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1. Introduction 

 Dyes are widely used in textile, leather, paper, printing 

inks, plastics, cosmetics, paints, pharmaceutical, and food 

industries. In 2008, the World’s colorant production was about 

1.5million tones [1].Being a common industrial pollutant, there 

has been a necessity for the decolourisation and mineralization 

of the dyes, using various methods.   

The application of conventional biologicaltreatment 

methods for the decolourisationof organic dye has been 

ineffective due to the presence of aromatics[2-7]. 

Alternatively,photocatalytic technology gained much attention 

on degrading organic pollutants completely from waste water [8-

11].Many attempts have been made tostudy the photocatalytic 

activity of different semiconductors such as SnO2, ZrO2, CdS, 

ZnO [12-16]. However, ZnO and CdS arephoto corrosive and 

lose their catalytic activity on prolonged usage. CdS are less 

active compared to TiO2. The band gap in WO3 (band gap = 

2.76 eV) is less than in TiO2. Though ZrO2 is a stable and non-

photo corrosive photocatalyst, its band gap is around 4 eV. 

Hence, it is less active compared to other photocatalyst.  Among 

all these semiconductors, the most widely used semiconductor 

catalyst in photo induced processes is titanium dioxide (TiO2). 

Due to this,TiO2, a heterogeneous photocatalyst has been 

considered asa more attractive compound, due to its free 

availability, inexpensiveness, non-toxicity and its potential, 

physical and chemical properties [17,18]. It is well known that 

there are three crystalline forms of TiO2: Brookite, Anatase and 

Rutile. Among these, the Rutile phase is the most 

thermodynamically stable one, compared to Brookite and 

Anatase, which are metastable and get transformed to rutile on 

heating [19]. In order to enhance the photocatalytic behaviour, 

titanium oxide doped with metals and non-metals has been 

widely used. Though TiO2 has its advantages, it has its own 

limitations of therapid recombination rate of the photo generated 

electrons, and holes in the TiO2, resulting to low quantum 

efficiency. This has led to an urgent need to develop an efficient 

method ofproducing photocatalytic materials. To have an 

enhanced oxidation process regenerating fresh surface, we tried 

adopting a photocatalytic degradation method, by combining the 

photocatalytic system with anAdvanced Oxidation Process 

(PhotoFenton reagents). 

Fenton reagent [20], a mixture of hydrogen peroxide and 

ferrous salt, is a powerful oxidant for many organic compounds, 

and has attracted interest in wastewater treatment [21-23]. The 

success of Fenton reagent for the oxidation of a variety of 

organic contaminants is attributed to the generation of hydroxyl 

radicals, formed during the catalytic decomposition of hydrogen 

peroxide in acidic media. The hydroxyl radical is generated 

according to the following reaction [24-26]. 

Fe
2+

 + H2O2→ Fe
3+

 + HO
−
 + •OH (1) 

Besides the high efficiency of the reaction, iron is a non-

toxic element and can be separated from treated wastewater by 

coagulation, while H2O2 is easy to handle, environmentally safe 

and is consumed during the usual degradation process. The 

addition of organic oxidants such as ClO
2−

, ClO
3−

, BrO
3−

, H2O2, 

IO
4−

and S2O8
2−

to the TiO2 photocatalyst has been investigated 

with and without the presence of inorganic oxidants [27, 28]. 

The presence of Fenton’s reagent in the reaction mixture plays a 

key role in the photocatalytic degradation of the dyes [29-31]. 

The degradation of organic pollutants by the Fenton reagent can 

be significantly accelerated in the presence of UV irradiation, 

resulting in the complete mineralization of organic pollutants 

known as PhotoFenton process. 

 The purpose of the present study is to evaluate the 

efficiency of the PhotoFenton process for the decolourization 

and Photodegradation of the Rose bengal. The efficiency of 

degradation was compared with that of UV/Degussa P25, 

UV/nano TiO2 and by Photo Fenton process. The PhotoFenton 
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reaction under UV irradiation was studied, with the aim to 

propose a low cost alternative for the treatment of wastewater 

dye contamination, becoming more attractive for industrial 

applications. The effects of the key operating parameters, such 

as catalyst loading, Fenton reagent concentration as well as the 

influence of the initial dye concentration on the decolourization 

and mineralization extent were also studied.  

2. Experimental 

2.1. Material and Methods 

All the reagents used were of an analytical grade. The 

commercial samples of Rose bengal(4, 5, 6, 7-tetrachloro-2’, 4’, 

5’, 7’-tetraiodofluorescein) were supplied by Vanavil (India) 

Ltd, and those of the photocatalyst TiO2 were supplied by 

Degussa Co., Germany.  Nano TiO2 (synthesized in the lab) and 

the ferrous ions from solutions of FeSO4. 7H2O, ethyl alcohol, 

H2O2 were obtained from Merck (30% w/w).  

In the photo bleaching process, Rosebengal (1.0×10
-3 

M 

solution) and FeSO4 (1×10
-3 

M) are prepared in a volumetric 

flask with double distilled water, and stored as a stock solution. 

The pH of the solution is adjusted by the H2SO4 and NaOH 

solutions. The reaction mixture was prepared by diluting the 

stock solution to the desired level, with all the three catalysts of 

varying concentrations. The photocatalytic degradation study 

was carried out in a batch reactor of 200 ml capacity as the outer 

jacket, and a UV lamp (354 nm) placed inside the quartz tube. 

The reactor was placed on a magnetic stirring plate to enhance 

the agitation. After specific intervals of irradiation, the samples 

were withdrawn and analyzed after centrifugation. The 

decolourisations of the sample were observed by measuring the 

absorbance, using the UV-Vis spectrophotometer (Shimadzu 

UV-1601 model, Japan). A blank experiment of 5×10
-6 

M was 

done to find out the time taken for the completion of 

decolourisation, and a higher concentration was prepared using 

Fenton’s reagent to stabilize the amount of FeSO4 and H2O2 

solution to be used for the photodegradation. 

2.2. Preparation of TiO2 Nanoparticles 

TiO2 (Anatase phase) nano powders were prepared via the 

sol-gel method [32, 33] using Titanium tetra-isopropoxide 

(TTIP, Sigma Aldrich). The concentrations of the TTIP; EtOH; 

H2O; HCl were in the ratio of 1:15:60:2. The TTIP was dropped 

slowly in the solution of H2O, alcohol and acid, while magnetic 

agitation was done continuously to get a white precipitate. The 

obtained solutions were kept under constant stirring on a 

magnetic stirrer for 48 h at room temperature. Then the 

precipitate was filtered and dried at 150 
o
C for 2 h, until it turned 

into a white block crystal. After the ball milling, the dried 

powders obtained were calcined at 500 
o
C for 3h to observe the 

phase change accompanying the heat treatments. 

3. Results and Discussion 

3. 1. FT – IR spectral studies for Nano Titania  

 FT-IR spectra of the prepared and calcined samples of TiO2 

are represented in    Fig 1(a),and it shows the narrow bands in 

the range of 3600-2800 cm-
1
,and the maximum of 3355cm-

1
 

arises from the position of the interacting hydroxyl groups of the 

organic solvents. The stretching vibrations of the –CH2 and –CH 

bands at 2968, 2929, 2897, 2498, 1482 and 1250 cm-
1
 are 

attributed to the organic residues which originate from the 

preparation route. In Fig1(b)TiO2 calcined at 400
o
C reveals a 

minor change in vibration frequencies, and the removal of most 

of the weakly adsorbed interacting organic impurities and the 

hydroxyl groups. In Fig 1(c), the TiO2(calcined at 500
o
C) the 

peak noticed at 500cm-
1
 may be attributed to the formation of a 

structure containing the Ti-O linkage. 
 

Figure. 1. FTIR spectra of TiO2 as prepared (a), calcined at 

400° C(b), calcined at 500° C(c). 

3.2. XRD pattern of Nano Titania 

The XRD pattern of the synthesized nano TiO2 is shown in 

Fig (2). This study reveals that all the samples used in our 

investigation are crystalline in nature. The XRD patterns of the 

dried and calcined samples at 150 °C and 500
o
C clearly reveal 

that the phase transformation from the amorphous to the anatase 

state occurred at 500
o
C.  

 

Figure .2. XRD pattern of nano titania particles dried at 

150° C(a) and calcined at 500° C (b) 

The crystalline size was estimated by the Scherer formula 

[34], which is generally the accepted method to estimate the 

mean crystalline size. The “d” spacing for the nano TiO2 was 

3.48nm and for Degussa P25, it was 3.52 nm. The XRD patterns 

exhibited strong diffraction peaks at 25.5, 38.0 and 48.2, 

indicating TiO2 in the anatase phase. All the peaks are in good 

agreement with the standard spectrum (JCPDS no: 84-1286). Fig 
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(2) shows that the diffraction pattern peak intensity of TiO2 

increases with increasing particle size. No separate peak for the 

rutile phase was noticed. The peaks show that the TiO2 sample 

has a single phase anatase structure. It has been observed that 

the peak broadening of (101) decreases with increasing 

calcination temperature. So, the calcination temperature plays an 

important role in controlling the crystallite size of TiO2. The 

mole ratio of the starting materials chosen for the sample, 

indicates very fine and uniform nano TiO2 particles. By 

controlling the acidity and the mole ratio of the starting 

materials, a nanosize particle can be obtained for anatase at 

500
o
C. 

 

Figure .3a, b, c SEM pictures of nano TiO2 of different 

nanometers 

3.3. SEM images of Nano Titania 

The morphology of the calcined Titania powders at 500 
o
C 

observed by the SEM and shown in Fig (3a,b,and c),are in the 

mole ratio of TTIP(1): EtOH(15): H2O(60): HCl(0.2). The size 

of the Titania particles was uniform, and they were spherical in 

shape, constituted of sharp faceted nanocrystals. The result 

showed that the size of the catalyst was in the nanometer range, 

and the EDX picture Fig (4) also confirms the presence of the 

elements. 

3.4. Thermo Gravimetric Analysis of Nano Titania 

The thermal stability of theuncalcined and calcined Titania 

is represented in Fig (5).Thedesorption of the solvent and water 

was the reason for the 23% weight loss at 100
o
C on the catalyst 

surface. The second weight loss from 100
o
C to 470

o
C resulted 

from thestronger desorption of the organic solvent, which were 

trapped on the catalyst. At a higher temperature in the range of 

500
o
C to 1000

o
C there was no weight loss. 

3.5. Factors influencing the photocatalytic degradation 

3.5.1. The effects of the initial dye concentration on 

decolorization 

It is important, both from a mechanistic and application 

point of view, to study the dependence of the photocatalytic 

reaction rate on the substrate concentration. It is generally noted 

that the degradation rate increases with an increase in the dye 

concentration up to a certain level, and tends to decrease with 

further increase in the dye concentration [35, 36]. The rate of 

degradation relates to the probability of the•OH radicals 

formation on the catalyst surface, and the probability of the•OH 

radicals reacting with the dye molecules. As the initial 

concentrations of the dye increase, the probability of the reaction 

between the dye molecules, and the oxidizing species also 

increases, leading to an enhancement in the decolorization rate. 

On the contrary, the degradation efficiency of the dye decreases 

as the dye concentration increases further. The presumed reason 

is that, at high dye concentrations the generation of the•OH 

radicals on the surface of the catalyst gets reduced, since the 

active sites are covered by the dye ions. Another possible cause 

for such results is the UV-screening effect of the dye itself. At a 

high dye concentration, a significant amount of UV may be 

absorbed by the dye molecules rather than bythe TiO2 particles. 

This reduces the efficiency of the catalytic reaction, because the 

concentrations of •OH and O2•− decrease [37-43].  

 

Figure .4. EDX picture of nano TiO2 

 

 

 

 

 

 

Figure .5. TGA of as prepared and calcined Titania 

The effect of the initial concentration of the dye on the 

decolourisation rate was studied by varying the concentration 

from 1×10
-5

 to 4×10
-5

 M, with optimum catalyst loading. Then 

the rate of photocatalytic decolourisation was found to be the 

pseudo-first order kinetics, and the rate constant for this reaction 

was determined using the expression k=-2.303×slope. The plot 

of the normalized concentration of the dye versus irradiation 

Element Weight At% 

CK 23.49 55.05 

TiK 76.51 44.95 
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time, shows a good approximation over the range of 1×10
-5

 to 

4×10
-5

 M of the dye concentration Fig 6, and its values are given 

in Table 1. The rate of photocatalytic degradation is found to 

decrease with further increase in the dye concentration. This 

may be attributed to the fact that the dye starts acting as a filter 

for the incident light,and does not permit the desired light 

intensity to reach the semiconductor surface in a limited time 

domain. Thus, a decrease in the rate of photocatalytic 

degradation of Rose bengal is observed at higher concentration. 

 

Figure.6. Normalised Concentration of dye vs time for 

different concentration of dye with constant concentration of 

catalyst loading 

 

Figure .7. Optimization of the weight of the catalyst ( 

different concentration of catalyst varying from 100mg/l to 

250mg/l loaded with lower concentration of Rose bengal 

solution)  

3.5.2. Effect of catalyst concentrations 

The results clearly show that increasing the amount of the 

catalyst from 100 mg to 200 mg increases the dye decolorization 

sharply from 37% to 60% for Rose bengal at 60 min. According 

to [44], the enhancement of the removal rate could be ascribed 

to:  

- The increase in the amount of the catalyst weight, which 

increases the number of dye molecules adsorbed, and 

 - The density of particles in the area of illumination. 

A series of experiments were carried out to assess the 

optimum catalyst loading, by varying the amount of the catalyst 

from 100 to 200 mg/100ml of the dye solution (1×10
-5

M). The 

rate constants of the dye degradation are presented in Table 2. It 

is seen that the rate constant increases linearly with catalyst 

loading up to 200mg/100ml. Above this (level of) catalyst 

loading, the increase in the turbidity of the solution reduces the 

light transmission through the solution,while below this level, it 

is assumed that the catalyst surface and absorption of light by 

the catalyst are limiting. The particle–particle interaction 

becomes significant as the number of particles in the solution 

increases. This reduces the site density of the surface holes and 

electrons [45]. The increased loading of the catalyst increases 

the quantity of photons adsorbed, and consequently increases the 

degradation rates. Hence, an optimum amount of the catalyst has 

to be added, in order to avoid unnecessary excess, and also to 

ensure the total absorption of light photons for efficient photo 

mineralisation[46] Fig 7. The corresponding UV spectra is 

shown in Fig 8 for 200 mg of catalyst loaded in a lower 

concentration of the dye solution .Other causes for this are an 

increased opacity of the suspension, brought about as a result of 

an excess of TiO2 particles [47,48].Many authors have 

investigated the reaction rate as a function of catalyst loading 

under different experimental conditions [49, 50]. The results 

obtained in this work, are in good agreement with the reported 

values in the literature.  

 

Figure.8. UV spectra for Rose bengal dye solution of conc 

1×10-5M loaded with 200mg/l catalyst 

 

Figure 9. Effect of concentration of dye on percentage 

decolourisation where different concentration of Rose bengal 

dye solution was loaded with 200mg/l of the Titania. 

3.5.3. Effect of the concentration of the dye on percentage 

decolourisation 

The effect of the initial concentration of dyes on the 

percentage decolourisation was studied by varying the initial dye 

concentration from 1×10
-5

 to 4×10
-5

 M, with optimum catalyst 

loading shown in Fig 9. It can be seen from Table 3, that the 
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percentage decolourisation decreases on increasing the initial 

concentration of the dye. The possible explanation for this 

behaviour is that, as the initial concentration of the dye 

increases, the path length of the photons entering the solution 

decreases and at low concentrations, the reverse effect is 

observed;that is, an increase in the number of photon absorption 

by the catalyst, at lower concentrations[51]. 

 

Figure 10. Log of absorbance vs Time for lower conc of the 

dye shows the effect of irradiation time. 

3.5.4. Effect of irradiation time 

The complete decolourisation of the dye occurred within 

120 mins of irradiation, as shown in Fig 10. Table 4 represents 

the decolourisation of the dye at different irradiation periods at 

optimum catalyst loading, and dye concentration under 

experimental conditions. The photocatalytic decolourisation of 

the dye occurs on the surface of TiO2, where the OH-and O2 

radicals are trapped in the holes of the reactive species, as 

oxygen and water are essential for photocatalytic 

decolourisation. The OH-radicals are strong enough to break the 

bonds in the dye molecules absorbed on the surface of TiO2. 

When the intensity of light and dye concentration are constant, 

the number of OH- and O2 radicals increases with an increase in 

the irradiation period, and hence, the dye molecules are 

completely decolorized. 

Effects of different catalysts and oxidising agents on the 

photodegradation of the dyes  

The effects of various photocatalyst, such as  Degussa P-25, 

TiO2 (anatase),and Photo Fenton reagent, on decolorization have 

been investigated at 100 mg/L catalyst concentration, 1×10
-5

 to 

4×10
-5

 M  dye concentrations at a pH of 3. The effect of the 

Fenton reagent with TiO2 loading on Rose bengal dye for 1×10
-5

 

M is shown in Fig 11, and the normalised graph comparing the 

effect of the oxidising agent with other catalysts is shown in Fig 

12. 

In order to investigate the effect of H2O2 and Fe
2+

 ion 

concentration on the decolourization efficiency, experiments 

were conducted at different H2O2  and Fe
2+

 ion concentrations, 

and finally, for  different concentrations of Rose bengal dye 

solution,2.5ml of FeSO4 (1×10
-3

M), 0.5ml of H2O2 (30%). The 

effect of the Fenton reagent on TiO2photo catalysis of 

Rosebengal is illustrated in Table 5.  When a suitable amount of 

Fe
2+

/H2O2 is present, reaction (1) becomes significant. When 

Fe
2+

/H2O2 concentration is increased above the optimum 

concentration, the rate of photodegradation slowly decreases. 

However, as Fe
2+

/H2O2 increases, the•OH produced from 

reaction (1) reacts with H2O2 more than before, thus producing   

HO2• which can participate in the following reactions [52]: 

Fe
2+

 + HO2•         → Fe (HO2)
2+

  (2) 

Fe
2+

 + O2•− + H
+
 → Fe (HO2)

2+
  (3) 

Fe
3+

 + HO2•         → Fe
2+

 + O2+ H
+
  (4) 

Fe
3+

 + O2•−         → Fe
2+

 + O2   (5) 

Another reason for this negative effect due to the addition of 

more amount of Fenton reagent, is the formation of Fe
3+

(reaction 

(1)) which initially forms complexes with both water and 

organic compounds [53, 54]. Hence, the active sites of  the 

catalyst are covered with both Fe
2+

and Fe
3+

ions, and thus, the 

photon absorption by the catalyst decreases, and  may affect 

•OH formation through the photocatalytic process on TiO2. So, 

an optimum amount of H2O2 and FeSO4 was determined. •OOH 

radicals are highly unstable in water and undergo facile 

disproportionate rather than reacting slowly with the dye 

molecules. The participation of the •OH radical as an active 

oxidizing species was confirmed [55]. The hydroxyl radical 

(oxidation potential 2.8 eV) attacks the dye, either byabstracting 

a hydrogen atom, or adding it to the double bonds. After 

continuous irradiation, the complete mineralization of the dye 

occurred via convertion into CO2, H2O, NO2
-
, NO3

-
, SO4

2-
[52, 

53].The end products are simple molecules and harmless to the 

environment. (Eqn 6) 
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Figure 11.Effect of H2O2 and Fe
2+

 ions in 1×10
-5

 M of Rose 

bengal with TiO2 catalyst loading. 
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Figure 12. The normalised graph comparing the effect of 

oxidising agent with other catalyst 
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Table 1: Effect of concentration of dye solution on the photocatalytic degradation. 

Dosage of Catalyst =200mg/100ml; Irradiation period= 2 h. 

Time in min Normalized Concentration 

1×10-5M 2×10-5M 3×105M 4×10-5M 

0          1.000           1.000         1.000           1.000  

30          0.787           0.811         0.855           0.892  

60          0.639           0.690         0.733           0.793  

90          0.524           0.621         0.688           0.746  

120          0.401           0.442         0.536           0.642  

k'(min)-1          0.028           0.023         0.016           0.010  

Rate(mg/L/min)          2.830           4.520         4.920           4.080  

 
Table 2:  Effect of dosage of the catalyst on the photocatalytic degradation of dyes 

Concentration of the dye=1×10
-5

M; Irradiation period=150min 

      Amount of TiO2(mg) Rate(mg/L/min) 

100 3.04 

150 3.56 

200 4.08 

250 3.68 

 
Table 3: Effect of concentration of dye solution on percentage decolourisation 

Irradiation period=120 min; Dosage of catalyst= 200mg/100ml 

   Time in min 
Percentage Decolourisation 

1×10-5M 2×10-5M 3×10-5M 4×10-5M 

0 0 0 0 0 

30 27.3 21.6 19 16.9 

60 56.3 37.5 42.5 34.7 

90 92 63.4 61.4 53.5 

120 100 82.6 78.4 64.6 

 
Table 4:  Effect of irradiation period; Dye concentration=1×10-5M  

Amount of catalyst=200mg/100ml; pH=7 

Time in min % Decolourisation 

0 0 

30 27.3 

60 56.3 

90 92 

120 100 

 
Table 5:  Effect of Fenton’s reagent on TiO2 on Rose bengal dye 

Time in min 
% Decolourisation 

(Using Fenton’s Reagent) 
Time in min 

% Decolourisation 

(Using TiO2) 

0 0 0 0 

10 27.3 30 10.08 

20 50.2 60 22.3 

25 62.6 120 45.8 

30 78.3 180 52.4 

35 86 210 63.6 

40 100 240 70.08 

 

 
Table 6: Kinetics constants for the decolourisation of Rose bengal using different process 

              Process Rate constant(min-1) R2 

UV/Degussa P-25 0.0226 0.9293 

UV/Nano TiO2 0.1141 0.98171 

Photo Fenton process 0.3343 0.97963 
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Figure 13.UV-Vis spectra of Fentons reagent (a), Calcined 

Nano Titania (b), Degussa P-25 (c), Uncalcined Titania (d) 

loaded in Rose bengal dye solution (4×10
-5

M). 

 

Photo Fenton batch experiments were performed in a 

reactor with a reaction mixture of dye, Fe
2+

, H2O2 and UV light 

source. The required amounts of Fe
2+

 ions were added, and the 

pH was adjusted in optimum amounts of 3.0 with H2SO4, with 

the addition of H2O2 and UV light source, the Photo Fenton 

reaction is initiated. Continuous mixing was provided with a 

magnetic stirrer. The Fenton reagent is effective in decolorizing 

a wide range of dye [56,57]. Fenton’s reagent works by 

oxidizing Ferrous to Ferric ion with the simultaneous splitting of 

H2O2 into hydroxide ion and hydroxyl radical [58]. The latter 

oxidizes the dye while the former precipitates ferric ion together 

with the organics. The reagent is used preferably at pH values 

around 3-4 [59-62]. From the results, the influence of the 

oxidising agents on the decolourization of the Rose bengal 

solution was illustrated, as seen in Fig (13a, b, c, d). In addition, 

the kinetic model, kinetic rates constant have been compared, 

and the rate constant of the Photo Fenton process was higher 

than the other processes given in Table 6. 

Conclusion
 

Nano TiO2 powders (Anatase form) were prepared using the 

sol-gel method of controlling the conditions properly. The 

photodegradation results showed that the degradation 

ofRosebengal was affected by the dyecatalyst concentrations and 

by theAdvanced Oxidation Process. The focus of the comparison 

of different AOPs methods was, to determine the best color 

removal performance, and the most efficient process for the 

removal of the target compound in the dye solution. The 

efficiency of the decolourization of the Rose bengal solution by 

different AOPs was illustrated. The most effective Rose bengal 

decolourization range was obtained by the Photo Fenton process, 

and the ranking was in the order of Photo Fenton >UV / Nano 

TiO2> UV/ (DP-25). According to these results, clearly the rate 

constant of the Photo Fenton process was higher than that of the 

other processes. However, the selection of the suitable process 

for the treatment of pollutants was related to various conditions, 

such as theeconomical aspects, required equipments, operational 

problems, secondary pollutions, energy consumptions etc. The 

advantages of photo catalysis are: That it is destructive, there is 

no sludge production, and there is a potential of solar utilization. 

Fenton reaction waste water processes are known to be very 

effective in the removal of many hazardous organic pollutants 

from water, and have also been reported to achieve the 

degradation of organic compounds in a short period of time. The 

applications presented in this paper confirm the efficiency of 

TiO2 photocatalytic oxidation, and of the Fenton processin water 

purification on a laboratory scale, and encourage the need to be 

developed on a large scale. 
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