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Samenvatting 

Watervervuiling door zogenaamde opkomende verontreinigingen vormt een steeds grotere 

milieukundige uitdaging. Tot deze stoffen behoren onder andere per- en polyfluoralkylstoffen 

(PFAS), die deel uitmaken van de zogenaamde “forever chemicals”, en farmaceutische stoffen 

zoals het antibioticum ciprofloxacine. Door hun hoge stabiliteit worden deze verontreinigingen 

slechts gedeeltelijk verwijderd in conventionele waterzuiveringsprocessen. Hierdoor kunnen 

ze in het milieu aanwezig blijven en mogelijk risico’s vormen voor ecosystemen en de mense-

lijke gezondheid. 

In deze masterproef werd onderzocht of een geavanceerd oxidatieproces op basis van ultra-

sone golven, een oxidant en heterogene katalysatoren de afbraak van deze moeilijk afbreek-

bare stoffen kan verbeteren. Ultrasone golven veroorzaken in water de vorming van microsco-

pisch kleine belletjes, die vervolgens krachtig imploderen. Hierbij ontstaan zeer reactieve om-

standigheden. Wanneer dit proces wordt gecombineerd met een oxidant zoals persulfaat en 

een geschikte katalysator, kunnen reactieve stoffen gevormd worden die organische veront-

reinigingen kunnen afbreken. 

Drie katalysatoren werden gesynthetiseerd en onderzocht: koper(II)oxide (CuO), magnetiet 

(Fe3O4) en een CuO/magnetiet-composiet. Hun werking werd getest voor de afbraak van ci-

profloxacine en perfluoroctaanzuur (PFOA), een veel bestudeerde historische PFAS-verbin-

ding. Van de onderzochte katalysatoren vertoonde magnetiet de meest veelbelovende wer-

king. Dit materiaal combineerde een efficiënte activatie van persulfaat met praktische voorde-

len, zoals een goedkope synthese en eenvoudige magnetische terugwinning. 

Het systeem met ultrasound, persulfaat en magnetiet werd vervolgens verder geoptimaliseerd 

door de invloed van initiële pH, katalysatordosering en oxidantdosering te onderzoeken. Voor 

ciprofloxacine werden de beste resultaten behaald onder zure omstandigheden. Meer dan 

80% van de verontreiniging werd verwijderd, en de resultaten wezen erop dat de verontreini-

ging niet alleen werd afgebroken, maar ook gedeeltelijk verder werd omgezet naar eenvoudi-

gere eindproducten. Radicalenvangexperimenten toonden aan dat sulfaatradicalen voorna-

melijk verantwoordelijk waren voor de afbraak bij lage pH, terwijl hydroxylradicalen belangrijker 

werden bij neutrale en basische omstandigheden. 

Het systeem werd ook toegepast op de afbraak van PFOA. PFOA bleek veel moeilijker af te 

breken dan ciprofloxacine, wat de hoge stabiliteit van PFAS en hun sterke koolstof–fluorbin-

dingen bevestigt. Hoewel een deel van de PFOA werd verwijderd, kon door de lage begincon-

centraties niet betrouwbaar worden vastgesteld in welke mate de stof volledig werd afgebroken 

of fluor vrijgaf. 

Tot slot werd de invloed van meer realistische waterbestanddelen onderzocht. Natuurlijk orga-

nisch materiaal had slechts een beperkte invloed op de afbraak, terwijl bicarbonaat- en fos-

faationen de efficiëntie duidelijk verminderden. Hergebruiksexperimenten toonden aan dat 

magnetiet gedurende meerdere cycli actief bleef, hoewel de werking afnam. 

Algemeen toont deze studie aan dat de combinatie van ultrasound, persulfaat en magnetiet 

een veelbelovende aanpak is voor de verwijdering van persistente verontreinigingen uit water. 

Verder onderzoek is nodig om de afbraak van polluenten te verbeteren, afbraakproducten te 

identificeren en de praktische toepassing van deze technologie op grotere schaal te evalueren. 
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Summary 

Water pollution by chemicals of emerging concern is becoming an increasing environmental 

challenge. These substances include per- and polyfluoroalkyl substances (PFAS), a group of-

ten classified among the so-called “forever chemicals”, and pharmaceutically active com-

pounds such as the antibiotic ciprofloxacin. Because these contaminants are highly stable, 

they are only partially removed by conventional wastewater treatment processes. As a result, 

they can persist in the environment and may pose risks to ecosystems and human health.  

This master’s thesis investigated whether an advanced oxidation process based on ultrasound, 

an oxidant, and heterogeneous catalysts can improve the degradation of these persistent pol-

lutants. Ultrasonic irradiation creates microscopic bubbles in water that collapse violently, pro-

ducing highly reactive conditions. When combined with an oxidant such as persulfate and a 

suitable catalyst, this process can generate reactive species capable of breaking down organic 

contaminants. 

Three catalysts were synthesized and evaluated: copper(II) oxide (CuO), magnetite (Fe3O4), 

and a CuO/Magnetite composite. Their performance was tested for the degradation of ciprof-

loxacin and perfluorooctanoic acid (PFOA), one of the most widely studied legacy PFAS com-

pounds. Among the investigated catalysts, magnetite showed the most promising overall per-

formance. It combined efficient persulfate activation with practical advantages such as low-

cost synthesis and easy magnetic recovery. 

The ultrasound/persulfate/magnetite system was then further optimized by studying the influ-

ence of initial pH, catalyst dosage, and oxidant dosage. For ciprofloxacin, the best results were 

obtained under acidic conditions. More than 80% of the contaminant was removed, and the 

results indicated that the compound was not only degraded but also partly broken down into 

simpler end products. Radical quenching experiments showed that sulfate radicals were 

mainly responsible for degradation at low pH, while hydroxyl radicals became more important 

at neutral and alkaline conditions. 

The system was also applied to PFOA degradation. PFOA proved much more difficult to de-

grade than ciprofloxacin, confirming the high stability of PFAS compounds and their strong 

carbon–fluorine bonds. Although partial removal was achieved, the low PFOA concentrations 

used in this study made it difficult to reliably determine the extent to which the compound was 

completely broken down. 

Finally, the influence of realistic water constituents was evaluated. Natural organic matter had 

only a limited effect on degradation performance, whereas bicarbonate and phosphate ions 

clearly reduced treatment efficiency. Reuse experiments showed that magnetite remained ac-

tive over multiple cycles, although its performance decreased. 

Overall, this study shows that the combination of ultrasound, persulfate, and magnetite is a 

promising approach for the removal of persistent contaminants from water. Further research 

is needed to improve PFAS degradation, identify degradation products, and evaluate the prac-

tical application of this technology on a larger scale. 

Keywords: Advanced oxidation processes, Sonocatalysis, Persulfate, Ciprofloxacin, PFOA 
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Abstract 

This thesis investigated an ultrasound (US)-assisted advanced oxidation process based on 

persulfate (PS) activation and heterogeneous catalysis for the degradation of ciprofloxacin 

(CIP) and perfluorooctanoic acid (PFOA), two persistent chemicals of emerging concern. Cop-

per(II) oxide (CuO), Magnetite (Fe3O4), and a CuO/Magnetite composite were synthesized, 

characterized, and evaluated in combination with low-frequency US and PS. Catalyst screen-

ing identified Magnetite as the most promising catalyst due to its efficient PS activation, favor-

able degradation performance, low-cost synthesis, and magnetic recoverability. 

The US/PS/Magnetite system was optimized by studying the influence of initial pH, catalyst 

dosage, and oxidant dosage. For CIP degradation, the highest performance was obtained un-

der acidic conditions using pH 4, 0.1 g/L Magnetite, and 2.5 mM PS, achieving more than 80% 

removal within 60 min. These conditions also resulted in the highest apparent mineralization 

and defluorination. Radical quenching experiments indicated that sulfate radicals were the 

dominant reactive species under acidic conditions, whereas hydroxyl radicals became more 

important at neutral and alkaline pH. 

The optimized system was subsequently applied to PFOA degradation. Compared to CIP, 

PFOA showed substantially lower degradation efficiencies, confirming the higher recalcitrance 

of PFAS compounds. The highest PFOA removal (47.2 ± 15.3% within 60 min) was obtained 

at pH 4 using 0.5 g/L Magnetite and 20 mM PS. However, reliable assessment of defluorination 

and mineralization was limited by the low PFOA concentrations and associated analytical con-

straints. 

Additional experiments showed that natural organic matter had only a limited effect on CIP 

degradation, while bicarbonate and phosphate significantly inhibited treatment performance. 

Reuse experiments indicated a decline in catalyst activity, likely due to catalyst loss, surface 

fouling, and possible iron leaching. Overall, this work demonstrates that sonocatalytic PS ac-

tivation using Magnetite is a promising approach for degrading persistent organic contami-

nants, although further research is needed to improve CIP and PFAS degradation, identify 

transformation products, and enhance catalyst stability and scalability. 
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1 CONTEXT AND OBJECTIVES 

1.1 Problem statement 

Chemicals of emerging concern (CECs) are a diverse group of synthetic and naturally occur-

ring substances that are increasingly detected in environmental waters, sediments, and 

sludge. This group includes pharmaceutically active compounds (PhACs), personal care prod-

ucts, and pesticides, as well as per- and polyfluoroalkyl substances (PFAS). Many CECs ex-

hibit persistence, bioaccumulation potential, and toxicity even at low concentrations, thereby 

posing significant risks to human health and ecosystems (Salazar et al., 2024; Jonker, 2024). 

PFAS are a prominent subclass of CECs and belong to the group of substances commonly 

referred to as “forever chemicals” due to their extreme chemical stability arising from strong 

carbon-fluorine (C–F) bonds. These bonds confer high resistance to chemical and biological 

degradation, resulting in long-term persistence and accumulation in water, soil, and biota (Lu 

et al., 2023). Consequently, PFAS are widely detected in aquatic environments and have been 

associated with chronic toxic effects, even at low environmental concentrations, posing serious 

risks to ecosystems and human health (Brunn et al., 2023; Jonker, 2024). 

Conventional wastewater and sludge treatment technologies, such as activated sludge pro-

cesses, sedimentation, and anaerobic digestion, are generally ineffective at removing these 

contaminants (Salazar et al., 2024). In sludge treatment, PFAS pose an additional challenge 

due to their tendency to adsorb onto solid phases, which can lead to secondary pollution (Veci-

ana et al., 2024). Although certain chemical treatment methods can improve removal efficien-

cies, they often require substantial chemical input and may generate transformation products 

that are equally or even more toxic than the parent compounds. Therefore, developing efficient 

degradation strategies while minimizing chemical consumption remains a major challenge. Ad-

vanced oxidation processes (AOPs) offer a promising solution (Sharma et al., 2018). 

AOPs, which rely on the generation of highly reactive oxygen species (ROS), have emerged 

as promising techniques for the degradation of persistent contaminants (Sharma et al., 2018). 

Among these technologies, ultrasound (US) based systems have gained increasing attention 

due to their ability to induce acoustic cavitation, resulting in localized extreme temperatures 

and pressures that promote the formation of reactive species capable of degrading contami-

nants (Salazar et al., 2024). The combination of US with oxidants and heterogeneous catalysts 

can further enhance oxidant activation and radical generation. However, the practical applica-

tion of these systems remains limited by high energy demand, incomplete mineralization, and 

insufficient understanding of the interactions between operational parameters, catalysts, and 

oxidants (Deng et al., 2023). 

Transition metal-based catalysts have attracted considerable interest due to their redox-active 

properties and potential to promote radical formation. Nevertheless, the influence of catalyst 

composition, operational conditions, and environmental matrices on degradation efficiency, 

radical pathways, catalyst stability, and reusability remains insufficiently understood (Liu et al., 

2024b; Zhang et al., 2022). 

To investigate degradation mechanisms and optimize operational parameters, model com-

pounds are frequently employed prior to studying highly recalcitrant pollutants such as PFAS. 
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Ciprofloxacin (CIP), a widely detected PhAC, is commonly used for this purpose due to its well-

documented degradation pathways and relatively simpler degradation behavior compared to 

PFAS. Insights obtained from CIP degradation studies can support the optimization and inter-

pretation of PFAS degradation systems. 

Although numerous studies demonstrate the potential of US-based AOPs, the lack of system-

atic insight into catalyst-specific behavior, defluorination efficiency, and performance under 

realistic conditions hampers their translation from laboratory-scale studies to practical applica-

tions. 

1.2 Objectives 

The main objective of this master’s thesis was to develop and evaluate a sonocatalytic acti-

vated persulfate (PS, S2O8
2-) system for the degradation of fluorinated contaminants, using 

CIP as a model compound and perfluorooctanoic acid (PFOA) as a representative legacy 

PFAS compound. 

It was hypothesized that the combination of low-frequency US (24 kHz), PS, and heterogene-

ous catalysts would exhibit a synergistic effect, resulting in enhanced degradation compared 

to the individual treatment processes. Furthermore, redox-active catalysts were expected to 

promote PS activation, increase ROS generation, and improve contaminant degradation, min-

eralization, and defluorination. 

To test these hypotheses, the following objectives were defined: 

• To synthesize and physicochemically characterize CuO, Magnetite, and CuO/Magnet-

ite composite catalysts.  

• To systematically compare the performance of the different catalysts and treatment 

configurations, including US, PS, catalyst-assisted systems, and their combinations, in 

order to identify the most effective catalyst and treatment strategy.  

• To optimize key operational parameters, including initial pH, catalyst dosage, and oxi-

dant dosage, with the aim of maximizing contaminant degradation while promoting min-

eralization and defluorination.  

• To evaluate the applicability of the optimized treatment system for both CIP and PFOA 

degradation.  

• To investigate the dominant reactive species and degradation mechanisms responsible 

for contaminant removal under different operating conditions.  

• To assess catalyst stability and practical applicability through catalyst reuse experi-

ments, iron leaching analysis, and energy consumption evaluation.  

• To investigate the influence of realistic water-matrix constituents, including humic acid, 

bicarbonate, and phosphate ions, on the performance of the optimized US/PS/Magnet-

ite system.  
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2 LITERATURE REVIEW 

2.1 Chemicals of emerging concern: fluorinated contaminants 

Among the broad range of CECs, fluorinated contaminants represent an important class of 

pollutants due to the presence of fluorine atoms within their molecular structure. This group 

includes both PFAS and fluorinated PhACs, such as CIP. Owing to their widespread use and 

frequent detection in aquatic environments, both contaminant groups have received increasing 

attention in recent years (Kyzas et al., 2022; Deng et al., 2023). Although PFAS and CIP belong 

to different contaminant classes, both contain fluorine atoms and therefore provide an oppor-

tunity to investigate degradation and defluorination processes in fluorinated organic pollutants 

with distinctly different physicochemical properties. Figure 1 provides an overview of the wide 

range of CEC categories and illustrates the diversity of contaminants encountered in the envi-

ronment. 

 

Figure 1: Overview of the wide range of CEC categories (Feng et al., 2023). 

2.1.1 Per- and polyfluoroalkyl substances 

Among CECs, PFAS (Figure 2) are particularly challenging to degrade due to their exceptional 

chemical stability. PFAS comprise a large and chemically diverse group of compounds that 

vary considerably in degree of fluorination, carbon chain length, and functional groups. This 

structural variability largely contributes to the wide range of physicochemical properties ob-

served within the PFAS family (Glüge et al., 2020; Sidnell et al., 2022; Thakur et al., 2025). 

 

Figure 2: Chemical structures of selected PFAS, illustrating their structural diversity (Jones, 
2023). 
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PFAS are amphipathic molecules composed of two structurally distinct parts: a hydrophobic 

fluorinated carbon chain and a hydrophilic, typically charged, functional group. The fluorinated 

carbon chain constitutes the hydrophobic “tail”, whereas the polar functional group acts as the 

hydrophilic “head” (Tshangana et al., 2025). This amphipathic nature enables PFAS to interact 

with both aqueous and non-aqueous environments, which partly explains their widespread use 

in numerous industrial processes and consumer products. The physicochemical behavior, re-

activity, and potential toxicity of PFAS can vary substantially depending on the fluorinated 

chain length and the type of functional group present (Thakur et al., 2025). Common functional 

groups within the PFAS family include carboxylates (–COO-/–COOH), hydroxyl groups (–OH), 

sulfonates (–SO3
-/–SO3H), and phosphonates (–PO3H2). 

The strong C–F bonds in PFAS render these compounds highly resistant to conventional treat-

ment processes such as biological degradation. The short bond length (≈ 1.3-1.4 Å) and high 

bond dissociation energy of the C–F bond (≈ 440-530 kJ/mol), combined with the electrostatic 

and steric shielding provided by the surrounding fluorine atoms of adjacent C–C bonds, make 

highly fluorinated PFAS exceptionally thermally stable and chemically inert (Sidnell et al., 

2022). The exceptional strength of the C–F bond arises from the small atomic radius and high 

electronegativity of fluorine, which result in a short bond length and strong electrostatic attrac-

tion between the carbon and fluorine atoms. Consequently, treatment technologies that can 

readily cleave weaker carbon–halogen bonds, such as C–Cl bonds, are often ineffective for 

PFAS degradation, highlighting the need for more powerful treatment approaches such as 

AOPs. Table 1 compares the average bond dissociation energies of several carbon single 

bonds, highlighting that the C–F bond is significantly stronger than other common bonds such 

as C–C and C–O (LibreTexts, 2025). 

The reactivity of PFAS is partly influenced by the energy difference between the highest occu-

pied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). A smaller 

HOMO-LUMO energy gap generally corresponds to higher chemical reactivity and may facili-

tate degradation reactions. ROS are capable of inducing cleavage of C–F bonds, although the 

efficiency of this process depends on both bond stability and radical reactivity (Yao et al., 

2025). 

Table 1: Average bond dissociation energies of selected C–X bonds (LibreTexts, 2025). 

Bond Energy 
(kJ/mol) 

Bond Energy 
(kJ/mol) 

Bond Energy 
(kJ/mol) 

C–F 485 C–C 347 C–Br 276 

C–H 413 C–Cl 339 C–S 259 

C–O 358 C–N 305 C–I 240 

2.1.2 Ciprofloxacin 

Ciprofloxacin (Figure 3), a widely used fluoroquinolone antibiotic, is frequently detected in 

aquatic environments due to its extensive application in human and veterinary medicine and 

its incomplete removal during conventional wastewater treatment (Kyzas et al., 2022). The 

presence of residual CIP in aquatic environments is problematic because it can undergo trans-

formation reactions leading to the formation of potentially toxic intermediates (Kang et al., 

2020). In addition, the continuous release of antibiotics such as CIP can exert selective pres-
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sure on microbial communities, thereby promoting the development and proliferation of antibi-

otic-resistant bacteria in aquatic systems. This represents a growing concern for both ecosys-

tem integrity and public health (Michael-Kordatou et al., 2017). 

 

Figure 3: Chemical structure of CIP (drawn using ACD/Labs). 

CIP exhibits complex acid-base behavior due to the presence of several ionizable functional 

groups, including the carboxylate group at C‑3, the tertiary amine groups on the piperazine 

ring, and the heterocyclic nitrogen within the quinolone core. These sites give rise to multiple 

protonation states, reflected in four characteristic pKa values (3.64, 5.05, 6.95, and 8.95). As 

a result, CIP exists in different molecular forms depending on the solution pH, as seen in Figure 

4. Under acidic conditions, the molecule predominantly exists in a cationic form, whereas at 

neutral pH the zwitterionic species predominates. At higher pH values, further deprotonation 

leads to the formation of an anionic species (Salma et al., 2016). For the pH conditions inves-

tigated in this study, CIP is therefore expected to be predominantly cationic at pH 4, zwitterionic 

at pH 7, and anionic at pH 10. These pH-dependent changes in speciation may significantly 

influence interactions between CIP and catalyst surfaces through electrostatic attraction or 

repulsion, thereby affecting adsorption behavior and degradation efficiency. Consequently, 

CIP speciation should be considered together with catalyst surface charge characteristics 

when interpreting the effect of pH on sonocatalytic degradation performance. 

 

Figure 4: pH dependent protonation and deprotonation equilibria of CIP (Salma et al., 2016). 

The commonly depicted neutral CIP structure therefore does not accurately represent the dom-

inant species present under environmentally relevant conditions. Since each protonation state 

exhibits distinct reactivity and charge distribution, the acid-base equilibria of CIP play a crucial 
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role in determining its degradation behavior. In addition to influencing interactions with catalyst 

surfaces, pH-dependent speciation may also affect the reactivity of CIP toward ROS, thereby 

influencing degradation pathways, transformation kinetics, and the formation and persistence 

of degradation products (Zhang et al., 2022). 

2.1.3 Toxicity of PFAS and CIP 

In wastewater treatment plants (WWTPs), PFAS are typically detected in the ng/L to μg/L 

range. These concentrations overlap with effect thresholds reported for a wide range of aquatic 

organisms (Lenka et al., 2021). Chronic exposure to environmentally relevant PFAS concen-

trations has been associated with impaired growth, reproduction, and development in aquatic 

invertebrates and plankton, as well as endocrine, immune, and developmental disturbances in 

fish and amphibians (Ma et al., 2022). Due to their persistence, bioaccumulation potential, and 

continuous release via WWTP effluents, PFAS pose a long-term ecotoxicological risk despite 

their occurrence at trace concentrations (Ma et al., 2022). Exposure to PFAS has furthermore 

been associated with a range of adverse human health effects, including metabolic, endocrine, 

developmental, and carcinogenic outcomes, as summarized by Evangelou and Robinson 

(2022). 

Compared to PFAS, CIP is generally detected at substantially higher concentrations. CIP con-

centrations in sewage effluents are typically reported in the range of 50 to 500 μg/L, while 

effluents from pharmaceutical manufacturing facilities may reach concentrations up to approx-

imately 50 mg/L (Zhang et al., 2022). Martins et al. (2012) demonstrated that CIP concentra-

tions reported in aquatic environments overlap with effect thresholds for sensitive organisms 

such as algae, macrophytes, and crustaceans. In addition, sub-lethal antibiotic concentrations 

can exert selective pressure on microbial communities, thereby contributing to the develop-

ment and spread of antibiotic resistance, which represents a growing global threat to human 

health. 

2.2 Advanced oxidation processes 

AOPs are treatment technologies that generate ROS, which possess high oxidation potentials 

and are capable of degrading a wide range of CECs. These ROS react with pollutants through 

oxidation reactions, enabling the breakdown of compounds that are otherwise resistant to con-

ventional treatment methods. Compared to traditional remediation strategies, AOPs often re-

quire relatively low chemical input and can operate under milder conditions, making them at-

tractive and potentially more sustainable technologies for environmental remediation (Salazar 

et al., 2024). 

Although all AOPs rely on ROS generation, they employ different activation mechanisms, in-

cluding ultraviolet (UV) irradiation, catalytic oxidation, electrochemical activation, plasma dis-

charge, and acoustic cavitation. This diversity forms the basis for the classification into con-

ventional and emerging AOPs, as shown in Figure 5 (Priyadarshini et al., 2022). Emerging 

technologies, including sonocatalysis, plasma-assisted processes, and advanced Fenton-

based systems, are receiving increasing attention due to their efficient ROS generation and 

their ability to degrade persistent CECs, including PFAS or CIP, under environmentally rele-

vant conditions.  
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Figure 5: Classification of conventional and emerging AOPs (Priyadarshini et al., 2022). 

2.2.1 Degradation 

Degradation of CECs refers to the chemical transformation of parent compounds into interme-

diate products with altered molecular structures. These transformation products may be less, 

equally, or in some cases more toxic than the original compound, depending on the reaction 

pathways involved (Sharma et al., 2018). 

For PFAS, degradation pathways remain incompletely understood. Evidence suggests that 

transformation may proceed via stepwise structural modifications, including head-group cleav-

age or C–C bond scission, while the C–F backbone can remain largely intact. As a result, 

degradation does not necessarily correspond to detoxification or environmental elimination but 

may instead lead to the formation of shorter-chain PFAS, which can still exhibit persistence 

and mobility (Li et al., 2020). Therefore, achieving complete mineralization of these contami-

nants is of particular importance. 

In contrast, the degradation pathways of pharmaceutical compounds such as CIP are generally 

better understood. Degradation of CIP typically results in the formation of partially oxidized 

intermediates, which may retain residual biological activity and toxicity. Consequently, degra-

dation alone does not necessarily imply complete detoxification or environmental removal. 

2.2.2 Defluorination 

Defluorination represents a critical mechanistic step in the transformation of PFAS, involving 

the cleavage of C–F bonds and the release of inorganic fluoride ions (F-). Because the C–F 

bond is one of the strongest bonds in organic chemistry, defluorination typically proceeds more 

slowly and requires more energetic conditions than initial structural degradation steps (Deng 

et al., 2023). 

In many treatment systems, PFAS therefore undergo sequential transformation: initial degra-

dation of functional groups and modifications of the carbon backbone, followed by progressive 

C–F bond cleavage. Complete structural collapse of the fluorinated backbone can only occur 

after sufficient defluorination, which subsequently enables further degradation toward final min-

eralization products (Khan, 2025). A similar principle applies to other fluorinated compounds, 
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such as CIP, in which cleavage of the C–F bond may form part of the transformation pathways 

leading to further degradation. 

Defluorination efficiency is commonly assessed through a fluorine mass balance, although 

achieving full closure remains challenging. The fluorine mass balance typically consists of 

three fractions: (i) free fluoride ions, (ii) organically bound fluorine, and (iii) unidentified fluorine 

species, which may include volatile organofluorine compounds or fluoride adsorbed onto reac-

tor surfaces (Smith et al., 2024; Veciana et al., 2024). 

2.2.3 Mineralization 

Mineralization represents the complete conversion of organic contaminants into inorganic end 

products such as CO2, H2O, and inorganic ions, including F- released through defluorination in 

the case of fluorinated compounds. 

For PFAS, mineralization is particularly challenging due to the exceptional stability of the C–F 

bonds. Even after significant degradation and partial defluorination, intermediate products may 

still contain residual fluorinated carbon structures. Only when complete C–F bond cleavage is 

achieved can full mineralization occur, resulting in the complete loss of the original molecular 

framework (Deng et al., 2023).  

Importantly, defluorination is a prerequisite for mineralization in PFAS systems, since the re-

moval of fluorine atoms weakens the electronic and steric shielding surrounding the carbon 

backbone. Once C–F bonds are cleaved, the partially defluorinated intermediates become 

more susceptible to radical attack and subsequent C–C bond scission, thereby promoting step-

wise degradation toward inorganic end products (Khan, 2025).  

2.3 Ultrasound and cavitation 

US has emerged as a promising approach for contaminant removal due to its ability to induce 

extreme local conditions. These conditions may enhance degradation, defluorination, and ulti-

mately, mineralization (Salazar et al., 2024). 

The propagation of ultrasonic waves through aqueous solutions induces alternating compres-

sion and expansion cycles, leading to the formation, growth, and subsequent collapse of cav-

itation bubbles. These cavitation events create localized high-energy “hotspots” within the col-

lapsing bubbles, where transient temperatures and pressures may reach approximately 5000 

K and 1000 atm, respectively (Suslick et al., 1990). Although these extreme conditions exist 

only for very short periods and within a limited volume, while the bulk solution remains close 

to ambient temperature, they are sufficient to induce pyrolytic-like degradation of pollutants 

and promote the formation of ROS. In addition, acoustic cavitation can activate both sonocat-

alysts and oxidants present in the system. 

ROS are primarily generated through the sonolysis of water molecules, producing hydrogen 

radicals (H·) and hydroxyl radicals (OH·). These species can directly react with target pollu-

tants or further participate in secondary reactions leading to the formation of additional ROS, 

such as superoxide (O2·-). Figure 6 schematically illustrates the formation and collapse of cav-

itation bubbles (Deng et al., 2023; Pétrier & Wei, 2023). 
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The frequency of US strongly influences cavitation dynamics and, consequently, pollutant deg-

radation efficiency. Ultrasonic frequencies are typically defined as those above 20 kHz, beyond 

the human hearing range. Low-frequency US (20-100 kHz) tends to produce larger cavitation 

bubbles whose collapse is more violent, resulting in higher local energy release. This can en-

hance catalyst surface activation, and reduce surface fouling, thereby maintaining catalytic 

activity (Trinh et al., 2025). However, incomplete mineralization has often been reported under 

low-frequency conditions, which justifies the use of catalysts and oxidants to improve degra-

dation efficiency. In contrast, high-frequency US generates a larger number of cavitation 

events with shorter lifetimes and reduced maximum bubble size, leading to less intense indi-

vidual collapse events but a higher spatial density of cavitation activity. Consequently, although 

the energy released per collapse is lower, the overall radical production rate may increase or 

exhibit an optimum depending on operating conditions (Nguyen et al., 2017). 

 

Figure 6: Schematic representation of acoustic cavitation by US (Johansson et al., 2017). 

2.4 Sonocatalysis 

Sonocatalysts are materials that can enhance the chemical effects of US by promoting ROS 

formation and improving overall reaction efficiency. In sonocatalytic systems, catalysts can 

increase interfacial reactivity, facilitate oxidant activation, and improve mass transfer through 

interactions with acoustic cavitation, thereby enhancing pollutant degradation (Lops et al., 

2018).  

Some sonocatalysts exhibit piezoelectric properties. In these materials, ultrasonic vibrations 

induce mechanical deformation that generates internal electric polarization, resulting in charge 

separation and the formation of electron-hole pairs (e-–h+). These charge carriers consist of 

electrons in the conduction band (CB) and holes in the valence band (VB), which can subse-

quently participate in ROS generation through reduction and oxidation reactions, respectively. 

Figure 7 illustrates the general mechanism of ROS formation in piezoelectric sonocatalysts 

(Salazar et al., 2024; Ioannidi et al., 2024). 

 

Figure 7: Schematic representation of ROS generation through electron-hole pair formation in 

piezoelectric sonocatalysts (Ioannidi et al., 2024). 
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However, the catalysts investigated in this study (CuO, Magnetite, and CuO/Magnetite com-

posite) are not piezoelectric. Therefore, their sonocatalytic activity primarily originates from 

cavitation-assisted chemical pathways rather than piezo-induced charge separation. 

Under US, cavitation bubbles continuously form, grow, and collapse, generating localized ex-

treme temperatures and pressures that promote water sonolysis and ROS formation. In addi-

tion, US enhances mass transfer, improves contact between reactants and catalyst surfaces, 

and continuously renews catalytic active sites by removing adsorbed species (Trinh et al., 

2025). 

For redox-active catalysts such as Magnetite, sonocatalytic activity is further enhanced through 

surface redox cycling. The Fe²⁺/Fe³⁺ redox couple can activate oxidants such as PS very effi-

ciently (Diao et al., 2019), resulting in the generation of sulfate radicals (SO4·-) and other ROS. 

US promotes these reactions by increasing surface accessibility and accelerating mass trans-

fer, creating a synergistic interaction between cavitation, oxidant activation, and catalytic redox 

processes. Consequently, pollutant degradation in US/PS/Magnetite systems is governed pri-

marily by cavitation-induced ROS generation and catalyst-mediated PS activation rather than 

by piezoelectric charge separation (Kyzas et al., 2022). 

2.5 Oxidants 

Oxidants are commonly introduced into sonocatalytic systems to enhance the formation of 

ROS and improve overall degradation and defluorination efficiencies. Their presence can sig-

nificantly increase the oxidative capacity of the system, thereby accelerating the breakdown of 

persistent organic contaminants. Table 2 shows the standard oxidation potentials of commonly 

used oxidants and reactive species in AOPs. 

Table 2: Standard oxidation potentials of commonly used oxidants and reactive species in 
AOPs (Guerra-Rodríguez et al., 2018). 

Oxidant 
Oxidation potential 

(V) 

Hydroxyl radical (OH·) 2.8 

Sulfate radical (SO4·-) 2.5 - 3.1 

Ozone (O3) 2.1 

Persulfate (PS, S2O8
2-) 2.1 

Peroxymonosulfate (PMS, HSO5
-) 1.8 

Hydrogen peroxide (H2O2) 1.8 

 

According to Deng et al. (2023), the effect of oxidant dosage is not strictly linear. At low to 

moderate concentrations, an increase in oxidant dosage generally enhances pollutant degra-

dation due to increased ROS production. Beyond an optimal dosage, further addition may in-

hibit degradation efficiency, as excess oxidant can act as a radical scavenger, consuming re-

active species and reducing their availability for pollutant oxidation. In addition, high oxidant 

concentrations may promote the formation of undesired byproducts, some of which can exhibit 

toxicological relevance. 
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Among commonly used oxidants, PS is particularly relevant in sonochemical and sonocatalytic 

systems. Upon activation, PS generates SO4·- which possess a high standard oxidation po-

tential (E0 = 2.5-3.1 V) and a relatively long half-life (30-40 μs) (Xue et al., 2022). According to 

the review by Wang and Wang (2017), both PS and PMS can be activated through various 

pathways, including thermal activation, alkaline conditions, UV irradiation, activated carbon, 

transition metals (e.g., Fe0, Fe2+, Cu2+, Co2+, Ag+), US, and hydrogen peroxide. These activa-

tion methods promote the generation of sulfate radicals, which are highly reactive oxidizing 

species capable of effectively degrading emerging contaminants. In sonochemical systems, 

cavitation-induced extreme conditions and radical formation can further promote PS decom-

position into SO4·- and secondary ROS. 

In addition to sulfate radicals, other reactive species commonly involved in AOPs include OH·, 

H·, and O2·-. When oxidants are introduced, additional radical pathways are enabled, expand-

ing the overall ROS pool and increasing the oxidative capacity of the system. The relative 

contribution of individual reactive species can be evaluated using radical quenching experi-

ments. In this approach, selective scavengers are introduced to preferentially react with spe-

cific radicals, thereby suppressing their activity. By comparing pollutant degradation efficien-

cies with and without scavengers, the contribution of targeted ROS can be quantified (Guerra-

Rodríguez et al., 2018; Veciana et al., 2024). 

2.6 Catalytic degradation of CECs 

The catalytic degradation of CECs is an active and rapidly evolving research field. Heteroge-

neous catalysts are widely used in AOPs due to their ability to enhance ROS formation, im-

prove oxidant activation, and increase overall reaction efficiency. Among these, metal-oxide 

based nanomaterials are widely studied because their physicochemical properties can be tai-

lored through controlled synthesis, allowing tuning of surface morphology, active site density, 

and catalytic reactivity (Khalaj et al., 2017; Liu et al., 2024b). 

Copper-based nanomaterials, particularly copper(II) oxide (CuO), have received considerable 

attention due to their relatively simple and cost-effective synthesis and their favorable catalytic 

properties (Khalaj et al., 2017). CuO is frequently investigated for the degradation of CECs, 

including CIP, due to its high surface reactivity and electron transfer capability (Liu et al., 

2024b; Zhang et al., 2022). While CuO has been extensively studied in photocatalytic and 

conventional AOP systems, its performance in sonocatalytic activated PS systems remains 

comparatively less explored. This makes CuO an interesting candidate for evaluating the role 

of US in enhancing catalytic degradation. In sonocatalytic systems, such catalysts can addi-

tionally interact with cavitation-induced radicals, potentially enhancing interfacial reaction 

rates. 

Magnetite is another widely studied heterogeneous catalyst, primarily due to its dual function-

ality. First, its intrinsic magnetic properties enable efficient catalyst recovery and reuse via 

magnetic separation. Second, its Fe2+/Fe3+ redox couple allows direct activation of oxidants 

such as PS, making it an active catalytic material rather than only a support phase. These 

properties make Magnetite highly relevant for heterogeneous AOPs targeting organic pollutant 

degradation (Singh et al., 2024). Although Magnetite has demonstrated promising perfor-

mance in PS-based oxidation systems, its behavior under combined US and PS activation has 

received considerably less attention. Furthermore, combining Magnetite with CuO may provide 
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synergistic effects through interactions between the Cu⁺/Cu²⁺ and Fe²⁺/Fe³⁺ redox couples, 

while simultaneously retaining the advantages of magnetic catalyst recovery. 

However, despite extensive research in photocatalytic and conventional AOP systems, the 

behavior of CuO, Magnetite, or their combination under US remains less explored. In sonocat-

alytic environments, pollutant degradation is governed by the combined effects of acoustic 

cavitation, US-assisted oxidant activation, and surface-mediated redox processes at the cata-

lyst-liquid interface. Figure 8 schematically illustrates these coupled mechanisms (Liu et al., 

2024a). 

 

Figure 8: Proposed mechanisms involved in US-assisted heterogeneous catalytic degradation 
of CECs through cavitation, oxidant activation, and ROS generation (Liu et al., 2024a). 

2.6.1 CuO 

CuO is a p-type semi-conductor with a narrow band gap of approximately 1.2-1.9 eV (Isher-

wood, 2016), which contributes to its favorable electron transfer properties and catalytic activity 

(Khalaj et al., 2017). Its performance can be further improved through structural tuning or cou-

pling with other metal oxides, which enhances charge separation and increases the number of 

active surface sites (Esmaili-Hafshejani & Nezamzadeh-Ejhieh, 2016; Isherwood, 2016). 

In addition, coupling CuO with magnetic materials such as Magnetite enables efficient catalyst 

recovery through magnetic separation (Singh et al., 2024). Heterogeneous catalysis inherently 

simplifies catalyst separation, thereby reducing the environmental impact of the treatment pro-

cess and enabling catalyst reuse and recycling (Zhang et al., 2023). High-gradient magnetic 

separation (HGMS) systems can be used to recover catalyst particles from treated water or 

sludge. Figure 9 illustrates a representative HGMS setup. 

 

Figure 9: HGMS column for recovery of magnetic nanoparticles (Singh et al., 2024). 
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Beyond recovery advantages, CuO-based composites may also exhibit enhanced catalytic 

performance due to interfacial electron transfer between Cu+/Cu2+ and Fe2+/Fe3+ redox couples 

when combined with iron oxides. This can facilitate oxidant activation and improve radical gen-

eration efficiency in AOP systems (Singh et al., 2024). 

2.6.2 Magnetite 

Magnetite or Fe3O4, is a naturally occurring iron oxide with an inverse spinel crystal structure. 

Fe³⁺ ions occupy tetrahedral sites, while Fe²⁺ and Fe³⁺ ions are distributed over octahedral 

sites. This arrangement gives rise to its magnetic behavior and electrical conductivity, both of 

which contribute to its catalytic performance (Malakotian et al., 2019). 

The catalytic activity of Magnetite in PS-based systems is primarily governed by Fe2+/Fe3+ re-

dox cycling. Surface Fe2⁺ species can activate PS, generating SO4·- radicals, which can sub-

sequently form OH· radicals through secondary reactions. These reactive species are respon-

sible for the oxidative degradation of organic contaminants. Under ultrasonic irradiation, cavi-

tation further enhances this process by improving mass transfer and continuously regenerating 

reactive surface sites. As a result, a synergistic effect is observed between US, PS activation, 

and Magnetite-mediated redox cycling (Kyzas et al., 2022). 

Malakotian et al. (2019) reported the removal of tetracycline antibiotics using PS activated by 

Magnetite nanoparticles under US. Similarly, Ding et al. (2016) demonstrated the degradation 

of Norfloxacin using PS activated by Magnetite nanoparticles. Given the structural similarity 

between Norfloxacin and Ciprofloxacin, these findings suggest strong potential for the degra-

dation of CIP using Magnetite-based catalytic systems. 

As illustrated in Figure 10, Fe2+ ions on the Magnetite surface react with S2O8
2- to generate 

SO4·- radicals, while Fe3+ is simultaneously reduced back to Fe2+, allowing continuous cycling. 

The produced SO4·-, and OH· then attack the contaminant, leading to progressive oxidation 

and eventual mineralization into CO2, H2O, and smaller by-products. This mechanism high-

lights why Magnetite is an efficient catalyst in PS-driven sonocatalytic systems (Kyzas et al., 

2022). 

 

Figure 10: Proposed mechanism for contaminant degradation using Magnetite-activated PS un-
der US (Kyzas et al., 2022). 
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2.6.3 CuO/Magnetite composite 

Combining CuO with Magnetite yields a hybrid catalyst that integrates the catalytic activity of 

CuO with the magnetic separability and redox functionality of Magnetite. This synergistic com-

bination can enhance overall performance in sonocatalytic systems through improved interfa-

cial electron transfer between Cu+/Cu2+ and Fe2+/Fe3+ redox couples, thereby promoting more 

efficient oxidant activation and ROS generation. 

In addition to improved catalytic efficiency, the Composite offers practical advantages, includ-

ing facile magnetic recovery, reusability, and potentially lower environmental impact. However, 

catalyst stability over multiple reaction cycles remains a critical factor for practical application. 

Deactivation may occur due to surface fouling, leaching of active species, or structural degra-

dation. To maintain performance, regeneration procedures typically involve washing with de-

ionized water and organic solvents (e.g. ethanol or methanol), followed by drying at moderate 

temperatures to restore active sites (e.g., 60 °C for 24 hours) (Saveh et al., 2024; Singh et al., 

2024). 

From a process engineering perspective, the overall cost of heterogeneous AOP systems is 

primarily governed by (i) ultrasonic energy input, (ii) oxidant consumption, and (iii) catalyst 

synthesis, recovery, and potential losses. Therefore, optimization of these parameters is es-

sential for improving both the economic feasibility and scalability of the treatment process. 

2.7 Degradation pathways 

Understanding degradation pathways is essential for elucidating the reaction mechanisms in-

volved in AOPs and for optimizing contaminant removal efficiency. Mechanistic insight into 

oxidative reactions, bond cleavage, and structural transformations enables identification of the 

dominant degradation routes and the reactive species involved. 

ROS, particularly OH· and SO4·- radicals, play a central role in the degradation of organic 

contaminants in sonocatalytic systems. Their formation, selectivity, and reactivity strongly in-

fluence contaminant transformation pathways and overall treatment performance. 

Operational parameters such as pH, temperature, ionic strength, and matrix composition can 

significantly affect both ROS chemistry and degradation efficiency. Inorganic anions such as 

bicarbonate (HCO3
-) and carbonate (CO3

2-) may act as radical scavengers, reducing the avail-

ability of reactive species through competitive reactions. Similarly, natural organic matter, in-

cluding humic acid (HA), can consume radicals and inhibit degradation processes. In addition, 

dissolved cations such as Ca2+ and PO4
3- may reduce catalytic activity through precipitation or 

surface deposition on the catalyst, thereby blocking active sites (Zhang et al., 2021).  

The ionic strength of the solution can further influence electrostatic interactions between PS 

and the catalyst surface. Compression of the electrical double layer at the elevated ionic 

strength may weaken PS adsorption and reduce oxidant activation efficiency, ultimately de-

creasing ROS generation and contaminant degradation performance (Zhang et al., 2023). 
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2.7.1 PFAS 

The degradation of PFOA in aqueous systems can proceed through multiple radical-driven and 

thermally induced pathways, depending on the catalyst system and oxidant employed. Accord-

ing to Deng et al. (2023), in US-assisted systems combined with PS, OH· radicals and SO4·- 

radicals are generally identified as the dominant reactive species. The degradation process is 

commonly initiated through cavitation-induced pyrolytic-like reactions and decarboxylation of 

PFOA, leading to the formation of perfluoroalkyl radicals such as C7F15·. Once generated, 

these radicals may undergo several competing transformation pathways. 

In SO4·- mediated pathways, C7F15· can react with SO4·- radicals to form intermediates such 

as C7F15OSO3
- and C7F15OH, which subsequently undergo hydrolysis and oxidation to form 

shorter-chain intermediates such as C6F13COF. Due to its instability in aqueous media, 

C6F13COF readily hydrolyses into shorter-chain perfluorocarboxylic acids (PFCAs), including 

PFHpA, PFHxA, PFPeA, and PFBA (Deng et al., 2023). Parallel, OH·-mediated pathways may 

also occur, involving direct oxidation of C7F15· to C7F15OH, followed by sequential C–F bond 

cleavage and chain shortening reactions. 

The degradation pathways proposed by Deng et al. (2023) are particularly relevant to the pre-

sent study, as both systems rely on the combination of US, PS activation, and a redox-active 

catalyst. Therefore, sulfate radical- and hydroxyl radical-mediated degradation pathways pro-

vide the most appropriate mechanistic framework for interpreting the results obtained with the 

US/PS/Magnetite system investigated in this work. 

Comparable degradation products and chain-shortening reactions have also been reported in 

US-driven piezocatalytic systems using PTFE-based catalysts (Yao et al., 2025). However, 

unlike the Magnetite catalyst investigated in this study, PTFE-based materials exhibit piezoe-

lectric properties that generate additional charge carriers and ROS through piezo-induced 

electron-hole pair formation. Consequently, the underlying ROS generation mechanism differs 

from that expected in the present US/PS/Magnetite system, although several downstream deg-

radation steps appear to be similar. 

Following deprotonation of PFOA into C7F15COO-, oxidative reactions involving holes and su-

peroxide radicals generate C7F15COO· radicals, which subsequently undergo Kolbe decarbox-

ylation to produce C7F15· and CO2. Subsequent reactions with OH· radicals induce progressive 

C–F bond cleavage, resulting in intermediates such as C6F13COF and hydrolyzed products 

including C6F13COOH (PFHpA), alongside HF formation. Continued oxidation promotes se-

quential removal of CF2 units, ultimately forming shorter-chain PFCAs, F- ions, and CO2, as 

final mineralization products. These findings reinforce the crucial role of both decarboxylation 

and hydroxyl radical attack in PFOA degradation. 

Although perfluorooctane sulfonate (PFOS) differs structurally from PFOA due to the presence 

of a sulfonate rather than a carboxylate functional group, several comparable degradation be-

haviors and defluorination pathways have been reported in catalytic systems. Veciana et al. 

(2024) demonstrated that PFOS degradation may initiate through hydrated electron-induced 

cleavage of the terminal sulfonate group. By breaking this C-S bond, C8F17· is formed. Subse-

quent oxidation reactions may lead to intermediates including PFOA, followed by progressive 

chain-shortening and defluorination reactions. 

Overall, current studies consistently highlight the dominant role of radical-mediated oxidation, 

decarboxylation, functional group transformation, and sequential chain shortening in PFAS 
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degradation pathways, although the relative importance of these mechanisms strongly de-

pends on catalyst composition, oxidant system, and operational conditions. For the present 

study, degradation pathways reported for US-assisted PS activation systems are considered 

the most relevant mechanistic basis for interpreting PFOA degradation, while piezocatalytic 

pathways provide complementary insight into possible chain-shortening and defluorination re-

actions. 

2.7.2 CIP 

The degradation pathways of CIP are strongly influenced by its molecular structure. The most 

reactive sites include the piperazine ring, the fluorine substituent, the carboxyl group, and the 

cyclopropyl group (Zhang et al., 2023). Among these, the piperazine ring is generally consid-

ered the primary site for oxidative attack and degradation initiation (Zhang et al., 2022). 

Figure 11 illustrates the proposed degradation pathways of CIP in a CuO/PI system. Although 

this pathway was reported for PI-based systems, similar transformation mechanisms may oc-

cur in PS-based catalytic systems involving CuO, Magnetite, or CuO/Magnetite composites, 

due to the generation of comparable ROS. 

 

Figure 11: Proposed degradation routes of CIP with CuO/PI (Zhang et al., 2022). 

The degradation process commonly begins with cleavage of the piperazine ring, followed by 

the formation of intermediate compounds through reactions such as dealkylation, hydroxyla-

tion, decarboxylation, and fragmentation into smaller organic molecules (Zhang et al., 2021; 

Zhang et al., 2023). Some of these intermediates may exhibit different physicochemical prop-

erties and toxicological behavior compared to the parent compound. 
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SO4·- radicals are generally considered the dominant oxidizing species in PS-based systems 

and primarily react through electron transfer pathways. OH· radicals may additionally contrib-

ute through non-selective oxidation pathways, including radical addition and hydrogen abstrac-

tion mechanisms. Superoxide radicals may also participate in secondary reaction pathways, 

although their contribution is generally considered less significant. Similarly, singlet oxygen 

(1O2) appears to play only a minor role in CIP degradation (Zhang et al., 2021). 

Recent studies further suggest the coexistence of radical and non-radical degradation path-

ways. In particular, direct oxidation by activated PS species may contribute to contaminant 

transformation depending on the catalyst type and operational conditions (Zhang et al., 2021). 

The incorporation of US enhances CIP degradation through intensified cavitation effects and 

increased ROS generation. Cavitation-induced localized extreme conditions can accelerate 

PS activation and promote structural transformation of CIP molecules. High-performance liquid 

chromatography (HPLC) analysis frequently reveals the formation of intermediate products 

associated with piperazine ring cleavage, aromatic hydroxylation, and progressive dealkylation 

reactions (Ma & Wang, 2022). 

2.8 Process parameters 

Reactor operating conditions strongly influence the efficiency of sonocatalytic degradation pro-

cesses. Figure 12 schematically illustrates the main parameters affecting the sonocatalytic 

degradation of CECs. 

 

Figure 12: Main operational parameters affecting sonocatalytic degradation of CECs (generated 
with ChatGPT, OpenAI). 
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US power is an important operational parameter, as increasing power enhances cavitation 

intensity and radical generation, thereby maintaining the availability of active catalytic sites and 

reducing surface fouling during operation (Deng et al., 2023; Trinh et al., 2025). 

Catalyst dosage also significantly affects degradation performance. An adequate catalyst con-

centration is required to provide sufficient active surface sites and promote efficient oxidant 

activation. However, excessive catalyst loading may induce particle agglomeration, reduce the 

effective surface area, and hinder ultrasonic wave propagation through the solution. Conse-

quently, an optimal catalyst dosage must be determined for each system, depending on cata-

lyst morphology, surface characteristics, and pollutant concentration (Salazar et al., 2024). 

Similarly, oxidant dosage directly influences ROS generation and overall degradation effi-

ciency. Increasing oxidant concentration generally enhances radical production and pollutant 

degradation up to an optimal level. Beyond this optimum, excess oxidant may consume reac-

tive radicals through side reactions, thereby decreasing the availability of ROS for pollutant 

oxidation and reducing overall process efficiency (Deng et al., 2023). 

Reaction time is another important operational parameter. Longer treatment durations typically 

improve degradation and mineralization efficiencies due to prolonged exposure to reactive 

species. However, extended reaction times also increase energy consumption and operational 

costs. Therefore, a balance must be established between degradation performance, minerali-

zation efficiency, and process economics (Priyadarshini et al., 2022).  

The pH of the solution strongly affects both catalyst behavior and ROS chemistry. Variations 

in pH can influence radical stability, oxidant reactivity, catalyst surface charge, and pollutant 

speciation. Changes in pH alter the zeta potential of the catalyst and the protonation state of 

pollutants, thereby affecting adsorption behavior, mass transfer, and interactions between pol-

lutants, radicals, and catalyst surfaces. Furthermore, the redox potential and activation path-

ways of oxidants are also pH-dependent, which may significantly influence degradation mech-

anisms and overall treatment efficiency (Ioannidi et al., 2024). 

In PS-based AOPs, pH strongly influences the dominant reactive species. Sulfate radicals are 

generally more relevant under acidic to neutral conditions. However, above approximately pH 

8.5-9, SO4·- can react with OH- to form OH·, causing a shift toward hydroxyl radical-dominated 

oxidation. This conversion is kinetically favored over the reverse reaction. Although OH· may 

enhance the degradation of some organic compounds, it is less selective than SO4·- and is 

more easily consumed by natural water matrix components. Therefore, pH affects not only 

catalyst surface charge and pollutant speciation, but also the relative contribution of SO4·- and 

OH· to the degradation process (Lee et al., 2020). 

Finally, the composition of the water matrix can strongly influence sonocatalytic performance. 

Inorganic ions and natural organic matter may act as radical scavengers, reducing the availa-

bility of reactive species for pollutant degradation. In sludge-containing systems, additional 

inhibition may occur due to adsorption of contaminants onto solid particles, which limits pollu-

tant accessibility, or due to scavenging reactions involving sludge constituents themselves 

(Deng et al., 2023). 
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2.9 Identified research gaps 

Recent advances in AOPs have highlighted the potential of sonocatalytic systems for the deg-

radation of CECs, including persistent compounds such as PFAS and CIP. Despite the growing 

number of studies in this field, several scientific and technological gaps remain unresolved. 

For PFAS, significant challenges persist due to the exceptional stability of the C–F bond. Cur-

rent studies commonly report partial degradation or transformation into shorter-chain PFAS 

rather than complete mineralization. Consequently, limited information is available regarding 

overall defluorination efficiency, inorganic fluoride formation, and fluorine mass balance clo-

sure. In addition, hybrid systems integrating US, PS, and heterogeneous catalysts remain rel-

atively unexplored for PFAS degradation, despite their potential to generate highly reactive 

species such as SO4·- and OH· radicals. The dominant degradation pathways in such systems 

are still not fully understood, particularly regarding the relative contribution of radical and non-

radical mechanisms, as well as the influence of localized extreme conditions generated during 

acoustic cavitation. 

Similarly, although CIP is frequently used as a model contaminant in degradation studies, its 

behavior in hybrid systems combining US, PS, and heterogeneous metal oxide catalysts such 

as CuO or Magnetite has not been systematically evaluated. Most published studies primarily 

focus on apparent pollutant removal or structural transformation, while considerably less at-

tention is given to defluorination pathways, fluoride release, and fluorine mass balance. As a 

result, the extent of complete contaminant mineralization and the environmental fate of fluori-

nated intermediates remain insufficiently understood. 

From a materials perspective, systematic comparative studies evaluating different catalysts, 

including CuO, Magnetite, and potential hybrid combinations, are still scarce. The physico-

chemical behavior of these catalysts under US, including changes in surface chemistry, defect 

formation, active site availability, and PS activation efficiency, remains insufficiently character-

ized. Furthermore, catalyst stability, reusability, and metal leaching under combined cavita-

tional and oxidative conditions are rarely investigated, despite their importance for long-term 

process performance and environmental safety. 

Another important limitation in current research is the predominant use of simplified laboratory 

systems. Most sonocatalytic studies are performed in ultrapure water, thereby neglecting the 

complexity of realistic matrices such as wastewater or sludge. In these systems, inorganic 

ions, natural organic matter, and suspended solids may significantly influence degradation ef-

ficiency by scavenging reactive species, competing for active sites, or altering pollutant avail-

ability and transport behavior. 

Finally, several challenges persist at the process and engineering level. The scalability of son-

ocatalytic systems is limited by the high energy demand associated with US, as well as by 

reactor design constraints and non-uniform acoustic field distribution. Moreover, comprehen-

sive techno-economic analyses and energy-normalized performance evaluations remain 

largely absent from the literature, hindering the assessment of their practical feasibility and 

industrial applicability. Future research should therefore extend beyond laboratory-scale deg-

radation studies and focus on realistic water matrices, catalyst durability, process optimization, 

and the economic and energetic viability of sonocatalytic treatment systems. 

Based on the identified research gaps, the present thesis specifically aims to address the fol-

lowing aspects: 
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• Comparative evaluation of CuO, Magnetite, and CuO/Magnetite composite catalysts in 

sonocatalytic activated PS systems, followed by detailed investigation of the most 

promising catalyst, Magnetite. 

• Assessment of pollutant degradation, mineralization, and defluorination during the 

treatment of both PFOA and CIP, providing insight into the extent of contaminant trans-

formation beyond parent compound removal. 

• Investigation of the influence of key operational parameters, including pH, catalyst dos-

age, and oxidant dosage, on degradation performance through a systematic experi-

mental design approach. 

• Elucidation of degradation mechanisms through radical quenching experiments and 

evaluation of the dominant reactive species involved in CIP degradation. 

• Evaluation of catalyst stability, reusability, and iron leaching, as well as the influence of 

inorganic ions and natural organic matter on process performance under more envi-

ronmentally relevant conditions. 
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3 MATERIALS & METHODS 

3.1 Chemicals 

All chemicals used in this study were of analytical or high-purity grade and were employed as 

received without further purification. The contaminants investigated included PFOA (>95%, 

Sigma-Aldrich) and CIP (>98%, Acros Organics). Stock solutions of CIP and PFOA were pre-

pared in 1 L volumetric flasks using Milli-Q water at concentrations of 50 ppm and 100 ppm, 

respectively. All volumetric flasks were wrapped in aluminum foil and stored in the dark to 

prevent photodegradation. 

The catalysts were synthesized using iron(III) chloride (FeCl3, ≥98%, Acros Organics), iron(II) 

sulfate (FeSO4, ≥98%, Acros Organics), ammonium hydroxide (NH4OH, 28-30%, Sigma-Al-

drich), copper(II) sulfate pentahydrate (CuSO4·5H2O, >98%, Fisher Chemicals), sodium hy-

droxide (NaOH, ≥98%, Acros Organics), and ethanol (99%, Fisher Chemicals). Sodium chlo-

ride (NaCl) was used for zeta potential measurements, while the solution pH was adjusted 

using hydrochloric acid (HCl, ≥37%, Fisher Chemicals) or NaOH. 

Potassium persulfate (K2S2O8, >99%, Fisher Scientific) was used as oxidant, and sodium thi-

osulfate (thiosulfate, Na2S2O3) was used as quenching agent to terminate PS-based reactions 

by reducing residual oxidant species. For radical scavenging experiments, 1-octanol (>99%, 

Sigma-Aldrich) was used as scavenger for SO4·- and OH· radicals, tert-butanol (TBA, ≥99%, 

Fisher Scientific) for OH· radicals, while L-ascorbic acid (LAA, ≥99%, Sigma-Aldrich) was used 

to target O2·- species. 

For liquid chromatography, ammonium formate (NH4HCO2), formic acid (HCOOH), acetonitrile 

(ACN, CH3CN), and ammonium acetate (NH4CH3CO2) were used for mobile phase prepara-

tion. For ion chromatography, sodium bicarbonate (NaHCO3), and sodium carbonate (Na2CO3) 

were used. Reverse aqua regia (HNO3/HCl = 3:1 v/v) was used for ICP sample digestion. 

Interference experiments were performed using NaHCO3, sodium phosphate (Na3PO4) and 

humic acid (HA). 

3.2 Catalyst synthesis 

3.2.1 CuO 

CuO was synthesized through a precipitation-based method, as schematically illustrated in 

Figure 13, where the numbered steps correspond to the numbers indicated in parentheses 

throughout the procedure. In a typical synthesis (Davarazar et al., 2022), 5 g of CuSO4·5H2O 

was dissolved in 250 mL Milli-Q water under continuous stirring (1). Separately, 4.9 g of NaOH 

was dissolved in 100 mL of Milli-Q water, and the resulting solution was added dropwise to the 

copper-containing solution to initiate precipitation of copper species (2). During this process, 

the reaction mixture was maintained at 60-70 °C. After the complete addition of the NaOH 

solution, the suspension was stirred for an additional 30 minutes at the same temperature to 

allow the precipitation process to proceed to completion (3). 
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After completion of the precipitation reaction, the entire suspension containing the CuO parti-

cles was transferred to a Büchner funnel and vacuum filtered to collect the solid phase (4). The 

resulting filter cake was washed three times with 20 mL of ethanol per wash to remove residual 

ions and unreacted precursors (5). The washed CuO was then dried overnight at 60 °C and 

subsequently ground into a fine powder prior to use (6). 

 

Figure 13: Schematic overview of the CuO synthesis procedure. 

3.2.2 Magnetite 

Magnetite nanoparticles were synthesized following a co-precipitation approach, as schemat-

ically illustrated in Figure 14, where the numbered steps correspond to the numbers indicated 

in parentheses throughout the procedure. A mixture of 2.197 g of FeCl3 and 2.890 g of FeSO4 

was dissolved in 200 mL of Milli-Q water under continuous overhead stirring at 200 rpm, while 

the suspension was maintained at 60-70 °C (1). These quantities correspond to approximately 

13.5 mmol Fe(III) and 19.0 mmol Fe(II), resulting in an Fe(III)/Fe(II) molar ratio of 0.71. The 

synthesis was performed according to a previously established laboratory protocol (Ning et al., 

2025). Magnetic stirring was avoided to prevent interference with the Magnetite formation, as 

the developing particles rapidly adhered to magnetic components. 

 

Figure 14: Schematic overview of the Magnetite and Composite synthesis procedure. 

The synthesis was conducted under ambient atmospheric conditions without the use of an 

inert gas atmosphere. Consequently, partial oxidation of Fe(II) during synthesis cannot be ex-

cluded, potentially resulting in the formation of minor amounts of maghemite (γ-Fe2O3) along-

side Magnetite. The phase composition was therefore evaluated through XRD characteriza-

tion. 

Once the iron salts were fully dissolved, 20 mL of NH4OH (28-30%) was introduced slowly into 

the system in a dropwise manner to initiate precipitation (2). The mixture was allowed to react 
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for an additional 30 minutes under the same temperature and stirring conditions to ensure 

complete nucleation and growth of the Magnetite phase (3). 

After the reaction, the solid Magnetite particles were isolated by placing a strong permanent 

magnet against the exterior bottom wall of the beaker, enabling magnetic separation (4). The 

supernatant was decanted while maintaining the magnet in place. The collected solids were 

subsequently washed three times with 20 mL of ethanol per wash to remove residual impurities 

(5). For washing, the magnet was removed to allow suspension and full contact between the 

particles and the solvent, after which the particles were again magnetically separated. 

The washed catalyst was dried overnight at 60 °C and subsequently ground into a fine powder 

to ensure homogeneity prior to use (6). Figure 15 shows a picture of the synthesis process. 

 

Figure 15: Picture of the Magnetite synthesis procedure performed in the lab. 

3.2.3 CuO/Magnetite composite 

The composite catalyst was synthesized by depositing a copper oxide phase onto pre-formed 

Magnetite using a precipitation-based procedure similar to the CuO synthesis described ear-

lier. In this case, Magnetite was introduced into the copper-containing solution before precipi-

tation, allowing copper species to form in the presence of the magnetic support. The procedure 

is schematically illustrated in Figure 14, where the numbered steps correspond to the numbers 

indicated in parentheses throughout the procedure. 5 g of CuSO4·5H2O was dissolved in 250 

mL of demineralized water, after which the Magnetite powder was dispersed into this solution 

under continuous stirring (1). 

Separately, a second solution was prepared by dissolving 4.9 g of NaOH in 100 mL of demin-

eralized water. The copper-containing suspension was heated to 60-70 °C on a hot plate while 

being stirred with a non-magnetic overhead stirrer at 200 rpm to avoid interference with the 

magnetic particles (1). Once the temperature stabilized, the NaOH solution was introduced 

dropwise to the copper-Magnetite suspension (2). During this process, a visible color change 

occurred, consistent with the precipitation of copper species onto the Magnetite surface (3). 

Following the reaction, the solid composite particles were separated magnetically by placing a 

strong permanent magnet along the exterior bottom wall of the beaker. While holding the mag-

net in place, the supernatant was decanted (4). The collected solids were washed three times 

with 20 mL of ethanol per wash, with the magnet temporarily removed during washing to allow 

proper mixing and renewed contact between the particles and solvent, followed by magnetic 

separation after each wash (5). 



 

24 

The resulting composite catalyst was dried overnight at 60 °C and subsequently ground into a 

fine, homogeneous powder suitable for further use in degradation experiments (6). Figure 16 

shows the first color change during the synthesis process. 

 

Figure 16: Picture of the CuO/Magnetite composite synthesis procedure performed in the lab. 

3.3 Catalyst characterization 

All catalysts used in this thesis were systematically characterized to confirm successful syn-

thesis, assess purity, and establish structure-property relationships relevant to catalytic perfor-

mance. Properties such as surface area, porosity, crystallinity, surface composition, and sur-

face charge strongly influence adsorption behavior, oxidant activation, ROS generation, and 

catalyst stability. Comprehensive characterization is therefore essential for interpreting the ob-

served catalytic activity and comparing the synthesized materials with literature-reported sys-

tems. 

3.3.1 Brunauer-Emmett-Teller surface area analysis (BET) 

BET analysis is a widely used technique for determining the specific surface area and porosity 

of solid materials. The method is based on physical gas adsorption at the surface of a material 

and is particularly relevant for catalytic materials, where a high surface area and accessible 

pore structure can significantly improve adsorption capacity and increase the availability of 

active sites, thereby enhancing heterogeneous catalytic performance (Salazar et al., 2024). In 

sonocatalytic systems, a large surface area is especially beneficial because acoustic cavitation 

improves mass transfer and continuously renews catalyst surfaces through the removal of ad-

sorbed intermediates and by-products (Pétrier & Wei, 2023). 

Prior to BET analysis, samples are typically degassed to remove moisture and adsorbed im-

purities from the surface and pore structure. Subsequently, the material is exposed to an ad-

sorptive gas, commonly nitrogen, at cryogenic temperatures. By analyzing the obtained ad-

sorption–desorption isotherms, important textural parameters such as specific surface area, 

pore volume, and pore size distribution can be determined (Naderi, 2014). 

BET surface area measurements were performed using nitrogen adsorption with a Micromerit-

ics Gemini V instrument (Micromeritics Instrument Corp., USA). Prior to analysis, the samples 
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were evacuated for 10 min at an evacuation rate of 133.3 kPa/min. Measurements were con-

ducted using nitrogen as adsorptive gas at 77.300 K. 

3.3.2 Scanning Electron Microscopy (SEM) 

SEM is commonly used to investigate the morphology and microstructure of catalytic materials. 

By scanning the sample surface with a focused electron beam, high-resolution images can be 

obtained, providing information regarding particle size, morphology, aggregation, and surface 

texture. In catalyst characterization, SEM is particularly valuable for evaluating structural ho-

mogeneity, particle dispersion, and morphological changes resulting from synthesis proce-

dures. These properties can directly influence surface accessibility, mass transfer, and catalyst 

stability during heterogeneous and sonocatalytic reactions (Bergström, 2015; Herrero et al., 

2023). 

3.3.3 Transmission Electron Microscopy (TEM) 

TEM complements SEM by providing detailed information on the internal structure and na-

noscale morphology of materials. In TEM, a high-energy electron beam is transmitted through 

an ultrathin sample, enabling visualization of particle size, crystal structure, lattice fringes, and 

the dispersion of active phases at nanometer resolution. TEM is especially useful for investi-

gating the crystallinity, porosity, and interfacial structure of sonocatalysts, which are important 

parameters influencing catalytic activity and radical generation during pollutant degradation 

processes (Inkson, 2016). 

3.3.4 X-Ray Diffraction (XRD) 

XRD is a widely applied analytical technique used to determine the crystalline structure, phase 

composition, and crystallinity of solid materials. The technique is based on the interaction be-

tween incident X-rays and the periodically arranged atomic planes within crystalline materials. 

When monochromatic X-rays with a wavelength in the order of approximately 0.1 nm interact 

with a crystal lattice, constructive interference occurs at specific diffraction angles according 

to Bragg’s law. The resulting diffraction pattern is characteristic for a given crystalline phase 

and can therefore be used to identify crystal structures, evaluate phase purity, and assess 

structural changes or crystallinity. In the field of heterogeneous catalysis and composite mate-

rials, XRD is commonly employed to confirm successful material synthesis, identify crystalline 

phases, and evaluate the structural stability of catalysts after preparation or treatment (Berg-

ström, 2015; Ebrahimi & Ahari, 2024). 

XRD measurements were performed using an X’Pert-PRO diffractometer equipped with a Cu 

anode source. The analyses were carried out in continuous scanning mode at 25 °C. Diffrac-

tion patterns were recorded over a 2θ range from 10° to 130° using Cu Kα1 radiation (λ = 

1.54060 Å). The instrument was operated at 45 kV and 40 mA. All measurements were con-

ducted with a step size of 0.0260° and a scan step time of 96.3900 s. 

3.3.5 Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR is a widely applied, rapid and non-destructive analytical technique used to identify sur-

face functional groups and chemical bonds in materials and is therefore highly valuable for 
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catalyst characterization. In FT-IR analysis, the sample is exposed to infrared radiation within 

the mid-infrared region of the electromagnetic spectrum, typically ranging from 4000 to 400 

cm-1. This region corresponds to molecular vibrational energies that are lower in frequency and 

longer in wavelength than those of visible light. 

The infrared spectrum is commonly divided into distinct regions associated with different types 

of chemical bonds. Single-bond stretching vibrations, including O–H, C–H and N–H vibrations, 

typically appear in the range between 2500 and 4000 cm-1. Double-bond vibrations are gener-

ally observed between 1500 and 2000 cm-1, while triple-bond vibrations occur at higher ener-

gies, between 2000 and 2500 cm-1. The lower wavenumber region, approximately 650 to 1500 

cm-1, is known as the fingerprint region and contains complex absorption patterns characteris-

tic of the overall molecular structure. 

FT-IR spectroscopy is particularly useful for confirming metal–oxygen bonds, identifying sur-

face hydroxyl groups, and detecting adsorbed species or surface modifications that may influ-

ence catalytic performance. In heterogeneous catalysts, these surface functionalities can 

strongly affect adsorption behavior, oxidant activation, and catalyst stability (Herrero et al., 

2023). 

3.3.6 Zeta potential measurements 

Zeta potential measurements are used to characterize the surface charge of catalyst particles 

suspended in an aqueous medium. The zeta potential originates from the electrical double 

layer formed at the solid-liquid interface when a catalyst comes into contact with water. It re-

flects the potential difference between the slipping plane of the particle and the bulk solution 

and therefore provides an indirect measure of the electrostatic interactions between the cata-

lyst surface and surrounding species. 

In heterogeneous catalytic systems, surface charge plays a crucial role in determining the in-

teraction between the catalyst and charged contaminants. Many organic pollutants and fluori-

nated compounds exist in different ionic forms depending on the solution pH, while the surface 

charge of metal oxide catalysts also varies with pH. Zeta potential measurements therefore 

allow evaluation of electrostatic attraction or repulsion between the catalyst and contaminants 

under different experimental conditions. Favorable electrostatic interactions can enhance ad-

sorption of contaminants onto the catalyst surface, which is often a prerequisite for efficient 

heterogeneous catalytic degradation. 

The point of zero charge (PZC) is a key parameter derived from zeta potential analysis and 

corresponds to the pH at which the net surface charge of the catalyst is zero. At pH values 

below the PZC, the catalyst surface is predominantly positively charged, whereas above the 

PZC it becomes negatively charged. This pH-dependent behavior strongly influences adsorp-

tion mechanisms and can determine whether cationic or anionic contaminants are preferen-

tially attracted to the catalyst surface. 

In sonocatalytic systems, the importance of surface charge is further amplified by enhanced 

mass transfer induced by acoustic cavitation. Although US promotes mixing and radical for-

mation in the bulk solution, electrostatic interactions at the catalyst-solution interface remain 

critical for bringing contaminants into close proximity with reactive surface sites and short-lived 

radicals. Zeta potential measurements therefore provide essential insight into how pH affects 

catalyst-contaminant interactions, adsorption behavior, and ultimately catalytic performance. 
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By linking surface charge characteristics to degradation efficiency, zeta potential analysis con-

tributes to understanding structure-performance relationships and supports optimization of op-

erational parameters such as pH in heterogeneous (sono)catalytic degradation processes 

(Kamble et al., 2022; Khalaj et al., 2018). 

3.4 Experimental setup 

Aqueous contaminant solutions were prepared using Milli-Q water. CIP solutions were pre-

pared at concentrations of 5 ppm and 10 ppm, while PFOA solutions were prepared at 1 ppm. 

These working solutions were prepared from stock solutions with concentrations of 50 ppm for 

CIP and 100 ppm for PFOA. 

In experiments involving a catalyst, systems were initially allowed to reach adsorption equilib-

rium prior to degradation. In experiments with an oxidant, the oxidant was subsequently added 

to initiate the degradation process. A similar approach was applied in US-assisted experi-

ments, where US irradiation was used to trigger degradation after the adsorption phase. In 

combined systems including both oxidant and US, the oxidant was added, followed immedi-

ately by the application of US to start the reaction. 

Figure 17 provides a schematic overview of the sampling and sample preparation procedure, 

where the numbered steps correspond to the numbers indicated in parentheses throughout 

the procedure. Samples of 1.5 mL were collected in Eppendorf tubes at predefined time inter-

vals (1). In experiments involving PS, samples were immediately quenched with an excess of 

thiosulfate to terminate radical reactions (2). Subsequently, samples were centrifuged for 5 min 

at 14,000 rpm (3) to remove suspended solids (4), followed by filtration through 0.22 μm sy-

ringe filters (5). The filtrate was transferred into HPLC vials for analysis of the parent compound 

concentration (6). 

Mineralization was evaluated by TOC analysis. For this purpose, 20 mL samples were col-

lected at the beginning and at the end of the degradation experiment. End-point samples were 

quenched with thiosulfate prior to analysis. Defluorination was assessed by IC using 10 mL 

samples collected at the end of the experiment after quenching. 

 

Figure 17: Schematic overview of the sampling and sample preparation procedure (Created 
with BioRender). 

3.4.1 Experimental setup without ultrasonic irradiation 

Experiments without US were conducted in beakers containing either 250 mL or 500 mL of 

solution. When a catalyst was used, it was added at a dosage of 1 g/L. The beakers were 

placed on a magnetic stirring plate to ensure homogeneous dispersion of the catalyst and were 
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covered with aluminum foil to minimize contamination, evaporation, or photocatalytic interfer-

ence. The reaction mixtures were stirred continuously throughout the experiment. Figure 18 

shows a representative figure and a picture of the experimental setup without US. 

 

Figure 18: Experimental setup without US used in the lab. 

3.4.2 Experimental setup with ultrasonic irradiation 

The experiments are conducted in a batch reactor with a working volume of 500 mL, equipped 

with low-frequency sonotrode operating at 24 kHz. The reactor temperature was maintained 

at 20 °C by external cooling through a cooling jacket. Figure 19 and Figure 20 show a picture 

of the experimental setup with US and a representative figure of the sonotrode. Appropriate 

safety measures were applied during operation: ear protection was worn at all times and pre-

cautions were taken to prevent splashes and aerosols. Care was taken not to touch the glass 

reactor with the sonotrode. 

 

Figure 19: Experimental setup used for US experiments. 



 

29 

 

Figure 20: Sonotrode used in the experimental setup (UP400St Operating Manual). 

3.5 Analytical methods 

Several analytical techniques were employed to evaluate contaminant degradation during son-

ocatalytic treatment experiments. The degradation of CECs was monitored through the de-

crease in parent compound concentration using Liquid Chromatography (LC). Defluorination 

of fluorinated compounds was assessed using Ion Chromatography (IC) by quantifying re-

leased fluoride ions. However, neither degradation nor defluorination alone necessarily indi-

cates complete mineralization. Therefore, Total Organic Carbon (TOC) analysis was addition-

ally performed to evaluate the extent of organic carbon conversion into inorganic end products. 

In addition, inductively coupled plasma (ICP) was used to quantify iron leaching and assess 

catalyst stability during treatment.  

3.5.1 Degradation – Liquid Chromatography 

The degradation of contaminants was monitored by measuring the concentration of the parent 

compound using LC. By following the decrease in parent compound concentration, degrada-

tion efficiencies and reaction kinetics can be evaluated. In addition, the simultaneous analysis 

of transformation products enables identification of potential degradation pathways and inter-

mediate formation. 

CIP analysis 

The HPLC analysis (Figure 21) was performed using an Agilent 1100 system USA equipped 

with a Zorbax Eclipse Plus C18 column (4.6 × 100 mm, 3.5 μm). The mobile phase consisted 

of 10 mM ammonium formate, adjusted to pH 2.8 with formic acid (7:3 dilution with water), and 

ACN. Equal volumes of both solvents were prepared, with both mobile phases degassed in an 

ultrasonic bath for 30 minutes prior to use. The elution gradient increased from 10% to 90% 
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CH3CN over 8 minutes, followed by a return to 10% within 4 minutes to allow column equili-

bration. The flow rate was 1.0 mL/min, the injection volume was 10 μL, and the column tem-

perature was maintained at 30 °C. CIP was detected at 275 nm, and each sample was ana-

lyzed over a total run time of approximately 16 minutes. 

 

Figure 21: HPLC system used for CIP analysis. 

PFOA analysis 

Ultra-high performance liquid chromatography–quadrupole time-of-flight–mass spectrometry 

(UHPLC-QTOF-MS, Figure 22) analyses were carried out using a Waters ACQUITY UHPLC 

system coupled to an Agilent 6530 Quadrupole Time-of-Flight mass spectrometer (Agilent 

Technologies, Waldbronn, Germany), equipped with a diode array detector for complementary 

UV detection. Separation was achieved on a UHPLC BEH C18 column (2.1 × 100 mm, 1.7 μm 

particle size; Waters, Milford, USA). 

The mobile phase consisted of two eluents, where solvent A was 5 mM ammonium acetate in 

water and solvent B consisted of 2% water with 5 mM ammonium acetate in ACN. Prior to use, 

both mobile phases were degassed with helium. A gradient elution was applied starting at 95% 

A and 5% B at 0 min. The proportion of solvent B was then increased to 80% at 9 min (20% A 

: 80% B), followed by a further increase to 95% B at 10 min (5% A : 95% B). At 11 min, the 

system was returned to the initial conditions and re-equilibrated until 15 min (95% A : 5% B). 

The flow rate was maintained at 0.3 mL min-1, and an injection volume of 5 μL was used for all 

analyses. 

 

Figure 22: UHPLC-QTOF-MS system used for PFOA analysis. 
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3.5.2 Defluorination - Ion Chromatography 

Defluorination refers to the cleavage of C–F bonds, resulting in the release of inorganic F⁻ ions 

into the aqueous phase. For highly fluorinated compounds such as PFAS, this parameter is a 

key indicator of bond cleavage due to the exceptional stability of the C–F bond and its contri-

bution to environmental persistence (Khan, 2025). In this study, defluorination was assessed 

by quantifying released F- using IC. 

IC (Metrohm 930 Compact IC Flex, Figure 23) was used for the separation and quantification 

of fluoride in aqueous samples. Samples were automatically injected using an autosampler 

(858 Professional Sample Processor) and introduced into an ion-exchange chromatographic 

system. Separation is based on electrostatic interactions between the analyte ions and the 

charged stationary phase, whereby ions with higher affinity for the stationary phase are re-

tained longer, resulting in separation according to retention time. 

After chromatographic separation, fluoride ions were detected using a conductivity detector. 

The signal was processed using MagIC Net software (Metrohm), which generates a chroma-

togram of conductivity versus retention time. Fluoride was identified based on its characteristic 

retention time, and quantification was performed by peak area integration using external cali-

bration, yielding concentrations expressed in mg F⁻/L. 

To ensure optimal separation and sensitivity, an anion-exchange system was used with a car-

bonate-based eluent consisting of NaHCO3 (1 mM) and Na2CO3 (3.5 mM). A suppressor sys-

tem was applied to reduce background conductivity from the eluent, thereby improving the 

signal-to-noise ratio and enhancing detection sensitivity for fluoride quantification. 

 

Figure 23: Ion chromatography system used for fluoride analysis. 

3.5.3 Mineralization - Total Organic Carbon 

TOC analysis was used to evaluate the extent of contaminant mineralization following sono-

catalytic treatment. Whereas HPLC analysis specifically monitors the decrease in parent com-

pound concentration, TOC analysis measures the total amount of organic carbon remaining in 

the sample, including transformation products and degradation intermediates. As a result, TOC 

provides a more comprehensive assessment of treatment performance by evaluating the con-

version of organic contaminants into inorganic end products such as CO2 and H2O. A signifi-

cant decrease in TOC therefore indicates a higher degree of mineralization and more complete 

degradation. 
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Organic carbon concentrations were determined using a TOC analyzer (Shimadzu TOC-L, 

Figure 24). TOC was analyzed using the non-purgeable organic carbon (NPOC) method. In 

this approach, inorganic carbon species are first removed prior to analysis, thereby avoiding 

the indirect difference measurement associated with conventional TOC determination and re-

ducing potential analytical errors. For the investigated samples, NPOC was considered equiv-

alent to TOC because no significant amounts of volatile organic compounds were present, 

which was confirmed experimentally during analysis. 

For NPOC determination, samples were first acidified with HCl, converting inorganic carbon 

species into CO2, which was subsequently removed by purging. After removal of inorganic and 

volatile carbon fractions, the remaining organic material was oxidized to CO2 by high-temper-

ature combustion (± 720 °C). The generated CO2 was quantified using a non-dispersive infra-

red detector (NDIR), and the corresponding organic carbon concentration was reported in mg 

C/L. 

 

Figure 24: TOC analyzer used for mineralization analysis. 

3.5.4 Iron leaching - Inductively Coupled Plasma 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, Figure 25) was used 

to quantify dissolved iron released from the catalyst during sonocatalytic treatment. Determin-

ing iron leaching is important for evaluating catalyst stability and assessing the potential con-

tribution of homogeneous iron-mediated PS activation pathways. 

 

Figure 25: ICP-OES system used for leaching analysis. 
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Prior to analysis, samples were digested using reverse aqua regia (HNO3/HCl = 3:1 v/v) to 

ensure complete dissolution of dissolved and particulate iron species. The digested samples 

were subsequently introduced into an inductively coupled argon plasma, where temperatures 

of approximately 6000-8000 K atomized and excited the elements present. As the excited at-

oms and ions returned to lower energy states, they emitted element-specific radiation at char-

acteristic wavelengths. 

Iron concentrations were determined using a Spectro Arcos ICP-OES system. The emitted 

radiation was separated into its spectral components by the optical system and detected using 

charge-coupled device detectors. Quantification was performed through calibration with iron 

standards using the Smart Analyzer software. 

3.6 Experiments 

3.6.1 Baseline and catalyst performance tests 

Experiments were conducted to establish baseline conditions and to evaluate the performance 

of different catalysts (CuO, Magnetite and CuO/Magnetite composite) for the degradation of 

CIP. These experiments were used to assess potential differences in catalytic activity and to 

determine whether the composite material provided improved performance compared to the 

individual components.  

Batch experiments (1 h) were performed to evaluate the individual and combined effects of 

US, PS, and catalyst addition on CIP degradation. The investigated experimental conditions 

are summarized in Table 3. A catalyst dosage of 1 g/L was applied in all experiments involving 

catalysts. 

Table 3: Overview of the baseline and catalyst screening experiments. 

Experiment 
CIP 

(ppm) 

PS 

(mM) 
Catalyst 

CIP alone: CIP 5 / / 

Sonolysis: CIP + US 5 / / 

PS oxidation: CIP + PS 5 15 / 

US-activated PS oxidation: 
CIP + US + PS 

5 15 / 

Adsorption: CIP + CAT 5 / CuO, Magnetite, and Composite 

Sonocatalysis: CIP + US + 

CAT 
5 / CuO, Magnetite, and Composite 

Catalytic PS activation: CIP 

+ CAT + PS 

5 15 CuO, Magnetite, and Composite 

10 1 CuO, Magnetite, and Composite 

10 0.5 Magnetite 

 

These experiments were used to evaluate adsorption behavior, catalytic activity, and potential 

synergistic effects between US, PS activation, and catalyst composition. For catalyst screening 
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experiments involving PS activation, a PS concentration of 15 mM was initially selected to 

ensure sufficient oxidant availability and to maximize the likelihood of observing catalytic ef-

fects. This concentration is consistent with upper dosage ranges frequently reported in PFAS 

degradation studies, where further increases in oxidant concentration often provide limited ad-

ditional benefit. Lower PS concentrations (1 and 0.5 mM) were subsequently investigated to 

evaluate catalyst performance under less oxidant-rich conditions and to obtain more clearly 

distinguishable degradation kinetics. At high PS concentrations, degradation can occur too 

rapidly, making it difficult to assess differences in catalytic activity and reaction rates between 

catalysts. 

3.6.2 Optimization of process parameters for enhanced CIP degradation 

Systematic experiments were performed to optimize the degradation of CIP using PS activa-

tion in combination with Magnetite as catalyst. CIP was initially used as a model contaminant 

at an initial concentration of 5 ppm to evaluate and optimize process parameters prior to ap-

plication to more persistent fluorinated compounds. 

The effect of operational parameters was investigated by varying the initial solution pH (pH 4, 

7, and 10), oxidant dosage (0.1, 1.3, and 2.5 mM), and catalyst dosage (0.1, 0.55, and 1 g/L). 

pH adjustments were performed using HCl and NaOH. These experiments were performed 

using Magnetite as the catalyst under batch conditions to identify optimal degradation perfor-

mance. 

3.6.3 Optimization of process parameters for enhanced PFOA degradation 

Systematic experiments were performed to evaluate the degradation of PFOA using PS acti-

vation in combination with Magnetite as catalyst. PFOA was selected as a representative leg-

acy PFAS compound to assess system performance under fluorinated contaminant conditions. 

The effect of operational parameters was investigated by varying the initial solution pH (pH 4, 

7, and 10), oxidant dosage (5, 12.5, and 20 mM), and catalyst dosage (0.5, 1, and 1.5 g/L). pH 

adjustments were performed using HCl and NaOH. These experiments were performed under 

batch conditions using Magnetite as catalyst to evaluate degradation efficiency and parameter 

sensitivity for PFOA. 

3.6.4 Radical quenching 

Radical quenching experiments were performed to identify the dominant reactive species in-

volved in CIP degradation under different pH conditions. Selected radical scavengers were 

added to the reaction system under optimized conditions to evaluate their effect on degradation 

efficiency and to infer the contribution of specific ROS. 

1-Octanol, tert-butanol, and L-ascorbic acid were used as radical scavengers. 1-Octanol was 

added at a concentration of 480 μL per 500 mL solution, tert-butanol at 780 μL per 500 mL, 

and L-ascorbic acid at 88 mg per 500 mL. 

1-Octanol was used to evaluate the combined contribution of hydroxyl radicals (OH·) and sul-

fate radicals (SO4·-), whereas tert-butanol was used as a preferential scavenger for OH· radi-

cals. By comparing the inhibition observed in the presence of 1-octanol and tert-butanol, the 
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relative contribution of sulfate radical-mediated oxidation could be inferred. A stronger sup-

pression of degradation in the presence of 1-octanol compared to tert-butanol was therefore 

interpreted as an indication of SO4·- involvement in the degradation process. L-Ascorbic acid 

was used to assess the contribution of superoxide radicals (O2·-). 

The effect of these scavengers on CIP degradation was therefore used as an indirect indication 

of the involvement of OH· radicals, SO4·- radicals, and O2·- radicals. Since no separate exper-

iments were conducted to evaluate direct reactions between the scavengers and PS, potential 

interactions between the scavengers and the oxidant cannot be completely excluded. 

3.6.5 Interference of ions 

The effect of inorganic ions and natural organic matter on CIP degradation was investigated 

by introducing selected background constituents into the reaction system. These experiments 

were conducted to evaluate potential inhibition effects and to simulate environmentally relevant 

water matrix conditions. 

The influence of inorganic carbon was assessed using HCO3
- (5 mM), while phosphate ions 

(PO4
3-, 0.5 mM) were added to evaluate potential catalyst poisoning effects due to surface 

complexation and active site blocking. In addition, humic acid (10 mg/L) was used as a model 

compound for natural organic matter to assess its impact on radical scavenging and competi-

tive adsorption. 

3.6.6 Catalyst reusability and iron leaching 

The stability and reusability of the Magnetite catalyst were evaluated using CIP as model con-

taminant under the previously optimized conditions. Five consecutive degradation cycles were 

performed to assess the loss of catalytic activity during repeated operation. After each cycle, 

the treated solution was removed by magnetic separation of the catalyst followed by decanta-

tion of the supernatant. The recovered catalyst was then dried in an oven and reused directly 

in the next cycle without washing or additional regeneration. 

No washing step was applied between cycles, because preliminary handling showed that 

washing resulted in substantial catalyst loss during recovery. As a result, the catalyst dosage 

was not fully restored to its initial value in each cycle, and a gradual decrease in catalyst mass 

occurred during repeated use. The catalyst mass was therefore monitored after each cycle to 

evaluate catalyst recovery efficiency and to relate performance loss to both catalyst deactiva-

tion and physical catalyst loss. 

In addition, catalyst stability was assessed by quantifying the release of iron into the aqueous 

phase. Metal leaching was analyzed to evaluate potential structural degradation and dissolu-

tion of Magnetite during operation. 

3.7 Design of Experiments 

A fractional factorial screening design (23-1, Resolution III) was applied to evaluate the influence 

of key process parameters on degradation performance. Three factors (initial pH, catalyst dos-

age, and oxidant dosage) were investigated at two levels, resulting in four factorial runs. Each 
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condition was performed in triplicate, and two center points were included to assess potential 

curvature in the system response. As all experiments were conducted using a single batch 

reactor, the complete design was performed within one experimental block. The order of the 

individual experimental runs, including replicates and center points, was randomized to mini-

mize systematic bias arising from time-dependent effects such as catalyst aging or variations 

in ultrasonic performance. 

A fractional factorial design was selected as a screening approach to limit the number of re-

quired experiments while still enabling identification of the most influential process parameters. 

Due to the Resolution III structure of the design, main effects are confounded with two-factor 

interactions. Therefore, the estimated effects should be interpreted as indicative trends rather 

than as fully independent parameter effects. A full factorial design would allow independent 

estimation of all main effects and interaction effects. However, the fractional factorial design 

was considered sufficient for the screening objectives of this study and was used primarily to 

identify promising operating conditions for further investigation. The factor levels and corre-

sponding experimental conditions are presented in Table 4. The experimental run order and 

corresponding conditions are provided in Bijlage A and Bijlage B. 

Table 4: Experimental design matrix used for the optimization of process parameters affecting 
CIP and PFOA degradation. 

Pollutant 
Initial pH 

(/) 
Low   High 

Catalyst dosage 
(g/L) 

Low        High 

Oxidant dosage 
(mM) 

Low       High 

CIP 4 10 0.1 1.0 0.1 2.5 

PFOA 4 10 0.5 1.5 5.0 20.0 

 

The results of the optimization experiments were statistically evaluated using a regression-

based analysis of variance. The coded factor levels of initial pH, catalyst dosage, and oxidant 

dosage were used as independent variables, while contaminant degradation efficiency was 

used as the response variable. The significance of the overall model was assessed from the 

ANOVA output, and the contribution of each process parameter was evaluated based on the 

p-values of the regression coefficients. A significance level of p < 0.05 was applied. 

In addition, one-way ANOVA was used to compare the complete experimental parameter com-

binations. Where relevant, pairwise Welch’s t-tests were performed to identify differences be-

tween individual groups. For multiple comparisons, Bonferroni correction was applied. 
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4 RESULTS AND DISCUSSION  

4.1 Characterization of the catalysts 

4.1.1 BET 

The BET results are summarized in Table 5. All synthesized materials exhibited mesoporous 

structures, with average pore widths between 11 and 13 nm. The specific surface area in-

creased from CuO (34.7 m2/g) to Magnetite (47.6 m2/g), while the CuO/Magnetite composite 

exhibited the highest surface area (55.3 m2/g). The relatively high surface areas and mesopo-

rous structures are beneficial for catalytic applications, as they provide a large number of ac-

cessible active sites and facilitate mass transfer of reactants. The increased surface area of 

the Composite further suggests successful integration of both catalyst components without 

significant pore blockage. 

Table 5: Specific surface area and pore characteristics of CuO, Magnetite, and CuO/Magnetite 
composite determined by BET analysis. 

 CuO Magnetite Composite 

BET Surface Area (m2/g) 34.7 47.6 55.3 

Pore volume (cm3/g) 0.174 0.153 0.150 

Average pore width (nm) 13.2 12.1 11.6 

4.1.2 TEM and SEM 

TEM analysis (Figure 26) revealed that Magnetite consisted predominantly of quasi-spherical 

nanoparticles that formed agglomerated clusters, which is commonly observed for magnetic 

iron oxide materials due to magnetic interactions between particles. 

 

Figure 26: TEM image of Magnetite. 

SEM images (Figure 27 and Figure 28) of the CuO/Magnetite composite revealed strongly 

agglomerated particles with rough and irregular surface morphologies. The porous appearance 
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observed in the SEM images is consistent with the mesoporous character identified by BET 

analysis. Although the individual CuO and Magnetite phases could not be visually distin-

guished, the observed morphology is consistent with successful composite formation. 

 

Figure 27: SEM image of CuO/Magnetite composite at 1.50k magnification. 

 

Figure 28: SEM image of CuO/Magnetite composite at 20.0k magnification. 

4.1.3 XRD 

The XRD diffractograms (Figure 29, Figure 30 and Figure 31) confirmed the successful syn-

thesis of the targeted catalyst phases. Characteristic diffraction peaks corresponding to crys-

talline CuO were observed in the CuO sample, while the Magnetite diffractogram showed the 

typical reflections associated with crystalline Fe3O4. No additional crystalline impurity phases 

were detected. 

The CuO/Magnetite composite exhibited diffraction peaks originating from both CuO and Mag-

netite, confirming the presence of both phases within the synthesized material. The absence 

of additional diffraction peaks indicates that no significant crystalline impurities were formed 

during synthesis. These results demonstrate that the intended catalyst materials were suc-

cessfully synthesized and retained their crystalline structures after composite formation. 
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Figure 29: XRD diffractogram of CuO. The red diffractogram represents the experimentally 
measured sample, while the blue reference peaks correspond to the characteristic diffraction 

planes of CuO. 

 

Figure 30: XRD diffractogram of Magnetite. The red diffractogram represents the experimen-
tally measured sample, while the blue reference peaks correspond to the characteristic diffrac-

tion planes of Magnetite. 

 

Figure 31: XRD diffractogram of CuO/Magnetite composite. The red diffractogram represents 
the experimentally measured sample, while the blue and green reference peaks correspond to 

the characteristic diffraction planes of CuO and Magnetite, respectively. 
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4.1.4 FT-IR 

The FT-IR spectra (Figure 32, Figure 33 and Figure 34) confirmed the presence of the char-

acteristic metal–oxygen vibrations associated with the synthesized catalyst materials. CuO ex-

hibited the expected Cu–O absorption bands below 600 cm-1, while Magnetite showed the 

characteristic Fe–O stretching vibrations in the 400–600 cm-1 region. 

 

Figure 32: FT-IR spectra of CuO, comparing newly synthesized, not washed, and washed. 

 

Figure 33: FT-IR spectra of Magnetite, comparing newly synthesized, not washed, and washed. 

 

Figure 34: FT-IR spectra of CuO/Magnetite composite, comparing newly synthesized, not 
washed, and washed. 
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Comparison of the freshly synthesized, used, and washed catalysts revealed only minor dif-

ferences in the FT-IR spectra. The characteristic Cu–O and Fe–O bands remained present 

after use, indicating that the catalyst structures were largely preserved during the degradation 

experiments. Additional broad bands observed around 3400 cm-1 for some used samples may 

be attributed to adsorbed water, hydroxyl groups, or residual surface species. However, no 

major structural changes were observed. 

The FT-IR results therefore suggest that the synthesized catalysts remained chemically stable 

throughout the performed degradation experiments. 

4.1.5 Zeta potential 

The zeta potential measurements were performed in 10 mM NaCl solution for all catalysts, 

both immediately after dispersion and after 24 h of equilibration. No significant differences were 

observed between these two conditions, indicating stable surface charge characteristics over 

time. For the selected catalyst, Magnetite, the zeta potential was additionally determined as a 

function of pH, with all measurements performed in triplicate (Table 6, Figure 35). 

Table 6: Zeta potential values of the investigated catalysts and Magnetite at different pH condi-
tions. 

 
Average zeta potential 

(mV) 

CuO 26.367 ± 2.964 

Composite -24.550 ± 2.179 

Magnetite pH  

3.0 18.067 ± 1.935 

3.9 17.867 ± 1.380 

4.8 17.567 ± 0.902 

7.0 16.500 ± 1.082 

8.0 1.667 ± 1.185 

10.0 -25.567 ± 1.301 

 

 

Figure 35: Zeta potential of Magnetite at different pHs. 
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The results demonstrate a strong pH dependence of the Magnetite surface charge. At acidic 

pH values, the Magnetite surface is positively charged, with zeta potential values around +18 

mV at pH 3. This positive surface charge gradually decreases with increasing pH, approaching 

near-neutral conditions around pH 8, which corresponds to the point of zero charge (PZC). 

Above this pH, the surface becomes negatively charged, reaching approximately -25 mV at 

pH 10. Although the observed PZC (≈ pH 8) is slightly higher than the commonly reported 

range for Magnetite (pH 6.0-7.5), such deviations can be attributed to differences in experi-

mental conditions, including ionic strength, surface hydration, possible buffering effects of the 

material, or limited data density around the charge inversion region. 

These surface charge variations have important implications for adsorption and PS activation. 

Under acidic conditions, the positively charged Magnetite surface enhances electrostatic at-

traction of negatively charged PS ions, potentially promoting PS activation and SO4·- genera-

tion (Silvestri et al., 2021). In this regime, electrostatic interactions with anionic PFAS such as 

PFOA are also influenced, potentially enhancing their approach to the catalyst surface, alt-

hough steric and interfacial effects may still limit strong adsorption. For CIP, which exhibits pH-

dependent speciation and can exist in cationic, zwitterionic, or anionic forms depending on the 

pH, electrostatic interactions will vary accordingly, with neutral to zwitterionic species expected 

to show reduced electrostatic repulsion and therefore more favorable surface interaction near 

neutral pH. 

Near the PZC, where the surface charge approaches neutrality, adsorption of both oxidant 

species and organic contaminants is expected to be governed more by non-electrostatic inter-

actions, such as hydrogen bonding and hydrophobic effects. Under alkaline conditions, the 

negatively charged Magnetite surface may hinder PS adsorption (Silvestri et al., 2021) and 

shift the oxidative pathway towards OH· dominated mechanism. In addition, electrostatic re-

pulsion of anionic species such as PFOA may reduce their surface association, whereas CIP 

speciation under these conditions is expected to be predominantly anionic, further limiting ad-

sorption. 

Overall, the zeta potential results provide key mechanistic insight into the observed pH-de-

pendent degradation behavior, highlighting the role of surface charge in governing both reac-

tant adsorption and radical generation pathways. 

Overall, the BET, TEM/SEM, XRD, and FT-IR analyses confirmed the successful synthesis of 

CuO, Magnetite, and the CuO/Magnetite composite. The materials exhibited mesoporous 

structures, high surface areas, characteristic crystalline phases, and the expected chemical 

bonding environments. These properties indicate that the synthesized materials are suitable 

candidates for PS activation and sonocatalytic degradation experiments. 

4.2 Baseline experiments 

Baseline experiments were performed to evaluate the individual contribution of US, PS, and 

their combined application toward CIP degradation in the absence of a catalyst. These exper-

iments establish a baseline for evaluating the contribution of US-assisted oxidant activation 

and for assessing the additional effect of catalyst incorporation during subsequent sonocata-

lytic experiments. 
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The degradation performance was evaluated by monitoring the normalized CIP concentration 

(Ct/C0) as a function of reaction time during 1 h experiments. Lower Ct/C0 values correspond 

to higher degradation efficiencies. The corresponding degradation efficiency was calculated 

as (1 − Ct/C0) × 100%. 

Figure 36 shows the evolution of the normalized CIP concentration during continuous stirring 

in the absence of US, PS, or catalyst addition. No decrease in CIP concentration was observed 

over the 1 h experimental period, indicating that CIP remained stable under the applied mixing 

conditions. This confirms that any concentration decrease observed in subsequent degrada-

tion experiments originates from oxidative degradation processes rather than from spontane-

ous degradation, volatilization, or adsorption to the reactor walls. 

 

Figure 36: Evolution of the normalized CIP concentration during baseline experiments using 
stirring only, US, PS (15 mM), and the combined US/PS system. Experiments were performed 

for 1 h using an initial CIP concentration of 5 ppm. 

Low-frequency US alone resulted in limited CIP degradation, with only 12.1 ± 5.0% removal 

after 1 h. The relatively low degradation efficiency suggests that cavitation-induced radical 

formation or pyrolytic-like reactions was insufficient to achieve extensive degradation of CIP 

under the applied operating conditions. Although acoustic cavitation can promote ROS for-

mation through water sonolysis, the degradation efficiency observed in the absence of addi-

tional oxidants or catalytic activation pathways remained limited under the applied operating 

conditions. This suggests that US alone was not sufficient to achieve extensive pollutant deg-

radation within the investigated reaction time. Further experiments, such as radical quenching 

tests, would be required to confirm the specific contribution of cavitation-induced radical for-

mation. In addition, the practical relevance of prolonged US treatment should be evaluated 

together with the corresponding energy consumption. 

PS alone (15 mM) resulted in a degradation efficiency of 19.6 ± 2.4% after 1 h. Although PS 

possesses a high oxidation potential after activation, its direct reaction with CIP remained rel-

atively limited in the absence of external activation pathways. 

Combining US with 15 mM PS significantly enhanced CIP degradation. The US/PS system 

achieved 58.6 ± 8.9% degradation after 1 h, demonstrating a clear synergistic effect between 

US and PS. The enhanced degradation can be attributed to cavitation-assisted activation of 

PS, resulting in the formation of highly reactive SO4·- and additional ROS. During cavitation 

bubble collapse, localized high temperatures and pressures promote PS decomposition and 
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accelerate radical generation, thereby substantially increasing the oxidative capacity of the 

system. 

Despite the strong improvement, complete degradation was not achieved within the investi-

gated reaction time. This behavior may partly be attributed to PS depletion during the reaction, 

radical recombination reactions, and sulfate radical scavenging at elevated oxidant concentra-

tions. Nevertheless, the obtained baseline results are higher than those reported by Ma and 

Wang (2022), who observed only limited CIP removal using low-frequency US, PS, and US/PS. 

However, this comparison should be interpreted with caution, since their PS concentration was 

1.5 mM, whereas 15 mM PS was used in the presented baseline experiments. Table 7 sum-

marizes the degradation efficiencies and observed pseudo-first-order rate constants for the 

baseline experiments. 

Table 7: Summary of degradation efficiencies and pseudo-first-order rate constants obtained 
during the baseline experiments. 

System 
Degradation efficiency 

(%) 
Observed k-values 

(min-1) 

US 12.1 ± 5.0 0.0021 ± 0.0009 

PS 19.6 ± 2.4 0.0042 ± 0.0006 

US/PS 58.6 ± 8.9 0.0143 ± 0.0014 

 

The significantly higher degradation efficiency and observed k-value for the combined system 

confirms the existence of a synergistic interaction between US and PS. Nevertheless, the in-

complete degradation obtained after 1 h indicates that additional improvements remain nec-

essary. These results establish an important baseline for the subsequent sonocatalytic exper-

iments. The addition of catalysts may further enhance PS activation, increase ROS generation, 

and improve overall degradation efficiency through combined cavitational and surface-medi-

ated catalytic effects. 

4.3 Experiments leading to catalyst selection 

Prior to evaluating the removal performance of the investigated sonocatalysts, adsorption ex-

periments were performed to determine the time required to reach adsorption-desorption equi-

librium. Establishing this equilibrium is important to distinguish between pollutant removal due 

to adsorption and removal resulting from oxidative degradation during subsequent sonocata-

lytic experiments. 

The performance of CuO, Magnetite, and a CuO/Magnetite composite was subsequently eval-

uated under US and PS activation conditions. These experiments were conducted to identify 

the most suitable catalyst for further optimization studies involving CIP and PFOA degradation. 

Unless stated otherwise, all figures present the normalized CIP concentration (Ct/C0) as a 

function of reaction time. In catalyst-containing systems, the observed removal represents the 

combined effect of adsorption and degradation, since only the parent compound concentration 

was monitored. 
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4.3.1 Adsorption 

Preliminary adsorption experiments performed under static conditions showed only limited CIP 

adsorption on the investigated catalysts. Only CuO exhibited a moderate adsorption capacity 

of approximately 30%, while Magnetite and the CuO/Magnetite composite showed negligible 

adsorption. Since US treatment inherently promotes mixing and mass transfer, adsorption un-

der stirred conditions was considered more representative for the subsequent degradation ex-

periments. 

Adsorption experiments were therefore performed using 5 ppm CIP and 1 g/L catalyst under 

continuous stirring at 350 rpm. Figure 37 shows the evolution of the normalized CIP concen-

tration during the adsorption period. 

 

Figure 37: Adsorption of CIP (5 ppm) on CuO, Magnetite, and CuO/Magnetite composite (1 g/L) 
under continuous stirring. 

The highest adsorption capacity was observed for CuO, which reached approximately 60% 

removal after 60 min. Magnetite exhibited a lower adsorption capacity of approximately 30%, 

but adsorption equilibrium was already reached after 30 min. The CuO/Magnetite composite 

showed intermediate adsorption behavior, although relatively large error bars were observed, 

indicating lower reproducibility compared to the individual catalysts. 

Based on these results, an adsorption period of 60 min was applied for CuO and the CuO/Mag-

netite composite prior to degradation experiments, whereas 30 min was considered sufficient 

for Magnetite. 

4.3.2 Ultrasound in the presence of catalysts 

The performance of the investigated catalysts under US was evaluated in the absence of PS. 

Figure 38 presents the removal of CIP obtained with US and catalyst addition. 

Overall, only limited CIP removal was observed for all catalysts, indicating that catalyst addition 

alone was insufficient to substantially enhance degradation under the applied US conditions. 

Magnetite showed the highest removal efficiency and the highest observed pseudo-first-order 

rate constant (k = 0.0051 min-1), followed by the CuO/Magnetite composite (k = 0.0045 min-1) 

and CuO (k = 0.0011 min-1). 
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Figure 38: Removal of CIP (5 ppm) using US in the presence of CuO, Magnetite, and CuO/Mag-
netite composite (1 g/L). 

Some fluctuations in the normalized CIP concentration profiles were observed, especially in 

cases where the overall removal was limited. These variations are most likely related to exper-

imental or analytical variability, such as sampling, catalyst separation, filtration, or temporary 

adsorption-desorption interactions between CIP and the catalyst surface. Under US, these ad-

sorption-desorption dynamics may be further influenced by enhanced mixing, particle disper-

sion, and cavitation-induced surface renewal. 

The relatively low removal efficiencies suggest that US alone generated insufficient reactive 

species for extensive CIP degradation. This is in line with Hou et al. (2011), who reported only 

limited tetracycline degradation using US/Magnetite in the absence of PS, while substantially 

higher degradation was obtained when PS was added. Although this comparison involves a 

different pollutant and a higher initial pollutant concentration, it supports the importance of 

combining sonocatalysis with PS activation to achieve high degradation efficiencies. 

4.3.3 Persulfate activation by catalysts 

Initial experiments performed using 15 mM PS resulted in nearly complete CIP removal within 

the first sampling interval for all investigated catalysts. Although these results confirmed the 

strong PS activation capacity of the catalysts, the reaction proceeded too rapidly to allow 

meaningful comparison of degradation kinetics. Therefore, lower PS concentrations were in-

vestigated. 

Figure 39 compares the degradation performance obtained using 1 mM PS for all catalysts 

and 0.5 mM PS for Magnetite. Under these conditions, CuO and Magnetite achieved respec-

tively 96.4 ± 3.7% and 96.7 ± 0.7% CIP removal after 60 min, while the CuO/Magnetite com-

posite reached 84.1 ± 4.7% removal. The corresponding pseudo-first-order rate constants 

were 0.0589 ± 0.0380 min-1 for CuO, 0.1374 ± 0.1509 min-1 for Magnetite, and 0.0241 ± 0.0027 

min-1 for the Composite. A similarly high CIP degradation efficiency using CuO-activated PS 

was reported by Xing et al. (2019), who observed nearly complete CIP removal using 1 mM 

PS, confirming the ability of CuO to effectively activate PS for CIP degradation. 
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Figure 39: Effect of PS (1 and 0.5 mM) and catalysts (1 g/L) on the removal of CIP (10 ppm). 

To further evaluate the PS activation efficiency of Magnetite, the PS concentration was re-

duced to 0.5 mM. Despite the lower oxidant dosage, Magnetite still achieved 93.5 ± 3.4% 

removal, confirming its strong PS activation capability even under less favorable operating 

conditions. 

4.3.4 Catalyst selection: Magnetite 

The performed experiments demonstrated that all investigated catalysts were capable of acti-

vating PS and promoting CIP degradation. However, important differences were observed in 

terms of degradation efficiency, reproducibility, catalyst handling, and practical applicability. 

The CuO/Magnetite composite showed the least favorable performance, exhibiting lower deg-

radation efficiencies and larger experimental variability compared to the individual catalysts. 

Although CuO achieved final degradation efficiencies comparable to Magnetite, its degradation 

proceeded more slowly, and its performance did not exceed that of Magnetite under any of the 

investigated conditions. 

Magnetite consistently showed the most favorable overall behavior. In the US-only experi-

ments, Magnetite achieved the highest degradation rate among the investigated catalysts. Un-

der PS activation conditions, Magnetite achieved removal efficiencies comparable to CuO 

while maintaining high performance even when the PS concentration was reduced from 1.0 to 

0.5 mM. This demonstrates the strong PS activation capability of Magnetite and suggests effi-

cient ROS generation. Similar observations have been reported in the literature, where Mag-

netite effectively activated PS for the degradation of norfloxacin, a structurally related fluoro-

quinolone antibiotic, achieving degradation efficiencies exceeding 90% within 60 min. The au-

thors attributed this performance to efficient generation of sulfate and hydroxyl radicals through 

Fe(II)-mediated PS activation pathways (Ding et al., 2016).  

In addition to its degradation performance, Magnetite offers several practical advantages. The 

material can be synthesized easily and at relatively low cost, exhibits excellent magnetic sep-

arability, and has been widely reported in the literature as an effective catalyst for PS activation 

and pollutant degradation. Based on both experimental results and practical considerations, 

Magnetite was selected as the most suitable catalyst for the subsequent optimization experi-

ments involving CIP and PFOA degradation. 
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4.4 Optimization of process parameters for enhanced CIP degrada-

tion 

Following catalyst selection, the complete US/PS/Magnetite system was optimized for CIP 

degradation. Three process parameters were investigated: initial pH (4-10), catalyst dosage 

(0.1-1.0 g/L), and oxidant dosage (0.1-2.5 mM). The selected experimental conditions are sum-

marized in Table 8. 

Prior to each degradation experiment, the solution pH was adjusted using HCl or NaOH and 

the catalyst was allowed to equilibrate with the CIP solution for 30 min to establish adsorption-

desorption equilibrium. In addition to CIP removal, defluorination and mineralization efficien-

cies were evaluated using IC and TOC analysis, respectively. 

4.4.1 CIP degradation 

The degradation profiles obtained under the five investigated operating conditions are sum-

marized in Figure 40, while the corresponding degradation efficiencies and observed pseudo-

first-order rate constants are presented in Table 8. 

 

Figure 40: Degradation profiles of CIP under the five investigated operating conditions. 

Table 8: Experimental combinations of process parameters for enhanced CIP degradation, in-
cluding corresponding removal efficiencies and observed pseudo-first-order rate constants. 

Nr. Initial pH 
(/) 

Catalyst dosage 
(g/L) 

Oxidant dosage 
(mM) 

Removal 
(%) 

Observed k-value 
(min-1) 

1 4 1.00 0.1 73.5 ± 20.7 0.0204 ± 0.0099 

2 10 0.10 0.1 17.8 ± 3.5 0.0022 ± 0.0004 

3 10 1.00 2.5 56.2 ± 10.1 0.0070 ± 0.0028 

4 7 0.55 1.3 81.1 ± 0.4 0.0131 ± 0.0082 

5 4 0.10 2.5 82.1 ± 8.1 0.0280 ± 0.0154 
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A clear influence of the initial solution pH on CIP degradation was observed. Both alkaline 

conditions (pH 10, conditions 2 and 3) resulted in substantially lower degradation efficiencies 

compared to the acidic and neutral conditions. The lowest degradation efficiency was obtained 

for condition 2 (17.8 ± 3.5%), whereas conditions both 4 and 5 achieved removals exceeding 

80%. 

Among the investigated conditions, condition 5 (pH 4, 0.1 g/L Magnetite, 2.5 mM PS) exhibited 

the highest observed rate constant and consistently high degradation performance. Condition 

4 (pH 7, 0.55 g/L Magnetite, 1.3 mM PS) achieved a comparable removal efficiency while 

requiring less oxidant and no pH adjustment. 

The results indicate that efficient CIP degradation can be achieved under both acidic and neu-

tral conditions, whereas alkaline conditions are considerably less favorable. 

4.4.2 Influence of process parameters 

As a first step, the relative influence of the investigated process parameters was evaluated 

using a regression-based ANOVA performed on the coded experimental design. The model 

included initial pH, catalyst dosage, and oxidant dosage as independent variables, with CIP 

degradation efficiency as the response variable. The overall regression model was statistically 

significant (Significance F = 0.00136), indicating that the investigated parameters explained a 

significant part of the variation in CIP degradation. The model showed an R² value of 0.777, 

meaning that approximately 77.7% of the variability in degradation efficiency was explained by 

the selected process parameters. 

The regression analysis showed that initial pH had the strongest influence on CIP degradation. 

A significant negative effect was obtained for initial pH (coefficient = -20.79, p = 0.00068), 

indicating that increasing the pH from acidic to alkaline conditions reduced degradation effi-

ciency. Oxidant dosage also showed a significant positive effect (coefficient = 12.14, p = 

0.0179), whereas catalyst dosage showed a positive but statistically non-significant effect at 

the 95% confidence level (coefficient = 7.86, p = 0.0971). Based on the absolute regression 

coefficients, the relative influence of the investigated parameters followed the order: initial pH 

> oxidant dosage > catalyst dosage. 

As shown in Figure 41, the effect of initial pH was clearly reflected in the experimental results. 

Lower degradation efficiencies were obtained at pH 10 compared with pH 4 and pH 7. A 

grouped one-way ANOVA confirmed a significant difference between the investigated pH lev-

els (p = 0.00199). Pairwise Welch’s t-tests with Bonferroni correction showed no significant 

difference between pH 4 and pH 7, whereas pH 10 differed significantly from both pH 4 and 

pH 7. These results indicate that acidic and neutral conditions resulted in comparable CIP 

removal efficiencies, while alkaline conditions were significantly less favorable. 

This behavior can be explained by the pH-dependent surface charge of Magnetite and the 

corresponding changes in radical chemistry. Zeta potential measurements demonstrated that 

Magnetite possessed a positive surface charge under acidic conditions, became closer to neu-

tral around pH 7, and exhibited a negative surface charge under alkaline conditions. Under 

acidic conditions, the positively charged Magnetite surface can promote the adsorption and 

activation of negatively charged PS ions, enhancing sulfate radical generation. In contrast, 

under alkaline conditions sulfate radicals are progressively converted into hydroxyl radicals, 

while electrostatic interactions between Magnetite and PS become less favorable. 
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These observations are consistent with the radical quenching experiments, which identified 

sulfate radicals as the dominant oxidizing species at pH 4, a mixed sulfate/hydroxyl radical 

system at pH 7, and predominantly hydroxyl radical-driven degradation at pH 10. The superior 

degradation observed at acidic and neutral pH therefore appears to be closely related to more 

efficient PS activation and sulfate radical generation. 

 

Figure 41: Influence of initial pH on CIP removal. 

The influence of catalyst dosage (Figure 42) was considerably smaller than that of pH. This 

was confirmed by the regression analysis, where catalyst dosage showed no statistically sig-

nificant effect on CIP degradation within the investigated range (p = 0.0971). A grouped one-

way ANOVA also showed no significant difference between the investigated catalyst dosages 

(p = 0.344). Although differences in average removal efficiency were observed between cata-

lyst dosages, these differences were not statistically significant. These results suggest that 

even the lowest investigated catalyst dosage provided sufficient active sites for PS activation 

and CIP degradation. Increasing the catalyst dosage therefore did not result in a statistically 

significant improvement in degradation performance, indicating that catalyst dosage was not 

the limiting factor within the investigated operating window. 

 

Figure 42: Influence of catalyst dosage on CIP removal. 

The effect of oxidant dosage is shown in Figure 43. The regression analysis indicated that 

oxidant dosage had a significant positive effect on CIP degradation (p = 0.0179), suggesting 
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that increasing the oxidant dosage contributed to improved degradation efficiency. However, 

when the results were grouped only by oxidant dosage, one-way ANOVA did not show a sig-

nificant difference between the dosage levels (p = 0.201), and the pairwise comparisons were 

not significant. This difference can be attributed to the simultaneous variation of pH and cata-

lyst dosage within the experimental design. Therefore, the regression-based analysis is con-

sidered more appropriate for evaluating the individual contribution of oxidant dosage, as it ac-

counts for the combined influence of all investigated parameters. 

 

Figure 43: Influence of oxidant dosage on CIP removal. 

Overall, the statistical analysis confirmed that initial pH was the dominant parameter controlling 

CIP degradation in the US/PS/Magnetite system. Oxidant dosage also contributed significantly 

to the degradation efficiency, whereas catalyst dosage had a comparatively smaller and sta-

tistically non-significant effect within the investigated range. 

4.4.3 Contribution of adsorption and degradation 

Figure 44 distinguishes the contribution of adsorption and degradation to the overall CIP re-

moval. This distinction is important because adsorption merely transfers the pollutant from the 

aqueous phase to the catalyst surface, whereas degradation results in chemical transformation 

of the contaminant. 

 

Figure 44: Contribution of adsorption and degradation of CIP for each condition. 

The highest adsorption contribution was observed under neutral conditions (condition 4). This 
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pH, CIP predominantly exists in its zwitterionic form, while Magnetite possesses a near-neutral 

surface charge. These conditions favor adsorption interactions between the pollutant and cat-

alyst surface. 

In contrast, adsorption was less pronounced at pH 4. Under acidic conditions both CIP and 

Magnetite are positively charged, resulting in electrostatic repulsion and reduced adsorption. 

Despite the lower adsorption, degradation remained highly efficient, indicating that enhanced 

PS activation and sulfate radical generation compensated for the reduced adsorption capacity. 

4.4.4 Defluorination 

Defluorination efficiency was evaluated based on the F- concentration measured at the end of 

the degradation experiments. Fluoride release is an important indicator of C–F bond cleavage 

and therefore provides information beyond the disappearance of the parent CIP molecule. The 

defluorination efficiencies obtained under the investigated conditions are presented in Figure 

45. Overall, relatively low defluorination efficiencies were observed for all conditions. The high-

est apparent defluorination was obtained for condition 5 (pH 4, 0.1 g/L Magnetite, 2.5 mM PS), 

which was also identified as the most effective condition for CIP degradation. 

The generally low defluorination efficiencies suggest that, although CIP degradation occurred, 

complete removal of the fluorinated part of the molecule was limited within the investigated 

reaction time. In addition, the maximum theoretical fluoride concentration resulting from com-

plete defluorination of 5 ppm CIP is only approximately 0.286 mg/L. Such low fluoride concen-

trations are close to the detection limit of the analytical method and may contribute to increased 

measurement uncertainty. 

Consequently, the defluorination results should be interpreted primarily as qualitative indica-

tors of C–F bond cleavage rather than as precise quantitative values. A one-way ANOVA was 

performed to evaluate whether the apparent defluorination differed significantly between the 

investigated conditions. No statistically significant differences were observed at α = 0.05 (p = 

0.158), indicating that the observed differences should be interpreted with caution. Neverthe-

less, the higher apparent defluorination observed under acidic conditions follows the same 

trend as the degradation results and is therefore consistent with the superior degradation per-

formance obtained for condition 5. 

 

Figure 45: Defluorination efficiency under each condition for the optimization CIP removal. 
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4.4.5 Mineralization 

Mineralization was assessed using TOC analysis and provides information on the extent to 

which the organic carbon present in CIP was converted into inorganic carbon species. In con-

trast to degradation, which only reflects the disappearance of the parent compound, minerali-

zation is a more stringent indicator of treatment efficiency. 

The mineralization results obtained under the investigated conditions are shown in Figure 46. 

The highest apparent mineralization was observed for condition 5, which is in agreement with 

the degradation and defluorination results. However, the reliability of the TOC measurements 

should be interpreted with caution. 

 

Figure 46: Mineralization efficiency under each condition for the optimization of CIP removal. 

At a CIP concentration of 5 ppm, the theoretical carbon concentration corresponds to only 

approximately 3.08 mg C/L. This value was calculated from the molecular formula of CIP 

(C17H18FN3O3), by multiplying the initial CIP concentration by the carbon mass fraction of the 

molecule: 5 mgCIP/L × [(17 × 12.01 gC/mol) / 331.34 gCIP/mol]. Furthermore, the samples re-

quired a tenfold dilution prior to analysis to satisfy instrument requirements, resulting in very 

low carbon concentrations being measured. In addition, residual PS, quenching agents, and 

dissolved inorganic species may have introduced matrix effects that influenced the TOC meas-

urements. 

As a result, the absolute mineralization values reported in Figure 46 may not accurately reflect 

the true extent of mineralization. A one-way ANOVA was performed to evaluate whether the 

apparent mineralization differed significantly between the investigated conditions. No statisti-

cally significant differences were observed at α = 0.05 (p = 0.258), indicating that the differ-

ences between the conditions should be interpreted with caution. Therefore, the higher appar-

ent mineralization observed for condition 5 cannot be considered a statistically confirmed im-

provement. Nevertheless, this trend is consistent with the degradation and defluorination re-

sults, as condition 5 also showed the highest CIP degradation efficiency and apparent defluor-

ination. 

To confirm these observations, future studies should employ higher initial pollutant concentra-

tions and complementary analytical techniques, such as identification of transformation prod-

ucts by mass spectrometry. 
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4.4.6 Summary of optimal conditions 

Based on the degradation, defluorination and mineralization results, condition 5 (pH 4, 0.1 g/L 

Magnetite, 2.5 mM PS) was identified as the most effective operating condition for CIP re-

moval. This condition achieved high degradation efficiency while also providing the highest 

apparent defluorination and mineralization performance. 

Nevertheless, condition 4 (pH 7, 0.55 g/L Magnetite, 1.3 mM PS) achieved comparable deg-

radation while operating at a more environmentally relevant pH and requiring less chemical 

adjustment. As many wastewater and sludge streams are naturally near neutral pH, this con-

dition may represent a more practical option for future applications. 

Overall, the results demonstrate that solution pH was the dominant parameter controlling CIP 

degradation in the US/PS/Magnetite system. This was confirmed by the regression-based 

ANOVA, which showed a significant negative effect of initial pH on degradation efficiency. Ox-

idant dosage also contributed significantly to the response, whereas catalyst dosage did not 

show a statistically significant effect within the investigated range. In addition, grouped com-

parison of the pH levels showed that pH 10 resulted in significantly lower degradation than pH 

4 and pH 7, while no significant difference was observed between acidic and neutral condi-

tions. 

4.5 Optimization of process parameters for enhanced PFOA degra-

dation 

4.5.1 Degradation performance 

Unlike the CIP experiments, only a limited optimization study could be performed for PFOA 

degradation due to the long analytical turnaround times associated with PFAS analysis. There-

fore, the objective of this section was not to fully optimize the process, but rather to identify 

preliminary trends and promising operating conditions for further investigation. 

The combinations of process parameters investigated for PFOA degradation are summarized 

in Table 9, while the corresponding removal efficiencies are presented in Figure 47. 

 

Figure 47: Degradation profiles of PFOA under the five investigated operating conditions. 
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Table 9: Experimental combinations of process parameters for optimizing PFOA (1 ppm) degra-
dation, including corresponding removal efficiencies and observed pseudo-first-order rate con-
stants. 

Nr. pH 

(/) 

Catalyst dosage 

(g/L) 

Oxidant dosage 

(mM) 

Removal 

(%) 

Observed k-value 

(min-1) 

1 10 0.5 5.0 21.1 ± 27.1 -0.0002 ± 0.0006 

2 10 1.5 20.0 34.7 ± 3.3 0.0159 ± 0.0119 

3 4 1.5 5.0 17.7 ± 6.0 -0.0055 ± 0.0074 

4 7 1.0 12.5 30.1 ± 5.4 0.0004 ± 0.0060 

5 4 0.5 20.0 47.2 ± 15.3 0.0031 ± 0.0099 

 

Among the investigated conditions, condition 5 (pH 4, 0.5 g/L Magnetite, 20 mM PS) achieved 

the highest PFOA removal of 47.2 ± 15.3%. In contrast, condition 3 (pH 4, 1.5 g/L Magnetite, 

5 mM PS) resulted in the lowest removal efficiency of 17.7 ± 6.0%. However, the relatively 

large standard deviation observed for condition 5 indicates that the apparent improvement 

should be interpreted with caution. 

Overall, the effect of initial pH (Figure 48) appeared limited compared to the trends observed 

for CIP degradation. Average removals remained within a similar range for pH 4, 7 and 10, 

suggesting that PFOA degradation was less sensitive to changes in solution pH under the 

investigated conditions. This was confirmed by the one-way ANOVA performed for the different 

pH levels, which showed no statistically significant effect of pH on PFOA removal (p = 0.974). 

 

Figure 48: Influence of initial pH on PFOA removal. 

The catalyst dosage (Figure 49) showed a slight negative trend, as increasing the catalyst 

dosage from 0.5 to 1.5 g/L did not improve degradation and was associated with somewhat 

lower average removal efficiencies. This may be related to particle agglomeration, shielding of 

ultrasonic waves, or radical scavenging at excessive catalyst dosages. However, statistical 

analysis did not confirm a significant effect of catalyst dosage on PFOA removal (p = 0.929). 
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Figure 49: Influence of catalyst dosage on PFOA removal. 

The oxidant dosage (Figure 50) showed a more pronounced, although not statistically signifi-

cant, trend. Increasing the oxidant dosage from 5 to 20 mM PS resulted in higher average 

PFOA removal efficiencies, increasing from 19.9 ± 17.7% at 5 mM PS to 40.74 ± 11.9% at 20 

mM PS. This observation may be related to the highly recalcitrant nature of PFOA, for which 

extensive radical generation is required to initiate degradation and C–F bond cleavage. Nev-

ertheless, the one-way ANOVA for oxidant dosage showed that this trend was not statistically 

significant (p = 0.186). 

 

Figure 50: Influence of oxidant dosage on PFOA removal. 

Overall, the parameter-based ANOVA results showed no statistically significant effect of pH, 

catalyst dosage, or oxidant dosage on PFOA removal. Therefore, the observed trends should 

be interpreted as preliminary indications rather than statistically confirmed effects. 

4.5.2 Defluorination 

Defluorination is considered one of the most important indicators of PFAS degradation, as it 

directly reflects cleavage of the highly stable C–F bonds. However, reliable quantification of 

defluorination was not possible within the scope of this study. 
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At the applied PFOA concentration of 1 mg/L, complete defluorination would theoretically yield 

only approximately 0.688 mg/L fluoride. Considering the low pollutant concentration and the 

expected partial defluorination, the resulting fluoride concentrations were likely close to the 

detection and quantification limits of the analytical method. 

Consequently, the measured fluoride concentrations did not allow reliable determination of 

defluorination efficiencies. Future studies should employ higher initial PFOA concentrations or 

more sensitive fluoride quantification methods to accurately assess C–F bond cleavage. 

4.5.3 Mineralization 

Mineralization was evaluated using TOC analysis. However, interpretation of the obtained re-

sults was complicated by the extremely low carbon concentration associated with the applied 

PFOA dosage. 

At a PFOA concentration of 1 mg/L, the theoretical carbon concentration corresponds to only 

approximately 0.232 mg C/L. Furthermore, all samples were diluted tenfold prior to analysis to 

satisfy instrument requirements, resulting in even lower carbon concentrations during meas-

urement. 

The measured TOC values showed considerable variability and exceeded the theoretical max-

imum carbon concentration initially present in the samples. This indicates that matrix effects, 

analytical uncertainty, or interference from residual reagents may have significantly influenced 

the measurements. 

Therefore, no reliable conclusions regarding mineralization efficiency can be drawn from the 

obtained TOC data. Future studies should employ higher pollutant concentrations and com-

plementary analytical techniques, such as identification of transformation products by LC-

MS/MS, to better assess the extent of PFOA mineralization. 

4.5.4 Summary 

Within the investigated experimental domain, condition 5 (pH 4, 0.5 g/L Magnetite, and 20 mM 

PS) showed the highest average PFOA removal efficiency and was therefore considered the 

most promising condition. However, statistical analysis showed that this condition was not sig-

nificantly different from the other tested conditions, as confirmed by one-way ANOVA (p = 

0.237). 

The multiple linear regression model was not statistically significant (Significance F = 0.366), 

and none of the individual parameters showed a significant effect on PFOA removal. In addi-

tion, the low adjusted R² value of 0.039 indicated that only a limited fraction of the experimental 

variability could be explained by the model. Although higher PS concentrations appeared to 

improve PFOA removal, this trend was not statistically significant. 

Because reliable defluorination and mineralization data could not be obtained, the extent of 

actual PFOA destruction could not be fully assessed. Therefore, these results should be re-

garded as preliminary, and additional experiments with more replicates are required to confirm 

the observed trends and further optimize the process. 
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4.6 Radical quenching experiments for identification of dominant re-

active species for CIP degradation 

Radical quenching experiments were performed to identify the dominant ROS involved in CIP 

degradation within the US/PS/Magnetite system under different pH conditions. Scavengers 

were added to suppress specific radical pathways, including SO4·-, OH·, and O2·-. However, it 

should be noted that radical scavengers are not always fully selective and may react with more 

than one ROS. Therefore, the quenching experiments were interpreted as qualitative indica-

tions of the dominant radical pathways rather than as absolute proof of the exclusive involve-

ment of a single reactive species. The degradation profiles obtained in the presence of scav-

engers were compared with the corresponding reference experiments performed under iden-

tical operating conditions. 

4.6.1 Identification of dominant reactive species at different pH conditions 

At pH 4, experiments were performed using 1 g/L Magnetite, 2.5 mM PS, and 5 ppm CIP. As 

shown in Figure 51, the addition of the superoxide scavenger caused no significant decrease 

in degradation efficiency, suggesting that O2·- played only a minor role in the degradation pro-

cess under acidic conditions. 

 

Figure 51: Radical quenching experiments in the US/PS/Magnetite system at pH 4. 

In contrast, the addition of the scavenger targeting sulfate radicals strongly suppressed CIP 

degradation. Although this scavenger is not fully selective and can also quench OH· radicals, 

comparison with the hydroxyl radical scavenging experiment allows a more careful interpreta-

tion. Since the hydroxyl radical scavenger did not inhibit CIP degradation, whereas the scav-

enger targeting sulfate radicals caused a pronounced decrease in removal efficiency, the ob-

served inhibition can mainly be attributed to the suppression of SO4·--mediated oxidation. This 

indicates that sulfate radicals played a major role in CIP degradation under acidic conditions. 

The hydroxyl radical scavenger did not inhibit CIP removal. Instead, a faster initial decrease in 

CIP concentration was observed compared to the experiment without scavenger, while the 

final removal efficiency was slightly higher. This suggests that freely available OH· radicals 

were unlikely to be the dominant reactive species at pH 4. The altered degradation profile may 
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indicate that the hydroxyl radical scavenger affected the reaction matrix or reaction kinetics 

rather than selectively suppressing the main degradation pathway. 

Overall, these observations suggest that SO4·--based pathways were the primary contributors 

to CIP degradation under acidic conditions, whereas the contribution of OH· radicals appeared 

to be limited. This interpretation is consistent with the higher stability of sulfate radicals under 

acidic conditions and the efficient activation of PS by Magnetite. Moreover, zeta potential 

measurements showed that Magnetite possessed a strongly positive surface charge under 

acidic conditions (approximately +18 mV), which likely promoted electrostatic attraction be-

tween the catalyst surface and negatively charged PS ions. This favorable interaction may 

have enhanced surface-mediated PS activation and sulfate radical generation at the catalyst 

interface. 

The final pH remained strongly acidic, ranging from pH 2.41 to 3.41, which is consistent with 

conditions under which sulfate radicals are expected to remain relatively stable, while conver-

sion toward hydroxyl radicals is less favored. 

At pH 7, experiments were conducted using 0.55 g/L Magnetite, 1.3 mM PS, and 5 ppm CIP 

(Figure 52). Similar to the acidic conditions, the addition of the superoxide scavenger had little 

influence on CIP degradation, indicating a limited contribution of O2·- radicals. 

 

Figure 52: Radical quenching experiments in the US/PS/Magnetite system at pH 7. 

Both the scavenger targeting sulfate radicals and the hydroxyl radical scavenger resulted in a 

noticeable decrease in degradation efficiency compared to the reference experiment without 

scavenger addition. Since the sulfate radical scavenger is not fully selective and may also react 

with hydroxyl radicals, the observed inhibition cannot be attributed exclusively to SO4·-. In-

stead, the results indicate that radical-mediated oxidation involving SO4·- and/or OH· contrib-

uted significantly to CIP degradation under neutral initial pH conditions. 

The comparable inhibition observed in the presence of both scavengers suggests that a mixed 

radical system was present. This behavior can be explained by partial conversion of sulfate 

radicals into hydroxyl radicals at near-neutral pH, resulting in the simultaneous contribution of 

both reactive species. Although Magnetite still exhibited a slightly positive surface charge at 

neutral pH, the reduced zeta potential compared to acidic conditions may have weakened 

electrostatic interactions with PS anions and altered interfacial radical generation behavior. 
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Interestingly, the final pH decreased to approximately pH 3.8-4.77 during the experiments, 

indicating acidification of the reaction medium during CIP degradation. This pH decrease may 

additionally promote sulfate radical stability during the later stages of the reaction, meaning 

that the radical system may have shifted during treatment. 

At pH 10 (Figure 53), the addition of the superoxide scavenger again had little effect on the 

degradation profile, indicating that O2·- was not a dominant reactive species under alkaline 

conditions. 

 

Figure 53: Radical quenching experiments in the US/PS/Magnetite system at pH 10. 

A substantial decrease in degradation efficiency was observed in the presence of the hydroxyl 

radical scavenger, suggesting that OH· radicals played a major role in CIP degradation at high 

pH. In contrast, the sulfate radical quenching experiment produced inconsistent results, pre-

venting reliable interpretation of the contribution of SO4·- under these conditions. Therefore, 

the role of sulfate radicals at pH 10 cannot be conclusively determined based on the available 

quenching results. 

Nevertheless, the predominance of hydroxyl radicals at alkaline pH is consistent with the 

known conversion of sulfate radicals into hydroxyl radicals under alkaline conditions. This sug-

gests that the alkaline reaction environment may have favored hydroxyl radical-dominated ox-

idation rather than sulfate radical-dominated oxidation. In addition, zeta potential measure-

ments showed that Magnetite became strongly negatively charged at alkaline pH (approxi-

mately -25 mV), which likely reduced electrostatic attraction between the catalyst surface and 

negatively charged PS anions. This reduced interaction may have suppressed surface-medi-

ated PS activation and shifted the degradation mechanism toward hydroxyl radical-dominated 

oxidation in the bulk solution. 

Although the final pH values remained alkaline, ranging from pH 7.63 to 8.33, a clear decrease 

from the initial pH of 10 was observed. This acidification may be related to the formation of 

acidic intermediates during CIP degradation and/or the consumption of alkaline species during 

radical reactions. Therefore, the system remained alkaline overall, but the observed pH de-

crease indicates that the reaction environment changed during treatment. 
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4.6.2  Relation between reactive species and degradation pathways 

Overall, the quenching experiments (Table 10) demonstrated that the dominant reactive spe-

cies involved in CIP degradation strongly depended on the solution pH. Under acidic condi-

tions, sulfate radicals appeared to be the primary oxidizing species. At neutral pH, both sulfate 

and hydroxyl radicals seemed to contribute significantly to degradation, suggesting the pres-

ence of a mixed radical system. Under alkaline conditions, hydroxyl radicals appeared to be-

come dominant due to the conversion of SO4·- into OH· radicals at elevated pH. 

In contrast, superoxide radicals showed only a minor contribution under all investigated condi-

tions. These observations are consistent with the pH-dependent radical conversion mecha-

nisms commonly reported for PS-based AOP and help explain the differences in degradation 

behavior observed throughout the optimization experiments. 

Table 10: Relationship between initial solution pH, Magnetite surface charge (zeta potential), final 
reaction pH, and the dominant reactive species contributing to CIP degradation.  

Initial pH Final pH range Magnetite surface charge Dominant reactive species 

4 2.41 – 3.41 Positive SO4·- 

7 3.8 – 4.77 Slightly positive SO4·-, OH· 

10 7.63 – 8.33 Negative OH· 

 

The observed shift in dominant reactive species with increasing pH appears closely linked to 

both radical conversion chemistry and changes in Magnetite surface charge behavior, which 

influence PS activation and interfacial oxidation pathways.  

4.7 System stability and operational robustness 

Additional experiments were performed to evaluate the operational robustness and practical 

applicability of the US/PS/Magnetite system for CIP degradation. The influence of inorganic 

ions and natural organic matter commonly present in real wastewater matrices was investi-

gated to assess potential interference effects. Furthermore, catalyst reusability, iron leaching 

behavior, and energy consumption were evaluated to determine the long-term stability and 

feasibility of the sonocatalytic system. 

4.7.1 Interference of inorganic ions and natural organic matter 

Interference experiments were performed at pH 7, representing conditions commonly encoun-

tered in wastewater treatment systems. The obtained degradation profiles were compared with 

the optimized reference conditions at pH 7 using 0.55 g/L Magnetite, 1.3 mM PS, and 5 ppm 

CIP. Figure 54 shows the influence of inorganic ions and natural organic matter on CIP degra-

dation within the US/PS/Magnetite system. 

The addition of humic acid, used as a model compound for natural organic matter, resulted in 

only limited changes in degradation efficiency. This observation suggests that the sonocatalytic 

system maintained its oxidative performance even in the presence of organic background con-

stituents, indicating potential applicability in complex wastewater or sludge-containing matri-

ces. 
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Figure 54: Influence of inorganic ions and natural organic matter on CIP degradation in the 
US/PS/Magnetite system under optimized conditions at pH 7.  

In contrast, the presence of HCO3
- ions significantly suppressed CIP degradation. Besides in-

fluencing the solution pH, HCO3
- ions are known radical scavengers that can react with hy-

droxyl radicals and sulfate radicals to form less reactive carbonate radicals. This radical scav-

enging effect likely reduced the overall oxidative capacity of the system. 

PO4
3- ions also strongly inhibited degradation efficiency. This behavior is consistent with the 

strong affinity of PO4
3- species toward iron oxide surfaces, which may result in catalyst surface 

poisoning through competitive adsorption and blockage of catalytically active sites involved in 

PS activation. 

4.7.2 Reusability of Magnetite as sonocatalyst 

Figure 55 illustrates the degradation efficiency during consecutive reuse cycles of Magnetite 

within the US/PS/Magnetite system. A progressive decrease in degradation efficiency was ob-

served with increasing reuse cycles, indicating gradual deactivation of the catalyst. 

 

Figure 55: CIP degradation efficiency and catalyst dosage during consecutive reuse cycles of 
Magnetite in the US/PS/Magnetite system. 
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Several mechanisms may have contributed to this performance loss. Intermediate products 

formed during CIP degradation may have accumulated on the catalyst surface, thereby block-

ing active sites involved in PS activation and pollutant adsorption. In addition, no washing was 

applied between reuse cycles, which likely enhanced surface fouling effects. 

A gradual decrease in catalyst mass was also observed during the reuse experiments. Ap-

proximately 67% of initial catalyst mass was lost after five cycles. This reduction may partly 

originate from ultrasonic fragmentation of Magnetite particles, mechanical washout during re-

covery, and possibly iron leaching into the aqueous phase. The progressively darker coloration 

of the treated solution after each reuse cycle further suggests the presence of suspended or 

dissolved iron-containing species. 

These results indicate that although Magnetite exhibits promising sonocatalytic activity, addi-

tional stabilization strategies may be required to improve long-term operational stability. Immo-

bilization of the catalyst on membranes or solid supports, combined with intermediate washing, 

may help preserve catalytic activity and reduce catalyst loss during repeated operation. 

4.7.3 Leaching of Fe ions 

During the reuse experiments, progressively darker coloration of the treated solutions was 

observed together with incomplete catalyst recovery after each cycle (Figure 56). While the 

solution remained nearly transparent after reuse 1, increasingly intense brown coloration was 

observed during subsequent cycles, reaching a maximum during reuse 3. 

 

Figure 56: Solutions obtained after consecutive reuse cycles of Magnetite.  

ICP analysis confirmed the occurrence of iron leaching (Table 11). The normalized iron leach-

ing increased from only 0.458 mg Fe/g catalyst after reuse 1 to 45.4 mg Fe/g catalyst and 201 

mg Fe/g catalyst after reuse 2 and reuse 3, respectively. Although lower values were obtained 

during reuse 4 and reuse 5 (137 and 202 mg Fe/g catalyst, respectively), iron leaching re-

mained substantially higher than during the first cycle. The ICP results are therefore consistent 

with the observed increase in solution coloration and indicate progressive release of iron-con-

taining species during repeated sonocatalytic operation. 

Table 11: Iron leaching measured by ICP-OES following consecutive reuse cycles of Magnetite. 

Reuse 
Iron leaching 

(mg Fe/kg solution) 
Catalyst dosage 

(g/L) 
Iron leaching 

(mg Fe/g catalyst) 

1 0.2525 0.5512 0.4582 

2 21.5108 0.4736 45.4197 

3 83.7278 0.4156 201.4625 

4 35.1757 0.2568 136.9770 

5 36.8539 0.1824 202.0497 
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The observed iron release likely originates from catalyst surface erosion, particle fragmenta-

tion, and partial dissolution induced by acoustic cavitation. Besides indicating gradual catalyst 

degradation, dissolved iron species may also contribute to PS activation through homogene-

ous catalytic pathways, potentially generating additional sulfate radicals. 

4.7.4 Energy consumption 

US represents the primary energy input of the sonocatalytic system and therefore plays an 

important role in evaluating process feasibility. During the experiments, the ultrasonic power 

output remained relatively constant between 60 and 80 W throughout the 1 h treatment period. 

This corresponds to a total supplied energy of approximately 220-290 kJ per experiment and 

a power density of 120-160 W/L. 

The supplied ultrasonic energy contributes both to acoustic cavitation and to the generation of 

ROS responsible for pollutant degradation. Although ultrasonic treatment alone resulted in only 

limited CIP degradation, the combination with PS and Magnetite substantially enhanced oxi-

dation efficiency, indicating that the supplied energy was utilized more effectively in the cou-

pled sonocatalytic system. 

Nevertheless, the relatively high energy demand associated with US remains an important 

consideration for large-scale implementation. Further optimization of catalyst dosage, oxidant 

dosage, and ultrasonic operating conditions may improve the overall energy efficiency of the 

process. 
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5 CONCLUSION 

This thesis investigated the degradation of CECs using US-assisted advanced oxidation sys-

tems based on PS activation and sonocatalysis. The results demonstrated that combining US 

with PS and heterogeneous catalysts substantially enhanced pollutant degradation compared 

to the individual processes alone. 

Among the investigated catalysts, Magnetite showed the most promising overall performance 

for CIP degradation due to its efficient PS activation, favorable degradation efficiency, low-cost 

synthesis, and simple magnetic recovery. In comparison, CuO and CuO/Magnetite composites 

exhibited less favorable performance under the investigated conditions. 

Optimization experiments demonstrated that degradation efficiency was primarily governed by 

the initial pH, whereas catalyst dosage and oxidant dosage showed a more limited influence 

within the investigated ranges. The optimal conditions for CIP degradation were identified as 

pH 4, 0.1 g/L Magnetite, and 2.5 mM PS. Radical quenching experiments and zeta potential 

measurements indicated that sulfate radicals (SO4·-) dominated under acidic conditions, while 

hydroxyl radicals (OH·) became increasingly important at neutral and alkaline pH. The en-

hanced performance at acidic pH was attributed to favorable electrostatic interactions between 

PS anions and the positively charged Magnetite surface, promoting sulfate radical generation. 

The developed US/PS/Magnetite system was also evaluated for PFOA degradation. Com-

pared to CIP, PFOA proved substantially more resistant toward degradation, highlighting the 

difficulty of breaking the highly stable C–F bonds characteristic of PFAS compounds. Due to 

experimental and analytical limitations, only a preliminary optimization study could be per-

formed. Nevertheless, the obtained results indicated that the most favorable degradation be-

havior occurred under acidic conditions combined with elevated oxidant dosages. Although 

defluorination and mineralization could not yet be quantified with sufficient reliability, the pre-

liminary results suggest that oxidant dosage plays an important role in determining PFOA deg-

radation efficiency. 

Additional CIP degradation experiments demonstrated that the sonocatalytic system main-

tained relatively stable performance in the presence of humic acid, indicating potential applica-

bility in complex wastewater matrices. In contrast, HCO3
− and PO4

3− ions significantly inhibited 

degradation due to radical scavenging effects and catalyst surface poisoning, respectively. 

CIP catalyst reuse experiments revealed a gradual loss of degradation efficiency during re-

peated operation. Catalyst mass loss, iron leaching, and surface fouling likely contributed to 

the observed deactivation behavior, indicating that further improvements in catalyst stabiliza-

tion, recovery, and regeneration are required. 

Overall, this work demonstrates the strong potential of US-assisted PS activation using Mag-

netite for the degradation of organic micropollutants. At the same time, the results highlight the 

importance of further optimizing radical generation pathways, catalyst stability, and operational 

efficiency to improve the applicability of sonocatalytic AOPs for wastewater treatment. 
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6 LIMITATIONS AND FUTURE RESEARCH 

6.1 Limitations 

Several limitations should be considered when interpreting the results obtained in this study. 

Although the experiments provided important mechanistic and operational insights into US-

assisted PS activation for pollutant degradation, further experimental refinement remains nec-

essary. 

A major limitation concerned the experimental development of the PFOA degradation system. 

The original objective of this thesis primarily focused on PFAS degradation, particularly PFOA. 

However, optimization and mechanistic investigation of the PFOA system were strongly limited 

by the long waiting times associated with UHPLC-QTOF-MS analysis, which was performed 

at an external laboratory location. Because analytical feedback was obtained only after ex-

tended delays, rapid iterative optimization of experimental conditions was not feasible during 

the course of the study. 

As a result, experimental work increasingly shifted toward CIP degradation, for which faster 

analytical measurements could be performed locally using HPLC. This allowed more extensive 

optimization, mechanistic analysis, radical quenching experiments, interference studies, and 

catalyst evaluation for the CIP system. In contrast, for PFOA mainly preliminary optimization 

experiments could be performed, while more detailed investigations such as baseline experi-

ments, radical quenching studies, extensive parameter optimization, degradation pathway 

analysis, and operational stability experiments could not yet be completed. 

The statistical robustness of several experiments was also limited. Radical quenching experi-

ments, catalyst reuse experiments, and interference studies involving inorganic ions and nat-

ural organic matter were performed without experimental replicates due to time limitations. 

While the observed trends were clear and chemically consistent with literature findings, future 

work should include replicate measurements to improve statistical reliability and experimental 

reproducibility. 

Furthermore, the statistical robustness of the optimization study differed between both target 

pollutants. While the CIP optimization was supported by a statistically significant regression 

model, the limited experimental dataset available for PFOA restricted the statistical power of 

the analysis. Therefore, the observed PFOA trends should be regarded as preliminary and 

require further confirmation. 

Several analytical limitations also remained for the PFOA degradation experiments. Although 

degradation trends could be observed, reliable quantification of defluorination and mineraliza-

tion remained difficult under the investigated experimental conditions. Additional analytical op-

timization and higher pollutant concentrations may therefore be required to obtain more accu-

rate fluorine balance and mineralization data. 

Additional uncertainty may have been introduced during the preparation and storage of PS 

stock solutions used in the baseline experiments. After dissolution, the persulfate solution was 

rapidly cooled and stored at low temperature, which likely induced partial crystallization within 
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the stock solution. As a result, the effective PS concentration added during the baseline ex-

periments may have differed slightly from the intended dosage, potentially influencing the ob-

served degradation efficiencies for the PS and US/PS systems. 

Finally, the current study was performed using a batch reactor configuration under laboratory-

scale conditions. While this setup allowed detailed investigation of degradation behavior and 

reaction mechanisms, it does not fully represent realistic large-scale wastewater treatment 

conditions. Important operational factors such as continuous flow behavior, long-term catalyst 

stability, sludge interactions, and energy efficiency therefore still require further investigation. 

6.2 Future research 

Further optimization of the US/PS/Magnetite system remains necessary to improve both deg-

radation efficiency and operational feasibility. Although promising degradation efficiencies 

were obtained for both CIP and PFOA, additional optimization remains possible for both sys-

tems. The current results provide important mechanistic guidelines regarding the influence of 

pH, radical behavior, catalyst dosage, oxidant dosage, and surface charge interactions, which 

can be used to direct future optimization strategies more efficiently. 

For CIP degradation, additional studies should focus on the mechanistic differences between 

acidic and neutral operating conditions, particularly regarding adsorption behavior, radical gen-

eration, mineralization efficiency, and degradation kinetics. Although acidic conditions resulted 

in the highest degradation efficiency, neutral conditions may remain more attractive for practi-

cal wastewater treatment applications due to reduced chemical adjustment requirements. 

Future optimization studies should also investigate gradual or stepwise PS addition strategies 

instead of single-dose oxidant addition. Controlled PS dosing may reduce radical self-scav-

enging effects at elevated oxidant dosage and maintain more stable reactive species genera-

tion throughout the treatment process, potentially improving overall oxidation efficiency and 

oxidant utilization. 

For PFOA degradation, substantially more optimization remains necessary due to the extreme 

stability of PFAS compounds. The influence of higher oxidant dosages, alternative catalyst 

dosage, longer treatment times, and modified ultrasonic operating conditions should be further 

investigated. In addition, radical quenching experiments combined with zeta potential analysis 

may provide further insight into the dominant degradation mechanisms involved in PFAS oxi-

dation under different pH conditions. 

Further mechanistic understanding could be obtained by identifying degradation intermediates 

and transformation pathways using advanced analytical techniques such as mass spectrome-

try. Such analyses would provide valuable information regarding mineralization pathways, flu-

orine release behavior, and the potential formation of toxic intermediates during degradation. 

Future research should also evaluate the applicability of the sonocatalytic system in real 

wastewater matrices containing multiple pollutants, inorganic ions, and natural organic matter. 

In particular, experiments involving sludge-containing systems would be highly relevant, since 

many organic micropollutants and PFAS compounds accumulate in sludge phases. Both pol-

lutant desorption followed by aqueous-phase treatment and direct sludge treatment ap-

proaches should therefore be investigated. 
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Additional work is also required to improve catalyst stability and long-term operational perfor-

mance. Future reuse experiments should evaluate catalyst washing and regeneration proce-

dures, as well as strategies to reduce catalyst loss and iron leaching during ultrasonic treat-

ment. Immobilization of Magnetite onto membranes or solid supports may improve catalyst 

recovery and enhance process stability during repeated operation. 

Future studies should additionally focus on reducing the energy demand associated with US. 

Optimization of ultrasonic frequency, power density, irradiation mode, and reactor geometry 

may improve cavitation efficiency and lower the specific energy consumption of the process. 

In particular, the use of combined ultrasonic frequencies, such as dual-frequency or multi-fre-

quency irradiation, could be investigated to determine whether simultaneous cavitation at dif-

ferent frequencies enhances radical generation, mass transfer, and degradation efficiency. 

Evaluation of degradation efficiency relative to supplied energy input will be essential for as-

sessing the large-scale feasibility of sonocatalytic wastewater treatment systems. 

Finally, future studies should investigate alternative reactor configurations better suited for 

large-scale implementation. Continuous or semi-continuous reactor systems may improve pro-

cess scalability and energy efficiency compared to the current batch configuration. Reactor 

designs combining continuous influent treatment with immobilized sonocatalysts and opti-

mized ultrasonic irradiation zones may provide promising opportunities for practical 

wastewater treatment applications. 
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A. 1 

Bijlagen 

Bijlage A Experimental run order and conditions for enhanced CIP degradation. 

Bijlage B Experimental run order and conditions for enhanced PFOA degradation. 

 

Bijlage A EXPERIMENTAL RUN ORDER AND CONDITIONS FOR ENHANCED CIP 

DEGRADATION. 

CIP 
Initial pH 

(/) 

Catalyst dosage 

(g/L) 

Oxidant dosage 

(mM) 

A 4 1.00 0.1 

B 10 0.10 0.1 

C 4 1.00 0.1 

D 10 1.00 2.5 

E 10 0.10 0.1 

F 7 0.55 1.3 

G 10 0.10 0.1 

H 10 1.00 2.5 

I 4 0.10 2.5 

J 4 1.00 0.1 

K 7 0.55 1.3 

L 4 0.10 2.5 

M 10 1.00 2.5 

N 4 0.10 2.5 

 

  



 

A. 2 

Bijlage B EXPERIMENTAL RUN ORDER AND CONDITIONS FOR ENHANCED 

PFOA DEGRADATION. 

PFOA 
Initial pH 

(/) 

Catalyst dosage 

(g/L) 

Oxidant dosage 

(mM) 

AA 10 0.5 5.0 

BB 10 1.5 20.0 

CC 7 1.0 12.5 

DD 10 1.5 20.0 

EE 4 1.5 5.0 

FF 10 1.5 20.0 

GG 4 1.5 5.0 

HH 10 0.5 5.0 

II 4 0.5 20.0 

JJ 10 0.5 5.0 

KK 7 1.0 12.5 

LL 4 0.5 20.0 

MM 4 0.5 20.0 

NN 4 1.5 5.0 





 

 

 

FACULTEIT INDUSTRIËLE INGENIEURSWETENSCHAPPEN 

W. de Croylaan 56 

3001 HEVERLEE, België 

info.iiw@kuleuven.be 

www.iiw.kuleuven.be 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.iiw.kuleuven.be/

