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 ABSTRACT: The goal of this paper was to develop a modified photoFenton treatment able to degrade micro pollutants in municipal wastewater treatment plant (MWTP) effluents at a neutral pH with minimal iron and H2O2 concentrations. Complexation of Fe by ethylenediamine-N,N′disuccinic acid (EDDS) leads to stabilization and solubilization of Fe at natural pH. Photo-Fenton experiments were performed in a pilot compound parabolic collector (CPC) solar plant. Samples were treated with solid phase extraction (SPE) and analyzed by HPLC-Qtrap-MS. The rapid degradation of contaminants within the first minutes of illumination and the low detrimental impact on degradation of bicarbonates present in the water suggested that radical species other than HO• are responsible for the efficiency of such photo-Fenton process. Disinfection of MWTP effluents by the same process showed promising results, although disinfection was not complete.
 
 1. INTRODUCTION The increasing amount of contaminants (both micropollutants and unregulated emerging contaminants) in wastewater, wastewater treatment plant effluents, surface, ground, and even drinking water poses a diversity of threats for both aquatic organisms and human health. Most of these contaminants (pharmaceuticals, personal care products, fragrances, etc.) are unregulated and released constantly into the environment, as they do not undergo any significant degradation in conventional wastewater treatment plants.1,2 Sewage sludge has a tendency to absorb nonpolar compounds such as synthetic fragrances (Galaxolide, Musk Xylene, Tonalide, etc.), which then have to be removed from the aquatic compartment, only to be released later if the sludge is applied as fertilizer in agriculture.3−6 Polar compounds, like most pharmaceuticals, are unaffected as they pass through the treatment plant, and reach rivers and aquifers where they may affect aquatic organisms, or crops and other plants when water is used for irrigation.7,8 These contaminants must therefore be removed, because, although their individual concentration may seem low, their sheer numbers can pose serious problems in the environment.9−11 There are a number of possibilities for removing these substances, among which are the advanced oxidation © 2012 American Chemical Society
 
 processes (AOPs), defined as processes which produce hydroxyl radicals (HO•), one of the most oxidizing species known (2.8 V versus normal H electrode), second only to fluoride, and able to oxidize almost any organic molecule, yielding only inorganic ions and CO2,12,13 and therefore of particular interest. One of the most potent AOPs is photoFenton, which produces radicals by homogeneous photocatalysis with Fe(II/III), UV−vis light, and H2O2. One of its main drawbacks, though, is the need to work at a pH lower than 3 (typically pH 2.8, as the most powerful UV−vis lightabsorbing Fe-aqua complexes are formed at this pH) because Fe(III) hydroxides tend to precipitate at higher pH.14 Therefore, the goal of this paper is to develop a modified photo-Fenton treatment able to degrade micro and emerging pollutants in municipal wastewater treatment plant (MWTP) effluents at a neutral pH with minimal iron and H2O2 concentrations. As Fe is precipitated at neutral pH, complexing agents have to be found which keep the iron in solution, can Received: Revised: Accepted: Published: 2885
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 form photoactive species (Fe3+L, eq 1), do not contaminate the environment, and do not increase toxicity or reduce biodegradability of the water. As MWTP effluents normally do not contain compounds with these characteristics, such substances have to be added to the water prior to treatment [Fe3 +L] + hν → [Fe3 +L]* → Fe2 + + L·
 
 These 15 compounds were selected as model compounds out of more than 100 contaminants regularly found in MWTP effluents. Photo-Fenton experiments were performed using Fe2(SO4)3·xH2O 75%, reagent grade H2O2 (30% w/v), and sulfuric acid (98%) for carbonate stripping, all provided by Panreac, and EDDS (35% w/v) ((S,S)-ethylenediamine-N,N′disuccinic acid trisodium salt solution in water) was provided by Sigma-Aldrich. Filters used were Millipore Millex syringedriven 0.2 μm (pore size) nylon membrane filters. 2.2. MWTP Effluents. All experiments were conducted in MWTP effluents. The treated wastewater was taken downstream of the MWTP secondary biological treatment in El Ejido (Almeria Province, Spain) and used as received within the next 3 days. When necessary and prior to the experiments in the pilot plant, the water was stripped of its HCO3−/CO32− with sulfuric acid. For stripping, enough H2SO4 (0.4−0.5 g acid per liter effluent) was added to reduce HCO3−/CO32− in the effluent to less than 5 mg L−1 as IC (inorganic carbon), but without significantly lowering the pH. Initial COD (chemical oxygen demand) was 20−49 mg L−1, TC (total carbon) was 87−132 mg L−1, IC was 69−116 mg L−1, and pH was 7.6−8.3. 2.3. Solar Photo-Fenton Pilot Plant. Photo-Fenton experiments were performed at the Plataforma Solar de Almeria in a pilot compound parabolic collector (CPC) solar plant designed for solar photocatalytic applications. This batch reactor consists of 20 borosilicate tubes (50 mm O.D.) mounted on a fixed platform tilted 37° (local latitude) and has a total volume of 80 L, an illuminated volume of 44.6 L, and an illuminated surface of 4.16 m2. The water pumped through the system has a turbulent flow. Pipes and valves between the reactor and the tank are black HDPE, which is highly resistant to chemicals and opaque to irradiation. With eq 2 the data from several days experiments may be combined and compared with other experiments; tn is the experimental time for each sample, UV is the average solar ultraviolet radiation (λ < 400 nm) measured between tn‑1 and tn, Vi is the illuminated volume, VT is the total volume, and t30W is a normalized illumination time. In this case, time refers to a constant solar UV power of 30 W m−2, which is the typical solar UV power on a perfectly sunny day around noon.
 
 (1)
 
 Aminopolycarboxylic acids (APCAs) are such substances, and can form stable water-soluble complexes in a wide pH range, with metal ions and more particularly with iron ions. They are therefore used in a wide variety of domestic products, industrial applications, and soil remediation.15 The most commonly used APCA is synthetically produced ethylenediaminetetraacetic acid (EDTA). However, EDTA is rather recalcitrant toward biological and chemical degradation in the environment and there is increasing pressure to replace it with another powerful complexing agent.16 Ethylenediamine-N,N′disuccinic acid (EDDS; Scheme 1) is an EDTA structural Scheme 1. Ethylenediamine-N,N′-disuccinic acid (EDDS)
 
 isomer, which exists as three stereo isomers, [S,S]-EDDS, [R,R]-EDDS, and [R,S/S,R]-EDDS. [S,S]-EDDS is readily biodegradable, and has been proposed as a safe and environmentally benign replacement for EDTA for environmental remediation products, as it is also a strong complexing agent.17,18 Previous experiments19 showed that it is possible to degrade micro pollutants and emerging contaminants with photo-Fenton at pH 3, low Fe(II) concentrations (5 mg L−1), and low initial H2O2 concentrations, but the need to neutralize the water afterward increases salinity and cost of the treated water. Experiments have been done with other agents such as oxalic acid and humic acid, but it is necessary to pretreat the water to remove carbonates (HO• scavengers), otherwise the process does not work. Oxalic acid as a complexing compound also leads to a low pH, the same problem as with normal photoFenton, and increases the organic load of the water.20 Humic acid showed promising results, but has other disadvantages, like poor disinfection of the water.20 Very recently, Li et al. showed the potential role of Fe(III)-EDDS as a photoactive species in natural water. They demonstrated that, contrary to other iron complexes, the quantum yield of HO• radical formation is higher at a pH between 3.0 and 9.0. This result is particularly interesting in terms of the natural environment.21 The research presented here was carried out with two main objectives: to find out whether EDDS was suitable for running photo-Fenton at neutral pH and to evaluate the degradation rate with and without HCO3−/CO32− (stripped effluent).
 
 t30W, n = t30W, n − 1 + Δtn = 0 (n = 1)
 
 UV Vi ; Δtn = tn − tn − 1; t0 30 VT (2)
 
 2.4. Experimental Setup. Except for unspiked effluent, the water was spiked with each contaminant, and homogenized in the photoreactor. After 15 min, H2O2 was added to the reactor, and then 15 min later, an acidic Fe2(SO4)3 EDDS (Fe/EDDS = 1:1 or 1:2 in Mol) solution was also added. The Fe/EDDS solution was prepared before each experiment by dissolving Fe2(SO4)3 in water at pH 3, adding EDDS, and homogenizing. After another 15 min of homogenization, the reactor was uncovered and the reaction started. Samples were taken every 15 min for the first hour (samples were not taken at Δt < 15 min for results to be consistent with the total volume and recirculation flow in the pilot plant,22 every 30 min for the second two hours and every 60 min every following hour. H2O2 was added during the treatment as necessary to maintain 50 mg L−1 until desired contaminant degradation. The determination of H2O2 during the experiments was achieved by spectrophotometry using titanium(IV)oxysulfate in accordance with the DIN 38402H15 method.
 
 2. MATERIALS AND METHODS 2.1. Reagents. All reagents for chromatographic analyses, acetonitrile (ACN), methanol (MeOH), and ultrapure water (Milli-Q) were HPLC grade. Analytical standards for analyses were purchased from Sigma-Aldrich. The 15 compounds selected were acetaminophen, antipyrine, atrazine, caffeine, carbamazepine, diclofenac, flumequine, hydroxybiphenyl, ibuprofen, isoproturon, ketorolac, ofloxacin, progesterone, sulfamethoxazole, and triclosan. 2886
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 formic acid (mobile phase B) at a flow rate of 0.2 mL min−1. A linear gradient progressed from 10% A to 100% A in 40 min, after which the mobile phase was maintained at 100% A for 10 min. Separation of compounds analyzed in negative mode was achieved using a 0.3 mL min−1 flow rate, a gradient from 30% A to 100% A in 7 min, after the composition was maintained at 100% A for 8 min. The injection volume in both positive and negative modes was 20 μL.23
 
 The first step was the treatment of stripped effluents spiked with 100 μg L−1 each of the 15 selected compounds, with different starting concentrations of EDDS to evaluate its suitability for running photo-Fenton at neutral pH. This starting concentration of the model compounds was high compared to real concentrations of these contaminants, but still low enough to simulate real conditions, while facilitating analysis in a conventional UPLC-UV/DAD system, and cheap, fast evaluation of results. The second step was the treatment of effluents spiked with the selected 15 compounds at a realistic 5 μg L−1 each to evaluate the degradation rate with and without HCO3−/ CO32−(stripped effluent). Conventional UPLC-UV/DAD was also used in this case, but after solid phase extraction (SPE) to concentrate the 15 compounds. The last step was evaluation of the degradation of the unspiked effluent with LC-MS after SPE. 2.5. Analytical Setup. Immediately after sampling, dissolved organic carbon and inorganic carbon were measured with a Shimadzu 5050A TOC analyzer, total iron concentration was measured using the 1,10-phentranoline method following ISO 6332, and hydrogen peroxide was measured using titanium(IV) oxysulfate following DIN 38402H15. The concentration profile of each compound was determined by UPLC-UV/DAD (Series 1200, Agilent Technologies, Palo Alto, CA). High-concentration samples (100 μg L−1 initial concentration) were treated by filtering 25 mL of the sample through a 0.2-μm syringe-driven filter. The filter was washed with 3 mL of ACN, and an aliquot of a mixture of the two solutions was injected into the UPLC-UV system. Low-concentration samples (5 μg L−1) were treated with solid phase extraction (SPE) and concentrated 50 fold. The samples were extracted using 6-cm3 Oasis HLB cartridges (Waters) and an extraction vacuum chamber (Supelco Visiprep). The cartridges were conditioned with 5 mL of MeOH and 5 mL of H2O at pH 8. One hundred mL of sample was adjusted to pH 8 and extracted at a rate of 10 mL min−1. The cartridges were washed with 4 mL of H2O (pH 8), dried with N2 for 10 min, eluted with 2 × 4 mL of MeOH, evaporated to dryness with N2, and recovered in 2 mL of ACN/ H2O (1:9), then filtered through a 0.2-μm syringe-driven filter and injected into the UPLC-UV. Analytes were separated using a reversed-phase C-18 analytical column (Agilent XDB-C18 1.8 mm, 4.6 × 50 mm) with ACN (mobile phase A) and ultrapure water (25 mM formic acid, mobile phase B) at a flow rate of 1 mL min−1 and an injection volume of 100 μL. A linear gradient progressed from 10% A to 82% A in 12 min. Reequilibration time was 3 min. The UV-signal for each compound was recorded at the wavelength of maximum absorption, with LOD and LOQ from 1.5 to 10 μg L−1, depending on the contaminant. The concentrations were calculated using a 5-point calibration curve (5, 10, 25, 50, and 100 μg L−1). Samples from experiments with unspiked MWTP effluents were subjected to SPE to concentrate the samples 200 times using the method described above and analyzed by HPLCQtrap-MS. The analytical method was developed for the 3200 QTRAP MS/MS system (Applied Biosystems, Concord, ON, CAN) for the analysis of target compounds and emerging contaminants in water. Separation of the analytes was performed using an HPLC (Series 1100, Agilent Technologies, Palo Alto, CA) equipped with a 250-mm, 3-mm i.d. reversedphase C-18 analytical column (Zorbax SB, Agilent Technol.). For positive mode analysis, the compounds were separated using ACN (mobile phase A) and HPLC-grade water with 0.1%
 
 3. RESULTS 3.1. Experiments with 100 μg L−1 of Each Contaminant. Previous experiments with oxalic and humic acid as complexing agents showed20 that HCO3−/CO32− had to be removed, because they are potent radical scavengers. Experiments conducted with 100 μg L−1 of each contaminant, an H2O2 starting concentration of 50 mg L−1 (maintained during the experiment by adding H2O2 as needed), and a low iron concentration of 5 mg L−1 (0.09 mM) with EDDS at 0.1 mM showed promising results (see Figure S1). Throughout the experiment, the iron concentration decreased insignificantly to 4.3 mg L−1, TOC rose due to the use of EDDS (from the initial 21.6 to 38.4 mg L−1, and then mineralized during the treatment down to 33.4 mg L−1), the pH did not change significantly (6.7 to 6.3), although during the treatment it decreased to 5.8 and increased again to 6.3. The amount of H2O2 consumed at the end of the experiment at t30W = 192 min was 119 mg L−1, and 95% of the contaminants were degraded. The contaminants present at the end of the experiment were antipyrine (13% of the initial), atrazine (34%), hydroxybiphenyl (11%), and sulfamethoxazole (10%). There was an 11% decrease in the concentration (sum of all contaminants) during the dark stage (t = −30 to t = 0). About half of it (i.e., 5.5%) during the first 15 min, in which only H2O2 was present as the oxidizing species, and the other half after adding Fe:EDDS. The degradation of organic compounds observed before irradiation and after the addition of the Fe(III)−EDDS complex was due to a Fenton-like process,24 which in the case of Fe(III)−EDDS was particularly efficient. Degradation of the sum of contaminants was already 77% after illumination of t30W = 5 min, but afterward slowed down, and did not reach 95% until t30W = 192 min. The slow degradation of the contaminants after the first stage, and the absence of any decrease in DOC, led us to the conclusion that a 1:1 ratio of EDDS and Fe might be insufficient, as EDDS is an organic compound and is degraded during the process. So the next step was to raise the EDDS concentration to ensure that enough complexing agent was present to maintain the iron in solution, but not too high, as it could also react with radicals and act as a scavenger, and therefore, be counterproductive. The EDDS concentration was raised to 0.2 mM with the result shown in Figure S2. The overall degradation of the contaminants, the consumption of H2O2, the rise and subsequent drop in DOC, and the sharp drop in contaminants within the first minutes of the experiment were very similar to the experiment with 0.1 mM EDDS. pH changed slightly from 6.5 to 6.3 to a final pH of 7.1. DOC rose from the original 20 mg L−1 to 55 mg L−1 after EDDS was added to the reactor and fell to a final 43 mg L−1. H2O2 consumption at the end of the experiment with t30W = 168 min was 92 mg L−1, and the iron concentration once again did not change significantly. The sum of all contaminants fell 15% in the first 30 min in the reactor. The slight difference (from 11% to 15%) with 0.1 mM EDDS was probably due to a more efficient Fenton-like process at the higher EDDS concentration. 2887
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 Figure 1. Degradation profile for the sum of contaminants (5 μg L−1 each) treated with modified photo-Fenton process and 0.2 mM of EDDS at neutral pH in stripped effluent.
 
 Figure 2. Degradation profile for the sum of contaminants (5 μg L−1 each) treated under solar irradiation (modified photo-Fenton process) with 5 mg L−1 of iron, 50 mg L−1 of H2O2, and 0.2 mM EDDS at neutral pH in effluent as received (IC = 100 mg L−1).
 
 concentration (91%) in the first minutes of illumination (t30W ≤ 9 min), was followed by a decrease from 9% to less than 1% at t30W = 80 min. The residual 200 ng L−1, (b) contaminants at C0 < 200 ng L−1: 1, 4-formyl-amino-antipyrine (4-FAA); 2, 4-acetyl-amino-antipyrine (4-AAA); 3, hydrochlorothiazine; 4, paraxanthine; 5, antipyrine; 6, caffeine; 7, ranitidine; 8, gemfibrozil; 9, codeine; 10, diclofenac; 11, sulfamethoxazole; 12, atenolol; 13, furosemide; 14, ofloxacin; 15, trimethoprim; 16, ketoprofen; 17, velafaxime; 18, chlorfenvinphos; 19, naproxen; 20, azithromycin; 21, pravastatin; 22, citalopram; 23, carbamazepine; 24, ciprofloxacin; 25, clarithromycin; 26 diuron; 27, 4-methylaminoantipyrine (4-MAA); 28, erythromycin; 29, lincomycin; 30, atrazine; 31, metronidazole; 32, sulfapyridine; 33, fenobibric acid; 34, indomethacine; 35, cotinine; 36, benzafibrate; 37, isoproturon; 38, nicotine; 39, propanolol; 40, mefenamic acid; 41, clofibric acid; 42, mepivacaine; 43, diazepan.
 
 Figure 4. Degradation of 46 contaminants present in unstripped MWTP effluent treated with 0.2 mM EDDS at neutral pH. (a) Contaminants at C0 > 200 ng L−1, (b) contaminants at C0 < 200 ng L−1 1, 4-FAA; 2, gemfibrozil; 3, 4-amino-antipyrine (4-AA); 4, ranitidine; 5, 4-AAA; 6, hydrochlorothiazide; 7, 4-MAA; 8, sulfamethoxazole; 9, furosemide; 10, paraxanthine; 11, diclofenac; 12, ofloxacine; 13, naproxen; 14, codeine; 15, atenolol; 16, ibuprofen; 17, trimethoprim; 18, caffeine; 19, ketoprofen; 20, velafaxime; 21, ciprofloxacin; 22, antipyrine; 23, citalopram; 24, erythromycin; 25 azithromycin; 26, carbamazepine; 27, clarithromycin; 28, lincomycin; 29, sulfapyridine; 30, diuron; 31, metronidazole; 32, fenofibric acid; 33 indomethacine; 34, pravastatin; 35, cotinine; 36, norfloxacin; 37, chlorfenvinphos; 38, nicotine; 39, salicylic acid; 40, propanolol; 41, benzafibrate; 42, diazepan; 43, clofibric acid; 44, mefenamic acid; 45, atrazine; 46, mepivacaine.
 
 mg L−1, and the peroxide consumed was 62 mg L−1. Most of the degradation occurred during the first 8 min of illumination, when 75% of the sum of all contaminants were degraded (Σ contaminants decreased from an initial 43643 to 11190 ng L−1), at a pH of 6.3, DOC of 45 mg L−1, and peroxide consumption of 20 mg L−1. Degradation in the experiment with unmodified MWTP effluents was slightly worse than in the stripped MWTP effluents, confirming the results with spiked effluents. Of the 46
 
 contaminants, 29 were still present at the end of the experiment at t30W = 53 min. Table S2 shows the residual concentrations of the contaminants. Again some of these can be explained as the effects of the matrix (cotinine and salicylic acid). Residual percentages of seven contaminants were below 10%, ten were from 30% to 10%, four were from 30% to 50%, and eight over 50%. This degradation behavior can be seen in Figure 4a and b. DOC in this experiment went from an initial 14 to 48 mg L−1 2890
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 and then down to a final 38 mg L−1, the pH did not change significantly (7.6 to 7.4), Fe concentration fell from 6.2 to 3.8 mg L−1, and the peroxide consumption was 50 mg L−1. In the first minutes of illumination (t30W = 8 min), degradation was 88% (Σ contaminants decreased from an initial 34520 to 4260 ng L−1), with a pH of 7.3, DOC of 42 mg L−1, and peroxide consumption of 29 mg L−1. Toxicity by V. f isheri was evaluated during the treatment and did not change during the treatment, exhibiting always less than 20% inhibition. Similar tests with MWTP effluents spiked with 5 μg L−1 of each contaminant showed the same results. These results show that microcontaminants in MWTP effluents can be degraded using EDDS-modified solar photoFenton at low iron loads and neutral pH. The rapid degradation of contaminants within the first minutes of illumination and the low detrimental impact on degradation of bicarbonates present in the water suggested that O2•− is responsible for the good efficiency at natural-neutral pH permitting the use of solar photo-Fenton without increasing water salinity due to prior acidification and subsequent neutralization after the treatment. The main drawback of the process is that EDDS is also degraded during the process, consuming •OH radicals and increasing process costs. 3.4. Disinfection of MWTP Effluents. The MWTP effluent disinfection results with EDDS showed at least some decrease in total bacterial and coliform activity (see Figure 5), but total coliform count reached the LOD in only one experiment (0.2 mM EDDS in MWTP effluent as received).
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 Figure 5. CFU count (total bacteria and total coliforms) of several experiments conducted in MWTP effluents with modified photoFenton with 0.1 and 0.2 mM EDDS in both stripped and unmodified MWTP effluents at neutral pH and 50 mg L−1 of H2O2.
 
 The reason for this may again lie in the mild process conditions. Although capable of degrading most of the contaminants present in stripped effluents and 0.2 mM EDDS, this process only inactivated bacteria present by 2-log (total bacteria count) and 3-log (total coliforms). The unstripped effluent underwent less than 2-log inactivation of the total bacteria count and 3-log for total coliforms. But, as the initial concentration of total coliforms in this effluent was
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