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ABSTRACT 

This research focused on the color destruction of red dye-79 in aqueous solution. 

Red dye-79 is a typical pollutant in the textile industrial wastewater streams. A 50 parts per 

million (ppm) aqueous solution of this dye was used for all experiments. Although, there are 

many conventional techniques for the treatment, the research investigated a new 

methodology, which uses the synthetic ultraviolet radiation (254 nanometers) in combination 

with an undoped semi-conductor powder titanium dioxide (TiC>2) anatase for the photo-

catalytic destruction of inorganics and organic moieties responsible for color in aqueous solution 

of red dye-79. Also, investigated were the effects of the oxidant hydrogen peroxide (H2O2) 

added externally to enhance the reaction kinetics for color destruction. Ultraviolet absorbance 

readings at 512 nanometers were employed to quantify the color destruction. The effects of 

reaction parameters catalyst (TiC>2), oxidant (H2O2), alkalinity and, dye concentrations as 

well as pH, on dye destruction kinetics were also quantified. 
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CHAPTER1 

INTRODUCTION 

1.1. History of Textile Wastewaters and their Treatment Methods 

United States industries produce wastewater streams that vary with respect to the parameters 

such as grease, biochemical oxygen demand (BOD), heavy metals, surfactant content, suspended 

solids (SS) and color. As discharge and pre-treatment standards have become increasingly more 

stringent, industries have responded by upgrading their treatment systems. Traditionally, the 

objective of industrial wastewater treatment has been to reduce the oxygen demand and solids 

level of the waste prior to the discharge into the receiving streams. Wastewaters which 

exhibit high levels of one or both of these pollutant types have extreme negative effects on the 

receiving water system. 

In recent years, textile waste discharges in this country have been scrutinized for an additional 

quality parameter, namely color. In the past color has been viewed by many as an esthetic 

parameter that would have little impact on the biota of a receiving stream or a wastewater 

treatment plant. Recently, however concern has been expressed about the possible toxic or 

inhibitory effects that textile dyes may have on aquatic systems. A research study undertaken 

by the American Dye Manufacturers Institute, Inc [26] included an assessment of the effects of 

dyes on fish, aerobic and anaerobic treatment systems, and algae. The dyes chosen for study 

were deemed to be representative of those used by the textile industry and were found to 

produce toxic responses in streams and treatment processes. Thus, it is apparent that dyes must 

be considered more than an esthetic problem. 

In light of the above considerations and others, the United States Environmental Protection 

Agency (EPA) proposed effluent limitations and pre-treatment standards for the textile 
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industry, including regulations related to the effluent color levels [26]. Listed in table 1.1 are 

the color standards implemented in 1983. These effluent color limitations are extremely 

stringent and will require extensive treatment of most wastewater streams. 

One method of achieving significant reduction in waste color level is through the use of 

physical-chemical treatment employing inorganic and organic coagulants. However, if this 

option is adopted, the industry will need to address a more significant problem related to the 

handling and ultimate disposal of the solids produced by such an operations. The sludges 

produced will contain dyestuffs and toxic chemicals and, by the 1976 Resource Conservation and 

Recovery Act [26], they will require special handling for disposal. Thus, if coagulation or 

flocculation processes are used for color removal, it is imperative that a major emphasis be 

placed on characterizing the sludge solids produced by such operations. 

Numerous studies [26] can be found within the literature that have examined the effectiveness 

of conventional treatment techniques for removing color treatment. Physical-chemical 

treatment process such as activated carbon adsorption have been studied. Biological processes 

have, in general, been found to be applicable for reducing the organic concentration and oxygen 

demand of textile waste streams, however, color removal through biological means is often 

small. Likewise, inefficient color adsorption by activated carbon has produced high treatment 

costs when effluent standards were achieved. 

1.2. Color Causing Organics in Textile Wastewaters 

Colors in textile wastewater are primarily caused by the presence of unsaturated organic 

moieties conjugated in the compounds. The mechanism of light absorption is accomplished by 

these organic functional groups known as chromophoric groups. Cleavage of one of these groups 
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Table 1.1 Proposed EPA effluent color standards for the various subcategories of the textile 
industry [26]. 

(Maximum Average 30-day Values for Color)a 

Textile Subcategory Effluent color level for Effluent color level for 

existing plants new plants 

Wool Scouring 1500 1500 

Wool Finishing 120 120 

Woven Fabric Finishing 220 120 

Knit Fabric Finishing 220 120 

Carpet Finishing 220 120 

Stock and Yam Finishing 220 120 

Nonwoven Manufacturing 220 120 

Felted Fabric Processing 240 120 

a All effluent color levels expressed in American Dye Manufacturers Institute, Inc (ADMI) color 

units. 
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generally shifts the absorption spectra of that molecule. Changes in the sample ultraviolet 

(UV) absorbance can be utilized as an indication of changes in organic composition. The 

substances which possess one or several double bonds have a significant molecular extinction 

coefficient at 254 nm [27]. 

The cause of color have been described in detail by Choong-Hee Rhee et al [29]. About seventy 

different kinds of dyes, mostly acidic, basic and disperse dyes, are used in dyeing operations. 

The dyes consists of a chromogen and an auxochrome. The chromogen contains the chromophore 

(color giver) and is represented by chemical radicals, such as nitroso group (-NO), nitro group (-

NO2), azo group (-N=N-), ethylene group (=C=C=), carbonyl group (=C=0), etc. The 

auxochromes normally contain -NH2, -OH, -COOH, or SO3H, and assist the chromogen. The 

chromophore groups are capable of reduction and if attacked for example, by chlorine (mainly 

HOC1), then the color disappears. 

The red dye-79 used in the present research is a large non-volatile molecule and has two azo 

(i.e., -N=N-) bonds in its structure (Fig. 1.1), which are mainly responsible for color. The 

molecular formula of the red dye-79 is (C37H32N6O] 7S4)4Na and it has a molecular weight of 

960 g/mole. 
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CHAPTER 2 

OBJECTIVE 

The objective of this research was to study the destruction of color from aqueous solution of red 

dye-79 by a heterogeneous photocatalysis process employing the semi-conductor (TiC>2)- Further, 

the effects of catalyst (Ti02>, externally added oxidant (H2O2), alkalinity concentrations as well 

as pH on system performance were to be quantified. 
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CHAPTER 3 

LITERATURE REVIEW 

3.1. History of Synthetic Dyes 

In the 1771 Woulfe [31] prepared picric acid by the action of nitric acid on indigo, and showed 

that it dyed silk in bright yellow shades. Laurent [31] in 1842 converted phenol into picric acid, 

and Perkin in 1856 discovered 'mauve', the first synthetic dye to be manufactured for practical 

dyeing. Synthetic organic chemistry was then in its infancy; as late as 1847 Berzelius was 

writing in support of the belief that a 'vital force' was necessary for the production of organic 
O 

compounds. Faraday discovered benzene in 1825 and Hofmann isolated it from coal tar in 1845. 

With the simultaneous and largely interdependent progress in manufacturing different types of 

synthetic dyes during the last ninety years by dyestuff manufacturers, synthetic dyes have been 

prepared in bewildering number and variety. With developments in the dyestuff industry, 

there has been continual progress in the chemical technologies of textiles, for manufacturing 

different types of dyes. The chemistry of a series of carbocyclic and heterocyclic compounds was 

thus actively pursued. The synthesis of a dye from coal-tar constituents involves a large number 

of intermediate compounds and reactions, and these in-turn have led to numerous advances in 

manufacturing various kinds of dyes in organic chemical industries. Color chemistry has also 

stimulated quantum-mechanical studies of the relation between light and absorption and the 

electronic structure of simple and complex molecules. 

The synthetic dyes are mainly derivatives of the aromatic hydrocarbons, benzene, toluene, 

naphthalene and anthracene, for which the chief source is coal tar. The term 'synthetic dyes' 

has therefore been regarded in common usage as being synonymous with the coal-tar dyes, but 

this is no longer strictly true, since the aromatic hydrocarbons are being manufactured in 
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increasingly large quantities from petroleum. The tar obtained as a by-product in the 

production of coal gas. In spite of its great value as a raw material for the dyestuff and other 

organic chemical industries, coal tar still remains a by-product in the sense that the primary 

object of distilling coal is the production of coal gas or of metallurgical coke. 

3.2 Classification of dyes 

Dyes are classified [31] in accordance with their chemical constituents or their application to 

textile fibers and for other coloring purposes. To some extent there is common ground between 

the two methods of classification, since certain groups of dyes, such as the sulfur colors, have 

perforce to be dyed by methods dependent on their chemical character. Further, the dyeing 

properties are useful for sub-division of a large group of dyes such as the azo or anthraquinone 

dyes. Thus the basic classification of the anthraquinonoid dyes indicates the fundamental 

nucleus from which all the dyes in the series are derived. 

The following are the type of dyes used by dyestuff industries; 

(a).Acid dyes, (b). Acid-Mordant dyes, (c). Basic dyes, (d). Direct cotton dyes, (e). Azoic dyes, 

(f). Vat dyes, (g). Sulfarized vat dyes, (h). Solubilized vat dyes, (i). Sulfuric (sulfide) dyes, (j). 

Cellulose acetate dyes, (k). Dispersed dyes. 

Acid, basic and direct cotton dyes are all water soluble and the red dye-79, used in the present 

research falls under the category of direct cotton dyes. 

33. Destruction of Color and Toxic Organics Present in Wastewater by UV Radiation 

The sun [5] is essentially a black-body emitter at about 6000® K whose output is partially 

absorbed and scattered by the earth's atmosphere. Approximately one-half of the sun emitted 

energy is in the form of visible and UV light, with less than 5% of the energy actually striking 
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the earth surface in the UV (300-400 nm) region of the spectrum. The remaining one-half of 

the sun energy consists of near-infra red (400-700 nm) and infrared light (above 700 nm). This is 

a region of the spectrum 'not' normally regarded as useful for promoting the electronic 

excitations needed to break chemical bonds because covalent bond energies exceed the energy 

available from such light frequency. For a molecule or a semi-conductor, such as TiC>2 light of 

longer wavelength than the threshold value is completely transmitted. Shorter wavelengths 

yield higher energy states, but the excess excitation energy beyond the threshold is dissipated 

very rapidly into the vibrational excitation of the medium, thereby producing heat. 

The ability of the sun [21] to purify water has long been acknowledged. Treatment occurs 

because when waters containing organic or inorganic chemicals are exposed to light, light-

initiated chemical reactions to occur. The water becomes a natural photochemical reactor in 

which a complex array of photo-processes can occur simultaneously. By exploiting this natural 

phenomenon, researches have demonstrated that concentrating the sun energy accelerates solar 

detoxification by transfering more high energy photons directly into the chemical waste than 

are available from natural sunlight. Laboratory research has convincingly demonstrated 

proof-of-concept of solar detoxification for both contaminated water and chemical wastes [21]. 

Industrial waste solvents and some heavy metals have been destroyed using solar 

detoxification processes. The combination of high energy photons which provide a quantum 

effect and infrared photons inducing a thermal enhancement, cause chemicals to be more 

effectively destroyed than in conventional incinerators that use thermal energy only. 

There are also numerous [21] advantages ascribed to solar detoxification processes. For one, the 

hazardous chemicals can be completely mineralized to components like CO2 and water. Solar 

detoxification system can be employed at the waste site, thus removing the need for 
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transporting the waste to a distant site. The sun also provides a clean source of energy that 

reduces air pollution emissions. Finally, solar energy is an abundant although periodic energy 

source. Over the long term, solar detoxification processes have the potential to be an effective 

method for effectively controlling the hazardous waste problem. The potential for synergistic 

effects of high temperature and simultaneous irradiation with near UV and visible (uv-vis) 

radiation in a solar incinerator may result in much greater waste destruction efficiency, lower 

fuel and maintenance costs than is achievable in conventional incinerator [25]. 

3.4. Titanium 

Titanium [36] is a metal element of group IV B and atomic weight of 47.90. Titanium metal has 

become known as space-age metal because of its high strength-to-weight ratio and its inertness 

to many corrosive environments. Titanium is the ninth most abundant element in the earth's 

crust and the fourth most structural element. Its chemical abundance is about 5 times less than 

iron and 100 times greater than copper, yet for structural applications titanium annual use is 200 

times less than copper and 2000 times less than iron. 

Titanium mineral principally occurs in nature as ilemenite (FeTiC>3), rutile (tetragonal TiC>2), 

brookite (rhombic Ti02>, perovskite (CaTi03>, sphene (CaTiSiOs) and geikielite (MgTi03> 

[36]. 

3.5. Physical and Chemical Properties of a Semi-Conductor Powder 

A [5] semi-conductor material is described as a material which has electrons in the valency 

band. If a beam of light which has sufficient or optimum energy (Figure 3.1) is absorbed by 

semi-conductor material it can give energy to the valency electrons to jump into the conduction 

band. The required minimum energy depends on the frequency of radiation as given by Planks 
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Figure 3.1 A diagram showing the interface energies needed to use a semi-conductor for 
driving the formation of A+ and B, using lightas the only input energy. Holes at 
E(VB) must able to oxidize A, and electrons at E(CB) must be able to reduce B[5]. 
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quantum theory, and is called the threshold frequency. If the frequency is less than the 

threshold frequency, the light is been simply transmitted by the semi-conductor without 

absorbing it. On the other hand, frequency more than the threshold frequency yield higher 

energy states. But the excess excitation energy beyond the threshold is dissipated very rapidly 

into the vibrational excitation of the medium, thereby producing heat. Light energy beyond 

threshold is 'wasted' into heat, as shown in Figure 3.2 [5]. In recent years [5], two new research 

approaches have been followed to study the photo irradiation process. The first involves the 

use of mono-nuclear metal complexes exhibiting relatively long-lived excited states. These 

states are created by efficient visible-light absorption associated with energetically low-lying 

metal —> ligand charge transfer transitions. The excited states of molecules generally are 

more powerful oxidants and reductants than the ground electronic state. The one electron 

molecular orbital schemes shown in Figure 3.3 [5] illustrates why this is so. Unfortunately, 

many of the mono nuclear complexes that absorb visible light are outer-sphere, one-electron, 

reversible redox reagents. Hence, although transfer of an electron to or from some species in 

solution occurs, it may not be detectable because of very fast back electron transfer [5]. 

Ralph W. Mathews [6] states: 

"If a semi-conductor powder suspensions in water is illuminated with light of 
wavelength shorter than the hand-gap, electron-hole pairs are formed within the particles. 
Some of the charged species migrate to the interface between the particles and the water 
where oxidation and reduction reactions can takes place with species adsorbed on the surface. 
Photo electrons may react with oxygen to give the hydroxyl radical and the positive holes may 
react directly with reducible species or react with adsorbed hydroxyl ions to give hydroxyl 
radicals which may initiate further oxidations reactions. In either reactions sequences, 
powerful oxidation reactions are involved as evidence by the products obtained." 

3.6. Photo-Catalysis of UV/Ti02 System 

Ti02 anatase is a n-type semi-conductor powder, has electron band gap energy (ebe) of 3.0 

electron volts (ev). The absorption spectra of a typical suspended sediment, clay, and TiC>2 
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anatase is shown in Figure 3.4. Barry G. Oliver et al, 1979 [24] reported the data shown in 

Figure 3.4., which show how these materials absorb light strongly in the UV spectral region, 

but the semi-conductor Ti02 anatase showed a sharp cut off in absorption at about 400 nm, 

corresponding to the band gap energy, whereas the suspended sediment and clay continued to 

absorb a significant amount of light in the visible region of spectrum. 

The basic reaction mechanism of UV/TiC>2 system may be explained with the aid of the 

information as shown in the Figures 3.5(a) and 3.5(b). When TiC>2 is absorbed by a high energy 

photon of wavelength 254 nm [32], it forms an electron-hole pair. This electron and hole 

migrate to the surface, causing formation of hydroxyl radicals and thus hydroxyl radicals 

consequently, oxidize the organic molecules to water, CO2 and HC1 depending upon the 

contaminants of the treated waste waters. In other words 'activated' sites of the catalyst 

surface cause very aggressive oxidizers, principally hydroxyl radicals to form, which in turn 

attack the organic molecules. The organics are completely mineralized, reacting with the 

oxidizers to form only CO2, water and dilute concentrations of simple mineral acids like HC1. 

3.7. Destruction of Color and Toxic Organics Present in Water and Wastewater in the Presence of 

UV/Ti02 Photo-catalysis 

The UV/Ti02 system has studied by the D.F.Ollis [4] and on the destruction and 

mineralization of a number of common contaminants of water supplies viz., halomethanes, 

bromomethanes, haloethanes, haloethylenes, and haloacetic acids to HC1 and CO2. 

In 1988, W.Mathews [8] studied the kinetics of photo-oxidation to CO2 of 22 organic solutes 

over a UV illuminated film of Ti02 and over a 100-fold concentration range for each solute, 

generally from about 1 to 100 mg/liter. The dependence of the photo-ox^at'on rate on 
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concentration obeyed a simple two-coefficient Langmuir-Hinshelwood expression for each 

solute. The coefficients reflecting the degree of adsorption of the Ti02 and the limiting rate at 

high concentrations enabled the prediction of photo-catalytic rates in any Ti02 based photo-

reactor of a similar type once a reference rate has been determined for one of the solutes. 

In 1989, W.Matthews [7] performed experiments on photo-catalytic oxidation and adsorption of 

methylene blue on thin film of near-UV illuminated TiC>2. He stated that the rate of 

destruction obeys first-order kinetics. The complete decomposition of TCE and other chlorinated 

compounds such as chloroform, chlorophenols, perchloroethylene, chlorinated biphenols, and 

chloro-acetic acids by the photo catalyst Ti02 to C02 and HC1 was achieved [7]. The 

heterogeneous photo-catalytic decomposition of 4-chlorophenol in aqueous solutions containing 

a suspension of Ti02 leads to the quantitative formation of C02 and HC1 [35]. Oxygen and 

water have been shown to be essential to accomplish this fast and complete mineralization 

process. Experiments carried out under sunlight demonstrate the potential utility of this 

process in water treatment [35]. The mineralization of PCE, TCE, chloroform, 

carbontetrachloride (CCI4), and ethylene dibromide (EDB) are shown in the Figure 3.6 [32]. 

3.8. The UV/H2O2 Process 

The extensive field testing of the UV light catalyzed H2O2 [19] process has demonstrated the 

applicability of the emerging new technology to a wide range of contaminated ground water, 

wastewater causing color and wastewater having toxic and hazardous wastes problems. 

In 1982 a full scale ground water purification system [19] employing a UV/H2O2 process was 

installed in Colorado to treat 150,000 gallons per day of water contaminated primarily with 

tetrahydrofuran solvent. This UV/H2O2 process employs technology which was available at 
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the time, features UV radiation and an open-to-atmosphere reactor. Two UV/H2O2 ground 

water systems [19] were installed in California for the oxidation of organic contaminants in 

water. Both the Perox-Pure tm systems (Peroxidation Systems, Inc), treat 600,000 gallons per 

day and 60,000 gallons per day respectively, employ proprietary high energy UV sources and 

completely sealed reactors. These advanced process design features reduce the oxidation time, 

reduce the size of the reactor and eliminate the possibility of fugitive air emissions. The 

peroxo-pure process converts organic contaminants to CO2 and water without creating air 

emissions or residual waste streams. Perox-Pure41X1 systems have been designed to reduce the 

concentration of organic solvents including methylene chloride, chloroform, vinyl chloride, 

toluene, TCE, 1-2 dichloroethane (DCA), trans 1,2-dichloroethylene (DCE) and benzene to non 

detectable levels of concentration. 

The organic chemicals listed in Table 3.1 have been successfully treated by the Perox-Pure tm 

process and illustrate the applicability of treatment over a broad range of contaminants. Also, 

pilot plant size equipment has been employed to treat contaminated water from numerous 

locations throughout the United States to obtain performance and fuels found in contaminated 

potable water aquifers and land-fill leachates. 

The UV/H2O2 system has been studied by M.Brett Borup et al,1987 [9]. They stated that 

hydroxyl radicals have a very high oxidation potential of 2.8 volts (refer table 6.1) and will 

oxidize organic material via a complex chain of radical reactions. The final products of these 

reactions are totally mineralized materials and water. This process has several advantages 

over conventional treatment processes like biological treatment and activated carbon 

adsorption. They are; (1). Hydroxyl radicals are highly reactive with little selectivity 

therefore, refractory organics are as easily removed from the waste streams as compared to the 
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Table 3.1 Organic contaminants in water treated sucessfully by the Perox-Pure4111 process [19]. 

Acetic acid Formaldehyde 
Acetone Formic Acid 
Acetonitrile Freon-TF 
Aldicarb Hexachlorobutadiene 
BOD Hexachloroethane 
Benzene Hydrazine 
Butyric Acid Isopropanol 
Carbon Tetrachloride Methylcyclopentane 
Chloroacetic Acid Methyl Pentane 
Chlorobenzene Methylene Chloride 
Chloroform Methylethylketone 
Chloromethane Methylisobutylketone 
COD Moropholine 
Color N-Butylamine 
Chlorophenol Napthalene 
Cyanide Compounds pentachlorophenol 
Cyclohexane Pentane 
Cyclohexanone Phenol 
Dibromodichloropropane Propionic Acid 
Dibutylphthalate Resorcinol 
Dichlorobenzene Sodium Thiocyanate 
Dichloroethane Sulfolane 
Dichloroethylene Tetrachloroethane 
Dichloropentadiene Tetrachloroethylene 
Dichlorophenol Tetrachlorophenol 
Dichlorophenoxyacetic Acid Tetrahydrofuran 
Dichlorotrifluoroethane TOC 
Dimethylbutane Toluene 
Dithane Trichlorobenzene 
Ethanol Trichloroethane 
Ethylbenzene Trichloroethylene 
Ethylcyclobutane Trichlorophenol 
Ethylenediaminetetraacetic Acid Vinyl Chloride 
Ethylenedibromide Xylene 
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biologically oxidized materials. (2). The process will produce no sludge. (3). Because this is a 

physical-chemical treatment process, it is easily controlled to provide any designed level of 

treatment. (4). Organic matter is destroyed by the process, not simply removed from the liquid 

phase, eliminating further disposable problems. 

3.9. Decomposition of H2O2 with UV radiation 

H2O2 absorbs electromagnetic radiation [9] in the UV region resulting in the dissociation of 

molecule. The molecular extinction coefficient versus wavelength for a 50% H2O2 solution is 

shown in the Figure 3.7. The exact end products of the photo-dissociation of H2O2 have been 

the subject of many studies; it is believed that this dissociation results in the production of two 

hydroxyl radicals. 

H2C>2 >2 OH- (1) 

The decomposition rate of H2O2 is dependent on the H2O2 concentration and increases with the 

increasing frequency of the radiation (i.e., shorter wavelength radiation) employed. This 

information suggests that the low pressure mercury vapor lamps which are typically used in 

water and wastewater disinfection units, are very suitable to this application since they emit 

UV radiation primarily in the 254 nm range. The following chain of reactions is believed to 

take place in a H2O2 systems in the presence of UV radiation [9]: 

H2O2 -UV-> 2 OH- (2) 

OH-+ H2O2 >H20 + H02- (3) 

HO2. + H2O2 > H2O + O2 + OH- (4) 

2HO2. > H2Q2 + O2. (5) 
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Figure 3.7 Molecular extinction coefficient versus wavelength for a 50% H2O2 solution[9]. 
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20H- > H2Q2 (6) 

The net result of these reactions is 

2H2O2 —(UV-254nm)-> 2H2O + O2. (7) 

When hydroxyl radicals are generated in a solution containing other compounds many reactions 

in addition to those shown above may takes place. The hydroxyl radicals may participate in 

addition reactions, abstraction reactions, electron transfer reactions, radical combination 

reactions, or the hydroxyl radical may behave like a weak acid ionizing in very strongly basic 

solutions to form O" [9]- For many toxic and refractory compounds, the reaction rates are slow 

for UV or H202 treatment alone, but the combination of H202 and UV provides free radicals 

and excited state species that can greatly enhance the rate of oxidation. 

3.10. Decomposition of Ti02 and H202 With UV Radiation 

The effect of H202 as an external oxidant with UV light and Ti02 has studied by K. Tanaka 

et al [17]: It has been shown that the degradation of organic pollutants by the illumination 

with UV is accelerated in the presence of some oxidants such as chlorine, hypochlorite, and 

H202. In such reactions oxidants are directly photo-excited to produce more reactive species. 

In contrast to this mechanism the photo-catalytic reaction is initiated by the photo-excitation 

of semi-conductor powder. The augmentation of the rate is considered to be due to the increase 

in the number of hydroxyl radicals formed on illuminated Ti02. Apart from this, the 

degradation of TCE increased with H202 dose in the absence of Ti02 but, in the presence of 

Ti02 it levelled off at some point. This is because, H202 acts as a scavenger to the hydroxyl 

radicals after certain optimum concentration in the presence of Ti02. 
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The mechanism of TCE Ti02/H202 oxidation is proposed as follows: 

Photo-catalytic reaction on a semi-conductor is initiated by the photo-excitation of semi

conductor, which produces electrons and positive holes. 

Ti02 (UV-254 nm) > e- + h + <8> 

In the presence of oxygen dissolved in the aqueous solution, electron produces hydroxyl radical 

via the following reactions : 

O2 + e- ——> O2" (9) 

02- + H202 —> OH- + OH- + 02 (10) 

Positive holes were also formed via OH. 

h+ + HO > OH- + H+ <n) 

Hydroxyl radicals thus formed are responsible for the oxidation of organic compounds. In this 

process the following reaction also takes place. 

H202 + e > OH- + OH- (12) 

The oxidation of organic compounds by hydroxyl radicals is thus initiated. 

3.11. Simulated UV Lamp Sources 

The following types of lamps were reported in the literature to simulate full or part of the 

natural UV radiation . They are : 

(i). Black light fluorescent lamp of wavelength range 320 nm-400 nm [3]. 

(ii). Fluorescent lamp, which emits UV with a peak emission at 350 nm [6]. 

(iii). Low pressure mercury vapor lamp [9]. 

(iv). Low pressure mercury vapor lamp made of quartz with an output 2.5 watts of radiation at 

the resonance line of 254 nm [10]. 
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(v). 1000 watts, high pressure Xenon arc lamp, which emits a UV radiation in the range of 290 

nm-450nm[ll]. 

(vi). 500 watts super high pressure mercury lamp [17]. 

The production of hydroxyl radicals depends upon the wavelength and intensity of radiation in 

the UV region i.e., the shorter the wavelength the more production of hydroxyl radicals, and 

also the higher the intensity leads to greater production of hydroxyl radicals. Similarly, 

shorter wavelength and high intensity radiation in the UV region will yield more number of 

electrons from a semiconductor material and hence, grater yield of positive holes which 

consequently enhances the kinetics of destruction. 

The higher intensity leads to the greater production of hydroxyl radicals was quantified by 

M.B.Borup et al, 1987 [9] in the Figure 3.8 with respect to the rate constant. However, the rate 

decreased after certain UV intensity because, more hydroxyl radicals were present due to the 

increase in dissociation of H202. This is again, due to the fact that H202 has the capacity to 

act as a scavenger to the hydroxyl radicals after certain concentration of hydroxyl radical 

production. 
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CHAPTER 4 

MATERIALS AND METHODS 

4.1. Experimental Flow Diagram and Substrate Preparation 

To attain the stated objective of this research the experimental flow diagram depicted in 

figure 4.1 was utilized. The substrate studied was direct red dye#79 (Intralite, Red 6BLL, Sales 

Std. Pkg # 30RRS, Crompton & Knowles Corporation). It was solubilized in Ultrapure water 

and mixed overnight for the dye to dissolve uniformly. The ambient pH of 50 ppm dye solution 

was approximately the same as that of the ultrapure water, which was adjusted in all the 

experiments to 4,7, and 10, and buffered at the selected pH. In each of the experiment 48 ml of 

buffer was added to the solution sample before treatment for the pH adjustment. Forty eight 

ml was chosen because, below this buffering volume appreciable pH changes were observed. 

4.1.1. Buffers Preparation 

(1) pH 4 : The buffer for pH 4 experiments was Walpole's acetate (41 ml of 0.2 M acetic acid 

(12.0 g/L) with 9 ml of 16.4 g/L of C2H302Na). 

(2) pH 7: The buffer used for pH 7 experiments was Sorenson's phosphate (39.2 ml of 9.08 g/L 

KH2PO4 and 61.8 ml of 11.88 g/L Na2HPC>4). 

(3) pH 10: The buffer used for pH 10 experiments was Delory and Kings carbonate-bicarbonate 

(13.8 ml of 21.2 g/L of sodium carbonate and 11.8 ml of 16.8 g/L of sodium bicarbonate, mixed 

with Ultrapure water to make up the solution to 100 ml). 

4.1.2. TiC>2 (Catalyst) 

The catalyst used throughout this research was an undoped semi-conductor powder TiC>2 

anatase of Sigma chemicals, lot # 127F3532. The TiC>2 concentration was varied in some of the 
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Figure 4.1 Experimental flow diagram and substrate preparation. 
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bench scale experiments to quantify the optimum dose. The selected dose of 3 g/L was used 

throughout the experiments. Sjogren[40] had previously found this solar illuminated semi

conductor dose to provide the best destruction results with 50 ppm red dye-79 aqueous solution. 

4.13. H2O2 (Oxidant) 

The oxidant selected for external addition to the Ti02/UV reaction was H2O2. A 30% (w/w) 

H2O2 of Fisher Scientific, Lot #893563 was used in the bench scale experiments. 

4.1.4. Alkalinity 

Alkalinity changes for the experiments was due to sodium bicarbonate (NaHC03) addition, 

(MCB manufacturing Chemists, Inc). 

4.2. Synthetic Ultra-Violet Reactor 

The synthetic UV lamp selected was seventeen inches in length (model # G15T8, NIS Company, 

Japan). It operated at a power of 15 watts and with an output of 3.7 watts as specified by the 

manufacturer. The lamp emitted light having a monochromatic wavelength of 254 nm light in 

the UV region. 

4.2.1. Experimental Procedure 

50 mg of red dye-79 powder was weighed and mixed into the 1.0 liter of Ultrapure water. It was 

allowed to dissolve overnight to get a complete dissolution of the dye powder in the water. A 

sample volume of 800 ml was used for each experiment. 

The reactor apparatus shown in the figure 4.2 was used for all experiments. It had an UV 

lamp (17 inches in length) touching an identical length of a quartz tube to transmit the light 
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Figure 4.2 Synthetic ultraviolet (254 nm) reactor. 
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into the solution sample. The light and the quartz tube were wrapped with aluminium foil to 

reflect the maximum amount of light into the tube and the foil was surrounded by a red plastic 

film at the ends to stop any UV light from escaping. A small hole was perforated at the 

bottom of the foil to permit some light to be seen through the film to check if the lamp was 

working. The quartz tube was connected to the tygon tubing, a variable speed centrifugal pump 

(magnetic drive, 316 S.S.wetted parts), and a continuously stirred 1.0 liter graduated cylinder. 

The graduated cylinder was kept on a magnetic stirrer for continuous mixing. 

During start up, the graduated cylinder was kept on the magnetic stirrer and the stir bar was 

kept rotating in the graduated cylinder. The rubber stopper with glass tubing was placed in it 

as shown in the Figure 4.2. The pump was then primed with a manually operated hand pump. 

At this point, all the tubing was connected to close the system hydraulics except for the 

sampling hole in the rubber stopper which was used to take samples and temperature 

measurements. 

4.3. Solid-Liquid Separation 

The reaction suspension was recirculated in the apparatus for 30 or 60 minutes and the samples 

were collected every 15 minutes, including the sample at 0 minutes. Before recirculating in the 

reactor, the lamp was operated for 15 minutes to attain maximum output. A sample of 1.5 ml 

was taken using centrifuge (Eppendorf) tubes. The suspensions were spun at a rate of 14,000 

revolutions per minute (Eppendorf centrifuge-5415) to separate the Ti02 from the solution. 

After this the UV-Vis scans and UV absorbance were taken from 200 nm - 800 nm and 512 nm 

respectively in a Shimadzu spectrophotometer. After the experiment was completed the 

reactor was rinsed with the distilled water to wash out the remaining Ti02 adhering on to 

the walls of tygon and quartz tubing. 
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4.4. Analyses of Samples 

The samples obtained at different sampling intervals were analyzed by UV-Vis scan, UV 

absorbance (at 512 nm), pH, color, temperature, and TOC/AMW in some experiments. 

4.4.1. UV -Visible Scans 

The centrifuged sample was taken and was mixed with Ultrapure water in the volumetric 

dilution ratio of 1:2 i.e, one ml of dye sample was mixed with two ml of Ultrapure water. The 

sample was transferred into the cuvette of the spectrophotometer. The spectrophotometer was 

standardized with Ultrapure water before taking UV-Vis scan. The UV-Vis scan was observed 

in the wavelength range of 200nm - 800 nm. 

4.4.2. Color 

Sample color was quantified by making UV absorbance reading at 512 nm. The UV absorbance 

reading was taken similar to the above procedure mentioned for the UV-Vis scan. The UV 

absorbance reading was taken because it is a good surrogate parameter for quantifying the color 

destruction which can be quantified by Beers law. The maximum absorbance reading observed 

in the UV-Vis scan was at 512 nm. Also, the 512 nm UV absorbance reading was selected 

because to minimize the interference of residual H2O2 and Ti02- The experiments to test the 

Beers law were performed by preparing four standards of dye solution. TTie concentration of the 

dye standards were 6.25,12.5,25, and 50 ppm respectively and these were prepared accurately 

using volumetric flasks. After preparing the standards UV absorbance readings were taken in 

Shimadzu spectrophotometer after diluting the samples in the ratio 1:2., i.e, one ml of sample 

was diluted with 2 ml of Ultrapure water. The spectrophotometer was standardized before 

taking the readings. The UV absorbance readings at 6.25,12.5, 25, and 50 ppm of dye solution 
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were 0.036, 0.076, 0.15, and 0.302 respectively. The data obtained shows that the UV 

absorbance reading (at 512 ran) was nearly doubled by doubling the dye concentration 

successively. Figure 4.3 shows the graph obtained by plotting the UV absorbance reading 

versus dye concentration. It is apparent from the graph that the UV absorbance readings are 

proportional to the dye concentration, which validates the Beers law [38]. 

4.43. pH Measurement: 

The pH was measured for the samples collected at 0,15,30, and 60 minutes in the Beckman pH 

meter (serial # 0222623) to check pH changes. 

4.4.4. Temperature: 

Temperature was measured with a thermometer before and after the treatment to know the 

increase in temperature. The temperature was reported in degrees centigrade. 

4.5. Adsorption Isotherm 

The experiment was performed by mixing various Ti02 concentrations in the standard 50 ppm 

dye solution at pH 7. A 100 ml of Ultrapure water was taken in 6 volumetric flasks and Ti02 

was mixed at concentration of 0 (i.e, just the dye), 0.5,1, 2, 3, and 4 g/L with the Ultrapure 

water and they were continued to sit on stirrer table for 19 hours. The UV absorbance readings 

were taken initially and after 19 hours. 

4.6. Molecular Weight 

Non-volatile TOC's were measured for the experiments which were conducted for the standard 

dye solution and the treated dye solution after filtration with 500 molecular weight (m.w) 

ultra filtration membrane and 47 mm diameter, 0.22 um cellulose acetate filter. The membrane 
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used was Diaflo Ultrafilter, model YC05, 500 MW cutoff, 60 mm dia, Amicon Division, 

W.R.Grace & Co. A 50 ppm of the dye solution was used, which was added with 3 g/L of Ti02 

and 17.5 ppm of H2O2 and was recirculated in the UV reactor for about 90 minutes. The initial 

and the final samples were taken for the filtration analysis. Here there were four titrations; 

two with the standard 50 ppm untreated dye with 500 m.w membrane & 0.22 um filter and the 

other two were same but with the treated dye. Ultrafiltrations were performed by using 

pressurized ultrafiltration cells (Amicon Stirred Ultrafiltration Cells, model 8200, 200 ml, 

Amicon Division, W.R.Grace & Co). Before ultrafiltration the membrane was soaked with 

Ultrapure water for an hour and for every 20 minutes water was changed. The membrane was 

placed in a cell and 100 ml of Ultrapure water was filtered with a system pressure of 55 psi 

(pounds per square inch). After filtration with the Ultrapure water the treated and the 

untreated dye solutions were filtered respectively. The membrane was then removed from the 

cell, rinsed with Ultrapure water, and stored for reuse in a refrigerator in water. The filtered 

samples were analyzed (without diluting with Ultrapure water) for the UV-Vis scans (in the 

Shimadzu spectrophotometer) and the TOC values (in Dohrman TOC analyzer, model DC-80). 

Before measuring the TOC of the sample, CO2 was removed by N2 sparging of sample 

acidified to pH 2. 



45 

CHAPTERS 

RESULTS AND DISCUSSION 

A series of experiments were performed to study the effects of pH, dye, TiC>2, and H2O2 

concentration on the destruction of color produced by red dye-79. Evaluation of each parameter 

effect was quantified in terms of the percentage of dye destroyed after 30 minutes of reaction. 

The experimental matrix employed in this research is shown in the table 5.1. The results of the 

experiments were in table numbers 5.2 to 5.16. All tables are in the appendix-A. Listed in 

appendix B are the recirculation flow rates for each of the series of experiments discussed 

below. The flow rates in the experimental series were different because, there was a problem 

with the initial pump which, has been replaced. 

5.1. Results of Experimental Studies 

In the first experimental series, the effect of T1O2 concentration on the percentage of the dye 

destruction was investigated. Table 5.2 shows the effect of TiC>2 concentration on the 

percentage destruction of the dye. For these experiments no external oxidant was used. The 

percentage of destruction obtained varied from 8.5% to 40.6% with Tip2 concentrations ranging 

from 0 g/L to 4 g/L. The largest dye destruction was obtained from the experiment in which was 

3 g/L of Ti02 was present in the reaction. The dose of 3 g/L of TiC>2 can be defined as optimum 

dose, which is the minimum catalyst concentration needed for achieving largest color 

destruction of 50 ppm dye solution. 

Ollis [4] performed similar experiments, while experimenting with the destruction of 50 ppm 

aqueous solution of TCE in a solar photo-assisted reactor (source of near UV light of less than 
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400 nm wavelength). Ollis conducted catalyst concentration tests by recirculating a 50 ppm TCH 

solution and various weight percent addition of Ti02 with UV light. He obtained largest 

percentage destruction of 50 ppm TCE solution at catalyst concentration of about 0.3 weight %. 

Table 5.2 reveals the similar results as obtained by D.F. Ollis with the same semi-conductor 

anatase powder TiC>2 however, the difference being, 50 ppm of red dye-79 solution and 

synthetic UV lamp (254 nm) were used here. 

Tanaka et al, 1988 [17] measured the destruction of TCE with time, as the solution was 

recirculated in a reactor equipped with 500 W super high pressure mercury lamp. Tanaka 

stated that the amount of TiC>2 is one of the factors determining the photo-degradation rate 

because, increased concentrations of electrons are available with an increase in TiC>2 

concentration.However, the rate grew with the concentration of Ti02 but levelled off at 3 g/L 

of Ti02 • 

The second experimental series studied the effects of various dye concentration on the 

percentage dye destruction. The dye concentrations tested in these experiments were 12.5, 25, 

and 50 ppm respectively for given experimental conditions. The percentage of dye destruction 

decreased with increase in the dye concentration, ranging from 55.4% to 40.6% for dye 

concentrations range of 12.5 to 50 ppm. Table 5.3 lists the dye destruction percentages with 

respect to the dye concentrations. 

In this experimental series, it was observed that the percentage dye destruction decreased with 

dye concentration which is expected, because the destruction of color depends on the initial 

concentration of the dye. R.W. Mathews [7], has performed similar experiments, with 

methylene blue as the reactant. He observed a linear relationship between the destruction of 

methylene blue versus various concentrations of methylene blue. 
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Sjoren[40], has also obtained similar results, while experimenting with the 50 ppm aqueous red 

dye-79 solution. He stated that, the rate was linear, for relatively low concentrations , with 

the rate rising asymptotically to a constant level for higher dye fractions. Also, he made a 

calculation to estimate the theoretical dye concentration where, Ti02 saturation coverage 

effecting maximum reaction rate and obtained an approximate concentration of 51 ppm, which 

is within the range of the 50 ppm concentration of the red dye-79 solution. 

The third experimental series examined the effect of H2O2 concentration in the presence of 

Ti02. The concentrations of H2O2 tested were 0, 5, 10, 20, 50, 175 ppm and the maximum 

percentage of destruction obtained was at 10 ppm of H2O2, which can be observed from the data 

in table 5.4. The results obtained indicates, H2O2, in the presence of photocatalytic conditions, 

can cause inhibition and enhancement of the degradation reaction. Increase in the percentage of 

the destruction with added H2O2 concentrations up to 10 ppm were probably due to the 

increased supply of free hydroxyl radicals produced from anatase photocatalyzed H2O2 

decomposition or H2O2 photolysis. The reduction in destruction rate at higher H2O2 

concentrations exceeding 10 ppm could have been the result of photogenerated hole scavenging, 

competitive H2O2 active site adsorption, and the scavenging of hydroxyl radicals by 

undecomposed H2O2. 

Tanaka et al[l7] also conducted experiments on optimal amount of H2O2 while, testing 50 ppm 

of TCE solution with TiC>2 photocatalyzed degradation. The destruction rate increased with 

140 to 400 ppm of H2O2 with decreased destruction rates occuring beyond this range. 

The fourth experimental series studied the effect of H2O2 concentration on the percentage dye 

destruction in the absence of TiC>2- In these experiments the effect of H2O2 concentrations of 0, 

20,100,200,300, and 400 ppm were studied. The increase of H2O2 concentration increased the 

percentage dye destruction. As shown in the table 5.5, percentage dye destruction increased 
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from 12.8% to 76.6% from 0 to 400 ppm of H2O2 • These results indicate that increase of H2O2 

concentration increases the rate of production of hydroxyl radicals by H2O2 photolysis, which 

contributes to the faster destruction of the dye. 

The results obtained in these experiments are similar to the results obtained by Sundstorm et al 

[10], in the destruction of halogenated aliphatics by UV oxidation with H202 in a batch 

photochemical reactor. He stated that the rate of reaction increased with increasing initial 

concentration of H2O2, probably as a result of higher concentration of hydroxyl radicals. A 

rapid destruction of the dye was achieved because of the higher oxidation power of 2.06 volts 

for hydroxyl radicals. The mechanism of UV/H2O2 indicates that H2O2 absorbs 

electromagnetic radiation in the UV region, resulting in the dissociation to hydroxyl radicals. 

The fifth experimental series monitored the pH effects in the presence of Ti02 and in the 

absence of H202- When the solution pH was increased, an increased rate of dye destruction 

was observed. Table 5.6 shows that due to the increase of solution pH from 4 to 10, the 

percentage dye destruction increased from 19.7% to 57.2%. As mentioned in the literature, a 

low pH allows H + competition for basic sites at the Ti02 surface and hence inhibit reactant 

degradation by preventing reactant adsorption. Also, greater supply of hydroxide ions at high 

pH increases the availability of more reactive hydroxyl radicals from photogenerated hole 

trapping. This would enhance the indirect oxidation of the dye. 

The sixth and seventh experimental series were conducted to study the alkalinity effects in the 

presence and absence of H202 respectively. The alkalinity used was, as equivalents of calcium 

carbonate alkalinity. The destruction of dye was decreased with increase of alkalinity, 

because alkalinity acts as a scavenger[39] for hydroxyl radicals and the inhibition of dye 

degradations support the existence of free radical participation. For example, a decrease in 

the percentage dye destruction from 47.2% to 28.6% occurred as solution alkalinity ranged from 
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0 to 220 ppm in Table 5.7. Also, a decrease in the percentage dye destruction from 46.7% to 24.8% 

occurred as solution alkalinity ranged from 0 to 200 ppm in Table 5.8. 

The eighth experimental series was performed to monitor the significance of UV radiation in 

the dye destruction in the presence of 3 g/L of Ti02 and 20 ppm of H2O2. As indicated in Table 

5.9 UV radiation plays a substantial role in the destruction of the dye. The percentage dye 

destruction obtained were 4.2 %to 62% in the absence and presence of UV light respectively. 

Magrini et al [13] have performed UV/T1O2 experiments on the TCE destruction with the xenon 

lamp (300-450 nm) as a UV source. They stated that UV/Ti02 photo-catalytic reaction plays a 

significant role in the destruction of TCE. This is because, UV radiation is capable of exciting 

the electrons in a semi-conductor and make them freely available in the reactant solution. 

Because of the electrons emission there will be consequent formation of holes in the semi

conductor powder. Due to the formation of electron-hole pairs, powerful reduction and 

oxidation reactions takes place, which eventually leads to the destruction of the dye. 

The ninth experimental series was conducted to study the effects of semi-conductor powder Ti02 

with UV radiation in the dye destruction. Two 50 ppm dye sample solutions were treated in the 

reactor., one, without Ti02 and second, with 3 g/L of Ti02. The results show that without the 

Ti02 dye destruction was 8.5% and by the addition of 3 g/L of Ti02 the dye destruction was 

increased to 40.6%. This is shown in Table 5.10. 

Many researches [4, 6,7, 8] have validated the significance of Ti02 as a catalyst in the photo-

catalytic destruction of color and organic contaminants present in the water and wastewater 

effluents. This is because the UV radiation is useful in exciting the electrons in the valence 

band of Ti02 to the conductions band and hence, the electrons will be ejected form the Ti02 

surface and consequently holes formation takes place, which leads to the destruction of the dye. 
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The tenth experimental series was conducted for the comparison of 3 g/1 Ti02 and combination 

of 3 g/L of Ti02 & 17.5 ppm H202 effects in the presence of UV light. The dye destruction was 

observed in the both cases were 45% and 47.2% respectively with a small difference of 2.2%. 

Table 5.11 shows the results obtained. This indicates there was not appreciable dye destruction 

with addition of 17.5 ppm H202 probably because, the hydroxyl radicals were scavenged by 

the undecomposed H202. This also indicates the capability of H202 to play a dual role as 

mentioned in the third series of experiments. 

The eleventh experimental series compared the H2O2 (oxidant) effects with the TiC>2 

(catalyst) effects. Both experiments were performed individually (i.e, in the absence of 

other). Table 5.12 shows the results obtained. From the table it can be observed that there was 

a 70.8% dye destruction as compared to 46.7% with 3 g/L of Ti02. This indicates that high 

destruction rate can be achieved by high dosage of H202- But, this is not true in the case of 

TiC>2 because, the dye destruction cannot be achieved higher beyond the addition of 3 g/L, as 

observed in the first experimental series. 

The twelfth experimental series were performed to study the pH effects as in the fifth set but 

with the difference of the presence of 20 ppm H202 in the reaction. Again, with an increase in 

pH, the rate of dye destruction increased . The data listed in the table Table 5.13 indicates 

that as the pH increased from 4 to 10 the percentage dye destruction was increased from 28.5% 

to 55.5% respectively. The probable rationale for the increased percentage of dye destruction 

was the increased rate of hydroxyl radicals production, due to the increase of pH. On the other 

hand, low pH allows H + competition for basic sites at the T1O2 surface and hence inhibit 

reactant degradation by preventing the reactant adsorption. 

The thirteenth experimental series were performed to study the comparison effects of 3 g/L of 

TiC>2 and 20 ppm H202 individually (i.e, in the absence of other). The results obtained shows 
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that, the destruction rate achieved by 3 g/L of TiC>2 with UV was same as 20 ppm of H202 

with UV (a small difference of 1%). Table 5.14, shows the comparison results of the two 

experiments. 

The last experimental series compared the effects of flow rates in the reactor on the percentage 

dye destruction. Table 5.15 shows these effects. Increase in the percentage dye destruction was 

observed with the increase in the flow rate. With increase of flow rate temperature was also 

increased. The reason may be due to good mixing, and also viscosity of the solution is decreased 

because of the temperature raise. Also, the diffusion of dye to the semi-conductor surface with 

the higher flow rate resulted in faster transport to the reaction surface, resulting in greater dye 

destruction. Appendix-B lists the experimental series with the different flow rates. Table 5.15 

shows that the percentage dye destruction increased from 41.7% to 56.1% by increasing the flow 

rate from 4.09 lits/min to 4.92 lits/min. 

Similar results were observed by Mathews[7], when testing the degradation of methylene blue 

in a reactor with a 20 W black light fluorescent tube. The rate of disappearance of methylene 

blue increased with increasing flow rate because of higher diffusion and increase of 

temperature. Mathews also mentioned that the apparent first order constant increased with 

the flow rate approaching a limiting value at high flow rates. 

5.2. Adsorption Isotherm 

An adsorption isotherm conducted was to determine the adsorption capacity of Ti02 for the red 

dye solution. The experiments were performed as explained in the 4.10 section. 

From the above table 5.16 it was observed that an appreciable change in UV absorbance was 

not observed, at any concentration of Ti02 / which suggests that TiC>2 is not adsorbing the dye 

species in the solution at any concentration. However, there was very little change in the UV 
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absorbance reading which may be caused due to the evaporation or slight variation in the 

dilution sample while taking the UV absorbance readings. 

5 J. TOC Results 

The change in TOC of a 50 ppm solution of red dye-79 after 90 minutes of the reaction was 

observed. The reaction had an initial concentration of 3 g/L of TiC>2 and 17.5 ppm of H2O2. 

Figures 5.1 and 5.2 show the results obtained from TOC and apparent molecular weight (AMW) 

analyses, conducted after a 90 minutes of reaction. Figure 5.1 is the UV-Vis scan for the treated 

and the untreated dye. Oxidation of the dye after the treatment produced lower molecular 

products and CO2 as end products. During this reaction, the red dye absoibanoe at 512 nm was 

decreased by more than 90% yet the 90 minutes reaction produced a reduction in initial TOC of 

only 20%. This reduction may be the result of complete oxidation of a portion of the dye 

molecule or intermediate dye oxidation by-products. These oxidations led to UV-Visible scan 

profiles 1 and 2 in Figure 5.1. Profiles 3 and 4 are UV-Visible scans of permeates from a 

membrane with a 500 AMW cut-off. The 175% increase in permeate TOC (Figure 5.2) after 

treatment suggests partial oxidation of the dye was the major reaction path way. 
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Figure 5.1. 

UV-Vis scan(s) for the following samples: 

(1) Untreated dye with filtration through 0.22 um filter. 

(2) Treated dye filtration through 0.22 um filter. 

(3) Untreted dye filtration through Amicon 500 m.w membrane. 

(4) Treated dye filtration through Amicon 500 m.w membrane. 

(NOTE: Untreated dye means, 50 ppm standard dye solution., and treated dye means, dye 
treated for 90 minutes in the UV reactor with 3 g/1 of TiOj and 17.5 ppm HjOj) 
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Figure 5.2 TOC values of the treated dye before and after filtration. 
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CHAPTER 6 

CONCLUSIONS 

The following are concluded from the research performed: 

(1). The amount of TiC>2 concentration obtained for achieving maximum color destruction of the 

50 ppm red dye-79 solution was 3 g/L. 

(2). The amount of H2O2 needed to achieve maximum dye destruction in the presence of 3 g/L of 

Ti02 was quantified as 10 ppm. This reflects that H2O2 has the ability to enhance the 

destruction by supplying free radicals and also, to inhibit the destruction rate, by photo-

generated hole scavenging, or hydroxyl radical scavenging of the undecomposed H2Q2 • 

(3). The dye destruction rate increased with H2O2 addition in the absence of TiC>2 . The 

percentage of dye destruction was increased from 12.8% to 76.6% from 0 to 400 ppm of H2O2. 

(4). Increase of alkalinity decreased the destruction rate due to the fact that alkalinity acts as 

a scavenger of hydroxyl radicals. In the presence of both Ti02 and H2O2, percentage dye 

destruction was decreased from 47.2% to 28.6% due to the addition of 220 ppm of alkalinity. On 

the other hand, in the presence of TiC>2 alone the percentage dye destruction decreased form 

46.7% to 24.8% due to the addition of 200 ppm of alkalinity. Hence, in both cases, alkalinity 

presence decreased the destruction of the dye. 

(5). The substantial effect of UV light (254 nm) on the dye destruction was observed in the 

presence of the Ti02 and also, in the presence of H2O2 individually or in combination. Because, 

of the UV light photons energy, electrons were ejected from the catalyst surface, consequently 
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producing electron-hole pairs, leading to the dye destruction. H2O2 produced free hydroxyl 

radicals because of the absorption of UV light. This resulted in increase of percentage dye 

destruction from 4.2% in the absence of UV light to 62% in the presence of UV light. Also, the 

significant effect of TiC>2 on the dye destruction rate was observed in the presence of UV light. 

This is observed from the increase in the percentage dye destruction from 8.5% to 40.6% in the 

presence of 3g/L ofTip2. 

(6). Red dye-79 destruction rates increased with increasing solution pH because of the 

availability of more hydroxyl radicals. This was quantified by the percentage dye destruction, 

which increased from 28.5% to 55.5% in the presence of 3 g/L of TiC>2 and 20 ppm H2O2 from pH 

4 to 10 respectively. Also, in the presence of 3 g/L of TiC>2 alone, the percentage dye 

destruction increased from 19.7% to 57.2% from pH 4 to 10 respectively. 

(7). The percentage dye destruction was increased from 41.7% to 56.1% due to the increase of 

flow rate from 4.09 to 4.92 lits/min respectively. This may be due to the increase of mass 

transfer by diffusion and temperature, achieved due to the increase of flow rate. 
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CHAPTER 7 

RECOMMENDATIONS 

The following are suggestions offered for future research in the area of UV light and TiC>2 

catalyzed oxidation for the removal of color causing constituents in wastewater. 

(1). A more effective reaction can be achieved utilizing Ti02 particles in an oxygen 

atmosphere, so, bubbling of oxygen in the reactor can enhance the reaction kinetics. 

(2). By employing peroxone system(ozone plus H2O2 ) with the UV radiation to enhance the 

kinetics of the reaction. 

(3). Further research concerning the quantification of photocatalytic reaction products. 
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APPENDIXrA 

(EXPERIMENTAL TABLES) 



Table 5.1 Experimental conditions and variable parameters of bench scale experiments. 

EXPERIMENTAL CONDITIONS VARIABLE PARAMETER 
Series Dye T102 11202 pH UVU1 Sample UVllux Alk OESCRIPTlfW 

(ppm) tfi/U (ppm) C) ON/OFF (ml) <-> (ppm) 

1 60 VP 0 800 0 TI02 (k/U > 0.0.5. 1.0. 2.0. 3.0. and 4 .0 
2 VP 3 0 600 0 Dye (ppm) > 0. 12.5. 25. and 50 

3 50 3 VP 800 0 H202 (ppm) > 0. 5. 10. 20. 50. and 175 
4 50 0 VP 800 0 11202 (ppm) —-> 0. 20. 100. 200. 300. and 400 
5 50 3 0 VP 800 0 
6 50 3 17.5 800 VP Alk Ippnt) > 120. and 220 
7 50 3 0 800 VP Alk (ppm) > 100. 200.and 0 

8 50 3 0 VP 800 0 UV light > On and Off 

9 50 VP 0 800 0 Tl02 (3.0 R/L) > With and Without 

10 50 VP 17.5 800 0 Tl02 (3.0 f»/L) > With and Without 

11 50 VP VP 800 0 Comparison or 3 R/L & 200 ppm 11202 

12 50 3 20 800 0 pll > 4, 7. and 10 

13 50 VP VP 800 0 Comparison of 3 R/L of Tlo2 and 20 ppm of 11202 

14 50 3 0 800 0 Comparison of flow rales 4 09and 4.92 It/ml 

NOT!-: ; 
(a) Flow rate Is 3.9 llls/mln. 
(b) V.P : Variable Parameter 
(c) • : Assume lamp Is ON. unless otherwise mentioned. 
|d| - : Assume lamp Is FULL clear, unless otherwise mentioned, 
(c) * : buffered Willi 48 ml. uuless ullierwlsc inenlloned. 
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Table 5.2 (Series 1) Percentage destrcution for various TiOz concentrations. 
§ c

 
<

 

TI02 H202 ALK OH RANGE TEMP (C) DESTRUCTION 

(PPM! Yes/No (g/u (pom) (oomt RANGE (%) 

50 Y 0 0 0 7.35-7.37 27.5-32 8.5 

50 Y 0.5 0 0 7.27-7.3 25.5-28 20 

5 ol Y 1 0 0 7.26-7.35 27-31.5 33.2 

I SOIY 1 2 0 0 7.26-7.28 27.5-32 37.3 

5 Ol Y i 3 0 0 7.23-7.26 28.5-32.5 40.6 

50 Y 4 0 0 7.28-7.33 28-32 35.8 

Table 5.3 (Series 2) Percentage destrcution for various dye concentrations. 

DYE L"V TI02 H202 ALK pH RANGE TEMP (C) lESTRUcno: 

(PPM) Yes/.\o fC/LI Ippml Ippml RANGE (%) 

0 

12.5 Y 3 0 0 7.27-7.33 26.5-31 55.4 

25 Y 3 0 0 7.22-7.3 26-31 46.1 

50 Y 3 0 0 7.23-7.26 28.5-32.5 40.6 
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Table 5.4 (Series 3) Percentage destrcution for various HjOj concentrations. 

DYE cv TI02 H202 ALK pH RANGE TEMP (CI lESTRUCTIO: 

(PPM) Yes/No WU (ppm) (ppm) RANGE ( % >  

50 Y 3 0 0 7.23-7.26 28.5-32.5 40.6 

50 Y 3 5 0 7.2-7.47 27-30.5 61.8 

50 Y 3 10 0 7.21-7.47 27-30.5 63.4 

50 Y 3 20 0 7.41-7.46 27.5-31 59.8 

50 Y 3 50 0 7.22-7.44 27-30 46.6 

50 Y 3 175 0 7.31-7.36 27-30.5 40.0 

Table 5-5 (Series 4) Percentage destrcution for various HjOj concentrations. 

DYE UV TI02 H202 ALK pH RANGE TEMP (C) DESTRUCTION 

(PPM) Yes/No (fl/U (ppm) (ppm) RANGE ( % )  

50 Y 0 0 0 7.43-7.46 22.5-28 12.8 

50 Y 0 20 0 7.47-7.5 22.5-28 45.7 

50 Y 0 100 0 7.52-7.53 22-27 57.6 

50 Y 0 200 0 7.42-7.44 25-30 70.8 

50 Y 0 300 0 7.36-7.38 25-30 74.0 

50 Y 0 400 0 7.51-7.53 22-27.5 76.6 



Table 5.6 (Series 5) Percentage destrcution for various pH in the presence of TiOz 

DYE uv TI02 H202 ALK pH RANGE TEMP IC) Destruction 

(PPM) Yes/No te/L) (ppml Ippm) RANGE ( %) 

50 Y 3 0 0 3.59-3.83 26.5-28 19.7 

50 Y 3 0 0 7.23-7.26 28.5-32.5 40.6 

50 Y 3 0 0 10.13-10.14 28-32 57.2 

Table 5.7 (Series 6) Percentage destrcution for various alkalinity concentrations. 

DYE uv TI02 H202 ALK pH RANGE TEMP (C) Destruction 
(PPM) Yes/No (<?/L) (ppml (ppm) RANGE (°/o) 

50 Y 3 17.5 0 7.43-7.44 27.5-31 47.2 
50 Y 3 17.5 120 7.38-7.53 29-33.5 34.9 
50 Y 3 17.5 220 7.39-7.53 28.5-32 28.6 

Table 5.8 (Series 7) Percentage destrcution for various alkalinity concentrations. 

DYE UV TI02 H202 ALK pH RANGE TEMP (C) DESTRUCTION 

(PPM) Yes/No (Q/l) (ppm) E
 

a
 

a
 RANGE ( % )  

50 Y 3 0 0 7.42-7.44 25-30 46.7 

50 Y 3 0 100 7.39-7.4 25-30 30.2 

50 Y 3 0 200 7.37-7.4 25-30 24.8 
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Table 5.9 (Series 8) Percentage destrcution with and without UV at 3 g/1 of TiOj . 

0VE UV TI02 H202 ALK pH RANGE TEMP (C) DESTRUCTION 

fPPMt Yes/No (q/L) (ppm) (ppm) RANGE (% 1 

50 ro 3 20 0 7.21-7.28 27-28 4.2 

50 YES 3 20 0 7.22-7.28 28-32 62.0 

Table 5.10 (Series 9) Percentage destrcution with and without 3 g/1 of TiOz . 

DYE UV TI02 H202 ALK pH RANGE TEMP (C) DESTRUCTION 
(PPM) Yes/No (fl/L) (ppm) (ppm) RANGE ( % )  

50 Y 0 0 0 7.35-7.37 27.5-32 8.5 
50 Y 3 0 0 7.23-7.26 28.5-32.5 40.6 

Table 5.11 (Series 10) Percentage destrcution with and without 3 g/1 of TiOz. 

DYE UV T1Q2 H202 ALK pH RANGE TEMP 1C) DESTRUCTION 

1PPM1 Yes/No (g/L) (ppml (ppml RANGE (%) 

50 Y 0 17.5 0 7.37-7.4 27.5-31 4&0 

50 Y 3 17.5 0 7.43-7.44 27.5-31 4Z2 
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Table 5.12 (Series 11) Percentage destrcution with 3 g/1 of TiOz and 200 ppm HjOj. 

DYE fV TI02 H202 ALK pH RANGE TEMP (C) ESTRL'CTION 

I PPM) Yes/N'o fg/L) (ppm) (ppm) RANGE 1 % ) 

50 Y 3 0 0 7.42-7.44 25-30 46.7 

50 Y 0 200 0 7.42-7.44 25-30 70.8 

Table 5.13 (Series 12) Percentage destrcution at various pH. 

CNE UV TI02 H202 ALK pH RANGE TEMP (C) DESTRUCTION 

(PPM) Yes/No (ppm) (ppm) RANGE < % )  

50 Y 3 20 0 3.88-3.91 22-28 28.5 

50 Y 3 20 0 7.44-7.48 23-28 48.3 

50 Y 3 20 0 9.93-9.96 23-28.5 55.5 

Table 5.14 (Series 13) Percentage destrcution with TiOj and HjOj. 

DYE UV TI02 H202 ALK pH RANGE TEMP (C) DESTRUCTION 

(PPM) Yes/No (ppm) (ppm) RANGE ( % )  

50 Y 3 0 0 7.42-7.44 25-30 46.7 

50 Y 0 20 0 7.47-7.5 22.5-28 45.7 
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Table 5.15 (Series 14) Percentage destrcution with different flow rates at 3 g/I of TiOz 

DYE UV TI02 H202 FLOW RAH pH RANGE TEMP (C) DESTRUCTION 

(PPM) Yes/No <*?/L) (ppm) flits/mfn) RANGE ( % )  

50 Y 3 0 4.92 7.24-7.26 24-34 50.1 

50 Y 3 0 4.09 7.42-7.44 25-30 46.7 

Table 5.16 Adsorption isothern results. 

0 0.5 1 i  3 4 

0 Hours 6.336 0.29 0.269 o.JdS 0.306 0.308 

19 Hours 0.34 0.3 0.273 0.299 0.308 0.309 
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APPENDIX# 

(FLOW RATES OF EXPERIMENTAL SERIES) 



Experimental Series Flow Rate( l/min ) 

1 3.9 
2 3.9 
3 3.9 
4 4.09 
5 3.9 

6 4.92 
7 4.92 
8 3.9 
9 3.9 

1 0 4.09 
1 1 4.09 
1 2 4.09 
13 4.09 
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