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Abstract

:

Micropollutants and emerging substances pose a serious problem to environmental sustainability and remediation, due to their widespread use and applications in everyday life. This group of chemicals is diverse but with common toxic and harmful properties. Their concentration in the environment is often very low; however, due to their recalcitrant nature, they are persistent in air, water, and soil. From an engineering point of view, the challenge is not straightforward. It is difficult to remove these contaminants from complex mixtures of substances by conventional methods used in wastewater and drinking water treatment. Ozonation and ozone-based AOPs are accepted processes of degradation of resistant substances or at least enhancement of their biodegradability. The aim of this review paper is to present research trends aimed at solving problems in the research and application of ozone-based processes in the removal of micropollutants from wastewater, thus preventing leakage of harmful substances into surface water, soil, and groundwater and facilitating the reuse of wastewater. Priority substances, micropollutants and emerging pollutants, as well as processes and technologies for their transformation and elimination, are briefly specified. Results obtained by the authors in solving research projects that were aimed at eliminating selected micropollutants by ozonation and ozone-based AOPs are also presented. This review focuses on selected alkylphenols, petroleum substances, and organochlorine pesticides.






Keywords:


biodegradability; combined and integrated processes; ozonation; ozone-based AOPs; micropollutants; persistent pollutants; priority substances; toxicity; wastewater and sludge treatment












1. Introduction


The daily use and applications of chemicals, including micropollutants (MP) and so-called emerging substances (ES), have made them ubiquitous in the environment. They belong to a variety of chemical groups and their lists are particularly long.



Micropollutants are characterized by the fact that, despite relatively low concentrations (µg·L−1 to ng·L−1), they have significant negative effects on ecosystems and humans. These effects may include acute and chronic toxicity, bioaccumulation and bioconcentration in food chains, genotoxicity, or endocrine effects [1]. They are found in aquatic environments all over the world and can have negative effects on plants, animals, and humans.



The EU watch list of potential priority substances that need to be monitored to determine their environmental risk was launched in 2015. A study of Barbosa et al. reviewed data on their worldwide occurrence and options for their removal from an aqueous environment. Emerging pollutants (EPs) and micropollutants (MPs) from the group of pesticides, pharmaceuticals, personal care products, and industrial chemicals have been brought to attention due to their adverse effect on the equilibrium of different environmental compartments [2].



In recent years, many substances have been classified as priority hazardous substances because of their potential effects on human health [1,3]. The adoption of the Water Framework Directive [4] represents an instrument that defines and enables the sustainable protection of water resources. The decision of the European Parliament and of the Council [5] established a list of 33 priority substances or groups of substances, including priority hazardous substances, which present a significant risk to water pollution or the aquatic environment, including risks to waters used for the abstraction of drinking water. In the daughter directive [6], the list of priority substances was extended to 45.



Although there are no legal discharge limits for micropollutants into environment, some regulations have been published in the last year.



Under the Water Framework Directive (WFD), environmental quality standards (EQS) have been established for 45 priority substances and eight other pollutants. When the Directive on Environmental Quality Standards was amended in 2013, a watch list mechanism was established to require temporary monitoring of other substances for which evidence suggested a possible risk to or via the environment, to inform the selection of additional priority substances [2].



The directive [6] also emphasizes the need to develop new technologies for water and wastewater treatment to address the problem of pollution by priority and specific pollutants for river basins. Since conventional urban wastewater treatment plants (WWTPs) are not specially designed and operated to remove residual concentrations of micropollutants, new technologies, such as many advanced oxidation processes (AOPs), have been investigated [7]. Ozonation is now gaining increased attention after its recent application to urban WWTPs in Switzerland [8].



Some of the included substances in the directive [6] belong to persistent organic pollutants and are on the list of the Stockholm convention [9,10,11]. They are toxic, slowly biodegradable, and accumulative in organisms, as well as terrestrial and aquatic ecosystems. These compounds, in many cases, enter the aquatic ecosystem after their discharge from industry. Some of them are harmful to ecosystems and human health. Due to their bioaccumulation in animal tissues, they undergo bioaccumulation at the top of the food chain.



An emerging task for municipal wastewater treatment plants will be to act as a barrier and to prevent the emission of harmful substances into aquatic environment. Conventional and advanced wastewater treatment processes are designed primarily to eliminate organics and nutrients. However, attention is increasingly being focused on priority and relevant substances and emerging pollutants, since even low concentrations of these substances can have adverse impacts on aquatic ecosystems. Thus, the incapability of biological wastewater treatment to remove hazardous, toxic, and biologically resistant pollutants effectively shows that new treatment processes are needed to be developed [3,12].



Switzerland has already committed to upgrading the technology at many of its sewage treatment plants to cut the most significant point-source discharges of micropollutants to its lakes and rivers. In 2016, a new Swiss law on water protection entered into force with the aim of reducing the discharge of MPs from wastewater treatment plants [13]. The aim is to reduce at least 80% of the MP discharge into the environment by implementing various post-treatment methods in the sewage plants operations. In the testing phase, several MPs (herbicides and pharmaceuticals) were monitored. Some of these compounds, such as diclofenac and clarithromycin, are on the EU watch list [2]. The problem of pharmaceutical pollution is also being dealt with in Sweden, where the Primozone company received funding (in 2004) for mobile test plant operation at 10 locations in 2014 and 2015. This test plant tested the efficiency of ozonation on the removal of 24 pharmaceutical compounds. The test results showed that the ozonation removed up to 95% of the pharmaceutical residue using a dose of 5 g of ozone per cubic meter of water. Of the test compounds, one, diclofenac, is on the EU watch list. This and four others are also among those in the Swiss list of test compounds: carbamazepine, citalopram, hydrochlorothiazide, and metoprolol [8]. A survey and a description of advanced wastewater treatment for of pharmaceutical residues and other hazardous substances are available in [14]. With the development of new analytical and instrumental methods and sophisticated equipment that allow the determination of pollutant content at very low concentrations, there has been increased public and professional attention toward micropollutants (MPs) and emerging pollutants (EPs) in the aqueous environment.



Micropollutants enter the environment due to human activity and can be divided into several groups: drugs (human and veterinary), pesticides and biocides (e.g., alachlor, atrazine, dieldrin), personal care products and synthetic fragrances, oil products, and various industrial chemicals and additives [15]. Micropollutants enter municipal wastewater (WW) during bathing, cleaning, or washing, from toilets, and through used and unused pharmaceuticals and medicines. Due to the serious negative effects on the environment, low concentrations, and, in many cases, the complex chemical structure, the issue of MP removal poses an urgent and current challenge for the research of appropriate treatment technologies, aquatic environmental impacts, and pathways of leakage into groundwater sources [12].



Emerging pollutants are defined as synthetic or naturally occurring chemicals that are not routinely monitored in the environment, but which have the potential to enter the environment and cause known or suspected adverse environmental and/or health effects [16]. In several cases, it is known that the release of new pollutants into the environment has been going on for a long time, but they could not be recognized until new detection methods were developed. The synthesis of new chemicals or changes in the use and disposal of existing chemicals can create new sources of emerging pollutants. The vast majority of MPs and EPs are currently not included in routine monitoring programs and their fate, behavior, and ecotoxicological effects are often not well understood. They can be released from point sources of pollution, e.g., from WWTPs in urban or industrial areas, or from diffuse sources through atmospheric deposition or from plant and animal production.



The synthesis of new chemicals or changes in the use and disposal of existing chemicals can create new sources of emerging pollutants [17]. EPs are classified into more than 20 classes related to their origin [18]. In 2012, approximately 143,000 compounds were registered on the European market, many of which end up in the aquatic environment at some point in their life cycle. Most of them are not removed in conventional WWTPs; they can persist or form new products in the aquatic environment via reactions with other anthropogenic or natural compounds such as humic substances under environmental conditions (sunlight etc.), and they can be bioactive and bioaccumulative [19,20,21,22,23,24].



MPs and EPs are the focus of intensive research on a laboratory, pilot, and operational scale. A list of 242 chemicals was included in [25], of which around 70% are pharmaceuticals and personal care products and 30% are industrial products, including perfluorinated compounds, pesticides, herbicides, and food additives. About 70% of medicines come from households, 20% from livestock farming, 5% from hospital WWs, and the remaining 5% from unspecified sources [26].



Different advanced treatment methods have been applied for the removal and/or destruction of these pollutants in water and wastewater. These include chemical oxidation, adsorption, and membrane filtration. The highly effective method for the removal of a wide spectrum of emerging and hazardous (micro)pollutants is chemical oxidation with the use of ozone, either directly or indirectly. Despite the high removal/degradation efficiency, chemical oxidation methods are relatively expensive for complete mineralization of pollutants, due to the formation of increasingly (bio)resistant oxidation byproducts. However, the combination of chemical oxidation and traditional biological treatment has proven to be an attractive alternative. Ozonation modified in numerous possible ways in a pretreatment process can convert persistent and bioresistant organic compounds into bioavailable intermediates, which would be consequently treated by biological treatment processes. On the other hand, oxidation processes can also be very effective in terms of polishing of final effluent to remove remaining micropollutants and intermediates formed in different treatment stages (Figure 1).




2. Ozonation and Ozone-Based Processes


Ozone reacts easily and nonspecifically with both organic and inorganic compounds due to its high reduction potential (2.07 V vs. SHE) and reactivity [32,33,34]. It removes odor, colors, COD (chemical oxygen demand), phenols, and cyanides, reduces haze, surfactant, and suspended solid content, and increases the concentration of dissolved oxygen. It is a strong oxidant capable of causing cell lysis and disinfection, reducing the content of suspended solids (SS), and increasing the content of soluble COD [15,35,36].



Ozone targets molecules containing electron-rich moieties (ERMs) such as phenols, olefins, and amines. Ozone can also react via a radical oxidation pathway due to its self-decomposition in water. Consequently, the effect of ozone and the HO• (hydroxyl radical) intermediates can achieve high removal efficiencies of micropollutants using low ozone input [36]. Moreover, the transformation products formed upon direct ozonation or indirect radical reaction are less biologically active than the initial compounds [37].



Qiang et al. [38] found ozone-based processes suitable for the degradation of micropollutants present within activated sludge and initiated further research focused on the removal of other compounds adsorbed onto biological sludge.



Ozone is readily produced from air or oxygen using the electric discharge method. A major limitation of the ozonation process is the relatively high cost of its generation [39].



2.1. Ozone Reactions


Ozone is a strong oxidant that can react through two different reaction mechanisms. Depending on process parameters (pH), the presence of other substances, and type/structure of pollutants [40], ozone reacts as molecular ozone (direct reactions of ozone) or through the formation of secondary oxidants such as free-radical intermediates (indirect reactions) [32,40,41].



Usually, under acidic conditions (pH < 4), direct electrophilic attack by molecular ozone prevails [28]. With increasing pH, the rate of HO• radical formation increases. At pH ≥ 10, the reaction mechanism changes to an indirect one [42].



The course of ozonation is significantly influenced by water/wastewater composition. Present substances may initiate, promote, or inhibit the radical chain reactions. The initiators include HO−, H2O2/HO2−, Fe2+, formates, and humic substances. These substances induce the formation of a superoxide radical (O2•) from the ozone molecule. Promoters are, for example, R2–CH–OH, aryl-R, formates, and humic compounds. Ozone molecules induce the regeneration of superoxide radicals from hydroxyl radicals. The main inhibitors of ozonation are CH3–COO−, alkyl-R, and HCO3−/CO32−. These substances are capable of scavenging hydroxyl radicals without subsequent regeneration to superoxide ions. Carbonates and bicarbonates also inhibit ozonation due to a reaction with HO• radicals.



The direct reaction of organics with ozone occurs when the water either contains only a small amount of initiators or contains a large amount of radical scavengers that end the of ozone self-decomposition [27].



Molecular ozone is a rather selective oxidant of organic compounds with a small reaction rate constant [27]. It can react directly with certain functional groups of organic compounds found in water and wastewaters, such as unsaturated and aromatic hydrocarbons substituted with hydroxyl, methyl, and amine groups giving rise, to degradation products. Olefins are more reactive with molecular ozone than aromatic compounds with the same substituent. Because of this high selectivity, many industrial wastewater treatment oxidation processes can be performed using molecular ozone.



Although the ozone self-decomposition rate in aqueous media is dependent on pH (at high pH, ozone undergoes rapid decomposition), Nakano et al. [43] found that neither the acidic pH nor the high solubility of ozone affected the degradation/removal efficiency of the studied substances. They studied the process of ozonation of selected hazardous substances in the organic solvents and compared it with the process of ozonation in the aqueous environment in terms of degradation efficiency. It is evident that most of the ozonation studies were performed in an aqueous environment. Concentrations of most target substances are very low and coexist in water with ozone-depleting substances which are present in relatively high concentrations (e.g., CO2, carbonates, bicarbonates), thus reducing ozonation efficiency. Most of the target organic compounds are hydrophobic; hence, they are easy to separate via extraction into an organic solvent directly from water or from activated carbon after adsorption from water. The compounds separated and concentrated in an organic solvent decompose more efficiently via the action of ozone than in water.



Tsai et al. [44] studied the effect of chemical properties of commonly used organic solvents (acetic acid, ethyl acetate, methyl acetate, propionic acid, acetonitrile) on the decomposition rate of non-dissociated and dissociated chlorinated hydrocarbons. Results showed that the decomposition rate for dissociated and non-dissociated substances is different, indicating that the ozonation rate depends on the nature of the organic solvent.




2.2. Ozonation in Water Treatment


Ozone is widely used for water treatment, where its disinfecting and oxidizing properties are widely utilized. It improves sensory properties and removes various bacteria and organic and inorganic substances, as well as undesirable color [45]. Figure 2 and Figure 3 were taken during yet unpublished research by the authors as examples of effective decolorization in ozonation experiments with industrial pharmaceutical wastewater. The color of the wastewater (Figure 3) was monitored spectrophotometrically as absorbance (A) at three different wavelengths: 436, 525, and 620 nm. Since the use of conventional disinfectants such as halogens can lead to the production of toxic byproducts, ozone application is, in many cases, a more suitable alternative. The ozonation is usually followed by filtration on granular activated carbon (GAC) or sand filters, which are standard methods of surface water treatment for drinking purposes.



Camel and Bermond [46] summarized the main applications of ozone-based processes in the treatment of surface and ground waters for drinking water preparation. The first step in this process is the removal of organic substances, e.g., humic substances and micropollutants, from raw water to prevent unwanted degradation processes in the distribution of drinking water. These processes could result in bad odors and tastes, and premature ozone consumption could lead to microbial regrowth in distribution systems. Consequently, additional treatment processes such as sand or granular activated carbon filtration are required to meet the drinking water requirements.



Gunten [47] provided an overview of the decomposition of ozone in water and its effects on oxidation processes with ozone and secondary oxidants (HO• radicals) during the ozonation of drinking water. The oxidation kinetics of selected micropollutants and the possibility of using this information to evaluate the fate of these compounds during the ozonation of drinking water was presented. The oxidation of inorganic micropollutants (e.g., Fe2+, Mn2+, H2S, NO2) by ozone is usually fast and very efficient. The most significant exception is ammonia, which is only slowly oxidized by ozone and HO• radicals. The oxidation of organic micropollutants can be divided into compounds that can be directly (very effectively) oxidized by ozone and those that do not react with ozone. For ozone-resistant compounds, advanced ozone-based oxidation processes (AOPs, O3/H2O2 or O3/UV) can be used for the oxidation. However, in these processes, much of the oxidative capacity is lost due to the matrix. Thus, achieving mineralization of organic compounds is not realistic. Accordingly, thorough analysis of the degradation products must be performed to evaluate the overall gain of the process in terms of degradation of the parent compounds and formation of potentially harmful products.



Audenauert et al. [48] developed a simplified kinetic model describing ozone decomposition, organic carbon removal, disinfection, and bromate formation during ozonation used to treat drinking water. Module calibration and simulation calculations were based on an operational database from a full-scale ozonation system. The results of simulation calculations based on these data showed that this model allows predicting excessive ozone concentration, removal of organic matter, deactivation of bacteria, and bromate formation. Parametric sensitivity analysis revealed a significant influence of kinetic and stoichiometric parameters on the output of the model. Some parameters related to bromates and bacteria were shown to be only, but largely, sensitive to their associated concentrations. The oxidation of organic carbon by ozone appears to be advantageous for the application of model control and optimization strategies, as it allows online monitoring of the variables and subsequent acquisition of a large amount of accurate data in real time. This model can also be used as a basis to develop a more detailed model including radical reactions [49] and combined AOPs (O3, UV, H2O2) to predict the course and optimize processes.




2.3. Ozonation in Wastewater Treatment


Ozone can cause cell lysis and disinfection, a reduction in suspended solids (SS), and an increase in the content of soluble COD [15,35,36]; thus, it can be very efficient in the processes of municipal and industrial wastewater treatment. Ozonation and other ozonation-based processes can be used as a single-step treatment approach, as a pretreatment method followed by other conventional methods, or as a post-treatment step to achieve effluent limits and especially remove MPs that have not yet been addressed in treatment strategies and legislation.



Among the publications focused on the practical use of MP removal technologies, research aimed at extending existing municipal WWTPs using additional tertiary treatment processes dominate [50]. The reason is that municipal WWTPs are the largest point sources of MPs in terms of their distribution to individual compartments of the aquatic ecosystem.



The advantage of chemical oxidation processes, including ozone-based processes, is that they can lead to the complete mineralization of organic substances to carbon dioxide and water or to the transformation of hydrophobic organic compounds into more polar compounds [51,52, 53], thus enhancing biotreatability.



Ozonation represents one of the alternatives for the removal of biologically resistant and toxic compounds from wastewater. It possesses oxidizing properties desirable for its use in wastewater treatment. It is a powerful oxidant capable of oxidative degradation of many organic compounds; it is readily available, is soluble in water, and leaves more biodegradable byproducts. However, total mineralization of organics by ozone is very expensive. Thus, new developed processes apply ozone only for the elimination of toxic compounds and for partial oxidation of resistant organic pollutants from wastewaters, followed by additional biological processes [28].



A major limitation of the implementation of ozonation processes is the economically inconvenient ozone generation coupled with the instability of produced ozone. Due to its instability, ozone must always be generated on site. However, the maximum concentration of the ozone produced from air or oxygen is approximately 4–8%, coupled with the very low (5–10%) energetic efficiency of the production and the requirement of a dry input of air or oxygen. Process efficiency is highly dependent on the efficient gas–liquid mass transfer, which is quite difficult to achieve due to the relatively low solubility of ozone in aqueous solutions. Schematics of typical equipment used for ozonation and typical operating parameters were presented by Gogate and Pandit [54].



Schaar et al. [55] and Ibáňez et al. [56] considered the ozonation of wastewater at the outlet of a WWTP to be a promising technology for reducing MP emissions. Eggen et al. [24] also confirmed the ozonation of wastewater at the outlet of a WWTP to be a promising option since it presented a significant reduction in toxicity and MP emissions in discharged WW of real WWTPs. Ozonation of excess sludge also caused increased removal of endocrine-disrupting compounds absorbed into the sludge. Qiang et al. [38] presented the results of research of the suitability of the use of ozone for the degradation of endocrine disruptors present in activated sludge and initiated further research work aimed at removing other compounds adsorbed on sludge. Gradclément et al. [57] considered the ozonation of wastewater at the outlet of a WWTP to be a promising enhancement of biological processes to remove MP, where it can also be combined with other physical–chemical or chemical processes.



The main disadvantage of ozonation is the insufficient mineralization of pollutants and the formation of transformation products. However, ozone promotes the partial oxidation of pollutants [58]. Thus, newly developed processes apply ozone only for the elimination of hazardous compounds and/or for partial oxidation of resistant wastewater organic pollutants to improve their characteristics.



2.3.1. Enhancement of Biodegradability


Ozone mainly promotes the partial oxidation of pollutants, but its action depends upon many parameters. In addition to direct reaction (ozonolysis), it can also react via radical mechanisms such as other AOPs. The combination of ozonation with homogeneous or heterogeneous catalysis which can increase the production of hydroxyl radicals represents a potential solution when the enhancement of biodegradability is considered. Natural organic compounds and/or carbonates in soil and/or underground water can also act as catalysts depending on their concentration and pH.



Controlled ozonation processes which can inactivate inhibitory compounds in wastewater treatment and improve the bioavailability of recalcitrant organic molecules by fragmentation are applied. Thus, cheaper methods for removing resistant and toxic substances include a combination of partial ozone oxidation and subsequent mineralization by biological processes [59,60,61,62,63,64]. Partial/controlled oxidation changes the structure and chemical properties of organic substances by breaking them down into smaller fragments. Oxygen is incorporated into the reaction products to form alcohols, carboxylic acids, and other oxygenates. Compounds with a specific functional group, such as aromatic rings and C=C bonds, are prone to react with ozone to form carbonyl compounds and, in the case of aromatic hydrocarbons, to form aliphatic acids [65]. Ozone oxidation products are, in many cases, more readily biodegradable than products produced by other oxidizing agents [66]. At the same time, the biodegradability of the contained organic substances is improved (increase in the value of the BOD5/COD ratio). In addition to improved biodegradability, oxidation by ozone may also contribute to a reduction in the potential toxicity of these waters [59,62]. This allows the subsequent use of biological processes to remove remained pollutants (e.g., nitrification process). Ozonation is also one of the most frequently investigated and applied methods of post-treatment of seepage water after biological treatment [67].



The changes in municipal landfill leachate biodegradability were also studied by Derco et al. [68]. The maximum observed BOD5 value, measured in ozonated biologically pretreated landfill leachate using a respirometric method, was 244 mg·L−1. Biodegradability expressed as BOD5/COD ratio increased from zero up to a maximum value of 0.21, corresponding to an ozone consumption of 0.7 mg per mg of COD reduced.




2.3.2. Reduction in Toxicity


The main purpose of chemical pretreatment is the partial oxidation/fragmentation of bioresistant compounds to produce biodegradable intermediates. The mineralization degree should be minimal during pretreatment to avoid unnecessary expenditures on chemicals and energy, thus reducing operating costs. This is important because electricity costs account for about 60% of the total operating costs. Organics that are highly or completely resistant to conventional biological treatment can be totally mineralized using a combined chemical–biological system. However, during ozonation, formation of toxic metabolites has already been noted by several authors, and, despite the good removal rates of contaminants, which was confirmed sometimes even with efficient mineralization, the toxicity increased. Hence, it is necessary to upgrade physical–chemical monitoring of any treatment efficiency with biological tests to detect such changes and to avoid significant environmental impact.



In the study of Peolmas et al. [69], pre- and post-ozonation of wastewater from truck cleaning was investigated. Laboratory experiments with biological treatment were accomplished with activated sludge in sequencing batch reactors. Two strategies were applied: (i) influent pretreatment with ozone followed by activated sludge treatment, and (ii) activated sludge treatment followed by polishing with ozone. An 80% decrease in ecotoxicity was observed for algal growth inhibition and a 10% decrease was seen for Daphnia immobilization for ozone post-treated influent in comparison to the pretreated one. Prolonged (7 h) effluent ozone polishing tests were conducted at two pH set points to assess the impact of radical formation during ozone treatment. The authors concluded that ozone as a pretreatment step had no significant influence on ecotoxicity and COD removal, whereas effluent polishing could reduce ecotoxicity and improve environmental effluent characteristics.



The study of Park et al. [70] compared chlorination and ozonation in terms of the ecotoxicity of byproducts when wastewater is disinfected. It was confirmed that the concentration of three halomethanes increased with longer contact time (24 h), while the concentration of halo-acetic acids (HAAs) was not affected by longer contact time regardless of the process applied. Ecotoxicity was determined using Daphnia magna and correlated to the formed formaldehyde concentrations. The authors concluded that both the disinfection efficiency and the byproduct formation potential should be considered to avoid harmful impacts on aquatic environments when a disinfection method is used for the final treatment of the wastewaters.



Wu et al. [71] studied the ozonation of wastewater in the presence of bromide where bromate is the expected byproduct. The cytotoxicity, genotoxicity, and DNA/RNA oxidative damage to Chinese hamster ovary cells of organic extracts from ozonated wastewater in the absence or presence of bromide were studied. Detoxification was effective in the case of ozonation without bromide, while the cytotoxicity and genotoxicity of effluents spiked with bromide significantly increased. When the bromide concentration in the effluent was 2000 μg·L−1, ozonation resulted in 1.4–1.5 times the cytotoxicity and 1.5–5.0 times the genotoxicity of the non-ozonated secondary effluent. Both parameters were correlated with an increase in the formation of total organic bromine (TOBr). It was concluded that, during the ozonation of wastewaters containing bromide, particular attention should be paid to the organic byproducts such as TOBr.



Kharel et al. [72] explored the ozone dose dependency of the formation and successive removal of ozonation products in a pilot- and full-scale ozonation system after activated sludge treatment. The concentrations of several N-oxides (erythromycin N-oxide, venlafaxine N-oxide, and tramadol N-oxide) increased up to an ozone dose of 0.56–0.61 mgozone·mgDOC−1 while they decreased at elevated doses of 0.7–1.0 mgozone·mgDOC−1. The same outcome was confirmed in the case of determined transformation products (diclofenac 2,5-quinone imine, 1-(2,6-dichlorophenyl)indolin-2,3-dione, 1-(2-benzoic acid)-(1H,3H)-quinazoline-2,4-dione). The formation maximum of a given compound occurred at a specific ozone dose characteristic for each compound, but it was not affected by the composition of the wastewater used in the experiments.




2.3.3. Municipal Wastewater


The main goal of wastewater treatment plants (WWTPs) is to remove organic pollution and nutrients to meet specific discharge requirements. However, in recent years, attention has shifted to micropollutants (MPs), because even low concentrations of MPs can have an adverse effect on the environment. Ozone-based processes appear to be promising technologies for the removal of these substances as part of tertiary wastewater treatment. Published results have shown that municipal wastewater treatment plants are also the most important point source of priority substances and micropollutants into the environment because of the low removal efficiencies of many of these compounds [24,38,73]. Currently, only half of the micropollutants are eliminated in conventional WWTPs, mainly by degradation and sorption onto sludge. There are also many compounds with hydrophilic characteristics that do not adsorb onto the sludge and are persistent or transformed into mostly unknown products. To reduce the negative environmental impact and to improve the quality of the discharged wastewater, appropriate measures should be introduced [24].



Among the publications focused on practical applications of MP removal technologies, work aimed at extending existing municipal WWTPs to other tertiary processes dominates [50]. The reason for this solution is that municipal WWTPs are collecting these compounds in a certain area via wastewaters and, in the case of their poor removal, represent the largest point sources of MPs in individual components in the aquatic ecosystem; however, they can serve as primary barriers against the spread of MPs.



Deblonde et al. [74] monitored data on the concentrations and removal efficiencies of 50 pharmaceutical compounds, six phthalates, and bisphenol A at inflows and outflows in WWTPs. The phthalate removal efficiency was above 90% for most of the compounds studied. The rate of antibiotic removal was about 50%, and that for bisphenol A was 71%. Analgesics, anti-inflammatory drugs, and beta-blockers were found to be the most resistant (30–40% removal efficiency).



Hollender et al. [20,75] studied the removal efficiencies of 220 micropollutants in a real WWTP, which was extended to tertiary ozonation, followed by a sand biofilter. During ozonation, compounds with an aromatic nucleus, amino groups, and double bonds, e.g., were eliminated at an ozone dose of 0.47 gozone·g−1DOC (sulfamethoxazole, diclofenac, carbamazepine). More resistant compounds, such as atenolol and benzotriazole, were removed more efficiently only at higher doses of ozone (0.6 gozone·g−1DOC). Only a few micropollutants (e.g., triazine herbicides) passed the treatment unchanged on a larger scale. The energy consumption for tertiary ozonation was around 0.035 kWh·m−3, which corresponds to 12% of the energy consumption in a typical medium WWTP with nutrient removal [20].



The Neugut WWTP (1,050,000 PE) was the first in Switzerland to introduce long-term ozonation aimed at the removal of MPs. A specific ozone dose of 0.55 gozone·g−1DOC was determined to ensure an average reduction in the concentration of 12 selected indicator substances by 80%. Subsequent monitoring of 550 substances confirmed the high efficacy of this dose. After ozonation, additional biological treatment is required to eliminate the possible ecotoxic effects caused by biodegradable transformation products and oxidation byproducts [13].




2.3.4. Integrated Processes


Because conventional activated sludge-based processes are often insufficient to remove most organic micropollutants (MP), various alternative technologies can be implemented to remove them, such as integrated processes that combine two or more different methods [57]. An additional problem is related to the substances adsorbed on activated sludge which can affect the efficiency of its management and ways of final disposal because they can be released into the environment during its application in agriculture. The conclusions of the Ninth Implementation Report and the programs for the implementation of Council Directive 91/271/EEC on the treatment of municipal wastewater (COM, 2017) show that 58% of sewage sludge is reused, mostly in agriculture. Handling of this sludge can cause the release of hazardous, harmful, and toxic substances into soil and groundwater [76]. In fact, the application of stabilized sludge into soil remains the final solution in many countries even with a longer perspective [77].



Another way of their entry in the environment is the stripping of volatile components (reaction intermediates and products) during conventional wastewater treatment, followed by their wide-range mobility.



In addition, the treatment of excess sludge produced significantly increases the cost (approximately 25–60% of the total cost) of wastewater treatment [38,78,79,80,81]. Recently, the research and the development of new methods and strategies for the utilization, minimization, and disposal of excess sludge have been in focus. Ozone treatment is one of the studied and partially applied processes for excess sludge control. During ozonation of the sludge, cell membranes are disrupted, and the intracellular material is released into the liquid phase [82]. This enhances the first step of the process hydrolysis. As a result, toxicity is reduced and biogas production potential is increased as it has been proven in the study [83]. In the Figure 4 unpublished data on biogas production based on the methodology used in in the study of Boševski et al. [83] are presented. It can be clearly seen that contamination of the sludge with toxic compounds decreased biogas gain while ozonation led to increased hydrolysis of treated sludge resulting in better biogas production. At the same time also degrade pollutants and prevent their release into the environment. Ozonation of sludge is presented as the most cost-effective technology with regard to the disintegration performance [84,85]. One of the possible uses of ozonated sludge is in biological nitrogen removal, where it can perform as an external carbon source, thereby extensively reducing the operational cost of this process [35]. Thus, one of the investigated and to some extent applied processes of reducing the production of excess activated sludge is the use of ozone.



Moreover, excess sludge generated during wastewater treatment affects the wastewater treatment economy, increasing the total cost by 25–60% [34,78,79,80,81]. This is one of the reasons why new, alternative plans for sludge management have been initiated.



The possibilities of reducing the production of excess sludge have been intensively investigated, resulting in several publications. State-of-the-art sludge reduction technologies applied in both wastewater and sludge treatment lines were presented by Wang et al. [86]. According to these authors, in the future, effort should be placed toward sludge reduction technologies for the removal of organic micropollutants and heavy metals.



Kosowski et al. [87] investigated the effect of ozone on the physicochemical and microbiological parameters of sludge. The experiments were performed in a counter current reactor, which ensures optimal mass transfer and contact time of ozone with insoluble substances (flocs of activated sludge). A reduction in the number of colony-forming units (CFU) was achieved. Sludge dewatering improved. The COD and BOD5 values increased with the process time, while the total content of insoluble particles in the sludge did not change.



The same was also noted in the study of Marce et al. [88], who studied ozonation as a treatment of activated sludge supernatant liquid from a coastal WWTP containing various micropollutants, mainly pharmaceuticals. The aim of their study was to correlate the dependency of applied ozone dosage on the effectiveness of micropollutant removal, as well as activated sludge characteristics. The authors observed that, even with low transferred ozone doses, removal efficiencies of the studied micropollutants reached up to 99%. Furthermore, the applied ozone dosage had positive effect on activated sludge, increasing COD solubilization, as well sludge volume index. Many studies dealing with excess sludge treatment considered ozonation as one of the easiest and fastest modern technologies for micropollutant removal, excess sludge reduction, and prevention of subsequent release of these compounds into the environment [12,38,76,79,89].



Another focus of research in this area is related to the possibilities of using ozone for an on-step integrated process of decomposition of MPs after their adsorption on activated sludge and simultaneous disintegration of cells of excess sludge microorganisms to reduce their quantity. A positive impact of the accumulation and biosorption of hydrophobic organic substances to activated sludge is that it results in their elimination from wastewater. However, the contaminated sludge presents a new challenge, especially if the contamination is reversibly bound. A novel trend in excess sludge management is the combination of biological and chemical processes, which leads to a reduction in excess sludge production, while also providing the transformation/degradation of pollution sorbed onto this sludge [88].



During laboratory research focused on the utilization of ozone for the degradation 2-mercaptobenzothiazole (2-MBT) in an integrated process after its adsorption on activated sludge and simultaneous disintegration of the excess sludge to reduce its production, a 99% efficiency of its removal from excess activated sludge was observed after 20 min of ozonation [90].



Despite approximately the same 2-MBT removal efficiencies at different reaction time values (20 and 60 min), the effect of the samples on the respiratory activity of activated sludge was significantly different. With an increase in the time of ozonation, lower inhibitory effects of the ozonized sample of the mixture of activated sludge and 2-MBT on the respiratory activity of non-ozonized/reference activated sludge microorganisms, greater tolerance of these MOs to higher substrate concentrations (ozonized mixture of activated sludge and 2-MBT), and greater values of specific respiratory rate with this ozonized substrate were observed [91].




2.3.5. Combined Processes


Ozonation can be combined with a variety of different processes, e.g., energy enhancement using light (UV photochemical methods), addition of H2O2, Fe2+/H2O2 (photo-Fenton processes), and addition of other catalysts (Fe3+, Fe0, TiO2, etc.). There are also several nonphotochemical methods available. Combined chemical and biological oxidation processes have a well-known potential for removing recalcitrant and anthropogenic substances from wastewater. It should be noted that AOPs can sometimes produce byproducts, which may inhibit the biological processes when integrating the ozonation process into biological treatment systems [90].



A combined ozonation and bentonite coagulation process was investigated as a method of concurrently removing humic acid and o-dichlorobenzene from drinking water. Bentonite improved the coagulation process, resulting in an enhancement in the removal efficiency of humic acid [92].



Laboratory tests have shown that ozone can be successfully used to remove micro-pollutants from sewage [20]. The wastewater treatment plant in Regensdorfe, Switzerland is a successful example of such a system. It has been shown that ozonation is an effective way of removing a wide range of organic micropollutants from sewage. More than 90% of substances were transformed at relatively low ozone doses of about 0.6 to 0.8 gozone·gDOC−1. Antibiotics, hormones, analgesics, etc. were almost completely removed. It was confirmed that, after ozonation, a further step is required, sandblast sand filtration to remove reactive oxidation products. Another advantage of this process is that, in addition to removing micropollutants, ozone removes not only bacteria but also scent, color, and foam. A 10–20% cost increase was associated with ozonation in the WWTP process line compared to the operation costs required for the original technology.



Chys et al. [93] investigated the combination of three different filtration methods and ozonation as an enhanced tertiary treatment of municipal wastewater after biological treatment. Filtration methods, such as trickling filtration (TF) and slow sand filtration (SSF), proved to be ineffective for the removal of MP present in the wastewater. A third applied filtration method—filtration by activated biocarbon (BAC)—expressed 99% removal efficiency; however, operational costs were too high for successful full-scale implementation. The ozonation process removed 90% of MP from wastewater but resulted in increased nonselective toxicity of the effluent. The best technique for MP removal and the prevention of toxicity of secondary effluent was SSF followed by the ozonation process. To maintain the process control, the authors provided innovative mathematical correlation models for the monitoring and control of micropollutant removal when applying the enhanced tertiary treatment.



A significant increase in genotoxicity was observed during ozone applications explained as a consequence of the formation of various hazardous transformation products [89]. However, this effect could be efficiently eliminated using a sequential sand filter [20,52,94,95]. Results indicated a greater decrease in toxicity of landfill leachate by ozone compared to the Fenton reaction. The experimental results presented by Wang et al. [96], Hollender and Escher [75], and Hollender et al. [20] support the expectation that a combined process of ozone/biofiltration may enhance the overall treatment efficiency of secondary effluent treatment.



The production of excess sludge in biological treatment processes cannot be avoided. The application of stabilized sludge to the soil remains the ultimate solution in many countries, even in the longer term [77]. However, its application can cause the release of hazardous, harmful, and toxic substances into soil and groundwater [76]. In addition, substances adsorbed on activated sludge can be released into the environment in the form of volatile components, as well as reaction intermediates and products. An overview of state-of-the-art sludge reduction technologies used in wastewater treatment technology lines was provided by Wang et al. [86]. Prospectively, these technologies should also focus on the removal of organic micropollutants.



The work of Bernal-Martínez et al. [97] is the first on ozone utilization to remove toxic and carcinogenic substances from waste biological sludge. The results showed that, through ozonation of the anaerobically stabilized sludge and its recirculation into the stabilization reactor, an increase in the removal of polycyclic aromatic hydrocarbons (PAH) by 11% was achieved. In combination with hydrogen peroxide, the efficiency of PAH removal increased by 31%.



The results of Vranitzky and Lahnsteiner [98] also confirmed that the ozonation of anaerobically stabilized sludge and its recirculation into the stabilization reactor, in addition to the increasing the reduction in organic solids, increased biogas production and reduced the content of micropollutants, such as nonylphenol ethoxylates (NPEOs) and PAHs. This could enable safe reuse of stabilized sludge in agriculture and landscaping applications. The same trend was also observed in the study of Ak et al. [99]. They showed that the anaerobic stabilization of excess activated sludge after ozonation virtually doubles the volume of biogas produced compared to the usual stabilization process. The ozonation of excess sludge also caused the increased removal of endocrine-disrupting compounds absorbed onto sludge.



Qiang et al. [38] confirmed that ozone treatment is suitable for the degradation of EDCs present in the activated sludge, and further research work focused on the removal of other compounds adsorbed onto sludge was initiated.



Nie et al. [100] used two continuously activated sludge laboratory treatment plants. One was operated in conjunction with excess sludge ozonation, while the other was operated as a control system. The results show that ozone led to a zero production of excess sludge in the system. Although ozonation caused a relatively lower specific rate of oxygen consumption by activated sludge microorganisms, it had little effect on the performance of the system in terms of COD and nitrous substance removal. The sludge reduction system with ozonation was more favorable than the control system for the removal of target EDCs, and, at the same time, it eliminated the risk of surplus sludge with residual EDC content.





2.4. Ozonation of Micropollutants


Conventional mechanical–biological wastewater treatment plants are unable to completely remove most MPs; therefore, they pass to various compartments of the ecosystems where their impact can be significant and long-term even at relatively very low concentrations [101].



Ozonation causes a reduction in the concentration of many trace organic compounds from effluent wastewater [20,102,103,104,105,106] via direct and indirect oxidation reactions.



An emerging task for municipal wastewater treatment plants (WWTPs) is to act as a barrier for micropollutants and prevent the emission of potentially harmful substances into the aqueous environment. However, the occurrence of new still “uncontrolled” micropollutants, such as endocrine disruptors, pharmaceuticals, and personal care products, require the use of advanced wastewater treatment processes, especially in cases where a surface water is used to produce drinking water. Since biological wastewater treatment processes cannot effectively remove toxic and biologically resistant pollutants, this necessitates the development of new wastewater treatment processes [52,107,108].



Luo et al. [12] summarized the occurrence of MPs in the aquatic environment. The removal efficiency of selected MPs from WWTPs in 14 countries/regions ranged from 12.5% to 100%. Biological treatment can efficiently remove polar persistent micropollutants. The efficiency of these processes can be increased by changing technological and operational parameters (sludge age, hydraulic residence time, temperature, and redox conditions) or it can be enhanced by a combination with other different treatment technologies, i.e., hybrid system. Although advanced processes such as activated carbon adsorption, AOPs, nanofiltration, reverse osmosis, and membrane bioreactors can achieve higher and more consistent MP removal, they usually result in high operational costs, and some of them generate byproducts and concentrated waste streams.



Eggen et al. [24] presented a national strategy for the elimination of MPs in wastewater treatment following the results of full-scale case studies using ozonation or powder-activated carbon treatment, as well as an amendment to the Water Protection Act in March 2014, in which the Swiss government decided to introduce technical measures at selected municipal WWTPs to reduce the burden of MPs and toxicity in discharged wastewater. The costs of wastewater treatment depend on the state of the reconstructed WWTP and technology. It is expected that, in Switzerland, after modernization, the average cost of wastewater treatment, including the removal of macronutrients, is expected to increase by 10–20% compared to the initial cost of WWTPs with a capacity of >80,000 population equivalent (PE) and 20–50% for WWTPs with a load of 8000 to 80,000 PE, depending on the specific conditions and the chosen technology. WWTPs with a capacity of <8000 PE will be reconstructed and modernized only exceptionally. The annual cost of sewerage and wastewater treatment in Switzerland is expected to increase by 6%. The modernization of cleaning processes will cause increased energy consumption between 5% and 30%. The total national electricity consumption is expected to increase by 0.1%. This increase in energy consumption will be offset by the increased energy efficiency of treatment and the production of renewable energy (biogas and solar energy) at the WWTPs.



The evaluation of applied advanced oxidation methods for the removal of priority substances [7], as defined in the EU Directive [6], showed that ozone alone promotes the partial oxidation of pollutants and increases their biodegradability, but their complete mineralization is usually not achieved. This deficiency can be solved by a combination of homogeneous and heterogeneous catalysts (catalyzed/adsorption ozonation) or the addition of H2O2 or other AOPs (e.g., photocatalysis). Another way to reduce operating costs when applying ozone-based procedures is its use in several nodes of the WWTP technological line, i.e., increasing the efficiency of the use of supplied ozone.



Rodríguez et al. [109] provided the environmental optimization of ozonation for urban wastewater spiked with micropollutants such as diuron, ibuprofen, diclofenac, sulfamethoxazole, erythromycin, bezafibrate, gemfibrozil, atenolol, carbamazepine, hydrochlorothiazide, caffeine, and dipyrone metabolite N-acetyl-4-amino-antipiryne. Optimal reaction conditions were determined, and removal efficiencies above 80% were achieved. However, the authors suggested that the efficient use of ozone was not in correlation with pollutant removal. They assessed the environmental impact of the optimized ozonation process as a function of potential toxicity reduction and toxicity reduction per unit of mass of greenhouse gas emissions. Results showed that maximizing toxicity removal led to higher greenhouse gas emissions, suggesting an environmental tradeoff between effectiveness and environmental consideration.



Suarez et al. [110] investigated the removal of antimicrobial agent triclosan by an ozonation process with the aim of determining reaction kinetics, possible reaction pathways, and changes in microbial activity of the investigated compound. The authors determined that the triclosan reaction with aqueous ozone follows a second-order reaction rate whereby the ozone initially attacks the phenol moiety of triclosan. A microbial assay of the treated sample indicated that direct ozonation successfully eliminated triclosan’s antimicrobial activity. Indirect ozone reactions via the formation of radical intermediates were also investigated. However, the authors declared that triclosan removal occurred mainly due to direct ozonation, as indirect ozonation accounted only for 35% of the observed removal. Results of this study suggested that direct ozonation is sufficient for both actual removal of triclosan and elimination of its microbial activity.



Chys et al. [111] developed and applied robust correlation models for ozone-based removal of micropollutants (MPs) for full-scale municipal WWTPs. Application of these models on a pilot scale offers predictions of MP removal solely using a second-order reaction rate constant with ozone. The model is based on UVA254 and fluorescence monitoring of MP abatement.



Lee and Gunten [37] compared the oxidative transformation of MPs present in municipal WWTP influent by means of selective and nonselective oxidants. All studied micropollutants contain electron-rich moieties (ERM), and wastewater also contains varying organic compounds common in municipal wastewaters which compete for oxidants. According to the second-order rate constants, the authors indicated that nonselective oxidants (hydroxyl radicals) show nearly diffusion-controlled reactivity with all organic moieties present in the wastewater sample. Selective oxidants, such as chlorine, chlorine dioxide, ozone, and ferrate(VI), react only with substances with ERM; therefore, the same dose of selective and nonselective oxidant led to higher MP removal efficiency in the case of the former.



Schaar et al. [55] investigated the ozonation process as tertiary municipal wastewater treatment for the removal of various micropollutants (MPs). MPs present in wastewater were bisphenol A, 17-ethinylestradiol, and various pharmaceuticals. Conventional wastewater treatment upgraded to best available technology (BAT) standard was efficient in the removal of most MPs. However, substances such as carbamazepine and diclofenac were not degraded and required further treatment. The ozonation process proved to be an effective method for the removal of bioresistant and recalcitrant MPs present in WWTP effluent.



Chys et al. [112] analyzed the variability of WWTP effluents and trace MP quantity and quality for the effective implementation of ozonation treatment. Variability in effluent quality and quantity was determined in 15 Belgian WWTPs. The authors declared that accurate information about pollution resulted in optimized tertiary ozone treatment in terms of ozone dosage, instantaneous ozone demand, etc. Results also suggested that, in addition to the characterization of organic effluent load, further parameters such as alkalinity and pH are necessary for the optimization of ozone treatment and differential dosing strategy.



Rivas et al. [113] investigated various tertiary ozone-based treatments of secondary WWTP effluent to further reduce COD and improve mineralization. The application of ozonation treatment resulted in the removal of 50% COD and improved mineralization by 40%. The combined process of O3/H2O2 enhanced the COD removal only slightly but led to an increase in mineralization by 70%. Furthermore, a combination of ozone treatment with activated carbon and a O3/UV process was investigated, but it did not improve the ozonation efficiency. The authors concluded that applied systems were successful in the further removal of COD and mineralization enhancement, and they can be easily modeled by empirical mathematical equations.



Degradation of seven endocrine disruptors (nonylphenol, bisphenol A, bis(2-ethylhexyl) phthalate, dimethyl phthalate, dibutyl phthalate, diethyl phthalate, and benzyl butyl phthalate) was investigated in work of Balbanič et al. [114]. Two pilot-plant scale systems ((i) anaerobic biological treatment followed by aerobic biological treatment, ultrafiltration, and reverse osmosis; (ii) anaerobic biological treatment followed by membrane bioreactor and reverse osmosis) and four laboratory-scale AOPs (ozonation, photocatalysis with TiO2, Fenton, and photo-Fenton reaction) were applied. Results indicate that both pilot plants and the photo-Fenton reaction were successful in EDC removal (98–100%), while the remaining processes were less effective (70–90%).



In the work of Zimmermann et al. [115], secondary WWTP effluent was treated in a full-scale ozonation reactor with the aim of disinfecting and further oxidizing treated wastewater. Oxidation kinetics, ozone utilization, disinfection efficiency, and byproduct formation were investigated for seven different ozone doses ranging from 0.21 to 1.24 gozone·g−1DOC. Substances with high ozone reactivity (carbamazepine, diclofenac) were eliminated completely within the gas bubble column, while substances with lower ozone reactivity were eliminated only at higher ozone doses. Oxidation efficiency was predicted by Monte Carlo simulations and proved to be 2.5-fold higher than full-scale ozonation results. Secondary effluent treatment by ozonation resulted in the formation of bromate (potential human carcinogen) and N-nitrosodimethylamine (NDMA). Disinfection by ozonation treatment also resulted in a reduction in bacteria in terms of total cell count (TCC) and inactivation of E. coli.



Zucker et al. [116] used the Quench Flow Module (QFM) for the prediction of ozone performance in ozonation processes of a water matrix. QFM is a bench-scale experimental technique for measurement of the first 5–500 ms of ozone depletion in a system to accurately determine the ozone exposure in water ozonation reactions. Although the QFM was introduced as an efficient complete stirring tank reactor, ozone exposure ranged over three orders of magnitude when different selected test compounds with moderate reactivity toward ozone were used in the calculations. Effects were far beyond uncertainty ranges for the apparent second-rate kinetic constants and were observed with different ozone-injection techniques (QFM, bubble columns, batch experiments, and Venturi injection). These data suggested that previously proposed mixing effects were not responsible for the difference, and other still unobtained data might be relevant. Results also suggested that ozone exposure calculations from the relative residual concentrations of test compounds are not an effective option for the evaluation of ozone-based processes of secondary WWTP effluents.



In the work of Marce et al. [88], the role of ozonation as pretreatment or post-treatment of wastewater from a biological step in WWTP was discussed. The authors suggested that most applications of ozonation on WWTP occur in a post-treatment step. However, their work focused on the utilization of ozone in pretreatment. The results of their study were supported by aggregate parameters of chemical oxygen demand, biological oxygen demand, turbidity, and UV254 absorbance. Kinetics and ozone transfer parameters were also investigated.





3. Ozone-Based Advanced Oxidation Processes


In general, AOPs are defined as oxidation processes, which can generate hydroxyl radicals in sufficient quantity to affect organic pollution [117]. Processes could involve energy enhancement in terms of light involvement (UV photochemical methods) in combination with ozone, H2O2, ozone/H2O2, Fe2+/H2O2 (photo-Fenton process), and TiO2 [117]. There are also several nonphotochemical methods available (Fe2+/H2O2 (Fenton process), ozonation, combination of ozone and H2O2, ozone with different catalysts, etc.). The state of the art of AOPs for wastewater treatment was presented in detail by Poyatos et al. [29]. Ribeiro et al. [7] summarized the data published in the last decade on the application of advanced oxidation processes (AOPs) for the removal of priority substances and some other pollutants defined in the Directive 2013/39/EU. The AOPs are accepted processes of degradation of resistant substances or at least their transformation into biodegradable substances. Processes based on the Fenton reaction are most common in priority compound removal from water. Heterogeneous photocatalysis is the second most common method of polluting substances removal defined in the Directive 2013/39/EU.



There are many ways to use ozone in combination with other techniques, such as ultrasonic/UV radiation or other hybrid methods [54,118,119].



The course of ozonation is significantly influenced by wastewater composition as mentioned in Section 2.1.



Mujtaba et al. [30] reviewed ozone-based processes (O3, O3/H2O2, O3/UV, O3/GAC, O3/US, O3/UV/H2O2). These processes have proven to be very effective, particularly in removing and increasing the biodegradability of the various resistant substances present in wastewater. They are characterized by high oxidizing power and excellent disinfection properties, making them an attractive choice for the elimination of a wide range of contaminants. The paper presented an overview of mechanisms and applications of various ozone-based AOPs in the treatment of municipal/industrial wastewater and landfill leachate from solid waste landfills. The work can serve as a reference document for researchers working in the field of AOPs, focusing in particular on ozone-based AOPs for wastewater treatment and management systems.



An advantage of chemical oxidation processes, including ozonation, is that they can lead to a total degradation of chemical compounds to carbon dioxide or to transformation of (highly hydrophobic organics) organics to more polar biodegradable molecules [51,53,107,120]. Advanced oxidation processes (AOPs) belong to a group of very promising processes which involve the formation of highly reactive HO• radicals as an oxidant [29]. Ozone-based AOPs are the most commonly applied in drinking water treatment to oxidize resistant compounds such as pesticides, as well as aromatic and chlorinated compounds [47].



Ozone-based reactions have high oxidative potential. Ozone can react with organics directly (ozonolysis) or via a radical mechanism by means of hydroxyl radicals (e.g., at higher pH, in combination with H2O2 or UV, etc.). Direct reactions are selective, e.g., for compounds containing unsaturated bounds [49]. Indirect/radical reactions are nonselective [31]. Hydroxyl radicals produced by AOPs have a higher oxidation potential (2.8 V) than molecular ozone (2.07 V); therefore, they attack organic and inorganic molecules nonselectively at a very high reaction rate [121]. Selective reactions of ozone can be advantageous for controlled oxidation with the aim of decreasing/removing toxicity and increasing the biodegradability of pollutants since total mineralization by ozone is very expensive. Thus, new oxidation processes are developed for the elimination of toxic compounds and for the partial oxidation of persistent organic pollutants from wastewaters. Hence, organics that are highly or completely resistant to conventional biological treatment can be totally mineralized using a combined chemical–biological system [91].



Ormad et al. [122] monitored the effectiveness of pesticide removal by processes commonly used in drinking water treatment in Spain and in the river Ebro. The following processes were investigated: chlorine/ozone oxidation, chemical precipitation with Al2(SO4)3, and adsorption on activated carbon (AC). Oxidation with chlorine removed 60% of the studied pesticides, and efficiency increased when this process was combined with separation methods such as flocculation or coagulation. The main disadvantage of this process, as well as of all processes with halogenated oxidizing agents, is the formation of trihalomethane. Ozonation removed 70% of the monitored pesticides, and efficiency increased to 90% for combined processes of O3/coagulation, O3/flocculation, etc.



Another study presented by Ormad et al. [123] monitored the effectiveness of pesticide removal after the addition of hydrogen peroxide and titanium dioxide to ozone, where the effectiveness of the removal of 44 pesticides present in natural water found in the river Ebro (Spain) was monitored.



Žgajnar Gotvajn et al. [124] investigated the effectiveness of the ozonation and O3/H2O2 processes in increasing the biotreatability of the persistent veterinary antibiotic tiamulin in a jet-loop reactor. At ozone doses of 69 gozone·g−1COD and 220 gozone·g−1TOC, the removal of COD and TOC was 26% and 17%, respectively. The addition of hydrogen peroxide (O3/H2O2) did not improve the removal efficiency of tiamulin according to the COD and TOC parameters (11–13%). Changes in biodegradability were determined by respirometric measurements. In the sample treated with the O3/H2O2 process, the nitrification process was reduced, especially the formation of N-NO2− in the first phase of the process. The second stage of nitrification was suppressed by the addition of tiamulin, and ozonation again recovered the formation of N-NO3−. Simultaneously, a quadratic model was developed that describes the relationship between the rate of oxygen uptake and changes in ammonium nitrogen concentration due to oxidative treatment. The positive effect of ozone was also confirmed by ozonation of waste sludge contaminated with tiamulin, where the potential for biogas production increased sixfold. The results showed that O3 effectively increases the treatability of tiamulin in wastewater and sludge, while the O3/H2O2 process generally does not improve process performance.



The study of Ribeiro et al. [3] revealed that there are still many compounds, included in the list of priority substances or defined in Directive 2013/39/EU (such as pesticides aclonifen, bifenox, cybutryn, and quinoxyfen, organometallic tributyltin, dioxins and dioxin-like compounds, brominated diphenyl ethers, hexabromocyclododecans, and bis(2-ethylhexyl) phthalate), which have not been studied with AOPs and require the attention of the scientific community. Priority issues are the evaluation of the synergistic, additive, and antagonistic effects between mixtures of compounds in real polluted water matrices, which better reflect real conditions in comparison to the removal of individual MPs.



The combination of membrane filtration with ozonation or AOPs can increase the degradation of biologically refractory compounds and, consequently, reduce the occurrence of membrane fouling. An efficient combination of membrane filtration with catalytic ozonation would be the implementation of a solid catalyst onto the membrane surface. From the studies presented in [125], it follows that this combined method can be efficient for a reduction in membrane fouling, as well as stimulation of MP removal.



The review by Ribeiro et al. [126] analyzed the impact of water matrix components on oxidation technologies (AOPs), including ozone-based processes aimed at the degradation of MPs. The efficiency of individual MP removal by AOPs is the result of the combined effect of water matrix components, which may have a neutral, inhibitory, or supportive effect on the process and mechanism via which these water components react. Organic species can serve either as inhibitors (by exposure to light, capture, or adsorption) or as promoters (increasing indirect photolysis or catalyst regeneration). Inorganic substances can also be either inhibitors (scavenging effects, formation of less active radicals than hydroxyl, iron complexation, surface adsorption) or promoters (e.g., formation of reactive oxygen species by nitrate ions, further catalysis by iron ions). The role and mechanisms of the individual components of water are still not fully understood. Therefore, further studies are needed to understand the wide range of reactions taking place in complex effluents and to increase the efficiency of AOPs in removing MPs.



Wang et al. [127] performed a systematic study of 943 organic semi-volatile MPs in more than 30 wastewater samples, such as primary, secondary, and tertiary effluents from municipal WWTPs in China. They observed that as much as 87% of the monitored MP total concentration was removed during secondary treatments. The studied advanced processes for the tertiary treatment of wastewater provided removal efficiencies of 32–99% for different methods. Among these, ozone-based processes showed the highest removal efficiency for all micropollutants. However, some potentially harmful substances, such as PAHs, phosphates, phthalates, and benzothiazoles were still present in the final effluent. This study concluded that advanced tertiary treatment is necessary for the removal of a substantial number of MPs present in municipal wastewater.



Macova et al. [128] monitored the efficiency of organic micropollutant removal from WWTP secondary treatment effluent by means of tertiary advanced processes, such as coagulation, flocculation, flotation, filtration, and ozone-based processes. The authors assessed the efficiency of processes by ecotoxicological parameters such as toxic equivalent concentration (TEQ), which represents the concentration of the model compound that invokes a response identical to the unknown and unidentified mixture of micropollutants present in sample. Results showed that, during the primary and secondary treatment in WWTP, no significant decrease in micropollutant concentration occurred. However advanced tertiary treatment could drastically decrease the toxicity of the final effluent.



Sánchez-Polo et al. [129] presented an O3/granular activated carbon (GAC) system for the enhancement of ozone transformation into radical intermediates (HO• radicals). The effectivity of the O3/GAC system was compared with conventional AOPs such as O3/HO− and O3/H2O2. The results obtained showed that, under the studied experimental conditions, O3/HO− and O3/H2O2 processes were more efficient in ozone transformation enhancement than O3/GAC. However, the O3/GAC process was applied for the remediation of Lake Zurich water, where it led to the removal of micropollutants (both hydrophilic and hydrophobic), as well as a decrease in CO32−/HCO3− and DOC concentrations.



Comninellis et al. [130] in their work summarized advances and trends in advanced oxidation technologies for water, wastewater, air, and soil treatment for research and development purposes. The authors discussed and identified certain topics for the advancement of research and development such as the developments of new materials, as well as modeling and scale-up.



Bui et al. [131] provided a review of advanced methods for the removal of various recalcitrant MPs from wastewaters applied on a large scale. Among the studied methods were AOPs, adsorption, membrane processes, and membrane bioreactors. The authors stated that despite the great number of papers on MP removal at a laboratory scale, only a few full- or even pilot- scale studies were performed. This review, therefore, serves as a reference for the possible practical application of advanced MP removal methods.



In the study of Jin et al. [132], kinetic data for direct and indirect ozone reactions with emerging micropollutants were summarized. Among emerging micropollutants, 24 compounds with different structures and applications (endocrine disruptors, personal care products, and pharmaceuticals) were selected, and their second-order reaction rate constants (kO3 and kHO) were determined. All compounds were highly reactive with hydroxyl radicals despite their structural diversity. Reactions with molecular ozone were highly selective in relation to electrophilic ozone reactions. Combined processes such as UV/H2O2 or O3/H2O2 were suggested as viable alternatives for compounds with low ozone reactivity.



3.1. O3/HO− (at Basic pH)


Ozone decomposes in water to form HO• radicals which are stronger oxidizing agents than ozone itself, thus inducing so-called indirect ozonation. Ozone decomposition in water can be initiated by the hydroxyl anion, HO−, and indirect ozone oxidation is favored under alkaline pH conditions [133,134].



The rate of HO• radical formation is dependent on pH [42]. Usually, under acidic conditions, direct ozonolysis prevails. At basic pH, the reaction mechanism changes to indirect (radical pathway). Direct oxidation of organic compounds by ozone is a more selective reaction with a low reaction rate constant, compared to the radical mechanism [27].



The indirect reaction presents a radical mechanism, where radical intermediates are produced during ozone decomposition. The most commonly produced radical is the hydroxyl radical (HO•), a nonselective and highly reactive molecule with very high redox potential (2.7 V vs. SHE) [39]. The formed HO• radicals react with the dissolved organic substances. Many organic and inorganic compounds react with the HO• radical to form secondary radicals, which leads to termination of the radical chain reaction [135].



Beltrán et al. [136] investigated the ozonation process for the removal of the priority pollutant atrazine. The results of their work showed that the ozonation of atrazine at neutral pH took place mainly via a radical (indirect) mechanism. The overall rate constant of the direct reaction with ozone was very low (6.31 M−1·s−1) at 20 °C; hence, the radical mechanism may be a priority even at lower pH values. In addition, this process is dependent on the presence of impurities that promote the decomposition of ozone and/or promoters, releasing superoxide radical anions and hydroxyl radicals.



Begum and Gautam [137] used ozone in their work as a strong oxidizing agent in the degradation of lindane and endosulfan. They found that the optimal dose of ozone (57 mgozone·min−1) for the degradation of endosulfan (89%) and lindane (43%). They found that the pH of the reaction systems greatly affected the degradation efficiency and confirmed that alkaline conditions supported the indirect ozonation mechanism; therefore, they chose pH 10 as the optimal pH for endosulfan degradation, achieving 93% efficiency. The optimal pH for lindane degradation was pH 12, where 82% efficiency was observed. Evaluating the kinetics of the processes, they concluded that the indirect ozonation of endosulfan and lindane is governed by a first-order reaction. Analysis by gas chromatography showed that endosulfan was degraded to methylcyclohexane and orthoxylene, and lindane was degraded to 1-hexene, indicating cleavage of the cyclic lindane molecule.



Another study [138] investigated the application of ozonation as a pretreatment for water containing pharmaceuticals. Experiments were carried out different water matrices. The degradation efficiencies of studied pharmaceuticals (antibiotics, estrogens, acidic, and neutral) were determined, and the effect of ozone dose and pH on the degradation efficiency was monitored. The efficiency of oxidation of antibiotics, estrogens, and neutral pharmaceuticals increased as the ozone dose and pH increased. Average specific ozone doses of 2.05 mgozone·mg−1DOC for antibiotics, 1.11 mgozone·mg−1DOC for estrogens, and 1.30 mgozone·mg−1DOC for neutral pharmaceuticals significantly reduced the acute toxicity of the water solutions and mineralized by more than 40%, 33%, and 23% with respect to DOC, respectively, in 1 min. The kinetics of the ozone reaction with pharmaceuticals was modeled as an overall second-order reaction with a rate constant in the interval 103 to 106 M−1·s−1. Ozone-based AOPs were successful in removing emerging pharmaceuticals from the water matrix. It was confirmed that ozonation is more effective than other conventional oxidation processes (Cl2 and ClO2) in eliminating pharmaceuticals and in producing less toxic products and byproducts.



The study by Usharani et al. [139] presented the results of the ozonation of methylparathion in aqueous solutions at different pH performed with synthetic wastewater in a batch reactor. Ozonation was more effective in alkaline pH. The degree of methylparathion conversion reached 98% after 2 h at pH 9 and 81% and 60% at pH 7 and 3, respectively. Methylparathion degradation and COD reduction kinetics obtained during ozonation fit a pseudo-first-order mechanism. Pseudo-first-order rate constants at various pH values were in the range of 0.01–70.028 min−1. The rate constants for COD reduction were in the interval of 0.022–0.047 min−1. In addition, the relatively high values of correlation coefficient RYX confirmed the applicability of this pseudo-first-order model to methylparathion oxidation via ozonation.




3.2. O3/H2O2


The system of hydrogen peroxide and ozone is also commonly called the peroxone system. The peroxone system is one of the AOPs in which the production of highly reactive radical intermediates (e.g., HO•) is involved. The peroxone system was first described by Staehelin and Hoigné [140], when they assumed that the reaction proceeded with the hydrogen peroxide anion (1) and preliminarily suggested that the first step of the reaction was electron transfer (2).


   H 2   O 2    ⇌   HO  2    −  +  H +   



(1)






    HO  2    −  +  O 3  →   HO  2    •  +  O 3     • −    



(2)







HO2• is in equilibrium with O2•− (Equation (3)) and it has been assumed that O3•− (Equation (4)) undergoes protonation, before further decomposing into O2 and HO• (Equation (5)), while O2•− undergoes electron transfer with O3 to form another molecule of HO• (via O3•−).


  H  O 2    •  ⇌  O 2     • −   +  H +   



(3)






   O 3     • −   +  H +  ⇌ H  O 3    •   



(4)






  H  O 3    •  →  O 2  + H  O •   



(5)






   O 2     • −   +  O 3  →  O 2  +  O 3     • −    



(6)







As a result, two moles of H2O2 and two moles of O3 should be produced from one mole of H2O2 (total reaction: Equation (7)) [140].


   H 2   O 2  + 2  O 3  → 2 H  O •  + 3  O 2   



(7)







The peroxone system is a suitable method for generating HO• radicals. Many studies have confirmed that the peroxone system is capable of dehalogenating, degrading, and mineralizing organic and inorganic pollutants in water and wastewater [141]. Volk et al. [142] studied the effect of ozone, O3/H2O2, and catalytic ozone processes. The oxidation system that degraded the highest DOC amount was observed with O3/H2O2 (0.35 mgperoxide·mg−1ozone). Ozone mineralized 15%, the O3/H2O2 system mineralized 18%, and catalytic ozone (10 g of catalyst per 1 L water) mineralized 24% of the initial DOC.



Merényi et al. [143] proposed some changes in reaction mechanisms on the basis of their obtained thermo-kinetic and quantum-chemical data. They replaced the first reaction step (Equations (1) and (2)) with the formation of an adduct (Equation (8)), which subsequently decomposed into a hydroperoxyl radical and HO2• and O3•− (Equation (9)). As in the original mechanism, HO2• is in equilibrium with O2•− (Equation (3)), and O2•− is subsequently subjected to electron transfer with O3 to form O3•− (Equation (6)). The decomposition of O3•− to HO• is further assumed according to Equations (10) and (11), omitting HO3• as the original intermediate. Following the observation that the peroxone system is only 50% efficient, the decomposition of HO5− (Equation (12)) was proposed as competitive for the decomposition to HO2• and O3•− (Equation (9)).


    H  O 2    −  +  O 3  → H  O 5    −   



(8)






  H  O 2    −  +  O 3  → H  O 5    −   



(9)






   O 3     • −   ⇌  O 2  +  O  • −    



(10)






   O  • −   +  H 2  O ⇄ H  O •  + H  O −   



(11)






    H  O 5    −  → 2  O 2  + H  O −   



(12)







Catalkaya and Kargi [144] focused on the dehalogenation, degradation, and mineralization of the diuron herbicide. At low initial concentrations of diuron, dehalogenation and degradation occurred via the mechanism of indirect ozonation; therefore, the amount of removed diuron and AOX (adsorbable organic halogens) increased with increasing pH (since indirect ozonation takes place in the presence of HO− ions). At high initial concentrations of diuron, the addition of hydrogen peroxide was necessary for its effective removal, which decreased with increasing pH since the oxidation of peroxide takes place preferably at low pH. The first step in the degradation of diuron was dehalogenation, which required the presence of ozone in the absence of H2O2. TOC removal increased with increasing peroxide addition and decreasing diuron concentration. Alkaline pH was also advantageous for TOC removal efficiency. AOX removal proceeded in a manner similar to diuron degradation. Alkaline pH promoted efficient AOX removal because dehalogenation was performed by indirect ozonation, requiring HO− ions. High doses of peroxide caused a reduction in AOX removal rate because of high doses of peroxide as a scavenger of hydroxyl radicals produced by indirect ozonation. Optimal operating conditions varied depending on the dose of diuron. The authors observed almost complete removal of AOX and diuron.



Qiang et al. [145] proposed a mechanism for the degradation of alachlor by direct ozonation or hydroxyl radicals. Upon direct ozonation, ozone may attack the ethyl, N-methoxymethyl, or chloroacetyl group or the benzene nucleus. Previous studies have suggested that the primary ozonation product of alachlor should be a compound with one ethyl group converted to an acetyl group. In addition to the oxidation of the arylethyl group, the cleavage of the N-methoxymethyl group is an important feature of the environmental degradation of alachlor. The N-dealkylation mechanism has been studied in previous work in the oxidation of atrazine by ozone [146]. In general, dehalogenation was not present during direct ozonation. The ozone molecule cannot easily remove chlorine. In the O3/H2O2 system, byproducts were generated following oxidation of the arylethyl group with HO• radicals. Similar to direct ozonation, smaller organic acids were produced during the cleavage of the benzene nucleus. The observed continuous chlorine production implies the dehalogenation of alachlor after the attack by HO• radicals. 2-Hydroxy-2’,6’-diethyl-N-(methoxymethyl) acetanilide was the expected dehalogenation product.



Wert et al. [147] applied ozonation and O3/H2O2 processes to treat effluent after a tertiary phase defined by effluent organic matter (EfOM) containing 31 organic micropollutants including endocrine disruptors, pharmaceuticals, and personal care products. The applied ozone dosage was determined upon TOC and nitrite content in the effluent. The authors compared the effectivity of direct and indirect ozone reactions on TOC removal efficiency. Kinetic data obtained from these experiments allowed identifying the micropollutants that were susceptible to ozone degradation and singled out substances such as atrazine, diazepam, ibuprofen, and isopromide which could indicate the HO• availability in the system.




3.3. O3/UV


Ozonation alone does not always generate enough hydroxyl radicals to degrade organic pollutants. Consequently, complete mineralization does not occur. Higher concentrations of hydroxyl radicals are required for the sufficient degradation of pollutants. The combined process of ozonation with UV radiation quickly generates a large amount of hydroxyl radicals. Therefore, it has become one of the most widely used AOPs for the degradation of organic pollutants [148]. Ozone strongly absorbs UV radiation at a wavelength of 254 nm. The formation of hydroxyl radicals is a two-step process. First, photo-induced homolysis of the ozone molecule takes place (Equation (13)).


   O 3  +  h ν  →  O 2  + O   1 D    



(13)







It then reacts with atomic oxygen to form hydroxyl radicals [149] (Equation (14)).


  O   1 D   +  H 2  O →  H 2   O 2  → 2 H  O •   



(14)







Hydroxyl radicals further react with organic substances. In the presence of UV radiation, the kinetics of the whole process is accelerated [148].



The oxidation of organophosphorus pesticides malathion and parathion, in aqueous solution, was studied by Beduk et al. [150] using photolytic ozonation (among other processes). They performed batch experiments (c0 = 200 µg·L−1) with the aim of determining the efficiencies of the studied processes. The O3/UV system was able to degrade both pesticides, while also leading to detoxication of the final oxidation products.



Abrile et al. [151] studied the degradation of recalcitrant reactive dye Reactive Blue 19 (RB 19) by means of ozonation and combined ozonation with UV irradiation processes with the aim of optimizing process parameters such as pH, ozone dose, and UV irradiation intensity. The authors used response surface methodology to determine optimal operational conditions in terms of the half-time of RB 19 discoloration and further mineralization of the sample. The obtained data confirmed the fit between the model and experimental results and also proved ozone-based processes as an efficient method for the treatment of wastewater with a high content of industrial dyes.



The combination of advanced oxidation process and direct contact membrane distillation (DCMD) was investigated for a municipal wastewater treatment plant treatment effluent [152]. Average removal efficiencies of the 12 micropollutants present in the wastewater exceeded 95% with ozonation and UV/O3. The concentrations of these micropollutants were below the detection limits, and an increase in the quality of the treated water was observed after the ozone-based processes were combined with DCMD. The combination of oxidation and membrane separation processes is more appropriate for wastewaters with low DOC content due to its strong impact on the permeate fluxes achieved by DCMD.




3.4. O3/UV/H2O2


The combination of O3/UV/H2O2 is more efficient than processes involving ozonation alone, O3/H2O2, or UV/H2O2. In this process, ozone decomposes into hydroxyl radicals. UV radiation (254 nm) helps the ozone molecules to activate faster, and the presence of hydrogen peroxide increases the rate of the reaction. The resulting radicals attack organic pollutants and are even able to mineralize them to carbon dioxide and water. The O3/UV/H2O2 system can be described by the reactions below (Equations (15)–(19)) [153].


   O 3  +  H 2   O 2  + h ν → H  O •  +  O 2  + H  O 2    •   



(15)






   O 3  + H  O •  → H  O 2    •  +  O 2   



(16)






   O 3  + H  O 2    •  → H  O •  + 2  O 2   



(17)






  H  O •  + H  O 2    •  →  H 2  O +  O 2   



(18)






  2 H  O •  →  H 2  O  



(19)







Zangeneh et al. [154] performed a comparative study of several AOP systems in the photo-oxidation of industrial wastewater containing linear alkyl benzene (LAB). After an analysis of the process, four independent variables were selected (initial pH and H2O2 concentration, as well as UV radiation and ozonation) as categorical factors. The efficiency of the systems was compared in terms of total COD removal and changes in BOD5/COD ratio. The maximum COD removal efficiencies were 58%, 53%, 51%, and 49% for the UV/H2O2/O3, H2O2/O3, UV/O3, and UV H2O2 systems, respectively, under optimal conditions (pH = 7; 100 mM H2O2 concentration; reaction time = 180 min). A significant increase in BOD5/COD was observed for combined processes as opposed to the utilization of a single oxidant.



The UV-induced degradation and mineralization of paracetamol was investigated in a study by Bavasso [155]. Two advanced oxidation processes based on the photolysis of electrogenerated hydrogen peroxide (H2O2), and ozone were compared. The H2O2 electrosynthesis has been performed via oxygen reduction on gas diffusion electrodes (GDEs). The effect of the main operative parameters (reagent concentration, pH, current density, UV irradiance) was evaluated. Due to the synergistic effect, paracetamol underwent rapid degradation and extensive mineralization. Photolysis provided the fastest removal of paracetamol leading to complete removal in 10 min and 91.5% mineralization. The rate-determining step for hydroxyl radical production was UV irradiance.




3.5. Homogeneous Catalytic Ozonation


The mechanism of catalytic ozonation is based on ozone decomposition, followed by the production of radicals (mainly O2•−, O3•, and HO•) [156].



Catalytic ozonation may be an effective way to increase the rate of oxidation [157]. The benefits provided by the utilization of an ozone-based catalytic system have been demonstrated for the removal of organic pollutants such as atrazine, chlorobenzenes, and halocarbons [141,158,159]. Homogenous catalytic ozonation can be effective in the removal of pollutants from water, but the disadvantage of this technology is the addition of metallic ions to the system, which can cause the production of secondary pollution in the form of metal-containing sludge [156].



The review by Nawrocki and Kasprzyk-Hordern [160] summarized advances in catalytic ozonation process. The authors compared different experimental data with the aim of understanding and describing the reaction pathways of catalytic ozonation, which are still largely unknown. Results suggested that, even though catalytic ozonation is an AOP, not all catalytic processes utilize the reactivity of HO• radicals.



3.5.1. O3/Transition Metal Ions


Transition metal ions belong to the most used homogenous catalysts in O3/metal ion systems. These ions are Fe2+, Mn2+, Ni2+, Co2+, Cd2+, Cu2+, Ag+, Cr2+, and Zn2+. In these systems, metal ions are rate-determining factors that also affect the selectivity of the O3/metal ion system and utilization of ozone [161].



Farré et al. [162] applied both homogeneous and heterogeneous ozonation (in the presence of UV) for the degradation of biorecalcitrant organic compounds. Selected compounds were pesticides such as alachlor, atrazine, chorofenvinfos, diuron, isoproturon, and pentachorophenol. The experimental solution contained 50 mg·L−1 of each pesticide, and the pH was kept at acidic levels (pH = 3). The presence of dissolved ozone in the irradiated aqueous suspension increased the HO• radical production and decreased the electron–hole recombination, subsequently increasing the efficiency of the photocatalytic process.



Psaltou et al. [163] investigated homogeneous catalytic ozonation with the addition of dissolved metal ions for the removal/degradation of small concentrations of p-CBA from aqueous solutions. Different transition metal ions (Co2+, Fe2+, Mn2+, Ni2+, and Zn2+) were studied (pH = 7; 0.25–1 mg L−1). O3/Co2+ and O3/Fe2+ systems were the only effective catalytic ozonation processes. Accordingly, 95.5% and 92.5% p-CBA degradation was determined due to the low solubility of respectively formed oxy-hydroxides (Co(OH)3 and Fe(OH)3). The optimal catalyst concentration was 1 mg·L−1, ozone concentration was 2 mg·L−1, and pH was 8. The p-CBA concentration dropped below the analytical detection limit of 0.025 μM after only 3 min of reaction/oxidation time. The addition of Co(II) and Fe(II) increased the decomposition of ozone, as well as the production of hydroxyl radicals, leading to faster and more effective p-CBA degradation.




3.5.2. O3/US


Ibáñez et al. [56] investigated ozone-based processes for the removal of 60 emerging MPs present in wastewater at a pilot-plant scale. MPs were determined using LC–MS/MS in WWTP influent and effluent. Results suggested that at least 30 MPs were successfully removed in the biological step of municipal WWTP. However, some antibiotics, anti-inflammatory drugs, drugs of abuse, and cholesterol-lowering drugs were still present in the effluent from WWTP. Tertiary treatment by ozone was applied and resulted in a substantial decrease in MP concentration. Ultrasound and ultrasound in combination with ozone were also applied with the aim of increasing the efficiency of ozone treatment but were proven redundant with no to very low impact on the overall efficiency.



Kidak et al. [164] investigated the treatment of an antibiotic amoxicillin using medium–high-frequency ultrasonic (US) irradiation and/or ozonation. The ultrasonic irradiation process was carried out in a batch reactor for aqueous amoxicillin solutions at three different frequencies (575, 861, and 1141 kHz). The highest removal was achieved at 575 kHz (>99%) with a pseudo-first-order reaction rate constant of 0.04 min−1 at pH 10, but the mineralization was only 10%. Alkalinity and the presence of humic acids negatively affected the removal efficiency (50% decrease). Ozone removed amoxicillin 50 times faster than US. Coupling of ozone and US increased the rate constant several hundredfold. In the ozonation processes, humic acid did not show any significant effect because the rate constant was very high. It was concluded that the hybrid advanced oxidation system was the best option for amoxicillin removal.





3.6. Heterogeneous Adsorptive and Catalytic Ozonation


Heterogeneous AOPs have the advantage of a more simple separation of the product in comparison to homogeneous ones [29].



Lv et al. [165] studied the catalytic ozonation of toxic pollutants, such as 2,4-dichlorophenoxyacetic acid, 2,4-dichlorophenol, and 2,4,6-trichlorophenol, as well as the pharmaceutical phenazone, over magnetic cobalt-doped Fe3O4 suspensions. Magnetic cobalt-doped Fe3O4 (FeCo) was prepared by coprecipitation and further characterized by X-ray diffraction, spectroscopy (XPS and ATR-FTIR), and cyclic voltammetry. The catalyst showed high and stable catalytic activity for the degradation of selected pesticides and pharmaceuticals. FeCo was also highly effective in the mineralization of byproducts formed in the degradation of organic pollutants. Ozone was adsorbed on the active sites at the surface of FeCo and then converted into hydroxyl radicals, which diffused quickly to the bulk solution. The introduction of Co into the catalyst enhanced the interfacial electron transfer, which resulted in higher reactivity.



Huang et al. [166] synthesized and characterized catalysts MCM-41 and iron-substituted MCM-41 (Fe/MCM-41) for p-chlorobenzoic acid (p-CBA) removal by means of catalytic ozonation. Both catalysts provided high BET surface areas, and analyses suggested that they had a hexagonal structure. Experimental conditions for p-CBA were an ozone dose of 100 mg·h−1 and a p-CBA initial concentration of 10 mg·L−1 at pH 4.3 with a catalyst dosage 1.0 g·L−1. TOC removal efficiency by ozonation catalyzed by Fe/MCM-41 reached 94.5% after 60 min reaction time, while the corresponding efficiencies were 61.5% by MCM-41/O3, 88.6% by Fe2O3/O3, and 62.3% by ozonation alone; furthermore, only 2.1% TOC was removed due to adsorption on Fe/MCM-41. Moreover, reaction kinetics were studied. Results suggested that the Fe/MCM-41/O3 process followed apparent first-order kinetics with a rate constant of 0.480 min−1, while ozonation alone, MCM-41/O3 and Fe2O3/O3 processes followed apparent second-order kinetics.



Liu et al. [167] studied the catalytic ozonation of dye Acid Red B (ARB) in the presence of Fe–Cu oxide (Fe–Cu–O) catalyst. The authors studied different experimental conditions, such as pH conditions (3–11), ozone flowrate (3.6–30 mg·min−1), and initial dye concentration (100–500 mg·L−1). The observed parameters for the determination of process efficiency were COD and color removal. Optimal condition for ARB removal were pH = 6.8 and ozone flow = 30 mg/min. Under these conditions, after 60 min. color and COD removal rates were 66% and 48%, respectively, for the ozonation process. Ozonation in the presence of Fe–Cu–O catalyst, under the same experimental conditions, resulted in color and COD removal efficiencies of 90% and 70%, respectively. Results suggested that the catalytic ozonation of ARB followed pseudo-first-order rate kinetics. The ARB removal mechanism was proposed as an indirect ozonation reaction combined with direct surface oxidation reactions.



Lan et al. [168] synthesized and characterized catalysts MCM-41 and iron-substituted MCM-41 (Fe/MCM-41) for p-chlorobenzoic acid (p-CBA) removal by means of catalytic ozonation. Iron-substituted MCM-41 provided high BET surface areas, high pore volumes, and narrow pore size distribution. The efficiency of p-CBA catalytic ozonation was evaluated by means of p-CBA and TOC removal rates. In Fe/MCM-41-catalyzed ozonation, 100% removal of p-CBA and 91.3% TOC removal were observed after 10 min and 60 min, respectively. The authors proposed the reaction mechanism as the formation of hydroxyl radicals on the Fe/MCM-41 surface.



Gopi et al. [169] investigated the behavior of 13X zeolite-supported metal oxides in ozone catalytic oxidation (OZCO) of toluene. The activity of the catalyst was ranked in the order of metal ion used (Mn > Ce > Cu > Ag > Co). Results suggested that the amount of decomposed ozone had a direct impact on degree of oxidative decomposition of toluene over the Mn/13X catalyst.



Larouk et al. [170] studied the catalytic ozonation of azo-dye Orange-G (OG) in the presence of a hematite/SBA-16 mixture (HS). HS exhibited high catalytic activity and led to total discoloration of the reaction mixture in half the time compared to hematite or SBA-16 alone. The authors proposed that OG ozonation is initiated by hydroxylation and desulfonation of the aromatic rings. Assessment of the parameter interactions clearly demonstrated that a simultaneous decrease in catalyst amount and initial pH is beneficial in terms of reducing the ozonation time. Results showed that ozonation was triggered in the solution bulk, while adsorption was enhanced by the dissolution, diffusion, and adsorption of ozone and Fe3+ cations.



3.6.1. O3/Zeolite (ZEO)


Increased process efficiency can be achieved by adsorbing pollutants and ozone onto the surface of zeolite (ZEO) or activated carbon (GAC), thereby concentrating them. As a result, the concentrations of ozone and MPs in the micropores and apparent rates can be increased compared to the bulk phase. The adsorptive ozonation process was first published by Fujita et al. [171]. They used zeolite as the adsorbent material and studied the degradation of acetaldehyde. To achieve the same residual concentration of acetaldehyde, adsorptive ozonation required a reaction time of approximately two orders of magnitude shorter compared to ozonation alone. The authors attributed the increased efficiency of the process to the adsorption of pollutants and ozone onto the surface of the zeolite, as well as their concentration and, consequently, higher reaction rates.



Valdés et al. [172] studied the effect of various catalysts on ozone decomposition in a combined process aimed at the removal of nonbiodegradable pollutants. Experiments were carried out with low-cost heterogeneous catalysts from natural sources, such as zeolite and volcanic sand. Different pH conditions and the presence of free-radical scavengers were compared for the effect on dissolved ozone decay. Results suggested that the studied catalysts led to an increased decay rate of ozone. Alkaline conditions inhibited the effect of free-radical scavengers on the self-decomposition of ozone molecules. Results suggested that the decomposition of ozone took place mainly on the surface of the catalyst.




3.6.2. O3/Activated Carbon (AC)


Activated carbon (AC) is used not only as an adsorbent but also as a catalyst in promoting ozone oxidation. Adsorption on activated carbon and ozonation combined into a single process can offer strong synergetic effects on the treatment efficiency of contaminated groundwater and wastewater [173,174].



Xing et al. [175] performed the ozonation of oxalate in the presence of activated carbon (AC) with the aim of studying the effect of different conditions (AC dosage, solution pH, AC surface reactions) on the removal efficiency. Results of the study suggested that AC significantly enhanced the ozonation efficiency of oxalate. Higher doses of AC (0.3 g·L−1) inhibited the effect of free-radical scavengers (tert-butyl alcohol) at lower pH levels. AC at a dose of 0.1 g·L−1 also prevented the inhibition of ozone decomposition by tert-butyl alcohol. The authors suggested that AC can initiate, promote, or inhibit the radical reaction of ozone decomposition, as well as catalyze surface ozonation reactions. Therefore, AC-catalyzed ozonation can enhance pollution removal and ozone usage efficiency.



Gümüş and Akbal [176] studied the removal of humic acid from aqueous solution using ozone-based processes. Investigated processes were ozonation (O3), ozonation catalyzed by iron-coated zeolite (ICZ-O3), and ozonation catalyzed by granular activated carbon (GAC-O3). Removal efficiency was evaluated by the removal of DOC and absorbance (UV254, specific ultraviolet absorbance at 254 nm (SUVA), and absorbance at 436 nm). DOC removal by ozonation was 21.4% at an O3 concentration of 10 mg·L−1, pH equal to 6.5, and reaction time of 60 min. ICZ- and GAC-catalyzed ozonation led to significant increases in DOC removal of 62% and 48.1%, respectively, for a catalyst dosage of 0.75 g·L−1. Results suggested that the ozonation process led to the destruction of unsaturated bonds in humic acid, which led to the discoloration of solution; however, the DOC removal rates were not satisfactory. Catalyzed ozonation promoted the further mineralization of humic substances and was also effective in the color removal of the solution.



Derco et al. [177] studied the O3/ZEO and O3/GAC processes with model and real wastewaters containing benzothiazole (BT) and its derivatives. Compared to ozonation alone, 10–15% higher efficiencies were achieved by the O3/ZEO process. When using combined O3/GAC process, a higher BT removal rate, improved COD removal efficiency, and a higher degree of mineralization were observed. The efficiency of BT mineralization was approximately threefold higher when using the O3/GAC process in comparison to ozonation alone.



When using the combined O3/GAC process, a higher BT removal rate, a higher COD removal efficiency, and a higher degree of mineralization were also achieved. Ozone reacted selectively, forming a more partially oxidized fraction and significantly higher concentrations of BTSO3. Thus, due to the more efficient partial oxidation, ozonation is more suitable for detoxification and increasing the polarity of BT decomposition products in the raw WW. On the other hand, the O3/GAC process is more suitable as the tertiary phase of the WWTP to reach the COD effluent discharge limit values [146].




3.6.3. O3/Metallic Oxides


Heterogeneous catalysts are, in comparison with homogenous catalysts, more stable and offer smaller losses upon reaction. Heterogeneous catalysts enhance ozone decomposition, can be recycled from solution, and can be reused. The efficiency of the O3/metallic oxide process depends strongly on the catalyst, its surface parameters, and the pH of reaction solution, which affects the properties of active sites on the catalyst surface and ozone decomposition reactions in aqueous solutions [45].



The catalytic efficiency of metal oxides is determined by their physical and chemical properties. Physical properties include surface area, pore size, and surface charge. The main chemical properties include chemical stability and active surface sites. Some metallic oxides, such as Al2O3, MnO2, TiO2, ZnO, and FeOOH, exhibit excellent catalytic activity as heterogeneous catalysts in the degradation of organic pollutants in aqueous solution [178,179].



In addition to the activation of ozone decomposition, metallic oxides bring another unique feature in O3/metallic oxide processes, i.e., the promotion of interface and surface reactions. In these reactions, the main function of the catalyst is as an adsorbent material. It first adsorbs onto organic pollutants its large surface and then removes them. Second, it provides active adsorption sites where it combines with organic molecules to form complexes with lower activation energy [180].



Ormad et al. [122] studied the effect of hydrogen peroxide and titanium dioxide on ozone-based processes in the degradation of 44 organic pesticides present in natural water systematically detected in the Ebro river basin (Spain). Ozonation with 3 mgozone·L−1 led to the removal of pesticides with an efficiency of almost 23%, while, for O3/H2O2 and O3/TiO2 systems, the degradation efficiency was lower. However, the application of the O3/H2O2/TiO2 process significantly improved the degradation of pesticides and achieved an average degradation efficiency of 36%.




3.6.4. Nano-Catalyst AOPs


Recently, nanoparticles have gained attention due to their heightened reactivity in many areas, such as environmental sciences, biology, agriculture, and the pharmaceutical industry. The purpose of this section of the review is to report the important role of nanoparticles as nano-catalysts in ozone-based AOPs for water purification and wastewater treatment.



A previous literature review [181] investigated the potential and prospects of nano-catalysts in ozone-based AOPs for the degradation of recalcitrant pollutants. Degradation mechanisms of the nanoparticle-catalyzed AOPs were also described. The application of nanomaterials such as metal nanoparticles, zero-valent metal nanoparticles (Fe0, Ag0, Zn0), metal oxide nanoparticles (TiO2, ZnO, MgO, MnO), carbon nanotubes (CNTs), nano-oxide metals fixed on membranes, and nanocomposites in water and wastewater treatment are becoming specific research subjects [182,183,184].



In the work of Carbajo et al. [185], a synthetic water matrix and a WWTP influent containing benzalkonium chloride (BACl) and Ni oxide nanoparticles (NiO-NPs) were pretreated by ozonation. BACl was efficiently removed from the system independently of NP presence; however, NPs influenced ozone dose. BACl mineralization was limited, and byproduct formation was prevalent. The identification of some byproducts suggested possible reaction pathways of ozone-treated BACl, where the authors indicated that both hydrophobic and hydrophilic sites were attacked by ozone, depending on the availability of reaction centers in the presence of NiO-NPs. BACl showed aquatic toxicity toward the bacteria Vibrio fischeri and Pseudomonas putida and the protozoan Tetrahymena thermophila, as well as microorganisms of activated sludge. Ozone pretreatment lowered the influent toxicity due to BACl degradation; however, Ni particles were released from NiO-NPs, thus increasing wastewater toxicity.




3.6.5. Use of Multiple Ozone-Based AOPs


Research by Čehovin et al. [186] focused on the application of selected AOPs in combination with hydrodynamic cavitation for the removal of dissolved organic carbon (DOC) in the form of humic acid dissolved in drinking water. The aim of the study was to reduce the production of disinfection byproducts mainly present in drinking water after the application of a chlorine-based disinfectant. Investigated processes were ozonation and ozone-based advanced oxidation processes, such as H2O2/O3, H2O2/UV, and O3/UV in combination with hydrodynamic cavitation. The authors observed enhanced DOC removal rates up to 5–15% when combining AOPs with hydrodynamic cavitation. However, the DBP formation potential in these processes remains to be investigated.



For the assessment of feasibility of ozonation and ozone-based processes, the prices of ozone production should be considered. They depend upon the type of ozone generator, the ozone dose required for effective removal of target pollutants, and the actual price of other chemicals (hydrogen peroxide, catalysts, etc.) and energy used (UV, etc.). An average price of 0.339 EUR per mg of O3 produced for the optimization of the process of water treatment is highly recommended. The same is also true for waste sludge processing using ozonation [83]. Ozonation of waste sludge prior to anaerobic digestion helps to mainly improve the first step of the process, i.e., hydrolysis, to increase biogas production and methane yield. However, the increase in production of methane due to such a pretreatment could be considerable regarding the incineration of formed methane and its energetic value (heating value of 50 MJ·kg−1). Due to the average energy price in EU for non-household consumers (0.135 EUR per kWh; Eurostat, 2020), the tradeoff between price of ozone production and improved energy production should be always addressed. Many authors confirmed that the optimal ozone dose for sludge solubilization is in the range of 0.05 to 0.5 g O3·g−1 of total solids, depending on the properties of the sludge and other conditions of the selected pretreatment method [83,187].






4. Oxidation of Selected Micropollutants by Ozonation and Ozone-Based AOPs


This section of the paper is aimed at presenting the results of ozone-based degradation, as well as transformation studies of the following groups of micropollutants:




	
Alkylphenols (AP): 4-nonylphenol (NP), 4-t-octylphenol (4tOP), nonylphenol ethoxylate (NPEO), and octylphenol ethoxylate (OPEO) by ozonation, O3/GAC, ozonation combined with zeolite (O3/ZEO), modified zeolite with iron (O3/ZEOFe), and manganese (O3/ZEOMn) processes.



	
Petroleum-based substances: benzene, toluene, ethylbenzene, and xylenes (BTEX) by ozonation, O3/UV, O3/UV/H2O2, O3/H2O2, and O3/UV/H2O2 processes.



	
Organochlorine pesticides: pentachlorobenzene (PCB), hexachlorobenzene (HCB), hexachlorobutadiene (HCBD), lindane (γ-isomer of hexachlorocyclohexane) (LIN), and heptachlor (HC) by ozonation, O3/UV, O3/GAC, O3/ZEO, and O3/nZVI processes.








The groups of substances selected above are environmentally relevant chemicals due to their hazardous impacts; thus, they are also listed in various legislative documents and conventions. Hexachlorobutadiene, pentachlorobenzene, hexachlorobenzene, lindane, heptachlor, 4-nonylphenol, and 4-tert-octylphenol are priority hazardous substances. Benzene is a priority substance [5]. Toluene and xylenes are relevant substances. Organochlorine pesticides are persistent substances listed by the Stockholm Convention [10,11].



All homogeneous transformation/removal processes were performed in a jet-loop reactor. A mixture of ozone and oxygen was injected into a wastewater sample through a Venturi ejector. At the same time, the ejector sucked the mixture of O3 and O2 from the reactor headspace. This alignment, together with the external circulation, should improve the efficiency of ozone utilization in the ozonation reactor. Heterogeneous ozone-based processes were carried out in a completely mixed reactor.



4.1. Alkylphenols (AP)


In this subsection, the results presented in our papers [188,189,190,191,192,193] regarding the removal of 4-nonylphenol (NP), 4-t-octylphenol (4tOP), nonylphenol ethoxylate (NPEO), and octylphenolethoxylate (OPEO) from an industrial wastewater by ozonation, adsorptive ozonation (O3/GAC, O3/ZEO, O3/ZEOFe, O3/ZEOMn), and O3/UV processes are reviewed.



Alkylphenols (AP) are toxic, persistent, and endocrine-disrupting chemicals [50,194]. 4-Nonylphenol (4NP), 4-octylphenol (4OP), and 4-tert-octylphenol (4tOP) are the three most commonly found in the environment. The isomers of nonylphenol and octylphenol were included in the list of priority substances of the Water Framework Directive [4] and Directive 2013/39/EU [6]. As priority hazardous substances, nonylphenol isomers including 4-nonylphenol have been identified. Octylphenol including isomer 4-tert-octylphenol has the status of a priority substance. Due to their wide use, high biological stability, and estrogenic activity, alkylphenols (AP) are among the most important environmental estrogens [195].



Alkylphenol ethoxylates represent another related and important group of substances. These are generally less toxic; however, in the environment, they easily degrade to the corresponding alkylphenols. The use of alkylphenols and alkylphenol ethoxylates is currently regulated [6,50,196,197].



Nonylphenol (NP) isomers are used as plasticizers and antioxidants in the rubber and plastics industries, as industrial detergents for wool, paper, textile, and pulp processing, for metal surface treatments, as pesticide formulations, and as components of various cosmetic preparations [198]. Their use is also significant in the synthesis of nonylphenol ethoxylates. Nonylphenol ethoxylates (NPEOs) are used in detergents, emulsions, pesticides, and dispersants, as well as in the paper industry as nonionic surfactants. While the toxicity of NPEOs is not as significant, their decomposition is a major source of much more toxic NPs in the environment [50].



The application of ozonation process to enhance the biodegradability of APEOs started in the late 1970s [199]. Even though ozonation itself was responsible for only a 39% reduction in COD and a 16% reduction in TOC, it significantly enhanced the biodegradability of nonylphenol ethoxylates by changing their molecular structure. In conclusion, removals of 70% and 62.5% were achieved for COD and TOC, respectively, by biodegradation after the ozonation process, whereas the reduction without ozonation was 25% for COD and 23% for TOC. This study showed that the optimum pH for the degradation of APEOs by ozone was 9. It seems that the ozone primarily attacked the polyethoxylate chain and not the aromatic ring.



Baig et al. [200] examined the matrix effect of wastewater during the ozonation of 4-t-OP and 4-iso-NP. The obtained data indicated that the wastewater matrix significantly affected the ozonation kinetics but did not change the related reactivity scale. The ozone dosage needed for full degradation of these substances increased, but a dose of 12 mg·L−1 was enough for sufficient degradation. Ozonation was proven to be an effective solution to treat secondary wastewaters containing the abovementioned estrogenic active substances.



Zhang et al. [201] investigated the degradation of NP and 4tOP with ozone in aqueous solutions containing acetonitrile, to improve the solubility of NP and OP. The authors carried out experiments to test the effects of initial pH, AP (NP and 4tOP) concentration, and ozone dosage on removal efficiency. Complete degradation of NP and OP was achieved after 6 min of ozonation at pH 9. Experiments at pH 6.5 showed that the amount of ozone needed for degradation was higher, whereby the degradation efficiency of NP was nearly 42% with an ozone dosage of 0.13 mgozone·min−1, whereas, with almost threefold higher ozone dosage, the degradation efficiency increased to 96%. It can be concluded that a higher initial AP concentration leads to a lower AP efficiency of degradation.



Nonylphenol (NP) is used as an antioxidant, as a plastic additive, and for synthesizing nonylphenol ethoxylates (NPEOs) as nonionic surfactants in detergents, emulsifying agents, pesticide formulations, herbicides, and dispersing agents in the paper industry. As NPEOs are degraded primarily to the corresponding nonylphenols [202], they are ubiquitous in the environment. They consist of a very complex mixture of isomers [194]. Nonylphenol belongs to the group of endocrine-disrupting chemicals causing neurological, immune, reproductive, and estrogenic effects. It has been shown to be toxic toward aquatic organisms and is capable of interfering with their regulatory systems and influencing their reproduction, development, and behavior. It can persist in the environment, especially soil, for a long duration because of its highly hydrophobic nature. Nonylphenol is incorporated into water matrices via agricultural runoff, wastewater effluents, agricultural sources, and groundwater leakage from the soil [203]. There is a lack of data in the literature on the impact of nonylphenols on human health. Thus, available results on research carried out on animals are emerging. The estrogenic effect of nonylphenol on humans will follow from these results. Remediation of nonylphenol is possible using physicochemical and microbiological methods [203]. Bacteria, such as Sphingomonas, Sphingobium, Pseudomonas, Pseudoxanthomonas, Thauera, Novosphingonium, Bacillus, Stenotrophomonas, Clostridium, Arthrobacter, Acidovorax, Maricurvus, Rhizobium, Corynebacterium, Rhodococcus, Burkholderia and Acinetobacter, fungi such as Aspergillus, Pleurotus, Trametes, Clavariopsis, Phanerochaete, Bjerkandera, Fusarium and Metarhizium, yeast Candida, and mold Mucor have been reported as efficient for the degradation of NP via their metabolic pathways. However, despite the significant importance of NP and its effects on the environment, there is still a lack of studies regarding this subject.



During the ozonation of industrial WW samples containing alkylphenols and their ethoxylates in an ozonation reactor with external recirculation of the reaction mixture, octylphenol ethoxylate (OPEO) and 4-nonyphenol (NP) were, with the exception of 4tOP, easily removed/transformed. The highest treatment efficiency was achieved for OPEO (88.1–98.2%). The efficacy of NP was lower and showed greater variability (54.–86.3%). The highest variability of treatment efficiency was measured for NPEO (3.–92.7%) and was significantly affected by the variability of WW composition. The lowest treatment efficiencies (10.2–22.2%) were measured for 4tOP [188].



Subsequent experiments were aimed at comparing the performance of ozonation and O3/GAC processes and were carried out in a mechanically stirred reactor. Mean values of treatment efficiencies in the range of 3.3% (OPEO) to 83.2% (OP) were observed during ozonation of municipal WW after receiving an industrial WW with AP content. The highest removal efficiency of 92.7% was observed for nonylphenol ethoxylates. Similar removal rates of OP and their ethoxylates were published by Ning et al. [189,190] according to the results of single components (NP, NPEO). The most stable values of treatment efficiency were characteristic for OP (82.2–84.7%). The lowest and relatively stable values of treatment efficiency were typical for OPEO (0-6.5%) and NP (10.4–17.0%). Under the same conditions, no significant differences were observed in the removal of NP and NPEO by ozone alone and in combination with GAC. On the other hand, according to a comparison of these time dependencies, a higher removal/transformation rate of OPEO was achieved using the combined O3/GAC process, which was twofold faster than ozonation. The other components were removed in the first 10 min. The lowest toxicity impact of intermediates and products of ozonation treatment on Vibrio fisheri was measured after 10 min of ozonation, which was lower in comparison to the products of the O3/GAC process. After about 30 min, a trend of a slight decrease in toxicity was observed for both processes [191].



In another series of experiments, industrial effluents containing alkylphenols were treated by ozonation, O3/GAC, and ozonation processed combined with iron/manganese modified zeolites, i.e., O3/ZEOFe and O3/ZEOMn [192]. A comparison of the relative treatment efficiencies of pollution indicators by the studied processes related to O3/GAC efficiencies is illustrated in Figure 5. The final treatment efficacy values for 4tOP, 4NP, NPEO, COD, and the DOC indicator by the O3/GAC treatment were 100%, 86%, 100%, 66%, and 83%, respectively. As expected, the highest efficiencies of COD, TOC, and AP removal were observed for the O3/GAC process. The lowest removal efficiencies were observed for the Fenton reaction and ozonation [192].



Adsorptive ozonation with O3/GAC was the most efficient method and showed high potential for the practical use on the basis of not only the comparison of AP and APEO concentrations, as well as COD and TOC values, but also the ecotoxicity and cytotoxicity of the samples, as well as the respirometric measurements with activated sludge. Other studied methods also revealed a significant decrease in all examined pollution parameters. Adsorptive ozonation with O3/ZEOMn was slightly more efficient than with O3/ZEOFe, but the difference between both processes and ozonation alone was not very high. All studied methods also led to a significant increase in the specific oxygen uptake rate of activated sludge microorganisms; therefore, an increase in the biodegradability of the wastewater could be assumed. The processes were efficient for the removal of the studied pollutants from wastewater and for the minimization of wastewater toxicity [193].




4.2. BTEX


In this subsection, the results presented in our papers [181,182,183,184] regarding the removal of BTEX substances from water and wastewater by ozonation, O3/UV, O3/H2O2, and O3/UV/H2O2 processes are reviewed.



BTEX substances constitute crude oil components benzene, toluene, ethylbenzene, and xylenes. These substances pose a serious threat to human health and the environment due to their toxicity, carcinogenicity, and mutagenicity. BTEX substances are often found in surface and underground water, resulting from industrial activities such as manipulation or storage of petroleum, leaching from storing units, or inappropriate waste(water) treatment methods. Treatments based on conventional WWTP processes have proven to be ineffective in oil compound elimination [204].



Despite the importance of oil for the world economy, the environmental problems related to oil production must always be well assessed, due to the composition of oil and its residues, which consist mainly of aromatic and aliphatic compounds. The toxicity of the aromatic fraction is higher than that of the aliphatic fraction. Aromatic compounds, including benzene, toluene, ethylbenzene, xylene isomers (BTEX), and phenols, are known to be more recalcitrant. Contamination from oil components can occur during the extraction process in sedimentation basins and as a result of storage tank leaks, including gasoline stations. Moreover, during its processing, a large volume of hydrocarbon-rich wastewater is generated, which, if left untreated, causes serious environmental impacts [205].



The spread of petroleum hydrocarbons affects the environment when leaked. In water, they form a thin coating on the surface, due to their hydrophobic nature [206]. These compounds usually occur at trace levels in superficial waters as a result of their volatility. However, they can be found in more elevated concentrations in groundwater, where they are considered the priority contaminants of such resources and, therefore, included as compounds to be evaluated in water analysis. The frequency of groundwater contamination with hydrocarbons, including BTEX, is increasing, demanding the development of more efficient methods to remove or minimize the damages caused by these compounds. Conventional physical treatments, in addition to high operational costs, remove the contaminants from the environment without destroying or transforming them, thereby producing an accumulation of toxic residues [207]. The application of biological processes is inadequate when the wastewater contains highly toxic refractory compounds, such as the aromatic fraction from dissolved organic compounds [205].



Petroleum substances can be a source of toxicity to the aquatic ecosystem [208]. The largest oil spills into surface and groundwater occur during oil extraction, as well as from tankers and vessels. Ozonation alone and ozonation in combination with other processes, i.e., (O3/UV, O3/H2O2, O3/UV/H2O2), were investigated for the degradation of BTEX by Sumegová et al. [209]. The highest removal rates were observed during the first 5 min for all investigated pollutants. A longer ozonation time resulted in a very low increase in the efficiencies of studied processes. The removal efficiencies were similar for all investigated compounds. The removal efficiencies of BTEX components increased with the increase in reaction time. All BTEX components achieved removal efficiencies higher than 90% after 60 min, with the exception of the O3/H2O2 process. This process achieved only 82% removal efficiency. The best fit of experimental degradation data of all studied pollutants was obtained using a second-order kinetic model. The results suggested that ozonation combined with UV radiation (O3/UV) is the most efficient process for the oxidation of BTEX. However, further experiments are required to improve process efficiency and to investigate the toxic impact of ozonation intermediates and products on aquatic microorganisms. Results obtained using ozone and the combined O3/UV process on model water containing BTEX components were reported by Derco et al. [210,211]. The highest removal rates were observed during the first 5 min of ozonation for all investigated pollutants. The highest removal efficiency (59.6%) was achieved in the case of p-xylene. The lowest removal efficiency (20%) in this reaction time was obtained for benzene. The removal efficiencies of BTX components increased with the reaction time. The removal efficiency of p-xylene reached 81.3% after 20 min of the process. The second highest removal efficiency (72.2%) was observed for o-xylene. BTX presented removal efficiencies in the interval of 80.8% to 89.8% after 40 min of the ozonation process. In the case of p-xylene, o-xylene, toluene, and benzene, final removal efficiencies of 90%, 89.9%, 89.6%, and 86.4%, respectively, were observed. Insignificant differences in the removal rates and treatment efficiencies followed from the treatment of the investigated BTX compounds using O3 and O3/UV. The best fit of experimental degradation data of all studied pollutants was obtained using a first-order kinetic model.



Results delineating the impact of O3 and O3/UV processes on a model sample of water contaminated with Natural 95 petrol were presented by Derco et al. [212]. Removal rates of the studied pollutants were comparable with those obtained by the O3 and O3/UV treatment. The removal efficiency of BTEX from wastewater contaminated by Natural 95 petrol ranged from 69.7% (ethylbenzene) to 95.5% (toluene) after 60 min of ozone treatment. Lower treatment efficiencies for the BTX model wastewater were observed during the first 5 min in comparison with the BTEX model wastewater. The reason for the lower removal efficiency in this experiment was the reaction of ozone with other organic petroleum compounds in the same conditions (in the presence of the same amount of O3). Better results were achieved with the O3/UV treatment. In the case of toluene, p-xylene, m-xylene, o-xylene, benzene, and ethylbenzene, final removal efficiencies of 95.9%, 94.9%, 91.1%, 84.0%, and 95%, respectively, were observed after 60 min of O3/UV treatment.




4.3. Organochlorinated Pesticides


In this subsection, results regarding the removal of organochlorinated pesticides from water and wastewater by ozonation, O3/UV, O3/H2O2, O3/GAC, O3/ZEO, and O3/nZVI processes are reviewed [177,188,213,214,215,216].



Organochlorine substances are characterized by their high adsorption and bonding affinity to fats and their persistence in the environment. They are mainly used as pesticides, known to be chemically very stable and toxic compounds which are characterized by high bioaccumulation. They accumulate mainly in the adipose tissue, liver, kidney, muscle, brain, and heart [50].



Some organochlorine substances may be produced in other productions or are used as raw materials in the manufacture of other products. For example, sources of hexachlorobenzene include the production of pentachlorobenzene (PCB) carbon tetrachloride, perchlorethylene and trichlorethylene. It can occur in waste incineration, as well as in the paper and engineering industries. It is used in the production of plasticizers to produce cellulose esters, vulcanization accelerators, and flame retardants. Hexachlorobutadiene (HCBD) is used to make rubber compounds as a solvent or as a heat transfer or hydraulic fluid. It also arises as a byproduct, e.g., wastes from perchlorethylene and carbon tetrachloride production by perchlorination. It has been used and is still used in some countries in the manufacture of lubricants and as a pesticide in agriculture. It is formed as a byproduct in the industrial production of some chlorinated hydrocarbons. It can be formed in landfills during the decomposition processes of chlorine-containing waste and, to a lesser extent, during waste incineration. PCB can be formed in the production of tri- and tetrachlorethylene. It can occur in WW from oil refineries, ironworks, steel mills, pulp and paper mills, landfills, and WWTPs. It can also be released into the environment through substances that contain PCB as an admixture (e.g., the insecticide pentachloronitrobenzene, hexachlorobenzene (HCB), or some chlorinated solvents). It is also formed during the natural degradation of hexachlorobenzene and lindane. Hexachlorobenzene is used in the production of lindane [217].



Ikelhata and El-Din [129,218] investigated the degradation of four main groups of pesticides by ozone-based AOPs, namely, carbamates, chlorophenoxy compounds, organochlorines, and organophosphates. They discussed the degree of pesticide degradation, reaction kinetics, identity and properties of degradation byproducts and intermediates, and possible degradation pathways.



The removal of pesticides from industrial wastewater is an important process because of their bioresistant, bioccumulative, carcinogenic, and mutagenic nature. Suitable methods for the transformation of pesticides in aquatic environments are ozonation and ozone-based oxidation processes such as O3/H2O2, O3/UV, and O3/H2O2/UV [218].



Pesticides also form the largest group of chemicals with the same action in the list of priority substances. Directive 2013/39/EU [6] includes the following pesticides in addition to PHS and PS: aldrin, dichlorodiphenyl-trichloroethane, dicofol, dieldrin, endrin, endosulfan, isodrin, heptachlor, hexachlorocyclohexane (lindane), hexachlorobutadiene, pentachlorobenzofosphen, pentachlorobenzene, pentachlorobenzene, dichlorvos, atrazine, simazine, terbutrin, diuron, isoproturon, trifluralin, cypermethrin, alachlor, DDT, cybutrin, quinoxyfen, aclonifen, and bifenox [6,7].



The preferred processes for their removal from wastewaters are adsorption, stripping, and membrane processes [219,220]. The degradation processes are dominated by photolysis, hydrolysis, chemical oxidation, dehalogenation processes, and biodegradation [53].



Adsorption to activated carbon allows the removal of many micropollutants. However, to reach equilibrium concentration for many substances, up to several hours of reaction is needed. In addition, adsorption on activated carbon is not applicable to polar substances. Compared to the degradation process ozonation, adsorption is a much slower process. Adsorption on activated carbon is relatively less energy demanding. However, the production of AC is relatively energy-intensive. Energy consumption in the production of activated carbon is higher compared to the operating costs of the ozonation process [75]. Neither of the above processes is able to completely remove organochlorine substances. Physical processes only separate the pollutants into another phase, and further processing is required for the adsorbed pesticides. Chemical oxidation leads to incomplete decomposition of pesticide molecules and, consequently, to the formation of harmful byproducts. Therefore, a combination of physical, chemical, and biological processes is usually used to remove pesticide residues and byproducts in water treatment [9,22,24,88]. Felsot et al. [221] proposed a combination of physical and chemical methods with biological processes as a suitable and acceptable option for the treatment of pesticide-containing effluents. Feakin et al. [222] recommended the application of biodegradation processes combined with adsorption on granular activated carbon. Reynolds et al. and Camel et al. [46,223] reported chemical oxidation, e.g., ozonation and AOPs, whereas Hollender et al. [75,94] reported ozonation in combination with detoxification on a slow sand filter or on granular coal.



Wei et al. [224] presented the results of a study aimed at removing hexachlorobenzene (HCB) in water using advanced UV, O3, and UV/O3 oxidation processes. The results showed that UV radiation itself does not contribute to the removal of HCB. HCB is better degraded by O3 and a combination of UV/O3. During ozonation and the combination of UV/O3, a higher HCB removal efficiency was achieved. After 40 min, a 50% HCB removal efficiency with an initial concentration of 0.2 mg·L−1 was achieved at pH = 3. The rate of HCB removal during ozonation and the combination of UV/O3 was described by pseudo-first-order kinetics.



Scientific data published during the period 2007–2018 concerning the development, optimization, and application of different types of AOPs used for the degradation of 15 priority synthetic pesticides included in the European policy in the water field defined by Directive 2013/39/EU were summarized by Vagi and Petsas [225].



The abovementioned article five selected organochlorine pesticides (HCBD, PCB, HCB, LIN, and HC) as organic contaminants of a model wastewater. The results of their examination of the ozonation, O3/UV, adsorptive ozonation, and combined ozone with zero-valent iron nanoparticle (nZVI) and zeolite (ZEO) processes are presented below.



Ozonation and the combination of ozone and UV treatment processes were studied [226]. The highest removal rate was observed for heptachlor using O3/UV combination. In this case, 55% efficiency removal was measured after 10 min of ozonation, while 80% treatment efficiency was observed during the same reaction time when applying the O3/UV process. Almost total removal of heptachlor was observed after 40 min of ozonation. On the other hand, very close treatment efficiency was observed when using the O3/UV process. The second highest removal efficiency was observed for hexachlorobutadiene. Ozonation was more efficient in this case, where 65% removal efficiency was measured after 10 min of ozonation, while only 40% treatment efficiency was observed with the combined O3/UV process during the same reaction time. In the case of pentachlorobenzene, final removal efficiencies 80% and 40% were observed after 40 min of ozonation and combined O3/UV processes, respectively. The lowest removal rates were observed for hexachlorobenzene with 75% efficiency removal after 40 min of ozonation. The best fit of the experimental degradation data of all studied pollutants was obtained using a second-order kinetic model. It can be concluded that, with the exception of HC, ozonation is a promising procedure for the removal of investigated pollutants from aquatic environments [210]. The highest removal rates of investigated organochlorine pesticides were observed during the first 5 min of ozonation for all investigated pollutants. The highest removal efficiency (74.5%) was achieved in the case of HCBD. The lowest removal efficiency (30%) was obtained for HC during this reaction time. The removal efficiencies of studied chlorinated pollutants increased with the increase in reaction time, with the exception of HC. The removal efficiency of HCBD reached 87% after 20 min of the process. The second highest removal efficiency (73.4%) was observed for PCB. HCBD also reached the highest removal efficiency (90.7%) after 60 min of ozonation. In the cases of PCB, LIN, and HCB, final removal efficiencies of 85.2%, 80.7%, and 70.2%, respectively, were observed. Higher removal rates were observed with O3/UV treatment. The best fit of the experimental degradation data of all studied pollutants was obtained using second-order kinetics. The highest adsorption affinity was measured for GAC, LIN, HCBD, and PCB. On the other hand, zeolite and excess activated sludge manifested relatively high affinity to PCB and heptachlor HC. The highest values of specific removal rate were observed when combined O3/GAC processes were applied, particularly for HCB, PCB, and HC [213].



The adsorption affinity of activated carbon (GAC), zeolite (ZEO), and activated sludge to the studied organochlorine priority substances was also studied [227]. The highest removal efficiency was achieved during 0.5 h sorption on activated sludge with maximum removal efficiencies of 99.1% for HC and 98.8% for HCB. In the cases of HCBD, PCB, and LIN, the observed maximal treatment efficiencies were 98.1%, 95.3%, and 57.6%, respectively. In the case of ZEO adsorbent, a maximum removal efficiency of 93.8% over 0.5 h was achieved for HCB, while the corresponding values were 92.1%, 83.7%, 72.9%, and 25.8% for HC, HCBD, PCB, and LIN, respectively. Using GAC adsorbent, the following adsorption efficiencies were obtained over 3 h contact time: 64.5% for HCBD, 60.5% for HCH, 59.9% for HCB, 57.0% PCB, and 56% for LIN [227].



Our study also focused on research aimed at the potential of the integrated O3/nZVI process for improving the removal of selected specific synthetic substances from water [214,215,227]. Five organochlorine pesticides, i.e., hexachlorobutadiene (HCBD), pentachlorobenzene (PCB), hexachlorobenzene (HCB), lindane (LIN), and heptachlor (HC), in water were investigated. Efficiency and removal rates by the integrated ozonation and nZVI (O3/nZVI) process were evaluated. The effect of ozonation and nZVI treatments on the same components was also determined and used as a reference for comparison. The results illustrated the potential of the integrated oxidation/reductive O3/nZVI process for the removal of the investigated pesticides, listed by the Stockholm Convention as persistent organic pollutants in water and wastewater. The commercial suspension of Nanofer nZVI particles showed very promising efficiencies for the removal of all studied organochlorine pesticides. With the exception of PCB (81.0%), removal efficiencies of more than 94% were observed after 30 min of the process. The highest performance of this treatment process was represented by the 99.9% efficiency of LIN removal, which is usually very problematic even with AOPs. Ozonation alone after 3 min of the process showed removal efficiencies over 92% for all studied pesticides, with the exception of LIN and PCB (67.5% and 9.3% removal efficiencies after 15 min of ozonation, respectively). Integrated O3/nZVI resulted in an improvement in removal efficiencies for the majority of pollutants in comparison to ozone alone. The process effectiveness was based on a comparison of second-order kinetic constants used for the rate of process evaluation. The corresponding values using the O3/nZVI integrated process were two orders higher for HCBD in comparison with the nZVI process and one order higher for PCB, HCB, HC, and LIN in comparison with the ozonation process. It can be concluded that the integrated O3/nZVI process is a promising procedure for the removal of investigated pollutants from aquatic environments. This study showed the great potential of this integrated process for the removal/degradation of pesticides, and it needs to be further developed, especially for the investigation of the impact of products/intermediates on aquatic life [216].



Results following an investigation of the ozonation, O3/UV, adsorptive ozonation, and combined ozone with zero-valent iron nanoparticle (nZVI) and zeolite (ZEO) processes were presented in the work of Derco et al. [215]. Five selected organochlorine pesticides, i.e., hexachlorobutadiene (HCBD), pentachlorobenzene (PCB), hexachlorobenzene (HCB), lindane (LIN), and heptachlor (HC), in water were investigated. Three of these are specified as priority hazardous substances, while four of the pesticides are listed by the Stockholm Convention as persistent organic pollutants. Process removal efficiency exceeding 92% for all studied pesticides after 3 min of ozonation was achieved, with PCB (50.8% removal efficiency) and LIN (no removal) being the only exceptions. Slightly higher removal rates and efficiencies were measured when using the O3/UV process. However, the problem regarding the low removal efficiencies of LIN and HCBD also remained unsolved when using this process. The adsorptive O3/GAC and O3/ZEO ozonation processes provided high removal rates and efficiencies for all pollutants, again except for LIN. A significant reduction in reaction time resulted from these processes in comparison to O3 or O3/UV processes. High removal efficiencies were measured for LIN, PCB, and HC within about 5 min with nZVI. The highest differences were observed for the combined GAC/O3 process in comparison with adsorption on GAC [215].



In a paper by Derco at al. [214], results of ozonation, adsorptive ozonation, and combined ozone with zero-valent iron nanoparticle processes were presented. Five selected organochlorine pesticides were used as organic contaminants of model water. High removal efficiencies were observed using the ozonation process (over 90% after 60 min), except for LIN and HCBD. The highest removal rates and efficiencies were measured using the O3/UV process. However, the problem of low removal efficiencies for LIN and HCBD remained unsolved for this process. Adsorptive O3/GAC and O3/ZEO ozone-based processes provided high removal rates and efficiencies for all pollutants, except for LIN. A significant reduction in reaction time for these processes, compared to the O3 or O3/UV systems, was also observed. High removal efficiencies were measured for LIN, PCB, and HC within about 5 min of the nZVI process. However, very low removal efficiencies were observed for HCBD and HCB with this process under the same reaction conditions. Moreover, the O3/nZVI process was characterized by a significant reduction of the reaction time when compared with the ozonation processes. The results suggest that nZVI and O3/nZVI processes have the highest potential to intensify the degradation and removal of organochlorine pollutants [214].





5. Conclusions


The aim of this review article was to present up-to-date trends in the research and application of ozone-based processes for the removal of micropollutants from wastewater. Priority substances, micropollutants, and emerging pollutants, as well as processes and technologies for their transformation and elimination with a focus on ozonation and advanced ozone-based oxidation processes, were briefly specified. Ozone-based processes appear to be an efficient and promising technology for removing micropollutants from water and wastewater. Various substances could be removed with high efficiency and reaction rate.



Ozonation and ozone-based processes show their treatment potential mainly when applied as part of tertiary wastewater treatment. The advantage of ozonation is that it can lead to complete mineralization of organic substances or to transformation into more polar compounds, thus resulting in increased efficiency of biological treatment. Ozonation of excess sludge also increases the removal of micropollutants absorbed into the sludge.



For ozone-resistant compounds, advanced ozone-based oxidation processes, e.g., O3/H2O2 or O3/UV, can be used for the oxidation. The combined O3/GAC and O3/zeolite processes show high intensification potential. This literature review revealed the potential of nanocatalysts in advanced ozone-based oxidation processes for the removal of micropollutants. The application of metal nanoparticles, metal oxide nanoparticles, carbon nanotubes of nanocomposites, and nanoxide metals attached to membranes represents a huge potential in the field of water and wastewater treatment.



In AOPs, much of the oxidative capacity is lost due to the wastewater matrix and hydroxyl radical scavengers. The preferred application of ozone-based processes is water treatment due to the low content of organic substances. Ozonation and ozone-based AOPs are promising tertiary technologies to significantly reduce the toxicity and micropollutant emissions of wastewater. However, the overall benefits of ozone-based processes should be assessed, including the impact of degradation products on the aquatic environment.



The review also focused on selected alkylphenols, petroleum substances, and organochlorine pesticides. The selectivity of ozone for the removal of alkylphenols and their ethoxylates depends on the type and composition of the wastewater. During the ozonation of real industrial wastewater discharged into the municipal sewerage system, high values of NP and NPEO removal efficiency were measured. During the ozonation of municipal wastewater from the outlet of the biological stage of the WWTP, low efficiency was observed for alkylphenols and their ethoxylates, as well as 4tOP. When using the O3/GAC process, no significant differences were observed in the removal of NP and NPEO compared to ozonation alone. However, for OPEO, a faster removal rate and a significantly faster onset of the removal process were measured.



The O3 and O3/UV processes enable high efficiency in removing BTX/BTEX components from the aqueous environment. In the case of model samples containing Natural 95 petrol, lower removal rates and efficiencies were measured compared to BTEX model water, in addition to higher initial speeds, as well as overall removal efficiency.



Ozone showed the highest affinity for HCBD, HC, and HCB. The lowest removal rate was observed for LIN. There were no significant changes in concentration after this time. It can be concluded that, in addition to HC, ozonation is a promising procedure for the removal of investigated pollutants from the aquatic environment.



With regard to organochlorine substances, the potential for intensification of the combined adsorption ozonation (O3/GAC) process is considerable compared to ozone alone. The comparison of processes with nZVI (iron nanoparticles), O3, and O3/nZVI revealed higher reaction rates of iron nanoparticles compared to other processes, with significant selective affinity for LIN in particular. Higher values of reaction rates were recorded for O3/nZVI compared to ozonation alone, indicating the catalytic effect of iron oxides and other components of nZVI particles. In this context, however, it is necessary to mention the relatively high costs associated with the price of this reactant.



The results of our research show the possibility of using an integrated process of transformation/degradation of alkylphenols adsorbed onto activated sludge, which increases the biodegradability of sludge and biogas production following ozone application.
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Abbreviations




	2-MBT
	2-mercapto benzothiazole



	4NP
	4-nonylphenol



	4OP
	4-octylphenol



	4tOP
	4-tert-octylphenol



	AC
	activated carbon



	AOP(s)
	advanced oxidation process(es)



	AOX
	adsorbable organic halogens



	AP(s)
	alkylphenol(s)



	APEO(s)
	alkylphenol ethoxylates



	ARB
	Acid Red B (dye)



	ATR-FTIR
	attenuated total reflection Fourier-transform infrared



	BAC
	activated biocarbon



	BACl
	benzalkonium chloride



	BAT
	best available technology



	BET
	Brunauer–Emmett–Teller (method)



	BOD
	biochemical oxygen demand



	BT
	Benzothiazole



	BTEX
	benzene, toluene, ethylbenzene, xylene, crude oil components



	CFU
	colony-forming unit



	CNTs
	carbon nanotubes



	COD
	chemical oxygen demand



	DBP
	disinfection byproducts



	DCMD
	direct contact membrane distillation



	DNA
	deoxyribonucleic acid



	DOC
	dissolved oxygen carbon



	E2
	Estradiol



	EDCs
	endocrine-disrupting chemicals



	EE2
	ethinyl estradiol



	EfOM
	effluent organic matter



	EP(s)
	emerging pollutant(s)



	EQS
	environmental quality standards



	ERMs
	electron rich moieties



	ES
	emerging substances



	EU
	European Union



	GAC
	granulated activated carbon



	GDE
	gas diffusion electrodes



	HAAs
	halo-acetic acid



	HC
	Heptachlor



	HCB
	Hexachlorobenzene



	HCBD
	hexachlorobutadiene



	ICZ
	iron-coated zeolite



	LAB
	linear alkyl benzene



	LC
	liquid chromatography



	LIN
	lindane (γ-hexachlorocyclohexane)



	MO
	microorganism



	MP(s)
	micropollutant(s)



	MS
	mass spectrometry



	NDMA
	N-nitrosodimethylamine



	NPEO(s)
	nonylphenol ethoxylate(s)



	NP
	4-nonylphenol



	NPs
	nanoparticles



	nZVI
	nano zero-valent iron



	OG
	Orange-G (dye)



	OPEO
	octylphenol ethoxylate



	OZCO
	ozone catalytic oxidation



	PAH
	polycyclic aromatic hydrocarbons



	PCB
	pentachlorobenzene



	p-CBA
	p-chlorobenzoic acid



	PE
	population equivalent



	PHS
	priority hazardous substances



	PS
	priority substances



	QFM
	Quench Flow Module



	RB 19
	Reactive Blue 19 (dye)



	RNA
	ribonucleic acid



	SS
	suspended solids



	SSF
	slow sand filtration



	SUVA
	specific ultraviolet absorbance



	TCC
	total cell counts



	TEQ
	toxic equivalent concentrations



	TF
	trickling filtration



	TOBr
	total organic bromine



	TOC
	total organic carbon



	US
	ultrasonic



	UV
	ultraviolet



	WFD
	Water Framework Directive



	WW
	wastewater



	WWTP
	wastewater treatment plant



	XPS
	X-ray photoelectron spectroscopy



	ZEO
	zeolite(s)



	ZEOFe
	iron-modified zeolite



	ZEOMn
	manganese-modified zeolite
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Figure 1. Classification of advanced oxidation processes [27,28,29,30,31]. 
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Figure 2. Reduction in color due to the time of ozonation: 0, 2.5, 5, 10, and 30 min. 
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Figure 3. Changes in absorbance (A) vs. the time of ozonation. 
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Figure 4. Biogas production in a system with aerobic sludge, ozonated aerobic sludge, aerobic sludge contaminated with model antibiotic, and ozonated contaminated aerobic sludge: Illustration of the concept. 
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Figure 5. Relative efficiencies of several applied AOPs related to the O3/GAC process [192]. 
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