Chapter Two

Experimental Part



2. Experimental Part

2.1 Chemicals

The following chemicals were used throughout tesearch work

without further purification.

2.1.1 Solid Chemicals

RIEDEL-DEHAEN
AG SEELZE
HANNOVER
RIEDEL-DEHAE
AG SEELZE
HANNOVER

BDH
Sachtleben
Fluka AG Buchs SG
(Anatase)
THOMAS BAKER
Sky spring

nanomaterials

(anatase 10-25 nm

BDH limited poole
England
ALDRICH
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2.1.2 Liquid Chemicals

98% HIMEDIH

99.8% RIEDEL-DEHAEN AG
SEELZE HANNOVER

97% ALDRICH
69.5% Medex
97% Merck
50% wt/wt Scharlau

2.2 procedures
2.2.1 Measurement of light intensity using actinometeric
method
The intensity measurement of the incident light wagied out with a
potassium ferrioxalate actinometer as describetidghard and parker
[57]. This method is usually used to determine miuenber of quanta
entering the reaction vessel and consequently,apjarent quantum
yields for the photocatalytic reaction will be esdited. The actinometer
solution (6x10° mol/L) was prepared by dissolving (2.947 g) of
KsFe(GO,)3.3H,O in 800 milliliter of nano filtered deionized wate
(NFDW).
One hundred milliliter of 1N 80O, was added and the whole solution
was diluted to one liter with NFDW.
The method used for the determination of light nsigy involves
irradiation of actinometer solution for known petitbme (1 hour).
A calibration curve for Fé was drawn using the following solutions :

1- 4x10" mol.L"* of FeSQin 0.1 N HSO,.

2- 0.1% w\v phenanthroline monohydrate in water.
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3- Buffer solution was prepared by mixing 600 milelit of 1N
sodium acetate and 360 milliliter of 1IN, then diluted to one
liter.

Different concentrations of Fewere prepared by further dilution of
solution (1) in 25 milliliter volumetric flask. Timeadd to each flask;

a- Two milliliter phenanthroline solution.

b- Five milliliter of buffer solution.

c- Different volumes of 0.1N 5O, solution to make the acid
equivalent to 10 milliliter 0.1 N $$O, and finally dilute the whole
solution to 25 milliliter with NFDW.

The volumetric flask was covered with aluminum faind kept in the
dark for 30 minutes. Then the optical densitiegvatelength = 510 nm
were measured.

A blank solution was used as reference which coathall the solutions
except the ferrous ion solution.

Draw plot for optical density versus ferrous ia@ncentration, Figure (2-
1)

The slope of the straight line obtained which giwbe extinction

coefficient (absorptivity) of FeSGsolution.

In order to determine the light intensity, 50 nhitéir of actinometer
solution was irradiated in the irradiation cell. sPallumination, one
milliliter of the irradiated solution was transfed into 25 milliliter

volumetric flask, two milliliter of phenanthrolinsolution and 0.5
milliliter of buffer solution were added to the $lg then it was diluted to
25 milliliter using NFDW.

Blank solution was prepared by mixing one millititef unirradiated
potassium ferrioxalate solution with other compdseen

The mixture was kept in the dark for 30 minutes #meh the optical

density was measured.
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Absorbance

The incident light intensity was calculated asdolé [58]:
lo= AXV1x10°%xV3 | QXEXV,xt
Where:
l,= photo flow (incident light intensity)
A= optical density (absorbance) at 510 nm
V 1=initial volume(50 milliliter) V 3=final volume(25 milliliter)
Qy=quantum yield at 365 nm=1.21 [58]
€=extinction coefficient=slope of calibration cune112x106 L mol* cm")
V >=volume taken from irradiated solution (1 millilijer
t =irradiation time in seconds (sec)
then the apparent quantum yield is calculated ughng following

expression :

(I)appz rate of reaction / rate of absorbed photog)s (I

1.6 1
Concentration Absorbance at 5 'S
14 - R® = 0.987
. of FeSO,ppm 510 nm
9.14 0.381
1.2 1 183 0.774
. 274 1.015
36.5 1.47
0.8 7
0.6 -
04 -
0.2 -
0 T T T T T T T 1
0 5 10 15 20 25 30 35 40

Concentration, ppm

Figure (2-1): Calibration curve of Fe
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Yo-Y:,=1-0.6=0.4
Xy —X; =25-15=10 ppm / 278000 = 0.00003597 mol/L
Slope = 0.4 / 0.00003597 = 11120.3781 = 1.112x104L mol* cm"

2.2.2 TiO, nanoparticles catalyst synthesis

Titanium dioxide nanosized catalyst was synthesiaethe sol-gel
method by means of a gradual addition of a solutcdntitanium
isopropoxide (5 milliliter isopropanol + 5 millier titanium
isopropoxide) on to 200 milliliter of DNFW at pH=%ith a rate of
addition of 2 milliliter /minutes. The mixture w&ept, after completion
of addition, under continuous vigorous mixing abmotemperature until
the completion of hydrolysis for 2 hours. The réisgl transparent
colloidal solution was left aging for 24 hours tHétered, dried at 90 €
for two hours, and finally was calcined at 400for 4 hours. Grounding

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

2.2.3 Preparation of phenol red and calibration curve

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

of 0.1 g of phenol red into 2000 milliliter NFDW.

2- The stock solution was diluted to prepare défgrconcentrations of
phenolred (3,6,9, 12 and 15 ppm) for the arafpon of the calibration

curve.

3-The absorbance of each diluted solution was medsu
spectrophotometrically at 432 nm and subsequehéycalibration curve

Figure (2-2) was drawn.
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Absorbance

0.6

0.5

0.4

0.3

0.2

0.1

Concentration A at 432 nm

ppm
y=0.035x - 0.003
3 0.11 R2=0.998
6 0.203
9 0.306
12 0.416
15 0.532
2 4 6 8 10 12 14

Concentration, ppm

Figure (2-2):Calibration curve for phenol red

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 addenh to the

photolysis cell.

2- Irradiate the solution for 60 minutes employingiwas cell- light

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

N.B. The presence and absence of lens were telsédidlze distances.
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3- pipette one milliliter of irradiated solution, trsfer it into a
volumetric flask of 25 milliliter volume then addrilliliter 1,10
phenanthroline , 0.5 milliliter buffer solution, éifill to the mark
with NFDW.

4- Keep the volumetric flask in the dark after it isapped with
aluminum foil for 30 minutes, then measure the dhmoce at 510
nm.

Note : the blank is (1 milliliter actinometer sobnt + 2 milliliter 1,10
phenanthroline + 0.5 milliliter buffer solution afiled 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 addedio a beaker,
then afterwards add 50 mg Ti®Glombickat UV 100).
2- Keep the beaker in the dark for 3 hours with cardirs stirring.
3
4

Measure the absorbance at 432 nm before additeomidy.

After every 30 minutes, pipette a portion of pherea, centrifuge
it for 15 minutes then measure the absorbancetfenql red at 432

nm to compute the changes in concentration.

2.2.6 Testing of Degradation of phenol red in the absence of
TiO,
1
2

Fifty milliliters of phenol red (10 ppm) was addiedo the cell.

Irradiate the cell containing the phenol red ustdgcm cell- light
source distance in the presence of lens for 3 hours

3- Measure the absorbance of phenol red before itradiat 432 nm.
4- Measure the absorbance of phenol red every 30 esratt432 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 adjtlee pH to 4.0
using diluted HNG.

2- Add 40 mg of TiQ to the cell.

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

4- Irradiate the solution for 3 hours using 24 cm -tight source
distance in the presence of lens.

5- Pipette five milliliter every 30 minutes, centrifidor 10 minutes
using 3000 RPM, separate the supernatent and neetgumpH 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 phatitalysis cell
and adjust the pH to 4.0 using dilute HNO

2- Measure the absorbance, pH and conductivity beftre
irradiation.

3- Add 30 mg of TiQ to the cell.

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

5- Irradiate the solution for 3 hours at different Idgjht source
distances (37 cm, 24 cm and 14 cm) in the existehéens.

6- Take 5 milliliter from the irradiated phenol rekntrifuge for 10
minutes at 3000 RPM, then measure pH and absorlza@&2 nm.

2.2.9 Multi parameters measurement for O, equilibration
1- Add 75 milliliter of phenol red (10 ppm) into theltand adjust the
pH to 4.0 using dilute HNO
2- Add 40 mg of TiQ to the cell.
3- Stir the solution with @bubbling in the dark for 20 minutes.
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4- Irradiate the solution for 3 hours at 24 cm of -tiglht source
distance in the presence of lens andabbling.

5- Pipette 5 milliliter every 30 minutes interval froftuminated
solution, centrifuge at 3000 RPM for 10 minutegrtimeasure 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 adjtre solution to
different pHs (2.0, 3.0,4.0, 4.5, 5.0, 68.0) using diluted
HNO; or NH,OH.
2- Add 40 mg of TiQonto the cell, containing the above solutions.
3- Equilibrate with Q for 20 minutes in the dark.
4- Irradiate the solution for 3 hours at 14 cm cejhli source distance
in the presence of lens and.O
Note : Qused is standard with purity (97.5%) and the flaterof Q is
30 mi\min.
5- Pipette 5 milliliter every 30 minutes interval froftuminated
solution, centrifuge at 3000 RPM for 10 minutegrtimeasure 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 adjtie solution to
pH = 4.0 using buffer solution PH=4.0.
2- Add 40 mg of TiQ onto the cell, containing the above solution.
3- Equilibrate with Q for 20 minutes in the dark.
4- Irradiate the solution for 5 hours at 14 cm cejhli source distance

in the presence of lens and.O
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Note : the flow rate of @s 30 mli\min.
5- At the end of illumination time (5 hours), take Sllititer of
irradiated phenol red solution, centrifuge for lthmes at 3000
RPM, then measure the pH and absorbance at 432 nm.

2.2.12 Effect of H,O, on the degradation of phenol red
1- Take 75 milliliter of phenol red (10 ppm) and adjus pH=4.5
using dilute HNQ, then add different amounts ot® (0.5, 1.0,
1.5, 2.0, 2.5 and 3.0 milliliters).
2- Add 40 mg of TiQ to the cell containing the above solutions.
3- Equilibrate with Q for 20 minutes in the dark.
4- Irradiate the solution for 5 hours at 14 cm cejhli source distance
in the presence of lens and.O
Note : the flow rate of @s 30 mli\min.
5- At the end of irradiation time (5 hours), take S5llitter of
irradiated phenol red, centrifuge for 10 min at @AWPM, 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 (Sppm, ddn, 15ppm,
20ppm and 25ppm ) and adjust the solution to pH.5 uking
dilute HNG;, then add 3 milliliter HO..
2- Add 40 mg of TiQ onto the cell containing the above solutions.
3- Equilibrate with Q for 20 minutes in the dark.
4- Irradiate the solution for 5 hours at 14 cm cejhli source distance
in the presence of lens and.O
Note : the flow rate of @s 30 mli\min.
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5- At every one hour interval, take 5 milliliter ofradiated phenol
red, centrifuge for 10 minutes at 3000 RPM, themsuee the pH
and absorbance at 432 nm.

2.2.14 Effect of TiO, loading on the degradation of phenol red
1- Take 75 milliliter of phenol red (10ppm) and adjustpH =4.5
using dilute HNQ, then add 3 milliliter HO..
2- Add different amounts of TiPto the cell.(10mg, 20mg, 30mg,
40mg, 50mg and 100mg).
3- Equilibrate with Q for 20 minutes in the dark.
4- Irradiate the solution for 5 hours at 14 cm cejhli source distance
in the presence of lens and.O
Note : the flow rate of @s 30 mli\min.
5- At every one hour interval, take 5 milliliter fromphenol red,
centrifuge for 10 minutes at 3000 RPM, then meatheepH and

absorbance at 432 nm.

2.2.15 Effect of particle size of TiO, on the degradation of
phenol red

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

using dilute HNQ, then add 3 milliliter O,

2- Add 40 mg of TiQ to the cell.

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

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

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

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

e- TiO, (prepared) = < 10nm

3- Equilibrate with Q for 20 minutes in the dark.
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4- Irradiate the solution for 5 hours at 14 cm cejhli source distance
in the presence of lens and.O
Note : the flow rate of @s 30 mli\min.
5- At every one hour interval, take 5 milliliter ofradiated phenol
red, centrifuge for 10 minutes at 3000 RPM, themasuee the pH
and absorbance at 432 nm.

2.2.16 Effect of H,O, in the dark on the degradation of phenol
red
1- Take 75 milliliter of phenol red (10ppm) and adjust PH=4.5
using dilute HNQ, then added 3 ml of J@,.
2- Add 40 mg of TiQ to the beaker.
3- Stir the solution in the dark for 5 hours.
4- After 5 hours take a certain volume of phenol red measure the

absorbance at 432nm.

2.2.17 Effect of H,O, in the absence of TiO, on the degradation
of phenol red
1- Take 75 milliliter of phenol red (10ppm) in thellcend adjust to
PH=4.5 using dilute HN@ then add 3 milliliter of KO..
2- Irradiate the solution for 5 hours at 14 cm of -dglht source
distance and in the presence of lens and O
3- After 5 hours take a certain volume of phenol red mmeasure 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)caadjust the
solution to pH = 4.5 using dilute HNCthen add 3 milliliter KO..
2- Add 40 mg of TiQ onto the cell containing the above solutions.
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3- Equilibrate with Q for 20 minutes in the dark, and use water bath
circulator to keep the temperature of solution2é&, 5, 30, 35, 40
and 45C).

4- Irradiate the solution for 5 hours at 14 cm cejhli source distance
in the presence of lens and.O

Note : the flow rate of @s 30 mli\min.

5- At every one hour interval, take 5 milliliter ofradiated phenol

red, centrifuge for 10 minutes at 3000 RPM, therasnee the

absorbance at 432 nm.

2.2.19 Effect of Na,S,0gas oxidant
1- Take 75 milliliter of phenol red solution (10ppm)caadjust the
solution to pH = 4.5 using dilute HNCthen add (1 and 3 milliliter
Na,S,0s).
2- Add 40 mg of TiQ onto the cell containing the above solutions.
3
4

Equilibrate with Q for 20 minutes in the dark.

Irradiate the solution for 5 hours at 14 cm cejhli source distance
in the presence of lens and.O

Note : the flow rate of @s 30 mli\min.

'

After 5 hours take a certain volume of phenol red mmeasure the

absorbance at 432nm.

2.2.20 Effect of isopropanol as hydroxyl radical scavenger
1- Take 75 milliliter of phenol red solution (10ppm)caadjust the
solution to pH = 4.5 using dilute HNOthen add 3 milliliter HO,
and different amount of isopropanol (1, 2, 3 ardililiter).
2- Add 40 mg of TiQ onto the cell containing the above solutions.
3- Equilibrate with Q for 20 minutes in the dark.
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4- Irradiate the solution for 5 hours at 14 cm cejhli source distance
in the presence of lens and.O
Note : the flow rate of @s 30 mli\min.
5- At every one hour interval, take 5 milliliter ofradiated phenol
red, centrifuge for 10 minutes at 3000 RPM, therasnee the

absorbance at 432 nm.

2.2.21 General photolysis procedure

Photocatalytic degradation experiments for the lssized nano
anatase TiQ photocatalyst were carried out in the photolys# with
125 milliliter capacity under ultraviolet irradiat. The stock solution of
phenol red (100 ppm) was prepared with NFDW watet diluted to
different concentrations for photocatalytic reastid-or one integral
experiment, 75 milliter of phenol red solutions Iwitcertain
concentrations, an appropriate amount of hydroganxade and 40 mg
photocatalyst were poured into the cell. The plthefphenol red solution
was already adjusted to pH= 4.5 by addition oftdil@queous solution of
HNOs. Oxygen gas was bubbled in the solution to kekghalTiO, in the
suspension. Prior to irradiation, the suspensioa magnetically stirred
for 20 minutes in the dark to ensure adsorptionlégum, followed by
irradiation for 5 hours with 125W medium pressur® UQulb at 14
centimeter cell-light source distance in the presenof Q gas. The
samples (5 milliliter) were collected every 60 ntesiand centrifuged at
3000rpm for 10 minutes and subsequently to sep#natgphotocatalyst
particles from liquid samples. The degradation dermmwl red, was
followed by measuring the change in absorptionnisity using a single
beam visible spectrophotometer, which was set @aweelength 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 (24%)Jaboratory-
built (local market) system consisting of ultra@blight source (125 W)
medium pressure mercury lamp (MPML) fitted withaeudsing lens to
assure parallel beam of light. The foregoing soarmoés UV light in the
wave length range 260-450 nm with maximum intengtt65 nm as its
spectra is explicitly shown in Figure (2-3)[58].& mtensity level of light
is controlled by fixing the distance between tharse of light and the
guartz window of the photolysis cell. The phototeat experiments
were conducted in a cylindrical Pyrex cell (volurb@0 cn) coupled
with a water jacket for temperature control. Theotplysis cell is
supplied with two openings of 5 mm in diameter #meke were used for
gas purging and sampling processes. A magnetrerstuas used to keep
the catalyst aqueous suspension in homogeneous &thmmg the
photolysis experiments. The reaction temperaturs waantrolling by

circulating thermostat water bath type WiseCircu.
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Figure (23 ): Schematic diagram for ; (a) emission spectra of the MPML;
(b) photocatalysis cell; (c) absorption spectrglags

2.3.2 Scanning Electron Microscopy (SEM)

The Hitachi S-4700 FE-SEM is a cold field emissibigh
resolution scanning electron microscope. This SEMmMits ultra high
resolution imaging of thin films and semiconductoraterials on

exceptionally clean specimens (Image 2-2).
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Image (2-2): Hitachi S-4700 FE-SEM (Georgia Insétaf Technology, Atlanta, GA, USA)

2.3.3 Transmission Electron Microscopy (TEM)

High resolution STEM for nanoscale analysis. Lowgmécation
and wide field of view image observation for spesmtorientation and
particle size analysis. All necessary STEM operstiare embedded in
the HT7700 including Bright Field (BF) and Dark IEigDF) detectors
displaying BF-STEM and DF-STEM.

Images are supported by means of DF-STEM wherenZra&st imaging

facilitates further chemical/structural analysimdébe 2-3).
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Image (2-3): Hitachi HT7700 STEM (Georgia InstitafeTechnology, Atlanta, GA, USA)

2.3.4 Energy Dispersive X-ray Spectroscopy (EDXS)

The Hitachi S-700N variable pressure SEM featurlesvavacuum
observation of 6-270 pa which enables imaging oh-conductive
samples and moist samples without traditional dyyiar coating
procedures. The Deben cool stage controls sampleet@ture between -
23° C and 50C to control sample vapor pressure. Magnificatiange
X5-X300000 with resolution of 3 nm at 30 kV appliedltage (Image 2-
4).
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Image (2-4): Hitachi S-3700N VP-SEM(Georgia Ingstof Technology, Atlanta, GA, USA)

2.3.5 X-ray Spectrometer

Pananalytical Philips diffractometer with Cw: Kadiation line of
0.15425 nm has been employed for the rangebfofr@n 20 to 40
(Image 2-5).

Image (2-5): Pananalytical Philips diffractomet@e¢rgia Institute of Technology, Atlanta, GA, USA)
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2.3.6 Raman Spectrometer
Spex Ramalog 4 (Georgia Institute of Technologyarta, GA,
USA)

2.3.7 Brunauer Emmett Teller (BET)
Bel Sorp 18 plus nitrogen adsorption apparatus (@adnstitute
of Technology, Atlanta, GA, USA)

2.3.8 Diffused Reflectance UV-VIS Spectrometer
Avantes / Ava spec 2048 (Georgia Institute of Tedtbagy,
Atlanta, GA, USA)

2.3.9 Ultra Violet-Visible Spectrophotometer (UV-VIS)
Double beam shimadzu UV-1650 PC UV-VIS spectropimeter

has been used for spectrophotometric measureneragd 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 lnsed for
visible light absorption measurements (Image 2-7).

Image (2-7): Apel PD-303 single beam visible spsattiotometer

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.
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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 aquahtrenment as
industrial liquid wastes. Some of them are not dokic but also partly
biodegradable; therefore they are not easily rewmhoire biological
wastewater treatment plants. That is why there isead to develop
effective methods for the degradation of organiupants, render into
less harmful compounds (non aromatic) or to thewmpglete
mineralization [1].

Conventional processes to remove these pollutantshvie physical,
chemical, and biological methods. Nevertheless, tineividual
application of these techniques is generally lichitaxd cannot degrade
completely the recalcitrant organic matter [2]. IBgical processes such
as activated sludge and aerated lagoons are uséckab pulp mill
effluents but these have limited ability to metab®kecalcitrant moieties
because of their size and complex structure. Latesistigations on the
degradation of organic pollutants are focused an ¢bmbination of
biological and physical-chemical treatments. Foaneple, advanced
oxidation followed by biological treatment or vieersa has been studied
to improve removal efficiencies and reduce proesesgy cost [3].
Chemical precipitation, filtration, electro-depasit, ion-exchange
adsorption, and membrane systems are some of tiveicional methods
for water treatment and have found certain prakctiggplications
[4].However, these methods may not be very effe¢tbecause they are
either slow or non-destructive to some or most iptst organic
pollutants. Besides, large scale implementationthee methods have
some limitations, owing to the expensive equipmeém®lved in these

processes. It is therefore essential to investiglage use of efficient



catalytic materials to remove highly toxic composinflom potential
sources of drinking water. Semiconductor heteroges@hotocatalysis is
a popular technique that has the great potentiaotdrol the organic
contaminants in water or air. This process whichalso known as
“Advanced Oxidation Process (AOP)” is suitable tbe oxidation of
recalcitrant contaminants such as dyes and phenobimpounds.
Heterogeneous photocatalytic oxidation, developedhe 1970s, has
attracted considerable attention particularly whiead under solar light
[2-4]. In the past decades, numerous studies haea loarried out by
researchers from all over the world on the appboabf heterogeneous
photocatalytic oxidation process to decompose amtkenalize certain
recalcitrant contaminants [5].

Advanced oxidation processes (AOP), which involtee tin situ
generation of highly potential chemical oxidantstsas hydroxyl radical
"OH , with oxidation potential 2.8 V [6] have recgnemerged as an
important class of technologies for accelerating thxidation and
destruction of a wide range of organic contaminanimlluted water and
air [7]. Further, when these processes are appled right place, offer a
good opportunity to reduce the contaminants comagan from several
hundreds ppm (mg\L) to less than 5 ppB\L), therefore, they are called
“the treatment processes of the 21st century” [1].

As a response, the development of newer eco-fyemaéthods of
destroying these pollutants became an imperatigk. tditimately,
research activities centred on advanced oxidatroegsses (AOPs) for
the destruction of synthetic organic species rasisto conventional
methods. AOPs rely on in situ generation of highbactive radical
species, mainlyOH by using solar, chemical or other forms of egerg
The most attractive feature of AOPs is that thighty potential and
strongly oxidizing radical allows the destructioh @ broad range of
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pollutants quickly and non selectively. Among AOP®terogeneous
photocatalysis has proved to be of real intereseféisient tool for
degrading both aquatic and atmospheric organic acon@ants.
Heterogeneous photocatalysis involve the acceterati photoreaction in
presence of semiconductor photocatalyst. One ofrtag@r applications
of heterogeneous catalysis is photocatalytic oiodafPCO) to promote
partial or total mineralization of gas phase ouithphase contaminants
to benign substances. Even though degradation $egitn a partial
degradation, the term ‘photocatalytic degradatiasually refers to
complete photocatalytic oxidation or photomineutiisn, essentially to
CO,, H,0, NOy, PO4™ and halide ions [8].

In recent years advanced oxidation processes (AdfAslving hydrogen
peroxide, ozone and /or Fenton reagents, with trout a source of UV
light have been reported to be useful for the plooddation of organic
pollutants in waste waters. It removes substamimbunt of Chemical
Oxygen Demand (COD) and Total Organic Carbon (TC®m
industrial effluents. However, these oxidation noelh results in partial
oxidation of organics and more often lead to theegation of potentially
harmful chemicals. Total oxidation of organics bgge technologies is
both cost and energy intensive. Among the varioG$%, semiconductor
mediated photocatalysis has been accorded greattiamge over the last
few years due to its potential to destroy a widegeaof organic and
inorganic pollutants at ambient temperatures amsgures, without the
production of harmful byproducts [9].

For the removal of dye pollutants, traditional phgé technigues
(adsorption on activated carbon, ultra filtratiorgverse osmosis,
coagulation by chemical agents, ion exchange orhsyic adsorbent
resins... etc.) can generally be used efficiently].[Nevertheless, they

are non-destructive, since they just transfer doya@ompounds from
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water to another phase, thus causing secondamytijooll Consequently,
regeneration of the adsorbent materials and peatrtrent of solid-
wastes, which are expensive operations, are neddasl.to the large
degree of aromatics present in dye molecules amdttbility of modern
dyes, conventional biological treatment methods meffective for
decolorization and degradation. Furthermore, thpmntg of dyes is only
adsorbed on the sludge and is not degraded. Chtmmand ozonation
are also being used for the removal of certain dye#sat slower rates as
they have often high operating costs and limitédatfon carbon content
[11]. These are the reasons why advanced oxidgtionesses (AOPS)
have been growing during the last decade sincedhewble to deal with
the problem of dye destruction in aqueous syst&@$s such as Fenton
and photo-Fenton catalytic reactions,G{UV processes and TiO
mediated photo-catalysis have been studied undbroad range of
experimental conditions in order to reduce the calod organic load of
dye containing effluent waste waters [10-12].

Formation ofOH on surface of nano TiKJ10]:

TiOz+ hv —»  TiQ(€ cg +h've) (1-1)
TiO; (h*ve) + HHO —— TiQ+ H" + OH (1-2)
TiO, (h'vg) + OH —, TiQ + OH (1-3)
Dye + OH —, Degradation products (1-4)

Fenton reaction :

FE" + H,0, —» F&+ OH+ OH (1-5)
OH+RH ——» WD +R (1-6)
R+F€* — R+Fé&" 1-7



Photo-Fenton reaction [6] :
Fe3+ surfacet e cB — F%+ surface (1'8)

F62+ surfacet h+VB E— F?é- surface (1'9)

Intense research activity is seen in recent y@aaslvancing the synthesis
and functionalization of various sizes and shagesemiconductor and
metal nanoparticles. The goal of these activites improving the
performance and utilization of nanoparticles inimas applications from
sensing devices to photonic materials to molecalactronics and to
advanced oxidation techniques (AOTS). The size simpe dependent
optical and electronic properties of these nanopast make an
interesting case for exploiting them in light inédcchemical reactions.
Nanoparticles are commonly employed as photocdsalysin
photodecomposition system of various ecotoxical®si4]. Maximizing
the efficiency of photo induced charge separationseémiconductor
systems remains to be a major challenge to theatfotzecommunity.
Obtaining insight into charge transfer processemportant to improve
the photo conversion efficiencies in semiconductosised nano
assemblies. Quantizations and its effects on chaagsfer, the processes
that are induced by charge separation at the festisurface are the
focus of many of the current advances in the faeld dual use of these
materials as well as combination of AOTs is oftérerapted [13].
Formation of @h" on nano TiQsurface as shown in Figure (1-1) and

following equations [10]:

TiO; (ece) + Op — TiOy+ O, 1-10)
O, +H —> HQ 1)
Dye +h'ys ~— oxidation products (1-12)
Dye +e cg ——»reduction products 1-1Q3)
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Figure (1-1): Formation of electron-hole pairs a@Jsurface

1.2 Dyes and phenolic compounds as water

ecotoxicants
1.2.1 Dyes

Textile dyes and other industrial dyestuffs constitone of the
largest group of organic compounds that represemtircreasing
environmental danger. These contaminants are bemgfinuously
released into the aquatic environment through warianthropogenic
activities. The detection of toxic organic composinith storm and
wastewater effluent is reported to be a major abstas regards wide
ranging acceptance of water recycling. Furthernbear variety, toxicity
and persistence can directly impact the healtlco$gstem and present a
threat to humans through contamination of drinkiveger supplies e.g.,

surface and ground water. The response has beedritteeto achieve



efficient removal of persistent organic pollutarft®m wastewater
effluent to lessen the risk of pollution problemsoni such toxic
chemicals to enable its reuse. Consequently, ceratk efforts have
been devoted to developing a suitable purificatr@thod that can easily
destroy these bio-recalcitrant organic contaminariisie to their
incomplete removal during wastewater treatmenty gre ubiquitous in
secondary wastewater effluents at low concentratspite their low
concentration, these contaminants have raised antimthealth concern
due to their extremely high endocrine disruptingtepoy and
genotoxicity [15-16].

Dyes are usually the first contaminant to be recghin wastewater
because they are highly visible and undesirablevater, even in very
small amounts (<1ppm for some dyes). Neverthethss are still widely
used in many contemporary fields of technology. rOu®0,000
commercially available dyes exist, and more thah07 *ones of dyes are
produced annually. Dyes play a very important folearious branches
of the textile industry; dyes used in this indusémg often synthetic,
usually derived from two sources: coal tar and gletrm-based
intermediates. Synthetic dyes have become commdaer pallutants and
are usually found in trace quantities in industialstewater owing to
their good solubility in water [4]. A wide range @ichnologies have been
developed to remove synthetic dyes from wastewateras to reduce
their impact on the environment. Chemical prectmpta adsorption on
organic or inorganic matrices, and decolorization fgihotocatalysis
and/or by chemical oxidation processes are somtheftechnologies
currently being used for the removal of synthetigesd The
photocatalyzed decolorization of a dye in solutisninitiated by the
photoexcitation of the semiconductor, followed e tformation of

electron—hole pair on the surface of catalyst(®d.). The high oxidative
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potential of the hole (k) in the catalyst permits the direct oxidation of

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

h'vs +Dye —— Dye" — oxidation of the dye  (1-14)

Another reactive intermediate which is responsibtehe degradation is

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

water eq. (1-2) or by reaction of the hole wiiH eq.(1-15) [17].
h'vs + OH __, 'OH (1-15)

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

1.2.2 Phenolic compounds

Important organic contaminants in industrial wasttess are
phenols and phenolic compounds [9]. Phenolic comgsiare aromatic
compounds with one or more hydroxyl groups attadisethe aromatic
ring. These compounds are usually found in wasewdischarged from
a variety of industries [4]. The production and gesaf chemicals in
industry has led to the entry of many xenobiotit® ithe environment.
During the industrial production of pesticides,lhieides, dyes, pigments,
phenolic resins and paper, chlorinated phenolsised as intermediates
compounds [3].
Phenolic compounds have high stability, high tdyiand a carcinogenic
character, they have caused considerable damagethaedt to the
ecosystem in water bodies and human health. Helirtonate phenolics
In wastewater effectively has been in urgent derdgdd8].Humans are
generating and disposing more wastewater todayahgmther timeThe
disposal of toxic contaminants, such as dyes areh@it compounds
which are harmful to the environment, hazardousuimans, and difficult



to degrade by natural means, is pervasively assocmith industrial
development and these contaminants are frequemindf in the
industrial effluents [9, 18].

In response, it has become a challenge to achee#fective removal of
persistent dyes and phenolic organic pollutanthfraste water effluent
to minimize the risk of pollution problems from $utxic chemicals and
to enable its reuse. Consequently, considerabteteffiave been devoted
to developing a suitable purification method theat easily destroy these
biorecalcitrant organic contaminants. Due to theaomplete removal
during wastewater treatment, they are ubiquitolseoondary wastewater
effluents, rivers and lakes at low concentratiorespite their low
concentration, these contaminants are a majortheaticern because of

their extremely high genotoxicity [14].

1.3 Size effect of semiconductor particles

When the size of semiconductor is extremely smsdlyeral
characteristics may differ from bulk semiconductone of them is size
guantization effect. This effect shows the shifetgctronic energy levels
[19-20]. Nanopatrticles of different semiconductongluding TiG,, have
been widely studied during the last decade [21-22].

The absorption spectra normally (i.e., bandgapit $bi higher photon
energy (toward the blue end of the spectrum) anctldp a discrete
character as the size of particles decrease. Hwrdhcal concept of this
guantum behavior has been developed by Brus [23w##ch is based
on effective mass approximation. The dependencethef energy
properties of nanoparticles of metals and semicotads on their size has
been analyzed [25].

For metals, the appearance of size dependent roegpatiperties is an
important feature. Thus, for mercury clusters, adgal metal insulator
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transition take places between N=20 and N=t6ms. An example of the
external size effect is the collective electromidadtice excitation known
as the Mie resonance. Quantum size effects areiassed with unusual
spectra of electron energy levels arranged in eelis fashion [26].
Figure (1-2) shows how the splitting of energegiedis into a filled and
an empty region proceeds as the number of coningpMOs increases,
and the extent of band structure depends on tkeo$ithe cluster. Simple
molecular orbital show that the center of the ba@daleveloped first,
where the separation between the bands are gtbaterEg (bulk band
gap energy) and consequently, it takes more ertergseate e-/h+ pair in
the cluster than in the bulk sample. While the sdgfehe band approach
a continum only for the large cluster sizes. Hemee can conclude that
in large particles, the ensemble of energetic ksl conduction and
valence bands becomes more dense than in nangmrecles, and the
electronic transitions from highest occupied molacorbitals (HOMO)
to lowest unoccupied molecular orbitals (LUMO) 1Qrsized particles

require higher energy [6].

Energy

Atomic  Molecule Cluster Q-Size Semiconductor
Orbitals Particle

N =1 N=2 N=10 N=2000 N»2000

Vacuum
LuMg.- —— E I
o B

Conducnon

Band
HOMO\\—-—— I

Valence
Band

Figure (1-2): model for particle growth. The spacaf the energy levels
(i.e. density states) varies among systems
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Figure (1-3) illustrates the increase in effectpandgap when the size of
the CdS particles is decreased from diameter > rhQ signifying the
dimensions of a bulk semiconductor, to=d2.6 nm where significant
guantum size effects occur for CdS. In another stigation, Hoffman
and co-workers noticed an increase in the bandgapgg of CdS nano
particles from 2.5 eV to 3.07 eV as the diametes wlaanged from 6.9

nm to 3.2 nm respectively [6].

e

Cluste Bulk semiconductc

3.6—

Bandgap (eV)

2.6/

| |
1 3 5 10 20 %

Diameter (nm)
Figure ( 1-3): Quantum size effect on semicondulsémdgap

The quantization in the ultrafine particles ariBesn the confinements of
charge carrier in semiconductors with potential Isvebf small

geometrical dimensions (less than the De Broglielength of the
electrons and holes) [20]. Under these conditidres énergy levels or
electronic states available for the electrons aoléshin the conduction

and valence bands become discrete and the effebtimelgap of the
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semiconductor is increased. Such effects can chrg@hotocatalytic
properties and also the color of the material (du¢he altered optical
absorption maxima) [27].

Recombination of light induced charge gives riseluiminescence of
nanoparticles, which is accompanied by a short \eageh shift with a
decrease in the particle size. The inverse probleamely, the
determination of the particle size from its spegtrhas not yet been
solved. This requires further development of theotls. However, the
studies in which the Plasmon line width versusiplarsize dependence
were observed, using scanning electron microsc8gM{, and electron
spectroscopy technique have already appeared [28].

The energy shift in the bandgayE, as a function of particle size can be
predicted by the three dimensional confinement rhddesed on the
effective mass approximation [23, 29-31]:

AE = 0% n?/ 2R)[1/me” + 1/m,"]- 1.786 é/ £ R — 0.248 Ry (1-17)
Where R is the particle radius.nand m are the effective masses for
the electrons and holes, is the dielectric constant, andsEs the
effective Rydberg energy given d$2’h*(1/ m, + 1/ m,).

The equation is characterized by the first termclwhrepresents the
energy of localization, the second term which repnés the coulombic
attraction [23, 29] and the third term which repms the correlation
effects [32].

When the crystalline dimension of a semiconductotigle falls below a
critical radius of approximately 10 nm the chargeriers appear to
behave quantum mechanically [33-35] as a simplegb&ain a box.

As a result of this confinement the bandgap in@éasd the band edges

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

Generally heterogeneous photocatalytic meee can be defined as
catalytic processes during which one or more reacsteps occur by
means of electron-hole pairs photogenerated on ghdace of
semiconductor materials illuminated by light of table energy. This
general and wide definition implies that some stepa photocatalytic
process are redox reactions involving the photogdeé electron hole
pairs [37].

The exact definition of the term heterogersephotocatalysis is a
difficult one especially as in many cases the tedamechanism of the
ongoing reactions is uncertain. However in all sasach a reaction
scheme implies the previous formation of an inteefaetween in general
a solid photocatalysis and a liquid or a gas plcas¢éaining the reactants
and/or the products of the photoreaction. The comgase is that of a
light absorbing semiconductor in contact with eitlaeliquid or a gas
phase [37].

Heterogeneously dispersed semiconductor cesfgrovide both a
fixed environment to influence the chemical reattiof a wide range of
adsorbate and a means to initiate light-inducedxeadactivity in these
weakly associated molecules. Upon photoexcitatioh several
semiconductors non homogeneously suspended ir @tjieeous or non
agueous solutions or in gaseous mixtures, simuwitanexidation and
reduction reaction occur. This conversation ofteacomplishes either a
specific, selective oxidation or a complete oxidatdegradation of an
organic substrate present [38].

Photocatalysis has gained more and more mitebly scientists all
over the world and many books [39-40] reportingdsts on several
processes successfully carried out by using paobyalyne
semiconductors as catalysts, both in gas-solidrmahquid-solid regimes,
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have been published in the last years. The mostelyidused
semiconductor is polycrystalline TjGn the anatase or rutile phase, due
to its photostability, to the relatively moderatend-gap value (3.0 and
3.2 eV for rutile and anatase respectively) antheofact that it doesn't
present any toxicity [37].

The knowledge of the main thermodynamic &muetic factors
influencing the photoreactivity is essential in @rdo make predictions
on the feasibility of photoprocesses and to expldity some solids are
active and others are not. Moreover the same schaisbe active in a
particular system for a particular photo reactiod aot active in different
experimental conditions or for different reactionsTherefore,
thermodynamic and kinetic factors governing the tpbatalytic
processes should be carefully considered in ordechibose the best

experimental conditions for their occurrence [37].

1.5 Characteristic aspects of the photo induced TiO;

Considerable attention has been paid ovelasiteawo decades on the
synthesis and application of nanocrystalline malgribecause of their
novel and spectacular physical and chemical prigsermThese particular
properties are resulted from the ultrafine struesufi.e., grain sizes
smaller than 50 nm) of these materials and can lassifed in two
categories: properties that are relative to th& hat to the surface [41].
Over the years, a large number of semiconductove heen used as
photocatalysts. The most commonly studied cataystTiQ, ZnO and
CdS [9]. TIQ is the most suitable because of its high oxidizabgity,
long-term stability, low cost and nontoxicity. Hovez, TiO, can only be
activated by ultraviolet (UV) light because it is large band gap
semiconductor (3.2 eV for anatase, 3.0 eV for ejtiand thus only
utilizes ~5% of the solar spectrum. Another curreottle neck in TiQ
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photocatalysis is the low quantum yield. The higbombination rate of
the photogenerated electron—hole pairs in ,Tidnders its further
application [42].

Titanium dioxide (TiQ) is a natural occurring oxide of titanium; it is
also named as titania or titanium(lV) oxide. Inurat TiG; exists in five
different forms, i.e. rutile, anatase, brookite, nodinic and
orthorhombic. However, monoclinic and orthorhompiase of TiQ are
two exceptions found only in shocked granet gnsissean Ries crater in
Germany [4]. Rutile appears to be the most commom of TiO,, while
anatase and brookite forms of Li@nd to convert into rutile form upon
heating at high temperature. Calcinated ;Ji€specially in rutile form is
very stable and insoluble in water; it is also inbte or only moderately
soluble in concentrated and hot acids. JTi® well known for its
widespread applications in paints, sunscreens r@mviental treatment
and purification purposes. These widespread apgpita of TiQ, are
credited to its high level of photoconductivity,ady availability, low
toxicity, inertness, low cost as well as high phetficiency and activity.
TiO, has drawn great attentions of researchers in pbttc and
photocatalysis fields since Fujishima and Hondat foiscovered the
ability of TiO, in splitting of water under ultraviolet (UV) light
Crystalline structure of Ti@has been reported as one of the factors
affecting its photocatalytic activity. Anatase fowwh TiO, has the best
photocatalytic activity, followed by rutile form.i®@, can utilize natural
UV radiation from sunlight for photocatalysis besauit has suitable
energetic separation between its conduction aneheal band. Band-gap
energy of TiQ (3.2 eV for anatase; 3.03 for rutile) is relatively smaller
compared to other semiconductors, such as ZnO 8/3%nd SnO2 (3.6
eV). Therefore, TiQ is able to absorb photons energy in the near UV

range (wave length < 387 nm) [4, 43].
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For the preparation of nanocrystalline parsiclget chemical synthesis
routes including sol—gel, hydrothermal, and preaipn methods are
widely used. For the past two decades, the sokegeés have become an
appropriate method for the preparation of nanoafiysé materials.
During TiO, sol—gel synthesis temperature of calcinations (athdalue)
influences the type of phase. Anatase nanopowdaesned by sol—gel
method are amorphous in phase, but with incregbim¢emperature up to
350 C or higher the transition from amorphous to asafhase happens.
The metal ions which are found to inhibit the amsat#&o rutile phase
transformation are Si, W, Nb, Ta, and Cr while thetal ions which are
reported to promote the phase transformation aye&i Mn, Fe, Cu ,V
and Ag [10]. Sol—gel process is highly potentiabppropriate process for
preparing nanostructure materials because theclgadize, morphology
and porosity can be controlled by adjusting prejpamgparameters [41].
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Figure (1-4) : Effect of temperature on Li@llotropes
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Photoexcitation of Ti@with light of an energy equal to or greater than
the bandgap, results in the promotion of an electrom the filled
valence band to the empty conduction band, creadingelectronic
vacancy or hole () at the valence band as in the following equafidai}:
TiOy+ hv—> TiQ(€ +h) (1-18)

There are four steps could occur on Ji€urface including the
generation of an e\h pair, as in the following dounes [8]:

» charge carrier generation :

TiO,, hv—> & +h  (very fast) (1-19)
» charge carrier trapping
h" + Ti"OH —» TI"OH®  (fast) (1-20)
e+Ti" — T 1-21)
» charge carrier recombination
e +Ti"" " OH* —» TI'OH (slow) (1-22)
h"+Ti¥OH —  TYOH (fast) (1-23)

 interfacial charge transfer
Ti**’OH* + organic molecules» “OH + oxidized molecules (slow) (1-24)
Ti*OH+ 0O, — Ti"OH+ O, (very slow) (1-25)
In generated conduction band electrons and valband holes, migrate
rapidly within a few nanoseconds [27, 36], to sheface of the catalyst

where they take part in a series of redox reactidinstrated in Figure (1-
5) [36, 45-46].
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Figure (1-5) : Initial charge transfer pathwaysT@O, photoelectro- chemical mechanism

The development of titanium oxide photocatalystst ttan utilize the
solar or indoor atrtificial light for the degradatiof pollutants is of great
Importance. Most of these studies are aimed aedsorg the band gap of
the material and hydroxyl content on the surfacthefcatalyst [47].

The photocatalytic activity of various forms of BiGuch as Ti@film,
TiO, powders, TiQ nanotubes, supported Ti@nd doped Ti® have
been evaluated through degradation of dyes andVengdic compounds
under light irradiation. Results of these studiasveed that TiQ was
effective for removing dyes and phenolic compoulfiden aqueous

solutions [4].



1.6 Photocatalytic degradation of phenols in aqueous
TiO, suspension
Many toxic and harmful phenols directly or indilgagnter water

bodies, soil and atmosphere. This is due to an emereasing
deterioration of environment quality and is threatg to human health
and safety. In the scheme of pollution abatemehg effective
elimination of these phenols becomes an essemialty [48].
Regarding the serious pollution problems, one efithportant tasks is
the removal of the pollutants of low concentratidtom water.
Photocatalytic process which contribute signifitant this removal task
has the following advantages [49] :

1. Complete oxidation of organic pollutants withineavfhours.

2. Without production of polycyclized products.

3. Oxidation of pollutants in ppb range.
The application of catalytic techniques to waseatiment demands a
deep knowledge of catalyst surface features, sughsuaface area,
hydroxylation degree, crystallinity or pore size.dd¥ionally, in
photocatalytic process, the proximity between gasom and photoactive
centers also determines reaction rate. As adsarggems to be specific,
different molecules can adsorb at different centerdact, degradation
depends on the molecule interaction as determinedtsbfunctional
groups. This suggests that the photocatalytic heha¥ phenols may not
be easily predicted. It has been indicated thataceradsorbates can
interact with active centers such as hydroxyl geoap bridging oxygen
on TIO, surface, resulting in a different catalytic actvif50].For
example, it has been indicated that catechol cesoradat different
centres. Ti" atoms present on the TiMydrated surface must be

completely coordinated by hydroxyl groups and wat@lecules in an
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approximate proportion of 50%. Under these condgjothere are no
voids for oxygen fixation. Thus, *OH radical fornoat on TiO, surface

can be illustrated as in Scheme (1-1) [50].
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Scheme (1-1): The mechanism of «OH radical fornrmatio TiQ, surface

The first process step would consist of the hydroseaction with
photogenerated holes. It has been indicated thatgy basic, isolated
hydroxyls are the most photoactive, though photeiégtof other less
basic hydroxyls or even adsorbed water molecut@igliscarded [50].

It was concluded that the organic molecules possgsi®nor groups with
the highest ionic contribution to bonding adsorlgteatest extent, due to
the high ionic properties of Tisurface. This conclusion was confirmed
by many authors whose results have shown a higkereptage of
degradation, through the direct ligand to metalrgbaransfer (LMCT)
oxidation process induced by visible light, for dlarocatechol on Ti®
surface than for 4-chlorophenol (4-CP), becausectal is adsorbed
through two donor group®Vhile 4-CP is adsorbed only through single
hydroxyl group as it is illustrated in Figure (1{6)
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Figure ( 1-6 ): Surface complex mediated photodzggian of 4-CP on pure TiO
under visible light

The primary step of the photocatalytic treatmenbines the irradiation

of suitable semiconductor particles with light egeigreater than the
band-gap, with the production of charge carrietecfeons and holes)
which can either recombine or migrate to the plartgurface where
various redox reaction can occur with different sege (adsorbed
substrate, oxygen and hydroxyl groups, water assiotived molecules...
etc.). These reactions give rise to the productérhighly reactive

oxidizing or reducing products, in turn capable atfack the organic
pollutants [51].

On the other hand, in some surface promoted phtatiytia degradation

reaction, oxidation is initiated by direct electtoansfer, which generates
organic cationic radicals, and not by hydroxyl cadlimediated attack.
Furthermore, the ring-opening reactions are induzgdingle electron

transfer, in which the hole plays a significanteroather than hydroxyl-
type chemistry, as it is illustrated in Figure (l-Consequently the
reaction of the organic cationic radicals with theperoxide radical

species may be responsible for the complete miaatein of aromatic

pollutants [6].

21



OH OH OH — 0.

OH OH
+ .- * _OH
hve O .
cl Cl Cl
OH
COH /O\O
OH £_oH
«— «—
/
cl Cl

Figure (1-7 ): Single electron transfer mechaniemring opening of chlorocatechol

pH values are considered as one of the most impgorameters in The
photocatalytic degradation of phenols in aqueouS, Suspension in
which, differences in removal ratio between thet lasl worst conditions
are 26, 40 and 51%, respectively for the three &snof cresol(ortho,
meta and para), while those of nitrophenol are Z, ahd 12%,
respectively under different pH values. It is iraded that the
decomposition of both cresols and nitrophenolsfiiscted by pH, and
such effect is more significant on cresol [48].

The surface functional groups of Tifb water may be TiOK, TiOH and
TiO, and the ph) of TiO,is one of the important factors determining

the distribution of surface functional groups. M p pH,,., TiO is the

predominant species, while TiQT—pIays the role as pH < pK [48].
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1.7 Mechanism of exciton formation on TiO, surface

In terms of the band theory for electrical condutti pure
stoichiometric TiQ is an insulating oxide with a full valence bandl @m
empty conduction band. Tiabsorbs strongly in the ultraviolet (UV)
region of the electromagne®pectrum; anatase at wavelengths < 400nm
and rutile at wavelengths < 420nm. Companion an@ti\[$2] reported
that absorption edges of 3.23eV and 3.0eV were rebdein the
reflectance spectra of Ti&amples. These values correspond to the band
gap energies of anatase and rutile respectively,rapresent the photo-
induced promotion of electrons from the valencedbenthe conduction
band. In many instances, the electron-hole paireggad by photon
absorption does not dissociate immediately, butaresnbound in a pre-
lonisation state known as an exciton. Excitonskmneadily produced by
irradiation with light of wavelength close to thaltof the fundamental
absorption band. Dissociation of excitons gives ts mobile electrons
and valence holes, which are independent of edwdr,cds represented by
the following equation [53]:

hv +TiO, —» (e’ )* ——» VB, +CBg¢ (1-26)
exciton

Thus, irradiation of Ti@ with light of wavelength < 400nm,
corresponding to an energy equal to, or greater, tth@ band gap energy,
results in an increase in the electron populatibthe conduction band.
Electron-hole pair generation is a non-equilibripmcess which cannot
occur indefinitely and a steady-state situationnsadses in which the
rate of formation of electron-hole pairs equalsrtite of their destruction
by recombination and trapping processes. Wakim [Sdidied the

wavelength dependence of the time required fopti@ocurrent in TiQ

to saturate and found that it increased with destngawavelength. It was

proposed that when shorter wavelength light is ugeshetration of
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photons into the bulk lattice falls due to an ims® in electron-hole
recombination at the surface.

Recombination of electron-hole pairs can occuhnee ways:

1) direct recombination, in which an excited elentin the conduction
band falls directly to an unoccupied level withive tvalence band,

2) recombination at trap levels, which first captan excited electron
and then electrostatically attract a positive laoid,

3) surface recombination, in which the electrond laoles have migrated
through the lattice to the surface where they rdiom

The energy generated by electron-hole recombinasiaiissipated either
by photon and/or phonon emissions, or given toira thody in what is

termed an Auger recombination [55].

1.8 Literature survey

Advanced oxidation processes deal withetidronmental problems
stemmed by a broad range of organic pollutantstiqoderrly phenolic
contaminants, exploiting the nano Tideterogeneous photocatalysis
[10]. Phenolics which are aromatic compounds witte cor more
hydroxyl groups attached to the aromatic ring, @wenmon persistent
organic contaminants that pose serious risks toeth@ronment once
discharged into natural water, therefore, are ctmrsd as EPA’s priority
pollutants [4, 56]. Sivalingam et al. [47] have odpd, in their
photocatalytic degradation of phenol, chloropherasid methylphenols
in the presence of synthesized 7i@hat the concentration continuously
decreased with time and no intermediate compourste wbserved. This
trend is in a good accordance with findings of ottesearchers [9] who
studied the photocatalytic degradation of phenalsro40-100 ppm

concentration range.
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Ahmed et al. [16] and Ibrahim et al. [8] reportdatt various operating
parameters such as photocatalyst type, light iftiensinitial
concentration, catalyst amount, initial pH of theaction medium,
oxidizing agents/electron acceptors, and the poEsef ionic
components in solution can significantly influente photocatalytic
degradation rate of pesticides and phenols. Furthes, Gonzalez et al.
[3] showed a good capability to remove chlorophsenat low pH.
However, Lathasree et al. [9] found that the degtiad rate of phenol
was favourable in the neutral pH range, whereasptbhlorophenol and
p-chlorophenol were found to undergo degradatiora daster rate at
lower pH values. Moreover, experimental resultsaated that initial rate
of photodegradation increased with increase inlgsttaveight up to an
optimum loading. Further increase in the catalystight showed a
negative effect. The degradation of phenols wasndoto follow first-
order kinetics and further, the apparent rate @mnstalues obtained were

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

1.9 Scope of the present work

in the present work it is intended to investigadeesal operational
parameters such as pH, illumination time, initiahcentration of the
pollutant, TiQ photocatalyst loading, UV light source intensié¢glded
oxidants, nanocatalyst particle size and tempezatéurthermore, a
special attention has been given to the charaetasiz of the synthesized
nano anatase TgEOThe prepared material was characterized by siraict
(XRD and EDXS), morphological (TEM, BET and SEM)daoptical
(UVIVIS reflection and Raman) techniques. The kmetand
thermodynamic studies have also been one of thectbgs of this

research work as well.
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Chapter Three

Results and

Discussion



3.1 UV-VIS spectroscopic feature of phenol red

The model phenolic dye pollutant, phenol netipse chemical structure is
shown in Figure (3-1), has been scanned UV-VIStspplaotometrically in the
range 200-1100 nm (Figure 3-2).

The molar extinction coefficient (absorptivityg) of 10 and 20 ppm of phenol
red in NFDW was measured at the maximum absorptiavelength, 432 nm,
using Beer-lambert equatioA£ ebc), where A= absorbance, b = absorption
light path, 1 cm, ¢ = molar concentration of phemal. The absorptivitye] has
been 0.1258xf0Omol".L.cm and 0.1197x10 mol*.L.cm" for molar
concentrations of 2.822xP@&nd 5.644x18 mole/L, respectively.

Figure (3-3) presents typical UV-VIS spectrfatboree absorption bands
located at 263, 432 and 590 nm. The main two \@sibgion bands (432 and
590nm) are impacted by the pH of the media, wheraystalline form, and in
solution under very acidic conditions (low pH), fieenol red exists as a zwitter
ion as in the structure shown below (Figure 3-1jthwhe sulfate group
negatively charged, and the ketone group carrym@aditional proton. If the
pH is increased (pKa = 1.2), the proton from thtoke group is lost, resulting
in the yellow color phenol red. At still higher ppKa = 7.7), the phenol's
hydroxide group loses its proton, resulting in e color phenol red. Figure (3-
3) shows the standard UV-VIS scan for phenol redifégrent pH [59].

_+_
HO OH
Ve
SO3

Figure (3-1): Chemical structure of phenol red
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When the pH of the scanned solutior:iS, the peak at 432 nm has been at
highest intensity (Figure 3-2), whereas, with isiag the pH of solution there
are increasing in the intensity of the peak at B89 and decrease in peak
intensity at 432 nm (Figure 3-3), due to the ketwmcture formation which
consequently leads to the red shift (higher wa\gtten
The calibration (standard) curve for phenol red basn drawn (Figure 3-4)
using various standard solutions ranged from 3 Sopphm measured at the

optimum (maximum) wavelength.

0.6
Conc. ppm Aat432 nm y=0.035x-0.003
3 0.11 )
0.5 - 6 0.203 R*=0.998
9 0.306
12 0.416
04 - 15 0.532
(0D
(]
c
3
5 0.3 1
n
O
<
0.2 -
0.1 -
O I T I T I T I 1
0 2 4 6 8 10 12 14 16

Concentration, ppm

Figure (3-4): Calibration curve for phenol redether with the inset which presents
the absorbances at relevant concentrations
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3.2 Characterization of the synthesized nano anatase TiO;
particles

3.2.1 Surface morphology

The surface morphology of anatase nano, W@s characterized by a cold
field emission high resolution scanning electrorcnogcope (SEM). Some
micrographs at different magnifications with vempath and homogeneous
surfaces are shown in Image (3-1). The shape gfdhtecles is very similar.

The surface has also been explored by higholuesn Scanning
Transmission Electron Microscope (STEM) for nangescanalysis. The
nanocrystals have an irregular spherical shapesaoellent dispersivity (Image
3-2). On the other hand it should be noted thant#eking regions between the
particles are benefit for the formation of netwstkucture as observed in SEM
and TEM images which is expected to be advantagémuthe transport of
electron in the skeleton [41]. Based on the abeselts, we may report here that
the relatively low calcination temperature (400 S beneficial in preserving the

particle size at nano scale.
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(b)

30nm

Image (3-1): Scanning Electron Microscope (SEM)rotgcaphs anatase Ti@ith
different magnifications; (a) 200pum (b) 30 nm
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Image (3-2): Transmission Electron Microscope (TEMg¢rograph of nano anatase pigarticles

3.2.2 Energy and composition perspectives

Ground state diffused reflectance absorptiatsp of solid powder for both
the standard nanopowder anatase ,Ti€ference specimen and synthesized
nanopowder anatase Tivere measured. Figure (3-5) depicts explicitly the
excellent accordance of absorption thresholds foth bthe reference and
synthesized specimen at 350 nm which subsequesfidy to band gap energy
(Eg) of 3.4 eV.

The X-ray diffraction (XRD) patterns of the mguarticles that are presented
in Figure (3-6) obtained on x-ray diffractometeimngsCu Ko radiation (0.15425
nm) in the range of @from 20 to 40 with scan rate o2 0.10 §. These
patterns were used to determine the identity of @mgse present. Diffraction
signal assigned to the anatase (101) structurd.&t @5.7-25.8 in this work)

is clearly observed in TikJ41]. The diffraction signal at 27°5lue to the rutile
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phase (110) is not observed in Figbwder. On the basis of the above findings,
one can conclude that the absence of the diffradige to the rutile phase in
synthesized Ti@nano powder proved that the calcination at®4@@ht be the
appropriate temperature for anatase,Ip&paration.

For further scrutinization, Raman measureménaige also been performed.
Figure (3-7) exhibits a clear matching between spectra of prepared nano
anatase Ti@ (Figure 3-7b) and the reference specimen (Figui&a)3 The
Raman spectra were obtained with an argon-ion lagerating at 4880 A and
5145 A with incident power 50 mW. Light scatteréd@ to the incident beam
was passed through a double-grating monochromatod aetected
photoelectrically. Moreover, the wavelength calitma was made using the
neon and mercury emission lines.

Prior to the application of the synthesizedtas@& nano powder on the photo
decomposition process of a model pollutant, PhBeal, the composition of the
synthesized nano anatase JiWas verified using Energy Dispersive X-ray
Spectrometer (EDXS). The spectra shown in Imageébj3or the prepared nano
anatase Ti@ is to an excellent extent similar to that of refeze sample which

Is shown in Image (3-3a).

5000 -
4000 - a Eg = 1240/350 = 3.4 eV
>
£' 3000 | 350
c b
£ 2000 -
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O I I I I I I I I I I I I I 1

701 o601 501 401 301 201 101 1
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Figure (3-5): Diffused reflectance UV-VIS absorptitreshold for
(a) standard nanopowder anatase;f&derence specimen;
(b) synthesized nanopowder anatase,TiO
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Figure (3-7): Raman spectra for (a) standard narndpoanatase Ti©
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Image (3-3): Energy Dispersive X-ray Spectroso@igXsS) image of
(a) standard nanopowder anatase;Féderence specimen;
(b) synthesized nanopowder anatase,TiO
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3.2.3 Surface area, pore size and particle size aspects

The surface area and pore size of the synégsinatase TiOnanoparticles
are measured employing (BET) methodology. Figure8gp illustrates the
adsorption-desorption isotherm plot which resuftssirface area of 48 ¥g.
Further, Figure (3-8b) shows the maxima at pore ef3.7 nm, which indicates
the mesoporosity of the prepared nano anatase fatlicles. Ya et al. [60]
reported in their study about the photocatalytitivitg of nano-sized TiQ
powders that the mesoporous pores (0.2-50 nm) atipvd diffusion of various
reactants and products during photocatalytic reacdnd consequently enhance
the speed of photocatalytic reaction.

Image (3-4) exhibits the approximate particke $11nm) of the meso- porous
TiO, which was measured by SEM. TEM was also useduestigate the size
of the sol-gel synthesized nano anatase,. TAOsmall amounts of dry powder
was dispersed in ethanol by ultrasonic agitatiomo Troplets of the suspension
were placed on a carbon-coated copper grid andysethlby means of field
emission gun microscope. Image (3-5) presents tvieeage particle size of 9
nm, which is in accordance with that measured byl $lfnage 3-4).

The average grain size was also calculatedagmng Sherrer’'s equation
using the XRD line broadening method [29]. The talysize D = 0.9. /(Bco);
wherel represents the wavelength of X-r@ythe FWHM and th® diffraction
angle. By using the experimental data, an averagm gize of 9.95 nm was
derived. The peak width inversely proportional wtérticle size in which by
increasing the peak width the size of nano,ldecreases. Accordingly, a closer
look at (Figure 3-6) confirms this phenomenon inighhthe synthesized nano
TiO, band (Figure 3-6b) shows more broadening thandference Ti@ band
(Figure 3-6a) whose grain size is consequenrtl®4 nm) higher than that of the
prepared nano Ti£X9.95 nm). Based on the above results, the vadterhined
from XRD (9.95 nm) is an excellent agreement with average particle size

derived from TEM analysis (9 nm).
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Average size 11 nm

15.0V 8.4mm x251k SE(U) 8/23/13 18:24

Image (3-4): Scanning Electron Microscope (SEM)rogcaphs anatase TiO

Average size= 9 nm

Image (3-5): Transmission Electron Microscope (ThiMage of nano anatase TLi@articles
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3.3 Control experiments

Prior to employment of synthesized nano aseat TiQ for the
photodecolorization of phenol red, a series of drexperiments were carried
out since some phenolic dyes are degradaded bgtdié illumination [61]
and further, to check parameters that primarilyiugrice the process. To
eliminate the effects of adsorption, the reacti@utson was magnetically
agitated for 3 hours with samples collected andyaed by means of a visible
spectrophotometer regularly. One set was performigd phenol red solution
exposed to Ti® without UV light irradiation (in dark). The secorskt was
implemented by exposing phenol red to UV light seuwith absence of TiO
photocatalyst. The last set was accomplished inptesence of UV light and
TiO, semiconductor, which represents the photocatalgsumstances. As
shown in Figure(3-9), a very small change in thacemtration of phenol red
was observed when only UV light is present or wbely TiO; is used in dark.
However, phenol red could be degraded quickly bydd\urce illuminated Ti®
Accordingly, these experiments demonstrated th#t bty irradiation and the
TiO, photocatalyst are needed for the effective phoi®lgé phenol red dye.
This conclusion was also reported by several rebeas for different phenolic
pollutants [56,62-63].
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Figure (3- 9): The relative decrease in absorptitensity of phenol red as a
function of irradiation time: (a) Ti@in dark; (b) UV irradiation in absence of
TiO,; (c) UV illumination in presence of TiO

3.4 Experimental optimization of photocatalysis parameters
The rate of photocatalysis and degradation yietdharmally impacted by
several operational parameters namely, pH of phsi®imedia, TiQ dosage,
initial dye concentration, light source intenspyiotocatalyst particle size, type
and occurrence of the oxidants....etc. These expatahevariables play a
significant role in the optimization of the photggdadation process via various
chemical and physical phenomena based on the piegpef 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 reawti taking place on
particulate surfaces is the pH of the solution¢siit dictates the surface charge
properties of the photocatalyst, can play a ke rol the adsorption and
photocatalytic oxidation of organic molecules amzk 20f aggregates it forms
[8]. Cherif et al. [64] have reported that the ponh zero charge (pzc) of the
TiO, has been at pH 6.5 and, hence, ;Is0Orface is positively charged in acidic
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medium (pH <6.5) and negatively charged in alkatmeglium (pH >6.5). On the
other hand, Asiri and his collaborators [65] statkdt phenol red molecule
exists in different molecular structures with diéfat charge distribution (Figure
3-10) depending on the pH of the solution. Wher@asnura and Maeda [59]
have stated that the phenol red in crystalline fard in solution under acidic
conditions (low pH), the compound exists as a anh as in the structure (b) ,
with the sulfate group negatively charged, andk#tene group carrying an
additional proton. This form is sometimes symbdljcaritten as H'PS and is
orange-red. If the pH is increased, the proton fitben ketone group is lost,
resulting in the yellow negatively charged ion dedoas HPSas in the
structure (a). At still higher pH, the phenol's loxlde group loses its proton,
resulting in the red ion denoted as®P8s in the structure (c). Therefore, pH
changes can influence the adsorption of phenotlyedmolecules onto the T;O
surfaces, an important step for the photocatalgticiation to take place. In
order to optimize the pH of the phenol red degriadaprocess, experiments
were conducted with pH range 2-8 at a fixed catalgsage of 0.5 g/l and initial
dye concentration of 10 ppm. We observed that phestb degradation was
favorable at mild acidic solution (pH=4.5) as showm Figure (3-11).
Accordingly, on the basis of this result, pH of #&s taken as the optimum pH
for the optimization processes. Similar resultsav&ported by Asiri et al. [65]
for the maximum photodegradation of phenol red @, Tinder solar irradiation
at value of pH that included in 4.4 and Oghenejobbal. [66] in their study of
the photodegradation of chlorobenzene at pH=3 @3 Ti

The surface functional groups of Tith water may be TiOH, TiOH and TiO.
At pH > pH,,., TiO is the predominant species, while Tighplays the role as

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

pH<P, TIOH+H ____,  TiOH (3-1)
pH>P, TIOH+OH ___, TiO+H0 (3-2)
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Wang et al. [48] have reported that the statdhefahemical species presented
in water is not affected only by pH, but is alsosdly related to the dissociation
constant of the species. When pH is lower than pgKg of the species, it
primarily presents in molecular state, whereasptatgreater than the pkt
exists as ionic state. The pklof TiO, used in this study is about 6.5 and the
pKa's phenol red is 8 [67].

Accordingly, under moderate acidity conditions fb) and based on above
debate, we predict that TiQHis the predominant species for Fiénd the
structure (a) of phenol red is the primary speaidsch contributes appreciably
in the elevation of the amount of adsorption andaamsesult, enhances the
degradation rate.

Figure (3-12) which reveals the influence of pHiaton on the degradation
percentage of phenol red, follows similar trendpbf impact on reaction rate
(Figure 3-11), in which the degradation rate areddyare relatively low in pH <
4.5. This could be ascribed to the well known aggdoation phenomenon of the
TiO, particles under acidic conditions and consequertttg surface area
available for dye adsorption and photon absorptionld be reduced [38].
Based on the above outcomes, we conclude that ftenuom value of
photodegradation is found to be at pH 4.5 for pheed, due to a strong
adsorption of the phenol red on Bi@s a result of the electrostatic force

attraction of the positively charged Ti@ith the fully ionized sulfonic group

(structure a).

Figure (3-10): Variation of phenol red moleculausture at different pH values;
(a) low pH; (b) modex pH : (c) high pH
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Figure (3-12): Effect of pH variation on the degaadn yield of phenol red
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3.4.2 Influence of nano anatase TiO, loading

The loading amount of catalyst is a significiaator in the photocatalytic
degradation process, because the efficiency coeldtimngly affected by the
number of active sites and photo-adsorption abiitythe catalyst used, as
extensively demonstrated in previous studies [68,9]

Furhermore, Malato and his collaborators [69] hateged that in any given
application, this optimum catalyst mass has todomd in order to avoid excess
catalyst and ensure total absorption of efficidrmdtpns.

Therefore a Ti@load ranging from 10 to 100 mg was used to ingas# its
influence on the photocatalytic degradation ratd @egradation yield of phenol
red and find out the optimal loading amount. Fig{8-€.3) reveals the variation
in degradation rate of phenol red against the dosdgnano anatase TjOThe
results obtained support the behavior describesoinye authors [70-71]. These
studies evaluate the increase in reaction rate eathlyst loading as evidence
that the process is photoactivated. The enhanceofetiiie photodegradation
rates was observed from Figure (3-13) with theaase of TiQdosage from 10
to 40 mg (0.13 to 0.53 g/l). This direct proporabof initial reaction rates with
catalyst loading is indicating evidently the hetgoeous regime [72]. However,
a further increase in loading amount had negatffecieon the photocatalytic
degradation of phenol red. This outcome is in adgaccordance with most of
studies in the literature which reported enhancedrabation rates for TiO
catalyst loading up to 400-500 mg/l [10,73] This dee attributed to the fact
that increased number of Ti@articles will increase the availability of active
sites of TiQ surface and number of photons absorbed. Beyondphienal
limiting value of TiQ loading (40 mg), the dropping in the photo-degtiata
rate mainly results from following two factors [6@) aggregation (particle-
particle interaction) of Ti@particles at high loadings, causing a decreadieein

number of surface active sites, and (b) increaspatity and light scattering of
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TiO, particles leading to a decrease in the passageadgiiation through the
sample. In addition,the decreased penetration of UV light irradiatioraihigh
TiO, loading attributable to light scattering and saoreg could result in the
reduction of TiQ specific activity, and this approach is consistesth the
observation by Behnajady et al. [74]. The final megtion percent and
photomineralization rate were compared as a funatibloading amount. The
trend in Figure (3-14) clearly shows that the logdof photocatalyst (Ti¢) has

a similar influence on phenol red degradation eatd yield. The explanation
could be that the adequate photocatalyst partide®ased the generation of
electron/hole pairs, and thus the affluent formatd OH radicals, resulting in
enhanced photodegradation rate and yield [68]. & @irther increase in the
dosage of TiQexhibited a negative influence on the photocatalyegradation
yield and rate of phenol red. The screening eft¢d¢he suspended particles is
the main cause of this phenomenon, because thdoaded photocatalyst
particles may reduce the incident light intensiyyreflection, despite the large

number of active sites present [75-76].
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Figure (3-13): Degradation of phenol red at different;To@ding
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Figure (3-14): Effect of Ti@catalyst loading on the degradation yield of phenal red
blue columns represent % degradation and red columresesrTiQ dosage

3.4.3 Impact of initial phenol red concentration

It is important both from a mechanistic drain application perspectives to
study the dependence of the photocatalytic proegesand degradation yield on
the phenol red initial concentration. As a resuft this, the initial dye
concentration was optimized by varying the con@ian of phenol red between
5 and 25 ppm at a catalyst dosage of 0.5 g/l andfpHS. The effect of initial
concentration on the photocatalytic degradatioa cdtphenol red is shown in
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Figure (3-15), which illustrates different concetiton profiles during the
degradation of different initial concentrations.

From Figure (3-16), it is noted that the delgteon yield and rate increase
with the increase in phenol red concentration twedain level and a further
increase in dye concentration leads to decreaspditentage degradation and
decolorization rate of the dye. Similar phenomehas also been reported by
several researchers [64, 66, 68]. KonstantinouAdhdnis [10] stated that the
rate of degradation relates to the probability@fl radicals formation on the
catalyst surface and to the probability @H radicals reacting with dye
molecules. Accordingly, as the initial concentratioof the dye increase, the
probability of reaction between dye molecules anddiaing species also
increases, leading to an enhancement in the dezation rate. On the contrary,
the degradation efficiency of the dye decreaseshasdye concentration
increases further. The presumed reason is thaightdye concentrations the
generation ofOH radicals on the surface of catalyst are redsaszk the active
sites are covered by dye ions. This possible egpiam for this behavior was
verified by Andronic et al. [77] who reported théby increasing initial dye
concentrations, more organic substances are adbsonehe surface of TiQ
while fewer photons are available to reach the, B@face and, therefore, less
hydroxyl radicals are formed, causing a decreasbefiegradation efficiency.
Danesshvar et al. [78] concluded, in their workaaon dye acid red phocatalytic
degradation, that a possible cause for such phemames the UV-screening
effect of the dye itself. At a high dye concentatia significant amount of UV
may be absorbed by the dye molecules rather thad it particles and that
reduces the efficiency of the catalytic reactiomcaaese the concentrations of
‘OH and Q" decrease. Further elucidation was publishedNéppolian et al.
[79] who explained that the major portion of degid@h occurs in the region
near to the irradiated side (termed as reactiorezavhere the irradiation
intensity is much higher than in the other side hu§ at higher dye
concentration, degradation decreases at suffigiéotly distances from the light
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source or the reaction zone due to the retardatiche penetration of light.

Hence, it is concluded that as initial concentrated the dye increases, the
requirement of catalyst surface needed for theatkdron also increases.

Also from Figure (3-16), we observe that more tl9&%6 of phenol red was
photomineralized within 5 h UV-light irradiation @nusing the optimal

photocatalyst loading amount when the initial corication was 10 ppm.

On the basis of the above debate, we can conchaeas phenol red dye
concentration increases beyond the optimum (10 pptim¢ percentage
degradation decreases and the degradation rateraporional to the

concentration. Similar conclusion has also madeothers working on the

photocatalytic degradation of 4-flurophenol, pheaotl m-nitrophenol as well
as acid blue 80 using Ti@&nd ZnO under solar irradiation [80-82].
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Figure (3-15): Effect of initial concentration of phenal @ the (a) remaining
concentration and (b) degradation rate; pH = 4.5; catalyst dosage of 0.5 g/l
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3.4.4 Influence of nano anatase TiO, particle size

The investigation of the photocatalyst surfasa effect on the photolysis of
phenol red is a significant operational parametdoag as the photodegradation
process is running on the anatase ,TgDdrface. The surface area is directly
related to particle size of the photocatalyst. igplementation the impact of
this parameter on the photolysis rate and degm@muayield, five different
particle size anatase Ti@owders have been employed as photocatalysts.
The approach that we have found to be most ussfuépresentation of the
kinetic data for contaminant degradation on a demuiplot of particle size
versus the corresponding rate constants. The sestiich are shown in Figure
(3-17) indicate that the rate of phenol red phatalgais is steadily decreased
with particle size increase. Furthermore, Figurd 83 depicts obviously that the
rate of photoreactivity of Ti©@decreased with the increase of the average
particle sizes from 10 to 150,000 nm. The rate taons are 0.0105, 0.0075,
0.0036, 0.0020 and 0.00120 firfor the average particle size of 10, 25, 100,
75000 and 150000 nm, respectively.

This could be elucidated by the possibility tbe photoelectrons and
photoholes generation in the bulk would in smafiarticles have fewer traps
and recombination centers to overcome before regcthe surface [83]The
particle sizes of Ti@seem to affect the photocatalytic degradation grérof
phenol red under UV light irradiation as well, asiclearly presented in Figure
(3-19). This prediction has been verified as thgraeation percent of the
phenolic moiety is significantly promoted when thailable active surface area
for the photolysis process is higher.

Some researchers [72, 84-85] have alsorebdasimilar impacts of particle
size on kinetics and degradation yield in photoai@h processes. Shih and
Lin [72] concluded that theffect of average particle size of Li@anoparticle
aggregates for the degradation of azo dye hasaaspienit, while, Pichat et al.

[85] reported that the rate of photodegradatiommfanic moieties is directly
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proportional with the surface area of pi@anoparticles and further, Khan and
his colleagues [84] concluded that the lower phkatisizes of Ce® are

responsible for their higher sensitivity and pho&talytic activity.
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Figure (3-17): Influence of Tipparticle size on the rate of photolysis
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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 largelthe radiation absorption of the
photocatalyst [8] , where the increase in lighensity enhances the degradation
rate and yield in photocatalytic degradation. \atlet al. [62] have reported in
their work on the photodegradation of cinosulfuneragueous Ti@suspension
that there are two distinguished domains in thgees in the first one, at low
light intensities (0—14 mW/c the rate would increase linearly with increasing
light intensity (first order), whereas at internegéi light intensities, above 14
mW cmi?the rate would depend on the square root of tHe ligtensity (half
order). This is likely because at low light intagsieactions involving electron—
hole formation are predominant and electron—hot@mdination is negligible.
However, at increased light intensity electron—hpéer separation competes
with recombination, thereby causing lower effectlom reaction rate.

Figure (3-20) which shows the result of tiffeet of UV light intensity on
the initial degradation rate of phenol red in thiisdy is in a good accordance
with the above approach. This enhancement of tieeofgphotodecolorization as
the light intensity increased was also observedthgr researchers [73, 79].

In accordance with Vulliet et al. [62], Konstantin@and Albanis [10] have
stated that at low light intensities (0-20 mW#gnthe rate would increase
linearly with increasing light intensity (first c#d and at intermediate light
intensities beyond a certain value (approximaté&yn®\/cnf) the rate would
depend on the square root of the light intensigif(brder), whereas, at high
light intensities the rate is independent of lighiensity. Malato et al. [69] have
reported in their overview and trends for the s@lotocatalysis of water that
the typical Solar UV-flux of 20—30Wtis equivalent to 0.2—0.3 mol photons
(Einstein) nf h* in the 300-400 nm range. Accordingly, the intensit
maghnitudes which are employed in this work (showiiable 3-1) correspond to
0.97, 2.23 and 10.8 mW/¢hrand the rates, consequently, are increasing with
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increasing light intensity, which is a stand almeegification for the first order
process. These tentative findings are explicitiycawted with the published
outcomes of other researchers [10, 62].

For further scrutinization and better evalomatithe efficiency of the
photocatalytic and photobleaching processes, vimaistd the quantum yield,
which is defined as the ratio of the number of @ted molecules per second to
the number of efficient photons reaching the s@rfaer second. The valuesdf
are reported in Table (3-1). The maximum quantuehdgi are obtained for the
lower light intensities, which are inline with tf@regoing literature trend.

On the basis of above outcomes, it is evident tteg percentage of
decolorization and photodegradation increases wdtease in irradiation time.
The reaction rate decreases with irradiation timeesit follows apparent first-
order kinetics, however, it increases with incregghe light intensity (Figure 3-
20) and additionally a competition for degradatb@mtween the reactant and the

intermediate products should also be taken intsicenation.

60 - - 45
—> L 40
50 -
C -
5 35
= Pyl
S 40 - - 30 8
S o
(@)] X
(] - 25 =
B 30 - . B
> - 20 3
=]
20 - - 15 -
=]
- 10 S
10 -
- 5
0 T T T T 0
0 1 2 3 4 5

Intensity of UV-light, Ein/sec.L x 10

Figure (3-20): Variations of the initial rate and degramfatiield as a
function of light source intensity
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Table (3-1) :Quantum yields of photodegradatioptuEnol red
obtained at different intensities

Intensity Rate Quantum yield
(E/L.sec) x10 (mol/L.sec) x10° D%
0.36 0.094 0.26
0.826 0.223 0.27
4 0.67 0.16

3.5.2 Rationalization of apparent quantum yield with some
experimental variables

The quantum yield of a photochemical prodssgefined as the amount of

substrate degraded or produced per photon, anenierglly used as a measure
of the efficiency of a photochemical process [8].
In homogeneous photochemistry, the quantificatibguantum yield is a usual
practice and extensively used as it provides a meacomparing two or more
photochemical events. By contrast, a similar desom in heterogeneous
photochemistry is further complicated by many fundatal unknown quantities
[63]. The problems in heterogeneous photolysisesystare normally stemmed
due to the light scattering by the photocatalystiglas. Therefore, the quanta
yields are not indicated in most photocatalysisligsior in few are indicated as
apparent or pseudo-quantum vyield.

In this work, the apparent or pseudo-quamyietd which is defined as the
number of molecules converted relative to the totahber of photons incident
on the photolysis cell window, i.e.

@ = rate of reaction (mol's™) / rate of photon incident on window (mof'&?)

was measured following Valladares and Bolton [40]one set of experiment,
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the incident light intensity, which is 100% absatld®y the TiQ / phenol red
system, calculated by Hatchard and Parker [57ideastate actinometry method
which is previously mentioned in details in thiesls. The average value of
several measurements at 14 cm cell-light sourdartis is 4 = 0.485 x 10 Ein
/ Sec. L. The rate of photolysis of phenol red deiteed under the conditions
employed (initial phenol red concentration of 2:820°mol / L, pH = 4.5 and
TiO, dosage = 0.5 g/l) is 4.813 x 4ol / L. Sec. The apparent quantum yield
is consequently equals 0.1 according to;
Quantum yield = rate of reaction/ |

=4.813 x 20 0.485 x 10

=0.1

It has been figured out that the apparent quantigid yn the present
system is influenced by some operational parametansely; the Ti@ dosage,
initial phenol red concentration and the pH values.

Figure (3-21) depicts that the quantum yield insesawith increasing TiO
loading and approaching a limiting value at 40 ni@5 g/l), then starts
declining. This limiting value mainly results fromvo factors:

(a) aggregation of TiPparticles at high concentrations, causing a deeraa
the number of surface active sites, and (b) inereias opacity and light
scattering of Ti@particles at high concentration leading to a deszaa the
passage of irradiation through the sample [63].

The initial phenol red concentration is also impddhe value of quantum
yield and the latter increases (Figure 3-22a) wiiiial concentration increase in
the range 1.4 x T0- 5.6 x 10 mol/l (5-20 ppm). This might be explained by
the fact that with increasing phenol red concemmatthe amount of the
adsorbed dye on Tilsurface increases and hence the amount of decewhpos
dye is increased.

As it was mentioned earlier in this thesis (parpgra.4.1) that the rate of
degradation of phenol red in aqueous Ji€uspension is higher in acidic

medium (pH = 4.5). Accordingly the influence of pbh the variation of
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apparent quantum yield has also been examinedrd=iggi22b) exhibits the

variation of the apparent quantum yield with vagypH values.

V.12 7
TiO, Quantum
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Figure (3-21): Effect of loading of Tik®dn quantum yield
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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 degradatiof several phenolic
compounds on Ti@surface have been investigated by many authorsgq86
56]. On regular basis, the order of photocatalgiscomposition reaction of
phenols has been found to follow first order una@mal conditions.

In the present investigation, the chemical kinetdésphenol red has been
explored under the operational conditions descrésatier in chapter two.

The rates of photolysis of the model compound warenitored
spectrophotometrically in the wavelength 432 nmwylaith it shows a maximum
absorption.

Graphical method has been employed to amtieipgthe order of the
photocatalysis reactiorkigure (3-23) describes the relative decrease in
absorption intensity (At/A0) of 2.9 x TOomol /I phenol red as a function of
irradiation time.From kinetics point of view, it is useful to finduba rate
equation that fits the experimental rate data. Adiog to some researchers,
generally, the photocatalytic degradation of orggmollutants is described by
pseudo-first order kinetics [87-88].

—dC/dt = kplC oovvve (3-3)

Integrating the eq. (3-3) with the boundary comdis that at the start of

irradiation (t = 0), the concentration is the iaitone, Ct = Co, results in the

following expression:

=In (C/ Co) = Kap e evrvvenen (3-4)

where K, is the apparent first order rate constant (Mim sec) and Co and C

is the concentration of phenol red at a given iataon time, t (min). Kinetic

studies were monitored by the change in phenolcattentration at certain

interval of time (@. Apparent first order rate constanfkwas evaluated using

equation (3-4) from the plot of natural logarithinG,/C;) change in phenol red

concentration versus irradiation time, t (Figure23). The k,,was determined
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by calculating the slope of the line obtained. Téugigests, consequently, the
first order kinetics of the primary photolysis pess. The value of,f, obtained
when the initial phenol red concentration has 28rx 10° mol /I (10.3 ppm) is
0.01052 mift (17.53x10° sec'). The half life of the reaction accordingly
computed from the expressiom £ 0.693/ k,,, which has been equal to 1.098

hours.
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Figure (3-23): Rate of degradation of phenol redpimum condition
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Figure (3-24): Degradation of phenol red at optimzondition

3.6.2 Initial concentration and Langmuir-Hinshelwood model

In recent years the Langmuir-Hinshelwood rate esgiom has been used
successfully for heterogeneous photocatalytic akagiran to elucidate the
relationship between initial degradation rate andial concentration[63].
Furthermore, the Langmuir—Hinshelwood model is Uguged to describe the
kinetics of photocatalytic process [68]he derivation is based on the

degradation rate (r), which is expressed as follows

r=-dG/dt=(k KagCo) / (1+ KagCo) vvvvnvvvinnnnnnnn. (3-5)

Where r represents the initial rate of photooxidation (moimg/l min),C, the
concentration of the reactant (mol or mg/the irradiation time, k the rate
constant of the reaction (mol or mg/l min) ang, ks the adsorption equilibrium

coefficient of the reactant (I/mg or mol). Assumitihgt adsorption is weak and
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the concentration of the organic moiety is low, thguation (3-5) can be

simplified to the first-order kinetics expressiofittwan apparent rate constant
(Kapp) [10]:

I (Co/C) = KK, = Kagt ... (3-6)
or

C=GCe™™ (3-7)

From the perspective of linear algebra, toe¢ @f In (G/C,) as a function of
reaction time, t, should have linear relationsimg &s slope is the apparent rate
constant.

Hence, the plot of In¢C,) versus reaction time t with different initial
phenol red concentrations,,ds shown in Figure (3-25It was found that the
linear relationship was good and rate constapt #eclined generally with
increasing initial concentrations of phenol red.

Most authors agree that, with minor doubtg, ¢xpression for the rate of
photodecomposition of organic dyes with irradiated, follows the Langmuir—
Hinshelwood (L—H) law for the four possible situats; (a) the reaction takes
place between two adsorbed substances, (b) théiomamccurs between a
radical in solution and an adsorbed substrate mtde¢c) the reaction takes
place between a radical linked to the surface ansulastrate molecule in
solution, and (d) the reaction occurs with the baftlspecies being in solution.
In all cases, the expression for the rate equasicamilar to that derived from
the L-H model, which has been useful in modelirgghocess. However, from
kinetic studies only, it is not possible to findtethether the process takes place
on surface or in solution[89].

Equation (3-5) could be modified to linear type &gopn as presented in
equation (3-8);
Ur=1/k+ 1/ k KygCo .......... (3-8)
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Figure (3-25): Plot of In(@C,) vs. reaction time at different initial concenioats
of phenol red; (Catalyst loading = 0.5 g/L; pH=4.5 )

Plot of reciprocal reaction rate 1/r versugpeocal initial concentration 14C
(from equation (3-8) is presented in Figure (3-2&)reasonable fit of this
equation was obtained with values of 0.0045(M0127 pprit) and 0.0333uM
sec' for K,gand k respectively. This indicates that the degradatiophenol red
occurred mainly on the surface of TiOHowever, Turchi and Ollis [90]
investigated the photodegradation of organic patitg in illuminated TiQ
slurries and found it plausible that the reactimcurs not only on the TiO
surface but also in solution.

The foregoing value of K refers to the strong adsorption of phenol red

moiety onto the electrophilic (T9) sites at the Ti@surface. Asiri et al. [65]
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have reported that the adsorption linkages of phesd onto TiQ surface
bridged through sulphonato and phenolic anchogryps as it is depicted in
Figure (3-27).

Malato and his collaborators [69] stated tthea quasi-exhaustive
consideration of photodestruction studies of orgamuntaminants proved that
the first order rate equation above holds true.ddwer, at any rate, Langmuir—
Hinshelwood model serves as a basis for the phgtadation of organic
compounds even if it could not directly give addquiitting. Whereas, other
researchers [91-92] concluded thatlthél model is not a perfect explanation of
the mechanism of the photocatalytic process, itbdeen useful in modeling a
process, however, it is generally agreed that bbatih constants and orders are
only “apparent” and they serve to describe theeraf degradation, but they
have no physical meaning, and may not be usedetatifg surface processes.
On the other hand, the value of K derived from et study is not directly
equivalent to the Langmuir adsorption coefficieot &n organic molecule on
TiO, in the dark as adsorption—desorption phenomenditieeent in the dark in

comparison to those under illumination.
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3.7 Contribution of the added oxidants

Chemical oxidation of organic pollutants by igas oxidants has been
investigated by several authors over the last decam develop novel
remediation technologies. The oxidantsz (93], Fenton's reagent [94],
H,0, [95] and persulfate (}5,0g) [96-97] have been widely tested in laboratory
work and used for the remediation of wastewatergindndwater contaminated

by organic compounds.

3.7.1 Effect of H,O, on photocatalysis of phenol red

The electron / hole (£h") recombination is considered as one of the main
problems in the application of Ti(hotocatalysis. Accordingly, Malato and his
colleagues [98] have reported that one of the namsepted strategies for
inhibiting € / h" recombination has been the addition of other elacicceptors
to the reaction. The addition of other oxidizingesies could have several
different impacts like; (a) increase the numbetrapped conduction bandie
e/h”" pairs and, consequently avoid recombinat{bj);generate more hydroxyl
radical,OH, and other oxidizing species and (c) avoid potd stemmed due to
O, gas starvation.

Molecular oxygen is generally used as an elacacceptor in heterogeneous
photocatalytic reaction [4]. However, Figure (3-23hibits only about 60%
photobleaching of phenol red in the presence pg&s solely, at absence of
H,O,, whereas the photodegradation yield has been fdande enhanced
dramatically (>91%) by using hydrogen peroxide asadternative electron
acceptor. This is in accordance with the findinf®ghenejoboh et al. [66] who
stated that the photo catalytic degradation of watiuent pollutants could be
enhanced by addition of .8, because it is a better electron acceptor than

oxygen.
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On the other hand, our experimental outcomverified that better

efficiency of photodegradation process could beeadd (>94% degradation)

by application of both oxygen gas and hydrogen ydeoin combination with
TiO, (Figure 3-28). The positive sign ob®h addition indicated that there was a

direct relationship between the initia}® concentration and the yield of phenol

red dye degradation, which increased for increabyi@® concentration, i.e., the

presence of kD, in the reaction mixture plays a key role in thetolcatalytic

process which is in agreement with several autftgrs66, 99].
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Figure (3-29): Influence of ¥0, on the degradation yield of phenol
red under optimum experimental cbods

We believe it is necessary to discuss in tstame aspects related to the
effect of this electron acceptor. The addition gfOKH has been found to be
beneficial, increasing the degradation yield, du&s electron acceptor nature.
This beneficial effect can easily be explained amnts of (a) additional
production of OH, which is a very strong oxidizing agent withretard redox
potential of +2.8 V [10] through the following rdems under UV light
radiation [69, 10]:

H202 + éCB ———bOH +_OH ................. (3-9)
H.,O, + hv — > OH+'OH ............... (3-10)
H.O,+ Oy — OH+OH+G0O,......... (3-11)

and (b) inhibition of & h* recombination which could be explained in terms of
TiO, surface modification by #D, adsorption and scavenging of photoproduced

holes following the up coming reaction:
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Hence, the described reactions above indtbatehydroxyl radicals are more
likely to form in UV/TIO,/H,0, systems and other oxidizing species can also
appear in the /" generation process.

Figure (3-30) depicts a relatively low degradatyoeld for phenol red / O,/
O, system is achieved when only Ti@3 used in dark (26%) or when Ti@
absent (36%). However, phenol red could be degragpdeciably (94%) in this
system by UV source illuminated TjO Accordingly, these experiments
demonstrated that J&,, O, gas, UV irradiation and the TiPhotocatalyst are
needed for the effective photolysis of phenol rge.d

100+
801
601

40

% Degradation

20+

Figure (3-30): Degradation yields of phenol re@ga& hours UV photolysis under optimum
experimental conditions for; (a) T3@® H,O, +O, gas (without irradiation); (b) ¥D, + O, gas
+ irradiation (without TiQ); (c) TiO, +H,O.+ O, gas + irradiation; pH = 4.5, C, = 10 mg/l,
H,0, = 3 ml (50% w/w), TiQ= 0.5 g/l

For further analysis of UV/TiIH,0O, system which has been employed in
this study, the plots of In /Aas first order index) and 1/Aas second order
index) versus time were established in order tootkethe Rvalues as one of
the methodologies to assign the pseudo order oplio¢ocatalytic degradation

process of phenol red dye in the presence of hygiirpgroxide. This
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mathematical technique has also been adopted ley atkearchers [100-101].
Figure (3-31) presents’Ralues of 0.944 and 0.910 for In¥s. time, as pseudo
first order evidence for the phenol red photodegtiat process, using the
UV/TiO,/H,0, and UV/TiO/O,/H,0, systems, respectively. Whereas, The poor
R? values of 0.764 and 0.681 for 1i4. time , as pseudo second order indicator
for the phenol red photodegradation process, revexplicitly that the
UV/TIO,/H,O, and UV/TiG/0O,/H,0, systems don't follow pseudo second order
mechanism since they did not exhibit a linear bedraduring photolysis
reaction of phenol red. This finding agrees welthwGarcia et al.[101] who
concluded thatthe degradation of the real textile organic effisehappens
through pseudo-first-order reaction when UV/JDO, system is employed,
due to the complete consumption of the added paéeoand Furthermore, the
UVITIO,/H,O, treatment has the advantage of leads to a finatiomec residue
due to the absence of residual peroxide.
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3.7.2 Influence of Na,S,0g on photocatalysis of phenol red

The use of persulfate has recently been tloeisfoof attention for an
alternative oxidant in the chemical oxidation of ntaminants [102].
Persulfate is one of the strongest oxidants knowagueous solution and has a
higher potential (E= 2.01 V) than HO, (E° = 1.76 V) [103]. Furthermore, It
has great capability for degrading numerous orgaoitaminants through free
radicals (S@ and’OH) generated in the persulfate system [104]. Aoully,
the UV-irradiation contributes remarkably to genera sulfate radical, a
stronger oxidant (& 2.5-3.10 V) [105] than persulfate according te th
following equations [106]:

SO+ 63 — SQ +SQ™ e, (3-13)
S0 + g = SO +SA i (3-14)
SO +eag — SQ7 s e, ( 3-15)
SO~ +H0— SQ¥+OH+H ..o, (3-16)

From Figure (3-32), we observe the enhancemiephotodegradation yield
of phenol red upon addition of sodium persulfatee Existence of two mmole
of S05% in electrolysis solution could acquire > 95% phdalching for the
phenol red dye. This is mainly ascribed to the hogidizing strength of the
reactive radical intermediate, $0 ions which can exert a dual function; as
strong oxidant themselves and as electron scavendleus inhibiting the
electron-hole recombination at semiconductor serf&or further elaboration,
Anipsitakis and his colleagues [107] have found,their oxidation power
comparison study between,® and SOg?, that the sulphate radicals are
stronger oxidants than the hydroxyl, especiallynattral pH. They further,
explained this difference in reactivity accordinghe energy of their O-O bond.
This bond in persulphate has been estimated to3de Kal/mol whereas in

hydrogen peroxide it is 51 kcal/mol. Also the dmta of the O-O bonds of these
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oxidants; 1.453 A°in solid HO, and 1.497 Ain persulphate. This suggests that
persulphate is cleaved more easily than hydrogenoxmke, and thus the

resulting sulphate radicals might be formed moedihg than hydroxyl radicals.
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Figure (3-32): Effect of N&,0g on degradation percent of phenol red,;
Co =10 mgl/l, pH= 4.5, Ti@dosage = 40 mg, photolysis time 5 hrs

3.8 UV-VIS-FTIR spectral study
3.8.1 UV-VIS absorption profile

To examine the response of photocatalyticvaiets of nano TiQ the
absorption spectra of exposed samples at varioes ititervals were recorded
and the rate of decolorization was observed in deainchange in the main
intensity at. max (432 nm) of the dye.

Figure (3-33) presents typical UV-VIS speaifahree absorption bands for
phenol red (10 mg/L) located at 263, 432 and 590 Tine main two visible
region bands which are located at 432 and 590 nitnibwted to the
chromophoric structure, are impacted by the pHhefrhedia (Figure 3-3) where
the solution is acidic and improve the absorptibpleenol red on TiQsurface
[59].Whereas, the band located at 263 nm is asdigmbenzoic ring [108]. The
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counter-intuitive appearance of the band locate89& nm in acidic medium
(pH = 4.5) supports the high stability of the k&om, which is usual in basic
medium as a keto-enol tautomerism product, duehé& donjugation of the
molecule.

The percentage of decolorization efficiencysafmples has been calculated
for the most intense absorption peak at 432 nrolasafs [17]:

Efficiency % = 100 {(A- A;) / Ao}

where A and A are initial absorbance and absorbance after atiah at
various time intervals, respectively. Also from tig (3-33), which represents
the time-dependent UV-Vis absorption spectra ohpheed during irradiation
with nano TiQ under UV light, it was found that TiQlecolorizes phenol red
evidently after 300 minutes of irradiation.

Under optimum operational conditions namely, pH4.5, nano powder
loading = 0.5 g/I, UV light intensity = 485 x 10 Ein / sec. L and pollutant
concentration = 10 ppm, we have observed a graahab decolorization of the
polluted solution over 5 hours of irradiation vdnrgy > 90% of the pollutant.
Also from Figure (3-33), increasing in the illumiian time allows the
absorption spectra to be shifted exponentially gedically toward the low
absorbance values for the main absorption band® /3 suggesting that the
chromophore responsible for the characteristic rcab the compound, is
destructed and subsequently degraded down. Furtineymo new absorption
bands appeared in either the visible or the UV paeegions. This is also
accompanied by simultaneous decrease of the itiesef other bands, 263 and
590 nm.
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Figure (3-33): UV-VIS spectra changes of phenol(@&mg/L) in agueous nano TiO
dispersion (0.5 g/L) irradiated under UV light airying times:(a) 0, (b) 1, (c) 2, (d) 3,
(e) 4 and (f) 5 hours. Inset shows the noaedlabsorbance at 432 nm.
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3.8.2 FTIR characterization of phenol red-TiO, system

For the description of the interaction betwgdrenol red dye and TiO
catalyst, the Fourier transform infra-red (FTIRghrique has been exploited.
Figure (3-34) shows the FTIR spectra of phenolaed phenol red bound to
TiO,. The spectrum of pure phenol red showed the sualtioogroup stretching
at 1462 cni. Similar band (1480 ci) has also been assigned by Asiri et al.
[65]. This band is completely disappeared in thectppm of phenol red bound
TiO,. Furthermore, the sharp stretching band at 3398ismttributed to the OH
group in the pure phenol red [109]. This band diemped as well and a new
broad band appeared at 3275 cmhis confirms the adsorption of phenol red
on TiO, surface as other anchoring groups [110]. Moreaher appearance of a
band at ~1096 cifor phenol red / Ti@ spectrum is verification for the
adsorption of phenol red onto Ti@nd subsequent degradation. On the other
hand, the shifts in the stretching frequencies dEf&md C-O groups have also
been reported previously by some computationalastfil1-112] are ascribed
to the adsorption onto TgEpowder particles.

On the basis of above findings, we report hiea¢ the interaction of phenol
red with TiQ, surface occurs through its sulphonato and pheraitaging
groups.
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3.9 Computation of the thermodynamic functions

The photocatalytic degradation rate of differergasmtic compounds depends
on various operational parameters including tentpegaand corresponding
thermodynamic functions [86]. Hence, since the tieactemperature could
affect the degradation rate, the effect of tempeeaton photodegradation
process of phenol red dye in aqueous,T$0spension was studied at various
temperatures in the range from 293 to 318 K. Theaegnt rate constant k)
was evaluated at each temperature. An increasegradation was observed
with increasing temperature. The apparent ratetaohand temperature can be

expressed by Arrhenius relation as follows [56]:

where k,, is the apparent rate constant, A is the frequefacyor or pre-
exponential factor, Es the activation energy of the reaction, R isegahgas
constant ( 8.314 J nmidK™) and T is the absolute temperature.

Translation of Eq. (3-17) resulted in the followieguation;

INKapp = INA = B/RT ... (3-18)

A linear plot of In k,, versus 1/T yielded a straight line (Figure 3-39nf
which the activation energy can be obtained amgivien in Table (3-2). Chen
and Ray [63] reported that the increase in ratestzon is most likely due to the
increasing collision frequency of molecules in gadution that increases with
Increasing temperature.

The other thermodynamic parameters for instamee €nergy of activation

(AG" ), enthalpy of activationH") and entropy of activationAS") were
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calculated (Table 3-2) using activation energy apgarent rate constant and

employing Eyring’s equation as follows [113-114]:

Kapp= ks T/h exponential AG/RT) ..........cccceeeeeevennn, (3-19)
AG"=RT X [In KeT/N) = INkepd -oovovveeiiiiiiie, (3-20)
AG =RT x[In ke/N) + INT =N kypd +vvveeeeeeiieiiiiinn, (3-21)
AG =RT X (23.76 +INT = 1INk ..oovveevviiriircn e, (3-22)

Equation (3-18) can be rewritten as [115] :
dinkepy /dT=Ea/RT.........cceiii e, (3-23)

Likewise, Eq. (3-19) is rewritten as:
IN Kapp= I keT/N) - AH*/ RT +AS" /R ..., (3-24)
d(In kepp / dT =1/ T AH*/ RT? = (AH" + RT) / RT ....(3-25)

Solving Egs. (3-23) and (3-25) for the activationhalpy gives,

finally giving access to the entropy of activation,

AS = (AH = AG ) I T o, (3-27)

wherekg is Bolzmann constant (1.3805x ¥ K%, his Planck constant
(6.6256X 10*J s).
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From Table (3-2), it can be concluded thad,Tmediated photocatalytic
degradation of phenol red is slightly affected bynperature change. Similar
conclusion was drawn by other researchers {84, Nevertheless, an increase
in temperature facilitates the reaction to compedee efficiently with electron—
hole pair recombination. From Figure (3-35), we eslied a decrease in the
degradation rates at temperatures of 313 and 34&. dould be most likely
ascribed to desorption of phenol red dye at thes®ératures, as long as the
adsorption- desorption equilibrium plays a key rate the photocatalytic
process, which is also verified through the estadadsorption coefficient of
phenol red in this thesis (paragraph 3.6.2). Sévenathors reported
experimental evidence for the dependence of phtdlytie activity on
temperature [116-117/FurthermoreSoares et aJ117] stated that at a relatively
high temperature (40 to 60°C), the limiting stagedmes the adsorption of the
dye on the TiQ Nevertheless, Gogate and Pandit [70] concluded ¢h
photocatalytic reaction has a point or an optimange of operation between 20
and 80°C. Whereas, Gaya and Abdullah [8] reporteat the increase in
temperature enhances recombination of charge rmiaied desorption process
of adsorbed reactant species, resulting in decrefgdotocatalytic activity.
Based on the above argument, it can be concludat ttte temperature
dependent steps in photocatalytic reaction arerptisn and desorption of

reactants and products on the surface of photysatal
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Figure (3-35) : Variation in apparent reaction natth operational temperature
(pH = 4.5; catalyst dosage = 0.5 g /I; Co= 10 mg/l)

Table 3-2): Thermodynamic parameters for the photocatalyticatdagion

of phenol red

T (K) E. (kI mol™) | AG*(kd mol™) | AH" (kd mol™) | AS" (JK™ mol™)
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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3-10 Reusability of the synthesized nano anatase TiO,

In order to examine the stability and reusabifficiency of the prepared
nano anatase Typarticles, the reusability of the photocatalyssvexplored.
The recovered Ti©@nanopowder was reused for four consecutive rumisowt
calcination, whereas the fifth run was carried aifter calcination of the
recovered Ti@ nanopowder at 400Gor 4 hours. Figure (3-36) demonstrates a
steady decrease in the activity of Fifhotocatalyst over four consecutive uses
and an increase in the activity during the fifthn rupon calcination. This
strongly indicates on one hand, that the naturthefcatalyst did not change
during photocatalysis and on the other hand treeeequantitative adsorption of

the phenol red on the surface of the catalyst.
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Figure (3-36): Effect of nano Tieuse on photodecolorization of phenol red.

Run 5 refers to calcined Ti@fter four irradiation cylcles.
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3.11 Conclusions and Suggestions

3.11.1 Concluding remarks

The photocatalytic decolorization and degradatibthe phenol red dye
as a phenolic model moiety in aqueous solution stadied using synthesized
nano anatase Tg&s a semiconductor catalyst under UV- light iraéidn.

XRD pattern of the prepared nanometric anatase p@vder confirmed the
neat anatase allotrope without rutile diffractioeags stemming from high
calcination temperatures. SEM and TEM images rexkamooth and highly
dispersive surfaces with average size of 9-11 nme. omposition resulted has
been consistent with that of the reference anagsscimen of TiQ as
corroborated by EDXS measurements. The bandgagyenasrdetermined from
the diffused reflectance spectrum amounted to ¥.4which was identical to
that recorded for reference TiGample. BET measurements confirmed the
mesoporosity with average surface area of #g.m

The influences of several operational paransehamely; phenol red initial
concentration, TiQdosage and particle size, UV light intensity aiagying of
photolysis solution pH, have been evaluated: thetquatalytic reaction is
favored by a low particle size nano catalyst anatireely a high light intensity,
whereas the best efficiency is obtained for 0.5Ta0), dosage, photolysis
solution pH of 4.5 and 10.3 ppm of initial dye centration. Furthermore, the
apparent quantum yield was also explicitly influethdoy photolysis solution
pH, TiO, dosage and initial dye concentration.

The kinetics and thermodynamics of the phatilgtic bleaching of phenol
red by TiQ nanocatalyst has also been investigated. The ksaif the
photocatalytic oxidation follows a Langmuir—Hinslwebd model which

demonstrates the pseudo first order with respeittealye initial concentration
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within the experimental concentration range. The od the photocatalytic
degradation was enhanced by the addition @fO,HHydroxyl radicals
contributed appreciably, other than, Qas, in the photobleaching process
indicating the remarkable role of hydroxyl type ch&try mechanism in the
process. The participation of «OH as active oxidjsspecies was confirmed by
using hydroxyl radical scavengers, where the rdt@lmtodegradation was
drastically reduced. On the other hand, an incredslee temperature has kind
effect on kinetics and facilitates the degradafgwocess to good extent. The
effect of temperature from 293 to 318 K showed thatapparent rate constants
follow the Arrhenius relation. The activation energf the degradation of
phenol red was found to be 38 kJ mol

The rate of photo decolorization of phenol rdge was monitored
spectrophotometrically and it was recorded withpees to the change in
intensity of absorption peak at 432 nm. It was ol that TiQ decolorizes

phenol red dramatically after 300 minutes of U\htigradiation.

3.11.2 Suggestions
In the light of the present research work, sevetajgestions can be

reported:

1- The phenolic dyes are classified as high pgi@dotoxicants due to

their toxicity, persistence, i.e., low biodegradigpiand carcinogicity.

The initial step € ‘h+pair formation), in the photooxidative degradatiain
organic dyes on Ti®is no longer questioned, but the subsequent detéithe
degradation pathway remain rather controversiatofdaingly, the recent work
could be extended further to study detailed dedraadanechanism employing

various instrumental tools like HPLC, GC-MS...etc.
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2- Since the immobilized TiOsystem is highly effective for photocatalysis,
because Ti@fine crystals are immobilized at high densityls surface of the
particles, we would suggest adopting immobilizechand'iO, units, for the

phodetoxification of organic dyes.

3- The study of the photocatalysis of the persispollutants, together  with
computational authentication, in aqueous effluecdsild be an interesting

extension of this work.

4- The metal and non metal doping methodology d@,Tphotocatalyst has
attracted the attention of green chemistry reseasctiue to the exploitation of
solar energy. Accordingly, we consolidate such loferesearch work to be
adopted for the decontamination of persisting oigeyes like phenolic and azo

pollutants.
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Abstract

In the current research study, the photocatalytic
(photodecolorization) degradation of the phenoliodel ecotoxicant,
phenol red dye has been investigated using labgraymthesized anatase
TiO, nanoparticles in aqueous solution.

The prepared nano Tipowder has been characterized using several
advanced instruments including, Scanning Electroarddcopy (SEM),
Energy Dispersive X-Ray Spectroscopy (EDXS), X-Raiffraction
(XRD), Diffused Reflectance UV-VIS spectrometry (RLUV-VIS),
Transmission Electron Microscopy (TEM), Brunauer+agti—Teller
(BET) theory and Raman Spectrometry. Average parsize of 9, 9.95
and 11 nm was found using TEM, XRD and SEM, respelgt The
surface area and pore size were also measured wnpBET nitrogen
adsorption apparatus which resulted in surface @frd& nf/g and a pore
size of 3.7 nm, which indicates the mesoporosityhef prepared nano
anatase Ti@particles.

The impacts of several operational parametersherphotodegradation
process were explored encompassing,, Tgading, solution pH, initial
phenol red concentration, UV light source intengtyotocatalyst particle
size and added oxidants.

Under optimum experimental conditions, 4.5 solufpdhy 500 mg/l TiQ
loading and 2.9 x I®mol /I (10.3 mg/l) phenol red, the value of the
apparent rate constant,k, obtained has been 0.01052 ma7.53x 10
sech) and the half life of the process, accordinglgdsial to 1.098 hours.
The kinetic of phenol red photobleaching has aksnbstudied and it was
found that it follows the pseudo first order patteegardless of reaction

conditions.
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Furthermore, the apparent quantum vyield for thetgdwcolorization
process was also determined and found to be appateiy 0.1.

Results reveal that the photooxidation process hanpl red follows
hydroxyl type chemistry in which the addition ofdmggen peroxide has
contributed massively in the promotion of the pssceate and yield, and
further, suppressed to a great extent by additfoisapropanol asOH
radical scavenger.

The main process activation thermodynamic parametamely, Gibbs
energy, enthalpy and entropy were also deducedovioly the
computation of photolysis activation energy empigythe well known

Arrhenius relation.
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