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Abstract

:

Currently, the production and consumption of pharmaceuticals is growing exponentially, making them emerging contaminants that cause hazards to the ecological environment and human health. These drugs have been detected in surface water and drinking water around the world. This indicates that the conventional treatments used are ineffective for the removal of these compounds from the water, since they are very complex, with high stability and have high persistence in aquatic environments. Considering this problem, several types of alternative treatments, such as advanced oxidative processes, have been studied. Of these, AOPs using irradiation have received increasing interest due to their fast reaction rate and the ability to generate oxidizing species, which leads to an efficient degradation and mineralization of organic compounds, thus improving the quality of water and allowing its reuse. Therefore, in this review, we focus on the advances made in the last five years of irradiated AOPs in the degradation of different classes of pharmaceutical compounds. The articles address different study parameters, such as the method of the synthesis of materials, oxidants used, treatment time, type of light used and toxicity of effluents. This review highlights the success of irradiated AOPs in the removal of pharmaceuticals and hopes to help the readers to better understand these processes and their limitations for removing drugs from the environment. It also sheds light on some paths that future research must follow so that the technology can be fully applied.
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1. Introduction


Water pollution occurs when dangerous substances enter the oceans, rivers and lakes, among others, and can be found suspended or dissolved in these water bodies [1]. It is reported that areas of higher population density have a greater amount of water bodies polluted with different types of contaminants [2]. So, with the increase in human life expectancy, millions of medicines have been developed to maintain good health and quality of life [3]. In the last decades, pharmaceutical residues have been discovered in almost all different aquatic matrices on all continents [4]. Due to the high solubility and low biodegradability of the drugs, these compounds are extremely difficult to eliminate from water using conventional methods of treatment [5].



Existing wastewater treatment plants around the world are equipped with conventional treatment methods for the removal of simple organic substances, such as filtration, sedimentation, flocculation, adsorption and/or biological treatment [6]. However, these methods do not completely destroy organic pharmaceutical pollutants. Therefore, many researchers are in a relentless search for unconventional methods for pharmaceutical remediation in wastewater. Advanced oxidation processes (AOPs) are becoming attractive alternative techniques due to the promising chance of complete removal of drugs with production of non-toxic by-products [7].



AOPs are based on the generation of strong oxidants capable of oxidizing a wide range of organic compounds with one or several double bonds [8], such as process thermal, electrochemical, sonochemical, transition metal-based and irradiated. Of these, irradiated AOPs have been highlighted (Figure 1). Irradiated AOPs are green processes that do not involve secondary pollution, have mild reaction conditions, are easy to operate and have high pollutant degradation efficiency [9,10].



This review aims to provide a discussion of recent literature that uses irradiated AOPs to potentiate radicals formation to completely remove drugs and/or transform by-products into less toxic by-products. Research works that produce new materials, study different techniques for removing drugs and/or evaluate the toxicity of effluents after treatment are discussed. Additionally, the treatment of water contaminated with various drugs is examined, which is classified according to the functional group. Thus, six different classes are approached, namely the nitrogenated, chlorinated, fluorinated, sulfured, phosphorated and oxygenated. Finally, a critical discussion of these approaches is also presented for a better understanding of the gaps opened in this topic in the literature.




2. Status of Pharmaceutical Pollution


Water is one of the most important compounds on the planet, as it is directly related to the existence of living beings. With the growth of the world population and the development of technology, water pollution has become a very important issue. Water contamination can be the result of several factors; one of the most polluting is the rapid development of industries and, consequently, the disposal of industrial waste [11]. Among the existing hazardous effluents, we can see that pharmaceutical products often play a vital role in the emission of toxic substances into the environment [12]. Drugs, which are organic and/or inorganic chemical compounds, can be classified according to their therapeutic actions as antibiotics, analgesics, beta-blockers, anesthetics, radiographic contrast agents and antidepressants [13].



Drugs have received enormous attention regarding detection and degradation due to their potential adverse effects on humans and the ecosystem [14]. Thus, the non-treatment of waste with antibiotics can give rise to antibiotic-resistant bacteria. Another class of drugs can cause various other problems, such as the development of reproductive disorders, birth defects, severe bleeding, cancer, organ damage, endocrine disorders and toxic effects on aquatic organisms, which could have immeasurable consequences for humanity [15]. In Table 1, it is possible to observe widely used drugs, which have been covered in the literature.



These compounds are recalcitrant towards conventional treatment methods commonly used (sedimentation, flocculation, adsorption and ultrafiltration, for example), which are efficient for the removal of simple substances and materials on a macro/micro scale, while the advanced oxidation processes utilize the high reactivity of oxidants to degrade organic compounds to harmless products in water progressively have shown better efficiency in degrading these drugs. The combination of two or more AOPs is increasingly promising since, in some cases, only one AOPs is not enough to mineralize the effluent. Thus, combining technologies is a promising alternative for complete drug removal.




3. Photocatalysis as a Tool for the Degradation of Different Pharmaceuticals


3.1. Nitrogenous-Based Compounds


Pharmaceuticals that have heterocyclic compounds with nitrogen, such as pyridine, are widely used in living beings. Some examples of commonly used nitrogenous drugs are acetaminophen, metronidazole, tramadol and azithromycin, among others [16]. Heterocyclic nitrogenous compounds have high toxicity and recalcitrance and there are reports of frequent detection occurring in the aquatic environment, and thus the existing treatment methods are not efficient [17]. Thus, it is necessary to seek efficient systems for the complete mineralization of these compounds during water treatment processes.



In this sense, Li et al. [18] studied the photodegradation of acetaminophen (ACT) by combining UV light with different oxidants, such as chloramine, hydrogen peroxide and persulfate. The researchers showed that the drug can be effectively degraded by the combined processes when compared to the exclusive use of UV irradiation and oxidants. When comparing the efficiency of the three hybrid methods, they found that the efficiency was given in the following order: UV-LED/Persulfate > UV-LED/Hydrogen peroxide > UV-LED/Chloramines. Furthermore, it was observed that the kinetics of acetominophen removal increased when the oxidant dosage was increased in all cases. Finally, acute toxicity tests carried out using Vibrio fisheri and UV-LED/Persulfate were more efficient. In this view, persulfate was found as the most promising oxidant for the combination with UV-LED in the degradation of acetaminophen. On the other hand, Cai and co-workers carried out work investigating the efficiency of ACT removal with thermal treatment/peroxymonosulfate (T/PMS). They achieved efficient removal of the compound. Comparing the works that use T/PMS [19,20,21] with photo-assisted works [18,22], it was observed that the light-based processes more efficiently remove the toxicity of the studied effluents.



More recently, Qiangwei Li and co-workers [22] investigated the use of the Co3O4/TiO2 heterojunction to degrade ACT through the photocatalytic activation of the sulfite. They discovered through X-ray photoelectron spectroscopy analysis and theoretical calculations that electron transfer from Co3O4 to TiO2 directly contributes to the catalytic activation of the sulfite. Therefore, due to the unique configuration, 96% of ACMPH was removed in just 10 min. Showing that sulfite radicals activation is extremely promising.



Another widely used nitrogenated compound, azithromycin, is a common antibiotic, and during the COVID-19 pandemic, its use increased even more. Therefore, it is extremely important to search for new technologies to remove this antibiotic. Thus, Sayadi et al. [23] investigated the synthesis of a new material with iron, zinc and tin oxide to apply it to the photocatalytic removal of azithromycin. The effect of pH, contact time, catalyst content and the initial concentration of azithromycin was analyzed, and under optimal conditions (pH = 3, 120 min with 1 g/L of catalyst), obtained 90.06% of azithromycin degraded under UVC irradiation.



More recently, Tenzi and co-workers [24] studied a new material for photodegradation with UV-LED from AZT, SrTiO3. In its optimal condition, with 40 mg of the material and 4 h of treatment, 99% of drug removal occurred. The authors justified its excellent performance through two important factors: (i) the nanostructured and irregular morphology and (ii) the hole action and hydroxyl formation.



Another drug in this important class is metronidazole. In this sense, Martins et al. [25] studied the synthesis of ginite with different alkaline hydroxides (Na, Li and K) and subsequently applied it to remove metronidazole using photo-Fenton technology. The authors reported that cations directly influence the morphology of the material, resulting in different surface areas. Na@giniita showed the largest surface area, 10.9 m2 g−1, when compared to the others. When applying them in the degradation, Na@giniita obtained 91% degradation, so the authors concluded that the greater the surface area, the more efficient the removal of MTZ.



Still, Neghi and collegues [26] carried out the removal of the MTZ, but unlike the previous works cited, they carried out the degradation on a laboratory scale (Figure 2a) and on a pilot scale (Figure 2b). They used different methodologies, such as Persulfate (PS), TiO2 activated by UV-C (UV/TiO2), PS activated by UV-C (UV/PS) and UV/PS with TiO2 (UV/PS/TiO2). The great difficulty was optimizing the parameters, since the scales of the systems were very different. In the optimized condition, which was the combination of the three technologies, regardless of the system used, 90% of the MTZ was removed. In addition, toxicity studies using Vibrio Fisheri were performed and, in addition to antibiotic removal, effluent toxicity was removed.




3.2. Chlorinated-Based Compounds


Chloramphenicol (CAP), Diclofenac (DC), Hydroxyzine (HDZ) and Indomethacin (IMT), among others, are drugs widely used worldwide. In this context, Leeladevi et al. [27] proposed the SmVO4/g-C3N4 synthesis using a simple hydrothermal method. Due to the excellent photocatalytic activity, when the material was applied for CAP removal it achieved 94.35% efficiency. The excellent performance was justified by its unique composition and an excellent metal-free decorated photocatalyst alternative. Additionally, Hu and co-workers [28] studied a new strategy, photocatalysis coupled with microbial fuel cell (photo-MFC) on a Ni/Ti2O3 photocathode to increase the degradation efficiency of CAP. It was observed that the best degradation efficiency of CAP can reach 82.62% removal. Finally, the evaluation of the ecotoxicity of the degradation products showed that the degradation of CAP in the photo-MFC system modified with Ni/Ti2O3 presented a remarkable trend towards low toxicity levels. Therefore, it represents a very promising system for industrial waste degradation.



Kumar et al. [29] reported the synthesis of a Fe3O4@SrTiO3/Bi4O5I2 heterojunction through a hydrothermal process. The heterojunction was used for DC removal under simulated sunlight irradiation. Current results reveal that the optimized heterojunction exhibited a 98.4% removal of diclofenac within 90 min. EPR analyzes show that ·OH and ·O2 radicals are present in DC degradation. The improved performance was justified by the proposal of a Z scheme (Figure 3), since the charge separation was obviously improved and facilitated by Fe3O4 and Ti4+/Ti3+, the involved redox couples. Thus, the authors demonstrate a promising material for rational design and fabrication of semiconductor heterojunctions for environmental applications.



Examining Table 2, it is possible to conclude that the degradation of nitrogenous and chlorinated base compounds was successfully degraded via photo-assisted and photocatalytic AOPs systems. New materials and technologies were proposed to improve the removal rate and mineralization of the systems. Still, few works carry out their tests on a pilot scale.




3.3. Fluorinated-Based Compounds


Fluoroquinolones (FQ) are a family of fluorinated-based antibiotics used for both human and animal extensively. Most common FQs used include CIP, ENR, NOR and others [40,41,42]. They all present a bicyclic core structure related to the substance 4-quinolone with a fluorine substituted on the C6 position. FQs are incompletely metabolized in bodies and excreted into wastewaters. Because of the incomplete removal in conventional wastewater treatment facilities, since these treatment plants were never designed to deal with antibiotics, FQs are released to the environment via wastewater discharge on a continuous basis [42]. In recent years, these substances were detected in other aqueous environments around the world, such as lakes, rivers, seas, ground water and even in tap water [41,42,43,44,45].



Thus, it is crucial to develop efficient and economical treatment technologies to eliminate FQs from natural waters and wastewaters due to the potential threats of FQs to aquatic ecosystems and human beings. Photodegradation was found to be an important mechanism responsible for their removal in surface waters. The quinolone chromophore group enables the molecules to absorb UV-A light efficiently [46].



In this sense, Geng and co-workers [40] investigated the photo-degradation of three FQs (NOR, CIP, LEV) by VUV/UV and UV irradiation. They evaluated several effects such as flow rate (30, 60 and 90 L h−1), FQs initial concentration (15, 30 and 60 µmol L−1), temperature (5, 15, 25, 35 and 45 °C), initial pH (ranging 3 to 11) and typical anions in degradation. FQs was degraded more efficiently with high temperatures and low initial concentration (Figure 4a). The effect of the flow rate was small and exhibited a maximum value at around 60 L h−1 (Figure 4a). In the pH range of 3–9, the photo-degradation rate constants of NOR and CIP increased with the pH but decreased at pH 11, which was related to different dissociation forms in the water at different pH. However, the photo-degradation kinetic constant of LEV was slightly affected by pH in the VUV/UV system (Figure 4c). In the VUV/UV system, carbonate and phosphate species enhanced the removal rate of FQs. However, sulfate, chloride and nitrate restrained the degradation process of FQs (Figure 4b,d).



The photo-degradation mechanisms of FQs in the VUV/UV system involved the direct photolysis, O2 and ·OH oxidation. The degradation pathways of FQs were defluorination, decarboxylation and piperazine ring oxidation, and demethylation was a particular degradation pathway for LEV. In addition, antibacterial activities significantly decreased in the VUV/UV process due to defluorination and decarboxylation induced by VUV and ·OH. Particularly, the comparison of the energy cost showed that the VUV/UV process was more energy efficient than UV process, indicating that the VUV/UV system was a promising treatment technology for removing FQs from water or wastewater [40].



In another work, Mondal, Saha, and Sinha [47] studied the degradation of ciprofloxacin by using various AOPs, such as UV, H2O2, UV/H2O2, modified Fenton (nanoscale zero-valent iron-nZVI/H2O2) and modified photo-Fenton at near neutral pH. The degradation of CIP by photolysis was performed at the initial pH of 7 and with the initial concentration of 10 mg L−1. Approximately 60% of the antibiotic was removed within 120 min, confirming ciprofloxacin as a photosensitive compound. However, only 4% of the total organic carbon (TOC) removal was achieved, indicating that the degradation of CIP by UV irradiation may not prove to be feasible in 120 min. Later, hydrogen peroxide (H2O2) with several concentrations was added to ciprofloxacin solution (10 mg L−1) in presence of UV light at initial pH 7. The TOC % removal increased from 10.47% for only H2O2 to 35.41% for UV/H2O2 combination due to a higher amount of hydroxyl radicals (·OH) generation due to photolysis.



The UV/H2O2 combination was highly effective in achieving 100% removal efficiency of CIP in 40 min for higher doses of H2O2 (100 mmol L−1), while the modified photo-Fenton oxidation process using 100 mmol L−1 of H2O2 and nZVI dose of 5 mmol L−1 was capable of completely removing ciprofloxacin in 30 min. Additionally, this combination reached the highest percentage of mineralization, removing 60% of the initial TOC. According to the authors, the degradation of ciprofloxacin may occur through: (i) the reaction at the piperazinyl ring; (ii) the oxidation of quinolone moiety, thereby leading to defluorination and hydroxyl substitution reaction; and (iii) the oxidation of the cyclopropyl group, resulting in ring cleavage.



In summary, the use of photolysis was not sufficient to completely remove CIP as it requires a high reaction time and has a very low mineralization rate. On the other hand, the UV/H2O2 method could be suited for complete removal of ciprofloxacin in comparison to the modified Fenton and modified photo-Fenton oxidation process as there is no sludge formation; however, it may require a high dose of H2O2 [47].



In an interesting work, Liu et al. [48] studied the degradation behavior of OFLO and Levofloxacin LEV using UV/H2O2 and UV/PS. The effects of oxidant dose (50 to 300 µmol·L−1), solution pH (3 to 11) and coexisting substances (such as Cl−, NO3−, SO42−, Ca2+, Mg2+ and NOMs (nature organic matters)) were investigated. The addition of H2O2 or PS significantly improves the degradation efficiency of OFLO and LEV (5 mg L−1), while UV/PS achieves a better degradation effect than UV/H2O2 under the same oxidant concentration. The removal efficiencies of OFLO and LEV were 96.40% and 99.23% with PS concentration of 150 µmol·L−1, where the removal efficiencies were 22.52 and 13.11 times as high as that of UV process, respectively (pH = 3 and t = 30 min). The degradation of both OFLO and LEV revealed pronounced pH dependence in UV/H2O2 and UV/PS processes, where the impact on LEV was greater than that on OFLO, indicating that LEV might be more easily degraded due to its shorter half-life. The TOC removal efficiencies of OFLO and LEV were 36.24% and 38.36%, respectively, for the UV/H2O2 system. By contrast, the UV/PS system exhibited the highest activity for the mineralization of OFL and LEV, with TOC removal efficiency of about 46.43% and 49.74%, respectively, indicating that SO4·− generated in the UV/PS process yields a greater mineralization of antibiotics than ·OH in the UV/H2O2 process.



The coexisting substances (Cl−, NO3− and NOM) exhibited more inhibition regarding the degradation of OFLO and LEV in the UV/H2O2 than the UV/PS system. SO42− has negligible influence on the UV/H2O2 processes, while it showed positive effect on UV/PS degradation. The results of acute toxicity assay demonstrated that OFLO exhibited higher acute toxicity than LEV, while the triphenyl tetrazolium chloride (TTC) dehydrogenase activity of the intermediate products of OFLO was lower than LEV [48].



Recently, Wang and co-workers [49] reported the fast removal, after 4 min, and high mineralization (63.3% at 8 min) of 45 µmol L−1 norfloxacin at neutral pH by the VUV/Fe2+/H2O2 system (90 µmol L−1 Fe2+ and 3 mmol L−1 H2O2). Compared with other UV-based and VUV-based systems (UV, UV/H2O2, UV/Fe2+/H2O2, VUV, UV/Fe2+, VUV/H2O2, VUV/Fe2+/H2O2), the VUV/Fe2+/H2O2 system increased the pseudo-first-order reaction rate constant of NOR removal by 2.3–14.9 times; increased the mineralization by 20.4–59.4%; and reduced the residual ratio of H2O2 by 19.9−70.1%. Moreover, HO·, O⋅−2 and singlet oxygen (1O2) were the main ROS during NOR removal at neutral pH. The degradation pathways of NOR included defluorination, attack by HO·, decarboxylation and piperazine ring conversion by O2−. Moreover, adding Fe2+ to the VUV/H2O2 system reduced cost by 36.8%, 36.2% and 36.2% in ultrapure water, tap water and secondary wastewater, respectively. As a result, the VUV/Fe2+/H2O2 process also achieved the rapid removal of NOR in real waters at neutral pH, while saving considerable cost and manifesting the feasibility of VUV/Fe2+/H2O2 system in real waters.



Some researchers have studied the feasibility of O3 and UV treatment (independent or together) to remove antibiotic wastewaters [50,51,52,53]. Liu et al. [50] investigated the degradation and mineralization of CIP in high-salinity wastewater through ozonation coupled with UV. Compared with independent O3 (37.5%), the dissolved organic carbon (DOC) reduction was significantly increased by the introduction of UV irradiation (91.4%), which was attributed to the process of UV catalyzing O3 to produce a reactive oxygen species (ROS), including ·OH, O2 and 1O2. The existence of salinity (3.5%, w/v) accelerated O3 mass transfer at the gas–liquid interface, so CIP degradation was boosted by 17.7% and 2.0% in O3/SO42− and O3/Cl− system, respectively, within 15 min. The pH had little impact on the salt-free and O3/containing Na2SO4 system. On the contrary, for an O3/containing NaCl system, CIP and DOC removal was promoted with the increase of pH from 3 to 11 due to O3 mass-transfer rate enhancement. The results of LC-MS demonstrated that the dominant reaction site of CIP in the UV/O3 process was the piperazine ring. The toxicity of products decreased significantly as compared with the parent pollutant, which proved that the UV/O3 process was promising in the hyper-salinity industry.



Paucar et al. [52] examined the effectiveness of the UV/O3 process on the removal of personal care products (PPCPs) in the secondary effluent of a municipal wastewater treatment plant (WWTP). Experiments were conducted using a pilot-scale treatment process with two flow-through reactors, equipped with three 65 W lamps (UV65W), connected in series. Ozone dosage (1–4 and 6 mg L−1) and hydraulic retention time (HRT; 5 and 10 min). Of the 38 PPCPs detected, 11 were antibiotics, with ciprofloxacin and levofloxacin highlighted. In this system, ciprofloxacin was degraded below it limit of detection (LOD) at the ozone dose of 1 mg L−1 in 5 min. However, levofloxacin required an ozone dose of 6 mg L−1 to be degraded below LOD. The authors attributed the difference in the efficiency of treatment to the chemical properties of contaminants and highlighted further comprehensive studies in the areas of the reaction kinetics, the formation of byproducts, possible pathways and toxicity of wastewater treated by the UV/O3 system.



Heterogeneous photocatalysis is a promising technique capable of directly attacking pollutant molecules and generating ·OH radicals and superoxides (·O2−), powerful oxidants capable of destroying pollutants and transforming them into water and carbon dioxide [54]. Many studies developed photocatalysts with higher yields and easier operation [54,55,56,57].



Costa and co-workers [55] reported the ciprofloxacin photodegradation TiO2/SnO2 nanocomposites as heterogenous photocatalysts. The photocatalytic experiments were studied at different variables, such as catalyst dosage, drug concentration and pH solution. Titanate nanotubes (Na-TiNT) were synthesized using the hydrothermal method and then modified with Sn2+ using the coprecipitation method. Therefore, photolysis showed the small removal of CIP (4.63%) over 120 min of exposure time under UV-light radiation while the removal of CIP for Na-TiNT, SnO2 and TiO2/SnO2 nanocomposites were 41.55%, 45.83% and 92.8%, respectively (Figure 5a). Increasing the catalyst dosage of TiO2/SnO2 nanocomposite from 25 to 50 mg (Figure 5b) in the CIP photodegradation increased the degradation rate of 27.8% to 92.8%, respectively. The authors attributed this behavior to high surface for interaction with CIP molecules and effective photon absorption. In contrast, increasing the catalyst amount to 75 mg, decreased the degradation rate for CIP, which was related to the increase of the opacity of the solution. The best photocatalytic performance was achieved at pH 7, where 97.7% of CIP molecules were oxidized (Figure 5c). In addition, the initial concentration of CIP had little influence on the removal of the compound. The study of radical scavengers indicated that the oxygen singlets, holes and superoxide radicals are the main species associated with the CIP photodegradation (Figure 5d).



The results presented in the photodegradation of ciprofloxacin from TiO2/SnO2 nanocomposite [55] were promising in comparison with other works in the literature [56,57,58,59]. Nguyen et al. [59] reported the optimal CIP degradation rates of 78.7% using co-doped TiO2 nanomaterials (N, S-TiO2) at pH 5.5, a catalyst dosage of 50 mg and CIP initial concentration of 30 mg L−1. Similar results were obtained by Zhang et al. [57] using Vo-WO3/Bi2WO6 composites under visible light. They achieved 79.5% of CIP removal within 120 min under visible light irradiation (a 300 W Xe lamp) when 40 mg of the photocatalyst was added into CIP solution (10 mg L−1). According to the active species-capturing results and ESR test, h+ and ·O2− played crucial roles in photodegradation CIP, while ·OH played a weak role [57].



Moreover, Wu and co-workers [58], proposed an intercalated heterostructural g-C3N4/TiO2 supported on Halloysite nanotubes (HNTs) and obtained 87% of CIP removal (15 mg L−1), employing a 300W Xe lamp after 60 min of irradiation. In addition, the main active species of g-C3N4-TiO2/HNTs heterojunction composites were ·O2− and the h+ in the process of photocatalytic degradation, in agreement with the results presented by Zhang et al. [57]. Despite the promising results, the authors did not evaluate the toxicity of the by-products formed nor the rates of mineralization achieved, fundamental parameters to determining the efficiency of degradation.



In another research, Prabavathi et al. [59] demonstrated a novel Sm6WO12 decorated g-C3N4 heterojunction for the degradation of levofloxacin (10 mg L−1) in the aqueous phase. TEM images confirmed the formation of heterostructure between the C3N4 nanosheets and Sm6WO12 nanorods. The Sm6WO12/g-C3N4 nanocomposite heterojunction catalyst shows higher photocatalytic efficiency towards LEV degradation (90.8%, after 70 min), which was 20.52 and 2.93 times higher than individual Sm6WO12 and g-C3N4, respectively. Based on the radical trapping experiments analysis, ·O2− and ·OH were the main reactive species for the degradation of LEV. Through CG-MS, the authors identified that the intermediate steps of levofloxacin included the decarboxylation reaction of the methyl- morpholine group followed by the degradation of the N-methyl piperazine ring, de-alkylation defluorination and hydroxylation. The degradation might be continued with the breakdown of intermediates to small molecule organic acids as well as pollutant mineralization.



Several other compounds were used for the removal of levofloxacin under solar irradiation, reaching different percentages of degradation under different conditions [60,61,62,63]. For example, Zhang et al. [62] reported the removal of 89.2% of the LEV in water within 75 min under simulated sunlight using the Bi2O3/P-C3N4 composite. Further, through radicals capture, electron spin resonance (ESR) and the density functional theory (DFT) experiments verified the mechanism of the heterojunction degradation of LEV and revealed that holes and superoxide free radicals are the main active substances in the degradation of LEV. Finally, eleven intermediate products were identified and four possible degradation pathways were proposed. According to the authors, the entire degradation process mainly occurs in the quinolone and piperazinyl groups. The first pathway is the dehydrogenation of LEV followed by the piperazine oxidation and ring opening and then the oxidation for continuous CO removal. The third degradation pathway included the hydroxylation of LEV, oxidative decarboxylation and, furthermore, the demethylation of the methyl group on the piperazine ring. The fourth degradation path is the decarboxylation of LEV which is further oxidatively demethylated. The further degradation mechanism may be mainly manifested as the further opening of the quinolone group and oxazine ring (the degradation produces small molecules of amine compounds and carboxylic acid compounds). Finally, H2O, CO2 and other small molecules are generated.



Al Balushi et al. [60] achieved a 70% degradation rate of LEV (5 mg L−1) after 240 min of treatment using visible light from LEDs (455 nm). The generation of hydroxy radicals was attributed as the main driver of pharmaceutical photodegradation. Upon illumination with visible light, electrons are excited from the valence band to the conduction band of the CdS microspheres. The holes created on the valence band migrate to the surface and scavenge water molecules to generate OH· radicals. The highly oxidizing radicals can degrade the pharmaceuticals. The electrons on the other hand may scavenge adsorbed molecular oxygen to form superoxide radicals (O2·) that oxides water to form OH· radicals that can perform the pharmaceutical photodegradation.



While Lu et al. [61] employing CeVO4-BiVO4 nanocomposites, removed 95.7% of LEV after 300 min using 50 mg L−1 of the pollutant. According to the authors, the higher photodegradation activity for LEV degradation for the CeVO4-BiVO4 heterojunction, in comparison to bare photocatalyst material, is a result of the enhancement of separation and transfer efficiency of photogenerated electron–hole pairs. The trapping experiments and ESR tests identified that the contribution of active species was in the descending order of ·OH > h+ > ·O2−. In all cases, the possible degradation of intermediate products and paths of LEV was similar to the one reported by Prabavathi et al. [59].



Fluoxetine (FLU) is another fluorinated-based antidepressant (trade name Prozac®) that gained considerable attention since it was detected in surface waters and has the potential to be bioaccumulated [63]. In regards to this, several researchers investigated the removal of FLU by UV and other photo-assisted AOPs with different degradation rates [64,65,66,67,68]. For example, Pan and co-workers [64] investigated the toxicity of FLU and the products formed during UV photolysis by using zebrafish embryos (Danio rerio) as a model. The degradation rates of FLU for five days were approximately 63.6 ± 2.14%, 84.6 ± 0.99% and 97.5 ± 0.25% after 15, 30 and 60 min of UV irradiation, respectively. Using LC-MS measurements and density flooding theory (DFT) theoretical calculations, two possible degradation pathways for FLU were proposed: In pathway I, the 4O–12C in the structure of FLU was broken in the presence of UV irradiation. In pathway II, the fluorine atom passing through the parent molecule of FLU was defluorinated under UV irradiation and hydroxylated via hydroxyl substitution process. According to the results of the toxicity evaluation of the possible degradation intermediates, the byproducts retained certain biological toxicity. The authors highlighted the need to consider the toxicity of mixtures and the formation and persistence of toxicologically relevant degradation products when assessing environmental risk.



Hollman, Dominic and Achari [65] presented an evaluation of the UV/PAA (peracetic acid) process for the degradation of four pharmaceuticals venlafaxine (VEN), sulfamethoxazole (SFX), fluoxetine (FLU) and carbamazepine (CBZ) with comparison to UV/H2O2 process. All pharmaceuticals tested in this study were degraded below detection limits by UV/PAA (λ = 254 nm), following pseudo-first-order kinetics. Increasing PAA and H2O2 dosage (between 5 and 100 mg L−1) or UVC intensity (between 650 and 3500 W m−3) resulted in a linear increase in pseudo-first-order rate coefficients. UV/H2O2 was found to be more efficient than UV/PAA for the degradation of FLU, VEN and CBZ. While UV/PAA was more effective in SFX degradation. Mass spectrum analysis revealed that the FLU mineralization pathway included hydroxylated FLU formed as a result of primary attack by ·OH, which was also reported in previous studies on the degradation of FLU using UV/H2O2 and UV/TiO2 [66]. The primary attack of the ·OH on FLU could possibly target any of the open sites on both the benzene rings to form numerous monohydrated isomers, and the possibility of substitution of trifluoromethyl group also exists [66].



The use of semiconductor photocatalysis is another strategy proposed to improve the fluoxetine degradation. In this context, Sharma et al. [67] reported the construction of the hybrid heterojunction of Fe3O4-BiVO4/Cr2V4O13 (FBC) for visible and solar photo-degradation of FLU. Within 60 min of visible exposure, 99.2% of FLU was removed at pH 7. The high total organic carbon removal of 80.3% and 61.4% by FBC under visible and solar light confirmed the mineralization after 180 min of treatment. Scavenging experiments and the electron spin resonance (ESR) probe suggest ·OH and ·O2− radicals as the dominant species.



More recently, Norouzi and co-workers [68] studied FLU removal via anodic oxidation, employing different anodes Ti/RuO2, Ti/RuO2-IrO2 and Ti/RuO2-IrO2-SnO2 and graphite and carbon nanotubes (CNTs) as cathodes. The effect of current intensity (from 100 to 50 mA), initial pH (2, 4, 6, 8 and 10), initial FLU concentration (from 50 to 25 mg L−1) and process time (40, 80, 120, 160 and 200 min) on FLU removal efficiency was investigated. Previous, all electrode combinations used (anode + cathode) were tested under the same conditions (current intensity = 300 mA, [FLU]0 = 20 mg L−1, time = 160 min and pH 6) to determine the optimal electrode. The Ti/RuO2–IrO2–SnO2 was chosen as the optimal anode, and the CNTs were selected as the optimal cathode in the AO process for FLU removal. The results showed that at current intensity, pH, initial FLU concentration and process time of 500 mA, 6, 25 mg L−1 and 160 min, respectively, maximum FLU removal efficiency was observed, which was 96.25%. The TOC results demonstrated that about 81.51% of the mineralization of the FLU was achieved after 6 h under optimal experimental conditions. GC-MS results also showed that no toxic intermediates formed.



From Table 3, it is possible to state that the degradation of fluorinated-based compounds was successfully degraded via photo-combined AOPs systems. Different approaches were utilized, such as UV/H2O2, UV/O3 and semiconductor materials. Despite the low rate of the removal and mineralization of the compounds using only UV radiation, the photocoupled systems showed high rates of removal and mineralization.



However, most of these systems still do not use real samples or large-scale flow reactors.




3.4. Sulfurized-Based Compounds


Sulfonamides (SA) are widely used as antibiotics in human and veterinary medicine due to their high antimicrobial activity, stable chemical properties and low costs [69,78]. SA has been found in surface waters at concentrations of 148–2978 ng L−1 [69]. Therefore, Moradi and Moussavi [70] investigated the degradation, mineralization and mechanism of sulfamethoxazole (SMX) oxidation in a UVC/VUV reactor. Total SMX (100 mg L−1) removal was reached in pH 7 and at a fluence of 54.9 mJ cm−2, while the TOC removal of 98.5% was obtained at fluence of 109.8 mJ cm−2. In addition, mineralization was also evaluated by measuring the concentrations of nitrate, ammonium and sulfate ions. The nitrogen and sulfur releases of 83.44% and 96.58%, respectively, during the SMX degradation confirmed high mineralization. Scavenging tests using alcoholic radicals scavengers and salicylic acid proved that ·OH was the dominant radicals specie involved in the degradation of SMX.



Acosta-Rangel et al. [69] conducted an interesting study on the degradation of three SAs, sulfamethazine (SMZ), sulfadiazine (SDZ) and sulfamethizole (SML), by UV, UV/H2O2 and UV/K2S2O8. Based on the quantification of the UVC radiation, the low values of quantum yield at 60 min of treatment were observed. According to the authors, the UVC dose commonly applied for water disinfection (400 J m−2) in treatment plants proved inadequate to remove these compounds, requiring higher UV radiation doses or longer exposure times. Directing the UVC photolysis of SAs is influenced by their initial concentration (5, 10 and 15 mg L−1), the degradation rates were higher at pH 12 due to the SAs are in their anionic form for SMZ and SML (Figure 6a). A concentration of 4.4 × 10−4 mol L−1 of H2O2 or K2S2O8 increases SMZ degradation by up to 100%. UVC/PDS costs less energy than UVC and UVC/H2O2.



According to Figure 6b, SO2 removal is first produced by direct SMZ photolysis through UVC radiation, obtaining by-product P1. Next, given the oxidation of OH· radical during the process, hydroxylation is expected to be a common reaction responsible for SMZ degradation, generating by-products P3-1, P3-2, P5-1 or P5-2. A break in the −SO2− and −NH− bond allows the identification of the by-product P2. By attacking nucleophilic and incision in the group −SO2−, the byproduct P4 may be formed. While the adduction of seven N atoms, forming the nitroso- and nitro-substitutional SMZ through the electrophilic reaction was the dominant pathway by PDS (P6 and P7). Moreover, cytotoxicity tests revealed that the by-products formed were less toxic than the original products.



Similar behavior was observed by Lin and Wu [79] and Wen et al. [71] when investigating the degradation of sulfamethazine (SMT) in an aqueous solution by the UV/H2O2 and VUV/UV photo-Fenton processes, respectively. Li and Wu [79] reported that SMT (10 mg L−1) was 100% degraded in half the time (15 min) after adding 10 mmol L−1 of H2O2, while the UV process degraded 79% of the SMT after 30 min. Wen et al. [71] evaluated the mineralization of SMT ([SMT]0 = 1.8 × 10−2 mmol L−1, [H2O2]0 = 0.74 mmol L−1, [Fe3+]0 = 0.25 mmol L−1, pH0 = 4.0) and found that it was significantly enhanced in the VUV/UV photo-Fenton process as compared to the UV and UV photo-Fenton processes after 60 min of treatment, achieving ~60% of TOC removal. The authors also reported the effect of the initial concentration of SMN on the reaction mechanism. At low concentrations of SMN (1.8 µmol L−1), indirect oxidation is primarily responsible for the degradation of SMN; while at higher concentrations (90 µmol L−1), both photolysis and indirect oxidation contributed to the degradation of the compound.



More recently, Hong, Wang and Lu [72] reported the degradation of a complex matrix of four common refractory pharmaceuticals, diclofenac (DF), sulpiride (SP), sulfamethoxazole (SMX) and sulfisomidine (SIM) present in a disc tubular reverse osmosis (DTRO) concentrator from the local landfill by UV-Fenton system. In the ultrapure water, all four pharmaceuticals were degraded by more than 95% within 4 min, while in the DTRO concentrates, the same removal rate expended by about 30−60 min under the same dosage of H2O2 (100 times of the [pharmaceuticals]0 = 20 mg L−1), catalyst (1/200 mol L−1 of FeSO4·7H2O and H2O2) and UV intensity (λ = 253.7, 75 mW cm−2). A total of 49 transformation products (TP) were identified by HPLC-MS, and 22 new TPs were first found and presented. Toxicity evolutions on HepG2 cells during UV–Fenton treatment revealed that, except for DF, the cytotoxicity increased during the degradation process for SP, SMX and SIM.



The degradation of sulfonamides was also performed by employing photoelectrochemical semiconductors. Jia and co-workers [73] obtained visible light-driven semiconductor-metal organic frameworks (MOFs), which were constructed by electro-anodization and the deposition growth method. ZIF-8 (zeolitic imidazolate framework) nanoparticles were deposited on the hollow TiO2 nanotubes and N and F were added as co-doping and the electrode as nominated ZIF-8/NF-TiO2. The removal efficiency of SMZ (10 mg L−1) through the photoelectrochemical process was 81.3%, which was approximately twice the sum of both electrochemical and photochemical processes, and over 40% of TOC was eliminated after 180 min, suggesting that SMZ could be partially mineralized by ZIF-8/NF-TiO2 under visible light irradiation. The degradation pathway of SMZ was divided into three steps: cleaving, aromatic ring opening and mineralizing.



In another study, Teng et al. [74] reported the decomposition of sulfadiazine (SD) by Ag3PO4/MoS2/TiO2 nanotube array (NTAs) electrode, under visible light excitation. TiO2 NTAs were modified with MoS2 nanosheets and Ag3PO4 nanoparticles through photo-assisted electrochemical deposition and chemical immersion methods. Nearly 70% of SD was degraded by the Ag3PO4/MoS2/TiO2 NTAs in 240 min, which was higher than that of MoS2/TiO2 (35%) and Ag3PO4/TiO2 NTAs (44%). In addition, the percentage of SD removal over direct photolysis, electrochemical and photochemical was only 16, 20 and 31%, respectively. The results demonstrating that the Ag3PO4 nanoparticles increased the visible light absorption and MoS2 nanosheet promoted the separation of photogenerated charges effectively.



Ultrathin S-doped graphitic carbon nitride nanosheets (US-CN) were synthesized and its SP removal efficiency was evaluated under various conditions via the visible-light-assisted peroxydisulfate (PDS-VL) activation method by She et al. [75]. The time-dependent removal efficiency of SP over different carbon nitride samples was 90.55%, 50.77% and 26.19% of SP by US-CN, S-CN and CN, respectively, after 100 min of photocatalytic reaction. The 1O2 generated from US-CN/PDS-VL system was the major reactive oxidation species (ROS) for SP degradation. Three possible degradation pathways were proposed, combining theoretical studies and LC-MS. Pathway I included the attack on 9N atom with the C-N bond cleavage, followed by consecutives C-C bond cleavage. In pathway II, the C-N bond cleavage occurred through the attack on 12N atom, followed by SO2 extrusion. While the attack on nine N atoms and SO2 extrusion was ascribed as pathway III.



Later, the US-CN/PDS-VL system in SP degradation was applied in actual wastewater. The removal rates of SP at 100 min in river water, pharmaceutical water, domestic wastewater and tap water reached up to 84.74, 75.66, 82,06 and 85.26%, respectively, indicating a slight decrease compared with that in ultrapure water matrix, demonstrating the potential application of this system [75].



Amoxicillin (AMX) belongs to the β-lactams family and is often used for the treatment of bacterial infections, such as pneumonia and urinary tract infections [43]. It has been shown that over 80% of AMX is excreted through urine from the human body after 2 h of ingestion. This relatively fast egestion coupled with its extensive use has been attributed to AMX being one of the most widely reported antibiotics in wastewater, generating antibiotic-resistant bacteria and requires effective treatment methods [80,81,82].



Taking this into account, Zhang et al. [76] compared the reaction kinetics, degradation pathways and antibacterial activity of AMX in the UV/H2O2 and UV/persulfate systems. Direct UV (λ = 254 nm) photolysis system alone showed an insignificant AMX degradation (20 µmol L−1), which was attributed to its low quantum yield of 9.74 × 10−3 mol E−1. However, the addition of H2O2 or PS (500 µmol L−1) increases the degradation efficiency of AMX significantly due to the generation of HO· and SO4−·. Despite the high percentage of AMX removal through UV/AOPs, the mineralization of AMX was insignificant. After 30 min of treatment, only 15.2% and 28.7% of TOC were removed in the UV/H2O2 and UV/persulfate systems, respectively.



The by-products identified via LC/MSMS indicate three possible degradation pathways (Figure 7a), including hydroxylation, hydrolysis and decarboxylation. The intermediate with m/z of 382 indicates the mono-hydroxylation of AMX. HO· and SO4−· are expected to attack the sulfur atom on the thioether groups to yield sulfur centered radical cation by electron transfer. The radicals can be further deprotonated to generate α-thioether radicals, followed by oxidation to yield sulfoxide TP1, while HO· can attack the aromatic ring of the side chain to produce a hydroxyl radical, which can be further oxidized to form monohydroxy AMX TP2. Moreover, TP1 and TP2 can be hydroxylated to form the monohydroxy AMX sulfoxide TP3. The penicilloic acid, obtained by the hydrolysis by-product TP4, is formed by opening the strained four-membered beta-lactam ring of AMX. The decarboxylation product TP5 relates to the penicilloic acid derivative, generated by the subsequent release of the carboxyl group from the penicilloic acid. TP4 can also be hydroxylated at the sulfur atom and aromatic ring to generate TP6 and TP7, respectively. The products of AMX after UV/AOPs treatment possess significantly lower antibacterial activity. In addition, UV/H2O2 was more cost-effective than UV/PS process in the degrading AMX, according to the economic evaluation results [76].



The degradation of AMX has also been investigated using Fenton and coupled-Fenton processes. Verma and Haritash [83] studied the removal of amoxicillin using the Fenton process and hybrid Fenton-like processes, such as photo-Fenton, solar photo-Fenton, sono-Fenton and sono-photo-Fenton. Effects such as ferrous ions (Fe2+), H2O2 and pH were evaluated. Under the optimized conditions of [Fe2+] = 30 mg L−1, [H2O2] = 375 mg L−1 and pH = 3, the Fenton process was able to remove 100% of AMX (10 mg L−1) within 12 min of reaction time. Coupling the Fenton process with UV-light illumination, solar light illumination and UV light–ultrasound treatment allowed the complete antibiotic removal in 3.5, 9 and 6 min, respectively (Figure 7b). The authors concluded that the Fenton process coupled with other UV/solar light was more efficient than the stand-alone Fenton process for the degradation of AMX.



In another study, Guerra et al. [85] presented the results of the solar photo-Fenton oxidation of paracetamol (PCT) and amoxicillin in two aqueous matrices, a synthetic wastewater and real wastewater from El Ejido wastewater treatment plant effluent (Almeria). Fe2(SO4)3 was used as the source of iron and ethylenediamine disuccinic acid (EDDS) as the iron complexing agent, employing different doses of H2O2. In all cases, the process was operated under conditions of natural sunlight. Amounts of 94 and 66% of AMX were removed after 60 and 210 min of treatment in simulated and real wastewater, respectively, using the optimized parameters: 3 mg L−1 Fe3+ and 2.75 mg L−1 H2O2. In addition, the percentage of TOC removal for AMX was 19.5% in simulated wastewater. In the study carried out with real effluent at concentrations of 2.75 mg L−1 H2O2, the removal rate was 6.5%, while at an H2O2 concentration of 5.0 mg L−1, the removal rate increased to 20%. The intermediates identified suggest the hydroxylation of the aromatic ring and the opening of the four-membered β-lactam ring and subsequent formation of amoxilloic acid and amoxicilloic acid as the main transformation pathways.



Recently, Le and co-workers [85] reported an innovative heterostructure V2O5/C3N4 nanosheets (NS) photocatalyst to degrade AMX under solar light. Photolysis under the simulated sunlight was ineffective in the decomposition of AMX, while pure V2O5 and C3N4 reached 33.2% and 52.7% of AMX removal under 120 min of illumination. The 1-V2O5/C3N4-NS (1 wt% V2O5) nanocomposite increased AMX removal to 91.3%. This improvement was attributed to the enlarged specific surface area, increased active sites and promoted the separation of photoinduced electron–hole pairs by the S-scheme heterojunctions. Moreover, 1-V2O5/C3N4-NS nanocomposite attained 76.2% of TOC removal under the same conditions (Figure 7c), showing the highest oxidation capacity. Furthermore, the authors confirmed that O2·− and h+ radicals are the foremost reactive species in photodegradation. Mmelesi et al. [86] also presented a high AMX removal percentage (89%) under visible light irradiation using ZnxCo1−xFe2O4 (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) nanoparticles. The catalysts were synthesized by a simple co-precipitation method. The Zn-doped NPs (x = 0.4) showed the highest degradation efficiency of 89% and TOC removal of 66.59% after 100 min.



Captopril is used as an antihypertensive in the treatment of heart failure, in cases of myocardial infarction, in diabetic nephropathy and as an angiotensin converting enzyme (ACE) inhibitor [87]. It is estimated that about 40 to 50% of the active ingredient is excreted from the human body and remains unchanged, while the rest is excreted as metabolites, which can be extremely dangerous for human health and must be evaluated against the contamination of surface waters due to the contamination of surface water due to incorrect disposal [88].



Dos Santos et al. [88] evaluated the electrochemical destruction of captopril in different aqueous matrices through the solar photo-electro-Fenton (SPEF) method using a solar pre-pilot flow plant with a Pt/air-diffusion cells and a planar photoreactor. The effect of j and drug content on the SPEF performance was studied, and comparative anodic oxidation (AO)-H2O2 and electro-Fenton (EF) assays were performed in order to confirm the superiority of SPEF process. At the best conditions (0.230 mmol L−1 of captopril, pH 3, j = 50 mA cm−2 and 0.50 mmol L−1 Fe2+), the degradation of captopril by SPEF reached 100% of removal in only 15 min, while EF achieved complete drug removal in about 20 min. The AO-H2O2 process was capable of removing only 36% in 30 min of treatment. TOC was only reduced by 25% in SPEF after 300 min, suggesting that the resulting by-products were mainly oxidized by homogeneous ·OH, but contained very small amounts of Fe3+ complexes. The mineralization in urban wastewater (28%) was slightly accelerated as compared to those in sulfate medium because of the parallel oxidation with active chlorine. The drug removal was also feasible in urine, showing a larger mineralization of 70% [88].



Table 2 shows the main experimental conditions and results of the degradation and mineralization efficiency of the sulfurized-based drugs. In all studies presented, high degradation rates were achieved. In addition, UV alone proved ineffective in the removal of these compounds. However, it is worth noting that the authors used lamps to simulate radiation rather than sunlight to simulate light.




3.5. Phosphorus-Based Compounds


Ifosfamide (IF) and cyclophosphamide (CP) are two of the most used alkylating agents for the treatment of different cancers and autoimmune diseases that act directly on DNA, inhibiting cell division and, consequently, cell death [86,87,88]. Pharmacokinetic studies showed that 61% and 10−20% of the administered doses of IF and CP, respectively, are excreted unchanged via urine and feces, causing the emission of these drugs into the wastewater stream [89]. The metabolites and transformation products (TPs) residues of IF and CP have been found in the aquatic environment in amounts ranging from a few ng L−1 to tens of mg L−1, indicating that these drugs are not readily biodegradable, making these compounds difficult to remove from wastewater by traditional methods [90].



Thus, Russo et al. [90] reported the IF and CP degradation by UV irradiation (λ = 254 nm) and investigated their acute and chronic ecotoxicity of and their commercially available human metabolites/TPs on different organisms of the aquatic trophic chain. After 48 h of treatment, IF and CP (200 mg L−1) were degraded only 36.5% and 28.3%, respectively. According to the authors, this poor removal was attributed to the chemical structures of IF and CP that do not contain double bonds that could absorb photons under UV irradiation [89]. Moreover, DOC was monitored in UV irradiated samples containing IF and CP at 10 mg L−1 and revealed no significant decrease in DOC after 48 h of treatment, suggesting that UV degradation was not able to mineralize both compounds. Regarding the toxicological tests, the UV-irradiated compounds showed an increase in toxicity. This effect was related to a mixture of different TPs formed during treatment.



In another study, Janssens et al. [91] coupled nanofiltration and UV, UV/TiO2 and UV/H2O2 processes for the removal of anti-cancer drugs, which include CP and IF, from two different matrices: secondary wastewater effluent and nanofiltration concentrate. Direct photolysis was not able to remove IF and CP (500 µg L−1) in secondary effluent after 180 min of treatment (Figure 8a), and the same behavior was reported in the work of Russo et al. [53]. The inefficiency of direct photolysis explains why IF and CP showed negligible removal through UV/TiO2 (100 mg L−1) and UV/H2O2 (40 mg L−1): <25%. The same trend was observed during the degradation from nanofiltration retentate. CP and IF showed no degradation either through UV/TiO2 or through UV/H2O2.



In an effort to increase the efficiency of the UVC/H2O2 system for the degradation of cyclophosphamide, Graumans et al. [92] coupled thermal plasma activation with UV-C/H2O2 treatment. Plasma-activated water (PAW) contains highly reactive oxygen and nitrogen species because of electric gas discharges in the air over water. The oxidative degradation of CP solutions (4 ng mL−1) in tap water by PAW resulted in a complete degradation within 80 min at 150 W (Figure 8a). CP was also completely degraded within 60 min of applying the UVC/H2O2 (10 mg L−1) system. In addition, LC-MS/MS detected the reaction products 4-keto-CP, 4-hydroperoxy-CP and carboxyphosphamide. Furthermore, the authors analyzed the implications of the toxicity of the products formed and highlighted the concern regarding the 4-Hydroperoxy-CP formation, a very potent toxic compound capable of alkylating DNA strands.
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Figure 8. (a) Removal of cyclophosphamide (CP) and ifosfamide (IF) from a NF concentrate by UV, UV/TiO2 (100 mg L−1) and UV/H2O2 (40 mg L−1). Reprinted with permission from [88]. Copyright © 2019 Elsevier Ltd. (b) Degradation rate of 4 ng mL−1 CP applied on TS1 in water at different hydrogen peroxide concentrations in combination with an UV-C source. With UV-C/H2O2 (970 mM) treatment, no complete CP removal was obtained within 120 min (left), in contrast with H2O2 concentrations 0.11 (center) or 0.22 mM (right), which showed complete and rapid CP removal rates. Reprinted with permission from [93]. Copyright © 2020 Elsevier Ltd. (c) Proposed photodegradation pathways for IF and CP. Reprinted with permission from [86]. Copyright © 2019 Elsevier Ltd. 
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Osawa et al. [89] investigated the photodegradation of CP and IF (10 mg L−1) using ruthenium-doped titanate nanowires (Ru-TNW) in distilled water (DW) and wastewater (WW) from secondary wastewater treatment, under UV–Vis radiation. An improvement in the degradation of CP and If was observed using Ru-TNWas catalyst (20 mg), mainly when WW was used for solutions preparation. In addition, the results were better when the pollutants were used as single solutions. Using Ru-TNW as photocatalyst, the degradation of both compounds presented a higher removal rate independently on the matrix used and DW and WW from secondary treatment. CP and IF degradation experiments followed pseudo-first-order kinetics, and the degradation rate constant for IF was higher than the CP for both matrices.



Four CP transformation products (TPs) and six IF TPs from the photodegradation process were elucidated using high-resolution mass spectrometry (Figure 8c). The CP-277 was generated using the hydroxylation of CP while CP-275 was formed from the dehydrogenation of the hydroxy group connected with the heterocyclic ring from CP-277. According to the authors, CP-243 was formed by replacing the chlorine atom with the hydroxy group from the CP molecule. Moreover, it was considered that CP-199 was formed by the loss of the chloroethane group from CP and along with IF-199a and IF-199b are isomers. Additionally, IF-277 degraded to IF-275 through the dehydrogenation of the hydroxy group. In the WW samples, we believe that IF227a and IF-227b were generated from IF-275. For both pollutants, in the WW, there was a higher production of TPs and two of them were detected only in this matrix, indicating that environmental matrices may produce different TPs. Finally, the ecotoxicity prediction showed that TPs had low toxic potential on aquatic organisms. However, most of the TPs resulted in positive mutagenicity [89].



According to Table 4, it was possible to state that direct photolysis was not able to remove IF and CP. However, photo-combined AOPs systems showed elevated removal rates of the compounds. In addition, further studies may focus on mineralization or the formation of less toxic compounds, the importance of degradation intermediates should not be underestimated since the by-products generated using the systems presented in this work showed a toxicity that was the same or sometimes greater than the drug of origin.




3.6. Oxygenated-Based Compounds


Ibuprofen (IBP), naproxen (NPX) and ketoprofen (KET) are non-steroidal anti-inflammatory drugs (NSAIDs), one of the pharmaceuticals groups widely detected in the environment. IBP and NPX are most used for the treatment of musculoskeletal injuries, rheumatoid arthritis and fever [93,104]. Several studies have detected these compounds in surface water and groundwater and even in drinking water sources at several concentrations due to the limited removal efficiency during the municipal sewage treatment processes [93].



In this sense, Pan et al. [104] compared the kinetics and pathways of the degradation of NPX by the UV/chorine and UV/H2O2 processes. NPX (5 µmol L−1) was degraded by 27.3% at a UV dosage of 922 mJ cm−2 due to the high molar absorptivity at 254 nm of 4024 M−1 cm−1. However, the degradation of chlorine or H2O2 alone was negligible. The degradation of NPX by both AOPs followed pseudo-first-order kinetics, and, at pH 7, the first-order rate constant (k′) was 4.9 times higher in UV/chlorine than that in UV/H2O2 ([chlorine]0 = [H2O2]0 = 50 µmol L−1). Evaluating the relative radicals contribution, radicals chlorine species, such as Cl·, ClO· and Cl2·−, are dominant in the NPX degradation through UV/chlorine while HO· played a dominant role during the NPX removal by UV/H2O2. The degradation by both AOPs was associated with hydroxylation and demethylation; in particular, decarboxylation was observed in UV/H2O2, and chlorine substitution was observed in the UV/chlorine process. The acute toxicity of Vibrio fischeri in UV/chlorine was lower than that of the system using only UV radiation, besides following an increase and then decrease trend with increasing reaction times, which was related to the production of different compounds during the reaction.



In another study, Mohamed and co-workers [95] reported the photodegradation of ibuprofen, naproxen, and cetirizine in aqueous media under UV irradiation. The photocatalyst consisted of TiO2-NH2 nanoparticles grafted into polyacrylonitrile (PAN)/multi-walled carbon nanotube composite nanofibers (PAN−CNT). The authors investigated the effect of pharmaceutical initial concentration (5−50 mg L−1), solution pH (2−9) and irradiation time on degradation efficiency. It was shown that the complete degradation was achieved at low drug concentration (5 mg L−1), pH = 2, at a low power intensity of the UV lamp (40 W) and employing a dosage of 15 mg of PAN-MWCNT/TiO2–NH2 photocatalyst. In addition, the complete degradation of IBP required 120 min of treatment, while the same degradation rate for NPX was achieved in 40 min.



Zhen, Liu and Zhang [96] studied the removal effect of KET in UV-light and explored the influence of light turbidity, light intensity and other factors on the degradation efficiency of ketoprofen. The results show that deep ultraviolet treatment has a good degradation effect on ketoprofen. After irradiation with 1700 μW cm−2 UV lamps, the maximum removal rate of KET (16 mg L−1) reached 99.59% within 40 min, which agrees with the pseudo-first-order kinetic equations. In addition, the irradiation strength of UV lamps showed little influence on KET degradation. Moreover, low turbidity (1-5NTU) solutions reduced the degradation rate of ketoprofen, while high turbidity (5-9NTU) solutions enhanced the removal rate of ketoprofen.



Murtaza et al. [93] reported the photodegradation studies of single and binary mixtures of naproxen, ibuprofen and methyl orange, employing photocatalysts prepared by incorporating TiO2 and ZnO into the framework of the aluminum-based MOF (metal organic frameworks), MIL-53(Al) (MIL = Materials from the Lavoisier Institute), MIL-53(Al)@TiO2 and MIL-53(Al)/ZnO. MIL-53(Al)@TiO2 exhibited high photodegradation efficiency (80.3%) for NPX over 4 h and was recyclable for up to three cycles with only a 13.6% decrease in photodegradability. A ratio of 3:1 concentration of NPX to mass of photocatalyst was found to be optimum for degradation. However, for IBP degradation, MIL-53(Al)@ZnO was observed to be more efficient than MIL-53(Al)@TiO2. Experiments conducted with scavengers showed that hydroxyl radicals played a major role in the photocatalytic process photodegradation, and it was found that only 1 h of treatment was sufficient to obtain a considerable COD reduction of 58%.



Mofokeng et al. [97] studied the formation of CuO/TiO2@GCN (graphitic carbon nitride) and its applicability to the decomposition of KET in an aqueous environment, drinking water, and groundwater under simulated visible light. At the best conditions, the impregnation of 1% CuO/TiO2 into GCN presented an efficiency of 94.7% in the photodegradation of KET (10 mg L−1) in deionized water under simulated light. A lower removal efficiency (~50%) was achieved in ground and drinking water due to electrical current and high conductivities of the water samples. In addition, the photocatalytic degradation of KET followed the pseudo-first-order kinetics and the rate constants in ground and drinking water were slower compared to deionized water (Figure 9a). The authors justified that the ground and drinking water contains substances that could have interfered with the catalysts active sites and inhibit its catalytic activities. The electrical energy consumption (EEC) utilized for KET photodegradation in ground and drinking water was 5.9 and 7.0 times higher than the EEC used in deionized water. LC/MS coupled with a Q-TOF analyzer indicated that the KET degradation entailed the deprotonation of the carboxyl group, followed by decarboxylation forming KET intermediates, which included benzylic and ketyl radical structures.



The degradation of IBP under visible light irradiation was also investigated by Chaker, Fourmentin, and Chérif-Aouali [98] using TiO2 mesoporous co-doped with Ag and Ce. The co-doped photocatalysis was obtained using two different methods: co-impregnation (Co-IMP) and co-deposition precipitation with urea (Co-DPU). The obtained TOC conversion followed a decreasing order: Ag-Ce/TiO2 (Co-DPU) > Ag-Ce/TiO2 (C-IMP) > TiO2. After 4 h, up to 98% mineralization of IBP was obtained for Ag-Ce/TiO2 (Co-DPU). Additionally, the stability of Ag-Ce/TiO2 (Co-DPU) was evaluated during three cycles of use and reuse. TOC removal remained unchanged, ranging from 97 to 98% after three cycles. Later, the authors identified the products for IBP mineralization and found that through the hydroxylation process by the attack of ·OH radicals, IBP may be transformed into hydroxy ibuprofen. The reaction follows until the ring opening for the total mineralization, leading to the formation of CO2 and H2O.



Wang et al. [99] investigated the degradation kinetic and transformation mechanism of IBP in UV/H2O2 process. Impacts of H2O2 dosage, pH, quenching agent and concentration of nitrite (NO2−) on IBP degradation were evaluated. IBP (10 µmol L−1) was degraded by 8 and 3% under UV and H2O2 only, while the combined UV/H2O2 ([H2O2] = 0.5 mmol L−1) process removed 78% of IBP within 4 min. At higher concentrations of H2O2, the IBP degradation became slower, which was attributed to the production of the radicals of low oxidation ability (·HO2 or ·O2−). Regarding the impact of pH, the degradation of IBP decreased with the pH increases from 5.2 to 9.6. The phenomenon was explained by the formation of scavenger species and the photolyzation of H2O2 into water and oxygen under alkaline conditions (Figure 9b).



Moreover, the addition of different concentrations of NO2− had a significant inhibitory effect on the degradation of IBP. According to the authors, nitrites reacted with ·HO to produce ·NO2, which exhibited lower reactivity to compounds with electron-withdrawing moieties [105]. Combining ultra-high-resolution mass and density functional theory calculations, the authors identified hydroxylation as the first step in IBP degradation (Figure 9b) in indirect photolysis, as observed in another papers [98], and the formation of decarboxylation products (1-(4-isobutylphenyl) ethanol and 4-isobutylacetophenone), and some of the products of subsequent degradation of 4-IBP [99].



Aspirin (acetylsalicylic acid: ASA) also belongs to the NSAIDs group and is widely used for pain, infection or inflammation. ASA as a pollutant is found with a different concentration, from 0.03 to 10 μg L−1, in aqueous environment and found to be very toxic for human health and the aquatic system due to a short half-life of 2–3h, and therefore, its removal from the environment is important [100,106]. Thus, Cunha-Filho et al. [100] optimized the kinetic conditions to mineralize ASA using a photo-Fenton process with UVA radiation in a tubular photochemical reactor. Employing a statical tool-termed factorial design, a large interval of concentrations of ASA, Fe2+ and H2O2 were studied. Using the optimized conditions of H2O2 and Fe2+ (45 and 1.5 mmol L−1, respectively), 90% of mineralization was reached in 10 min. Such performance was attributed to the optimized 4.5-folds excess of [H2O2], i.e., the ratio of the stoichiometric [H2O2] to the theoretic TOC for total mineralization.



In another study, Zhe and co-workers [101] investigated the removal of ASA through the UV/O3 process. The initial reaction positions and the byproducts were also identified. The UV/O3 process was able to remove 99% of ASA (10 mg L−1) after 7 min of treatment. Moreover, the combined process exhibited higher mineralization rate, 47% of TOC reduction, compared with the individual ozonation process (25% of TOC) after 30 min. It was demonstrated, through the inhibition function of t-butanol addition, that ·HO made a significant contribution to the UV/O3 process. The optimal values of pH were 4.3 and 10.0 for ASA removal and mineralization, respectively. Higher pH values lead to the decomposition of the ozone to produce ·HO species. These species have a stronger effect on the mineralization of organic compounds than O3 molecules.



Frontier electron density (FED) analysis confirmed that the initial oxidation sites of HO· were located on the benzene ring of ASA, which generated salicylic acid (SA) more directly and enhanced SA transformation efficiency during the UV/O3 process. An ASA degradation pathway was proposed and involved hydrolysis and hydroxylation reactions (Figure 9c), the opening of the benzene ring, the further oxidation of the alkyl chain byproducts and finally mineralization [101]. Pathway 1 included the hydrolysis of the ester group in ASA. In parallel, the C2 position could be attacked by HO·, resulting in the hydroxyl substitution reaction, leading to the formation of SA (pathway 2). The ortho/para positions are more electron-rich due to the presence of hydroxyl groups (a strong electron donor). This makes the ortho and para positions of the benzene ring more susceptible to oxidant attacks with the generation of two hydroxylation byproducts, 2,3-dihydroxybenzoic acid and 2,5-dihydroxybenzoic acid (Figure 9c) Phenol was another aromatic byproduct, and its formation involved the decarboxylation of SA during HO· upon UV irradiation. The further hydroxylation of phenol was able to generate catechol, and the resulting aromatic byproducts were oxidized again. With the opening of the benzene ring, alkyl carboxylic acids containing two to four carbons were formed and were further degraded until the formation of oxalic acid, and after that, the mineralization occurred [101].



To optimize ASA removal from aqueous solution by the UV/ZnO photocatalytic process, Karimi, Baneshi and Malakootian [69] used response surface methodology (RSM) to study the influence of different parameters, such as ASA initial concentration (10−100 mg L−1), ph (3−11), contact time (10−120 min) and ZnO catalyst dosage (100−600 mg L−1). The optimized conditions included a pH solution of 5.05, after 90.5 min of treatment, employing a ZnO catalyst dosage of 375.16 mg L−1 and ASA initial concentration of 33.84 mg L−1 achieved the ASA removal of 83.11%. The effect of chloride and phosphate (20 mg L−1) on the ASA degradation resulted in the increased removal efficiency (83.11% to 94.7%) and reduced the removal efficiency (from 83.11% to 56%), respectively. This behavior was attributed to the competition of the anion phosphate with the nanoparticles in ASA degradation for adsorption on the catalyst surface.



Mohan et al. [103] prepared Ni-decorated manganese oxynitride on graphene nanosheets for the degradation of ASA. Besides the effect of catalyst’s composition, the authors examined the influence of other experimental parameters, such as initial concentration, catalyst dose, initial pH and additives. The best performance was achieved with the ASA initial concentration of 75 mg L−1, with the catalyst dose of 10 mg L−1 and the initial pH 3. Almost complete degradation was achieved for the nanocomposites of 1-Ni-MnON/NG after 90 min of treatment. The detection of intermediates during photocatalysis showed that ASA undergoes hydroxylation, demethylation, aromatization, ring opening and finally complete mineralization into CO2 and H2O by reactive species. The catalyst remained stable even after five cycles of usage, proving its reusability. Cytotoxicity, plant toxicity and microbial toxicity studies corroborate the environmentally friendly properties of the synthesized material.



In this sense, photo-combined systems have shown promise in the removal and mineralization of oxygen-based compounds (Table 4).





4. Conclusions and Outlook


This review has showed the prospective application of photo- and photo-combined AOPs for the removal of pharmaceuticals compounds. Current research demonstrates that pharmaceuticals have been found in distinct kinds of surface waters, wastewaters and WWTP and hospital effluents. Furthermore, the presence of these compounds in water may have harmful effects on human beings as well as promote the spread of resistant bacterial strains.



Several studies have applied photo- and photo-combined AOPs to removing pharmaceuticals in water or wastewater. Overall, the works presented here discussed (I) degradation kinetics by investigating the effect of operational parameters; (II) mineralization measurements using indicators, such as TOC, DOC or COD; (III) toxicity studies; and (IV) the detection of intermediates and the proposition of degradation pathways. Although it is evident from most of the reviewed studies that several photo-combined AOP processes are efficient for the degradation of several classes of pharmaceutical compounds, the identification of intermediate products and toxicity levels are equally crucial, although they have been less explored in the literature, as these products can be more biologically active or toxic than their parent compounds, thus creating even greater hazards for the environment.



In addition, most of the literature discussed here is devoted to laboratory-scale or pilot-scale studies. The implementation of AOPs at a full scale is still quite limited. The major impediment to the application on an industrial scale is the elevated operational cost of combined AOP processes, mainly compared to conventional methods that are currently applied. Thus, if the overall cost per unit mass of pollutant removed from the unit volume of the treated wastewater is reduced, the industrial implementation of these technologies will become more appealing for companies and public administrations.



In summary, the literature of pharmaceutical compound degradation through advanced oxidation processes coupled with UV radiation has made some progress, and future research should focus on the following aspects to achieve these goals:




	
More studies need to be carried out using real wastewater samples to evaluate the effectiveness of the combined advanced oxidative processes, since the matrix of real wastewater samples is complex due to the presence of organic and inorganic substances besides the variations of wastewater characteristics.



	
Advanced oxidation processes need to be optimized to improve their adaptability and practicability, such as enhancing the efficiency and dosage of the photocatalysts and the utilization efficiency of O3 or H2O2.



	
Energy costs must also be reduced. In this context, the search for novel, affordable photocatalysts that can use a broader part of the light spectrum instead of only UV is a priority. Furthermore, the application of renewable energy sources in the treatment plants should also be investigated.



	
The generation mechanism of free radicals and the degradation pathways of pollutants are not yet clear. More attention should be given to the study of mechanisms, combining experimental measurements with theoretical calculations.



	
The generation of waste (e.g., sludge in the photo-Fenton process and/or exhausted or poisoned catalysts in photocatalyzed AOPs) should be minimized and possible alternatives for the valorization of such wastes should be explored.



	
It is recommended that future studies should focus on the evaluation of treated water toxicity, employing ecotoxicity tests to monitor the toxicity of the by-products formed during the degradation.
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Figure 1. Different advanced oxidative process for the removal of pharmaceuticals. 
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Figure 2. Comparison of photodegradation systems used with UV, PS or TiO2, single or coupled. (a) laboratory scale and (b) pilot scale. Reprinted with permission from [26]. Copyright © 2020 Elsevier Ltd. 
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Figure 3. (a,b) Photocatalytic mechanism Z proposed by Kumar et al. Reprinted with permission from [29]. Copyright © 2020 Elsevier Ltd. 
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Figure 4. Comparison of the first-order rate constants of three FQs by the VUV/UV irradiation processes in pure water with various factors. (a) Flow rate; initial concentration of FQs and temperature; (b) effect of anion on the photodegradation of FQs; (c) initial pH and chemical specifications of the FQs; (d) degradation of the three antibiotics by UV and VUV/UV. Conditions: temperature = 25 °C, pH = 7.0 ± 0.05; [FQs] = 30 μmol L−1; flow rate = 60 L h−1; [Anion] = 300 μmol L−1; [TBA] = 100 mmol L−1. Reprinted with permission from [40]. Copyright © 2020 Elsevier Ltd. 
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Figure 5. (a) Kinects study by the photocatalytic degradation curve and –ln(C/C0) curve against exposure time (t) for ciprofloxacin using Na-TiNTs, SnO2 and TiO2/SnO2 samples as photocatalyst. (b) Degradation rate, for different amounts of TiO2/SnO2 nanocomposite (25 × 10−3 g, 50 × 10−3 g and 75 × 10−3 g) against 120 min of exposure time. (c) Photocatalytic performance for TiO2/SnO2 nanocomposite at different initial pH values of ciprofloxacin solution. (d) Degradation rate at the end of 120 min, using different radicals scavengers. Reprinted with permission from [55]. Copyright © 2021 Elsevier Ltd. 
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Figure 6. (a) Degradation kinetics of the three SAs by UVC photolysis. [SAs]0 = 15 mg L−1, pH = 7 and T = 298 K. The lines represent the prediction of the first-order kinetic model. (b) Mechanism of degradation by direct SMZ photolysis in the presence of UVC radiation. Reprinted with permission from [69]. Copyright © 2018 Elsevier Ltd. 
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Figure 7. (a) Proposed pathway of AMX degradation. Reprinted with permission from [73]. Copyright © 2019 Elsevier Ltd. (b) Degradation of AMX at Comparison of Fenton, photo-Fenton, solar photo-Fenton, sono-Fenton and sono-photo-Fenton for complete degradation of AMX (AMX: 10 mg L−1; FeSO4: 3.0 mg L−1; H2O2: 375 mg L−1, pH: 3, Ultrasound: 40 kHz and light source: UV tubes (365 nm)). Reprinted with permission from [83]. Copyright © 2019 Elsevier Ltd. (c) TOC of AMX solution degraded under different irradiation time by as-prepared VO, CNNS and 1-VO/CNNS. Reprinted with permission from [84]. Copyright © 2022 Elsevier Ltd. 
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Figure 9. (a) Photocatalytic degradation of KP in deionized drinking and ground water using 75 mg of 1% CuO/TiO2@GCN (9:1). Reprinted with permission from [97]. Copyright © 2022 John Wiley and Sons. (b) Proposed degradation pathways for IBP. Reprinted with permission from [99]. Copyright © 2021 Elsevier Ltd. (c) Reaction pathway of ASA during UV/O3 process. Reprinted with permission from [101]. Copyright © 2021 Elsevier Ltd. 
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Table 1. Drugs reported in the literature as objects of study for removal in wastewater.
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Class

	
Pharmaceuticals

	
Abbreviation

	
Chemical Formula

	
Use






	
NITROGENATED

	
Acetaminophen

	
ACT

	
C8H9NO2

	
Analgesic and antipyretic for mild pain and fever




	
Tramadol

	
TRA

	
C16H25NO2

	
Analgesic for rigorous pain




	
Azithromycin

	
AZT

	
C38H72N2O12

	
Antibiotic used to treat respiratory, ear, skin or sexually transmitted infections




	
Doxorubicin

	
DOX

	
C27H29NO4

	
Antibiotic used for the therapy of lymphoma, leukemia and sarcoma




	
Metronidazole

	
MTZ

	
C6H9N3O3

	
Antiparasitics and antiprotozoa




	
Trimethoprim

	
TRIM

	
C14H18N4O3

	
Antibiotic used for mild-to-moderate bacterial infections




	
Caffeine

	
CAF

	
C8H10N4O2

	
Used for mild pain and is mostly consumed in the form of coffee




	
Propranolol

	
PROP

	
C16H21NO2

	
Used for hypertension, cardiac arrhythmias, angina and hyperthyroidism




	
CHLORINATED

	
Lamotrigine

	
LAM

	
C9H7Cl2N

	
Used to fight seizures




	
Chloramphenicol

	
CAP

	
C11H12Cl2N2O5

	
Antibiotics used for severe or life-threatening infections




	
Diclofenac

	
DIC

	
C14H11Cl2NO2

	
Used for the therapy of mild-to-moderate acute pain




	
Indomethacin

	
IDM

	
C19H16ClNO

	
Used for inflammatory arthritis




	
Chlorhexidine

	
CLH

	
C22H30Cl2N10

	
Used topical antiseptic and dental practice for the treatment of dental inflammation




	
Clorazepate

	
CLZ

	
C16H11ClN2O3

	
Anticonvulsant for therapy in epilepsy and as an anxiolytic




	
Hydroxyzine

	
HDZ

	
C21H27ClN2O2

	
Used largely for symptoms of allergy, nausea and anxiety




	
Indapamide

	
IDP

	
C16H16ClNO3

	
Antihypertensive and a diuretic




	
Bezafibrate

	
BZF

	
C19H20ClNO4

	
Used for hyperlipidemia




	
FLUORATED

	
Ciprofloxacin

	
CIP

	
C17H18FN3O3

	
Used in the therapy of mild-to-moderate urinary or respiratory infections




	
Ofloxacin

	
OFLO

	
C18H20FN3O4

	
Used for treatment rare instances of hepatocellular injury




	
Enrofloxacin

	
ENR

	
C19H22FN3O3

	
Antibiotic used to treat infections of the urinary system




	
Levofloxacin

	
LEV

	
C18H20FN3O4

	
Antibiotic used to treat infections, such as pneumonia and sinusitis




	
Etofinamate

	
ETO

	
C18H18F3NO4

	
Used in the treatment of muscles and joints




	
Fluoxetine

	
FLU

	
C17H18F3NO

	
Used to treat major depressive, moderate-to-severe bulimia and obsessive-compulsive disorder




	
SULFURATED

	
Eprosartan

	
EPS

	
C23H24N2O4S

	
Used for the treatment of high blood pressure




	
Captopril

	
CPT

	
C9H15NO3S

	
Used in the therapy of hypertension




	
Sulpiride

	
SUL

	
C15H23N3O4S

	
Used therapy as an antidepressant




	
Sulfamonomethoxine

	
SFX

	
C11H12N4O3S

	
Long acting antibacterial agent




	
Amoxicillin

	
AMX

	
C16H19N3O5S

	
Used in the treatment of mild-to-moderate bacterial infections




	
PHOSPORATED

	
Ifosfamide

	
IFD

	
C7H15Cl2N2O2P

	
Chemotherapy used to treat certain types of cancer, such as cancer of the ovary and cervix




	
Cyclophosphamide

	
CFD

	
C7H15Cl2N2O2P

	
Cyclophosphamide is used to treat cancer of the ovaries, breast, blood and lymph systems




	
OXIGENATED

	
Aspirin

	
AAS

	
C9H8O4

	
Used as a medicine to treat pain, fever and inflammation




	
Ketoprofen

	
KET

	
C16H14O3

	
Anti-inflammatory, with analgesic, anti-inflammatory and antirheumatic effects




	
Naproxen

	
NAP

	
C14H14O3

	
Analgesic for pain




	
Ibuprofen

	
IBU

	
C13H18O2

	
Anti-inflammatory used to treat pain and fever
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Table 2. Selected recent studies of AOPs photo-irradiated processes for nitrogenated and chlorated base compound removal.
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	Pharmaceutical
	Process
	Experimental Conditions
	Results
	Ref.





	DC
	Photocatalysis
	pH = 3; t = 150 min;

[Catalyst] = 0.1 g L−1;

[DC] = 60 mg L−1
	99.4% DC and 87.8% TOC removal
	[30]



	CAP
	Electrochemical and photo-assisted
	pH = 6.8; t = 8h;

[CAP] = 50 mg L−1
	100% CAP removal and complete removal of antibiotic activity
	[31]



	IMT
	Photocatalysis
	pH = 6.8; t = 45 min;

[Catalyst] = 0.03 g mL−1;

[IMT] = 20 mg L−1
	97.3% IMT removal
	[32]



	IMT
	UV–vis/peroxydisulfate
	pH = 7; t = 45 min;

[PDS] = 20 µM

[IMT] = 20 µM
	~80% IMT and 30% TOC removal
	[33]



	MET
	Photocatalysis
	pH = 2; t = 15 min;

[Catalyst] = 1.2 g L−1

[MET] = 10 mg L−1
	94.3% MET removal
	[34]



	DC
	US/photo-Fenton
	pH = 3; t = 90 min;

[Fe2+] = 0.20 mg L−1;

[H2O2] = 1 mg L−1;

[DC] = 1 mg L−1
	94.4% DC and 17% TOC removal
	[35]



	AZT
	Photocatalysis
	t = 8h;

[Catalyst] = 2 mg mL−1

[AZT] = 20 mg L−1
	90% AZT removal and complete removal of toxicity
	[36]



	AZT
	UV/H2O2
	pH = 9; t = 120 min;

[H2O2] = 482 mg L−1;

[DC] = 1 mg L−1
	53% AZT and 100% TOC removal
	[37]



	CAF
	Fenton, photo-Fenton, UV/H2O2 and UV/Fe3+
	pH = 5.8; t = 120 min;

[H2O2] = 0.5 mL L−1;

[CAF] = 20 mg L−1
	99% CAF removal
	[38]



	LEV
	Photo-electrocatalyst
	pH = 5.9; t = 4 h;

[LEV] = 20 mg L−1
	99% LEV and 100% TOC removal
	[39]
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Table 3. Selected recent studies of photo-assisted AOPs processes for fluorinated and sulfurized base compounds removal.
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	Pharmaceutical Compound
	Process
	Experimental Conditions
	Results
	Ref.





	NOR, CIP and LEV
	VUV/UV and UV irradiation
	pH = 7

Flow rate: 60 L h−1

[NOR] = [CIP] = [LEV] = 15 µmol L−1

T = 45 °C
	The compounds were degraded more efficiently with high temperature and low initial concentration. The degradation pathways of FQs were defluorination, decarboxylation and piperazine ring oxidation, and demethylation was a particular degradation pathway for LEV.
	[40]



	CIP
	UV, H2O2, UV/H2O2, modified Fenton and modified photo-Fenton
	pH = 7

[CIP] = 10 mg L−1

[H2O2] = 100 mmol L−1

[nZVI] = 5 mmol L−1
	Only 4% of TOC removal for UV radiation TOC removal % increased from 10.47% for only H2O2 to 35.41 % for UV/H2O2. nZVI/H2O2 removed 100% of CIP in 30 min and 60% of the initial TOC.
	[47]



	OFLO and LEV
	UV/H2O2 and UV/PS
	pH = 3

[LEV] = [OFLO] = 5 mg L−1

t = 30 min

[ H2O2] = [PS] = 150 µmol·L−1
	The removal efficiencies of OFLO and LEV were 96.40% and 99.23% with UV/PS. The TOC removal efficiencies of OFLO and LEV were 36.24% and 38.36%, respectively, for the UV/H2O2 system. By contrast, the UV/PS system exhibited mineralization of OFL and LEV, with TOC removal efficiency about 46.43% and 49.74%, respectively.
	[48]



	NOR
	UV, UV/H2O2, UV/Fe2+/H2O2, VUV, UV/Fe2+, VUV/H2O2, VUV/Fe2+/H2O2
	pH = 7

[NOR] = 45µmol L−1

[Fe2+] = 90 µmol L−1

[H2O2] = 3 mmol L−1
	VUV/Fe2+/H2O2 process removed 100% of NOR after 4 min, and high mineralization (63.3% at 8 min) and achieved rapid removal of NOR in real waters at neutral pH.
	[49]



	CIP
	UV/O3
	pH = 5.6

Gas flow: 0.5 L min−1

[CIP] = 100.0 mg L−1

[O3] = 30.0 ± 2.0 mg L−1 min−1
	Compared with single O3 (37.5%), the DOC reduction was prompted significantly by the introduction of UV irradiation (91.4%) within 40 min. The toxicity of products decreased significantly as compared with parent pollutant.
	[51]



	38 PPCPs, highlighting CIP and LEV
	UV/O3
	Ozone dosage (1−4 and 6 mg L−1) and hydraulic retention time (5 and 10 min)
	CIP was degraded below the limit of detection (LOD) at the ozone dose of 1 mg L−1 in 5 min. However, LEV required an O3 dose of 6 mg L−1 to be degraded below LOD.
	[52]



	CIP
	Photolysis
	pH = 7

catalyst dosage = 50 mg

[CIP] = 5 mg L−1
	Photolysis showed a small removal of CIP (4.63%) over 120 min of exposure time under UV-light radiation while the removal of CIP for Na-TiNT, SnO2 and TiO2/SnO2 nanocomposite were 41.55%, 45.83% and 92.8%, respectively.
	[55]



	LEV
	Photocatalysis
	[LEV] = 10 mg L−1

catalyst dosage = 50 mg
	The Sm6WO12/g-C3N4 nanocomposite heterojunction catalyst shows higher photocatalytic efficiency towards LEV degradation (90.8%, after 70 min).
	[59]



	FLU
	UV photolysis
	pH = 7

T = 20 °C

[FLU] = 1 mg L−1

Irradiation source = 300 W
	The degradation rates of FLU for five days were approximately 63.6% ± 2.14%, 84.6% ± 0.99%, and 97.5% ± 0.25% after 15, 30 and 60 min of UV irradiation, respectively.
	[64]



	VEN, SFX, FLU and CBZ
	UV/PAA and UV/H2O2
	pH = 7

UVC intensity = 3.50 kW m−3

[PAA] = [H2O2] = 50 mg L−1

[compound] = 10 mg L−1
	UV/H2O2 was found to be more efficient than UV/PAA for the degradation of FLU, VEN and CBZ. While UV/PAA was more effective in SFX degradation.
	[65]



	FLU
	Photocatalysis
	pH = 7

[FLU] = 10 mg L−1

Light source = 280 mW cm−1

catalyst dosage = 0.3 mg mL−1
	Within 60 min of visible exposure, 99.2% of FLU was removed at pH 7. The high total organic carbon removal of 80.3% and 61.4% by FBC under visible and solar light confirmed the mineralization after 180 min of treatment.
	[67]



	FLU
	Ti/RuO2, Ti/RuO2-IrO2 and Ti/RuO2-IrO2-SnO2
	pH = 6

i = 500 mA

[FLU] = 25 mg L−1

t = 160 min
	At optimized conditions, maximum FLU removal efficiency was observed, which was 96.25%. The TOC results showed that about 81.51% of the mineralization of the FLU was achieved after 6 h under optimal experimental conditions.
	[68]



	SMZ, SDZ and SML
	UV, UV/H2O2 and UV/K2S2O8
	pH = 7

[SMZ]=[SDZ]=[SML] 15 mg L−1

[H2O2] = [K2S2O8] = 4.4 × 10−4 M
	UVC proved inadequate in removing these compounds. A concentration of 4.4 × 10−4 mol L−1 of H2O2 or K2S2O8 increases SMZ degradation up to 100%. UVC/PDS requires less energy than UVC and UVC/H2O2 system.
	[69]



	SMX
	UVC/VUV
	pH = 7

[SMX] = 100 mg L−1,

Fluence = 54.9 mJ cm−2
	Total SMX removal was reached at a fluence of 54.9 mJ cm−2, while the TOC removal of 98.5% was attained at fluence of 109.8 mJ cm−2.
	[70]



	SMT
	photo-Fenton
	pH = 4

[SMT] = 1.8 × 10−2 mmol L−1

[H2O2] = 0.74 mmol L−1

[Fe3+] = 0.25 mmol L−1
	The mineralization of SMT were significantly enhanced in the VUV/UV photo-Fenton process as compared to the UV and UV photo-Fenton processes after 60 min of treatment, achieving ~60% of TOC removal.
	[71]



	DF, SP, SMX and SIM
	photo-Fenton
	[H2O2] = 100 mmol L−1

[pharmaceuticals] = 20 mg L−1,

Fe2+ dosage = 1/200 mol L−1 of FeSO4 7H2O and H2O2

UV intensity = 75 mW cm−2
	In ultrapure water, all the four pharmaceuticals were degraded by more than 95% within 4 min, the same removal rate expended about 30–60 min. Except for DF, the cytotoxicity increase during the degradation process for SP, SMX and SIM.
	[72]



	SMZ
	Photoelectrochemical
	[SMZ] = 10 mg L−1

pH = 3.5

Potential = 2 V
	The removal efficiency of SMZ by photoelectrochemical process was 81.3%, which was approximately twice the sum of both electrochemical and photochemical processes, and over 40% of TOC was eliminated after 180 min.
	[73]



	SD
	Photocatalysis
	[SD] = 10 mg L−1

pH = 8
	Nearly 70% of SD was degraded by the Ag3PO4/MoS2/TiO2 NTAs in 240 min, which was higher than that of MoS2/TiO2 (35%) and Ag3PO4/TiO2 NTAs (44%). In addition, the percentage of SD removal over direct photolysis, electrochemical and photochemical was only 16, 20 and 31%, respectively.
	[74]



	SP
	US-CN
	pH = 7.5

[SP] = 0.03 mmol L−1

catalyst dosage = 32 mg

UV intensity = 100 mW cm−2
	The time-dependent removal efficiency of SP over different carbon nitride samples was 90.55%, 50.77% and 26.19% of SP by US-CN, S-CN and CN after 100 min of photocatalytic reaction. The removal rates of SP at 100 min in river water (Shanghai), pharmaceutical water (Guangzhou), domestic wastewater (Guangzhou) and tap water (laboratory) reached up to 84.74, 75.66, 82.06 and 85.26%, respectively.
	[75]



	AMX
	UV/H2O2 and UV/persulfate
	[AMX] = 20 µmol L−1

[H2O2] = [PS] = 500 µmol L−1
	The direct UV photolysis system alone showed an insignificant AMX degradation. However, the addition of H2O2 or PS increases the degradation efficiency of AMX significantly. Despite the high percentage of AMX removal through UV/AOPs, the mineralization of AMX was insignificant. After 30 min of treatment, only 15.2% and 28.7% of TOC were removed in the UV/H2O2 and UV/persulfate systems, respectively.
	[76]



	AMX
	Fenton process, photo-Fenton, solar photo-Fenton, sono-Fenton, and sono-photo-Fenton
	pH = 3

[AMX] = 10 mg L−1

[FeSO4] = 3.0 mg L−1

[H2O2] = 375 mg L−1

Ultrasound = 40 kHz,

Light source = UV tubes 365 nm
	Under the optimized conditions, Fenton’s process was able to remove 100% of AMX within 12 min of reaction time. Coupling the Fenton process with UV-light illumination, solar light illumination and UV light–ultrasound treatment allowed complete antibiotic removal in 3.5, 9 and 6 min, respectively.
	[77]



	AMX
	solar photo-Fenton
	[Fe3+] = 3 mg L−1

[H2O2] = 2.75 mg L−1

[AMX] = 1 mg L−1
	A total of 94 and 66% of AMX was removed after 60 and 210 min of treatment in simulated and real wastewater, respectively. In addition, the percentage of TOC removal for AMX was 19.5% in simulated wastewater. In the study carried out with real effluent, the removal rate was 6.5%.
	[47]



	AMX
	Photolysis
	[AMX] = 20 mg L−1

pH = 7

catalyst dosage = 0.5 g L−1
	Photolysis under the simulated sunlight was ineffective in the decomposition of AMX, while pure V2O5 and C3N4 reached 33.2% and 52.7% of AMX removal under 120 min illumination. The V2O5/C3N4 (1 wt% V2O5) nanocomposite increased AMX removal to 91.3%. Moreover, 1-V2O5/C3N4 nanocomposite attained 76.2% of TOC removal under the same conditions.
	[48]



	CP
	solar photoelectro-Fenton
	[CP] = 0.230 mmol L−1

pH = 3

j = 50 mA cm−2

[Fe2+] = 0.50 mmol L−1
	At the best conditions, the degradation of CP by SPEF reached 100% removal in only 15 min, while using EF, a complete removal was achieved in about 20 min. The AO-H2O2 process was capable of removing only 36% in 30 min of treatment.
	[51]







Abbreviations: CP: captopril; AMX: amoxilin; SMZ: sulfamethazine; SDZ: sulfadiazine; SML: sulfamethizole; DF: diclofenac; SP: sulpiride; SMX: sulfamethoxazole; SIM: sulfisomidine; SD: sulfadiazine; VEN: venlafaxine; SFX: sulfamethoxazole; FLU: fluoxetine; CBZ: carbamazepine.
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Table 4. Selected recent studies of photo-assisted AOPs processes for phosphorus-based and oxygenated compound removal.
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	Pharmaceutical
	Process
	Experimental Conditions
	Results
	Ref.





	IF and CP
	Ru-TNW
	[IF] = [CP] = 10 mg L−1

catalyst dosage = 20 mg

pH = 7
	The degradation of both compounds presented a higher removal rate independently to the matrix used; DW and WW in secondary treatment. CP and IF degradation experiments followed the pseudo-first-order kinetics and the degradation rate constant for IF was higher than the CP for both matrices.
	[89]



	IF and CP
	UV irradiation
	λ = 254 nm

[IF] = [CP] = 10 mg L−1

pH = 7
	After 48 h of treatment, IF and CP were degraded only by 36.5% and 28.3%, respectively, containing IF and CP at 10 mg L−1 and revealed no significant decrease in DOC after 48 h of treatment, suggesting that UV degradation was not able to mineralize both compounds.
	[90]



	IF and CP
	UV irradiation, UV/TiO2 and UV/H2O2
	[IF] = [CP] = 500 µg L−1

[TiO2] = 100 mg L−1

[H2O2] = 40 mg L−1

λ = 254 nm

pH = 7
	Direct photolysis was not able to remove IF and CP in secondary effluent after 180 min of treatment. CP and IF did not degrade negligibly either through UV/TiO2 or through UV/H2O2.
	[91]



	CP
	UVC/H2O2/PAW
	λ = 254 nm

[CP] = 4 ng mL−1

[H2O2] = 10 mg L−1

pH = 7
	The oxidative degradation of CP solutions in tap water by PAW resulted in a complete degradation within 80 min at 150 W. CP was also completely degraded within 60 min applying UVC/H2O2 system.
	[92]



	IBP, NPX and MO
	MIL-53(Al)@TiO2 and MIL-53(Al)/ZnO
	[compound] = 6 mg L−1

pH = 6.8

catalyst dosage = 2 mg
	MIL-53(Al)@TiO2 exhibited high photodegradation efficiency (80.3%) for NPX over 4 h and was recyclable for up to three cycles with only a 13.6% decrease in photodegradability. However, for IBP degradation, MIL-53(Al)@ZnO was observed to be more efficient than MIL-53(Al)@TiO2 and it was found that only 1 h of treatment was sufficient to obtain a considerable COD reduction of 58%.
	[93]



	NPX
	UV irradiation, UV/chorine and UV/H2O2
	[NPX] = 5 µmol L−1

[chlorine] = [H2O2] = 50 µmol L−1

λ = 254 nm

pH = 7
	NPX was degraded by 27.3% at a UV dosage of 922 mJ cm−2. The degradation of NPX by both AOPs followed pseudo-first-order kinetics, and the first-order rate constant was 4.9 times higher in UV/chlorine than that in UV/H2O2.
	[94]



	IBP, NPX and CTZ
	PAN-MWCNT/TiO2–NH2
	[compound] = 5 mg L−1

pH = 2

UV intensity = 40 W

catalyst dosage = 15 mg
	The complete degradation of IBP required 120 min of treatment, while the same degradation rate for NPX was achieved in 40 min.
	[95]



	KET
	UV irradiation
	UV intensity = 1700 μW cm−2

[KET] = 16 mg L−1

pH = 7
	The maximum removal rate of KET reached 99.59% within 40 min, which agrees with the pseudo-first-order kinetic equations.
	[96]



	KET
	CuO/TiO2@GCN
	[KET] = 10 mg L−1

pH = 6.2 (GW) and 7.4 (DW)

catalyst dosage = 75 mg
	At the best conditions, the impregnation of 1% CuO/TiO2 into GCN presented an efficiency of 94.7% in the photodegradation of KET in deionized water under simulated light. A lower removal efficiency (~50%) was achieved in ground (GW) and drinking water (DW).
	[97]



	IBP
	Ag-Ce/TiO2 (Co-DPU) and Ag-Ce/TiO2 (C-IMP)
	Visible light = 239 W m−2

λ > 400 nmcatalyst dosage = 0.1 g L−1

[IBP] = 10 mg L−1pH = 5.3–5.6
	The obtained TOC conversion followed the decreasing order: Ag-Ce/TiO2 (Co-DPU) > Ag-Ce/TiO2 (C-IMP) >TiO2. After 4 h, up to 98% mineralization of IBP was obtained for Ag-Ce/TiO2 (Co-DPU).
	[98]



	IBP
	UV/H2O2
	[IBP] = 10 µmol L−1

[H2O2] = 0.5 mmol L−1

pH = 7–7.5

λ = 254 nm
	IBP was degraded by 8 and 3% under UV and H2O2 only, while the combined UV/H2O2 process removed 78% of IBP within 4 min.
	[99]



	ASA
	Photo-Fenton
	[ASA] = 10 μg L−1

[Fe2+] = 1.5 mmol L−1

[H2O2] = 45 mmol L−1

UV intensity = 40 W

pH = 7
	Using optimized conditions, 90% of mineralization was reached in 10 min.
	[100]



	ASA
	UV/O3
	[ASA] = 10 mg L−1

[O3] = 2.4 mg L−1

UV intensity = 2600 μW cm−2

pH = 4.3
	The UV/O3 process was able to remove 99% of ASA after 7 min of treatment. Moreover, the combined process exhibited higher mineralization rate, 47% of TOC reduction, compared with the individual ozonation process (25% of TOC) after 30 min.
	[101]



	ASA
	UV/ZnO
	UV Intensity = 6 W

catalyst dosage = 375.16 mg L−1

[IBP] = 33.84 mg L−1

pH = 5.05
	At the optimized conditions, the ASA removal of 83.11% was achieved. The kinetic studies showed that the pseudo-first-order model had the highest correlation with aspirin removal using the UV/ZnO photocatalytic process.
	[102]



	ASA
	1-Ni-MnON/NG
	[ASA] = 75 mg L−1

catalyst dose = 10 mg L−1

pH = 3

UV Intensity = 4.2 W
	Almost complete degradation was achieved for the nanocomposites of 1-Ni-MnON/NG after 90 min of treatment.
	[103]







Abbreviation: ifosfamide (IF); naproxen (NPX), methyl orange (MO); naproxen (NPX); cetirizine (CTZ); ketoprofen (KET); aspirin (ASA).
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