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Abstract

:

Chlorinated organic compounds (COCs) are among the more toxic organic compounds frequently found in soil and groundwater. Among these, toxic and low-degradable chlorobenzenes are commonly found in the environment. In this work, an innovative process using hydrogen peroxide as the oxidant, ferrioxalate as the catalyst and a visible light-emitting diode lamp (Vis LED) were applied to successfully oxidize 124-trichlorobenzene (124-TCB) in a saturated aqueous solution of 124-TCB (28 mg L−1) at a neutral pH. The influence of a hydrogen peroxide (HP) concentration (61.5–612 mg L−1), Fe3+ (Fe) dosage (3–10 mg L−1), and irradiation level (Rad) (I = 0.12 W cm−2 and I = 0.18 W cm−2) on 124-TCB conversion and dechlorination was studied. A D–Optimal experimental design combined with response surface methodology (RSM) was implemented to maximize the quality of the information obtained. The ANOVA test was used to assess the significance of the model and its coefficients. The maximum pollutant conversion at 180 min (   98.50 %   ) was obtained with Fe = 7 mg L−1, HP = 305 mg L−1, and I = 0.12 W cm−2. The effect of two inorganic anions usually presents in real groundwater (bicarbonate and chloride, 600 mg L−1 each) was investigated under those optimized operating conditions. A slight reduction in the 124-TCB conversion after 180 min of reaction was noticed in the presence of bicarbonate (8.31%) and chloride (7.85%). Toxicity was studied with Microtox® (Azur Environmental, Carlsbad, CA, USA) bioassay, and a remarkable toxicity decrease was found in the treated samples, with the inhibition proportional to the remaining 124-TCB concentration. That means that nontoxic byproducts are produced in agreement with the high dechlorination degrees noticed.
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1. Introduction


The occurrence of chlorinated organic compounds (COCs) in wastewater, surface water, and groundwater environments has become an emerging public and scientific concern due to their potential adverse impacts on biota and human health. Because of their high persistence in the environment and their toxic, carcinogenic, and hydrophobic characteristics, several COCs (chloroethanes, chlorophenols, chlorobenzenes, etc.) are listed as priority substances by the EU Water Framework Directive [1]. Trichlorobenzenes (TCBs) are synthetic chemicals extensively used in synthesizing pesticides, repellents, dyes, solvents, etc. [2,3,4]. Furthermore, TCBs are byproducts of highly chlorinated pesticide degradation, such as hexachlorocyclohexanes [5,6,7]. Consequently, they have become ubiquitous pollutants [8,9], being detected (concentration from ng L−1 to mg L−1) in water, soil, and sediments [10].



Due to their high chemical stability and low biodegradability, TCBs are refractory to degradation using conventional physicochemical or biological processes, and the development of more effective treatments is required. Adsorption was an effective method to remove TCBs [11,12,13] but only transferred the pollution to other media that became waste. In this context, Advanced Oxidation Processes (AOPs) based on the generation of highly reactive species, such as hydroxyl or sulfate radicals (OH• or SO4−•), are efficient remediation methods [14,15,16]. The oxidation of TCBs with sodium persulfate [17], Fenton’s reagent [18], ozone [19], photocatalysis [20,21], electrochemical processes [22], and catalytic wet oxidation (CWO) [23,24] have been studied. More recently, UV light has been proven to enhance TCB oxidation by persulfate [25] or hydrogen peroxide [15].



Among the AOPs, processes using Fenton reagent (hydrogen peroxide and iron salts) have multiple advantages, such as high efficiency, lack of high equipment requirements, and reagent availability. Their main limitation lies in the narrow acidic pH range (2.8–3.5) needed for the optimal application of the process [26,27]. Furthermore, additional post-treatments (i.e., neutralization, separation, and management of the iron hydroxide sludge generated) are often required [28]. CWO and electrochemical processes have the drawback of high energy requirements. UV radiation with photocatalyst or with oxidants promotes radical species generation. UV can split the oxidant (H2O2 and S2O82−) to generate hydroxyl (OH•) or sulfate (SO4−•) radicals. Moreover, UV improves the photo-assisted reduction of Fe3+ to Fe2+ [27,29]. Fe2+ is the catalyst or activator using hydrogen peroxide or persulfate, respectively. Disinfection with UV is often quite cost-/energy-efficient compared to other disinfection methods, as only low UV doses are usually required. However, using UV as Advanced Oxidation Processes in the abatement of recalcitrant organic pollutants often has a high energy consumption as the main drawback.



The combination of the Fenton process with UV-Vis (photo-Fenton reaction) also leads to a high pollutant degradation rate, associated with increased iron catalytic cycle reaction rates [30,31]. However, expensive and high energy-consuming light sources, such as Hg or Xe lamps [32], are often used. Light-emitting diode (LED) lamps emerge as a promising alternative in this scenario. These lamps present many benefits, such as low power consumption, electrical stability, durability, high photon efficiency, and the possibility of emission at selective or more exhaustive wavelengths [33,34]. Despite all this, there are very few works in the bibliography in which the feasibility of the photo-Fenton process using only Vis light is studied [35,36,37,38].



Moreover, some limitations of the iron salts commonly used in the “traditional” photo-Fenton process are the narrow pH range at which they should be operated (close to 2.8) and their low molar absorption coefficients in the UV-Vis spectrum region. At higher pH values, the concentration of the catalyst decreases because of its precipitation as iron hydroxides. The use of complexing agents (oxalates, citrates, ethylenediamine-N, N′-succinic acid (EDDS), etc.) allows for operating at pHs close to neutrality [39]. These compounds form complexes with the catalyst at a neutral pH, keeping it soluble and extending the applicability of the photo-Fenton treatment to a broader pH range [40]. Iron (III) complexes (iron-oxalate, iron-citrate, iron-EDDS, etc.) have typically higher molar absorption coefficients in the UV-Vis regions than the iron (III) cation [41,42,43]. Therefore, its use is beneficial in saving energy.



This work studied the abatement of 124-TCB by the photo-Fenton process at a neutral pH using a ferrioxalate complex, such as an iron source. A commercial Vis LED lamp was used as an innovative, efficient, and cheaper light source. To our knowledge, this is the first time that the reduction of 124-TCB with hydrogen peroxide, oxalate–iron complex, and Vis LED lamp has been studied.



The effect of several variables (oxidant and catalyst concentration, irradiation level, pH, temperature, etc.) on the photo-Fenton efficiency process must be investigated. To evaluate all of them reliably, with a lower number of experiments, Experimental Designs (EDs) are proposed. ED is a statistical tool used to reduce the number of experiments (optimizing time and cost) and maximize the quality of the information obtained [44,45,46], providing valuable information for extrapolating the experimental conditions to pilot plant scale reactors [42,47].



The effect of the three main reaction variables: irradiation level (intensity), hydrogen peroxide concentration, and iron dosage on 124-TCB conversion on the pollutant conversion and dechlorination were evaluated. The effect of two anions (     HCO  3 −       and   Cl   −  ,   600      mg   L    − 1     ) commonly present in real water matrices on the pollutant abatement was studied. Moreover, the toxicity evaluation of initial and final reaction samples was measured through the Microtox® test. The results give practical information to design a future real large-scale process implementation.




2. Material and Methods


2.1. Chemicals


124-TCB (Sigma-Aldrich, Darmstadt, Germany, ≥99%) was used as the target pollutant. The ferrioxalate solution, the catalyst of the process, was prepared using potassium oxalate monohydrate (Sigma-Aldrich, 99.50%) and iron (III) sulphate hydrate (Sigma-Aldrich, 97%). Hydrogen peroxide (35 wt.%), titanium oxysulfate (used for the quantification of hydrogen peroxide), sodium carbonate, sodium bicarbonate, sulfuric acid, oxalic acid, acetone (used for Ionic Chromatography analysis), 1,10-phenanthroline, sodium acetate (used in the measurement of iron in solution), n-hexane, tetrachloroethane, butyl cyclohexyl (used in COC determination by GC), NaOH (for pH adjustment), catalase, sodium bicarbonate, and sodium chloride were all purchased from Sigma-Aldrich. The bacteria Vibrio fischeri (Microtox® Acute Reagent, Azur Environmental, Carlsbad, CA, USA) was supplied by I.O. Analytical. All the stock solutions and their dilutions were prepared with high-purity water from a Millipore Direct-Q system (Millipore Corporation, Burlington, MA, USA) (resistivity >18 MΩ cm at 25 °C).




2.2. Experimental Device and Procedure


The experiments were carried out in a double-walled cylindrical thermostat batch reactor (see Figure S1 in the Supplementary Materials, volume reactor VT = 0.10 L). The liquid in the reactor was stirred using a magnetic plate (IKA C-MG HS 7, Staufen, Germany). A jacket was used to maintain isothermal conditions (T = 25 °C). The reaction mixture was illuminated with a high-power collimated LED of Mightex (LCS-0470-50-11, Lasing, Spain) at the top of the reactor. The emission peak of the led lamp was at 470 nm, representative of the visible fraction of the incident terrestrial solar radiation spectrum. In addition, it is close to the wavelength of the sun’s peak (between 483 and 502 nm) radiation intensity [48,49]. The collimator light source produces an optical power output of up to 4.17 W, and the power can be manually adjusted using a Mightex LED controller. The LED source emits over a surface reaction of 11 cm2 (reactor window). Lorenzo et al. [50] give more details about the reaction device.



Firstly, a ferrioxalate solution was prepared according to the methodology described by [51]. The required volumes of concentrated acidic (pH = 4) solutions of Fe3+ (250 mg L−1) and oxalate (2500 mg L−1) were mixed with distillate water to reach the Fe3+ concentration desired in the experiment, and a molar ratio of Fe3+: oxalate 1:10, to ensure that the iron added was completely complexed as    F  e  I I I      (   C 2   O 4   )   3  3 −     (Visual MINTEQ version 3.0, USEPA, EPA, USA). The pH was then adjusted to neutral (pH = 7). This organic complex has higher molar radiation absorption coefficients in the UV-Vis region than the aqueous iron complexes [41]. After that, 124-TCB was added to saturate the ferrioxalate complex in the pollutant (28 mg L−1), and the pH was adjusted to pH = 6.5 (using a concentrated NaOH solution). The concentration of 124-TCB was high enough to ensure it is in the range of values found in groundwater polluted with these compound spills [52]. Inorganic anions, when applicable, were also added to this solution of ferrioxalate complex. A volume of 100 mL of this solution was placed in the reactor. After adding the oxidant (hydrogen peroxide, HP), the first sample (zero time) was immediately taken, and the lamp shutter was removed, starting the reaction. Several samples (4 mL) were taken at different times to study the pollutant and oxidant evolution during the reaction time.




2.3. Analytical Methods


The irradiance and radiation flux of the LED lamp were measured using a Flame UV-Vis spectrometer coupled with a monacolin optical fiber of 100 µm in diameter using a cosine corrector (Ocean Insight, Duiven, The Netherlands). The system was calibrated using an HL-3P-CAL lamp (Ocean Insight, Duiven, The Netherlands). More details can be found elsewhere [50]. Text S1 and Table S1 were added in the Supplementary Materials to give more details about the irradiance measured.



Chlorinated Organic Compounds, COCs, were identified by Gas Chromatography (Agilent, Santa Clara, CA, USA) with a Mass Spectrometry Detector ((GC/MS). The (residual) 124-TCB and degradation products/formed COCs were quantified using a GC (Agilent, USA) with a Flame Ionisation Detector (GC/FID) and an Electron Capture Detector (GC/ECD). A chromatographic column HP-5MS ((5%-phenyl)-methyl polysiloxane, 30 m × 0.25 mm ID × 0.25 μm) was used as a stationary phase in both GC, and a constant flow rate of helium was used as a mobile phase (1.7 mL min−1). The chromatographic oven worked under a programmed temperature gradient (starting at 80 °C with a temperature ramp of 18 °C min−1 up to 180 °C, then kept constant for 15 min). Butyl cyclohexyl and tetrachloroethane were added to the hexane extracts as internal standards (ISTDs) for GC analyses to reduce experimental errors in COC quantification. Further details of the analytical methods used in the present work have been reported elsewhere [50,52]. Previously to GC analysis, the aqueous phase (4 mL) was extracted and concentrated with n-hexane (0.8 mL). The mixture of both phases was shaken, followed by settlement, allowing the organic phase separation by decantation. The concentrations of HP and Fe were determined by colorimetric titration (spectrophotometer BOECO S-20 UV-Vis, Germany) at 410 nm and 510 nm, respectively [41]. The pH was measured with a Basic 20-CRISON (Barcelona, Spain) electrode. Additionally, short-chain carboxylic acids and chlorides were measured by Ion Chromatography (Metrohm, Herisau, Switzerland) with anionic chemical suppression and a conductivity detector, using a SUPP5 5–250 column (25 cm length and 4 mm diameter) and Na2CO3 (3.2 mM) and NaHCO3 (1 mM) as mobile phase (0.7 mL min−1). A solution of acetone and sulfuric and oxalic acids was used to regenerate the ionic resins.



A Microtox® 500 Toxicity Analyser (Azur Environmental, Carlsbad, CA, US) was used to determine the toxicity of the samples during the photo-Fenton process. The toxicity was measured as the light emission inhibition percentage (bioluminescence assay) of the Vibrio fischeri bacteria (Microtox Acute Reagent) after 15 min of incubation [53]. Solvent controls were performed to determine the inhibition obtained with the aqueous ferrioxalate solution (higher Fe concentration used 10 mg L−1) and the Diluent Solution (NaCl 2%). Measurements of light inhibition were obtained in triplicate, without sample dilution, and differences higher than 15% were discarded, and the measurement was repeated. The pH of the samples before the toxicity measurements was measured to control that it was between 6 and 8, and hydrogen peroxide remaining in the aqueous sample was decomposed to water and oxygen before analysis using catalase (2000 mg L−1 of >3000 U mg−1 bovine liver).




2.4. Experimental Design


In this work, the variables studied were hydrogen peroxide concentration (HP), iron concentration (Fe), and level of irradiation (Rad). The iron concentration range was selected considering the maximum iron concentration allowed by Spanish law (Ley 5/2002 Spain) in water effluents before discharge (3–10 mg L−1); the initial molar ratio of oxalate/iron was set to 10 to ensure the iron oxalate complex was formed [54]. The hydrogen peroxide concentration was selected from the stoichiometric amount theoretically required to mineralize 124-TCB according to Equation (1). Therefore, the HP concentration range selected was between 61.50 and 615 mg L−1, corresponding to 1 and 10 times the theoretical stoichiometric values needed for the complete mineralization of 28 mg L−1 of 124-TCB, respectively.


    C 6   H 3  C  l 3   (  124 − T C B  )  + 12    H 2   O 2     →    6   C  O 2  + 3   H C l + 12    H 2  O     



(1)







Irradiation level (Rad) was selected from 0.12 to 0.18 W cm−2, based on previous works with the same LED lamp [50]. The real lamp power (P) is close to its nominal (Pn) value over the reactor window. Two irradiation levels were evaluated: Low (Pn = 1.04 W; P = 1.01 W) and High (Pn = 2.07 W; P = 1.95 W). In addition, local radiation fluxes averaged over the reactor window (qW) were measured (between 400 and 500 nm) using a Flame UV-Vis spectrometer (Ocean Insight, Duiven, The Netherlands). The following values were obtained: qW = 4.40 × 10−7 E cm−2 s−1 (0.12 W cm−2) for Low Rad and qW = 7.89 × 10−7 E cm−2 s−1 (0.18 W cm−2) for High Rad conditions. Dark reaction conditions (I = 0 W cm−2) were also tested.



A D-Optimal experimental design was constructed to choose the experimental conditions of the runs, minimizing the variance of the estimated regression coefficients through optimality criteria. This model generates a possible set of runs inside the design space defined and can be used when numeric (Fe and HP) and categorical (Rad) factors are present [42,55]. From the design proposed, the response surface methodology (RSM) [56,57] was used to study and optimize 124-TCB degradation through photo-Fenton processes. The maximum 124-TCB conversion obtained in the dark reactions was less than 10% after 180 min. Therefore, this condition of Rad was not included in the proposed design of experiments. Moreover, it was experimentally found that, at the conditions of run N3, the 124-TCB conversion obtained at 180 min was lower than 7% in the absence of irradiation, catalyst, or oxidant (data not shown).



The experimental design matrix obtained by D-Optimal, including the experimental conditions of the studied parameters and the response obtained (pollutant and oxidant conversions and dechlorination degree), are present in Table 1 (23 experiments, Run N1–N23). The number of tests to be carried out and combinations of levels for each variable studied and the necessary replicas are defined by the computer algorithm. Moreover, the analysis of variance (ANOVA) was used to evaluate the obtained models statistically.



The influence of these parameters on the 124-TCB and HP conversions and dechlorination degree at 180 min of reaction was evaluated. The dechlorination degree     (  C  l −  / C  l 0     180   min    )     was calculated as the ratio of chloride in solution (mg L−1) at 180 min to the chloride in the initial 124-TCB concentration (16.4 mg L−1).



Moreover, three additional experiments were conducted to analyze the effect of common anions in groundwater on pollutant conversion and oxidant consumption. The first was free of chloride and bicarbonate; the second was accomplished by adding chloride (600 mg L−1), and the third was conducted by adding bicarbonate (600 mg L−1). Reaction conditions were selected for those giving the maximum 124-TCB conversion (0.18 W cm2, 290 mg L−1HP, and 7.10 mg L−1 Fe3+). The anion concentrations selected here are experimentally found in groundwater highly contaminated with chlorinated organic compounds [52].





3. Results and Discussion


The results for 124-TCB and HP conversions and dechlorination degree at 180 min are also summarized in Table 1. The following sections discuss the influence of the variables studied on the pollutant and oxidant conversions and dechlorination achieved.



It should be noted that the pH was kept within the range 6–7 in all cases during the time interval studied (data not shown), which is an essential operational advantage since it demonstrates the feasibility of the process for this condition, avoiding after-treatment pH adjustments.



3.1. Influence of the Irradiation Level


As shown in Table 1, the influence of radiation on the process was significant. Lower 124-TCB conversions were obtained using Low Rad than High Rad for the studied range of operating conditions. However, at the highest hydrogen peroxide concentration and iron concentration used (612 mg L−1 and 10 mg L−1, respectively), the 124-TCB conversion is lower at the higher irradiation level used (as can be deduced from the comparison of runs N4 and N15. This finding can be due to the unproductive reactions occurring at these high concentrations of the oxidant and catalyst, enhanced by the radiation. However, at the highest hydrogen peroxide concentration and iron concentration used, the 124-TCB conversion is lower at the lower radiation (as can be deduced from a comparison of the runs N4 and N15. This can be due to the unproductive reactions occurring at these high oxidant and catalyst concentrations, enhanced by the high radiation level. Figure 1 shows the pollutant and oxidant conversions and the dechlorination degree achieved after 180 min of reaction at an initial HP concentration of 306 mg L−1 and Fe(III) initial concentration of 5 mg L−1 for both irradiation levels (High: Run N5/N6 and Low: Run N19/N20). These reaction conditions (Fe and HP concentrations) correspond to the central point of the proposed design of the experiments, and these runs were performed in duplicate. For a similar oxidant conversion (16.75% vs. 16.42%), a higher conversion of the contaminant (91.58 vs. 86.90) and dechlorination degree (37.45% vs. 22.31 %) was reached using High Rad conditions. The difference is especially noticeable for the dechlorination achieved.



It is also worth mentioning that for dark conditions (Fenton) and same reaction conditions (Fe = 5 mg L−1, H2O2 = 306 mg L−1, and 124-TCB = 28 mg L−1), the maximum conversions of the contaminant reached after 180 min of reaction do not exceed 10%. Therefore, the significance of radiation in the process is very relevant. Furthermore, the radiation source used in this research corresponds to the range of visible wavelengths of the radiation spectrum (470 nm). Then, the process’s applicability using the sun as a radiation source would be very promising (the sun’s peak wavelength is between 483 and 502 nm).




3.2. Influence of the Catalyst Concentration


The effect of different catalyst dosages (Fe = 3–10 mg L−1) was analyzed considering a central concentration of oxidizing agent (HP = 350 mg L−1) and the highest radiation studied. The results from runs N1, N2, N3, and N10 are shown in Figure 2. Maximum conversions of contaminant and dechlorination degree at 180 min were obtained in run N3 (7 mg L−1 of iron concentration)     X  124 − T C B , e x p     180   min   = 98.50 %    and    C  l −  / C  l 0     180   min   = 39.54 %   . At the lowest catalyst concentration used (Run N10, Fe = 3 mg L−1), the pollutant conversion (    X  124 − T C B , e x p     180   min   = 75.45 %   ) was significantly diminished, confirming that a low catalyst dosage limits the radical generation (Equations (2)–(4)). However, an inhibitory effect of the catalyst concentration (lower contaminant conversion and dechlorination degree) was observed when using the highest iron dosage. This inhibitory effect noticed at a high iron concentration can be due to the free radical unproductive consumption of hydroxyl radicals by Fe(II) shown in Equation (5) [58]. Similar conversions (about 20%) of the oxidant were achieved in the three runs in Figure 2 for the three iron dosages.


   F  e   (  I I I  )      (  C 2   O 4  )  3     3 −    →    h ν         F  e  I I   + 2  C 2   O 4  2 −   +  C 2   O 4    −    



(2)






   F e  (  I I  )  +  H 2   O 2   →            F e  (  I I I  )  + O  H −  + O H ·   



(3)






   F e  (  I I I  )  + 3  C 2   O 4     2 −    ⇄     K  e q       F  e   (  I I I  )      (  C 2   O 4  )  3     3 −     



(4)






   F e  (  I I  )  + O H ·   → F  e   (  I I I  )    + O  H −    



(5)








3.3. Influence of the Oxidant Concentration


The effect of the oxidant concentration (HP = 61.5–612 mg L−1) on the pollutant conversion and the dechlorination degree achieved was studied at three HP concentrations at low and high radiation. The results are presented in Figure 3a (Low rad intensity) and 3b (High rad intensity). The highest oxidant dosage (HP = 612 mg L−1) reduces the pollutant conversion and the dechlorination degree at 180 min. On the other hand, the lower oxidant concentration also yields a lower value of pollutant conversion at this time. Therefore, an optimal oxidant concentration of the oxidant agent is inferred.



The higher the oxidant concentration, the higher the radical production (Equations (3) and (4)). However, an excess of oxidant can also enhance the unproductive consumption of hydroxyl radical, as shown in Equation (6) [58]


    H 2   O 2  + O H ·   → H  O 2 −  · +  H 2  O   



(6)







As expected, the oxidant conversion was lower as the initial hydrogen peroxide concentration increased (Figure 3a,b).




3.4. Response Surface Models Analysis


The Response Surface Models were applied to predict 124-TCB conversion at t = 180 min,     X  124 − T C B , p r e d   180   min     . The data in Table 1 were fitted to Equation (7) for each level of radiation studied (M1: Low Radiation intensity and M2: High Radiation intensity). Variables considered were the initial concentration of hydrogen peroxide (HP, mg L−1) and the initial concentration of Iron (III) (Fe, mg L−1). Multiple regression analysis was applied to calculate the parameters a, b, c, d, e, and f in Equation (7) at each irradiation level.


    X  124 − T C B , p r e d     180   min   = a + b * H  P o  + c * F  e o  + d * H  P o  * F  e o  + e * H  P o 2  + f * F  e o 2    



(7)







Fischer’s test value (F-value) and probability (p-value) for each model (M1 and M2) obtained from the analysis of variance (ANOVA) are presented in Table 2. First, it should be mentioned that the value of     R 2     for each of both models is close to one, indicating an excellent correlation between the experimental results and those predicted by the models (corresponding to the parity plot shown in Figure S2). Moreover, the F-values were much greater than one (368.95 and 183.50 for M1 and M2, respectively), and the p-values < 0.0005 obtained suggested that both models are statistically significant [44].



The overall effects of    H P ,     F e ,   a n d   H P * F e ,     H  P 2  ,     and   F  e 2     M1 (Low Rad) and M2 (High Rad) response surfaces are depicted in Figure 4a and 4b, respectively. According to the shape of the surfaces, larger Fe and HP values (terms with a positive sign in the M1 and M2 models, Table 2) would result in higher 124-TCB conversion. However, the negative coefficients found for the terms    F  e o 2    a n d   H  P o 2     in the models are explained by the scavenging effect of hydroxyl radicals by a high dosage catalyst, Equation (5), and oxidant, Equation (6), resulting in lower 124-TCB conversions.



The criteria for optimizing the reaction conditions consisted of maximizing the response (pollutant conversion) and maintaining the concentration of Fe in the range of study. The highest 124-TCB conversion, predicted by M1 (    X  124 − T C B , p r e d   180   min   = 90.75 %   ) and M2 (    X  124 − T C B , p r e d   180   min   = 96.10 %   ), corresponds to intermediate concentrations of the reagents (HP = 340 mg L−1 and Fe = 6.50 mg L−1 and HP = 290 mg L−1 and Fe = 7.10 mg L−1, respectively).



Despite obtaining high pollutant conversions, the dechlorination achieved does not exceed 50% in any case (see Table 1). At this point, it is worth mentioning that the main 124-TCB oxidation byproducts detected (GC/MS) at the early stages of the reaction (traces levels) were 1,2-dichlorobenzene (12-DCB) and 1,4-dichlorobenzene (14-DCB). Volatilization can easily remove these compounds from the reaction media (they have a lower boiling point than 124-TCB [48,50]). The partial volatilization of these compounds and the presence of unidentified chlorinated byproducts could explain the low levels of dechlorination measured in some runs. In any case, higher levels of dechlorination were always achieved when High Rad conditions (Table 1) were applied. At High Rad conditions, the higher byproduct oxidation rate (12-DCB and 14-DCB) minimizes their volatilization, improving the pollutant dechlorination in the system. Therefore, the significance of radiation in the degradation of the contaminant and its dechlorination is confirmed. The oxidation of 124TCB with UV-Vis LED light was studied by Lorenzo et al. [50] using goethite as a catalyst at a neutral pH. 124-TCB conversion obtained for a similar oxidant concentration was much lower than that obtained here using the ferrioxalate complex. The toxicity of byproducts and dechlorination achieved were not studied in that work. No other studies of 124-TCB oxidation intensified by light are available to our knowledge. Using PS and alkali as the oxidants [52], oxidation times are as high as ten days to achieve 90% conversion (using higher oxidant dosages than used in this work). Therefore, it can be deduced that this compound is highly recalcitrant to oxidation, and the proposed reaction system in this work has high effectiveness.




3.5. Effect of Common Anions in Groundwater


The influence of common inorganic anions found in neutral groundwater matrices (   C  l −     and    H C  O 3 −    ) [7] on 124-TCB conversion was evaluated at the optimal operating conditions chosen for M2 (HP = 290 mg L−1 and Fe = 7.10 mg L−1, respectively).



The 124-TCB conversion profile with time in the absence and presence of the studied anions is shown in Figure 5. It can be observed that the experimental conversion of the contaminant after 180 min of reaction without the anions (    X  124 − T C B , e x p   180   min   = 94.51 %   ) was very close to the one predicted by the model (    X  124 − T C B , p r e d   180   min   = 96.10 %   ). The presence of chloride or bicarbonate decreases the pollutant conversion, although high 124-TCB conversion is still obtained at 180 min (    X  124 − T C B , e x p   180   min   = 85.70 %     ). These results can be explained by the hydroxyl radical scavenging by these anions and the formation of less reactive inorganic radicals (Equation (8) and (9) [59,60].


   H C  O 3 −  + O  H •     →    H C  O 3 •  + O  H −      



(8)






   C  l −  + O  H •     →    C l O  H    • −       



(9)







In addition, the molar consumption of HP during the treatment was calculated using the Specific Consumption of the Oxidizing Agent (      γ  H P / 124 − T C B  t    ), defined by Equation (10) [61]:


    γ  H P / 124 − T C B  t  =    C  H P  0  −  C  H P  t     C  124 − T C B  0  −  C  124 − T C B  t        



(10)







    C  H P  t     and     C  124 − T C B  t     are the molar concentrations of the oxidizing agent and 124-TCB remaining in the system, respectively, at a given reaction time (t);     C  H P  0     and     C  124 − T C B  0     are the initial molar concentrations of these species.



Figure 6 summarizes the results obtained from the time profile of the specific consumption of the oxidizing agent in the presence and absence of bicarbonate or chloride. As can be seen, a higher consumption of oxidizing agent per mole of contaminant removed was observed in the presence of the anions at the reaction times evaluated (30, 60, and 180 min). This unproductive consumption of the hydroxyl radicals produces not only a decrease in 124-TCB conversion but also a higher consumption of the oxidant.



For short reaction times (30 and 60 min), the consumption of oxidizing agents associated with the decomposition of 124-TCB is below the stoichiometric value for mineralization of 124-TCB (12, as shown in Equation (1)), meaning that intermediate organic compounds are generated. At 180 min of reaction, this value (    γ  H P / 124 − T C B   t = 180   min   = 11.55   m o l   H P   m o  l  − 1     124 − T C B   ) was close to the stoichiometric one, probably associated with the oxidation of these intermediate compounds. The maximum oxidant consumption (    γ  H P / 124 − T C B   t = 180   min   = 14.45   m o l   H P   m o  l  − 1     124 − T C B   ) was found for the    H C  O 3 −     system (t = 180 min). This value implies an additional consumption of 2.90 mol of HP per mol of contaminant removed, compared to the     γ  H P / 124 − T C B   t = 180   min      obtained in the absence of anions. This additional consumption is associated with the inhibitory effect of inorganic species in real groundwater. Values of     γ  H P / 124 − T C B  t     for runs in Table 1 are also included in Table 1.




3.6. Toxicity Evaluation


The bioassay Microtox® was applied to study the toxicity of the initial samples and samples after 60 and 180 min of reaction time, without and with bicarbonate or chloride (HP = 290 mg L−1, Fe = 7.10 mg L−1, and High Rad). The inhibition of light emission,    I  ( % )     at 15 min, samples were measured, and the results obtained are depicted in Figure 7. No inhibition of the light emitted was noticed in the solvent control toxicity measurements.



As shown in Figure 7, the maximum inhibition of light was observed at zero time (original sample) for the reference experiment (without anions, (   I  ( % )  = 80.50   )) and in the presence of bicarbonate (   I  ( % )  = 81.35   ) and chloride (   I  ( % )  = 82.15   ). Similar inhibition values are obtained at zero time, confirming that the sole presence of the anions (in the range of working concentrations) does not imply an additional toxicity to the system. After 60 and 180 min of treatment, the inhibition of light emission significantly decreased.



Therefore, it can be inferred that the toxicity is mainly attributed to the presence of 124-TCB (28 mg L−1). The experimentally estimated EC50 (concentration of the contaminant that causes a 50 % reduction of the bacteria bioluminescence) of 124-TCB in this work was 2.54 mg L−1 (15 min exposure), a finding with a value very close to that reported in the literature (3–3.7 mg L−1 [62,63]).



For 60 min of reaction, a significant decrease in the toxicity of the three analyzed systems was observed: 75.50 %, 64.50 %, and 63.25 % for the system without the anions (   I  ( % )  = 19.72   ),    H C  O 3 −     (   I  ( % )  = 28.88   ), and    C  l −     (   I  ( % )  = 30.19   ), respectively. It should be noted that in the absence of ions, this reduction is closely related to the conversion of the pollutant observed (    X  124 − T C B , e x p   60   min   = 78.81 %   ). Therefore, it could be concluded that no toxic intermediates were present in the system. Finally, for 180 min of reaction, the inhibition obtained was less than 10% for the system without anions (   I  ( % )  = 8.1   0) and less than 20% when bicarbonate (   I  ( % )  = 14.8   0) or chlorides (   I  ( % )  = 16.75   ) are present, in agreement with the lower contaminant conversion achieved in these reactions. EC50 values of less than 5 mg L−1 have been reported in the literature for the main 124-TCB oxidation byproducts detected (GC/MS) at the early stages of the reaction in this work (1,2-dichlorobenzene and 1,4-dichlorobenzene). Moreover, values of less than 0.05 mg L−1 have been reported in the literature for contaminants, such as benzoquinones and hydroxy phenols [62]. Therefore, the presence of a toxic reaction byproduct (unidentified), even in very low concentrations, could affect the inhibition of these bacteria. Therefore, high levels of toxicity removal were achieved in the three analyzed systems for optimum model-predicted operating conditions (High Rad). No toxic byproducts are noticed, and this treatment studied is a promising option for reducing chlorinated organic compounds from polluted waters.





4. Conclusions


The photo–Fenton degradation of a highly toxic and persistent pollutant, 124-TCB, at a neutral pH (ferrioxalate complex as iron source) using a visible light-emitting diode lamp (Vis LED) has been proven to be an efficient treatment to oxidize the chlorinated organic pollutant. Vis LED can photo-activate the ferrioxalate complex reducing the Fe(III) to Fe(II) that initiates the radical generation by reaction with hydrogen peroxide. Moreover, high dechlorination was found, and the toxicity of the treated aqueous samples decreased remarkably. The pH was kept in the neutral region the whole time (180 min) due to the presence of the ferrioxalate complex.



Two irradiation levels were studied, finding that this variable increases the pollutant conversion, but mainly the dechlorination achieved. Variables studied at each irradiation level were hydrogen peroxide concentration (HP) and Fe(III) concentration (Fe). An increase in the concentration of either of them yielded a positive effect on pollutant abatement and dechlorination degree, explained by the higher hydroxyl radical production rate. However, this positive effect is lost at higher oxidant or catalyst dosages due to scavenging reactions among the radical, HP, and Fe(II). Therefore, an optimal oxidant and catalyst concentration value must be chosen to optimize the pollutant conversion with lower oxidant unproductive consumption. Stoichiometric, kinetic, and economic aspects should be considered to select the best conditions for each specific application. A more detailed study is required to optimize the operation conditions for each case.



A D-optimal experimental design combined with response surface methodology (RSM) was used to evaluate and optimize the effect of the three main reaction variables simultaneously: hydrogen peroxide concentration (HP), iron dosage (Fe), and radiation intensity level (Rad). For saturated aqueous solutions of 124-TCB (28 mg L−1), the optimal conditions at a high radiation were 7 mg L−1 Fe and 310 mg L−1 HP. Moreover, the iron concentration selected is within the limits for water to discharge.



The effect of two common anions (   C  l −     and    H C  O 3 −    ) present in neutral groundwater matrices was evaluated under optimum conditions (High Rad, HP = 290 mg L−1, and Fe = 7.10 mg L−1), obtaining a slight decrease in the 124-TCB conversion (from 94.51% to about 85% at 180 min). The inhibition of the light emitted by the Vibrio fischeri bacteria (I(%)) was evaluated in the presence and the absence of the anions. In all the cases, a significant decrease in the remaining toxicity was noticed even at 60 min, being >85% at 180 min. This reduction was proportional to the reacted 124-TCB, indicating that there were no toxic intermediates in the system, in agreement with the high dechlorination noticed.



It should be mentioned that the Vis LED source used in this research work corresponds to the range of visible wavelengths of the radiation spectrum (emission lamp peak at 470 nm). Then, the applicability of the process using renewable, abundant, and clean energy sources, namely solar radiation (the sun’s peak wavelength is between 483 and 502 nm), will transform the process into a nonexpensive, competitive method to treat this COCs present in real contaminated waters.
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Figure 1. Effect of the irradiation level on the conversion of 124-TCB and HP and dechlorination degree achieved after 180 min of reaction. Experimental conditions: Fe = 5 mg L−1, H2O2 = 306 mg L−1, 124-TCB = 28 mg L−1, Low rad intensity (L), and High rad intensity (H). 
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Figure 2. Effect of catalyst concentration on the conversion of 124-TCB and HP and the dechlorination degree achieved after 180 min of reaction. Experimental conditions: H2O2 = 350 mg L−1, 124-TCB = 28 mg L−1, and High rad intensity (H). 
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Figure 3. Effect of the oxidant concentration on 124-TCB and HP conversions and dechlorination degree achieved after 180 min of reaction. Experimental conditions: 124-TCB = 28 mg L−1, (a) Low rad intensity, and (b) High rad intensity. 
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Figure 4. Response surface and experimental values (symbols) for 124-TCB conversion (    X  124 − T C B   180   min     ) vs HP and Fe concentrations. Experimental conditions: 124-TCB = 28 mg L-1, (Left) Low rad intensity and (Right) High rad intensity. 
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Figure 5. 124-TCB conversion vs time for the three systems analyzed at optimum model-predicted conditions. Experimental conditions: Fe = 7.10 mg L−1, H2O2 = 290 mg L−1, 124-TCB = 28 mg L−1, Cl− = 600 mg L−1, HCO3− = 600 mg L−1, and High rad intensity. Experimental data as symbols. Trends as lines. 






Figure 5. 124-TCB conversion vs time for the three systems analyzed at optimum model-predicted conditions. Experimental conditions: Fe = 7.10 mg L−1, H2O2 = 290 mg L−1, 124-TCB = 28 mg L−1, Cl− = 600 mg L−1, HCO3− = 600 mg L−1, and High rad intensity. Experimental data as symbols. Trends as lines.



[image: Ijerph 19 09733 g005]







[image: Ijerph 19 09733 g006 550] 





Figure 6. Specific consumption of the oxidizing agent with time in the absence and presence of anions. Experimental conditions: Fe = 7.10 mg L−1, H2O2 = 290 mg L−1, 124-TCB = 28 mg L−1, Cl− = 600 mg L−1, HCO3− = 600 mg L−1, and High rad intensity. (- - -) corresponds to the theoretical stoichiometric molar ratio oxidant/pollutant to achieve mineralization of 124-TCB (Equation (1)). 
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Figure 7. Percentage of inhibition of light emission (I (%)) after 15 min of incubation. Initial and final (t = 60 and 180 min) samples from reactions without and with anions are analyzed. Experimental conditions: Fe = 7.10 mg L−1, H2O2 = 290 mg L−1, 124-TCB = 28 mg L−1, Cl− = 600 mg L−1, HCO3− = 600 mg L−1, and High rad intensity. 
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Table 1. Run conditions using D-Optimal experimental design for two independent variables, HP and Fe3+ at Low (I = 0.12 W cm−2) and High (I = 0.12 W cm−2) Rad conditions;     X  124 − T C B   180   min      is the analyzed response. Molar ratio Fe3+:Oxalate = 1:10. Results at 180 min for 124-TCB and HP conversions (    X  124 − T C B   180   min      and     X  H P   180   min     ). Dechlorination    ( C  l −  / C  l 0     180   min     ) and specific consumption of the oxidant (    γ  H P / 124 − T C B   180   min     ) are also shown. (Molecular weights: 124TCB = 184.45 g molg−1, H2O2 = 34 g molg−1, and Fe = 55.84 g molg−1).
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Run/Level

	
Experimental Conditions

	
Results at 180 min






	
Run

	
Level

	
HP mg L−1

	
Fe3+

mg L−1

	
Rad (I)

W cm−2

	
qw × 107

Ecm−2 s−1

	
    X  124 − T C B      

(%)

	
    X  H P      

(%)

	
   C  l −  / C  l 0        

(%)

	
    γ  H P / 124 − T C B      

mol HP

mol 124-TCB−1




	
R1

	
N9

	
61.5

	
3

	
0.18

	
7.89

	
67.62

	
25

	
15

	
7.41




	
R2

	
N11

	
61.5

	
10

	
0.18

	
7.89

	
69.63

	
29.63

	
28

	
8.84




	
R3

	
N5

	
306

	
5

	
0.18

	
7.89

	
91.1

	
17.79

	
36.5

	
15.57




	
R4

	
N6 b

	
306

	
5

	
0.18

	
7.89

	
92.05

	
15.72

	
38.32

	
10.39




	
R5

	
N10

	
350

	
3

	
0.18

	
7.89

	
75.45

	
18.11

	
31

	
11.04




	
R6

	
N3

	
350

	
7

	
0.18

	
7.89

	
98.5

	
21.08

	
39.54

	
12.58




	
R7

	
N1

	
350

	
10

	
0.18

	
7.89

	
87

	
13

	
35.57

	
10.27




	
R8

	
N2 a

	
350

	
10

	
0.18

	
7.89

	
88.02

	
12.6

	
36.37

	
11.8




	
R9

	
N8

	
612

	
3

	
0.18

	
7.89

	
64.5

	
9

	
21.9

	
17.39




	
R10

	
N7

	
612

	
5.5

	
0.18

	
7.89

	
75.08

	
7.2

	
28.95

	
11.46




	
R11

	
N4

	
612

	
10

	
0.18

	
7.89

	
75.23

	
12

	
38.39

	
26.68




	
R12

	
N14

	
61.5

	
3

	
0.12

	
4.4

	
52.39

	
22.22

	
<10.00 *

	
6.69




	
R13

	
N23

	
61.5

	
3

	
0.12

	
4.4

	
53.45

	
23.09

	
<10.00 *

	
6.34




	
R14

	
N16

	
61.5

	
10

	
0.12

	
4.4

	
19.53

	
28

	
<10.00 *

	
18.97




	
R15

	
N12

	
250

	
3

	
0.12

	
4.4

	
82.25

	
14.5

	
<10.00 *

	
9.26




	
R16

	
N13 c

	
250

	
3

	
0.12

	
4.4

	
80.63

	
15.11

	
<10.00 *

	
8.97




	
R17

	
N19

	
306

	
5

	
0.12

	
4.4

	
86.32

	
17.65

	
21.72

	
15.88




	
R18

	
N20 d

	
306

	
5

	
0.12

	
4.4

	
87.54

	
15.19

	
22.9

	
12.69




	
R19

	
N18

	
350

	
7.5

	
0.12

	
4.4

	
92.12

	
21

	
26.4

	
37.02




	
R20

	
N21 e

	
350

	
7.5

	
0.12

	
4.4

	
91.56

	
19.67

	
23.3

	
34.86




	
R21

	
N22

	
350

	
10

	
0.12

	
4.4

	
85.48

	
17.59

	
20

	
18.08




	
R22

	
N17

	
612

	
3

	
0.12

	
4.4

	
50.24

	
9.08

	
<10.00 *

	
22.61




	
R23

	
N15

	
612

	
10

	
0.12

	
4.4

	
82.56

	
11.22

	
16

	
22.38








a,b,c,d,e Replicates. * Dechlorination levels less than 10% negligible (experimental error).
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Table 2. Coefficients of the Response Surface Models M1 and M2 proposed. The coefficient of variation (R2), Fischer’s test value (F-value), and probability (p-value) obtained from ANOVA tests are also shown.
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	Model
	   a   
	   b   
	   c   
	   d   
	   e   
	   f   
	     R 2     
	F-Value
	p-Value





	    X  124 − T C B , p r e d     180   m i n     

    (  M 1  )    
	   35.63   
	   0.23   
	   1.99   
	   0.02   
	   − 4.29 ×   10   − 4     
	   − 0.59   
	   0.99   
	   358.95   
	<0.0001



	    X  124 − T C B , p r e d     180   m i n     

    (  M 2  )    
	   19.87   
	   0.13   
	   15.22   
	   1.38 ×   10   − 3     
	   − 2.05 ×   10   − 4     
	   − 1.10   
	   0.98   
	   183.50   
	<0.0005
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