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Introduction

Textile dyes and other industrial dyestuffs constitute one of the largest group of organic compounds that represent an
increasing environmental danger, About 1%-20% of the total world production of dyes is last during the dyeing process and is
released in the textile effluents [1,2] for the treatment of dye containing wastewater, tradition methods such as flocculation

carbon adsorption, reverse osmosis and activated sludge process has difficulties in the complete destruction of dye pollutants
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[3] and has the further disadvantage of potentially oxidation-reduction reactions, The oxidative degradation of an organic
pollutant is attributed at the positive role where adsorbed water or hydroxyl groups are oxidized to hydroxyl radicals (aa‘OH),

which then read with the pollutant molecule [4]. Thus, finally it leads to their complete mineralization.

In the present work the photo catalytic degradation in aqueous solution of the phenothiazine aye, Azure A was investigated.
Phenothiazine dyes represent the important class of commercial dyes and are mainly used for dyeing cotton silk, polyamide
and leather. The structure of Azure A dye is shown in (FIG. 1.) To optimize the kinetic of the degradation process, several

parameters were studied.
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FIG. 1. Structure of Azure A dye.

Experimental

Azure A was abstained from Aldrich Company. Photo catalyst TiO, was obtained from the S.D. Fine Company. All Solutions
were prepared in doubly distilled water. Photo catalytic experiments were carried out with 50 mL of dye solution (3.8 x 10
mol dm) using 300 mg of TiO photo catalytic under exposure to visible irradiation in specially designed double-walled
slurry type batch reactor vessel made up of Pyrex glass (7.5 cm height, 6 cm diameter) surrounded by thermostatic water
circulation arrangement to keep the temperature in the range of 30°C + 0.3°C. Irradiation was carried out using 500 w halogen

lamp surrounded by aluminum reflector to avoid irradiation loss.

During photocatalytic experiments after stirring for 10 min slurry composed of dye solution and catalyst was placed in dark
for % h in order to establish equilibrium between adsorption and desorption phenomenon of dye molecule on photo catalyst
surface. Them slurry containing aqueous dye solution and TiO, was stirred magnetically to ensure complete suspension of
catalyst particle while exposing to visible light. At specific time intervals aliquot (3 ml) was withdrawn and centrifuges for 2
min to remove TiO- particle from aliquot to assess extent of decolorization photo metrically. Changes in absorption spectra
were recorded at 480 nm on double beam UV-Vis, spectrophotometer (Systronic Model No. 166) Intensity of visible radiation

was measured by a digital luxmeter (Lutron LX 101). pH of solution was measured using a digital pH meter. COD and CO;

c.cx100 Where C and C. are initial and

estimation were performed. Performance efficiency was calculated as % Efficiency=

final dye lament ration.

Results and Discussion
An aliquot was taken from the reaction mixture at regular time interval and the absorbance was measured spectra photo
metrically at max value of 630 nm. The absorbance of the solution was found to decrease with increasing time, which

indicates that the concentration of Azure a dye decreased with increasing time of exposure.
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Effect of initial dye concentration variation

The influence of initial dye concentrations was investigated by varying the initial concentration from 1.8 x 10° mol dm™ to
7.8 x 10 mol dm™ at pH 9.0 and with catalyst loading 300 mg/100 ml. Rate constant increased with increase in dye
concentration from 1.8 x 10-° mol dm™ to 3.8 x 10" mol dm. Rate constant has been found to be maximal at 3.8 x 10 mol
dm? (FIG. 2). The dye concentration influenced the extent of adsorption and rate of reaction at the surface of the
photocatalyst. Increasing initial dye concentration would enhance the rate of the liquid phase reaction and surface reaction as
well and the adsorption of dye molecules on the catalyst surface hinders competitive adsorption of OH™ ions, thus it lowers
the formation rate of hydroxyl radicals and consequently it affected the rate of reaction [5]. The increase in dye concentration
also decreased the path length of photon entering into the dye solution and this might also reduce the catalytic efficiency
(TABLE 1).
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FIG. 2. Effect of initial dye concentration variation.

TABLE 1. Effect of initial dye concentration variation: TiO2=300 mg/100 mL
pH=9.0, Light intensity=20 x 108 lux, Temperature=30 + 0.3°C.

[Azure A] x10°

mol! dm?® k x10%4s? tiz2x 10° s
1.8 2.18 3.17

2.8 2.87 241

3.8 3.53 1.96

4.8 2.84 2.44

5.8 2.57 2.69

6.8 2.45 2.82

7.8 2.14 3.23

Effect of amount of catalyst variation

The catalyst dose is having strong influence on the degradation kinetics of dye. In order to determine the optimal amount of
catalyst concentration, a series of experiments were carried out using different concentrations of TiO, catalyst varying from
100 mg/100 mL to 400 mg/100 mL at optimized pH 9.0. It has been observed that as the concentration of catalyst increased
from 100 mg to 300 mg/100 ml the degradation rate got increased rapidly. The increased degradation rate that followed the
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increase in the catalyst loading could be attributed to the fact that a larger number of photons were adsorbed, thus accelerating
the process. The most effective decomposition of Azure A has been observed at catalyst amount 300 mg/100 ml. Further
increase of the TiO, concentration resulted in a decrease of rate of decoloration. On further increase in concentration all the
molecules got adsorbed on TiO, thus no improvement was achieved on further adding more catalyst. The decrease in
efficiency, which is observed in the FIG. 3, might be due to an increase in capacity of the suspension and to an enhancement
of the light reflectance, because of the excess of TiO; particles (TABLE 2). Additionally, in the case of high catalyst loading
we observed agglomeration and sedimentation of TiO. which made a significant fraction of catalyst to be inaccessible to
either absorbing the dye or absorbing the radiation (FIG. 3), with consequent decrease in active sites available to the catalytic
reaction [6].

TABLE 2. Effect of amount of catalyst variation: [Azure A] =3.8 x 10-5 moldm™pH=9.0, Light intensity=20 x 10° lux,
Temperature=30 = 0.3°C.

TiO2 mg/100

mL k x 1045 i x 10%s
100 2.45 2.82
150 2.76 251
200 2.84 2.44
250 2.99 2.31
300 3.53 1.96
350 2.61 2.66
400 2.3 3.01
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FIG. 3. Effect of amount of catalyst variation.

Effect of solution pH

The waste water from textile industries usually has wide range of pH values. pH plays an important role both in the
characteristic of textile wastewater and generation of hydroxyl radicals. The effect of pH on the rate of degradation has been
investigated in the pH range 5.0 to 11.0. Upon changing the pH, the surface hydroxyl group could undergo protonation and

deprotonation according to the following reaction [7].
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TiOH+H*TiOH.*

TiOH+OH" TiO+H20

)
@)

Bahnemann et al have reviewed that acid-base properties of the metal oxide surfaces could have considerable implications

upon their photocatalytic activity. The point of zero charge of the TiO; is at pH 6.8. Thus, the TiO, surface becomes

positively charged in acidic media, whereas it is negatively charged under alkaline conditions [8]. Since Azure A dye is

cationic dye, thus there was a poor adsorption in the acidic medium. Therefore, decrease in pH caused decrease in degradation

rate. Higher pH favors electrostatic interactions between the negative TiO, surface and cationic dye led to strong adsorption

and enhancing degradation rate (TABLE 3). The optimal pH was observed at 9.0. The results obtained in (FIG. 4) indicated

that, at pH 9.0 a strong adsorption of the Azure A dye on the TiO; particles was observed as a result of the electrostatic

attraction of the negatively charged TiO with the dye. The inhibitory effect observed to be more pronounced in the higher

alkaline range. At high pH values the hydroxyl radicals are rapidly scavenged and they do not have the opportunity to react

with dye [9].

TABLE 3. Effect of solution pH: [Azure A]=3.8 x 10 moldm Ti0-300 mg/100 mL, Light intensity=20 x 10° lux
Temperature=30 + 0.3°C.

pH kx10*s? | tuex10%s
5 15 4.62
6 211 3.28
7 2.49 2.78
8 2.61 2.65
9 3.53 1.96
10 3.1 2.23
11 2.99 2.31
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FIG. 4. Effect of solution pH.
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Effect of H202 and K2S20s

The addition of other power oxidizing species such as H,0, and K;S,0s to TiO, suspension is a well-known procedure and
lead to an increase in the rate of photo-oxidation. The photocatalytic degradation has been studied at different H.0-
concentrations. H,O; is well-known to have two functions in the process of photocatalytic degradation. It accepts a photo

generated electron from the conduction band and it also forms *OH radicals according to following equation.

H;0,4¢ — 5 OH™OH ®3)

H20,+0;" ——» OH™OH+O; (4)

The rate of reaction has been found to be increased as the concentration of H.O. increased and it reached to the optimum
value at 10 x 108 mol dm=. (FIG. 5) On further addition of H,O; it decreased as the concentration of the H,O, increased
beyond the optimum because excess H.O, might act as a “OH scavenger and form peroxo compounds, which are detrimental
to the photocatalytic action [10].

H202+2h"y, —>»  O2H* )
H202+"0OH —_— HO2*H,0 (6)
HO'+'OH —_— H,0*0O, @)

The effect of persulphate ion on the photocatalytic degradation of the dye was investigated. The concentration of K,S;0s was
2 x 10 mol dm™ to 14 x 10 mol dm?®. The data have been presented in FIG. 2. The percentage degradation of the dye
increased with increasing amount of persulphate ion concentration. K,S,0g proved to be a beneficial oxidizing agent in
photocatolytic detoxification since it generates SO,™ oxidant as per reactions (12) and (13) utilizing the semiconductor

generated electrons (ec).

32082_+e_aq > S04 "+S04% (8)

S,087 +€ e _ SO, +S047 9)

The strong oxidant sulphate radical anion SO4™ (E'=2.6 eV) reacted with dye molecules in the following three possible modes
of reactions: By abstracting a hydrogen atom from saturated carbon, by adding it to unsaturated or aromatic carbon and by

removing one electron from carboxylate anion or from certain neutral molecules [11].

SO +€ e 5 SOZ (10)

S04 *H,0 _,  OH+SOZ*H* (11)
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Thus, formation of hydroxyl radical and sulphate radical anion enhanced the degradation of dye molecules at faster rate [12].
The optimum concentration (TABLE 4) has been found to be 10 x 10 moldm™. Above thus optimum concentration the rate
constant values decreased due to the absorption of sulphate ions on the surface of TiO, deactivating a section of photocatalyst
(FIG. 5).

S04 +€ - SO (12)

S04 +H,0 — »  OH+SOZ™H* (13)

Effect of NaCl and Na.CO3

Industrial effluents contain, apart from the pollutants, different salts at different concentrations. The inorganic anion may have
an effect on the rate of photocatalytic degradation. The presence of anions such as chloride, carbonate, sulphate and
bicarbonate is common in industrial effluents. These ions affect the adsorption of the degrading species, acts as hydroxyl ion
scavengers and may absorb light as well [13]. The presences of sodium chloride decreased the photocatalytic degradation rate
considerably due its effect on adsorption. The degradation rate of Azure A dye decreased with increase in the amount of
chloride ions from 2 x 10 mol dm to 14 x 10 mol dm. The inhibiting effect of CI ion on the degradation has been due to

its ability to act as hydroxyl radical ("OH) scavengers.

TiO, 5 TiO; (h*vs €cp) (14)
Cl'+0OH —  » CI"OH- (15)
Cl+ h'w% ——» CI (16)
cr+cr 5 ClIr 17)

We have also studied the effect of carbonate anions on photodegradation, an increment in concentration of CO3? from 2 x 106
mol dm to 14 x 10 mol dm?, resulted into decrease of rate of reaction (TABLE 5). When carbonate ions react with "OH
radicals (FIG. 6) they generate carbonate radical anions that is a weak oxidizing agent and hardly reacts with other molecules
and thus the rate of reaction got decreased due to the hydroxyl scavenger property of carbonate ions [14].

“OH+CO3” — » OH™+COs" (18)

‘OH+ HCOs  — 3 H0+COs" (19)
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FIG. 6. Effect of salt NaCl and Na2COs.

TABLE 5. Effect of NaCl and Na2COs: [Azure A]=3.8 x 10-5 mol dm TiO?=300 mg/100 mL, pH=9.0,
Light intensity=20 x 103 lux Temperature=30 + 0.3°C.

[Salt] x 10° NaCl Na2COs

mol* dm? kx10%s? | tiex10%st | kx10%s?t | typx 1035
0 3.53 1.96 3.53 1.96
2 3.26 2.12 3.22 2.15
4 3 2.31 2.8 2.47
6 2.8 2.47 2.37 2.92
8 2.61 2.65 2.22 3.12
10 2.53 2.73 1.95 3.55
12 2.34 2.96 1.8 3.85
14 1.88 3.68 1.6 4.33

Effect of temperature

One of the advantages of photocatalytic reactions is that it is not affected or slightly affected by temperature change. The
influence of temperature was studied in the range 30°C-55°C. The results are shown in TABLE 6 and FIG. 7. Increase in
temperature led to decrease the rate of degradation. This gradual decrease in the reaction rate values could be attributed to the
following reasons: the adsorption rate decreased with increasing temperature because the adsorption is a heat releasing
process, increase in reaction temperature tend to increase electron-hole recombination and with increase in temperature the

solubility of oxygen in water decreased.
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TABLE 6. Effect of temperature: [Azure A]=3.8 x 105 mol dm3, pH=9.0 TiO>=300 mg/100 mL, Light
intensity=20 x 10° lux, Temperature=30 + 0.3°C.
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FIG. 7. Effect of temperature.

Effect of N2 and Oz purging

The effect of nitrogen and oxygen has been widely studied in photocatalytic oxidation systems. Studies have shown that the
bubbling of pure N2 in the system retarded the degradation of the dye but bubbling of O, in the system enhanced the
degradation of the dye. The degradation of Azure A has been increased from 3.53 x 10#s? to 5.60 x 10 s on bubbling of
oxygen through the dye solution but decreased from 3.53 x 10 s to 2.45 x 10 s on purging of pure N, through the dye
solution. Oxygen as an electron acceptor and strongly electrophillic, forming the superoxide radicals (O2*) upon scavenging
of the electrons (FIG. 8). This helped to prevent the recombination of electrons and holes and enables the system to maintain a
favorable charge balance necessary for the photocatalytic redox process. Thus, oxygen often used as an electron acceptor in
photocatalytic oxidation processes since it is readily available, soluble under most conditions and non-toxic. The surface
chemical reactions of conduction band (CB) electrons are blocked by N2 purging, consequently the formation of superoxide
radical anion and hydroxyl radicals are prevented. As a result, the photocatalytic degradation process would be significantly

suppressed.
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O e > O (20)
H20.+TiO2(e") ———» HO+HO (21)
0,"*H20, — 5 HO+HO+0;, (22)
0y *H+HO" —» HO» (23)
HO".TiO, (e7) —» HO; (24)
HO, +H* ——>» H0; (25)
2 HO", ——>  O+H0; (26)

COD and CO2 measurements during mineralization process

The result presented in TABLE 7 show that the photocatalyic process led, apart from decolorization, to a substantial decrease
of the chemical oxygen demand (COD) of the solution. As the irradiation time increased, dye molecules are degraded to
components of lower and lower molecular weight fractions and consequently led to complete mineralization that can be is
ascertained by COD and CO; measurements. The COD is widely used as an effective technique to measure the organic
strength of wastewater. The test allowed the measurement of waste in terms of the total quantity of oxygen required for the
oxidation of organic matter to CO; and H,O. The COD of the dye solution was estimated before and after the treatment. The
reduction in COD values of the treated dye solution indicated the mineralization of dye molecules along with color removal
(FIG. 9). The aqueous solution of a mixture of Azure A (3.8 x 10> mol dm®) was exposed separately to visible light in the
presence of TiO- at a dose of 300 mg/100 mL. Aliquots were taken at regular intervals and COD was measured using closed
reflux titrimatric method- As the irradiation time, increased dye molecule got degraded to compounds in the estimated COD
value from 184 mg/L to 0 mg/L. CO; value increased from 55 mg/L to 242 mg/L in 6 h of illumination indicated photo
degradation of treated dye solution. The reduction in pH of solution has also been observed with increase in the extent of

mineralization (FIG. 10).
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FIG. 8: Decolorization of Azure A under various photocatalytic systems. [AA]=3.8 x 10-> mol dm, TiO2=300 mg/100
mL, pH=9.0, Light intensity=20 x 103 lux, Temperature=30 + 0.3°C.
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TABLE 7. COD and CO2 measurements during photodegradation process: [Azure A]=3.8 x 10° mol dm3, TiO2=300

mg/100 mL, pH=9.0, Light intensity=20 x 10° lux, Temperature=30 + 0.3°C.

Irradiation | COD CO2 Efficiency | NOs- SO#&
time (h) (mg/L) (mg/L) (%) (mg/L) (mg/L) pH
0 184 12 0 0 0 8.7
2 116 21 36 4 10 6.3
4 34 23 81 9 25 4.7
6 16 67 91 21 29 4
8 6 80 96 25 32 3.2
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FIG. 9. COD and CO2 measurements during photo degradation process of Azure A: [AA]=3.8 x 105 mol dm,
Ti02=300 mg/100 mL, pH=9.0, Light intensity=20 x 10° lux, Temperature=30 + 0.3°C.
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FIG. 10. Formation of SO4> and NOs™ during mineralization Azure A: [AA]=3.8 x 10" mol dm3, Ti0>=300 mg/100 mL,
pH=9.0, Light intensity=20 x 10° lux, Temperature=30 + 0.3°C.
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UV- Vis spectral analysis during mineralization

The UV-Vis absorption spectra of AA were studied at different times of irradiation. AA is phenothiazine dye in which the
chromophore part of molecular structure contains phenothiazine group. The changes in the absorption spectra of AA solution
during the photocatalytic degradation at different irradiation times are presented in FIG. 2. both in the UV and visible region.
Its Amax is 480 nm (FIG. 11). The decrease of absorption peaks actually indicated a rapid decoloration and degradation of AA

dye' The nearly perfect disappearance of peaks in UV region reveals that AA dye is eliminated in presence of TiO; after 8 h of

irradiation.
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FIG. 11. UV-Vis spectrum of Azure A: [AA]=3.8 x 10> mol dm™, Ti02=300 mg/100 mL, pH=9.0, Light
intensity=20 x 10° lux, Temperature=30 + 0.3°C.
Conclusion

Photo assisted mineralization of Azure A can be effectively carried out utilizing TiO, with visible light. Amount of catalyst,
solution pH has been found to be Vitol parameter. The presence of inorganic salts such as sodium carbonate and sodium
chloride hinders the photo catalytic degradation of textile dyes. Synergetic of H,O; and K2S,0s has ols-ban investigated. The
reduction in COD of the effluent suggested that the dye molecules were completely mineralized. UV-Vis spectra confirmed

the degradation of Azure A dye.
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