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ABSTRACT

The work described in this thesis was undertaken at the University of
Babylon between October Y+« + and October Y+ +) under the supervision of Dr.
Falah Hassan Hussein. Except were indicated by the reference, it is the original
work of the author and has not submitted for any other degree.

The photocatalytic dehydrogenation of butan —Y-o) and some others
aliphatic alcohols over naked and sensitized anatase have been investigated by
following carbonyl compounds formation. The technique used has the merit of
precise temperature control so that reaction rate can be reproducibly measured and
activation energies determined with considerable precision. Sensitization of
anatase has been done by the impregnation of different organic dyes.

Photocatalytic oxidation over anatase surface is in consistent with an

activation energy of about (¥ * V) kJ. mol.” for all types of alcohols used in this

study. The identical activation energy for the photoreaction of alcohols over
anatase surface in the presence of air is believed to be associated with trap-
hindered tarnsport of photoelectrons through the catalyst to the adsorbed oxygen
on the surface. Rates of carbonyl compounds formation are used to compare the
reactivates of the used alcohols investigated in this study.

Spectrophotometric measurements have been used to determine carbonyl
compounds concentrations, and this method is based on the formation of Y, %-
dinitro phenyl hydrazone of carbonyl compound, followed by the addition of
alcoholic potassium hydroxide to produce a wine colour which could be

spectrophotometrically measured.

Measurements have been done over a range of temperatures (YVA-Y+Y) K

by using ultraviolet radiation from xenon lamp (Y°+) watt. The activity of

butanone formation with different sensitized photocatalyst follow the sequance:-



Riboflavin > Safranine O> Rhodamin 1G >naked TiOY > Methyl red >

Eosin B> Crystal violet > Congo red > Thionine > Methylen blue.
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ABSTRACT

The photocatalytic dehydrogenation of butan —¥-0' and some of others
liquid aliphatic alcohol’s over naked and sensitized anatase had been
investigated by following carabonyl cempounds formation. The technique used
has the merit of precise temperature control so that reaction rate can be
reproducibly measured and activation energies can be determined with
considerable precision. Sensitization of anatase has been done by the
impregnation of different organic dyes.

Photocatalytic oxidation over anatase was consistently with an

activation energy of about (¥ * 1) kj.mol™ for all types of alcohols used in this

study. The identical activation energy for the photoreaction of alcohols over
anatase in the presence of air is believed to be associated with trap-hindered
tarnsport of photoelectrons through the catalyst to the adsorbed oxygen on the
surface. Rates of carabonyl compound formation are used to compare the
reactivates of the used alcohols and they were some for different alcohols used
in this study.
Spectrophotomtric measurements had been used to determine carbonyl
compounds formation and this method is based on the formation of Y,¢-dinitro
phenyl hydrazone of carbonyl compound followed by the addition of alcoholic
potassium hydroxide to produce a wine colour which could be
spectrophotometrically measured.
Measurements had been done over range of temperatures (YvA-v:v) K by
using ultraviolet radiation from xenon lamp (Yo ) watt.
The activity of butanone formation with different sensitized photocatalyst fell
in the sequance :-
Riboflavin > Safraniero> Rhodamin 1G >TiOx (alone) > Methyl red > EosinB>

Crystal violet > congo red > Thionine > Methyl blue.
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V.2.Y Photoinduced Surface Corrosion

When photogenerated electrons and holes are not consumed rapodly in a
desired photooxidation or photoreduction reaction, irreversible chemical
change will occur to the layers of the semiconductor surface.

Pervious studies showed that both surafce and bulk defects when TiOx
and Zno irradiated can be produced ™. The changing in colour or electric
conductivity are used to find the extent of photocorrosion. When TiOx
electrodes in contact with solution and exposure to ultraviolet light it becomes
dark (™. Titanium dioxide dissolution occurs under these conditions, these
changes are not observed in obscene of light.

V.2.¥ Photocatalytic Oxidation of Alcohols

Photocatalytic oxidation of different alcohols over naked TiO. and
modified TiOy has been investigated by many researchers, both liquid and gas
phase have been used in these studies.

Filimonov ™ studied photocatalytic oxidation of propan-Y-ol in the
varpour phase on TiOy (anatase form) with the presence of oxygen and
ultraviolet light. The products were propanone and water, propanone formed
with absenece of oxygen which means that lattice oxygen was shared in
oxidation and its colour became dark. Interactiuon between oxygen and propan-
Y-ol over TiOxy surface by using light of wave lengths (A>Y++) nm, hydroxyl
groups cat as a hole traps and convert to O'H while electron shares in the
chemisorption.

Bickely and Jayanty '™ studied photocatalytic oxidation of propan-Y-ol
in gas phase on TiOy at Y+ +k with presence of oxygen and ultraviolet light.
They found that there were two forms of adsorbed propan-Y-ol on TiOy surface.
The anthers suggested that propan one produced due to the photooxidation of
preadsorbed of propan-Y-ol. After six hours there was only traces of alcoho,



and acetone oxidized to the formic acid which further dissociated to carbon
dioxide and water.

Cunnigham and his co-workers " studied interaction of methanol and
ethanol with TiOy surface in the presence of ultraviolet light. They found that
the products were methanol and ethanol respectively, when oxygen dose not
involved in this system the colour of TiOy becomes greyblue due to the sharing
oxygen from lattice of TiOy in the photooxidatin.

Gentry and his co-workers " studied photocatalytic oxidation of
propan-Y-ol over rutile surface with some of other oxides. They found that
addition WOY increased formation of propanne, when FevOr was added the
activity toward dehydrogenation reduced.

Cunnigham and his co-workers ™" studied photocatalytic oxidation of
propan-Y-ol, butan-Y-methylpropan-Y-ol.

They found that when these compounds exposed to the ultraviolet light were
undergo selective photooxidation over peroxidized and prereduced rutile
surface in the presence of oxygen. Photooxidation of these alcohols produced
propanone, butanone and methyl propanone respectively, they used lablled O'"
gas in this dstudy, there was no lablled oxygen (O+'") incorporated into any of
these products which indicate that the lattice oxygen was involved in the

reaction. The authors considered that adsorption on sites for alcohol molecules
(\Y“\)
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Figure (1-YA) Interaction of alcohol moecules with TiOy surface.

Photocatalytic oxidation of propan-Y-ol has been done over TiOy with
passing Ny, Oyand NO, it was found that the addition of water to the reaction

mixture accelerated proipanone formation. Addition peroxide increased rate of



reaction with presence of Oy , photogenerated electron transfers to the peroxide,
initiation step for this reaction was ™" :
h™ +e + OH-(Sur) + H¢O« —_— YO'H(gur) + OH-(Sur) (\ -¢ \)

The presence of preoxide and ultraviolet light with absence of oxygen
produced propanone rapodly untile HOy consumed completely, the overall
reaction was :

h* +¢ + (CHy)yCHOH+ HyOy —— (CH:)y Co+ YH\O  ()-¢Y)

when oxygen is involved the following mechanism employed:

HO'y + (CHy)yCHOH — > (CHy)y C'OH + YH\O ()-£Y)

(CHy)y C'OH +Oyv — > (CHy)y Co + HO'y (V-£¢)
HO’y is considered as a precursor for the formation of HyOx as in the equation
YHO'« » H Oy + O (V-£9)

Buss et al '™ studied photocataytic oxidation of methanol, ethanol and
n-butanol over TiOy which photooxidized to the corresponding aldehydes under
nitrogen atmosphere.

Carnzosaand his co-workers ™ studied interaction between methanol
was photooxidized to formaldehyde and methan, as a result of the abvstraction
propan from the surface by (C Hy) radical.

In other study photocatalytic oxidation of propan —Y-ol over TiOx has
been done, the following mechanism was suggested ¢ .

O'Huy + (CHy)y CHOH ——— (CHy)s COH + HO ()-£7)
O (agsy + H'O » OH gy +HO'y (1-£V)

HxO produced in equation (Y-¢V) produces O'Hyy in the equation ()-£A)

propanone formed in the following equations:-

(CHr)x C'OH + H Ox » (CHy)s CO + H:Ox ()-£A)
(CHy)x COH +Oy ———— (CHs)y CO + HO'« ()-£9)
Y(CHy)y C'OH » (CHy)y CO + (CHy)y CHOH  ()-°*)




photoelectrochemical oxidation of methanol and propan-‘-ol over TiOy has
been done, these compounds were oxidized at the anode, at the cathod oxygen
reduced with production of HOx according to the equation '™ :-

CH-OH +Oy » HCOH + HOx (Y-2)

Kawai and Sakata ™ studied irradiation TiOx powders mixed with

either Pt, Pd and Oy complex of these species, this system led to high
production of hydrogen from liquid methanol/water mixture. The authors
suggested that photoholes produced by light would oxidized methanol to the
farmaldehyde and formic acid. Photoelectrous conduction band of TiOy would
simultaneously reduced (H®) in solution to produce hydrogen as in the

following equations:

CH-OH »  HCOH +H, ('-°Y)
HCOH +H.0 » HCOOH +Hx ()-o%)
HCOOH > COy+H\O (\-Oi)

Cunningham and his co-workers ™ studied photocatalytic oxidation of
propan-Y-ol over TiOx with used O«'" in the reaction, they reported that the
presence of Oy in the product indicates presence of equilibrium between

propanone and water as in the following equations:-

(CHv)vCHO“H+% o, »(CH:) CO" +H, 0" (1-09)

CHr);CHO "H+H,0™ > (CHy): CO™ +H, 0" ()-o%)

Bickely and his co-workers " studied photocatalytic oxidation of

propan-Y-ol in vapourphase at ¥+ +k over naked TiOx under illumination with
light of wave lengths more than YYY nm. They found that surface hydroxyl
groups act as an intermediates in this reaction, consumed oxygen on the surface
of TiOy depends on the concentration of hydroxyl group on the surface where

they acted as a trapping centers for the photoholes as in the following equations

(Y9),

TiOy +hv > TiOy (h-e) (*-°Y)



(h-e) + OH (g » O'Hun +€ (1-0A)
adsorbed oxygen molecules acted as a traps for the photogenerated electrons:
Ovg > Oray (Y-°9)
Or(ads) 1€ > Or (ats) (V-14)

Oy formed then attacked neighboring adsorbed propan-Y-ol, reaction was

carried out by propan transfer as in the following equations:

Or (agsH(CHr)y CHOH 45 » HO v+(CH:x)y CHO™  ()-1Y)
Or by hydrogen transfer:

Or (adsy*(CHr)x CHOH a5 » HO+(CH,)yC'OH  ()-1Y)
This leads to the two possible reaction ways:-

either:

HOv+(CHr)x CHOH g5 » H.O«+(CH+),CHO (V-1Y)
H«Oy+(CH+)yCHO > (CHy)y CO+O H+e (V-1%)
O 'H+(CHr)y CHO’ » (CH:)yCO+H\O (V-19)
Or:

HO v+(CHr)sCHOH (545 » H:Ox+(CHy)yCHO (V-11)
HyOv+(CH+)yCHO » (CH:):CO+HO+O'H ()-1V)
O 'H+(CHy)y CHO » (CHy)«CO+H\O+e (V-1A)

Electron produced in equations (Y-1%), ("-1°)and ()-1%) returned back to the

catalyst regenerated surface hydroxyl ions as in equation :

O'Hgunyte »  OHn ()-Y+)
The overall reaction was:-
Orx(g+Y(CHr)xCHOH > Y(CHr);CO+YHO (-V))

According to this mechanism quantum efficiency in order of unity.
Borgarello and Pellizzetti *" studied photocatalytic oxidation of liquid
alcohol on M/TiOy under irrdiation with vv light they found that the rate of

photooxidation of different alcohols followed the order:-



Methanol>ethlenglycol>ethanol>pro--ol>pro-Y-ol>but-"-ol>but-Y-ol>Y-
methyl-pro-Y-ol.

The proposed mechanism for the photocatalytic oxidation over M/TiOv
involved trapped electrons on the metal which used inturn in rduction of the
abstracted protons from alcohols to evolve hydrogen as in the following
stept’*".

M" +nH* » M°+nH (-vY)

Harvey and his co-workers (‘" investigated photocatalytic oxidation of
propan-Y-ol over TiOy, they found that there is a single activation energy of
YYkH.mol™ for different alcohols which included propan-Y-ol. The identical
activation energy is believed to be associated with trap hindered transport of
electron from catalyst to adsorbed oxygen on the surface of TiOx .

Nishimoto and his co-workers " studied photocatalytic oxidation of
propan-Y-ol over Pt, TiOy and RuOy under argon atmosphere artd irradiation
with light of wave lengths more than Y:.nm. They found that rutile was
inactive when used with black platinium, for anatase activity fell in the
sequence:

Pt black>>Pt powder> RuOy

In a further study the authors suggested that the rate of reaction
decreased with increased alkyl groups of the used alcohols, and its fell in the
sequence **;

MeOh>EtOH>PrOH>pro-Y-ol>BuOH

Photocatalytic dehydrogenation of methanol over Pt/TiOy and Rh/TiOx
had been studied, the product was methanol, carbonmonoxide and
hydrogen®*?,

Photocatalytic oxidation of methanol, ethanol, propan-‘-ol and
propan-Y-ol over Pt/TiO:r has been done in the range of temperatures
(YYA-Y.Y)k. These alcohols were photooxidized to the corresponding carbonyl

product, the protons reduced to hydrogen as in the equation ¢ *":



H
P +YH" s Pt < PLeH, (1Y)

Picht and his co-workers *" showed that hydrogen atoms do not
abstract from terminal methyl group in photocatalytic oxidation of ethanol over
TiOv.

Cunningham and his co-workers ¢*Y studied activity of the
photoconversion of secondary alcohos in vapour phase to the corresponding
carbonyl products.

These products formed by elimination hydrogen from water or (Ca-CB) bond
fission from parent alcohol.

Photocatalytic oxidation of primary, secondary and tertiary methal
butanol in gas phase has been studied over TiO with the presence of oxygen at
YAk, it was found that photooxidation followed the sequence:

Secondary > tertiary > primary .
Secondary and tertiary alcohols were photooxidized from alken resulted from

dehydration and then oxidized to aldehydes and ketones as in the following

equations:
C
C ) | [
| C— C=—C=0C & ¢ —C—CHO+COr ).V%)
C— C — C—cC |
| I
OH c—C=C—cC QJ—>>C= O +C-CHO )-Yo)
C
c I
I C=¢C =C—C-Q‘—'>C= O +C-CHO "Y-Y1)
I
C=— C = C—cC (|: c

o C=C—C—c X »C=C—C—cC+COy ()-



The primary alcohol was not dehydrated and various aldehydes and
ketones resulted directary from photooxition V.

Kawai et al "°? studied photocatalytic dehydrogenation of goseous
methanol by using mixture of methanol/water over Pt/TiO.. The authors
suggested formation of COy and H:O from reaction of adsorbed (CH:O)
radical and adsorbed water as in the following equations:

CHOH, > CHO (aag) + H at) (*-YN)

CH:O’(ags) tHO —— > CO*(g)"'% Hr g (*-Y9)

If water does not involve methanol is deformed as in the equation:
CHyOH 43y —— HCOH +Hy (Y-AY)

Cundall et al “*" suggested that there is a linear relationship between
rate of reaction and light intensity.

The effect of light intensity on the rate of reaction also was studied by
Egerton and King °" they found that the authors found that the rate of
reaction was proportional with square-root of (1) at a high light intensities,
where at low light intensities there is a linear relation between rate of reaction
and light intensity .

Pichat et al """ studied photocataly oxidation of different alcohols over
Pt (£.A°)/TiOx by the following hydrogen evolution, they found that the rate of
hydrogen evolution was depended on the used alcohol and it fell in the
sequence: methanol> ethanol> propan-Y-ol = propan-Y-ol = butam-)-ol .

Photocatalytic oxidation of different alcohols in benzen solution has been
studied over Pt/TiOy, it was found that this method produced clean and high
production of corresponding aldehydes and ketones ¢'**).

Photocatalytic oxidation of propan-Y-ol has been studied over Pt/TiOy

and Rhodaamin in B, it was found that the absorption of the photocatalytic



shiffted toward high wave lengths when used Rhodam in B as a photosensitizer
in this system °7,

The effect of molecular structure and the acidity on the amount of Hy evolved
from liquid alchols (C,-C:) has been studied over TiOy. It was found that the
amount of products depends on the concentration of (OH") which present on the
surface of TiOy (™Y,

Hussein " studied the effect of addition some salts on the activity of
TiOy and Pt/TiOy for photocatalytic oxidation of propan-Y-ol at Y4Yk. the
author found that there is reduction in the activity of propanone formation
when treating with salts, the reduction in activity fell in the sequence:
NarPou>NarCOr >NaySO: .

Yamagota and his co-workers " studied photocatalytic oxidation of
propan-Y-ol, ethanol, and Y-methyl propan-Y-ol by using Ti(Oet): and TiOv as a
photocatalytic, they found that there are same active intermediates for two
types of photocatalytcs.

In a further study photocatalytic oxidation of methanol, ethanol and propan-Y-
ol has been studied over TiOy , from this study it was found that there is
reduced amount of a spin adduct ).

Cunnigham and his co-workers " studied photocatalytic oxidation of

benzyl alcohol over TiOy which photooxidized to benzalsehyde.
Photocatalytic oxidation of ethanol and propan-Y-ol has been studied over TiOy
surface under irradiation with light of wave lengths more than ¥+ +nm at YAk,
ethanol was phoitooxidized to the ethanol as well as hydrogenj while st propan-
¥-ol was photooxidized to the propanone ¢'*".

Photocatalytic oxidation of some ketonic alcohols x-types of benzeween
derivation has been done over TiO. with presence of oxygen. These
compounds were photooxidized to the corresponding binary Ketones 7.

Hussein and Radi " studied photocatalytic oxidation of propan-Y-ol

over TiOy and some photosensitizers, it was found that used photosensitizers



euhanced acet one formation with respect to use TiOy alone. It was found that
activation energy for this type of alcohols was about Y+.+ kJ.mol' for anatase,
and YV.+ kd.mol~ for rutile, the author suggested that all types of alcohols have
a single activation energy which does not depend on the type of used alcohol
but it was related to the state of surface of the used photocatalyst .

photocatalytic oxidation of propan-Y-ol studied over V:Os/TiOy , it was
found that addition of some alcohols such as Li, K and Rb to the comosite
catalyst led to increase in the basicity of VOs/TiOy . presence of these metals
caused decreasing in the total activity of photocatalytic oxidation reaction ¢'**).
Photoconversion of COy to methanol studied over Pd/TiOy at YYYk under
irradiation with vv light. This method was active and selective for
hydrogenation of carbon dioxide to methanol ™",

photocatalytic oxidation of mixture ethanol water has been studied over
Au/TiOy and Pt/TiOy. It was found that platinium exhibted a higher activity for
hydrogen evalution rather than gold ™.

Hussein and Ali ™ studied photoconversion of propan-Y-ol to

propanone over naked TiOy and riboflavin sensitized TiOy at Y4Ak. the authors
found that photosentitizer exhibted higher activity toward propanone formation
with respect to the used TiOy alone.
Photoconversion of propan-Y-ol to propanone studied over naked, sensitized
and methallized TiOy at YAk with presence of air. It was found that used both
sensitized and metallized TiOv ebhanced activity of propanone formation with
respect to use TiOx alone '*". Photocatalytic oxidation liquid alcohols (C,-C)
has been studied over rutile and anantase under illumination with ultraviolet
light and presence of air.

Photoproduction of methanol had been done by using mixture of
CO+/H+O over TiOy under irradiation with ultraviolet light. The main products
are CH+OH, CHq, and CO, the ratio of CO+/H+O and reaction temperature are

the main factors which effected on the efficiency of this reaction .



Photocatalytic oxidation of methanol has been done over TiOy and Pt/
TiOy , it was found that photoocidation over TiOy produced methanol.
Photothermal of methanol produced complete oxidation of alcohol to COy
much greates than produced from oxidation over Pt/ TiOy .

Photoproduction of methanol from carbon monoxide has been done over
Ca/ TiOy under irradiation with ultraviolet light, it was found that addition of
some co-catalysts such as ZnO/ TiOx or ZrOx / TiOy to the system increased the
efficiency for methanol fornation from hydrogenation of carbon monoxide " .

Photocatalytic decomposition of propan-Y-ol has been done over Sol-gel
alumina, selective decomposition of propan-Y-ol depended on the acid-base
properties of alumina surface. It was found that defects in the crystalline
structure play important role in the acetone formation in this reaction .

Photocatalytic oxidation of propan-Y-ol has been studied over films of
TiOy under irradiation with ultraviolet light. These films were prepared from
peroxo modified anatase Sol(PASOL), these films have a high surface area
wide band of photoresopones to vivible spectrum which gives acetone with a
high efficiency .

Recently photocatalytic oxidation of propan-Y-ol has been studied over
Pt/ TiOx, cdse/ TiO+ and sensitized TiOy under irradiation with vv light. It was
found that sentitizers enhanced formationof acetone with respect to use naked
TiOy . using mixed ZnO/ TiOy dose not effect significantly on the rate of
reaction with respect to use TiOy alone, whilest using mixture of cdse/ TiOy
showed considerable effect on the rate of reaction with respect to use naked
Tio, ™),

The Present Work
The present work reports an investigation of the photocatalytic
dehydrogenation of butan-Y-ol and some of the liquid aliphatic in case of using

naked TiOy (anatse from), and sensitized anatse with different photosentizers.



The technique used in this study has the merit of precise temperature control,
so that reaction rates can be reproducibily measured and activation energies can
be determined with a considerable precision. The research is particularly
directed toward the following parameters:-
Y- The effects of different gases on the activity of butanone formation.
Y- The effects of the variation of each:-

amount of catalyst used,

temperatures,

light intensity
on the rate of reaction.

Y- Effect of using different types of photosensitizers.

¢- Effect of using different concentration of a certain dye.
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Chapter One
Introduction

General Introduction

Catalysis is one of the most important technology in modern society.
Catalysts are very important in the technology of the modern world since about
more than 1 + 7 of chemical materials are produced by using catalysts, and more
than 4+7 of the factories use catalysts in their operations and chemical
production for instance, production of hydrogen, ammonia, nitric acid,
sulphuric acid, and different organic compounds. Catalysts are materials
whereby a reaction occurs, whose presence accelerates the reaction. Generally,
catalysts are used in industry to reduce energy needed for chemical reaction,
increase the rate of reaction which reduces both time and cost of final product,
and give a high selectivity of the products.

Recently photochemistry and photoreactions play a significant role in
looking for new sources of energy known as clean fuel or energy. In the
presence of catalysts, photoreactions have a great interest dealing with the
development systems of storage and conversion of solar energy to chemical
potential. These systems could be used to produce a new fuel that is better than
the fossil fuel, which may be consumed in the future as well as its polluted
effects on the environment(").

The first researchers in this field were Frank and Bard” who established the
principles of the heterogeneous photocatalysis systems by using
semiconductors as photocatalysts.

Semiconductors are considered as an important type of catalysts used in
modern industry due to their physical and chemical properties which enable

these semiconductors to catalyze many reactions.



Thirty years ago a new field of applications of heterogeneous
photocatalysis systems was started when Fujishima and Honda‘" discovered
photocatalytic splitting of water on the TiOy particles. The applications on the
environmental clean up had been one of the most important applications of
these systems. These systems were also used for the total destruction of organic
compounds in the polluted air as well as wastewater, and converted these

compounds to carbon dioxide, water, and other inorganic productsm.

V.Y Properties of Titanium Dioxide

V.Y.Y A General View

As a metal titanium was discovered in England by William Gergor in
(YY4Y) while titanium dioxide (TiOv) was discovered in West Germany by
Klaproth in YY4e ©) pure TiOy is a white powder and it is considered an
important source for the titanium.

Titanium dioxide forms about .77 of the earth crust. The main ores of
titanium are the ilmenite ( Fe TiO+) and rutile, which is one of several
crystalline forms of TiOy . Titanium (Ti'') is the second element of d-block
of transition element, and it has four valence electrons. The electronic structure
of titanium is Ar ( ¥d' £S) so that Ti (IV) is the most stable oxidation state.
The energy required for the removal of four electrons is so high that ( Ti “) ion
does not have real existence, hence, ( Ti ') compounds are generally covalent
compounds. The energy required to remove electrons from (Yd) and (£S) is
(°.V) and (1.)) ev respectively.

There are three main forms of TiOy, these are: rutile, anatase, and
brookite. Rutile has a density of £.Y% g. cm™ and its melting points ( ¥+ + Y-

Y\ YY) K. Anatase has a density of ¥.A¢ g.cm™ , and brookite has a density of



£V g.cm’ and melts at Y+3A KO, Titanium dioxide is insoluble in water,
diluted acids and concentrated HNOx but it dissolves slowly in the concentrated
HySO: . It has a weak amphotiric behavior and dissolves in bases forming

titanat and with HySO: forms sulphuric titanic®".

V\.Y.Y. Crystal Morphology of TiOy

Titanium dioxide has three crystal structures: anatase, rutile, and
brookite. Anatase is more stable at low temperatures, and converts to rutile at
temperature above than VY K. Both anatase and rutile have tetragonal
structure while brookite has an orthorhombic one. Rutile and anatase are
commonly used in photocatalysis processes. Anatase shows a higher activity as
a photocatalyst than rutile because it has high surface area which equal to ©°
m.g O

The structure of rutile and anatase can be described as a chain of (TiO-)
octahedra; oxygen ions are arranged in the form of distorted octahedra. The
difference in structure between rutile and anatase arises from the way in which
octahedrons are linked together, in the anatase each octahedra shares four of its
edges with other octahedra, where is in rutile each one shares two of its edges
with other octahedra 7. Figure (Y-)) shows the unit cell structure of

anatase,and rutile crystals .

Rutile 4% 9404 Anatase 4% -1.934%

dfF ,=1.9804 dyi o=1.980 &

0=4.5934 A 0=3.7841%
c=2.9594 782, €=9.515 A
%% vd
Eg=3.1ev Eg=3.3ev
P =4.250 g/cm? P =3.894 g/cm?
AG§ =-212.6kcal/mole 4G =~211.4 keal/mole



Figure (1-V) Crystal structure of anatase and rutile

As shown in this figure each (Ti“) ion is surrounded by an octahedron of
SiX (OY') ions, where each (OY') ion is surrounded by three ions of Ti* so that
TiOv has a coordination of (Y:1) with the presence of Ti'* in the center of unit
cell .

Anatase has a small particle size with high surface area Y in rutile
octahedron is not regular with slight orthorhombic distortion; octahedron in
anatase is significantly distorted Y The length of (Ti-Ti) bond in anatase is
greater (Y.V - Y.+ &€ A°) Vs( Y.V - Y .47 A°) in rutile whereas (Ti-O) bond is
shorter than in rutile ( Y.4Y¢ - Y 2A+ A°) in anatase Vs (}.%€9 - Y. 4A+ A°)in
rutile *7. In rutile each octahedra is in contact with ten neighbor octahedrons,
whereas in anatase each octahedron is in contact with eight neighbor ones.

The difference in lattice structure leads to different mass densities and
electronic band structures . There is a considerable difference in
dimensions of unit cell of the three forms of TiOy ; for anatase (a) is about
Y.YAe A° :and (c) about %.©Y A°, for rutile it is €.234Y A°  and Y.27) A°
respectively, while for brookite, (a) is ©.£€°7 A°(b) is ¥.YAY A° and (c) is
oNEY A,

Czanderna and co-workers ') studied the spectrum of pure anatase by
using x-ray diffraction (XRD) to follow the conversion of anatase to the rutile.
They have found that this conversion is low at less than AYY K. The authors
suggested that this conversion depends on time as well as temperature.

Bard and Kraeutler ' prepared impure anatase with rutile by heating
pure anatase for eight hours at 4YY K. The ratio of the rutile is ) * 7 as detected
by XRD spectroscopy. The preparation of pure rutile has required heating pure
anatase for (Y1) hours at Y¥VY K. Bobyranko and co-workers " also studied

the conversion of anatase to rutile by using ultraviolet absorption spectroscopy,

¢



and found that there is bathochromic shift in the absorption of anatase which
may be attributed to the degeneration of the valence electrons to the low energy
level.

Valic and co-workers (' studied crystal structure of anatase and rutile by
using x-ray absorption fine structure (XAFS). They have suggested geometrical
structure of TiOv . Samples of both anatase and rutile have been studied by
using XAFS, and has been found that the length of ( Ti-O) bond in rutile is
about (1.9A-Y . 4A€) A° whereas for anatase it was (1.4V£-).9A) A°,

Titanium dioxide with high purity have been prepared by Czanderna and
co-workers' by dissolving the metal as a powder in ammonia of 4 +7 H¢Ox at
pH more than (), and by using XRD spectroscopy, the producing oxide has
ranged from (TiO, ) to (TiOx..y). This result is in a good agreement with
experimental error to the valence ratio of TiOy known by non-stoichiometry
which traditionally occurs in semiconductors as a result of crystal defects
which are responsible for the physical and chemical properties of the
semiconductors.

Straumains and co-workers " showed that reduced TiO« (n-TiOy) could
be produced as a result of losing about *.*Y¢ ion for each unit cell and to
reduce charge deficiency equivalent quantity of Ti** converted to Ti'*. The
surface of rutile has been studied by using infrared spectroscopy (IR), and it
has been found that the outer surface of rutile crystal contains molecules of
water adsorbed as a ligand and coordinated with Ti**. The surface of rutile
contains hydroxyl groups . Heating anatase from ©YY¥ to 1YY K in vacuum
atmosphere has resulted in the dehydration of small coverage of surface
hydroxyl groups about (+.°) surface hydroxyl groups is left behind and was
identified by their IR absorption at ¥¥Yo and ¥1ve (D em,

Qing and co-workers " used polyoxyethylene tridecyl ether (Cy+ EO-)

as a surfactant for the preparation of mesoporous TiOy. This type of



photocatalyst has a high surface area (£)¥m". g”') with a high thermal stability
upto 4+ VK.

Novel photoreactive TiOv prepared by treating an aqueous solution of
TiO(SO:) with urea. The resulted precipitate was washed with distilled water
for several times and then dried at Y2A K. The product was crystalline anatase
with fine particles (£-1nm) in size with specific area '” equal to YAY m".g".

Crystalline thin titania on glass and various kinds of organic substrates
have been prepared at range of temperatures (Y)Y - Y¢Y) K by using titanium
tetraflouride. The product was transparent films with small anatase particles
(Y *nm) with a good adhesion to hydrophilic surfaces, it was found that rate of
growth, and particle size was controlled by adjustment deposition conditions
and addition of a suitable organic substrates .

\.Y.¥. Electronic and Conductance Properties of TiOy

Both photoconductivity and semiconductivity can be explained by using
band theory of solids. A according to this theory, semiconductors can be
defined as a type of metals with electronic conductivity lying between that of
conductors and insulators (""", Intrinsic semiconductors at (K are
characterized by a filled valence band and empty conduction band )
Generally, semiconductor has a band structure characterized as a series of
energetically closed spaced energy level associated with covalent bonding
among atoms composing the crystallite (valence band). The second series of
spatially diffuse energetically similar levels lying at higher energy and
associated with conduction (conduction band (H)). The magnitude of fixed
energy gap between valence band and conduction is known as band gap (EQ),
which can be defined as the wavelength sensitivity of the semiconductor to
irradiation ). The rate of transfer of electrons from valence band (VB) to
conduction band (CB) increases with the increase of temperature, so that

conductivity of semiconductors have increases with the increase in



temperature(“). When conduction occurs by conduction band electrons, the
semiconductor is of n-type, when it occurs by the valence band holes
semiconductor is of p-type .

Titanium dioxide absorbs light in ultraviolet region, when irradiated with
light of (A< €++ nm), promotes electron from valence band to the conduction
band. This process produces positive hole (h*) in the valence band, and
conduction band electron (e") in conduction band as follows .

TiOy+hv A<t nm  TjOy (e-h") (V-))

Mobility of transferring photoelectrons and photoholes have been studied
by using electron donors and electron acceptors which undergo colour change
for oxidation / reduction states ).

Methyl viologen (MV”) Is used as an electron acceptor which is reduced

rapidly to (M VA“) by conduction band electron. This reaction occurs rapidly,
and it is complete after (°+) microsecond after irradiation of sample. This
reaction is first order in its Kinetic, and it depends directly on the concentration
of (MV™)(™),

Kinetics of positive hole have been studied by using thiocyanate (SCN")
as an electron donor to combine with the positive hole to give (SC N) radical,

which forms complex with excess of SCN'. This complex is characterized by

its absorption at (£Y+) nm. The reaction is second order (")..

h* - TiOy + SCN’ > SCN (0-Y)
SCN" + SCN° » (SCN ")y (V-¥)
MVY+
CR
O N O,
hy hv
Mv . -—
C : SCN VR @
VR
\s
SCN’

A MMarhanicrn ~f AlAartranm framcfar h- Mechaniem nf hole miartion to the crirfecea



Figure (1-Y) The kinetic of electron and hole transfer

The photogenerated electrons in conduction band are rapidly trapped
through equilibrium localization at traps, followed by recombination with
photogenerated holes at the surface of TiOx ™ Titanium dioxide has a
continum of the interband states to assist in recombination of e"g, and h*,, when
these reactive species are separated from each other and transferred across the
interface to reduce or oxidize surface adsorbate substrates as in the following
equations
TiOv+thv [ TiOv(e/h") —— e gp+h'y (V-9)
h+ D — D’ ()-9)
e +A — A" (V-1
when h* reaches TiOv surface it can react with an adsorbates by interfacial
electron transfer. If these adsorbates have a redox potential appropriate for a
thermodynamically allowed reaction. Thus adsorbed electron donor (D) can be
oxidized by transferring electrons to photogenerated hole on the surface of
TiOv; on the other hand an adsorbed electron acceptor (A), can be reduced by
accepting electron from the surface of TiOx ™ Hole trapping generates cation
radical (D), whereas electron trapping generates anion radial (A™) . These
radial ions can participate in other reaction on the surface of TiOv ™),

It is obvious that the recombination of conduction band electron and
valence band hole determines the efficiency of the semiconductor

photocatalyst(" ”.



The modification of semiconductor’s surface such as the addition of
some transition metals, or the combination with other semiconductor are
commonly used to reduce recombination rate and increase quantum yield for
the photocatalysis process N Generally, valence electrons in semiconductors
are localized in the bonds and Fermi level(FL) fill in the half distance between
two bands in pure crystal. The relation between Fermi level energy and band
gap energy is given by "

1
Ef :EEQ

For the defect of crystal with some anions or cations, the position of fermi level

(0-Y)

changes according to the type of semiconductor. For p-type semiconductor it
lies in the half distance between valence band and accepted level. For n-type it
lies in the half distance between conduction band and donor level. When these
two types of semiconductors have a direct contact, that leads to generate a

double charge layer as it is shown in the figures below " ;
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Figure (1-¥) (n- p) Junction of semiconductor.

The process of capture electrons, and holes in the suspension of naked

TiOy occurs at least of (¥ +) picosecond as in the following equations (9.

TiOr T TiOw (4 ——> Gt b (1-A)
generation separation
€pt+h'yy, — eyx+h’y (V-9
lattice or surface trapping
e€p+h'y, —> Recomb ——> heat ()-)+)
(and/or e%)
€ - —— Recomb —— heat ()-)))
(and/or e’y)

ey+h'y ———» Recomb ——» heat ()-)Y)

Where e’ are the trapped electrons as (Ti”), and h*, the trapped holes as (O H)
radicals. Generally, electrons trapping are the oxygen vacancies in the lattice of
TiOv or Ti** ions ).

Anpo and co-workers 9 suggested that the irradiation of TiOy produces
Ti"" and O'H, they have found that recombination reaction between (e'g,/h'yp)
leads to reduce the electric conductivity of TiOy, which can be enhanced by the
increased separation between (e/ h™) pair by the deposition of some metals
such as Pt, Pd, and Rh on the surface of TiOv. All the forms of TiOv strongly

absorb in the near ultraviolet region of spectrum, anatase, rutile, and brookite

Vo



absorbs at Y.Y¥, ¥.+), and Y.Y1 ev respectively . It has been found that
oxygen surface plays an important role as electron capture which is reduced by
reducing the surface of TiOy by thermal treating at VY K for Y minute or by
the light for Y+ hours and passing carbon monoxide which leads to the
formation of COy ",

Active sites on the surface of TiOv have been studied by using electron
spin resonance spectroscopy (ESR). This study has shown that (Ti”) ions are
the donating centers. This result is in a good agreement with that observed by
Breakenridge and Hosler ",

Electronic and structural properties of pure strontium titanate (SrTiOr )
and platinized strontium titanate ( Pt/Sr TiOv) have been studied by using low
energy electron diffraction (LEED) ,and ultraviolet photoelectron spectroscopy
(UPS). These studies have showed that the deposition of Pt occurs after the
surface removal of (Ti”) by transferring electrons from titanate to the
platinium®©? .

Disdier and co-workers ©*) measured the photoconductivity of Pt/TiOv
powders (+.°-1+7%), and they have found that deposition of metal (/)
enhances charge transfer from TiOy to the (Pt) which reduces recombination
reaction between photoelectron, and photohole.

Recently, nanotube TiOy have been prepared, and it consists of (Y-°)
monlayers of TiOy molecules with inner diameter (£.Y-2.9)nm and surface area
(Y.Y-¥.1) times more than that of raw TiOy €.

Lev Davyder and co-workers " suggested that the activity of TiOv
enhances when loaded with some metals. They have found that Yo7 of TiOx
loaded with Cr exhibits activity in the visible light, this observation can lead to

effective photocatalyst for the utilization from the solar radiation directly.
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V.Y.£ Semiconductor Electronic Excitation

In the heterogenous photocatalysis system, photoinduced molecular
reaction occurs at the surface of the catalyst. Photocatalysis can be generally,
divided into two types of processes: " in the first type, initial photoexcitation
occurs in adsorbate molecules which, then interacts with ground state catalyst
substrate, and this type is referred to a catalyzed photoreaction, whereas in the
second type the initial excitation occurs in the catalyst substrate transfers
electron or energy into ground state molecules ©*. These processes can be
explained schematically in the following figures:

The initial excitation of adsorbate molecules:

Insulator
hv
CB CB C.B
D D* D+
—_ Qe' —
A A A
V.B V.B V.B
/S /S /S / / /S /S S /
Semiconductor
hv )
/ y\
+
CB D CB D CB D
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Figure (1-£) a,b Photoreaction initial excitation of adsorbate molecules .

(i) Photoreaction initial excitation of the soild:-

a- Semiconductor or insulator

e e /\ C.B
CB _ \
A A A
—_— —

5 / D o
V.B V.B

hv

Figure (1-°) a, b Photoreaction initial excitation of solid .
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When excitation occurs in band gap, there is a sufficient life time of
about () ~'q) second for the generation of ( e7/h") pair, which is then transferred
to the adsorbed species on the surface of the semiconductors to the solution or
gas phase contact. The initial process in heterogenous photocatalysis of organic
and inorganic substrates by semiconductors is the generation of conduction
band electron and valence band hole in semiconductor particles .

The following figure shows the excitation of photoelectron from valence
band to the conduction band initiated by absorption light of energy >band gap

of TiOy, which is Y.YY ev for anatase and Y.+ ev for rutile.

Surface
recombination \

© * D«
KAe——

Volume
recombination

hv

Eg

\/ R

h ~ TiOy Particle

Figure (1-1) Photoexcitation in a solid TiOy followed by deexcitation events.

The fate of ( e/h*) separation can follow several pathways; electron
transfer process is more efficient if species are preadsorbed on the surface of
catalyst path C, at the surface of TiOv donate electron to reduce electron
acceptor ( oxygen areated solution), hole can migrate to the surface where
electron from a donor species can combine with it resulting in oxidized surface

donor species as in path D, recombination of e, and h*y, occurs in volume of
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semiconductor to give volume recombination path B, or recombination occurs
at the surface which gives surface recombination path ACY,

A great interest in semiconductor has led to utilize from solar energy by
using collections of semiconductor particles as photocatalysts. Among different
types of the catalyzed reactions, the type used with TiOy as a rutile, anatase and
metallized TiOx is of great interest .

Important point in this field is the ability of these systems to operate
under natural sunlight at room temperature on the surface of particles of
different types of the photocatalysts such as ZnO, CdSe, CdS, and SnOy. For
this type of reaction to occur, it is necessary to absorb light of energy >band
gap of the semiconductor. The irradiation of these particles with light of energy
greater than their band gap has produced conduction band electron, and valence
band hole ™. In this case, a semiconductor acts as a photoelectrochemical cell
(PEC), or directly oxidize adsorb electron donors, or reduce adsorb electron
acceptors in solution by electron and hole transfer at two positions on
semiconductor surface . Among these semiconductors, TiOy is the most
important photocatalyst due to its stability toward heat, light, acids, bases, its
resistance to photocorrosion, and its moderate band gap which is Y.+ ev for
rutile and ¥.YY ev for anatase ).

Titanium dioxide is a reducible oxide so that the valence of Ti ion must
change from stable tetravalent (Ti ") to the trivalent state (Ti'*) which has (¥d')
electronic configuration as detected by ESR. For this reason solid TiOy exhibits
(Ti™") intensity with ESR even when treated under oxidized conditions €.
Irradiation TiOx with light of energy > Eg produces conduction band electron
and valance band hole as in the following equations ;-

TiOy+hy —— > TiOY (e, h")——> e yw+h'y (Y-A)

ep+h'yy, —— heat () )
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To reduce recombination reaction in equation ()-)+), and to enhance
photocatalytic activity of TiOy, its surface must be modified by deposition of
some transition metals to give M/TiOxy catalyst with a high surface area )

To reduce energy required for excitation, a suitable photosensitizer must
be used to absorb light in a wide band of solar spectrum. Excited state of
photosensitizer (S*) inject electron in the conduction band of TiOy This
process causes bathochromic shift in the absorption of semiconductor toward
long wavelength in the visible region .

Transfering electron from an excited state of sensitizer to conduction
band of semiconductor can occur either by diffusion of (S*) in the solution, or
direct injection to conduction band of the semiconductor when (S*) is
adsorbed strongly on the surface of semiconductor M

Photosensitization processes in the presence of TiOy or M/ TiOy can be
used in the photodegradation of pollutants in air and wastewater, as well as
photosynthesis processes such as production of carbonyl compounds from
photocatalytic oxidation of the corresponding alcohols N Using
photosensitizers in heterogeneous photocatlytic systems can be considered a
new field in the applications of photochemistry which started thirty years
ago"",

Generally, photoreactions have a high selectivity, and are free from side
reactions, therefore they can give a clean products due to the excitation of only
desired species by absorbing light with a certain wavelength.

Surface Modifications

For a high photocalytic activity, the recombination of (e'w/h*\s) pair
should be reduced by using a suitable charge carrier trap to prevent
recombination reaction and increase the lifetime of the separated e, and h*y, to
more than nanosecond. Electron states are used as charge carrier traps. These

electron states are surface defect sites, which depend on the chemical methods
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used in the preparation of surface of the photocatalyst ) Surface and bulk trap

are shown in the following figure:

CB Q

A

Bulk trap
Energy

Surface trap
V.B

Semiconductor

@ particle

Figure (1-Y) Surface and bulk trap of &'y, in semiconductors .

Charge carrier traps are localized at particular size on the surface and
bulk. Population of these traps depend on energy difference between trap and
the bottom of conduction band of TiOv . These traps lie within the band gap
of TiOy, and ESR shows the presence of trapped photogenerated electrons as
Ti'* defect sites. The adsorption of Ov on the surface of TiOy scavenges

trapped electrons, and inhibits formation of (Ti”) sites.

V.Y.Y Methods of Modifying the Surface of the Photocatalyst

There are several methods used to modify the surface of TiOy. The main
purposes of this modification is the reduction back electron transfer, the
selectivity of a desired products, the stability of semiconductor under
illumination conditions, and the wavelength range responses . For example,
CdS has a small band gap, and it is capable of the excitation in visible region of
solar spectrum, but it is unstable toward light, and photodegrade after a period

of irradiation .
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Titanium dioxide is a quite stable photocatalyst with large band gap, it is
considered active photocatalyst in ultraviolet region. Generally, there are many
benefits for the modification surface of photocatalyst ),

Inhibiting the rate of recombination reaction by increasing charge
separation, which leads to increase the efficiency of photocatalytic process.

Increasing the range of the wavelength response to wide wavelength of
solar spectrum,

Changing selectivity for a particular product.

Enhancement surface properties such as increasing surface area,
photoactivity, and photoconductivity, and

Increasing stability of semiconductor under irradiation conditions.

Surface modifications could be done by different methods:

Surface sensitization.
Composite semiconductors.
Transition metal doping, and

Metal-semiconductor modification.

Surface Sensitization

The sensitization of large band gap semiconductors to operate in the
visible light started more than hundred years ago. Systematic studies started
with sensitized oxide electrodes in the electrochemical cell .

Sensitization phenomenon, can be used in photosynthesis by using
chlorophyll over solar cell as a sensitizer, and ZnO as a large band gap
semiconductor. This system have been used as a model for photosynthesis
whereas excited chlorophyll inject electrons into transfer protein chains N

Around Y44+ a great development in applications of dye sensitization

cell occurred when Gratzel and co-workers ) used TiOv as nanocrystalline
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layers in combination with organic electrolytes such as acetonitrile, ethylene
carbonate and ruthenium complex as a sensitizer as shown in figure (-A).

An important requirement for this system is the attachment of the
complex to the TiOy surface. This type of solar cell is not expensive and it cost
only Y +-Y «7 of the present photovolatic cell. Ruthenium complex may sustain
() ) ~A) turnovers of electron injection whilst, in case of the absence of
sensitization process in the homogeneous photochemical reaction which can

only sustain (Y +-) « +) electron transfer steps .
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Figure (Y-A) Sensitization solar cell
\. Sealing against evaporation of electrolyte, Y. Instability of electrolyte,
Photoelectochemical degradation of sensitizer, £.Photochemistry of I/1¢

system, ¢. TiOy catalyzed photooxidation of electrolyte, 1. Chemical

reactivity of iodine with sealing material.

Generally, artificial ultraviolet light is harmful, and expensive to be
obtained, also ultraviolet light component in sunlight is about ©7, so that it is
necessary to extend photorespones of TiOx to utilize from the visible light. Dye
photosensitized TiOy can extend photorespones of TiOv to visible region of
solar spectrum ¢ .

However, visible irradiation mechanism, differs from that under
ultraviolet light: in the first mechanism photoinduced electron transfers from
excited state of dye by visible light into conduction band of TiO~ which, in turn
reacts with adsorbed oxygen to produce some active oxygen species such as
Oy, HO'y and O'H. These species can further attack dye or dye cation radicals
which leads to the photodegradation of dye. For this reason TiOy assisted
photoprocesses proved an attractive new method to treat wastewater containing
dye pollutants by using either visible light or sunlight directly ¢".

In the photosensitization processes, semiconductor acts as a mediator
(quencher) for charge transfer between two adsorbed species. The surface of
semiconductor acts as a quencher by accepting electron from singlet or triplet
excited state of the dye molecules. These electrons are used to reduce adsorbed
species on the surface of the catalyst (. The efficiency of charge injection
between (S) and (CB) of semiconductor depends on the difference between

oxidation energy level of excited dye (S*), and energy level of conduction band

Y.



of semiconductor so that, energy level of excited state of sensitizer must be
more negative than that of conduction band of the semiconductor. For electron
transfer to be favorable, low absorption intensity of semiconductor must
overlap with maximum absorption of photosensitizer"*).

Good photosensitizer must has the following properties:

High stability toward light.

Its absorption band covers wide range of the solar spectrum.

High ability to harvest of incident photons.

Its absorption band has a good overlapping with that of the used catalyst.

Adsorbed strongly on the surface of the photocatalyst.

Its oxidative energy level is more negative than that of conduction band
of photocatalyst, and

It has high rate for the forward electron transfer into the conduction band
of the photocatalyst.

Gratzel and co-workers ) used TiOv with deposited Pt, and RuOx to
enhance the evolution of hydrogen and oxygen. In this system, ruthinium (1)
trisbipyridyl complex is used as photosensitizer, and methyl viologen (MV”)
as an electron acceptor. Hydrogen and hydroxyl groups are liberated at Pt
electrode, and RuOxy acts as a catalyst and electron donor with evolution of
oxygen and protons. Figure (Y-9) shows photosplitting of water on the

sensitized composite catalyst.

Hy+YOH

YHy

¢H"+Oy

TiOy Particle
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Figure (Y-4) Photosplitting of water over sensitized composite catalyst

The proceeding system has been used by Dounghong and co-workers ¢
to produce hydrogen by using visible light with the same photosensitizer. They
have found that using rhodamine B(RB) as a photoseneitizer gives high product
with respect to the use of first photosensitizer.

Photosensitization system has been used by Garatzel ™ to catalyze the
photoproduction of hydrogen from water. This system involves catalyst which
is (Pt) as a suspension in the solution with ruthenium (Il) trisbipyridyl
Ru(BPY)+ as a photosensitizer. This system also contains methyl viologen
(MV”) as an electron acceptor and ethylene diamine tetra acetic acid (EDTA)
as an electron donor. Figure ()-)+) shows photosplitting of water by this

system.

hv

Figure (1-)+) Gratzel system for Hy production
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After excitation with light, sensitizer molecules absorb light and convert
to excited state (S°) which, in turn, is oxidized by injecting electron to (MV”)
which is reduced to (MV ™). The electron is then transferred to (Pt) which is
considered a collector for electrons. These electrons are used to reduce water
molecules producing hydrogen and hydroxyl groups. In the other system, the
photoproduction of oxygen from water has been done by using RuOy as a
catalyst with ruthenium (1) trisbipyridyl Ru (BPY)+ as a photosensitizer and
the complex Co(NH-+). CI as an electron acceptor. In this system, there is not
electron carrier where electrons are transferred from the catalyst to the oxidized
dye, and from excited dye (S*) to the electron acceptor. Figure (1-))) shows

this system.

-0, +2H"
Cat

hv \
/‘ S
g*
A RuOy
S+ H\‘O
A

Figure (Y-1)) Photosplitting of water to produce oxygen
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Vlachopoulos and co-workers ) determined the optimum conditions of
used dyes with high efficiency in the sensitization of semiconductors. The
authors have also produced hydrogen from water with visible light and A-
hydroxy quinoline as a photosensitizer over TiOy surface. Figure (Y- Y) shows
charge transfer from excited molecule of dye to the conduction band of the
semicondurtor,

S*

A

hy —> FL

V.B

RED

Figure (Y-1 ¥) Mechanism of charge injection between S” and conduction

band of semiconductor.

The sensitization semiconductors with high band gap such as TiOv, and
SiOy can operate under natural sunlight.

The connection of sensitizer molecules with the surface of photocatalyst
occurs either by electrostatic attraction or hydrogen bonding or chemical
bonding V.

Photosensitization processes with the presence of semiconductors are

used for the environmental clean up and removal of organic pollutants in the
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polluted air and waste water by oxidizing these substrates to COy and H+O and

other inorganic products.

V-¢ Adsorption on TiO. Surface

For the heterogeneous photocatalytic systems, the catalyst is present in a
separated phase (solid) from the whole solution. Many types of reactions occur
on the surface of the photocatalyst so that surface area, particle size, and
chemical composition of the surface play a main role in it’s work as a catalyst.

Catalytic activity occurs when reactant species are adsorbed on the active
sites on the surface. This activity plays a main role in the formation
intermediate species dissociated to give final products.

These intermediates are formed as a result of interaction between
V4
adsorbed species and defect sites of the surface ¢ . Generally, heterogeneous

photocatalytic reaction can be defined as a type of reactions in which, at least,

one of the following steps is isothermally enhanced by absorbing light with
Ao
suitable energy by the photocatalyst. These steps are ¢ 7 :-

Adsorption of reacted molecules.

Reaction of the adsorbed species.

Desorption of the products.

Adsorption may be physically or chemically in it’s type and it depends

on the temperature, pressure and pretreatment for the surface of catalyst.

Oxygen Adsorption
Many researchers have been interested in the study of oxygen adsorption
due to its important role in the occurrence of many photoreactions on the
surfaces of photocatalysts.
Shaw " proposed the formation of Ovgg due to chemisorption of

oxygen which requires the presence of surface defect sites. This step is

Yo



considered precursor for further dissociative reactions between adsorbed
oxygen, and the surface or bulk oxygen vacancies.

Oxygen is common oxidizing agent and it may be reduced to O'y,0O",and
Or '~ on the surface of TiOx.

These species are identified by ESR spectroscopy, and are produced

according to the following equations ":-

OY(g) > OY(ads) (\'\ i)
Or (ags) = > O ) ("-1e)
Oy (ads) > O-(ads) + o(ads) (\ - 1)

The donor centers which occupy (e) are considered active centers for the

the photoadsorption
hv
YO (ads) + Ox(g) > YO'x(ads) ()-'V)

Gravel and co-workers " have suggested adsorption of Oy on the
surface of TiOy when irradiation with ultraviolet light in range of temperature
(OVY-YYT)K.

Bickley and Stone %) showed that oxygen is adsorbed on the surface of

TiOy when illuminated with light of wavelength less than (¢++nm), the

detected species are Oy, 0, and O’y as in the following equations:-

Or(ads) € > O (as) (YA

OH,,+0,

2(ads)

> O (ags) + HO. (-'%)

Hydroxyl ion acts a hole traps which produced as in the following
equations:-
HOg) + 0" > YOH @ (-Y+)
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Y. _Y ) .
HYO(g) + O (Sul’) +O (Iatt) I YOH (sur) + O H (latt) (\ -Y \)
Y. " . v
H1O(g) +£O “sury tary + ¢ Ti " ——> £0OH suyan+ £ Ti "+Ox () (1-YY)

OH-(Sur) + h+ > O.H(sur) (\ _YV)

Reaction between O’x(q5) and molecular oxygen has been studied in the
range of temperature () 3Y-Y4Y) K by using ESR spectroscopy. This reaction
leads to the formation of O “**) as follows:

O-V(ads) + Oy > O-i(ads) (\ -Y 2)

Pan and co-workers " used low energy ion scattering (LEIS) in the
observation, of oxygen adsorption. They found that the adsorption of oxygen
on TiOx surface occurs at the surface oxygen vacancy sites.

Kurtz and co-workers ) showed that oxygen is dissociated on the
surface at £++ K, and the surface Ti'* sites can be eliminated upon oxygen
exposure.

Iwamoto and co-workers " studied adsorption of oxygen on the
different oxides surface by using temperature programmed desorption
technique (TPD) which gives a signal related to the adsorption of O’y in Ti'

sites. The formation of O’y and O in adsorbed from is suggested as follows:

Ovads) + € > O (a) (-Y9)
O H+ O (a9 » HO'v+ Oy (-'Y
Desorption occurs according to the following steps:

Oy @yt h” ——— Ov ag) (V-YV)
O (ads) > Ovgg (*-7A)

Molecular oxygen (Oy) is considered as a good electron acceptor, so that it is

adsorbed in different forms, as follows "

OY(ads) +e > O-Y(ads) (\ -Y ‘l)
- - Y-

O (aas) * € > O (O-7)

O (ags) > O (ads) +O(ags) (O-7Y)
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OY(adg)'l' Ye > YO_(ads) (\'VY)

- Y. -
Or(aas) t7e > O “(ads) 7O (ags) (-Y7)

Munuera and co-workers ¢ detected the adsorption of O’y by ESR
spectorscopy as:
O_(ads) +Ox > C)_\‘(ads) @ -¥ £)

When the surface of TiOy is irradiated with ultraviolet light using two

oxygen isotopes O0'"vand O+, there is Isotopic exchange with lattice oxygen

according to:

0" 9+ 0 sun > 070" +0" s (Y-7°)
There is exchange between adsorbed oxygen and lattice oxygen

O gy + O™ g > 0Mm+0 0"g  (-TV)
YO 'y + O v g > Y0 @y + 0" v g (-™V)
07+0" Y00y ("-*A)

The conversion of TiOx colour to grey-blue indicates that the lattice
oxygen contributes to the reaction which leads to increase non stoichometry of

TiOy with reduction (Ti**) concentration .

V\.£.Y Adsorption of Alcohols

The adsorption of alcohol molecules on the surface of photocatalyst is
very important step in their photocatalytic oxidation. So that the adsorption of
different alcohols on TiOy surface has been studied by many researchers.

Munuera and Stone had " studied the adsorption of propan-Y-ol, and
propanone on ©+/ hydroxylated rutile surface at YYY K. Their studied showed
that the adsorption was non-dissociative with two types of adsorption sites,
either (OH-O) pairs or vacant ligand positions on the isolated titanium ion as

shown in figure (Y- Y),
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Figure (Y-YY) Adsorption of propan-Y-ol on TiOy surface by (a)OH groups
(b) isolated Ti ions.

Wolkenstein " studied the adsorption of propan-Y-ol on the surface of
semiconductor and found that alcohol molecules are connected with free
valence of semiconductor leading to chemisorption of MeCHO" radical on the

surface as shown in figure (- ¢)
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Figure (Y- ¢) Adsorption of propan-Y-ol on the surface of semiconductor.

It has been shown that the adsorbed alcohol strongly interacts with the
unmodified surface, and that the orintation of hydrocarbon chain of alcohol is
parallel to the surface which enhances hydrogen bonding between OH group of
alcohol and the surface of semiconductor .

Bickley and Jayanty(“) suggested two types of adsorbed propan-Y-ol on
the surface of TiOy, the more weakly held form is non dissociatively adsorbed
to the surface of rutile, whereas the more strongly held type is dissociatively
adsorbed, and is dehydrated to propene at high temperatures.

The adsorption of number of alcohols on TiOy surface has been studied
by using IR spectroscopy, and has been found that there are two types of
alkoxide within surface: one of them is formed with surface oxygen ions,
whereas the other with surface (Ti) sites . The adsorption of alcohols on the
hydroxylated anatase surface occurs with the most exposed Ti"* ions in order to
fill their coordination sphere .

Infrared spectroscopy and temperature programmed desortption (TPD)
are used to study adsorption of methanol on TiOv surface, methanol adsorbed

strongly with isolated Ti"* ions to fill their coordination sphere )



Oxygen in lattice is coordinatively unsaturated (CUS) providing

adsorbed sites for alcohol molecules on the surface of TiOy as shown in figure

aA
(V-1o) 9. R R R

Y

O -(cus)

Figure (Y-Y9) Adsorption of alcohol on TiOy surface .

The adsorption of propan-Y-ol on TiOy surface has been studied by
vibrational spectroscopy which shows that the adsorption occurs either by
hydrogen bond (OH.....O) or coordinative bond (Ti-O) for non dissociative
adsorption ) Methanol is adsorbed on the surface of TiOy in two forms: the
reversibly adsorbed type was about ¢Y-1)7 whereas the oxidation of methanol
to methanal was related to the presence of strongly bound oxygen and the
weakly adsorbed alcohol ("

Adsorbed phenol on both anatase, and rutile surfaces had been studied by
Primet and co-workers!' " by using IR spectroscopy. They have found that
phenol was bonded strongly with surface hydroxyl groups by hydrogen
bonding. The apperance of phenolate species () £ €A cm™') band is attributed to
the dissociatively adsorbed phenol with (Ti-O-Ti) bridge produced from
dehydroxylation.
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V.Y Effect of Adsorption of HYO and Oy on the Photoactivity of
TiOy

Adsorption of water on the surface of TiOy leads to the reduction in the
upward band bending which leads to increase the rate of recombination of
photoelectron and photohole . The reason for this feature is that the barrier
height and its width become smaller which facilities the return of surface
trapped electrons into the bulk conduction band region (9,

The addition of oxygen to the surface of TiOv leads to increase the
upwared band bending which reduces electron hole recombination. Generally,
oxygen is considered an electron trap to prevent recombination process. On the
other hand, adsorbed water is considered a recombination center for (e g/h"yp)
pair .

The effect of both water and oxygen on the surface band bending

changes on TiOy is shown in figure (Y- 7).

CB /

CB /
CB /

— HyO

A 7777 7 7 7 77777 7 7
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Figure (Y-Y1) Schematic description of the surface band bending, effects

of HO and Oy adsorption.
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V.® Photocatalysis over Naked and Sensitized TiOy

Titanium dioxide has been used in many photocatalytic oxidation, and
reduction reaction. Catalytic properties of TiO+ were first observed by Renz!' "9
when he used the light in the oxidation of some organic substrates.
Photocatalytic oxidation over TiOy is more frequent than photocatalytic
reduction, because reduction power of conduction band electron is lower than
the oxidation power of valence band hole. Most reducible substrates do not
Kinetically compete with adsorbed oxygen in the trapping of conduction band
electrons ¢' ).

Photosensitization processes in the presence of TiOy or M/TiOy can be
used in the photodegradtion of pollutants present in the air, and wastewater.
These systems can also be used in photosynthesis such as production of
carbonyl compounds from the photocatalytic oxidation of the corresponding

alcohols.

V.2, Photoinduced Surface Corrosion

When photogenerated electrons and holes are not consumed rapidly in a
desired photooxidation or photoreduction reaction, irreversible chemical
change occurs to the layers of the semiconductor surface.

Previous studies have shown that both surafce and bulk defects can be
produced when TiOx and ZnO irradiated ' *”. The changing in colour or electric
conductivity is used to find the extent of photocorrosion. When TiOy electrodes
are in contact with solution and exposure to ultraviolet light, they become
dark" ™. Titanium dioxide dissolution occurs under these conditions, these

changes are not observed in the absence of light.
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V.2.Y Photocatalytic Oxidation of Alcohols

Photocatalytic oxidation of different alcohols over naked TiOy and
modified TiOy has been investigated by many researchers. Both liquid and gas
phase have been used in these studies.

Filiminov " studied photocatalytic oxidation of propan-Y-ol in the
vapour phase on TiOy (anatase) with the presence of oxygen and ultraviolet
light. The products are propanone and water: propanone is formed with the
absence of oxygen, which means that lattice oxygen is shared in oxidation and
its colour becomes dark.

Bickley and Jayanty "V studied the photocatalytic oxidation of propan-
Y-ol in gas phase on TiOy at ¥+ + K with the presence of oxygen and ultraviolet
light. They found that there are two forms of adsorbed propan-Y-ol on TiOy
surface. The authors suggested that propanone is produced due to the
photooxidation of preadsorbed propan-Y-ol. After six hours, there were only
traces of alcohol, and acetone oxidized to formic acid, which was further
dissociated to carbon dioxide and water.

Cunnigham and co-workers ' studied the interaction of methanol and
ethanol with TiOy surface in the presence of ultraviolet light. They found that
the products are methanal and ethanal respectively. When oxygen is not
involved in this system, the colour of TiOv becomes grey blue due to sharing
oxygen from lattice of TiOv in the photooxidation.

Gentry and co-workers " studied photocatalytic oxidation of propan-Y-
ol over rutile surface with some other oxides. They found that adding WO«
increases the formation of propanone. When FexO- is added, the activity toward

dehydrogenation is reduced.
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Cunnigham and co-workers '" studied photocatalytic oxidation of
propan-Y-ol, butan-Y-ol, and methyl propan-Y-ol. They found that when these
compounds are exposed to the ultraviolet light they undergo selective
photooxidation over preoxidized and prereduced rutile surface in the presence
of oxygen. Photooxidation of these alcohols produced propanone, butanone,
and methyl propanone respectively, they used labeled O, gas in this study:
there was no lablled oxygen (O+") incorporated into any of these products

which indicate that the lattice oxygen is involved in the reaction.
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Figure (Y-\V) Interaction of alcohol molecules with TiOy surface.

The photocatalytic oxidation of propan-Y-ol has been carried out over
TiOx with passing Ny, Oy and NvO, and it has been found that the addition of
water to the reaction mixture accelerates propanone formation. The addition of
peroxide increases rate of reaction with the presence of Oy, photogenerated

electron transfers to the peroxide, initiation step for this reaction is ¢''":
h+ +e- + O-H(Sur) + HYOY _— Y().H(sur) + O.H(SUI’) (\ 'va)

The presence of preoxide and ultraviolet light with absence of oxygen
produces propanone rapidly until HOx is consumed completely, the overall
reaction is :

h* +¢" + (CHy)yCHOH+ H\Oy ——— (CH:)y CO+ YH:O  ()-¢+)

When oxygen is involved the following mechanism employed:

HO'y + (CHy)yCHOH — > (CH:)y C'OH + YH\O ()-£))

(CH\“)V C OH +Ox —_— (CHr)v CO+HO'« (\-2\‘)
HO’y is considered a precursor for the formation of HyOx as in the equation
YHOY > H\‘Oy + Oy (\-2‘«)

Buss and co-workers ') studied the photocataytic oxidation of
methanol, ethanol, and n-butanol over TiO+ which are photooxidized to the
corresponding aldehydes under nitrogen atmosphere.

Carrizosa and co-workers ' studied the photocataytic oxidation of
methanol on TiOy and irradiation with ultraviolet light. The products were
formaldehyde and methane. These products may be attributed to the abstraction

of hydrogen from the surface by (C Hy) radical.
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In another study ', the photocatalytic oxidation of propan —Y-ol over
TiOy has been done, the following mechanism was suggested.
O'Hny + (CHy)y CHOH ——— (CH+)s C'OH + H:O (V-£¢)
O (ags) + HYO » OH'gpy+HO'y (-£9)

Water produced in equation ()-£¢) produces O Hyy in the equation ()-£9).

Propanone is formed in the following equations:-

(CHT)\‘ C'OH + H O« > (CHv)v CO + H«O« (\-i'\)
(CHy)s COH+Oy —— > (CH:)y CO+HO", ()-£Y)
Y(CHy)s C'OH > (CHy)y CO + (CHy)y CHOH  ()-£A)

Photoelectrochemical oxidation of methanol, and propan-‘-ol over TiOy has
also been carried out. These compounds are oxidized at the anode, and at the
cathode oxygen reduced with production of HyOy according to the following
equation ;-

CH:OH +Ov » HCOH + HOy (V-£9)

Kawai and Sakata ' studied the irradiation of TiOy powders mixed

with either Pt, Pd, and Oy complex of these species. This system has led to high
production of hydrogen from liquid methanol/water mixture. The authors
suggested that photoholes produced by light would oxidize methanol to the
formaldehyde and formic acid. Photoelectrons in conduction band of TiOy
would simultaneously reduce (H") in solution to produce hydrogen as in the

following equations:

CH-OH »  HCOH +H, ('-°+)
HCOH +H:O » HCOOH +Hv ()-°Y)
HCOOH »  CO«+H,O (1-°Y)

Cunningham and co-workers ('™ studied the photocatalytic oxidation of
propan-Y-ol over TiOy with the use of Oy "in the reaction. They have reported
that the presence of O«'"in the product indicates the presence of equilibrium

between propanone and water as in the following equations:-
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(CHV)YCHO”H+% 0. »(CH:); CO'" +H, 0" (1-oY)

CHr);CHO "H+H,0™" > (CHy): CO™ +H, 0" ()-0%)

Bickely and co-workers ") studied photocatalytic oxidation of propan-

Y-ol in vapour phase at ¥+ + K over naked TiOy under illumination with light of
wavelengths more than Y¥Y nm. They found that surface hydroxyl groups act as
an intermediates in this reaction. The consumed oxygen on the surface of TiOy
Is depending on the concentration of hydroxyl group on the surface where they

act as trapping centers for the photoholes as in the following equations:

TiOy +hv » TiOx (h-e) (V-e°)
(h-e) + OH () » O'Hgy +€ (Y-°7)
adsorbed oxygen molecules act as a traps for the photogenerated electrons:
Ov > Oray (Y-°Y)
O (as) +€ > O (ads) ('-2A)

The Oy produced then attacks neighboring adsorbed propan-Y-ol, and reaction

Is carried out by proton transfer as in the following equations:

Or (agsH(CHr)y CHOH 45 » HO'\+(CH;)yCHO™  ()-°9)
or by hydrogen transfer:

Or (agsH(CHr)y CHOH a5 » HO\+(CHy)yCOH  ()-1+)
This leads to the two possible reaction ways:-

either:

HO +(CH+)r CHOH g5 » H/Ov+(CH:)CHO"  ()-1))
HyO++(CHy):CHO » (CHy)yCO+O'H+HO+e  ()-1Y)
O H+(CH-)x CHO’ » (CHy)\CO+H,O (\-17)
or:

HO"v+(CH+)+CHOH 545 » HOx+(CH+)«CHO ()-1¢)
HyO++(CHy):CHO » (CHy)\CO+H/O +O'H ()-19)
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O H+(CHr)y CHO » (CH:)yCO+HO+e’ ('-11)

Electrons produce in equations (1-1Y), and (Y-171) return back to the
catalyst regenerated surface hydroxyl ions as in equation:
O g+ > OH (0-1v)

The overall reaction was:-

Ovg+¥(CHr)sCHOH —2 ¥(CH,),CO+YH.O (0-1A)
TiOy

According to this mechanism, quantum efficiency is in order of unity.

Borgarello and Pelizzetti '™ studied photocatalytic oxidation of liquid
alcohols on M/TiOy under irradiation with UV light, and found that the rate of
photooxidation of different alcohols follows the order:
methanol>ethyleneglycol>ethanol>pro-\-ol>pro-Y-ol>but--ol>but-Y-ol>Y-
methyl-pro-Y-ol.

The proposed mechanism for the photocatalytic oxidation over M/TiOy
involves trapped electrons on the metal which is used, in turn in the reduction
of the abstracted protons from alcohols to evolve hydrogen as in the following
step!"™:

M™ +nH" » M+nH® ('-19)

Harvey and co-workers ™ investigated photocatalytic oxidation of
propan-Y-ol over TiOx, and they found that there is single activation energy of
YV kJ. mol™ for different alcohols, which include propan-Y-ol. The identical
activation energy is believed to be associated with trap hindered transport of
electron from catalyst to adsorbed oxygen on the surface of TiOx .

Nishimoto and co-workers ™ studied photocatalytic oxidation of
propan-Y-ol over Pt, TiOy and RuOx under argon atmosphere and irradiation
with light of wavelengths more than Y+ -nm. They found that rutile is inactive

when used with platinium black, for anatase activity, fall in the sequence:
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Pt black>>Pt powder> RuOy

In a further study Li and co-workers '™ suggested that the rate of
reaction decreases with the increased of alkyl groups of the used alcohols, and
it fall in the sequence:
MeOH>EtOH>PrOH>pro-Y-ol>BuOH

Photocatalytic oxidation of methanol over Pt/TiOy and Rh/TiOy has been
studied, and the products are methanol, carbon monoxide and hydrogen® ™.

Photocatalytic oxidation of methanol, ethanol, propan-)-ol and
propan-Y-ol over Pt/TiO:. has been done in the range of temperatures
(YYA-Y.Y) K. These alcohols are photooxidized to the corresponding carbonyl

product, the protons are reduced to hydrogen as in the equation ¢ ™:

H
Pt +YH* Pt < STEPteH (0

Pichat and co-workers ¢ showed that hydrogen atoms do not abstract
from terminal methyl group in photocatalytic oxidation of ethanol over TiOy.

Cunningham and co-workers'"” studied the activity of the
photoconversion of secondary alcohos in vapour phase to the corresponding
carbonyl products. These products are formed by the elimination of hydrogen
from water or (C4-Cg) bond fission from the parent alcohol.

Photocatalytic oxidation of primary, secondary, and tertiary methyl
butanol in gas phase had been studied over TiO+ with the presence of oxygen at
Y7A K. It has been found that photooxidation follows the sequence:
secondary > tertiary > primary.

Secondary and tertiary alcohols are photooxidized from alken resulting from
dehydration and then oxidized to aldehydes and ketones as in the following
equations: C

C i I

| C— C—C=C®=> c—C—CHO+CO: ()-Y)

C—C— C—C |
| ) C

OH C—C=C—C > )C—0 +C-CHO ".YY)
C



C

- C
C C—L=C—CD‘—>7C= O +C-CHO "-Y%
C— C— C—C ©

OH Cc=C—C—c 2—+0=C—C—C + CO, ()-

The primary alcohol is not dehydrated and various aldehydes and
ketones result directly from photooxidation ¢'"*.

Kawai and co-workers ™" studied photocatalytic dehydrogenation of
gseous methanol by using a mixture of methanol/water over Pt/TiO.. The
authors suggested the formation of COy and HvO from reaction of adsorbed

(CH:O’) radical and adsorbed water as in the following equations:

CHY“OH(g) » CH:O°® (ads) T H* (ads) (\_\/c)
5
CHVO'(ads) +H QO ——m™ COv(g) + E HY(g) (Y-v1)

If water is not involved, methanol is deformed as in the equation:
CH+OH gy ———> HCOH +H; ('-vV)
Cundall and co-workers ™ suggested that there is a linear relationship
between rate of reaction and light intensity.
The effect of light intensity on the rate of reaction was also studied by
Egerton and King ™. They found that the rate of reaction is proportional with
square-root of light intensity at a high light intensities, where at low light

intensities there is a linear relation between rate of reaction and light intensity.
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Pichat and co-workers ('™ studied photocatalytic oxidation of different
alcohols over Pt (£.A2)/TiOy by the following hydrogen evolution. They found
that the rate of hydrogen evolution depends on the used alcohol and it fall in the
sequence: methanol> ethanol> propan-)-ol = propan-Y-ol = butan-)-ol .

Photocatalytic oxidation of different alcohols in benzen solution had
been studied over Pt/TiOy, and found that this method produces clean and high
production of the corresponding aldehydes and ketones ¢,

Photocatalytic oxidation of propan-Y-ol had been studied over Pt/TiOx
and rhodamine B, and found that the absorption of the photocatalyst shifts
toward high wavelengths when used RB as a photosensitizer in this system ™.

The effect of molecular structure and the acidity on the amount of Hy
evolved from liquid alcohols (C,-C:) over TiOv had been studied. It has been
found that the amount of products depends on the concentration of (OH)
present on the surface of TiOy ™.

Hussein ™ studied the effect of the addition of some salts on the
activity of TiOy and Pt/TiOy for photocatalytic oxidation of propan-Y-ol at Y4Y¥
K. The author found that there is reduction in the activity of propanone
formation when treating with salts. The reduction in activity fall in the
sequence: NarPO:>Na-COr >NaySO: .

Yamagata and co-workers (" studied photocatalytic oxidation of
propan-Y-ol, ethanol, and Y-methyl propan-Y-ol by using Ti(OET): and TiOx as
a photocatalyst. They found that there are same active intermediates for two
types of photocatalysts.

In a further study, photocatalytic oxidation of methanol, ethanol, and
propan-Y-ol had been studied over TiOv. From this study, it has been found that
there is a reduced amount of spin adduct .

Cunnigham and Srijaranai " studied photocatalytic oxidation of benzyl

alcohol over TiOy which photooxidized to benzaldehyde.
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Photocatalytic oxidation of ethanol, and propan-Y-ol had been studied
over TiOy surface under irradiation with light of wavelength more than ¥+ + nm
at YA K. Ethanol was photooxidized to ethanal as well as hydrogen whilst
propan-Y-ol was photooxidized to the propanone *".

Photocatalytic oxidation of some ketonic alcohols a-type of benzene
derivation has been done over TiOy with presence of oxygen. These
compounds are photooxidized to the corresponding binary ketones 7.

Hussein and co-workers (*“ studied photocatalytic oxidation of
propan-Y-ol over TiOy and some photosensitizers, and it was found that the use
of photosensitizers enhances acetone formation with respect to use TiOv alone.
It has been found that activation energy for this type of alcohols is about
Y+.+ kJ. mol for anatase, and YY.+ kJ. mol™ for rutile. The author suggested
that, all types of alcohols have a single activation energy which does not
depend on the type of used alcohol but it is related to the state of surface of the
used photocatalyst ¢'**).

photocatalytic oxidation of propan-Y-ol had been studied over VvO./TiOx
and found that the addition of some metals such as Li, K, and Rb to the
composite catalyst leads to increase in the basicity of V«O./TiOy. The presence
of these metals causes decreasing in the total activity of photocatalytic
oxidation reaction ¢ V.

Photoconversion of COy to methanol had been studied over Pd/TiOy at
VYY K under irradiation with ultraviolet light. This method is active and
selective for hydrogenation of carbon dioxide to methanol ¢ ",

Photocatalytic oxidation of mixture ethanol/water has been studied over
AU/TiOy, and Pt/TiOy and found that platinum exhibits a higher activity for
hydrogen evaluation rather than gold ¢ .

Hussein and Abdul-Sahib *" studied photoconversion of propan-Y-ol to

propanone over naked TiOy and riboflavin sensitized TiOy at Y3A K. The
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authors found that photosensitizer exhibits higher activity toward propanone
formation with respect to the used TiOv alone.

Photoconversion of propan-Y-ol to propanone had been studied over
naked, sensitized and metallized TiOy at Y3A K with presence of air. It had
been found that the use of both sensitized and metallized TiOy enhances activity
of propanone formation with respect to use TiOy alone ¢'°"). Photocatalytic
oxidation of liquid alcohols (C,-C+) had been studied over rutile, and anatase
under illumination with ultraviolet light and presence of air.

Photoproduction of methanol had been done by using mixture of
CO+/H«O over TiOy under irradiation with ultraviolet light. The main products
were CH:OH, CHs, and CO, the ratio of CO+/H-O and reaction temperatures
were the main factors which effected on the efficiency of this reaction ",

Photocatalytic oxidation of methanol had been done over TiOv and
Pt/TiOy, and found that photooxidation over TiOy produced methanal.
Photothermal of methanol produced complete oxidation of alcohol to COy
much greater than produced from oxidation over Pt/ TiOx (7.

Photoproduction of methanol from carbon monoxide has been done over
Cu/ TiOy under irradiation with ultraviolet light, and found that addition of
some co-catalysts such as ZnO/ TiOyor ZrOy / TiOy to the system increases the
efficiency for methanol formation from hydrogenation of carbon monoxide'*".

Photocatalytic decomposition of propan-Y-ol has been done over
alumina, selective decomposition of propan-Y-ol depends on the acid-base
properties of alumina surface. It has been found that defects in the crystalline
structure play an important role in the propanone formation in this reaction ¢'°*,

Photocatalytic oxidation of propan-Y-ol had been studied over films of
TiOy under irradiation with ultraviolet light. These films prepared from the
modification of the TiOy surface, they have a high surface area, and wide band
of photoresopones to visible spectrum, which gives propanone with a high

efficiency (.
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Recently " photocatalytic oxidation of propan-Y-ol has been studied
over Pt/ TiOy, CdSe/ TiOr and sensitized TiOy under irradiation with
ultraviolet light. It has been found that sensitizer enhances formation of acetone
with respect to the use of naked TiOy. Using mixed ZnO/ TiO« does not effect
significantly on the rate of reaction with respect to use TiOv alone, while using
mixture of CdSe/ TiOy show a considerable effect on the rate of reaction with
respect to use naked TiOy.

V-1 The Scope of the Present Work

The present work reports an investigation of the photocatalytic oxidation
of butan-Y-ol and some of the others aliphatic alcohols using naked TiOx
(anatase), and sensitized anatase with different photosensitizers. The technique
used in this study has the merit of precise temperature control, so that reaction
rates can be reproducibily measured and activation energies can be determined
with a considerable precision. The research is particularly directed toward the
following parameters:-

V-The effects of different gases on the activity of butanone formation.
Y-The effects of the following variables:-

a- amount of catalyst used,

b- temperatures,

c- light intensity.
Y-The effect of using different types of photosensitizers.

¢-The effect of using different concentrations of a certain dye.
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Chapter Three
RESULTS
Y.\ Surface Modification

This part, shows the results of modified TiOy surface with different
photosensitizers by using XRD spectroscopy, IR spectroscopy, and UV-visible

spectroscopy for naked and sensitized TiOv with different dyes. These results
are shown in figures (¥.Y-Y.9) for electronic spectra, (¥.) *- Y.V V) for IR

spectra, and (¥.) Y-Y.) &) for XRD spectra.
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¥.Y Photocatalytic Oxidation of butan-¥-ol
v.¥.y Preliminary Experiments

These experiments, has been carried out to determine the optimum
conditions which led to high photocatalytic activity in photocatalytic reaction.
Photocatalytic oxidation of butan-v-ol using different masses of TiOr was
studied in presence of air and ¥ nm irradiation from xenon lamp at Y44 K. In
each experiment a required amount of catalyst was added in the reaction vessel
and a suspension obtained by use of the stirrer, the volume of alcohol was (Y-
cm’) in all experiments. The results are given in table (v.)) and plotted as
butanone concentration versus reaction time in figure (¥.V¢). Rates of reaction
expressed in mol.dm™.s™ were calculated from the slopes of such linear reaction
progress plots. Figure (*.)1) shows that a catalyst weight of Yo+ mg is sufficient
for the maximum rate of photocatalytic reaction. This weight will be used in all

experiments carried out in this study.
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Figure (¥-)¢) Photocatalytic oxidation of butan-¥-ol over different anatase load

at yia K.
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¥.Y.Y Photocatalytic Oxidation of butan-¥-ol under Inert Atmosphere

The reaction of butan-v-ol at Y24 K over anatase (Y¢+) mg was followed
in the presence of ultraviolet light, air, and nitrogen. In the presence of air
without ultraviolet light, and in the presence of nitrogen without ultraviolet
light. From these practical observations we found that: -

Y, In the presence of air, and irradiation, the concentration of butanone is
increased linearly with illumination time.

Y. In case of the presence of nitrogen and irradiation, butanone formation
was extremely slow and after one hour of irradiation anatase become grey-
blue in colour due to the losses of lattice oxygen from the surface.

These results are shown in table (¥.Y)
Table v.¥: Rates of butanone formation under different atmosphere

conditions

Irradiation

_ _ '+ x butanone concentration /mol.dm™
time/min

UV +air UV+Ny air. dark Ny dark
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Figure (Y-°) Electronic spectrum of thionine (TH)

Y.

Figure ( Y-V) Electronic spectrum of crystal violet (CV)
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Figure ( Y-1) Electronic spectrum of rhodamin1G(R1G)

O

A nm

Figure ( Y-A) Electronic spectrum of methylen blue (MB)

| : Before added TiOy, Il : dye/ TiOx, IlI: after TiOy separation
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Figure ( ¥-%) Electronic spectrum of methyl red (MR).
| : Before added TiOy , Il : dye/ TiOy, IlI: after TiOy separation
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Figure ( v-1+) IR Spectrum for naked and loaded TiO« with CV, RF, MR, TH, and MB .
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v.¥.¢ Light Intensity Dependence of Reaction Rate for the

Photocatalytic Oxidation of butan-¥-ol

In this part, a series of experiments had been carried out at Y24 K in
the presence of air and Yo+ mg of anatase. The Y11 nm wavelength
radiation used was isolated by using suitable filters. Natural density filters
were used to obtain different light intensities. The results are shown in
table (v-¢), and plotted in figure (*-4) as butanone concentration against
time, and in figure (v-¥ ) as rate of reaction against light intensity.

From the results obtained a square root light intensity dependence

was observed for light intensity greater than -.v x Y+ ein. s

Table (¥-¢): Rates of butanone formation under different light

Intensities

o Y+ X butanone concentration /mol.dm™
Irradiation

Y "% I/ein.s™

Itime /min

Y

V. X rate/

mol. dm™.s™
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Figure (v-)?) Photocatalytic oxidation of butan-v-ol on TiOy with

different irradiation time.
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¥v.¥ Dehydrogenation of butan-¥-ol on Sensitized TiOy
v.¥.) Dehydrogenation of butan-¥-ol on Sensitized Anatase

In this part, a series of experiments had been done over sensitized TiO
with some photosensitizers at Y44 K and irradiation with ¥11 nm from xenon
lamp. The results were deficient, when compared with those observed when
TiOy was used alone under these conditions. The reason for these results was

that, these dyes absorb light in visible region of the solar spectrum, maximum

absorption of these dyes( A max) ranged between (£ * -1+ +) nm.

The results are shown in table (V-°) and plotted as butanone
concentration aganst time of irradiation in figure (Y- V).

The results for the photocatalytic oxidation over sensitized TiOy with
different dyes (Y x )+~ mol.dm™ ) at ¥ YA K, and irradiation with full light
intensity of YAt 0 mw/ch from xenon lamp are shown in table (V-") and

plotted as butanone concentration against time in figure (Y¥-Y V).

Table (v-¢): Rates of butanone formation on sensitized TiO,and

irradiation with ¥11 nm radiation from xenon lamp.

. ' +" * butanone concentration /mol.dm™ .
Dye Con/ Yx\ - V' X rate/
) Irradiation time / min .
mol. dm™ mol.dm™.s”
. \o Y’n iO 'l . Yo
Riboflavin (Rf) ' vl LAY v A LYo LYY v YA
Rhodamin 1G
Y N4 V) Ve YA ¢y
(R3G)
Safranine O
¢ % | Ao 4 Y
(SO)

V¢




Methyl red
(MR)

TiOr alone

LYY

A

£y

~.Oi

Y Yot

Ve




| | , |
Yo S
® MB/TO,
| ® Rrf/TO N
A BB /TiO,
'_g Yoo A WR/TO, —
- + cov/TO,
(@) .
c — X  TH/TO, -
% X  RG /TiO,
5 Ve O ci/To, —
= B so/Tio,
§ _ o TiO , alone ~
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O — |
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Figure (v-)+) Photocatalytic dehyragenation of butan-¥-ol with different dyes

YX Y+ mol. dm." at YaA k.
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v.v.* Photocatalytic Oxidation of butan-v-ol on TiO, with Different
Concentrations of the Best Dyes

In this part, a series of experiments have been done over sensitized TiOx
with some photosensitizers which gave high photocataytic activity for
butanone formation such as Rf SO and R1G. Different concentrations of each
dye were used with Ye. mg of TiO« and irradiation with light from Xenon
lamp at YaAk. Table (¥.v) shows the results of using different concentrations of
(Rf) and plotted in figure (*-V\) as Y+ butanone concentration /mol. dm™
against time/min. Table (¥-A) shows the results of using different
concentrations of (SO) and plotted in figure (¥-)Y) as :' X butanone
concentration / mol. dm™ against time / min.

Table (¥-4) shows the results of using different concentrations of (R1G)
and plotted in figure (*-)v) as '+ * butanone concentration / mol. dm™ against

time / min.
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v.Y.¥ Temperature Dependence of Reaction Rate for the

Photocatalytic Oxidation of butan-¥-ol

In this part, a series of experiments have been done over range of
temperatures (YvA-v.¥) K. These experiments were carried out under
illumination with light of ¥11 nm radiation from xenon lamp. The results
are shown in table (v.¥) and plotted in figure (¥.'V) as butanone
concentration against reaction time. Activation energy of ¥-.A k.mol™ for

the butanone fromation was obtained from figure (v.1A).

Table (*-*): Rates of butanone formation in the range of temperature
(YVA-Y.¥) K,

Y " x butanone concentration / mol. dm™ Y. X rate

Irradiation time / min /mol. dm™ .s”

Yo 20 T

CAY A [y
v | XY VYA
CAY Yo AE:
VY AL A
XY Aaz x
Yo ¥4 )
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WA K —
v K =
MK —
varK -
YAAK -
vorK -

7
HO» D> eo

v+ " X butanone concentration / mol. dm™

q.

time / min

Figure (*-Vv) Photocatalytic oxidation ot butan-¥-ol over anatase
under different temperatures.
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Figure (r-'A) Temperature dependence for the photocatalytic
oxidation of butan-¥-ol over TiOx.
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Figure (v-¥Y) Photocatalytic oxidation of butan-¥-ol on sensitized anatase
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Table (¥-1): Rates of butanone formation over sensitized TiO,
with different dyes with  x)+™ mol.dm™.

Y. X butanone concentration / mol. dm™

Dyes Irradiation time / min oxrate]
mol. dm™. s™
. \o Y ¢o X '

Riboflavin (Rf) vE0 | AY | AT | VYA oYY ot
Safranine O (SO) CXY O cge | T A DY) AKX
Rhodamin 1G(R1G) A ) LY CAY LYY .y
Methyl red (MR) ) AN Y ) ..0) VY
Eosin B (EB) SA | A | e | e | te RIS
Crystal violet (CV) R S R LA R - UL & G B 2 4 NERY
Congo red (CR) IS R A U PA IO A LY
Thionine (TH) v a0 o) ‘o .Y . Yo . oA
Methylen blue(MB) 0 R AT VAN |y Y
TiOy alone AR R - O .0 LY V.68

via




Yo :

MB /TiO,
Rf /TiOy
EB /TiO,
MR /TiO,
oV /TiO,
TH /TiO,
R1G /TiO,
CR /TiO,
SO /TiO,

TiO, alone

OHO x4+ » D> &O

y." X butanone concentration / mol. dm™
|

. =~

, —
_ //;J—-—‘ B

i A B B | |
N \e Y. ¢o " Vo ..

Irradiation time / min

Figure (¥-YY): Photocatalytic dehydrogenation of butan-¥-ol with
different dyes Y x Y- mol. dm.™ at Y24 K with full
light intensity from xenon lamp.
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v.r.¥ Photocatalytic Oxidation of butan-¥-ol on TiO. with Different

Concentrations of the best Dyes

In this part, a series of experiments have been done over sensitized

TiOy with some photosensitizers which gave high photocatalytic activity for

butanone formation such as Rf, SO, and R1G. Different concentrations of

each dye were used with Yo+ mg of TiOy and irradiation with light from

xenon lamp at YaA K. Table (v-v) shows the results of using different

concentrations of Rf and plotted in figure (*-Y¥) as butanone concentration

against time. Table (v-A) shows the results of using different concentrations

of SO and plotted in figure (¥-Y¢) as butanone concentration against time.

Table (v-4) shows the results of using different concentrations of

(RG) and plotted in figure (v-Y°) as butanone concentration against time.

Table (*-v): Rates of butanone formation on sensitized TiOv with

different concentration of Rf.

v+ x butanone concentration /mol.dm™

Con. of Rf/ et . V" X rate /
mol. dm™ Irradiation time / min mol. dm™ s”
Vo Ye ¢o T Vo
Y XV CAY e 't cor | v Y.£9
vox Y CEY A CAE Yoy Y TA
Y X VT . to Ay R YA Y.YA o0
ox Vo . ¥y N CAA Y Y'Y Y1 v g
cox Yt ‘o YA N 3% Y Yot

VA




Table (*-A): Rates of butanone formation on sensitized TiOy with
different concentration of SO.

Con. of SO / 12X butanone concentration /mol.dm™ yx rate /
mol. dm™ . wlrradlit.lon tm:i/mmm - mol. dm™. s
X Vot . ) o X e LAY . ov YA
ox V.t . ‘o v Y gy .0 i e
X Ve . XYY Y T CAY Y \IEA
oX V" . XYY A% Y% LYY YA Y.V
XV . YA C ¥ VY Y % Y VA

Table (v-4): Rates of butanone formation on sensitized TiOy with
different concentration of R G.

Con. of R1G / VT X but?;lror;eiz (t:ionncteirrl;[]ra;icr)nnir/]mol.dm"“ VY rate /

- A |

mol.dm™ . o a 2.0 ﬁ — = mol. dm™.s
Y X ) . ) « Y Yy ey Loo Y YEA
vo XV . R VY . oY A AT Y AYo
Y X VT . oY iy Y v AS Yoot \R
vox VT . . Yo CEA VY Y Y YY Y Ao
vox Ve . Y AR . Yo CEA o1 R

va
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Figure (¥-Y¥) Photocatalytic oxidation of butan-Y-ol over TiOv with
different concentrations of Rf at Y4A K,
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Figure (¥-Y¢) Photocatalytic oxidation of butan-Y-ol over TiOv with
different concentrations of SO at Y24 K.
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Figure (¥-Y¢) Photocatalytic oxidation of butan-Y-ol over TiOy with
different concentration of R1G at Y44 K.
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¥.¥.¥ Photocatalytic Oxidation of butan-Y-ol on Sensitized TiOyand
Irradiation with Visible Light.

In this part, a series of experiments have been done over sensitized
TiOx with some photosensitizers with a concentration of ) x Y+~ mol.dm’
" for each one at YA K and irradiation with light from tungsten lamp. The
results are shown in table (¥-)+) and plotted as butanone concentration

against time in figure (¥-Y1) .

Table (¥-1 +): Rates of butanone formation on sensitized TiO. and
irradiation with visible light from tungsten lamp.

V" x butanone concentration /mol.dm™
: . : Vo' Xrate /
Dye / TiO. Irradiation time / min .
mol.dm™. S
\0 V# 20 T Yo
Rf/ TiO. - Y C 8 . oA « VA Y. Y ¥e
SO/ TiO« - R .Yy CYY ‘it . o \ Yo
R1G/ TiOy - ) ' X .Y ) . 0) Y YA
MR/ TiO - v ‘e LYY LY C YA VY
TiO: (alone) - - - - - - -

AY




Y «"X butanone concentration / mol. dm™

4 N
N ©  RfI/TIO
y y— A 30/ Tio,
o RYG /TiO,
7] + MRI/TiO,

| | | | |

. \o Y. ¢0 " Ve
Irradiation time / min

Figure (--+) Photocatalytic oxidation of butan--ol over sensitized anatase
with different dyes at - K.
+.« Photocatalytic Oxidation of others Alcohols
~.«» Photocatalytic Oxidation of others Alcohols over naked TiO. at
K.

Photocatalytic oxidation of methanol, ethanol, propan-.-ol, propan-
--0l, and butan--ol was carried out over naked TiO. at .- K and irradiation
with light of -~ nm radiation from xenon lamp. The results are shown in

table (--) and for the purpose of comparison, the last column contains

A¢
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data for butan--ol. The data is plotted in figure () as product

concentration (methanal, ethanal, propanal, propanone, butanal, and

butanone) against irradiation time.

Table (--): Rates of formation of different carbonyl compounds
over naked TiO. at « K.

Irradiation
time/min.

\.YX

concentration of product/mol.dm™

methanal

ethanal

propanal

Propanone

butanal

butanone

.
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Vo

Y.
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Yo
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L YE
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00
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Ao
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VY.
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Y VYo
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Y oA
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The results show that the photocatalytic activity was the same for all six

alcohols used in this study.

~.«.» Photocatalytic Dehydrogenation of others Alcohols over
Riboflavin Sensitized TiO. at « K

Photocatalytic dehydrogenation of methanol, ethanol, propan-.-ol,
propan--ol, and butan-.-ol was carried out over riboflavin sensitized TiO.
with concentration of .+ x ..~ mol.dm™ of this dye at « K and irradiation
with light from xenon lamp. The results are shown in table (--) and for
the purpose of comparison, the last column contains data for butan---ol.
The data is plotted in figure (--~) as product concentration (methanal,
ethanal, propanal, propanone, butanal, and butanone) against irradiation

time.
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Table (--v): Rates of formation of different carbonyl compounds
over Rf/ TiO. at « K.

Irradiation
time/ min.

V+" x concentration of product /mol.dm™

methanal

ethanal

propanal

Propanone

butanal

butanone

.

.

.

.

.

Yo

A\l

~'0-l

Yo

VA

Yo

Yo

S

N

¢0o

O

oo

T

1o

Yo

Yo

Ao

Ao
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Y« "x product concentration / mol. dm™

These results show that the photocatalytic activity was the same for all six

alcohols used in this study at « K.
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7 . butanone -
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n x methanal B
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Yo T
0 | T
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Irradiation time / min

Figure (--~) Photocatalytic oxidation of liquid alcohols over naked TiO. and Rf/
TiO. at « K.
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. Temperature Dependence for the Photocatalytic Oxidation of others
Alcohols over naked TiO.

In this part, a series of experiments had been done over naked TiO. and

irradiation with light of - nm radiation from xenon lamp. These experiments

had been done over range of temperatures (w-) K.

+...» Photocatalytic Oxidation of methanol on TiO,

These experiments had been done over range of temperatures

(Y‘V/\_

«) K. The results are shown in table (--) and plotted in figure (-v) as

methanal concentration against irradiation time, and in figure (---) as log. rate

of reaction against /T x .- K*. The results give an activation energy of ..

kJ.mol" for methanal formation.

Table (--v): Rates of methanal formation over TiO. at different

temperatures.
'+ x methanal concentration /mol.dm™ |y ratel
T/K Irradiation time / min .o
mol. dm™. s
\o Yo ¢o T Yo
YVA O VY YA AR Y'Y « VYo
YAY ooV )1 oYY « Y4 + Yo « YA
YAA 4 YRR L ¥o T . avo
Yay . Y YA AR .0 YYe
YaA < AR Ve Al o1 Y. ¥

A4




v."x methanal concentration / mol. dm™
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Figure (---) Photocatalytic oxidation of methanol over anatase at
different temperatures.
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Figure (¥-¥4) Temperature dependence for the photocatalytic oxidation of

methanol over naked anatase.

v.o.¥ Photocatalytic Oxidation of ethanol on TiOy.

In this part, a series of experiments have been done over range of
temperatures (YvA-YaA) K. The results are shown in table (¥-)¢) and plotted in
figure (¥-v+) as ethanal concentration against irradiation time, and in figure (¥-
¥V) as log,. rate of reaction against /T x )+ K. From these results an
activation energy of ¥).v.. kJ. mol™ was obtained for ethanal formation. The
value of an activation energy is in a good agreement with those obtained for

methanal and butanone formation.
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Table (-1 ¢): Rates of ethanal formation over TiO. at different
temperatures.

y." x ethanal concentration /mol.dm™

V"X rate /
T/K Irradiation time / min .
mol. dm™. s
. Vo Y‘n ¢0 T Yo
YVA . ~.~'\ ~,\Y \\/\ ~_Y2 \Y‘Y‘ ~_WV°
YAY . A Y «YY NEE « T « YA
YAA . « .4 Y '« Y1 . Yo A Y
Y%V . n.\ ~.* ..\‘ﬂ ~_V‘\ L i/\ \_'/\o
YaA . R CYY CYY C et Y Y Yor
— i I i i
Voo |, N
] < YVYAK -
' A A
. | n
' -+ YANK
= A -
o o Yark
e O ik
E vV L ) -
~~ — -
c
e T —
]
IS - - L
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Figure (*-v+) Photocatalytic oxidation of ethanol over anatase at

Im™.s
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different temperatures.
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Figure (¥-Y) Temperature dependence for the photocatalytic oxidation of

ethanol over naked anatase.

v.o.¥ Photocatlytic Oxidation of propan-‘-ol and propan-Y-ol over
TiO,

In this part, a series experiments had been done over range of
temperatures (YYA-Y4A) K. The results are given in table (v-1¢) for propan-
V-0l and plotted in figure (*-¥Y) as propanal concentration against irradiation
time, and in figure (¥-vv) as log.. rate of reaction against VT x V" K™,
The results for propan-Y-ol are given in table (¥-)1) and plotted in figure  (v-
¥¢) as propanone concentration against irradiation time, and in figure (v-

\

vo) as log,. rate of reaction against \/T x):" K'. From these results an

4y



activation energy of Y..1A kJ. mol™, and v).7v kJ. mol” is obtained for

propanal and propanone formation respectively.

Table (¥-Y¢): Rates of propanal formation over TiOy at different

temperatures
\+" x propanal concentration /mol.dm™ .
. _ Vo Xrate/
T/K Irradiation time / min .o
mol. dm™. s
\D v. ¢0 T Yo
YVA : e C Y K Y LYY A
YAY . vy [ e [y X4 L ¥o 2
YAA VA VA VYV LYo R YR
Yay . ) ')A VXA | YA .o K
YaA . R LYY LYY Y .on Yy Yoo

Table (*-V1): Rates of propanone formation over TiO, at different

temperatures
\+" X propanone concentration /mol.dm™ .
Vo' Xrate/
T/K Irradiation time / min .o
mol. dm™. s
. Vo V' ¢0 T Yo
YVA . O )Y AR o Y¢ oYY A
YAY . ooV « Yo oYY Y A% « YAo
YAA . o 9 RN « Yo A . C0 « q¢
Yay . ) AR «. Y4 AR  EA Y .90
YaA . R CYY “ Y T « oA y.Y1e
1 | | | |
p— \ —
4 < YWAK L
- ] A K B
=
S A— + vk -
= | ® rark B
= | O vk it -
- v J
C — —
4=
':CB' S —




Figure (¥-vY) Photocatalytic oxidation of propan-)-ol over anatase at

different temperatures.
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Figure (*-rv) Temperature dependence for the photocatalytic oxidation of

propan-1-ol over anatase.
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Figure (*-v¢) Photocatalytic oxidation of propan-¥-ol over anatase at
different temperatures.
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Figure (*-re) Temperature dependence for the photocatalytic oxidation of

propan-¥-ol over anatase.

v.e.¢ Photocatalytic Oxidation of butan-‘-ol on TiOy

In this part, a series of experiments had been done over range of

temperatures (YvA-Y4A) K. The results are given in table (v-)v) and plotted as

butanal concentration against irradiation time. in figure (¥-v1) and figure

(v-vv)as log,. rate of reaction against /T x Y:" K. From these results, an

activation energy of Y1.e kJ. mol™ is obtained for butanal formation.

Table (¥-1Vv): Rates of butanal formation over TiO, at different

temperature
'+"x butanal concentration /mol.dm™ .
. _ Vo' Xrate/
T/K Irradiation time / min .
mol.dm™.s
Yo Yo ¢o T Yo
YVA v 0 C Y K .\ Yo T R

A
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y." x butanal concentration / mol. dm™

Qe

Irradiation time / min

Figure (*-v+) Photocatalytic oxidation of butan-1-ol over anatase at different

¢ rate/ mol. dm™.s™

temperatures.
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Figure (¥-YV) Temperature dependence for the photocatalytic oxidation

of butan-\-ol over anatase



Chapter Four
Discussion

¢.\ Preliminary Experiments.

In the heterogeneous photocatalysis system used in this study, there
are four different parameters which could effect the photocatalytic
reactions : air , TiOy , light, and type of dye .

Absence of air :
TiOr  +light ———> +D product
Absence of catalyst :
Air + light +D ——> no product
Absence of light :
TiOy +air +D ————> no product
Absence of dye :
TiOy +air + —> light product

From these observations, it has been concluded that the presence of
TiO. , ultraviolet light, and air is very essential to abstract hydrogen from
alcohol molecules by using the conduction band electrons of TiO«, The
product is detected by using IR spectroscopy to detect carbonyl group of
reaction product which exhibits absorption band at y1e- cm™ as well as a
broad band at vA-+ ¢cm™ which is related to the absorption of hydroxyl

group of alcohol as shown in figure ( ¢.Y) .
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¢,Y Surface Modification

£.Y.\ Electronic Spectra of Dyes.

Electronic spectra of dyes are shown in figures (¥.)-v.2). The
spectra indicate that some of dyes cover wide range of solar spectrum
which overlapps significantly with TiOy absorption. These dyes are SO,
R1G, Rf, and CR, so that they have a good property as a photosensitizers
in the heterogeneous photocatalysis system. In addition, they have a high
stability toward light; however, TH, MB, MR, and CV could not be used
as photosensitizer, because their absorption bands have a weak
overlapping with that of TiOY (A < ¢+ nm) ™",

For a high photocatalytic activity, photosensitizer should be
adsorbed strongly on the surface of catalyst. Titanium dioxide has the
ability to scatter light in a visible region, which leads to the reduction in
the absorption intensities in case of the presence of TiOx.

After treating with TiOy and, then separated, electronic spectra of
dyes show low absorption intensities due to the adsorption of some

molecules of the dye on the surface of TiO. before the dye separation.

Structure of these dyes are shown in figure (£.Y).
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£.Y.Y IR Spectra

The interaction between TiOy and different organic dyes have been
studied by using IR spectroscopy. The results of this interaction are

shown in figures (Y.) «-Y.))). It has been found that Rf is adsorbed

strongly on the surface of TiOy because this dye has four hydroxyl groups
in the aliphatic part of its structure, which forms hydrogen bonding with
surface oxygen atoms in TiOv. This effect leads to expand the main peak
for TiOy absorption. For sensitizing TiOy with MB there is a new peak
appears at Yo« cm“, which is related to the new bonding between dye
and catalyst. For sensitizing TiOy with CV, there is a new peak at
(V) £ +)em™ which is related to the interaction of this dye with TiOv: in
addition, the main peak of TiOvy does not change. For sensitizing TiOv
with TH, there is a new peak at () 1£9) cm which is related to the
interaction of this dye with TiOy. There is a broad peak at (YY«+ -
AR cm’ which may be attributed to the stretching vibration of amino
group in this dye.

The spectrum of TiOy with R1G has a broad absorption band at
(YYer Y00 cm’. The spectrum of EB with TiOvy does not possess a
new peak. For CR sensitizing TiOy, there is a new peak at (Yo« -
Yie.) cm'. For SO sensitized TiOv there is a new peak at (YY++ -
AR ~)cm'\. The spectrum of TiOy with MR has absorption peak at
OV )em.

The new peaks which appear in the spectra of sensitized TiOy with

different organic dyes may be attributed to the new bonds absorption



formed between TiOy surface and the molecules of these dyes. The
bonding of these dyes with TiOy surface may be either a hydrogen bond

.. . Yé
or an electrostatic interaction ¢

£,Y.¥Y XRD Spectra

From XRD spectra of naked and sensitized TiOvy with different
dyes, it has been found that the main peak of TiOvy changes slightly as
shown in figures (Y.) Y-Y.) £). The others peaks, however do not change
significantly. It has been found that the new peaks appear beside the main
peak of TiOy due to adsorb the molecules of dye on the outer surface for
unit cells of TiOy crystals as a thin layer.

The whole peaks for naked TiO. after loading with dyes are
reduced due to the reduction of penetrating force for x-rays due to cover

the surface of TiO. with a thin layer of the molecules of these dyes ).

¢, Photocatalytic Oxidation on TiOy Surface

For the systems used for the conversion of solar energy,
semiconductor absorbs incident photons, which lead to the excitation of
electron from ground state (valence band) to the excited state (conduction
band). This process produces electronic vacancies (h*) and conduction
band electron.

After excitation both (e'y) and (h*y,) migrate to the surface and
contribute to the oxidation/reduction reactions on the surface of the
photocatalyst. Photoelectron tends to recombine rapidly with valence
band hole if it is not trapped for a very short time before interaction with

a desired adsorbed species. Adsorbed oxygen molecules are considered



very necessary species for trapping photoelectrons, whereas photoholes

are trapped by surface hydroxyl groups as in the following steps °":

Or(ags) + € e > O, (¢-))

‘OH e T h+vb > O'H(s) (2'\‘)

£.v.\ Wavelength of Excitation.

The band gap energy of anatase is v.Y¥ ev ). This energy is
equivalent to the A value of ¥A¢ nm. This indicates that anatase absorbs
strongly in the near ultraviolet region. However, it has a weak
absorption’s in the wavelength ranged (Y +-o¢.nm) ™),

Using a suitable photosensitizer with TiO. extended its absorption
to wide band of the visible spectrum. The sensitization surface of wide
band gap photocatalyst can increase the activity of the photocatalyst,
which in turn leads to high efficiency of photooxidation processes. The
photosensitization processes also leads to expand the photoresponse of
the semiconductor to wide band of the solar spectrum ™.

This process is achieved by the excitation of dye molecules to
singlet or triplet excited state followed by charge transfer to the
semiconductor particles. The excitation of an electron in dye molecule
occurs if oxidation potential of excited state of dye molecule with respect
to the conduction band energy level of the photocatalyst is more negative.

When dye molecule injects electron to conduction band of
photocatalyst, its surface acts as a quencher by accepting electron from
excited dye molecule. The electron is then used to reduce organic
acceptor molecules, which are preadsorbed on the surface of the
photocatalyst. This process is called sensitized photocatalytic oxidation
(SPCO).

¢.v.Y Effect the Weight of TiO..




The experiments of using different concentrations of TiOv have
shown considerable variation in the product formation. These results are
shown in table (¥.)) and plotted in figures (¥.)°) and (¥.)1). From
these results, it is found that there is an ideal weight of TiOy which
should be used to give an optimum photocatalytic activity. The ideal
weight, which give an optimum efficiency for butanone formation is
mg/Y vcm'. lower weights of TiOy (less than Y+ mg) gave direct
proportionality between weight of TiOy and product concentration. Using
a high weight of TiOy more than ¢+ mg leads to negative deviation in

the product formation.

These observations can be explained in the following manner:
when using light suspensions of TiOy, the number of TiOy particles are

few as compared with the high number of incident photons which reach
the reaction mixture. According to the second law of photochemistry each

atom or molecule absorbs one photon, so that the absorbed photons will

be few which gives a direct proportionality between weight of TiOvy and
rate of reaction for light suspensions of TiOy. For more dense

suspensions of TiOy (the weight of TiOx more than )¢+ mg), particles

form inner filter which absorbs high portions of incident photons, as well
as scatters others parts of light which leads to reduce the number of

photons which reach other parts of reaction mixture. Therefore it is
necessary to excitance of determined weight of TiOy which absorbs a
high portions of incident photons to contribute in oxidation of high
portions of the used alcohol. This weight is Y@+ mg, and is used in all the

experiments carried out in this study.



These observations are in a good agreement with a previous

finding by Serpone ¢9, Hirds **¥, and Hussein ©*?.

¢, v.v Effect of Gas

From table (Y.Y), it has been found that in case of nitrogen flow or

in the absence of gas, the rate of butanone formation was extremely slow.
Furthermore, the observation that anatase became grey-blue in colour
which, may be attributed to the sharing of lattice oxygen from the surface.
This leads to reduce oxygen atoms at the surface of catalyst which in turn
leads to the reduction in the efficiency of trapping of photoelectrons
which, leads to increase rate of recombination reaction.

These observations lead to reduce in the activity of butanone
formation under these conditions with respect to pass air over reaction
mixture.

Generally, oxygen is considered a common oxidizing agent which
plays an important role in the trapping of conduction band electrons and
increase charge separation between (e’,h") pair which gives high activity
for the photocatalytic oxidation reaction .

Oxygen is considered as an efficient trap for conduction band
electrons. The concentration of oxygen at the surface usually involving
(Oy) adsorption and depletion in case of dark, and irradiation for this
reason rutile possesses lower photoactivity than anatase, because it has
low capacity to adsorb oxygen which leads to high rate of electron-hole

recombination in case of using rutile .



¢,y ¢ Effect of Temperature on the Photocatalytic Oxidation of

butan-Y-ol.

From the table (Y.Y), and figure (Y.)V), it has been found that, there is a
direct proportional between rate of reaction for butanone formation, and
elevation in temperature.

The activation energy for the butanone formation over anatase with
the presence of air can be determined over temperatures range (Y VYA-
¥+ ¥) K. photocatalytic oxidation of butan-Y-o) yielded liner Arrhenius
plot as shown in figure (Y.)A) which gives an activation energy of
(Y+.Avr)  KkJ.mol .

Generally, photoreactions are not sensitive toward minor variations
in temperature YN However, the steps which are potentially dependent
on the temperature such as adsorption, desorption, and arrangement of the
surface are not the rate determining steps in this type of reactions YD),

Although a linear dependence of rate of reaction on the
temperature variations in this work. The increased in rate of reaction with

increased in temperature may be attributed to the effect of temperature on
the adsorption, and dsorption processes on the surface of TiOx YN

The manner in which activation energy for butanone formation
over TiOy was independent on the reaction conditions led to suggest that,
it was the energy required to promote photoelectrons from the

photocatalyst to be surface trapped by adsorbed oxygen molecules )

¢, v o Effect of Light Intensity.

The variation of the rates of butanone formation over anatase with

light intensity has been observed. The results of the effects of light
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intensity on the rate of reaction are shown in table (¥.¢)and figures
(Y.V9),and (V.Y ).

It has been found that there is a direct dependence of rate of
reaction on light intensity at low light intensities where (e'w/ h'y, )
recombination is negligible ).

For high light intensities, a square - root dependence is expected
where recombination reaction is dominant in the absence of competing
reaction. This case does not give a linear reaction progress between light
intensity and rate of reaction due to the recombination loss of
photoelectrons and photoholes. For a high light intensities
(I>+.v+x)+"ein .s™"). The rate of reaction found to be proportional to the
square root of light intensity. These results are in good agreement with a
previous finding by Hussein ©**, Egeryon and King""? , and Harvey and
co-workers® "™,

In the heterogeneous photocatalysis systems, the primary electronic
processes occur when the photocatalyst (TiOv) absorbs light of energy
greater than the band gap of it. Hussein suggested the following

equations™.

Tio, + hv— X > (h-e) (¢-7)

(h-e) kT »  h'+e (¢-€)
r

h'+e X »hv~ < hv radiationless recombination (¢-°)

For the photocatalytic reaction to occur, it is very necessary that
separated e, and h*,, reach the surface of TiOv and then trapped by the
surface species as in the following equations:

h'w+OHy X » O'Hy (£-7)

ke
OY(ads) (2_\/)

[

€ch + Or(ads)



By using steady state, both e, and h'y, have the same
concentration,
A= 1y —kelihee)1= (-1
dt
where I is the light intensity so that:-

[(h-0)] :— L) (+-9)

2
in the same way

dfh] _

== kaf(h-e)] - ke [W'][e] — ke ["][OH] = - (¢)+)

Since [h'] = [e] for the electrical neutrality and substituting for

[h-e] gives:-

%: Ky Iabg) — ke [T~ ke [N][OH] = - (£-1))
So that :

Ky lansy = K+ [N*]" = ke [N"][OH] (£-1Y)

For high light intensities, the recombination of photoelectrons and
photoholes would be expected to be high:-
k- [']" >k [""][OH7]

So that equation (¢-)Y) becomes:

K, I(abs) =k, [h+]Y (E-H“)
Thus:

_ k1 \7Al V/Y
[h+] = (k_) x 1 as) (¢-)¢)

3
Where the rate determining step is the trapping of photoholes at
OH-(, the rate will be given by equation (¢-1): so that rate of reaction is
given by:

: k1 :
rate of reaction = k«( . 2)"" x I as) [OH 9] (¢-19)



On the other hand, if the rate determining step involves

photoelectron trapping by oxygen, the rate controlling step is shown in

equation (£-V), so that the rate of reaction is given by:
H k1 V¥ )
rate of reaction = k. (.~ "% 1 apsy [Ox (ansy] (¢-17)

Which again gives the I'”" dependence as well as equation (£-10)
Generally, at low light intensities, it is expected that recombination of
photoelectrons and photoholes will be low then:

k: [n*][OH] > k- [*]", So that equation (¢-)Y) becomes:

Ky | (abs) = K: [h+][OH-S] (i-\\/)
and hence

kl[ I (abs)]
h+) = - §-YA
( ) k4 [OH l(s)] ( )
It follows that, the rate of reaction is given by:
rate of reaction =K, [l(abs)] (¢-19)

If photoelectron trapping is considered to be rate controlling process then:

Rate of reaction = k. Ei

[1ans)]. (¢-74)

4

Hence a linear dependence would be expected at low light

intensities (1< -.v x Y-V ein. s7).

¢.v.% Photocatalytic Oxidation of butan- Y- 0 over Sensitized TiOy

The results of the photocatalytic oxidation of butan-v-0) over
sensitized TiOy with ¥11 nm radiation are shown in table (v-¢), and
plotted in figure (¥-¥)). These results are deficient for butanone formation
as compared with those observed when TiO. is used alone under same
conditions. The reason for these results is that these dyes absorb light

strongly in visible region of the solar spectrum. The maximum absorption

for these dyes (Amax) are ranged between (400-600 nm).

YV\Y



For a high photocatalytic activity for TiO2, its minimum absorption
band should overlaps strongly with the maximum absorption of these
dyes'68). Sensitization TiO. surface with a suitable dye can extend
photoresponse of TiO, to visible region of the solar spectrum 2.

The absorption of these dyes doesn’t have good overlapping with

the used wavelength radiation, so that these dyes give deficient result for

butanone formation when used TiO, under these conditions with respect

to the use TiO; alone.

¢,v.V Effect of Type of Photosensitizer.

In this study nine photosensitizers have been used with fixed
concentration (1 x Y«"mol. dm™) for each dye over naked TiO.. It has
been found that there is a considerable variation in the concentration of
product from one dye to another in spite of using same concentration
from these dyes under the same conditions. These results may be
attributed to the spectroscopic behavior of the dye molecules with the
presence of both light and the photocatalyst. The results are shown in
table (v.1) and figure (*.vY). From these results, it has been found that,
there are different effects for these dyes on the photocatalytic activity of
TiOr. These effects deal with absorption spectra of these dyes with
respect to that of TiO..

For a high photocatalytic activity, sensitizer molecules should be
adsorbed strongly on the surface of TiO, and its absorption band should
overlap with the minimum absorption of TiO«""). Using MB reduces the
activity of butanone formation with respect to the use of naked TiO.
because this dye is converted to colourless from ( Leuco ) after a short

time of irradiation as in the following equations*":
S S| N S (¢-Y))

hv



S +e S (¢-7Y)

S+HT —M 5 gy ( leuco form) (£-¥Y)

The formation of these species depends on the concentration of dye,
amount of the used catalyst (TiOy), temperature, and light intensity YN
So that EB does not increase the efficiency of butanone formation in spite
of good overlapping between its absorption band and that of TiOy. For
MB as well as photobleaching effect, it’s absorption band does not
overlap with that of TiOy.

The use of MR and CV is not active in this system because these
dyes are unstable toward light with the presence of TiO., and they
degrade after a short time of illumination ",

The use of CR reduces the activity of the photocatalyst although
there is good overlapping between its spectrum and that of TiOy. This dye
Is considered an inhibitor because it is unstable toward light under these
conditions. For TH, although it has a high stability toward light with the
presence of TiOy, is considered an inhibitor dye because of its far
absorption band comparison with absorption of TiOy.

The use of Rf, SO, and R1G gives high efficiency for butanone
formation with respect to that produced when using naked TiO«. These
dyes enhance the activity of the photocatalyst because these dyes have a
high stability toward light, and wide absorption band of their spectra,
which overlap with that of TiOv in effective region of spectra of those
dyes.

The difference of the activity of the three dyes is due to the ability
of these dyes to harvest incident light and injection photoelectrons in
conduction band of TiO,. Generally, these dyes have the effect of
increasing the activity of the photocatalyst as it has been found

earlier"*"*and in the present study.

Ve



Photocatalytic reactions, which occur on the semiconductor
powders suspended in aqueous solutions have a weak dependence of the
rate of reaction on pH of the solution ©*". It has been found that, particle
size, charge of the surface, and band edge positions of TiO« are effected
by pH of the solution ©*”. However, pH of the used photocatalysis system

in this thesis, was close to the neutrality.

¢,¥.A Effect of Concentration of the Dye

After choosing the best dyes which lead to high activity for the
photocatalyst when used at concentration of ( ' x)+™ mol. dm™). These
dyes are Rf, SO, and R*G. It clear that the activity of TiO. depends on the

dye concentration.



The optimum concentration of dye, which gives a high activity for

TiOy is related to the structure of dye, and it’s ability to absorb light in

visible region (") Different concentration of these dyes has been used to
find an ideal concentration of each dye, which gives high concentration of
the product. Table (¥.Y) and figure (¥.YY) show the results of using
different concentrations of Rf. The results show that using high

concentrations of this dye (Y *“mol. dm™) and ( +.©x Y+~ mol. dm™)

reduces the amount of the product with respect to the use ( Y x ) " mol.

dm™), of this dye. This result may be attributed to form inner filter from
molecules of the dye when it use at high concentration which leads to
absorb high portions of incident light and prevents it to pass to other parts

of reaction mixture. On the other hand, using concentrations (©x) -

mol. dm™and *.2x )" mol. dm™) leads to pass high portion of light to

the other side of reactor without sharing in reaction which give the same

results obtained with high concentrations of the dye.

The results of using different concentrations of SO are shown in table (¥.A) and figure
(V.Y€). The results indicate that *.©x ) +* mol. dm™ is the optimum concentration of this dye which
give a high concentration of the product with respect to the use Y x ) » ** mol. dm™.

The results of using different concentrations of R1G are shown in table (¥.9) and figure

(Y.Y®). The results show that, the optimum concentrations of this dye is *.©x )+~ mol. dm™.

The results can be explained by using the same explanations used
with riboflavin but for each dye, there is an ideal concentration which
gives a high concentration of the product which deals with spectroscopic
behaviour of the dye and its structure. These results are in a good

agreement with a previous finding by Habeeb ¢ ",

¢.v.4 The Effect of Visible Light

Y\1



The results of the photocatalytic oxidation of butan-Y-o) over
sensitized TiOy with some photosensitizers at Y 4A K and irradiation with
light from tungsten lamp are shown in table (¥.) ) and figure (¥.Y7).

These results are deficient for butanone formation under these conditions

with respect to carry out these experiments with light from xenon lamp.

These observations are related to the absorption of light by TiOy where
the band gap energy of TiOy is Y.YY ev. The excitation of TiOx particles
requires a light with wavelengths < YAenm,

Tungsten lamp does not provide light with these wavelengths with
a high intensity. The addition of suitable photosensitizers which absorb

light with high efficiency in visible region of the solar spectrum can lead

to extend photoresponse of large band gap of TiOy to visible

region(m’w"m). The rates for butanone formation in this case are less
than those produced when using light from xenon lamp due to high light
intensity in the latter case.

¢.¥.) . Photocatalytic Oxidation of other Alcohols over Naked
and Riboflavin Sensitized TiO; at Y4¥ K.

The photocatalytic oxidation of aliphatic alcohols in the presence

of TiOy , air, and ultraviolet radiation has been done at Y4Y K. The

primary alcohol’s (methanol, ethanol, propan-Y-0, and butane-)-ol) are
photooxidized to the corresponding aldehydes (methanal, ethanal,
proponal, and butanal) receptively. Whereas secondary alcohols (propan-
Y-0), and butan-Y-0)) are photooxidized to the corresponding ketones
(propanone and butanone) respectively. The results are shown in table

(Y.))) and figure (Y.YV). The results indicate that the rates of carbonyl
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compounds formation are similar to all types of used alcohols.
The similarity is considered to be achieved from the common rate-

controlling process which is the transport of photoelectrons through the
catalyst to the adsorbed oxygen ¢ ).
The results of the photoconversion of different aliphatic alcohols to

the corresponding carbonyl products by using Rf/TiOy are shown in table

(YY) and figure (Y.YVY). The results show that the rates of carbonyl
compounds formation are similar to all types of alcohols. The results also

show that the concentration of each product for sensitized TiOy with Rf is
more than that for naked TiOy. This increase in concentrations of product

due to the high photoactivity of TiOy when it is sensitized with Rf which,
leads to the reduction of the recombination reaction. This dye has a high
stability toward light as well as good overlapping between it’s maximum
absorption band and minimum absorption of TiOy.

The dye also extends photoresponse of large band gap
semiconductor to the visible region of solar spectrum .Sensitized TiOy
with Rf can reduce recombination reaction between conduction band

electron and valence band hole which leads to high rate of
reaction” """,
These results are in a good agreement with a previous finding by

. Y14
Hussein 7.

¢ ¥\ Temperature Dependence for the Photocatalytic Oxidation

of others Alcohols, over TiOy.

The aim of these experiments is to determine whether there is any
difference in the activity and energetics for the photocatalytic oxidation
YAA



of methanol, ethanol, propan-"-ol, propan-Y-ol, butan-"-ol, and butan-Y-

ol. Tables (¥.)¥)-(¥.V) show the results of the photoconversion of these
alcohols to the corresponding carbonyl compounds in the range of

temperatures (YVA - YAA ) K.,

Arrhenius plots shown in figures (Y.Y9), (Y.T)), (Y.YY), (Y.Y9),
and (Y.YV) are linear between (YVA - YAA) K. The activation energy is
calculated from the effects of different temperatures on the rate of
reaction. The observations from these five Arrhenius plots for these
compounds give a single activation energy in the presence of air for all
types of alcohols used in this study. Activation energy is ¥ +) kJ.mol”
for the formation of these products. These results are in a good agreement
with those finding by Harvey and co-workers ¢ "*).

It has been found that the identical activities and activation energy
for the formation of these products arise from a common rate controlling
process which is the transport of photoelectrons through anatase to be
surface trapped at the adsorbed oxygen molecules ( * v a5 ) el

The manner in which there is a single activation energy for the
formation of different carbonyl products, leads to suggest that it was the
energy required to promote electrons from the trapping centers into the

conduction band of TiOs ¢V,

¢.¢ Mechanism of Reaction.

Photocatalytic oxidation of alcohol in the presence of TiOy, air, and
ultraviolet radiation take place according to the following mechanisms:
¢.¢.) Naked TiOy.

In this mechanism, the first step is the excitation of semiconductor

Y14



particles to generate conduction band electrons and valence band holes,
and their separation:

TiOy +hv———>TiOy ehyy — > €+ h'yp (£-Y¢)
Photoelectons are trapped by adsorbed oxygen (Ovqgs), whilst photoholes
are trapped by surface hydroxyl groups as in the following equations ™),
€7ch + O () > O (¢-Y0)

h*v + OH ) > O'Hg (£-Y71)

These radicals are reacted with adsorbed molecules of alcohol and

abstract hydrogen atom, which produces the corresponding carbonyl

products as in the following equations " :
N

OH(S) + /CHOH —p/C'OH + HYO (i-Y v)
O-\‘(ads) +HO —— O-H(s) + H Oy (i-Y /\)
AN N

C'OH C=0
/ /

FHOy ——> + HyOx (£-Y9)

AN

) C=0

photocatalytic oxidation of primary alcohol to the corresponding

aldehyde occurs according to the following eqations:

RCH,OH +OH  —RCHOH +H,0 (£-YY)

RCHOH+H02—>RF:O+ H,0, (£-7Y)
H

RC HOH +O_H(s)—>R?:O+ H,0 (£-77)
H

Y.



This mechanism is in a good agreement with a previous finding by
Bickley and Stone .

Peroxide produced in equation ( £-Y4) and (£.YY) may be
generated from dimerization of HO v radicals with each other according
to the following step’ .

YHO'y —> HyOy + Oy (£-Y¢)
HyOy produced in equation (£¢-Y%) or (£-YY) takes no further part in

reaction unless decomposed by electron as in the following step:

HyOvy+ e > O'Hg) + OH g (i-vo)

The OH' generated in (£-Y°) replaces that lost in (£-Y+) and (£-¥Y) so

that the catalyst surface returns to it’s initial state.

¢.¢.Y Photosensitizes.

In this mechanism, the first step is the excitation of sensitizer
molecules by absorbing light as in the following equation:

g —m g (£-¥1)

Excitation of an electron in the dye molecule occurs to either the
singlet or triplet excited state of the molecule (S°). This process occurs if
the oxidative energy level of (S°) is more negative with respect to the

conduction band energy level of TiOy, then the dye molecule can transfer

electron to the conduction band of TiOy (W).

The surface of TiOy acts as a quencher by accepting an electron
from (S") as in the equation:
S” + TiOx > S"+ TiOy) (£-YV)

These electrons are used in the reduction of adsorbed oxygen

AR



molecules to produce Osasas in the first mechanism. The main
difference in this mechanism is the absence of valence band holes, which
may recombine with electrons in conduction band of TiOy.

This process determines the efficiency of the photoatalytic
oxidation in this system. However, in some cases reaction may occur
between oxidizing form of dye (s*) and electron in solution which, leads
to regenerate the dye molecule. For this system a redox couple is
necessary to regenerate the dye sensitizer.

Without the presence of a redox couple, the dye sensitizer-
semiconductor system can also be used in the oxidative degradation of
the dye molecule itself after charge injection into the conduction band of
semiconductor ¢ . This process is important due to the high quantity of

dye substances in the wastewater produced from the textile industries.

¢, Conclusions

From the previous results for the photocatalytic oxidation of

aliphatic alcohols, the following points could be concluded:

Y. The presence of both light and catalyst (TiOv) is very
essential for the photocatalytic oxidation of aliphatic alcohols.

Y. The presence of oxygen is very essential for the trapping of

photoelectrons to reduce recombination reaction, which

commonly occurs between (e ,/h*) pairs in the naked TiOx.

Y. There are significant changes in the spectroscopic properties
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of the dyes when treated with TiOy because, it scatter light in
the visible region.

€. Loading dyes on the surface of TiOy has a slight effect on its
spectroscopic properties.

© . Using TiOy load more than Y©+ mg and lower than Y©+ mg,
reduce the amount of the product formed.

1. Using Rf R1G, and SO with TiOy increases the efficiency of
the photocatalytic oxidation reaction with respect to use naked

TiOv , because these dyes have a high stability toward light,
and good overlapping of their spectra with that of TiOy.

Y. Using dyes having no stability toward light, or good
overlapping in their absorption bands with that of TiOry,
reduces the amount of product formed with respect to use

naked TiOy .

A, Using high concentrations of certain dye reduces the amount
of product formed, due to the formation of inner filter which
absorbs high portions of incident light. On the other hand,
using high diluted concentrations reduces the amount of the
product formed because most of light passes to the other side of
reactor without sharing in the reaction which leads to reduce

the amount of product formed.

1. At low light intensities, there is a direct dependence of the
rate of reaction with (1), whereas at high light intensities, the

rate of reaction is proportional with square root of (I) due to the
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Y.

Y.
Y.

¢

recombination loss of photoelectrons and photoholes.

) . Increase in temperature of reaction increases the amount of
product, because increase temperature leads to enhance

adsorption and desorption processes which occur at the surface
of TiOy.
Y Y. The rate of reaction for aliphatic alcohols used in this study

Is the same due to the similarity in the rate determining step for

this type of reactions which it the transport of photoelectrons
from the trapping centers in TiOy surface to be trapped by
adsorbed oxygen molecules.

VY. Because, photoreactions are so selective, that is not depend
on temperature. The very low value of Ea(Y YT ) kJ. mol" ),

indicates that temperature has no effect on the photochemical
reaction, which give the same activation energy for the

formation of the carbonyl compounds.

Suggestions for Future Works

Research needs, in the same area, are best presented as a series of questions:

Is the photocatalytic oxidation of alcohols in the presence of different dies assisted by bases or

acids?

Can the same system be used for the treatment of industrial wastewater?

Do systems with other methods of surface modification show the same activity and the same

activation energy?

Is the photocatalytic oxidation of aromatic alcohols follow the same mechanism suggested in

this study?

YY¢



REFERENCES

Y. A. Fujishima, and K. Honda, Nature, YAVY ¥V YYA,

Y. S. N. Frank, and A. J. Bard, J. Amer. Chem. Soc., Y4VV, 44,
Yoy,

Y. M. Sehiavello, Ed.Phtocatalysis and Environment, Kluwer
Academic Publisher: Dordercht,) YAA p. Y« 0.

¢. R.AHiggins, Engineering Metallurgy, )* Edition, English
Universities press LTD, Y4VYY, p.YVY.

©. F.A.Cotton, and G. Wilkinson, Basic Inorganic Chemistry, John
Wiley and Sons., Y3A+ p. Vo,

1. R.L.Deckok , and H.B.Gray, Chemical Structure and Chemical

\Ye



Bonding , Y* Edition, The Benjamin, Y 3A+ p. T+«
Y. Hand Book of Chemistry and Physics , ©V" Edition, Chemical
Rubber Publishings, Y4VYVY, P.B-YY¢ E-V €,

A. K.M.Mackay, and R.A.Mackay, Introduction to Modern Inorganic
Chemistry, ¢™ Edition, Blacket.,) 1Y, p.AT,

1. R.G.Wyckoff, Crystal Structure, Y™ Edition. vol.) (Interscience
New York) Y 41Y,

Y. AFahmi , C.Minot, and B.Silvi, M.Phys.Rev.B., Y44Y ¢V,
YAVY

Y. S.Yoganara, and C.Rao, J.Chem . Soc. Faraday Trans.l, Y41Y,
AN YoOVA,

VY. Augustynski, J.Electrochem . Acta, Y 44Y, ¥A £V,

VY. J.K.Burdett, T.Hughbands, J.M.Gordon, J.W.Richordson, and
J.R.Smith, J.Am.Chem. Soc, Y AV Y+ 4 ¥Yiy4,

Y€ S.Anderson, B.Colleu, G.Krunse, V.Kulenstirena, A.Mangali,
H.Pestmalis, and S.Abrink, Acta. Chem. Scand. Y4eV, Y\ YloY,

Yo A W.Czanderna, C.N.Rao, and J.M.Honig, J.Chem. Soc. Faraday
Trans. I, \Q/\/\’ °i’\ 9

Y1, A.J. Bard, and B.K. Kraeutler, U. S. Pat, Y3AY ¢ Y. Y,

VY. Bobyranko, Yo-Kogyu, Zholuin, and K.Konavola, Russ. J. Phys.
Chem_, ) ﬂ\/o’ f", VEQ_

YA, G. Valic, J. Bart, W. Carigiolo, S. Mobilio, and G. Navarra, Z.
Naturforsch, Y 3AY ¥3 Y14Y,

Y1



Y4 A. W. Czanderna, A. F. Clifford, and J. M.Honig, J. Amer.
Chem. Soc., Y3oV V4 of.V,

Y+« M. E. Strumains, T. Ejima, and W. J. Jomes., Catal. Cryst,
YAVY 1£4 £9Y,

YY.P. Jones, and J. A. Hockey, J. Chem. Soc. Faraday Trans. I,
YAV

VoYVl

YY.Primt, M. Pichat, and M. Mathien ., J . Phys. chem. |,
1AVY Yo Y\

YY. Q. Diau, B. Jean-Lue, S. Bao-Lain, and Y. Chunei, The 1"
International Conference on TiOy Photocatalytic Purification and
Treatment of Water and Air, USA, Y+« ),

Y¢.J. Subrt, V.Stengl, S.Bakardyier, and V. Blaked, The ¢£th

International Symposium on Photoreaction control and Photofuctional

Materials, Tsukuba, Ibraki, Japan, ¥+« ), pp. YAT-YAY,

Yo K. Shimizu, and H. Imai, Thin Solid Films, Y339 pp.YY+.YY ¢,

Y1, G.T.Bender,Principles of Chemical Instrumenation, V' Edition, W.
B. Sound and Comp., Y 3AY p YY1

YV. V. Kireev, Physical Chemistry, Y™ Edition Mir Publishings., Y4V,
0 YT,

YA, R. Alberty, Physical Chemistry, John Wiley and Sons., Vth Edition,

VAAY, p AVY,

Y4, K. E. Smith, and Hernich, V. E. Phys. Rev. B., Y4A0 ¥Y oYA¢

'YV



K. E. Smith, Mackay, V. E. Phys. Rev.B., YAAY Y& oAYY,

Y+.H. Onishi, T. Aruga, C. Egawa, and Y. Iwasawa., Surf. sci.,
YAAA VAY YY,

Y).R. L. Dekok, and H. B. Gray, Chemical Structure and Bonding,
\ °‘/\ . p.'l v

YY.P. W. Atkins, Phsical Chemistry, Yrd Edition, Oxford University,
Press. London. Y4A1 pp, Y44,

YY.J. M. Herrman, M. N. Mozzanega, and P. Pichat, J. Photochem.,
YAAY YY YYY,

Y'¢. D. Dounghong, E.Borgarello, and M.Gratzel, J.Amer. chem . Soc.,
YAAY Ve g YavY,

Yo, G. T. Brown, J. R. Darwent, and D. Fletcher., J. Amer. Chem.
Soc., ) RM“, Vo V’ e,

Y. M. D. Ward, and A. J. Bard, J. Phys. Chem., YAAY A% Yod9,
YV.A.J. Bard, J. Phys. Chem., YAV AY ¥ &7,

YA.A.J. Bard, J. Science, YAA+ YV YA,

Y4.Y. Nosaka, and M. Fox, J. Phys. Chem., Y 4AA 4 Y YAQY,

¢ v H. Gerischer, Photocatalytic Treatment of Water and Air, Elsevier

Science Publishings: Amstrdam, Y 23Y p. AY,
¢€).S. Sato, and M. White, J. Chem. Phys. Letter., Y3A+ VY AY,

£Y.R. I. Bickley, Chem. Phys of Solids and Their Surfaces, S. P. R,
YAVA VA VYA,

¢Y. K. Ghore, and Q. C. Miller, Submitted to J. Chem. Soc, Faraday

YYA



Trans_|’ \‘\/\i’ \ ~’\i~_

¢ €. N. Serpone, EPA Newsletter., YAVVY, &4 o¢,

¢6 M. Anpo, N. Aikawa, S. Kodama, and Y.Kobokawa, J. Phys.,
Chem., \Q/\i’ /\/\, Yo'l_

£€1. M. Anpo, N. Aikawa, S. Kodama, and Y. Kobokawa, J. Phys.
Chem., \‘1/\5’ /\/\, YOT‘%_

¢V. K. Kawai, and T. Sakta, Chem. Phys. Lett., Y 3A+ VY AV,

¢ A\ R. G. Breakenridge, and W. R. Hosler, J. Phys. Chem., Y4oY 43,
vay

¢€4.Y. W. Chung, and W. R. Weissbard, J. Phys. Review, Y4V, Y+,
Yéo

©«.J. Diesdir, J. M. Herrman, and P. Pichat, J. Chem. Soc.,
Faraday Trans. I, YA4AY V4 7o

©Y. Zhang. Shunli, and Zhani. Jin, Chinese Science Bulletin, Y« +,
¢o Yovy,

oY Lev. Davydor, Reddy Ettireddy, and G.Panagioties, The 1"
International Conference on TiOvy Photocatalyic Purification and
Treatment of Air and Water, USA, Y« + ),

©Y. N. Serpone, and P. Marathamutha, E. Pelizzetti, and H. Hidaka, J.
Photochem. Photobiol. A: Chem., Y332 Ae Y&V,

©£.Y. Rosen waks, B.R.Thacker, and C. Tang, J. Phys . Chem., Y44¢,
9 /\, \RARY
©& Lu. Linsebigler., and T. John, Surface Science Center, Y440 46,

YYQ



Yoy,

o7, G. Munuera, and F. Stone, Disc. Faraday. Soc., Y4Y), e4 ©o.0

oY R. W. Matthews, J. Catal., Y AAA VY¥ 0¢9,

©A. 1. Bedja, S. Hotchandani, and P. V. Kamat, J. Phys. Chem., Y 34°¢,
§A EVYY

©4. Edwardo, Munoz, and Josel, J. Phys. Chem, Y« +) ¥ ¢ YaY,

1+, S. Nakabayashi, and A. Kira, J. Phys. Chem., Y3AY Y4 Y40

1Y, N. Serpone, EPA News. Letter, Y 447 No. 2A%0,

1Y, R. I. Bickley, Chem. Phys of Solids and Their Surfaces, Y3VYA,
VYA,

Y. Y. Biu,F.Zhao, and X.Song, J. Photochem.Photobiol. A: Chem.,
1440 AY YY),

¢, Sponhel, L. Haase, M. Well, and A. Henglein, J. Chem. Soc.,
YAAY [+ 0T¢9d,

10, Rothenberger, G.Moser, J. Gratzel, N. Serpone, and N. Sherma, J.
Am. Chem. Soc., YAAS Y «V Avog

17, A Henglein, J. Phys. Chem., YA4AY AR YY4Y,

1V, J. D. Jackson, Classical Electrodynamic, John Wiley and Sons, New

York, \QVO’ p. AR

1A H. Gerischer, M.Beyerle, and F. Tributsch, Electrochem.
Acta., \ Q'W\’ \Y" Yoo C‘_

14 F. Tributsch, and H.Galvin, Photochem. Photobiol., Y4V, ¢,
Qo0

AR



Y+ Dare-Edwardr, J. Goodenough, A. Andrew, R.Seddon, and
R, Wright, R. D. Faraday. Disc., Y 3AY, V.« YAo,

VY. 0. Rega, and M. Gratzel, Nature, Y34 Yoy YVY,

YY.Jincai Zhao, Xiang Zhong Li, and Wanhong Ma,The 1"
International Conference on TiOy Photoctalytic Purification and
Teratment of Water and Air USA, ¥+ + ),

YY. H. Tian, N. Zatitser, and A. E. Galashin, J. Photochem.Photobiol.
A: Chem., Y440 7o Ya9

V& M. Matsumur, Y. Nomura, and H. Tsubomura, Bull.
Chem Soc . Jpn, YAVYVY &« YoFy,

Yo M. Gratzel, Disc. Faraday. Soc., YdA« V. YoV,

V1. D. Dounghong, Disc. Faraday. Soc., Y 34AY AY €3+,

VY. M. Gratzel, Faraday. Disc. Chem. Soc., Y33+ V.« YV¢,

YA N. Vlachopoulos, P. Liska, P. Augustynski, and N. Gratzel, J. Am.
Chem. SOC., ) ‘U\/\, ) . YY) '1_

Y4, V. Kireev, Physical Chemistry, Y™ Edition, Mir Publishings, Y VYV,
Pp. VYT, £8¢ 40

A+ P. Gerasimov, Physical Chemistry, Vy, Mir Publishings, Y4V¢,
pY V4,

AY.D. J. Shaw, Introduction to Colloidal, and Surface
Chemistry, Y™ Edition, Butterworths., Y 4A« p.) + 4.

AY.A. Davydov, M. Komarova, V. Anufrienko, and N.Maksimov,

Kinet Catal., YAVY V¢ YY¢Y

AR



AY.P. Gravelle, F. Juillet, P. Meriandean, and M. Che., J. Tech.
J. Chem. Soc, Faraday Trans. 1, YAV oY &Y,

A& R. . Bickley, and F. S. Stone, J. Catal., Y AVY, ¥\ YAS],

A® A.Griva, V. Nikisha, B. Shelimov, G. Zhidamirov, and V.
Bokazanski, Kinet Catal., Y4VY, V¢ .4y,

AT, J. M. Pan, Maschhoff, and Diebold Madey, J. Vac. Sci., Technol.
A YA9Y Y4 YEV.,

AY.T. Kurtz, R. Madey, T. Roman, and E. Desegovia, T. L. Surf.
Sci., YAAQ YYA YVA,

AN M. lwamoto, Y. Yoda, N. Yomazoe, and T. Selyman, J. Phys.
Chem., \Q\//\’ /\Y, You¢.

AQ.J. M. Herrmann, A. Gonzalez, J. Soria, and J. Sanz, J. Chem.
Soc, Faraday Trans. I, Y3AY YV YAYo,

4+, G. Munuera, A. Gonzalez, J. Soria, and J. Sanz, J. Chem. Soc,

Faraday Trans. I, Y4A« V7 YoYo,
1Y. G. Munuera, and F. Stone, Disc. Faraday. Soc. YdY), &Y Y.o,

AY. F. Wolkenstein, Electronic Theory of Catalysis on Semicanductors,
Moscow, Y 41+ (Cited by V. Kireev) Physical Chemistry, Y™ Edition,
Mir Publishing Y 4VV p.£¢V.

AY.R. E. Day, G. D. Parfitt, and J. Pecok, Disc. Faraday. Soc.,
YaV) eY Yio

1¢.R. I. Bickley, and R. K. Jayanty, Disc. Faraday. Soc., YAV¢ oA
V4

Y'Y



40.Y. M. Shekochikin, M. V. Filimonov, N. P. Keier, and A. N.
Terenin, Kinet Solid Catal., Y31¢ ¢ 4¢,

47 1. Carrizosa, and G. Munnera, J. Catal., YdVV, €4 V¢

1Y.R. E. Day, G. D. Parfitt, and J. Pecok, Disc. Faraday. Soc.,
YAVY oY Yo,

AA.J. Cunningham, B. Dayle, and E. M. Leahy, J. Chem. Soc,
Faraday Trans. I, YAV Ve V.o,

44, P. Weiss, V. Hoffman, J. Mol. Structure., Y39+ YYA £¢)Y,

Y+« V.N. Gerasimov, N. Sodakova and L.Kurina, Russian, J. Phys.
Chem., YAYA oY oYy,

Y+)Y. M. Primet, P. Pichat, and M. Mathein, J. Phys. Chem., Y4V},
Ve YYYY,

Y+Y.  D.M.Blake, Bibliogrophy Work on Photocatalytic Removal of

Hazrdous Compunds from Water and Air, US Government Report,

National Rene Wable Energy Labortary, Y34Y,

Y+Y. M.Anpo, K. Chiba, M.Tomonori, and M.Fox, Bull. Chem. Soc.
\]pn.’ \‘1‘\\’ Wi, oLy

Y+&  C.Renz, Helv. Chim. Acta, Y4Y), ¢ Y7 (cited byF.Moller,

H. J. Tolle and R. Memming, J. Electrochem. Soc., YdVY¢ VY)Y,

Y+©, ] Muzyka, and M. Fox, J. Photochem. Photobiol. A: Chem.,
Y49) oV YV,

Y+, V. Shapira, S. Cox, and D. Lichteman, Surf. Sci, V1, &£

Yy



£y

Y+V. K. Kajeshwar, P. Singh, and Du. Bow, J. Electrochem. Acta.,
YAVA YY VY,

Y+A. V.N.Filiminov, Kinet catal., Y317, V £0o),

Y+4,  R. I Bickley, and R. K. Jayanty, Disc. Faraday. Soc., Y3V ¢,
oA VAa¢,

VY« J.Cunningham, E. Finn, and V. Samman., Disc. Faraday. Soc.,
YAVE OA 1o,

YY), S, J. Gentry, R. Rudham, and M. Salim, J. Chem. Soc,
Faraday Trans. I, YdYo VY 1oV,

YYY.  J. Cunningham, B. Dayle, and E. M.Leahy, J. C. S, Faraday
Trans. 1, YAY3 Ve Yo

VY'Y, R. B. Cundall, R. Rudham, and M. Salim, J. Chem. Soc,
Faraday Trans. 1, YAY1 VY Y1eY,

VY€, A.D.Buss, M. A. Malation, and P. Atkins, J. Qil. Col. Chem.
Assoc., \‘1\/'&’ OQ, 4.

VYo, |. Carrizosa, G. Munuera, and S. Castanar, J. Catal., YdVV,

¢4 Yo,

YY1, R. B. Cundall, B. Hulme, R. Rudham, and M. Salim, J. Qil.
Col. Chem. Assoc., YAYA 1Y Yoy,

VYV, M. Miyake, H. Honegama, and H. Tamura, J. Catal., Y4V9,
oA YY,

VYA, T.Kawai, and T. Sakata, J. Chem. Soc. Chem. Comm., Y 3A

ARk



¢4,

1

VY4, J. Cunningham, B. K. Hondnet, N. llyas, E. M. Leahy, and T.
P. Topin, J. Chem. Soc, Faraday Trans. I, Y 3AY VA YYA471

VY« R. I Bickley, G.Munuera, and F. Stone, J. Catal., Y3AY ¥
YA

YY), E.Borgarello, and E. Pelizzetti, Chem. Ind. (Milan), Y3AY
"o

1

Eve

YYY.  J. Herrmann, and P. Pichat, Stud. Surf. Sci. Catal., Y 4AY, \V,
YV

VYY.  P. R. Harvey, R. Rudham, and S. Ward, J. Chem. Soc,
Faraday Trans. I, YAAY V& YYAY,

VY¢S, Nishimoto, B. Ohtani, and T. Kagiya, J. Chem. Soc,
Faraday Trans. I, YAAe AY Yy,

\Yo, Q. Li, S. Naito, and K. Kenzi, Xiamen. Daxue. Ziran.

Kexueban, Y 4AY Y.« Y,
YY1, S Naito, Cndn. J. Chem., Y3AT €7 YVAo,

YYY.  F. H. Hussein, and R. Rudham, J. Chem. Soc. Faraday Trans.
L YAAY, A¥ VY,

VYA, P. Pichat, M. Mozzanga, and H.Courbon, J. Chem. Soc,
Faraday Trans. I, YA4AY AY 14V,

VY4, J. Cunningham, B. K. Hondent, M. llyas, E. M. Leahy, and J. P.
Tobin, J. C. S, Faraday Trans. I, Y 3AY Y VA,

\ye



VY« A. Walker, M. Frmenti, P. Meriandean, and S. Teichner., J.
Catal., \ ‘\VV’ o . YYyv )

VY'Y, M. Kawai, S. Naito, K. Tamara, and T. Kawai, Chem. Phys.
Lett., YAAY YVV A

\YY. R. B. Cundall, B. Hulme, R. Rudham, and M. Salim, J. Qil.
Col.

Chem. Assoc., YAVA 1Y Yoy,

YYY. T. A Egerton, and C. J. King, J. Oil. Col. Chem. Assoc.,
14V4 £o 1Y

VY€, P. Pichat, J. M. Herrmann, J. Disdier, H. Courbonand, and M.
N.

Mozzanega, Nouv. J. D. Chem., Y3AY @& 1YYV,

VYo, F. H. Hussein, G. Pattenden, R. Rudham, and J. Russell, J.
Tera. Lett.,, YAAE Yo YVIY,

YY1, V. S. Zakharenko, and A. I. Yanates, Zh. Fiz. Khim., Y&AY
Yov¢,

YYVY. 0. Enea, A. Ali, and D. Duprez, Int. J. Hydrogen Energy,
YAAA V¥ R4

VYA, F.H. Hussein, Zanco, Y 3AA Y ¢Y,

VY4, S, Yamagata, S. Nakabayashi, K.Sanciev, and A. Fujishima,
Bull. Chem. Soc. Jpn., Y AAA Y TeY1,

Y&+ S, Yamagata, B. Loo, and A. Fujishima, J. Electrochem.
Interfacial. Elictrochem., Y4A% Y €Y ¢

'v1



V€Y, J. Cunningham, and S. Srijaranai, J. Photochem. photobiol. A:
Chem., ‘1‘\\’ 9/\’ \'“H_

V€Y. B. Ohtani, M. Kakimoto, S. Nishimoto, and T. Kayia, J.
Photochem. Photoiol. A: Chem., Y44Y V. Yo,

V€Y. F. H. Hussein, A. H. lbrahim, and R. K . Jamel, Irag. J. Chem.,
Y49+ VYo VYY,

Y¢¢,  F. H. Hussein, S. W. Radi, and S. A. Naman, J. Coll. Edu.

Wom,

Univresity of Baghdad, Y44¢, ¢ 14,
V€0, F.H. Hussein, Sci. J. Babylon University, Y+ ++, Y, Yo

Y€1, R. Grabowski, and B. Grzybowa, Polish Journal of Chemistry.,
1495 TA VAT

Y&V, K. Fujimoto, Bulletion of Chemical Society of Japan., Y34 ¢,

AV AYYY

Y¢A  G. R. Bamwenda, S. Tsubota, T. Nakamura, and M. Haruta,
J. Photochem. Photobiol. A: Chem., Y440 A8 VYV,

V€4, F. H. Hussein, and A. Abdul-Sahib, Sci. J. Babylon University,
144y ¥ T

Yo+ H.A. Habeeb, M. Thesis, Badylon University, Irag, Y 33 A,

VoY, M. Anpo, and H. Yamashita, J. of Electrochemical Chemistry,
1440 ¥4 Y)Y

VoY, J.C. Kennedy, and A. K. Datye, Journal of Catalysis., Y4 4A,
YV (Y), TVo.

'YV



YooY, N. Nomura, T. Tagawa, and S. Goto, Reaction Kinetics and

Kinetic Catalysis Letters., Y 33A ¥ (V) 4,

Yot A.J. Wang, and X. Bokhimi, Journal of Molecular Cataalysis.
A: Chemical., Y344 YY¥V YV4,

Yoo,  H. Ichinose, and N. Katsuki, Journal of Ceramic Society of
Japan_’ \‘1‘1‘1, Vo V, V\"_

Yel, F. H. Hussein, and H. A. Habeeb, Sci. J. Al-Qadisiya
University,
Youo) Nva

VoY,  G.R.Lappin, and L. C. Elark, Anal. Chem., Ydo) Y¥ o¢) .

VoA, P.E. Torn, and B. J. Heinrich, Anal. Chem., Y420 YV YAAT,

Vo4, D.E.Jordan, and F. C. Veatch, Anal. Chem, Y31 ¥3 VY.,

Y1+, W. G. Leighton, and G. S. Forbes, J. Am. Chem. Soc., Y4+,
oY T4,

Y1), M. L. Christie, and G. Porter, Porc. Roy. Soc., (London),
140, AYIY ¥4.

V1Y, J. G. Galvet, and J. N. Pitts, Photochemistry, John Wiley and
Sons, Y411, p.YAE,

V1Y, N. Vlachopoulos, P. Liska., A. Mc. Evoy, and M. Gratzel,
Advanced in Solar Eneegy Technology VY Procecding of Biennial
Congress of the Solar Energy Society , FRG, 1AV (Cited by S. W.
Radi, M. Thesis, Salah- Al-Den University, Irag, Y 1A%, P.4V) .

Y1¢,  A.H. A Tinnemans, T. P. M. Koster, D. H. M. Thewissen, and

YA



A. Mackor, Nouv. J. Chem., Y 8AY 1 YVY,

Y1e, S, Anderson, B. Collen, G. Kruuse, U. Kulenstierna, and S.

Abrink, Acta. Chem. Scand, Y 4oV, Y)Y Y)Yy,

Y171, H. Gerischer, and Willing, F. Top. Curr. Chem., Y4Vl 1\,
\RN

V1Y, P.V.Kamat, J. Phys. Chem., Y3A% 4Y Acd

YTA. M. J. Hirds, J. Coatings Technol., Y4Y1 ¢A Vo,

Y14, F. H. Hussein, Ph. D. Thesis, Notingham University, England,
YAAE

YY+. N. Lewis, and S. Rosenbluth, M. L. Inref), P.494,

YYY. P. Pichat, M. Mozzanega, J. Herrman, and N. Disdier, J. M.
Nouv. J. Chem., Y3AY VY 049,

YVY, K. Okamoto, Y. Yamamoto, and H. Tanaka, Bull. Chem. Scoc.
Jpn_, ) ‘\/\0’ 9/\, YeVYY

VYY.  D. Bahnemann, D. Bockelmann, and R. Goslich, Sol. Energy.
Mater., \‘\‘1\, *i’ 015_

YV¢ S Ward, Ph. D. Thesis, Notingham University, England, Y4V 4.

‘Yo T. A Egerton, and C. J. King, J. Oil. Col. Chem. Assoc.,
14V4 te 1Y,

YY1, P. R. Harvey, R. Rudham, and S. Ward, J. Chem. Soc.,
Faraday Trans. I, YA4AY V4 Yave,

YVY.  P. R. Harvey, R. Rudham, and S. Ward, J. Chem. Soc.,
Faraday Trans., I, ) 4AY V4 YavVe,

1Y4



VYA, H. Kawai, and T. Nagamura, J. Photochem. Photobiol. A:
Chem., \‘Ho’ ‘\Y, V.0

YVA4, S, Lakshmi, R. Rengarathen, and S. Fujita, J. Photochem.
Photoboil. A: Chem., Y3432 AA V1Y,

YA+ F. H. Hussein, and H. A. Habeeb, Proceedings of the Y444
Scientific Conference of Babylon University, Iraqg.

YAY. F. Sabin, T. Turk, and A. Vogler, J. Photochem. Photobiol.
A:Chem., Y4de 7 41,

YAY.  B. Siffert, and N. Metzger, J. M. Colloids Surf., Y34) ¥,
va.

YAY. S. Das, K. Thomas, J. Thomas, and M. George, J. Phs. Chem.,
149¢ A YAY,

YA¢  P. R. Harvey, R. Rudham, and S. Ward, J. C. S. Faraday.
Trans.l, \‘\/\Y” Vq’ \”‘\\/0.

YA®  P. Pichat, J. Herrman, J. Disdier, and M. Mozzanega, Nouv. J.
De Chem., YAAY o4 YV,

YAT. F. H. Hussein, A. H. lbrahim, and S. A.Shakir, Zanco, Y 9AS,
Y VY.

1

YAY. R. . Bickley, and F. S. Stone, J. Catal., YAVY, ¥ YAA,

YAA, P, V. Kamat, and M. A. Fox, Chem. Phs. Lett., Y3AY Y. Y
Yva.

YA, ). Desilvestro, M. Gratzel, M. Kavan, J. Moser, and J.
Augustynski, J. Am. Chem. Soc., Y 3A2 Y «V YAAA,

Y€



V¢



