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Per- and polyfluoroalkyl substances (PFAS) pose significant environmental and health risks 

due to their ubiquitous presence and persistence in water systems. In this study, we investigate 

the efficacy of piezocatalysis using barium titanate (BTO) nanoparticles under ultrasound 

irradiation for the degradation and defluorination of perfluorooctane sulfonate (PFOS) in water. 

The research demonstrates a substantial 90.5% degradation and 29% defluorination of PFOS 

after six hours of treatment, highlighting the potential of piezocatalysis as a promising approach 

for PFAS degradation. Additionally, the quantification of degradation products elucidates the 

transformation pathways of PFOS, suggesting a stepwise chain-shortening mechanism. Our 

findings underscore the importance of continued research in optimizing piezocatalytic 

processes and exploring synergistic approaches with other advanced oxidation methods to 

effectively address PFAS contamination challenges. These efforts are essential for advancing 

sustainable water treatment strategies and mitigating the environmental and health hazards 

associated with PFAS contamination. 
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1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) represent a group of synthetic chemicals employed 

in various industrial and consumer products for decades. Known for their thermal and chemical 

stability, PFAS are denoted as ‘forever chemicals’ for their enduring presence in the 

environment [1]. PFAS are characterized by a hydrophobic fluorinated carbon chain linked to 

a hydrophilic functional group, as depicted in Figure 1. Their highly stable C–F bond provides 

PFAS a superior chemical stability, making them instrumental in several applications, including 

non-stick cookware, water repellent fabrics, and firefighting foams [2, 3]. However, growing 

environmental concerns have prompted stringent regulations, including the restriction of 

production and use of PFAS such as perfluorooctanoic acid (PFOA) and perfluorooctane 

sulfonate (PFOS) under the 2009 Stockholm Convention [4]. In 2019, the convention imposed 

a general ban on the production of PFOA and its precursors.  

Despite regulatory efforts, the widespread use of PFAS has resulted in their release into the 

environment, where they can persist for many years and spread over long distances [3, 5]. PFAS 

have been detected in soil, water, wildlife, and human blood and tissues [6, 7]. In Switzerland, 

where 80% of drinking water originates from groundwater, National Groundwater Monitoring 

NAQUA reveals that the sum of 26 PFAS species present in ground water exceed the 

established limits proposed by the European Commission of 0.0044 µg L-1 on 25% of the 

monitoring sites [8]. Moreover, the potential health risks associated with PFAS contamination, 

such as increased cancer risks, thyroid dysfunction, and reproductive disorders, further 

emphasize the urgency of establishing robust and comprehensive water treatment strategies to 

safeguard both environmental ecosystems and human health [9-11]. 

As a result, there has been a growing effort to regulate PFAS and reduce their release into the 

environment. This has included calls for increased monitoring and reporting of PFAS, as well 

as efforts to develop technologies for the removal of PFAS from wastewater. It is estimated that 

the annual cost to eliminate PFAS from the environment at the same rate as its current 

production and usage is equivalent to the entire current global GDP of 106 trillion USD [12]. 

This has prompted investigation of alternative technologies for the treatment of PFAS-

contaminated water. Physical separation processes such as carbon adsorption, membrane 

filtration, and ion exchange, can remove PFAS from water, however they transfer and 

concentrate the PFAS from one phase to another instead of degrading them [13, 14]. In contrast, 

several advanced oxidation methods such as photocatalysis, sonochemical oxidation, and 

ozonation have reported the successful defluorination and degradation of various PFAS using 

highly reactive oxygen species (ROS) [15].  
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Amongst these, piezocatalysis, a well-established field, has been extensively investigated for 

the degradation of organic pollutants in water. In this approach, piezoelectric materials 

experience an external strain, typically induced by mechanical forces such as ultrasound 

irradiation to generate ROS. Several piezoelectric materials such as BaTiO3, BiFeO3, ZnO, and 

Bi4Ti3O12 with distinct size and morphology have demonstrated their effectiveness in degrading 

a wide range of organic pollutants [16-23]. Additionally, piezocatalysis can be combined with 

photocatalysis to overcome the challenges of low light penetration and charge recombination. 

Furthermore, in the realm of renewable energy sources, mechanical energy emerges as a 

versatile option, as it can be harnessed from various sources such as water flow, bubbling, and 

vibrations.  

Recent research has shown that piezocatalysis for PFOA degradation could be conducted in the 

solid phase [24, 25]. Our contribution aims to broaden this research by specifically focusing on 

PFOS decomposition in the liquid phase. Our objective is to evaluate the potential degradation 

and defluorination of PFOS in water using BaTiO3 piezocatalytic nanoparticles under 

ultrasound irradiation (Figure 1). 

Figure 1. Illustration depicting common sources of PFAS alongside corresponding hazards, 

and a schematic diagram illustrating the piezocatalytic degradation of PFOS. 

2. Results and Discussion  

2.1 Material Characterization 

Barium titanate (BTO) nanoparticles were synthesized using a two-step hydrothermal method 

[17]. After the first step, a distinctive nanowire morphology of the H2Ti3O7 precursor is 
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observed, as shown in the SEM image in Figure S4. Subsequently, after the second 

hydrothermal step, the formation of BTO nanoparticles with an approximate size of 200 nm 

was achieved (Figure 2A). As seen in Figure 2B, EDX mapping was employed to validate the 

particles composition, confirming the presence of Ba, Ti, and O. Furthermore, to confirm the 

piezoelectric properties, the nanoparticles' crystal structure was verified by XRD, revealing a 

pure perovskite structure with characteristic diffraction peaks in agreement with JCPDS No. 

81-2203 (Figure 2C). The peak splitting of the (002) and (200) planes at 2θ ~ 45° further 

confirms that the nanoparticles display a tetragonal phase, which confirms the ferroelectric 

nature of BTO (see Figure S5). The formation of the tetragonal phase was further supported by 

Raman spectroscopy, presented in Figure 2D, depicting sharp peaks at 305, 515, and 715 cm−1 

[26]. Additional insights into the purity of BTO nanoparticles were obtained through XPS 

analysis. The full XPS spectrum revealed the presence of Ba, Ti, and O elements, as illustrated 

in Figure S6. High-resolution spectra of Ba 3d revealed two split peaks: Ba 3d5/2 at 778 eV 

and Ba 3d3/2 at 793.4 eV, corresponding to Ba2+ (refer to Figure S6b) [27, 28]. Similarly, the 

Ti 2p spectra exhibited two distinct peaks at 457.5 and 463.3 eV, representing Ti 2p3/2 and Ti 

2p1/2 of Ti4+ (see Figure S6c) [29]. Furthermore, the O 1s spectrum displayed a broad peak at 

528.8 eV, attributed to lattice oxygen and surface-absorbed oxygen (Figure S6d) [27]. 

Figure 2. (a) An SEM image of BTO nanoparticles, (b) EDX analysis with elemental mapping 

revealing barium (green), titanium (purple), and oxygen (blue) (scale = 500 nm). (c) XRD 

pattern of BTO nanoparticles showcasting the crystal structure. (d) Raman spectra providing 

insights into the formation of the piezoelectric tetragonal phase. 
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2.2 Piezocatalytic Degradation of PFOS  

The BTO nanoparticles, tailored for their piezoelectric properties, were subject to ultrasonic 

irradiation to induce deformation and external strain. This activation step leverages the 

piezoelectric characteristics of BTO nanoparticles. By doing so, it facilitates their role as 

catalysts, generating an electrical potential on the surface of the nanoparticles that serves as a 

trigger to generate ROS. Consequently, this process leads to the degradation of organic 

micropollutants, such as PFOS, present in water. For the sake of clarity, note that one must 

differentiate between mineralization, degradation, and defluorination of PFAS in the context of 

our study. Degradation involves the transformation of PFAS molecules into other compounds, 

regardless of defluorination [30]. Mineralization refers to the complete defluorination, 

irrespective of whether the carbon is fully oxidized [31]. While defluorination specifically 

refers to the release of inorganic fluorine atoms from PFAS molecules, mineralization does not 

necessarily occur.  

To ensure the efficiency of the piezocatalytic process, initial optimization studies were 

conducted to determine the optimal catalyst dosage and ultrasound power. As depicted in 

Figure S7, this optimization revealed that the optimal catalyst dosage was found to be 1 mg 

mL−1. In agreement with previous research, the results indicate that increasing the concentration 

of the catalyst beyond 1 mg mL−1 does not necessarily contribute to a further enhancement of 

the reaction [32]. Moreover, the ultrasound power stands out as a critical parameter in 

piezocatalysis, playing a pivotal role in enhancing the decomposition efficiency. However, a 

tradeoff exists between achieving faster degradation and ensuring that no unintended 

sonocatalysis is involved in the process [33]. This balance is particularly evident in Figure S8, 

where it is observed that employing 100% of the total power resulted in a gradual decrease of 

PFOS concentration over time for the control group without the catalyst. Conversely, at 75% 

power, as illustrated in Figure 3A (dashed lines), no significant degradation occurred in the 

absence of the catalyst. To provide a clear understanding of the individual effects of 

piezocatalysis, a 75% ultrasound power was selected for the PFOS degradation experiments. 

Remarkably, as depicted in Figure 3A, following six hours of ultrasound treatment, the PFOS 

concentration exhibited a substantial reduction from the initial 4 mg L−1 to 0.38 mg L−1, 

attaining 90.5% removal. As seen in Figure 3B, the extracted ion chromatogram of PFOS at a 

retention time of 7.55 minutes clearly illustrates a notable difference in peak intensity before 

and after treatment. In addition, the corresponding degradation kinetics fitted well with the 

pseudo-first order model (described in SI), revealing a degradation rate of k = 0.06 min-1 
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(Figure S9). Note that the initial concentration is notably high, considering that PFOS is 

typically detected in water at concentrations ranging from nanograms per liter to micrograms 

per liter [34]. However, an initial large concentration was deliberately selected to facilitate 

analytical methods for detecting degradation products listed in Figure 3C. Nevertheless, as 

demonstrated in Figure S10, this technique is also effective in decomposing PFOS at an order 

of magnitude lower concentration (0.4 mg L-1), by achieving a 72% PFOS removal. 

2.3 Quantification of degradation products 

To further corroborate the defluorination of PFOS via piezocatalysis, the fluoride (F-) 

concentration was monitored over time via ion chromatography, as depicted in Figure 3D. 

Considering that 17 moles of F- should theoretically be released for each mole of PFOS, the 

defluorination of ~ 90% of PFOS after six hours of treatment should generate 2.32 mg L−1 of 

F-. However, 0.74 mg L−1 of F- ions were produced, resulting in an overall defluorination rate 

of 29%, calculated using Equation S1. Regarding the decomposition of PFOS, note that the 

defluorination ratio is considerably lower compared to the PFOS degradation ratio. This 

suggests that the transformation of PFOS does not result in complete mineralization. Therefore, 

preventing secondary pollution arising from the formation of shorter intermediate chains during 

treatment remains critical. Consequently, the quantification of the degradation products not 

only ensures a comprehensive understanding of the degradation mechanism but also serves as 

a crucial step in preventing unintended environmental consequences. PFOS and PFOA stand 

out as the most frequently detected PFAS in diverse environmental settings, with PFOS 

consisting of an eight-carbon chain and a sulfonic acid functional group [35]. Figure 3F 

illustrates the concentration increase of PFOA during treatment, suggesting that the initial 

decomposition step involves the cleavage of the sulfonate end group. This observation aligns 

with the lower bond energy of the sulfonate end of the PFOS molecule compared to the C-F or 

C-C bonds, making direct defluorination via nucleophilic substitution much more challenging. 

Moreover, considering that the C-S bond has a lower bond energy than the C-C bond, and there 

is a greater distance between the C and S atoms, C-S scission becomes a more favorable 

pathway [36]. Importantly, the absence of shorter chain perfluoroalkyl sulfonic acids during the 

screening of degradation products corroborates the desulfonation process.  

After four hours of treatment, a subsequent decrease in PFOA concentration is observed 

indicating a stepwise chain-shortening degradation pathway. As presented in Figure 3E, the 

extracted ion chromatograms after 6 hours of treatment depict a clear formation of shorter-chain 

perfluorinated carboxylic acids (PFCAs), with primary intermediates identified as 

perfluoroheptanoic acid (PFHpA, C7), perfluorohexanoic acid (PFHxA, C6), 
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perfluoropentanoic acid (PFPeA, C5), and perfluorobutanoic acid (PFBA, C4). Notably, no 

fluorotelomer carboxylic acids (FTCAs) were detected during MS screening, ruling out the 

possibility of a degradation pathway involving H/F exchange. As seen in Figure 3G, while the 

observed trend in the concentration of intermediate products shows a reduction after four hours 

of treatment, it is essential to highlight that the concentration of these products is three orders 

of magnitude lower than that of the parent PFOS. The absence of shorter-chain PFCAs in the 

initial PFOS solution suggests that all detected compounds result from the piezocatalytic 

degradation. Nonetheless, it is important to note that the total mass balance of the reaction 

remains incomplete. 

The fluorine mass balance is composed of organic fluorine from the detected degradation 

products and remaining parent compound, free F- ions, and unidentified fluorine compounds. 

Free inorganic fluoride was measured directly, whereas the organic fluorine found in the liquid 

phase was estimated using the final concentrations of PFOS and the identified products. Of the 

total fluorine that was initially present, the remaining PFOS and degradation products 

accounted for 10% at the end of the treatment, plus the 29% free F-. The unaccounted 61% may 

originate from volatile organofluorine compounds mostly in the gas phase, and possible F- 

sorbed on the surface of the BTO nanoparticles, as further discussed in Section 2.5. 
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Figure 3. (a) Time course of PFOS piezocatalytic degradation in the presence of BTO 

nanoparticles, and controls. (b) Extracted ion chromatogram of PFOS before and after 

treatment. (c) Retention time and exact mass of deprotonated PFOS and PFCAs (the latter 

detected as decarboxylated ions). (d) Fluoride concentration over treatment time. (e) Extracted 

ion chromatograms of the detected degradation products after six hours of treatment 

representing the depicted corresponding carboxylate species. (f) Time course of PFOA 

production (and later decomposition) under US in the presence of BTO nanoparticles, and (g) 

time course of shorter chain intermediates PFHpA (C7), PFHxA (C6), PFPeA (C5). 
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2.4 PFOS Removal Mechanism 

Piezoelectric materials, such as BTO, exhibit a non-centro-symmetrical crystal structure. As a 

consequence, under mechanical deformation, the piezomaterial becomes electrically polarized. 

The polarization induced by mechanical stress triggers the separation of holes (h+) and electrons 

(e-). Hence, a potential difference exists across the material (Equation 1). The magnitude of 

this piezoelectric potential is crucial, as it must meet or exceed the redox potential required for 

the desired chemical reaction to occur [37]. As illustrated in Equation 2 and 3, the free electrons 

oxidize water to produce hydroxyl radicals (•OH), while holes reduce dissolved O2 to generate 

superoxide radicals (O2
•–). While both radicals are considered predominant active species for 

the degradation of organic pollutants, O2
•– may indirectly contribute to the degradation by 

serving as a crucial source for •OH formation rather than directly participating in the 

degradation process. The formation of •OH is found to follow two pathways: the reaction of 

holes with water (Equation 2) and the two-electron reduction of •O2
− as described in Equations 

4 and 5. 

BaTiO3 + US → BaTiO3 (e
- + h+)        (1) 

h+ + H2O → •OH + H+         (2) 

O2 + eaq
- → •O2

−          (3) 

•O2
− + eaq

- + 2H+ → H2O2         (4) 

H2O2 → •OH + •OH          (5) 

Previous studies have shown that BTO piezocatalysts can generate both reactive species, where 

the concentration of generated •OH is observed to be significantly higher than that of •O2
− [16]. 

To examine the main reactive species involved in the PFOS degradation, the piezocatalytic 

reaction was assessed in the presence of scavenging agents. Tert-Butyl alcohol (TBA), 

ethylenedinitrilotetraacetic acid disodium salt dihydrate (EDTA), and L-ascorbic acid (LAA) 

were used as common scavengers to quench •OH, H+, and •O2
−, respectively [38, 39]. As seen 

in Figure 4A, the results show a significant decrease in degradation efficiency after adding 

TBA, emphasizing the crucial role of •OH. The inhibiting effect was less pronounced with 

LAA, suggesting an auxiliary role of •O2
−. Moreover, the degradation efficiency showed a 

decrease, albeit not complete suppression, after adding EDTA, indicating that the formation of 

•OH partly originates from H+ and •O2
−.  

As seen in Figure 4B-D, in the presence of TBA and EDTA, there is a minimal generation of 

PFOA and PFCAs, confirming that PFOS is not being decomposed in the absence of •OH and 

H+. Intriguingly, when LAA is introduced, the production of shorter-chain PFCAs surpasses 

that observed without scavengers. Unlike the scenario without scavengers, where the 
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concentration of degradation products begins to decrease during treatment, the presence of LAA 

leads to a saturation point after two hours.  

 
Figure 4. (a) Piezocatalytic decomposition of PFOS in the presence of scavenging agents TBA, 

EDTA, and LAA, trapping •OH, h+, and •O2
−, respectively. Time course of detected shorter 

chain intermediates: (b) PFOA (C8), (c) PFHpA (C7), and (d) PFHxA (C6). 

 

2.5 Practical Implications 

To assess the performance over extended use of the BTO nanoparticles, three piezocatalytic 

degradation cycles of PFOS were conducted, where ultrasound activation was extended to 12 

and 18 hours. After each cycle, the nanoparticles were collected via centrifugation and 

dispersed in a fresh 4 mg L−1 PFOS solution. As depicted in Figure 5A, the final concentrations 

achieved after each cycle were recorded as 0.5, 1.4, and 2.1 mg L−1. Notably, the rate constant 

for PFOS exhibited a significant decrease in the second and third cycles, resulting in an overall 

reduction in degradation of approximately 54%. The addition of nanoparticles into a fresh PFOS 

solution in each cycle eliminated the possibility of smaller chain products accumulating and 

causing a decrease in performance. Consequently, further investigation was pursued by 

collecting the BTO nanoparticles to examine the potential saturation of their surface with 

adsorbed PFOS or PFCAs. For this purpose, XPS measurements were conducted (Figure S11). 
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The only visible difference in spectra between the nanoparticles before and after treatment was 

the presence of a peak at F 1s. As seen in Figure 5B, no peak is visible before treatment 

however, after treatment, a distinct peak centering at 685 eV emerges. Given that no peaks were 

identified visible around 688 eV, which commonly indicates the presence of the C-F bond, this 

peak was ascribed to the negatively charged fluoride ions [40]. In this regard, the adsorbed F- 

also contributes to the incomplete mass balance discussed above. In addition, it is speculated 

that surface passivation competitively inhibits adsorption of the target PFAS, thereby reducing 

interactions with the generated ROS.    

In the realm of water treatment, it is crucial to assess real-world conditions where water often 

contains various inorganic ions and organic matter constituents. To investigate the practical 

applicability of piezocatalysis in degrading PFOS, experiments were conducted using lake 

water from Rotsee, Switzerland, and wastewater treatment plant effluent (WWTP) from 

Palapye, Botswana, both spiked with PFOS at a concentration of 4 mg L−1 using 1 g L−1 of BTO 

nanoparticles. The characteristics of lake water and sewage effluent are outlined in Table S3. 

In comparison to deionized water, both lake water and sewage effluent showed reduced removal 

efficiencies, likely due to the presence of natural organic matter and suspended solids acting as 

scavengers for ROS, thus impeding the degradation of target contaminants [41]. Despite these 

challenges, as depicted in Figure S12, PFOS degradation in lake water and WWTP effluent 

reached approximately 30% and 50%, respectively, highlighting its potential application in 

natural water matrices. Nevertheless, transitioning from laboratory-scale studies with controlled 

conditions to real-world scenarios necessitates careful consideration of the water matrix 

composition and its impact on treatment processes. Additional investigations should be 

conducted to examine the specific impact of inorganic cations and anions found in natural 

waters.  
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Figure 5. (a) Time-dependent decomposition profile with PFOS spikes to evaluate the reusability of 

BTO nanoparticles. (b) F 1s XPS spectra of BTO nanoparticles before and after treatment.  

3. Conclusion 

Our study addresses the urgent need for effective water treatment strategies to combat the 

environmental and health hazards posed by PFAS. Through piezocatalysis using BTO 

nanoparticles under ultrasound irradiation, we successfully achieved substantial degradation of 

PFOS in water, attaining a remarkable 90.5% removal after six hours of treatment. Furthermore, 

the quantification of degradation products provided valuable insights into the transformation 

pathways of PFOS, shedding light on the formation and further degradation of shorter-chain 

PFCAs. Continued research in this field is crucial to further validate the efficacy of 

piezocatalytic technologies for real-world applications, paving the way for sustainable solutions 

to PFAS contamination challenges. Further investigation of alternative piezoelectric materials, 

novel mechanical activation sources, and synergistic combinations with sonocatalysis or 

piezocatalysis holds promise for optimizing the efficiency of the piezocatalytic degradation 

process aimed at PFAS removal.  
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4. Materials and Methods 

Chemicals, materials, and data analysis are presented in the Supporting Information. 

4.1 BaTiO3 Nanoparticle Synthesis 

To manufacture BaTiO3 nanoparticles, we first produced precursor H2Ti3O7 nanowires by 

mixing 0.7987 g of TiO2 with 35 mL of 10 M NaOH solution. The mixture was then transferred 

into an autoclave and heated for 24 hours at 240 °C. The resulting nanowires were washed three 

times with water and 0.2 M hydrochloric acid solution (HCl) and soaked for 6-12 hours in HCl 

with the same concentration. The nanowires were then washed again with deionized (DI) water 

until reaching a pH of 7, followed by drying at 80 °C. In the second hydrothermal step, barium 

was introduced to form the nanoparticles. 35 mL of degassed DI water was prepared by 

bubbling with N2 for 10 minutes. Then, 2.208 g of Ba(OH)2·8H2O were added, and the mixture 

was stirred and sonicated until complete dispersion. Next, 0.2576 g of H2Ti3O7 precursor was 

added and dispersed in the mixture. The resulting suspension was transferred into an autoclave 

and heated to 240 °C for 12 hours. The synthesized BTO nanoparticles were washed with a 0.2 

M HCl solution and DI water, followed by drying at 80 °C. 

4.2 Material Characterization 

Scanning electron microscopy (SEM) was performed using a Zeiss ULTRA 55 instrument 

equipped with an energy dispersive X-ray spectroscopy (EDX) detector to determine the 

elemental composition of the samples. The samples were drop-casted onto a silicon wafer and 

coated with a thin layer of palladium and gold to ensure conductivity before SEM analysis. 

Images were taken at 5 eV, with a 30 aperture and 10 mm working distance. 

Raman inVia Renishaw confocal microscope using a 514 nm excitation wavelength. The 

spectral acquisition conditions were: objective 50× (NA = 0.75), wavelength 514 nm, laser 

power 4.8 mW, exposure time 2 s, and 5 accumulations using a grating with 1800 grooves per 

millimeter. 

X-ray diffraction (XRD) measurements were performed on an Empyrean diffractometer with a 

copper X-ray source (λ = 1.5406 Å) and a PIXcel detector (Malvern Panalytical). The dispersion 

of nanoparticles in ethanol was drop-casted onto a silicon wafer and let to air dry. 

X-ray photoelectron spectroscopy (XPS) experiments were performed in ESFOSCAN at 

CCiTUB, an equipment based on the PHI 5000 VersaProbe 4 instrument from Physical 

Electronics (ULVAC-PHI). The measurements have been done with a monochromatic focused 

X-ray source (Aluminium Kα line of 1486.6 eV) calibrated using the 3d5/2 line of Ag with a full 

width at half maximum (FWHM) of 0.6 eV. The analyzed area was a circle of 100 µm of 

diameter, samples placed at 45° with respect to the analyzer axis, and the selected resolution 
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for the spectra was 224 eV of Pass Energy and 0.8 eV/step for the general spectra, and 27 eV 

of Pass Energy and 0.1 eV/step for the high-resolution spectra of the selected elements. A 

combination of low energy electron and ion (Ar+) guns (both less than 5 eV) was used to 

discharge samples if necessary. Measurements are referenced to the C 1s signal, whose binding 

energy is equal to 284.8 eV in adventitious carbon (from atmospheric contamination). 

Measurements were made in an ultra-high vacuum (UHV) chamber at a pressure between 5E-

10 and 5E-9 Torr. 

 

4.3 Piezocatalysis Degradation Experiments 

A 50 mL PFOS solution (4 mg L−1) was used for all degradation experiments with a 1 mg mL−1 

BTO nanoparticle concentration. The ultrasonic treatment was administered using the Sonocool 

255 (Bandelin) ultrasonic bath, operating at a frequency of 35 kHz, while maintaining a constant 

temperature of 24 °C and applying a power of 135 W (75% of total power). Before each 

experiment the ultrasound was degassed for 10 minutes. The 100 mL glass beaker was always 

placed in the center position, covered, and held in place with a rack (see Figure S1). To achieve 

the desired 4 mg L−1 concentration, the PFOS solution was prepared by diluting a stock solution 

of 3200 ppm. This dilution was accomplished by adding 1.25 mL of the PFOS stock solution 

to 1 L of deionized water. The resulting solution was stirred overnight prior to separation into 

50 mL glass vials and subsequently frozen. Before each experiment, the vials were thawed at 

room temperature. Subsequently, the nanoparticles were added and stirred for an additional 30 

minutes in darkness to attain absorption-desorption equilibrium. All degradation experiments 

were conducted over a total time span of 6 hours, during which 1 mL aliquots were collected 

every two hours. To ensure the separation of the nanoparticles, the collected aliquots underwent 

two rounds of centrifugation at 14,000 rpm, separated, before being stored in the freezer for 

subsequent analysis. Control experiments were conducted to confirm that no degradation 

occurred in the absence of nanoparticles or ultrasound. Prior to initiating the experiments, PFOS 

adsorption on the nanoparticles was quantified by stirring the dispersion in dark for 60 min and 

time aliquots were taken before and after for analysis. In addition, a 4 mg L−1 PFOS solution 

without nanoparticles was also exposed to six hours of ultrasound vibrations.   

For the scavenger experiments, after thawing the prepared PFOS solution, 0.1 mM of tert-Butyl 

alcohol (TBA) (pH = 5.66), ethylenedinitrilotetraacetic acid disodium salt dihydrate (EDTA) 

(pH = 4.80), or L-ascorbic acid (LAA) (pH = 3.45), were mixed in before the addition of the 

BTO nanoparticles.  
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For the cycling experiments, at the end of the 6 hour treatment the BTO dispersion in PFOS 

solution was centrifuged at 11,000 rpm for 30 minutes and the isolated pellet was left to dry in 

the oven at 60 °C overnight. The catalyst was weighed and re-used with a new 4 mg L−1 PFOS 

solution.  

To investigate the decomposition of PFOS, the concentration of the initial product and its 

degradation products as well as the fluoride ions were determined using a Waters Acquity ultra-

performance liquid chromatography (UPLC) system coupled with tandem mass spectrometry 

(MS) and an ion chromatography system (881 Compact IC pro), respectively. All analytical 

methods and data analysis are described in Text S2.  
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