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I. INTRODUCTION 
 

The Global Water Pollution Challenge 

Water pollution has become one of the most 

pressing environmental challenges of the twenty-

first century. Rapid industrialization, agricultural 

intensification, and urbanization have resulted in the 

discharge of complex chemical mixtures into water 

bodies worldwide [1]. Industrial effluents from 

textile, pharmaceutical, petrochemical, and 

manufacturing sectors contain a wide array of 

organic pollutants including synthetic dyes, active 

pharmaceutical ingredients, pesticides, phenolics, 

and endocrine-disrupting compounds [2]. Many of 

these pollutants are bio-refractory, meaning they 

resist conventional biological treatment processes 

and persist in the environment [3]. 

 

The presence of these contaminants in aquatic 

ecosystems poses significant risks. Synthetic dyes, 

even at low concentrations, reduce light penetration 
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and photosynthetic activity in water bodies [4]. 

Pharmaceuticals and personal care products can 

induce chronic toxicity in aquatic organisms and 

contribute to antimicrobial resistance [5]. Phenolic 

compounds are toxic to aquatic life even at parts-

per-billion levels [6]. The detection of these 

"emerging contaminants" in drinking water sources 

has raised serious concerns about potential human 

health effects [7]. 

 

Limitations of Conventional Treatment 

Technologies 

Conventional wastewater treatment typically 

involves primary (physical sedimentation), secondary 

(biological oxidation), and sometimes tertiary 

(advanced) treatment stages [8]. While effective for 

removing suspended solids, biodegradable organics, 

and nutrients, these conventional processes have 

significant limitations: 

 

Biological treatment: Activated sludge processes and 

other biological methods are effective for readily 

biodegradable compounds but fail to mineralize 

recalcitrant organic pollutants [9]. Many industrial 

chemicals are designed to be stable and resist 

biodegradation. Furthermore, high pollutant 

concentrations can be toxic to microorganisms, 

inhibiting treatment performance [10]. 

 

Physical separation: Coagulation-flocculation, 

adsorption onto activated carbon, and membrane 

filtration transfer pollutants from one phase to 

another rather than destroying them [11]. This 

creates secondary waste streams requiring further 

treatment or disposal. 

 

Conventional chemical oxidation: Chlorination and 

other traditional chemical oxidants may form toxic 

disinfection by-products and often achieve only 

partial oxidation of complex organic molecules [12]. 

These limitations have driven intensive research into 

advanced oxidation processes capable of achieving 

complete mineralization of organic pollutants to 

CO₂, H₂O, and inorganic ions [13]. 

 

 

 

Advanced Oxidation Processes: Principles and 

Challenges 

Advanced oxidation processes (AOPs) are 

characterized by the generation of highly reactive 

hydroxyl radicals (•OH), which possess an oxidation 

potential (E⁰ = 2.80 V) second only to fluorine among 

common oxidants [14]. Hydroxyl radicals react non-

selectively with most organic compounds at near-

diffusion-limited rates (10⁸-10¹⁰ M⁻¹ s⁻¹), attacking 

pollutant molecules through hydrogen abstraction, 

electrophilic addition, and electron transfer 

mechanisms [15]. 

 

Common AOPs include: 

 Fenton processes: Fe²⁺ catalyzes H₂O₂ 

decomposition to generate •OH [16] 

 Photocatalysis: Semiconductor catalysts 

(TiO₂, ZnO) irradiated with UV light generate 

electron-hole pairs that produce reactive 

oxygen species [17] 

 Ozonation: O₃ reacts directly with pollutants 

or decomposes to form •OH [18] 

 Persulfate activation: SO₄•⁻ radicals with 

high oxidation potential (2.5-3.1 V) [19] 

 Electrochemical oxidation: Direct or indirect 

oxidation at electrode surfaces [20] 

 

Despite their potential, standalone AOPs face 

several challenges: 

 

Mass transfer limitations: The reaction between 

short-lived •OH and pollutants is limited by the rate 

at which pollutants contact reactive sites [21]. 

 

High chemical consumption: Fenton and related 

processes require continuous addition of H₂O₂ and 

catalysts [22]. 

 

Energy intensity: UV lamps for photocatalysis and 

ozone generators consume substantial electrical 

energy [23]. 

 

Incomplete mineralization: Some AOPs achieve only 

partial oxidation, potentially forming transformation 

products more toxic than parent compounds [24]. 

 



 Rohit Sunil Khedkar, International Journal of Science, Engineering and Technology, 

 2025, 13:1 

 

3 

 

 

Catalyst recovery: Suspended nanoparticle catalysts 

require separation steps, adding process complexity 

[25]. 

 

Hydrodynamic Cavitation: A Platform for Process 

Intensification 

Hydrodynamic cavitation (HC) has emerged as a 

promising platform technology for intensifying AOP 

performance [26]. Cavitation refers to the formation, 

growth, and implosive collapse of vapor-filled 

cavities in a liquid medium subjected to rapid 

pressure changes [27]. In hydrodynamic cavitation, 

this is achieved by passing liquid through 

constrictions such as orifice plates, venturi tubes, or 

rotor-stator assemblies, where the local velocity 

increases and pressure drops below the vapor 

pressure of the liquid [28]. 

 

The implosive collapse of cavitation bubbles 

generates localized "hotspots" with extraordinary 

conditions: temperatures reaching 5000-10,000 K, 

pressures up to 1000 atm, and heating/cooling rates 

exceeding 10¹⁰ K/s [29]. Under these extreme 

conditions, water molecules undergo thermal 

dissociation to generate •OH radicals [30]: 

 

H₂O → •OH + •H 

 

Furthermore, cavitation enhances mass transfer 

through microturbulence, shock waves, and 

liquid micro-jets [31]. These effects can: 

 Increase contact between pollutants and 

reactive species 

 Disrupt pollutant aggregates and enhance 

accessibility 

 Activate catalysts through surface cleaning 

and defect generation 

 Promote decomposition of oxidants (H₂O₂, 

O₃) to generate additional radicals [32] 

 

Nanomaterials as Catalysts in AOPs 

Nanomaterials offer unique advantages as catalysts 

for AOPs due to their high specific surface area, 

abundant active sites, tunable surface chemistry, and 

size-dependent optical and electronic properties 

[33]. Common nanomaterials investigated for AOP 

applications include: 

Metal oxide nanoparticles: TiO₂, ZnO, Fe₂O₃, CuO, 

and mixed oxides [34] 

 

Zero-valent metals: nZVI (nanoscale zero-valent 

iron), nano-Cu, nano-Ag [35] 

 

Carbon-based nanomaterials: Carbon nanotubes, 

graphene oxide, graphitic carbon nitride [36] 

 

Nanocomposites: Bimetallic nanoparticles, 

supported catalysts, magnetic nanocomposites for 

easy recovery [37] 

 

When integrated with hydrodynamic cavitation, 

nanomaterials can serve as: 

 Heterogeneous catalysts enhancing radical 

generation 

 Adsorbents concentrating pollutants near 

reactive sites 

 Nucleation sites for cavity formation 

 Photocatalysts activated by cavitation-

induced sonoluminescence [38] 

 

Scope and Organization of This Review 

This comprehensive review examines the state-of-

the-art in hybrid wastewater treatment systems 

integrating advanced oxidation processes, 

hydrodynamic cavitation, and nanomaterials. The 

specific objectives are: 

 

 To elucidate fundamental mechanisms of 

hydrodynamic cavitation and its role in 

intensifying AOPs 

 To systematically review HC-AOP-

nanomaterial hybrid systems for various 

pollutant classes 

 To analyze key operating parameters and 

their influence on degradation efficiency 

 To evaluate energy efficiency and economic 

considerations 

 To identify current challenges and future 

research directions 

 

The review is organized as follows: Section 2 

presents the fundamental principles of 

hydrodynamic cavitation. Section 3 examines 

mechanisms of cavitation-AOP synergy. Section 4 

reviews nanomaterial catalysts for HC-based 



 Rohit Sunil Khedkar, International Journal of Science, Engineering and Technology, 

 2025, 13:1 

 

4 

 

 

systems. Section 5 provides comprehensive 

coverage of applications for different pollutant 

classes. Section 6 analyzes operating parameters and 

optimization strategies. Section 7 addresses energy 

efficiency and scale-up considerations. Section 8 

discusses current challenges and future perspectives. 

 

II. FUNDAMENTALS OF 

HYDRODYNAMIC CAVITATION 
 

Principles of Cavitation 

Cavitation occurs when the local pressure in a liquid 

falls below its vapor pressure, causing vaporization 

and formation of vapor-filled cavities (bubbles or 

cavities) [39]. These cavities subsequently collapse 

when they encounter regions of higher pressure, 

releasing concentrated energy. 

 

The cavitation phenomenon is characterized by the 

cavitation number (Cᵥ), a dimensionless parameter 

defined as [40]: 

 

Cᵥ = (P₂ - Pᵥ) / (½ρv₀²) 

where: 

 P₂ = recovered pressure downstream of the 

constriction (Pa) 

 Pᵥ = vapor pressure of the liquid (Pa) 

 ρ = liquid density (kg/m³) 

 v₀ = velocity at the constriction (m/s) 

 

Cavitation inception typically occurs at Cᵥ ≤ 1, with 

lower values indicating more intense cavitation [41]. 

However, optimal cavitation for wastewater 

treatment requires balancing cavity formation with 

effective collapse. 

 

Hydrodynamic Cavitation Reactor Configurations 

Several reactor geometries have been developed for 

hydrodynamic cavitation: 

 

Orifice plates: Circular plates with one or multiple 

holes through which liquid passes [42]. Multi-hole 

orifices provide higher cavitational yield by 

generating multiple cavitation events 

simultaneously. Key design parameters include hole 

diameter, hole number, plate thickness, and hole 

arrangement. 

Venturi tubes: Convergent-divergent nozzles that 

accelerate flow through a throat section [43]. Venturi 

geometries offer advantages including reduced 

clogging, more uniform cavitation, and easier 

scalability compared to orifice plates. 

 

Rotor-stator assemblies: High-shear devices where 

cavitation is generated by rapid rotation of a rotor 

within a stator [44]. These devices can achieve 

intense cavitation but have higher energy 

consumption. 

 

Swirl-type reactors: Generate cavitation through 

vortex formation, creating cavitation clouds with 

unique flow patterns [45]. 

 

Cavitation Bubble Dynamics 

The life cycle of a cavitation bubble involves three 

stages [46]: 

 

Formation (nucleation): Cavities originate from pre-

existing gas nuclei in the liquid, often stabilized in 

crevices of suspended particles or reactor walls. 

Nanoparticles can serve as nucleation sites, 

potentially lowering the energy required for 

cavitation inception [47]. 

 

Growth: Bubbles grow through vaporization of liquid 

into the cavity and diffusion of dissolved gases. 

Growth continues while the bubble remains in the 

low-pressure region. 

 

Collapse: Upon entering a high-pressure region, 

bubbles implode violently. For symmetric collapse 

near a rigid boundary, spherical convergence 

produces a liquid jet directed toward the boundary, 

along with shock wave emission [48]. Asymmetric 

collapse generates microturbulence and shear 

forces. 

 

The collapse temperature (T_max) can be estimated 

from the adiabatic compression equation [49]: 

 

T_max = T₀ [Pₘ(γ-1)/Pᵥ] 

where T₀ is bulk liquid temperature, Pₘ is pressure at 

collapse, Pᵥ is vapor pressure, and γ is the specific 

heat ratio. 
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Physical and Chemical Effects of Cavitation 

Cavitation produces multiple effects relevant to 

wastewater treatment: 

 

Mechanical effects: 

 Shock waves (pressure pulses up to 1000 

bar) disrupt pollutant aggregates and 

microbial cells [50] 

 Micro-jets (velocities up to 100 m/s) erode 

surfaces and enhance mass transfer [51] 

 

 Turbulence and acoustic streaming improve 

mixing and contact [52] 

 Thermal effects: Localized high 

temperatures promote thermolytic reactions 

and activate catalysts [53]. 

 

Chemical effects: Water dissociation generates 

•OH, •H, and other radicals. Dissolved gases (O₂, N₂) 

can form additional reactive species [54]: 

O₂ → 2O• (then O• + H₂O → 2•OH) 

N₂ + O₂ → NOₓ species 

 

Factors Affecting Cavitation Intensity 

Inlet pressure: Increasing inlet pressure raises 

velocity through the constriction, reducing cavitation 

number and increasing cavity formation. However, 

beyond an optimal pressure, cavities may not 

collapse effectively or may coalesce into vapor 

clouds that dampen collapse intensity [55]. 

 

Geometric parameters: Hole diameter, throat 

dimensions, and constriction geometry determine 

velocity profiles and pressure recovery. Smaller 

orifices generate more intense cavitation but 

increase energy consumption [56]. 

 

Liquid properties: Viscosity, surface tension, and 

vapor pressure influence cavitation inception and 

intensity. Higher vapor pressure facilitates cavitation 

but may reduce collapse temperature [57]. 

 

Dissolved gases: The type and concentration of 

dissolved gases affect radical formation. 

Monoatomic gases (Ar, He) yield higher collapse 

temperatures than diatomic gases (N₂, O₂) [58]. 

Temperature: Higher temperatures increase vapor 

pressure, promoting cavitation but potentially 

reducing collapse intensity [59]. 

 

III. MECHANISMS OF SYNERGY: 

HYDRODYNAMIC CAVITATION WITH 

AOPS 
 

HC/H₂O₂ Systems 

Hydrogen peroxide alone is a relatively weak oxidant 

for many recalcitrant pollutants. However, HC 

enhances H₂O₂ oxidation through multiple 

mechanisms [60]: 

 

 Thermal dissociation of H₂O₂ in collapsing 

cavities: H₂O₂ → 2•OH 

 Enhanced mass transfer of H₂O₂ to pollutant 

molecules 

 Cavitation-induced activation of H₂O₂ at 

catalyst surfaces 

 

The optimal H₂O₂ concentration must balance 

enhanced radical production against scavenging 

effects at high concentrations (H₂O₂ + •OH → HO₂• 

+ H₂O) [61]. 

 

HC/Fenton and HC/Fenton-like Systems 

The Fenton reaction (Fe²⁺ + H₂O₂ → Fe³⁺ + •OH + 

OH⁻) is one of the most effective AOPs, but faces 

limitations including narrow optimal pH range (2.8-

3.5), iron sludge production, and slow Fe³⁺/Fe²⁺ 

cycling [62]. 

 

HC integration addresses these limitations [63]: 

 Cavitation accelerates Fe³⁺ reduction back to 

Fe²⁺ through radical reactions and thermal 

effects 

 Enhanced mass transfer increases contact 

between Fe²⁺ and H₂O₂ 

 Cavitation can activate heterogeneous iron 

catalysts (iron oxides, zero-valent iron) 

 Mechanical disruption prevents catalyst 

agglomeration 

 

The "pseudo staggered effect" observed in HC-

photocatalysis-peroxide systems demonstrates that 
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cavitation can dramatically enhance Fenton-like 

processes [64]. 

 

HC/Photocatalysis 

Photocatalysis relies on semiconductor irradiation to 

generate electron-hole pairs that produce reactive 

oxygen species. HC integration enhances 

photocatalysis through [65]: 

 

Catalyst activation: Cavitation cleans catalyst 

surfaces, removing adsorbed intermediates and 

exposing fresh active sites. Shock waves can also 

create surface defects that enhance photocatalytic 

activity. 

 

Enhanced mass transfer: Microturbulence brings 

pollutants to catalyst surfaces more effectively. 

Sonoluminescence: Cavitation collapse emits light 

across a broad spectrum (including UV) that can 

activate photocatalysts even without external 

illumination [66]. 

 

De-agglomeration: Cavitation breaks up 

nanoparticle aggregates, increasing effective surface 

area. 

 

HC/Ozonation 

Ozonation is widely used for disinfection and 

micropollutant oxidation. HC intensifies ozonation 

through [67]: 

 

 Enhanced ozone mass transfer due to 

microturbulence 

 Thermal decomposition of ozone to 

generate •OH 

 Formation of additional radicals from ozone 

reactions with cavitation-generated •H and 

•OH 

 Improved ozone utilization efficiency 

 HC/O₃ systems achieve higher pollutant 

degradation with lower ozone doses 

compared to conventional ozonation [68]. 

 

HC/Persulfate Activation 

Sulfate radical-based AOPs have gained attention 

due to SO₄•⁻ high oxidation potential (2.5-3.1 V) and 

longer half-life compared to •OH [69]. Persulfate 

(S₂O₈²⁻) can be activated by heat, UV, transition 

metals, or cavitation. 

 

HC activates persulfate through [70]: 

 Thermal activation in collapsing cavities (T > 

50°C sufficient for activation) 

 Radical-mediated activation (•H + S₂O₈²⁻ → 

SO₄•⁻ + SO₄²⁻ + H⁺) 

 Enhanced contact with heterogeneous 

activators (metal oxides, zero-valent metals) 

 

Multiple Oxidation Mechanisms in HC-AOP 

Systems 

Hybrid HC-AOP systems benefit from multiple 

simultaneous oxidation pathways [71]: 

 

Direct cavitation oxidation: •OH from water 

dissociation 

Enhanced chemical oxidation: Activated oxidants 

(H₂O₂, O₃, persulfate) generate additional radicals 

Thermal degradation: High localized temperatures 

directly pyrolyze pollutants near collapsing cavities 

Shear degradation: Mechanical forces break down 

high molecular weight pollutants 

Catalytic oxidation: Enhanced activity of suspended 

or immobilized catalysts 

The synergy factor (f) can be quantified as [72]: 

f = k(HC+AOP) / [k(HC) + k(AOP)] 

where k represents pseudo-first-order rate 

constants. Synergy factors >1 indicate positive 

synergy, with values of 2-5 commonly reported for 

HC-AOP combinations [73]. 

 

IV. NANOMATERIALS FOR HC-

INTEGRATED AOP SYSTEMS 
 

Design Criteria for Nanocatalysts in HC 

Environments 

Nanomaterials intended for HC-AOP applications 

must satisfy specific requirements [74]: 

 

Cavitation stability: Resistance to mechanical 

degradation from shock waves and micro-jets 

 

Dispersion stability: Resistance to agglomeration 

under cavitation-induced turbulence 
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Surface activity: Abundant active sites for radical 

generation 

 

Recyclability: Easy separation and reuse (magnetic 

properties advantageous) 

 

Chemical stability: Resistance to leaching and 

deactivation in aggressive oxidative environments 

 

Metal Oxide Nanoparticles 

Titanium dioxide (TiO₂): The most widely studied 

photocatalyst for wastewater treatment. In HC-

photocatalysis systems, TiO₂ benefits from 

cavitation-induced de-agglomeration, surface 

cleaning, and sonoluminescence activation [75]. 

Anatase TiO₂ shows higher activity than rutile due to 

greater surface area and more favorable band 

structure [76]. 

 

Zinc oxide (ZnO): ZnO offers similar bandgap to TiO₂ 

(3.2-3.3 eV) but higher electron mobility and 

quantum efficiency [77]. Sarvothaman and 

colleagues demonstrated that HC-photocatalysis-

peroxide systems with ZnO achieved cavitational 

yields 5 times higher than acoustic cavitation 

counterparts [64]. However, ZnO suffers from 

photocorrosion in aqueous environments, which 

cavitation may exacerbate. 

 

Iron oxides (Fe₂O₃, Fe₃O₄): Magnetic iron oxide 

nanoparticles serve as recoverable Fenton-like 

catalysts [78]. Magnetite (Fe₃O₄) contains both Fe²⁺ 

and Fe³⁺, facilitating electron transfer and radical 

generation. HC enhances iron oxide catalytic activity 

through surface activation and improved mass 

transfer [79]. 

 

Mixed metal oxides: Spinels (CoFe₂O₄, ZnFe₂O₄, 

CuFe₂O₄) and perovskites offer tunable catalytic 

properties [80]. These materials can simultaneously 

catalyze multiple AOPs (Fenton, persulfate 

activation, photocatalysis) in HC systems. 

 

Zero-Valent Metal Nanoparticles 

Nanoscale zero-valent iron (nZVI): nZVI is a powerful 

reducing agent and Fenton catalyst [81]. In HC 

systems, nZVI benefits from [82]: 

 Surface activation by cavitation-induced oxide 

layer removal 

 Enhanced corrosion rates generating Fe²⁺ for 

Fenton reactions 

 Improved dispersion preventing agglomeration 

 Synergistic effects with H₂O₂ and persulfate 

 Bimetallic nanoparticles: Fe/Cu, Fe/Pd, and Fe/Ni 

nanoparticles combine the reducing power of 

nZVI with catalytic hydrodechlorination activity 

of noble metals [83]. These materials are 

particularly effective for chlorinated pollutant 

degradation. 

 

Carbon-Based Nanomaterials 

Carbon nanotubes (CNTs): CNTs adsorb pollutants 

while catalyzing radical generation from peroxides 

and persulfate [84]. Their high aspect ratio and 

mechanical strength resist cavitation damage. 

 

Graphene and graphene oxide: Graphene-based 

materials offer exceptional surface area, electron 

mobility, and functionalizable surface chemistry [85]. 

Graphene oxide (GO) contains oxygen functional 

groups that can participate in radical generation. 

 

Graphitic carbon nitride (g-C₃N₄): This metal-free 

photocatalyst has gained attention for visible-light 

activity and stability [86]. HC enhances g-C₃N₄ 

dispersion and can provide mechanical exfoliation to 

increase surface area. 

 

Carbon black and activated carbon: Low-cost carbon 

materials can serve as catalyst supports or direct 

catalysts for persulfate activation [87]. 

 

Nanocomposites and Supported Catalysts 

Magnetic nanocomposites: Core-shell structures 

(Fe₃O₄@SiO₂, Fe₃O₄@TiO₂) combine magnetic 

recoverability with catalytic functionality [88]. The 

magnetic core enables easy separation using 

external magnets, while the shell provides catalytic 

activity and protects the core from oxidation. 

 

Supported catalysts: Immobilizing nanoparticles on 

larger supports (zeolites, silica, alumina) facilitates 

recovery while maintaining high catalytic activity 

[89]. HC can enhance mass transfer to supported 

catalysts without dislodging nanoparticles. 
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Metal-organic frameworks (MOFs): MOFs offer ultra-

high surface area and tunable porosity [90]. Some 

MOFs (MIL-88, ZIF-8) show Fenton-like or 

photocatalytic activity. However, MOF stability under 

cavitation requires careful evaluation. 

 

Mechanisms of Nanocatalyst Action in HC 

Systems 

Radical generation: Nanocatalysts accelerate 

decomposition of H₂O₂, O₃, and persulfate to 

reactive radicals [91]: 

≡Fe²⁺ + H₂O₂ → ≡Fe³⁺ + •OH + OH⁻ (surface Fenton) 

TiO₂(e⁻) + O₂ → O₂•⁻ (superoxide) 

TiO₂(h⁺) + H₂O → •OH 

 

Pollutant adsorption: High surface area 

nanomaterials concentrate pollutants near radical 

generation sites, enhancing degradation kinetics 

[92]. 

 

Cavitation nucleation: Nanoparticles can serve as 

nucleation sites for cavitation bubbles, potentially 

lowering the energy threshold for cavitation 

inception [93]. 

 

Surface activation: Cavitation mechanically activates 

catalyst surfaces through cleaning, defect creation, 

and particle size reduction [94]. 

 

V. APPLICATIONS FOR POLLUTANT 

CLASSES 
 

Dyes and Textile Wastewater 

Synthetic dyes represent a major class of industrial 

pollutants, with over 100,000 commercially available 

dyes and 700,000 tons annually produced worldwide 

[95]. Dyes are designed to resist degradation, 

making them challenging targets for conventional 

treatment. 

 

Azo dyes: The most common dye class, characterized 

by -N=N- bonds. Methyl orange, Congo red, 

Reactive Black 5, and Acid Orange 7 have been 

extensively studied in HC-AOP systems [96]. Azo 

bond cleavage is the initial degradation step, 

followed by aromatic ring opening. 

 

A comprehensive review by Egyptian researchers 

examined HC-based dye degradation, concluding 

that HC combined with AOPs achieved significantly 

higher removal than standalone processes [97]. 

Optimal conditions typically include: 

 

 Inlet pressure: 3-8 bar depending on reactor 

geometry 

 pH: Acidic conditions (pH 3-4) favor Fenton-

based systems; near-neutral pH for 

photocatalysis 

 Catalyst loading: 0.1-1.0 g/L for nanoparticle 

catalysts 

 Oxidant concentration: 100-1000 mg/L H₂O₂ 

 HC/Fenton for dye removal: HC combined 

with Fenton achieved 95-99% decolorization 

of various azo dyes within 30-60 minutes, 

compared to 60-70% for Fenton alone [98]. 

The synergy arises from enhanced Fe³⁺ 

reduction and improved mass transfer. 

 

HC/Photocatalysis for dyes: TiO₂ and ZnO 

nanoparticles under UV or solar irradiation 

combined with HC showed 2-5 fold enhancement in 

degradation rates [99]. The pseudo staggered effect 

observed in HC-photocatalysis-peroxide systems 

proved particularly effective [64]. 

 

HC/Persulfate for dyes: Persulfate activated by HC 

achieved 90% degradation of Acid Orange 7 within 

45 minutes, with sulfate radicals as the primary 

oxidizing species [100]. 

 

Pharmaceutical and Personal Care Products 

Pharmaceuticals and personal care products (PPCPs) 

are emerging contaminants of concern detected 

worldwide in wastewater, surface water, and even 

drinking water [101]. These compounds are 

designed for biological activity and often resist 

biodegradation. 

 

Antibiotics: Amoxicillin, ciprofloxacin, 

sulfamethoxazole, and tetracycline have been 

targeted in HC-AOP studies [102]. Antibiotic 

degradation is particularly important to prevent 

development of antimicrobial resistance in 

environmental bacteria. 
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Non-steroidal anti-inflammatory drugs (NSAIDs): 

Diclofenac, ibuprofen, and naproxen are frequently 

detected in wastewater [103]. Diclofenac is notably 

susceptible to photodegradation, making HC-

photocatalysis combinations effective. 

 

Hormones: 17β-estradiol and 17α-ethinylestradiol 

(synthetic estrogen) are endocrine disruptors active 

at parts-per-trillion levels [104]. HC-based systems 

achieve rapid hormone degradation. 

 

X-ray contrast media: Iodinated contrast agents like 

iohexol and iopromide are highly recalcitrant [105]. 

HC/ozonation and HC/persulfate show promise for 

these compounds. 

 

Research at Tel Aviv University has focused on 

catalytic ozonation and peroxonation for 

pharmaceutical degradation, emphasizing the 

importance of understanding transformation 

product toxicity [106]. Even when parent compounds 

are removed, transformation products may retain 

biological activity or exhibit enhanced toxicity. 

 

Phenolic Compounds 

Phenols and substituted phenols are common 

industrial pollutants from petrochemical, pesticide, 

and pharmaceutical manufacturing [107]. Phenol 

itself is a model compound for AOP studies due to 

its well-characterized degradation pathway. 

 

Phenol: HC alone achieves partial phenol 

degradation (20-40%) through •OH attack [108]. 

HC/Fenton achieves 80-95% phenol removal within 

60 minutes, with catechol and hydroquinone as 

primary intermediates before ring opening to 

carboxylic acids and finally CO₂ [109]. 

 

Chlorophenols: 2-chlorophenol, 4-chlorophenol, 

and pentachlorophenol are priority pollutants due to 

toxicity and persistence [110]. HC combined with 

nZVI or Fenton achieves rapid dechlorination 

followed by ring cleavage. 

 

Nitrophenols: p-nitrophenol and 2,4-dinitrophenol 

are explosive manufacturing intermediates and toxic 

pollutants [111]. The electron-withdrawing nitro 

groups make these compounds resistant to 

electrophilic attack, requiring high •OH fluxes 

achievable in HC-AOP systems. 

 

Sarvothaman and colleagues emphasized that the 

most influential AOP should form the basis for hybrid 

process design, with complementary AOPs selected 

based on pollutant characteristics [64]. For phenol, 

photocatalysis as the primary process combined with 

cavitation and peroxide proved optimal. 

 

Pesticides and Herbicides 

Agricultural runoff containing pesticides and 

herbicides contaminates surface and groundwater 

worldwide [112]. Many pesticides are designed for 

environmental stability and biological activity. 

 

Organophosphorus pesticides: Malathion, parathion, 

and chlorpyrifos are acetylcholinesterase inhibitors 

[113]. HC/Fenton achieves rapid degradation 

through oxidative cleavage of P=S and P-O bonds. 

Carbamates: Carbaryl and aldicarb are susceptible to 

•OH attack at the carbamate linkage [114]. 

 

Chlorinated pesticides: Endosulfan, lindane, and DDT 

(though banned in many countries) persist in the 

environment [115]. HC combined with nZVI achieves 

reductive dechlorination followed by oxidative 

mineralization. 

 

Herbicides: Atrazine, diuron, and glyphosate have 

been studied in HC-AOP systems [116]. Atrazine 

degradation proceeds through dealkylation and 

dechlorination pathways. 

 

Industrial Chemicals and Emerging Contaminants 

Per- and polyfluoroalkyl substances (PFAS): PFAS are 

"forever chemicals" resistant to all but the most 

aggressive treatment methods [117]. HC alone 

shows promise for PFAS degradation through 

pyrolytic mechanisms in collapsing cavities [118]. 

Combining HC with persulfate or electrochemical 

oxidation may enhance PFAS destruction. 

 

Microplastics: Plastic particles accumulate in aquatic 

environments and adsorb other pollutants [119]. HC 

can fragment microplastics while potentially 

degrading polymer chains through •OH attack, 



 Rohit Sunil Khedkar, International Journal of Science, Engineering and Technology, 

 2025, 13:1 

 

10 

 

 

though complete mineralization remains 

challenging. 

 

Endocrine-disrupting chemicals (EDCs): Beyond 

pharmaceuticals, industrial chemicals like bisphenol 

A (BPA) and nonylphenol exhibit estrogenic activity 

[120]. HC-AOP systems achieve rapid EDC 

degradation, with toxicity assays confirming 

detoxification. 

 

VI. OPERATING PARAMETERS AND 

OPTIMIZATION 
 

Inlet Pressure and Cavitation Number 

Inlet pressure is the most critical operating 

parameter for HC systems, determining velocity 

through constrictions and thus cavitation intensity 

[121]. For each reactor-pollutant system, an optimal 

pressure exists: 

 

Below optimum: Insufficient cavitation intensity, 

limited •OH generation 

 

Above optimum: Cavitation clouds form, dampening 

collapse intensity; increased energy consumption 

without proportional benefit 

 

For orifice plates, optimal pressures typically range 

from 3-8 bar, while venturi systems may operate 

optimally at lower pressures (2-5 bar) [122]. The 

cavitation number should be maintained below 1 for 

effective cavitation, with values of 0.1-0.5 typically 

optimal. 

 

Solution pH 

pH influences multiple aspects of HC-AOP 

performance [123]: 

 

•OH oxidation: •OH oxidation potential decreases 

slightly at high pH (E⁰ = 2.7 V at pH 0, 2.3 V at pH 

14), but the effect is modest. 

 

 

Fenton chemistry: Optimal pH 2.8-3.5 for 

homogeneous Fenton; heterogeneous Fenton 

catalysts may operate effectively at higher pH. 

Photocatalyst surface charge: TiO₂ point of zero 

charge ~pH 6.5; below this, surface positive charges 

attract anionic pollutants. 

 

Pollutant speciation: Ionization state affects 

pollutant partitioning to cavitation bubbles and 

susceptibility to oxidation. 

 

H₂O₂ stability: H₂O₂ decomposes rapidly at high pH, 

potentially wasting oxidant. 

 

Catalyst Loading and Type 

Nanocatalyst loading must be optimized for each 

system [124]: 

 

Too low: Insufficient active sites for radical 

generation 

 

Too high: Catalyst agglomeration reduces effective 

surface area; turbidity screens UV in photocatalytic 

systems; excess catalyst may scavenge radicals 

 

Optimal loadings typically range from 0.1-2.0 g/L 

depending on catalyst density, surface area, and 

activity. Catalyst recovery and reuse require 

consideration in process economics. 

 

Oxidant Concentration 

For HC systems incorporating H₂O₂, O₃, or persulfate, 

oxidant concentration requires careful optimization 

[125]: 

 

H₂O₂: Optimal [H₂O₂] depends on pollutant 

concentration and catalyst loading. Excess H₂O₂ 

scavenges •OH: 

H₂O₂ + •OH → HO₂• + H₂O (k = 2.7 × 10⁷ M⁻¹ s⁻¹) 

Persulfate: Similar scavenging effects occur at high 

concentrations. 

 

Ozone: HC enhances ozone mass transfer and 

utilization, reducing required ozone dose by 30-50% 

compared to conventional ozonation [126]. 

 

Temperature 

Bulk temperature affects cavitation intensity and 

reaction kinetics [127]: 

Cavitation intensity: Higher temperature increases 

vapor pressure, promoting cavity formation but 
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reducing collapse temperature (more vapor in 

cavities cushions collapse). 

 

Reaction kinetics: Rate constants generally increase 

with temperature following Arrhenius behavior. 

 

Optimal temperature: Typically 30-50°C for most 

HC-AOP systems, balancing cavitation intensity with 

kinetic enhancement. 

 

Reactor Geometry 

Reactor design significantly influences HC-AOP 

performance [128]: 

 

Orifice vs. venturi: Venturi tubes generally provide 

more uniform cavitation and lower energy 

consumption, while orifice plates may achieve higher 

peak intensities [129]. 

 

Multiple orifices: Increasing hole number while 

maintaining total flow area increases cavitational 

yield through multiple cavitation events [130]. 

 

Geometric ratios: For orifice plates, thickness-to-

diameter ratio of 1-3 typically optimal; for venturi, 

convergence/divergence angles of 20-30° are 

common. 

 

Reactor volume: Larger volumes increase residence 

time but may reduce cavitation intensity per unit 

volume. 

 

VII. ENERGY EFFICIENCY AND SCALE-UP 

CONSIDERATIONS 
 

Cavitational Yield 

Cavitational yield (CY) is a key performance metric 

defined as [131]: 

 

CY = (Pollutant degraded, mg) / (Energy input, kJ) 

This metric enables comparison between different 

HC configurations and with competing technologies. 

Typical CY values range from 0.1-10 mg/kJ 

depending on pollutant and system design [132]. 

 

Sarvothaman and colleagues reported that HC-

photocatalysis-peroxide systems achieved 

cavitational yields 5 times higher than acoustic 

cavitation counterparts, demonstrating the energy 

efficiency of hydrodynamic over acoustic cavitation 

[64]. 

 

Electrical Energy per Order (EE/O) 

EE/O is a figure of merit for AOP systems defined as 

the electrical energy required to reduce pollutant 

concentration by one order of magnitude in 1 m³ of 

water [133]: 

 

EE/O (kWh/m³) = (P × t × 1000) / (V × log(Cᵢ/Cƒ)) 

where P is power (kW), t is time (h), V is volume (L), 

and Cᵢ/Cƒ is the concentration reduction factor. 

 

For HC-based systems, EE/O values of 10-100 

kWh/m³ are typical, competitive with other AOPs 

[134]. Optimization can reduce EE/O substantially. 

 

Hybrid vs. Standalone Processes 

Comparative studies consistently demonstrate that 

HC-AOP-nanomaterial hybrid systems outperform 

standalone processes [135]: 

 

Process 

Degrad

ation 

Efficien

cy 

Energy 

Consum
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Fact
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HC alone 20-40% 
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te 
- 
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60-80% 
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l 

- 

HC/Fenton 90-99% 
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te 
1.5-3.0 
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or 

Photocatal

ysis alone 
50-80% 

High 

(UV 

lamps) 

- 

HC/Photoc

atalysis 
85-98% 
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te 
1.8-4.0 

Ozonation 

alone 
70-90% 

High (O₃ 

generati

on) 

- 

HC/Ozonat

ion 
95-99% 

Modera

te 
1.6-2.5 

 

Scale-Up Challenges and Solutions 

Scaling HC reactors from laboratory to industrial 

scale presents several challenges [136]: 

 

Geometric similarity: Maintaining cavitation 

characteristics requires careful scaling of constriction 

geometry. Computational fluid dynamics (CFD) 

modeling guides scale-up [137]. 

 

Multiple units: Parallel operation of multiple HC 

devices provides redundancy and flexibility [138]. 

Pump selection: High-pressure pumps for large 

flows require significant capital investment; 

optimizing pressure requirements reduces costs. 

 

Catalyst recovery: Magnetic separation, membrane 

filtration, or immobilization strategies enable 

catalyst reuse at scale [139]. 

 

Continuous operation: Most industrial applications 

require continuous rather than batch operation, with 

implications for reactor design and process control. 

 

Economic Analysis 

Capital and operating costs for HC-AOP systems 

depend on [140]: 

 

Capital costs: Pumps, reactors, piping, 

instrumentation, catalyst inventory 

 

Operating costs: Electricity (pumping), chemicals 

(H₂O₂, catalysts), maintenance 

 

Treatment cost estimates: $0.5-5.0 per m³ treated 

depending on pollutant loading and treatment 

objectives [141]. 

 

Cost comparisons favor HC-AOP over conventional 

AOPs for many applications due to lower energy 

consumption and chemical usage [142]. 

 

VIII. CURRENT CHALLENGES AND 

FUTURE PERSPECTIVES 
 

Mechanistic Understanding 

Despite extensive research, several mechanistic 

questions remain [143]: 

 

 Quantitative relationship between cavitation 

intensity and •OH generation 

 Role of nanocatalysts in cavitation nucleation 

and bubble dynamics 

 Fate of transformation products and toxicity 

assessment 

 Contribution of different reactive species under 

various conditions 

 Advanced characterization tools (in situ 

spectroscopy, laser diagnostics, high-speed 

imaging) coupled with computational modeling 

will address these knowledge gaps [144]. 

 

Catalyst Stability and Reusability 

Nanocatalyst deactivation mechanisms in HC 

environments require systematic study [145]: 

 

 Mechanical attrition from shock waves 

 Surface oxidation or reduction 
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 Fouling by adsorbed intermediates 

 Leaching of active components 

 

Developing robust catalysts with long-term stability 

under cavitation is essential for industrial adoption. 

 

Transformation Product Identification and 

Toxicity 

Parent compound degradation does not guarantee 

detoxification [146]. Some AOPs generate 

transformation products more toxic than original 

pollutants. Comprehensive toxicity assessment 

using: 

 

 In vitro bioassays (e.g., Microtox, algal toxicity, 

Daphnia magna) 

 In silico prediction (QSAR models) 

 High-resolution mass spectrometry for product 

identification must accompany degradation 

studies [147]. Machine learning approaches for 

predicting transformation product toxicity are 

under development [106]. 

 

Real Wastewater Matrices 

Most studies use synthetic wastewater with single 

pollutants. Real wastewater contains complex 

matrices with [148]: 

 

 Multiple pollutants competing for •OH 

 Natural organic matter (scavengers) 

 Inorganic ions (carbonates, chlorides) 

affecting radical chemistry 

 Variable pH and suspended solids Validating 

HC-AOP performance with real industrial 

effluents is critical for technology 

translation. 

 

 

 

Integration with Renewable Energy 

The energy intensity of AOPs can be mitigated by 

integration with renewable energy sources [149]: 

 

 Solar-powered photocatalytic HC systems 

 Wind-powered pumping for HC generation 

 Energy recovery from pressure let-down in 

industrial processes 

 

Machine Learning and Process Optimization 

Machine learning is transforming HC-AOP research 

[150]: 

 

Predictive modeling: Neural networks predict 

degradation efficiency from operating parameters 

 

Optimization: Genetic algorithms identify optimal 

conditions minimizing energy consumption 

 

High-throughput screening: ML models prioritize 

catalyst formulations for experimental testing 

 

Mechanistic insight: Feature importance analysis 

reveals key parameters controlling performance 

 

Emerging Hybrid Configurations 

Novel hybrid systems under investigation include: 

 

HC/electrochemical oxidation: Cavitation enhances 

mass transfer to electrodes while electrochemical 

generation of oxidants supplements radical 

production [151]. 

 

HC/microbial fuel cells: Pre-treatment by HC 

enhances biodegradability for subsequent biological 

treatment [152]. 

 

HC/membrane processes: Cavitation controls 

membrane fouling while AOPs degrade retained 

pollutants [153]. 

 

HC with nanobubbles: Hydrodynamically generated 

nanobubbles (50-500 nm) offer long residence times 

and high surface area for ozone delivery [154]. 

  

Quintero-González and colleagues demonstrated 

that ozone nanobubbles generated by 

hydrodynamic cavitation achieved 99.8% suspended 

solids removal and 90% COD reduction in municipal 

wastewater [155]. 

 

Regulatory and Commercialization Pathways 

Transitioning HC-AOP from laboratory to market 

requires [156]: 

 

 Demonstration at pilot scale (1-100 m³/day) 

 Validation with real industrial wastewaters 
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 Regulatory approval for treated water 

discharge/reuse 

 Technology transfer partnerships 

 Life cycle assessment confirming 

environmental benefits 

 

Several companies now offer commercial HC 

reactors for wastewater treatment, though 

integration with AOPs and nanomaterials remains 

largely at development stage [157]. 

 

IX. CONCLUSIONS 
 

The integration of advanced oxidation processes 

with hydrodynamic cavitation and nanomaterials 

represents a transformative approach to wastewater 

treatment, addressing the limitations of 

conventional technologies for recalcitrant pollutant 

degradation. This comprehensive review has 

established: 

 

Fundamental principles: Hydrodynamic cavitation 

generates extreme localized conditions through 

bubble formation and collapse, producing •OH 

radicals while enhancing mass transfer and catalyst 

activity. The cavitation number (Cᵥ) governs 

cavitation intensity, with optimal values of 0.1-0.5 for 

wastewater treatment. 

 

Synergistic mechanisms: HC integration with Fenton, 

photocatalysis, ozonation, and persulfate activation 

achieves synergy factors of 1.5-5.0 through multiple 

enhancement pathways including enhanced radical 

generation, improved mass transfer, catalyst 

activation, and pollutant disruption. 

 

Nanomaterial roles: Nanocatalysts (TiO₂, ZnO, nZVI, 

carbon-based materials, magnetic nanocomposites) 

serve as heterogeneous catalysts, adsorbents, 

cavitation nuclei, and recoverable active phases in 

HC-AOP systems. The combination of cavitation with 

nanomaterials addresses catalyst deactivation 

through surface cleaning while enhancing catalytic 

activity. 

 

Pollutant applications: HC-AOP-nanomaterial 

systems effectively degrade diverse pollutant classes 

including dyes (95-99% removal), pharmaceuticals 

(80-95%), phenolic compounds (85-98%), pesticides, 

and emerging contaminants. The pseudo staggered 

effect in HC-photocatalysis-peroxide systems 

demonstrates particular promise. 

 

Operating parameters: Optimal performance 

requires systematic optimization of inlet pressure (3-

8 bar), pH (pollutant-dependent), catalyst loading 

(0.1-2.0 g/L), oxidant concentration, temperature 

(30-50°C), and reactor geometry. 

 

Energy efficiency: Cavitational yields of 0.1-10 mg/kJ 

and EE/O values of 10-100 kWh/m³ position HC-AOP 

competitively with conventional AOPs, with hybrid 

systems offering 30-50% energy savings. 

 

Scale-up considerations: Industrial implementation 

requires addressing catalyst recovery, continuous 

operation, real wastewater complexity, and 

economic viability. Treatment costs of $0.5-5.0 per 

m³ are achievable. 

 

Future directions: Mechanistic understanding, 

catalyst stability, toxicity assessment, renewable 

energy integration, machine learning optimization, 

and emerging hybrid configurations will drive 

continued advancement. 

 

The convergence of hydrodynamic cavitation, 

advanced oxidation, and nanotechnology offers a 

powerful platform for sustainable wastewater 

treatment. As research progresses from laboratory 

fundamentals to pilot validation and commercial 

deployment, these hybrid systems are positioned to 

play an increasingly important role in addressing the 

global challenge of water pollution and enabling 

water reuse in a circular economy. 

 

 

REFERENCES 
 

1. UNESCO; The United Nations World Water 

Development Report 2024: Water for Prosperity 

and Peace; UNESCO Publishing, (2024). 

2. Richardson, S.D., Kimura, S.Y.; Emerging 

environmental contaminants: Challenges facing 

our next generation and potential engineering 



 Rohit Sunil Khedkar, International Journal of Science, Engineering and Technology, 

 2025, 13:1 

 

15 

 

 

solutions; Environmental Technology & 

Innovation, (2020); 8: 40-56. 

3. Grandclément, C., Seyssiecq, I., Piram, A., Wong-

Wah-Chung, P., Vanot, G., Tiliacos, N., Roche, N., 

Doumenq, P.; From the conventional biological 

wastewater treatment to hybrid processes, the 

evaluation of organic micropollutant removal: A 

review; Water Research, (2017); 111: 297-317. 

4. Tkaczyk, A., Mitrowska, K., Posyniak, A.; Synthetic 

organic dyes as contaminants of the aquatic 

environment and their implications for 

ecosystems: A review; Science of the Total 

Environment, (2020); 717: 137222. 

5. Kümmerer, K.; Antibiotics in the aquatic 

environment – A review – Part I; Chemosphere, 

(2009); 75(4): 417-434. 

6. Michałowicz, J., Duda, W.; Phenols – Sources and 

toxicity; Polish Journal of Environmental Studies, 

(2007); 16(3): 347-362. 

7. Pal, A., Gin, K.Y.H., Lin, A.Y.C., Reinhard, M.; 

Impacts of emerging organic contaminants on 

freshwater resources: Review of recent 

occurrences, sources, fate and effects; Science of 

the Total Environment, (2010); 408(24): 6062-

6069. 

8. [8] Metcalf & Eddy, Inc., Tchobanoglous, G., 

Stensel, H.D., Tsuchihashi, R., Burton, F.; 

Wastewater Engineering: Treatment and 

Resource Recovery, 5th Edition; McGraw-Hill, 

(2014). 

9. [9] Samer, M.; Biological and chemical 

wastewater treatment processes; In: Wastewater 

Treatment Engineering, InTech, (2015). 

10. Ren, S.; Assessing wastewater toxicity to 

activated sludge: recent research and 

developments; Environment International, 

(2004); 30(8): 1151-1164. 

11. Crini, G., Lichtfouse, E.; Advantages and 

disadvantages of techniques used for 

wastewater treatment; Environmental Chemistry 

Letters, (2019); 17(1): 145-155. 

12. Sedlak, D.L., von Gunten, U.; The chlorine 

dilemma; Science, (2011); 331(6013): 42-43. 

13. Miklos, D.B., Remy, C., Jekel, M., Linden, K.G., 

Drewes, J.E., Hübner, U.; Evaluation of advanced 

oxidation processes for water and wastewater 

treatment – A critical review; Water Research, 

(2018); 139: 118-131. 

14. Gligorovski, S., Strekowski, R., Barbati, S., Vione, 

D.; Environmental implications of hydroxyl 

radicals (•OH); Chemical Reviews, (2015); 

115(24): 13051-13092. 

15. Buxton, G.V., Greenstock, C.L., Helman, W.P., 

Ross, A.B.; Critical review of rate constants for 

reactions of hydrated electrons, hydrogen atoms 

and hydroxyl radicals (•OH/•O⁻) in aqueous 

solution; Journal of Physical and Chemical 

Reference Data, (1988); 17(2): 513-886. 

16. Pignatello, J.J., Oliveros, E., MacKay, A.; Advanced 

oxidation processes for organic contaminant 

destruction based on the Fenton reaction and 

related chemistry; Critical Reviews in 

Environmental Science and Technology, (2006); 

36(1): 1-84. 

17. Hoffmann, M.R., Martin, S.T., Choi, W., 

Bahnemann, D.W.; Environmental applications of 

semiconductor photocatalysis; Chemical 

Reviews, (1995); 95(1): 69-96. 

18. von Sonntag, C., von Gunten, U.; Chemistry of 

Ozone in Water and Wastewater Treatment; IWA 

Publishing, (2012). 

19. [19] Wacławek, S., Lutze, H.V., Grübel, K., Padil, 

V.V., Černík, M., Dionysiou, D.D.; Chemistry of 

persulfates in water and wastewater treatment: 

A review; Chemical Engineering Journal, (2017); 

330: 44-62. 

20. Martínez-Huitle, C.A., Rodrigo, M.A., Sirés, I., 

Scialdone, O.; Single and coupled 

electrochemical processes and reactors for the 

abatement of organic water pollutants: A critical 

review; Chemical Reviews, (2015); 115(24): 

13362-13407. 

21. Gogate, P.R., Pandit, A.B.; A review of imperative 

technologies for wastewater treatment I: 

Oxidation technologies at ambient conditions; 

Advances in Environmental Research, (2004); 

8(3-4): 501-551. 

22. Babuponnusami, A., Muthukumar, K.; A review 

on Fenton and improvements to the Fenton 

process for wastewater treatment; Journal of 

Environmental Chemical Engineering, (2014); 

2(1): 557-572. 

23. Bolton, J.R., Bircher, K.G., Tumas, W., Tolman, 

C.A.; Figures-of-merit for the technical 

development and application of advanced 

oxidation technologies for both electric- and 



 Rohit Sunil Khedkar, International Journal of Science, Engineering and Technology, 

 2025, 13:1 

 

16 

 

 

solar-driven systems; Pure and Applied 

Chemistry, (2001); 73(4): 627-637. 

24. Escher, B.I., Fenner, K.; Recent advances in 

environmental risk assessment of transformation 

products; Environmental Science & Technology, 

(2011); 45(9): 3835-3847. 

25. Dong, H., Zeng, G., Tang, L., Fan, C., Zhang, C., 

He, X., He, Y.; An overview on limitations of TiO2-

based particles for photocatalytic degradation of 

organic pollutants and the corresponding 

countermeasures; Water Research, (2015); 79: 

128-146. 

26. Gogate, P.R.; Cavitation: An auxiliary technique in 

wastewater treatment schemes; Advances in 

Environmental Research, (2002); 6(3): 335-358. 

27. Shah, Y.T., Pandit, A.B., Moholkar, V.S.; Cavitation 

Reaction Engineering; Springer Science & 

Business Media, (1999). 

28. Gogate, P.R., Pandit, A.B.; Hydrodynamic 

cavitation reactors: A state of the art review; 

Reviews in Chemical Engineering, (2001); 17(1): 

1-85. 

29. Suslick, K.S.; Sonochemistry; Science, (1990); 

247(4949): 1439-1445. 

30. Riesz, P., Berdahl, D., Christman, C.L.; Free radical 

generation by ultrasound in aqueous and 

nonaqueous solutions; Environmental Health 

Perspectives, (1985); 64: 233-252. 

31. Crum, L.A.; Cavitation microjets as a contributory 

mechanism for renal calculi disintegration in 

ESWL; The Journal of the Acoustical Society of 

America, (1988); 83(S1): S14-S14. 

32. Gogate, P.R.; Treatment of wastewater streams 

containing phenolic compounds using hybrid 

techniques based on cavitation: A review of the 

current status and the way forward; Ultrasonics 

Sonochemistry, (2008); 15(1): 1-15. 

33. Qu, X., Alvarez, P.J., Li, Q.; Applications of 

nanotechnology in water and wastewater 

treatment; Water Research, (2013); 47(12): 3931-

3946. 

34. Chong, M.N., Jin, B., Chow, C.W., Saint, C.; Recent 

developments in photocatalytic water treatment 

technology: A review; Water Research, (2010); 

44(10): 2997-3027. 

35. Crane, R.A., Scott, T.B.; Nanoscale zero-valent 

iron: Future prospects for an emerging water 

treatment technology; Journal of Hazardous 

Materials, (2012); 211: 112-125. 

36. Zhao, Q., Mao, Q., Zhou, Y., Wei, J., Liu, X., Yang, 

J., Luo, L., Zhang, J., Chen, H., Chen, H., Tang, L.; 

Metal-free carbon materials-catalyzed sulfate 

radical-based advanced oxidation processes: A 

review on heterogeneous catalysts and 

applications; Chemosphere, (2017); 189: 224-

238. 

37. Zinatloo-Ajabshir, S., Salavati-Niasari, M.; 

Nanocrystalline Pr6O11: Synthesis, 

characterization, optical and photocatalytic 

properties; New Journal of Chemistry, (2015); 

39(5): 3948-3955. 

38. Wang, X., Wang, J., Guo, P., Guo, W., Wang, C.; 

Chemical effect of swirling jet-induced 

cavitation: Degradation of rhodamine B in 

aqueous solution; Ultrasonics Sonochemistry, 

(2008); 15(4): 357-363. 

39. Brennen, C.E.; Cavitation and Bubble Dynamics; 

Oxford University Press, (1995). 

40. Suryawanshi, P.G., Bhandari, V.M., Sorokhaibam, 

L.G., Ranade, V.V.; Cavitation: A tool for process 

intensification; In: Ranade, V.V., Bhandari, V.M. 

(eds) Industrial Wastewater Treatment, Recycling 

and Reuse, Butterworth-Heinemann, (2014): 

325-355. 

41. Ozonek, J.; Application of Hydrodynamic 

Cavitation in Environmental Engineering; CRC 

Press, (2012). 

42. Saharan, V.K., Rizwani, M.A., Malani, A.A., Pandit, 

A.B.; Effect of geometry of hydrodynamically 

cavitating device on degradation of orange-G; 

Ultrasonics Sonochemistry, (2013); 20(1): 345-

353. 

43. Bashir, T.A., Soni, A.G., Mahulkar, A.V., Pandit, 

A.B.; The CFD driven optimisation of a modified 

venturi for cavitational activity; The Canadian 

Journal of Chemical Engineering, (2011); 89(6): 

1366-1375. 

44. Balasundaram, B., Harrison, S.T.; Optimising 

orifice geometry for selective release of 

periplasmic products during cell disruption by 

hydrodynamic cavitation; Biochemical 

Engineering Journal, (2011); 54(3): 207-213. 

45. Petkovšek, M., Dular, M.; Simultaneous 

observation of cavitation structures and 

cavitation erosion; Wear, (2013); 300(1-2): 55-64. 



 Rohit Sunil Khedkar, International Journal of Science, Engineering and Technology, 

 2025, 13:1 

 

17 

 

 

46. Franc, J.P., Michel, J.M.; Fundamentals of 

Cavitation; Springer Science & Business Media, 

(2006). 

47. Borkent, B.M., Arora, M., Ohl, C.D.; Reproducible 

cavitation activity in water-particle suspensions; 

Journal of the Acoustical Society of America, 

(2007); 121(3): 1406-1412. 

48. Plesset, M.S., Prosperetti, A.; Bubble dynamics 

and cavitation; Annual Review of Fluid 

Mechanics, (1977); 9(1): 145-185. 

49. Noltingk, B.E., Neppiras, E.A.; Cavitation 

produced by ultrasonics; Proceedings of the 

Physical Society. Section B, (1950); 63(9): 674. 

50. Dular, M., Griessler-Bulc, T., Gutierrez-Aguirre, I., 

Heath, E., Kosjek, T., Krivograd Klemenčič, A., 

Oder, M., Petkovšek, M., Rački, N., Ravnikar, M., 

Šarc, A.; Use of hydrodynamic cavitation in 

(waste)water treatment; Ultrasonics 

Sonochemistry, (2016); 29: 577-588. 

51. Philipp, A., Lauterborn, W.; Cavitation erosion by 

single laser-produced bubbles; Journal of Fluid 

Mechanics, (1998); 361: 75-116. 

52. Moholkar, V.S., Pandit, A.B.; Bubble behavior in 

hydrodynamic cavitation: Effect of turbulence; 

AIChE Journal, (1997); 43(6): 1641-1648. 

53. Suslick, K.S., Hammerton, D.A., Cline, R.E.; 

Sonochemical hot spot; Journal of the American 

Chemical Society, (1986); 108(18): 5641-5642. 

54. Hart, E.J., Henglein, A.; Sonolysis of ozone in 

aqueous solution; The Journal of Physical 

Chemistry, (1986); 90(14): 3061-3062. 

55. Sivakumar, M., Pandit, A.B.; Wastewater 

treatment: A novel energy efficient 

hydrodynamic cavitational technique; 

Ultrasonics Sonochemistry, (2002); 9(3): 123-131. 

56. Saharan, V.K., Badve, M.P., Pandit, A.B.; 

Degradation of Reactive Red 120 dye using 

hydrodynamic cavitation; Chemical Engineering 

Journal, (2011); 178: 100-107. 

57. Gogate, P.R., Pandit, A.B.; Engineering design 

methods for cavitation reactors II: 

Hydrodynamic cavitation; AIChE Journal, (2000); 

46(8): 1641-1649. 

58. Rooze, J., Rebrov, E.V., Schouten, J.C., Keurentjes, 

J.T.; Effect of resonance frequency, power input, 

and saturation gas type on the oxidation 

efficiency of an ultrasound horn; Ultrasonics 

Sonochemistry, (2013); 20(1): 245-253. 

59. Loraine, G., Chahine, G., Hsiao, C.T., Choi, J.K., 

Aley, P.; Disinfection of gram-negative and 

gram-positive bacteria using DynaJets® 

hydrodynamic cavitating jets; Ultrasonics 

Sonochemistry, (2012); 19(3): 710-717. 

60. Chakinala, A.G., Gogate, P.R., Burgess, A.E., 

Bremner, D.H.; Intensification of hydroxyl radical 

production in sonochemical reactors; Ultrasonics 

Sonochemistry, (2007); 14(5): 509-514. 

61. [61] Pines, D.S., Reckhow, D.A.; Effect of 

dissolved cobalt(II) on the ozonation of oxalic 

acid; Environmental Science & Technology, 

(2002); 36(19): 4046-4051. 

62. Neyens, E., Baeyens, J.; A review of classic 

Fenton's peroxidation as an advanced oxidation 

technique; Journal of Hazardous Materials, 

(2003); 98(1-3): 33-50. 

63. Chakinala, A.G., Gogate, P.R., Chand, R., Bremner, 

D.H., Molina, R., Burgess, A.E.; Intensification of 

oxidation capacity using chloroalkanes as 

additives in hydrodynamic and acoustic 

cavitation reactors; Ultrasonics Sonochemistry, 

(2008); 15(3): 164-170. 

64. Sarvothaman, V.P., Velisoju, V.K., Subburaj, J., 

Panithasan, M., Kulkarni, S.R., Castaño, P., Turner, 

J.W.G., Guida, P., Roberts, W.L., Nagarajan, S.; Is 

cavitation a truly sensible choice for intensifying 

photocatalytic oxidation processes? – 

Implications on phenol degradation using ZnO 

photocatalysts; Ultrasonics Sonochemistry, 

(2023); 106548. 

65. Gogate, P.R., Pandit, A.B.; Sonophotocatalytic 

reactors for wastewater treatment: A critical 

review; AIChE Journal, (2004); 50(5): 1051-1079. 

66. Didenko, Y.T., McNamara III, W.B., Suslick, K.S.; 

Hot spot conditions during cavitation in water; 

Journal of the American Chemical Society, 

(1999); 121(24): 5817-5818. 

67. Wu, Z., Shen, H., Ondruschka, B., Zhang, Y., 

Wang, W., Bremner, D.H.; Removal of blue-green 

algae using the hybrid method of hydrodynamic 

cavitation and ozonation; Journal of Hazardous 

Materials, (2012); 235: 152-158. 

68. Thanekar, P., Panda, M., Gogate, P.R.; 

Degradation of carbamazepine using 

hydrodynamic cavitation combined with 

advanced oxidation processes; Ultrasonics 

Sonochemistry, (2018); 40: 567-576. 



 Rohit Sunil Khedkar, International Journal of Science, Engineering and Technology, 

 2025, 13:1 

 

18 

 

 

69. Anipsitakis, G.P., Dionysiou, D.D.; Degradation of 

organic contaminants in water with sulfate 

radicals generated by the conjunction of 

peroxymonosulfate with cobalt; Environmental 

Science & Technology, (2003); 37(20): 4790-

4797. 

70. Cai, M., Su, J., Zhu, Y., Wei, X., Jin, M., Zhang, H., 

Dong, C., Wei, Z.; Decolorization of azo dyes 

Orange G using hydrodynamic cavitation 

coupled with heterogeneous Fenton process; 

Ultrasonics Sonochemistry, (2016); 28: 302-310. 

71. Bagal, M.V., Gogate, P.R.; Wastewater treatment 

using hybrid treatment schemes based on 

cavitation and Fenton chemistry: A review; 

Ultrasonics Sonochemistry, (2014); 21(1): 1-14. 

72. Raut-Jadhav, S., Saharan, V.K., Pinjari, D.V., 

Sonawane, S.H., Saini, D.R., Pandit, A.B.; 

Synergetic effect of combination of AOP's 

(hydrodynamic cavitation and H2O2) on the 

degradation of neonicotinoid class of 

insecticide: Imidacloprid; Journal of Hazardous 

Materials, (2013); 261: 139-147. 

73. Patil, P.N., Bote, S.D., Gogate, P.R.; Degradation 

of imidacloprid using combined advanced 

oxidation processes based on hydrodynamic 

cavitation; Ultrasonics Sonochemistry, (2014); 

21(5): 1770-1777. 

74. Bethi, B., Sonawane, S.H., Bhanvase, B.A., 

Gumfekar, S.P.; Nanomaterials-based advanced 

oxidation processes for wastewater treatment: A 

review; Chemical Engineering and Processing-

Process Intensification, (2016); 109: 178-189. 

75. Wang, X., Jia, J., Wang, Y.; Combination of 

photocatalysis with hydrodynamic cavitation for 

degradation of phenol; Chemical Engineering 

Journal, (2011); 171(3): 1081-1087. 

76. Carp, O., Huisman, C.L., Reller, A.; Photoinduced 

reactivity of titanium dioxide; Progress in Solid 

State Chemistry, (2004); 32(1-2): 33-177. 

77. Lee, K.M., Lai, C.W., Ngai, K.S., Juan, J.C.; Recent 

developments of zinc oxide based photocatalyst 

in water treatment technology: A review; Water 

Research, (2016); 88: 428-448. 

78. Xu, L., Wang, J.; Magnetic nanoscaled 

Fe3O4/CeO2 composite as an efficient Fenton-

like heterogeneous catalyst for degradation of 

4-chlorophenol; Environmental Science & 

Technology, (2012); 46(18): 10145-10153. 

79. Bagal, M.V., Lele, B.J., Gogate, P.R.; Removal of 

2,4-dinitrophenol using hybrid methods based 

on ultrasound at an operating capacity of 7 L; 

Ultrasonics Sonochemistry, (2013); 20(5): 1217-

1225. 

80. Zhang, T., Zhu, H., Croué, J.P.; Production of 

sulfate radical from peroxymonosulfate induced 

by a magnetically separable CuFe2O4 spinel in 

water: Efficiency, stability, and mechanism; 

Environmental Science & Technology, (2013); 

47(6): 2784-2791. 

81. Fu, F., Dionysiou, D.D., Liu, H.; The use of zero-

valent iron for groundwater remediation and 

wastewater treatment: A review; Journal of 

Hazardous Materials, (2014); 267: 194-205. 

82. Bremner, D.H., Molina, R., Martínez, F., Melero, 

J.A., Segura, Y.; Degradation of phenolic aqueous 

solutions by high frequency sono-Fenton 

systems (US-Fe2O3/SBA-15-H2O2); Applied 

Catalysis B: Environmental, (2009); 90(3-4): 380-

388. 

83. Lien, H.L., Zhang, W.X.; Nanoscale Pd/Fe 

bimetallic particles: Catalytic effects of palladium 

on hydrodechlorination; Applied Catalysis B: 

Environmental, (2007); 77(1-2): 110-116. 

84. Yang, Q., Chen, Y., Wang, Y., Ameen, A., Shi, H., 

Chen, G.; Nanocarbon and carbon dot 

composites in advanced oxidation processes for 

water treatment; Small Structures, (2021); 2(6): 

2000128. 

85. Upadhyay, R.K., Soin, N., Roy, S.S.; Role of 

graphene/metal oxide composites as 

photocatalysts, adsorbents and disinfectants in 

water treatment: A review; RSC Advances, (2014); 

4(8): 3823-3851. 

86. Ong, W.J., Tan, L.L., Ng, Y.H., Yong, S.T., Chai, S.P.; 

Graphitic carbon nitride (g-C3N4)-based 

photocatalysts for artificial photosynthesis and 

environmental remediation: Are we a step closer 

to achieving sustainability?; Chemical Reviews, 

(2016); 116(12): 7159-7329. 

87. Duan, X., Sun, H., Kang, J., Wang, Y., 

Indrawirawan, S., Wang, S.; Insights into 

heterogeneous catalysis of persulfate activation 

on dimensional-structured nanocarbons; ACS 

Catalysis, (2015); 5(8): 4629-4636. 

88. Shylesh, S., Schünemann, V., Thiel, W.R.; 

Magnetically separable nanocatalysts: Bridges 



 Rohit Sunil Khedkar, International Journal of Science, Engineering and Technology, 

 2025, 13:1 

 

19 

 

 

between homogeneous and heterogeneous 

catalysis; Angewandte Chemie International 

Edition, (2010); 49(20): 3428-3459. 

89. Bhatkhande, D.S., Pangarkar, V.G., Beenackers, 

A.A.; Photocatalytic degradation for 

environmental applications–a review; Journal of 

Chemical Technology & Biotechnology, (2002); 

77(1): 102-116. 

90. Wang, C., Liu, X., Keser Demir, N., Chen, J.P., Li, K.; 

Applications of water stable metal-organic 

frameworks; Chemical Society Reviews, (2016); 

45(18): 5107-5134. 

91. Herney-Ramirez, J., Vicente, M.A., Madeira, L.M.; 

Heterogeneous photo-Fenton oxidation with 

pillared clay-based catalysts for wastewater 

treatment: A review; Applied Catalysis B: 

Environmental, (2010); 98(1-2): 10-26. 

92. Khin, M.M., Nair, A.S., Babu, V.J., Murugan, R., 

Ramakrishna, S.; A review on nanomaterials for 

environmental remediation; Energy & 

Environmental Science, (2012); 5(8): 8075-8109. 

93. Borkent, B.M., Arora, M., Ohl, C.D., De Jong, N., 

Versluis, M., Lohse, D., Morch, K.A., Klaseboer, E., 

Khoo, B.C.; The acceleration of solid particles 

subjected to cavitation nucleation; Journal of 

Fluid Mechanics, (2008); 610: 157-182. 

94. Selli, E.; Synergistic effects of sonolysis combined 

with photocatalysis in the degradation of an azo 

dye; Physical Chemistry Chemical Physics, (2002); 

4(24): 6123-6128. 

95. Robinson, T., McMullan, G., Marchant, R., Nigam, 

P.; Remediation of dyes in textile effluent: A 

critical review on current treatment technologies 

with a proposed alternative; Bioresource 

Technology, (2001); 77(3): 247-255. 

96. Forgacs, E., Cserháti, T., Oros, G.; Removal of 

synthetic dyes from wastewaters: A review; 

Environment International, (2004); 30(7): 953-

971. 

97. El-Etriby, H.K., El-Sayed, M.M., El-Sherbiny, A.M.; 

Degradation of dyes by hydrodynamic cavitation 

and other advanced oxidation processes: A 

review; Egyptian Journal of Engineering Science 

and Technology, (2025); 431984. 

98. Wang, X., Wang, J., Guo, P., Guo, W., Li, G.; 

Degradation of rhodamine B in aqueous solution 

by using swirling jet-induced cavitation 

combined with H2O2; Journal of Hazardous 

Materials, (2009); 169(1-3): 486-491. 

99. Saharan, V.K., Pandit, A.B., Kumar, P.S., Anandan, 

S.; Hydrodynamic cavitation as an advanced 

oxidation technique for the degradation of Acid 

Red 88 dye; Industrial & Engineering Chemistry 

Research, (2012); 51(4): 1981-1989. 

100. Cai, M., Zhang, Y., Dong, C., Wu, W., Wei, Z., 

Jin, M., Zhang, H.; Degradation of azo dye 

Orange G in a novel bio-electro-Fenton system 

with modified cathode; Journal of the Taiwan 

Institute of Chemical Engineers, (2016); 62: 65-

72. 

101. Daughton, C.G., Ternes, T.A.; 

Pharmaceuticals and personal care products in 

the environment: Agents of subtle change?; 

Environmental Health Perspectives, (1999); 

107(suppl 6): 907-938. 

102. Homem, V., Santos, L.; Degradation and 

removal methods of antibiotics from aqueous 

matrices–a review; Journal of Environmental 

Management, (2011); 92(10): 2304-2347. 

103. Vogna, D., Marotta, R., Napolitano, A., 

Andreozzi, R., d'Ischia, M.; Advanced oxidation of 

the pharmaceutical drug diclofenac with 

UV/H2O2 and ozone; Water Research, (2004); 

38(2): 414-422. 

104. Liu, Z.H., Kanjo, Y., Mizutani, S.; Removal 

mechanisms for endocrine disrupting 

compounds (EDCs) in wastewater treatment—

physical means, biodegradation, and chemical 

advanced oxidation: A review; Science of the 

Total Environment, (2009); 407(2): 731-748. 

105. Ternes, T.A., Stüber, J., Herrmann, N., 

McDowell, D., Ried, A., Kampmann, M., Teiser, B.; 

Ozonation: A tool for removal of 

pharmaceuticals, contrast media and musk 

fragrances from wastewater?; Water Research, 

(2003); 37(8): 1976-1982. 

106. Tel Aviv University, Water Research Center; 

Active Research: Chemical-free ozone integrated 

nanobubble for disinfection and online database 

based on machine learning to predict toxicity; 

(2021); https://en-wrc.tau.ac.il/Active_Research. 

107. Busca, G., Berardinelli, S., Resini, C., Arrighi, 

L.; Technologies for the removal of phenol from 

fluid streams: A short review of recent 



 Rohit Sunil Khedkar, International Journal of Science, Engineering and Technology, 

 2025, 13:1 

 

20 

 

 

developments; Journal of Hazardous Materials, 

(2008); 160(2-3): 265-288. 

108. Chakinala, A.G., Gogate, P.R., Burgess, A.E., 

Bremner, D.H.; Treatment of industrial 

wastewater effluents using hydrodynamic 

cavitation and the advanced Fenton process; 

Ultrasonics Sonochemistry, (2008); 15(1): 49-54. 

109. Pradhan, A.A., Gogate, P.R.; Removal of p-

nitrophenol using hydrodynamic cavitation and 

Fenton chemistry at pilot scale operation; 

Chemical Engineering Journal, (2010); 156(1): 77-

82. 

110. Pera-Titus, M., García-Molina, V., Baños, 

M.A., Giménez, J., Esplugas, S.; Degradation of 

chlorophenols by means of advanced oxidation 

processes: A general review; Applied Catalysis B: 

Environmental, (2004); 47(4): 219-256. 

111. Bagal, M.V., Gogate, P.R.; Degradation of 

2,4-dinitrophenol using a combination of 

hydrodynamic cavitation, chemical and 

advanced oxidation processes; Ultrasonics 

Sonochemistry, (2013); 20(5): 1226-1235. 

112. Gilliom, R.J.; Pesticides in US streams and 

groundwater; Environmental Science & 

Technology, (2007); 41(10): 3408-3414. 

113. Evgenidou, E., Fytianos, K., Poulios, I.; 

Semiconductor-sensitized photodegradation of 

dichlorvos in water using TiO2 and ZnO as 

catalysts; Applied Catalysis B: Environmental, 

(2005); 59(1-2): 81-89. 

114. Malato, S., Blanco, J., Cáceres, J., Fernández-

Alba, A.R., Agüera, A., Rodríguez, A.; 

Photocatalytic treatment of water-soluble 

pesticides by photo-Fenton and TiO2 using solar 

energy; Catalysis Today, (2002); 76(2-4): 209-

220. 

115. Sanchis, S., Polo, A.M., Tobajas, M., 

Rodriguez, J.J., Mohedano, A.F.; Strategies to 

evaluate biodegradability: Application to 

chlorinated herbicides; Environmental Science 

and Pollution Research, (2014); 21(16): 9445-

9452. 

116. Raut-Jadhav, S., Pinjari, D.V., Saini, D.R., 

Sonawane, S.H., Pandit, A.B.; Intensification of 

degradation of imidacloprid in aqueous 

solutions by combination of hydrodynamic 

cavitation with various advanced oxidation 

processes (AOPs); Journal of Environmental 

Chemical Engineering, (2013); 1(4): 850-857. 

117. Ross, I., McDonough, J., Miles, J., Storch, P., 

Thelakkat Kochunarayanan, P., Kalve, E., Hurst, J., 

Dasgupta, S., Burdick, J.; A review of emerging 

technologies for remediation of PFASs; 

Remediation Journal, (2018); 28(2): 101-126. 

118. Gole, V.L., Fishgold, A., Sierra-Alvarez, R., 

Deymier, P., Keswani, M.; Treatment of 

perfluorooctane sulfonic acid (PFOS) using a 

large-scale sonochemical reactor; Separation 

and Purification Technology, (2018); 194: 104-

110. 

119. Cole, M., Lindeque, P., Halsband, C., 

Galloway, T.S.; Microplastics as contaminants in 

the marine environment: A review; Marine 

Pollution Bulletin, (2011); 62(12): 2588-2597. 

120. Staples, C.A., Dome, P.B., Klecka, G.M., 

Oblock, S.T., Harris, L.R.; A review of the 

environmental fate, effects, and exposures of 

bisphenol A; Chemosphere, (1998); 36(10): 2149-

2173. 

121. Gogate, P.R., Pandit, A.B.; Cavitation 

generation and usage without ultrasound: 

Hydrodynamic cavitation; In: Theoretical and 

Experimental Sonochemistry Involving Inorganic 

Systems, Springer, (2011): 343-372. 

122. Badve, M., Gogate, P., Pandit, A., Csoka, L.; 

Hydrodynamic cavitation as a novel approach 

for wastewater treatment in wood finishing 

industry; Separation and Purification 

Technology, (2013); 106: 15-21. 

123. Babu, S.G., Ashokkumar, M., Neppolian, B.; 

The role of ultrasound in advanced oxidation 

processes for water treatment; In: Advanced 

Oxidation Processes for Water Treatment, IWA 

Publishing, (2019): 137-166. 

124. Bethi, B., Sonawane, S.H., Potoroko, I., 

Bhanvase, B.A., Sonawane, S.S.; Novel hybrid 

system based on hydrodynamic cavitation for 

treatment of dye waste water: A first report on 

bench scale study; Journal of Environmental 

Chemical Engineering, (2017); 5(2): 1874-1884. 

125. Thanekar, P., Murugesan, P., Gogate, P.R.; 

Improvement in biological oxidation process for 

the removal of dichlorvos from aqueous 

solutions using pretreatment based on 



 Rohit Sunil Khedkar, International Journal of Science, Engineering and Technology, 

 2025, 13:1 

 

21 

 

 

hydrodynamic cavitation; Journal of Water 

Process Engineering, (2021); 44: 102363. 

126. Wu, Z., Ondruschka, B., Zhang, Y., Bremner, 

D.H., Shen, H., Franke, M.; Chemistry driven by 

suction: Principles and application of 

hydrodynamic cavitation in water treatment; 

Umweltwissenschaften und Schadstoff-

Forschung, (2009); 21(6): 491-498. 

127. Parag, S., Gogate, P.R.; Degradation of 4-

chloro 2-aminophenol using a novel combined 

process based on hydrodynamic cavitation, UV 

photolysis and ozone; Ultrasonics 

Sonochemistry, (2020); 61: 104817. 

128. Kumar, M.S., Sonawane, S.H., Bhanvase, B.A., 

Bethi, B.; Treatment of ternary dye wastewater by 

hydrodynamic cavation combined with 

advanced oxidation processes (AOPs); Journal of 

Water Process Engineering, (2020); 36: 101305. 

129. Suryawanshi, P.G., Bhandari, V.M., 

Sorokhaibam, L.G., Ruparelia, J.P., Ranade, V.V.; 

Solvent degradation studies using 

hydrodynamic cavitation: A process 

intensification study; Chemical Engineering and 

Processing: Process Intensification, (2016); 106: 

45-56. 

130. Saharan, V.K., Pandit, A.B., Kumar, P.S., 

Anandan, S.; Hydrodynamic cavitation as an 

advanced oxidation technique for the 

degradation of acid red 88 dye; Industrial & 

Engineering Chemistry Research, (2012); 51(4): 

1981-1989. 

131. Gogate, P.R., Pandit, A.B.; Sonochemical 

reactors: Scale up aspects; Ultrasonics 

Sonochemistry, (2004); 11(3-4): 105-117. 

132. Rajoriya, S., Bargole, S., George, S., Saharan, 

V.K., Gogate, P.R., Pandit, A.B.; Synthesis and 

characterization of samarium and nitrogen 

doped TiO2 photocatalysts for photo-

degradation of 4-acetamidophenol in 

combination with hydrodynamic and acoustic 

cavitation; Separation and Purification 

Technology, (2019); 209: 1027-1037. 

133. Bolton, J.R., Bircher, K.G., Tumas, W., Tolman, 

C.A.; Figures-of-merit for the technical 

development and application of advanced 

oxidation processes; Journal of Advanced 

Oxidation Technologies, (1996); 1(1): 13-17. 

134. Joshi, R.K., Gogate, P.R.; Degradation of 

dichlorvos using hydrodynamic cavitation based 

treatment strategies; Ultrasonics Sonochemistry, 

(2019); 50: 312-321. 

135. Fedorov, K., Datskevich, E., Fatta-Kassinos, 

D., Vroumsia, T., Konstantinou, I., Hapeshi, E., 

Michael-Kordatou, I., Vagi, M., Xekoukoulotakis, 

N.P., Fytianos, G., Chemat, F.; Factors affecting 

the removal of amoxicillin from water using 

hydrodynamic cavitation; Journal of 

Environmental Chemical Engineering, (2022); 

10(1): 106998. 

136. Carpenter, J., Badve, M., Rajoriya, S., George, 

S., Saharan, V.K., Pandit, A.B.; Hydrodynamic 

cavitation: An emerging technology for the 

intensification of various chemical and physical 

processes in a chemical process industry; 

Reviews in Chemical Engineering, (2017); 33(5): 

433-468. 

137. Simpson, A., Ranade, V.V.; Modelling of 

hydrodynamic cavitation with orifice: Influence 

of different orifice designs; Chemical 

Engineering Research and Design, (2018); 136: 

698-711. 

138. Wang, X., Zhang, Y., Degradation of alachlor 

in aqueous solution by using hydrodynamic 

cavitation; Journal of Hazardous Materials, 

(2009); 161(1): 202-207. 

139. Shifu, C., Gengyu, C.; Photocatalytic 

degradation of organophosphorus pesticides 

using floating photocatalyst TiO2·SiO2/beads by 

sunlight; Solar Energy, (2005); 79(1): 1-9. 

140. Mahajan, P., Katti, S.K.; Techno-economic 

analysis of hydrodynamic cavitation for 

wastewater treatment: A review; Materials 

Today: Proceedings, (2022); 57: 1655-1660. 

141. Gągol, M., Przyjazny, A., Boczkaj, G.; 

Wastewater treatment by means of advanced 

oxidation processes based on cavitation–a 

review; Chemical Engineering Journal, (2018); 

338: 599-627. 

142. Boczkaj, G., Fernandes, A.; Wastewater 

treatment by means of advanced oxidation 

processes at basic pH conditions: A review; 

Chemical Engineering Journal, (2017); 320: 608-

633. 

143. Tao, Y., Cai, J., Huai, X., Liu, B.; Application of 

hydrodynamic cavitation to wastewater 



 Rohit Sunil Khedkar, International Journal of Science, Engineering and Technology, 

 2025, 13:1 

 

22 

 

 

treatment; Chemical Engineering & Technology, 

(2016); 39(8): 1363-1376. 

144. Dular, M., Griessler-Bulc, T., Gutierrez-

Aguirre, I., Heath, E., Kosjek, T., Petkovšek, M., ... 

& Kompare, B.; Use of hydrodynamic cavitation 

in (waste)water treatment; Ultrasonics 

Sonochemistry, (2016); 29: 577-588. 

145. Mishra, K.P., Gogate, P.R.; Intensification of 

degradation of Rhodamine B using 

hydrodynamic cavitation in the presence of 

additives; Separation and Purification 

Technology, (2010); 75(3): 385-391. 

146. Rizzo, L.; Bioassays as a tool for evaluating 

advanced oxidation processes in water and 

wastewater treatment; Water Research, (2011); 

45(15): 4311-4340. 

147. Escher, B.I., Baumgartner, R., Koller, M., 

Treyer, K., Lienert, J., McArdell, C.S.; 

Environmental toxicology and risk assessment of 

pharmaceuticals from hospital wastewater; 

Water Research, (2011); 45(1): 75-92. 

148. Oller, I., Malato, S., Sánchez-Pérez, J.A.; 

Combination of advanced oxidation processes 

and biological treatments for wastewater 

decontamination—A review; Science of the Total 

Environment, (2011); 409(20): 4141-4166. 

149. Malato, S., Fernández-Ibáñez, P., 

Maldonado, M.I., Blanco, J., Gernjak, W.; 

Decontamination and disinfection of water by 

solar photocatalysis: Recent overview and 

trends; Catalysis Today, (2009); 147(1): 1-59. 

150. Venkatraman, V., Evjen, S.; The ionic liquid 

property explorer: An extensive library of task-

specific solvents; Data, (2019); 4(2): 88. 

151. Ren, Y.Z., Wu, Z.L., Franke, M., Braeutigam, P., 

Ondruschka, B., Comeskey, D.J., King, P.M.; 

Sonoelectrochemical degradation of phenol in 

aqueous solutions; Ultrasonics Sonochemistry, 

(2013); 20(2): 715-7 


