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ABSTRACT 

The nanophotocatalytic process using semiconducting oxides with a nanostructure is one of the technologies used for 
the destructive oxidation of organic compounds such as dyes. The photocatalytic oxidation of a textile dye—C. I. Basic 
Blue 41 (BB41) in aqueous solution was assessed by UV ray irradiation in the presence of TiO2 nanoparticles. The ef-
fect of initial dye concentration, pH and TiO2 loading were investigated and the optimized conditions for maximum 
amount of degradation were determined. Analysis of the kinetics showed pseudo-first-order model. The mineralization 
of the dye was reported by measuring the initial and final chemical oxygen demand of the solution that was irradiated 
under optimized conditions. 
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1. Introduction 

Synthetic dyes comprise an important part of industrial 
water effluents that are discharged by many manufactur-
ing industries. The impact of these dyes on the environ-
ment is a major concern because of the potentially car-
cinogenic properties of the chemicals [1]. Also, some 
dyes can undergo anaerobic decolouration to form poten-
tial carcinogens [2]. The wastewater which is coloured in 
the presence of these dyes can block both sunlight pene-
tration and oxygen dissolution that are essential for 
aquatic life. Consequently, there is a considerable need to 
treat these coloured effluents before discharging them 
into various water bodies. Various approaches on handl- 
ing and decontaminating such effluents have been re-
ported in the literature. Typical techniques include the 
classical methods such as adsorption [3,4], coagulation 
[5,6], ion flotation [7] and sedimentation [8]. All these 
techniques are versatile and useful, but they all end up in 
producing a secondary waste product that needs to be 
processed further. Another set of techniques that are rela-
tively newer, more powerful, and very promising called 
Advanced Oxidation Processes (AOPs) has been devel-
oped and employed to treat dye-contaminated wastewater 
effluents [9]. 

The semiconductor TiO2 nanoparticles has been widely 
utilised as a photocatalyst for inducing a series of reduce- 
tive and oxidative reactions on its surface. This is solely 

attributed to the distinct lone electron characteristic in its 
outer orbit. When photon energy (hv) of greater than or 
equal to the bandgap energy of TiO2 is illuminated onto 
its surface, usually 3.2 eV (anatase) or 3.0 eV (rutile), the 
lone electron will be photo-excited to the empty conduc- 
tion band in femto seconds. The mechanism of the elec- 
tron hole pair formation when the TiO2 particle is irradi- 
ated with adequate hv is depicted in Figure 1. 

Photocatalysis using TiO2 as photo-catalyst degrade 
toxic organic compounds [10], reduce metal-ions [11], 
improve the biodegradability in cellulose effluents [12] 
and decolour a great variety of dyes in solution [13] or in 
 

 

Figure 1. Schematic diagram of an irradiated TiO2 semi- 
conductor particle with photo-chemical and photo-physical 
process. *Corresponding author. 
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solid mixtures [14]. When titania suspensions are irradi- 
ated, electrons are excited from the valence to the conduc- 
tion band, generating positive holes and electrons [9,10]: 

  2 2TiO 390 nm TiO e hhv      

2

2



     (1) 

The energy band gap for TiO2 Degussa P-25, the most 
used photocatalyst, is around 3.2 eV (390 nm). Electrons 
and holes can recombine (Equation (2)) or react with 
other molecules, such as oxygen, generating reactive su- 
peroxide anions (Equation (3)). 

 2TiO e h TiO heat              (2) 

  •
2 2 2TiO e O TiO O              (3) 

The positive holes can react with electron donors in 
the solution to produce hydroxyl radicals (Equations (4) 
and (5)) or would directly oxidise organic molecules (OM) 
at the semi-conductor surface (Equation (6)). 
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The hydroxyl radicals generated in the process are 
strong oxidants and react quickly with the organic matter 
adsorbed on the catalyst (Equation (7)), forming oxidised 
intermediates, and if the treatment time is adequate, 
complete mineralization is achieved. 

 
•

2 2

OM HO degradation intermediates

CO H O salts

ads 

  
    (7) 

The typical mechanism involving hydroxyl oxidative 
radical reactions go through the steps: electron transfer, 
hydrogen abstraction and addition to aromatic rings/ 
double bonds [9,10]. 

In many cases the macromolecule is completely min-
eralized into water and carbon dioxide. The AOP tech-
nique has drawn considerable attention from various 
quarters of scientific community as it is easy to handle 
and produces significantly less residuals as compared to 
the classical approaches. Amongst the many techniques 
employed in the AOP approach are the UV photolytic 
technique [15,16], Fenton process [17,18], photo-Fenton 
process [19,20], ozonation process [21], sonolysis [22,23], 
photocatalytic approach [24,25], biodegradation [26,27] 
and the radiation induced degradation of dyes [28,29]. 

Various physico-chemical techniques are available for 
the elimination of dyes from wastewater and in particular 
photocatalysis is a more promising tool. Moreover, pho- 
tocatalysis can be used to cause redox transformations 
and decompose a dye molecule. The use of photosensi-

tive semiconductors such as TiO2, ZnO, Fe2O3, CdS, ZnS 
and V2O5 has been reported in the literature for their use 
in reducing colour of the dye solutions owing to their en- 
vironmental-friendly benefits in the saving of resources 
such as water, energy, chemicals, and other cleaning ma-
terials [30,31]. Titanium dioxide (TiO2) mediated based 
photodegradation has attracted extensive interest owing 
to its great advantages in the complete removal of or-
ganic pollutants from wastewater [32]. This is mainly 
because of its various merits, such as optical-electronic 
properties, low-cost, chemical stability, and non-toxicity 
[33]. The aim of the research, was to study the photo-
catalytic process using TiO2 nanoparticles in the form of 
slurry for the decolourization and mineralization of C. I. 
Basic Blue 41 (BB41). 

2. Materials and Methods 

BB41, commercially called Cationic Blue GRL (C. I. 
11105) is a reactive dye bearing an azo group as chro-
mophore, with a molecular weight of 482.57 and mole- 
cular formula C20H26N4O6S2 manufactured by Dongwu 
Dyestuff Co. Ltd. China was obtained from a retail outlet. 
Titanium dioxide (Degussa P25) was utilized as a photo- 
catalyst. Its main physical data are as follow: average 
primary particle size around 21 nm, purity ~99.5% and 
BET surface area 50 ± 15 m2/g. A UV-Vis Spectropho-
tometer, UV-1700 PharmaSpec, Shimadzu was used to 
determine the decolourization rate. The photocatalytic 
activities of the photocatalysts were performed in a 400 
ml jacketed glass reactor fitted with a 9W 5" long Philips 
(PL-S 9W/10/2P Hg) bulb. 

The slurry composed of dye solution and catalyst 
placed in the reactor was stirred magnetically. After pho- 
tocatalytic treatment, samples were centrifuged (6000 
rpm, 10 min) and filtered through a millipore filter (0.45 
µm) membrane and analyzed for the concentration of the 
BB41 in the solution using computer software attached to 
UV-Vis Spectrophotometer. Photocatalytic degradation 
processes were performed using a 200 ml solution con-
taining a specified concentration of selected dye. Sam-
ples were withdrawn from sample points at certain time 
intervals and analyzed for decolourization and degrada-
tion. Decolourization of dye solutions was checked and 
controlled by measuring the maximum absorbance of 
dyes at different time intervals by UV-Vis Spectropho-
tometer. The maximum absorbance of BB41 in the visi-
ble region of UV-Vis spectrum was 608 nm. COD tests 
were used to assay the mineralization of BB41. 

3. Results and Discussion 

3.1. Decolourization Kinetics 

The variation of  0ln C C  of BB41 with irradiation 
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time is shown in Figure 2. It can be observed that de-
creasing dye concentration is linearly related to the 
elapse of irradiation time. This means that the pseudo- 
first-order kinetics relative to dye is operative. 

As the Langmuir-Hinshelwood (L-H) model is a sur-
face-area dependent, the reaction rate is expected to in-
crease with irradiation times since less organic substrate 
will remain after increased irradiation times with higher 
surface availability. A zero rate of degradation is associ-
ated with the total decomposition achieved. Numerous 
assumptions for the L-H saturation kinetics type exist 
and for the applicability in the rate of photo-mineraliza- 
tion, any of the four possible situations is valid:  

1) Reactions take place between two adsorbed com-
ponents of radicals and organics; 

2) The reactions are between the radicals in water and 
adsorbed organics; 

3) Reactions take place between the radical on the sur-
face and organics in water;  

4) Reaction occurs with both radical and organics in 
water. 

Some researchers [34,35] found that simpler zero or 
first-order kinetics is sufficient to model the photo-min- 
eralization of organic compounds. This was, however 
only applicable for limited conditions where the solute 
concentration is inadequately low. In most kinetic studies, 
a plateau-type of kinetic profile is usually seen where the 
oxidation rate increases with irradiation time until the 
rate becomes zero [34]. The appearance of such kinetics 
regime usually fits the L-H scheme. According to the L- 
H model (Equation (8)), the photocatalytic reaction rate 
(r) is proportional to the fraction of surface coverage by 
the organic substrate (θx), kr is the reaction rate constant, 
C is the concentration of organic species and K is the 
Langmuir adsorption constant:  

d

d 1
r

r x

k KCC
r k

t K
   

 C
           (8) 

The applicability of Equation (8) depends on several 
assumptions that include  

1) The reaction system is in dynamic equilibrium;  
2) The reaction is surface mediated;  
3) The competition for the TiO2 active surface sites by  
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Figure 2. Pseudo-first-order decolourization rate of BB41. 

the intermediates and other reactive oxygen species is not 
limiting [35]. 

If these assumptions are valid, the reactor scheme only 
consists of adsorption surface sites, organic molecules 
and its intermediates, electron-hole pairs and the reactive 
oxygen species. The rate constant (kr) for most of the 
photocatalytic reaction in water is usually reported to be 
in the order of 106 - 109 (Ms)–1 [36]. This kr-value is the 
proportionality constant for the intrinsic reactivity of 
photo-activated surface with C. Others have also related 
the kr is proportional to the power law of effective radiant 
flux (i.e. n

e ) during the photomineralization reaction 
[37]. The K-parameter is the dynamic Langmuir adsorp-
tion constant (M–1) that represents the catalysts adsorp-
tion capacity. Equation (8) can be solved explicitly for 
“t” using discrete change in C from initial concentration 
to a reference point:  

 0
0

ln r

C
K C C k Kt

C

 
    

 
          (9) 

The K-value can be obtained using a linearized form of 
Equation (8), where 1/r is plotted against 1/C:  

0 0

1 1 1

r rr k k KC
                 (10) 

It was reported that the real K-value obtained from the 
linearized plot of 1/r against 1/C is significantly smaller 
[36]. This was explained by the differences in adsorp-
tion-desorption phenomena during dark and illuminated 
period. When the organics concentration is low (in mM), 
an “apparent” first-order rate constant Equation (11) could 
be expressed where k′(min–1) = krK: 

d

d r

C
r k KC

t
    k C            (11) 

Rearranging and integration of Equation (11) yields 
the typical pseudo-first-order model as in Equations (12) 
and (13): 

0
k tC C e                       (12) 

0ln r

C
k Kt k t

C
      
 

           (13) 

3.2. Effect of TiO2 Loading 

The optimum concentration of TiO2 P-25 required for the 
decolourization of a 50 mg·L–1 BB41 solution was ex-
amined with the slurry method by varying the catalyst 
amount from 0.0 - 1.0 g·L–1. The results summarized in 
Table 1 indicate that the required photons, when the 
concentration of TiO2 increased to 0.4 g·L–1, were thor-
oughly absorbed. This shows that an increase in the 
amount of catalyst to the level consistent with the opti-
mized level of light absorption increases the amount of  
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Table 1. Effect of catalytic loading on photodegradation. 

S/No. TiO2 (g·L–1) K (Lmol–1·min–1) 

1 0.0 - 

2 0.2 0.018 

3 0.4 0.023 

4 0.6 0.014 

5 0.8 0.012 

6 1.0 0.011 

 
decolourization [38-40]. Thus, any further increase of the 
amount of the catalyst will have no effect on the photo-
degradation efficiency. 

Concentration of TiO2 in the photocatalytic water 
treatment system affected the overall photocatalysis reac-
tion rate in a true heterogeneous catalytic regime, where 
the amount of TiO2 is directly proportional to the overall 
photocatalytic reaction rate [41]. A linear dependency 
holds until certain extent when the reaction rate starts to 
aggravate and becomes independent of TiO2 concentra-
tion. 

This is attributed to the geometry and working condi-
tions of the photoreactor where the surface reaction is 
initiated upon light photon absorption [42]. When the 
amount of TiO2 increases above a saturation level (lead-
ing to a high turbidity state), the light photon absorption 
coefficient usually decreases radially. However, such a 
light attenuation over the radial distance could not be 
well correlated with the Beer-Lambert Law owing to the 
strong absorption and scattering of light photons by the 
TiO2 particles [43]. 

The excess TiO2 particles can create a light screening 
effect that reduces the surface area of TiO2 being ex-
posed to light illumination and the photocatalytic effici- 
ency. Therefore, any chosen photoreactor should be op-
erated below the saturation level of TiO2 photocatalyst 
used to avoid excess catalyst and ensure efficient photons 
absorption. In this sense, both catalyst loading and light 
scattering effect can be considered as a function of opti-
cal path length in the reactor. 

3.3. Effect of Initial Dye Concentration 

To study the effect of dye concentration on the rate of 
decolourization, the BB41 concentrations were varied 
from 0, 25, 50, 100 & 150 mg·L–1 while the other vari-
ables were kept constant.  

Figure 3 shows the time dependence of unconverted 
fraction of dye (C/C0, where C0 is the initial dye concen-
tration and C is the dye concentration at time t) for the 
various initial concentrations (0, 25, 50, 100 and 150 
mg·L–1). Table 2 shows that the first-order-kinetic rela- 
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Figure 3. Photocatalytic decolourization of BB41 with dif-
ferent TiO2 loadings at different time intervals of irradia-
tion. 
 
Table 2. Effect of dye concentration on photodegradation of 
BB41. 

S/No. Dye (g·L–1) K (L·mol–1·min–1) 

1 0.0 ------ 

2 25.0 0.010 

3 50.0 0.015 

4 100.0 0.005 

5 150.0 0.004 

 
tive to BB41 is operative. However, the apparent decol-
ourization rate constant depends on the initial concentra-
tion of dye. As expected by increasing the concentration, 
the decolourization rate constant (k) decreased. 

The efficiency of dye degradation decreased with an 
increase in concentration of dye. The reason presumed is 
that in high dye concentrations, the active sites are cov-
ered with dye ions; subsequently, the production of OHC 
radicals on the surface of catalyst is reduced. Another 
possible reason for these results is the effect of UV 
screening of the own dye. 

In high dye concentrations a major amount of UV is 
apt to be absorbed by dye molecules proportional to OH 
particles and this reduces the efficiency of the catalytic 
reaction due to the decline in OHC and OH2C concentra-
tions [44]. Another possible reason is the intervention of 
the by-products formed during the degradation of mother 
dye molecules [45]. 

3.4. Effect of pH 

In heterogeneous photocatalytic water system, pH is one 
of the most important operating parameters that affect the 
charge on the catalyst particles, size of catalyst aggre-
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gates and the positions of conductance and valence bands. 
Due to the nature of TiO2 catalyst used, any variation in 
the operating pH is known to affect the isoelectric point 
or the surface charge of the photocatalyst used. 

Since dyes can to degrade at different pHs in coloured 
effluents, comparative experiments were performed at 
three pH values: one reasonably acidic, one reasonably 
basic and at the natural pH 5.5 of BB41 (i.e. Natural pH 
of dye 5.5 ± 2.5). The studies were carried out at pH 
range 3.0 for the acidic solution and 8.0 for the basic 
solution. 

The pH influences the characteristics of the photo-
catalyst surface charge, so pH of the solution is a signifi-
cant parameter in performing the reaction on the surface 
of semiconductor particles. Point of zero charge (PZC) 
for TiO2 particles is pH PZC = 6.8 [46]. The surface of 
TiO2 has a positive charge in acidic media (pH < 6.8), so 
there is an electrostatic absorption between positive 
charge surfaces of TiO2 and the dye. As the pH of the 
system increases, the number of surfaces with negative 
charge increases. Thus, H2SO4 and NaOH were used for 
pH adjustment of dye solutions. The effect of pH on the 
degradation of dye is shown in Figure 4. 

3.5. Photocatalytic Mineralization of BB41 

The COD test was used to assess the degree of minerali-
zation reached during the photocatalytic treatment. Usu-
ally, COD decreases with increase in irradiation time 
whereas the amount of inorganic ions increased with 
increase in irradiation time. The COD curve has an ex-
ponential or sigmoidal shape. The sigma-shaped curves 
indicate that they are related to the formation of relative 
tolerant by-products [44]. This pattern means that during 
the first step of the process where the solution is still 
coloured there is only a small decrease of the parameter 
measured (COD) due to the fact that dye molecules are 
decomposed to lower molecular weight compounds and 
the resulting intermediates still contribute to the COD of 
solution. After the decolourization of the solution, the  
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Figure 4. Effect of pH on the photocatalytic decolourization 
rate of BB41 (C0: initial dye concentration, C: dye concen-
tration at time t). 
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Figure 5. Decrease of COD with irradiation time. 
 
COD decreased sharply, reaching a plateau that corre-
sponds to the oxidation of most stable compounds, indi-
cating that almost complete mineralization of intermedi-
ates has occurred. Figure 5 shows variation of COD with 
irradiation time. 

4. Conclusion 

The photocatalytic treatment of a textile dye, C. I. Basic 
Blue 41, from aqueous solution in a photocatalytic reac-
tor was studied. The optimum value of the initial dye 
concentration was 50 g·L–1 and the operation medium 
was alkaline. The results of TOC decreased and UV-Vis 
indicated that photocatalytic process can be used for 
complete decolorization and mineralization of BB41. 
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