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Abstract

:

In the present work, the treatment of a mixture of six emerging pollutants (acetamiprid, acetaminophen, caffeine, amoxicillin, clofibric acid and carbamazepine) by means of photo-Fenton process has been studied, using simulated sunlight as an irradiation source. Removal of these pollutants has been investigated in three different aqueous matrices distinguished by the amount of chlorides (distilled water, 1 g L−1 of NaCl and 30 g L−1 of NaCl) at a pH of 2.8 and 5.0. Interestingly, the presence of 1 g L−1 was able to slightly accelerate the pollutants removal at pH = 5, although the reverse was true at pH = 2.8. This is attributed to the pH-dependent interference of chlorides on photo-Fenton process, that is more acute in an acidic medium. As a matter of fact, the fastest reaction was obtained at pH = 3.5, in agreement with literature results. Monitoring of hydrogen peroxide consumption and iron in solution indicates that interference with chlorides is due to changes in the interaction between iron and the peroxide, rather than a scavenging effect of chloride for hydroxyl radicals. Experiments were also carried out with real seawater and showed higher inhibition than in the NaCl experiments, probably due to the effect of different dissolved salts present in natural water.
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1. Introduction


Advanced oxidation processes (AOPs) have been demonstrated as a good alternative to treat pollutants which cannot easily removed by classical processes. Among them contaminants of emerging concern (CEC) can be found, which are released to the environment at relatively low concentrations as a consequence of human activity [1,2]. Some of the AOPs employed to treat CECs are photochemical, such as UV photolysis, photocatalysis with semiconductors such as TiO2 or the photo-Fenton process [2,3].



The photo-Fenton process consists in the ability of iron salts to catalyze the decomposition of hydrogen peroxide into highly reactive species, among them, the hydroxyl radical (·OH) [4]. Briefly, iron (II) reacts with H2O2 to generate ·OH, but it is oxidized to Fe(III) according to Equation (1). The regeneration of Fe(II) is the limiting step, and strategies are needed to accelerate it. For instance, the process is highly enhanced by light according to Equation (2) and as photons with a wavelength below 500 nm can drive the reaction, sunlight can be employed for this purpose [5]. However, the mechanism of (photo)-Fenton is very complex and it remains to be completely elucidated; other reactions can also take place.


Fe2+ + H2O2 → Fe3+ + OH− + ·OH



(1)






Fe(OH)2+ + hυ → Fe2+ + ·OH



(2)







As Fe(OH)2+ is the key species in the process, it is clear that iron speciation and complexation of this cation can strongly modify the efficiency of photo-Fenton. For instance, it is widely described that the optimum pH value for the Fenton process is 2.8, and beyond this point, a significant loss of efficiency can be observed [6]. This is attributable to the formation of other species instead of Fe(OH)2+ when the concentration of OH− increases (first Fe(OH)2+, then other iron oxides and hydroxides), which are not able to drive Equation (2), and hence the catalytic cycle of iron is not closed, with a concomitant loss of efficiency in the generation of reactive species.



In addition, other species present in the aqueous mixture might have a strong influence on the photo-Fenton process. On one side, the presence of some anions such as phosphate, chloride or carbonate have been described to inhibit photo-Fenton [7]. While the first one forms iron phosphate, a very stable and insoluble salt that decreases iron availability, the presence of which is incompatible with Fenton chemistry [8], the other ions interact with iron, modifying the Fenton mechanism and generating less reactive species that limit but do not stop the Fenton process [9,10,11].



On the contrary, some organic compounds and macromolecules are able to form iron complexes, which in some cases can close the catalytic cycle, in which Equation (3) replaces Equation (2). This ability to form stable chelates can prevent the formation of inactive iron species at increasing pH, and hence, it has been employed in strategies aiming to extend the applicability of photo-Fenton to milder pH domains [6]. In this context, carboxylic acids [12], phenolic substances [13], ethylenediamine-N,N′-disuccinic acid, EDDS or ethylenediaminetetraacetic acid, EDTA [14,15], as well as humic-like substances [16] have been employed for this purpose.


Fe(OH)2+ + hυ → Fe2+ + ·OH



(3)







Considering the complexity of the photo-Fenton mechanism and the high number of substances that can modify the nature or amount of reactive species originated by the Fenton process, it is not surprising that recently effluents have been described, the optimum pH of which is not 2.8, but slightly above, as is the case of some food processing wastes [17].



Although there is some information on the application of photo-Fenton process to highly saline water [18,19,20], we think that it is interesting to gain further insight into the effect of salinity on the process at different pHs, as recently good performance of mild photo-Fenton in solutions with high concentrations of salts has been detected [21,22]. As both processes might be ruled by changes in the coordination sphere of iron, some cross-effect between changes in the concentration of Cl− and OH− are expected and, as far as we know, there is no work devoted to clarifying this issue. For this purpose, solar simulated reactions have been performed at acidic and mildly acidic pH using matrices with different salinity (in terms of chloride amounts). A mixture of six CECs with different structures and properties have been employed to set the efficiency of photo-Fenton in each condition. The set of CECs consists of a pesticide (acetamiprid, ACP), an antipyretic drug (acetaminophen, ACT), a stimulant (caffeine, CAF), an antibiotic (amoxicillin, AMOX), a metabolite of a lipidic regulator (clofibric acid, CLOF) and a psychiatric drug (carbamazepine, CBZ), whose structures and uses can be seen in Figure 1. This mixture of pollutants has been chosen in previous works dealing with photo-oxidation at mild pHs because of its environmental relevance and the different responses they show towards reactive species and reaction conditions [23,24,25].




2. Materials and Methods


2.1. Reagents


High purity (>98%) acetamiprid, acetaminophen, caffeine, amoxicillin, clofibric acid and carbamazepine, used as target pollutants, were supplied by Sigma-Aldrich (St. Louis, MO, USA). Other reagents, such as iron (II) sulfate (FeSO4·7H2O), hydrogen peroxide (30% w/w), sodium hydroxide, sulfuric acid and NaCl (99%) were purchased from Panreac. Water employed in all solutions was Milli-Q grade. Methanol, formic acid and acetonitrile were used as eluents for HPLC analyses, purchased from Panreac.




2.2. Target Solution and Water Matrices


The target solution consisted of a mixture of the six abovementioned CECs, with an initial concentration 5 mg·L−1 of each pollutant. This initial concentration is well above that observed in seawater (typically ng L−1, which accounts for a total concentration of some µg L−1) [26] but it ensures obtaining reliable time-resolved profiles in order to allow an accurate comparison of the different processes and reactions, which is the real goal of this paper.



Three different water matrices were used as aqueous solutions, which are defined according to their different salinities (in terms of chloride concentration): (a) distilled water (DW), (b) low-salinity water (LSW), obtained upon addition of 1 g·L−1 of NaCl to DW (representing the chloride amount similar to brackish water) and (c) high-salinity water (HSW), which was prepared by adding 30 g·L−1 of NaCl to DW (an amount of salt similar to seawater). The temperature did not exceed 30 °C during all of the experiments.



Additionally, experiments were performed with real seawater (SW) sampled from the coast of the Mediterranean Sea in Campello, close to Alicante (East Spain). Briefly, the salinity was ca. 36.5 g L−1 (expressed as NaCl concentration). Diluted seawater (DSW) was prepared by diluting this sample with distilled water to reach a similar conductivity to that of LSW ([NaCl] = 1 g·L−1).




2.3. Experimental Set-Up


Experiments were performed in cylindrical open glass reactors (see supplementary information for a picture of the experimental set-up). The reactor was loaded with 250 mL of aqueous solution containing the six CECs. All systems were tested with 5 mg·L−1 of iron according to previous studies [27]. The stoichiometric amount of hydrogen peroxide to mineralize the mixture of CEC was added (146 mg·L−1). This amount was chosen to set a constant initial amount of H2O2 for all experiments and to avoid reaction interruption because of the exhaustion of H2O2 [27]. The pH was set at the desired value for experimentation (pH = 5.0, 2.8 or 3.5) by addition of sulfuric acid or sodium hydroxide. Accordingly, the efficiency of photo-Fenton process for the abatement of 6 different CECs were assessed in (i) different aqueous solutions with varying salinity and (ii) at different pH.



A solar simulator (Abet technologies, Milford, CT, USA, Sun 2000) equipped with a 1050 W xenon lamp was employed to irradiate the open glass reactor. Borosilicate glass filters were employed to cut off wavelengths λ < 300 nm. Irradiation for each experiment was carried out for up to one hour. Samples were periodically taken from the solution and diluted 1:0.4 with methanol in order to quench the remaining hydrogen peroxide and, consequently, to stop the Fenton reaction.




2.4. Analytical Measurements


The concentration of each CEC was determined by a HPLC (Hitachi Chromaster chromatograph; VWR) with a Chromaster System Manager (v1.1). A Prevail Hichrom column (C18-Select; 250 × 4.6 mm; 5 µm) was employed as a stationary phase. The mobile phase was a binary mixture of A (acetonitrile) and B (10 mM formic acid aqueous solution). The linear gradient was operated from 10% A to 90% A in 25 min. Re-equilibration time was 7 min. A flow rate of 1 mL·min−1 was used. The wavelength used for the quantification of the CECs was 225 nm. Errors associated with HPLC analysis were systematically below 5%.



The concentration of hydrogen peroxide was determined according to the colorimetric method based on metavanadate, which can be found in detail elsewhere [28], and iron was monitored according to the o-phenantroline standard method (ISO 6332).



Data was analyzed by means of time-response curves. Normalized concentrations (C/C0) versus time were obtained for each CEC and for each system evaluated. For simplicity of interpretation of the results, the sum of the total CECs investigated was represented.





3. Results


3.1. Interference of Chlorides and pH on the Photo-Fenton Process


The photo-Fenton process was first applied to remove a mixture of the six CECs at pH = 5 in three different matrices (DW, LSW and HSW). Plots of the relative concentration of each pollutant vs. irradiation time are shown in Figure 2.



It can be observed that, systematically, amoxicillin showed the fastest degradation, most probably due to its complex structure, which contains a high number of sites that can be attached by the reactive species. Acetamiprid seems to be the most reluctant towards this process, because of the low reactivity of the pyridine ring vs. the electrophilic reactive species. The other four pollutants (CLOF, CAF, CBZ, ACT) follow similar kinetics and the order of reactivity is not influenced by the water matrices.



More interesting are the different behaviors that they exhibit in the studied water matrices. A first sight to Figure 2A–C shows that the efficiency of photo-Fenton varies according to the series LSW > DW > HSW. In order to see this effect more clearly, the relative total amount of the total concentration of emerging pollutants, ΣCECs (C/C0), are shown in Figure 3. Data confirms the trends indicated, namely, that the presence of 1 g·L−1 of NaCl was able to enhance photo-Fenton, when compared with DW, while higher NaCl concentrations (HSW) are detrimental for the removal of CECs. However, it is noteworthy indicating that even photo-Fenton in HSW is much faster than Fenton in distilled water.



These results are in sharp contrast with the fact that most papers report that chlorides have a strong negative effect on the Fenton process [9,15,20,29], although it has been recently reported that relatively low concentrations of chlorides can enhance disinfection by photo-Fenton [30]. This effect can be associated to modifications in the coordination sphere of Fe3+, which result in changes in the mechanism, in which species such as Fe(Cl)2+ play a very important role [29,31]. Hence, the reaction (4) competes with reaction (2), finally generating Cl2·− radicals in the presence of Cl− according to reaction (5). Although this chlorinated species can react with some molecules, it is not as reactive and unselective as ·OH [32].


FeCl2+ + hυ →Fe2+ + Cl



(4)






Cl· + Cl− → Cl2·−



(5)







An additional process that might occur is the scavenging effect of Cl− towards hydroxyl radicals (k ≈ 109 M−1·s−1), also to generate Cl· or Cl2·− (Equation (6)), a process that is more important in an acidic medium [9,29].


Cl· + Cl− → Cl2·−



(6)







However, it has to be considered that this slight acceleration of photo-Fenton in the presence of 1 g·L−1 of chlorides occurs at pH = 5, in contrast with the pH below 3 that was used in most of the experiments reported in literature. As a matter of fact, results obtained at pH = 2.8 in different aqueous matrices shows that the expected trend is obtained and lower reaction rate is observed at 1 g·L−1 when compared with distilled water (Figure 4). In order to explain this behavior, it has to be considered that OH− shows higher affinity for iron than Cl−, and only when [Cl−] is well above [OH−] chlorinated complexes are formed, namely at acidic pH. This means that in the presence of chlorides the highest concentration of Fe(OH)2+ is no longer reached at pH = 2.8, but it is shifted towards higher pH values, as reported by Millero [33].



The pH dependence of photo-Fenton in the presence of moderate concentrations of chlorides has been previously reported in a couple of works [7,29]. It was reported that the inhibitory effect of chlorides was very strong at pH < 3, while it decreased at higher pH values; hence, the optimum pH condition shifted towards higher values. In order to clarify this point, the experiment with 1 g L−1 of NaCl was run at pH = 3.5; thus, Figure 5 shows that the reaction was faster than at the other studied pH. It is worth indicating that in our case, the pH of reactions performed at pH = 5 decreases to values around 4 in the early stages of the reactions, thus approaching the optimum value.




3.2. Evolution of pH, Dissolved Iron and Hydrogen Peroxide in Photo-Fenton Reactions


In order to gain further insight into the differences in the tested experimental conditions, pH, dissolved iron and hydrogen peroxide were also tested during the experiments. Regarding pH, no noticeable changes were found when experiments were performed at pH = 2.8, while at pH = 5, a fast decrease was observed in the first 15 min to reach values around 4, and then remained nearly constant. Regarding iron and H2O2, the remaining percentages of these substances in solution after 15 min and 60 min are shown in Table 1. The amount of dissolved iron remained constant in experiments at pH = 2.8, while, in contrast, a decrease in dissolved iron was observed at pH = 5.0 as a consequence of the formation of non-soluble iron oxides and hydroxides, which is favored at mildly acidic or neutral pH and responsible for iron inactivation, as stated above. In HSW, higher amounts of iron remained in the solution after 60 min (77% vs. ca. 20% in DW and LSW), which can be attributed to some stabilization because of the presence of chlorides.



On the other hand, hydrogen peroxide consumption is not completely ruled either by pH or by dissolved iron, and it is correlated with the efficiency of photo-Fenton. An experiment at pH = 2.8 in DW resulted in complete consumption of H2O2 and resulted in the best performance of photo-Fenton. The remaining amount of hydrogen peroxide after 15 min was in the range 51–57% for LSW at pH = 2.8 and DW or LSW at pH = 5. This is in line with observations that chlorides interfered at pH = 2.8 but not at pH = 5. It is also worth indicating that the consumption of H2O2 remained relatively high at pH = 5 despite the lower amount of iron in solution, indicating that dissolved iron was in an active form for photo-Fenton. In sharp contrast, with a high concentration of salt, iron was not able to decompose H2O2 efficiently despite the presence of high amounts of iron, being the reaction faster at pH = 2.8. This effect might mean that high concentrations of chlorides do not inhibit photo-Fenton by formation of non-soluble oxygenated species, but by generation of inefficient chlorinated complexes, which prevent reaction of iron salts with H2O2.




3.3. Experiments with Real/Natural Aqueous Matrix


Data show that photo-Fenton in HSW was clearly less efficient than in the other matrices, both at pH = 2.8 and pH = 5.0., although under those conditions, complete removal of all six pollutants could be accomplished after 1 h of treatment. As this concentration of chlorides is close to that of the Mediterranean Sea (36–37 g L−1), it seemed interesting to repeat the experiments with real seawater (SW). Figure 6 indicates that the performance vs. photo-Fenton was worse at pH = 2.8 (Figure 6A) and, in particular, at pH = 5, when compared with HSW (Figure 6B). This is probably due to the presence of other species in SW, which is more complex than merely a NaCl solution. Some anions such as bromides are candidates to explain this effect, but other species such as dissolved organic matter or suspended solids can also contribute. Finally, in order to see what occurred at low salinity levels, “diluted sea water” (DSW) was prepared by diluting SW to reach the same conductivity as 1 g L−1 of NaCl. Figure 6 shows that also in this case a slight loss of efficiency was detected when compared with LSW, although a good performance was still found.





4. Conclusions


The effect of the presence of chlorides on the photo-Fenton process depends on pH; while at pH = 2.8 chlorides are always detrimental, at pH = 5 a slight acceleration can be observed at 1 g·L−1, which can be associated to a shift of Fe(OH)2 formation towards higher pH values. As a matter of fact, higher efficiency of photo-Fenton was obtained at pH = 3.5 in agreement with literature. Hydrogen peroxide consumption and dissolved iron indicate that chloride interferences are due to changes in the coordination sphere of iron, rather than to the scavenging effect of iron towards the hydroxyl radical.



The difference in reactivity between SW and HSW should attributable to other species that are present in the medium and systematic studies to determine the role of each species, pH dependence and mechanism are required. Furthermore, in order to determine the real applicability, complementary experiments would be required, not only focusing on the primary degradation of the pollutants, but also on monitoring changes in biocompatibility, release of reaction intermediates and changes in the composition of the organic fraction of the effluent.
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Figure 1. Scheme of the 6 different contaminants of emerging concern employed in this work as target pollutants. 
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Figure 2. Photo-Fenton treatment of a mixture of pollutants at pH 5 in solutions containing different concentrations of salt: (A). DW, (B). LSW and (C). HSW. Plot of the relative concentration of each pollutant vs. time: (◆) amoxicillin, (⁃) acetaminophen, (■) acetamiprid, (○) clofibric acid, (✖) caffeine, (▲) carbamazepine. 
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Figure 3. Photo-Fenton treatment of a mixture of pollutants at pH = 5 under different conditions: DW (◆), LSW (■) and HSW (▲). Results obtained for Fenton (●) and photolysis (○) in DW are also given for comparison. Plots of the relative amount of the total concentration of emerging pollutants, ΣCECs (C/C0) vs. time are given. 
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Figure 4. Photo-Fenton treatment of a mixture of pollutants at pH = 2.8 under different conditions: DW (◆), LSW (■), and HSW (▲). Plots of the relative amount of the total concentration of emerging pollutants, ΣCECs (C/C0) vs. time are given. 






Figure 4. Photo-Fenton treatment of a mixture of pollutants at pH = 2.8 under different conditions: DW (◆), LSW (■), and HSW (▲). Plots of the relative amount of the total concentration of emerging pollutants, ΣCECs (C/C0) vs. time are given.
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Figure 5. Photo-Fenton treatment of a mixture of pollutants in LSW at three different pH values: 2.8 (◆), 3.5 (●), and 5.0 (▲). Plot of the ΣCEC/ΣCEC0 vs. time. 
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Figure 6. Photo-Fenton treatment of a mixture of pollutants at (A). pH 2.8 and (B). pH 5 in different aqueous matrices DW (◆), DSW (■), LSW (▢), SW (▲) and HSW (△). Plot of the ΣCEC/ΣCEC0 vs. time. 
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Table 1. Remaining percentages of H2O2 and dissolved iron after 15 min or 60 min of irradiation time. Experiments performed at pH 5 or pH 2.8 for DW, LSW and HSW aqueous matrices.
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t = 15 min

	
t = 60 min




	
Remaining H2O2 (%)

	
Remaining Fe (%)

	
Remaining H2O2 (%)

	
Remaining Fe (%)






	
pH = 5

	
DW

	
51

	
76

	
11

	
16




	
LSW

	
55

	
73

	
11

	
22




	
HSW

	
77

	
95

	
42

	
77




	
pH = 2.8

	
DW

	
35

	
99

	
0

	
99




	
LSW

	
57

	
98

	
4

	
97




	
HSW

	
69

	
100

	
10

	
99
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