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2. Experimental Part 
 

2.1 Chemicals 

The following chemicals  were used  throughout this research work 

without further purification. 

 

2.1.1 Solid Chemicals  

Chemicals Purity Company 

FeSO4.7H2O 99% RIEDEL-DEHAEN 

AG SEELZE 

HANNOVER 

Sodium acetate 98% RIEDEL-DEHAEN  

AG SEELZE 

HANNOVER 

1-10 phenanthroline 97% BDH 

TiO2 Hombikat uv100 99% Sachtleben 

Commercial TiO2  99% Fluka AG Buchs SG 

(Anatase) 

Phenol red 98% THOMAS BAKER 

NanoTiO2  99.5% Sky spring 

nanomaterials 

 (anatase 10-25 nm) 

Na2S2O8 95% BDH limited poole 

England 

Nano TiO2 99.5% ALDRICH 
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2.1.2 Liquid Chemicals 

Chemicals Purity Company 

H2SO4 98% HIMEDIH 

Iso propanol 99.8% RIEDEL-DEHAEN AG 

SEELZE HANNOVER 

Titanium iso propoxide 97% ALDRICH 

HNO3 69.5% Medex  

Ethanol 97% Merck 

H2O2 50% wt/wt Scharlau 

 

2.2 procedures  

2.2.1 Measurement of light intensity using actinometeric 

method  

The intensity measurement of the incident light was carried out with a 

potassium ferrioxalate actinometer as described by Hatchard and parker 

[57]. This method is usually used to determine the number of quanta 

entering the reaction vessel and consequently, the apparent quantum 

yields for the photocatalytic reaction will be estimated. The actinometer 

solution (6×10-3 mol/L) was prepared by dissolving (2.947 g) of 

K3Fe(C2O4)3.3H2O in 800 milliliter of nano filtered deionized water 

(NFDW). 

One hundred milliliter of 1N H2SO4 was added and the whole solution 

was diluted to one liter with NFDW.  

The method used for the determination of light intensity involves 

irradiation of actinometer solution for known period time (1 hour). 

A calibration curve for Fe+2 was drawn using the following solutions : 

1- 4×10-4 mol.L-1 of FeSO4 in 0.1 N H2SO4. 

2- 0.1% w\v phenanthroline monohydrate in water. 
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3- Buffer solution was prepared by mixing 600 milliliter of 1N 

sodium acetate and 360 milliliter of 1N H2SO4 then diluted to one 

liter. 

Different concentrations of Fe+2 were prepared by further dilution of 

solution (1) in 25 milliliter volumetric flask. Then add to each flask; 

a- Two milliliter phenanthroline solution. 

b- Five milliliter of buffer solution. 

c- Different volumes of 0.1N H2SO4 solution to make the acid 

equivalent to 10 milliliter 0.1 N H2SO4 and finally dilute the whole 

solution to 25 milliliter with NFDW. 

The volumetric flask was covered with aluminum foil and kept in the 

dark for 30 minutes. Then the optical densities at wavelength = 510 nm 

were measured. 

A blank solution was used as reference which contained all the solutions 

except the ferrous ion solution. 

 Draw plot for optical density versus ferrous ion concentration, Figure (2-

1) 

The slope of the straight line obtained which gives the extinction 

coefficient (absorptivity) of FeSO4 solution. 

In order to determine the light intensity, 50 milliliter of actinometer 

solution was irradiated in the irradiation cell. Post illumination, one 

milliliter of the irradiated solution was transferred into 25 milliliter 

volumetric flask, two milliliter of phenanthroline solution and 0.5 

milliliter of buffer solution were added to the flask, then it was diluted to 

25 milliliter using NFDW. 

Blank solution was prepared by mixing one milliliter of unirradiated 

potassium ferrioxalate solution with other components. 

The mixture was kept in the dark for 30 minutes and then the optical 

density was measured. 
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The incident light intensity was calculated as follows [58]: 

Io= A×V1×10-3×V3 / Qy×€×V2×t 

Where: 

  Io= photo flow (incident light intensity)                                     

 A= optical density (absorbance) at 510 nm 

V1=initial volume(50 milliliter)                    V3=final volume(25 milliliter) 

Qy=quantum yield at 365 nm=1.21 [58] 

 €=extinction coefficient=slope of calibration curve (1.112×104 L mol1- cm1- ) 

V2=volume taken from irradiated solution (1 milliliter). 

t = irradiation time in seconds (sec) 

then the apparent quantum yield is calculated using the following 

expression : 

ɸapp = rate of reaction / rate of absorbed photons (Io) 
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Figure (2-1): Calibration curve of Fe2+ 
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Y2 – Y1 = 1 – 0.6 = 0.4 

X2 – X1 = 25 – 15 = 10 ppm / 278000 = 0.00003597 mol/L 

Slope = 0.4 / 0.00003597 = 11120.3781 = 1.112×104 L mol1- cm1- 

 

2.2.2 TiO2 nanoparticles catalyst synthesis 

Titanium dioxide nanosized catalyst was synthesized by the sol-gel 

method by means of a gradual addition of a solution of titanium 

isopropoxide (5 milliliter isopropanol + 5 milliliter titanium 

isopropoxide) on to 200 milliliter of DNFW at pH=5 with a rate of 

addition of 2 milliliter /minutes. The mixture was kept, after completion 

of addition, under continuous vigorous mixing at room temperature until 

the completion of hydrolysis for 2 hours. The resulting transparent 

colloidal solution was left aging for 24 hours then filtered, dried at 90 Co 

for two hours, and finally was calcined at 400 Co for 4 hours. Grounding 

into fine powder, if needed, overcomes the agglomeration [41]. 

 

2.2.3 Preparation of phenol red and calibration curve 

1- A stock solution of phenol red of 100 ppm was prepared by dissolution 

of 0.1 g of phenol red into 1000 milliliter NFDW. 

2- The stock solution was diluted to prepare different concentrations of 

phenol red (3 , 6 , 9 , 12 and 15 ppm) for the preparation of the calibration 

curve. 

3-The absorbance of each diluted solution was measured 

spectrophotometrically at 432 nm and subsequently the calibration curve 

Figure (2-2) was drawn. 
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2.2.4 Determination of the light intensities for UV source at 

different distances using the actinometer solution 

1- Fifty milliliter of actinometer solution was added in to the 

photolysis cell. 

2- Irradiate the solution for 60 minutes employing various cell- light 

source distance (14 cm, 24 cm, 37 cm). 

N.B. The presence and absence of lens were tested at all the distances. 

y = 0.035x - 0.003

R² = 0.998

0

0.1

0.2

0.3

0.4

0.5

0.6

0 2 4 6 8 10 12 14 16

A
 a

t 
4

3
2

 n
m

concentration ppm

Figure (2-2):Calibration curve for phenol red 
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3- pipette one milliliter of irradiated solution, transfer it into a 

volumetric flask of 25 milliliter volume then add 2 milliliter 1,10 

phenanthroline , 0.5 milliliter buffer solution, and fill to the mark 

with NFDW. 

4- Keep the volumetric flask in the dark after it is wrapped with 

aluminum foil for 30 minutes, then measure the absorbance at 510 

nm. 

Note : the blank is (1 milliliter actinometer solution + 2 milliliter 1,10 

phenanthroline + 0.5 milliliter buffer solution and filled to the mark with 

NFDW. 

 

2.2.5 Testing of degradation of phenol red in the dark 

1- Thirty milliliters of phenol red (10 ppm) was added into a  beaker, 

then afterwards add 50 mg TiO2(Hombickat UV 100). 

2- Keep the beaker in the dark for 3 hours with continuous stirring. 

3- Measure the absorbance at 432 nm before addition the TiO2. 

4- After every 30 minutes, pipette a portion of phenol red, centrifuge 

it for 15 minutes then measure the absorbance for phenol red at 432 

nm to compute the changes in concentration. 

 

2.2.6 Testing of Degradation of phenol red in the absence of 

TiO2 

1- Fifty milliliters of phenol red (10 ppm) was added into the cell. 

2- Irradiate the cell containing the phenol red using 24 cm cell- light 

source distance in the presence of lens for 3 hours. 

3- Measure the absorbance of phenol red before irradiation at 432 nm. 

4- Measure the absorbance of phenol red every 30 minutes at 432 nm 

in order to calculate the changes in concentration. 
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2.2.7 Multi results experiments by air equilibration 

1- Take 75 milliliter of phenol red (10 ppm) and adjust the pH to 4.0 

using diluted HNO3. 

2- Add 40 mg of TiO2  to the cell. 

3- Start air equilibration through stirring for 20 minutes in the dark. 

4- Irradiate the solution for 3 hours using 24 cm cell-light source 

distance in the presence of lens. 

5- Pipette five milliliter every 30 minutes, centrifuge for 10 minutes 

using 3000 RPM, separate the supernatent and measure the  pH and 

absorbance at 432 nm. 

 

2.2.8 Effect of light intensity on the degradation of phenol red 

1- Add 50 milliliter of phenol red (10 ppm) into photocatalysis cell 

and adjust the pH to 4.0 using dilute HNO3. 

2- Measure the absorbance, pH and conductivity before the 

irradiation. 

3- Add 30 mg of TiO2 to the cell. 

4- Stir the solution for 20 minutes in dark for equilibration. 

5- Irradiate the solution for 3 hours at different cell-light source 

distances (37 cm , 24 cm and 14 cm) in the existence of lens. 

6- Take 5 milliliter from the irradiated phenol red, centrifuge for 10 

minutes at 3000 RPM, then measure pH and absorbance at 432 nm. 

 

2.2.9 Multi parameters measurement for O2 equilibration 

1- Add 75 milliliter of phenol red (10 ppm) into the cell and adjust the 

pH to 4.0 using dilute HNO3. 

2- Add 40 mg of TiO2 to the cell. 

3- Stir the solution with O2 bubbling in the dark for 20 minutes. 
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4- Irradiate the solution for 3 hours at 24 cm of cell-light source 

distance in the presence of lens and O2 bubbling. 

5- Pipette 5 milliliter every 30 minutes interval from illuminated 

solution, centrifuge at 3000 RPM for 10 minutes, then measure the  

pH and absorbance at 432nm. 

 
 
2.2.10 Effect of pH on the degradation of phenol red  

1- Take 75 milliliter of phenol red (10 ppm) and adjust the solution to 

different  pHs (2.0 , 3.0 , 4.0 , 4.5 , 5.0 , 6.0 , 8.0) using diluted 

HNO3 or NH4OH. 

2- Add 40 mg of TiO2 onto the cell, containing the above solutions. 

3- Equilibrate with O2 for 20 minutes in the dark. 

4- Irradiate the solution for 3 hours at 14 cm cell-light source distance 

in the presence of lens and O2. 

Note : O2 used is standard with purity (97.5%) and the flow rate of O2 is 

30 ml\min. 

5- Pipette 5 milliliter every 30 minutes interval from illuminated 

solution, centrifuge at 3000 RPM for 10 minutes, then measure the  

pH and absorbance at 432nm. 

 
 
2.2.11 Effect of irradiation time on the degradation of phenol 

red  

1- Take 75 milliliter of phenol red (10 ppm) and adjust the solution to 

pH = 4.0 using buffer solution PH=4.0. 

2- Add 40 mg of TiO2 onto the cell, containing the above solution. 

3- Equilibrate with O2 for 20 minutes in the dark. 

4- Irradiate the solution for 5 hours at 14 cm cell-light source distance 

in the presence of lens and O2. 
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Note : the flow rate of O2 is 30 ml\min. 

5- At the end of illumination time (5 hours), take 5 milliliter of 

irradiated phenol red solution, centrifuge for 10 minutes at 3000 

RPM, then measure the pH and absorbance at 432 nm. 

 

2.2.12 Effect of H2O2 on the degradation of phenol red  

1- Take 75 milliliter of phenol red (10 ppm) and adjust to pH=4.5 

using dilute HNO3, then add different amounts of H2O2 (0.5, 1.0, 

1.5, 2.0, 2.5 and 3.0 milliliters). 

2- Add 40 mg of TiO2 to the cell containing the above solutions. 

3- Equilibrate with O2 for 20 minutes in the dark. 

4- Irradiate the solution for 5 hours at 14 cm cell-light source distance 

in the presence of lens and O2. 

Note : the flow rate of O2 is 30 ml\min. 

5- At the end of irradiation time (5 hours), take 5 milliliter of 

irradiated phenol red, centrifuge for 10 min at 3000 RPM, then 

measure the pH and absorbance at 432 nm. 

 
 
2.2.13 Effect of initial phenol red concentration on the rate of        

reaction 

1- Take 75 milliliter of phenol red solution (5ppm, 10ppm, 15ppm, 

20ppm and 25ppm ) and adjust the solution to pH = 4.5 using 

dilute HNO3, then add 3 milliliter H2O2. 

2- Add 40 mg of TiO2 onto the cell containing the above solutions. 

3- Equilibrate with O2 for 20 minutes in the dark. 

4- Irradiate the solution for 5 hours at 14 cm cell-light source distance 

in the presence of lens and O2. 

Note : the flow rate of O2 is 30 ml\min. 
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5- At every one hour interval, take 5 milliliter of irradiated phenol 

red, centrifuge for 10 minutes at 3000 RPM, then measure the pH 

and absorbance at 432 nm. 

 
2.2.14 Effect of TiO2 loading on the degradation of phenol red  

1- Take 75 milliliter of phenol red (10ppm) and adjust to pH =4.5 

using dilute HNO3, then add 3 milliliter H2O2. 

2- Add different amounts of TiO2 to the cell.(10mg, 20mg, 30mg, 

40mg, 50mg and 100mg). 

3- Equilibrate with O2 for 20 minutes in the dark. 

4- Irradiate the solution for 5 hours at 14 cm cell-light source distance 

in the presence of lens and O2. 

Note : the flow rate of O2 is 30 ml\min. 

5- At every one hour interval, take 5 milliliter from phenol red, 

centrifuge for 10 minutes at 3000 RPM, then measure the pH and 

absorbance at 432 nm. 

 
2.2.15 Effect of particle size of TiO2 on the degradation of 

phenol red  

1- Take 75 milliliter of phenol red (10ppm) and adjust to PH=4.5 

using dilute HNO3, then add 3 milliliter H2O2. 

2- Add 40 mg of TiO2 to the cell. 

a- TiO2 (Fulka AG Buchs SG)(pure anatase)=150 micron 

b- TiO2 (Fulka AG Buchs SG)(pure anatase)=75 micron 

c- TiO2 (ALDRICH)(anatase 80%+rutile 20%) = < 100nm 

d- TiO2 (sky spring nano material)(anatase) =  < 25nm 

e- TiO2 (prepared) = < 10nm 

3- Equilibrate with O2 for 20 minutes in the dark. 
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4- Irradiate the solution for 5 hours at 14 cm cell-light source distance 

in the presence of lens and O2. 

Note : the flow rate of O2 is 30 ml\min. 

5- At every one hour interval, take 5 milliliter of irradiated phenol 

red, centrifuge for 10 minutes at 3000 RPM, then measure the pH 

and absorbance at 432 nm. 

 
2.2.16 Effect of H2O2 in the dark on the degradation of phenol 

red  

1- Take 75 milliliter of phenol red (10ppm) and adjust to PH=4.5 

using dilute HNO3, then added 3 ml of H2O2. 

2- Add 40 mg of TiO2 to the beaker. 

3- Stir the solution in the dark for 5 hours. 

4- After 5 hours take a certain volume of phenol red and measure the 

absorbance at 432nm. 

  
2.2.17 Effect of H2O2 in the absence of TiO2 on the degradation 

of phenol red  

1- Take 75 milliliter of phenol red (10ppm)  in the cell and adjust to 

PH=4.5 using dilute HNO3, then add 3 milliliter of H2O2. 

2- Irradiate the solution for 5 hours at 14 cm of cell-light source 

distance and in the presence of lens and O2. 

3- After 5 hours take a certain volume of phenol red and measure the 

absorbance at 432nm. 

 

2.2.18 Effect of temperature on the degradation of phenol red 

1- Take 75 milliliter of phenol red solution (10ppm) and adjust the 

solution to pH = 4.5 using dilute HNO3, then add 3 milliliter H2O2. 

2- Add 40 mg of TiO2 onto the cell containing the above solutions. 
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3- Equilibrate with O2 for 20 minutes in the dark, and use water bath 

circulator to keep the temperature of solution at (20, 25, 30, 35, 40 

and 45o C).   

4- Irradiate the solution for 5 hours at 14 cm cell-light source distance 

in the presence of lens and O2. 

Note : the flow rate of O2 is 30 ml\min. 

5- At every one hour interval, take 5 milliliter of irradiated phenol 

red, centrifuge for 10 minutes at 3000 RPM, then measure the 

absorbance at 432 nm. 

 

2.2.19 Effect of Na2S2O8 as oxidant 

1- Take 75 milliliter of phenol red solution (10ppm) and adjust the 

solution to pH = 4.5 using dilute HNO3, then add (1 and 3 milliliter 

Na2S2O8). 

2- Add 40 mg of TiO2 onto the cell containing the above solutions. 

3- Equilibrate with O2 for 20 minutes in the dark. 

4- Irradiate the solution for 5 hours at 14 cm cell-light source distance 

in the presence of lens and O2. 

Note : the flow rate of O2 is 30 ml\min. 

5- After 5 hours take a certain volume of phenol red and measure the 

absorbance at 432nm. 

 

2.2.20 Effect of isopropanol as hydroxyl radical scavenger 

1- Take 75 milliliter of phenol red solution (10ppm) and adjust the 

solution to pH = 4.5 using dilute HNO3, then add 3 milliliter H2O2 

and different amount of isopropanol (1, 2, 3 and 5 milliliter). 

2- Add 40 mg of TiO2 onto the cell containing the above solutions. 

3- Equilibrate with O2 for 20 minutes in the dark. 
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4- Irradiate the solution for 5 hours at 14 cm cell-light source distance 

in the presence of lens and O2. 

Note : the flow rate of O2 is 30 ml\min. 

5- At every one hour interval, take 5 milliliter of irradiated phenol 

red, centrifuge for 10 minutes at 3000 RPM, then measure the 

absorbance at 432 nm. 

 

2.2.21 General photolysis procedure  

Photocatalytic degradation experiments for the synthesized nano 

anatase TiO2 photocatalyst were carried out in the photolysis cell with 

125 milliliter capacity under ultraviolet irradiation. The stock solution of 

phenol red (100 ppm) was prepared with NFDW water and diluted to 

different concentrations for photocatalytic reaction. For one integral 

experiment, 75 milliter of phenol red solutions with certain 

concentrations, an appropriate amount of hydrogen peroxide and 40 mg 

photocatalyst were poured into the cell. The pH of the phenol red solution 

was already adjusted to pH= 4.5 by addition of dilute aqueous solution of 

HNO3. Oxygen gas was bubbled in the solution to keep all the TiO2 in the 

suspension. Prior to irradiation, the suspension was magnetically stirred 

for 20 minutes in the dark to ensure adsorption equilibrium, followed by 

irradiation for 5 hours with 125W medium pressure UV bulb at 14 

centimeter cell-light source distance in the presence of O2 gas. The 

samples (5 milliliter) were collected every 60 minutes and centrifuged at 

3000rpm for 10 minutes and subsequently to separate the photocatalyst 

particles from liquid samples. The degradation of phenol red, was 

followed by measuring the change in absorption intensity using a single 

beam visible spectrophotometer, which was set at a wavelength of 432 

nm for analysis of phenol red.  
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2.3 Instruments 

2.3.1 Photolysis unit 

The photolysis unit which is shown in Image (2-1), is laboratory-

built (local market) system consisting of ultraviolet light source (125 W) 

medium pressure mercury lamp (MPML) fitted with a focusing lens to 

assure parallel beam of light. The foregoing source emits UV light in the 

wave length range 260-450 nm with maximum intensity at 365 nm as its 

spectra is explicitly shown in Figure (2-3)[58]. The intensity level of light 

is controlled by fixing the distance between the source of light and the 

quartz window of the photolysis cell. The photoreaction experiments 

were conducted in a cylindrical Pyrex cell (volume 100 cm3) coupled 

with a water jacket for temperature control. The photolysis cell is 

supplied with two openings of 5 mm in diameter and these were used for 

gas purging and sampling processes. A magnetic stirrer was used to keep 

the catalyst aqueous suspension in homogeneous form during the 

photolysis experiments. The reaction temperature was controlling by 

circulating thermostat water bath type WiseCircu. 
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Image (2-1):  Photolysis unit 
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2.3.2 Scanning Electron Microscopy (SEM) 

The Hitachi S-4700 FE-SEM is a cold field emission high 

resolution scanning electron microscope. This SEM permits ultra high 

resolution imaging of thin films and semiconductor materials on 

exceptionally clean specimens (Image 2-2). 
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Figure (2-3 ): Schematic diagram for ; (a) emission  spectra of the MPML; 
(b) photocatalysis cell; (c) absorption spectra of glass 
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2.3.3 Transmission Electron Microscopy (TEM) 

High resolution STEM for nanoscale analysis. Low magnification 

and wide field of view image observation for specimen/orientation and 

particle size analysis. All necessary STEM operations are embedded in 

the HT7700 including Bright Field (BF) and Dark Field (DF) detectors 

displaying BF-STEM and DF-STEM. 

Images are supported by means of DF-STEM where Z-contrast imaging 

facilitates further chemical/structural analysis (Image 2-3). 

 

 

 

 

 

 

Image (2-2): Hitachi S-4700 FE-SEM (Georgia Institute of Technology, Atlanta, GA, USA) 
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2.3.4 Energy Dispersive X-ray Spectroscopy (EDXS) 

The Hitachi S-700N variable pressure SEM features a low vacuum 

observation of 6-270 pa which enables imaging of non-conductive 

samples and moist samples without traditional drying or coating 

procedures. The Deben cool stage controls sample temperature between -

23o C and 50o C to control sample vapor pressure. Magnification range 

X5-X300000 with resolution of 3 nm at 30 kV applied voltage (Image 2-

4). 

 

 

 

 

 

Image (2-3): Hitachi HT7700 STEM (Georgia Institute of Technology, Atlanta, GA, USA) 
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2.3.5 X-ray Spectrometer 

Pananalytical Philips diffractometer with Cu Kα radiation line of 

0.15425 nm has been employed for the range of 2θ from 20o to 40o 

(Image 2-5). 

 

 

 

 

 

 

 

 

 

 

 

 

Image (2-4): Hitachi S-3700N VP-SEM(Georgia Institute of Technology, Atlanta, GA, USA) 

 

Image (2-5): Pananalytical Philips diffractometer (Georgia Institute of Technology, Atlanta, GA, USA) 
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2.3.6 Raman Spectrometer 

Spex Ramalog 4 (Georgia Institute of Technology, Atlanta, GA, 

USA) 

 

2.3.7 Brunauer Emmett Teller (BET) 

Bel Sorp 18 plus nitrogen adsorption apparatus (Georgia Institute 

of Technology, Atlanta, GA, USA) 

 

2.3.8 Diffused Reflectance UV-VIS Spectrometer 

Avantes / Ava spec 2048 (Georgia Institute of Technology, 

Atlanta, GA, USA) 

 

2.3.9 Ultra Violet-Visible Spectrophotometer (UV-VIS)  

Double beam shimadzu UV-1650 PC UV-VIS spectrophotometer 

has been used for spectrophotometric measurements (Image 2-6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Image (2-6): Shimadzu UV-1650PC 
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2.3.10  Single beam VIS spectrophotometer 

Apel PD-303 single beam spectrophotometer has been used for 

visible light absorption measurements (Image 2-7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.11 pH Meter  

HANNA instruments  

2.3.12 Muffle furnace 

SX-5-12 BOX-Resistance Furnaces Controller Box  

2.3.13 Drying cabinet 

K Hot Air Sterilizer  

2.3.14 Centrifuge 

K centrifuge PLC series. 

2.3.15 Hot Plate 

Lab Tech Daihan Labtech. Co. Ltd. 

 

Image (2-7): Apel PD-303 single beam visible spectrophotometer 
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2.3.16 Fourier Transform Infrared Spectroscopy (FTIR) 

IR Prestige-21 Shimadzu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Image (2-8): IR Prestige-21 Shimadzu 
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1. Introduction 

1.1 Advanced oxidation process (AOP) 

Various chemicals are discharged into the aquatic environment as 

industrial liquid wastes. Some of them are not only toxic but also partly 

biodegradable; therefore they are not easily removed in biological 

wastewater treatment plants. That is why there is a need to develop 

effective methods for the degradation of organic pollutants, render into 

less harmful compounds (non aromatic) or to their complete 

mineralization [1]. 

Conventional processes to remove these pollutants involve physical, 

chemical, and biological methods. Nevertheless, the individual 

application of these techniques is generally limited and cannot degrade 

completely the recalcitrant organic matter [2]. Biological processes such 

as activated sludge and aerated lagoons are used to treat pulp mill 

effluents but these have limited ability to metabolize recalcitrant moieties 

because of their size and complex structure. Latest investigations on the 

degradation of organic pollutants are focused on the combination of 

biological and physical–chemical treatments. For example, advanced 

oxidation followed by biological treatment or vice versa has been studied 

to improve removal efficiencies and reduce process energy cost [3]. 

Chemical precipitation, filtration, electro-deposition, ion-exchange 

adsorption, and membrane systems are some of the conventional methods 

for water treatment and have found certain practical applications 

[4].However, these methods may not be very effective, because they are 

either slow or non-destructive to some or most persistent organic 

pollutants. Besides, large scale implementations of these methods have 

some limitations, owing to the expensive equipments involved in these 

processes. It is therefore essential to investigate the use of efficient 
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catalytic materials to remove highly toxic compounds from potential 

sources of drinking water. Semiconductor heterogeneous photocatalysis is 

a popular technique that has the great potential to control the organic 

contaminants in water or air. This process which is also known as 

“Advanced Oxidation Process (AOP)” is suitable for the oxidation of 

recalcitrant contaminants such as dyes and phenolic compounds. 

Heterogeneous photocatalytic oxidation, developed in the 1970s, has 

attracted considerable attention particularly when used under solar light 

[2-4]. In the past decades, numerous studies have been carried out by 

researchers from all over the world on the application of heterogeneous 

photocatalytic oxidation process to decompose and mineralize certain 

recalcitrant contaminants [5]. 

Advanced oxidation processes (AOP), which involve the in situ 

generation of highly potential chemical oxidants such as hydroxyl radical 
•OH , with oxidation potential 2.8 V [6] have recently emerged as an 

important class of technologies for accelerating the oxidation and 

destruction of a wide range of organic contaminants in polluted water and 

air [7]. Further, when these processes are applied on a right place, offer a 

good opportunity to reduce the contaminants concentration from several 

hundreds ppm (mg\L) to less than 5 ppb (µg\L), therefore, they are called 

“the treatment processes of the 21st century” [1]. 

As a response, the development of newer eco-friendly methods of 

destroying these pollutants became an imperative task. Ultimately, 

research activities centred on advanced oxidation processes (AOPs) for 

the destruction of synthetic organic species resistant to conventional 

methods. AOPs rely on in situ generation of highly reactive radical 

species, mainly .OH by using solar, chemical or other forms of energy. 

The most attractive feature of AOPs is that this highly potential and 

strongly oxidizing radical allows the destruction of a broad range of 
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pollutants quickly and non selectively. Among AOPs, heterogeneous 

photocatalysis has proved to be of real interest as efficient tool for 

degrading both aquatic and atmospheric organic contaminants. 

Heterogeneous photocatalysis involve the acceleration of photoreaction in 

presence of semiconductor photocatalyst. One of the major applications 

of heterogeneous catalysis is photocatalytic oxidation (PCO) to promote 

partial or total mineralization of gas phase or liquid phase contaminants 

to benign substances. Even though degradation begins with a partial 

degradation, the term ‘photocatalytic degradation’ usually refers to 

complete photocatalytic oxidation or photomineralisation, essentially to 

CO2, H2O, NO3
-, PO43− and halide ions [8]. 

In recent years advanced oxidation processes (AOPs) involving hydrogen 

peroxide, ozone and /or Fenton reagents, with or without a source of UV 

light have been reported to be useful for the photo-oxidation of organic 

pollutants in waste waters. It removes substantial amount of Chemical 

Oxygen Demand (COD) and Total Organic Carbon (TOC) from 

industrial effluents. However, these oxidation methods results in partial 

oxidation of organics and more often lead to the generation of potentially 

harmful chemicals. Total oxidation of organics by these technologies is 

both cost and energy intensive. Among the various AOPs, semiconductor 

mediated photocatalysis has been accorded great importance over the last 

few years due to its potential to destroy a wide range of organic and 

inorganic pollutants at ambient temperatures and pressures, without the 

production of harmful byproducts [9]. 

For the removal of dye pollutants, traditional physical techniques 

(adsorption on activated carbon, ultra filtration, reverse osmosis, 

coagulation by chemical agents, ion exchange on synthetic adsorbent 

resins… etc.) can generally be used efficiently [10]. Nevertheless, they 

are non-destructive, since they just transfer organic compounds from 
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water to another phase, thus causing secondary pollution. Consequently, 

regeneration of the adsorbent materials and post-treatment of solid-

wastes, which are expensive operations, are needed. Due to the large 

degree of aromatics present in dye molecules and the stability of modern 

dyes, conventional biological treatment methods are ineffective for 

decolorization and degradation. Furthermore, the majority of dyes is only 

adsorbed on the sludge and is not degraded. Chlorination and ozonation 

are also being used for the removal of certain dyes but at slower rates as 

they have often high operating costs and limited effect on carbon content 

[11]. These are the reasons why advanced oxidation processes (AOPs) 

have been growing during the last decade since they are able to deal with 

the problem of dye destruction in aqueous systems. AOPs such as Fenton 

and photo-Fenton catalytic reactions, H2O2/UV processes and TiO2 

mediated photo-catalysis have been studied under a broad range of 

experimental conditions in order to reduce the color and organic load of 

dye containing effluent waste waters [10-12]. 

Formation of .OH on surface of nano TiO2 [10]: 

TiO2 + νh                 TiO2 (e
- 

CB  + h+
VB )                                        (1-1) 

TiO2 (h+
VB) + H2O              TiO2 + H+ + 

.
OH

                            (1-2) 

TiO2 (h+
VB) + 

-
OH               TiO2  +  

.
OH                                       (1-3) 

Dye + 
.
OH                  Degradation products                               (1-4) 

Fenton reaction : 

Fe2+ + H2O2              Fe3+ +  
-
OH + 

.
OH                                        (1-5) 

.
OH + RH                H2O + R

.                                                  (1-6) 

R
.
 + Fe3+                   R+ + Fe2+                                                        (1-7) 
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Photo-Fenton reaction [6] : 

Fe3+ surface + e
- 

CB               Fe2+ surface                                        (1-8) 

Fe2+ 
surface + h+

VB                   Fe3+ surface                                  (1-9) 
 

Intense research activity is seen in recent years in advancing the synthesis 

and functionalization of various sizes and shapes of semiconductor and 

metal nanoparticles.  The goal of these activities are improving the 

performance and utilization of nanoparticles in various applications from 

sensing devices to photonic materials to molecular electronics and to 

advanced oxidation techniques (AOTs). The size and shape dependent 

optical and electronic properties of these nanoparticles make an 

interesting case for exploiting them in light induced chemical reactions. 

Nanoparticles are commonly employed as photocatalysts, in 

photodecomposition system of various ecotoxicants [13-14]. Maximizing 

the efficiency of photo induced charge separation in semiconductor 

systems remains to be a major challenge to the scientific community. 

Obtaining insight into charge transfer processes is important to improve 

the photo conversion efficiencies in semiconductor based nano 

assemblies. Quantizations and its effects on charge transfer, the processes 

that are induced by charge separation at the particle’s surface are the 

focus of many of the current advances in the field and dual use of these 

materials as well as combination of AOTs is often attempted [13]. 

Formation of e-\h+ on nano TiO2 surface as shown in Figure (1-1) and 

following equations [10]: 

TiO2 (e-
CB) + O2                  TiO2 + O2 

.-                                         (1-10) 

O2 
.-  + H+                   HO2

.                                                     (1-11) 

Dye + h+
VB                   oxidation products                            (1-12) 

Dye + e- 
CB                  reduction products                                (1-13) 
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1.2 Dyes and phenolic compounds as water 

ecotoxicants  

1.2.1 Dyes 

Textile dyes and other industrial dyestuffs constitute one of the 

largest group of organic compounds that represent an increasing 

environmental danger. These contaminants are being continuously 

released into the aquatic environment through various anthropogenic 

activities. The detection of toxic organic compounds in storm and 

wastewater effluent is reported to be a major obstacle as regards wide 

ranging acceptance of water recycling. Furthermore, their variety, toxicity 

and persistence can directly impact the health of ecosystem and present a 

threat to humans through contamination of drinking water supplies e.g., 

surface and ground water. The response has been the drive to achieve 

Figure (1-1): Formation of electron-hole pairs on TiO2 surface 
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efficient removal of persistent organic pollutants from wastewater 

effluent to lessen the risk of pollution problems from such toxic 

chemicals to enable its reuse. Consequently, considerable efforts have 

been devoted to developing a suitable purification method that can easily 

destroy these bio-recalcitrant organic contaminants. Due to their 

incomplete removal during wastewater treatment, they are ubiquitous in 

secondary wastewater effluents at low concentration. Despite their low 

concentration, these contaminants have raised substantial health concern 

due to their extremely high endocrine disrupting potency and 

genotoxicity [15-16]. 

Dyes are usually the first contaminant to be recognized in wastewater 

because they are highly visible and undesirable in water, even in very 

small amounts (<1ppm for some dyes). Nevertheless, dyes are still widely 

used in many contemporary fields of technology. Over 100,000 

commercially available dyes exist, and more than 7×105 tones of dyes are 

produced annually. Dyes play a very important role in various branches 

of the textile industry; dyes used in this industry are often synthetic, 

usually derived from two sources: coal tar and petroleum-based 

intermediates. Synthetic dyes have become common water pollutants and 

are usually found in trace quantities in industrial wastewater owing to 

their good solubility in water [4]. A wide range of technologies have been 

developed to remove synthetic dyes from wastewaters so as to reduce 

their impact on the environment. Chemical precipitation, adsorption on 

organic or inorganic matrices, and decolorization by photocatalysis 

and/or by chemical oxidation processes are some of the technologies 

currently being used for the removal of synthetic dyes. The 

photocatalyzed decolorization of a dye in solution is initiated by the 

photoexcitation of the semiconductor, followed by the formation of 

electron–hole pair on the surface of catalyst, eq. (1-1). The high oxidative 
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potential of the hole (h+vb) in the catalyst permits the direct oxidation of 

the dye to reactive intermediates eq. (1-14) [17]. 

h+
VB

  + Dye   Dye
.+   oxidation of the dye      (1-14) 

 

Another reactive intermediate which is responsible for the degradation is 

hydroxyl radical (
.
OH), which is either formed by the decomposition of 

water eq. (1-2) or by reaction of the hole with 
-
OH eq.(1-15) [17]. 

h+
VB

  + 
-
OH                     

.
OH                                                           (1-15) 

.
OH + dye                     degradation of the dye                               (1-16) 

 

1.2.2  Phenolic compounds 

Important organic contaminants in industrial wastewaters are 

phenols and phenolic compounds [9]. Phenolic compounds are aromatic 

compounds with one or more hydroxyl groups attached to the aromatic 

ring. These compounds are usually found in wastewater discharged from 

a variety of industries [4]. The production and usage of chemicals in 

industry has led to the entry of many xenobiotics into the environment. 

During the industrial production of pesticides, herbicides, dyes, pigments, 

phenolic resins and paper, chlorinated phenols are used as intermediates 

compounds [3]. 

Phenolic compounds have high stability, high toxicity and a carcinogenic 

character, they have caused considerable damage and threat to the 

ecosystem in water bodies and human health. How to eliminate phenolics 

in wastewater effectively has been in urgent demand? [18]. Humans are 

generating and disposing more wastewater today than any other time. The 

disposal of toxic contaminants, such as dyes and phenolic compounds 

which are harmful to the environment, hazardous to humans, and difficult 



9 
 

to degrade by natural means, is pervasively associated with industrial 

development and these contaminants are frequently found in the 

industrial effluents [9, 18]. 

In response, it has become a challenge to achieve an effective removal of 

persistent dyes and phenolic organic pollutants from waste water effluent 

to minimize the risk of pollution problems from such toxic chemicals and 

to enable its reuse. Consequently, considerable efforts have been devoted 

to developing a suitable purification method that can easily destroy these 

biorecalcitrant organic contaminants. Due to their incomplete removal 

during wastewater treatment, they are ubiquitous in secondary wastewater 

effluents, rivers and lakes at low concentration. Despite their low 

concentration, these contaminants are a major health concern because of 

their extremely high genotoxicity [14]. 

 

1.3 Size effect of semiconductor particles 

When the size of semiconductor is extremely small, several 

characteristics may differ from bulk semiconductor. One of them is size 

quantization effect. This effect shows the shift of electronic energy levels 

[19-20]. Nanoparticles of different semiconductors, including TiO2, have 

been widely studied during the last decade [21-22]. 

The absorption spectra normally (i.e., bandgap) shift to higher photon 

energy (toward the blue end of the spectrum) and develop a discrete 

character as the size of particles decrease. The theoretical concept of this 

quantum behavior has been developed by Brus  [23-24], which is based 

on effective mass approximation. The dependence of the energy 

properties of nanoparticles of metals and semiconductors on their size has 

been analyzed [25]. 

For metals, the appearance of size dependent metallic properties is an 

important feature. Thus, for mercury clusters, a gradual metal insulator 



10 
 

transition take places between N=20 and N=102 atoms. An example of the 

external size effect is the collective electronic or lattice excitation known 

as the Mie resonance. Quantum size effects are associated with unusual 

spectra of electron energy levels arranged in a discrete fashion [26]. 

Figure (1-2) shows how the splitting of energetic levels into a filled and 

an empty region proceeds as the number of contributing MOs increases, 

and the extent of band structure depends on the size of the cluster. Simple 

molecular orbital show that the center of the band is developed first, 

where the separation between the bands are greater than Eg (bulk band 

gap energy) and consequently, it takes more energy to create e-/h+ pair in 

the cluster than in the bulk sample. While the edges of the band approach 

a continum only for the large cluster sizes. Hence, one can conclude that 

in large particles, the ensemble of energetic levels of conduction and 

valence bands becomes more dense than in nanosized particles, and the 

electronic transitions from highest occupied molecular orbitals (HOMO) 

to lowest unoccupied molecular orbitals (LUMO) for Q-sized particles 

require higher energy [6]. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure (1-2): model for particle growth. The spacing of the energy levels 

(i.e. density states) varies among systems 
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Figure (1-3) illustrates the increase in effective bandgap when the size of 

the CdS particles is decreased from diameter > 10 nm, signifying the 

dimensions of a bulk semiconductor, to d ≈ 2.6 nm where significant 

quantum size effects occur for CdS. In another investigation, Hoffman 

and co-workers noticed an increase in the bandgap energy of CdS nano 

particles from 2.5 eV to 3.07 eV as the diameter was changed from 6.9 

nm to 3.2 nm respectively [6]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The quantization in the ultrafine particles arises from the confinements of 

charge carrier in semiconductors with potential wells of small 

geometrical dimensions (less than the De Broglie wavelength of the 

electrons and holes) [20]. Under these conditions the energy levels or 

electronic states available for the electrons and holes in the conduction 

and valence bands become discrete and the effective bandgap of the 
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Figure ( 1-3 ): Quantum size effect on semiconductor bandgap 
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semiconductor is increased. Such effects can change the photocatalytic 

properties and also the color of the material (due to the altered optical 

absorption maxima) [27]. 

Recombination of light induced charge gives rise to luminescence of 

nanoparticles, which is accompanied by a short wavelength shift with a 

decrease in the particle size. The inverse problem, namely, the 

determination of the particle size from its spectrum has not yet been 

solved. This requires further development of the theory. However, the 

studies in which the Plasmon line width versus particle size dependence 

were observed, using scanning electron microscope (SEM), and electron 

spectroscopy technique have already appeared [28]. 

The energy shift in the bandgap ,∆E, as a function of particle size can be 

predicted by the three dimensional confinement model based on the 

effective mass approximation [23, 29-31]: 

∆E = (ħ2 л2 / 2R2 )[1/me 
* + 1/mh 

*]- 1.786 e2/ ᶓ R – 0.248 ERY                      (1-17) 

Where R is the particle radius, me
* and mh

* are the effective masses for 

the electrons and holes, ᶓ is the dielectric constant, and ERY is the 

effective Rydberg energy given as e4/2ᶓ
2h2 (1/ me

* + 1/ mh
*). 

The equation is characterized by the first term which represents the 

energy of localization, the second term which represents the coulombic 

attraction [23, 29] and the third term which represents the correlation 

effects [32]. 

When the crystalline dimension of a semiconductor particle falls below a 

critical radius of approximately 10 nm the charge carriers appear to 

behave quantum mechanically [33-35] as a simple particle in a box. 

As a result of this confinement the bandgap increased and the band edges 

shift to yield larger redox potentials [36].  
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1.4 The nature of heterogeneous photocatalysis 

       Generally heterogeneous photocatalytic processes can be defined as 

catalytic processes during which one or more reaction steps occur by 

means of electron-hole pairs photogenerated on the surface of 

semiconductor materials illuminated by light of suitable energy. This 

general and wide definition implies that some steps of a photocatalytic 

process are redox reactions involving the photogenerated electron hole 

pairs [37].   

      The exact definition of the term heterogeneous photocatalysis is a 

difficult one especially as in many cases the detailed mechanism of the 

ongoing reactions is uncertain. However in all cases such a reaction 

scheme implies the previous formation of an interface between in general 

a solid photocatalysis and a liquid or a gas phase containing the reactants 

and/or the products of the photoreaction. The common case is that of a 

light absorbing semiconductor in contact with either a liquid or a gas 

phase [37]. 

      Heterogeneously dispersed semiconductor surfaces provide both a 

fixed environment to influence the chemical reactivity of a wide range of 

adsorbate and a means to initiate light-induced redox reactivity in these 

weakly associated molecules. Upon photoexcitation of several 

semiconductors non homogeneously suspended in either aqueous or non 

aqueous solutions or in gaseous mixtures, simultaneous oxidation and 

reduction reaction occur. This conversation often accomplishes either a 

specific, selective oxidation or a complete oxidative degradation of an 

organic substrate present [38]. 

     Photocatalysis has gained more and more attention by scientists all 

over the world and many books [39-40] reporting studies on several 

processes successfully carried out by using polycrystalline 

semiconductors as catalysts, both in gas-solid and in liquid-solid regimes, 
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have been published in the last years. The most widely used 

semiconductor is polycrystalline TiO2 in the anatase or rutile phase, due 

to its photostability, to the relatively moderate band-gap value (3.0 and 

3.2 eV for rutile and anatase respectively) and to the fact that it doesn't 

present any toxicity [37]. 

       The knowledge of the main thermodynamic and kinetic factors 

influencing the photoreactivity is essential in order to make predictions 

on the feasibility of photoprocesses and to explain why some solids are 

active and others are not. Moreover the same solids can be active in a 

particular system for a particular photo reaction and not active in different 

experimental conditions or for different reactions. Therefore, 

thermodynamic and kinetic factors governing the photocatalytic 

processes should be carefully considered in order to choose the best 

experimental conditions for their occurrence [37]. 

    

1.5 Characteristic aspects of the photo induced  TiO2 

     Considerable attention has been paid over the last two decades on the 

synthesis and application of nanocrystalline materials, because of their 

novel and spectacular physical and chemical properties. These particular 

properties are resulted from the ultrafine structures (i.e., grain sizes 

smaller than 50 nm) of these materials and can be classified in two 

categories: properties that are relative to the bulk and to the surface [41]. 

Over the years, a large number of semiconductors have been used as 

photocatalysts. The most commonly studied catalyst are TiO2, ZnO and 

CdS [9]. TiO2 is the most suitable because of its high oxidizing ability, 

long-term stability, low cost and nontoxicity. However, TiO2 can only be 

activated by ultraviolet (UV) light because it is a large band gap 

semiconductor (3.2 eV for anatase, 3.0 eV for rutile), and thus only 

utilizes ~5% of the solar spectrum. Another current bottle neck in TiO2 
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photocatalysis is the low quantum yield. The high recombination rate of 

the photogenerated electron–hole pairs in TiO2 hinders its further 

application [42]. 

     Titanium dioxide (TiO2) is a natural occurring oxide of titanium; it is 

also named as titania or titanium(IV) oxide. In nature, TiO2 exists in five 

different forms, i.e. rutile, anatase, brookite, monoclinic and 

orthorhombic. However, monoclinic and orthorhombic phase of TiO2 are 

two exceptions found only in shocked granet gneisses from Ries crater in 

Germany [4]. Rutile appears to be the most common form of TiO2, while 

anatase and brookite forms of TiO2 tend to convert into rutile form upon 

heating at high temperature. Calcinated TiO2, especially in rutile form is 

very stable and insoluble in water; it is also insoluble or only moderately 

soluble in concentrated and hot acids. TiO2 is well known for its 

widespread applications in paints, sunscreens, environmental treatment 

and purification purposes. These widespread applications of TiO2 are 

credited to its high level of photoconductivity, ready availability, low 

toxicity, inertness, low cost as well as high photo efficiency and activity. 

TiO2 has drawn great attentions of researchers in photovoltaic and 

photocatalysis fields since Fujishima and Honda first discovered the 

ability of TiO2 in splitting of water under ultraviolet (UV) light. 

Crystalline structure of TiO2 has been reported as one of the factors 

affecting its photocatalytic activity. Anatase form of TiO2 has the best 

photocatalytic activity, followed by rutile form. TiO2 can utilize natural 

UV radiation from sunlight for photocatalysis because it has suitable 

energetic separation between its conduction and valence band. Band-gap 

energy of TiO2 (3.2 eV for anatase; 3.03 for rutile) is relatively smaller 

compared to other semiconductors, such as ZnO (3.35 eV) and SnO2 (3.6 

eV). Therefore, TiO2 is able to absorb photons energy in the near UV 

range (wave length < 387 nm) [4, 43]. 
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Figure  (1-4) : Effect of temperature on TiO2 allotropes  

 

    For the preparation of nanocrystalline particles, wet chemical synthesis 

routes including sol–gel, hydrothermal, and precipitation methods are 

widely used. For the past two decades, the sol–gel routes have become an 

appropriate method for the preparation of nanocrystalline materials. 

During TiO2 sol–gel synthesis temperature of calcinations (and pH value) 

influences the type of phase. Anatase nanopowders obtained by sol–gel 

method are amorphous in phase, but with increasing the temperature up to 

350o C or higher the transition from amorphous to anatase phase happens. 

The metal ions which are found to inhibit the anatase to rutile phase 

transformation are Si, W, Nb, Ta, and Cr while the metal ions which are 

reported to promote the phase transformation are Ni, Co, Mn, Fe, Cu ,V 

and Ag [10]. Sol–gel process is highly potential as appropriate process for 

preparing nanostructure materials because the particle size, morphology 

and porosity can be controlled by adjusting preparation parameters [41]. 
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Photoexcitation of TiO2 with light of an energy equal to or greater than 

the bandgap, results in the promotion of an electron from the filled 

valence band to the empty conduction band, creating an electronic 

vacancy or hole (h+) at the valence band as in the following equation [44]: 

TiO2 +  νh           TiO2( e
-  + h+)                                                       (1-18) 

   There are four steps could occur on TiO2 surface including the 

generation of an e\h pair, as in the following equations [8]: 

• charge carrier generation : 

TiO2 +  νh            e-  + h+       (very fast)                                                 (1-19) 

• charge carrier trapping 

h+ + Ti4+OH           Ti4+ .OH +             (fast)                                             (1-20) 

e- + Ti4+                Ti3+                                                                               (1-21) 

• charge carrier recombination 

e- + Ti4+ 
.
OH +               Ti4+OH         (slow)                                       (1-22) 

h+ + Ti3+OH                  Ti4+OH          (fast)                                        (1-23) 

• interfacial charge transfer 

Ti4+ .OH + + organic molecules             Ti4+OH + oxidized molecules (slow)    (1-24) 

Ti3+OH + O2             Ti4+OH + O2 
.-                (very slow)                              (1-25) 

In generated conduction band electrons and valence band holes, migrate 

rapidly within a few nanoseconds  [27, 36], to the surface of the catalyst 

where they take part in a series of redox reactions, illustrated in Figure (1-

5) [36, 45-46]. 
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The development of titanium oxide photocatalysts that can utilize the 

solar or indoor artificial light for the degradation of pollutants is of great 

importance. Most of these studies are aimed at decreasing the band gap of 

the material and hydroxyl content on the surface of the catalyst [47]. 

The photocatalytic activity of various forms of TiO2, such as TiO2 film, 

TiO2 powders, TiO2 nanotubes, supported TiO2 and doped TiO2 have 

been evaluated through degradation of dyes and/or phenolic compounds 

under light irradiation. Results of these studies showed that TiO2 was 

effective for removing dyes and phenolic compounds from aqueous 

solutions [4]. 

 

 

Figure  (1-5) : Initial charge transfer pathways for TiO2 photoelectro- chemical mechanism 

 

.
OH 
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1.6 Photocatalytic degradation of phenols in aqueous 

TiO2 suspension 

Many toxic and harmful phenols directly or indirectly enter water 

bodies, soil and atmosphere. This is due to an ever increasing 

deterioration of environment quality and is threatening to human health 

and safety. In the scheme of pollution abatement, the effective 

elimination of these phenols becomes an essential priority [48]. 

Regarding the serious pollution problems, one of the important tasks is 

the removal of the pollutants of low concentration from water. 

Photocatalytic process which contribute significantly in this removal task 

has the following advantages [49] : 

1. Complete oxidation of organic pollutants within a few hours. 

2. Without production of polycyclized products. 

3. Oxidation of pollutants in ppb range. 

The application of catalytic techniques to waste treatment demands a 

deep knowledge of catalyst surface features, such as surface area, 

hydroxylation degree, crystallinity or pore size. Additionally, in 

photocatalytic process, the proximity between adsorption and photoactive 

centers also determines reaction rate. As adsorption seems to be specific, 

different molecules can adsorb at different centers. In fact, degradation 

depends on the molecule interaction as determined by its functional 

groups. This suggests that the photocatalytic behavior of phenols may not 

be easily predicted. It has been indicated that certain adsorbates can 

interact with active centers such as hydroxyl groups or bridging oxygen 

on TiO2 surface, resulting in a different catalytic activity [50].For 

example, it has been indicated that catechol can adsorb at different 

centres. Ti4+ atoms present on the TiO2 hydrated surface must be 

completely coordinated by hydroxyl groups and water molecules in an 
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approximate proportion of 50%. Under these conditions, there are no 

voids for oxygen fixation. Thus, •OH radical formation on TiO2 surface 

can be illustrated as in Scheme (1-1) [50]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The first process step would consist of the hydroxyl reaction with 

photogenerated holes. It has been indicated that strongly basic, isolated 

hydroxyls are the most photoactive, though photoactivity of other less 

basic hydroxyls or even adsorbed water molecule is not discarded [50]. 

It was concluded that the organic molecules possessing donor groups with 

the highest ionic contribution to bonding adsorb to greatest extent, due to 

the high ionic properties of TiO2 surface. This conclusion was confirmed 

by many authors whose results have shown a higher percentage of 

degradation, through the direct ligand to metal charge transfer (LMCT) 

oxidation process induced by visible light, for 4-chlorocatechol on TiO2 

surface than for 4-chlorophenol (4-CP), because catechol is adsorbed 

through two donor groups. While 4-CP is adsorbed only through single 

hydroxyl group as it is illustrated in Figure (1-6) [6] 

Scheme (1-1): The mechanism of •OH radical formation on TiO2 surface 
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The primary step of the photocatalytic treatment involves the irradiation 

of suitable semiconductor particles with light energy greater than the 

band-gap, with the production of charge carriers (electrons and holes) 

which can either recombine or migrate to the particle surface where 

various redox reaction can occur with different species (adsorbed 

substrate, oxygen and hydroxyl groups, water and dissolved molecules… 

etc.). These reactions give rise to the production of highly reactive 

oxidizing or reducing products, in turn capable of attack the organic 

pollutants [51]. 

On the other hand, in some surface promoted photocatalytic degradation 

reaction, oxidation is initiated by direct electron transfer, which generates 

organic cationic radicals, and not by hydroxyl radical mediated attack. 

Furthermore, the ring-opening reactions are induced by single electron 

transfer, in which the hole plays a significant role rather than hydroxyl-

type chemistry, as it is illustrated in Figure (1-7). Consequently the 

reaction of the organic cationic radicals with the superoxide radical 

species may be responsible for the complete mineralization of aromatic 

pollutants [6]. 

 

Cl O Ti 

VB 

CB 
e- 

O2 

−.
2O

hν (visible) 

Figure ( 1-6 ): Surface complex mediated photodegradation of  4-CP on pure TiO2 
under visible light 
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pH values are considered as one of the most important parameters in The 

photocatalytic degradation of phenols in aqueous TiO2 suspension in 

which, differences in removal ratio between the best and worst conditions 

are 26, 40 and 51%, respectively for the three isomers of cresol(ortho, 

meta and para), while those of nitrophenol are 7, 12 and 12%, 

respectively under different pH values. It is indicated that the 

decomposition of both cresols and nitrophenols is affected by pH, and 

such effect is more significant on cresol [48]. 

The surface functional groups of TiO2 in water may be TiOH2
+, TiOH and 

TiO
-
, and the pHzpc of TiO2 is one of the important factors determining 

the distribution of surface functional groups. At pH > pHzpc , TiO-
 is the 

predominant species, while TiOH2
+ plays the role as pH  < pHzpc  [48]. 
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Figure (1-7 ): Single electron transfer mechanism for  ring opening of chlorocatechol 
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1.7 Mechanism of exciton formation on TiO2 surface  

In terms of the band theory for electrical conductivity, pure 

stoichiometric TiO2 is an insulating oxide with a full valence band and an 

empty conduction band. TiO2 absorbs strongly in the ultraviolet (UV) 

region of the electromagnetic spectrum; anatase at wavelengths < 400nm 

and rutile at wavelengths < 420nm. Companion and Wyatt [52] reported 

that absorption edges of 3.23eV and 3.0eV were observed in the 

reflectance spectra of TiO2 samples. These values correspond to the band 

gap energies of anatase and rutile respectively, and represent the photo-

induced promotion of electrons from the valence band to the conduction 

band. In many instances, the electron-hole pair generated by photon 

absorption does not dissociate immediately, but remains bound in a pre-

ionisation state known as an exciton. Excitons can be readily produced by 

irradiation with light of wavelength close to the tail of the fundamental 

absorption band. Dissociation of excitons gives rise to mobile electrons 

and valence holes, which are independent of each other, as represented by 

the following equation [53]: 

νh  + TiO2                 (h+ e - )*               VBh+ + CB e
-                                     (1-26) 

                                     exciton 

Thus, irradiation of TiO2 with light of wavelength < 400nm, 

corresponding to an energy equal to, or greater than, the band gap energy, 

results in an increase in the electron population of the conduction band. 

Electron-hole pair generation is a non-equilibrium process which cannot 

occur indefinitely and a steady-state situation soon arises in which the 

rate of formation of electron-hole pairs equals the rate of their destruction 

by recombination and trapping processes. Wakim [54] studied the 

wavelength dependence of the time required for the photocurrent in TiO2 

to saturate and found that it increased with decreasing wavelength. It was 

proposed that when shorter wavelength light is used, penetration of 
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photons into the bulk lattice falls due to an increase in electron-hole 

recombination at the surface. 

Recombination of electron-hole pairs can occur in three ways: 

1) direct recombination, in which an excited electron in the conduction 

band falls directly to an unoccupied level within the valence band, 

2) recombination at trap levels, which first capture an excited electron 

and then electrostatically attract a positive hole and, 

3) surface recombination, in which the electrons and holes have migrated 

through the lattice to the surface where they recombine. 

The energy generated by electron-hole recombination is dissipated either 

by photon and/or phonon emissions, or given to a third body in what is 

termed an Auger recombination [55]. 

 

1.8 Literature survey 

        Advanced oxidation processes deal with the environmental problems 

stemmed by a broad range of organic pollutants, particularly phenolic 

contaminants, exploiting the nano TiO2 heterogeneous photocatalysis 

[10]. Phenolics which are aromatic compounds with one or more 

hydroxyl groups attached to the aromatic ring, are common persistent 

organic contaminants that pose serious risks to the environment once 

discharged into natural water, therefore, are considered as EPA’s priority 

pollutants [4, 56]. Sivalingam et al. [47] have reported, in their 

photocatalytic degradation of phenol, chlorophenols and methylphenols 

in the presence of synthesized TiO2, that the concentration continuously 

decreased with time and no intermediate compounds were observed. This 

trend is in a good accordance with findings of other researchers [9] who 

studied the photocatalytic degradation of phenols over 40–100 ppm 

concentration range. 
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Ahmed et al. [16] and Ibrahim et al. [8] reported that various operating 

parameters such as photocatalyst type, light intensity, initial 

concentration, catalyst amount, initial pH of the reaction medium, 

oxidizing agents/electron acceptors, and the presence of ionic 

components in solution can significantly influence the photocatalytic 

degradation rate of pesticides and phenols. Furthermore, González et al. 

[3] showed a good capability to remove chlorophenols at low pH. 

However, Lathasree et al. [9] found that the degradation rate of phenol 

was favourable in the neutral pH range, whereas, the o-chlorophenol and 

p-chlorophenol were found to undergo degradation at a faster rate at 

lower pH values. Moreover, experimental results indicated that initial rate 

of photodegradation increased with increase in catalyst weight up to an 

optimum loading. Further increase in the catalyst weight showed a 

negative effect. The degradation of phenols was found to follow first-

order kinetics and further, the apparent rate constant values obtained were 

found to decrease with increase in the initial concentration [9]. 

 

1.9 Scope of the present work 

in the present work it is intended to investigate several operational 

parameters such as pH, illumination time, initial concentration of the 

pollutant, TiO2 photocatalyst loading, UV light source intensity, added 

oxidants, nanocatalyst particle size and temperature. Furthermore, a 

special attention has been given to the characterization of the synthesized 

nano anatase TiO2. The prepared material was characterized by structural 

(XRD and EDXS), morphological (TEM, BET and SEM) and optical 

(UV/VIS reflection and Raman) techniques. The kinetic and 

thermodynamic studies have also been one of the objectives of this 

research work as well. 
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3.1 UV-VIS spectroscopic feature of phenol red 

     The model phenolic dye pollutant, phenol red, whose chemical structure is 

shown in Figure (3-1), has been scanned UV-VIS spectrophotometrically in the 

range 200-1100 nm (Figure 3-2). 

The molar extinction coefficient (absorptivity, ᶓ) of 10 and 20 ppm of phenol 

red in NFDW was measured at the maximum absorption wavelength, 432 nm, 

using Beer-lambert equation (A= ᶓbc), where A= absorbance, b = absorption 

light path, 1 cm, c = molar concentration of phenol red. The absorptivity (ᶓ) has 

been 0.1258×105 mol1-.L.cm1- and 0.1197×105 mol1-.L.cm1- for molar 

concentrations of 2.822×10-5 and 5.644×10-5 mole/L, respectively. 

     Figure (3-3) presents typical UV-VIS spectra of three absorption bands 

located at 263, 432 and 590 nm. The main two visible region bands (432 and 

590nm) are impacted by the pH of the media, where in crystalline form, and in 

solution under very acidic conditions (low pH), the phenol red exists as a zwitter 

ion as in the structure shown below (Figure 3-1), with the sulfate group 

negatively charged, and the ketone group carrying an additional proton. If the 

pH is increased (pKa = 1.2), the proton from the ketone group is lost, resulting 

in the yellow color phenol red. At still higher pH (pKa = 7.7), the phenol's 

hydroxide group loses its proton, resulting in the red color phenol red. Figure (3-

3) shows the standard UV-VIS scan for phenol red at different pH [59]. 

 

 

 

 

 

 

 

 

 

 
Figure (3-1): Chemical structure of phenol red 
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Figure (3-2): UV-VIS spectrum of phenol red; (a) 20 ppm (b) 10 ppm 
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    When the pH of the scanned solution is ≈ 5, the peak at 432 nm has been at 

highest intensity (Figure 3-2), whereas, with increasing the pH of solution there 

are increasing in the intensity of the peak at 590 nm and decrease in peak 

intensity at 432 nm (Figure 3-3), due to the keto structure formation which 

consequently leads to the red shift (higher wavelength). 

The calibration (standard) curve for phenol red has been drawn (Figure 3-4) 

using various standard solutions ranged from 3 to 15 ppm measured at the 

optimum (maximum) wavelength. 
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3.2 Characterization of the synthesized nano anatase TiO2 

particles 

3.2.1 Surface morphology 

     The surface morphology of anatase nano TiO2 was characterized by a cold 

field emission high resolution scanning electron microscope (SEM). Some 

micrographs at different magnifications with very smooth and homogeneous 

surfaces are shown in Image (3-1). The shape of the particles is very similar. 

     The surface has also been explored by high resolution Scanning 

Transmission Electron Microscope (STEM) for nanoscale analysis. The 

nanocrystals have an irregular spherical shape and excellent dispersivity (Image 

3-2). On the other hand it should be noted that the necking regions between the 

particles are benefit for the formation of network structure as observed in SEM 

and TEM images which is expected to be advantageous for the transport of 

electron in the skeleton [41]. Based on the above results, we may report here that 

the relatively low calcination temperature (400 Co) is beneficial in preserving the 

particle size at nano scale. 
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Image (3-1): Scanning Electron Microscope (SEM) micrographs anatase TiO2 with 
different magnifications; (a) 200µm (b) 30 nm 

(b) 



  

54 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2.2 Energy and composition perspectives 

    Ground state diffused reflectance absorption spectra of solid powder for both 

the standard nanopowder anatase TiO2 reference specimen and synthesized 

nanopowder anatase TiO2 were measured. Figure (3-5) depicts explicitly the 

excellent accordance of absorption thresholds for both the reference and 

synthesized specimen at 350 nm which subsequently refer to band gap energy 

(Eg) of 3.4 eV. 

    The X-ray diffraction (XRD) patterns of the nanoparticles that are presented 

in Figure (3-6) obtained on x-ray diffractometer using Cu Kα radiation (0.15425 

nm) in the range of 2θ from 20 to 40 with scan rate of 2θ = 0.10 s-1. These 

patterns were used to determine the identity of any phase present. Diffraction 

signal assigned to the anatase (101) structure at 25.3o (25.7o-25.8o in this work) 

is clearly observed in TiO2 [41]. The diffraction signal at 27.5o due to the rutile 

Image (3-2): Transmission Electron Microscope (TEM) micrograph of nano anatase TiO2 particles 
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phase (110) is not observed in TiO2 powder. On the basis of the above findings, 

one can conclude that the absence of the diffraction due to the rutile phase in 

synthesized TiO2 nano powder proved that the calcination at 400o might be the 

appropriate temperature for anatase TiO2 preparation. 

     For further scrutinization, Raman measurements have also been performed. 

Figure (3-7) exhibits a clear matching between the spectra of prepared nano 

anatase TiO2 (Figure 3-7b) and the reference specimen (Figure 3-7a). The 

Raman spectra were obtained with an argon-ion laser operating at 4880 A and 

5145 A with incident power 50 mW. Light scattered at 90 to the incident beam 

was passed through a double-grating monochromator and detected 

photoelectrically. Moreover, the wavelength calibration was made using the 

neon and mercury emission lines. 

    Prior to the application of the synthesized anatase nano powder on the photo 

decomposition process of a model  pollutant, Phenol Red, the composition of the 

synthesized nano anatase TiO2  was verified using Energy Dispersive X-ray 

Spectrometer (EDXS). The spectra shown in Image (3-3b) for the prepared nano 

anatase TiO2  is to an excellent extent similar to that of reference sample which 

is shown in Image (3-3a). 
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Figure (3-5): Diffused reflectance UV-VIS absorption threshold for 
(a) standard nanopowder anatase TiO2 reference specimen; 

(b) synthesized nanopowder anatase TiO2 
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Figure (3-6): X-ray Diffraction Spectroscope (XRD) patterns of 
(a) standard nanopowder anatase TiO2 reference specimen; 

(b) synthesized nanopowder anatase TiO2 
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Figure (3-7): Raman spectra for (a) standard nanopowder anatase TiO2 
reference specimen;(b) synthesized nanopowder anatase TiO2 
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Image (3-3):  Energy Dispersive X-ray Spectroscope (EDXS) image of 
(a) standard nanopowder anatase TiO2 reference specimen; 

(b) synthesized nanopowder anatase TiO2 
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3.2.3 Surface area, pore size and particle size aspects 
 
    The surface area and pore size of the synthesized anatase TiO2 nanoparticles 

are measured employing (BET) methodology. Figure (3-8a) illustrates the 

adsorption-desorption isotherm plot which results in surface area of 48 m2/g. 

Further, Figure (3-8b) shows the maxima at pore size of 3.7 nm, which indicates 

the mesoporosity of the prepared nano anatase TiO2 particles. Ya et al. [60] 

reported in their study about the photocatalytic activity of nano-sized TiO2  

powders that the mesoporous pores (0.2-50 nm) allow rapid diffusion of various 

reactants and products during photocatalytic reaction and consequently enhance 

the speed of photocatalytic reaction. 

    Image (3-4) exhibits the approximate particle size (11nm) of the meso- porous 

TiO2 which was measured by SEM. TEM was also used to investigate the size 

of the sol-gel synthesized nano anatase TiO2. A small amounts of dry powder 

was dispersed in ethanol by ultrasonic agitation. Two droplets of the suspension 

were placed on a carbon-coated copper grid and analysed by means of field 

emission gun microscope. Image (3-5) presents the average particle size of 9 

nm, which is in accordance with that measured by SEM (Image 3-4). 

     The average grain size was also calculated employing  Sherrer’s equation 

using the XRD line broadening method [29]. The crystal size D = 0.9 λ /(βcosθ);  

where λ represents the wavelength of X-ray, β the FWHM and the θ diffraction 

angle. By using the experimental data, an average grain size of 9.95 nm was 

derived. The peak width inversely proportional with particle size in which by 

increasing the peak width the size of nano TiO2 decreases. Accordingly, a closer 

look at (Figure 3-6) confirms this phenomenon in which the synthesized nano 

TiO2 band (Figure 3-6b) shows more broadening than the reference TiO2 band 

(Figure 3-6a) whose grain size is consequently (≈ 25 nm) higher than that of the 

prepared nano TiO2 (9.95 nm). Based on the above results, the value determined 

from XRD (9.95 nm) is an excellent agreement with the average particle size 

derived from TEM analysis (9 nm). 
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(a) 

(b) 

Figure (3-8): BET measurements for nano anatase TiO2 ; 
(a) Isotherm plot ; (b) pore size plot 

Surface area ≈ 48 m2/g 

Pore diameter ≈ 3.7 nm 
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Image (3-4): Scanning Electron Microscope (SEM) micrographs anatase TiO2 

Image (3-5): Transmission Electron Microscope (TEM) image of nano anatase TiO2 particles 

Average size ≈ 9 nm 
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3.3 Control experiments 
 

       Prior to employment of synthesized nano anatase TiO2 for the 

photodecolorization of phenol red, a series of control experiments were carried 

out since some phenolic dyes are degradaded by direct UV illumination [61]  

and further, to check parameters that primarily influence the process. To 

eliminate the effects of adsorption, the reaction solution was magnetically 

agitated for 3 hours with samples collected and analyzed by means of a visible 

spectrophotometer regularly. One set was performed with phenol red solution 

exposed to TiO2 without UV light irradiation (in dark). The second set was 

implemented by exposing phenol red to UV light source with absence of TiO2 

photocatalyst. The last set was accomplished in the presence of UV light and 

TiO2 semiconductor, which represents the photocatalysis circumstances. As 

shown in Figure(3-9), a very small change in the concentration of phenol red 

was observed when only UV light is present or when only TiO2 is used in dark. 

However, phenol red could be degraded quickly by UV source illuminated TiO2. 

Accordingly, these experiments demonstrated that both UV irradiation and the 

TiO2 photocatalyst are needed for the effective photolysis of phenol red dye. 

This conclusion was also reported by several researchers for different phenolic 

pollutants [56,62-63]. 
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3.4 Experimental optimization of photocatalysis parameters 

The rate of photocatalysis and degradation yield are normally impacted by 

several operational parameters namely, pH of photolysis media, TiO2 dosage, 

initial dye concentration, light source intensity, photocatalyst particle size, type 

and occurrence of the oxidants….etc. These experimental variables play a 

significant role in the optimization of the photodegradation process via various 

chemical and physical phenomena based on the properties of the dye moiety and 

the type of photocatalyst. 

 

3.4.1 Effect of varying the pH on the rate of photocatalysis 

An important parameter in the photocatalytic reactions taking place on 

particulate surfaces is the pH of the solution, since it dictates the surface charge 

properties of the photocatalyst, can play a key role in the adsorption and 

photocatalytic oxidation of organic molecules and size of aggregates it forms 

[8]. Cherif et al. [64] have reported that the point of zero charge (pzc) of the 

TiO2 has been at pH 6.5 and, hence, TiO2 surface is positively charged in acidic 
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Figure (3- 9): The relative decrease in absorption intensity of phenol red as a 
function of irradiation time: (a) TiO2 in dark; (b) UV irradiation in absence of 

TiO2; (c) UV illumination in presence of TiO2 
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medium (pH <6.5) and negatively charged in alkaline medium (pH >6.5). On the 

other hand, Asiri and his collaborators [65] stated that phenol red molecule 

exists in different molecular structures with different charge distribution (Figure 

3-10) depending on the pH of the solution. Whereas, Tamura and Maeda [59]  

have stated that the phenol red in crystalline form and in solution under acidic 

conditions (low pH), the compound exists as a zwitterion as in the structure (b) , 

with the sulfate group negatively charged, and the ketone group carrying an 

additional proton. This form is sometimes symbolically written as H2
+PS− and is 

orange-red. If the pH is increased, the proton from the ketone group is lost, 

resulting in the yellow negatively charged ion denoted as HPS− as in the 

structure (a). At still higher pH, the phenol's hydroxide group loses its proton, 

resulting in the red ion denoted as PS2− as in the structure (c). Therefore, pH 

changes can influence the adsorption of phenol red dye molecules onto the TiO2 

surfaces, an important step for the photocatalytic oxidation to take place. In 

order to optimize the pH of the phenol red degradation process, experiments 

were conducted with pH range 2-8 at a fixed catalyst dosage of 0.5 g/l and initial 

dye concentration of 10 ppm. We observed that phenol red degradation was 

favorable at mild acidic solution (pH=4.5) as shown in Figure (3-11). 

Accordingly, on the basis of this result, pH of 4.5 was taken as the optimum pH 

for the optimization processes. Similar results were reported by Asiri et al. [65] 

for the maximum photodegradation of phenol red on TiO2 under solar irradiation 

at value of pH that included in 4.4 and Oghenejoboh et al. [66] in their study of  

the photodegradation of chlorobenzene at pH=3 on TiO2.  

The surface functional groups of TiO2 in water may be TiOH2
+, TiOH  and TiO-. 

At pH > pHzpc , TiO- is the predominant species, while TiOH2
+ plays the role as 

pH < pHzpc according to the following reactions [4, 53]: 

 

pH < Pzc  TiOH + H+                       TiOH2
+                              (3-1)                                 

pH > Pzc  TiOH + OH-                  TiO-  + H2O                       (3-2) 
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 Wang et al. [48] have reported that the state of the chemical species presented 

in water is not affected only by pH, but is also closely related to the dissociation 

constant of the species. When pH is lower than the pKa of the species, it 

primarily presents in molecular state, whereas, at pH greater than the pKa it 

exists as ionic state. The pHzpc of TiO2 used in this study is about 6.5 and the 

pKa’s phenol red is 8 [67]. 

 Accordingly, under moderate acidity conditions (pH=4.5) and based on above 

debate, we predict that TiOH2
+ is the predominant species for TiO2 and the 

structure (a) of phenol red is the primary species, which contributes appreciably 

in the elevation of the amount of adsorption and as a result, enhances the 

degradation rate. 

Figure (3-12) which reveals the influence of pH variation on the degradation 

percentage of phenol red, follows similar trend of pH impact on reaction rate 

(Figure 3-11), in which the degradation rate and yield are relatively low in pH < 

4.5. This could be ascribed to the well known agglomeration phenomenon of the 

TiO2 particles under acidic conditions and consequently, the surface area 

available for dye adsorption and photon absorption would be reduced [38].  

Based on the above outcomes, we conclude that the optimum value of 

photodegradation is found to be at pH 4.5 for phenol red, due to a strong 

adsorption of the phenol red on TiO2 as a result of the electrostatic force 

attraction of the positively charged TiO2 with the fully ionized sulfonic group 

(structure a).  

 
 
 
 
 
 
 
 
 
 
 
 
Figure (3-10): Variation of phenol red molecular structure at different pH values; 

                              (a) low pH; (b) moderate pH : (c) high pH  
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Figure (3-11): Effect of pH variation on the rate of photocatalysis 
                        of phenol red  
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Figure (3-12): Effect of pH variation on the degradation yield of phenol red  
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3.4.2 Influence of nano anatase TiO2 loading 

 

     The loading amount of catalyst is a significant factor in the photocatalytic     

degradation process, because the efficiency could be strongly affected by the 

number of active sites and photo-adsorption ability of the catalyst used, as 

extensively demonstrated in previous studies [68,9]. 

Furhermore, Malato and his collaborators [69] have stated that in any given 

application, this optimum catalyst mass has to be found in order to avoid excess 

catalyst and ensure total absorption of efficient photons.                                          

    Therefore a TiO2 load ranging from 10 to 100 mg was used to investigate its 

influence on the photocatalytic degradation rate and degradation yield of phenol 

red and find out the optimal loading amount. Figure (3-13) reveals the variation 

in degradation rate of phenol red against the dosage of nano anatase TiO2. The 

results obtained support the behavior described by some authors [70-71]. These 

studies evaluate the increase in reaction rate with catalyst loading as evidence 

that the process is photoactivated. The enhancement of the photodegradation 

rates was observed from Figure (3-13) with the increase of TiO2 dosage from 10 

to 40 mg (0.13 to 0.53 g/l). This direct proportional of initial reaction rates with 

catalyst loading is indicating evidently the heterogeneous regime [72]. However, 

a further increase in loading amount had negative effect on the photocatalytic 

degradation of phenol red. This outcome is in a good accordance with most of 

studies in the literature which reported enhanced degradation rates for TiO2 

catalyst loading up to 400–500 mg/l [10,73] This can be attributed to the fact 

that increased number of TiO2 particles will increase the availability of active 

sites of TiO2 surface and number of photons absorbed. Beyond the optimal 

limiting value of TiO2 loading (40 mg), the dropping in the photo-degradation 

rate mainly results from following two factors [63] (a) aggregation (particle-

particle  interaction) of TiO2 particles at high loadings, causing a decrease in the 

number of surface active sites, and (b) increase in opacity and light  scattering of 
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TiO2 particles leading to a decrease in the passage of irradiation through the 

sample.  In addition, the decreased penetration of UV light irradiation in a high 

TiO2 loading attributable to light scattering and screening could result in the 

reduction of TiO2 specific activity, and this approach is consistent with the 

observation by Behnajady et al. [74]. The final degradation percent and 

photomineralization rate were compared as a function of loading amount. The 

trend in Figure (3-14) clearly shows that the loading of photocatalyst (TiO2) has 

a similar influence on phenol red degradation rate and yield. The explanation 

could be that the adequate photocatalyst particles increased the generation of 

electron/hole pairs, and thus the affluent formation of OH radicals, resulting in 

enhanced photodegradation rate and yield [68]. Yet a further increase in the 

dosage of TiO2 exhibited a negative influence on the photocatalytic degradation 

yield and rate of phenol red.  The screening effect of the suspended particles is 

the main cause of this phenomenon, because the overloaded photocatalyst 

particles may reduce the incident light intensity by reflection, despite the large 

number of active sites present [75-76]. 
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Figure (3-13): Degradation of phenol red at different TiO2 loading 
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3.4.3 Impact of initial phenol red concentration 

       It is important both from a mechanistic and from application perspectives to 

study the dependence of the photocatalytic process rate and degradation yield on 

the phenol red initial concentration. As a result of this, the initial dye 

concentration was optimized by varying the concentration of phenol red between 

5 and 25 ppm at a catalyst dosage of 0.5 g/l and pH of 4.5. The effect of initial 

concentration on the photocatalytic degradation rate of phenol red is shown in 
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Figure (3-14): Effect of TiO2 catalyst loading on the degradation yield of phenol red; 
blue columns represent % degradation and red columns represent TiO2 dosage 
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Figure (3-15), which illustrates different concentration profiles during the 

degradation of different initial concentrations.  

     From Figure (3-16), it is noted that the degradation yield and rate increase 

with the increase in phenol red concentration to a certain level and a further 

increase in dye concentration leads to decrease the percentage degradation and 

decolorization rate of the dye. Similar phenomenon has also been reported by 

several researchers [64, 66, 68].  Konstantinou and Albanis [10] stated that the 

rate of degradation relates to the probability of •OH radicals formation on the 

catalyst surface and to the probability of •OH radicals reacting with dye 

molecules. Accordingly, as the initial concentrations of the dye increase, the 

probability of reaction between dye molecules and 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 •OH radicals on the surface of catalyst are reduced since the active 

sites are covered by dye ions. This possible explanation for this behavior was 

verified by Andronic et al. [77] who reported that, for increasing initial dye 

concentrations, more organic substances are adsorbed on the surface of TiO2, 

while fewer photons are available to reach the TiO2 surface and, therefore, less 

hydroxyl radicals are formed, causing a decrease of the degradation efficiency. 

Danesshvar et al. [78] concluded, in their work on azo dye acid red phocatalytic 

degradation, that a possible cause for such phenomenon 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 the TiO2 particles and that 

reduces the efficiency of the catalytic reaction because the concentrations of 
•OH and O2

•− decrease. Further elucidation was published by Neppolian et al. 

[79] who explained that the major portion of degradation occurs in the region 

near to the irradiated side (termed as reaction zone) where the irradiation 

intensity is much higher than in the other side . Thus at higher dye 

concentration, degradation decreases at sufficiently long distances from the light 
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source or the reaction zone due to the retardation in the penetration of light. 

Hence, it is concluded that as initial concentration of the dye increases, the 

requirement of catalyst surface needed for the degradation also increases. 

Also from Figure (3-16), we observe that more than 95% of phenol red was 

photomineralized within 5 h UV-light irradiation and using the optimal 

photocatalyst loading amount when the initial concentration was 10 ppm. 

On the basis of the above debate, we can conclude that as phenol red dye 

concentration increases beyond the optimum (10 ppm), the percentage 

degradation decreases and the degradation rate is proportional to the 

concentration. Similar conclusion has also made by others working on the 

photocatalytic degradation of 4-flurophenol, phenol and m-nitrophenol as well 

as acid blue 80 using TiO2 and ZnO under solar irradiation [80-82]. 
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Figure (3-15): Effect of initial concentration of phenol red on the (a) remaining 
concentration and (b) degradation rate; pH = 4.5; catalyst dosage of 0.5 g/l 
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Figure (3-16): (a) Variation of rate constant with phenol red initial concentration 
   and (b) Variation of degradation percent of phenol red with its initial                   
   concentration; TiO2 dosage = 0.5 g/l, pH = 4.5; irradiation period = 5 hours. 
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3.4.4 Influence of nano anatase TiO2 particle size 

 

     The investigation of the photocatalyst surface area effect on the photolysis of 

phenol red is a significant operational parameter as long as the photodegradation 

process is running on the anatase TiO2 surface. The surface area is directly 

related to particle size of the photocatalyst. For implementation the impact of 

this parameter on the photolysis rate and degradation yield, five different 

particle size anatase TiO2 powders have been employed as photocatalysts. 

The approach that we have found to be most useful is representation of the 

kinetic data for contaminant degradation on a semi-log plot of particle size 

versus the corresponding rate constants. The results which are shown in Figure 

(3-17) indicate that the rate of phenol red photocatalysis is steadily decreased 

with particle size increase. Furthermore, Figure (3-18) depicts obviously that the 

rate of photoreactivity of TiO2 decreased with the increase of  the average 

particle sizes from 10 to 150,000 nm. The rate constants are 0.0105, 0.0075, 

0.0036, 0.0020 and 0.00120 min-1  for the average particle size of 10, 25, 100, 

75000 and 150000 nm, respectively. 

      This could be elucidated by the possibility of the photoelectrons and 

photoholes generation in the bulk would in smaller particles have fewer traps 

and recombination centers to overcome before reaching the surface [83]. The 

particle sizes of TiO2 seem to affect the photocatalytic degradation percent of 

phenol red under UV light irradiation as well, as it is clearly presented in Figure 

(3-19). This prediction has been verified as the degradation percent of the 

phenolic moiety is significantly promoted when the available active surface area 

for the photolysis process is higher.  

        Some researchers [72, 84-85] have also observed similar impacts of particle 

size on kinetics and degradation yield in photooxidation processes. Shih and  

Lin [72] concluded that the effect of average particle size of TiO2 nanoparticle 

aggregates for the degradation of azo dye has a special limit, while, Pichat et al. 

[85]  reported that the rate of photodegradation of organic moieties is directly 
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proportional with the surface area of TiO2 nanoparticles and further, Khan and 

his colleagues [84] concluded that the lower particle sizes of CeO2 are 

responsible for their higher sensitivity and photo-catalytic activity. 
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Figure (3-17): Influence of TiO2 particle size on the rate of photolysis 
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Figure (3-18): Rate of photoreactivity of TiO2 with the average particle sizes 
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3.5 Impacts of the photochemical parameters 

3.5.1 The role of UV light source intensity  

 

     Photocatalytic reaction rate depends largely on the radiation absorption of the 

photocatalyst [8] , where the increase in light intensity enhances the degradation 

rate and yield in photocatalytic degradation. Vulliet et al. [62] have reported in 

their work on the photodegradation of cinosulfuron in aqueous TiO2 suspension 

that there are two distinguished domains in this aspect: in the first one, at low 

light intensities (0–14 mW/cm2), the rate would increase linearly with increasing 

light intensity (first order), whereas at intermediate light intensities, above 14 

mW cm−2 the rate would depend on the square root of the light intensity (half 

order). This is likely because at low light intensity reactions involving electron–

hole formation are predominant and electron–hole recombination is negligible. 

However, at increased light intensity electron–hole pair separation competes 

with recombination, thereby causing lower effect on the reaction rate.  

      Figure (3-20) which shows the result of the effect of UV light intensity on 

the initial degradation rate of phenol red in this study  is in a good accordance 

with the above approach. This enhancement of the rate of photodecolorization as 

the light intensity increased was also observed by other researchers [73, 79].  

In accordance with Vulliet et al. [62], Konstantinou and Albanis [10]  have 

stated that at low light intensities (0–20 mW/cm2), the rate would increase 

linearly with increasing light intensity (first order) and at intermediate light 

intensities beyond a certain value (approximately 25 mW/cm2) the rate would 

depend on the square root of the light intensity (half order), whereas, at high 

light intensities the rate is independent of light intensity. Malato et al. [69]  have 

reported in their overview and trends for the solar photocatalysis of water that 

the typical Solar UV-flux of 20–30Wm-2 is equivalent to 0.2–0.3 mol photons 

(Einstein) m-2 h-1 in the 300–400 nm range. Accordingly, the intensity 

magnitudes which are employed in this work (shown in Table 3-1) correspond to 

0.97, 2.23 and 10.8 mW/cm-2 and the rates, consequently, are increasing with 
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increasing light intensity, which is a stand alone verification for the first order 

process. These tentative findings are explicitly concerted with the published 

outcomes of other researchers [10, 62].  

     For further scrutinization and better evaluation the efficiency of the 

photocatalytic and photobleaching processes, we estimated the quantum yield Φ, 

which is defined as the ratio of the number of converted molecules per second to 

the number of efficient photons reaching the surface per second. The values of Φ 

are reported in Table (3-1). The maximum quantum yields are obtained for the 

lower light intensities, which are inline with the foregoing literature trend. 

On the basis of above outcomes, it is evident that the percentage of 

decolorization and photodegradation increases with increase in irradiation time. 

The reaction rate decreases with irradiation time since it follows apparent first-

order kinetics, however, it increases with increasing the light intensity (Figure 3-

20) and additionally a competition for degradation between the reactant and the 

intermediate products should also be taken into consideration. 
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Figure (3-20): Variations of the initial rate and degradation yield as a 
function of light source intensity 
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Table (3-1) :Quantum yields of photodegradation of phenol red 

obtained at different intensities 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.5.2 Rationalization of apparent quantum yield with some 

         experimental variables 

      The quantum yield of a photochemical process is defined as the amount of 

substrate degraded or produced per photon, and is generally used as a measure 

of the efficiency of a photochemical process [8]. 

In homogeneous photochemistry, the quantification of quantum yield is a usual 

practice and extensively used as it provides a means of comparing two or more 

photochemical events. By contrast, a similar description in heterogeneous 

photochemistry is further complicated by many fundamental unknown quantities 

[63]. The problems in heterogeneous photolysis systems are normally stemmed 

due to the light scattering by the photocatalyst particles. Therefore, the quanta 

yields are not indicated in most photocatalysis studies or in few are indicated as 

apparent or pseudo-quantum yield.  

      In this work, the apparent or pseudo-quantum yield which is defined as the 

number of molecules converted relative to the total number of photons incident 

on the photolysis cell window, i.e. 

Φ = rate of reaction (mol L-1s-1) / rate of photon incident on window (mol L-1s-1) 

was measured following Valladares and Bolton [40]. In one set of experiment, 

Intensity  
(E/L.sec) x10-7 

 

Rate  
mol/L.sec) x10-9(  

 

Quantum yield 
Φ% 

0.36 
 

0.094 0.26 

0.826 
 

0.223 0.27 

4 
 

0.67 0.16 
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the incident light intensity, which is 100% absorbed by the TiO2 / phenol red 

system, calculated by Hatchard and Parker [57] ferrioxalate actinometry method 

which is previously mentioned in details in this thesis. The average value of 

several measurements at 14 cm cell-light source distance is Io = 0.485 × 10-7 Ein 

/ Sec. L. The rate of photolysis of phenol red determined under the conditions 

employed (initial phenol red concentration of 2.82 × 10-5 mol / L, pH = 4.5 and 

TiO2 dosage = 0.5 g/l) is 4.813 × 10-9 mol / L. Sec. The apparent quantum yield 

is consequently equals 0.1 according to;  

Quantum yield = rate of reaction / Io 

                         = 4.813 × 10-9 / 0.485 × 10-7   

                         = 0.1 

It has been figured out that the apparent quantum yield in the present 

system is influenced by some operational parameters namely; the TiO2 dosage, 

initial phenol red concentration and the pH values.  

Figure (3-21) depicts that the quantum yield increases with increasing TiO2 

loading and approaching a limiting value at 40 mg, (0.5 g/l), then starts 

declining. This limiting value mainly results from two factors:  

(a) aggregation of TiO2 particles at high concentrations, causing a decrease in 

the number of surface active sites, and (b) increase in opacity and light 

scattering of TiO2 particles at high concentration leading to a decrease in the 

passage of irradiation through the sample [63]. 

The initial phenol red concentration is also impacted the value of quantum 

yield and the latter increases (Figure 3-22a) with initial concentration increase in 

the range 1.4 x 10-5 – 5.6 x 10-5 mol/l (5-20 ppm). This might be explained by 

the fact that with increasing phenol red concentration the amount of the 

adsorbed dye on TiO2 surface increases and hence the amount of decomposed 

dye is increased.   

As it was mentioned earlier in this thesis (paragraph 3.4.1) that the rate of 

degradation of phenol red in aqueous TiO2 suspension is higher in acidic 

medium (pH = 4.5). Accordingly the influence of pH on the variation of 
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apparent quantum yield has also been examined. Figure (3-22b) exhibits the 

variation of the apparent quantum yield with varying pH values. 
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Figure (3-21): Effect of loading of TiO2 on quantum yield 
 

  
Quantum 

yield 
TiO2 

loading mg 
0.0362 10 
0.0366 20 
0.0419 30 
0.0990 40 
0.0730 50 
0.0218 100 

 



  

81 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0 5 10 15 20 25

 

  
Quantum 

yield 
Initial conc. 

 ppm 
0.024 5.4 
0.104 10.3 
0.122 14.9 
0.164 20 

 

Q
ua

nt
um

 y
ie

ld
 

Phenol red initial conc., mg/l 

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0 2 4 6 8 10

Q
u

a
n

tu
m

 y
ie

ld
 

pH

 

pH 

Q
ua

nt
um

 y
ie

ld
 

  
Quantum 

yield 
pH 

0.00789 2 
0.00754 3 
0.00927 4 
0.01580 4.5 
0.00789 5 
0.00161 6 
0.00161 8 

 

(a) 

(b) 

Figure (3-22): Impacts of (a) phenol red initial concentration and (b) pH 
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3.6 Kinetics study 

3.6.1 Effect of irradiation time on the rate of photocatalysis 

 

      The kinetics of the photooxidative degradation of several phenolic 

compounds on TiO2 surface have been investigated by many authors [86, 63, 

56]. On regular basis, the order of photocatalytic decomposition reaction of 

phenols has been found to follow first order under normal conditions. 

In the present investigation, the chemical kinetics of phenol red has been 

explored under the operational conditions described earlier in chapter two. 

The rates of photolysis of the model compound were monitored 

spectrophotometrically in the wavelength 432 nm, at which it shows a maximum 

absorption.  

      Graphical method has been employed to anticipate the order of the 

photocatalysis reaction. Figure (3-23) describes the relative decrease in 

absorption intensity (At/A0) of 2.9 x 10-5 mol /l phenol red as a function of 

irradiation time. From kinetics point of view, it is useful to find out a rate 

equation that fits the experimental rate data. According to some researchers, 

generally, the photocatalytic degradation of organic pollutants is described by 

pseudo-first order kinetics [87-88]. 

−dC/dt = kappC ………………(3-3) 

Integrating the eq. (3-3) with the boundary conditions that at the start of 

irradiation (t = 0), the concentration is the initial one, Ct = Co, results in the 

following expression: 

−ln (Ct/ Co) = kappt …………..(3-4)  

where kapp is the apparent first order rate constant (min−1 or sec-1) and Co and Ct 

is the concentration of phenol red at a given irradiation time, t (min). Kinetic 

studies were monitored by the change in phenol red concentration at certain 

interval of time (Ct). Apparent first order rate constant (kapp) was evaluated using 

equation (3-4) from the plot of natural logarithm (lnCo/Ct) change in phenol red 

concentration versus irradiation time, t (Figure 3- 24). The kapp was determined 
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by calculating the slope of the line obtained. This suggests, consequently, the 

first order kinetics of the primary photolysis process. The value of kapp obtained 

when the initial phenol red concentration has been 2.9 x 10-5 mol /l (10.3 ppm) is 

0.01052 min-1 (17.53x 10-5 sec-1). The half life of the reaction accordingly 

computed from the expression t1/2 = 0.693/ kapp , which has been equal to 1.098 

hours. 
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Figure (3-23): Rate of degradation of phenol red at optimum condition  
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3.6.2 Initial concentration and Langmuir-Hinshelwood model 

 

In recent years the Langmuir-Hinshelwood rate expression has been used 

successfully for heterogeneous photocatalytic degradation to elucidate the 

relationship between initial degradation rate and initial concentration[63]. 

Furthermore, the Langmuir–Hinshelwood model is usually used to describe the 

kinetics of photocatalytic process [68]. The derivation is based on the 

degradation rate (r), which is expressed as follows: 

 

r = - dC0/ dt = (kr Kad C0) / (1+ Kad C0)  ………………..(3- 5) 

 

Where  r represents the initial rate of photooxidation (mol or mg/l min), Co the 

concentration of the reactant (mol or mg/l, t the irradiation time, kr  the rate 

constant of the reaction (mol or mg/l min) and Kad  is the adsorption equilibrium 

coefficient of the reactant (l/mg or mol). Assuming that adsorption is weak and 
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Figure (3-24): Degradation of phenol red at optimum condition 
 

Time 
min 

Co\Ct lnCo\Ct 

0 1 0 
60 1.430 0.357 
120 1.872 0.627 
180 4.204 1.436 
240 15.147 2.717 
300 18.070 2.824 
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the concentration of the organic moiety is low, the equation (3-5) can be 

simplified to the first-order kinetics expression with an apparent rate constant 

(kapp) [10]: 

 

ln (C0/Ct) = kKt = Kappt ……(3-6) 

or  

Ct = Co e
−kapp.t   ......……….(3-7) 

 

      From the perspective of linear algebra, the plot of ln (Ct/Co) as a function of 

reaction time, t, should have linear relationship and its slope is the apparent rate 

constant. 

      Hence, the plot of ln(Ct/Co) versus reaction time t with different initial 

phenol red concentrations, Co, is shown in Figure (3-25). It was found that the 

linear relationship was good and rate constant kapp declined generally with 

increasing initial concentrations of phenol red. 

      Most authors agree that, with minor doubts, the expression for the rate of 

photodecomposition of organic dyes with irradiated TiO2 follows the Langmuir–

Hinshelwood (L–H) law for the four possible situations; (a) the reaction takes 

place between two adsorbed substances, (b) the reaction occurs between a 

radical in solution and an adsorbed substrate molecule, (c) the reaction takes 

place between a radical linked to the surface and a substrate molecule in 

solution, and (d) the reaction occurs with the both of species being in solution. 

In all cases, the expression for the rate equation is similar to that derived from 

the L–H model, which has been useful in modeling the process. However, from 

kinetic studies only, it is not possible to find out whether the process takes place 

on surface or in solution[89]. 

Equation (3-5) could be modified to linear type equation as presented in 

equation (3-8); 

1/r = 1/kr + 1/ kr Kad C0  ……….(3-8) 
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     Plot of reciprocal reaction rate 1/r versus reciprocal initial concentration 1/C0 

(from equation (3-8) is presented in Figure (3-26). A reasonable fit of this 

equation was obtained with values of 0.0045µM-1 (0.0127 ppm-1) and 0.0333µM 

sec-1 for Kad and kr respectively. This indicates that the degradation of phenol red 

occurred mainly on the surface of TiO2. However, Turchi and Ollis [90]  

investigated the photodegradation of organic pollutants in illuminated TiO2 

slurries and found it plausible that the reaction occurs not only on the TiO2 

surface but also in solution.                                   

     The foregoing value of Kad refers to the strong adsorption of phenol red 

moiety onto the electrophilic (Ti+4) sites at the TiO2 surface. Asiri et al. [65] 
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Figure (3-25): Plot of ln(Ct/Co) vs. reaction time at different initial concentrations 
of phenol red; (Catalyst loading = 0.5 g/L; pH = 4.5  ) 
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have reported that the adsorption linkages of phenol red onto TiO2 surface 

bridged  through sulphonato and phenolic anchoring groups as it is depicted in 

Figure (3-27). 

       Malato and his collaborators [69] stated that a quasi-exhaustive 

consideration of photodestruction studies of organic contaminants proved that 

the first order rate equation above holds true. Moreover, at any rate, Langmuir–

Hinshelwood model serves as a basis for the photodegradation of organic 

compounds even if it could not directly give adequate fitting. Whereas, other 

researchers [91-92] concluded that the L–H model is not a perfect explanation of 

the mechanism of the photocatalytic process, it has been useful in modeling a 

process, however, it is generally agreed that both rate constants and orders are 

only ‘‘apparent’’ and they serve to describe the rate of degradation, but they 

have no physical meaning, and may not be used to identify surface processes. 

On the other hand, the value of K derived from a kinetic study is not directly 

equivalent to the Langmuir adsorption coefficient for an organic molecule on 

TiO2 in the dark as adsorption–desorption phenomena are different in the dark in 

comparison to those under illumination. 
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Figure (3- 26): Langmuir-Hinshelwood model outcomes for the disappearance of 
phenol red at different initial concentrations; TiO2 loading= 0.5 g/l; pH = 4.5   
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Figure (3-27): Virtual adsorption geometry of phenol red onto TiO2 particle 
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3.7 Contribution of the added oxidants 

    Chemical oxidation of organic pollutants by various oxidants has been 

investigated by several authors over the last decades to develop novel 

remediation technologies. The oxidants, O3 [93], Fenton's reagent [94], 

H2O2 [95] and persulfate (K2S2O8) [96-97] have been widely tested in laboratory 

work and used for the remediation of wastewater and groundwater contaminated 

by organic compounds.     

 

3.7.1 Effect of H2O2 on photocatalysis of phenol red 

     The electron / hole (e- / h+) recombination is considered as one of the main 

problems in the application of TiO2 photocatalysis. Accordingly, Malato and his 

colleagues [98] have reported that one of the most accepted strategies for 

inhibiting e- / h+ recombination has been the addition of other electron acceptors 

to the reaction. The addition of other oxidizing species could have several 

different impacts like; (a) increase the number of trapped conduction band e- in 

e-/h+ pairs and, consequently avoid recombination; (b) generate more hydroxyl 

radical, .OH, and other oxidizing species and (c) avoid problems stemmed due to 

O2 gas starvation.  

     Molecular oxygen is generally used as an electron acceptor in heterogeneous 

photocatalytic reaction [4]. However, Figure (3-28) exhibits only about 60% 

photobleaching of phenol red in the presence of O2 gas solely, at absence of 

H2O2, whereas the photodegradation yield has been found to be enhanced 

dramatically (>91%) by using hydrogen peroxide as an alternative electron 

acceptor. This is in accordance with the findings of Oghenejoboh et al. [66] who 

stated that the photo catalytic degradation of water effluent pollutants could be 

enhanced by addition of H2O2 because it is a better electron acceptor than 

oxygen.  
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        On the other hand, our experimental outcomes verified that better 

efficiency of photodegradation process could be achieved (>94% degradation) 

by application of both oxygen gas and hydrogen peroxide in combination with 

TiO2 (Figure 3-28). The positive sign of H2O2 addition indicated that there was a 

direct relationship between the initial H2O2 concentration and the yield of phenol 

red dye degradation, which increased for increasing H2O2 concentration, i.e., the 

presence of H2O2 in the reaction mixture plays a key role in the photocatalytic 

process which is in agreement with several authors [64, 66, 99]. 
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Figure (3-28): Photodegradation of phenol red at (a) presence of both O2 and H2O2 
                             (b) presence of H2O2 (c) presence of O2 
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     We believe it is necessary to discuss in detail some aspects related to the 

effect of this electron acceptor. The addition of H2O2 has been found to be 

beneficial, increasing the degradation yield, due to its electron acceptor nature. 

This beneficial effect can easily be explained in terms of (a) additional 

production of .OH, which is a very strong oxidizing agent with standard redox 

potential of +2.8 V [10] through the following reactions under UV light 

radiation [69, 10]: 

 H2O2 + e-
CB                   

.
OH + -OH ….…………. (3-9) 

 H2O2  + hv                     
.
OH + 

.
OH …………… (3-10)  

  H2O2 + O2
.-                    .OH + -OH + O2 ………(3-11) 

and (b)  inhibition of e- / h+ recombination which could be explained in terms of 

TiO2 surface modification by H2O2 adsorption and scavenging of photoproduced 

holes following the up coming reaction:                                  

H2O2 + 2h+
vb                               O2 + 2H+  ……………...(3-12) 
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Figure (3-29): Influence of H2O2 on the degradation yield of phenol               
               red under optimum experimental conditions 
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     Hence, the described reactions above indicate that hydroxyl radicals are more 

likely to form in UV/TiO2/H2O2 systems and other oxidizing species can also 

appear in the e-/h+ generation process.                                    

Figure (3-30) depicts a relatively low degradation yield for phenol red / H2O2 / 

O2 system is achieved when only TiO2 is used in dark (26%) or when TiO2 is 

absent (36%). However, phenol red could be degraded appreciably (94%) in this 

system by UV source illuminated TiO2. Accordingly, these experiments 

demonstrated that H2O2, O2 gas, UV irradiation and the TiO2 photocatalyst are 

needed for the effective photolysis of phenol red dye.           

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
     For further analysis of UV/TiO2/H2O2 system which has been employed in 

this study, the plots of ln At (as first order index) and 1/At (as second order 

index) versus time were established in order to devote the R2 values as one of 

the methodologies to assign the pseudo order of the photocatalytic degradation 

process of phenol red dye in the presence of hydrogen peroxide. This  
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Figure (3-30): Degradation yields of phenol red after 5 hours UV photolysis under optimum 

experimental conditions for; (a) TiO2 + H2O2 +O2 gas (without irradiation); (b) H2O2 + O2 gas 

+ irradiation (without TiO2); (c) TiO2 +H2O2+ O2 gas + irradiation; pH = 4.5, Co = 10 mg/l, 

H2O2 = 3 ml (50% w/w), TiO2 = 0.5 g/l 
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mathematical technique has also been adopted by other researchers [100-101].     

Figure (3-31) presents R2 values of 0.944 and 0.910 for lnAt vs. time, as pseudo 

first order evidence for the phenol red photodegradation process, using the 

UV/TiO2/H2O2, and UV/TiO2/O2/H2O2 systems, respectively. Whereas, The poor 

R2 values of 0.764 and 0.681 for 1/At vs. time , as pseudo second order indicator 

for the phenol red photodegradation process, reveals explicitly that the 

UV/TiO2/H2O2 and UV/TiO2/O2/H2O2 systems don’t follow pseudo second order 

mechanism since they did not exhibit a linear behavior during photolysis 

reaction of phenol red. This finding agrees well with Garcia et al.[101] who 

concluded that the degradation of the real textile organic effluents happens 

through pseudo-first-order reaction when UV/TiO2/H2O2 system is employed, 

due to the complete consumption of the added peroxide and Furthermore, the 

UV/TiO2/H2O2 treatment has the advantage of leads to a final nontoxic residue 

due to the absence of residual peroxide.  
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Figure (3- 31): Pseudo order of phenol red degradation with O2 gas and H2O2 
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3.7.2 Influence of Na2S2O8 on photocatalysis of phenol red 

     The use of persulfate has recently been the focus of attention for an 

alternative oxidant in the chemical oxidation of contaminants [102].                                                                                               

Persulfate is one of the strongest oxidants known in aqueous solution and has a 

higher potential (E0 = 2.01 V) than H2O2 (E
0 = 1.76 V) [103]. Furthermore, It 

has great capability for degrading numerous organic contaminants through free 

radicals (SO4
•− and •OH) generated in the persulfate system [104]. Additionally, 

the UV-irradiation contributes remarkably to generate a sulfate radical, a 

stronger oxidant (E0= 2.5-3.10 V) [105] than persulfate according to the 

following equations [106]:                                                                                          

                         

S2O8
2- + eaq

-          SO4
•− + SO4

2− ……………………....( 3-13) 

S2O8
2− + eCB

− →   SO4
2− + SO4

•− ………………………( 3-14) 

SO4
•−   + eCB

−        SO4
2−              ……………… ……..( 3-15) 

SO4
•−     + H2O →   SO4

2− + •OH + H+ …………………..( 3-16) 

 

     From Figure (3-32), we observe the enhancement of photodegradation yield 

of phenol red upon addition of sodium persulfate. The existence of two mmole 

of S2O8
2-

 in electrolysis solution could acquire > 95% photobleaching for the 

phenol red dye. This is mainly ascribed to the high oxidizing strength of the 

reactive radical intermediate, SO4
•−, ions which can exert a dual function; as 

strong oxidant themselves and as electron scavengers, thus inhibiting the 

electron-hole recombination at semiconductor surface. For further elaboration, 

Anipsitakis and his colleagues [107] have found, in their oxidation power 

comparison study between H2O2 and S2O8
-2, that the sulphate radicals are 

stronger oxidants than the hydroxyl, especially at neutral pH. They further, 

explained this difference in reactivity according to the energy of their O-O bond. 

This bond in persulphate has been estimated to be 33.5 kcal/mol whereas in 

hydrogen peroxide it is 51 kcal/mol. Also the distance of the O-O bonds of these 
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oxidants; 1.453 Ao in solid H2O2 and 1.497 Ao in persulphate. This suggests that 

persulphate is cleaved more easily than hydrogen peroxide, and thus the 

resulting sulphate radicals might be formed more readily than hydroxyl radicals.                                                              

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

3.8 UV-VIS-FTIR spectral study 

3.8.1 UV-VIS absorption profile 

 

     To examine the response of photocatalytic activities of nano TiO2, the 

absorption spectra of exposed samples at various time intervals were recorded 

and the rate of decolorization was observed in terms of change in the main 

intensity at λ max (432 nm) of the dye. 

     Figure (3-33) presents typical UV-VIS spectra of three absorption bands for 

phenol red (10 mg/L) located at 263, 432 and 590 nm. The main two visible 

region bands which are located at 432 and 590 nm, attributed to the 

chromophoric structure, are impacted by the pH of the media (Figure 3-3) where 

the solution is acidic and improve the absorption of phenol red on TiO2 surface 

[59].Whereas, the band located at 263 nm is assigned to benzoic ring [108]. The 

0

20

40

60

80

100

120

0 0.5 1 1.5 2 2.5 3 3.5

% deg.

Na2S2O8 ml

Figure (3-32): Effect of Na2S2O8 on degradation percent of phenol red; 
Co = 10 mg/l, pH= 4.5, TiO2 dosage = 40 mg, photolysis time 5 hrs 
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counter-intuitive appearance of the band located at 590 nm in acidic medium 

(pH = 4.5) supports the high stability of the keto form, which is usual in basic 

medium as a keto-enol tautomerism product, due to the conjugation of the 

molecule.  

    The percentage of decolorization efficiency of samples has been calculated 

for the most intense absorption peak at 432 nm as follows [17]: 

Efficiency % = 100 {(Ao - At ) / Ao } 

where Ao and At are initial absorbance and absorbance after irradiation at 

various time intervals, respectively. Also from Figure (3-33), which represents 

the time-dependent UV–Vis absorption spectra of phenol red during irradiation 

with nano TiO2 under UV light, it was found that TiO2 decolorizes phenol red 

evidently after 300 minutes of irradiation. 

    Under optimum operational conditions namely, pH = 4.5, nano powder 

loading = 0.5 g/l, UV light intensity = 485 x 10-10 Ein / sec. L and pollutant 

concentration = 10 ppm, we have observed a gradual photo decolorization of the 

polluted solution over 5 hours of irradiation vanishing > 90% of the pollutant. 

Also from Figure (3-33), increasing in the illumination time allows the 

absorption spectra to be shifted exponentially and vertically toward the low 

absorbance values for the main absorption band , 432 nm, suggesting that the 

chromophore responsible for the characteristic color of the compound, is 

destructed and subsequently degraded down. Furthermore, no new absorption 

bands appeared in either the visible or the UV spectra regions. This is also 

accompanied by simultaneous decrease of the intensities of other bands, 263 and 

590 nm. 
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Figure (3-33): UV-VIS spectra changes of phenol red (10 mg/L) in aqueous nano TiO2 
dispersion (0.5 g/L) irradiated under UV light at varying times:(a) 0, (b) 1, (c) 2, (d) 3,  

      (e) 4 and (f) 5 hours. Inset shows the normalized absorbance at 432 nm.  
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3.8.2 FTIR characterization of phenol red-TiO2 system  

 

     For the description of the interaction between phenol red dye and TiO2 

catalyst, the Fourier transform infra-red (FTIR) technique has been exploited. 

Figure (3-34) shows the FTIR spectra of phenol red and phenol red bound to 

TiO2. The spectrum of pure phenol red showed the sulphonato group stretching 

at 1462  cm-1. Similar band (1480 cm-1) has also been assigned by Asiri et al. 

[65]. This band is completely disappeared in the spectrum of phenol red bound 

TiO2. Furthermore, the sharp stretching band at 3398 cm-1 is attributed to the OH 

group in the pure phenol red [109]. This band disappeared as well and a new 

broad band appeared at 3275 cm-1. This confirms the adsorption of phenol red 

on TiO2 surface as other anchoring groups [110]. Moreover, the appearance of a 

band at ~1096 cm-1 for phenol red / TiO2 spectrum is verification for the 

adsorption of phenol red onto TiO2 and subsequent degradation. On the other 

hand, the shifts in the stretching frequencies of OH and C-O groups  have also 

been reported previously by some computational authors [111-112]  are ascribed 

to the adsorption onto TiO2 powder particles.  

     On the basis of above findings, we report here that the interaction of phenol 

red with TiO2 surface occurs through its sulphonato and phenolic collaging 

groups. 
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Figure (3-34):  FTIR spectra of pure phenol red (a) and phenol red adsorbed onto TiO2 (b) 
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3.9 Computation of the thermodynamic functions 

 

The photocatalytic degradation rate of different organic compounds depends 

on various operational parameters including temperature and corresponding 

thermodynamic functions [86]. Hence, since the reaction temperature could 

affect the degradation rate, the effect of temperature on photodegradation 

process of phenol red dye in aqueous TiO2 suspension was studied at various 

temperatures in the range from 293 to 318 K. The apparent rate constant (kapp) 

was evaluated at each temperature. An increase of degradation was observed 

with increasing temperature. The apparent rate constant and temperature can be 

expressed by Arrhenius relation as follows [56]:  

 

kapp = Ae−Ea/RT   …………..…(3-17) 

 

where kapp is the apparent rate constant, A is the frequency factor or pre-

exponential factor, Ea is the activation energy of the reaction, R is general gas 

constant ( 8.314 J mol-1 K-1 ) and T is the absolute temperature. 

Translation of Eq. (3-17) resulted in the following equation; 

 

lnkapp = lnA − Ea /RT ………(3-18) 

 

    A linear plot of ln kapp versus 1/T yielded a straight line (Figure 3-35) from 

which the activation energy can be obtained and is given in Table (3-2). Chen 

and Ray [63] reported that the increase in rate constant is most likely due to the 

increasing collision frequency of molecules in the solution that increases with 

increasing temperature.  

  The other thermodynamic parameters for instance free energy of activation 

(∆G# ), enthalpy of activation(∆H#) and entropy of activation (∆S#) were 
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calculated (Table 3-2) using activation energy and apparent rate constant and 

employing Eyring’s equation as follows [113-114]: 

 

kapp = kBT/h exponential (-∆G#/RT) …………………..…..(3-19) 

 

∆G# = RT x [ln (kBT/h) − ln kapp] ……………………….…(3-20) 

 

∆G# = RT x [ln (kB/h) + lnT − ln kapp] ………………….....(3-21) 

 

∆G# = RT x (23.76 + lnT − lnkapp) …..……………….......(3-22) 

 

Equation (3-18) can be rewritten as [115] : 

d(ln kapp) / dT = Ea / RT2………………………………….(3-23) 

 

Likewise, Eq. (3-19) is rewritten as: 

 

ln kapp =  ln (kBT/h) - ∆H# / RT + ∆S# / R …………….….(3-24) 

 

d(ln kapp) / dT = 1 / T +∆H# / RT2 = (∆H# + RT) / RT2 ….(3-25) 

 

Solving Eqs. (3-23) and (3-25) for the activation enthalpy gives, 

    

∆H# = Ea − RT ………………………………………..….(3-26) 

 

finally giving access to the entropy of activation,   

∆S# = (∆H# − ∆G# ) / T ……………………………….....(3-27) 

where kB is Bolzmann constant (1.3805x 10-23 J K-1), h is Planck constant  

 ( 6.6256X 10-34 J s). 
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      From Table (3-2), it can be concluded that TiO2 mediated photocatalytic 

degradation of phenol red is slightly affected by temperature change. Similar 

conclusion was drawn by other researchers [83, 116]. Nevertheless, an increase 

in temperature facilitates the reaction to compete more efficiently with electron–

hole pair recombination. From Figure (3-35), we observed a decrease in the 

degradation rates at temperatures of 313 and 318. This could be most likely 

ascribed to desorption of phenol red dye at these temperatures, as long as the 

adsorption- desorption equilibrium plays a key role in the photocatalytic 

process, which is also verified through the estimated adsorption coefficient of 

phenol red in this thesis (paragraph 3.6.2). Several authors reported 

experimental evidence for the dependence of photocatalytic activity on 

temperature [116-117]. Furthermore, Soares et al. [117] stated that at a relatively 

high temperature (40 to 60ºC), the limiting stage becomes the adsorption of the 

dye on the TiO2. Nevertheless, Gogate and Pandit [70] concluded that a 

photocatalytic reaction has a point or an optimum range of operation between 20 

and 80°C. Whereas, Gaya and Abdullah [8] reported that the increase in 

temperature enhances recombination of charge carriers and desorption process 

of adsorbed reactant species, resulting in decrease of photocatalytic activity. 

Based on the above argument, it can be concluded that the temperature 

dependent steps in photocatalytic reaction are adsorption and desorption of 

reactants and products on the surface of photocatalyst. 
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Table (3-2): Thermodynamic parameters for the photocatalytic degradation  
                     of phenol red                        

 
 
 
 
 
 

  

T (K) Ea (kJ mol−1) ∆G# (kJ mol−1) ∆H# (kJ mol−1) ∆S# (JK−1 mol−1) 
293 38.227 87.25 35.79 -176 

298  87.55 35.75 -174 

303  86.57 35.71 -168 

308  87.31 35.66 -168 

313  90.10 35.62 -174 

318  91.76 35.58 -177 
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Figure (3-35) : Variation in apparent reaction rate with operational temperature 
(pH = 4.5; catalyst dosage = 0.5 g /l; Co= 10 mg/l) 
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3-10 Reusability of the synthesized nano anatase TiO2 

 

    In order to examine the stability and reusability efficiency of the prepared 

nano anatase TiO2 particles, the reusability of the photocatalyst was explored. 

The recovered TiO2 nanopowder was reused for four consecutive runs without 

calcination, whereas the fifth run was carried out after calcination of the 

recovered TiO2 nanopowder at 400Co for 4 hours. Figure (3-36) demonstrates a 

steady decrease in the activity of TiO2 photocatalyst over four consecutive uses 

and an increase in the activity during the fifth run upon calcination. This 

strongly indicates on one hand, that the nature of the catalyst did not change 

during photocatalysis and on the other hand there is a quantitative adsorption of 

the phenol red on the surface of the catalyst. 
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Figure (3-36): Effect of nano TiO2 reuse on photodecolorization of phenol red. 

Run 5 refers to calcined TiO2 after four irradiation cylcles.   
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3.11 Conclusions and Suggestions 

3.11.1 Concluding remarks 

 

The photocatalytic decolorization and degradation of the phenol red dye 

as a phenolic model moiety in aqueous solution was studied using synthesized 

nano anatase TiO2 as a semiconductor catalyst under UV- light irradiation. 

XRD pattern of the prepared nanometric anatase TiO2 powder confirmed the 

neat anatase allotrope without rutile diffraction peaks stemming from high 

calcination temperatures. SEM and TEM images revealed smooth and highly 

dispersive surfaces with average size of 9-11 nm. The composition resulted has 

been consistent with that of the reference anatase specimen of TiO2 as 

corroborated by EDXS measurements. The bandgap energy as determined from 

the diffused reflectance spectrum amounted to 3.4 eV, which was identical to 

that recorded for reference TiO2 sample. BET measurements confirmed the 

mesoporosity with average surface area of 48 m2/g.  

      The influences of several operational parameters namely; phenol red initial 

concentration, TiO2 dosage and particle size, UV light intensity and varying of 

photolysis solution pH, have been evaluated: the photocatalytic reaction is 

favored by a low particle size nano catalyst and relatively a high light intensity, 

whereas the best efficiency is obtained for 0.5 g/l TiO2 dosage, photolysis 

solution pH of 4.5 and 10.3 ppm of initial dye concentration. Furthermore, the 

apparent quantum yield was also explicitly influenced by photolysis solution 

pH, TiO2 dosage and initial dye concentration. 

      The kinetics and thermodynamics of the photocatalytic bleaching of phenol 

red by TiO2 nanocatalyst has also been investigated. The kinetics of the 

photocatalytic oxidation follows a Langmuir–Hinshelwood model which 

demonstrates the pseudo first order with respect to the dye initial concentration  
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within the experimental concentration range. The rate of the photocatalytic  

degradation was enhanced by the addition of H2O2. Hydroxyl radicals 

contributed appreciably, other than O2 gas, in the photobleaching process 

indicating the remarkable role of hydroxyl type chemistry mechanism in the 

process. The participation of •OH as active oxidising species was confirmed by 

using hydroxyl radical scavengers, where the rate of photodegradation was 

drastically reduced. On the other hand, an increase of the temperature has kind 

effect on kinetics and facilitates the degradation process to good extent. The 

effect of temperature from 293 to 318 K showed that the apparent rate constants 

follow the Arrhenius relation. The activation energy of the degradation of 

phenol red was found to be 38 kJ mol−1.  

    The rate of photo decolorization of phenol red dye was monitored 

spectrophotometrically and it was recorded with respect to the change in 

intensity of absorption peak at 432 nm. It was observed that TiO2 decolorizes 

phenol red dramatically after 300 minutes of UV light irradiation. 

 

3.11.2 Suggestions 

 In the light of the present research work, several suggestions can be 

reported:  

 

1- The phenolic dyes are classified as high priority ecotoxicants due to     

their toxicity, persistence, i.e., low biodegradability, and carcinogicity. 

The initial step (
+− − he pair formation), in the photooxidative degradation of 

organic dyes on TiO2 is no longer questioned, but the subsequent details of the 

degradation pathway remain rather controversial. Accordingly, the recent work 

could be extended further to study detailed degradation mechanism employing 

various instrumental tools like HPLC, GC-MS...etc.  
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2- Since the immobilized TiO2 system is highly effective for photocatalysis, 

because TiO2 fine crystals are immobilized at high density at the surface of the 

particles, we would suggest adopting immobilized nano TiO2 units, for the 

phodetoxification of organic dyes. 

 

3- The study of the photocatalysis of the persisting pollutants, together     with 

computational authentication, in aqueous effluents could be an interesting 

extension of this work. 

 

4- The metal and non metal doping methodology of TiO2 photocatalyst has 

attracted the attention of green chemistry researchers due to the exploitation of 

solar energy. Accordingly, we consolidate such line of research work to be 

adopted for the decontamination of persisting organic dyes like phenolic and azo 

pollutants.  
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Abstract 

 
 

In the current research study, the photocatalytic 

(photodecolorization) degradation of the phenolic model ecotoxicant, 

phenol red dye has been investigated using laboratory synthesized anatase 

TiO2 nanoparticles in aqueous solution.  

The prepared nano TiO2 powder has been characterized using several 

advanced instruments including, Scanning Electron Microscopy (SEM), 

Energy Dispersive X-Ray Spectroscopy (EDXS), X-Ray Diffraction 

(XRD), Diffused Reflectance UV-VIS spectrometry (DUR-UV-VIS), 

Transmission Electron Microscopy (TEM), Brunauer–Emmett–Teller 

(BET) theory and Raman Spectrometry. Average particle size of 9, 9.95 

and 11 nm was found using TEM, XRD and SEM, respectively. The 

surface area and pore size were also measured employing BET nitrogen 

adsorption apparatus which resulted in surface area of 48 m2/g and a pore 

size of 3.7 nm, which indicates the mesoporosity of the prepared nano 

anatase TiO2 particles.  

The impacts of several operational parameters for the photodegradation 

process were explored encompassing, TiO2 loading, solution pH, initial 

phenol red concentration, UV light source intensity, photocatalyst particle 

size and added oxidants.  

Under optimum experimental conditions, 4.5 solution pH, 500 mg/l TiO2 

loading and 2.9 x 10-5 mol /l (10.3 mg/l) phenol red, the value of the 

apparent rate constant, kapp , obtained has been 0.01052 min-1 (17.53x 10-5 

sec-1) and the half life of the process, accordingly is equal to 1.098 hours. 

The kinetic of phenol red photobleaching has also been studied and it was 

found that it follows the pseudo first order pattern regardless of reaction 

conditions.  



XIII 

 

Furthermore, the apparent quantum yield for the photodecolorization 

process was also determined and found to be approximately 0.1. 

Results reveal that the photooxidation process of phenol red follows 

hydroxyl type chemistry in which the addition of hydrogen peroxide has 

contributed massively in the promotion of the process rate and yield, and 

further, suppressed to a great extent by addition of isopropanol as .OH 

radical scavenger. 

The main process activation thermodynamic parameters namely, Gibbs 

energy, enthalpy and entropy were also deduced following the 

computation of photolysis activation energy employing the well known 

Arrhenius relation.  
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بَْ�انكََ  قاَلوُا لا� مَا ِ�لمَْ  لاَ  س�ُ
�
�مْتَناَ لنَاَ ا �كَ  �لَ ن

�
ا

�نتَْ � ﴾٣٢﴿ الحَْكِيمُ  العَْلِيمُ  

 الناسُ من جهةِ التمثيل أكـفاءُ                أبــوهم آدمُ والأم حـــواءُ 

 فإن يكن لهم من بـعدِ ذا نسبٍ            يفُاخِــرون به فالطينُ والمــاءُ 

ن استــهدى أدلاءُ 
َ
 ما الفضلُ إلا لأهلِ العلمِ إمُ       على الهدى لم

 وقيمة المرء ما قد كان يحُسِنه            وللرجــال على الأفعالِ أسمـاءُ 

 لجاهلون لأهلِ العلمِ أعــداءُ وقدر كل امرئٍ ما كان يجهله           وا

  فعِش بعلمٍ ولا تبــغِ به بـــدلاً          فالناسُ موتى وأهلُ العلمِ أحياءُ 
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