic understanding of PFOS breakdown under HC.

3.6. Future research direction

In this study, HC alone was able to degrade PFOS at high concen-
trations, achieving 37% degradation and 20% defluorination at an EEO
of 10 kWh/m?®/order. Higher removal efficiencies would require longer
treatment or multiple passes, but these results are in line with cavitation-
alone performance reported in the literature. To further enhance per-
formance, integrating HC with non-condensable gases (e.g., air, oxygen,
and argon) is a promising option The use of non-condensable gases plays
a crucial role in enhancing local temperature, influencing bubble
collapse dynamics, and promoting mass transfer, which together create
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Fig. 8. The possible breakdown mechanism for PFOS under intense HC conditions.

a chemically rich environment for micropollutant degradation in water.
Previous studies have shown that noble gases significantly influence
cavitation behaviour due to their high adiabatic index (~1.67). For
instance, Rooze et al [65] reported that halogenated compounds
degrade more efficiently in the presence of argon, while
non-halogenated compounds degrade more effectively in air. Addition-
ally, exploring new reactor geometries, such as designs incorporating
multiple orifices or nozzles, could further enhance cavitation bubble
formation, promote more intense bubble implosion, and create favor-
able local physicochemical environments, all of which are critical for
scalability [27,31].

A single technology is often insufficient due to the limitations of
current PFAS removal methods, especially in simultaneously treating
ultra-short-, short-, and long-chain PFAS in continuous mode. Therefore,
integrating treatment processes or combining two or more techniques
offers an opportunity to overcome the shortcomings of individual
methods and enhance PFAS elimination efficiency [11,20,66-68]. For
example, most existing approaches rely on concentrating PFAS using
membrane separation, adsorption, ion-exchange resins, or flotation. In
these processes, PFAS is captured but not destroyed, and the concen-
trated waste must be transported off-site for incineration or other
destructive treatment. This not only incurs high transportation and
disposal costs but also introduces the risk of generating hazardous waste.
As shown in Fig. 9, a treatment chain approach can be adopted: initial

( &EO )

Activated

physical separation (e.g., using activated carbon, ion-exchange resins,
membrane separation or foam fractionation) is followed by on-site PFAS
degradation using HC. In the proposed integrated approach, HC can be
applied directly to adsorbent regeneration solutions or concentrated
retentates, enabling PFAS degradation and mineralization with con-
current defluorination, thereby eliminating the need for off-site incin-
eration. This integrated strategy reduces overall treatment costs and
minimizes the risk of secondary contamination. Final polishing steps (e.
g. cold atmospheric plasma) may still be required to remove any residual
contaminants and ensure compliance with discharge standards [69,70].

4. Conclusions

In this study, an orifice-based HC system was employed for the
degradation and defluorination of long-chain persistent PFAS. The
treatment was conducted under high initial PFOS concentrations with
continuous recirculation and intense cavitation conditions. PFOS
degradation under HC followed apparent first-order kinetics, demon-
strating effective molecular breakdown and C-F bond cleavage. The
release of fluoride ions into the aqueous phase confirmed PFOS miner-
alization and supports the occurrence of cavitation-induced defluori-
nation rather than mere transformation to stable by-products. While
PFOS degradation efficiencies varied with initial concentration, the
experiments conducted at 5 mg/L provided more consistent and reliable
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Fig. 9. Treatment chain combining physical separation and degradation processes for PFAS removal in real-world applications.

11



A. Kumar et al.

results, enabling a more robust fluoride mass balance and interpretation
of degradation pathways. In contrast, results obtained at lower initial
concentrations were subject to greater uncertainty, likely influenced by
sorption losses and interfacial effects, which complicate quantitative
interpretation. The findings demonstrate the capability of the orifice-
based HC system to induce PFOS degradation and defluorination, with
the higher-concentration experiments offering stronger evidence for
effective destruction rather than incomplete transformation.

The EEO ranged from 7 to 598 kWh/m?/order, while the energy yield
varied between 17 and 286 mg/kWh. The overall energy input for PFOS
degradation ranged from 1 to 75 kWh/m?, depending on the initial PFOS
concentration and the extent of degradation.. These results indicate that
HC enables effective PFOS degradation with lower energy requirements
compared to most reported studies and conventional treatment
methods. The extreme physicochemical conditions generated during
bubble implosion indicate that PFOS reaching the cavitation bubble
undergoes near-complete mineralization, with subsequent decomposi-
tion of intermediates into fluoride ions.

Overall, this study demonstrates that HC is a promising, non-
thermal, energy-efficient, and scalable technology for PFAS degrada-
tion. It presents a viable alternative to conventional treatment methods
and lays the groundwork for sustainable, large-scale PFAS remediation
strategies. Further efforts in optimizing HC reactor geometry and
operating conditions are essential to enhance PFAS breakdown and
defluorination efficiency, enabling successful upscaling and imple-
mentation at diverse sites such as AFFF, industrial facilities and WWTPs.
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