1. INTRODUCTION

The increasing growth of world’s population and rapid industrial development cause formation of the huge amount of waste and coloured wastewater respectively. Wastewater from dye manufacturing and application industries presents significant environmental problem due to its colour which is visible even with very low dye concentration in water (10-3 mg L-1), as well as the content of numerous organic compounds unacceptable for the environment. Beside that, limited penetration of light negatively effects to life cycle of flora and fauna (Muruganandham and Swaminathan, 2005) and human health indirectly (Ramirez et al., 2005; Chacón et al., 2006). So, in order to protect the environment, following the principles of cleaner production and sustainable development, dye removal from industrial wastewater presents great issue. New directives and regulations, dictate the need for the finding of optimal solution for the treatment of such wastewater, in order to decrease concentration of hazardous compounds bellow the maximal concentration prescribed by the law. The world production of dye is over 7×105 tones/year, within azo dyes are represented with 70% (Arslan et al., 1999).
Generally, methods for the coloured wastewater treatment can be grouped as biological, physical and chemical methods (Gupta, 1997). Biological methods have widespread use for the treatment of municipal and industrial wastewater. Despite of the lot of advantages, some contaminants, including the most toxic organic compounds can not be destroyed by biological degradation processes. Physical methods of wastewater treatment (adsorption, flocculation/coagulation, membrane processes, ion exchange) (Malik and Sanyal, 2004), generally present transfer of pollution from one phase to the other and they are often expensive and not eco-efficient. Formation of secondary waste disposal and adsorbents regeneration additionally decreases economical efficiency of these processes. The alternative to the conventional coloured wastewater treatment processes presents advanced oxidation processes (AOPs) that can be applied individually or as a part of integral treatment process. The advantage of these processes in comparison with conventional wastewater treatment methods is the possibility of complete degradation of organic load towards water, carbon dioxide, nitrates, sulphates and chlorides. Advanced oxidation processes include formation of highly reactive species (radicals) under the chemical, electrical or radioactive energy and they can react non-selectively with persistent organic compounds transferring them into by-products which can be degraded much more easily (Ramirez et al., 2005). These intermediates have high oxidation potential and one of the most important is hydroxyl radical (2.8 eV). It can attack and destruct organic compounds towards water and carbon dioxide, i.e. mineralization. (Shu et al., 2004; Levec, 1997). However, AOPs are not suitable for the treatment of heavy loaded industrial wastewater if the concentration of organic compounds exceeds 100-1000 mg C L-1 (Muruganandham and Swaminathan, 2004) because of the relatively high reactants price. Depending on the hydroxyl radical generation, there are different types of AOPs such as Fenton and Fenton “like” processes, UV photolysis, UV peroxone process, TiO2 photo-catalysis, high voltage electrical discharge, radiolysis, (-radiation… Fenton process is based on oxidation with Fenton reagent which presents an oxidative mixture of hydrogen peroxide and ferrous ions (Fe2+) as catalyst. The efficiency of Fenton process depends on: concentration of ferrous (Fe2+) and hydrogen peroxide Eq. (1), their molar ratio, pH of the system and temperature (Chacón et al.; Gupta, 1997).
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Decomposition of hydrogen peroxide can be also catalyzed by ferric ions, Fe3+, Eqs. (2) and (3) and iron powder, Fe0, Eq. (4) too.
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Oxidation power of Fenton type system can be enhanced by irradiation of UV light due to additional source of hydroxyl radicals, Eqs. (5) and (6).
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The scope of this study was to investigate the efficiency of Fenton type processes (Fe2+/H2O2, Fe3+/H2O2 and Fe0/H2O2) as well as the efficiency of the same processes assisted by UV irradiation, UV/Fe2+/H2O2, UV/Fe3+/H2O2 and UV/Fe0/H2O2 for the treatment of coloured wastewater containing model pollutant compound, azo dye C.I. Direct Orange 39 (DO39).
2. MATERIALS AND METHODS

[image: image1.emf]90

92

94

96

98

100

Colour removal, %

Fe2+/H2O2 = 1 : 50, c(Fe2+) = 1.0 mM

Fe3+/H2O2 = 1 : 5, c(Fe3+) = 0.5 mM

Fe0/H2O2 = 1 : 10, c(Fe0) = 1.0 mM

All reagents used in this work were analytical reagent grade and used without any further purification. Ferrous sulphate (FeSO4×7H2O), iron powder (Fe0), hydrogen peroxide (30% w/w) and methanol were purchased from Kemika, Zagreb, Croatia. C.I. Direct Orange 39 (Figure 1) was obtained from Bayer AG, D-5090 Leverkusen, Germany as a free of charge sample and ferric sulphate [Fe2(SO4)3×9H2O] from Alkaloid, Skopje, Macedonia. Azo dye C.I. Direct Orange 39 (DO39) was used as model compound (Figure 1).
Figure 1. Structure of C.I. Direct Orange 39

Experiments were performed using model wastewater with initial dye concentration of 20 mg L-1. Series of experiments were conducted in order to determine the optimal iron catalysts/hydrogen peroxide molar ratio for each of the investigated Fenton type processes, Fe2+/H2O2, Fe3+/H2O2 and Fe0/H2O2. The initial pH of the studied system was adjusted at 3 using 25% of sulphuric acid (Malik and Saha, 2003; Meric et al., 2004; Muruganandham and Swaminathan, 2004), which was followed by the addition of iron catalyst and hydrogen peroxide. Ferrous and ferric sulphate and iron powder were used as the sources of iron catalyst in Fenton type processes studied. The concentration of iron catalyst were 0.5 and 1.0 mM in all experiments, while the concentration of hydrogen peroxide was varied in the range from 1 : 5 – 1 : 50. The reaction mixture (V = 250 mL) was continuously stirred at room temperature in the open batch reactor with magnetic stirring bar and treated for 2 hours, while dye concentration and TOC values were measured at the end of each experiment to establish decolourization and mineralization extents. Experiments with the highest mineralization extents obtained by the application of Fenton type processes were also repeated in the presence of UV radiation using batch photo reactor consisted of the water-jacketed glass chamber with the total volume of 0.8 L (Figure 2). A quartz tube was placed vertically in the middle of the photo reactor with mercury lamp of 125 W (UV-C, 254 nm) located inside (UVP-Ultra Violet Products, Cambrige, UK).
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Figure 2. Schematic diagram of photo reactor

The UV lamp was connected to a power supply, UVP-Ultra Products, Upland, CA, USA with the frequency of 50/60 Hz, U = 230 V and I = 0.21 A. The value of incident photon flux by reactor volume unit at 254 nm was calculated on the basis of the ferrioxalate actinometry measurements and found to be I0 = 3.42×10-6 Ein-1 L-1 s-1 (Kušić et al., 2004). The total reaction volume of the DO39 model wastewater was 0.5 L. Temperature of the system was maintained at 22(0.2 (C by the circulating of the water through the water-jacketed system of the photo reactor. Each experiment was conducted for 120 minutes at atmospheric pressure. Samples were taken periodically at 0., 5., 10., 15., 30., 45., 60., 90 and 120 minutes and subjected to the further analyses.

A Perkin-Elmer Lambda EZ 201 UV/VIS spectrophotometer was used for decolourization monitoring at (max = 410 nm, while mineralization extents were determined on the basis of total organic carbon content measurements (TOC), performed by using total organic carbon analyzer; TOC-VCPN 5000 A, Shimadzu. Handylab pH/LF portable pH-meter, Schott Instruments GmbH, Mainz, Germany, was used for pH measurements.

Degradation of DO39 in model wastewater, i.e. formation of primary oxidation by-products 1,4-phenylenediamine, sulphanilic acid, hydroquinone, 1,4-benzoquinone, aniline and phenol were analyzed by HPLC using ClassVP Software, Shimadzu, Japan, with a 5 (m, 25.0 cm × 4.6 mm, Supelco Discovery C18 column, USA and detected with diode array UV detector, SPD-M10AVP, Shimadzu, Japan. The mobile phase was mixture of 20% of methanol and 80% of water at isocratic flow of mobile phase of 0.8 ml min-1 with sample injection of 20 (L. Monitoring of formation and then the degradation of by-products were performed at ( = 240 nm for 1,4-phenylenediamine (tR = 4,03 min), 1,4-benzoquinone (tR = 8.00 min) and aniline (tR = 13.17 min), ( = 250 nm for sulphanilic acid (tR = 5.72 min), ( = 270 nm for phenol (tR = 21.69 min) and ( = 290 nm for hydroquinone (tR = 5.85 min). The recorded peaks were first identified and then the concentrations of DO39 primary oxidation by-products were determined from their calibration standards.

A mathematical model was developed using known chemical reactions and reaction rate constants from the radiation chemistry literature and the literature on Fenton’s chemistry (Grymonpré et al., 2001). The model included 13 or 15 chemical species and 22 or 24 reactions correspondingly which has been taken into account to depict decolourization and mineralization process of DO39 respectively. The general mass balance for a well-mixed, constant volume and temperature batch reactor is given by ri = –dci/dt where ci is concentration of chemical specie i and ri is the rate of the same specie (Nirmalakhandan, 2002). A total of 13 or 15 simultaneous ordinary differential equations were solved using Mathematica 5.0 software (Wolfram Research, Champaign, IL). The overall rate constant for the degradation and mineralization of DO39 with hydroxyl radicals has been estimated with trial and error method fitting the rate in the model.
3. RESULTS AND DISCUSSION
The first series of experiments were performed in order to determine the optimal parameters of Fenton and Fenton “like” processes for degradation and mineralization of DO39 in model wastewater. It has been determined that 1.0 mM concentration of FeSO4×7H2O is optimal for obtaining a maximal decolourization of 95.6% and mineralization extents of 47.6% after two hours, using molar ratio of Fe2+/H2O2 = 1 : 50. The formed by-products were detected by HPLC analysis and it has been found that on the end of process 9.13 mg L-1 of 1,4-phenylenediamine remains in the system. The optimal concentration of Fe2(SO4)3×9H2O for achieving of a maximum decolourization and mineralization extents of 97.0% and 64.5% respectively was determined to be 0.5 mM, using molar ratio of Fe3+/ H2O2 = 1 : 5. Also, it has been found out that 0.91 mg L-1 of 1,4-phenylenediamine remains in the reaction mixture after two hours of the treatment.
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Figure 3. Decolourization efficiency comparison of Fe2+/H2O2, Fe3+/H2O2 and Fe0/H2O2 processes after 2 hrs.
The optimal concentration of Fe0 for obtaining a maximal decolourization of 91.0% and mineralization extents of 47.9% after two hours was determined as 1.0 mM, using molar ratio of Fe0/H2O2 = 1 : 10. It was detected that 2.00 mg L-1 of 1,4-phenylenediamine still exists in the system at the end of the treatment process. The residual value of total organic carbon in the reaction system after the treatment is due to the presence of formed 1,4-phenylenediamine. Summarized results for the maximal decolourization and mineralization removals of DO39 model wastewater using Fe2+/H2O2, Fe3+/H2O2 and Fe0/H2O2 are presented with the Figures 3 and 4. It can be seen that maximal decolourization and mineralization extents were achieved in Fe3+/H2O2 processes, using 0.5 mM of Fe2(SO4)3×9H2O and molar ratio of Fe3+/H2O2 = 1 : 5, during two hours of treatment. These process parameters were applied in the next experiment performed in order to determine kinetics of DO39 degradation and mineralization. The results are presented in Figure 5.
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Figure 4. Mineralization efficiency comparison of Fe2+/H2O2, Fe3+/H2O2 and Fe0/H2O2 processes after 2 hrs.
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Figure 5. Kinetics of decolourization and mineralization for the optimal Fe3+/H2O2 process

It can be seen that around 90% of colour was removed after 5 minutes of the treatment process. Decolourization extent remains more or less constant up to the end of the process. Proposed model compares well with the experimental data. Discrepancy for the first 15 minutes of decolourization could be caused by formation of yellowish ferric complexes which spectra interferes with DO39 spectra. On the other hand, mineralization was occurring slower. In the first 5 minutes, around 43% of total organic compound was removed and additional 22% up to the end of treatment process. That can be explained with the fact that hydroxyl radicals formed in Fe3+/H2O2 process firstly attack chromophore (N=N( bond in DO39 molecule leading to the formation of by-products which are then degraded with hydroxyl radicals up to the end of the process.

In order to determine the impact of UV radiation on the increasement of process efficiency in Fe2+/H2O2, Fe3+/H2O2 and Fe0/H2O2 AOPs, optimal process parameters from the previous investigations were used in UV/Fe2+/H2O2, UV/Fe3+/H2O2 and UV/Fe0/H2O2 processes. The results of those experiments are presented with Figures 6 and 7. From the Figure 6, it can be seen that a maximal decolourization extent of 93.2% was obtained in the UV/Fe3+/H2O2 process, using molar ratio of Fe3+/H2O2 = 1 : 5 and 0.5 mM concentration of Fe2(SO4)3×9H2O. On the other hand, with the same process, a maximal mineralization extent was found to be 76.9% (Figure 7). Also, it was detected that 0.89 mg L-1 of 1,4-phenylenediamine remains in the system after two hours of the treatment process. Zhao et al. studied the degradation of Acridine Orange using the photo-Fenton reaction. They obtained 25% of mineralization. Lucas and Peres achieved 46.4% of TOC removal of Reactive Black 5 aqueous solution using photo-Fenton system. Neamtu et al. obtained 49.32% of Reactive Yellow 84 and 73.52% Reactive Red 120 mineralization in photo-Fenton treatment. Chacón et al. reached 84% of TOC removal of Acid Orange 24 using photo-Fenton degradation. Finally, Kušić et al. studied degradation of Acid Orange 7 and achieved 90.09% of TOC removal by UV/Fe0/H2O2 system.
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Figure 6. Decolourization efficiency comparison of UV/Fe2+/H2O2, UV/Fe3+/H2O2 and UV/Fe0/H2O2 processes after 2 hrs.
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Figure 7. Mineralization efficiency comparison of UV/Fe2+/H2O2, UV/Fe3+/H2O2 and UV/Fe0/H2O2 processes

Higher decolourization and mineralization extents as well as lower amount of remained 1,4-phenylenediamine in the system on the end of the treatment process in UV/Fe3+/H2O2 (Figures 6 and 7) in comparison with Fe3+/H2O2 process (Figures 3 and 4) are consequence of additional formation of hydroxyl radicals by the photolysis of hydrogen peroxide and reduction of ferric ions.

Another set of experiments was performed in order to investigate the efficiency of direct UV photolysis on DO39 degradation in model wastewater. The quantum yield of DO39, 0.0021 mol Ein-1, was determined by trial and error method inserting values into the model. The used model, given by Eq. (7), is a modified version of the so-called “LL model”, a semi-empirical model based on the Lambert’s law, proposed in the literature Eq. (7) (Beltran, 2003)
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where (, (, I0, and L stand for the quantum yield, molar absorption coefficient, the incident photon flux by reactor volume unit and effective optical path in the reactor, respectively. Once I0, 3.42×10-6 Ein L-1 s-1, and L, 3 cm, were determined by actinometry experiments, the quantum yield of DO39 could be calculated. The value of molar absorption coefficient of DO39, ( = 2050.07 M-1 cm-1, was calculated from the Eq. (8) by measuring absorbance of the DO39 solution at 254 nm. Absorbance A, can be expressed as:

A = l ( c










(8)

where l is the path length, cm, and c the dye concentration at time t, M.

The results of DO39 decolourization and mineralization kinetics by UV/Fe3+/H2O2 process are presented in the Figure 8. It can be seen that proposed model comprises with the experimental data relatively well. Discrepancy could be again explained by the interference of ferric complexes absorption spectra and formation of carboxylic acids as by-products of DO39 degradation and their reaction with ferrous ions. By the trial and error method decolourization and mineralization reaction rate constants are found to be 9
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109 M-1 min-1, respectively.
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Figure 8. Decolourization and mineralization kinetics of the optimal UV/Fe3+/H2O2 process
4. CONCLUSIONS
Fenton type, Fe2+/H2O2, Fe3+/H2O2, Fe0/H2O2 and corresponding photo-assisted processes, UV/Fe2+/H2O2, UV/Fe3+/H2O2 and UV/Fe0/H2O2 were successfully applied for treatment of DO39 model wastewater. Decolourization of DO39 model wastewater in the range of 82 up to 96% was achieved by all studied process. Significant enhancement of mineralization was achieved in the Fenton type processes assisted with UV irradiation from 47.6 up to 76.2% of TOC removal for process using Fe2+-salt, 47.9 up to 70.2% TOC removal for those using iron powder and from 64.5 up to the overall highest 76.9% of TOC removal using Fe3+-salt as the source of iron catalyst. The kinetics of DO39 degradation and mineralization follows pseudo-first order kinetics with the rate constants 9
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109 M-1 min-1, respectively.
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