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INTRODUCTION 

Since discovery of TiO2 electrode by Fujishima 

and Honda to split water into H2 and O2, 

considerable researches on advanced oxidation 

processes (AOPs) have been conducted for air 

and water remediation. AOPs are based on the 

in situ generation of hydroxyl radical (OH.) 

which is a very reactive and nonselective oxidant 

towards chemical compounds with a standard 

redox potential of 2.8 V. OH. is capable of 

oxidizing a wide range of organic and inorganic 

compounds at ambient conditions [1-2]. More 

specifically, heterogeneous photocatalysis with 

TiO2 has become increasingly prominent for the 

removal of hazardous pollutants such as 

pesticides, dyes, pharmaceuticals and NO 

present in water and air. When TiO2 is 

illuminated with photon energy equal or larger 

than its band gap charge carrier species (e- and 

h+) are generated. They either recombine or 

migrate to surface of TiO2 on which 

photogenerated electrons (e-) reacts with 

dissolved oxygen to form superoxide anion 

radicals (O2
.-) and photogenerated holes (h+) 

reacts with adsorbed H2O or OH- to form OH.. 

Once OH. is formed, pollutants are degraded 

through hydrogen abstraction and electron 

transfer. Fundamentals of heterogeneous 

photocatalysis with TiO2 are well documented 
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ABSTRACT 

In this study decolorization of Reactive Red 120 (RR120)  azo dye solution and synthetic dye-bath 

effluent of RR120 was investigated via heterogeneous photocatalysis with TiO2 under UV light. 

Decolorization efficiency of synthetic dye-bath effluent was expected to be lower than that of RR120 

solution. Electrical energy consumption was determined by figure of merit approach based on the 

requirement of electrical energy to reduce the concentration of a pollutant by one order of magnitude in 

1 m3 of contaminated water (EEO) for low concentration of pollutant.  Electrical energy consumption of 

synthetic dye-bath effluent was found higher than RR120 solution. Considering one order of magnitude 

treatment of RR120 the cost of electrical energy was found to be 1.23 and 7.73 € m-3 for decolorization of 

RR120 solution and synthetic dye-bath effluent, respectively. The applicability of solar light was 

evaluated, and it was found that solar driven photocatalysis is significantly efficient for decolorization 

of RR120. 
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[3-8]. The following equation is considered to define the overall process. 

                                            TiO2 /UV 

Organic compounds                                     CO2   +    H2O    +   mineral acids                       (1) 

                    

Textile industry consumes a large volume of 

water and a wide variety of chemicals such as 

dyes, detergents, salts and soda during 

manufacturing stages. Consequently, 

wastewater generated from textile industry is 

characterized by having intense color with 

unfixed dye, large volume and high COD and 

low BOD values. The problems associated with 

releasing such a colored wastewater into water 

bodies are non-aesthetic pollution, eutro-

phication, reduction of light penetration and 

formation of byproducts via chemical reactions 

occurred in the wastewater [9-11]. Reactive dyes 

extensively used to dye cotton, wool and 

polyamide fibers. Owing to low dye fixation rate 

and high hydrolysis tendency with OH
-
, almost 

50% of reactive dyes are lost in dyeing stage, 

resulting colored textile effluents. Reactive dyes 

mostly have an azo type chromophore group and 

azo dyes are hazardous to environment due to 

their toxic and nonbiodegradable nature. 

Therefore, removal of them from textile 

wastewater is of prime importance due to 

environmental concerns. Physical, chemical and 

biological treatment technologies have been used 

to eliminate them so far but they are either 

nondestructive or ineffective. Heterogeneous 

photocatalysis with TiO2 is considered as an 

emerging technology for removal of azo dyes in 

recent years. Nonbiodegradable organic 

compounds can be mineralized into CO2 and H2O 

or degraded to biodegradable products by 

photocatalytic oxidation. Thus degradation of 

azo dyes using photocatalysis with TiO2 under 

UV light [11-19] or solar light [20-24] has been 

extensively explored. 

The selection of wastewater treatment 

technology is mainly depends on the technical 

and economic feasibility of the treatment. Since 

AOPs with UV are energy intensive processes, 

operating cost constitutes a significant part of 

cost of the processes. Therefore, determination of 

electrical energy cost of process concerned is an 

important and critical aspect. Determination of 

electrical energy consumption of AOPs has been 

defined by International Union of Pure and 

Applied Chemistry (IUPAC) considering two 

figures of merit. One is based on the 

requirement of electrical energy to remove 1 kg 

of the pollutant (EEM) for high concentration of 

pollutant and the other is based on the 

requirement of electrical energy to reduce the 

concentration of a pollutant by one order of 

magnitude in 1 m3 of contaminated water (EEO) 

for low concentration of pollutant. Figure of 

merit approach renders a rapid determination of 

electrical energy cost of AOPs [25-27]. 

The objective of this study is to determine the 

electrical energy cost of decolorization of 

Reactive Red 120 (RR120)  azo dye via 

heterogeneous photocatalysis with TiO2 under 

UV light by using figure of merit approach. 

Besides, the decolorization of synthetic dye-bath 

effluent of RR120 was also considered. 

 

MATERIALS AND METHOD 

Materials 

A commercially available RR120 (DyStar) was 

used as model compound. A gift sample of TiO2-

P25 powder was obtained from Degussa and 

used as received. According to the 

manufacturer’s specifications, it is mainly in 

anatase form with an average particle size of 21 

nm and a BET specific surface area of 50 m2 g-1.  

H2SO4 (%  96  w/w) was purchased from  Merck 

and NaOH was purchased from Sigma-Aldrich. 

All chemicals were analytically graded. 

 

Experimental Procedure 

Experimental studies were conducted in a pyrex 

glass cylindrical annular photoreactor. Details of 

experimental procedure are given in our 

previous study [28]. Actual solar radiation 

experiment was performed between 12:00 and 

14:00 h in a sunny day in August at Inonu 

University in Malatya (38°19′ E, 38°21′ N), 

Turkey. In this study synthetic dye-bath effluent 

of RR120 was also used. It was prepared by 

mixing 0.02 dm3 RR120 solution, 0.5 g dm-3 

enzyme, 0.5 g dm-3 sequestering agent, 0.028 

dm3 30% w/w NaCl solution,0.010 dm3 20% w/w 

Na2CO3 solution and 0.034 dm3 water. After 

dyeing process, the obtained effluent was used 

as a synthetic dye-bath effluent in photocatalytic 

experiment. 
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RESULTS AND DISCUSSION  

Decolorization of Synthetic Dye-bath 

Effluent of RR120 

Operating parameters influencing the 

decolorization of RR120 were evaluated in our 

previous studies [28-29]. We have shown that 

highest decolorization efficiency was obtained at 

pH 6 and decolorization efficiency was increased 

upon increasing TiO2 concentration. Based on 

these results, in this study decolorization of 

synthetic dye-bath effluent of RR120 was 

investigated. Fig.1 represents the decolorization 

of RR120 solution and synthetic dye-bath 

effluent at pH=6 and 1 g dm-3 TiO2 concentration 

under UV irradiation. After addition of TiO2 to 

dye solution, the suspension was stirred for 30 

min in dark to attain equilibrium. At the end 30 

min 14.8% and 5.2% removal for RR120 solution 

and synthetic dye-bath effluent were obtained by 

adsorption, respectively. Almost complete 

decolorization was achieved within 240 minutes 

of reaction time for RR120 solution, while 59 % 

of decolorization efficiency was obtained after 

300 minutes for synthetic dye-bath effluent, 

indicating that further reaction time was 

required.  

Decolorization efficiency of synthetic dye-bath 

effluent was expected to be lower than that of 

RR120 solution. This is because a large amount 

of salts are added into dying medium due to low 

affinity of reactive dyes. CO3
2- and Cl- ions are 

known to be scavengers of generated OH. and in 

the presence of these ions less reactive radicals 

are formed as given below in Eqs. 2-3 [30]. Thus, 

decolorization of synthetic dye-bath effluent was 

not easier as compared to for RR120 solution 

and required longer irradiation time. 

 

Cl-  +  OH.                 ClOH.-                             (2) 

CO3
2- 

 + OH.               OH-  + CO3
.-                    (3) 

 

Determination of Electrical Energy Cost 

Since low concentration of RR120 was studied in 

this study, electrical energy per order was 

considered (Eq.4). 

    
      

      
  
 

(4)              

where P is input power to the process (kW), t is 

the irradiation time (min), V is the volume of 

treated water (dm3). 

In general, photocatalytic oxidation of most 

organic contaminants obeys pseudo-first order 

kinetics. Experimental data were fitted well to 

pseudo-first order kinetic model given by Eq.5 

for decolorization of RR120 in this study. 

   
  

 
                                                               (5) 

where Co and C are initial and treated dye 

concentrations, kapp is apparent first-order rate 

constant and t is reaction time. Therefore, 

combination of Eq.4 and Eq.5. yields Eq.6. 

    
     

     
                                                           (6)                                                                                                                                     

 

 
Fig.1: Decolorization of RR120 solution and synthetic dye-bath effluent 

 pH = 6, [TiO2] = 1 g dm-3 

As is evident from Fig. 2, linear expressions 

were obtained with the plots of ln (Co/C) versus 

t for both RR120 solution at a concentration of 

50 mg dm-3 and synthetic dye-bath effluent. 

From these plots, kapp values were found to be 

0.0157 and 0.0025 min–1 for decolorization of 

RR239 solution and synthetic dye-bath effluent, 

respectively. The electrical energy consumptions 

were calculated using Eq.6. As can be seen in 

Fig. 3., one order of reduction in RR120 
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concentration in 1 m3 treated water required 

29.35 kWh electrical energy. In other words, to 

reduce the concentration of RR120 from 50 mg 

dm-3 to 5 mg dm-3  29.35 kWh per m3 treated 

water energy was involved. Electrical energy 

consumption of synthetic dye-bath effluent was 

much more higher than RR120 solution. This is 

an expected result because synthetic dye-bath 

effluent contains auxiliary chemicals in addition 

to dyes. 

The cost electrical energy for decolorization of 

RR120 solution and synthetic dye-bath effluent 

was calculated taking the cost of electricity per 

kWh in Turkey as 0.0419 € kWh-1. As can be 

seen in Fig.4, considering one order of 

magnitude treatment of RR120 the cost of 

electrical energy was found to be 1.23 and 7.73 € 

m-3 for decolorization of RR120 solution and 

synthetic dye-bath effluent, respectively. 

Nonbiodegradable organic compounds can be 

either mineralized into CO2 and H2O or 

degraded to biodegradable products via 

heterogeneous photocatalysis with TiO2. 

Therefore, heterogeneous photocatalysis can be 

applied alone or combining with other 

technologies as a pre- or post-treatment stage. 

Although biological treatments are generally 

preferred in wastewater treatment due to their 

low cost, they are inefficient in the case of 

nonbiodegradable organic compounds such as 

azo dyes. Since the operational cost of 

heterogeneous photocatalysis using UV lamps as 

a light source is high, this limitation could be 

overcome by considering combination of 

heterogeneous photocatalysis with biological 

treatments [31-32]. It can also be beneficial to 

use actual solar light.  

 

 

 
Fig.2. Kinetics of decolorization of RR120 solution and synthetic dye-bath effluent 

 [RR120] = 50 mg dm-3, pH = 6, [TiO2] = 1 g dm-3 

 

 
                                         Fig.3: EEO values for decolorization 

                                   1.  RR120 solution  2.  Synthetic dye-bath effluent 
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Fig. 4:  Cost of electrical energy for decolorization 

1.  RR120 solution 2.  Synthetic dye-bath effluent 

 

Application of Solar Light 

In order to determine the applicability of actual 

solar light in TiO2 based photacatalysis, 

decolorization of RR120 solution was performed 

under sunlight irradiation. Fig.5 reveals the plot 

of decolorization efficiency versus irradiation 

time. 84% and 74% of decolorization efficiencies 

within 120 minutes of reaction time were 

obtained under irradiation with 24 W UV lamp 

and actual solar light, respectively. This result is 

appreciable as Turkey has 3.6 kWh/m2 yearly 

average solar radiation and 2610 h total yearly 

radiation period [33]. Owing to the considerable 

cost of electrical energy for decolorization of 

synthetic dye-bath effluent of RR120, solar 

driven photocatalysis could be an alternative 

treatment. 

 

 
Fig.5. Decolorization of RR120 solution under solar light 

 [RR120] = 50 mg dm-3, pH = 6, [TiO2] = 1 g dm-3 

 

CONCLUSION 

It was observed that almost complete 

decolorization of RR120 solution was achieved 

within 240 minutes of reaction time via TiO2 

based photacatalysis in the presence of UV light. 

However, decolorization of synthetic dye-bath 

effluent of RR120 was much slower than that of 

RR120 solution, with 59 % of decolorization 

efficiency after 300 minutes. Decolorization of 

RR120 followed by pseudo first order kinetics. 

The electrical energy consumptions of RR120 

dye solution and synthetic dye-bath effluent 

were determined by figure of merit approach 

based on electrical energy per order. One order 

of reduction in RR120 concentration in 1 m3 

treated water required 29.35 kWh electrical 

energy. Considering one order of magnitude 

treatment of RR120 the cost of electrical energy 

was found to be 1.23 and 7.73 € m-3 for 

decolorization of RR120 solution and synthetic 
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dye-bath effluent, respectively. The results show 

that solar driven photocatalysis can be employed 

for the decolorization of RR120.  The operating 

cost of the process can be reduced by combining 

TiO2-assisted photocatalysis with biological 

treatment or using solar light. 
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