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Abstract  Synthetic dyes are among the major industrial pollutants and water contaminants. 
These coloured dye effluents cause serious environmental pollution problems by releasing toxic 
and potential carcinogenic substances. Traditional treatment techniques applied to remove colour 
from wastewaters, are chemical coagulation/flocculation, membrane separation or activated carbon 
adsorption. The overall result of these techniques is, however, only a phase transfer of the 
pollutant. In this paper, the potential contribution of partial chemical oxidation on the 
decolourisation and biodegradability of an industrial wastewater has been investigated. To this 
end, a coloured wastewater stream, originating from the graphical industry, is subjected to a 
treatment by the Fenton reagent, ozone, UV and O3/UV. An adjustment of the pH to 3 has been 
introduced as a pre-treatment step, resulting in a readily observable decolourisation of the 
wastewater. The results show that, after precipitation, each oxidation process can achieve a 
complete irreversible decolourisation of the wastewater. Based on the biodegradability, the ozone 
experiments and the combination of ozone and UV light realise the highest improvement for the 
BOD/COD ratio from 20% to respectively 28% and 37%. These observations clearly confirm the 
synergetic effects of combining UV and ozone for these wastewaters. Finally, the economical 
feasibility of the selected techniques is considered. 
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INTRODUCTION 
 
In the literature, several authors have investigated the treatment of coloured wastewaters from the 
textile or painting industry (Faria et al., 2005; Arslan-Alaton et al., 2006; Tokumura et al., 2006; 
Pekakis et al., 2006). The traditional treatment techniques applied in coloured wastewaters, such as 
chemical coagulation/flocculation, membrane separation (ultrafiltration, reverse osmosis) or 
activated carbon adsorption only achieves a phase transfer of the pollutant. Moreover, conventional 
biological treatment such as activated sludge is considered an unsatisfactory solution to these 
effluents due to the high content of dyestuffs, surfactants and additives, which generally are organic 
compounds of complex structures, that provokes resistance to biodegradation (Lucas et al., 2007). 
Therefore, alternative methods should be implemented for effective pollution abatement of coloured 
effluents. 
 
Forgacs et al. (2004), Koprivanac et al. (2005), Neamtu et al. (2004) and Shu and Chang (2005) 
have proven that Advanced Oxidation Processes (AOPs) are more appropriate for the treatment of 
coloured wastewaters. AOPs are defined as the processes that involve highly reactive species, 
specifically hydroxyl radicals (oxidation potential 2.8V) in sufficient quantities to oxidize the 
majority of complex organic chemicals in the water effluent (Gogate and Pandit, 2004). 
Nevertheless, the applications of AOPs for the treatment of industrial wastewaters aren’t 
economically justified. 
 



Therefore, the coupling between partial chemical oxidation (PAOP) and biological treatments can 
be a suitable solution for the removal of complex organic compounds from water. The main idea of 
coupling is to apply an AOP to a toxic and/or non-biodegradable effluent during a short time, 
optimizing chemicals and energy consumption, and generating an intermediate sample that is fully 
biodegradable, thus opening the possibility of a subsequent biological treatment for the complete 
removal of organic matter (Farré et al., 2006). Exhaustive reviews on this topic have been published 
by Scott et al. (1995) and by Tabrizi et al. (2004). It should be emphasized that the success of this 
approach can not be guaranteed beforehand and depends strongly on the wastewater characteristics. 
 
Among the AOPs, the Fenton’s process is quite well known and has been successfully applied for 
the treatment of coloured effluents (Bandala et al., 2006; Kušić et al., 2005; Ramirez et al., 2007; 
Sun et al., 2007). Fenton’s reagent is a homogeneous catalytic oxidation process using a mixture of 
hydrogen peroxide and ferrous ions, in an acidic environment resulting a complex redox reaction. 
The ferrous ion initiates and catalyses the decomposition of H2O2, resulting in the generation of 
hydroxyl radicals, HO• (Lucas et al., 2007). The Fenton reagent is very effective for various types 
of wastewaters, however, the final sludge is contaminated with Fe2+/Fe3+ ions. This leads to high 
regeneration or sludge treatment costs and therefore the applicability of the Fenton reagents is 
limited. 
 
Recent studies showed that heavily coloured wastewater can be effectively treated by ozone 
oxidation (Demirev et al., 2005; Perkowski et al., 2002; Sevimli, 2005). However, despite the fact 
that ozone is a very strong oxidant, complete mineralization of dyes in water is not achievable. 
Typically, ozone treatment rarely produces complete mineralization, but leads to partial oxidation 
products, often more biodegradable (Lopez et al., 1998; Tzitzi et al., 1994). The degradation of 
organic compounds by ozonation is possible through two different reaction pathways: (a) direct 
ozonation by the ozone molecule at pH 3 and (b) radical attack by the highly oxidative free radicals 
such as hydroxyl radicals, formed from the ozone decomposition in aqueous solutions at pH 9 
(Sotelo et al., 1987). In this study, the direct reaction will be considered by the adjustment of the 
pH. 
 
The combined process of ozone with UV is more effective because UV radiation enhances ozone 
decomposition, yielding more hydroxyl radicals and thereby increasing the ozonation rate. The 
pseudo-first-order reaction rate constants ka (min-1) of the ozone-based systems show the synergetic 
effect of the UV radiation (Table 1). 
 
The main goal of this paper is to examine the impact of AOP’s on the biodegradation and 
decolourisation of an industrial wastewater, originating from the graphical industry. This type of 
wastewater is confronted with a high COD value, a low BOD/COD ratio, as indication of the 
biodegradability, and the presence of dissolved coloured substances. In this study, the applied 
oxidation techniques are the Fenton’s process (H2O2/Fe2+), ozone (O3), UV and O3/UV. 
 
 
METHODS 
 
Wastewater characteristics 
The coloured wastewater stream is originating from a company active in the graphical industry and 
is confronted with a content of difficult biodegradable organic compounds. The initial organic 
content in the wastewater is high (COD0 = 1 190 mg O2/l) compared to the biological degradable 
organic fraction (BOD0 = 240 mg O2/l). The BOD/COD ratio is approximately 20%. 



Table 1: Pseudo-first-order reaction rate constants (ka, min-1) and correlation coefficients of various ozone-based 
systems (Wu et al., 2008) 

   pH 4  pH 7  pH 10  

   Ka  R2  Ka  R2  Ka  R2  

               
 Non UV systems              
 O3  0.028  0.983  0.049  0.976  0.096  0.996  
 O3/Fe3+  0.041  0.999  0.040  0.948  0.077  0.979  
 O3/H2O2  0.011  0.987  0.024  0.994  0.029  0.990  
 O3/H2O2/Fe3+  0.074  0.956  0.034  0.994  0.035  0.988  
               
 With UV systems              
 UV/O3  0.032  0.977  0.049  0.975  0.110  0.998  
 UV/O3/Fe3+  0.024  0.998  0.048  0.958  0.070  0.989  
 UV/O3/H2O2  0.091  0.943  0.089  0.972  0.065  0.976  
 UV/O3/H2O2/Fe3+  0.209  0.973  0.096  0.976  0.069  0.984  

 
Fenton’s reagent 
FeSO4.H2O and H2O2 (30%, 1.11 kg/l) were used as Fenton reagents. Experiments were conducted 
at room temperature in a batchwise reactor of 1.00 l capacity, placed on a flocculator. A volume of 
0.5 l of the effluent was treated. In all the experiments, pH was adjusted to 3.0 and a reaction time 
of 30 minutes was obtained. The stoichiometrically required amount for complete oxidation was 
investigated by Pera-Titus et al (2004). To achieve partial oxidation, 10% and 20% of the required 
amount are dosed. As comparison, also the 100% hydrogen peroxide dosage is examined. 
 
Pilot-scale reactor 
The ozonation and UV experiments were performed in a 
pilot-scale reactor. The pilot-scale reactor operates 
batchwise and has a total internal volume of 50 l. The 
construction material for the reactor vessel is stainless 
steel. For the ozonation experiments, the ozone 
generator of Pacific Ozone delivers a constant ozone 
flow rate of 16 g/h. The ozone-air flow is injected into 
the water by a venture build in a recirculation circuit. To 
achieve a better solubility of the ozone into the water, a 
flash reactor is placed after the venture. The flash reactor 
is followed by a plug-flow reactor with a medium 
pressure UV lamp of 2 000 W. This UV reactor creates a 
thin layer of the wastewater through which the 
efficiency of the UV radiation will increase. At 100% 
transmission of the UV light, the lamp delivers a UV 
dosage of 740 mW/cm2. During the experiments, the 
Etatron D.S. HD PH pomp was used to ensure a constant 
pH. Figure 1 shows a schematic reproduction of the 
pilot-scale reactor. 
 
Analytic determinations 
The COD determinations based on the oxidation of the pollutants with potassium dichromate in 
acidic environment were carried out by using 0-1500 mg/l range vials. Samples of 2 ml were 
required for those analyses. A Nanocolor® COD reactor and a Nanocolor® 500 D colorimeter from 
Machery-Nagel were used during the analysis. The vials were heated for 2 hours on 150 °C. 

Figure 1: Pilot-scale reactor 
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The BOD determinations were carried out by a manometric measurement. The samples and a 
certain amount of micro-organisms were mixed into a closed recipient. The consumed amount of 
oxygen by the micro-organisms was measured for 5 days. The used instrument is the BODTrak, 
produced by HACH (1995-1998). 
 
 
RESULTS AND DISCUSSION 
 
Before the execution of the experiments, the wastewater was pre-treated by precipitation. By the 
adjustment of the pH to 3.0, a part of the dissolved coloured substances forms a precipitate and can 
be removed from the wastewater by filtration. This pre-treatment achieves a partial decolourisation 
of the wastewater stream and as a result of this, also a COD and BOD reduction of approximately 
50%. As a result of the partial decolourisation, the pre-treated wastewater is still characterized by a 
typical colour and the biodegradability of the wastewater is insufficient for further biological 
treatment. Therefore, the treatment by an advanced oxidation process for the complete irreversible 
decolourisation and enhancement of the biodegradability of the wastewater is advised. 
 
Oxidation by Fenton’s reagent 
Oxidation experiments of the pre-treated mixed effluent by Fenton’s reagent were carried out by 
varying the initial concentration of hydrogen peroxide and keeping the ratio between the 
concentration of Fe2+ and hydrogen peroxide constant at 1/4. The Fenton system uses ferrous ions to 
react with hydrogen peroxide, producing hydroxyl radicals with powerful oxidising ability to 
degrade organic pollutants as shown in Eqs. (1) – (4) (Wang, 2008) 
 
 2+ - 3+

2 2H O  + Fe OH  + OH  + Fe→ i       (1) 

 2OH  + RH R  + H O→i i        (2)  

 
3+ + 2+R  + Fe R  + Fe→i        (3) 

 2+ 3+
2Fe  + OH  Fe  + H O→i        (4) 

              
Figure 2 shows the evolution of the COD value, BOD value and BOD/COD ratio versus the dosage 
of hydrogen peroxide. The BOD/COD ratio is representative for the biodegradability of the 
wastewater and can be seen as the biological degradable organic fraction versus the total organic 
fraction. As the results shows, both COD and BOD value decrease by increasing the dosage of 
hydrogen peroxide. Mainly, the decrease of the COD value is a consequence of the decrease of the 
BOD value. As a result of this, the BOD/COD ratio also decreases and becomes zero at complete 
oxidation dosage. These results indicate that the partial oxidation by the Fenton process don’t create 
biodegradable intermediates but rather mineralize the organic compounds in the wastewater. 
 
The complete decolourisation of the effluent by Fenton’s reagent is achieved by 20% and 100% 
hydrogen peroxide dosage. At the partial dosage of 20 % hydrogen peroxide and the [Fe2+]/[H2O2] 
ratio of 1/4, the organic fraction of the effluent was degraded by 17%, what translates in a COD 
value of 432 mg O2/l and a BOD of 8 mg O2/l. In this case, the Fenton’s reagent achieves a 
complete decolourisation but is insufficient for the enhancement of the biodegradability of the 
wastewater. 
 



Figure 2: Evolution of the COD value, BOD value and BOD/COD ratio by varying the hydrogen peroxide 
dosages (10%, 20% and 100%); [Fe2+]/[H2O2] = 1/4. 

0

150

300

450

600

0% 10% 20% 100%

dosage H2O2 (%)

C
O

D
, B

O
D

 (m
g 

O
2/

l)

0%

10%

20%

30%

40%

BO
D

/CO
D

 (%
)

COD
BOD
BOD/COD

 
 
Oxidation by ozonation 
Rather than complete mineralization, the purpose of ozone pre-treatment is partial oxidation. During 
this process, complex non-biodegradable compounds are converted to simpler by products that 
contain in their chemical structure an increasing percentage of oxygen in the form of hydroxyl, 
carboxyl or aldehyde function groups. Partial oxidation products include aldehydes, ketones and 
organic acids, which are biodegradable (Painter, 1995). A review of the literature has shown that 
biodegradation of wastewaters by downstream processes can be maximized by pre-treatment doses 
in the range 0.23 – 1.04 mg O3/mg COD0 (Alvares et al., 2001). Hence, the investigated dosages are 
0.30 mg O3/mg COD0 and 0.40 mg O3/mg COD0. 
 
Figure 3 shows the evolution of the COD value, BOD value and BOD/COD ratio versus the ozone 
dosages. During the experiments, the direct ozone reaction is examined by adjustment of the pH to 
3. It can be seen that a slight decrease of the COD value appears by increasing the ozone dosage. 
Accompanied with this effect, the BOD value will increase. In contrast to Fenton’s reagent, the 
oxidation with ozone will enhance the biodegradability of this wastewater by degrading the 
complex organic compounds into biologic degradable intermediates, what translates in an increase 
of the BOD value. As a result of the decrease of the COD value and the increase of the BOD value, 
the BOD/COD ratio will also increase. Comparing both investigated ozone dosages, the impact of 
the higher ozone dosage (0.40 mg O3/mg COD0) on the biodegradability of the wastewater is 
limited. Considering the decolourisation of the wastewater, the lower ozone dosage (0.30 mg O3/mg 
COD0) is sufficient to obtain a clear effluent. The oxidation with an ozone dosage of 0.30 mg 
O3/mg COD0 achieves a COD reduction of 10% to 487 mg O2/l, a BOD increase of 26% to 118 mg 
O2/l and a BOD/COD ratio of 24%. 
 
Oxidation by UV radiation 
In the case of treatment with UV radiation only, the organic compound M will be degraded under 
illumination through following the mechanism shown in the Eqs. (5)-(7) (Beltran, 2003): 
 

 
*M +  Mhv →          (5) 

 
*M M→           (6) 

 *M  products→          (7) 
 
where degradation efficiency of organic dyes by direct photolysis is dependent upon reactivity and 
photosensitivity of the dye (Peternel et al., 2006). 



Figure 3: The evolution of the COD value, BOD value and BOD/COD ratio versus the ozone dosages. 
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The evolution of the COD value, BOD value and BOD/COD ratio in function of the contact time of 
the UV radiation is shown by Figure 4. The results indicate that, in this case, the UV radiation 
hasn’t got any effect on the organic compounds and the colour of the wastewater. Aware of the light 
resistant of most commercially used dyes, the degradation under UV light in the absence of an 
additional agent is particularly difficult (Neppolian et al., 2002). Only a slight decrease of the COD 
value by approximately 7% is observed.  
 
Figure 4: Evolution of the COD value, BOD value and BOD/COD ratio versus the contact time of the UV 
radiation. 
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Oxidation by the combination of ozone and UV radiation 
The O3/UV system is an effective method for the oxidation and destruction of organic compounds 
in water. By combining UV radiation with ozone, the oxidation power of the system for organic 
pollutant degradation could be significantly enhanced. The reaction is initiated by the photolysis of 
ozone. The photodecomposition of ozone leads to the formation of hydrogen peroxide, shown in the 
Eq. (8), and consequently, generation of hydroxyl radicals through Eq. (9) (Kušić et al., 2006): 
 
 3 2 2 2 2O + H O +   H O + Ohv →        (8) 

 2 2H O  +   2 OHhv → i         (9) 
 
 
 
 



The evolution of the COD value, BOD value and BOD/COD ratio in function of the ozone dosage 
and the contact time of the UV radiation, shown by Figure 5, indicates that a synergetic effect of the 
UV irradiation on the biodegradability of the wastewater. The combination of an ozone dosage of 
0.30 mg O3/mg COD0 and a UV contact time of 30 minutes achieves the best results based on the 
biodegradability, namely a BOD/COD ratio of 37%. A part of the complex organic fraction in the 
wastewater is degraded into biological degradable compounds, resulting in a slight decrease of the 
COD value (17%) and an increase of the BOD value (46%). Also a complete decolourisation is 
achieved. According to the results, a higher ozone or UV dosage will not result in a higher 
biodegradability. In stead of the degradation of the organic compounds, mineralization will occur 
and also biodegradable organic fraction will oxidize, resulting in a reduction of the BOD value 
compared with the lower dosage. 
 
Figure 5:Evolution of the COD value, BOD value and BOD/COD ratio versus the ozone dosage and the contact 
time of the UV radiation (pH 3). 
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Economic evaluation 
Based on the economic evaluation shown by Table 2, the combination of the precipitation and the 
ozone oxidation results in the cheapest treatment of the wastewater. The ozone oxidation achieves a 
BOD/COD ratio of approximately 30% through which the wastewater can be efficiently treated by a 
biological process. The wastewater treated by the oxidation with ozone and UV radiation is more 
biodegradable, approximately 37%, but compared to the contribution of UV light, the cost is too 
much to be economic competitive to ozone oxidation. The Fenton treatments don’t realise the 
preconceived objectives. Nevertheless, the cost of the Fenton treatment with 20% hydrogen 
peroxide dosage is from the same range as the ozone oxidation. 
 
Table 2: Economic evaluation of the different investigated treatments. 

Precipitation + O3   Precipitation + O3/UV  Precipitation + Fenton’s reagent 

0.30 mg O3/mg COD0  0.30 mg O3/mg COD0 20% H2O2 100% H2O2 €/m3 

    30 min UV contact time  [Fe2+]/[H2O2] = 1/4 [Fe2+]/[H2O2] = 1/4
Ozone 0.27   0.27  - - 
UV radiation -  2.00 - - 
H2O2 (35%) -  - 0.15 7.43 
FeSO4.7H2O -   -  0.03 1.24 
NaOH (30%) 0.36   0.36  0.36 0.74 
H2SO4 (30%) 0.03  0.03 0.03 0.10 
sludge removal 0.50   0.50  0.75 25.32 
Total cost 1.16   3.16  1.32 34.83 

 



CONCLUSIONS 
In this experimental work, decolourisation and enhancement of the biodegradability of an industrial 
coloured wastewater were investigated by using the following AOPs: Fenton’s reagent, UV, O3 and 
O3/UV. Based on BOD and COD measurements, the different oxidation treatments are compared. 
Complete colour removal was achieved by all applied processes except UV radiation process in the 
absence of any additional oxidant. Mineralization extents obtained after a 30 minute-treatments 
were observed by Fenton’s reagent, resulting in a COD reduction of 17% for a 20% hydrogen 
peroxide dosage. The ozone-based techniques are capable to create biological degradable 
intermediates. Therefore, the BOD value increases by approximately 26% for the ozone treatment 
(0.30 mg O3/mg COD0) and approximately 46% for the combination of ozone and UV radiation 
(0.30 mg O3/mg COD0 and 30 minutes UV contact time). These results indicate the synergetic 
effect of the UV light. At least, an economic evaluation proves that, in this case, the ozone 
oxidation process is the most economic feasible technique.  
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