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ABSTRACT. Water pollution is one the most serious ecological concerns of our modern society. With the development of the technology and industry this problem is becoming more and more pressing. There are regions on Earth where drinking water is scarce and providing an efficient and cheap method for purification could turn vital. Photocatalysis is regarded as method which can provide a solution to this particular problem. Intensively studied and improved during the past two decades it has now become one of the most promising modern methods for water treatment. This method proves to be perspective and advantageous among others due to his high efficiency, low cost and easy utilization in different type of water purifying devices. Nanostructured titania (TiO2) is one of the most widely applied photocatalysts in this kind of devices. As we all well know water pollution seldom involves only one component. That is the reason why in this study we investigate the photocatalytic decomposition of complex solution of dyes as model water pollutant which will reveal the interaction between different pollutants and their rate of degradation. 
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ФОТОКАТАЛИТИЧНО РАЗГРАЖДАНЕ НА РАЗТВОР, СЪДЪРЖАЩ СМЕС ОТ БАГРИЛА КАТО МОДЕЛЕН ЗАМЪРСИТЕЛ НА ПРИРОДНИ ВОДИ
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РЕЗЮМЕ. Замърсяването на водите е една от най-сериозните екологични заплахи за съвременното общество. С развитието на технологиите и индустрията този проблем става все по-наболял. Има области, където питейната вода е оскъдна и осигуряването на метод за нейното пречистване може да се окаже жизненоважен. На фотокатализата се гледа като на метод, който може да предложи решение на този проблем. С помощта на проведените задълбочени изследвания и подобрения върху процеса фотокатализа през последните две десетилетия, тя се е превърнала в един от най-обещаващите методи за третиране на води. Преимуществата и спрямо други се дължат на това, че тя е високоефективна, евтина и лесна за практическо приложение. Наноструктуриран титанов диоксид (TiO2) е един от най-широко прилаганите фотокатализатори. Както всички добре знаем, замърсителите на водата рядко са само от един вид. Поради тази причина в настоящото изследване се раглежда разграждането на сложна смес от багрила като реален моделен замърсител на води, с което ще се покажат ефектите на взаимодействие на замърсителите помежду им, както и скоростта им на разграждане в смес.
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Introduction
   Pure drinking water supply has always been an issue in modern society, especially in some regions of the world with limited drinking water supply (Christenson et al., 2014). Developing a cost effective and efficient method for water treatment has been a main goal for the scientists engaged in environmental research (Schoenen, 2002). A promising new method that has emerged in the last two decades is the process of photocatalysis (Fujishima et al., 1972). Since its discovery it has been vastly exploited for potential application at water treatment facilities (Lu et al., 2011). Photocatalysis has become focus of attention for the researchers due to its numerous advantages like high efficiency, usage of nontoxic materials and easy environmental friendly working conditions (Zhu et al., 2012). By employing materials that can harvest sun light thus destruct organic pollutants one can achieve a very successful water purification method (Guokai et al., 2011). Some materials have the ability to decompose (oxidize) organic compounds under UV irradiation. Due to their electronic structure they can generate electron-hole pair and thus initiate the oxidation of organic compounds by different reaction pathways. Amongst some of the most widely used photocatalysts are titanium dioxide (TiO2) and zinc oxide (ZnO). They distinguish themselves with their low cost, high efficiency, chemical stability and nontoxicity (Li et al., 2006; Liao et al., 2004; Martinez et al., 2011). That marks them as an excellent choice for application as active parts in water purifying devices.
   Amongst some of the most hazardous pollutants of the environment are the organic compounds – pesticides, dyes, pharmaceutical and cosmetics products, industrial chemicals (Martinez et al., 2011). They are cause for great concern due to their high toxicity and tendency to accumulate and concentrate in living organisms (Shifu et al., 2005). The problem is once they enter the water and soil they can’t be so easily removed, because they are very stable and hard to decompose and can cause a great damage to living organisms they come in contact with. There are methods for drinking water treatment applied nowadays which can degrade organic pollutants, most common of which include chlorination and ozonation, as well as some others (Blaney, 2014; Priac et al., 2014; Sanchez et al., 2013). A major disadvantage of chlorination includes the formation of chlorinated byproducts, which in general are even more toxic than the initial pollutants. Though ozonation has surpassed this problem it is costly method and requires special working conditions and safety measurement due to ozone formation during the process (Zoschke et al., 2014). That’s where photocatalysis steps in with its numerous benefits: low cost materials used as photocatalysts, no special working and safety conditions required, high efficiency and use of solar energy which is in abundance.
   It is of common knowledge that water pollutants are complex mixture of organic (and inorganic) compounds of different chemical nature. When one design method for their degradation one has to consider the fact that these methods are actually chemical reactions in their nature. So we have to look closely at the possibility of chemical interaction between the pollutants which could possibly lead to decrease in efficiency of the treatment on one hand and to the formation of unexpected toxic byproducts on the other. Taking this fact into consideration one must carefully choose a method for water treatment regarding not only the type and the concentration of the targeted pollutant but also the possible interactions it can step into.
   Here we present the results from study focused on degradation of mixed solution of methylene blue and brilliant green as a model pollutants of natural waters. For the study we have used two of the most widely applied photocatalysts – ZnO and TiO2. They are easily obtained commercially available products.
Experimental part
Chemicals
   TiO2 was purchased by Riedel-de-Haen and ZnO by Reachim. Both oxides were annealed for four hours at 600OC. All of the photocalytic experiments were conducted using the annealed materials. Methylene blue and brilliant green were obtained from Sigma-Aldrich and used as they are. Solutions of the dyes for the experiments were prepared using distilled water.

Materials characterization
   XRD analysis of annealed samples of TiO2 and ZnO were performed. They revealed that the crystalline structure of ZnO is hexagonal (wurtzite – fig. 1a), while TiO2 is tetragonal (anatas – fig. 1b). 
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Fig. 1. X-ray diffraction patterns of samples of annealed titanium dioxide TiO2 (a) and zinc oxide ZnO
By applying Debay-Scherrer equation the size of the crystallites for each of the two oxide samples were calculated.
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where L is the size of crystallite (nm), K is lattice constant (0.94), λ is the wavelength of X-ray (Cu K-alpha, 0.15418 nm), B is half width at half maximum (measured in radians) and θ is the angle Bragg.
   The results calculated from Eq. 1 showed that the size of crystallites of titanium dioxide is 33 nm, and for zinc oxide - 30 nm.
   Scanning electron microscopy (SEM) showed that the zinc oxide sample is polydisperse in size with polyhedral shape of the particles. The avarage size of the particles is about 500 nm (Fig. 2a). SEM images of the titanium dioxide revealed that it consists of monodisperse in size nanoparticles with average size of 200-300 nm and spheroid shape (Fig. 2b).
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Fig. 2. SEM images of annealed ZnO (a) and TiO2 (b)
Photocatalytic activity tests
Evaluation of photocatalytic activity of each of the oxide materials was conducted using specially constructed experimental set. It consists of an electromagnetic stirrer, used to stir the reaction mixture in order to maintain a homogeneous medium, and a UV lamp (wavelength of the source light is 365 nm) put in closed space. UV light source is use to activates photocatalytic action of zinc and titanium oxides. Samples of definite amount (20 mg) of the oxides were dispersed in aqueous solution of the dye with initial concentration 5.10-6 M (brilliant green and methylene blue) – 100 ml, which was then exposed to UV light irradiation. Degradation of the dye was studied by taking aliquot samples and measuring the decrease in concentration of dye over a period of time photometrically on UV-VIS spectrophotometer Shimadzu UV160U.

   To evaluate the photocatalytic activity of the oxides toward the two dyes we have assumed first order reaction (Eq. 2) and we’ve calculated the rate constants following the exponential fit:
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where C is the concentration of the dye (mol/l), C0 is the initial dye concentration (mol/l), k is the rate constant (min-1), t is the time (min).
   The decrease in the concentration was followed by measuring the absorbance of brilliant green at wavelength of 625 nm, and methylene blue at 655 nm at definite periods of time during the photocatalysis. Experimental results were fitted with the first order exponential equation and calculated rate constants of the reactions were used as quantitative measure for comparison of the photocatalytic activity of both oxide materials regarding the two dyes – methylene blue and brilliant green (Table 1).
Table 1 

	Rate

constant, min-1
	Methylene

blue
	Brilliant

green
	Methylene

blue/ Brilliant

green (mixture)

	ZnO
	0.016
	0.083
	0.031/0.072

	TiO2
	0.012
	0.024
	0.015/0.017


   For more accurate evaluation of the photocatalytic activity, a so called “dark phase” experiments were conducted. They consist of the same experimental conditions as the ones in the photocatalysis – powder of ZnO or TiO2 was dispersed in a solution of the dye but no UV light irradiation was present. Again the concentration of the dye was measured during a period of time. It was found that the dye concentration is decreasing despite the lack of UV light. That suggests that there also other process or processes undergoing parallel with photocatalysis which also result in decrease of dye concentration (fig.3).
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Fig. 3. Decrease in the concentration of the dye brilliant green in the presence of ZnO ( SHAPE 


) and TiO2  ( SHAPE 


) under UV light irradiation and ZnO (   ) and TiO2 (     ) in the absence of UV light irradiation
   In order to shed some light over what happens during the “dark phase” we took an absorbance spectra of the dye before and after “dark phase” and photocatalysis to see if any changes occur with the dyes. It was found that the spectrum of the dyes after the so called “dark phase” does not indicate structural changes, just decrease in concentration which strongly suggests that the dyes undergo sorption onto photocatalysts (ZnO and TiO2) due to their highly developed surface. That is not the case with the photocatalytic process – under UV irradiation in the presence of ZnO and TiO2 the spectra of both of the dyes show changes in structure which will be object for further investigation. 

Results and discussions
   In the light of the conducted in this study experiments a few things stood out: ZnO is more active photocatalyst than TiO2 (from the ones at our disposal). We can relate that to the fact that there is a significant sorption of the dye on ZnO which on one hand decreases the concentration of the dye in the solution and on the other facilitates the process of photocatalysis, which takes place on the surface of the oxide catalysts. While ZnO is the more active of the two oxides the difference in degradation in the case of methylene blue is not that great. Since it is more chemically stable than the brilliant green the rate of its degradation slows down and becomes practically equal for ZnO and TiO2. 
   When comparing the degradation of methylene blue and brilliant green one can notice that the latter degrades faster and is more sensitive to the type of the photocatalyst. When put in mixture brilliant green retains its fast degradation rate but we notice some decrease in rate constant compared with the one with only one dye present in solution. In the case of methylene blue the data shows that rate constant of degradation in mixture is greater for the dye in mixture in comparison with the dye solution alone. We can also see that the difference in ZnO and TiO2 activity towards methylene blue in the dye mixture becomes more pronounced. Probably, when a mixture of dyes is present oxidative species are interacting equally active with both of the dyes and we can’t exclude the formation of reactive intermediates which can react and change the typical reaction path resulting in decreased reaction rate in mixture.

Conclusions

   In regard of the results of this study we can summarise the following marks: it was shown that commercially available low cost products such as ZnO and TiO2 could be successfully applied as an efficient photocatalysts in water treatment facilities. Despite the fact that ZnO was proven to be the more active catalyst, we can’t afford to overlook TiO2 because it is much more chemically stable and insensitive to pH of the media (as it is well known that ZnO is soluble in basic and acidic media).
   It was shown that ZnO and TiO2 are effective photocatalysts in case of two different dyes – methylene blue and brilliant green. Difference in the activity towards the dyes was observed – brilliant green was more easily degraded than methylene blue. This indicates, as expected, that the more stable is the dye (pollutant) the more difficult and slow will be its removal. So when an active device for water treatment is to be made, preliminary experiments for optimization of the conditions for each particular pollutant are needed.
   When discussing photocatalytic degradation of dyes important observations were made. It was established that when a mixture of dyes is undergoing photocatalytic degradation there are a few important distinctions from a one dye solution. The dye that has low rate constant of degradation increases it and the one with high rate constant of degradation decreases it. This could be used as a potential advantage, because more than often polluted waters contain a complex mixture of organic compounds. This means that they probably could be degraded easier when in mixture rather than by themselves alone. 
   In summary, we can say that this study highlights the significance of interactions occurring in mixed dye solution which shouldn’t be easily discarded since it can play a very important role when treating a polluted wastewater. It was also clearly shown that both of the tested photocatalysts, ZnO and TiO2, remained active and were able to degrade the dyes in the complex mixed solution.
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