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Abstract 
Phenol and benzoic acid are examples of water contaminants that are 

difficult to degrade by conventional chemical and/or biological methods in 

water. Photo-electrochemical methods have been examined to degrade 

phenol and benzoic acid, in this work. Naked, and/or modified TiO2 

(anatase) surfaces have been examined for such purposes. There are many 

researches in this field, but for the first time TiO2, modified with 

metalloporphyrins (MnP) and triphenylpyrilium hydrogen sulfate (TPPHS) 

have been prepared and used, and also for the first time the modified TiO2 

systems were supported onto activated carbon (AC) and used in 

degradation experiments. UV light was needed for degradation of phenol 

and benzoic acid, giving CO2 and H2O as final products. 

Visible light was successfully used to degrade Tamaron insecticide 

using TiO2/TPPHS and AC/TiO2/TPPHS catalytic systems, which are 

prepared for the first time in this research.  Supported and unsupported 

TiO2/MnP was also catalytically active in visible light degradation of 

Tamaron, which are also prepared for the first time in this research.  

All photo-degradation processes demanded oxygen but not in high 

concentrations. It was noticed that the degradation was also temperature, 

speed of stirring, catalyst concentration, and initial concentration of 

contaminants independent. Recovered AC/TiO2/TPPHS catalyst samples 



 XVIII

showed lower activity than fresh ones. The activity loss is attributed not to 

TPPHS degradation but to TiO2/TPPHS burial inside AC bulk.  

The results indicate the importance of TPPHS or MnP dyes in 

activating TiO2 in degradation processes, by behaving either as sensitizers, 

when using visible light, or as charge transfer catalysts, when using ultra 

violet light. Considering that, we propose charge transfer catalyst model for 

the first time. 
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1.1 SEMICONDUCTOR ELECTRODES 

1.1.1 Introduction 

Semiconductor electrochemistry is a relatively new but mature branch 

of electrochemistry. Although, many early reports exist of electrodes that 

exhibit semiconductor behavior, the first paper on a well-defined 

semiconductor appeared in 1955 [1]. The behavior of germanium, polarized 

in aqueous electrolytes was described. In 1960 many workers contribute to 

the fundamental study of semiconductor electrodes, the bulk of the work 

focused on silicon and germanium [2]. From these studies the chief 

attributes of semiconductor electrodes were delineated as: 

(1) The presence of two energy bands separated by a band gap, 

with charge transfer proceeding by either the two energy bands. 

(2) The low concentration of mobile charge carriers within the 

semiconductor relative to the electrolyte. 

(3) The photo-excitation of electrons from the valence to the 

conduction band, leading to enormous photo effects in 

semiconductor electrochemistry. 

In 1971, and 1972 Fujishima and Honda [3] reported that water could 

be electrolyzed to oxygen and hydrogen in simple cells using platinum and 

TiO2 electrodes. 

Attention was turned to the regenerative solid liquid junction/ space 

charge (SLJSC). In this device a reversible redox couple is simultaneously 

oxidized and reduced at the semiconductor and metal electrodes. Sunlight 

is converted to electrical current with no net change in SLJSC [4]. 
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1.1.2 Fundamentals: Energy and Band Model 

As pointed out earlier, the semiconductor electrochemistry has forced 

the alliance of solid state physics with electrochemistry. An important 

result of such alliance is the emergence of a new term, 

semiconductor/electrolyte interface. The convention is largely based on the 

energy band diagram of solid state physics [5]. 

1.1.2.1 Energy bands in solids 

Mainly, the semiconductors of interest are network solids; the bond 

network extends throughout the volume of the crystal. The energy levels 

that exist for a discrete bond between a pair of atoms split into a very large 

number of closely spaced energy levels in the macroscopic solid. The 

ensemble of energy levels is called an energy band. The energy spacing 

between adjacent energy levels is so small that energy bands are treated as 

a continuum of energy levels. The continuum has well-defined upper and 

lower energetic limits. The energy level diagram of a network solid 

consists of a stacked series of energy bands. The highest filled energy band 

[valence] and the lowest empty energy band [conduction] are the most 

important in terms of charge transport and charge transfer, in a 

semiconductor or an insulator. These bands are separated by a gap devoid 

of energy levels, Figure (1.1) [6]. In a metal, the two bands overlap, or the 

valence band is partially filled with electrons.  

The band gap energy and the positions of Ev and Ec band edges on an 

electrochemical potential scale are the primary determinants of the 

properties and behaviors of semiconductor electrodes. The preferred energy 

unit for Ebg is electron-volts (eV), since this unit translates readily into the 

electrochemical scale, Figure (1.2) [7]. 
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Figure (1.1): The energy band diagram for a semiconductor in contact with an 
electrolyte. Ec: conduction band; Ev: valence band; Ebg: band gap energy. 
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Figure (1.2): Band positions (top of valence band and bottom of conduction 
band) of several semiconductors together with some selected redox potentials 
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1.1.2.2 Charge carrier generation 

A metal conducts electricity because it has empty energy levels 

immediately above the occupied ones. Electrons are thermally excited to 

the empty levels and acquire lateral mobility along the adjacent empty 

levels. A perfect semiconductor at absolute zero is a non-conductor, 

because the valence band is completely occupied and the conduction band 

is totally empty. To impart electrical conduction, charge carriers must be 

created by at least one of the following mechanisms [8]: Thermal 

generation, doping, or photo-excitation. Figure (1.3) shows such 

mechanisms [6]. 
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Figure (1.3): Mechanisms of charge carrier generation in a semiconductor, A: 
Thermal generation, B: n-type doping, C: p-type doping, D: Photo excitation. 
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1.1.2.3 The Fermi level 

Thermodynamically the Fermi level (Ef) is the electrochemical 

potential of the electron in the solid. An equivalent definition arises from 

the distribution of electrons among energy levels in a solid. The Fermi level 

is the hypothetical energy level at which the probability of an energy level 

being occupied by an electron is exactly 1/2. The Fermi level is an 

extremely important parameter for metal and semiconductor 

electrochemistry, since it is the property which is controlled by the 

externally applied potential. 

For semiconductors, the Fermi level resides in the band gap region. 

The word "level" is misleading in that it implies the existence of an actual 

energy level, but neither the thermodynamic nor the statistical definition 

requires one. For n-type doping, the Fermi level shifts toward the 

conduction band lowest edge, while p-type doping shifts it towards the 

valence band highest edge [9]. 

1.1.2.4 Photo-effect 

A doped semiconductor has an enormous disparity in the 

concentrations of two types of charge carriers. Consequently, when light 

absorption generates a population of excited holes and electrons, the 

majority carrier concentration changes relatively little and minority carrier 

concentration is greatly enhanced. 

Initial approximation photo-effects switch on as the wavelength of 

incident light decreases below λbg. With wavelengths longer than λbg the 

electrode is relatively insensitive to light. The dependence of photocurrent 

on excitation wavelength provides information about the bandgap energy. 
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Another phenomenon, important to photo-effects, is recombination. The 

excited hole and electron, resulting from excitation, annihilate one another 

with the evolution of heat or photon.  

Photocurrent at n-type arises from the flux of holes (minority carriers) 

arriving at the surface. After light absorption generates an electron-hole 

pair in the depletion layer, the electric field in the depletion layer separates 

the two charge carriers, with the electron moving toward the bulk of the 

crystal and the hole migrating toward the surface, Figure (1.4) [6].  
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Figure (1.4): Photocurrent generation at n-type semiconductor 

1.2 NANOCRYSTALS 

1.2.1 Introduction 

Nanotechnology is the development and utilization of structures and 

devices with a size range from 1 nm (molecular scale) to 100 nm, where 

physical, chemical and biological properties occur as compared to bulk 

materials [10]. The new properties are generally realized at the nanoparticle 

or nanocrystal level, and assembling of precursor nanoparticles is the most 

generic route to nanostructured materials. A main issue is how the 

scientific paradigm changes will translate into novel concepts in 
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manufacturing processes. Nanoparticles are used either as precursors to 

generate more complex structures and devices, or modifiers (enhancing or 

changing) of physical phenomena, chemical or biological processes. 

Nanoparticle manufacturing processes aim to take advantage of two kinds 

of effects: 

(a) New physical, chemical or biological processes and laws that 

are caused by the reduced size of the particles, tubes, layers, or 

other nanostructures. Smaller particle size dictates larger 

relative surface area quantum-confinement and transport size 

effects. New properties appear as size is reduced.  

(b) Generation of new atomic, molecular and macromolecular 

structures of materials by using either chemistry (e.g. 

macromolecular structures and self-assembling techniques), 

nanofabrication (e.g. creating nanostructures on surfaces), or 

biotechnology (e.g. evolutionary approach) routes [11]. 

Few nanoparticle synthesis processes have developed their scientific 

base decades ago, long time before other nanotechnology areas have 

emerged. We find in this category the pyrolysis process for carbon black 

and flame reactions for pigments [12], particle polymerization techniques 

[13-15], self-assembly micelles [16], and chemistry self-assembly [17]. 

Several kinds of nanoparticles are routinely produced for commercial use 

via aerosol and colloidal reactors in the U.S, Japan and Europe. The 

challenge is to control the nanoparticle size, morphology and properties, 

assemble them for a given purpose, and to do this with a variety of 

materials. Nanoparticle processing into functional structures has recently 



 10

received more attention. Main areas of relevance are advanced materials 

and manufacturing, electronics, biotechnology, pharmaceutics and sensors. 

1.2.2 Manufacturing processes 

Nanoparticle systems, including nano-clusters, nano-tubes, 

nanostructured particles, and three-dimensional structures are seen as 

tailored precursors for nanostructured materials and devices. The improved 

properties are obtained in this dimension range as a function of material. 

Powder processing (sintering, extrusion, plasma activation, etc.) is the most 

general method to prepare nanostructured materials and devices. 

Nanoparticle manufacturing processes may be grouped into four 

categories: 

(1) Nanoparticle synthesis: this includes precipitation from 

solutions (colloids), gas condensation (aerosols), chemical, 

plasma, combustion, spray pyrolysis, laser ablation expansion 

of supercritical fluids, polymerization, mechanical attrition, 

molecular self-assembly, hydrodynamic activation and other 

processes. The selection of the most suitable method is 

generally based on several criteria related to (a) the desired 

product: size distribution (particle size, monodispursity), 

particle generation flow rate, and (b) the particle production 

facility: its complexity, operation conditions (temperature, 

pressure, toxicity, etc.), and cost [18-20]. 

(2) Processing nanoparticles into nanostructured materials (such 

as advanced ceramics), nanocomponents (such as thin layers), 

and nanodevices (such as sensors). Examples of processing 
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methods include sintering [21], creation of nanostructures on 

surfaces, evolutionary biotechnology [22], and self-assembly 

techniques [17]. 

(3) Utilization of nanoparticles to create or enhance an effect or a 

phenomenon. This includes processes of mechanical (erosion 

resistance, friction reduction, sintering aids, etc.), chemical 

(catalysts, sensors, filtration agents, etc.), optical 

(pigmentation, filters, waveguides, etc.), electrical (quantum 

dots, superconductors, insulation, electroceramics with 

nonlinear electrical response, etc.), magnetic (giant 

magnetoresistive, superparamagnetic effects) and biological 

(separation and filtration, active agents, etc.) nature. 

Examples of more frequently used manufacturing processes 

of this kind are (a) Nanoparticle deposition and removal from 

surfaces, with relevance to microcontamination and chemical 

vapor deposition; (b) use of particles for surface modification, 

such as in chemical-mechanical polishing (CMP); (c) 

separation processes, including filtration, mass spectroscopy, 

and bioseparation; (d) Nanoparticle emission and control, 

including combustion pollution control; (e) biomedical 

applications, including drug delivery and health diagnostics; 

(f) and use of Nanoparticles as catalysts in chemical plants 

[23]. 

(4) Process control and instrumentation aspects. This includes 

off- and on-line measuring techniques for fine particles and 

their structures. Besides the better known characterization 
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methods for particle size, shape and composition, new 

instruments are developed to measure particle interaction 

forces, their roughness, electrical, magnetic and thermal 

properties. A special attention is given to scanning probes, 

optical and laser-based diagnostic techniques. For example, 

the previously developed Raman spectroscopic analysis 

applicable to larger particles has been extended to 

nanoparticles [24]. An increase in the measurements 

sensitivity has been achieved by electro-dynamically trapping 

and illuminating the assembly of trapped particles. Scanning 

thermal microscopy has been developed [25] using thermal 

sensors mounted on Atomic Force Microscope (AFM) tips. A 

spatial resolution of 25 nm has been obtained for temperature 

measurements on solid surfaces. The scanning Joule 

expansion microscopy is an improvement of the technique 

that simplifies the fabrication of the sensor and enhances the 

resolution to about 10 nm [26]. 

1.2.3 The nanostructured electrode 

Nanostructured electrodes may be prepared by successively breaking 

up an ideal single crystal (or epitaxic layer) into smaller and smaller inter-

connected crystals. It is obvious that for a given amount of electrode 

material the interfacial surface area is increasing in this process of 

subdividing the single crystal and making it more porous. Finally we reach 

the limiting case “ the Ångström region “ where further subdivision is not 

possible without breaking up the structure totally into small molecules and 

atoms. On the molecular level, the size of the elements building up the 
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three-dimensional semiconductor network is so small. We can no longer 

describe the electrode material with macroscopic physical model, where a 

space charge layer is formed. The Schottky barrier model, normally used to 

describe a macroscopic single crystal electrode in contact with an 

electrolyte, is no longer relevant. Quantum size effects must be considered 

and will be increasingly important as the size of the elements, building the 

network and forming an interface with the electrolyte, approach the 

molecular level. 

Moreover, the charge transfer and the chemistry at the semiconductor 

electrode interface (SEI) will be very important for the performance of the 

electrode [27]. The interfacial kinetics, and the ability to transfer charge 

through the nanostructured semiconductor and the nanopores without 

losses will be a ruling factor for the electrode performance. In fact, already 

in a semiconducting electrode, where the size of the building blocks is 

several tenths of nanometers, these factors start to be important. A model 

making use of a macroscopic depletion layer in the semiconductor fails to 

describe the system. Nevertheless, the nanostructured electrode must be 

regarded as one unit made up of particles, and pores filled with electrolyte. 

The physical boundaries of interest in this unit are the back contact, and the 

interface between the nanostructured semiconductor electrode and the bulk 

of the electrolyte. There is of course no sharp transition between a 

nanostructured electrode and an ideal single crystal. Much of the 

anomalous behavior of polycrystalline electrodes can certainly be ascribed 

to their (fractal) structure and their porosity. 

While the losses due to the impurities in the bulk of a semiconductor 

are not easily affected, the loss at the SEI can readily be varied by varying 
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the composition of the electrolyte. Reversible and irreversible processes at 

the SEI can be studied. The ability to change the composition of the 

electrolyte gives us an experimental key to deeper understanding of the 

nanostructured electrode system. 

 A porous nanostructured semiconducting material would certainly 

twenty years ago be regarded as a hopeless candidate for any kind of solar 

cell application. Today we know that dye-sensitized nanostructured 

electrodes work with surprisingly high efficiencies. An intriguing problem 

is therefore to understand how such nanostructured systems separate and 

transport photoinduced charges without major current losses [28]. An 

important part in the system is the electrolyte. We can define an ideal 

nanostructured electrode as an electrode built up by electrically 

interconnected nanometer sized particles in which the electrolyte penetrate 

the electrode from the semiconductor bulk-electrolyte interface, all the way 

up to the back contact. We have called such an electrode material 

"nanoporous-nanocrystalline". 

1.2.4 Applications of nanocrystals  

Electrochemical techniques have been used in the synthesis and 

processing of nanostructured films of metals, alloys semiconductors, 

superconducting compounds, and conducting polymers. In addition, 

researchers have begun to explore possible applications for these materials 

in electrochemistry. Application of nanostructured materials in solar energy 

conversion, electrochemical storage, catalysis, electronics, and sensors are 

currently being explored [29-30]. 
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Recently, devices combining to some extent properties of conventional 

TiO2 films and those of powder or colloidal photocatalysts are attracting 

major interest. Such highly porous nanocrystalline films, consisting of a 

fine powder or colloid deposited on a conducting substrate, have first been 

successfully applied in dye-sensitized wet photovoltaic devices. When 

submitted to direct bandgap illumination in the presence of redox species in 

the solution, the porous nanocrystalline films exhibit a series of quite 

peculiar properties. Particularly usual is their high selectivity towards some 

photooxidation reactions, especially those involving small organic 

molecules. 

1.3 TITANIUM DIOXIDE 

1.3.1 Introduction 

The impetus for current extensive research efforts in semiconductor 

electrochemistry is solar energy conversion. TiO2 is one of the first 

nanoparticle semiconductors to be recognized for such purposes. The key 

point which distinguishes TiO2 from other semiconductors is the stability 

and ease of manufacturing polycrystalline electrodes. 

Although TiO2 has wide-spread recognition, because of the facts 

mentioned above, its wide band gap (3.2 eV) sets a low ceiling to the 

maximum possible efficiency of solar conversion. Only 3% of natural 

sunlight can be absorbed by TiO2 [31], as UV excitation is required in 

order that the photochemical processes may proceed conveniently [32-34]. 

TiO2 may be prepared by different methods. The wet method involves 

bulk precipitation, sol-gel, inverse micelle, spray, electrospray or tubular 

templates. The gas-phase method involves evaporation, condensation, 
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deposition or combustion. The vacuum techniques involve sputtering, laser 

ablation and ionized beam deposition. Mechanical and self-assembly 

techniques are also known [35-36]. 

1.3.2 TiO2 bulk properties 

1.3.2.1 Crystal phases 

TiO2 has three naturally occurring crystal phases: rutile, anatase and 

brookhite. 

Both rutile and anatase have tetragonal unit cells, Figure (1.5) [6], with 

slightly distorted TiO2 octahedral. The relative crystallographic parameters 

are listed in Table (1). The bond lengths for rutile and anatase are similar, 

but the anatase octahedra exhibit greater distortion in bond angles. 

Consequently anatase has a somewhat more open structure with a higher 

molar volume and a lower density. 

  

c

a

a                             

                                                A                                                             B 

Figure (1.5): TiO2 crystal structures. A: The unit cell for rutile, B: The unit 
cell for anatase. The small circles are the Ti cations and the large circles are 
the O anions. 
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Small cations and anions can migrate relatively rapidly through 

channels in the two lattices, a process that affects the uniformity of doping 

and the density of recombination centers. 

The channel in rutile lies parallel to the c-axis (perpendicular to the 

(001) face). It has roughly circular dimensions with an approximate radius 

of 0.8Å, based on ionic radii of 0.6Å and 1.3Å for Ti and O respectively. In 

contrast, the channels in anatase run perpendicularly to the c-axis and to 

each other. There are three oblong channels with a minimum diameter of 

0.7Å which penetrate the (100) face. 

Table (1): Crystallographic parameters for rutile and anatase TiO2 [37- 38] 
Rutile Anatase 

2 TiO2 formula units per unit cell 4 TiO2 formula units per unit cell 
Unique Ti coordinates (0,0,0) 
and (a/2,a/2,c/2) 

Unique Ti coordinates (0,0,0), 
(a/2,a/2,c/2), (a/2,0,c/4) and 
(0,a/2,3c/4) 

Unique O coordinates (±ax, ±ax, 
0) and (±a (0.5 +x), ±a (0.5-x), 
c/2). 
a= 4.59366, c= 2.95868Å, x= 
0.3048 

Unique O coordinates (0,0, ±cx), 
(a/2,a/2,c(0.5±x)), 
(a/2,0,c(0.25±x), 
(0,a/2,c(0.75±x) 
a= 3.7842, c= 9.514Å , x=0.208 

Ti—O bond lengths: 1.949Å ( 4 
per octahedron) and 1.980Å (2 
per octahedron) 

Ti—O bond lengths: 1.9336Å (4 
per octahedron) and 1.9800Å (2 
per octahedron) 

O—Ti—O bond angles: 90o, 
81.21o and 98.79o 

O—Ti—O bond angles 90o, 
78.10o, 101.90o 

Molar volume: 18.80 cm3/mol Molar volume: 20.52 cm3/mol 
Density: 4.250 g/cm3 Density: 3.894 g/cm3 

1.3.2.2 Optical properties 

The absorption and reflection properties of TiO2 have been studied 

extensively. At 4K, the short wavelength absorption edge is 410 nm [35-36, 

39]. TiO2 is transparent through the visible and near infrared; lattice 

absorptions starting at ca. 8 microns. Indices of refraction in the visible 
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have been reported by Cronemeyer [32] and are rather high (2.4- 2.8). The 

lowest energy electronic absorption at 3.03eV is an indirect transition with 

a slight polarization and orientation dependence [40-42]. 

It has π- π∗ character [40], suggesting that the eg-like band dominates 

the lower part of the conduction band. A direct transition, polarized 

perpendicularly to the c-axis, occurs at 3.45- 3.6eV [41-43].  

1.3.2.3 Electrical properties 

Electrical properties of TiO2 necessarily refer to doped materials due 

to high resistivity of undoped TiO2. Doped TiO2 is always n-type. A 

substantial difference in the electrical properties would be expected for the 

directions parallel and perpendicular to the c-axis. Indeed the early 

measurements of dielectric constant and conductivity in TiO2 meet this 

expectation [39]. 

1.3.3 Applications of TiO2 

Specific characteristics of nanoporous TiO2 films are their transparent 

nature, high internal surface area, surface anchoring abilities and possibility 

to tune the potential of the conduction band edge. Dye-sensitized TiO2 

electrodes have shown strikingly high photovoltaic conversion efficiencies. 

The transparent nature of these films allows for the direct monitoring of 

electron transfer process by spectroscopic means. 

TiO2 has been used in many photoelectrochemical applications: 

1. Device manufacturing: 

Modern devices such as photovoltaic devices, and electrochromic 

devices are manufactured. 
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2. Solar energy conversion devices: 

Dye-sensitized photochemical solar cell systems based on highly 

porous nanocrystalline films of TiO2 are of considerable technological 

interest, (Grätzel cell). 

3. Water Purification: 

 TiO2 has greatly been used for the purpose of water purification 

processes; it has been used widely as a naked semiconductor in the 

photodegradation of organic and inorganic contaminants, Table (2). 

Sensitized TiO2 surfaces have been prepared and characterized [44-45]. 

The modified TiO2 surface has also been used in the degradation of organic 

and inorganic contaminants. In literature there are many examples of 

modified TiO2 surfaces, Table (2). TiO2, supported onto insoluble materials 

such as activated carbon (AC), glass bead, zeolite, silica, and Ti–6Al–4V 

alloy, have recently been prepared, Table (2). Activated carbon loaded with 

ruthium oxide as a capacitor has been also used, where ruthium oxide is 

used in order to increase the capacitance of the activated carbon [46]. 

Earlier works on water purification 

There are numerous reports on this topic, scientists degrade many 

contaminants either inorganic or organic contaminants. 

Inorganic contaminants: 

Wen-Yan Lin and others reduced Cr (VI) at TiO2 in aqueous basic 

media [47]. The thermodynamic aspects of the photocatalytic reduction of 

Cr (VI) at TiO2 are first discussed and contrasted for pH=0, and pH=10 

aqueous media. The photo-corrosion of TiO2 is shown to be 

thermodynamically less favorable in basic media. A scheme for the one-
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step removal of Cr(VI) at TiO2 via its reduction and subsequent 

immobilization [as Cr(OH)3] is demonstrated for pH=10 chromate 

solutions. Dissolved oxygen is shown to inhibit the reduction of Cr (VI). A 

preliminary kinetics analysis reveals adherence of the initial rate of Cr (VI) 

reduction to the simple Langmuir model. 

Wen-Yan Lin and others had after then studied the photo-catalytic 

removal of Nickel (Ni (II)) from aqueous solutions using ultraviolet –

irradiated TiO2 [48]. The photo-catalytic reaction is shown to be electron 

mediated, and occurs both via direct electron transfer from photo-excited 

TiO2 particles to Ni (II), and an indirect route. The latter requires the 

presence of an organic additive (acetate, formate, or methanol) that 

generates an intermediate radical reductant via an initial hole-mediated 

reaction. The effects of inorganic anions (chloride, sulfate) on the rate of 

Ni (II) removal are described as are those of other variables including TiO2 

dose and solution pH. The direct electron-transfer rout is shown to 

kinetically sluggish, although it can be made fast by the addition of facile 

hole acceptors. The dark adsorption of Ni (II) on the TiO2 (anatase) surface 

is also quantified in a chloride medium. 

Organic contaminants 

J. Anthony Byrne and others degraded organic pollutants and 

reduced metals from waste waters [49]. Photo-anodes were prepared by 

immobilizing TiO2 powder on the surface of Ti-6Al-4V alloy. The TiO2 

electrode was incorporated into the anode compartment of a two 

compartment photo-electrochemical cell and short circuited to a copper 

wire counter electrode in the cathode compartment. The anode 

compartment contained oxalate solution and the cathode compartment 



 21

contained copper sulfate solution. On illumination of TiO2 anode oxalate 

was photo-oxidized at the surface of the TiO2 and the photo-generated 

electrons moved via the external circuit to the counter electrode where 

copper ions were reduced. Ninety-seven per cent of the copper in solution 

was recovered after 120 min of irradiation. 

A. Abdel Wahab and A. Gaber oxidized some heterocyclic sulfer 

compounds [50]. Polynuclear-heterocyclic sulfides (I-IV) were oxidized 

dominantly to the corresponding sulfoxides and sulfones via TiO2-

mediated photo-catalytic oxidation in aerated acetonitrile. Also methylene 

group in IV and V and active methylene groups in VI have been readily 

oxidized to carbonyl one in a high yield under the same prevailing 

conditions. A plausible electron transfer mechanism, in which an electron-

hole pair is generated on the surface of TiO2 by illumination, is suggested 

for the semiconductor-mediated photo-catalysis. 

P. Calza and others decomposed bromomethanes in irradiated 

aqueous solutions [51]. The decomposition of bromrmethanes has been 

studied by homogeneous photolysis and by heterogeneous photo-catalysis. 

The photolytic degradation of tetrabromomethane has been investigated 

also for the effect of pH and oxygen presence. The photo-catalytic 

degradation of CBr4, CHBr3  and CH2Br2 over irradiated TiO2 has been 

investigated at pH=5.5 under aerobic and anaerobic conditions. 

Bromomethanes degrade through combined reductive and oxidative 

processes. The importance of reductive pathways decreases from CBr4 to 

CHBr3 and CH2Br2. Brominated and oxygenated intermediates have been 

quantified until complete degradation or debromination was achieved. 
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Reactions accounting for the observations were presented based on 

presumed transient species and identified intermediates. 

The effect of hole and electron scavengers was evaluated on CHBr3 

and CH2Br2 to elucidate the importance of reductive and oxidative 

pathways. Electron scavengers as periodate, enhance the rate of 

disappearance for CH2Br2. The hole scavengers as alcohols, have limited 

effect on the degradation rate of CHBr3 but interestingly, have different 

effects on the degradation rate of CH2Br2, tet-Butanol does not 

significantly affect the degradation rate whilst methanol increases it. 

Methanol generates radicals efficiently react with CH2Br2, notably if the 

system is oxygen-free. 

K. Wang and others degraded 2-chloro and 2-nitrophenol by 

titanium dioxide suspensions in aqueous solutions [52]. This investigation 

used a specifically built jacketed cylindrical type reactor with suspended 

titanium dioxide under UV-light 365 nm for feasibility studies of 

decomposition of mono-substituted phenols. The factors to be studied were 

the effects of pH, anion additives and the influence of co-existing reactants 

competing for reaction. Finally, the degree of mineralization of reactants 

was conducted in order to survey the effectiveness of treatment. 

From experimental results, under the condition of 7.5g/l TiO2, pH=3, 

and light intensity of 2.25mW/cm2, 0.1 mM of substituted phenol could be 

completely decomposed in 2 h. The reaction was found to be apparent 

first-order following Langmuir-Hinshelwood model. In the presence of 

chloride ions, a significant inhibition of reaction was found at pH=3, but 

not at higher pH levels. At pH=3, a slight inhibition was found for nitrate 
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ions, but uncertain for sulfate ions. For the experiment with co-existing 2-

chloro and 2-nitrophenol, the result differed from that of the individual 

specie. In the mineralization experiments, substitution in the phenol ring 

had no applicable influence on the reaction rate, however, complete 

mineralization to carbon dioxide could not be completed withen 9h. 

K. Wang and others had after then degraded trichloroethylene (TCE) 

in gas phase over TiO2 supported on glass bead [53]. In this investigation, 

a packed bed filled with coated titanium dioxide glass beads to study the 

kinetics of photo-catalytic degradation of trichloroethylene under 

irradiation of 365 nm UV light. In the range of 100-500 ml/min of 

flowrate, the reaction rate for 6 µM TCE increased with an increasing 

flowrate up to 300ml/min, while was not affected by the flowrate at the 

values higher than 300ml/min. For moisture in the range of 9.4-1222.2 

µM, the reaction rate of TCE was decreased with an increasing humidity. 

The adsorbed water on the catalyst surface could complete with the 

adsorption of TCE on the sites. The reaction rate of 6 µM TCE increased 

as the light intensity increased, and was proportional to the 0.61 order of 

the light intensity. 

I. Ilisz and A. Dombi decomposed phenol in near-UV-irradiated 

aqueous TiO2 suspensions [54]. The photo-degradation of phenol was 

investigated in the presence of TiO2 (anatase) as photo-catalyst in near-

UV-irradiated aqueous unbuffered suspensions. The distribution of 

degradation products and a reduction in total organic carbon are reported, 

focusing on the influence of charge-trapping species (O2, Ag+ and H2O2). 

In the presence of dissolved O2, the degradation proceeds predominantly 

via OH˙, where hydroxylated aromatics were detected: catechol, 
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hydroquinone and 1,2,4-trihydroxybenzene; in the presence of Ag+, the 

direct hole oxidation dominates, with p-benzoquinone as the only 

identified transient product; in the presence of H2O2, both OH˙ and direct 

oxidation by positive holes contribute to the degradation of phenol. 

Besides the identified compounds, the formation of presumed ring-opening 

products occurs simultaneously. In contrast with the general view, it is 

pointed out that the appearance of aliphatic products in the early stage of 

the oxidation process is not unambiguous proof of the participation of 

direct hole oxidation in the degradation mechanism. 

J. Matos, and others degraded phenol on a suspended mixture of 

titania and activated carbon [55]. The photo-catalytic degradation of 

phenol has been performed at room temperature (20˚C) in contact with a 

suspended mixture of titania and activated carbon (AC). Non-additive 

adsorption capacities were observed when the solids were mixed, and this 

was ascribed to a strong interaction, involving half of the surface of titania 

and ca. 14% of that of AC. A synergy effect was observed with an increase 

of the first order rate constant by a factor of 2.5. As for neat titania, the 

same main intermediate products (hydroquinone and benzoquinone) were 

found but in much smaller quantities and during a much smaller lifetime, 

suggesting that the same reaction mechanism occurred in the presence of 

photo-inactive AC. The synergy effect was ascribed to an extended 

adsorption of phenol on AC followed by a transfer to titania where it is 

photo-catalytically degraded. The synergy effect could not be improved by 

previous physical treatments of the solid mixture such as grinding and 

sonication. Some phenol remained adsorbed on AC when no traces of 

organic compounds were detected in the purified water. This adsorbed 
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phenol could be destroyed by illuminated titania while maintaining UV-

irradiation. 

D. Chaterjee and A. Mahata degraded organic pollutants on the 

surface modified TiO2 semiconductor [56]. Photo-assisted decomposition 

of phenol, chlorophenol, and trichloethylene in waste water has been 

achieved on the surface of TiO2 semiconductor modified with 8-

hydroxyquinoline (HOQ) by using visible light. After 5h of irradiation 

with a 50 W tungsten lamp, over 70-80% degradation of pollutants is 

achieved. A working mechanism involving excitation of surface bound 

dye, followed by charge injection into the TiO2 conduction band is 

proposed. 

-The suggested mechanism is [56]: 

TiO2–(dye)(s)           TiO2 ـــ(dye*)(s)                                                 (1) 

TiO2–(dye*)(s)           TiO2(dye+ + e¯CB)(s)                                        (2) 

TiO2–(dye + e¯CB)(s) + P           TiO2(dye+ + e¯CB)(s) + P+˙               (3) 

TiO2–(dye+ + e¯CB)(s) + O2           TiO2 ـــ(dye)(s) + O2¯˙                   (4) 

O2¯˙ + H+             HO˙2                                                                    (5) 

O2¯˙/HO˙2 + P/ P+˙        Products                                                     (6) 

P= contaminants 

 

 

hν
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Table (2): Photochemical water purification processes using TiO2 catalysts. 

Catalyst contaminant Cond. Result Ref 
Naked 
TiO2 

Bromomethanes UV- 
light 

Degradation is O2 and 
pH dependent 51 

Naked 
TiO2 

2,4-dichlorophenoxy-
acetic acid  

UV- 
light 

disappeared within 
1hr 57 

Naked 
TiO2 

Benzofuran UV- 
light 

Degradation is O3 
dependence 58 

Naked 
TiO2 

Formaldehyde UV- 
light 

Decomposed 
completely 59 

Naked 
TiO2 

Oxalate UV- 
light 

Degradation is O2 and 
Fe3+ dependent 60 

Naked 
TiO2 

Salicylic acid UV- 
light 

Decomposed 
completely 54 

Naked 
TiO2 

Chromium UV- 
light 

O2 inhibits the 
reduction of Cr (VI) 47 

Naked 
TiO2 

Nickel UV- 
light 

Ni (II) adsorption is 
Cl-1 dependent 48 

Naked 
TiO2 

Cupric ion UV- 
light 

Reduction is formic 
acid dependents 55 

Naked 
TiO2 

2-chloro and 2-nitro-
phenol 

UV- 
light 

complete 
mineralization to 
carbon dioxide could 
not be completed 
withen 9h 

 
 
 
 

52 
Sensitized 
TiO2 

RB* UV- 
&Vis.

Aromatics needs O2 
in visible light  62 

Sensitized 
TiO2 

Heterocyclic sulfides 
in acetonitrile 

UV- 
light 

Sulfoxide and sulfone 
production    50 

Sensitized 
TiO2 

Phenol Vis. 
light 

70–80% degradation 
is achieved 56 

AC/TiO2  Phenol UV-
light 

The rate increases by 
a factor of 2.5 55 

Glass/   
TiO2  

Trichloroethylene  UV-
light 

It depends on flow 
rate and humidity 63 

Ti-6Al-4V 
alloy/ TiO2  

17-β-oestradiol       UV-
light 

98% were destroyed 
in 3.5 hr 64 

Ti-6Al-4V 
alloy/ TiO2  

Oxalate and cupric 
ion  

UV-
light 

97% of copper was 
recovered in 120 min 49 

ZSM-5 
zeolite/ 
TiO2  

NO UV-
light 

33% of NO converse 
to N2   

65 



 27
Silica/ TiO2  Trichloroethylene UV-

light 
Degradation  is 
temperature and silica 
content dependent  53 

Dye/ 
zeolite Y/ 
TiO2  

Propoxur (pesticide)  UV-
light 

Almost complete 
disappearance 

66 
* RB: rhodamine B(NNN'N'-tetraethyl-rhodamine) 

1.3.4 Objectives of the present work 

The presence of contaminants (organic pollutants, and pesticides) in 

ground waters, surface waters, and other sources of drinking water has 

recently become a great environmental concern. Most of these compounds 

are considered toxic or potentially carcinogenic and mutagenic to 

mammalians and aquatic life. 

Titanium dioxide remains the most frequently investigated 

semiconductor electrode (in the form of thin films) and photocatalyst (in 

the form of high surface area powders). This is principally due to its good 

resistance against photo corrosion in various media as well as to the high 

photo conversion efficiencies generally attained with polycrystalline TiO2 

films, and tubes [67-68]. 

The main objectives of this work are: 

(1) To investigate the effect of naked TiO2 surfaces in the 

degradation of water contaminants. UV light is needed here. 

(2) To prepare dye modified TiO2 surfaces and study their 

catalytic efficiency in photo-degradation of water 

contaminants, using UV and visible regions. Two dyes will be 

studied; 2,4,6-triphenylpyrylium hydrogen sulfate (Scheme I), 
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and tetra-4-pyridylporphyrinatomanganese(III) complex 

(Scheme II). 

O
+

         

N

N

NN

N

N N

N
Mn

 

                   Scheme (I)                                                   Scheme (II) 

(3) To support naked TiO2 and dye-modified TiO2 particles onto 

activated carbon surfaces. This will yield AC/TiO2 and 

AC/TiO2/dye systems. The dye is 2,4,6-triphenylpyrylium 

hydrogen sulfate, or tetra-4-pyridylporphyrinatomanganese(III) 

complex. These systems will be used as catalysts for photo-

degradation of water contaminants using UV and visible 

radiations. 

Three types of water contaminants will be degraded, which are phenol, 

benzoic acid, and Tamaron. 

1.3.5 Hypothesis 

The work presented here is based on the following assumptions: 

1) That naked TiO2 will catalyze organic contaminant degradation by 

UV light in water. This is due to the large band gap of TiO2, 3.05 
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eV. When TiO2 is irradiated with UV, the highly energetic holes, 

with high positive potential and high oxidizing power, created in the 

valence band, will oxidize all contaminants described here, phenol, 

Scheme (III), benzoic acid, Scheme (IV) and Tamaron Scheme (V). 

Scheme (VI) describes such processes. On the other hand, due to its 

large band gap, naked TiO2 will not be able to photo-degrade 

contaminants, even unstable ones like Tamaron, in the visible 

region. 

              

OH

                           

COOH

                     

P

O

NH2
H3CS
OH3C

 

     Scheme III                                  Scheme IV                                      Scheme V 

2) That TiO2 modified with special dyes, like 2,4,6-triphenylpyrilium 

ion or metalloporphyrines, may activate TiO2 as catalyst for photo-

degradation, in the visible region, for unstable contaminants, such as 

Tamaron, but the modified system will again fail to degrade stable 

contaminants (phenol and benzoic acid). This is because the holes 

created by visible irradiation, in valence band of the dye are not 

energetic enough (low positive potentials) to oxidize stable 

contaminants, Scheme (VI). The influence of the dyes on enhancing 

catalytic activity of TiO2 in case of UV will be investigated, with the 

possibility of behaving as charge transfer catalysts. 

3) That supporting TiO2 onto insoluble supports, like activated 

charcoal, will not affect its optical or electrical properties, but will 

enhance its catalytic activity if conditions are met.  Graphite is 
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assumed to adsorb contaminant molecules, and to bring them into 

close proximity to the TiO2 catalytic sites. Such behavior is expected 

to enhance the catalytic activity of naked and modified TiO2. 

Therefore, it is assumed that the catalytic activity of naked and 

modified TiO2, in degrading phenol, benzoic acid and Tamaron, by 

UV, will be enhanced. It is also assumed that Tamaron degradation 

by visible light, with modified TiO2, will also be enhanced.  
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2.1 Reagents 

All common chemicals, used in this work (anatase TiO2, 2,4,6-

triphenylpyrylium hydrogen sulfate (H2TPyP), activated carbon (AC), KBr, 

and manganese(II)-sulfate) were purchased from Aldrich. Organic solvents 

(methanol, DMF, and chloroform) were obtained from Reidel- DeHaën in a 

pure form. 

2.2 Equipment 

2.2.1 Reactor 

The reactor, Figure (2.1), used in this work was of a two-necked 

round-bottomed flask. A test tube was inserted in one neck. The tip of the 

fiber optical bundle of the lamp was inserted in the tube. Sample solutions 

were taken for analysis from the other neck. The flask was covered with an 

aluminum foil for the purpose of (a) protecting personnel from the harmful 

UV- light and (b) reflecting back all the light to the solution. The solution 

was stirred magnetically.  

           

 

Figure (2.1): Schematic photodegradation reactor 
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2.2.2 Measuring Devices 

HPLC 

Waters 2695/ Separation Module, Photodiode Array Detector at 254 

nm, and Empower software were used for HPLC determinations. The 

injected volume was 20 µL. Mobile phase was 20% acetic acid (pH= 3) 

solution, Analysis were performed on 250 × 4 mm I.D. Merck Lichrospher 

100 RP-18 (5µm) column fitted with guard column. 

GC/MS 

GC-MS (QP5000, SHIMADZU Corporation. Japan) was used during 

the present work. It was supported with auto injector (AOC-17), Class 5000 

software and capillary column DB-SMS (5%- phenyl)  

Methylopolysiloxane 0.25 µm film thickness, with 30 meters length and 

0.25 mm I.D. (Available from J&W SCIENTIFIC). Chromatographic 

analysis was performed as follows: injector was set up at 250˚C, GC-MS 

interface at 280˚C, and helium carrier gas at a flow rate of 0.80 mL/min at 

25˚C. The sample (2 µl) was injected in the splitless injection mode. The 

oven temperature was programmed as follows: 100˚C for 1 min, raised to 

320˚C (5˚C/min), and hold for 10 min at 320˚C. 

UV/vis spectrophotometer 

The absorption spectra of Mn(III)TPyP, and PhOH concentration were  

measured on a Shimadzu UV-1601 spectrophotometer 

FTIR 

Furrier Transform Infrared Spectrophotometer (Shimadzu FTIR-

8201PC) was used for the catalyst analysis 
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2.2.3 Light Sources 

Illumination in the UV- range was carried out using a 500W Hg/Xe 

lamp (Oriel instruments, Universal Arc Lamp Housing, Model 66901) 

equipped with a fiber bundle inserted inside the reactor through a tube. The 

lamp specifications are shown in Table (3), and the output spectrum is 

shown in Figure (2.2) [1]. Unless otherwise stated the lamp was operated at 

150W power. 

Table (3): Arc lamp description [2] 

Model 
no. 

Description Average life 
(hours) 

Suggested 
power 

range (W) 

Typical 
voltage 
(VDC) 

Typical 
current 
(ADC) 

Oriel-
66142 

500 watt Hg 
(Xe) 

400 400-500 26 19 

Illumination in the visible range was carried out using a 50W xenon 

lamp equipped with housing and a concentrating lens (Leybold Didactic 

Company, model 45064). The lamp has a high stability and an intense 

coverage of wide spectrum, Figure (2.3), [1]. The light intensity at the 

electrode surface was measured and was 8500 Lux (0.301 W/cm2) [3]. 
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Figure (2.2): Spectral irradiance of various Arc Lamps. 

 

 

 
Figure (2.3): Typical spectral irradiance of 150 W Xe Lamp, showing % of total 
irradiance in specific UV, VIS and NiR spectral ranges. 

 



 45

2.3 MnP preparation and characterization 

The tetra-4-pyridylporphyrinatomanganese(III) sulfate [MnIIIP] [4]. 

H2TPyP (81.7 mg, 0.132 mmol) was vigorously refluxed with manganese 

(II) sulfate (1.53 mg, 0.91mmol) in DMF (60 ml) for approximately 15 hr. 

Air was bubbled through the reaction mixture to oxidize Mn(II) to Mn(III). 

The reaction mixture was then chromatographed over active neutral 

alumina (Bio- Rad. AGF, 100-200 mesh) using DMF as eluant. 

The MnP was further separated from the DMF by chromatography over 

neutral alumina using methanol and chloroform (5: 95 vol. /vol.) [5]. The 

spectra were measured and showed three characteristic bands: 462, and 569 

nm characteristic for the Mn(III) complex, Figure (2.4). The band at 374 nm 

also indicates the presence of the Mn(II) complex. Testing indicates that the 

MnP complex is a mixture of Mn(II)P and Mn(III)P, but the ratio Mn(III)P to 

Mn(II)P is >> 1. It was noticed that the ratio becomes larger as the mixture 

is exposed to air. 

 

 
Figure (2.4): The electronic absorption spectra in the UV/visible region for MnP 
solution in methanol. 
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2.4 Surface area measurement 

Surface areas for TiO2 and AC were measured using the BET 

method [6], but here we used the method of acetic acid adsorption on the 

surface of TiO2 and/ or AC [7]. 

Seven dry and clean flasks were used, and 1.0g of AC (or TiO2) was 

added to each. A standardized solution of approximately 0.2 M acetic acid 

was diluted to 100 ml of different molarities (0.150, 0.120, 0.090, 0.075, 

0.060, 0.030, and 0.015) and added to each flask. The flasks were 

stoppered and shaken in a thermostat at 25±2˚C for at least one hour to 

establish equilibrium. The samples were filtered and then titrated with a 

0.100 M standardized NaOH solution, using phenolphthalein as an 

indicator. 

The surface area results for TiO2 and AC were calculated to be 98.8 

m2 and 845.4 m2 respectively according to the following Tables: 

Table (4): Surface area of TiO2 

V C N1 N2 (N2-
N1)/0.5g 

N = (N2-
N1)/1.0g C / N 

17.5 0.14525 0.002905 0.003 9.5E-05 0.00019 764.4737 
14 0.1162 0.002324 0.0024 7.6E-05 0.000152 764.4737 

10.5 0.08715 0.001743 0.0018 5.7E-05 0.000114 764.4737 
8.7 0.07221 0.0014442 0.0015 5.58E-05 0.000112 647.043 
7.1 0.05893 0.0011786 0.0012 2.14E-05 4.28E-05 1376.869 
3.5 0.02905 0.000581 0.0006 1.9E-05 3.8E-05 764.4737 
1.7 0.01411 0.0002822 0.0003 1.78E-05 3.56E-05 396.3483 
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Table (5): Surface area of activated carbon (AC) 

V C N1 N2 
(N2-

N1)/0.5g 
N = (N2-
N1)/1.0g C / N 

15.3 0.12699 0.0025398 0.003 0.0004602 0.00092 137.9726
12.1 0.10043 0.0020086 0.0024 0.0003914 0.000783 128.2959
8.9 0.07387 0.0014774 0.0018 0.0003226 0.000645 114.4916
7.5 0.06225 0.001245 0.0015 0.000255 0.00051 122.0588
6 0.0498 0.000996 0.0012 0.000204 0.000408 122.0588
3 0.0249 0.000498 0.0006 0.000102 0.000204 122.0588

1.5 0.01245 0.000249 0.0003 0.000051 0.000102 122.0588

V: volume of NaOHaq used in the titration. 

C: Concentration of acetic acid (calculated using M1V1= M2V2). 

N1: Number of moles of free acetic acid that remain after adsorption. 

N2: Number of moles of acetic acid before adsorption. 

N: Number of moles of acetic acid adsorbed per 1.0g AC or TiO2. 

The equation, used to calculate the surface area, is (Langmuir 

adsorption isotherm): 

C/N = C/Nm+1/KNm 

Where Nm: Number of moles of acetic acid per gram required to 

form a monolayer. 

A plot C/N vs. C was therefore constructed for the TiO2 Figure (2.4) 

and the slope (1/Nm) was then calculated.  

 



 48

y = 1005.8x + 707.46

0

200

400

600

800

1000

1200

1400

1600

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

C

C/
N

 

Figure (2.5): A plot of C/N vs. C for TiO2 surface 

From the calculated number of moles of acetic acid, adsorbed onto 

1.0g TiO2, the number of molecules (per gram TiO2), assuming a mono-

layer) was then calculated. This was multiplied by the area of 1.0 molecule 

acetic acid to yield the relative surface area (m2/g) TiO2. The measured 

relative surface area for TiO2 used here was 125.691m2/g, Table (6). 

Similarly the AC surface area was calculated from C/Nm vs. C plots, 

Figure (2.5). The AC surface area was found to be 10076.006 m2/g, Table 

(6). 
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Figure (2.6): A plot of C/Nm vs. C for AC 

Table (6): Surface area data measured for TiO2 and AC based on Langmuir plots 

Surface slope 

1/slope 
(no. of 
moles 
(M)) 

Molecule 
(6.02E23×M) 

Area of acetic 
acid molecule 
(m2/molecule) 

surface area 
(m2/g) 

TiO2 1005.8 0.000994 5.9853E+20 2.1E-19 [8] 125.691 
AC 117.49 0.008511 5.12E+21 2.1E-19 [8] 1076.006 

2.5 Photolysis experiments 

2.5.1 Naked TiO2 as catalyst 

Anatase TiO2 (0.5g, 0.0063 mol) was added to 100 ml of pollutant 

aqueous solution with a known concentration. The mixture was then 

exposed to the light source as explained earlier in Figure (2.1). Sample 

aliquots were taken every 30 min. and analyzed. The reaction mixture was 

magnetically stirred during photolysis. 

2.5.2 Dye as catalyst 

2,4,6-triphenylpyrylium hydrogen sulfate (TPPHS) dye (0.003g, 

7.38×10-6 mol) was added to 100 ml of pollutant solution. The solution was 
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treated as described above to study the catalytic effect of TPPHS alone 

with no added TiO2. 

2.5.3 TiO2/TPPHS catalyst 

TiO2 (0.5g, 0.0063 mol) was stirred with TPPHS dye (0.003g, 

7.38×10-6 mol) in approximately 10.0 ml of water for 4 hr in the dark [9]. 

After filtering the mixture through a sintered-glass funnel, the solid was 

placed in the reactor. A 100 ml aliquot of pollutant solution was added to it, 

and the catalytic experiment was then started as explained above. 

2.5.4 AC/TiO2/TPPHS catalyst 

TiO2 (0.5g, 0.0063 mol) was stirred with TPPHS dye (0.006g, 

1.476×10-5 mol) in aqueous solution for 4 hr in the dark, then the 

TiO2/TPPHS filtered and  stirred again with AC (0.1g, 0.0083 mol) for 1 hr 

[10]. The procedure was continued as described above. Before exposure to 

light, the reaction mixture (catalyst and pollutant solution) was stirred for 1 

hr more in the dark, to allow maximum adsorption of contaminant 

(equilibrium conditions). 

2.5.5 Metalloporphyrin (MnP) modified TiO2 catalyst 

A 0.04 ml aliquot of MnP (4 × 10-3 M) was stirred with TiO2 (2.0g, 

0.0252 mol), in approximately 10 ml DMF, in the dark for 5 hr [4]. The 

colored solid (brown) was filtered and washed with distilled water several 

times. The pollutant solution (100 ml) was then added to the solid. The 

photolysis experiment was then started. 

To prepare AC/TiO2/MnP system, TiO2 (2.0g, 0.0252 mol) was 

stirred with AC (0.4g, 0.033 mol) in aqueous solution for 1 hr in dark. The 
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contaminant solution (100 ml) was then added, and the photolysis 

experiment started. 

2.5.6 Control experiments 

Control experiments were conducted. Photolysis experiments were 

carried out with no catalyst, while using activated carbon (AC) alone. In 

these experiments the pollutant concentrations didn't significantly change 

after prolonged times (3h). 

Control experiments were also conducted in the dark, to study the 

effect of light. There was no significant change in pollutant concentrations 

in the dark. Only up to 3% contaminant loss was observed due to 

adsorption on AC surfaces. Control experiments were conducted in each 

contaminant study, as described later in Chapters 4-5. 

2.5.7 Reuse experiments 

After the end of the photocatalytic experiment, the catalyst was 

filtered and washed with distilled water, and then reused as a catalyst for a 

new experiment. The reuse procedure was repeated for four times. In the 

fourth reuse, fresh amount of TPPHS dye (0.006g, 1.476×10-5 mol) was 

added. 

2.5.8 Catalyst analysis 

2.5.8.1 Using FT-IR 

Solid state FT-IR spectra were recorded for TiO2, TPPHS, TiO2/ 

TPPHS, and AC/TiO2/TPPHS as KBr pellets. 
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2.5.8.2 Thermal Gravimetric analysis (TGA) 

TGA analysis was done in the SCA-CNKS laboratory (Service 

Central d'Analysis), France. TGA apparatus of the type TA Instrument 

2950HR V5-3 was used. Two kinds of software under Windows NT and 

XP were used, the first one is for acquisition: instrument control V 3.03, 

and the other one is for reprocessing universal analysis 2000 V 3.7. Under-

air heating was started at room temperature and ended at 1000˚C, with 

temperature increase rate of 5˚C/min. 

AC/TiO2/TPPHS samples recovered from phenol photo-degradation 

experiments, and fresh AC/TiO2/TPPHS samples, were analyzed using 

TGA. The TGA showed a 20% weight loss in each of the two samples, 

attributed to AC burning, Figures (2.6-2.7). The 20% weight loss due to 

carbon burning is parallel to the mass percentage of carbon in the 

AC/TiO2/TPPHS system preparation. This indicates that the TiO2 content 

in the AC/TiO2/TPPHS remained unchanged under photo-degradation 

conditions, with no significant leaching of TiO2 from the support during 

reaction.  

Fresh TiO2/TPPHS samples showed no significant weight loss by 

heating, Figure (2.8). This is presumably due to the small weight ratio of 

the TPPHS in the modified system. Similarly, the recovered TiO2/TPPHS 

showed no significant TPPHS loss in the TGA, Figure (2.9). 
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Figure (2.7): TGA results for a fresh AC/TiO2/TPPHS sample.  
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Figure (2.8): TGA results for a sample of AC/TiO2/TPPHS recovered from 
phenol photo-degradation reaction. 
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Figure (2.9): TGA results for a fresh TiO2/TPPHS sample. 
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Figure (2.10): TGA results for a sample of TiO2/TPPHS recovered from phenol 
photo-degradation reaction. 
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3.1 Introduction 

Phenols are compounds of the general formula ArOH, where Ar is 

phenyl, substituted phenyl, or one of the other aryl groups. Phenols differ 

from alcohols in having the ―OH group attached directly to an aromatic 

ring. Phenols are generally named as derivatives of the simplest member of 

the family, phenol. 

Phenol is a low melting solid (m.pt. = 41˚C), because of hydrogen 

bonding, it has quite high boiling point (b.pt. = 182˚C) [1]. It is somewhat 

soluble in water (9.3g/ 100g H2O), presumably because of hydrogen 

bonding with the water. It is stable since it contains a benzene ring, and 

involves hybrids of the Kekulé structures, Schemes VII and VIII. 
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However, there are additional structures to be considered. Being 

basic, oxygen may share more than a pair of electrons with the ring, 

structures, Schemes (IX – XI). 
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In humans, the effects of inhaling phenol are not known. People who

had skin exposure to high levels may experience liver damage, diarrhea, dark

urine, and hemolytic anemia. In animals, inhaling high levels of phenol

results in lung irritation. Repeated exposures led to muscle tremors and loss 

of coordination. Exposure to high levels of phenol for several weeks caused

paralysis and severe injury to the heart, liver, kidneys, and lungs, and in

some cases, death. Children exposed to phenol experience higher risk of 

accidentally ingesting home products that contain phenol. The effects of

exposure to phenol on the human fetus are not known. Pregnant animals that

drink water containing high concentrations of phenol gave birth to babies

that had low birth weights and minor birth defects [2]. 

It is not known if phenol causes cancer in humans. Cancer occurred 

in mice when phenol was applied to the skin several times a week for the

lifetime of the animal. Phenol did not cause cancer in mice or rats when they

drank water containing it for 2 years. 

Phenol is an example of the compounds that are difficult to degrade by 

conventional chemical and/or biological methods in water, so photo-

electrochemical methods are used to degrade such compounds. Naked, and/ 

or modified TiO2 surfaces, such as: (a) TiO2/TPPHS, and (b) supported 

TiO2/TPPHS onto insoluble materials such as activated carbon (AC) were 

used for such degradation purposes [3-9]. 
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3.2 Experimental 

3.2.1 Chemicals 

Chemicals (phenol, 4-aminoantipyrine, K2HPO4, KH2PO4, and 

K3Fe(CN)6) were purchased from Aldrich. Organic solvents (NH4OH, and 

ether) were obtained from Reidel- DeHaën in a pure form. 

Stock solution preparations 

The following solutions were needed and prepared: 

• Stock phenol solution: 1.00 g (0.0106 mol) of phenol was 

dissolved in freshly boiled and cooled distilled water, then it 

was diluted to 1.0 L, to make the final concentration 0.0106M. 

• Ammonium hydroxide (NH4OH, 0.5N): 35 ml of fresh conc. 

NH4OH (14.8M) were diluted to 1.0 L with distilled water. 

• Phosphate buffer solution: 104.5 g (0.600575 mol) of K2HPO4 

and 72.3 g (0.531618 mol) of KH2PO4 were dissolved in 

distilled water and diluted making final volume 1.0 L. 

• 4-Aminoantipyrine solution: 2.0 g (0.009843 mol) of 4-

aminoantipyrine were dissolved in distilled water and diluted 

to 100 ml making final concentration 0.0984M, A fresh 

solution of 4-aminoantipyrine was prepared when ever needed. 

• Potassium ferricyanide solution: 8.00 g (0.0243 mol) of 

K3Fe(CN)6 were dissolved in distilled water and the solution 

was diluted to 100 ml making final concentration 0.2432M. 

The solution was stored in a brown glass bottle, and was 

prepared only within a few days prior to use. 
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3.2.2 Equipment 

A Shimadzu UV-1601 spectrophotometer was used for absorbance 

measurements. A pH meter and a Gas Chromatograph Mass Spectrometer 

(Shimadzu GCMS- QP 5000, with a column (J and W Scientific DB-5MS, 

and of 30m length) were used to analyze the degradation products. 

3.2.3 Photo-degradation experiments 

The reactor, the light source, the catalyst analysis and the photolysis 

experiments of phenol were discussed in Chapter 2. Here product analysis 

methods are presented. 

An aqueous sample was taken from the reaction system and then 

extracted with an organic solvent (ether). The organic layer was tested 

using GC-MS. Other than unreacted phenol in the sample no organic 

compounds were detected. This is in accordance with literature [10]. 

Therefore, phenol degradation products are only CO2 and H2O, which are 

not detected by GC-MS. 

3.2.4 Concentration measurements 

Phenol was analyzed spectrophotometrically as explained in 

literature [10]. A calibration curve was constructed for this purpose. Phenol 

solutions (100ml each) with different concentrations were prepared from 

the original stock solution. 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5ml aliquots were 

placed in 6 different 100ml volumetric flasks. Each flask contents were 

then transferred to a 400ml beaker. To each beaker was added 2.5 ml of 

NH4OH (5.0N), followed by phosphate buffer to make pH 7.9 ± 0.1. Then 

4-aminoantipyrine (1.0 ml) was added to each beaker, followed by 1.0ml of 

K3Fe(CN)6 solution.  After 15 min waiting time, the spectra were measured 

for each beaker at λ = 500 nm. 



 64

3.3 Results 

3.3.1 Calibration curve 

The absorbance vs. concentration calibration curve was used to 

measure the unreacted phenol concentrations with time during degradation 

experiments.  Figure (3.1) shows the calibration curve used.  

3.3.2 Control experiments 

Control experiments were conducted, using aqueous phenol 

solutions, in the absence of light and in the absence of catalyst. Control 

experiments were also conducted using aqueous phenol solutions in the 

absence of catalyst while using activated carbon (AC). It was found that in 

all photolysis experiments, carried out with no catalyst, or no light, phenol 

concentrations didn't change after prolonged times (3h), Figure (3.2). 

Phenol loss due to adsorption on AC surface was less than 3% at most. 

3.3.3 Naked TiO2 and naked TPPHS dye 

Phenol degradation experiments were conducted in the UV using 

TiO2 and TPPHS separately. Only little change in phenol concentrations 

were observed when TiO2 or TPPHS were used separately, Figure (3.3). 
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Figure (3.1): A calibration curve showing a plot of absorbance vs. phenol 
concentration (M). Measurements were conducted in aqueous media, at room 
temperature. 
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Figure (3.2): Plots of remaining phenol concentration (M) vs. time in phenol 
degradation experiments showing the control experiments. (a) AC alone, (b) UV 
light with no catalyst (TiO2/TPPHS), (c) catalyst with no UV light, using 0.3M 
phenol concentration. 
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Figure (3.3): Plots of remaining phenol concentration (M) vs. time in phenol 
degradation experiments. (a) Naked dye (TPPHS) (0.003g, 0.738×10-5 mol), (b) 
Naked TiO2 (0.5g). Experiments were conducted in the UV at room temperature.  
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3.3.4 TiO2/TPPHS catalyst 

TiO2, combined together with TPPHS, were used to degrade phenol 

in the UV region. Unlike separate TiO2 or TPPHS systems, the combined 

TiO2/TPPHS showed higher catalytic activity in the UV region.  

Effect of initial contaminant concentration 

Effect of initial phenol concentration on initial rate of phenol 

degradation was studied. No significant change on rate, due to initial 

concentration change, was observed, Figure (3.4). 

Effect of oxygen concentration 

The effect of oxygen exposure, on phenol degradation was studied. 

Experiments were conducted using reactors that are open to air, closed to 

air or bubbled with air. Figure (3.5) shows that the reaction system, which 

was kept open to oxygen with no bubbling, was the fastest system. On the 

other hand the reaction was significantly hindered by air bubbling. The 

reaction conducted in a closed system was faster than that conducted with 

bubbling, but slower than the open reactor.  

The results indicate that oxygen is needed by the reaction but may 

also inhibit it when used at higher concentrations. Therefore, unless 

otherwise stated, all degradation experiments were conducted in an open 

reactor with no air bubbling.  
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 Figure (3.4): Plots of remaining phenol concentration (M) vs. time in phenol 
degradation experiments showing the effect of initial phenol concentration, (a) 
0.1, (b) 0.08, (c) 0.06, (d) 0.04, (e) 0.01M. Linearized concentration = 
concentration / initial concentration.
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Figure (3.5): Plots of remaining phenol concentration (M) vs. time in phenol 
degradation experiments showing the effect of oxygen concentration, TiO2 
(0.5g), dye (TPPHS) (0.003g, 0.738×10-5 mol). (a), open reactor, (b) reactor 
closed, (c) bubbles of air. Experiments were conducted in the UV region at room 
temperature, using 0.3M phenol concentration. 
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Effect of dye concentration 

The effects of TiO2 and TPPHS concentrations, on rate of phenol 

degradation, were investigated. TiO2 concentration showed no effect. 

Nominal TPPHS concentrations did not affect rate, because TiO2 surface 

was saturated with TPPHS even at extremely low concentrations. 

Therefore, actual TPPHS concentration was always constant and did not 

affect rate. Figure (3.6) summarizes these observations. 

Effect of type of radiation 

The TiO2/TPPHS system was employed to catalyze phenol 

degradation using UV and visible light. Figure (3.7) shows that UV is 

much more efficient than the visible light. Therefore unless otherwise 

stated, all phenol degradation experiments were conducted using UV 

radiation. This result indicates that the TPPHS failed to sensitize TiO2 in 

the visible region. The fact that TPPHS enhanced catalytic efficiency of 

TiO2 in the UV will be further discussed lat a later stage. 

3.3.5 AC supported TiO2/TPPHS catalyst 

TiO2/TPPHS was supported onto AC. The AC/TiO2/TPPHS system 

was used to photo-degrade phenol in the UV. The system showed higher 

catalytic activity than the un-supported TiO2/TPPHS. Different 

concentrations of TiO2 and/or TPPHS were studied. The rate of degradation 

was independent of TiO2 or TPPHS concentrations, as shown in Figures 

(3.8-3.9). 
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Figure (3.6): Plots of remaining phenol concentration (M) vs. time in phenol 
degradation experiments showing the effect of nominal dye (TPPHS) 
concentration, (a) 0.005g, 1.23×10-5 mol, (b) 0.003g, 0.738×10-5 mol, (c) 0.004g, 
0.984×10-5 mol, (d) 0.01g, 2.46×10-5 mol, (e) 0.006g, 1.476×10-5 mol, (f) 0.007g, 
1.772×10-5 mol. All experiments were conducted in the UV region at room 
temperature, using TiO2 (0.5g), and 0.3M phenol concentration. 
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Figure (3.7): Plots of remaining phenol concentration (M) vs. time, in phenol 
degradation experiments showing the effect of radiation, (a), UV- light, (b) 
visible light. Experiments were conducted at room temperature, using TiO2 
(0.5g), TPPHS (0.003g, 0.738×10-5 mol), and 0.3M phenol concentration. 
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Figure (3.8): Plots of remaining phenol concentration (M) vs. time, in phenol 
degradation experiments showing the effect of AC, (a) with AC (0.1g), (b) no 
AC. All experiments were conducted in the UV at room temperature, using TiO2 
(0.5g), TPPHS (0.006g, 1.476×10-5 mol), and 0.3M phenol concentration. 
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Figure (3.9): Plots of remaining phenol concentration (M) vs. time, in phenol 
degradation experiments showing the effect of TPPHS nominal concentration, (a) 
0.006g, 1.476×10-5 mol, (b) 0.01g, 2.46×10-5 mol, (c) 0.012g, 20952×10-5 mol, 
(d) 0.003g, 0.738×10-5 mol. All experiments were conducted in the UV region at 
room temperature, using TiO2 (0.5g), AC (0.1g), and 0.3M phenol concentration. 
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Effect of type of radiation 

The AC/TiO2/TPPHS system was employed to catalyze phenol using 

UV and visible regions. Parallel to TiO2/TPPHS system, the 

AC/TiO2/TPPHS showed much higher efficiency in the UV region than in 

the visible region, as shown in Figure (3.10). 

Effect of temperature  

The effect of temperature on AC/TiO2/TPPHS catalyst activity was 

investigated. There was no significant temperature effect on catalyst 

efficiency, and the 20˚C temperature was slightly more favorable than 

higher temperatures, Figure (3.11). 

 Effect of catalyst concentration 

The effect of catalyst concentration on AC/TiO2/TPPHS catalyst 

activity was investigated. There was no increase in activity as concentration 

of the catalyst (AC/TiO2/TPPHS) increases, Figure (3.12). 

Effect of speed of stirring 

Different speeds of stirring were used in the UV degradation of 

phenol by AC/TiO2/TPPHS system. Stirring speed showed no significant 

effect on phenol degradation, Figure (3.13) 

3.3.6 Reuse experiments 

The activity of used AC/TiO2/TPPHS catalyst was examined for 

fresh phenol samples, Figure (3.14). While fresh AC/TiO2/TPPHS systems 

caused higher than 60% degradation of phenol, using UV, the reused 

catalytic samples failed to degrade more than 10% of fresh phenol used, 

Figure (3.14, a-c). Addition of fresh TPPHS to the recovered system did 

not enhance the catalytic efficiency, Figure (3.14, d).  
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3.3.7 Metalloporphyrin (MnP) modified TiO2 catalyst 

MnP modified TiO2 catalytic systems were prepared and studied in 

catalyzing phenol degradation in the UV. The TiO2/MnP system showed no 

catalytic activity in the UV, and only little changes in phenol 

concentrations were noticed.  

The TiO2/MnP was also supported onto AC. The AC/TiO2/MnP 

system was used in phenol degradation in the UV. The supported system 

showed no significant catalytic activity. 
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Figure (3.10): Plots of remaining phenol concentration (M) vs. time in phenol 
degradation experiments showing the effect of radiation, TiO2 (0.5g), dye 
(TPPHS) (0.006g, 1.476×10-5 mol), AC (0.1g). (a) UV-light, (b) visible light. 
Experiments were conducted at room temperature, using 0.3M phenol 
concentration. 
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Figure (3.11): Plots of remaining phenol concentration (M) vs. time in phenol 
degradation experiments, showing the effect of temperature (a), 20˚C, (b) 40˚C, 
(c) 30˚C. Experiments were conducted in the UV region, using AC/TiO2/TPPHS 
catalyst, TiO2 (0.5g), dye (TPPHS) (0.006g, 1.476×10-5 mol), AC (0.1g), and 
0.3M phenol concentration. 
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Figure (3.12): Plots of remaining phenol concentration (M) vs. time in phenol 
degradation experiments, showing the effect of AC/TiO2/TPPHS catalyst 
concentration. (a) 1.0g catalyst, (b) 0.6g catalyst, (c) 0.3g catalyst. Experiments 
were conducted in the UV at room temperature, using 0.3M phenol concentration. 
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Figure (3.13): Plots of remaining phenol concentration (M) vs. time in phenol 
degradation experiments, showing different speeds of stirring (a) Low speed, (b) 
moderate speed, (c) high speed. All experiments were conducted in the UV at 
room temperature, using TiO2 (0.5g), dye (TPPHS) (0.006g, 1.476×10-5 mol), 
AC (0.1g), and 0.3M phenol concentration. 
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Figure (3.14): Plots of remaining phenol concentration (M) vs. time in phenol 
degradation experiments, showing the reuse experiments, (a) First time, (b) 
second time, (c) third time, (d) fourth time with a fresh dye sample (0.006g, 
1.476×10-5 mol) added. Experiments were conducted in the UV at room 
temperature, using AC/TiO2/TPPHS, AC (0.1g), TiO2 (0.5g), dye (TPPHS) 
(0.006g, 1.476×10-5 mol), and 0.3M phenol concentration. 
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3.4 Discussion 

3.4.1 Introduction 

TiO2 is widely investigated as photo-catalyst in water purification. 

This is due to many features, mainly its non-hazardous nature, stability and 

low cost. On the other hand, TiO2 suffers two drawbacks. It has a wide 

band gap, 3.2 eV, which demands UV light for excitation. Moreover, TiO2 

is difficult to isolate from aqueous mixtures, which adds to the technical 

difficulties of using it. TiO2 advantages and disadvantages have been 

discussed earlier.  

To overcome the first difficulty, research is focused to photosensitize 

TiO2 in the visible by different sensitizers, as explained earlier. For this 

purpose, TPPHS has been investigated here as possible photosensitizer for 

TiO2 in phenol degradation. The other difficulty may possibly be solved 

out by supporting TiO2 catalyst onto other insoluble materials which are 

hydrophobic in nature, such as AC.  By such a technique, it is assumed that 

the supported TiO2 will be easily separated from aqueous mixtures by 

simple filtration. For this purpose, naked and modified TiO2 particles have 

been supported onto AC surfaces, and investigated in phenol degradation 

processes.  

Model for dye-sensitized TiO2 

Scheme (XII) shows the energetics at the interface between TiO2 and 

attached dye molecules. The band gaps, band edges and excitation 

processes are explained schematically therein. The Scheme shows that UV 

is needed to excite TiO2 with its high band gap (3.2 eV), whereas the dye 

molecules need only visible light for excitation.  
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The concept of sensitization is explained in Scheme (XII). In a 

sensitization process, the dye molecules are themselves excited in the 

visible, creating electrons and holes. The electrons immigrate from the dye 

conduction band to the TiO2 conduction band. The electrons would then 

reduce species (such as oxygen) at the TiO2 back surface. At the front face 

of the dye, the holes remain at the dye valence band edge, where they 

oxidize species (contaminants). If a species has a moderate oxidation 

potential, i.e. comparable or less positive than the dye valence band edge, 

then the species will readily be oxidized by the dye holes. Such a process is 

called dye-sensitized oxidation process, and is shown separately in Scheme 

(XIII).  

On the other hand, if the species has oxidative potential more 

positive than the dye valence band edge, then it will not be oxidized by the 

dye holes. In such a case, sensitization will not affect the degradation 

process. The only way, for such species to be oxidized, will be to excite the 

TiO2 itself. When TiO2 is excited, with UV, the resulting holes will have 

high oxidizing power as they occur in the highly positive valence band. 

Thermodynamically speaking, such holes have very high oxidizing power. 

Nevermind this thermodynamic factor, the oxidation process may occur 

slowly. To speed up such a process, a charge-transfer catalyst may be 

needed. The charge-transfer catalyst would intermediate in the hole transfer 

between the TiO2 valence band and the species, as shown in Scheme (XIV).  

Therefore, one should be careful before deciding if a process is a 

sensitization or a charge-transfer one. If the process occurs readily in the 

visible region, it is then called a sensitization process. On the other hand, if 
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UV is needed, and the dye speeds up the process, it is called a charge-

transfer process. 

Therefore, TPPHS was used here in combination with TiO2 to 

degrade phenol in the UV and visible regions. Effect of dye, temperature, 

oxygen, carbon support and other parameters have been studied together 

with other parameters. Plots of remaining phenol concentrations were used 

to show degree of degradation as was presented in Figures (3.2-3.13). For 

further clarification of catalyst efficiency in degradation process, turn-over 

number values were calculated by dividing number of moles of reacted 

phenol by number of moles of dye, after 120 min. Values of turn-over 

number are shown in Table (7).   
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Scheme XII: Effect of dye in TiO2 sensitization and in charge-transfer 
catalytic processes 
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 3.4.2 Effect of dye 

Neither TiO2 nor TPPHS were catalytically active, when used 

separately, in phenol photo-degradation, as shown in Figure (3.3) and Table 

(7). The combined TiO2/TPPHS did not catalyze the reaction in the visible 

region, Figure (3.7). This indicates that the TPPHS failed to sensitize the 

TiO2 in the visible region. On the other hand, the TPPHS enhanced the 

catalytic activity of TiO2 in the UV. Such enhancement is understandable in 

terms of charge transfer catalytic activity, Schemes (XIII-XIV).   

The lack of sensitization mechanism is due to the holes resulting in 

the valence band of the dye, by visible excitement, are not positive enough, 

as the needed oxidation potential for phenol is high, Scheme (XV). TPPHS 

absorbs light at about 435 nm (band gap ~2.85 eV) and the resulting holes 

are presumably not energetic enough to oxidize phenol in the visible. 

The mode of action of TPPHS in enhancing TiO2 catalytic activity in 

phenol degradation is best summarized in Scheme (XIV). The mechanism 

involves TiO2 excitation by UV, creating an electron-hole pair. The 

electron is excited to the TiO2 conduction band, where it reduces oxygen at 

the back contact. The hole oxidizes the contaminant molecules at the front 

contact. This step is catalyzed by the TPPHS, which may accept the hole 

and redirect it to the contaminant molecule. The ability of TPPHS to 

catalyze charge transfer processes is documented in literature [11-12]. 
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Scheme XV: Band positions (top of valence band and bottom of conduction 
band) of TiO2, TPPHS and oxidation potential for phenol, benzoic acid and 
Tamaron. 
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Effect of activated carbon 

Despite the fact that TiO2 is the most widely used photo-catalyst for 

UV driven contaminant degradation processes, it is difficult to isolate from 

aqueous media after reaction completion. To solve this technical difficulty, 

research is directed towards supporting naked TiO2 onto insoluble 

materials, such as AC [13], glass [14], Ti-6Al-4V alloy [15-16], ZSM-5 

zeolite [17], silica [18] and others.  

In this work, TiO2/TPPHS was prepared and supported onto AC for 

the first time. To our knowledge, no dye-modified TiO2 systems were 

supported onto AC before. In addition to easy separation, the 

AC/TiO2/TPPHS system showed higher catalytic activity than the 

TiO2/TPPHS, Figure (3.8), and Table (7). AC is expected not to affect 

TiO2/TPPHS optical or electrical properties. Due to its large surface area 

and hydrophobic nature, the AC is expected to preferentially adsorb 

organic contaminant molecules. The contaminant molecules are thus 

brought into close proximity to the TiO2 catalytic sites, and consequently 

the degradation process is expected to be enhanced. The effect of AC 

observed in here is thus understandable by the ability of AC to 

preferentially adsorb contaminant molecules. An enhanced concentration of 

contaminant is progressively built up around the TiO2 sites, leading to a 

significant increase in reaction rate. Complete mineralization is also 

expected in the presence of AC. This is because any possible intermediate 

compounds, resulting from degradation at earlier stages, will be also 

adsorbed by AC and more exposed to the degradation catalytic sites [11]. 
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Effect of temperature 

The temperature showed no significant effect on catalyst efficiency, 

with more activity observed at lower temperatures, as shown in Figure 

(3.11).  The results are consistent with earlier literature reports, which also 

showed that photocatalytical oxidation rate is not much affected by changes 

in temperature.  The photo-degradation rate independence of temperature is 

reflected by its low activation energy (a few kJ/mol) compared to ordinary 

thermal reactions [11]. Moreover, at higher temperatures, oxygen 

concentrations in the reaction solution are lowered by increasing 

temperature. This explains why at 20˚C the rate was slightly higher than at 

higher temperatures. 

Effect of oxygen concentration 

Oxygen was essential for semiconductor photocatalytic degradation 

of organic compounds. Dissolved molecular oxygen is strongly 

electrophilic and thus an increase of its content probably reduces 

unfavourable electron–hole recombination routes. Experiments conducted 

in a closed reactor showed low degradation rates, whereas open reactor 

experiments showed higher rates. Therefore, the presence of reasonable 

oxygen concentrations is essential for degradation to occur. This is in 

accordance with literature [11,19]. On the other hand, higher oxygen 

concentrations, attained by oxygen bubbling, lead to a downturn of the 

reaction rate as shown in Figure (3.5). Literature also showed similar 

results, where higher oxygen concentrations inhibited the photo-

degradation of organic contaminants [20]. This is attributed to the fact that 

the TiO2 surface becomes highly hydroxylated to the extent of inhibiting 

the adsorption of pollutants at active sites [11, 20].  
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Therefore, while oxygen is necessary, for the degradation process to 

occur, by behaving as electron scavenger [19], its high concentrations 

inhibit the free radical formation processes necessary for degradation [20]. 

Despite these contradicting effects of oxygen, there seems to be no 

technical difficulty in degrading contaminants at large scale in the presence 

of oxygen with moderate concentrations. Keeping the reactor open to 

oxygen is all one needs for degradation process to occur, as observed here. 

This is technically important for future processes at large scale, as we will 

need no oxygen pumping while purifying waters with UV radiation. 

Effect of initial contaminant concentration 

Initial phenol concentrations did not affect rate of phenol degradation 

in UV using AC/TiO2/TPPHS. Two factors might be responsible for this 

behavior: [11] 

• The generation and migration of photo-generated electron-hole 

pairs and their reaction with organic compounds occur in 

series. Therefore, each step may become rate-determining for 

the overall process. At low concentrations, the latter dominates 

the process and, therefore, the degradation rate increases 

linearly with concentration. However, at high concentrations, 

like the ones used here, the former will become the governing 

step, and the degradation rate increases slowly with 

concentration, and for a given illumination intensity, a 

constant degradation rate may be observed as a function of 

concentration. 
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• Intermediates generated during the photocatalytic process also 

affect the rate constant of their parent compounds. A higher 

initial concentration will yield a higher concentration of 

adsorbed intermediates, which would affect the overall rate. 

Effect of catalyst concentration 

Different AC/TiO2/TPPHS catalyst concentrations on phenol photo-

degradation were studied. It was noticed that the rate of phenol degradation 

was independent of the catalyst concentration. This result is explainable 

although our expectation is the opposite.  

The rate is proportional to number of irradiated catalytic sites at a 

given time. In suspensions, like the AC/TiO2/TPPHS system used here, 

only a fraction of catalytic sites would be exposed to radiation. As higher 

catalyst concentrations are used, more sites will be hidden away from 

radiation. Therefore, the number of irradiated catalytic sites at a given time 

will not increase with increased amount of added catalyst. Therefore, the 

rate of degradation is not affected by catalyst amount, as shown in Figure 

(3.12). 

Effect of speed of stirring 

Different speeds of stirrings were investigated in UV phenol 

degradation by AC/TiO2/TPPHS catalyst system. No significant change in 

phenol degradation was noticed. This rules out any possibility for the 

reaction to be controlled by diffusion of contaminant molecules. 
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3.4.3 Effect of MnP dye 

MnP modified TiO2 surfaces were prepared and investigated in 

phenol decomposition. The TiO2/MnP system was inefficient in either UV 

or visible regions. When AC supported TiO2/MnP was not efficient as well.  

The inefficiency of MnP to sensitize TiO2 for phenol degradation is 

understandable by the fact that it has only a small band gap (2.68 eV, 463 

nm) which is not sufficient for phenol oxidation. Furthermore, the 

inefficiency of TiO2/MnP to degrade phenol in the UV is due to inability of 

MnP to function as a suitable charge transfer catalyst here. Therefore, it is 

not recommended here to use TiO2/MnP systems for degradation of stable 

contaminants like phenol.  

Reuse 

Due to technical difficulty in separating TiO2/TPPHS, the used 

catalyst was not recovered for reuse.  The AC/TiO2/TPPHS was easily 

recovered by simple filtration over sintered glass. The recovered 

AC/TiO2/TPPHS catalyst showed low catalytic activity, in phenol 

degradation, compared to fresh samples, Figure (3.13). This indicates the 

failure of the catalyst in reuse studies. This failure is presumably not due to 

TPPHS decomposition under the photolysis experimental conditions. 

Literature [12] showed that TPPHS survived similar irradiation conditions 

for prolonged times.  

The other reason, of catalyst deactivation, is possibly the 

TiO2/TPPHS burial inside AC. This may occur under reaction stirring 

conditions, where AC particles undergo shape changes due to mechanical 

milling. The TiO2/TPPHS sites are expected to be buried inside AC pores 
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with no access for contaminant molecules.  For confirmation, fresh samples 

of TPPHS were added to the used AC/TiO2/TPPHS systems. It is assumed 

that if catalyst deactivation is due to TPPHS decomposition, then fresh 

TPPHS would regenerate the catalyst activity. As results show, the fresh 

TPPHS samples failed to do so, Figure (3.13).  This confirms the 

conclusion that deactivation was due to active site burial inside the AC 

pores. As such, the freshly added TPPHS did not adhere to buried TiO2 

particles in the recovered catalyst. This means that magnetic stirring should 

be avoided in future study of AC/TiO2/TPPHS photocatalytic system. 
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Table (7): Values of turnover number for different catalytic systems in phenol 
degradation 

Catalyst TiO2 
amount g 

TPPHS amount g 
(mol) 

Turnover 
number* 

Naked TiO2 0.5 0 33** 

Dye only 0 0.006 (1.476×10-5) 27 

TiO2/TPPHS 0.5 0.01 (2.46×10-5 ) 163 

 0.5 0.005 (1.23×10-5 ) 129 

 1 0.006 (1.476×10-5 ) 149 

 0.5 0.006 (1.467×10-5 ) 270 

 0.5 0.003 (0.738×10-5) 176 

AC/TiO2/TPPHS 0.5 0.006 (1.476×10-5) 372 

 0.5 0.012 (2.952×10-5) 169 

 0.5 0.01 (2.46×10-5) 677 

 0.5 0.003 (0.738×10-5) 580 

*Turnover number values, (reacted PhOH moles/dye moles) were measured after 120 
min reaction time. 

** Turnover number value was calculated assuming presence of TPPHS (0.006 g, 
1.476X10-5). 
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4.1 Introduction 

Carboxylic acids are compounds that contain a carboxyl group 

attached to either an alkyl group (R—COOH), or an aryl group (Ar—

COOH). The simplest aromatic acid is benzoic acid. It is polar, and its 

molecules may couple in pairs which form hydrogen bonds to each other. 

The molecules may also form hydrogen bonds with molecules of other 

compounds. Its solubility in water is 0.34g/100g H2O. It is solid at room 

temperature, with a melting point of 122˚C [1]. Benzoic acid has a high 

boiling point (250˚C), due to pairing of molecules. Each pair is held 

together by two hydrogen bonds, Scheme (XVI). 
O

O
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O

O

C

H

H ......

......
 

XVI 

Contact with benzoic acid irritates the eyes with possible damage. 

Inhalation irritates the nose, throat and lungs causing coughing, wheezing 

and/or shortness of breath. Benzoic acid may also cause a skin allergy. If 

allergy develops, very low future exposure may cause itching and skin rash 

[2]. 

Benzoic acid is difficult to degrade by conventional methods, so 

photo-electrochemical methods are used to degrade it. As described earlier in 

Chapter (3), naked, and/or modified TiO2 surfaces were used [3-9] for such 

purpose. 
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4.2 Experimental 

4.2.1 Chemicals 

Benzoic acid and NaOH were purchased from Aldrich. Acetic acid 

was obtained from Reidel- DeHaën in a pure form. 

Stock solution preparations 

The following stock solutions were prepared: 

• 1000 ppm benzoic acid solution was prepared by dissolving 

1.0g benzoic acid in distilled water then diluting to 1.0 L. 

• Approximately 0.1 M NaOH solution was prepared by 

dissolving 0.4 g of NaOH in distilled water then diluted to 100 

ml. 

• 20% acetic acid (pH=3) solution was prepared by diluting 200 

ml of acetic acid in 1.0 L distilled water, the pH was adjusted 

with the 0.1M NaOH solution described above. 

4.2.2 Equipment 

The concentration of benzoic acid was measured using HPLC 

instrument (Waters 2695/ Separation Module, Photodiode Array Detector) 

at 254 nm and the mobile phase was 20% acetic acid (pH= 3) solution, the 

injected volume was 20 µL. GC-MS was used to analyze possible products 

which may result from degradation. Details of equipment description are 

presented earlier (page 42).  
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4.2.3 Photo-degradation experiments 

Reactor, light source, catalyst analysis and photolysis experiments 

were described earlier, in Chapter 2. For product analysis the following 

method was used: 

A sample was taken from the reaction system and was extracted with 

an organic solvent, ether. The organic layer was analyzed using GC-MS. 

Other than remaining benzoic acid in the sample, no organic matter was 

detected. This indicates that the products of degrading benzoic acid are CO2 

and H2O. This is in accordance with literature [11]. 

4.2.4 Concentration measurements 

HPLC was used to measure benzoic acid remaining during photo-

degradation experiments. Aqueous solutions with different nominal 

benzoic acid concentrations, 200ppm, 150ppm, 100ppm, and 50ppm, were 

prepared. HPLC was used, and absorbance vs. concentration calibration 

curve was constructed, Figure (4.1). The calibration curve was used to 

analyze remaining benzoic acid through out the course of degradation 

reaction.   

4.3 Results 

4.3.1 Calibration curve 

The absorbance vs. concentration calibration curve was used to 

measure the unreacted benzoic acid concentrations with time during 

degradation experiments.  Figure (4.1) shows the calibration curve used. 

4.3.2 Control experiments 

Control experiments were conducted, using aqueous benzoic acid 

solutions, in the dark, or in the absence of catalyst, AC adsorption of 
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benzoic acid was also studied. It was found that in all photolysis 

experiments, carried out with no catalyst, with no light, or with AC alone, 

benzoic acid concentrations didn't significantly change after prolonged 

times (3h), Figure (4.2). Only up to 7% loss of benzoic acid was observed 

in control experiments. 
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Figure (4.1): A calibration curve showing a plot of absorbance vs. benzoic acid 
concentration (ppm). Measurements were conducted in aqueous media, at room 
temperature. 
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Figure (4.2): Plots of remaining benzoic acid concentration (ppm) vs. time in 
benzoic acid degradation experiments, showing the control experiments. (a) UV 
light with no catalyst (TiO2/TPPHS), (b) catalyst with no light (UV), (c) AC 
alone, using TiO2 (0.5g), TPPHS (0.003g, 0.738×10-5 mol), AC (0.1g), and 200 
ppm benzoic acid concentration. 
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4.3.3 Naked TiO2 and naked TPPHS dye 

When TiO2 was used as catalyst, in the absence of TPPHS, only little 

loss of benzoic acid occurred under UV or visible. Replacement of TiO2 

with TPPHS, did not enhance benzoic acid degradation, as shown in Figure 

(4.3). Thus, TiO2 or TPPHS did not effectively catalyze the reaction while 

used separately. 

4.3.4 TiO2/TPPHS catalyst 

TiO2, combined with TPPHS, was used in benzoic acid degradation 

by UV. The combined system showed higher catalytic activity than 

separate ones. 

Effect of initial benzoic acid concentration  

Initial benzoic acid concentration was studied and showed slight 

increase in benzoic acid degradation, Figure (4.4). 

Effect of oxygen concentration 

The effect of oxygen exposure, on benzoic acid degradation was 

studied using UV. Experiments were conducted using reactors that are open 

to air, closed to air or bubbled with air. Figure (4.5) shows that the open 

reaction system, with no bubbling, was the fastest system. On the other 

hand the reaction was significantly hindered by air bubbling. The reaction 

conducted in a closed system was faster than that conducted with bubbling, 

but slower than the open reactor. Therefore, unless otherwise stated, all 

degradation experiments were conducted in an open reactor with no air 

bubbling. 
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Effect of dye concentration 

Different concentrations of TiO2 and/or TPPHS were used to degrade 

benzoic acid using UV. The rate of degradation was independent of TiO2 or 

TPPHS nominal concentrations after TiO2 is saturated with TPPHS. 

Approximately 33% of benzoic acid was degraded within 2.5 h, Figure 

(4.6). 
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Figure (4.3): Plots of remaining benzoic acid concentration (M) vs. time in 
benzoic acid degradation experiments. (a) Naked dye (TPPHS), (b) Naked TiO2. 
Experiments were conducted in the UV at room temperature, using TiO2 (0.5g), 
TPPHS (0.003g, 0.738×10-5 mol), and 200 ppm benzoic acid concentration. 
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Figure (4.4): Plots of remaining benzoic acid concentration (ppm) vs. time in 
benzoic acid degradation experiments showing the effect of initial benzoic acid 
concentration, (a) 200, (b) 150, (c) 100, (d) 70, (e) 20 ppm. All experiments were 
conducted in the UV at room temperature, using TiO2/TPPHS system, TiO2 
(0.5g), TPPHS (0.003g, 0.738×10-5 mol). 
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Figure (4.5): Plots of remaining benzoic acid concentration (M) vs. time in 
benzoic acid degradation experiments showing the effect of oxygen 
concentration, (a) opened reactor, (b) reactor closed, (c) bubbles of air. 
Experiments were conducted in the UV region at room temperature, using 
AC/TiO2/TPPHS system, TiO2 (0.5g), TPPHS (0.003g, 0.738×10-5 mol), AC 
(0.1g) and 200 ppm benzoic acid concentration. 

 

 

 



 113

 

 

 

 

120100806040200

1.02
1

0.98
0.96
0.94
0.92

0.9
0.88
0.86
0.84
0.82

0.8
0.78
0.76
0.74
0.72

Time (min)

Li
ne

ar
ize

d 
be

nz
oi

c 
ac

id
 c

on
ce

nt
ra

tio
n

a
b

c
d

e

f

 

Figure (4.6): Plots of remaining benzoic acid concentration (M) vs. time in 
benzoic acid degradation experiments showing the effect of nominal dye 
(TPPHS) concentrations, (a) 0.005g, 1.23×10-5 mol, (b) 0.004g, 0.984×10-5 mol, 
(c) 0.006g, 1.476×10-5 mol, (d) 0.007g, 1.772×10-5 mol, (e) 0.003g, 0.738×10-5 
mol, (f) 0.01g, 2.46×10-5 mol. All experiments were conducted in the UV region 
at room temperature, using TiO2 (0.5g), and 200 ppm benzoic acid concentration. 
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Effect of type of radiation 

The TiO2/TPPHS system was employed to catalyze benzoic acid 

degradation using UV and visible light. Figure (4.7) shows that UV is 

much more efficient than the visible light. Therefore unless otherwise 

stated, all phenol degradation experiments were conducted using the UV 

radiation. 

4.3.5 AC/TiO2/TPPHS catalyst 

TiO2/TPPHS was prepared and supported onto activated carbon, as 

described in Chapter (2). The new AC/TiO2/TPPHS system was used to 

catalyze benzoic acid degradation in the UV region. More than 50% of 

benzoic acid was degraded when AC/TiO2/TPPHS catalyst was used. This 

shows that AC enhanced the catalytic activity of the combined 

TiO2/TPPHS. Different concentrations of TPPHS were studied. The rate of 

degradation was independent of TPPHS concentration after saturation is 

reached, Figures (4.8-4.9). 

Effect of type of radiation 

The AC/TiO2/TPPHS system was employed to catalyze benzoic acid 

in the UV and visible regions. Similar to TiO2/TPPHS system, the 

AC/TiO2/TPPHS showed much higher efficiency in the UV than in the 

visible as shown in Figure (4.10). 

Effect of catalyst concentration 

The effect of concentration of AC/TiO2/TPPHS on degradation of 

benzoic acid was investigated. Only a slight increase in rate was observed 

as concentration of the catalyst (AC/TiO2/TPPHS) increases, Figure (4.11).  
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Effect of temperature 

The effect of temperature, on AC/TiO2/TPPHS catalyst activity was 

investigated. Within the used temperature range, 20-40˚C, there was no 

significant temperature effect on catalyst efficiency, Figure (4.12). 

4.3.6 Metalloporphyrin (MnP) modified TiO2 catalyst 

TiO2 was modified with tetrapyridylporphyrinatomanganese (III). 

The TiO2/MnP system was investigated as catalyst for benzoic acid 

degradation. The TiO2/MnP system showed no significant catalytic activity 

in UV or visible regions. 
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Figure (4.7): Plots of remaining benzoic acid concentration (M) vs. time in 
benzoic acid degradation experiments showing the effect of radiation, (a) UV- 
light, (b) visible light. All experiments were conducted at room temperature, 
using TiO2/TPPHS system TiO2 (0.5g), TPPHS (0.003g, 0.738×10-5 mol), and 
200 ppm benzoic acid concentration. 
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Figure (4.8): Plots of remaining benzoic acid concentration (M) vs. time in 
benzoic acid degradation experiments showing the effect of AC, (a) With AC 
(0.1g), (b) with no AC. All experiments were conducted in the UV at room 
temperature, using TiO2 (0.5g), and TPPHS (0.006g, 1.476×10-5 mol), and 200 
ppm benzoic acid concentration. 
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Figure (4.9): Plots of remaining benzoic acid concentration (M) vs. time in 
benzoic acid degradation experiments showing the effect of nominal dye 
(TPPHS) concentration, (a) 0.006g, 1.476×10-5 mol, (b) 0.01g, 2.46×10-5 mol, (c) 
0.012g, 20952×10-5 mol, (d) 0.003g, 0.738×10-5 mol. All experiments were 
conducted in the UV region at room temperature, using AC/TiO2/TPPHS system 
TiO2 (0.5g), AC (0.1g), and 200 ppm benzoic acid concentration. 
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Figure (4.10): Plots of remaining benzoic acid concentration (M) vs. time in 
benzoic acid degradation experiments showing the effect of radiation, (a) UV-
light, (b) visible light. Experiments were conducted at room temperature, using 
AC/TiO2/TPPHS system, AC (0.1g), TPPHS (0.006g, 1.476×10-5 mol), TiO2 
(0.5g), and 200 ppm benzoic acid concentration. 
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Figure (4.11): Plots of remaining benzoic acid concentration (ppm) vs. time in 
benzoic acid degradation experiments showing the effect of catalyst 
(AC/TiO2/TPPHS) concentration. (a) 1.0g catalyst, (b) 0.6g catalyst, (c) 0.3g 
catalyst. Experiments were conducted in the UV at room temperature, using AC 
(0.1g), TPPHS (0.006g, 1.476×10-5 mol), TiO2 (0.5g), and 200 ppm benzoic acid 
concentration. 
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Figure (4.12): Plots of remaining benzoic acid concentration (ppm) vs. time in 
benzoic acid degradation experiments showing the effect of temperature, (a) 
20˚C, (b) 30˚C, (c) 40˚C. Experiments were conducted in the UV region, using 
AC/TiO2/TPPHS system, AC (0.1g), TiO2 (0.5g), TPPHS (0.006g, 1.476×10-5 
mol), and 200 ppm benzoic acid concentration. 
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4.4 Discussion 

4.4.1 Introduction 

The concepts of sensitization and charge transfer were discussed in 

Chapter (3) earlier. Schemes (XII-XIV) summarize the sensitization and 

charge transfer concepts in degradation processes. The discussion presented 

there in works successfully for benzoic acid as well. 

4.4.2 Effect of TPPHS dye 

TiO2 or TPPHS are not catalytically active separately in benzoic acid 

photo-degradation, Figure (4.3). Although TPPHS absorbs in the visible 

region, the TiO2/TPPHS system was more active in the UV-region than in 

the visible, as shown in Figure (4.7). Turnover number values were 

calculated and are shown in Table (8). The Table shows that the 

TiO2/TPPHS is more active than either TiO2 or TPPHS separately. 

Therefore, TPPHS does not sensitize TiO2 in the benzoic acid degradation 

in the visible. The TPPHS enhancement of TiO2 activity in the UV is 

possibly due to charge transfer catalysis, as discussed earlier in Chapter (3). 

As in phenol, benzoic acid is a stable contaminant. It demands high 

oxidizing potential. The holes generated in the valence band of TPPHS, 

Scheme XIII do not have positive potential enough to oxidize benzoic acid. 

This is deduced from the inability of the TiO2/TPPHS to degrade benzoic 

acid in the visible. Therefore, similar to phenol degradation, a sensitization 

mechanism should be ruled out. 

The ability of TPPHS to activate TiO2 degradation of benzoic acid in 

UV suggests a charge transfer catalytic process, as shown in Scheme XIV. 

In this case, the UV excites TiO2 where electrons go to conduction band. 

The holes generated into the valence band of TiO2 are transferred to 
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contaminant benzoic acid molecules in a thermodynamically allowed 

process. Without TPPHS, such process is slow, as observed in the absence 

of TPPHS. The role of TPPHS is to speed up such hole transfer in a charge 

transfer catalytic mechanism. Scheme XV shows that TiO2 excitation may 

degrade benzoic acid, where as TPPHS with visible light should fail to do 

so. 

Effect of activated carbon 

TiO2/TPPHS system was supported on AC and was used to degrade 

benzoic acid. The AC/TiO2/TPPHS system showed higher catalytic activity 

than the unsupported TiO2/TPPHS, as shown in Table (8), and Figure (4.8). 

Similar to earlier discussions in Chapter (3), the AC helps adsorb benzoic 

acid molecules. As such, the molecules are brought into close proximity to 

TiO2/TPPHS active sites. Moreover, any resulting intermediates are also 

adsorbed by AC and kept close to active sites which may cause complete 

mineralization. 

In addition to TiO2/TPPHS catalytic activity in benzoic acid 

degradation, the AC is also advantageous in recovering the used catalyst.  

This is due to hydrophobic nature of AC, which makes filtration easier. 

Effect of oxygen concentration 

Parallel to phenol degradation, benzoic acid degradation demanded 

oxygen. With higher oxygen concentrations, the benzoic acid degradation 

was hindered, Figure (4.5). Therefore, the best experimental conditions 

were met when using an open reactor with no bubbling. These results are 

consistent with those observed in phenol degradation (Chapter 3) and with 

literature [13-14]. This adds to the practical credibility of the catalytic 

system, which demands no high oxygen pressures. 
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Effect of temperature 

The temperature showed no significant effect on catalyst efficiency, 

with more activity observed at lower temperatures, as shown in Figure 

(3.11).  The results are consistent with earlier literature reports, that 

photocatalytical oxidation rate is not much affected by changes in 

temperature.  The degradation rate independence of temperature is reflected 

by the low activation energy (a few kJ/mol) compared to ordinary thermal 

reactions [12]. The process is technically advantageous, as it can be 

effectively conducted at room temperature without the costs of heating 

contaminated water sources. 

Effect of initial contaminants concentration 

Different initial benzoic acid concentrations were used. 

Concentrations showed slight effect on benzoic acid degradation. Tow 

factors might be responsible for this behavior are [12]: 

• The generation and migration of photo-generated electron-hole 

pairs and their reaction with organic compounds occur in 

series. Therefore, each step may become rate-determining for 

the overall process. At lower concentrations, the latter 

dominates the process and, therefore, the degradation rate 

should increase linearly with concentration. However, at high 

concentrations, the former will become the governing step, 

and the degradation rate increases only slowly with 

concentration. At a given illumination intensity, even a 

constant degradation rate may be observed independent of 

concentration. 
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• Intermediates generated during the photocatalytic process also 

affect the rate constant of their parent compounds. A higher 

initial concentration will yield a higher concentration of 

adsorbed intermediates, which may inhibit adsorption of 

contaminant molecules. 

Effect of catalyst concentration 

Effect of AC/TiO2/TPPHS catalyst concentrations was studied. The 

rate of phenol degradation was independent of the catalyst concentration. 

This result is understandable, despite expectations. With more catalytic 

active sites, the reaction should be faster. 

However, since we use the catalyst as suspension with the reaction 

mixture, many activate sites are hidden away from radiation. The total 

number of exposed sites is more or less constant. This means that the rate is 

not enhanced with increased catalyst concentration. For technical purposes, 

this is not advantageous. The method of AC/TiO2/TPPHS suspension 

should be replaced by other methods that keep most of catalytic sites 

exposed to radiation. 

4.4.3 Effect of MnP dye 

TiO2/MnP system was evaluated to degrade benzoic acid. The 

system did not function either in UV or in visible regions. This is 

presumably due to the holes in excited MnP having not enough power to 

oxidize benzoic acid in a sensitization mechanism. It also failed to behave 

as a charge transfer catalyst.. These results are consistent with phenol 

degradation. 
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Table (8): Values of turnover number for different catalytic systems in benzoic 
acid degradation 

Catalyst 
TiO2 

amount 
g 

TPPHS amount g 
(mol) 

Turnover 
number* 

Naked TiO2 0.5 0 49.4** 

Dye only 0 0.006 (1.476×10-5) 50.4 

TiO2/TPPHS 0.5 0.01 (2.46×10-5 ) 307.1 

 0.5 0.005 (1.23×10-5 ) 307.4 

 0.5 0.004 (0.984×10-5 ) 306.2 

 0.5 0.006 (1.467×10-5 ) 316.0 

 0.5 0.003 (0.738×10-5) 307.6 

AC/TiO2/TPPHS 0.5 0.006 (1.476×10-5) 454.9 

 0.5 0.012 (2.952×10-5) 457.2 

 0.5 0.01 (2.46×10-5) 456.2 

 0.5 0.003 (0.738×10-5) 454.3 

*Turnover number values, (reacted PhOH moles/dye moles) were measured after 120 
min reaction time. 

** Turnover number value was calculated assuming presence of TPPHS (0.006 g, 
1.476X10-5). 
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5.1 Introduction 

Tamaron (Scheme V) is a widely used insecticide, with the common 

name methamidophos. The CAS and IUPAC name is O,S-dimethyl 

phosphoramidothioate.  It was first prepared by W. Lorenz for Bayer in 

1965 and called Tamaron, and by P. Magee for Chevron in 1967 and called 

Monitor [1]. 

Pure methamidophos is a colourless crystalline solid with a melting 

point of 44.5 °C.  Technical methamidophos, which is about 73% pure, is 

in the form of yellowish to colourless crystals.  Some physical properties 

are given in Table (9) [2]. 

Table (9): Some physical properties of methamidophos (Tamaron).   

Molar 
Mass 

M.Pt. 
˚C  

B.Pt. 
˚C 

Pvap , (mPa) 
(30˚C) 

Sol. (H2O) 
Kg/Lit 

Density 
(g/cm-3), 

20˚C  
141.1 Pure 44.5 

Actual 37-39 
unstable 40 2.0 1.31 

Methamidophos, which is readily soluble in water (>2 kg/litre), 

alcohols, ketones, and aliphatic chlorinated hydrocarbons, is sparingly 

soluble in ether and practically insoluble in petroleum ether. This 

insecticide is stable at ambient temperatures. Methamidophos decomposes 

before its boiling point is reached (at approximately 150˚C).It is effective 

against a broad range of insect pests (sucking, biting, and mining insects) 

on such crops as brassica, cotton, tobacco, sugar beet, head lettuce, and 

potatoes. 

Methamidophos is hazardous for humans when incorrectly handled. 

On overexposure, typical signs and symptoms organophosphorus poisoning 

may occur rapidly. It is readily absorbed via skin, ingestion, and inhalation; 
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may cause organophosphate poisoning: weakness, headache, vomiting, 

excessive sweating and salivation, pinpoint pupils; in severe cases: 

convulsions, unconsciousness, and death due to respiratory paralysis [2]. 

Symptoms of poisoning: Signs and symptoms may include a feeling 

of exhaustion, headache, blurred vision, weakness, and confusion.  

Vomiting, abdominal pain, excessive sweating, and salivating may 

develop. The pupils are constricted.  Difficulty in breathing may be 

experienced, due to congestion of the lungs and weakness of the respiratory 

muscles. Arrhythmias and cardiac failure have been reported.  On severe 

poisoning, there will be muscle spasms, unconsciousness, and convulsion.  

Breathing may stop, followed by death.  Although methamidophos is 

highly toxic, using appropriate safety precautions in exposure to it during 

manufacture, formulation, application and disposal, should not pose an 

unacceptable human health hazard. 

Degradation of methamidophos in soils and natural waters is fairly 

rapid.  The final degradation product is usually phosphoric acid.  Same 

product has been observed when methamidophos is applied to crops [2]. 

Photo-electrochemical degradation using naked and/or sensitized TiO2 was 

used to degrade such insecticide [3-4]. 

5.2 Experimental 

5.2.1 Chemicals 

Tamaron was purchased from Bayer, and dimethyl sulfoxide 

(DMSO) was obtained from Carlo, in pure forms. 
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Stock solution preparations 

0.01M, 0.002M, and 0.001M standard solutions of Tamaron were 

prepared by dissolving 1.0 ml of pure Tamaron in distilled water, followed 

by dilution to 100 ml, 500 ml, and 1.0 L respectively. Sample solutions 

(100ml of 0.01M Tamaron) were also prepared. 

5.2.2 Equipment 

The Tamaron concentration was calculated by measuring its 

electronic absorption spectra on a Shimadzu UV-1601 spectrophotometer. 

GC-MS was also used to analyze the reaction products.  

5.2.3 Photo-degradation experiments 

The catalytic degradation reactor, the light source, the catalyst 

analysis and the photolysis experiments were discussed in Chapter 2. 

Tamaron degradation final product analyses are presented here. 

Only one possible reaction product, from Tamaron degradation, 

H3PO4, is reported [2], and no organic products are expected to be 

observed. To analyze for reaction products, the reaction mixture was taken 

after completion. The water was evaporated by a rotary evaporator. DMSO 

was used for extraction. The DMSO layer was then analyzed by GC-MS. 

No Tamaron was detected in the organic layer [2]. No organic products 

were detected either.  

Same separation procedure was repeated for fresh Tamaron aqueous 

solutions, in a control experiment with no degradation. GC-MS results 

were similar to nominal Tamaron concentrations used in the control 

experiment. These observations indicate that Tamaron is completely 

degraded after enough exposure to experimental conditions. 
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5.2.4 Concentration measurements 

The reaction progress was followed by measuring remaining 

Tamaron concentrations with electronic absorption spectrophotometry. A 

calibration curve was constructed for Tamaron using the stock solutions 

described earlier. The absorption spectra of standards and samples were 

measured on a Shimadzu UV-1601 spectrophotometer at wavelength 

284nm. 

5.3 Results 

5.3.1 Calibration curve 

A Calibration curve was performed. Figure (5.1) shows absorbance 

vs. Tamaron concentration. The calibration curve was used to analyze 

Tamaron concentrations throughout reaction course. 

5.3.2 Control experiments 

Control photolysis experiments were conducted with no catalyst, 

with no light source, or with no catalyst except AC. In these experiments, 

Tamaron concentrations didn't significantly change after relatively 

prolonged times (3h) Figure (5.2). 

5.3.3 Naked TiO2 and naked TPPHS dye 

TiO2 and TPPHS were used separately to degrade Tamaron with 

visible light. When TiO2 and TPPHS were used, separately, only up to 3% 

loss in Tamaron concentrations occurred, Figure (5.3). 
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Figure (5.1): A calibration curve showing a plot of absorbance vs. Tamaron 
concentration (M). Measurements were conducted in aqueous media, at room 
temperature. 
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Figure (5.2): Plots of remaining Tamaron concentration (M) vs. time in Tamaron 
degradation control experiments. (a) visible light with no catalyst (TiO2/TPPHS), 
(b) TiO2/TPPHS catalyst with no visible light, (c) AC alone, using TiO2 (0.5g), 
TPPHS (0.003g, 0.738×10-5 mol), AC (0.1g), and 0.01M Tamaron concentration.
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Figure (5.3): Plots of remaining Tamaron concentration (M) vs. time in Tamaron 
degradation experiments. (a) Naked dye (TPPHS) (b) Naked TiO2. Experiments 
were conducted in the visible region at room temperature, using TiO2 (0.5g), 
TPPHS (0.003g, 0.738×10-5 mol), and 0.01M Tamaron concentration. 



 137

5.3.4 TPPHS sensitized TiO2 catalyst 

TPPHS sensitized TiO2 catalyst was used for Tamaron degradation 

with visible light. There was a noticeable change in Tamaron concentration 

when TiO2/TPPHS catalyst was used in the visible and UV regions, Figure 

(5.4-5.5). Initial Tamaron concentration was studied and showed no effect 

on Tamaron degradation, Figure (5.6). 

Effect of dye concentration 

TPPHS sensitized TiO2 systems were used to catalyze photo-

degradation of Tamaron in the visible region in an open reactor. Different 

dye concentrations were used. In all cases the sensitized catalyst showed 

sound catalytic activity, reaching up to 33% completion in 120 min., Figure 

(5.4).  Nominal dye concentrations did not affect the rate significantly. 

Effect of oxygen concentration 

The effect of oxygen exposure, on Tamaron degradation was studied, 

in the visible. Experiments were conducted using reactors that are open to 

air, closed to air or bubbled with air. Figure (5.7) shows that the reaction 

system, which was kept open to oxygen with no bubbling, was the fastest 

system. The reaction was hindered by air bubbling, compared to closed 

systems. This indicates that oxygen is needed by the reaction but may also 

inhibit it when used at higher concentrations. Therefore, unless otherwise 

stated, all degradation experiments were conducted in an open reactor with 

no air bubbling. 

5.3.5 AC supported TiO2/TPPHS catalyst 

TiO2/TPPHS supported onto AC surfaces was utilized in 

photodegradation of Tamaron in the visible and UV regions. All Tamaron 
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disappeared, within 2hr, when AC/TiO2/TPPHS catalyst was used either by 

UV- or visible light, Figure (5.8-5.10).  

Effect of temperature 

Tamaron degradation was studied using AC/TiO2/TPPHS at different 

temperatures in the visible region. The rate of degradation was independent 

of temperature, and Tamaron disappeared in all experiments after almost 

the same reaction time, Figure (5.11). 

Effect of catalyst concentration 

Tamaron degradation was studied using AC/TiO2/TPPHS at different 

concentrations in the visible region. The rate of degradation was 

independent of catalyst concentration when using more than 0.6g of 

catalyst. At lower concentrations, using catalyst amounts less than 0.6g, the 

rate changed with concentration, and the reaction was slower with lower 

catalyst amount, Figure (5.12). 
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Figure (5.4): Plots of remaining Tamaron concentration (M) vs. time in Tamaron 
degradation experiments showing the effect of dye (TPPHS) concentration, (a) 
0.005g, 1.23×10-5 mol, (b) 0.003g, 0.738×10-5 mol, (c) 0.01g, 2.46×10-5 mol. All 
experiments were conducted using visible light, at room temperature, using 
TiO2/TPPHS system TiO2 (0.5g), and 0.01M Tamaron concentration. 
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Figure (5.5): Plots of remaining Tamaron concentration (M) vs. time in Tamaron 
degradation experiments showing the effect of radiation, (a) UV region (b) 
visible region, Experiments were conducted using TiO2/TPPHS system TiO2 
(0.5g), TPPHS (0.003g, 0.738×10-5 mol), and 0.01M Tamaron concentration. 
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Figure (5.6): Plots of remaining Tamaron concentration (M) vs. time in Tamaron 
degradation experiments showing the effect of initial Tamaron concentration. (a) 
0.01, (b) 0.008, (c) 0.006, (d) 0.004, (e) 0.001M. All experiments were conducted 
under visible at room temperature, using AC/TiO2/TPPHS system TiO2 (0.5g), 
TPPHS (0.003g, 0.738×10-5 mol), AC (0.1g). 
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Figure (5.7): Plots of remaining Tamaron concentration (M) vs. time in Tamaron 
degradation experiments showing the effect of oxygen concentration, (a) open 
reactor, (b) closed reactor, (c) bubbles of air. Experiments were conducted in the 
visible region at room temperature, using AC/TiO2/TPPHS system AC (0.1g), 
TiO2 (0.5g), TPPHS (0.006g, 1.476×10-5 mol), and 0.01M Tamaron 
concentration. 
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Figure (5.8): Plots of remaining Tamaron concentration (M) vs. time in Tamaron 
degradation experiments showing the effect of nominal dye (TPPHS) 
concentration, (a) 0.006g, 1.476×10-5 mol, , (b) 0.01g, 2.46×10-5 mol, (c) 0.012g, 
20952×10-5 mol, (d) 0.003g, 0.738×10-5 mol. All experiments were conducted 
using visible light, at room temperature, using AC/TiO2/TPPHS system TiO2 
(0.5g), AC (0.1g), and 0.01M Tamaron concentration. 
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Figure (5.9): Plots of remaining Tamaron concentration (M) vs. time in Tamaron 
degradation experiments showing the effect of radiation, (a) UV-light, (b) visible 
light. All experiments were conducted at room temperature, using 
AC/TiO2/TPPHS system TiO2 (0.5g), TPPHS (0.006g, 1.476×10-5 mol), AC 
(0.1g), and 0.01M Tamaron concentration. 
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Figure (5.10): Plots of remaining Tamaron concentration (M) vs. time in 
Tamaron degradation experiments showing the effect of AC, (a) with AC (0.1g), 
(b) no AC. All experiments were conducted using visible light, at room 
temperature, using TiO2 (0.5g), and TPPHS (0.006g, 1.476×10-5 mol), and 0.01M 
Tamaron concentration. 
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Figure (5.11): Plots of remaining Tamaron concentration (M) vs. time in 
Tamaron degradation experiments showing the effect of temperature, (a) 20˚C, 
(b) 30˚C, (c) 40˚C. All experiments were conducted using visible light, using 
AC/TiO2/TPPHS system TiO2 (0.5g), TPPHS (0.006g, 1.476×10-5 mol), and AC 
(0.1g), and 0.01M Tamaron concentration. 
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Figure (5.12): Plots of remaining Tamaron concentration (M) vs. time in 
Tamaron degradation experiments showing the effect of catalyst 
(AC/TiO2/TPPHS) concentration. (a) 1.0g catalyst, (b) 0.6g catalyst, (c) 0.4g 
catalyst, (d) 0.3g catalyst, (e) 0.1g catalyst . Experiments were conducted in the 
visible at room temperature, using TiO2 (0.5g), TPPHS (0.006g, 1.476×10-5 mol), 
AC (0.1g), and 0.01M Tamaron concentration.  
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5.3.6 Metalloporphyrin (MnP) modified TiO2 catalyst 

TiO2 modification with 4-tetrapyridylporhpyrinatomanganese(III) 

enhanced the catalytic activity of Tamaron degradation in both UV and 

visible regions. TiO2 saturated with MnP was prepared, isolated and rinsed 

before use in an open reactor. Figure (5.13) shows that 20% Tamaron 

degradation occurred in the visible region within 120 min using TiO2/MnP 

compared to only 5% degradation using naked TiO2. 

Effect of activated carbon 

When TiO2/MnP was supported onto AC, its activity was 

significantly enhanced. The AC/TiO2/MnP caused complete Tamaron 

degradation in the visible region within 120 min., Figure (5.13). 

Effect of type of radiation 

The TiO2/MnP system showed comparable catalytic activities, for 

Tamaron degradation, in UV and visible, as shown in Figure (5.14). The 

Ac/TiO2/MnP also showed comparable activities when used in the UV and 

visible regions, Figure (5.15). In either case, the AC supported system 

showed higher catalytic activity than the unsupported one.   
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Figure (5.13): Plots of remaining Tamaron concentration (M) vs. time in 
Tamaron degradation experiments showing the effects of AC and MnP, (a) with 
AC (0.1g) (AC/TiO2/MnP), (b) no AC (TiO2/MnP), (c) naked TiO2. All 
experiments were conducted using visible light, at room temperature, using TiO2 
(2.0g), and 0.01M Tamaron concentration. 
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Figure (5.14): Plots of remaining Tamaron concentration (M) vs. time in 
Tamaron degradation experiments showing the effect of radiation, (a) UV-light 
(b) visible light. All experiments were conducted at room temperature, using 
TiO2/MnP system TiO2 (2.0g) presaturated with MnP, and 0.01M Tamaron 
concentration. 
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Figure (5.15): Plots of remaining Tamaron concentration (M) vs. time in 
Tamaron degradation experiments showing the effect of radiation, (a) UV-light, 
(b) visible light. All experiments were conducted at room temperature, using 
AC/TiO2/MnP system AC (0.1g), TiO2 (2.0g) presaturated with MnP, and 0.01M 
Tamaron concentration. 
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5.4 Discussion 

5.4.1 Introduction 

The concepts of sensitization and charge transfer are explained in 

Chapter (3), Schemes (XII), (XIII), and (XIV). 

5.4.2 Effect of TPPHS dye 

TiO2 and TPPHS were not catalytically active when used separately 

in Tamaron photo-degradation, Figure (5.3). The TiO2/TPPHS system was 

active in the UV (charge transfer, Schemes (XII)), and visible regions 

(sensitizer, Scheme (XIII)), as shown in Figure (5.5). 

The sensitizing activity of TPPHS  in the visible is as follows: the 

dye is excited by the visible light (λmax ~435 nm, with ~2.8 eV), leading to 

formation of an electron (in the dye conduction band) and a hole (in the dye 

valence band). The electron, travels from the dye to the TiO2 conduction 

band where it reduces oxygen molecules. The holes oxidize Tamaron 

molecules, by traveling from the dye valence band. The sensitization 

process works in Tamaron by the fact that Tamaron is easy to oxidize as it 

has mild oxidation potential. Scheme (XIII) summarizes the degradation 

process of Tamaron by TiO2/TPPHS catalyst. 

In the UV region, TPPHS behaves as a charge transfer catalyst, in a 

similar manner discussed earlier (p.89 and 122) for phenol and benzoic 

acid. 

Effect of activated carbon 

TiO2/TPPHS system was supported on AC. The AC/TiO2/TPPHS 

system was used to photo-degrade Tamaron, and showed higher catalytic 

activity than the unsupported TiO2/TPPHS system, Table (10), and Figure 
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(5.10). It is assumed that AC does not affect TiO2/TPPHS optical or 

electrical properties, but enhances its catalytic activity.  AC adsorbs 

contaminant molecules, and brings them into close proximity to the 

TiO2/TPPHS catalytic sites. 

Effect of temperature 

Temperature showed no significant effect on catalytic activity of 

AC/TiO2/TPPHS in Tamaron degradation in the visible, Figure (5.11). The 

temperature effect, on catalytic activity of the supported system in phenol, 

was discussed earlier in Chapter (3). Tamaron degradation showed similar 

behavior to that of phenol. 

Effect of oxygen concentration 

Oxygen was essential for semiconductor photocatalytic degradation 

of Tamaron. Oxygen bubbling leads to a downturn of the reaction rate, 

Figure (5.7). This behavior is consistent with literature results [8-9]. The 

effect of oxygen concentration on catalytic activity of AC/TiO2/TPPHS in 

phenol degradation was discussed earlier in Chapter 3. In this regard, 

Tamaron seems to show similar behavior to phenol. 

Effect of initial contaminant concentration 

Different initial Tamaron concentrations were investigated and 

showed slight increase in phenol degradation. Two factors might be 

responsible for this behavior: [6] 

• The generation and migration of photo-generated electron-hole 

pairs and their reaction with organic compounds occur in 

series. Therefore, each step may become rate-determining for 

the overall process. At low concentrations, the latter dominates 
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the process and, therefore, the degradation rate increases 

linearly with concentration. However, at high concentrations, 

the former will become the governing step, and the 

degradation rate increases slowly with concentration, and for a 

given illumination intensity, even a constant degradation rate 

may be observed as a function of concentration. 

• Intermediates generated during the photocatalytic process also 

affect the rate constant of their parent compounds. A higher 

initial concentration will yield a higher concentration of 

adsorbed intermediates, which will affect the overall rate. 

Effect of catalyst concentration 

Effect of catalyst concentration on degradation was studied. When 

using larger amounts of catalyst, more than 0.6g, the rate of Tamaron 

degradation was independent of the catalyst concentration. This essentially 

follows discussions presented earlier in Chapters 3 and 4. Since the catalyst 

is used as a suspension within the reaction mixture, the many active sites 

are hidden and not affected with increasing the catalyst concentration. It is 

thus reasonable that the number of efficient active sites (those exposed to 

light) is constant despite increasing amount of AC/TiO2/TPPHS system. 

This reasoning is confirmed by the fact that the rate was affected catalyst 

concentrations while using amounts less than 0.6g. With lower catalyst 

amounts in the reaction mixture, the number of exposed active sites may 

increase with catalyst concentration.  
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5.4.3 Effect of MnP dye 

The TiO2/MnP system was prepared and used to photo-degrade 

Tamaron. It was active in both UV and visible regions, as shown in Figures 

(5.14-5.15). TiO2/MnP system was supported on AC and used to degrade 

Tamaron. The AC/TiO2/MnP system showed higher catalytic activity than 

the TiO2/MnP, Figure (5.13). The AC/TiO2/MnP system behaved in a 

manner similar to AC/TiO2/TPPHS system. The effect of AC follows 

similar discussions. 

The efficiency of MnP to sensitize TiO2 for Tamaron degradation is 

understandable by the fact that it has band gap (2.68 eV, 463 nm) which is 

sufficient for Tamaron degradation in the visible. Table (10) shows 

turnover number values of MnP in Tamaron degrading. 
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Table (10): Values of turnover number for different catalytic systems in 
Tamaron degradation 

Catalyst 
TiO2 

amount 
g 

TPPHS amount 
(mol) 

Turnover 
number* 

Naked TiO2 0.5 0 16.9** 

Dye only 0 0.006g (1.476×10-5) 19.0 

TiO2/TPPHS 0.5 0.01g (2.46×10-5 ) 384.3 

 0.5 0.005g (1.23×10-5 ) 401.1 

 0.5 0.003g (0.738×10-5) 376.7 

AC/TiO2/TPPHS 0.5 0.006g (1.476×10-5) 720.8 

 0.5 0.012g (2.952×10-5) 718.4 

 0.5 0.01g (2.46×10-5) 745.3 

 0.5 0.003g (0.738×10-5) 714.7 

TiO2/MnP 2.0 0.06ml (2.4×10-5) 203.3 

AC/TiO2/MnP 2.0 0.06ml (2.4×10-5) 440 

*Turnover number values, (reacted Tamaron moles/dye moles) were measured after 
120 min reaction time 

** Turnover number value was calculated assuming presence of TPPHS (0.006 g, 
1.476X10-5). 
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6.1 CONCLUSIONS 

6.1.1 Phenol degradation 

1) TiO2 or TPPHS were catalytically inactive, when used separately, in 

phenol photo-degradation with UV or visible.  The combined 

TiO2/TPPHS did not catalyze the reaction in the visible region, but in 

UV region, the modified catalyst was catalytically active. 

2) In the TiO2/TPPHS, the role of the dye is attributed to a charge 

transfer catalytic effect. The TPPHS may thus activate the catalytic 

system in the UV by behaving as a catalyst to transfer the holes 

between the TiO2 valence band and the phenol molecules. 

3) AC/TiO2/TPPHS system showed higher catalytic activity than the 

TiO2/TPPHS in the UV region. This was attributed to the ability of 

AC to preferentially adsorb phenol molecules. 

4) No significant temperature effect, on catalyst efficiency in phenol 

photo-degradation, was observed. 

5) Oxygen is essential for semiconductor photocatalytic degradation of 

phenol, but higher oxygen concentrations lead to a downturn in the 

reaction rate. 

6) TiO2/MnP did not effectivelyactivate the phenol photo-degradation, 

in UV or in visible regions. 

7) The recovered AC/TiO2/TPPHS catalyst failed to be reused. 
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6.1.2 Benzoic acid degradation 

1) Neither TiO2 nor TPPHS were catalytically active, when used 

separately, in benzoic acid photo-degradation.  The combined 

TiO2/TPPHS did not catalyze the reaction in the visible region, but 

in UV region, the modified catalyst was catalytically active. 

2) The TiO2/TPPHS role is attributed to a charge transfer catalytic 

effect. The TPPHS may thus activate the catalytic system in the UV 

by behaving as a catalyst to transfer the holes between the TiO2 

valence band and the benzoic acid molecules. 

3) AC/TiO2/TPPHS system showed higher catalytic activity than the 

TiO2/TPPHS in benzoic acid photo-degradation in the UV region. 

This is presumably due to AC activity to adsorb benzoic acid 

molecules. 

4) No significant temperature effect, on catalyst efficiency in benzoic 

acid photo-degradation, was observed.  

5) Oxygen is essential for semiconductor photocatalytic degradation of 

benzoic acid, but higher oxygen concentrations lead to a downturn 

of the reaction rate. 

6) TiO2/MnP did not activate the benzoic acid photo-degradation, in 

UV or in visible regions. 

6.1.3 Tamaron degradation 

1) TiO2 and TPPHS were not catalytically active separately in Tamaron 

photo-degradation. The combined TiO2/TPPHS system was active in 

both the UV and visible regions. In the visible region, TPPHS works 
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as sensitizer for Tamaron photo-degradation, and in the UV region it 

behaves as a charge transfer catalyst. 

2) AC/TiO2/TPPHS system showed higher catalytic activity than the 

TiO2/TPPHS in Tamaron degradation in both UV and visible 

regions. This is attributed to the ability of AC to adsorb Tamaron. 

3) There was no significant temperature effect on catalyst efficiency in 

Tamaron photo-degradation. 

4) Oxygen is essential for semiconductor photocatalytic degradation of 

benzoic acid, but higher oxygen concentrations lead to a downturn of 

the reaction rate. 

5) TiO2/MnP system was catalytically active for Tamaron degradation 

in both UV and visible regions. AC/TiO2/MnP system showed higher 

catalytic activity than the unsupported TiO2/MnP. 

6.2 SUGGESTIONS FOR FURTHER WORK 

1) Using other semiconductors, such as ZnO, in water purification 

processes. 

2) Using other dyes, such as 8-hydroxyquinoline. 

3) Find suitable ways to reuse the supported catalyst. Thin films of 

TiO2 could be prepared onto AC surfaces. This would enlarge 

TiO2 surface areas. AC particle size effect may also be 

investigated in a future work. 

4) Support TiO2/TPPHS and other systems onto other insoluble 

materials, such as sand, glass, clay and zeolites. 
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5) Degrade other wide-spread water contaminants, such as drug 

formulations, fertilizers, chlorinated hydrocarbons, and other 

insecticides and pesticides, onto TiO2/TPPHS and other 

systems. 

6) Replace the magnetic stirring method by other non-destructive 

methods. Continuous flow reactors, using fixed-bed catalyst 

technique, may be examined. AC/TiO2/dye systems may be 

stabilized onto reaction internal walls as thin films to maximize 

exposure to radiation. 
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List of Abbreviations 

Symbol  Abbreviation 

SLJSC Solid Liquid Junction/ Space Charge 

Ec Conduction band 

Ev Valence band 

Ebg Band gap energy 

 eV electron-volts 

Ef Fermi level 

RED Redox 

OX Oxidant 

CMP Chemical-Mechanical Polishing 

 AFM Atomic Force Microscope 

 SEI Semiconductor Electrode Interface 

UV Ultra Violet Light 

MnP Tripyridylporhpyrinatomanganese(III)

TPPHS Triphenylpyrilium hydrogen sulfate 

AC Activated Carbon 

 DMSO Dimethyl Sulfoxide 



 165

Symbol  Abbreviation 

TCE Trichloroethylene 

 HOQ 8-hydroxyquinoline 
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Figure (A): Solid state IR spectrum for fresh AC/TiO2/TPPHS sample. 
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Figure (B): Solid state IR spectrum for AC/TiO2/TPPHS sample recovered from 
photo-catalytic experiments of phenol with UV. 
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Figure (C): Solid state IR spectrum for fresh TiO2 sample. 
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Figure (D): Solid state IR spectrum for fresh TPPHS sample. 
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  الملخص

بشكل واسع في مجال تنقية المياه من الملوثات العضوية وغيـر   TiO2يستخدم شبه الفلز 

ويعتبركل من الفينـول وحـامض   ). فوق البنفسجية أو المرئية(العضوية بالاشعاعات الضوئية 

لذا استخدمت . عبة التكسير بالطرق الكيميائية البسيطةالبنزويك مثالاً على المركبات العضوية ص

هذا علاوة على الفوائد البيئيـة لاسـتخدام الطـرق    . الطرق الكيميائية الكهروضوئية لتكسيرهما

  .الكهروضوئية وتوفير الطاقة

لتحطـيم الفينـول وحـامض     )نوع أناتازمن  (TiO2 في هذه الدراسة تم استخدام سطوح 

لقد استخدمت هذه السطوح في حالتها المعراة وفي حالتها المحسنة . المائية البنزويك في المحاليل

عليها والتي استخدمت لأول مـرة فـي هـذا    ) MnPو  TPPHSمثل (بلصق بعض الأصباغ 

البحث، كما ثبت الحفاز المحسن بالأصباغ المذكورة على سطح الكربـون المنشـط لتحضـير    

AC/TiO2/TPPHS  وAC/TiO2/MnP  وقـد  . يسبقنا في هذا المجال أي باحث اخـر  ولم

والمثبت على سطح الكربون المنشط له فعالية  TPPHSبينت الدراسة أن الحفاز المحسن بلصق 

وكـان ذلـك   . حفزية متميزة في تحطيم كل من الملوثين عند استخدام الاشعاع فوق البنفسـجي 

أما في الاشعاع المرئي فلـم يظهـر   . مؤشرا على أن الصبغة قامت بدور حفاز لانتقال الشحنة

نشاط حفزي ملحوظ للسطوح المعراة أو المحسنة، مما ينفي دور الصبغة في زيـادة حساسـية   

TiO2 هذا مع العلم بأن نموذج انتقال الشحنة هو نموذج نظـري مبتكـر لأول   . للضوء المرئي

  .مرة لتفسير وظيفة الصبغة عند استخدام الاشعاع فوق البنفسجي

، )مبيد حشري واسع الانتشـار (استخدمت الحفازات المذكورة كذلك في تحطيم التمارون 

حيث كان الناتج ، وأظهرت نشاطا حفزيا عند استخدام الاشعاع المرئي والاشعاع فوق البنفسجي

زاد مـن   MnPو  TPPHSوبينت الدراسة أن كلا من الصبغتين . النهائي حامض الفسفوريك



 ت 
. في عملية التحطيم سواء في الاشعاع المرئـي أوغيـر المرئـي    TiO2النشاط الحفزي لسطح 

للاشعاع المرئي، وفي زيـادة   TiO2واستدل من ذلك على أن للصبغة دوراً في تحسين حساسية 

  . انتقال الشحنة في حالة الاشعاع فوق البنفسجي، أثناء تحطيم التمارون

ولا . كسجين ولكن بتراكيز قليلةكذلك لوحظ أن تفاعل التحطيم في كل حالة يحتاج الى الأ

يعتمد التفاعل على درجة الحرارة،ولا علـى سـرعة التحريـك، ولا علـى تركيـز الحفـاز       

AC/TiO2/TPPHS  أوAC/TiO2/MnPكما لـوحظ  . ، ولا على التركيز الابتدائي للملوثات

  .أيضا انخفاض فعالية الحفاز بعد استخدامه وفصله

 


