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Abstract

:

This work presents the comparison of four advanced oxidation processes driven by UVC-LED radiation (278 nm—2 W/m2) for simultaneous bacteria inactivation (Escherichia coli—106 CFU/mL) and microcontaminant removal (imidacloprid—50 µg/L) in simulated wastewater secondary effluent. To this end, the activation of H2O2 and S2O82− as precursors of HO• and SO4•−, respectively, by UVC-LED and UVC-LED/Fe3+–NTA (ferric nitrilotriacetate at 0.1 mM) has been studied at different oxidant concentrations. For the purpose of comparison, conventional chlorination was used as the baseline along with bacterial regrowth 24 h after treatment. Disinfection was achieved within the first 30 min in all of the processes, mainly due to the bactericidal effect of UVC-LED radiation. UVC-LED/H2O2 did not substantially affect imidacloprid removal due to the low HO• generation by UVC irradiation at 278 nm, while more than 80% imidacloprid removal was achieved by the UVC-LED/S2O82−, UVC-LED/Fe3+–NTA/S2O82−, and UVC-LED/Fe3+–NTA/H2O2 processes. The most efficient concentration of both oxidants for the simultaneous disinfection and microcontaminant removal was 1.47 mM. Chlorination was the most effective treatment for bacterial inactivation without imidacloprid removal. These findings are relevant for scaling up UVC-LED photoreactors for tertiary wastewater treatment aimed at removing bacteria and microcontaminants.
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1. Introduction


In developing countries, municipal and industrial wastewater is discharged without treatment, while in developed countries 50–95% of wastewater is treated through conventional wastewater treatment plants (WWTPs) designed mainly to remove nutrients such as nitrogen, phosphorous, and carbon [1]. In recent years, the tertiary treatment of wastewater for its subsequent reuse for irrigating crops has become an essential element of the urban water cycle, and one of the best strategies for fighting water scarcity and climate change. To this end, the inactivation of pathogenic microorganisms is required, although the simultaneous removal of contaminants of emerging concern is gaining greater attention because the accumulation of these compounds implies a potential collateral effect on human populations and the environment [2]. In this regard, new quality requirements for wastewater reuse have recently been established in Europe (August 2020 in Decision 2020/1161/EU) [3].



Consequently, many researchers have emphasized the need to develop new tertiary treatments—alternatives to classical treatments such as chlorination or ozonation—since it is necessary to prevent the formation of harmful byproducts during treatments. In this sense, the advanced oxidation processes (AOPs) have been studied alongside the most efficient tertiary treatment options in order to remove microcontaminants and pathogens present in WWTPs’ secondary effluent [4]. AOPs are based on the generation of hydroxyl radicals (HO•) (a highly oxidative species), which are very effective for microcontaminant removal as well as bacterial inactivation due to their tendency to attack pollutants unselectively [5].



In this regard, the photo-Fenton process has proven to be a very effective tertiary treatment in terms of both microcontaminant removal and bacterial inactivation. Its effectiveness depends on the large amount of HO• generated by the catalytic cycle of iron ions (Fe2+ and Fe3+) combined with hydrogen peroxide and UV–Vis radiation [6].



Recently, AOPs have been extended to include other oxidative species alternatives to hydrogen peroxide (H2O2), such as peroxydisulfate (S2O82−). These AOPs are based on the generation of sulfate radical anions (SO4•−) instead of HO•. This radical has attracted much attention due to its higher redox potential (2.5–3.1 V, dependent on pH) compared to HO• (~2.8 V) [7]. Additionally, it has a longer lifetime (around 30–40 μs) and a higher selectivity towards electron-rich organic pollutants, which offer great advantages [8]. Furthermore, recent studies have also demonstrated successful results using SO4•− for microcontaminant degradation as well as pathogen inactivation [9].



Another aspect that must be considered is the process’ pH. Although an acidic pH is considered to be optimal for carrying out the photo-Fenton process, since Fe3+ may be held in solution, a growing number of studies have demonstrated the efficiency of the process at neutral pH for bacterial inactivation as well as microcontaminant removal. For that purpose, the use of iron chelating agents has emerged as a good solution to keep iron in solution during the reaction. Recently, nitrilotriacetic acid (NTA) has been reported as a cheaper alternative than other, more expensive chelating agents with similar effectiveness [10].



On the other hand, photo-driven processes where natural light can be replaced by low-energy artificial light are emerging [11]. In this regard, the use of light-emitting diodes (LEDs) as a replacement for mercury lamps as a source of UV radiation is gaining growing interest [12]. This system has significant advantages, such as low power consumption, long lifetime (100,000 h), high spectral purity, uniform illumination, energy efficiency, and flexible configuration [13]. In terms of the emitting wavelength, the UV radiation electromagnetic spectrum is divided into UVA (315–400 nm), UVB (280–315 nm), and UVC (100–280 nm), with photonic energy of 3.10–3.94 eV, 3.94–4.43 eV, and 4.43–12.40 eV, respectively. UVA is the most used radiation in terms of microcontaminant removal, showing successful results [14]. In this regard, the bacterial inactivation efficiency of LEDs depends on the wavelength and the spectral distribution of the light source. Today, UVC treatment is widely applied, mainly in drinking water disinfection devices and small household systems, since UVC irradiation effectively eliminates fungi, yeasts, viruses, and bacteria, without chemical residues, corrosion, or harmful additives [15]. UVC-LED technology is booming, and today, 254-nm LEDs are available, although their cost is not yet competitive.



For the first time, this work addresses the comparison of four AOPs based on HO• and SO4•− generation under UVC-LED radiation at 278 nm, in order to evaluate their performance in simultaneous Escherichia coli (E. coli K-12) inactivation and imidacloprid (IMD) removal in simulated WWTP secondary effluent. The UVC-LED/H2O2, UVC-LED/S2O82−, UVC-LED/Fe3+–NTA/H2O2, and UVC-LED/Fe3+–NTA/S2O82− processes were evaluated and compared with chlorination, currently the most widely used conventional tertiary treatment. This study is the first evaluation of the use of iron complexes at low wavelengths with UVC-LED radiation.




2. Materials and Methods


2.1. Reagents and Water Matrix


Imidacloprid (IMD, >99%) was selected as model pesticide. This microcontaminant was supplied by Sigma-Aldrich, as along with nitrilotriacetic acid (NTA), (>99%, w/w) which was used as complexing agent. Ferric sulfate monohydrate (Fe2(SO4)3·H2O (75%, w/w)), hydrogen peroxide (H2O2, 33% w/v), methanol, glacial acetic acid (>99%, w/v), ortho-phenanthroline (99%, w/w), and sulfuric acid (96%, w/v) were supplied by Panreac. A Milli-Q® water purification system with a specific resistance of 18.2 MΩcm and 5 µg/L of dissolved organic carbon (DOC) was used to prepare the solutions during the experiments. Sodium bicarbonate (NaHCO3) and potassium iodide (KI) were acquired from Ridel-deHaën and Sigma-Aldrich, respectively. Sodium peroxydisulfate (Na2S2O8 ) and Chromocult medium were provided by Merck. Lastly, sodium hypochlorite (NaClO) (40 g/L of active chlorine) was supplied by Sigma-Aldrich. Catalase from bovine liver and sodium thiosulfate (10%) (Na2S2O3), provided by Sigma-Aldrich and Merck (Spain), respectively, were both used as quenchers of H2O2 and S2O82−/chlorine.



The experiments were carried out in simulated WWTP secondary effluent. This matrix is more stable, and allows us to avoid the variability and potential fluctuations related to real effluent. The matrix composition was previously reported by Rivas et al. (2015) [16]; Its main physical and chemical parameters are: pH (7.3 ± 0.3); turbidity (2.2 ± 0.3 NTU); chemical oxygen demand (42.0 ± 2.0 mg/L); sulfates (98.8 ± 13.0); and chlorides (2.0 ± 0.3 mg/L). In terms of DOC and total inorganic carbon (TIC) concentrations, samples were measured and monitored during the trials, showing initial values of around 10 mg/L and 15 mg/L, respectively.




2.2. Experimental Setup


2.2.1. Experimental UVC-LED System


This work was carried out in a lab-scale photoreactor whose design is represented in Figure 1. The UVC radiation source included seven LEDs provided by Robotecno S.L (Almería, Spain). The diodes were connected in series—three in a line and four drawing a square around the others, as shown in Figure 1—working at 100 mA and 6.5 V. A cylindrical glass reactor 13.5 cm in diameter with a magnetic stirrer was used. The reactor was filled with 650 mL of simulated WWTP secondary effluent, corresponding to 5 cm of liquid depth.



The UVC-LEDs’ emission spectrum was measured using an Avantes AvaSpec-ULS2048-2 spectroradiometer, showing the emission peak at 278 nm, with a full width at half maximum (FWHM) of 40 nm. The radiation distribution of the system was measured considering the dimensions of the reactor, the average irradiance being 2.02 ± 0.65 W/m2. As can be seen in Figure 2, the reactor’s entire surface was irradiated.



The photon flow received was measured using the chemical actinometry protocol described in [17], and was 0.1 µEinstein/s at 278 nm.



The UVC dose (kJ/m2), and the accumulative UVC energy, QUVC (kJ/L), were calculated using Equations (1) and (2), in order to compare the energy requirements of these processes with other photochemical-based systems:


   UVC   Dose    = I · t  



(1)






   Q  UVC   =  UVC   Dose  ·    S i     V T     



(2)




where I is the UVC irradiation emitted by the system (W/m2), t is the illumination time (s), Si is the total irradiated surface of the photoreactor (m2), and VT is the total water volume (L).




2.2.2. Experimental UVC-LED System


To carry out the experiment, batches of 10 L of simulated WWTP secondary effluent were prepared. This simulated effluent was not used for longer than 3 days. The initial pH values ranged from 7.0 to 7.5. The pH did not show any significant change during the experiments. All of the trials were performed at room temperature. The matrix was doped with an initial concentration of 50 µg/L of IMD as a model microcontaminant, and E. coli K-12 ATCC 23631 as model bacteria, at an initial concentration of 106 CFU/mL. IMD was selected since it is included in the watch-list-reported Decision 2018/840/EU of 5 June 2018 [18], and the E. coli concentration was selected so as to be able to follow the kinetics of bacteria inactivation. Several samples were collected periodically for 1 h of the experiment in order to monitor both E. coli inactivation and IMD removal. In the corresponding samples, 50 µL/mL of catalase was added in order to remove H2O2 residue, and 10 µL/mL of sodium thiosulfate solution (10%) was added in order to remove S2O82− or active chlorine.



Control experiments were carried out following both the inactivation of E. coli K-12 and the degradation of the pesticide IMD under the same established conditions. These controls comprised the effects of both oxidants—H2O2 and S2O82−—as well as the effect of the Fe3+–NTA complex in the absence of light. No effect was observed in any case for E. coli inactivation, while only 55% IMD removal was observed due to the Fenton-like reaction (Fe3+–NTA/H2O2) (data not shown).



The combination of UVC-LED with both oxidants—H2O2 and S2O82−—was studied at three initial concentrations—0.147, 1.47, and 2.94 mM—in order to achieve complete E. coli K-12 inactivation without regrowth at 24 h. In a second step, the best concentration of both oxidants (1.47 mM) was evaluated, adding NTA as a chelating agent (0.1 mM Fe3+–NTA, molar ratio of 1:1). Fe3+–NTA concentration and molar ratio were selected based on a previous work conducted under solar radiation [19]. Finally, chlorination at 0.03, 0.14, and 0.28 mM (1, 5, and 10 mg/L of chlorine) was studied for comparative purposes. The chlorine concentration range was selected seeking the best compromise between residual chlorine concentration as recommended by the Guidelines for Water Reuse, EPA [20] (below 0.5 mg/L of residual chlorine), and complete E. coli inactivation without regrowth at 24 h. All of the experiments were carried out in duplicate, and all of the figures show mean values ± standard deviation.




2.2.3. Analytical Determinations


Both iron and oxidant concentrations were measured by standardized spectrophotometric methods. The o-phenanthroline standardized method (ISO 6332) was selected to determine the total concentration of dissolved iron. The titanium(IV) oxysulfate solution spectrophotometric method at 410 nm (method DIN 38 402 H15) was chosen for the H2O2 concentration. S2O82− concentration was measured using the iodide method at 352 nm [21]. The limits of quantification (LOQs) were 2.9·10−2 mM, 3.6·10−3 mM, and 5.0·10−2 mM for hydrogen peroxide, total dissolved iron, and persulfate, respectively. Finally, free chlorine and total chlorine were determined using a kit supplied by Merck S.L and measured using a spectrophotometer at 530 nm. UV–Vis absorbances were measured using a Thermo Fisher Scientific GENESYS 50 UV–Vis spectrophotometer (Waltham, MA, USA). IMD was monitored and quantified via ultra-pressure liquid chromatography coupled with a diode array detector (UPLC/DAD-UV) (Agilent Technologies, Series 1200, Waldbronn, Germany). The chromatography column used was a C-18 analytical column model ZORBAX XDB-C18 ECLIPSE (Waldbronn, Germany) 4.6 × 50 mm 1.8 µm. This quantification method was previously reported by Mejri et al. in 2020 [19]. Fe3+–NTA was determined according to the method previously described by Zhang et al. (2017), as well as by UPLC/DAD-UV [22], with a LOQ of 2·10−4 mM. DOC and TIC were quantified using a Shimadzu TOC-VCSN analyzer (Shimadzu Corporation, Kyoto, Japan) with an LOQ of 1 mg/L in both cases.




2.2.4. Bacterial Enumeration and Quantification


Escherichia coli K-12 ATCC 23631 was inoculated using Luria broth nutrient medium (Miller’s LB Broth, Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37 °C for 20 h. The standard procedure by which to achieve 106 CFU/mL as an initial concentration was previously described by García-Fernández et al. in 2012 [23]. Furthermore, several samples were collected and measured during the experiment, using a plate-counting technique with a detection limit (DL) of 1 CFU/mL. In addition, in order to study bacterial regrowth in all experiments in which the bacterial concentration was lower than the DL, 100 mL samples were processed using the membrane filtration method in order to achieve the minimum disinfection level (DLEU = 10 CFU/100 mL) required by the new Regulation (EU) 2020/741 of the European Parliament and of the Council of 25 May 2020 (Regulation (EU) 2020/741) [24]. For this purpose, cellulose nitrate membrane (Sartorius) filters of 0.45 μm pore size were used. These filters were plated in Chromocult medium and incubated at 37 °C for 24 h.






3. Results and Discussion


3.1. Simultaneous E. coli Inactivation and IMD Removal by UVC-LED/H2O2 and UVC-LED/S2O82− Processes


3.1.1. Effect of H2O2 Concentration


Under UVC irradiation H2O2 decomposes to produce two hydroxyl radicals (Reaction (R1)). In addition, the presence of this oxidant promotes the generation of hydroperoxide radicals (HO2•) and superoxide radical anions (O2•−) through Reactions (R2–R5) [25], which also contribute to the oxidation of microcontaminants and the inactivation of microorganisms.


   H 2   O 2  +  h υ    → 2   HO  •   



(R1)






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



(R2)






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



(R3)






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



(R4)






   H 2   O 2  +   HO  •  →  O 2  • −   +  H +  +  H 2  O  



(R5)







Figure 3 shows the profiles of E. coli inactivation and IMD removal by UVC-LED alone and by UVC-LED/H2O2 processes. As can be observed, in the absence of oxidant, a fast bacterial inactivation (5-logs reduced) was achieved in the first 20 min of treatment. Then, the inactivation rate slowed down, and the DL was not reached in 60 min of reaction (Figure 3A). The presence of H2O2 at 0.147 mM of initial concentration did not improve bacterial inactivation. However, increasing the initial concentration of oxidant to 1.47 and 2.94 mM, the pseudo-first-order constants were 1.6 and 1.7 times higher, respectively, with regard to the UVC-LED treatment (Table 1), and the inactivation below the DL was achieved in 20 min (UVC dose of 2.4 kJ/m2 or 0.05 kJ/L) and 10 min (UVC dose of 1.2 kJ/m2 or 0.03 kJ/L), respectively.



Bacterial regrowth was also assessed for the experiments in which the DL was reached. In addition, considering the new Regulation (EU) 2020/741 of the European Parliament and of the Council of 25 May 2020 on the minimum requirements for water reuse [24], a new detection limit (DLEU) was set at 10 CFU/100 mL. With both 1.47 mM and 2.94 mM of H2O2, there was no regrowth above the DLEU after 24 h, and the residual concentrations of H2O2 were 1.33 mM and 2.52 mM, respectively. These results are in concordance with previous studies that point out that the presence of a residual concentration of H2O2 in reclaimed water prevents microbial regrowth during the water distribution process [26]. Moreover, toxicity studies have demonstrated that residual concentrations less than 1.47 mM do not cause any risk for water reuse in agricultural irrigation [27]. Considering this, applying the UVC-LED/H2O2 process at an oxidant concentration of 1.47 mM would be recommended for bacterial inactivation, as it enhances the inactivation rate, avoiding both regrowth and an excess of H2O2 above the limit value.



Concerning microcontaminant removal, Figure 3B shows a slight positive effect of H2O2 at 2.94 mM of initial concentration, achieving 78% IMD degradation after 60 min of reaction, with H2O2 consumption of 0.26 mM. At lower H2O2 concentrations, IMD degradation rates were similar to those of the assays in the absence of oxidants (IMD photolysis), as shown in Table 1, achieving 71% and 73% pesticide removal, and H2O2 consumption was 0.081 mM and 0.22 mM for initial concentrations of 0.147 mM and 1.47 mM, respectively. These results show that although the use of H2O2 in combination with UVC-LED (278 nm) enhances bacterial inactivation, it does not substantially affect microcontaminant removal. The low contribution of H2O2 to IMD removal could be explained by the low photoactivation of H2O2 at 278 nm when compared with 254 nm (a radiation wavelength commonly applied in UVC processes), leading to a lower efficiency of hydroxyl radical generation. In this work, the molar decadic absorption coefficient of H2O2 obtained from spectral measurements is 0.60 mM−1 m−1 at 278 nm, whereas at 254 nm the value is 2.13 mM−1 m−1. Consequently, the effect on bacterial inactivation would be mainly due to the combination of the bactericidal effect of UVC-LED radiation and the oxidizing power of H2O2 at high concentrations, and not to the generation of hydroxyl radicals by H2O2 photoactivation.




3.1.2. Effect of S2O82− Concentration


S2O82− is also a strong oxidant (E0 = 2.01 V at neutral pH), which decomposes under UVC radiation, generating two sulfate radicals (SO4•−) and promoting highly oxidizing radical reactions (Reactions (R6–R8)) [25]:


   S 2   0 8  2 −   +  h υ    → 2   SO  4  • −    



(R6)






    SO  4  • −   +   RH  2  →   SO  4  2 −   +  H +  +   RH  •   



(R7)






    RH  •  +      S   2   0 8  2 −     → R +      SO   4  2 −   +   SO  4  • −    



(R8)







Figure 4 shows the profiles of E. coli inactivation and IMD removal by the UVC-LED and UVC-LED/S2O82− processes. The presence of oxidants in the reaction bulk accelerated the rate of E. coli inactivation, with the pseudo-first-order rate constants for the three concentrations tested being between 1.4 and 1.8 times higher with regard to the absence of oxidants, as shown in Table 1. The inactivation times ranged between 15 min (UVC dose of 1.8 kJ/m2 or 0.04 kJ/L) and 20 min (UVC dose of 2.4 kJ/m2 or 0.05 kJ/L).



Concerning bacterial regrowth, although with 0.147 mM of S2O82− the DL of 1 CFU/mL was reached, regrowth occurred after 24 h of the treatment, probably due to the low residual oxidant concentration (below the LOQ). This is in concordance with the results obtained by Sánchez-Montes et al. (2020) [28], who reported that S2O28− concentrations up to 0.23 mM do not prevent bacterial regrowth, because it has no bactericidal effect by itself. However, with 1.47 mM and 2.94 mM, there was no regrowth below the DLEU of 10 CFU/100 mL, the residual concentrations being 0.92 mM and 1.50 mM, respectively. This could be due to the amount of sulfate radicals generated by photoactivation of S2O28− at concentrations above 1.47 mM being enough to prevent further regrowth.



As for the microcontaminant, on the one hand the profiles of IMD removal by UVC-LED and UVC/S2O82− (0.147 mM) overlapped, as shown in Figure 4B, noting that there was no effect of persulfate on IMD removal at the lowest concentration tested. On the other hand, when increasing the oxidant concentration to 1.47 mM and 2.94 mM, the removal rates were 2.2 and 2.9 times faster, respectively, as shown in Table 1. After 60 min of the reaction with 0.147 mM of S2O82−, the removal percentage was 67%, corresponding to the percentage of pesticide removal by UVC-LED photolysis. However, with 1.47 mM and 2.94 mM of S2O82−, the values were 93% (UVC dose of 4.8 kJ/m2 or 0.11 kJ/L for 80% IMD removal) and 97% (UVC dose of 3.0 kJ/m2 or 0.07 kJ/L for 80% IMD removal), respectively. As for S2O82− consumption, after 60 min of the reaction the values were 0.05 mM, 0.58 mM, and 1.5 mM for initial concentrations of 0.147 mM, 1.47 mM, and 2.94 mM, respectively. These results show that the generation of sulfate radicals by S2O82−photodecomposition (Reactions (R6–R8)) under 278-nm UVC-LED radiation has a significant effect on microcontaminant removal. In this regard, several authors have pointed out that these radicals react selectively via electron transfer with organic compounds against other radicals with a higher oxidative potential (such as hydroxyl radicals), which are non-selective [29]. This is an advantage of applying the UVD-LED/S2O82− process to real municipal WWTP secondary effluent, where the scavenger effect of water matrices can significantly affect the efficiency of AOPs.



Considering these results, using an initial S2O82− concentration of 1.47 mM is recommended, thus preventing bacterial regrowth, and achieving more than 90% microcontaminant removal. In addition, it is important to note that working with high concentrations of this oxidant is not recommended, as it increases the salinity of the effluent. Comparing the results obtained with H2O2 and S2O82−, it can be concluded that similar inactivation rates are achieved with both oxidants, whereas UVC-LED/S2O82− is more efficient in terms of IMD removal. Nevertheless, the effect of both processes on the removal of other target microcontaminants, as well as treatment costs, should be considered before scaling up the process.





3.2. Simultaneous E. coli Inactivation and IMD Removal by UVC-LED Mediated by the Fe3+–NTA Complex with H2O2 and S2O82−


It is commonly known that organic Fe3+ polycarboxylate complexes, compared to Fe3+ aqua complexes, have a higher molar absorption in the UV–Vis region and an extended working pH range, allowing them to work at pH values near to neutrality [30]. Mejri et al. [19] reported in 2020 that the decadic molar absorptivity of the Fe3+–NTA complex at 327–384 nm was 19.95 mM−1·m−1. The Fe3+–NTA has a maximum absorption between 258 and 273 nm (data not shown); hence, before starting this experimental work plan, the decadic molar absorptivity of the Fe3+–NTA complex was measured in the range 260–300 nm, since this is the wavelength range emitted by the UVC-LED device used in this work, which presents its maximum at 278 nm. The decadic molar absorptivity was 493.05 mM−1·m−1, indicating high absorptivity at low wavelengths. The complex absorbs 96% more radiation at UVC than at the solar UV range; thus, a positive response can be expected when using the Fe3+–NTA complex under UVC-LED radiation.



To test the treatment efficiency under UVC-LED radiation using iron complexes, the initial operating conditions were based on previous work conducted under solar natural radiation [19], as well as previous results shown in the sections above. These operating conditions were: 0.10 mM of Fe3+–NTA complex at 1:1 molar ratio, and 1.47 mM of each of the oxidants under study (H2O2 and S2O82−).



Figure 5 shows the normalized concentration of total dissolved iron (Fetotal) and Fe3+–NTA for each treatment. Note that a similar trend was observed for the decrease in the pseudo-first-order kinetics of Fetotal due to iron precipitation, and for Fe3+–NTA photodecomposition within the first 20 min of reaction, 0.015 ± 0.001 min−1 (R2 = 0.972) and 0.016 ± 0.001 min−1 (R2 = 0.988), respectively, for UVC-LED/Fe3+–NTA/H2O2, whilst for UVC-LED/Fe3+–NTA/S2O82− the kinetic constants were 0.009 ± 0.001 min−1 (R2 = 0.971) and 0.011 ± 0.001 min−1 (R2 = 0.989), for Fetotal and Fe3+–NTA, respectively. Comparing these treatments, the Fetotal precipitation and Fe3+–NTA photodecomposition were more pronounced when using H2O2 instead of S2O82−, due to the higher oxidative potential of hydroxyl radicals than sulfate radicals against the complex, contributing to its decomposition in addition to the action of radiation. Then, a difference between Fetotal and the Fe3+–NTA concentration was observed for experiments conducted with S2O82−, showing slightly more Fetotal than Fe3+–NTA complex in solution. This fact may be due to the high sulfate concentration generated by S2O82− decomposition (Reactions (R5) and (R6)), which can affect the iron measured in complex matrices, since no improvement is observed in terms of IMD removal after 20 min.



On the other hand, De Luca et al. [31] found in 2015 that the Fe3+–NTA photodecomposition under UVC (254 nm) was higher than that obtained with other UV sources, such as UVA (365 nm) and simulated solar radiation. More than 90% of Fe3+–NTA was lost within the first 30 min under UVC (254 nm). In this study, more than 70% of Fe3+–NTA was lost within 60 min for the UVC-LED/Fe3+–NTA/H2O2 system, while this value decreased to 40% for the UVC-LED/Fe3+–NTA/S2O82− system. In this way, Fe3+–NTA was more stable in comparison with the data reported by De Luca et al. in 2015 [31], probably because the UVC-LEDs used in this work had lower power.



Figure 6A,B show the simultaneous E. coli inactivation and IMD removal by Fe3+–NTA with H2O2 and S2O82− under UVC-LED radiation (UVC-LED/Fe3+–NTA/H2O2 and UVC-LED/Fe3+–NTA/S2O82−, respectively). As already shown in previous sections, the UVC-LED radiation was not able to achieve complete E. coli inactivation without regrowth at 24 h, nor was it able to remove more than 70% of IMD after 60 min of treatment. Regarding E. coli K-12 inactivation, in both cases a reduction of 6 logs was achieved in 30 min, requiring a 3.6 kJ/m2 (0.08 kJ/L) UVC dose. Similar pseudo-first-order kinetic constants were obtained—0.43 ± 0.007 min−1 and 0.45 ± 0.006 min−1 for UVC-LED/Fe3+–NTA/H2O2 and UVC-LED/Fe3+–NTA/S2O82−, respectively. The kinetic constants decreased compared with the assays in the absence of Fe3+–NTA (Section 3.1). This decrease was possibly due to the additional organic matter in solution provided by the complexing agent, and by iron complex loss as a result of photochemical and oxidation reactions. In addition, iron released by complex decomposition generated iron clusters in the reaction bulk, increasing the turbidity in the aqueous media. Fiorentino et al. [32] evaluated a new photo-Fenton process at neutral pH under UVC radiation (UVC/H2O2/IDS Cu) using an iminodisuccinic acid (IDS)–Cu complex, comparing with UVC/H2O2/Cu, UVC/H2O2/Fe, H2O2, and UVC when applied to urban wastewater disinfection. In this study, the formation of clusters (precipitates) was observed when an iron complex was used instead of a copper complex, these precipitates being the cause of a decrease in the inactivation efficiency.



Concerning IMD removal, as shown in Figure 6B, more than 80% degradation was achieved with both treatments. The UVC-LED/Fe3+–NTA/H2O2 system needed 20 min with a kinetic constant of 0.081 ± 0.001 min−1 (UVC-LED dose of 2.4 kJ/m2 or 0.05 kJ/L, Table 1), while for the UVC-LED/Fe3+–NTA/S2O82− system 55 min were required, presenting a lower kinetic constant equivalent to 0.033 ± 0.001 min−1 (UVC-LED dose of 6.6 kJ/m2 or 0.14 kJ/L, Table 1), to achieve the same IMD degradation percentage. The IMD degradation was strongly improved in the UVC-LED/Fe3+–NTA/H2O2 system compared to the UVC-LED/H2O2 system, indicating that the Fe3+–NTA photodegradation (Reaction (R9)) involved extra HO• generation by Reactions (R12) and (R13), and possibly the participation of other less reactive radicals (Reactions (R9–R11)). The general mechanism of the ferric complex formed with nitrilotriacetic acid (NTA) exposed to UV radiation can be summarized as follows: Fe3+–NTA can generate Fe2+ ions and NTA free radicals by photoreduction through a ligand-to-metal charge transfer reaction (Reaction (R9)). The NTA radicals can react with O2 and HO− to form superoxide radical anions (O2•−) and HO• (Reactions (R11) and (R12)). In addition, when H2O2 is added, the Fe3+–NTA complex can react to generate Fe2+ and more NTA free radicals, as illustrated by Reaction (R10). However, the addition of organic matter by the complex, when S2O82− was used, slowed down the E. coli inactivation and IMD removal for the same molar concentration of oxidant. Interestingly, using S2O82− instead of H2O2 with the UVC-LED/Fe3+–NTA system did not improve the process’ efficiency. Theoretically, the SO4•− radical should be more efficient than HO• when working with complex matrices (simulated WWTP effluent) due to its selectivity, i.e., the use of selective oxidants such as S2O82−, SO4•−, or S2O8•− minimizes the parallel reactions with radical scavengers [33]. Even so, in the UVC-LED/Fe3+–NTA/S2O82− system, complete inactivation of E. coli and more than 80% IMD removal was achieved, requiring slightly more time and a higher UVC dose for IMD removal (Table 1).


    Fe   3 +   − NTA + hv →    [    Fe   3 +   − NTA  ]   *  →    [    Fe   3 +   − NTA  ]   *  →   Fe   2 +   +   NTA  •   



(R9)






    Fe   3 +   − NTA + 2  H 2   O 2  →   Fe   2 +   +   NTA  •  + 2   HO  −  +  O 2  • −    



(R10)






    NTA  •  +  O 2  →  O 2  • −   +   NTA   ox    



(R11)






    NTA  •  +   HO  −  →   HO  •  +   NTA   ox    



(R12)






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



(R13)







The consumptions of both oxidants, considering simultaneous E. coli inactivation and IMD removal, were 1.20 mM of H2O2 after 20 min of treatment and 0.30 mM of S2O82− after 55 min of treatment, leading to a residual concentration of 0.29 mM of H2O2 and 1.13 mM of S2O82−, which could maintain the inactivation of E. coli for 24 h.



Overall, if the treatment goal is simultaneous disinfection and microcontaminant removal, although adding Fe3+–NTA slows down the bacteria inactivation with regard to UVC radiation only, the shorter treatment time to reach this objective at medium oxidant concentration is attained with UVC-LED/Fe3+–NTA/H2O2—0.1 mM/1.47 mM, in 30 min (Table 1), close to the results of the UVC-LED/S2O82− system—2.94 mM with 25 min, but using a high S2O82− concentration. The final decision should be based on the specific characteristics of the wastewater and the treatment cost.




3.3. Comparison of the UVC-LED Treatment with Conventional Chlorination


Currently, chlorination is the most widely used disinfection treatment applied as a tertiary treatment either for drinking water or wastewater reuse in agriculture. For this reason, chlorination was also addressed evaluating simultaneous E. coli inactivation and IMD removal, in order to compare it to the UVC-LED process.



Chlorination was evaluated for up to 30 min of the reaction, as the time set to carry out the conventional treatment is in the range from 20 to 30 min. Figure 7 shows the inactivation of E. coli for three initial concentrations (0.028, 0.14, and 0.28 mM of chlorine). For the two higher concentrations, complete E. coli inactivation was achieved, requiring 5 min for 0.28 mM of chlorine and 10 min for 0.14 mM. For the lowest concentration of chlorine (0.028 Mm–1 mg/L), it was only possible to reduce 3 logs after 30 min. Based on free chlorine detected after 24 h of the reaction, the best chlorine concentration was 0.14 mM (5 mg/L), for which the residual free chloride concentration at 24 h was 0.43 mg/L, whereas a residual free chloride concentration of 2.07 mg/L was detected for 0.28 mM (10 mg/L).



On the other hand, IMD concentration remained at its initial value for all chlorine concentrations, indicating that the chlorination was not able to degrade the organic contaminant. Hence, in terms of E. coli inactivation, chlorination was the most effective treatment (Table 1) compared to the UVC-LED treatments addressed in this work. However, it is important to note that no more than 30 min were required by the UVC-LED processes to achieve complete disinfection. In addition, these processes present important advantages, since they are harmless, i.e., they cause no secondary reactions with natural organic or inorganic matter (NOM or NIM), avoiding disinfection byproduct (DBP) formation, which is the main disadvantage of chlorination.





4. Conclusions


Four AOPs based on UVC-LED radiation with different oxidants have been evaluated for simultaneous disinfection and decontamination, and compared with chlorination. A UVC-LED system alone was not efficient for either E. coli inactivation or IMD removal, requiring the addition of an oxidant. Different initial concentrations were tested for the UVC-LED/H2O2 and UVC-LED/S2O82− systems, with 1.47 mM being the most efficient concentration for both oxidants. Under these conditions, E. coli inactivation below the DL was achieved without regrowth at 24 h, while 73% and more than 90% IMD removal were achieved with H2O2 and S2O82−, respectively. It is important to note that the contribution of H2O2 photoactivation was very low for UVC-LED at 278 nm.



On the other hand, the addition of Fe3+–NTA improved the efficiency of the process in terms of IMD degradation in comparison with UVC-LED/H2O2 and UVC-LED/S2O82−. E. coli inactivation was affected by the increase in organic matter related to the addition of NTA, and possibly by the iron precipitation, which slowed down the kinetics regarding the UVC-LED/H2O2 and UVC-LED/S2O82− processes. Even so, complete inactivation in less than 30 min without regrowth at 24 h was achieved due to the high contribution of UVC irradiance. More studies should be carried out in order to explore the direct benefits of using of UVC-LED devices with iron complexes, since a high reduction of IMD treatment times was observed. Furthermore, the short reaction times for simultaneous bacteria inactivation and organic contaminant removal encourage the study of the process in continuous flow.
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Figure 1. Design of the experimental UVC-LED device. 
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Figure 2. The UVC-LED system’s radiation distribution. 
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Figure 3. Effect of the initial concentration of H2O2 (0.147, 1.47, and 2.94 mM) on simultaneous E. coli inactivation (A) and IMD removal (B) by UVC-LED/H2O2 process. 
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Figure 4. Effect of initial concentrations of S2O82− (0.147, 1.47, and 2.94 mM) on simultaneous E. coli inactivation (A) and IMD removal (B) by the UVC-LED/S2O82− process. 
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Figure 5. Normalized concentration of Fetotal precipitation and Fe3+–NTA photodecomposition by UVC-LEDs. Operating conditions: 0.10 mM of Fe3+–NTA at a 1:1 molar ratio, and 1.47 mM of each of the oxidants (H2O2 and S2O82−). 
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Figure 6. Simultaneous E. coli inactivation (A) and IMD removal (B) by UVC-LED/Fe3+–NTA/H2O2 and UVC-LED/Fe3+–NTA/S2O82− systems. Operating conditions were: 0.10 mM of Fe3+–NTA complex at a 1:1 molar ratio, and 1.47 mM of each of the oxidants under study (H2O2 and S2O82−). 
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Figure 7. E. coli inactivation by chlorination with different initial concentrations of chlorine (0.028, 0.14, and 0.28 mM). 
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Table 1. Pseudo-first-order kinetic constants of E. coli inactivation and IMD removal, dose, accumulate energy, and disinfection/decontamination time for complete E. coli inactivation and more than 80% IMD removal for all treatments discussed in this study.
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	Treatments
	kE. coli ± SD

(min−1)
	kIMD ± SD

(min−1)
	Time

E. coli/IMD

(min)
	UV Dose

E. coli/IMD

(kJ/m2)
	QUVC

E. coli/IMD

(kJ/L)





	UVC-LED
	0.93 ± 0.20

R2 = 0.950
	0.021 ± 0.002

R2 = 0.976
	-- *
	--
	--



	UVC-LED/H2O2—0.147 mM
	0.94 ± 0.25

R2 = 0.948
	0.020 ± 0.001

R2 = 0.999
	>60/>60
	>7.2/--
	>0.16/--



	UVC-LED/H2O2—1.47 mM
	1.5 ± 0.3

R2 = 0.969
	0.022 ± 0.003

R2 = 0.999
	20/>60
	2.4/--
	0.05/--



	UVC-LED/H2O2—2.94 mM
	1.5 ± 0.2

R2 = 0.977
	0.025 ± 0.001

R2 = 0.999
	10/>60
	1.2/--
	0.03/--



	UVC-LED/S2O82−—0.147 mM
	1.3 ± 0.2

R2 = 0.952
	0.019 ± 0.001

R2 = 0.997
	20/>60
	2.4/--
	0.05/--



	UVC-LED/S2O82−—1.47 mM
	1.6 ± 0.3

R2 = 0.950
	0.044 ± 0.001

R2 = 0.907
	20/40
	2.4/4.8
	0.05/0.11



	UVC-LED/S2O82−—2.94 mM
	1.7 ± 0.2

R2 = 0.950
	0.058 ± 0.001

R2 = 0.997
	15/25
	1.8/3.0
	0.04/0.07



	UVC-LED/Fe3+–NTA/ H2O2—0.1 mM/1.47 mM
	0.430 ± 0.007

R2 = 0.928
	0.081 ± 0.001

R2 = 0.998
	30/20
	3.6/2.4
	0.08/0.05



	UVC-LED/Fe3+–NTA/S2O82−

—0.1 mM/1.47 mM
	0.450 ± 0.006

R2 = 0.949
	0.033 ± 0.001

R2 = 0.994
	30/55
	3.6/6.6
	0.08/0.14



	Chlorination—0.028 mM
	0.360 ± 0.002

R2 = 0.960
	—
	>30
	—
	—



	Chlorination—0.14 mM
	1.7 ± 0.1

R2 = 0.969
	—
	10
	—
	—



	Chlorination—0.28 mM
	3.1 ± 0.6

R2 = 0.989
	—
	5
	—
	—







* -- Indicates that 80% of IMD elimination or complete disinfection for 60 min of treatment were not achieved.
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