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ABSTRACT

The semiconductor photocatalytic sterilization of Zfnd in
drinking water was studied. The titne course of viable Znf cells
when cell suspensions of 103 cell/mL  were subjected to
irradiation of black iight fluorescent lamps {3x8W Phillips TL and
12125W Tungsram HgV) in the presence of TiO; was found to be
approzimately 60 min for sterilization. A decrease in viable cell
nuimbers was not observed neither under light irradiation when
setniconductor powders were absent nor under the dark
conditions when semiconductor powders present. Various TiO;
concentrations wers applied and 1 mg/mL concentration for
Experimental Set-up I with 3z8W Phillips TL, and 0.1-1.0 mg/mL
concentration range for Experimental Set-up Il with IX125W
Tungsram HgV was feund to be optimum although initial viable
cell count was reported as, another effective factor.




OZET

7 I¢me  sulanndaki Edod mikroorganizmalarin,  vart
iletkenlerden vararlantlarak fotokimyasal sterilizasyonu ilzerinde
¢alistlmistir. 103 hicre/mL. Ecoli ve vari iletken TiO, (n-tipi)
sispansivonu, 32x8W Phillips TL 1x125W Tungsram ng‘&,‘r ile
igiklandinidifinda  sterilizasyonun 60 dakikada vweterli oldugu
gozlenmistir. Ayni dizenekte TiO; bulunmadifinda ve ayni
dizenekte stk kullamimadifinda canli sayisinda bir azalma
gorilmemistir. Farkli TiO, konsantrasyonlart uygulandifinda
Img/mL konsantrasyonu 3x8W Phillips TL diazenegi i¢in 0.1-1.0
mg/mL konsantrasyonu 1x125W Tungsram HgV dizenefdi igin en
uygun oldugu saptanmigtir. Avrica, basglangigta bulunan FZooff
ronsantrasyonunun sterilizasyon siresi uzerinde etkili oldugﬁ
anlasilmigtir.
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I. INTRODUCTION

The interconversion of Jdifferent forms of energy has been of
central 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 thermodynamics and electrochemistry in
the 191 and 20t centuries, so the problem of utilizing solar energy for
the direct production of ¢lectricity 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 with
electrochemical cells.

FPhotochemical reactions could e employed to replace other
energy consuming chemical process, for example, for pollution abatement
‘or in chemical synthesis. One of the more promising approaches o the
design of such systems involves the application of powder catalysts made
of semiconductor materials.

n-Type semiconductor powders such as Ti0p have been shown to
be applicable to the photocatalytic oxidation of water; cyanide, and acetic
acid. Light sensitived photochemical reactions involving Ti0, on the
surface have also been used for the degradation of contaminants in water
Recently the semiconductor powders were applied to the sterilization of
microbial cells. |




The sterilization of microbial cells is very important in the
medical, bicindustrial and environmental field. Chenicals, antibiotics and
bactericides have been used for this purpose. Microbial cells are also
physically sterilized by heat-treatment and UV radiation. Water
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 with many organic materials in waler produce {trihalomethanes
and the implication of this problem has focused considerable attention on
advantages and disadvantages of using chlorine and other processes
mentioned above as a water disinfectant and has initiated an infense
effort to evaluate other agents as water disinfectants.

To assess the sanitary quality of water, three major groups of
microorganisms are used as indicator of bacterial pollution. These are
coliforms, fecal coliforms and streptococci. For the assesment of potable
water acceptability, coliform analysis is the mandatory procedure used
by most countries in the world. Coliform organisms, while relatively
harmiess themselves, are generally present in water containing enteric
pathogens. Because they are relatively easy o isolate and because they
normally survive longer than the disease-producing organisms, coliforms
are a useful indicator of the possible presence of enteric pathogenic
pacteria and viruses. In most cases, water that is free of total coliforms is
considered {ree of disease-producing bacteria.

The purpose of this study was to achieve a photf;chemical
sterilization of drinking watef using TiO, as a catalyst. The sterilization
was carried out using various, black light fluorescent lamps with Ti0O,
containing of drinking water slurries. Bacteridal effect was observed to
take place within approximately 60 minutes is experimental set-up.

[ QW]




I1. THEORETICAL BACKGROUND

2.1 Bacteria

Microorganisms are commonly grouped in three kingdom; proticta,
plants and animals. Protist kingdotn is alse divided into tweo groups
procarvotes and eucaryotes. Bacteria is one form of procaryotes which
does not contain nuclear membrane. The classification of microorganisms

belonging to the kingdom of protists is shown in Figure 2.1.

Protist Kingdom

Procaryotes Eucaryotes

I Bacteria I

Blue-green algae

Fungi Algae | [Protozoa

Molds Yeasts

Figure 2.1 Classification of microorganisms belonging to the

kingdom of protists.




Bacteria are relatively small organisms usnally enclosed with rigid
walls. They are typically unicellular, but they may <xist in three 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 the subdivisions. Facherichsz foff is
inchuded in this group. The dominant morphological form consists of rods.
£ {off exists in the intestine of higher animals. The nutrition of coliform
bacteria is simple organic compounds. £ & is not photosynthetic and
doesn't form endospores. The gram reaction is negative (1]

2.1.1. Cell Structure of EFfoff

~In general, most living cells are guite 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 componnds, called the cytoplasm.

Cell Wall: The rigid cell wall is the main structural component of most
procaryotes. The functions of the cell wall are {i) to prevent rupture of
bacteria due fo osmotic pressure differences between intracellular and
extracellular environments, (ii) to provide the characteristic shape of the
bacteria. The thickness of the cell wall of Gram negative bacteria is about
10 nm and composed of a variety of aminoacids. Alanine, glycine,
giutamic acid and lysine are some of common aminoacids (proteins). The
cell walls of gram-negative bacteria are more complex than gram-positive
bacteria and contain a wider range of aminocacids and significant amounts
of lipid, polysaccharide and protein constituents. Figure2.2. shows the cell
wall of a gram-negative organism [2].



| | /————— Channel
/ NIV
Polysaccharide ' . Phospholipid
I U “ ~—- Outer membrane
Lipid ——— ﬂ

- Peptidoglycan

Cytoplastnic membrane

Figure 2.2 Representation ¢f the cell wall of a gram-negative

organismn.

Cell Membrane: The c&ll membrang lies just beneath the bacterial csll
wall. In addition to serving as an osmotic barrier to passive transport, the
cell membrane participates in the active transport of various substances
everal

o

into the bacterial cell. The cytoplasmic membrane performs
functicns vital to the life of the cell. A large number of enzyimnss
concernad with the degradation of foodstuffs and the production of
energy are associated with the membrane. Some enzymes located in the
cytoplasm are attached to the cytoplasmic membrane {membrane-hound
enzymes) most other enzymes (soluble enzymes) are located in the

A}

cytoplastn (Figure 2.3.5.

Cytoplasm: The essential gen'etic information is contained within a
single chromosome composed of a single DNA molecule. Ribozomes are
free in bacterial cytoplasm. Bacterial ribosotnes are important to the
protein-synthesizing processes. Groups of ribosomes, held together by
strands of messenger RMA, that is, polyribosomes or polysomes, are the
sites for protein synthesis.

Ln




Other small molecules in the cytoplastn are amino-acids,
nucleotides, simple sugars, glycerol, fatty acids, acetate, pyruvate,

ketocacids ete.

[Ex]

Procaryotes lack the distinct nuclens of eucaryotes, and the
associated structures and features such as mitotic apparatus, nuclear
membrane and niucleus.

Figure 2.3 and Table 2.1. shows the schematic diagram of £oof
and the composition of Eod cell respectively.

! 2 3
\

1. Folvribozome 6. Cell wall {polysaccharide
‘2. Free ribosome and peptides)
{protein and rRNAs) 7. IRNA
3. Chromosome (DNA) attached . 8. Cell membrane {lipid and
“to cell membrane protein }
4. Free enzymes (protein) " 9. Enzymes attached to cell
5. Small molecules (amino , membrane.

acids, nucleotides, simple
sugars, glycerol, fatty acids,

acetate, pyruvate, keto acids, ete.}

Figure 2.3. Schematic diagram of Zcokf



Table 2.1. Composition of a rapidly growing & {foff cell

Component Percentof  Average Approximate HMo.of
total cell mol wt fno. per cell different
weight kinds

H0 70 18 4x1010 1

Inarganic jons {(Ha* KV,

Mgt Cal* Pel* 17 P04,

304", ete.) 1 40 2.5x108 20

Carbohvdrates and

precursors 3 150 2x10° 200

Amino acids and |

precursars 04 120 Bxlﬂ? 100

Nucleotides anid precursors 04 300 1.2x107 200 ‘

Lipids ahd precursors 2 750 251107 50 |

Other small molecules 02 150 152107 200

Proteins 15 40.000 109 2000-3000

Hucleic acids:
DNA 1 25x10° 4 1
RNA 6
165 rRHA 500.000 10t 1
233 rRNA 1000000 3xi0f 1
RNA 25.000 4107 40
wRNA 1000000 107 1000

t

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.
Lgsociated with cell growth, are two other processes; uptake of comne
material from the cell's environment and release of metabolic end
products inte the surroundings, [1]. The rates of these processes vary
widely as growth occurs.

The general growth pattern of bacteria in a batch culture is shown
in Figure 2.4 Initially, a small nutnber of organisms ate inoculated into a
Hized volume of culture medium, and the number of viable organisms is
recorded as a function of time. The growth pattern based on the number
of cells has four more or less distinct phases [3].

10 J Lag ~ Log Maximum Log
J phase  growth stationary phase  ggath phase
J phase

[/ s

o B

o

o] " r

E

o } -

c

“6 - -_-____—-——s

)

o

(o]

—l -
ll————"I \

1 T 1 T | T i ¥ 1
0 10 20 30 40

Time (hours)
Fioure 2 4. Typical bacterial growth curve

The lag phase: Reprecents the titne required for the organismes to adapt
to their new environment; the lag phase depends on the nutrient
composition of the medium, on the size and age of the inoculum.

The log growth phase During this period the cells divide at a rate
determined by their generation titne and their ability to process food. As

the amount of rate limiting substrate reaches to a minimum the cell mass

approaches to a mazimum level.



Stationary phase: At this phase the cell mass reaches its maximum
concentration; come cells divide while others 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,
thus maintaining the equilibrium between growth 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 death rate is usually a function of the viable
population and environmental characteristics. In some cases, the log
death phase is the inverse of the log-growth phase.

2.1.3. Enumeration of bacteria

The methods used to measure biomass are based on various types
of measurements: mass, volume or linear extent, mass of a biomass
component, mass of substrate consumed or product formed, metabolic
rates, light scattering, cell and organelle counts (Appendix 11}, and finally

"staining methods.

The factors which influence the choice are: (i) the properties of the
biomass, (i) the properties of the culture medium, (iii} the accuracy
required,‘ (iv) the sensitivity required, (v) the required speed of
measurement. The methods vary greally in their sensitivity, speed and
accuracy. & comparison of the sensitivities of the more commonty used
methods 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 [4]). |



Table 2.2. Comparison of the sensitivities of some methods of
bacterial biomass estimation

Minimum dry mass of bacteria
Method required for an estimation with
an error of < 2% (mg)

Dry weight 50
Biuret protein ' 1.0
DNA 1.0
Folin-Ciocalten protein 1071
Opacity 10-1
Cell count | 1072

2.1.4_ Significance in Environmental Science

To assess the sanitary quality of water, three major groups of
microorganisms are used as indicator of bacterial pollution. These are
colifortns, fecal colifortns and streptococci. For the assesment of potable
water acceptability, coliform analysis is the mandatory procedure used
by most countries in the world. Coliformm organisms, while relatively
harmiless themselves, are generally present in water containing enferic
pathogens. Because they are relatively easy o isolate and because they
normally survive longer than the disease-producing organisms, coliforms
are a useful indicator of the possible presence of enteric pathogenic
bacteria and viruses. In most cases, water that is free of total coliforms is
¢considered free of disease-producing bacteria.

Microbiologists generally agree that the presence of coliform
bacteria in water strongly indicates that disinfection has not been

10



achieved. Likewise, they generally agree that the absence of coliforms
suggests that disinfection is probably complete but is no gnarantee that
pathogens are not present in the water. It is generally recognized that
coliforms 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 waler industry well for
many years. Development of procedures using other indicator organisms
cshould be pursued wvigorously in order to dewvelop a technique for
monitoring water that are difficult or for use in those instances when
grossly polluted waters must be used as a water source [5].

2.2. Photoelectrochemical reactions
2.2.1. Photochemistry

Photochemistry is the chemical change that may be brought about
by the absorption of light. The possible behavior of a photochemically

excited molecule are as follows: [6]

A +hv  {emission)
» & + heat (radiationless decay)

At DUy AF C* (change of excited state)
- § . P
B*+ & {energy transfer)
| chemical reaction

The long wavelength limit is appreximately in the near infrared
{~2000 nm) and the region of interest extends into the vacuum ultra-
violet and is limited normally at the wavelength where radiation hecomes
appreciably "penetrating x-rays” [7].

The conversion of light fo electrical or chemical energy results

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

11



absorption of a photon by an atom or molecule brings, an electron irom a
lowrer orbital to a higher one (Figure 2 54).

Conduction
Band )
. e
®
Excited Electrons
. yy
‘ i hp! E
& g hoEg EBG BG
] g —_— :
S l Electrons
LN 4— )
! ! Electrons ! | v h
.y - 727, 77
Ground State Excited State
Valence
Band
Figure 254 Figure 25B

Figure 2.54. Electronic orbitals and light absorption in an atom or
molecule

Figure 2.5B. Semiconductor bands and electron hole pair formation on
light absorption.

The wavelength of light that causes such a transition is that with

an energy equal to or greater than the difference in energies of the two
orbitals, E5. On the other hand in a semiconductor the result of photon
absorption is an electron-hole pair (¢7h*) formed by this intramolecular
pumping in species, S. This produces an excited state. denoted S* If the ¢~
h* pair can be separated so that the e flows to a suitable acceptor
species, A, or an ¢lectron from suitable donor, D, fills h*.

Str A8+ A

S¥+D >S5 +Dt ‘
The light energy has heen stored, in this way, as a redox chemical energy.

However excited states are verv short lived and the e~h' pairs frequentiy
ry




recombine very quickly with the captured light energy degraded to heat
of, sotnetimes with the 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 [8).

Light absorption occurs in a similar way in a semiconductor
{(Figure 2.5B). In semiconductors the orbitals are merged into a nearly
filled valence band and a nearly vacant conduction band separated by the
energy gap, E;. When a semiconductor is immersed in a solution, charge
transfer occurs at the interface because of the difference in the fendency
of the two phases to gain or lose electrons. The net result is the formation
of an electrical field at the surface of the semiconductor to a depth of 5 o
200 nanometers. The direction of this electric field depends on the
relative electron affinities of the semiconductor and solution.

2.2.2. Semiconductors:

A semiconductor is a material having an electrical conductivity
intermediate between that of metals and insulators. Some of the electrons
in electrical conductors such as metals are relatively mobile, wheréas in
nonmetals or insulators the electrons are much less mobile, and larger
amounts of energy must be expended in order to induce these electrons
to move to another location in the substance.

The electrons in the ouler principal energy level of a solid material
can be considered to be located in the valence band or valence energy
level. When the electrons gain sufficient energy to become mobile enough
to move to another location and retain that mobility, then these electrons
can be considered to be in the conduction band or conduction energy
level. The energy difference hetween the walence band and the
conduction band is known as band gap (Figure 2.5B). In the conductor-
type taterials, there is a relatively small gap, therefore electrons gain
small amounts of energy necessary to move into the conduction band and



thereby to become mobile. In nonconductors, which can be forced to
conduct electric currents at relatively higher wvolfages, this energy
difference hetween the valence and conduction bands is much greater. &
group of substances, known as semiconductors; have band gaps that are
intermediate between those of conductors and those of nonconductors
[9]. Table 2.3, list the walues of Ebg and lbg for several semiconductors in

photoelecirochemistry.

Semiconductors are classified as extrinsic and intrinsic (Figure 2.6}

7 Setniconductors
Intrinsic Extrinsic
(pure} (impure)
n-type p-type

Figure 2.6. Classification of semiconductors

The infringic semiconductor has a complete octetl of eclectrons
around the central atom. The p-type impurity provides a wacancy or
positive hole, where an electron could fit to form a neutral volume. An n-
type impurity has an extra, more mobile electron, used for the bonding of
the central atomn in the crystalllattice.

For an n-type semiconductor when light is absorbed at the
interface, the electron mowves toward the bulk of the semiconductor and
the hole moves toward the surface. If the colution contains an electron
donor species, which has an energy level above that of photogenerated

14




hole at the surface the electron iransier reaction occur. Thus
photogenerated holes produced at the n-fype semiconductor may cause
oxidation of the semiconductor surface [8).

Ti05 is an n-type semiconductor, and it is the presence of the
physical defects that causes semiconductivity of the oxide to appear.
These imperfections introduce quantum levels in the energy gap between
the valence and conduction band edges [10].

Table 2.3. Bandgap Energy and "*bg for semiconductors important
to photoelectrochernistry

Semiconductor Bandgap Energy A bg
(V) (nm)
Sn0s 35 350
Ti0;(anatase) 3.2 -390
TiO5 {rutile) 3.0 410
Cds 2.4 520
- Gap 2.3 540
Gas 1.4 890
Inp 1.3 950
R | 1.1 1130

The anatase type of TiOp has a band gap energy of 3.2eV which
corresponds to a wavelength of 390 nm Anatase absorption is given in
Figure 2.7.
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Figure 2.7. Anatase absorption

Wavelength <400 nm is necessary o produce the reactions

considered.
2.2.3. Titanium Dioxzide (Ti0,): A photosensitive Semiconductor

Titanium dioxide has three different crystal structures: rutile,
anatase, and brookite. Rutile crystals are tefragonal, anatase crystals are
slenider tetragonal prisms and brookite crystals are fat orthorhombic
plates. Pure titanium dioxide is white or colorless; impurities (iron,
niobium, chromium, tantalium and vanadium) sometimes cause it to be
yellow, red, brown, or black. The anatase and brookite forms change to
the mitile form when they are heated to approximately 800°C. The rutile
form melts between 1830°C and 1850°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 chemically, 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 its

16




refractive index is so much higher than that of other materials, mixt-e~~
which contain small titanium dioxide particles reflect almost all light and
are opaque [11]. Table 2.4. shows some properties of the 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 55 - 0.0
Anatase 2.5 . 384 55-60
Brookite 2.5 4.17 60-65

Titanium dioxide, a pure white compound having high reflectivity
is ideal for use in white paints, enamels and lacquers, and can be used in
conjunction with other pigment compounds in colored paints. It is also
used in pigments for rubber, paper, oilcloth, leather, fextiles, inks,
ceramics and floor coverings [12). Another property of Ti0, arouse
interest when in the 1950’ Renz showed that TiO, becomes markedly
photosensitive in the presence of certain organic liquids and reducing
:s:olwltio:lé, particularly glycerol [13] Since then, the ability of Ti0; to
mediate photoelectrochemical reactions in solution has been explored.
Many aspects of the photoelectrochemistry of the oxide have heen
investigated with the main interest focused on the establishement of
charge transfer mechanisms, the development of radiant energy
converters to the electrical and/or chemical energy, and the develépment

of functional devices.



2.3. Disinfection

Disinfection refers to the selective destruction of disease-causing
organisin. All the organisms are not destroyed during the processes. This
differentiates disinfection from sterilization, which is the destruction of
all organisms (3] Disinfection is commonly accomplished by the use of
chemical agents, physical agents mechanical means and radiation.

2.3.1. Chemical agents used for disinfection purpose

Chemical agents include chlorine and its compounds, bromine,
iodine, czone, phenol and phenolic compounds, alcohols, heavy metals,
quaternary ammonium compounds, hydrogen peroxide, various alkalis
and acids. ’

Water disinfection generally involves the use of chlorine. Besides
‘disinfection, other benefits can result such as color removal, correction of
tastes and cdors, and the suppression of unwanted biological growths
[14]

Chlorine is usually added to water as an agqueous chlorine solution
by using chlorine gas that hydrolyzes in atmmenia-free water to fortn
hypochlorous acid and the hypochlorite ion. The hypochlorite and
hypochlorous ion concenfrations 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 water, and they are not
as effective relative to the free chlorine as a biocide for the
microorganisms normally found in water. The reaction of free chiorine
with many organics produces THMs, and the implicat;on of this problem
has focused considerable attention on advantages and disadvantages of
using free chlorine as a water disinfectant and has initiated an intense
effort to evaluate other agenis as water disinfectants (51
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Chiorine will continue to be the primary water disinfectant for at
least the next decade, but chlorination is a continuously improving
technology and is being practiced more widely to provide an even more
reliable and effective disinfection process.

Bromine and iodine are used for swimming pool water but have
not been used for treated wastewater [3].

Ozone, a strong oxidizing agent that has similar bactericidal
properties to chlorine has been found to be ¢qual or superior to chlorine
in its viricidal effects [5)]. Ozone forms no known-by products that may be
of significance to human health when used as a primary disinfectant and
may result in the use of less residual disinfectant when a second
disinfectant is employed. For many treatment plants, czonation is used in
conjunction with the pure-oxygen activated-sludge process which
appears to he the most economical alternative for disinfection or in
- combination with a catalyst such as ultraviolet light.

Wolfe et al [15] reported on the relative efficiency of a variety of
disinfectants. For commmon indicator organisme, they found chlorine tp be
most effective followed by ozone, perozone, and chloramines. This in
contrast with many studies that have found ozone to he more effective
than chlorine [16].

2.3.2. Mechanical means used for disinfection purpose

Bacteria and other ofganisins are also removed by mechanical
means during water treatment. The removals are a by product of the
primary function of the processes. Coarse screen, fine screen, grit
chambers are some mechanical treatment processes (3],
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2_.3_3. Radiation used for disinfection purpose

Ultraviolet radiation has been applied with some success to air and
water sterilization. However, the poor penetration of the rays is a limiting
facter [17]. Material to be sterilized must be passed over a surface of a
suitable lamp in thin iajrérs if the treatment is to be effective. UV units
are recommended when chlorination is to be avoided. Water UV systemns
have been shown 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 resuits primarily from
the absorption of the radiation by the DNA of microorganisms [18]. The
germicidal effect of UV radiation is greatest in the far vitraviolet {190-
300nm) wavelength range [19]. In experiments on ultraviolet killing of
Eeoli, cerfain suspensions, although treated in the same manner as
others, where observed to exhibit a lower incidence of mutation or death.
Further investigations showed that the length of exposure o visible light
to which the suspensions were subjected after UV exposure but prior to
their placement in the dark incubators correlated well with the decrease
in mutation or kill efficiency. This Lhotorasclfvaiion was found to be
caused by an enzyme active in the presence of visible light (540—42011111}
but not in a dark environment 2sr€ rascliyaifon may also occur by &
mechanism that appears to be quite different from photoreactivation. To
avoid ward rascifystion , the irradiated suspension must be stored cold or
in an inadequate growth medium prior to the completion of the
experiment [17]. |

2_3.4. Physical agents used for disinfection purpose
Physical disinfectants that can be used are heat and light. Heating

water to the boiling point, will 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 extensively in Europe [3].

2.3.5. Light Source as a Physical Agent for Disinfection

Tonizing electromagnetic radiation include alpha, beta, gamma, and
z-rays, cathode rays and high-energy protons and neutrons. On absorbing
such radiation, an atom emits high-energy electrons, thus ionizing its
molecule. The ejected electron is absorbed by another atom, creating a
chain of ionizations, or an ionization path, in the irradiated substance.
This activity excites chemical groups in the microbial cell, causing the
production 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 [17].

2.4 Photocatalytic sterilization of microbial cells

2.4.1. Photochemical reactions important in environmental
sciences

Metal semiconductor (Ti0z, Zn0, Cds, W05 and SnOg) have been
utilized widely in photocatalytic processes for the degradation of
envirenmmental contaminants via light-induced redox-reactions at the
semiconductor /solution interface. The oxidation of carbon monoxide (CO
to carbon dioxide {CO5) the oxidation of ¢yanide (CN-); the oxidation of
sulfide {S05-2); and the decarboxylation of acetic, proponic, and butyric
acids have been investigated before 1980 (20,21,22,23,24,25). Other
processes mentioned include chloride transfer to ethane from carbon
tebrachleride (CCly), fluorotrichloromethane (CFCls), and difluoredi-
chloromethane (CFy Cly) and dechlorination of CF» Cly and CFCly on
illumination zinc oxide (26,27). & report in 1976 noted the release of
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chloride ion upen illumination of TiDy, in the presence of chiorinated

biphenyls [28]. Ollis (1985} investigated the degradation of chloro-
methanss and bromomethanes, chlorosthanes, chloresthylenes and
bromoeethylenes, chlorobenzene, and chloroacetic acid in dilute aqueous
solutions [29]. Matthews (1986) investigated the decomposition of
chlorobenzene, benzoic acid and 4-chlorophenot [30].

2.4.2_ Photochemical sterilization studies

Onoda et al. {1988) inv'estigat:ed the photocatalytic bactericidal
effect of powdered Ti0; on sirsplococcns mutsns by which dental caries
seemns to be caused. A definite amount of culture was diluted with 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 used and the solution was set 5 cm apart from the light
source. It was emphasized in these results that the irradiated TiO,
. powder had the bactericidal effect on £ muizns and also this effect was
more profuinent in near ultravielet radiation than in visible radiation.
The time required for bactericidal effect was dependent on the kind of
Ti05. There was no bactericidal effect of TiO; in the dark. The superiority
of anatase Ti0, in a photo-catalytic bactericidal effect can be attributed
to their different band gap energy; 3.2 eV and 3.0 eV for anatase and
rutile respectively. The optimum concentration range of TiO, compared
with rutile Ti0; powders for the bactericidal effect were between 0.01
and 0.1wt & (31].

Mateunaga et al. {1988) investigated the photochemical steriliza-
tion system in which ZEadherichiz (of  were sterilized with
photosemiconductor powders (Ti0,). Microbial cells were killed
photoelectrochemically with Ti0, powders. Co4 in the whole cells was
photoelectrochemicaly oxidized and, as a result, the respiration of cells
was inhibited [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 intraceflular CoA [33, 34l Electrochemical oxidation of
microbial cells resulted in a decrease of respiratory activity and in cell
death when a constant potential was applied to cells of Scerevisae
attachad to the elctrode surface [35]. Therefore the electrode system was
applicable to sterilization of microbial cells in suspension.

Matsunaga et al.[36] were also reported that differences in the
peak potentials may be used to classify some mmicrobial cells. When the
potential of the graphite electrode was run in the range of 0 to 1.0 versus
saturated calomel electrode (SCE), gram positive bacteria gave peak
currents at 0.65 to 0.69 V versus the SCE. The peak potentials of gram-
negative bacteria were 0.70-0.74 versus the SCE. It was found that the
peak currents result from the electrochemical oxidation of coenzyme A in
the cell of Eachersichiz Colf and Lavdobscilius scrdophilis .

Matsunaga et al. (1988) constructed a continous-sterilization

system consisting of a TiO, immobilized acetylcellulose membrane

reactor, a mercury lamp, and a masterflex lamp. As a result uhder
various sterilization conditions examined, Ze&off ( 102 cells/mL) was
steritized to <1% survival when the cell suspension flowed in this system
at a mean residence time of 16.0 minutes under irradiation (1.0x10%!
quanta/m? sec.). They have found that the system was reusable [37].

In the case of sterilizafion by Ti0, powders the materials used
were: Titanium dioxide (Aerosilt P.25 analtase type); nutrient broth
containing 1 g. of beef extract, 1 g. of peptone, 0.5 g. of sodium chloride in
100 mL of defonized water.

(g%
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Cells of Aachearichiz foff were grown under asrobic conditions at
37°C for 12 hrs. in 100 mL of nutrient broth (pH 7.2). The cell
concentrations were determined with a hemacytometer. The10 mg of

Ti0, were suspended in sterilized water. The suspended cells were added

to the solution containing TiO; powders. The reaclion vessel was
illuminated with a mercury lamp (HF 100x) at a light intensity of
6.6x10%0 quanta/m? sec. The light intensity was measured in the center
of the vessel surface with a radiometer and corrected for the adsorption
of UV radiation by the glass.

The number of viable cells in the solution was determined by
plating suitably diluted samples and then counting the colonies which
appeared on the nutrient broth agar plate after 24 h of incubation at
37°C.

Under illumination, the number of wviable <cells decreased
- gradually, and sterilization was complete after 60 min. On the other hand
a decrease in viable cell numbers was not observed under light
irradiation when semiconductor powders tnxefe absent. Sterilization of
Fiff was carried out at various concentrations {102, 103, 10% and 105
cells per mL). With a mercury lamp at a light intensity of ©6.6x1020
quanta,fmz.s 102 cells/ml and 103 cells/ml were completely sterilized in
20 mimtes whereas cells of concentration of 10% and 103 (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 TiO, powders was explained by
Matsunaga and coworkers [32, 33, 37] A brief ountline of their findings

will be presented here.

It has been shown in the recent years by the present authors that



CoA mediates an electron transfer between cells and an electrode. When
whole cells of Scoereyrage were elecirochemically sterilized with
graphite ¢lectrode the CoA content decreased in the cell. The CoA content
of the cell was measured enzymically by phosphotransacetylase after the
cells were sonicated. The CoA content of foerevizize decreased from 36
nmoL/ 108 cells to 1 nmol/ 108 cells where as 21 nmo1/ 109 cells of Coa
were refained when cells were incubated without semiconductor powders
under light irradiation. The respiratory activity of the cell was also
measured by an oxygen electrode. When cells were incubated with
Ti04 /Pt particles nnder the some conditions, the respiratory activity
decreased to 428 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 wall by
photosemiconductor particles has not been observed by either light or
electron microscopy. When the Ti0, /Pt particles were separated from
whole cell suspensions of Sfereyivze by a dialysic membrane to
prevent direct contact between cells and electrode, both the respiratory
activity and viabilit}r of cells did not decrease.

Therefore, the loss of respiratory activity and viability seems to be
due to a direct oxidation of the microbial cell.

Yeast, Gram-positive bacleria, Gram-negative bacteria, green algae
are alse oxidized with the same manner, having different cell wall
lcomposition. As a result various microorganisms can be Kkilled with
semiconductor powders. ‘
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I1I. EZPERIMENTAL

3.1, Edfofi Cultivation and Enumeration Methods

3.1.1. Materiais

Microorganisms: Faharfsis ©off strain HB 101 was provided from
Biclogy Department, Bogazici University.

Semiconductor Powder: TiO, powders (anatase type) which has a BET

surface area of 50m” g_l and an average particle size of 30 nm was
provided from Degussa (P25 grade)

Medium : Zuriz Berlans LB medium; .
Tryptone (Difco) 10¢g.
Yeast extract (Difco) Sg.
NaCl (Merck) 10g.
were added to one liter of deionized and distilled water

Sterile saline solution: 0.85% NacCl in distilled water

Phosphate buffer solution: 0.1M. KH,PO4 and 0.1M. K,HPO4 solutions
were mixed to reach a final pH of 7.0. '

Sterilized water Unchlorinated raw water was provided from ISKI,
Baytuk¢ekmece Water Treatment Plant and sterilized at the autoclave for
15 minntes at 12 1°C.

All glassware were cleaned thoroughly with a detergent and
rinsed with hot water to remove all traces of residual washing compound.
They were sterilized at 170°C for two hours. Pipetman tips were washed
then sterilized at the autoclave at 121°C for 15 minutes. Salinated water,



LE medium, phosphate buffer are autoclaved at 121°C for 15 minutes
[391.

LB medium supplemented with 15-20 g./L of Agar (Difco} was
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 {~ 35 mL) then they were incubated at 37°C
for one day in order to evaporate the water on the surface of the solid
agar and to eliminate those contaminated.

‘The strains of Eff were kept in glycercl solution at -70°C. To
prepare master plate, frozen glycerol cultures were cloned twice by
streaking on LB agar plates then incubated at 37°C for overnight. One
isolated colony was removed from the master plate to prepare sub-plate
over which many well isolated colonies were obtained to use in
experiment.Streaking technique is given in AppendixI [39].

3.1.2. Growth of the bacterial culture

For the inoculation, one isolated colony was removed by the loop
from the masterplate and transferred in 25 mL of sterilized LB medium.

Experiments were done in 100 mlL erlenmevyer flasks with 25 mL
of culture medium. The flask were prepared and incubated overnight in
shaking-water bath (NUVE BM 101) thermostated at 37°C. Shaking
prdvided 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 erlenmever
flasks to prevent contamination and to filter the air entering the flask.
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1. Thermostat

2. Erlenmever flasks
3. Shaker

4. Waterbath

Figure 3.1. Experimental set-up for the growth of bacleria

After the incubation each flask contained approzimately 1x1010
cells/mL The appropriate dilutions are shown below.

3.1.3. Determination of the cell number
For the determination of the cell concentrations, appropriate
{(serial) dilutions were made according to the following procedure.

dilution  approximate
factor concentration

10pL &  + 990 pLSW =1000yLEppt 1072  10%celis/mL

10 pLEppl + 990 pL SW 1000 pL Epp2 1074 100¢cells/mL

10 L EppZ + 990 pL SW = 1000 pLEpp3 10®  10%elts/mL

100 pLEpp3 + 990 pL SW = 1000 pLEpp4 1077 103cells/mL

106 pL Epp4 + 990 pL SW = 1000 uLEpp5 107  102cells/mL

- Free Cell culture = A Eppendort tubes = Epp

Salinated water = SW
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For determination of viable cell number, the culture aliquots were
serially diluted by the ratic 1:100 and then 1:10 in sterile saline {0.§5%);
S0pL of appropriate dilutions were spread on duplicate LB agar plates,
and incubated overnight at 37°C. Colonies were counted by using Quebec
colony counter. The number of viable cells per mL was then calculated
frotn the average number of colonies counted on duplicate plates, after
correction by the dilution factor. More details about spreading technique
are given in Appendix 1.

The counts were conformed to a Poisson distribution [4]. If 11 is the
fiutnber of organisms counted, the standard deviation is given by o=n 172
and the 95 X confidence limits are taken to be ntio,

3.2_ Photocatalytic reactions

2.2_1. Photocatalytic light sources
i
Many types of light sources are available for the initiation of
photochemical reactions. The most important parameters for the selection
of a particular light are:

1. The wavelength of the light and the intensity cshould be
sufficient to induce a reaction in a reasonable fime (15mmin-
tohr). The intensity should be, around 1018 quantas

3
A

(4]

SC.CIN

a1

2. The light intensity should be stable during the photolysis [41].

Black light fluorsescent lamps and medium pressure mercury lamp
were used for the experimental set-ups.
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Light source used in Experimental set up I: Three § watls commer-
cial black light tubular flucrescent lamps (3z8W Phillips TL) wete used
and the system was irradiated from the bottom.

Light source used in Experimental set up II: IxI125 Tungsram HgV
black light source lamp was used and the system was irradiated from one
side.

The emission spectrutn of a typical black light fluorescent lamp is
given in (Figure 3.2.) [40]. Black light lamps emit predominantly 320-440
nm light, with virtually no emission below 300 or above 500 nm. The
inside wall of the lamp is coated with a fluorescent substance which ¢mits
in a broad band around 365 nm, and does not allow the short UV to pass
through. They have continuous spectra and known as low-pressure
mercury arc.

By comparing figures 2.7 and 3.2 it can be seen that the lamp
emifs in the region of maximum absorption of the cafalyst. Actinometric

meas:ureigz%ent of light intensity is given in later section.
T T I I T I T
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Figure 3.2. Emission spectrum of black light fluorescent lamps.
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Light source used in Experimental Set-up III: An optical bench
containing the light source, the lens and a filter (U2G) was used. The light
is absorbed from the top with 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 wavelength separated by intervals in which no energy
| appears [41].
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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 Deen
calibrated directly or ihdirectly by relation to a known heat flux [41].
Many chemical actinometers are known in the liquid phase. The most
important paratneters that must be fulfilled are: stability, concentration



temperature independancy and quantum  efficiency. Potassium
ferrioxalate actinometer having wavelength range of 250-570nm is
accepted as the most suitable liquid phase chemical actinometer
developed by Parker and Halchard.

The mechanism of the potassium ferriozalate actinometer is the
reduction of ferric ione to the ferrous state. The potassium ferrioxalate
solution with sulphuric acid is irradiated within the above wavelength
range, the Fetd jons 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 expressed as follows:

2Fe(C,04)53 B0 2Fe*2+ 5C,04% + 2C0,

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 Ferriozalate solution: Pure KsFe(C;04)5.3H,0 was prepared by
mizing 1 volume of 15 M ferric chloride with 3 wvolumes of 1.5M
potassium oxalate solution. Potassium ferrioxalate precipitated and the
precipitated had to be crystallized and dried in a current of warm air at
45°C. The pure green crystals of potassium ferrioxalate could be stored in
the dark for a long time. 0.006M solution was prepared by dissolving
2.947 g of solid in 800 mL of Hy0 and 100 mL1.0 M H,S50,4 were added
and the solution was diluted to 1 L with Ho0 and mixed.The preparation
of potassium ferriozalate solution must be carried out in the absence of
actinometrically active light.
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1.10 Phenanthroline monohydrate solution:
0.1 Z by weight 1.10 phenanthroline monohydrate solution was prepared
by dissolving 0.1 g. colid in water.

Buffer solution
Buffer solution was prepared by mixing 600 mL of 1 N sodium acetate
with 360 mL of 1 N HpS04 and diluted to 1L with distilled water.

Procedure for actinometry [42]

Identical conditions were set up for the actinometric
measurements. 40 mL of ferrioxalate solution were irradiated for each
light source for 30 minutes. After irradiation and mizing well, an aliquot
volume of 2 mL(V ) was taken into 50 mL (V 3} volumetric flask and 1
mL 1.10 phenanthroline solution and 1 mL of buffer solution were added.
The final volume was adjusted with distilled water. A blank solution was
prepared in the same way except that it was not irradiated. Both solutions
were Kept in the dark {about 30 minutes) until full color development
was achieved.

The absorbance of the samples was measured at 510 nm with the
spectrophotometer (varian supercan 3). The absorbance of this solution is
a measure of the quantity of light absorbed by the actinometer.

3.2.3. Experimental sets

Experimental Set-up 1.: Experimental setup | was consisted of ix8W
black light fluorescent lamps placed horizontally and parallel to each
other (Figure 3.4) TiO; suspensions was prepared by sonicating 5 minutes
before Ziok addition. 100 ml Erlenmeyer flasks weré used as a reaction
vessel. Reaction wvessel containing certain amount of Ti0p in Ethe#

suspension was placed on top of the lamps providing illumination from |
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Extreme care wags paid to exclude any actinometricaly active light during
experiments. Mizing was provided by shaking before sampling {(every 10
minutes) in order to prevent the Ti0, powders to settle down. Standard

plate count were done for the sampling.

1. Stand

2. Mirror

X Lamp

4. Glass stand
5. Reactor

wn

Figure 3.4, Experimental Sst-up L.

Experimental Set-up II. Experimental Set-up I1 was consisted of one
Tungsram HgV 125 black light source lamp. 50 ml glass beakers were
used as a reaction vessel. Reaction vessel containing sonicated TiO,
powders in End suspension was illuminated from one side (Figure 3.5).
Mizing was provided by a magnetic stirrer. Exfreme care was paid to
exclude any actinometrically active light during experiments. At specific
time intervals (each 10 tnin) sample aliquots were taken and standard
plate counts were carried out.

r:r’,/ 1

—_ L3 ' 4 1. Adjustable stands

4 ~ T 4 Z. Magnetic stirrer

3. Reactor

4. Lamp
5. Conicave mirror

&. Metallic box

1
|

Figure 3.5. Ezperimental Set-up 11
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Experimental Set-up III. Experimental Set-up III

Was

consisted of one medium pressure mercury lamp having the same
conditions of experimental setup I1. {Figure 3.6)
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1_bench

2.lens

5. magnetic stirrer

6. reactor

3. light source 7. mirror

4. filter

Figure 3.6. Experimental Set-up II1

_p
LS




IV. RESULTS AND DISCUSSION
4.1. Results Obtained from Experimental Set-up I.

Reaction conditions: Light source 3x8W Phillips TL
Reaction mixture :Ti0O; concentration : S0mg Ti05
Etolf concentration: 1.02103 ¢ell/mL
in 40mlL sterilized raw water
Duration : 60 min

Reactions were carriad out under illumination, in dark and in

the absence of Ti0; powders. The results obtained under the above

conditions are plotted on a semilog paper (Figure 4.1.3
4 :

—
o

1000 S —

100

—
o

Reaction with light and TiO2 \

n Reaction in dark with TiO2 \

Viable cell concentration(cells/mL

o Reactiofl in ligilt without TiO2

10 20 30 40 50
. Time(min)

Figure 4.1.Time course of vwviable c¢ell concentrations in
Experimental Set-up I with 50 mg Ti0,
conceniration without. Ti0O5, and without

illummination it 40 mL sterilized raw water.
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Figure 4.1. shows the decreasing behavior of viable cell count
under irradiation with the 3z8W Phillips TL lamps. The time
required for bactericidal effect was found to be approximately 60
minvtes.

By a control experiment, it can be concluded that there is about
1o bactericidal effect («<2%) of TiO; in the dark; (Figure 4.1. line D),
and the percentage of wiable c¢ell counts in the absence of
semiconductor powders was observed to be <3%; (Figure 4.1. line C}.

The number of wiable cells decreased gradually after ™

shioulder effect” of about 10 minutes. Since in all the experiments
young Fooff cultures were used, at this stage the o4 cells were in
a state of two about-to-divide into four. The presence of a shoulder
- can also be explained by the prominent effect of wvisible radiation
radiations than in near ultraviolet radiations [31]. The etnission
spectrum of black light lamp is shown in Figure 3.2. The shoulder
observed in Figure 4.1 may be explained by the lamp cutput data;
since in wawvelengths longer than 400 nm less than 208 of the

relative energy is available.

No shoulder effect was observed in the work that was carried
ont by Matsunaga et al. in which an efficient mizing of Zdol
suspension was provided with a masterflex pump [37]. Another
effective factor is that the light intensity is 102 fold greater than

&
2.6xz1021 quanta;"ser:.mz whereas in this Experimental part 1
9

“3
7 quanta/in< sec was used.

Mateunaga et al. reported that under irradiation of 2.6x1021

e P .
quantasmesec the number of viable cell decreased gradually and the
sterilization was complete after H0 minutes with initial cell
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concentration of 107 cells/mL and 1 mg TiO;/mL raw water (Table
4.1.} using a mercury lamp (HF 100X Iwasaki Electric Co) [37]. In
another work of the authors 208 surviving cells was observed under
metal halide larnpﬁ irradiation after 60 minvtes [32]. Table 4.1. shows
the lsthal effect of semiconductor powrder (TiD2) on E&of under
various conditions.

Table 4.1. Lethal effect of semiconductor powder (TiO;) on

el ander various conditions.

Semiconductor light source  Light intensity Time Surviving Ref.

Fowder (quanta/m<sec) (min) ratio®

Ti05 /Pt Metal halide 2721041 8O 20 {32)

“Ti04 /Pt Metal halide  2.7x10° 120 0 (32)

Ti0+ Mereury 26x1021 60 0 (37)

Ti05 BL fluorescent  1.5z10l® 60 0 Set ]
lamp 2xX&W

Ti05 BL fluorescent  4.0x101%  50-60 0 Set 11

lammp 125 W

4.2_ Results obtained from Experimental Set-up II1.

Reaction condifions:Light source 1x125W Tungsram HgV
Reaction mixture TiO, concentration : 50mg Ti0,
Ealf concentration : 1.03102 cells/mL
in 40mL sterilized raw waber
Duration : 60 min



The reaction was carried out under illumination and the cell

counts were plotted on a semi-log paper. The results obtained under

the above conditions are given in Figure 4.2.
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Figure 4.2 Time course of viabde <cell concentration in

Experimental Set-up Il with concentration of 50 mg
Ti05 /40 mL sterilized raw waler.

Figure 4.2. shows the decreasing behavior of wiable cell count
under irradiation with the 1x125 Tungsram HgV black light lamp.
effect
approximately between 50 and 60 minutes.

The for hactericidal was found fto be

time required

shoulder effect wag obgerved to bhe effective for 25
tninutes. The same arguments are also valid for the explanation of
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

above mentioned experiment wete also given in Table 4.1.
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Light irradiance was observed to be 4.0x1019 quanta_.-’mz,sec
having a contact area of 1.1x10°3 m¢ whereas in Experimental Set
up I light irradiance was observed to be 1521019 guanta/m? sec.

. - ) ~
having a contact area of 3.3x1072 m=.

The initial concentrations of Fo&ulf cells was found o be
effective on the sterilization time [37]. In this experimental part,
initial concentration of ZF¢oali was 102 cells/mL. Matsunaga et al
reported that under the same conditions except the light intensity

A}

{6.6x1020 quﬁnt.:t,m‘* sec) 10%cells/mL was completely sterilized

after 30 minutes. This situation indicates that initial cell
concentration is an effective {ac tor oft sterilization time as well as the
light intensity.

4.3. Results obtained from Experimental Set-up II1

Reaction conditions : One medinm pressure metcury lamp
Reaction mi}rtufe : Ti0p concentration 50 mg Ti0,
E colf concentration :1.02103 cells/mL
in 40 mL sterilized raw water

Duration - 60 minutes

Eeactions were carried out under illumination. The results
obtained under the above conditions are given in Figure 4.3,

-

As can be seen from graph (Figure 4.3a) the sterilization with
the mediurn pressure mercury lamp having a light intensity of

252210 13 quanta/sec mée was inefficient. (The illumination area
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was 16 sz)_ The wavelength of the light absorbed by the reactant
should have an intensity larger than 1015 quantassecm? [41). In
this case the irradiance was about the Hmiting value for the
photochermical reaé:tions. The filter used in the optical bench was
cutting off radiation shorter than some critical wavelength but
passing all longer *.--fa.veleﬁgt.h radiation until far out in the infrared.
The sarne experiment was carried out without the filter.

EIEE NI I | R4 2 R 2 _2_2 & .. S 2 0 2

e
o
o
o

100

—
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Viablc cell concentration(cells/mL)

0 10 20 _30 40 50 60 70
Time(min)

Figure 4.3aTime course of viable cell concentrations in
Experitnental set-up 111 with concentration of 50

mg Ti0; /40 ml sterilized raw water.

The actinometric result was about 5.56x1018 quantassec.me,
A little difference was observed in the number of survived
organisms. TiO, has a band gap energy of 326V which is at a
wavelength of 390 nm. The relative energy output at this

wavelength is very low apptroaching to zero. Therefore no

Py

bactericidal effect was observed. Figure 4.3b shows the results



obtained in the Experimental Set-up 111 using the light source
without the filter.
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—
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0 10 20 30 40 50 60 70
Time(min)

Viable cell concentration(cells/mL)

Figure 4.3b. Time course of wiable cell concentration in
Experimental Set-up 111 without the filter with
concentration of 50 mg TiO5/40 mL sterilized raw
water.

“4.4. Resulls obtained from the effect of different 1105

concentrations in surviving ratio in experimental
Set-up I.

Reaction conditions : Light source 3z8W Phillips TL

Eeaction mixture  : TiO3 concentration :10, 50, 100 mx TiOy
E¢nf concentration: 12103 cell /mL
in 40 L sterilized raw water

Duration . B0 minutes

1N

o



Fhiotochemical reactions with different concentrations of Ti04
were carried out in 60 minutes interval. The surviving ratic versus
tim# is plotted in Figure 4.4,

—
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Figure 4.4.Time course ¢of surviving ratic in Experimental set-
up I with 10 mg, 50 mg, 100 mg Ti0, concentration
in 40 mL sterilized raw water.

The curves for 10 mg and 100 mg TiO, were almost the same
_having the same shoulder effect and almost the same time for the
sterilization. Death of microorganisms usuvally follows a logarithmic
curve, which becotnes a straight.—line oraph if the logarithm of viable
maicroorganisms is plotted against time. Such a curve means that a
conistant fraction of the surviving organisms is being killed per unit
time. Curves of this kind never quite reach "zero organisms” [2]. For
example if the concentration in a fluid is 100 cells/ml at the
becinning and Q0% were killed every minutes, the probability of
finding one-tenth of an organism per milliliter after 3 minutes might
be present. Sterility can thus be considered o be the state where the



44

prebability of finding even a single wviable organism in the total
volume involved is extremely low. As can be seen frotn the graph
(Figure 4.4), concentrations of 10 g and 100 mg TiO, didn't reach

"zero-organisms™in 60 minutes time interval.

In experimental set-up I 50 mg Ti0,/40 mL sterilized raw
water seems to be the optimum condition. The time required for
bactericidal effect is found to be in S0 minutes. This indicates that 10
mg is a quantity too 1ow for sterilization conditions and 100 mg is a
value to high to the sterilization conditions. Inc¢rease in TiO5
concentrations increase the opacity of the solution and causing a
decrease is penetration of light through the solution.

4.5. Results obtained from the effect of different TiO,
concentrations in surviving ratio in exXperimental

set-up II.

Reaction conditions :Light sources : 1z125W Tungsram Hev
REeaction mixture  Ti0, concentration : 10 mg, 50 mg, 100 mg
£ coff concentration: 1.0x102 cells/mL
ifn 40 mL sterilized raw watsr

Duration - 60 minutes

Photochemical reactions of different concentrations of TiOp
were observed in 60 minutes interval. The surviving ratio versus

times was plotted in Figure 4.5.
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Figure 4.5. Time course of survival ratio in Experimental set-
up II with 10 mg 50 mg, 100 m.Ti0; in 40 mL

sterilized raw water.

Az can be seen from the graph, 10 mg TiO, was the optimum
condition for experimental set-up II. Ths time required for
bactericidal effect was found to be approximately between 30-40
min. interval. Ho shoulder effect was detected.

Although a shoulder 2ffect was present until 20 minutes in 50
mg Ti0, concentration the bactericidal effect was found to be

between 50 and 60 minutes interval.

For 100 mg Ti0O, concentration 60 minutes was not sufficient.

Opacity of the solution inhibit the light penetration and also inhibit
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the oxidation of microbial cells. Same shoulder effect as 50 mg was
detected for 100 mg Ti0, concentration.

10 mg TiO, concentration is in the oplimum range stated by
Onoda et al [31].‘Increasing the concentration of TiOZ increase the
bulkiness of the solution. (This is the case in 100 mg TiO2
concentration).

The light used in both experiments have the same emission
spectrum with difference in their intensities. Experimental Set I.
have a greater value for the energy absorbed by the system. The sets

wete illuminated and mixed in different manners. Set I. were

illuminated from the bottom having an area of 33.16 cmé. Set II.
were illuminated from one side and having an area of 11.25 cm?
whereas a good mixing was provided for Exp. Set II. Settling of TiO;
in Set I in higher concentrations {(although sonication was provided
before the experiment and shaking every 10 minutes during the
s¥perimental) couldn't be prevented. Settling of TiO, was decreasing

the contact areas with Z&Gaf  cells and  inhibiting the light

penetration. This probletn was absent for Exp. Set IL

4 6. Effect of different TiO, concentration on surviving

ratio
4.6.1. Experimental Set-up I.

Reaction conditions : Light sources 3z8W BEL fluorescent lamp.
Reaction mixture : 10,20,30,40,50,60,100 mg Ti0, per

E Colf concentration: 103 cells/mL

in 40 mL sterilized raw water

Dﬁration : A0 minutes
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Table 4.2. Effect of different TiD; concentration on surviving
ratio in Experimental Set [ {0-30min)

TiO5 concenfration Initial cell =30 min survival

per 40 mL Raw Water concentration ratio of Feoti (%)

10 mg - 1x103 50
20 mg 12103 40
30 mg 1103 40
40 mg 1x103 20
50 mg 12103 16
60 mg 1x103 40
100 mg 1x103 >50

As can be ssen Iromn the table above the optimum conditions
for the photochernical effect of Ti0gy can be observed al a range
between 40 and 50 mg T1C'3 /40 mL sterilized raw water. The other
concentrations were inefficient for the oxidation of microbial cells.
This conclusion shows an agreetnent with the study of Matsunaga et
al. where 1 mg/mL Raw Water water was used for the sterilization.
In the study of photocatalytic bactericidal effect of powdered TiO5 on
Slrepioconntis Aufass, Onoda et al. mentioned that the optimum
concentrations of Ti0o powders were in arange of 0.01 and 0.1 wt. &,
The 0.01 wt & disagree, with the table 4.1, because decreasing the
concentration of Ti0, to less than mg/mL ratico increase the surviving

ratic. The second value 0.1 wi  agree with the table above [31, 37].
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4.6 2 Experimental Set-up II.

Reaction conditions: Light sources:One Tungsrain BEL fluorescent lamnp.
Reaction mizture :TiOg concentration:10,40,50,100 mg Ti04

£ coff concentration: 102 cells/mL

in 40 mL sterilized raw water
Duration 1 30 minutes

Table 4.3. Effect of different Ti0, concentration on surviving
ratio in Experimental Set I1 {0-30 min)

Ti0, concentration Initial ceil =30 min survival

per 40 mL Raw Water concentration ratic of Feoli (3)

10 mg | 12102

40 rng 12102 18

50 tng 1x104 70
100 mg %102 &5

In the case of Experimental Set. Il the optimutm values were
obtained at a concentration range of 10-40 mg Ti0, (Table 4.3).
Althongh the bactericidal effect is observed with 50 mg Ti0,
concentration in 60 minutes interval, 1 mg/mL concentration is more
efficient. 100 mg Ti0o concentration is too bulky for this type of

sxperimental set.




4 7. Effect of initial Z0f concentration on surviving ratio

Reaction conditions: Light source: 3z8W BL fluorescent lamp
Reaction mixture : TiOj concentration : Table 4.4

Fndd concentration: Table 4.4

in 40 mL sterilized raw water
Duration : 30 min

Table 4.4. Effect of initial cell concentration on surviving ratio
in time fix

TiC4 concentration Initial cell t=30 min survival
per 40 mL Raw Water concentration ratio of F .t (Z)

10 my 6.4x10% 62.5
1.0x103 50
20 tng 1.0x103 40
&x102 10
43102 5
40 mg 1x103 20
4102 11.25
100 mg f.4x10% 54
3
1.0x10 S0

As can be shown from Table 4.4 decreasing the values of Fiok
in the .solution increase the bactericidal effect in other words
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decreases the walue of surviving ratio. For 20 and 40 mg TiO,
concentration, there is a linear relationship between EColi
concentration and surviving ration. In the study of I-«Iatsuhaga the
systemn was efficient for complete sterilization when 102 and 103
cells were used, whereas the surviving ratio for ‘10"'i cells/mL and
102 cells/mlL were 32% and 64% respectively for 30 minutes under
irradiation of 6.6x10%0 quanta/secm?  [37] The system was not so
efficient as 20 mg and 40 g TiO, for values of 10 mg and 100 mg

TiO5 /40 mL raw water.
4 8. Results for the actinometric measurements

In order to find the number of photons per second per square
meter absorbed by the solution in the cells the actinometric
procedures stated in section 3.2.2. was used. For a constant irradiation
the lamp was warmed for 30 minutes before the actinometric
measurement. The number of quanta absorbed by the actinometer is
stated below by this formula [42]:

20
< 6.023x10 XV V0D,
& Npa+2= -

"‘?g XL XE

V1 = The volume of actinometer solution, irradiated {(mL}

Vo = The volume of aliquot taken for analysis (mL)

(o)

= The final volume to which the aliquot V5 is diluted (mL}
E = The molar extinction coefficient of Fetd complez, 1.1 1x10% L
mole~! em~1.
0D.= the measured "difference optical density” at 510 nm.
L = the path length of spectrophotometer cell (-::m).
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The number of quanta absorbad by the actinometer nype is

2 Uape™
iy = the gquantum yield for the Fe*4 formation at 300-400nm, 1.24 -
The number of quanta per unit time per unit area ngy,g is

2 faps

(R 2]
t.L"kl

The results of the actinometric study for the three different
reactors are given in Table 4.5.

Table 4.5 Actinometric results

¥ =40mL L=1c¢m
Va= 2mL E=111£10% L mote~! em-1
Vg =50mL idy= 1.24
Light source
Sets time Area oD intensity
(sec) m? {quanta/m? sec.

Experimental Set-up1 300  3.3x10°7 034  150z101°
Experimental Set-up II 300  1.1x107F 03 3.9
Experimental Set-up II1I 360 1621077 0073 55
Experimental Set-up 111 360 1621073 0033 25

{filter)




4 9. Effect of Temperature, pH. and others:

Ho c¢hange was observed in the pH of the solution during the
experiment. The pH-value was in the range of 7.1-7.2. A difference of
5°C was observed between initial and final temnperature walues. At
the beginning of the experiment preliminary studies were carried
out with phosphate buffer for control purposes. Since the study was
objected to sterilize raw water, the experiments with sterilized raw
water was taken into consideration.

Another factor that must be calculated is the transmission of
the bealier used. The beaker was made of glass. Ordinary window
glass in thickness of 2mm of tore is practically opaque fo
ultraviolet of wavelength shorter than 32000 nm. The glass has
Q0% transmission between 370-400 nm, for the first two sets the
irradiation passes through the glass then contact the solution is
*Q0% al this wavelength. Therefore little effect is observed by the
transmission of the glass. For the third experimental set the light
iz directly absorbed by the solution.
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V. CONCLUSION AND RECOMMENDATIONS

The photochemical sterilization of Escherichia Coli cells was
achieved in 60 minutes under the irriadation of two different fluorescent
lamps. One set-up was consisted of 3x8W BL fluorescent lamps placed
horizontally parallel to each other permitting a suitable design for
continuous flow of thin layer of water. The other set-up was 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. F¢off concentration was 103 cells/mL indicative of probable
contamination level in untreated drinking water supplies. The effective
Ti0y concentrations were determined and 1mg/mL was found to be
optimum for Experimental Set-up I and 0.1-1.0 mg/mlL for Experimental
Set-up II although slight variations did exist between the lamps. Since
photochemical sterilization was not reported to be significant for Zood
only, the following argnment was carried out.

The cell wall composition of various microorganisims was explained
- as an effected factor in the sterilization by semiconductor powders [32]
Gram positive bacteria is surrounded by a cell wall, typically 250 A°
wide, composed of peptidoglycan and teichoic acid, grain-negative
bacteria have a more complex cell wall. The plasma membrane in
surrounded by a 30 A® wide peptide glycan wall which in turn is covered
by an &0 A° outer membrane composed of profein, lipid and lipo
polysaccharide. The green algae has even more thicker cell wall mainiy
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 (Ti0,/pt) [32].

Microorganism . Time Surviving
ratio %

Gram positive

bacteria O0 e 0

{ Lactobaciling

acrdoplitlius)

Gram negative ... BO e 20

iFanharialrg voflf)

ast 60

Yeast e B0 54
(Srocharomyees

parevisize)

Green algae . B0 e 85

fchlarella vuloaris)

It can be concluded that sterilization time under specified conditions will
not be sufficient enough to state the sterilization of raw water samples if
Zeolf 1s used as an indicator organism especially nowadays since an on
going argument on viruses being surviving under traditional sterilization
techiniques is populart.



RECOMMENDATIONS
It can be recommended that further research will be of interest; if;

l. Immobilization of TiO; powders with certain surface
characteristics can be achieved.
2. Differentiation between doped and undoped Ti0O45 forms can be

studied.
.Continuous  sterilization system can be designed under

=

solar radiation for practical purposes.
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APPENDIX I

Streaking technique:[40]

primary streak

%)

Lo

-

b.

. 3erilize a platinum transfer loop by flaming until it glows light

red. Allow it to cool in air or stab it inte sterile agar medium.

. Uze the cooled loop to pick up the bacteria. Touch the loop to a

single well isolated bacterial colony growing on the surface of
solid medium.

;. sfreall the bacteria adhering to the loop onto a segment of a

plate containing agar medium. Sterilize the loop by flaming and
cooling by stabbing it into a region of the agar mediutn that is
free of bacterial cells. Pass the loop once across one end of
primary streak and spread the bacteria that adhere to the leop
into a fresh region of the agar medinm.

. Sterilize and cool the loop again and streak from one end of the

secondary streak.

. Repeat step 3 twice more, serially.

Eeplace the lid on the plate. Incubate it in an inverted position
at 37°C for 26 hours. Well spreaded colonies would be visible in
the area of final streak.

secondery streok

sterilize loap
by flaming

sterihze locp
by floming

g

-

6



Spreading technique:[40]

L.

[ 8

L)

Transfer bacteria from a liquid culture to a tube of volume of

I mL containing required sterile saline. Voriex to disperse any
chimnps of bacteria.

. Transfer the required wolume Irom fube 1 for the desired

dilutions.

. Repeat step 2 serially two or three times.

4. Spot an aliquet of 50 ml of sach dilution inn the center of a plate

containing hardened agar mediutn. Spread the cells over the
entire surface of the medium, by moving a sterile bent glass
rod back and forth genfly over the agar surface and at the
same time, rotating the plates by the hand. The olass spreader
can be sterilized by dipping it into a beaker containing 953%
ethanol and then holding it in the flame of a bunsen burner to
ignife the ethancl. The spreader should then be cooled first in
air and then by touching the surface of a plate of sterile agar
medinm.




APPENDIX I1.

Multiple-tube fermentation:

This test progresses through three distinct steps; The presumptive
test, the confirmed test and the cotnpleted test. The second and the third
test incremse the cettainty that posifive resulits obtained in the
presumptive test are due to coliform bacteria and not other kinds of
tacteria. The completed test is used to establish definitively the presence

of coliform bacteria for quality control purposes. Bacteriological testing of

maost public water supplies stops after confirmed fest. The presumptive
test is the first step of the analysis. The sample is poured into lactose or
lauryl tryptose broth and an inverted vial. The samples are incubated for
24 h, checked in the water, gas will begin to form in the inverted wvials
within 45 b period; this indicates a positive 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
irom the presumplive step are transferred to brilliant gresn lactese bile
broth and incubated. If no gas is produced after 43 hrs of incubation, the
test is negative and no coliform bacteria are present. If gas is produced,
the test iz positive indicating the presence of coliform bacteria.

Positive samples then nnderge the completed iest. The sample is
placed on aneosin methylene blue (EMB) agar plate and incubated. &
zmall portion of coliform colonies formed is transferred to a nufrient agar
slant and incubated for 24 hrs. A second portion is transferred o a lauryl
tryptoge broth and incubated for 24 to 48 h. The complsted fest is
positive if (i) gas is produced in the lauryl tryptose broth and (ii) red-
stained, non spore forming, rod-shaped bacteria are found. If no gas is
produced in the lauryl tryptose broth, chain-like coccd or t:-lue—Sta.ined,
rod-shaped tacteria are found on the agar.



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 with a selective culture media. & coliform bacteria colony will
develop at each point on the filter where a viable coliform bacteria was
left. during filtration. After an incubation period the number of colonies
per measured volume is counted.

Coliforms are distinguished from other groups of organisms by
their possession of the enzyme B-Galactosidase which is necessary for
splitting the lactose contained in the Endo medium. In addition, coliform
tack the enzyme cytochrome oxidase (CO). Knowledge of these two
features, the medium used contains an agent which verifies the presence
of B-Galastosidase in the suspect colenies; and NN-dimethyl-p-
phenyldiamine which verifies CO activity.

Standard Plate Count:

The standard plate count is the only practical way to estimate the
total bacterial population of waters. The test determines the total bacteria
in a sample that will grow under the influence of the selected media.

This test is performed by placing diluted water samples on plate-
count agar. The samples are incubated for 24 hour at 37°C. The bacteria
colonies that grow on the agar are then counted using bacteria counting
gquipmment.
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