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Abstract

:

In today’s industries, a diversity of processes give rise to increasing numbers of non-biodegradable compounds that need to be degraded totally or transformed to other less toxic and/or more biodegradable compounds, before their discharge into the environment. One such compound chosen for this study is Orange II, a representative azo-dye that is widely used and easy to monitor in its degradation. The photo-Fenton process was used under heterogeneous and homogeneous conditions to study several different variables. At the end of this research, a comparative study was carried out between the two types of catalysis. It was observed that better results in primary degradation and mineralization were provided by homogeneous catalysis. The photo-Fenton process takes place effectively under heterogeneous and homogeneous catalysis conditions. The process is much faster under homogeneous conditions than under heterogeneous conditions (99.9 and 24% after 90 min, respectively, especially when only 2 ppm of iron in solution is required). Mineralization was observed through total organic carbon, through the variable C/Co as a function of time during photo-Fenton and Orange II degradation, and the data obtained for the final oxidation capacity are in agreement with the experimental percentages of mineralization. A linear fit was observed using the Chan–Chu kinetic model for heterogeneous and homogeneous catalysis. For heterogeneous catalysis, 56% mineralization was reached whereas the model predicts 63%. Regarding homogeneous catalysis, according to the model, 100% mineralization is reached because (1/σ) takes a value greater than 1 since the model calculates it on infinite time.
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1. Introduction


In the textile industry, the main pollutants are the dyes, which consist of one or more chromophore groups (groups of atoms with unsaturated connections that give color). There are approximately 12 chromophore groups, the most important being the azo-compounds (-N=N-) that include 60–70% of the textile dyes, followed by the quinones [1,2].



All the pollutants except the color can be reduced by conventional chemical and physical treatment methods. Consequently, the biggest problem with textile wastewaters is the color, produced by the residuals of dyes in the dyeing processes [3,4,5]. It has been found that some methods are either not viable or not completely effective in degrading water-soluble azo-dye; direct photolysis [6,7], coagulation–flocculation processes [4], and biological processes [8,9] are among these methods [10].



For this research, it was therefore decided to apply a variant of the Fenton process (Fenton, 1894) called photo-Fenton, which is included among the advanced oxidation processes (AOPs) [11,12]). Other authors have used Fe-doped zinc oxide (Fe-ZnO) and UV-A irradiation for the removal of two widely used antibiotics found in hospital wastewater with positive results [13]. Other authors have studied the synthesis of a β-FeOOH/polyaniline heterogeneous catalyst for efficient photo-Fenton degradation of AOII dye [14]. Heterogeneous (iron fixed in perfluorinated membranes of Nafion®117) and homogeneous (dissolved iron ions) catalysis methods were used [15,16]. These membranes resist the attack of the hydroxyl radical and can thus be reused for further treatment.



The Fenton process [17] consists of the generation of the hydroxyl radical (HO•) by means of the reaction between ferrous ion and hydrogen peroxide (chemical reaction (1)). This radical is highly oxidizing and can react in an indiscriminate way with different organic compounds. The process does not need to be irradiated since it takes place rapidly due to the ferrous ion being recycled, as chemical reaction (2) indicates. However, if an illumination source is used (as in the photo-Fenton process), this increases the yield and rate of the reaction due to the increased effectiveness produced by the photo-reduction of the ferric to ferrous ion (chemical reaction (3)), where an extra hydroxyl radical is generated if the ferric ion is solvated with water molecules. The photo-reduction proceeds through the sequence of “Ligand Metal Charge Transfer (LMCT)” (chemical reactions (4)–(6)). Therefore, the photo-Fenton process can start with either the ferrous or ferric ion.


Fe2+ + H2O2 → Fe3+ + HO− + HO•



(1)






Fe2+ + H2O2 → Fe2+ + HO• + H+



(2)






Fe3+ + HO• + hν → Fe2+ + HO• + H+



(3)






Fe(III) − L + hν → Fe(III) − L*



(4)






Fe(III) − L* ↔ Fe(II) − L’



(5)






Fe(II) − L’ ↔ Fe(II) + L’



(6)







The objective of this study is to check the effectiveness of the photo-Fenton process, under heterogeneous and homogeneous conditions, in degrading dyes in textile wastewaters. Experiments were conducted with the Orange II compound because it is a very common textile dye; it is not biodegradable, it is included among the azo-dye groups, and it is easy to follow its primary and total degradation through spectrophotometric and COT measurements, respectively. Orange II is a very common product nowadays in the study of how to degrade it and under which conditions, so to know with a real cost-effective catalytic degradation (heterogeneous (iron fixed in perfluorinated membranes of Nafion®117) and homogeneous (dissolved iron ions) which are the best operating conditions is the aim of this study.




2. Material and Methods


2.1. Reagents


Orange II sodium salt (≥98.0%) of the acid 4-(2-hidroxy-1-naphtalene)azobenzenesulfonic (Scharlau AN0027, Scharlab, Barcelona, Spain) is an acid and monosulfated dye of the monoazo type. It has a high solubility in water due to the SO3 group [18] and its color is due mainly to the azo group (-N=N-) [19,20].



Extrapure FeCl3·6H2O (Scharlau, Cod. HI0336, Barcelona, Spain) was used as source of iron ions. Hydrogen peroxide 33% w/v (Panreac, Cod. 131077. 1214, Barcelona, Spain). Other reagents were: extrapure sodium hydroxide (Scharlau, Cod. SO0420, Barcelona, Spain), sulfuric acid 95–97% (Scharlau, Cod. AC2067, Barcelona, Spain) and Milli-Q water. All the reagents were used without further purification.



Under heterogeneous conditions, two ionic exchange perfluorinated membranes of Nafion®117 (thickness 0.007 in., Sigma-Aldrich 274674, Madrid, Spain; L × An = 8 in. × 10 in.) were used in order to fix iron (III) ions inside the photo-reactor. These membranes contain hydrophilic sulfonated groups which are immobilized in the perfluorinated structure.



The procedure used in the fixation of the iron (III) ions to the perfluorinated membranes was the following:




	
The membranes were immersed in 1 M HCl solution at 50 °C with light agitation for 30 min, and then washed with ultrapure water.



	
The membranes were then immersed in 0.3 FeCl3·6H2O solution during 30 min, and subsequently washed with ultrapure water. In this step, the acid hydrogen of the OH group was substituted by the iron (III) ion.



	
Finally, the membranes were introduced into a 1 M NaOH solution during 30 min to convert the iron (III) ions exchanged in their hydrated form and to ensure the same initial conditions at the beginning of each experiment. They were washed and stored with ultrapure water.



	
At the end of each experiment, the membranes were washed with ultrapure water and number 3 was repeated to regenerate the hydrated iron (III) ions.









2.2. Analytical Techniques


Spectrophotometric measurements were carried out to monitor the decoloration of the Orange II molecule, indicative of primary degradation or % decolorization, using a Jenway 6405 UV/Visible spectrophotometer, at a wavelength of 484 nm. This wavelength was chosen by other authors as the initial rate (v) of Orange II oxidation can be determined from the linear plot of absorbance versus time, using an average molar extinction coefficient of 1.8 × 104 M−1 cm−1 (484 nm) [21,22]. The TOC (total organic carbon) measurements were carried out to monitor the Orange II mineralization, indicative of the total degradation, using a Shimadzu 5050A. TOC Analyzer, Scharlab, Bacelona, Spain.



The evolution of hydrogen peroxide during the experiments was measured semi-quantitatively by means of the Merkoquant test which detects peroxides at concentrations between 1 and 100 mg/L of H2O2 and between 100 and 1.000 mg/L of H2O2 (Merck Sigma-Aldrich, 110081 and 110337, Madrid, Spain). The test is a valid colorimetric method within a pH range between 2 and 7, and responds to organic and inorganic compounds with peroxide or hydroperoxide groups.




2.3. Photo-Reactor


The photo-reactor has tubular shape and consists of a glass cylinder with entry and exit points (Figure 1). It also possesses the illumination source in its longitudinal axis. Two lamps were used: Philips TL-D 36W/18 Blue SLV centered at 440 nm, and Philips TL-D 36W/08 SLV centered at 366 nm (Philips, Madrid, Spain). The conduits between the different parts of the system were of PTFE.



The photo-reactor was operated in batch mode. Under heterogeneous conditions, the membranes with the fixed ferric ions were introduced inside the glass cylinder of the photo-reactor and adhered to the interior surface. Subsequently, the system was filled with the Orange II solution adjusted to pH 2.8 by means of H2SO4 (c) and NaOH 1 M. Finally, the hydrogen peroxide was added. When the illumination source was switched on, the experiment began. The mixing flask was sealed with a reflux coolant to avoid loss by evaporation. Under homogeneous conditions, the Orange II solution with the ferric ions, adjusted to pH 2.8, and the hydrogen peroxide was prepared first. Then, this solution was introduced in the photo-reactor and again the study began when the illumination source was activated. A series of preliminary experiments were carried out to test the best pH for the study. A statistical study was then carried out to find out which parameters and the number of experiments that should be carried out to be representative.





3. Results and Discussion


3.1. Heterogeneous Catalysis


Two different experiments were carried out: one adding hydrogen peroxide continuously during the process, and the other adding it initially at the beginning of the process.



3.1.1. Continuous Addition of Hydrogen Peroxide


The hydrogen peroxide was continuously added to the reactor or mixing flask and always kept in excess. The addition was carried out slowly, in contrast with the initial input of hydrogen peroxide, in order to avoid, as far as possible, the deactivation of the hydroxyl radicals (chemical reactions (7) and (8)) by reaction with the excess of hydrogen peroxide without reacting with the iron ions or when the initiation stage has started, this could hinder the propagation stage due to deactivation among the hydroxyl radical themselves [23,24,25].


HO• + HO• → H2O2



(7)






H2O2 + HO• → H2O + HO2•



(8)







Additionally, other authors suggest that an excess of hydrogen peroxide can accelerate its decomposition according to the chemical reaction (9) [26,27].


2H2O2 → 2H2O + O2



(9)







The experimental conditions at the beginning of the study were: an Orange II concentration of 0.25 mM; recirculation flow of 300 mL/min; and flow of the added hydrogen peroxide of 300 µL/min.



Wavelength (λ) of the Illumination Source


In Figure 2, the effect of the wavelength of the illumination source in primary degradation of a 0.25 mM Orange II solution can be observed. The lamps used in these tests were Philips TLD 36W718 Blue at 440 nm and TLD 36W/08 Blacklight Blue at 366 nm (Philips, Madrid, Spain). A control rehearsal in darkness (Fenton process) was also carried out.



It can be observed that the rate and percentage of degradation depend on the wavelength of the illumination source, with the best result obtained using the lamp centered at 366 nm, followed by the lamp centered at 440 nm, and the darkness control experiment (99.8, 76 and 11% after 1440 min, for 366 nm, 440 nm and darkness, respectively). At 440 nm, and consequently in darkness, the complexes of ferric ion absorb less radiation than at 366 nm, the wavelength where the photolysis of these complexes is favored, thus causing the photo-reduction of the ferric to ferrous ion. Further, an additional input of hydroxyl radicals takes place in the photo-reduction process if the ferric ion is solvated with water molecules (chemical reaction (3)) [28,29].



The influence of the intensity of the illumination source was not studied since it was found in similar studies that the degradation of Orange II solutions did not depend on the intensity of the illumination source [30]. Therefore, the wavelength of 366 nm was selected and will be used in the following assays as the most appropriate illumination source from among those studied.




Recirculation Flow Rate


The degradation curves are obtained for the three recirculation flow rates assayed (450, 300 and 150 mL/min). It was observed that a flow rate of 450 mL/min provides the best results although after 1440 min (24 h) of reaction, similar percentages are reached with each of the three flow rates. In view of the results obtained, and from the point of view of cost, it can be concluded that the most appropriate recirculation flow rate is 300 mL/min.




Hydrogen Peroxide Flow Rate


To carry out the following study, three rates were assayed for the flow rate of hydrogen peroxide to the mixing flask: 500, 300 and 100 µL/min.



It can be observed that the degradation rate is lower for a rate of 100 µL/min of H2O2 than for the other two flow rates assayed and the degradation percentage after 1440 min is the lowest (92%). However, for the other two rates (300 and 500 µL/min), after 1440 min, the degradation process has been practically completed due to more hydroxyl radicals being generated by the larger inputs of hydrogen peroxide.



An input of 300 µL/min provides better results than 500 µL/min due to there being less deactivation of hydroxyl radicals with the excess of the hydrogen peroxide or among themselves (chemical reactions (7) and (8)). According to these results, the hydrogen peroxide flow rate of 300 µL/min. is considered to be best.





3.1.2. Initial Addition of Hydrogen Peroxide


These assays were carried out with the previously established values: λ = 366 nm, VT = 1470 mL and recirculation flow rate of 300 mL/min. The dose of hydrogen peroxide was studied by varying the H2O2/Orange II molar relationship in accordance with the following values (R): 10, 20, 40 and 60.



In Figure 3, it can be observed that primary degradation is practically complete for all the molar relationships assayed, although it is lower for R10 (85.5 and 97.8% after 150 and 1440 min). However, the rate is higher for R40, R60 and R20 (98.9, 98.4 and 95.7% after 150 min, respectively). This result is due to the excess of hydrogen peroxide for R60, which increases the possibilities of deactivation among hydroxyl radicals or to hydrogen peroxide failing to react. In the first minutes, for R40 the degradation rate is higher than the other molar relationships although the degradation percentages rapidly increase to equal levels. Therefore, from the point of view of the consumption and hence cost of hydrogen peroxide, the best molar relationship is R20.




3.1.3. Comparison between Continuous and Initial Input of Hydrogen Peroxide


The next step is to compare the results obtained in the previous assays and to select which is the most appropriate way to add the hydrogen peroxide to the reaction [31]. The degradation percentage increases more rapidly for an initial input of hydrogen peroxide at the beginning of the process than continuous input, due to the generation of more hydroxyl radicals and in spite of the hydroxyl radical deactivation being greater with this initial method of input.



Further, the consumption of hydrogen peroxide at the end of the process is much lower where there is an input at the beginning of the process (0.2232 (0.6760) mL) than with a continuous input continuing until the end of the process (142.56 (432) mL after 1440 min). Therefore, the initial contribution was selected as the better way to add hydrogen peroxide to the reaction.





3.2. Homogeneous Catalysis


This study was carried out using a 0.25 mM Orange II solution and an R20 molar relationship added at the beginning of the assay. These experimental conditions were taken from the previous studies of photo-Fenton oxidation with the immobilized ferric ions. Thus, the variable to be optimized was the concentration of iron (III) ions in solution in the form of FeCl3·6H2O. Four values were tested: 0, 0.5, 2 and 10 ppm. The results obtained are presented in Figure 4.



It is observed that primary degradation of the Orange II (measured by spectrophotometry at 484 nm) is practically completed in 60 min for iron concentrations of 10 and 2 ppm, 99.9% and 98.7%, respectively, although a near maximum of 97.2% was reached with 10 iron ppm after only 15 min, for 0.5 ppm, and only 90% was reached at the end of the experiment, after 100 min.



Without ferric ions, only a small degradation percentage was observed. This is due to the decomposition of the hydrogen peroxide, in absence of an iron source, being favored by the action of the illumination source and generating only a small quantity of hydroxyl radicals. This explanation is supported by the results obtained in the control experiments where Orange II resists the illumination source and does not degrade by direct action of the radiation. This result is also in agreement with the experiments carried out with textile wastewaters by Balanosky et al. [30], where a TOC decrease was observed in absence of iron (III) ions.


H2O2 → 2HO•



(10)







It can be concluded that using 2 ppm of iron (III) in solution, for approximately 60 min, it is possible to degrade almost 100% of Orange II and as well as obtaining a cost saving in comparison with 10 ppm of iron. This concentration was therefore selected as optimal.




3.3. Mineralization, Kinetic Study and Comparison between the Two Types of Catalysis


This last part of the study has been carried out using the experimental conditions found to be most appropriate for each type of catalysis in the preceding assays. After completing the mineralization study, several different kinetic models are tested, and the two types of catalysis are compared.



3.3.1. Mineralization


Figure 5 shows the percentage of mineralization taking place under the selected conditions with each type of catalysis.



Figure 5 shows the evolution of the percentage of degradation by the photo-Fenton process for both types of catalysis under equal conditions. It can be seen that under homogeneous catalysis conditions the process is much faster than under heterogeneous catalysis—99.9 and 24% after 90 min, respectively—so it could be concluded that it is better to opt for homogeneous catalysis, especially when only 2 ppm of iron in solution is required. This is because iron is more available in the reaction medium under homogeneous catalysis conditions. The test was prolonged for the heterogeneous photo-Fenton up to 300 min, reaching 40% degradation. The results shown are largely in line with those presented by other authors showing degradations between 57% and 94% (degradation of dye under optimized conditions using heterogeneous photo-Fenton catalysts: ZnFe2O4 and GO-ZnFe2O4 composite) [32].



A novel study on the treatment of textile wastewater containing acid dye using new polymeric graphene oxide nanocomposites (GO/PAN, GO/PPy, GO/PSty) shows that after 60 min, no change in the adsorption value for the dye AO-RL was observed [33]. Considering that these processes continue to degrade, they are still more efficient.




3.3.2. Kinetic Study


To carry out the kinetic study of the mineralization results, the following kinetic models were applied: 1st order, 2nd order, and the model developed by Chan and Chu [34]. The regression coefficients obtained can be observed in Table 1. The model of Chan and Chu is selected for both types of catalysis due to the theoretical results obtained and the physical meaning of its parameters.



The equations of the model are shown below and the graphical representation is presented in Figure 6.



Originally, this model was applied to the homogeneous degradation of atrazine using Fenton reagent. It describes the two stages of the reaction satisfactorily through two critical parameters: the initial slope or initial rate of the oxidation process (−1/ρ) and the final oxidation capacity of the oxidation process (1/σ). These parameters are sensitive to the concentration of hydrogen peroxide and iron. In order to quantitatively establish which has a higher oxidation rate and degree of mineralization, the data are presented in Table 2.



Figure 7 shows the graphical representation obtained by applying the selected model to the experimental data. A high degree of agreement can be observed between the model and experimental data for both types of catalysis. The slopes are indicative of the higher rate and extent of mineralization under homogeneous conditions. This argument is presented in a numerical way in Table 1 where the initial capacity of oxidation, in absolute value, is higher for homogeneous catalysis.



Mineralization was observed through total organic carbon, through the variable C/Co as a function of time during photo-Fenton and Orange II degradation, and the data obtained for the final oxidation capacity are in agreement with the experimental percentages of mineralization. For heterogeneous catalysis, 56% mineralization was reached whereas the model predicts 63%. This variation is logical since in the tests the iron is fixed in perfluorinated Nafion membranes and is not equally available in the reaction medium and in the solution. Here, the secondary reactions described in the section on the Chan–Chu kinetic model become important. Nevertheless, the correlation between the experimental and model-predicted oxidation capacities is acceptable.



Regarding homogeneous catalysis, according to the model, 100% mineralization is reached because (1/σ) takes a value greater than 1 since the model calculates it on infinite time. This result is in agreement with the experimental data after 300 min where the percentage of mineralization reached was close to 100%. A total of 100% should have been mineralized, which does not occur because there are secondary reactions already mentioned that become important at low concentrations as is the case of perfluorinated membranes.




3.3.3. Comparison between the Two Types of Catalysis


The photo-Fenton process is more effective under homogeneous than heterogeneous catalysis conditions in primary degradation and mineralization, due to the greater availability of the iron in homogeneous catalysis for reacting with the hydrogen peroxide. This was demonstrated in the preceding assays.






4. Conclusions


The photo-Fenton process is more effective with an initial input of hydrogen peroxide than with a continuous input until the end of the process. Nevertheless, the photo-Fenton process takes place effectively under heterogeneous and homogeneous catalysis conditions. The process is much faster under homogeneous conditions than under heterogeneous conditions, in primary degradation (decolorization) and in mineralization (CO2 and H2O), due to the greater availability of iron in the reaction. The main difference between the two types of catalysis is the status of the iron: fixed in heterogeneous and in solution in homogeneous catalysis. Except for this difference, the experimental conditions identified as most appropriate are common for both processes. Under homogeneous catalysis conditions, the process is much faster than under heterogeneous catalysis—99.9 and 24% after 90 min, respectively—so it could be concluded that it is better to opt for homogeneous catalysis, especially when only 2 ppm of iron in solution is required.



The kinetic model that best describes both types of catalysis is the model developed by Chan and Chu in 2003. It is also considered that the physical parameters described in this model contribute to a better understanding and explanation of the different stages of the process. Conditional upon extrapolation to the pilot scale, it can be concluded that the photo-Fenton process is capable of effectively eliminating dyes from textile industry wastewaters.
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Figure 1. Schema of the photo-reactor. 
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Figure 2. Percentage of primary degradation vs. time using different illumination sources: (♦) 366 nm and (■) 440 nm and (▲) darkness. 






Figure 2. Percentage of primary degradation vs. time using different illumination sources: (♦) 366 nm and (■) 440 nm and (▲) darkness.



[image: Water 15 01787 g002]







[image: Water 15 01787 g003 550] 





Figure 3. Percentage of primary degradation vs. time using different initial inputs of hydrogen peroxide: (♦) R60, (■) R40, (▲) R20 and (●) R10. 
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Figure 4. Percentage of primary degradation vs. time using different iron concentrations: (♦) 10 ppm, (■) 2 ppm, (▲) 0.5 ppm and (●) 0 ppm. 
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Figure 5. Evolution of the percentage degradation of Orange II by different oxidation processes: (♦) heterogeneous photo-Fenton and (■) homogeneous photo-Fenton. 
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Figure 6. Kinetic model developed by Chan and Chu: (a) velocity law, (b) linearized velocity law and (c) graphical representation of the kinetic model [34]. 
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Figure 7. Linear adjustment by means of the kinetic model of Chan–Chu for (♦) heterogeneous and (■) homogeneous catalysis. 
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Table 1. Kinetic results for the different applied kinetic models.
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	Catalysis
	1st Order
	2nd Order
	Chan and Chu [34]





	Heterogeneus
	0.8237
	0.9116
	0.9962



	Homogeneus
	0.9933
	0.9631
	0.9921
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Table 2. Values obtained after fitting the experimental data with the Chan–Chu kinetic model.
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Chan and Chu [34]




	
Parameters

	
Heterogeneus

	
Homogeneus






	
ρ (min)

	
266.61

	
60.217




	
−1/ρ (min−1)

	
−3.75 × 10−3

	
−0.0166




	
σ

	
1.5721

	
0.7882




	
1/σ

	
0.63

	
1.2687
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