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Abstract

This study investigates the treatment of the wastewaters resulting from the process of dyeing flowers. In some local cases for growing flowers near to Medellín, Colombia, wastewater color was found to be one of the main problems in meeting local effluent standards. Wastewaters were treated by photodegradation process (which includes photocatalysis) to obtain the degradation of the mixture of dyes and organic matter in the wastewater. A multifactorial experimental design was proposed, including as experimental factors three variables: pH, catalyst concentration (TiO2) and hydrogen peroxide concentration (H2O2). Results reveal that, at optimised variables values, it is possible to reach a 99% reduction of dyes, a 76,9% of mineralization (TOC) of and a final biodegradability of 0,834. Kinetics analysis allows proposing a pseudo first order reaction for reduction, mineralization of biodegradability process.
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Introduction
The efficient elimination of color resulting from dye industrial processes is one of the most important environmental challenges for both industrial and academic groups. Azo dyes are a major class of synthetic, colored organic compounds and account for about half of the textile dyestuffs used today. Due to the large degree of aromatics present in these molecules and the stability of dyes, most conventional treatment methods are ineffective for decolourisation and degradation (Kobya et al., 2004). At present, several treatments have been proposed which include chemical, physical and biological procedures. Advanced Oxidation Processes (AOPs) have been successfully applied to the treatment of the various water pollutants. Among the AOP methods, the use of ultraviolet radiation (UV) in the presence of hydrogen peroxide (H2O2) is a very promising technique (Mansilla et al., 2002; Sanromán et al., 2004). Mercury lamps are the most commonly used in order to dissociate H2O2 into hydroxyl radicals ((OH) which are very powerful oxidizing species. The key advantage of this process is that no additional disposal problems are generated after the completion of the above treatment (Aleboyeh et al., 2005).

The wastewaters resulting from a dyeing flowers process are characterized by the presence of suspended particles, low DBO5, high DQO, high pH values, and a very intense color (Mohammad et al, 2004). That is the reason why its treatment is so important (Cameselle et al., 2004; Daneshvar et al., 2004; Carneiro et al., 2005).
This study investigates the possibility of using a photodegradation treatment for the wastewaters resulting from the process of dyeing flowers in some local cases in Medellín suburbs, Colombia. Experiments were conducted to examine the influences of various operating conditions on treatment system performance. A multifactorial experimental design was proposed, including as experimental factors three variables: pH, catalyst concentration (TiO2) and hydrogen peroxide concentration (H2O2). Their effects on the decolourisation kinetics were also studied. 

Materials and Methods
Sample 

Samples were taken directly from the wastewater stream of the dyeing flowers processes. They have the following average characteristics: DQO: 531 ppm, DBO5 < 10 ppm, TOC: 56,3, and a very intense red colour. It is evident the very high organic charge of such waste stream. From these values it is possible to conclude that this wastewater is no biodegradable: the DBO5/DQO ratio is equal to 0.019.
Photo-reactor
All experiments were carried out in a 10 liters concentric tubes photoreactor (Migthy Pure), at room temperature 28C. The wastewater sample was exposed to a 39 W UV lamp (254 nm). The treated wastewater was returned to a reservoir and then left to circulate back to the reactor, by using a centrifuge pump (Little grant 38N series), at a flow rate of 7,2l.min-1.
Experimental tests and sample analysis 

Standard methods were used for the quantitative analysis of color, DQO, DBO5, and TOC, as proposed by APHA (2002). Fifteen experiments, with their respective replica, were performed according to the experimental design procedure. Each experiment follows the procedure: For a 11 liters sample, first the pH was adjusted to a selected value, with NaOH (10% v/v) or H2SO4 (at 96%) for alkaline or acid pH, respectively. Second, when using catalyst, a defined weight of TiO2 was added into the sample a recirculated in the reaction system during 30 min. This procedure was performed in darkness in order to reach the adsorption equilibrium and the steady state. Third, when H2O2 was included in the experiment, it was incorporated to the sample after those 30 min of darkness. After darkness, samples were taken and analysed before all test in order to discard the possibility of peroxidation process to occur. In all cases, a 100 ml analysis sample was taken every 2 hrs. When TiO2 was included in the test, analysis samples were centrifugated at 4000 rpm during 15 min, before performing colour, DBO5, DQO, and COT characterization procedures.  For the statistical analysis was based basically in the analysis of variance (ANOVA), Pareto diagram, and correlation coefficients. Additionally, the Box-Behnken surface response method was chosen for the experimental design, since it allows checking visually the response and sensibility of a chosen variable for a given factor of interest level. Levels were defined from the maximum and minimum values of a variable following the above method. The analyzed variables were: pH, catalyst load (TiO2), and H2O2 concentration. They were chosen from their proved and significant role in degradation process as wide documented in the literature (Montgomery, 2000 Finally, experimental data were treated by using Statgraphics 5.1. Results allow us to define the optimum value of the included variables.  
Results and discussion
Efect of H2O2 dose

H2O2 has multiples functions during the decolorisation process. In the photocatalytic process, it is able to react with both surface vacancies and electrons to generate (OH radicals. Additionally, the UV can also act as a catalyst agent for H2O2 decomposition and formation of more (OH radicals. Moreover, H2O2 is also able to oxidize directly some of the intermediate compounds to generate supplementary (OH radicals. (OH radical are able to attack directly azo molecules, breaking the N=N bond which is the most reactive part of the azo molecule (higher electronic density) and forming nitrogen oxide and N2 gaseous. The (OH radicals formation can be represented by the equation (1).
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This can explain why the addition of H2O2 increases the photodegration rate. However, an excess of H2O2 can inhibit the photodegradation process due to (OH recombination as presented in equations (2) to (5).
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Reactions (2) to (5) consume (OH radicals and then the dye oxidation probability decreases. Thus, it is necessary to optimize the H2O2 quantity used during the decolourisation process. In Figure 2, it is presented the color degradation percentage (%DColor) as a function of H2O2 concentration. 
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Figure 2. Effect of H2O2 concentration on color degradation

The presence of 1,5 ml/l of H2O2 increases the degradation color percentage 10 times, related with the absence of that oxidant. The %DColor achieves the 73%. Similar consequences were presented for several other authors in the literature (Baxendale, 1957; Salvador et al., 1984; Galindo et al., 2001; Hacchem et al., 2001 ; Sauer et al., 2002 ;Hsueh et al., 2005).

Efect of pH

Figure 3 shows the color degradation percentage (%DColor) obtained in the pH range 4 – 8. 
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Figure 3. Efect of  pH on the color degradation percentage

It is possible to observe that acid conditions increase the degration rate, reaching a maximum at a pH around 5.   This conclusion is in agreement with some results presented in the literature (Gupta and Tanaka, 1995; Wu et al., 2001). In fact, at acid pH values, the sulphuric acid has several functions: acidulate the solution and increase the quantity of conjugated base. The HSO4- anion is able to react with (OH radicals producing inorganic ionic radicals which are much less reactives than (OH radicals. This can be represented by equation (6).
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Thus, it is possible to expect that they do not participate in the color degradation process as proposed by (Galindo, et al. 2001). 

At basic pH values, the H2O2 conjugated base concentration increases according to equation (7):
	
[image: image9.wmf]-2+

22

HO   HO + H

®


	(7)


Since HO-2  has a larger transversal section (240 mol/cm) than H2O2 (18,6 mol/cm), at 254 nm the production of  (OH radicals will be favoured by light absorption as presented in equation (8) (Aleboyeh et al. 2005).  
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However, the conjugated anion HO-2 from H2O2 can react with the dissociated molecule H2O2 according to equation (9).
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In reaction (9), H2O and O2 are formed instead of (OH radicals. Additionally, high pH values favourises the (OH deactivation process. In fact, it was proved that, at such conditions, the reaction between (OH and HO-2 is c.a. 100 times faster than the reaction between (OH and H2O2, equations (10) and (11).
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The reactivity of O2(- and HO-2 compounds with orgánic pollutants is very low. In Figura 4 it is shown the interaction between two factors: pH and H2O2. It is posible to observe  that, as expected, the increase of H2O2 concentration increases the %DColor. 
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Figure 4. Interaction between pH- H2O2 factors for color degradation percentage
In conclusion, the color photodegration process is more efficient in acid conditions. It is possible to argue that low pH values affect chemically the azo compound and increases the oxidative effect of H2O2.
Statistical analysis results

The experimental design defines the intermediate values of the three parameters included in this study. Those values together with the DQO and color reduction results are presented in Table 1.

Table 1. Results obtained from the experimental design
	
	TiO2 (g/l)
	H2O2 (ml/l)
	pH
	DQO
(%) 
	DQO 
(%) replica 
	Color reduction    (%)
	Color reduction (%) replica

	1
	0,5
	0
	6
	35,59
	35,03
	9,52
	9,80

	2
	0,5
	1,5
	6
	53,67
	53
	74,23
	73

	3
	0,25
	0,75
	6
	48,59
	48,21
	54,05
	55,46

	4
	0,5
	0,75
	4
	45,95
	46,2
	55,31
	56,83

	5
	0,25
	0
	4
	43,3
	43
	6,84
	7,13

	6
	0,25
	0,75
	6
	49
	48,4
	53,85
	55,39

	7
	0,5
	0,75
	8
	10
	10,8
	43,36
	44,33

	8
	0
	0,75
	4
	48,8
	48,3
	62,17
	60,78

	9
	0,25
	0
	8
	12,43
	13,3
	8,25
	9,2

	10
	0,25
	1,5
	8
	4,96
	5,27
	67,17
	69,76

	11
	0
	0
	6
	11,49
	10,8
	2,42
	2,5

	12
	0
	0,75
	8
	30,51
	31,1
	53,43
	53,27

	13
	0,25
	1,5
	4
	34,28
	33,4
	68,22
	69,47

	14
	0
	1,5
	6
	43,31
	43,7
	83,82
	86,40

	15
	0,25
	0,75
	6
	48,15
	47,74
	53,75
	55,68


From results presented in Table 1, it is possible to conclude that the highest color reduction was obtained for the conditions defined at the tests number 14: no catalyst, H2O2 concentration = 1,5 ml/l and pH = 6. The ANOVA results are presented in Table 2.
     Tabla 2. ANOVA for color reduction results
	Factor
	Squares sum
	Freedom
degrees
	Square
average
	f
ratio
	P
value

	A: TiO2
	92.2608
	1
	92.2608
	5.21
	0.0342

	B: H2O2
	17151.5
	1
	17151.5
	968.34
	0.0000

	C: pH
	167.936
	1
	167.936
	9.48
	0.0062

	AA
	46.3263
	1
	46.3263
	2.62
	0.1223

	AB
	174.92
	1
	174.92
	9.88
	0.0054

	AC
	8.39885
	1
	8.39885
	0.47
	0.4994

	BB
	1551.13
	1
	1551.13
	87.57
	0.0000

	BC
	40.9467
	1
	40.9467
	2.31
	0.01449

	CC
	91.3922
	1
	91.3922
	5.16
	0.0349

	Blocks
	4.85214
	1
	4.85214
	0.27
	0.6068

	Total error
	336.534
	19
	17.7123
	
	

	TOTAL
	19678.7
	29
	
	
	


     R2  = 98,2899%

From results presented in Table 2, the ANOVA proves that chosen variables are important and influences directly the photodegration process. In fact, since the confidence interval was chosen at 95% (accepted error of 5%), the key factors or the key combination of them are those which present a P value <0.05: H2O2 concentration, pH, and TiO2 concentration; and additionally some interaction between those factors: TiO2-H2O2, H2O2-H2O2, H2O2-pH y pH-pH.  
Kinetics studies
At optimized conditions, a kinetics analysis was developed by monitoring the evolution of color degradation percentage, DQO and COT as a function of time. 

Kinetics of decolourisation process

The decolorisation process was followed by measuring the absorbance evolution as presented in Figure 5.
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Figure 5. Color and absorbance evolution during photodegradation process.

It was found that for the color degradation process, the correlation between ln C/C0 and the irradiation time was linear as shown in Figure 6. 
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Figure6. Plots of concentration vs irradiation time for decolorisation process.

Biodegradability analysis
DBO5 analysis demonstrate that, at final conditons, the residual solution was biodegradable since the DBO5/DQO ratio reports a value of 0.834, higher that 0.40 which is the biodegradability limit (Pulgarin et. al., 1999). Table 3 resumes the evolution of DQO and DBO5 observed during the photo–oxidative process.

      Table 3. Initial and final values of biodegradability of treated solution 
	Variable
	Initial value 
	final value 

	DQO (ppm)
	531 
	74,34

	DBO5 (ppm)
	< 10 
	62 

	DBO5/DQO
	0.019
	0,834

	% DColor
	-
	98.87

	% Mineralización 
	- 
	76,93

	%DDQO
	
	86


Conclusions 
The photocatalysis is an effective treatment, innovative and easy deployment for the treatment of wastewater of dyeing flowers, the solution presented the following final terms: a percentage reduction of 99% color, a percentage of mineralization of 76.93% , And an increase in the value of biodegradability from 0019 to 0834. The results obtained with the photocatalysis heterogeneous in the presence of titanium dioxide were acceptable, however, showed that for this type of solution, it's much faster and more efficient use of H2O2 more UV light, allowing the elimination stage of separation the catalyst for the final solution to end the treatment photo-oxidative. 
Aknowledgments
The authors acknowledge the financial support provided by the Deparment of Research at the University EAFIT, Medellin-Colombia for this work, as well as staff engineering processes for their participation
Bibliography
Aleboyeh, A., Moussa Y., Aleboyeh, H. (2005).  The effect operational parameters on UV/H2O2 decolourisation of Acid Blue 74. Dyes and Pigments, 129-134.

Carneiro, P.; Osugi,M.;Fugivara C.; Boralle, N. Furlan M.; Valnice, M. and Zanoni, B. (2005).  Evaluation of diﬀerent electrochemical methods on the oxidation and degradation of Reactive Blue 4 in aqueous solution.  Chemosphere 59, 431–439.
Baxendale J.H. and Wilson J.A. (1957). The photolysis of hydrogen peroxide at high intensities. Transactions of the Faraday Society;53: 344-356.

Cameselle, C. et al. (2004). Electrochemical  Decolourisation of Structurally different Dyes. En: Chemosphere  57.

Cooper, P. (1993). Removing color from dyehouse wastewaters—a critical review of technology available, J. Soc. Dyers Colorists,109.

Daneshvar, N. Salari, D. Khataee, A.R. (2003). Photocatalytic Degradation of Azo Dye Acid Red 14 in Water: Investigation of the Effect of Operacional Parameters. Journal of Photochemistry and Photobiology. 1-6.

Daneshvar, N., et al. (2004). Decolorization of  dye solution cotaining Acid Red 14 by electrocoagulation with a comparative investigation of different electrode connections. Journal of Hazardous Material,112, N.1-2, pp. 55-62.

FOGLER, H. SCOTT. (2000).Elements of Chemical Reaction Engineering. Prentice Hall, Tercera Edición. USA.

Galindo, C. Jacques, P. and  Kalt A. (2001)  Journal of Photochemistry and Photobiology A: Chemistry 141 47–56

Ghoreishi S.M. and Haghighi. R. (2003). Chemical catalytic reaction and biological oxidation for treatment of non-biodegradable textile effluent. Chemical Engineering Journal 95 163–169.

Gupta, H. and Tanaka, S. (1995). Water Science Technology,31, 47.

Herrmann, Jean-Marie. (1999). Heterogeneous photocatalysis: Fundamentals and applications to the renoval of various types of aqueous pollutants. EN: Catálisis Today. Vol. 53. p. 115-129.

Hsueh, C.L. ; Huang,Y.H. ; Wang, C.C. and Chen,C.Y. (2005). Degradation of azo dyes using low iron concentration of Fenton and Fenton-like system.  Chemosphere, 58, 1409–1414.
Hu, T.L. (1992) Decolorization of reactive azo dyes by transformation of  ozonation, J. Environ. Syst. 21 143–153.

Hu, T.L. (1994).  Decolorization of reactive azo dyes by transformation of Pseudomanas luteola, Bioresour. Technol. 49 47–51.

Kim, S., et al. (2002) Decolorization of disperse and reactive dyes by continuos electrocoagulation process. Desalination, 150, N. 2, pp. 165-175.

Lachheb, H. and Puzenat, E. (2002). Photocatalytic degradation of various types of dyes (Alizarin S, Crocein Orange G, Methyl Red, Congo Red, Methylene Blue in water by UV-irradiated titania. Applied Catalysis. Vol. 39. p. 75-90.

Legrini, O., Oliveros, E. and Braun, AM. (1993).  Photochemical Processes for Water Treatment.  Chemical Reviews. 93, 671-698. 

Lin, S.H. and Peng, C.F. (1994). Treatment of textile wastewater by electrochemical method, Water Res. 28 277–283.

Mansilla, H. Lizama, C. Freer, J. Baeza, J. (2002). Optimizad Photodegradation of Reactive Blue 19 on TiO2 and ZnO Suspensions. Catálisis Today. Vol. 76. p. 235-246.

Mittal, A.K. and Gupta, S.K. (1996). Biosorption of cationic dyes by dead macro-fungus Fomitopsis carnea: batch studies, Water Sci. Technol. 34 81–3487.

Montgomery, Douglas C. (2000). Design and Analysis of Experiments. Nebraska: John Wiley & Sons. 696 p. ISBN: 0-471-31649-0.
Pulgarin, C; Invernizzi, M; Parra, V; Sarria, V; Polania, R; Peringer, P. (1999).  Strategy for the coupling of photochemical and biological flow reactors useful in mineralization of biorecalcitrant industrial pollutants.  Catalysis Today, 54, 341-352.
Shaul, G.M. Dempsey, C.R. and Dostal, K.A. (1987).Fate of water soluble azo dyes in the activated sludge process, US EPA Water Engineering Research Laboratory, Cincinnati, USA, 

Standard Methods for the Examination of Water and Wastewater. American Public Health Association, American Water Works Association, Water Pollution Control Federation. 19 ed., New York, 1995. pp 5-2 a 5-12.

Statgraphics. Plus for Windows 5.1. [CD – ROM]. [United States]: Statistical Graphics Corp. 1999-2004. ID number 465004111. 
Wu, C.; Liu, X.; Wei, D; Fan, J. and Wang L. (2001). Water Res. 35, 3927.





































� Corresponding author: � HYPERLINK mailto:egil@eafit.edu.co ��egil@eafit.edu.co�


� Universidad Nacional de Colombia, Sede Manizales





PAGE  
8

_1271402192.unknown

_1271405116.unknown

_1271405545.unknown

_1271406165.unknown

_1271406211.unknown

_1271405690.unknown

_1271405292.unknown

_1271402226.unknown

_1271402040.unknown

_1271402169.unknown

_1271401727.unknown

