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Abstract: Photochemical method using UV/H2O2 was utilized to decolourize CI Reactive Red 195A. In this work, the UV radiation source was a low-pressure mercury arc lamp (60W emitting at 253.7nm). Using the combined UV/H2O2 process, the effects of initial hydrogen peroxide dosage, dye concentration, pH and temperature were examined to determine the optimum operating conditions of the treatment process. Complete decolourization of 100 mg/L dye was achieved in the relatively short time of 20-30 minutes irradiation. Faster decolourization was achieved at low pH and high temperature. The removal rate increased with increasing initial concentration of H2O2 up to an optimum value (approximately 900 mg H2O2/L). However, even after near complete removal of the active dye from the solution, approximately 60% of the COD was still remaining, indicating only partial breakdown of the dye molecule. In general, the result indicates that the UV/H2O2 technology has a good potential for removing dyestuff from wastewater, but additional treatment is required to achieve further degradation of the organic intermediates and possibly reduce the UV irradiation time and chemical consumption.
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I.  INTRODUCTION
Large volumes of complex wastewater containing synthetic dyes, especially the reactive azo dyes, and other chemicals from the textile processing industry are known to be a serious problem for conventional treatment plants throughout the world, Lucas [1]. The release of this coloured effluent into the environment is very problematic to aquatic life and may even have mutagenic or carcinogenic effect on humans, Wang [2], Gottlieb [3], Meric [4].
The conventional treatment methods for wastewater containing dyestuffs, such as coagulation/flocculation, adsorption and membrane filtration can only transfer the pollutant from one phase to another, leaving the final environmental problem unsolved,Cisneros. [5].Conventional biological methods are able to remove biodegradable components of the organics in the wastewater. However, this dyeing wastewater cannot be readily degraded due to biological resistance of most of the modern dyes, Georgio [6], Bali [7], Kim [8]. Therefore, destructive methods leading to total degradation or at least to less harmful compounds are needed. 

Advanced oxidation processes (AOPs) that focus on the production of highly reactive hydroxyl radicals (OH(), are known as a highly effective unit operation for removing colour and substantial organic materials from textile effluent, Hung [9], Forgacs [10], Macoveanu [11], Koprivanac [12]. 

The homogenous UV/H2O2 method of treating textile wastewaters shows the potential to degrade toxic and/or carcinogenic compounds effectively,Colonna [13]. UV wavelengths of 200-280 nm lead to disassociation of H2O2, with mercury lamps emitting at 254 nm being the most commonly used. In theory, UV/H2O2 should be able to oxidize organics to CO2 and H2O and inorganic substances to their highest stable oxidation states. Through the UV/H2O2 process, stable organic compounds with high molecular weights are broken down into smaller structures, which are more biodegradable, Chun [14], Arslan [15], Ketrup [16], Perez [17]. The treated effluent does not contain sludge, Zhang [18], Muruganandham [19] and foul odours are greatly reduced, Robinson. [20]. In addition, compared to other AOPs, such as Fenton, ozone, UV/TiO2, etc., the UV/H2O2 method offers several advantages as H2O2 is quite stable, fully dissolves in water at all concentrations without any phase transfer problems, is readily available, easy to transport and store, and relatively inexpensive to generate (especially when compared to ozone). Furthermore, the UV/H2O2 method also offers simplicity of operation, can be carried out under ambient conditions, lower investment costs, and the oxygen formed in the process is also useful for aerobic biological process [20], Slokar [21], El-dein [22]. However, the specific effectiveness in colour and COD removal and the dosage required both H2O2 and UV irradiation are not well studied in the literature so far.

The main objective of this study is to describe the application of the UV/H2O2 process for the degradation of a reactive azo dye. In the present work, the effects of the key operating parameters such as hydrogen peroxide dosage, pH, dye concentration and temperature on the decolourization and degradation extents were studied to find the optimum treatment conditions for practical applications of dye removal from wastewater. 

II.  MATERIALS AND METHODS
2.1. Reagents

The dye chosen for the study was C. I. Reactive Azo Red 195A or RR195A (Recochem, Australia). The known structure and characteristics of the vinylsulphone mono azo dye are presented in Figure 1 and 
Table 1
.
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Figure 1  
Chemical structure of C.I. Reactive Red 195A

Table 1  
The characteristics of azo dye

	Generic name
	Formula
	(max
	M.W.
	Dye contents

	Reactive Red 195A
	C31H24N7O19S6Cl
	542 nm
	1025 Da
	70%


The dye (in powder form) was obtained from the Logan Textile Company, Queensland, Australia, as a commercial product that is regularly utilized by the company without further purification. Analytical grade H2O2 solution (30% w/w) was obtained from Merck (Germany). Analytical grade catalase solution (C-100) from cow liver (Sigma Aldrich, Germany) in K2HPO4 buffer solution (0.05 M, pH 7) was used to remove all residual H2O2 from the samples. H2SO4 and NaOH were used to adjust the pH to the desired value. All the other chemicals were at reagent grade quality and solutions were prepared with MilliQ® water.
2.2. Photoreactor 

The photoreactor is an Ultraviolet Technology of Australasia (UVTA) model LC-20 with the total volume of 585ml, which is marketed mainly as a UV disinfection unit by UVTA Pty. Ltd. (Australia). The photoreactor is protected by a metal casing. The UV light irradiates the water as it flows through the activated fluoropolymer (AFP840) tubing within the unit. The AFP840 teflon type tube is transparent, non-wettable, and chemically inert. The photoreactor is fitted with a fixed low-pressure mercury lamp (60W emitting at 253.7nm) achieving a UV dosage of more than 40 mWs/cm2. The UV lamp and the AFP tube are covered by a metal casing. The UV intensity was kept constant during all experiments. The lamp was warmed up for a few minutes before the experiment was started to ensure a constant UV flux and eliminate temperature variations. 

2.3. Analytical Methods 

In the textile dyeing process, reactive dyes have to be hydrolysed to promote the reaction between the dye and fibre. In the present study, the hydrolysed dye stock solution was prepared according to the common dyebath application conditions recommended by the textile company. Five grams of powdered dye and 40 g of NaOH pellets were dissolved in approximately 500 ml of MilliQ® water and the pH adjusted to 12 with 1 M H2SO4 solution. The solution was stirred for 1 hour at 80ºC. After cooling to room temperature, the solution was neutralized to pH 7 with H2SO4 and diluted to 1 litre with MilliQ® water. The dye was used as the sole organic compound in these tests with a concentration of about 100 mg dye/L, corresponding to 90 to 100 mg sCOD/L. 

A spectrophotometric method, Bijan [23] using Photometer SQ 118 (Merck, Germany) with a wavelength of 550nm was used to measure the dye concentration of filtered samples from the influent and effluent of the photoreactor. The H2O2 solution was diluted and added directly to the influent just before entering the photoreactor. The initial and residual concentrations of H2O2 were determined by Reflectoquant Peroxide test strips (Merck, Germany). 

Chemical oxygen demand (COD) was measured according to the Standard Methods, [23] using a Thermoreactor TR 300 (Merck, Germany) and absorbance measurements were made using the Photometer SQ 118 (Merck, Germany). Residual H2O2 was eliminated using catalase solution before the sCOD measurement to avoid incorrect results. 

500(l of catalase (aqueous suspension) was added to 100ml of 0.05M potassium phosphate buffer, pH 7, Koh [24]. 100μl of this catalase-K2HPO4 buffer solution was then added to each sample after neutralization with NaOH or HCl to remove any remaining H2O2 from the samples as this could otherwise interfere with the COD measurements.

Temperature and pH levels were measured using a Metrohm 744 pH sensor. Samples were taken every 2.5 minutes. All samples were filtered using a syringe filter (0.22 μm Millex® GP, Bedford, USA) and diluted when necessary before analysis. Simulated wastewater was prepared freshly before each irradiation experiment. Control experiments were carried out under UV irradiation without H2O2 in the solutions and with H2O2 but without UV irradiation.

III.  RESULTS AND DISCUSSION  

3.1. Effect of Initial H2O2 Dosage

Different concentrations of H2O2 (100, 200, 300, 600, 900, 1500, and 3000mg/l) were added to the dye solution to study the effect of H2O2 concentration on the decolourization rate. Figure 2 shows the decolourization of RR195A as a function of UV irradiation time for various initial H2O2 dosages.
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Figure 2
Effect of different initial H2O2 dosage on the decolourization of RR195A using the UV/H2O2 method. Initial dye concentration=100mg/L, pH 8, temperature=30oC.

In general, the normalized dye concentration Ct/Co decreased over time in the presence of H2O2 and UV. At higher peroxide concentrations the dye degradation reached more than 90% in about 15 minutes irradiation time. For the lower peroxide concentration ranges, the removal rate increased with increasing initial H2O2 concentration as more OH( radicals were available. 
An initial concentration in the range of 300 to 900 mg H2O2/L seems most suitable for the decolourization of RR195A using UV/H2O2 system as it gave a high decolourization rate. With this H2O2 dose, the decolourization was 94-100% after 30 minutes of irradiation. At initial H2O2 dosages higher than 900 mg/L, the increase in decomposition rate was very limited. Furthermore, the more initial H2O2 present in the system, the higher the residual H2O2 concentration will be in the effluent. With an initial concentration of 300 mg H2O2/L about 80% of the dye was removed with a relatively short time of irradiation (17.5 minutes). Compared to an initial concentration of 600 mg H2O2/L, the 50% lower concentration still achieved a more favourable decolourization rate per H2O2 addition. 

It is important to notice that only the combined utilization of UV and H2O2 achieves this high decolourization rate since control experiments showed that neither H2O2 nor UV alone were able to considerably reduce the RR195A concentration under comparable conditions.  Colour reduction after 30 min was only 3% for UV alone (without H2O2 addition, see Figure 2). An initial concentration of 333mg H2O2/L without UV irradiation achieved 10% dye removal after 30 minutes, which is still very low compared to the 94% achieved with a similar concentration (300 mg/L H2O2) with irradiation.

The reason that the decolourization rate was slow at low H2O2 concentrations is likely the limited formation of hydroxyl radicals due to the low peroxide concentration. At higher H2O2 concentrations, more OH( was produced leading to a faster oxidation rate. However, at some point these free radicals started to react with the excess H2O2 and/or the intermediate products rather than with the dye,Legrini [25],Galindo [26]. Hydroperoxyl radicals (HO2() as the competitive reaction product are much less reactive than OH( and do not seem to contribute much to the decolourization of RR195A. 

Figure 3 illustrates the chemical reactions that occur during the UV/H2O2 process in degrading the organic compounds. Hydroxyl radicals are generated from the H2O2 photolysis (a) and react with the organic compounds (HRH), mainly due to hydrogen abstraction, producing organic radicals (RH() (b). These organic radicals react quickly with dissolved oxygen to yield an organic peroxyl radical (RHO2() (c), initiating subsequent thermal oxidation reactions. Three reactions have been proposed by Peyton et al. (1990) for peroxyl radicals and tetraoxide dimers: (1) generation of organic cations and superoxide anions (d), (2) hydrogen shift and homolysis into hydroxyl radicals and carbonyl compounds (e), and (3) back reaction to RH( and O2 (f). However, hydrogen abstraction by RHO2( should be considered as an initiating process of thermal oxidation reactions (g).  In addition, further reactions will occur not only to cations but also to superoxide anions (yielding H2O2) (i).


[image: image4]
Figure 3  
UV/H2O2 reaction process (based on Peyton et al., 1990)

3.2. Effect of Initial pH

The effect of different pH values (3, 6, 7, 8, 9, 10, 11 and 12) on RR195A decolourization using the UV/H2O2 system was examined. It is known that the pH of the solution will determine the efficiency of the UV/H2O2 treatment process. Thermodynamically, hydrogen peroxide is a stronger oxidant in acidic than alkaline conditions as shown in Eq. 1, Eq. 2 and Eq. 3.

In the presence of acid:

	H2O2 + 2H+ + 2e- ( 2H2O

Eo = +1.77 V
	                              Eq.1



In the presence of base:

	H2O2 + OH- ( H2O + HO2- 
	                                    Eq. 2

	H2O2 + HO2- + 2e- ( 3OH- + O- 
Eo = +0.87 V
	                                    Eq. 3


In this investigation, all experiments were conducted in un-buffered solutions with an initial H2O2 concentration of 300 mg/L and at a temperature of 30°C. During the experiments, insignificant pH shift occurred at pH 7 and below. However, a considerable change of pH occurred in the range between 10 and 20% from their initial pH for pH 8 and above. Figure  shows the decolourization rate of RR195A at various pH levels. It can be seen that after 30 minutes of irradiation, the colour removal was about 95% at pH 3 and 92% to 94% at pH 6 to 8. The decolourization rates under UV/H2O2 should decrease with increasing pH as outlined above and reported in the literature, Shu [27]. In alkaline conditions, H2O2 will decompose into water and oxygen rather than hydroxyl radicals, [27]. This, as well as the thermodynamic effect described above, causes lower decolourization rates of azo dyes at higher pH values because the concentration of OH( is reduced under these conditions. 
Nevertheless, the decolourization rate was minimally affected at pH values up to 8, but the reaction was considerably less effective at higher pH values. While acidic conditions achieve a more effective decolourization, the effect of pH values in the range of 8 to 10 is still relatively limited, with a reduction of 30-40% compared to the maximal rates. However, the reaction rate and efficiency is certainly dramatically reduced at a pH of 12. It is particularly obvious also that the reaction slows down drastically after 15-20 minutes, likely because most of the available H2O2 was degraded at that time. Typically, the final effluent from textile industries has a neutral to high pH (7-12). It would therefore be essential to ensure the most appropriate pH is used to get optimal reaction performance.
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Figure 4
Effect of different pH levels on the decolourization of RR195A using the UV/H2O2 method. Initial dye concentration=100mg/L, H2O2=300mg/L, temperature=30oC.

3.3. Dye Concentration Variations

Different initial dye concentrations were tested to see the effect on RR195A decolourization using the UV/H2O2 method. The results are shown in Figure 5 for a H2O2 concentration of 300 mg/L and a pH = 8. The removal after 30 minutes decreased from 100% to only 17% with increasing dye concentrations from 50 to 453 mg/L. The absolute amount of dye removed in this period was maximal for an initial concentration of 100 mg/L, whereas at higher concentrations only similar or even lesser amounts of dye were degraded. This effect is likely due to the increased absorption of the UV radiation by the higher dye concentrations, therefore decreasing the availability of UV light for reactions with H2O2 and thus lowering the formation of hydroxyl radicals in the solution [28].
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Figure 5
Effect of different initial dye concentration on the decolourization of RR195A using the UV/H2O2 method. Initial H2O2 concentration=300mg/L, pH=8, temperature=30oC.

3.4. Effect of Temperature 

To find the effect of temperature on removal rates, several runs were conducted at temperatures between 15 and 75oC, with H2O2 concentration of 300 mg/L, pH = 8 and initial dye concentration of 100 mg/L. The dye removal rate using the UV/H2O2 method increased with increasing temperature of the system as shown in Figure 6. 

Complete decolourization of RR195A was achieved in 25 minutes at 75oC. Over 30 minutes irradiation, 98% of colour removal was obtained at the temperature of 30oC and 55oC. The slowest rate in this experiment was achieved at 15oC as only 86% decolourization occurred in 30 minutes of irradiation. Heating either increased the generation rate of hydroxyl radicals or directly affected the reaction rate with the dye molecule. 
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Figure 6
Effect of different temperatures on the decolourization of RR195A using the UV/H2O2 method. Initial dye concentration=100mg/L, H2O2=300mg/L, pH=8.

3.5. COD Removal

A limited evaluation of the COD removal was performed under conditions that were assumed to be the most appropriate based on the experimental results above. The UV/H2O2 process was run with an initial H2O2 concentration of 300 mg/L, dye concentration of 100 mg/L, pH = 8 and at 30oC. Even though 94% of the dye was removed from the wastewater under these conditions after 30 minutes, only about 35% COD removal was achieved. Additional removal of the intermediates created from the dye degradation is needed to further mineralize the organics in the wastewater. 

Some approaches to achieve further degradation could include the extension of the reaction time or combining the UV/H2O2 method with other technologies that are able to remove the COD effectively. Based on theoretical and experimental studies in various industries, the treatment efficiency and cost-effectiveness can possibly be enhanced by integrating chemical and biological processes. In previous studies, a combined AOPs and biological oxidation process was found to be effective,Krull [29],Dawson [30], Biological processes are generally more efficient and cost-effective to treat smaller, biodegradable molecules which are thought to be produced from AOPs. However, the most beneficial integration of these different methods is not obvious and further research is needed to determine optimal process combinations. 

IV.  CONSLUSION
The experimental results demonstrate that the UV/H2O2 technology can be effectively utilized for the decolourization of RR195A in a relatively short time of 30 minutes or less. The decolourization was strongly influenced by various parameters, particularly the initial H2O2 dosage, irradiation time, pH, temperature as well as dye concentration. The photochemical oxidation of RR195A by UV/H2O2 is most effective in a neutral or acidic medium with an initial dosage of H2O2 ranging between 300-900 mg H2O2/L and at a high temperature. However, the final effluent of the textile industry has typically a high pH and moderately high temperature. Therefore, in practical applications it is suggested that an operation at a pH of 8 (or lower) and a temperature of 30oC with a H2O2 dosage of approximately 3 times the dye concentration was probably most suitable for efficient decolourization. Even under these conditions, approximately 65% of the COD (all breakdown products of the dye as this was the only organic compound added) was still remaining when the dye was almost completely removed from the solution.  This shows clearly that further research is required into the integration the UV/H2O2 method with a secondary COD removal process, e.g. biological treatment to achieve a more complete mineralization of this textile dye. 
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