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ABSTRACT 

The selniconduct<)r photocatalytic sterilization of Et) .. '>.li in 

drinl(ing ,qater \.\1as studied. The time course of viable Et';..·~.Jj cells 
.... 

':l·lilen cell suspensions of 10,) cell/tnL ,,\1ere sUbjected to 

irradiation of black light fluorescent lalnps (3x8 Vi Phillips TL and 
/ 

1x125Vil Tungsratn HgV) in the presence of Ti02 v.ro.s found to be 

appro:dmate1y 60 nlin for sterilization. A decrease in viable cell 

nurnbers ~,AlaS not observed neither under light irradiation ~Nhen 

selniconductor pot;Nders t;Nere absent nor under the darl( 

conditions ~Nhen semiconductor pot;Nders present. Various Ti02 

concentrations t;Nere applied and 1 rng/mL concentration for 

Experitnenta1 Set-up I ...... lith 3~{8"'N Phillips TL, and 0.1-1.0 lng/mL 

concentration range for Experimental Set-up II ':,Alith 1x125W 

Tungsram HgV V·laS found to be optimuln although initial viable 

cell count 'was reported as, another effective factor. 
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OZET 

kine sulanndat.i En?!j mikroorganizrnalann, yan 

ilet1~enlerden yararlanl1arak fotol~inllTasal sterilizasyonu uzerinde 

<;a11~11nll~t1r. 103 hiicre/tnL. Et';.?}i ve yan iletken Ti02 (n-tipi) 

siispansiyonu, 3x3-VV Phillips TL 1xI2S"'''' Tungsram HgV ile 

1$11::1andlnldlglnda sterilizasyonun 60 dakikada yeterli oldugu 

g6z1ennli$tir. Aynl diizenekte Ti02 bulunmadlglnda ve aynl 

diizenekte 1$11r. lr.ullanlltnadlglnda canll saYlslnda bir azalma 

g6rtUmemi$tir. Fart.l1 Ti02 konsantrasyon1an uygu1andlglnda 

lrng/tnL 1-~onsantrasyonu 3x3 -VV Phillips TL diizenegi i<;in 0.1-1.0 

nlg/nlL lr.onsantrasyonu Ix 12 S ... ,., Tungsraln HgV diizenegi i<;in en 

u~'gun oldugu saptanml$t1r. .. L\ .. ynca, ba$langl~ta bulunan E·0.)1i 

l~onsantrasyonunun sterilizaslTon siiresi l}zerinde etkili oldugu 

anla$111nl$t,1r. 
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I _ INTRODUCTION 

The inter conversion of .difierent forms of energy has been of 

t.::entral importance in science and technology. Just as the practical 

application of heat engine, electric generators, and storage batteries led to 

the development of the fields of thermo(lynamics and electrochemistry in 

the 19t1l and 20tll centuries, so the problem of utilizing solar energy for 

tlle direct production of electricity and fuel has become a field of much 

current interest and has encouraged new fundamental investigations of 

interaction of light, electron flow, and chemical reaction witll 

electrochemical cells. 

Photochemical reactions could be employed to replace otiler 

energy consuming chemical process, for eX3.1nple, for pollution abatement 

'or in chemical synthesis. One of the more promising approaches to the 

design of such systems involves tlle application of pov.lder catalysts made 

(if semiconductor materials. 

n -Type semiconductor powders such as Ti02 have been shov~n to 

be applicable to the pllot.ocatalytic o¥idation of TY\later; cyanide, and acetic 

acid. Light sensitived photochemical reactions involving Ti02 on the 

surface have also been used for tile degradation of contaminants in water 

Recently the semiconductor po~,""ders Vlere applied to the sterilization of 

microbial cells. 
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The sterilization of microbial cells is very important in tlle 

medical, bioindustrial and environmental field. Chemicals, antibiotics and 

l)actericides have been used for this purpose. Microbial cells are also 

physically sterilized by heat-treaunent and UV radiation. Viater 

disinfection generally involves the use of chlorine. Besides disinfection, 

other benefits can results such as color removal, correction of tastes and 

odors and the suppression of unwanted biological growths. Chlorination 

process ~.qith many organic materials in VoTater produce trihalomethanes 

and the implication of this probJem has focused considerable attention on 

advantages and disadTY'antages of using chlorine and other processes 

mentioned above as a water disinfectant and has initiated an intense 

effort to evaluate otller agents as water disinfectants. 

To assess the sanitary quality of >;~rater, three major groups of 

microorganisms are used as indicator of bacterial pollution. These are 

(:oliforms .. fecal coliforms and streptococci. For the assesment of potable 

water acceptability, coliform anal}-ysis is the mandatory procedure used 

by most countries in the vY'orld. CoHform organtS111S, while relatively 

harmless t.hemselves, are generally present in ~.qater containing enteric 

pathogens. Because tlley are relatively easy to isolate and because they 

. normally survive longer tilan tile disease-producing organisms, coliforms 

are a usefu.l indicator of the possible presence of enteric pathogenic 

bacteria and viruses. In most cases, ':Nater tilat is free of total coli forms is 

considered free of disease-producing bacteria. 

The purpose of this stUdy VY'aS to achieve a photochemical 

sterilization of drinl{ing ,\Arater using Ti02 as a catalyst. The sterilization 

\·\!as carried out using various, blacl{ light fluorescent lamps >;Nith Ti02 

containing of drinking ,,\later slurries. Bacteridal effect was observed to 

take place v'lithin approximately 60 minutes is experimental set-up. 

? ... 



11_ THEORETICAL BACKGROUND 

2_1_ Bacteria 

Ivlicroorganisms are commonly grou.peci in three l{.ingdom; protista .. 

plants and animals. Protist kingdom is also divided into t",,oIlO groups 

procaryotes anc1 eucaryotes. Bacteria is one form of procaryotes \Iolhicll 

does not. contain nuclear membrane. The classification of microorganisms 

belonging to tile kingdom of protists is sho~Nn in Figure 2. 1. 

Protist Kingdom 

Procaryotes Eucaryotes 

Figure 2.1. Classification of microorganisms belonging to the 

kingdom of protists. 

3 



Bacteria are relatively small organisms usually enclosed ~Nit1l rigid 

walls. They are typically unicellular, but they may exist in Uuee basic 

morphological forms. Most cannot utilize light energy and they are mobile 

and reproduce by binary fission. There are many subdivisions of bacteria. 

Enteric or coliform bacteria is one of Ule subdivisions. E.<I>,.';/J~jidJi .. 1 [i.?li is 

included in tllis group. Tlle dominant morphological form consists of ro(js. 

£. {':o1.l exists in the intestine of higher animals. Tlle nutrition of coliform 

bacteria is simple organic compounds. E i';.?Jj is not photosynthetic and 

doesn't form endospores. Tlle gram reaction is negatj~le [11. 

2 _ L L Cell Structure of .l!..Cojl 

In general, most living cells are quite similar, having a cell wall, 

which may be either a rigid or flexible cell membrane. The interior of the 

cell contains a colloidal suspension of proteins, carbohydrates, and other 

complex organism compounds, called the cytoplasm. 

Cell Wall: TIle rigid cell wall is tile main structural component of most 

procaryotes. The functions of the cell ~Nall are 0) to prevent rupture of 

bacteria due to osmotic pressure differences bet,qeen intracellular and 

extracellular en'lironments, (in to provide the characteristic shape of· tlle 

bacteria. The thickness of the cell ~hT(lll of Gram negative bacteria is about 

10 nm and composed of a variety of aminoacids. ..ll. .. lanine, glycine, 

glutamic acid and lysine are some of common aminoacids (proteins). The 

cell walls of gram-negative bacteria are more complex Ulan gram-positive 

bacteria and contain a wider range of aminoacids and significant amounts 

of lipid, polysaccllaride and protein constituents. Figure2.2. sllows the cell 

T ... nll of a gram-negative organism [2]. 
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------ Channel 

Polysaccharide 
IH-!-,.---- Phospholipid 

Outer membrane 
Lipid ---Hr' 

Peptidoglycan 

Cytoplasmic membrane 

Figure 2.2 Representatlon of the cell v·lall of a gram -negative 

organism. 

Cell Membrane: The cell membrane lies just l)elwatil tlle 1)ac:teria1 c011 

wall. In addition to serving as an osmotic barrier to passi~le transport .. the 

cell membrane participates in tile active transport of various substance~: 

int,:) the bacterial cell. The cytoplasmic membrane performs several 

functions vital t) the life of the cell. A large number of enZVrtleS '-' , 

concerneci witll the degradation of foo·jstuffs anel tile pr(>(iuction of 

energy are associated l,oIlith the membrane. Some enzymes located in the 

cytoplasm are attached to tile cytoplasmic meml)rane (membrane-bound 

enzymes) most other enzymes (soluble enzymes) are locatee! in ttle 

cytoplasm (Figure 2.3.). 

Cytoplasm: The essential genetic information is contained l,oIlithin a 

single chromosome composed of a single DNA molecule. Ribo2omes are 

free in bacterial cytoplasm. Bacterial ribosomes are important to the 

protein -synthesizing processes. Groups of ribosomes, held together by 

strands of messenger RN~A~I that is, polyribosomes or polysomes, are tile 

sites for protein synthesis. 
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OtJler small molecu.les in the cytoplasm are arnino-acids, 

nucleotides.. simple sugars, glycerol, fatty acids, acetate, pyruvate, 

l::et.)cacids etc. 

Procaryotes lack the distinct nucleus of eucaryotes, and tlle 

asso(:iated structures and features such as mitotic apparatus, nuclear 

membrane and nucleus. 

Figure 2.3. and Table 2.1. shows the schematic diagram of E.G?ji 

and tJle composition of E.~).?jj cell respectively. 

9 

8 7 

1. PolyTibosome 

2. F1'ee dbosome 

(protein and rRNAs) 

3. Chromosome (DNA) attached 

. to cell membrane 

4. Free enzymes (protein) 

5. Small molecules (amino 

acids, nucleotides, simple 

sugars, glycerol, fatty acids, 

8(:etate, pyru·vate, keto acids, etc.) 

6 

4 

5 

6. Cell ~ral1 (polysa(,:charide 

and pel,tides) 

7. tRNA 

8. Cell membrane (lipid and 

protein) 

9. Enzymes attached to cell 

membrane. 

Figure 2 . .3. Schematic diagram of E.{:i.')ji 
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Table 2.1. Composition of a rapidly gro~."ling E (;.,jj cell 

Component Percent of Average Approximate No.of 

total cell mol wt no. pel' cell diffel'ent 

'lleight Idnds 

H2O 70 18 4xWlO 1 

Inorganic ions (Na+,K+, 

Jnip2+ r·a2+ J'e2+ Cl- PO A-
I oC- ~'J .-., 'f ./' 

·~O ./- t > ;;, 4~ , e c.) 1 40 2.5xl08 20 

Carbohydra.tes and 

pl'ecursors 3 150 2xW8 200 

Amino a(:ids and 

precursors 0.4 120 
., 

3xlOf 100 

NUcleotides and pl'eCUl'Sol'S 0.4 300 12xl07 200 

Lipids ahd precursol's 2 750 2.5xl07 50 

Other small molecules 02 150 1.)x107 200 

Proteins 15 40.000 106 2000-3000 

Nucleic acids: 

DNA 1 25xl09 1 

RNA 6 

16S l'RNA )00.000 3x104 1 

23S i'RNA 1.000.000 3xW4 1 

tRNA '25.000 4xW) 40 

mRNA 1.000.000 103 1000 

2.1.2. Growth of bacteria 

When a small quantity of living cells is added to a liqUid solution 



of essential nutrients at a suitable temperature and pH .. cells 'will grow. 

Associated \·\Titb cell growUJ, are two otiler processes; uptal~e of some 

material from the cell's environment and release of metabolic end 

products into tile surroundings, 111. The rates of these processes vary 

'.hlidely as grov-ltil occurs. 

The general grov-ltil pattern of bacteria in a batch culture is shown 

in Figure 2.4. Initially, a small number of organisms are inoculated into a 

fixed volume of culture medium, and tile number of viable ()rganisms is 

recorded as a function of tirne. The gro'A11:h pattern based on tile number 

of cells has four more or less dist.inct phases [31. 
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Figure 2.4. Typical bacterial growth curve 
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The lag phase: Represents tile time required for tile organisms t.o adapt 

t.o tl1eir new environment.; the lag phase depends on tile nutrient. 

composition of tile nwdium, on tile size and age of the inoculum. 

The log growth phase During t.his period the cells divide at. a rat.e 

determined by their generation time and tlleir ability to process food. As 

tile amount of rate limiting subst.rate reaches to a minimlUn tlle cell mass 

appf(i3.ches to a tnaximum level. 

,-. 
o 



Stationary phase: At til is phase tile cell mass reaches its maximum 

concentration; some cells divide v/hUe otilers die. Usually dead cells break 

open, and internal components leak out. These components like 

carbohydrates, aminoacids etc. can be used as nutrients by living cells, 

t.hus maintaining the equilibrium betv·Teen gro~Nth and death rates, the 

number of viable cells remains constant. 

The death phase : During this phase the bacteria death rate exceeds the 

production of new cells. The deatil rate is usually a function of tile viable 

population and environmental characteristics. In some cases, the log 

death phase is tile inverse of tile log-growth phase. 

2.1.3. Enumeration of bacteria 

The metilods used to measure biomass are based on various types 

of measu.rements: .mass, volu.me or linear extent, mass of a biomass 

component, mass of substrat.e consumed or product. formed, metabolic 

rates, light scattering, cell and organelle counts (Appendix II), and finally 

. staining methods. 

The factors which influence t.he choice are: (0 tile properties of the 

biomass.. (in tile properties of the culture medium, (iii) tile accuracy 

reqUired, (iv) the sensitivity required, (v) the required speed of 

measu.rement. The metilods vary greatly in their sensitivity, speed and 

accuracy. A comparison of tile sensitivities of the more commonly used 

metilods for bacterial biomass measurement is given in Table 2.2. The 

least. sensitive method is dry weight. measurement and the most sensitive 

is the cell count [41. 



Table 2.2. Comparison of the sensitivities of some methods of 

bacterial biomass estimation 

Metllod 

Dry v.leight 

Biuret protein 

DNA 

Folin -Ciocalteu protein 

Opacity 

Cell count 

Ivlinimum dry mass of bacteria 

required for an estimation wit11 

an error of < 2 % (mg) 

50 
1.0 

1.0 

10- 1 

10- 1 

10-5 

2. 1.4. Significance in Environmental Science 

To assess tile sanitary quality of volater, three major groups of 

microorganisms are used as indicator of bacterial pollution. These are 

coHforms .. fecal coliforms and st.reptococci. For tlle assesment. of potable 

'i.o,lateracceptability .. coliform analysis is tlle mandatory procedure used 

l)}1 most. countries in tlle world. Coliform organisms.. >;Nhile relatively 

harmless t.llemselves .. are generally present in ~Nater containing enteric 

pathogens. Because they are relatively easy to isolate and l)ecause they 

normally survive longer than tile disease:'producing organisms .. coliforms 

are a useful indicator of tile possible presence of enteric patllogenic 

bacteria and viruses. In most cases~ vvater that is free of total coliforms is 

considered free of disease-producing bacteria. 

Microbiologists generally agree that.' the presence of coliform 

bacteria in \l\rater strongly indicates tllat disinfection has not been 



achieved. Lit.evvise, they generally agree that the absence of coliforms 

suggests that disinfection is probably complete but is no guarantee that 

pathogens are not present in tlle >;,Alater. It is generally recognized tl1at 

colifonns can be inactivated more rapidly, and at much lower dosages of 

disinfectants (especially chlorine), than some enteric viruses and 

protozoan cysts. The coliform tests has served the v.,ater industry well for 

many years. Development of procedures using other indicator organisms 

should be pursued vigorously in order to develop a technique for 

monitoring water that are diffi'cult or for use in those instances ·when 

grossly polluted 1Naters must be used as a Volater source [5]. 

2.2. Photoelectrochemical reactions 

2.2.1. Photochemistry 

Photochemistry is the chemical change that rnay be brought about 

by the absorption of light. The possible behavior of a photochemically 

excited molecule are as follows: [6J 

A+ h,o-...... A* 

A + h1J (emission) 

~A + heat (radiationless decay) 

~
c * (change of excite<l. state) 

B* + A (energy transferf 

chemical reaction 

The long >;Na1,1elength limit is approximately in the near infrared 

(~2000 nm) and tlle region of interest extends into tlle vacuum ultra­

violet and is limited normally at the v.lavelength v·,here radiation becomes 

appreciably "penetrating x-rays" [71. 

The conversion of light to electrical or- chemical energy results 

from light in the visible region acting as an electron pump. The 

11 



absorption of a photon by an atom or molecule brings, an electron from a 

lov.,1er orbital to a higher one (Figure 2.sA). 

T 
Eg 

--t4--t+ Electrons 

hv~Eg 

-H-
Ground State 

Figure 2.s ... A.. 

Excited Electrons 

Electrons 

-l­
+t­
+t-

Excited State 

Conduction 
Band 

r 

r 
Valence 
Band 

Figure 2.s.B 

e 

• 

Figure 2.sA. Electronic orbitals and light absorption in an atom or 

molecule 

Figure 2.s.B. Semiconductor bands and electron hole pair formation on 

light absorption. 

The wavelength of light that causes such a tnmsition is that witll 

an energy equal to or greater than the difference in energies of tlle two 

orbitals, EG. On the other hand in a semiconductor the result of photon 

absorpti()fi is an electron-hole pair (e-h+) formed by this intramolecular 

pumping in species, S. This produces an excited stat~. denoted $* If the e-

11+ pair can be separated so ttlat the e- flov.,1s to a suitable acceptor 

species, A, or an electron from suit3.ble donor, D, fills h+. 

S* + D --1- $- + D+ 

The light energy has l)een stored, in this way. as a redox chemical energy. 

Ho~.·\Tevef excited states are very short lived and the e-h+ pairs frequently 

12 



recombine very quic1{.ly vvith tile captured light energy degraded to heat 

or, sometimes ~Nitll tlle emission of a photon .. as in phosphorescence. To 

utilize the light in a form other than heat, one must achieve separation of 

the e-h+ pair before recombination [81. 

Light absorption occurs in a similar way in a semiconductor 

(Figure 2.5.B). In semiconductors the orbitals are merged into a nearly 

Hlled valence band and a nearly vacant conduction band separated by the 

energy gap, EG. VoJhen a semicorductor is immersed in a solution, charge 

transfer occurs at the interface because of the difference in the tendency 

of the two phases to gain or lose electrons. TIle net result is the formation 

of an electrical field at the surface of the semiconductor to a depth of 5 to 

200 nanometers. The direction of this electric field depends on the 

relati~le electron affinities of the semiconductor and solution. 

2.2.2. Semiconductors: 

A semiconductor is a material having an electrical conductivity 

intennediat.e l)et.ween t.hat. of metals and insulators. Some of tile elect.rons 

in electrical conductors such as metals are relatively mobile, ~,o\lhereas in 

nonmetals or insulators tile electrons are much less mobile, and larger 

amounts of energy must. be expended in order to induce these electrons 

to mov'e to another location in the substance. 

The electrons in the outer principal energy level of a solid material 

can be considered to be locat.ed in the valence band or valence energy 

level. When t.he electrons gain sufHcient energy to become mobile enough 

to move to another location and retain that mobility, then tllese electrons 

can be considered to be in tlle conduction band or conduction energy 

level. The energy difference between the ~lalence band and tile 

conduction band is kno"\o~l as band gap (Figure 2.5.B). In tile conductor­

type ma~erials, /tllere is a relatively small gap, therefore electrons gain 

small amounts of energy necessary to move int.o the conduction band and 

13 



tllereby t.o become mobile. In nonconductors, ,;,..-,hich can be forced to 

conduct electric currents at relatively higher voltages, t.his energy 

difference betv-Teen the valence and con(juction bands is much greater. i"~ 

group of substances, l~novm as semiconductors; have band gaps that are 

intermediate between those of conduct.ors and those of nonconductors 

[9]. Table 2.3. list the values of El)g and }'bg for several semiconductors in 

photoelectrochemistry. 

Semiconcluctors are c1assifie(l as extrinSic and intrinsic (Figure 2.6.) 

SerIlicond uctors 

/ 
Intrinsic 

(pure) 

Extrinsic 

(impure) 

/ " n -type p-type 

Figure 2.6. Classification of semiconductors 

TI10 intrinsic semicon<luctor has a complete octet of electrons 

around the central atom. The p-type impurity provides a vacancy or 

positive hole, \tyThere an electron could fit to form a neutral volume. An n­

type impurity has an e}.i:ra, more mobile electron, used for the l)onding of 

tlle central atom in tlie crystal lattice. 

For an n -type semiconductor T,Nhen light. is absorbed at the 

interface, the electron mO>;les toward the bulk of tlle semiconductor and 

the hole moves t:)v.Jard the surface. If the solution contat!lS an electron 

donor species, T,Nhich has an energy level above that of photogenerated 
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hole at the surface the electron transfer reaction occur. Thus 

photogenerated holes produced at the n -type semiconductor may cause 

oxidation of the semiconductor surface [8J. 

Ti02 is an n-type semiconductor, and it is tile presence of the 

physical defects tilat causes semiconductivity of the oxide to appear. 

These imperfections introduce quantum levels in the energy gap between 

the valence and conduction l)and Hlges [ 101. 

Table 2.3. Bandgap Energy and )<bg for semiconductors important 

to photoe1ectrochemistry 

Semiconductor 

Sn02 

Ti02 (anatase) 

TiO? (rutile) ... 
CdS 

Gap 

Gas 

Inp 

Si 

Bandgap Energy 

(eV) 

~5 J. 

3.2 

3.0 

2.4 

2·3 
1.4 

1.3 
1.1 

lbg 

(nm) 

350 

.390 

410 

520 

540 

890 

950 

1130 

The anatase type of Ti02 has a band gap energy of .3.2eV >;Nhich 

corresponds to a 1plavelengtll of 390 nm Anatase absorption is given in 

Figure 2.7. 
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Figure 2.7. Anatase absorption 

Wav~lengtll <400 nm is necessary to produce the reactions 

considered. 

2.2.3. Titanium Dioxide (Ti02): A photosensitive Semiconductor 

Titanium dioxide has three different crystal structures: rutile, 

anatase, and brookite. Rutile crystals are tetragonal, anatase crystals are 

slender tetragonal prisms and brookite crystals are fat ortllorhombic 

plates. Pure titanium dioxide is volhite or colorless; impurities (iron, 

niobium,' chromium .. tantalium and vanadium) sometimes cause it to be 

yellow, red, brovoffi, or blact. The anatase and brookite forms change to 

the rutile form when they are heated to approximately 800°C. The rutile 

form melts between l830°C and 1 850°C. It is difficult to get titanium 

dioxide to dissolve or react. In the few situations where titanium dioxide 

does react, the product is usually a complex oxide. Titanium dioxide is not 

only relatively inert ch~mically, but also it is relatively inert 

physiologically. All three forms of titanium, dioxide have very high 

refractive indices and are moderately hard and dense. Because iu 
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refractive index is so much higher than that of other materjal~, n~!rt·· ... ,,~ 

v.Jhich contain small titanium dioxide partic1~ reflect almost aU light and 

are opaque r II}. Table 2.4. shows some propertles of tile three crystal 

structures. 

Table 2.4. Some properties of the different crystal structures 

Crystal structure Refractive Density Hardness 

index g/cm3 Moh"s scale 

Rutile 2.7 4.26 5.5 - 6.0 

Anatase 2.5 3.84 5.5 - 6.0 

Brookite 2.6 4.17 6.0 - 6.5 

Titanium diOxide, a pure ~Nhite compound having high reilectivity 

is ideal for use in vv''hite paints, enamels and lacquers, and can be used in 

(:onJunction with other pigment compounds in colof(~(l paints. It is also 

used in pigments for rubber, paper, oilcloth, leather, textiles, inks, 

.:::eramics and Hoor coverings r 12 J. Another property of Ti02 arouse 

mtl?rest v.,hen in the 1950's Renz showed that Ti02 becomes markecUy 

photosensitive in the presence of certain organic liquids and reducing 

solutions, particularly glycerol [13J. Since tilen, tlle ability of Ti02 to 

mediate pllotoelectrocllemical reactions in solutic·n has been explored. 

Ivlany aspects oi the photo electrochemistry of the oxide have been 

investigated v·lith the main interest focused on the establishement of 

(harge transfer mechanisms, the clevelopment of radiant energy 

(:on~lerters to tlle electrical and/or chemical energy .. and the development 

of functional devices. 

if 
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2.3. Disinfection 

Disinfection refers t.o tile selective destruction of disease-causing 

organism. All the organisms are not destroyed during the processes. This 

clifferentiates disinfection from sterilization, -.:l'll1ich is tile destruction of 

all organisms [31 Disinfection is commonly accomplished by tile use of 

chemical agents,physical agents mechanical means and radiation. 

2.3.1. Chemical agents used,for disinfection purpose 

Cllemical agents include chlorine and its compounds, bromine, 

iodine, ozone, phenol and phenOlic compounds, alcohols, heavy metals, 

quaternary ammonium compounds, hydrogen peroxide, various alkalis 

and acids. 

Water disinfection generally involves tIle use of chlorine. Besides 

disinfection, otiler benefits can result such as color removal, correction of 

tastes and odors, and the suppression of unvvanted biological gro\loJt!ls 

( 141. 

Chlorine is usually added to V'later as an aqueous chlorine solUtion 

by using chlorine gas that. hydrolyzes in ammonia-free ~Nater to form 

hypochlorous acid and the hypochlorite ion. The hypochlorite and 

hypochlorous ion concentrations in 'water are reported collectively as the 

free chlorine residual. Chloramines are those chlorine species formed by 

the reaction of hypochlorous acid and ammonia in v.ro.ter, and they are not 

as effective relati~le t.o the free chlorine as a biocide for tile 

microorganisms normally found in v.ro.ter. The reaction of free chlorine 

v·litil many organics produces THMs, and the imp1ica~onof this problem 

has focused considerable attention on advantages and disadvantages of 

using free chlorine as a water disinfectant and has initiated an intense 

eifort ~ evalua,te other agents as water disinfectants [51. . 
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Chlorine Will continue to l)e tlle primary Vol3.wr diSinfectant for at 

least tlle next decade, but chlorination is a continuously improving 

technology and is being practiced more 'Yvide1y to provide an even more 

reliable and effective disiniection process. 

Bromine and iodine are used for swimming pool Vol3.ter but have 

not been used for treated wastevvater [3]. 

Ozone, a strong oxidizing agent that has similar bactericidal 

properties to chlorine has been found to be equal or superior to chlorine 

in its viricidal effects (5]. Ozone forms no kno\lm-by products that may be 

of significance to human health v-Then used as a primary disinfectant and 

may result in the use of less residual disinfectant when a second 

(lisinfectant is employed. For many treatment plants, ozonation is used in 

conjunction willi the pure-oxygen activated-sludge process which 

appears to be the most economical alternative for disiniection or in 

coml)ination v-lith a catalyst such as ultraviolet light. 

Wolfe et a1 [15] reported on the relative efficiency of a variety of 

disinfectants. For common indicator organisms, tlley found chlorine to be 

most effecti~le iolloTNed by ozone, peroxoneJ and chloramines. This in 

contrast \hlith many studies that have found ozone to be more effective 

than chlorine [ 161. 

2-3-2- Mechanical means used for disinfection purpose 

Bacteria and ollier organisms are also removed by mechanical 

means during >;Nater treatment. The removals are a by product of the 

primary function of the processes. Coarse screen, fine screen, grit 

(;hambers are some mechanical treatment processes [31. 
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2-3-3- Radiation used for disinfection purpose 

Ultraviolet radiation has been applied with some success to air and 

T·Nater sterilization. However, the poor penetration of the rays is a limiting 

factor [171. Ivlaterial to be sterilized must be passed over a surface of a 

suitable lamp in thin layers if the treatment is to be effective. UV units 

are recommended ""hen chlorination is to be avoided. Water UV systems 

have been shovm to kill coliforms, three types of polio viruses, several 

types of ECHO virus, coxsockie viruses and some reoviruses. 

The inactivation of bacteria by UV radiation results primarily from 

the absorption of the radiation by the DNA of microorganisms [18]. The 

germicidal effect of UV radiation is greatest in the far u.1tra~liolet (190-

300nm) v.lavelength range [191. In experiments on ultraviolet killing of 

Et';.")ji! certain suspensions, although treated in the same manner as 

others, where observed to exhibit a lower incidence of mutation or death. 

Further investigations sho~qed that the length of exposure to ~lisible light 

to which the suspensions were subjected after UV exposure but prior to 

tlleir placement in tile dark incubators correlated well with tile decrease 

in mutation or kill efficiency. This ph..:)b..?.r~1ctjY·L1tjon ';Nas found to be 

caused by an enzyme active in tile presence of visible light <540-420nm) 

but not in a dark environment. A1fJ.: f~1':iif'{1tj(JJ} may also occur by a 

mechanism that appears to be quite different from photoreactivation. To 

avoid a'.:1fJ.: f~1 .. '":tjvL1tJim , the irradiated suspension must be stored cold or 

in an inadequate growth medium prior to the completion of the 

experirnent [ 171. 

2-3.4- Physical agents used for disinfection purpose 

Physical disinfectants that can be used are heat and light. Heating 

vvat.er to the boiling point, ~.vi1l destroy the major disease-producing non­

spore forming·bacteria. Heat is commonly used in the beverage and dairy 
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industry, but it is not a feasible means of disinfecting large quantities of 

'Waste 'Water because of the hight cost. However, pasteurization of sludge 

is used extensi'llely in Europe (31. 

2-3-5- Light Source as a Physical Agent for Disinfection 

Ionizing electromagnetic radiation include alpha, beta~ gamma, and 

i{-rays, cathode rays and high -energy protons and neutrons. On absorbing 

such radiation, an atom emits. high-energy electrons, thus ionizing its 

molecule. The eiec~d electron is absorbed by another atom, creating a 

chain of ionizations, or an ionization path, in the irradiated substance. 

Illis activity excites chemical groups in the microbial cell, causing the 

procluction of highly reactive, short-lived chemical radicals. Such radicals 

may alter chemical groups in DNA or actually break DNA strands causing 

the death of the cell [171. 

2 A_ Photocatalytic sterilization of microbial cells 

2 _ 4_1_ Photochemical reactions important in environmental 

sciences 

}v'letal semiconductor (Ti02, 2nO, Cds, W03 and Sn02) have been 

utilize(l~.·\1idely in photocatalytic processes for the degradation of 

environmental contaminants via light-induced redox-reactions at the 

semiconductor /solution interface. The oxidation of carbon monoxide (CO 

to carbon dioxide (C02) the oxidation of cyanide (CN-); the oxidation of 

sulfide (S03-2); and the decarboxylation of acetic, proponic, and butyriC 

adds have been investigated before 1980 (20.21,22,23.24,25). Other 

processes mentioned include chloride transfer to ethane from carbon 

tebrach10ride (CC14). fluorotrichloromethane. (CFC13), and difluorodi­

chlorom~thane! (CF2 C12) and dechlorination of CF2 C12 and CFC13 on 

illumination zinc oxide (26,27). A report in 1976 noted the release of 
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chloride ion upon illumination of Ti02, in the presence of chlorinated· 

biphenyls [281. Ollis (1985) investigated the degradation of chloro­

metbanes an(i bromomethanes, cbloroet1lanes, chloroetilylenes and 

bromoethylenes, ch10rol)enzene, and chloroacetic acid in dilute aqueous 

solutions [29]. Matthews 09(6) investigated the decomposition of 

chlorobenzene, benzoic acid and 4-ch1orophenol [30]. 

2.4.2. Photochemical sterilization studies 

Onoda et a1. .: 198&) investigated the photocatalytic bactericidal 

effect of powdered Ti02 on stf~pl:t'fl.:> .. ?t'>..':llS J1Jllt..!fDS by which dental caries 

seems to be caused. A definite amount of culture ~Nas diluted ~/\fith the 

physiological salt solution and directed to the photocatalytic experiment. 

Two types of fluorescent lamps (FL 20S. BL and FL20SS. W-F/18, Toshiba 

Corporation) were u.sed and the solution was set 5 cm apart from the light 

source. It V·laS emphasized in these results that the irradiated Ti02 

powder had the bacteridda1 effect on S. Dlllt..!fDS and also this effect Tv\1aS 

more prominent in near ultraviolet radiation than in visible ra(iiation. 

The time required for bactericidal effect "Was dependent on the tind of 

Ti02. There VJas no bactericidal effect of Ti02 in the dark. The superiority 

(>f anatase TiO? in a photo-catalytic bactericidal effect can l)e attribu.ted 

to their different band gap energy; 3.2 eV and 3.0 eV for anatase and 

rutile respectively. The optimum concentration range of Ti02 compared 

v~1ith rutile Ti02 po\.\fders for the bactericidal effect were bet\o\1een 0.01 

and O.l\/olt % [311. 

Matsunaga et at (1988) investigated the photochemical steriliza­

tion system in ~Nhich E.9,."JJ~fjC!Ji..!f [i')jj T,Nere sterilized v·lith 

photosemiconductor powders (Ti02). Microbial cells V·lere killed 

photoelectrochemically T, .... ,itil Ti02 powders. CoA in tile whole cells was 

photoelectrocllemica.1y oxidized and, as a result, tile respiration of cells 

was inhipited [32]. 
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Previously it has been reported by the present author's group that 

microbial cells are electrochemically oxidized on a graphite electrode and 

that the electron transfer between microbial cells and the electrode is 

mediated by intracellular CoA [33, 341. Electrochemical oxidation of 

microbial cells resulted in a decrease of respiratory activity and in cell 

death when a constant potential ,,"laS applied to cells of S.cerevisae 

attached to the elctrode surface [351. Therefore the electrode system was 

applicable to sterilization of microbial cells in suspension. 

Matsunaga et a1.[361 were also reported tllat differences in the 

peak potentials may be used to classify some microbial cells. When the 

potential of the graphite electrode ~JaS run in the range of ° to 1.0 versus 

saturated calomel electrode (SCE), gram positive bacteria gave peak 

currents at 0.65 to 0.69 V versus the S.C.E. The peak potentials of gram­

negative bacteria were 0.70-0.74 versus the S.C.E. It was found that the 

peak currents result from the electrochemical oxidation of coenzyme A in 

the cell of E~';/JeI.k:fJk~ t':i')ji and l .. ~h'":tt').b..!fdjjlls .. !fddop.IJijllS . 

l'Jatsunaga et a1. (1933) constructed a continous-sterilization 

system consisting of a Ti02 immobilized acetylcellulose membrane 

reactor, a mercury lamp, and a masterflex lamp. i-.. s a result under 

~larious sterilization conditions examined, Fei?j} (102 cells/mt) ~Nas 

sterilized to < 1% sun rival when the cell.suspension flowed in this system 

at a mean residence time of 16.0 minutes under irradiation (1.0x1021 

quanta 1m 2 .sec.). They have found that the system VolaS reusable [371. 

In ttle case of sterilization by Ti02 powders the materials used 

~Nere: Titanium dioxide (Aerosil P.25 anatase type); nutrient broth 

containing 1 g. of beef extract, 1 g. of peptone, 0.5 g. of sodium chloride in 

100 mL of deionized water. 



Cells of E..~':lJef1{';.lJja {-;"')jj ~l-lere grown under aerobic conditions at 

37°C for 12 hrs. in 100 mL of nutrient broth (pH 7.2). The cell 

concentrations T,Nere determined with a hemacytometer. The 10 mg of 

Ti02 Vlere suspende9 in sterilized water. The suspended cells were added 

to ttle solution containing Ti02 powders. The reaction vessel \AlaS 

illuminated V>lith a mercury lamp (HF lOOx) at a light intenSity of 

6.6x 1 020 quanta/m 2 .sec. The light intenSity was measured in the center 

of tile vessel surface ~Nith a radiometer and corrected for the adsorption 

of UV radiation by the glass. 

The number of viable cells in the solution \AlaS determined by 

plating suitably diluted samples and then counting the colonies v.mich 

appeared on the nutrient broth agar plate after 24 h of incubation at 

37°C. 

Under illumination, the number of viable cells decreased 

gradually, and sterilization VY'aS complete after 60 min. On the other hand 

a decrease in viable cell numbers "v'laS not observed under light 

irradiation v.,hen semiconductor powders V-lere absent. Sterilization of 

E(i?/j V-laS carried out at various concentrations (102, 103, 104 and 105 

cells per mL). Witil a mercury lamp at a light intenSity of 6.6x1020 

quanta/m 2.s 102 cells/ml and 103 cells/ml V-lere completel~l sterilized in 

30 minutes whereas cells of concentration of 104 and 105 (cells/mL) the 

surviving ratio increased with an increase in the initial cell concentration. 

2.4.3. Theoretical basis of photochemical sterilization 

The mechanism of sterilization by Ti02 powders "v'laS explained by 

Matsunaga and coworl{ers [32, 33, 37J A brief outline of their findings 

'will be presented here. 

It has been shown in the recent years by the present authors that 
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CoA mediates an electron transfer betvleen cells and an electrode. Vilhen 

~Nhole cells of J'.t~1i5'vjSJ~1e ":Nere electxochemically sterilized with 

graphite electrode the CoA content. decreased in the cell. The CoA cont.ent. 

of tile cell V-las mea$ured enzymically by phosphotransacetylase after tile 

cells voJere sonicated. The CoA content. of J'.t~fevjzjae decreased from ~,6 

nmoL/I08 cells to 1 nmol/100 cells 'where as 21 nmol/100 cells of CoA 

were retained ~Nhen cells were incubated Witilout semiconductor powders 

under light irradiation. The respiratory activity of the cell ~NaS also 

measured by an oxygen electrode. When cells ,\·\1ere incubated wit11 

Ti02/Pt particles under the some conditions, the respiratory activity 

decreased to 42% of the initial respiration rate. These facts suggest that. 

oxidation of CoA in the whole cells resulted in both inhibition of 

respiration and death of cells. However, destruction of cell v-Jall by 

photosemiconductor particles has not been observed by either light or 

electron microscopy. When the Ti02/Pt. particles were separated from 

v·lhole (ell suspensions of J'.CefevjSJ~~e by a dialysis membrane to 

prevent direct contact between cells and electrode, both the respiratory 

activity and viability of cells did not decrease. 

Therefore .. tile loss of respiratory activit.y and viability seems to be 

due to a direct oxidation of the microbial cell. 

Yeast, Gram -positive bacteria, Gram -negative bacteria, green algae 

are also oxidized -.;,qith the same manner, having different (ell wall 

composition. i'Jos a result \larious microorganisms can be blled ~Nith 

semiconductor powders. 

?t;: : 
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I I I . EXPERIMENTAL 

3·1. li.C()jl Cultivation and Enumeration Methods 

3. L L Materials 

Microorganisms: E..r,>.':/J~fk:lJ.i..1 (;.:4j strain HB 10 1 >;,qas provided from 

Biology Department. Bogazi<;i University. 

Semiconductor Powder: Ti02' poV'.rders (anatase type) which has a BET 

surface area of 50n/ g -1 and an average particle size of 30 nm was 

provided from Degu.ssa (P25 grade) 

Medium: lllfi .. 9 .B>.~ft..1ni LB medium; . 

Tryptone (Difco) 10 g. 

Yeast eAtract (Difco) 5 g. 

NaCl (M:erck) 10 g. 

were added to one liter of deionized and distilled water 

Sterile saline solution: 0.85% NaC1 in distilled >;,qater 

Phosphate buffer solution: O.11v1. KH2P04 and O.lM. K2HP04 solutions 

V.,Tere mixed to reach a final pH of 7.0. 

Sterilized water TJnch10rinated raw \\1ater was provided from ISKI, 

Bl1yl1kGekmece Water Treatment Plant and sterilized at the autoclave for 

15 minutes at 121°C. 

All glassvmre V.,Tere cleaned thoroughly with a detergent and 

rinsed with hot vlater to remove all traces of residua1.vlashing compound. 

They were sterilized at 170°C for two hours. Pipetman tips were \·\1asl1ed 

then sterilized at the autoclave at 121°C for 15 minutes. Salinated water, 
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LB medium, phosphate buffer are autoclaved at 121°C for 15 minutes 

[39]. 

LB medium supplemented Vvith 15-20 g./L of Agar (Difco) V·laS 

used to prepare petri dishes containing solid medium which were used 

for colony counting to determine viable cell number. Sterilized LB agar 

were poured into petridishes (~ 35mL) then they were incubated at 370( 

for one day in order to evaporate the water on the surface of the solid 

agar and to eliminate those contaminated. 

The strains of .Et':,,)Jj were l{ept in glycerOl solution at -70°C. To 

prepare master plate, frozen glycerol cultures were cloned tVv'ice by 

streaking on LB agar plates then incubated at 37°C for overnight. One 

isolated colon}7 ':Nas removed from the master plate to prepare sub-plate 

over TY\lhich many ~Nell isolated colonies were obtained to use in 

experiment.Streaking technique is given in Appendix.I [391. 

3.1.2. Growth of the bacterial culture 

For the inoculation, one isolated colony vvas removed by the loop 

from the masterplate and transferred in 25 mL of sterilized LB medium. 

Experiments were done in 100 mL erlenmeyer flasks Vvith 25 mL 

of culture medium. The flask were prepared and incubated overnight in 

shating -"<Alater bath (NUVE BM 10 I) thermostated at 37°C. Shaking 

provided the necessary oxygen transfer into the medium. All the 

materials were sterilized before. The flasks were made of glass resistant 

to sterilization heat. Cotton plugs were placed on top of the erlenmeyer 

flasks to prevent contamination and to filter the air entering the flask. 
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1. Thermostat 

2. Erlenmeyer ilasks 

3. Shaker 

4. Water bath 
4 

Figure 3.1. Experimental set-up for tile grO\\1tll of bacteria 

i~.Jter tile incubation each f1asl~ contained approximately Ix 1 010 

cells/mL The appropriate dilutions are sho>;"m below. 

3.1.3. Determination of the cell number 

For the determination of the cell concentrations, appropriate 

(serial) dilutions v/ere made according to the following procedure. 

dilution approximate 

factor concentration 

10 ~lL i·J. + 990 ~lL SW = 1000 ~lL Epp 1 10-2 lOOcells/mL 

10 ~lL Epp i + 990 J.lL S"'N = 1 000 J.lL Epp2 10-4 106cells/mL 

10 J.lL Epp2 + 990 JlL SW = 1000 J.tL Epp 3 10-6 104cells /mL 

100 J.lL Epp3 + 990 J.tL SW = 1000 J.tL Epp4 10-7 ? 
10.Jcells/mL 

100 JlL Epp4 + 990 J.tL S"'N = 1 000 J.tL EppS 10-0 102cells/mL 

. Free Cel1 culture = A Eppendorf tubes = Epp 

Salinated vvat.er = S"'N 
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For determination of viable cell number, the culture aliquots V·lere 

serially diluted by the ratio I: 100 and then l: lOin sterile saline (0.05%); 

50~lL of appropriate dilu.tions .... hJere spreac! on duplicate LB agar plates .. 

and incubated overt).igllt at .37°C. Colonies \hJere counted by u.sing Quebec 

colony counter. The number of viable cells per mL VJas then calculated 

from the average number of colonies counted on duplicate plates .. after 

correction l)y tlle dilution factor. More details about spreading technique 

are given in Appendix I. 

The counts ~l-lere conformed to a Poisson distribution [4]. If n is the 

number of organisms counted, tlle standard deviation is given by cr=n 1/2 

and the 95 % confidence limits are taken to be n±2cr, 

3-2 _ Photocatalytic reactions 

3-2_1- Photocatalytic light sources 

lvlany types of light sources are available for tlle initiation of 

photochemical reactions. The most-important. parameters for the selection 

·:)f a particular light are: 

1. The \.\7(lvelength of the light. and the intenSity should be 

sufficient to induce a reaction in a reasonable time (15min-

10llr). Tlle intenSity should l)e, around 1018 quanta/ 
') 

sec.cm". 

2. The light intenSity should be stable during tlle photolysis [411. 

Black light fluorescent lamps and medium pressure mercury lamp 

Vlere used for tile experimental set-ups. 
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Light source used in Experimental set up I: Three 0 watts commer­

cial blac1~ light tubular fluorescent lamps (3xo",,.1 Phillips TL) were used 

and the system was irradiated from the bottom. 

Light source used in Experimental set up II: lx125 Tungsram HgV 

blac1~ light source lamp ~.qaS used and the system ~Nas irradiated from one 

side. 

The emission spectrum ~f a typical black "light fluorescent lamp is 

gi~len in (Figure 3.2.) [401. Blacl{. light lamps emit predominantly 320-440 

nm light, v·lith virtually no emission below 300 or above 500 nm. The 

inside ~Nall of the lamp is coated with a Huorescent substance which emits 

in a broad band around 365 nm .. and does not allo'w the short UV to pass 

through. They have continuous spectra and kno,",m as low-pressure 

mercury arc. 

By comparing figures 2.7 and 3.2 it can l)e seen that tlle lamp 

emits in the region of maximum absorption of the catalyst. Actinometric 

measurement of light intensity is e:iven in later section. 
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Figure 3.2. Emission spectrum of black light fluorescent lamps. 



Light source used in Experimental Set-up I I I: An optical l)ench 

containing the light source, the lens and a filter (U2G) ~A1aS used. The light 

is absorbed from tile top willi a mirror interposed at 45°. The excitation 

source is 250 W medium pressure mercury lamp. The relative energy 

distribution of a medium pressure lamp is given in Figure .3..3. As can be 

seen from the figure the light source is a line spectra, consists of high 

energy at definite voJave1ength separated by intervals in which no energy 

appears [4 11. 
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Figure 3.3. Spectral intensity distribution of medium pressure 

mercury lamp 

3-2 _2 _ Actinometric measurements 

Light.-source intenSity is measured by chemical actinometer. 

Chemical actinometers are photochemical reactions that have been 

calibrated directly or indirectly by relation to a known heat flux [41]. 

Many chemical actinometers are knovvn in tile liquid phase. The most 

important pararneters that must be fulfilled are: stability, concentration 
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temperature independancy and quantum efficiency. Potassium 

ferrioxalate actinometer having ':Nave1ength range of 250-570nm is 

accepted as the most suitable liquid phase chemical actinometer 

developed by Parl[e~ and Hatchard. 

The mechanism of the potassium ferrioxalate actinometer is the 

reduction of ferric ions to the ferrous state. The potassiU1n ferrio:xalate 

solution Vlith sulphuric acid is irradiated Vlithin the above wavelength 

range, the Fe+ 3 ions are reduced to Fe+2 ions, and the formed Fe+2 ions 

form a red colored complex when reacted with phenanthroline reagent. 

This red colored has an absorption maximum at 510 nm. The reaction can 

be e~'Pressed as fo11o\%: 

) 

The quantum yield that is determined according to the above 

reaction has small dependence on reactant and product concentrations, 

intensity of the incident light and temperature. 

Preparation of the actinometer solution (42) 

Potassium Ferrioxalate solution: Pure K3Fe(C204)3.3H20 was prepared by 

mixing 1 volume clf 1.5 M ferric chloride with 3 volumes of 15M 

potassium oxalate solution. Potassium ferrioxalate precipitated and the 

precipitated had to be crystallized and dried in a current of warm air at 

4YC. The pure green crystals of potassium ferrioxa1ate could be stored in 

the darl[ for a long time. 0.006M solution was prepared by dissolving 

2.947 g of solid in 800 mL of H20 and 100 mL 1.0 M H2S04 were added 

and the solution was (iiluted to 1 L with H20 and mixed.The preparation 

of potassium ferrioxalat.e solution must. be carried Ol~t. in the absence of 

actinometrically active light. 
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1.10 Phenanthroline monohydrate solution: 

0.1 % by weight 1.10 phenanthroline monohydrate solution was prepared 

by dissolving 0.1 g. solid in ':Naoor. 

Buffer solution 

Buffer solution was prepared by mixing 600 mL of 1 N sodium acetate 

Tmth 360 mL of 1 N H2S04 and diluted to IL with distilled water. 

Procedure for actinometry (42] 

Identical conditions were set up for the actinometric 

measurements. 40 mL of ferrioxalate solution ""Here irradiated for each 

light source for 30 minutes. After irradiation and mi~ting well, an aliquot 

volume of 2 mL(V 1) was taken into 50 mL (V 3) volumetric flasl{ and 1 

mL 1.10 phenanthroline solution and 1 mL of buffer .solution were added. 

The iinal volume was adjusted with distilled water. A blank solution "laS 

prepared ill the same way except that it was not irradiated. Both solutions 

T,/\lere kept in the dark (about 30 minutes) until full color development 

v"as achieved. 

The absorbance of tlle samples VlaS measured at 510 11m with the 

spectrophotometer (varian supercan 3). The absorbance of this solution is 

a measure of tlle quantity of light absorbed by the actinometer. 

3.2.3. Experimental sets 

Experimental Set-up I.: Experimental setup 1 was consisted of 3x8 W 

black light fluorescent lamps placed horizontally and parallel to each 

other (Figure 3.4) Ti02 suspensions VlaS prepared by sonicating 5 minutes 

before .Et':..?Jj addition. 100 ml Erlenmeyer flasks were used as a reaction 

T,lessel. Reaction vessel containing certain amount of Ti02 in .E(;'')Jj 

suspension ~JaS placed on top of the lamps providing illumination from 
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Extreme care '\hlaS paid to exclude any actinometricaly activ'e light. during 

experiments. IvHxing ,·vas provided by shalting beiore sampling (every 10 

minutes) in order to prev'ent the Ti02 p()wders to settle down. Standard 

plat.e count were done ior the sampling. 

1. Stand 

2. Mirror 

3. Lamp 

4. Glass stand 

5. Reactor 

Figure 3.4. Experimental Set-up I. 

Experimental Set-up I I _ Experimental Set-up I I v.,as consisted oi one 

Tungsram HgV 125 Naclt light source lamp. 50 ml glass beaters were 

used as a reaction vessel. Reaction vessel containing sonicated Ti02 

powders in E(:;:>.H suspension was illuminated from one side (Figure 3.5). 

M:t~jng 'was provided 1);7 a magnetic stirrer. E1.'treme care V-laS paid to 

exclude any actinometrically active light during experiments. At spediic 

time intervals (each 10 min) sample aliquots were talten and standard 

plate counts ~.qere carried out. 

4 

? 
.,) 

2 

Figure 3.5. Experimental Set-up I I 

1. Adjustable stands 

2. Magnetic stirrer 

3. Reactol' 

4. Lamp 

5. Concave mirrOl' 

6. Metallic box 
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1 

Experimental Set-up II L Experimental Set-up II I was 

consisted of one medium pressure mercury lamp having the same 

conditions of experimental setup II. (Figure 3.6) 

3 2 

... .-.. ... _- ... -_ ..... ---------

1. bench 5. magnetic stirrer 

2. lens 6. reactor 

3. light source 7. mirror 

4. filter 

----~ .. 

6-

5 -

I 
I 
I 
I 

I 
i 

Figure 3.6. Experimental Set-up I I I 
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IV _ RESULTS AND DI SCUSSION 

4_1_ Results Obtained from Experimental Set-up 1_ 

Reaction conditions: Light source 3x& vIr Phillips TL 

Reaction lnixture : Ti02 concentration : 501ng Ti02 

E(:i').li concentration: 1.0x 1 03 cell/lnL 

in 4 Om L sterilized ra\AJ ..... \later 

Duration : 60 min 

Rea.ctions ~.'\7ere carried out under illumination~ in darl{. and in 

the absence of Ti02 pov"ders. The results obta-ined under the above 

conditions are plotted on a senlilog paper (Figure 4.1.) 

~ 104~~~~~~~~~~~~~+-~~ 
.......... 
en 

o 

o 

" " 

Reaction III dark with tri02 1 , 1 

1 1 1 1 1 \1 
iReactio~ in light withqut TiO~ , 

1 0 20 30 40 50 
Time(min) 

60 70 

Fi~(ur,::. 4.1.Tinle course of viable cell concentrations in c· .... 

Experhnental Set-up I ..... \litll 50 lug Ti02 

concentration ~l.Jithout . Ti02~ and V ... 1tllout 

illulnination in 40 nlL sterilized raV-1 v ... Tater. 
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Figure 4.1. ShO~,h1S the decreasing behavior of viable cell count 

under irradiation -';N"ith the .3xo -r,H Phillips TL latllpS. The time 

required for bact.ericidal effect. '="laS found t.o be approximately 60 

l11inutes. 

By a control experiment .. it can be conduded that there is about. 

no bactericidal effect «2 %) of Ti02 in the dark; (Figure 4.1. line D), 

and the percentage of viable cell counts in the absence of 

sellliconductor po'= .. v"ders ~..,.as'observed to be <.3%; (Figure 4.1. line C). 

The nUl111)er of -';1iable cells decreased gra(.lually after "a 

shoulder effect" of about 10 l11inutes. Since in all the experirnents 

young .E..Cedi cultures were used, at tllis stage the .E.{;.')ji cells V,lere in 

a state of t'=NO about-to-divide into four. The presence of a shouJder 

. can also be e1.TAained by the prominent eifect of visible radiation 

radiations than in near ultra':liolet radiations [31]. The ernission 

spectrum of blade. light lanlp is Sllo'= .. vn in Figure .3.2. The shoulder 

observed in Figure 4.1 Illay be explained by the 1arnp output data; 

since in ':A13selengtlls longer Ulan 400 nnl less than 30% of the 

relative energy is available. 

No shoulder effect. '= .. \laS observed in the Volort. that. was carried 

out by I'·,..Iatsunaga et at in ':l\1hich an efficient l11ixing of .E.t':t4i 

suspension ':Nas provided V·liUl a rnasterflex pump [37]. Another 

effecti":le factor is that. the light. intensity is I 02 fold greater than 

ex:perilnenUt! set-u.p I. Ivlatsu.naga et at used a light intensity about 

2 .6x 1 0 2 1 quanta/see.l112 
T ... ··lhereas in this Experilnenta1 part I 

1.5xlO 19 quanta/ln2 .see -';,qas used. 

J.Jatsunaga et at reported that under irradiation of 2 .6x 1 0 2 1 

quanta/m2sec the nUl11ber of viable cell,jecrease(l gradually and the 

sterilization V·laS cotllplete after 60 tllinutes \'\1ith initial cell 
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concentration crf l03 cells/1nL and 1 lng Ti02/tnL ra-';N: ,·vater (Table 

4.1.) using a tnercury 1alnp (HF lOOX h",asalti Electric Co.) l3 71. In 

anotl1er v.,orl::. of the authors 20% surviving cells V·laS observed under 

Inetalhalide lalnp irradiation after 60 1l1inutes [32]. Table 4.1. shows 

the lethal effect ()f serniconductor po"wder (Ti02) on EG?1j under 

various conditions. 

Table 4.1. Let.11a1 effect of selniconcluctor pov.,cler (Ti02) on 

£(),.?1j under various conditions. 

.38 

Selniconductor light source Light intensity Tilne Surviving Ref. 

POT ... ··lder (quanta. lIn 2 .sec) (min) 

TiCh/Pt .... Ivletalllalide .... 7"'"<~ 1 021 
~. ~~ 60 

'/'1 
TiO?/Pt. Ivletal halide ? ~ 10~ 120 ~.(X ... 
TiO") Ivlercury ? 6~,.71021 60 ". All. 

.:... 

TiO·) .... BL fluorescent 1.5x1019 60 

larnp 3,x8"'r,"frl 

TiCh 
'"' 

BL fluorescent 4.0x1019 5,0-60 

latnp 125 W 

4.2. Results obtained from Experimental Set-up IL 

Reaction conditions:Light source" Ix 12 5"YV Tungsram Hg"V 

Readion nli}.~ure :Ti02 concentration : 501ng Ti02 

ratio % 

20 

0 

0 

0 

0 

.... 
E(:{)1j concentration: LOx 1 O~ cells/mL 

in 40nlL sterilized raw water 

Duration : 60 Inin 

C)2) 

(??' . .)~ } 

(37) 

Set I 

Set II 



The reaction ~Na.S carried out under illufnination and the cell 

counts 'Volere plotted on a selni-1og paper. The results obtained under 

the abo,:.re conditions are given in Figure 4.2. 
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Figure 4.2. Thne course of v-iab1e cell concentration in 

Experimental Set-up I I ':Nith concentration of 50 mg 

Ti02.1 40 tnL sterilized raVl 'water. 

Figure 4.2. shows the decreasing behav'ior of viable cell count 

under irradiation ':l·lith the 1x 12:) Tungsranl Hg\l l)lac1{. light latnp. 

The tirne require(l for bactericidal effect T,Nas found t() be 

approxinlately betT,.·\leen 50 and 60 rninutes. 

The shoulder efiect Volas observed to be effective for 25 
tninutes. The sarfle argunlellts are also valid for the explanation (:,f 

this effect as given in the previous part 4.1. The main reason lies in 

the intenSity of the light source. The conditions and the result of the 

abov'e rnentioned e}.periment \·\Tel'e also giT,len in Table 4.1. 
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Light irradiance ~/\73.S obser-';led to be 4.0xl019 quanta/n12.sec 

having a contact area of I. Ix 1 0-3 m 2 v.,hereas in Experimental Set 

up I light irradi~.nce V·las observed to be I.S.x 1 0 19 qU.anta/m 2 .sec. 
.... .... 

having a contact area of 3.3x 1 0-·) m ~ . 

The initial concentrations of En,;'11 cells V·las found to be 

effectiT'le on the sterilization time [37]. In this experimental part .. 

initial concentration of El.':{,')jj -';/'laS 102 cellsilnL. lvlatsunaga et 21.1 

reported that under the same conditions except the light intensity 

(6.6xl020 quanta/m2.sec) lo2cells /mL V·laS completely sterilized 

after .30 Ininutes. This situation indicates that initial cell 

(~on(:entration is an effective factor on sterilization time as v.,;rell as the 

light intenSity. 

4-3- Results obtained from Experimental Set-up I I I 

Reaction conditions : One mecUurn pressure rnercury lamp 

Reaction Inixture : Ti02 concentration : 50 Ing TiO? 

E (:"{)jj concentration: 1.0x 1 03 cells.frnL 

in 40 mL sterilized ra,\..., \ht~tef 

Duration : 60 lYlinutes 

Reactions V·Tere carried out under illumination. The results 

obtained under t.he above conditions are given in Figure 4.3. 

As can be seen froln graph (Figure 4.3a) the sterilization vJith 

the tnediufn pressure rnercury lamp having a light intensity of 

;2 .52x 10 1 a qtianta/sec.ln 2 vvas inefficient. (The illumination area 
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,·vas 16 (:tn2). The 'Ha.velength of the light absorbed by the reactant 

should have an intensity larger than 1018 quanta/sec.m 2 [411. In 

tllis case the irr3.cliance 'Nas about the lirniting value ror the 

photochelllical reactions. The filter used in t.he optical bench v.,as 

cutting off radiation shorter than SOBle critical Y.lavelengt.h but 

passing all longer v·lavdength radiation until far out in the inrrared. 

The sarfle experilnent 'was carried out without. the filter. 
.--.. 

~ 1 0 0 0 \I-&..&..I.~..&..I...&..&.+-r-""""''''+a..&..il..l.o..l!-l-l'-'-l-+-'..&..I.~i ..&..I. ......... y 

j 1 0 0 ~ __ --,:....-.em , ··em'e';;mt·~J··;;·m 
ro 
I­.... 
c ! 1 0 ............... : ..................... ! ·····················j······················I········· ..... / ................• 

! 1 ..... , .......... ········,······················1······················1······················!········I········ 

1·~~~~~~~~~~~~~~~T 
o 10 20 30 40 70 

Time(min) 

Figure 4.3a . .Time course oi vial)le cell concentrations in 

Exp.s-ritn.s-ntal set-up I I I T,Nith conc.s-ntration of 50 
rng TiO} /40 tnl st.erilizecl ra ...... ., water. 

~ lR ~ The actinornetric result. Volas about. S.5l)xlO v quanta/sec.m.r:.~ 

A little (titrerence \NaS ol)serv€-cl in the nurnl)er of survived 

organisfLls. Ti02 

wavelength of 

\-\lave-ie-ngUl is 

has 

390 
verv , 

a t)and gap energy 

nnl. The relative 

low a ppro3.cl1ing 

of 3.2eV which is at a 

. energy output at this 

to zero. Therefore no 
t,uctericidal eif€:'ct T"llas obs.s-rved. Figure 4.3b shows the results 
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obtained in the Experimental Set-up I I I using the light source 
T\·V"itllout the filter. 

···········:··········1·······················1······· ................ [ ...................... -1-................ ·····t-········o········f-····················· 
o o 

--Q) 
u 

Q) -.,n 
cIj 

1~--~~~~~~~~~~~~~ 
o 1 0 20 30 70 

.~ 

:> Time(n1in) 

FiQ·ure 4. ·::,b. Tirne course of viable cell concentration in 1-' -_ 

Experimental Set-up I I I v'lithout the filter >; .. vith 

concentration of 50 1Ylg Ti02/40 mL sterilized ra>:.hl 
": .... later. 

. 4.4_ Results obtained from the effect of different Ti02 

concentrations in surviving ratio in experimental 
Set-up 1_ 

Re::1.ction conditions Light source ·::,xo"'oN Phillips TL 

Reaction lnixture : Ti02 concentratjon : 10, 50, 100 lng Ti02 

E(:'~')'/.i concentration: Ix 1 03 cell/mL 

in 40 1nL sterilized raT,N T,/·later 
Duration : 60 lllinutes 
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Photochelnical reactions '=Nith different concentrations of TiO? 
"-' 

\"'lere carried out in 60 nlinutes interval. The sur'=living ratio versus 

tinle is plotted in Figure 4.4. 
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Figure 4.4. Time course of surviving ratio in E:;~erilnental set­

up I v·litl1 10 mg, 50 lng, 100 mg Ti02 concentration 

in 40 mL sterilized ra':,..., v..rater. 

The curves for lO n1g and lOO lng Ti02 were almost tile same 

. having the same shoulder effect and almost the same time for the 

sterilization. Death of lllicroorganisms usually folloVv~ a logaritillnic 

(:1.1.rv8 .. v·.rhich t)ecornes a straight-line graph if tlle logaritllm of viable 

Inicroorganisms is plotted against tinle. Such a curve means tllat a 

constant fraction of the surviving organiSrf!S is being killed per unit 

tillle. Curves of tilis l{.ind never quite reach "zero organisms" [21. For 

e}.'O.nlple if ti1e concentration in a fluid is 100 cells/lnl at tl1e 

beginning and 90% '=ATere l{.illed every ll1illutes, tile probability of 

finding one-tenth of an organism per milliliter after 3 minutes might 

be present. Sterility can ti1us be considered to be tile state where tile 
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probability of finding even a single viable organism in the total 

volume involved is extrernely low. As can be seen frorr! the graph 

(Figure 4.4>. concentrations of lO tng and 100 tng Ti02 (Udn·t reach 

"zero-organisms'" in 60 tninutes time interval. 
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In experitnental set-up I 50 rng Ti02/40 mL sterilized ra\>.., 

"t.·vater seetns to be the optimum condition. The time required for 

t)actericidal effect is found to be in 5.0 minutes. This indicates that 10 

lng is f1. quantity too 10':/>1 for sterilization conditions and 100 rng is a 

value to high t() the sterilization conditions. Increase in Ti02 

concentrations increase the opacity of the solution and causing a 
(lecrease is penetration of light through the solu.tion .. 

4.5- Results obtained from the effect of different Ti02 

concentrations in surviving ratio in experimental 

set-up II. 

Reaction conditions :Licrht sources: Ix 12 5"'N Tungsram Hq\l . 5 _ v 

Reaction mixture :TiO? concentration 
.:... 

: 10 nlg, 50 rng, 100 mg 

E {~),.').l.i concentration: I.Ox I 0 2 cells/tnL 

in 40 tnL sterilized ra~N ~Nat..er 

Duration : 60 tninutes 

Photochemical reactions of different concentrations of Ti02 

v.tere observed in 60 tninutes interval. The surviving ratio versus 

tilne 1;."1as plotted in Figure 4.5 . 
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Figu.re 4.5. Time course of survival ratio in Experitllental set­

up I I v?ith lO mg 50 lng, 1 00 In..~TiO? in 40 mL 
, w 

sterilized ra VI ... ,qa ter . 

"6,,S can be seen from the graph.. 1 0 mg Ti02 v?as the optinlum 

condition for experirrlent2.1 set-up I I. The tirne required for 

bactericidal effect v?as found to be approximately bet ....... leen .30-40 

1nin. interval. No shoulder effect V?aS detected. 

Although a shoulder effect. V-las present until 20 tninutes in 50 

!ng Ti02 concentration the bactericidal effect T..,\1'3.S found to be 

l)et"'Areen 50 and 60 rninutes int...er"'lal. 

For 1 00 rng Ti02 concentration 60 11linutes .... qas not sufficient. 

Opacity elf the solution inhibit tile light penetration and also inhil)it 

, , 
, I 

45 



the o~tldation of ITlicrobial cells. Same shoulder effect as 50 Ing was 

detected for 100 mg Ti02 concentl-ation. 

10 Ing Ti02 concentl-ation is in tlle optirllum range stated by 

Onoda et al [31 L Increasing the concentration of Ti02 increase the 

bulkiness of tl1e solution. (This is t.he case in 100 mg Ti02 

concentration). 

The light used in bO.th experiments have the same emission 

spectrum ~.·\Tit11 difference in their intensities. Experilnenta1 Set I. 

have a greater value for the energy absorbed by the system. The sets 

>;"w~re illuminated and mixed in (jifferent manners. Set I. v .. rere 

illulninated from the bottom llaving an area of .3.3.16 cm 2. Set I I. 

v.,;rere illunlinated froln one side· and having an area of 11.25 cm 2 

';Hhereas a good mixing ':/VclS provided for Exp. Set I I. Set.tling of Ti02 

in Set I in higher concentrations (although sonication was provided 

before the eXperi1l1€-nt and shaking every 10 Ininutes during the 

experimental) couldn't be prevented. Settling of Ti02 T ..... ms decreasing 

t11e contact areas ':Nitll E(:;,.-">Ji cells and inhibiting the light 

penetl-ation. This problerIl v\]as absent for Exp. Set 11. 

4_6_ Effect of different Ti02 concentration on surviving 

ratio 

4_6_1_ Experimental Set-up 1_ 

Reaction conditions Light sources .3x8-r,N BL fluorescent latnp. 

Reactionlni~'ture 10120-3014050160,1~0 Ing Ti02 per 

Duration 

E t';.·).1'.1· concentration: 103 cells/1l1L 

in 40 1l1L steri1ized raw,,.,mter 

: .3 0 tnin u tes 
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Table 4.2. Effect of different Ti02 concentration on surviving 

ratio in Ek"Peritnental Set I (0-30tnin) 

-------------------- ----

TiO·") concentration 
" 

Initial cell t=2.0 min surviva.l 

per 40 mL Ra~.·v· T ... Vater concentration ratio of E '..">..?I.i (%) 

10 rng lxl03 50 

20mg ? 
lxlO~) 40 

..." 

301ng lxlO.) 40 

40mg lxl03 20 

50 rng 
.... 

lxlO.) 16 

60mg 
- ? 

lx10J 40 

100 rng lx103 >50 

As can be seen frotn the table above the optimunl conditions 

for Ule pllotochernica1 effect of Ti02 can be observed at a range 

bet.v·Teen 40 and S.O mg Ti02/40 mL sterilized raV·T ... ..vater. The other 

concentrations V'Tef'i7 inefficient for the oxidation of lnicrobial cells. 

This conclusion shov·ls an agreernent T\·\1ith the study of lvlatsunaga et 

21.1. v·lhere 1 mg/mL Rav·l 1.7ilater v·later ... ..vas used for the sterilization. 

In the study of photocatalytic bactericidal effect of pov.Jdered Ti02 on 

j·'t:reptf){.~>..-;·-~·).:~us .ldUt.:1.f}S, Onoda et a1. lnentioned that tile optirnunl 

concentrations of Ti02 pov.;ders VoTere in a range of 0.0 I and 0.1 ~Nt. %. 

The 0.0 I v.Jt % disagree, ~Nith the table 4.1 .. because decreasing the 

cOllcent1-ation of Ti02 to less tilan lng/tnL ratio increase tile surviving 

ratio. The second value 0.1 ~I\;rt % agree "NUll the table above [31, 371. 
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4_6_2_ Experimental Set-up IL 

Rea.ction conditions: Light sources:One Tungsran1 BL fluorescent 1a111p. 

Reaction mixture :Ti02 concentration: 10,4050,100 rng Ti02 

E {').')ji concentration: 102 cells/tnL 

in 40 tnL sterilized ra":,Al'v'later 

Duration : 30 tninutes 

Table 4.3. Effect of different Ti02 concentration on SUPliving 

ratio in Experimental Set II (0-30 11lin) 

Ti02 concentration Initial cell t= $0 lllin survival 

per 40 111L Raw ,"Vater concentration ratio of E t:oji (%) 

10mg lxl02 4 

40rng 1x102 la 

50tng lxl02 70 

100 mg lx102 55 

In tIle case of E:h"Perirnent..al Set. I I the optilllum values ":,qere 

obtained at =:t. concentration range of 10-40 nlg Ti02 (Table 4.3). 

i!· .. lthough the bactericidal effect is observed VyTitll 50 nlg Ti02 

con(:entration in 60 rninutes intervat 1 mg/mL concentration is rnore 

efficient. 100 mg Ti02 concentration is too bulky for tllis type of 

experill1ental set. 
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4_1_ Effect of initial .E..C{.'Jjl concentration on surviving ratio 

Rea.ction conditions: Light source: .3x8T.fyT BL fluorescent l8.1np 

Reaction tni:Kture : Ti02 concentration : Table 4.4 

.E.t:i,.')'/i concentration: Table 4.4 

in 40 tnL sterilized ra"V\" ~.qater 

Duration 30 min 

Table 4.4. Effect of initial cell concentration on surviving ratio 

in tirf! e fix 

Ti02 concentration Initial cell t= 30 min survival 

per 40 tnL Raw VoJater concentration ratio of E.{;.')ji (%) 

101ng 6.4xl04 6') C' 
~ . .) 

? 1.0xl0J 50 

" 20mg 1.0xl0·) 40 

6xl02 10 

4xl02 c; 
-' 

40 tng ? lxl0J 20 

4xl02 11.25 

100 tng 6.4xl04 54 
-3 1.0xlu ,..5° 

As can be shoTy'yrn frotn Table 4.4 decreasing the values of .E.f.':i')Jj 

in tIle, :301ution increase the l)actericidal effect in other v.lords 
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d~cr~as~s tll~ valu~ of surviving ratio. For 20 and 40 Ing Ti02 

conc~ntration, there is a linear relationship between E.Coli 

conc~ntration a.nd su.rviving ration. In tile stUdy of Ivlatsunaga the 

sy-stern ,...,as efficient for cornplete sterilization v·men 102 and 103 

cells "'Nere used, .... qhereas the surviving ratio for l04 cells/mL and 

1 0~5 cells/lnL "'Nere 32 it: and [)4% respectively for 30 rninutes under 

irradiation of 6.6x 1 020 quanta/sec.rn 2 [371. The S}Tstern v.Jas not so 

efficient as 20 Ing and 40 Ing Ti02 for values of 10 nlg and 100 Ing . 

4_8. Results for the actinometric measurements 

In order to find the nUlnber of photons per second per square 

lneter absorbed by the solution in the cells the actinolnetric 

proce(!ure stated in section 3.2.2 ........ 'as used. For a constant irradiation 

tile lalnp .... I.JaS "'ATanned for 30 1ninutes before the actino1netric 

measurement. The number of quanta absorbed by the actinometer is 

stated l)elo ..... \oT by this fornlula [421: 

V 1 = The volume of actinolneter solution, irradiated (tnL) 

V 2 = The volulne of aliquot taken for analysis (mL) 

T,l? = The final volunle to v.jhich the aliquot V 2 is diluted (mL) 
.j 

2 /. E = TIle nlolar extinction coefficient of Fe+ (:omplex, l.llx I O~ L 

mole- 1 em-I. 

O.D.= the tneasured "difference optical density" at 510 111n. 

L = the patl1lengtl1 of spectrophotometer cell (c1n). 
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The nutnber of quanta al)sorbed by the actinomet.er nabs is 

0.;:..= the quantunl yield for the Fe+2 forrnation at 300-400 nnl, 1.24 

The number of quanta per unit time per unit area nabs is 

The results of tile actinometric stUdy for the three different 

reactors are given in Table 4.5. 

Table 4.5. ..ll. .. ctinotnetric results 

\.11 = 40 tnL 

"'"I = ? mL • G ~ 

V';, = c:,0 mL . J ~ 

Sets tilne 
(sec) 

E:<:perirnental set-up I :,00 

Experitnen1a1 Set-up II 300 

Experimental Set-up I I I 360 

Experinlent-"J.l Set-up I I I .360 

(filter) 

L=lcnl 

E = 1.11~{104 L tnole- l crn- l 

0"1 = 1.24 
" 

Light source 
Area O.D intensity 

") mot:. ') 

(quanta/m ot:. .sec. 

3.3:<:10-3 0.34 1.50:<:1019 

1.1xlO-3 0.3 3.97x1019 

1.6xlO-·3 0.073 S.53xlO18 

~ .... l.t)x 1 0-) 0.0.33 2.50xlO18 
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4_ 9- Effect of Temperature ~ pH_ and others: 

No cIlange ~.-\;ras observed in the pH of til€- solution (juring tile 

experiment. The pH-v·alue "'''laS in the range of 7.1-7.2. A difference of 

5"C ":.·\las observed bet'.\leen initial and final terIlperature v·a1ues. At 

ttle beginning of tile experiment prelirninary studies V·lere carried 

out ...... -lith phosphate buffer for control purposes. Since the study' V·laS 

objected to sterilize raw v.Jater, the experiments V-litil sterilized rav., 

1:\,;rater V.JaS t...31c.en into consiejeration . 

... l!. ... notiler factor tilat lllUSt be calculated is tile trallslnissioll of 

the beal::.er used. The beaker VlaS made of Q"lass. Ordinarv "'"lindow ..... , 

glass in tjlickness of 21nlll or more is practically opaque to 

u.ltraviolet of v.lavelengtil shorter tllan 3000 nm. The glass has 

90% transmission bet"Neen 370-400 lun, for the first t'·\lO sets tile 

irradiation passes through the glass then contact tile solution is 

>90% a.t this ~.qavelengtll. TIlerefore little effect is observecl l)y the 

transmission of the glass. For the third experilllental set the light 

is directly absorbed by til€' solution. 
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v _ CONCLUSION AND RECOMMENDATIONS 

The photochemical sterilization of Escherichia Coli cells \'laS 

achieved in 60 minutes under the irriadation of two different fluorescent 

lamps. One set-up \Ala.S consisted of 3x3W BL fluorescent lamps placed 

horizontally parallel to each other permitting a suitable design for 

continuous flow of thin layer of >;Nater. The otller set-up v.Jas consisted of 

one Tungsram HgV 125 W black light lamp placed in upright position 

permitting a suitable design for continuous flow of water in a coiled glass 

reactor. .E.{;.')jj concentration was 103 cells/mL indicative of probable 

contamination level in untreated drinking \'later supplies. The effective 

Ti02 concentrations were determined and lmg/mL T\A!aS found to be 

optimum for Experimental Set-up I and 0.1-1.0 mg/mL for Experimental 

Set-up I I although slight variations did exist between the lamps. Since 

photochemical sterilization was not reported to be significant for .E.(:{').li 

only, the follot;Ning argument was carried out. 

The cell wall composition of various microorganisms Vlas explained 

as an effected factor in tlle sterilization by semiconductor powders [32]. 

Gram positive bacteria is surrounded by a cell wall, typically 250 Ai) 

':Nide, composed of peptidoglycan and teich01C acid, gram-negative 

bacteria have a more complex cell t;"!aI1. The plasma membrane in 

surrounded by a 30 A i) ~Nide peptido glycan \'lall Tv\lhich in turn is covered 

by an 30 A I) outer membrane composed of protein, lipid and lipo 

polysaccharide. The green algae has even more tllicl{er cell t;Nall mainly 

composed of polysaccharides and peptin, the results of the stUdy on these 

organisms are given in the follOwing table for comparison. 
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Table 5.1: Sterilization of various microorganisms by 

semiconductor powder (Ti02/pt) [321. 

Microorganism 

Gram positive 

bacteria 

( lL9(:t,()b..9aJllls 

at'J{it'PlI1JllS) 

Gram negative 

(R<i>.::lJerf.::1Jia {').?/i) 

Yeast 

{:r..9a:b.:1r{?m.Y{~s 

("t?reyisiae) 

Green algae ........................... . 

({':l}j(>rella Vllig.:1fis) 

Time 

60 ................................ . 

60 ................................ . 

60 .............................. . 

60 .............................. . 

Surviving 

ratio % 

o 

20 

54 

85 

It can be concluded that sterilization time under specified conditions \hlill 

n()t be sufficient enougl1 to state the sterilization of rav.,1 >;Nater samples if 

ECi?li is used as an indicator organism especially nowadays since an on 

going argument on viruses being surviving under traditional sterilization 

techniques is popular!. 

54 



RECOMMENDATIONS 

It can be recommended that furtller research 'will be (>f interest; if; 

1. Immobilization of Ti02 powders with certain surface 

characteristi(;s can be achieved. 

2. Differentiation between doped and undoped Ti02 forms can be 

studied. 

3. Continu(>us swrilizat.ion syswm can be designed under 

solar radiation for practical purposes. 
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APPENDIX I. 

Streaking technique:[ 40 1 

primary streck 

1. Sterilize a platinum transfer loop by flaming until it glov.,TS light 

red . .L~.Ll1o·w it to cool in air or stab it into sterile agar medium. 

2. Use the cooled loop to pic1{. up the l)acteria. Touch the loop to a 

single well isolated 1)acteria1 colony growing on the surface of 

solid mediurn. 

3. Streat the bacteria adhering to the loop onto a segment of a 

plat.e containing agar medium. St.erilize the loop t)y flaming and 

cooling b;l st3.bbing it into a region of the agar medium that is 

free ()f bf1.Cterial cells. Pass the loop once a(:fO% one enci of 

primary streal~ and spread the bacteria Ulat adhere to the loop 

int.o a fresh region of the agar medium. 

4. Sterilize and cool the loop again and streat from one enci of the 

secondary streak. 

5· Repeat step 3 tV.lice more, seria11}1. 

6. Replace the lid on the plat.e. Incubate it in an invert.ed position 

at 37"C for 26 hours. Well spreaded colonies would be ~lisible in 

the area of final streat. 

1 
ster Ilize k>op 
by f10mlIlQ 

secondary streak 
~----/ 

! 

I 
sterilize loop 
by flaming 
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Spreading technique:[ 40) 

1. Transfer bacteria from a liquid cult.ure to a t.ube of volume of 

1 mL containing required steriie saline. Vortex t.o disperse any 

clu.mps of bacteria. 

2. Transfer the required "=lolume from tube I for the desired 

dilutions. 

3. Repeat step 2 serially tvvo Of tllree times. 

4. Spot. an aliquot. of 50 n~L of each dilution in the center of a plate 

containing hardened agar medium. Spread the cells over tile 

entire surface of the medium, by moving a sterile bent. glass 

rod bact and fortll gently OT-ler the agar surface and at the 

same time, rotating the plate 1)}1 tlle hand. Tlle glass spreader 

can be st.erilized by dipping. it. into a l)eal{er cont:1.ining 95% 

etllanol and tilen holding it. in tile flame of a bunsen burner' to 

ignite the et.llanol. The spreader Sh0111d then be cooled first in 

air and then by tOUChing tile surface of a plate of sterile agar 

mecliurn. 
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APPENDIX I 1_ 

Multiple-tube fermentation: 

This test progresses through three distinct steps; The presumptive 

test, tlle confirmed test and the completed test. The second and the third 

test increase the certainty ti1at positive results obtained in the 

presumptive test are due to coliform bacteria and not ether kinds oi 

bacteria. The completed test is used to establish definitively tile presence 

of coliform bacteria for quality -control purposes. Bacteriological testing of 

most public v·later supplies stops after confirmed test. The presumpti':le 

test is the first step (>f t.1le analysis. The sample is poured into lactose or 

lauryl tryptose broti1 and an inverted vial. The samples are incubated for 

24 h, chec1{.ed in the vy'ater, gas will begin to form in the inverted vials 

V.Jit11in 43 11 period; this indicates 3. positivE1 sample. If no gas forms, the 

sample is negative. All positive samples undergo the confirmed test. 

The confirmed test is more selective for coliform bacteria. Cultures 

frorn t.he presumptive step are transferred to brilliant green lactose bile 

l)fotl1 and incubated. If no gas is produced after 4& hrs of incubation, the 

test is negative and no coliform bacteria are present. If gas is produced, 

the test is positive indicating the presence of coliform bacteria. 

Positive samples tllen undergo tile completed t.est. The sample is 

placed on an eosin methylene blUe (ElvIB) agar plate and incubated. i!.,­

small port.ion of coliform colonies formed is t.ransferred to a nutrient agar 

slant and incubated for 24 hrs. A second portion is transferred to a lauryl 

tryptose t>rot.1l and incubated for 24 to 4& h. The (:omplet.e.j test is 

positive if (0 gas is produced in tile lauryl tryptose broth and (ii) red­

stained, non spore forming.. rod-shaped bacteria are found. If no gas is 

produ.ced in the lauryl tryptose brot.1l, chain -like cocci or Nue-stained, 

rod-shaped bacteria are found on the agar. 
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Membrane filter technique: 

The membrane filter method of coliform testing begins by filtering 

a measured volume of sample under a vacuum through a membrane 

filter. The filter is then placed in a sterile container and incubated in 

contact ~\1ith a selective culture media. A coliform bacteria colony vvill 

develop at each point on the filter where a Viable coliform bacteria Vlas 

left. during filtration. After an incubation period tlle number of colonies 

per measured volume is counted. 

Coliforms are distinguished from other groups of organisms by 

their possession of the enzyme J3-Galactosidase vvhich is necessary for 

split.ting the lactose contained in the Endo medium. In addition, coliform 

lacl~ the enzyme cytochrome oxidase (CO). Knowledge of these two 

features, the medium used contains an agent which verifies the presence 

of B-Galastosidase in tlle suspect colonies; and NN -dimethyl-p­

phenyldiamine ~,hlbich verifies CO activity. 

Standard Plate Count: 

The standard plate count is the only practical vny to estimate the 

total bacterial population of ~Naters. The test determines the total bacteria 

in a sample tllat vlill grow under the influence of the selected media. 

This test is performed <by placing diluted water samples on plate­

count agar. TIle samples are incubated for 24 hour at 37°C. The bacteria 

colonies that grow on the agar are then counted using bacteria counting 

equipment. 
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