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The endospores of certain spore-forming bacteria are very resistant to harsh 

environments and thus difficult to eliminate from foods or the local environment.  A need 

therefore exists for development of improved methods for rapid inactivation of bacterial 

endospores.  Many studies have addressed inactivation of spores in aqueous systems, but 

very limited information is available on photocatalytic inactivation of endospores on 

surfaces in air.  Methods to study photocatalytic inactivation of endospores on surfaces in 

air were therefore developed in the present research.  These methods included spore 

purification, particle distribution on surfaces and recovery and enumeration of viable 

spores from surfaces. 

Five methods for bacterial endospore purification (ASTM E2111-00, ethanol, heat 

shock, daily water washes, and lysozyme treatment) were applied to suspensions of 

Bacillus cereus.  Ethanol treatment was optimum for purifying 3-day cultures, whereas 

the ASTM method was most favorable for 10-day cultures.   



xviii 

Distribution quality of spores and mixture of spore and photocatalyst on surfaces 

was quantitatively and qualitatively evaluated.  Spores and photocatalyst distributed on 

Anodisc membranes by filtration method demonstrated the most uniform distributions of 

spores and mixture on surfaces, whereas the distribution quality of particles over plastic 

by a pipetting method was the worst.  The distribution quality of spores and photocatalyst 

on glass by a pipetting method was inferior to Anodisc membranes but superior to plastic. 

Enumeration of viable spores on plastic, glass and membrane surfaces by different 

surface sampling methods (lifting of spores from glass and plastic by polyvinyl alcohol 

(PVA) or removal of spores from Anodisc membranes by sonication) was compared and 

investigated.  A 100% recovery percentage and a high sampling consistency were 

achieved by sonication in conjunction with Anodisc membranes.  Recovery of viable 

spores from glass by the PVA method gave the lowest recoveries.  Use of PVA to lift 

spores from plastic gave good recoveries. 

Enhanced inactivation rate by TiO2 has been widely investigated.  However, few 

experiments have been carried out with bacterial spores, even less for dry state 

inactivation.  A controversy exists that contacting with titania didn’t improve disinfection 

rate under UVA.  In this study, it was found that contact of UVA irradiated spores with 

titania did not give higher inactivation rate coefficients than UVA irradiation of spores in 

the absence of titania at high light intensity.  However, at light intensities of 10 to 30 

W/m2, significantly higher inactivation rate coefficients were achieved in the presence of 

titania.  Thus, light intensity plays an important role in the difference of inactivation rate 

under UVA irradiation in the presence and absence of titania. 
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CHAPTER 1 
INTRODUCTION 

Endospores, thick-walled resting forms of bacteria, are formed under unfavorable 

conditions.  The unique structure of endospores contributes to their high resistance to 

harsh conditions such as heat, desiccation, chemicals, UV radiation, and γ- radiation, 

which enable them to survive in the environment for years or decades.  Once conditions 

become favorable, endospores can quickly transform into vegetative, actively growing 

cells.  Because of these characteristics, that is, high resistance to environmental factors, 

long stability, the ease with which they can be grown and processed, and the existence of 

highly toxic strains (e.g., Bacillus anthracis), endospores may cause serious 

environmental and health problems.  A need therefore exists for development of 

improved methods for rapid inactivation of bacterial endospores.  

One of the ideas proposed for spore inactivation is the use of photocatalytic 

nanoparticles to kill spores.  A key technical question is how effective photocatalytic 

powders are against endospores in the dry state.  Another important question is the 

effectiveness of photocatalysis at low light intensities, such as those present in the indoor 

environment.  As noted in Chapter 3, over one hundred studies have been conducted on 

the use of TiO2 in photocatalytic inactivation of microorganisms and over forty different 

microbes have been assessed with regard to their susceptibility to this method of 

disinfection.  However, few studies (ten papers) have explored the ability of TiO2 

photocatalysis to inactivate resistant microbial forms such as fungal spores, protozoan 

cysts or oocysts, or bacterial endospores.  Furthermore, only 3 studies have been carried 
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out on the photocatalytic effects of titania powder against spores in dry (room air) state.  

This information is very important for the practical application of photocatalytic powders 

against biohazardous agents.  Therefore, the goal of the present dissertation was to 

determine the effectiveness of titania against resistant microbes (bacterial endospores) in 

dry state in the presence of solar UV radiation.  Specific objectives of the research were 

to 

• Demonstrate the photocatalytic activity of titania nanoparticles against bacterial 
endospores in dry state under UVA illumination. 

• Quantify the effect of light intensity on photolytic and photocatalytic inactivation 
of endospores in dry state under solar UV irradiation. 

Bacillus cereus was used as a surrogate for Bacillus anthracis in the biological 

testing due to its close relationship to the highly toxic B. anthracis in term of genome 

sequence.  Spores were produced from vegetative cells, which are more susceptible to 

inactivation process than spores.  The existence of vegetative cells in spore suspension is 

unavoidable.  Hence, Bacillus cereus spore purification methods in the present research 

were compared since no evaluation and quantitative information has been investigated 

about the effectiveness of these methods on separation of spores and vegetative cells and 

inactivation results.   

Uniform distribution of spores and photocatalyst on the surface and enumeration of 

viable spores on the surface are the two key techniques to conduct photocatalytic 

inactivation against spores on surface in dry state.  However, no paper has quantitatively 

and qualitatively evaluated both spore distributions on surface and viable spores sampling 

efficiency from surface after inactivation process.  Approaches to obtain uniform 

distribution were explored and the distribution quality was quantified.  Recovery 

percentage and sampling consistency were investigated for methods tested.   
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In terms of health standard for indoor UVA application, a maximum allowable 

UVA for photocatalytic disinfection was 10 W/m2, thus, it is important to determine the 

relationship between photocatalytic disinfection rate and UVA intensity.  Results of this 

study will lead to a better understanding of bacterial spore inactivation on surfaces by 

photocatalytic powder in the dry state.  Furthermore, the effectiveness of photocatalytic 

disinfection over a range of UVA intensity will be revealed. 
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CHAPTER 2 
LITERATURE REVIEW  

2.1 Bacterial Endospores 

The unique structures of bacterial endospores impart high resistance to harsh 

conditions such as heat, desiccation, chemicals, UV radiation, and γ- radiation, enabling 

spores to survive in the environment for years or decades.  Although no metabolism can 

be detected in spores, they have sensory monitor mechanisms that allow them to 

germinate and outgrow into vegetative cells in response to the presence of nutrients.  The 

spore forming bacteria Bacillus anthracis produce a potent toxin, causing the disease 

known as anthrax.  Besides Bacillus anthracis, other spore-forming bacteria also cause 

problems.  For example, spores of Bacillus cereus are often present in foods and animal 

feed and can cause food poisoning.  Thus, it is important to find quick and effective ways 

to inactivate spores.  In the following, the structure and protective mechanisms of 

bacterial endospores are described and the sporulation and germination processes are 

explained. 

2.1.1 The Structure and Protective Mechanisms of Bacterial Endospores 

Figure 2-1 shows the structure of a typical bacterial spore.  The germ cell is the part 

of a spore that can reproduce to form new vegetative cells.  It consists of a core that is 

surrounded by a plasma membrane and a cell wall.  Beyond the germ cell wall is the 

cortex and the inner and outer spore coats.  In some spores (e.g., those of Bacillus 

cereus), an exosporium lies outside the outer spore coat.   
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The inner and outer spore coats together make up approximately 50-volume percent 

of the spore.  They consist mainly of proteins.  The outer spore coat contains alkali-

resistant proteins and thus imparts resistance to bases.  The inner spore coat has alkali-

soluble proteins. These coats are the main source of resistance to chemicals in spores 

(Block 2001). 

Inside the spore coats lie two layers: the cortex and the thin primordial cell wall.  

Both are composed of peptidoglycan.  Chemicals such as lysozyme and nitrous acid can 

attack the peptidoglycan.  The cortex is degraded during spore germination.  The 

primordial cell wall maintains the cellular integrity after germination and serves as a 

template for peptidoglycan biosynthesis during outgrowth (Atrih and Foster 2002). 

Between the cell wall and the core lies the plasma membrane.  It has a compressed 

polycrystalline structure. During germination, the plasma membrane is transformed into 

the membrane of the vegetative cell.  The membrane of the vegetative cell is less viscous 

than the plasma membrane of the spore.  Change of the inner membrane will affect the 

germination properties (Atrih and Foster 2002).  The inactivation of spores by chlorine 

dioxide is caused by the alteration of spore inner membrane, so that when treated spores 

begin to germinate, they die quickly due to the damage of the membrane (Setlow et al. 

2002).  

DNA, RNA, dipicolinic acid (DPA) and most of the calcium, potassium, 

magnesium, manganese and phosphorus in the spores are located in the spore core.  The 

proteins necessary for spore germination are also present in this region.  These small acid 

soluble proteins (SASPs) exist as α/β types that are associated with DNA and γ types that 

are not associated with any macromolecules.  The SASPs are quickly degraded during 



6 

 

germination. They are the most important factor in spore resistance to UV irradiation and 

some other biocidal agents, such as hypochlorite, hydrogen peroxide, and freeze drying 

(Sabli et al. 1996).  Setlow’s (1994) experiment supported the hypothesis that saturation 

of DNA with α/β SASPs increases its resistance to attack by hydroxyl radicals produced 

by hydrogen peroxide.  This is because the sporicidal action of radicals is considered to 

be the cleavage of the DNA backbone within the spore core.  The dramatic structural 

change of spore DNA caused by saturation with α/β SASPs substantially decreases the 

reactivity of DNA with chemicals (e.g., hydrogen peroxide). 

Different parts of the spore confer resistance to different physical or chemical 

agents, as summarized in the following.  The spore coats act as a permeability barrier, 

preventing access of peptidoglycan-lytic enzymes (e.g., lysozyme) as well as other 

chemicals into the spore cortex.  However, the resistance of the spore coats of different 

species varies.  Waites et al. (1976) found that the spore coats of Bacillus cereus are 

much less effective than those of Clostridium bifermentans in acting as a barrier to 

peroxide.  It was found when the protein of the spore coat is removed by chlorine, 

lysozyme will initiate germination due to its attack on the cortical peptidoglycan (Waites 

et al. 1976).  Riesenman and Nicholson (2000) found that a Bacillus subtilis mutant 

lacking the spore coats was very sensitive to lysozyme but possessed normal resistance to 

heat and 254-nm UV light.  The cortex is associated with resistance to heat (Atrih et al. 

1996).  Bloomfield and Arthur (1994) found that the cortex plays a role in spore 

resistance to chlorine-releasing agents and iodine-releasing agents. 

The spore core has relatively low permeability to hydrophilic molecules (Gerhardt 

1972). Dehydration of the spore core occurs during sporulation.  Dehydration of the spore 
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core is accompanied by accumulation of minerals in the core and is contingent on 

development of the cortex.  How the cortex controls core water content is unknown 

(Gerhardt and Marquis 1989).  Both minerals accumulated in the spore core and 

dehydration of spore core are related to spores’ heat resistance (Bender and Marquis 

1985; Marquis and Bender 1985; Slepecky and Foster 1959).  Increased spore core 

mineralization is also associated with increased spore resistance to oxidizing agents 

(Marquis and Shin 1994).  

Much of the spore’s pool of divalent cations is likely chelated with dipicolinic acid 

(DPA).  However, the role of DPA in spore resistance is unclear.  Lack of DPA increases 

spore core water content and decreases resistance to heat and hydrogen peroxide 

(Paidhungat et al. 2000).  It was found that spores lacking DPA show no decrease or even 

have increased resistance to UV, which is consistent with the previous research indicating 

DPA is a photosensitizer in spores (Setlow and Setlow 1995). 

Repair of damaged macromolecules is another factor contributing to the resistance 

of spores.  Nicholson et al. (2000) found that at least one protein uniquely present in 

spores could repair, during germination and outgrowth, damage to DNA caused by UV 

irradiation.  

2.1.2 Sporulation 

The process of bacterial sporulation consists of a series of stages that end with the 

release of free endospores from cells (Harwood and Cutting 1990).  It can be induced by 

exhaustion of carbon, nitrogen, or phosphorus sources in the environment.  The stages of 

sporulation may be classified by the morphological features of the vegetative cell and 

developing spore (Fig. 2-2).  Stage 0 is a normally growing cell.  In Stage I, an 

asymmetrically sited division septum is formed, creating two unequally sized cell 
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compartments.  Once the septum is formed, sporulation is irreversible.  The larger of the 

two compartments is referred to as the mother cell or sporangium, whereas the smaller is 

called the forespore or prespore.  In Stage II, the septum separating the forespore 

compartment is degraded and the forespore becomes free within the mother cell.  Two 

layers of cytoplasmic membrane with opposite polarity enclose the free forespore.  They 

are called inner forespore membrane (IFSM) and outer forespore membrane (OFSM) 

respectively.  During stage III, the germ cell wall and cortex are formed between the two 

membranes of the forespore.  Spore coat proteins are deposited on the outside of spores 

during stage IV.  The mother cell lyses and the mature spore are released during stages V 

and VI.  The unique properties of spores, such as resistance to heat, chemicals, radiation, 

and mechanical forces, are developed during sporulation.   

2.1.3 Germination 

The process of germination is divided into three stages: activation, germination 

(initiation) and outgrowth.  Activation agents include heat, acidity, sulfhydryl 

compounds, and pressure (Brooks et al. 1991).  Their function is to damage the spore 

coat.  Without activation, spores cannot germinate or germinate very slowly, even though 

favorable conditions for germination exist.  

Once activation occurs, the spore undergoes germination (initiation), usually a 

rapid process (on the order of several minutes).  The prerequisite for the germination is 

water and a germination agent.  The role of germination agents is to penetrate into the 

damaged spore coat and trigger the sequence germinant events.  They involve the 

activation of the spore-lytic enzyme, which degrades cortex peptidoglycan and SASP, 

loss of microscopic refractility of spore, loss of calcium dipicolinate, loss of resistance to 

heat and chemical, and initiation of core metabolism (Madigan et al. 2000).  Germination 
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agents can be nutrients or non-nutrients (chemical, enzyme, pressure) (Pol et al. 2001).  

For example, L-analine is the most common nutrient germinant.  Dodecylamine is non-

nutrient germinant.  Germinant agents differ with different species of bacteria.  For 

example, L-alanine triggers germination of Bacillus anthracis, whereas Inosine triggers 

the germination of Bacillus cereus.  

Germination (initiation) leads to immediate outgrowth when supplied with all 

nutrients necessary for cell growth. If the supply of nutrients becomes depleted during the 

process of germination, the spore will dehydrate and formation of a vegetative cell will 

cease (Davis et al. 1990). During outgrowth, spores swell due to water uptake and new 

synthesized RNA, proteins and DNA, and a vegetative cell that is composed of spore 

protoplast with cell wall emerges from broken spore coat.  

2.2 Semiconductor Photocatalysis 

Several excellent reviews have appeared in the past few years on semiconductor 

photocatalysis.  For example, Hoffmann et al. (1995) reviewed environmental 

applications of semiconductor photocatalysis, whereas Linsebigler et al. (1995) examined 

the principles and mechanisms of photocatalysis on TiO2 surfaces.  The following 

discussion draws heavily from these two reviews. 

Semiconductors can act as photocatalysts by accelerating production of reactive 

oxygen species, such as hydroxyl radicals (OH•), upon exposure to light.  Such materials 

include ZnO, TiO2, Fe2O3, CdS, and ZnS.  Titania (TiO2) has received most attention as a 

photocatalyst partly because of its low cost, stability in the environment, and lack of 

toxicity at the micro and macro size ranges.   
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Electrons from the valence band of a semiconductor can be promoted by excitation 

into the conduction band, leaving a positive hole in the valence band (Fig. 2-3).  The 

excitation can take place when the semiconductor absorbs light of sufficient energy.  The 

energetic difference between the two bands is the band gap.  For example, the band gap 

of titania is 3.2 eV and, thus, light of wavelength 380 nm or less has sufficient energy to 

cause excitation.  The conduction-band electron can recombine with the valence-band 

hole, releasing heat energy.  Alternately, the conduction-band electron and valence-band 

hole can migrate to the surface of the semiconductor, where they can undergo direct 

reaction with the electron acceptor and electron donor, respectively.  Another possibility 

is that the conduction-band electron is trapped in a dangling surficial bond to yield Ti 

(III) and the valence-band hole is trapped by a titanol group on hydrated TiO2 surface.  If 

the ultimate electron donors are undesirable chemicals or microbes, the end result of 

photocatalysis is beneficial purification of the environment. 

Hoffmann et al. (1995) proposed the general mechanism of TiO2 photocatalysis, 

with characteristic times as follows:  

     Primary process                                             Characteristic time 
Charge-carrier generation 
 

−+ +⎯→⎯+ cbvb ehhTiO υ2                                             (10-15 s) (2-1) 
Charge-carrier trapping 

{ }IV IV
vbh Ti OH Ti OH

++ •+ > ⎯⎯→ >                       fast (10-8 s)       (2-2) 
 

{ }IV III
cbe Ti OH Ti OH− + > ←⎯→ >

                   shallow trap (10-10 s) (2-3) 
                                                                         (dynamic equilibrium) 

IIIIV
cb TiTie >⎯→⎯>+−

                               deep trap (10-8 s)                (2-4) 
                                                                                   (irreversible) 
Charge-carrier recombination 

{ }IV IV
cbe Ti OH Ti OH

+− •+ > ⎯⎯→>                     slow (10-7 s)                (2-5) 
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{ }III IV
vbh Ti OH Ti OH+ + > ⎯⎯→ >                        fast (10-8 s)                (2-6) 

Interfacial charge transfer 

{ }IV IVTi OH Red Ti OH Red
+• •+> + ⎯⎯→ > +    slow (10-7 s)                   (2-7) 

IV
tre Ox Ti OH Ox− •−+ ⎯⎯→ +                        very slow (10-3 s)                  (2-8) 

where >TiOH symbolizes the hydrated surface functionality of TiO2, ecb
- represents a 

conduction-band electron, etr
- represents a trapped conduction-band electron, hvb

+ 

represents a valence-band hole, Red represents a reduced electron donor, Red+ represents 

an oxidized electron donor, Ox represents an electron acceptor, Ox− represents a reduced 

electron acceptor, { }IVTi OH
+•> represents a surface-trapped valence band hole (i.e. 

surface-bound hydroxyl radical), and { }IIITi OH>  represents a surface-trapped 

conduction band electron. 

The above reactions do not include direct interaction of valence-band holes with 

reductant.  However, Hoffman et al. (1995) noted that there is substantial evidence that 

oxidation can also occur directly via the valence-band hole before it is trapped. 

Two important processes decide the quantum yield (hole-reductant or electron-

oxidant transfers per photon absorbed) of interfacial charge transfer (Fig. 2-4).  First is 

the competition between charge-carrier recombination (picoseconds; not shown in the 

figure) and trapping (nanoseconds).  Second is the competition between trapped carrier 

recombination (microseconds) and interfacial charge transfer (milliseconds).  Changes to 

the semiconductor or reaction environment that lengthen the recombination time scales or 

shorten the interfacial charge transfer time scales should increase quantum efficiency.   

2.3 Photocatalytic Inactivation of Microbes 

Despite numerous recent academic reviews of semiconductor photocatalysis for 

destruction of environmental pollutants (Aithal et al. 1993; Bahnemann 1993; Hoffmann 



12 

 

et al. 1995; Linsebigler et al. 1995; Ollis et al. 1991; Pichat 1994), only two considered 

inactivation of microbes (Blake et al. 1999; Mills and LeHunte 1997), the former being 

primarily devoted to this topic.  These two reviews collectively considered 32 papers on 

photocatalytic microbial inactivation appearing in the peer-reviewed literature.  Since 

then, another 42 have been published.  The present review gives a comprehensive look at 

experience on photocatalytic inactivation of microbes and provides a detailed discussion 

of the factors that affect inactivation rates. 

Titania has been studied for inactivation of microbes in systems in which either 

water or air was the continuous phase.  In aqueous systems, the effects of oxygen, 

photocatalyst and microorganism concentration, pH, and nature of buffer have been 

investigated.  In air systems, relative humidity and air velocity have been studied.  Other 

variables include form of titania (particles vs. coating on surfaces), phase (rutile, anatase), 

dopants (Al, Cu) and admixtures (FeSO4⋅7H20, Pt), light intensity, wavelength, and 

microbial species.  Most of these have been studied in systems where water is the 

continuous phase.  The effects of these variables on photocatalytic inactivation of 

microbes are summarized in Appendix A. 

2.3.1 Systems with Water as Continuous Phase 

2.3.1.1 Light and photocatalyst concentration effects 

Since light initiates the photocatalysis, it becomes important in the photocatalytic 

reaction. Without irradiation by UV light, TiO2 itself was nontoxic (Block et al. 1997; 

Dunlop et al. 2002; Jacoby et al. 1998; Matsunaga and Okochi 1995; Matsunaga et al. 

1985; Nakagawa et al. 1997).  Several authors (Bekbolet 1997; Dunlop et al. 2002; Horie 

et al. 1996; Koizumi and Taya 2002a; Lee et al. 1997; Matsunaga and Okochi 1995; 
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Matsunaga et al. 1985; Rincon and Pulgarin 2003) found that the specific inactivation 

rate was directly proportional to the light intensity.   

Increased, decreased, or no change in microbial inactivation rate was observed 

under intermittent irradiation compared to continuous irradiation.  Pham et al. (1995) 

found increased specific inactivation rate of Bacillus pumilus spores under intermittent 

illumination (30 min on following by alternating 15 min off and on periods) with titania 

compared to continuous illumination.  The authors suggested that reduced activity of 

TiO2 under continuous illumination was due to the build up of intermediate species 

(hydroxyl radicals).  Laot et al. (1999) found that inactivation of MS2 bacteriophage in 

the presence of titania power was more effective under intermittent illumination (3 min 

on, 3 min off) and cited the hypothesis of Pham et al. (1995) as a possible explanation.  In 

the same study, however, the inactivation rate of another phage (host: Bacteriodies 

fragilis) was found to be similar under either continuous or intermittent illumination.  

Rincon and Pulgarin (2003) observed that specific inactivation rate of Escherichia coli in 

the presence of Degussa P25 titania was substantially lower under intermittent irradiation 

than continuous irradiation.  The intermittent illumination pattern consisted of “on” 

periods of 2, 5, or 10 min, each followed by a 40 s “off” period.  They attributed slower 

inactivation under intermittent illumination to cell self-repair mechanisms that take place 

under darkness.  

Potential for regrowth of bacteria after stopping illumination was tested in five 

studies.  Wist et al. (2002) observed E. coli concentration under darkened conditions in a 

suspension of titania that was previously exposed to a black lamp.  No regrowth of 

bacteria occurred in distilled water over a 24 h period, but a significant increase of 
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bacteria was observed in natural water.  Rincon and Pulgarin (2003) irradiated a bacteria-

contaminated TiO2 suspension with solar UV lamp.  They observed that bacterial 

numbers continued decreasing for several minutes after turning off the lamp and that no 

bacterial regrowth occurred over a 3 h period.  In comparison, the decline in numbers of 

bacteria exposed to the solar UV lamp without titania present stopped immediately after 

the lamp was turned off.  Furthermore, the bacteria grew back to the initial concentration 

within 3 h in the dark.  This result indicates that damage caused by radicals and other 

oxidative species produced by titania continues for a limited period after illumination is 

stopped and that bacteria are unable to repair the damage caused by the reactive chemical 

species.  Rincon and Pulgarin (2004a) found the extent of “residual disinfecting effect” 

(inactivation continued after stopping illumination) depended on the light intensity 

applied in irradiation period, but not the dose.   Rincon and Pulgarin (2006) studied 

several advanced photocatalytic oxidation process such as UV-vis/TiO2, UV-vis/TiO2/ 

H2O2, no regrowth of bacteria after irradiation was observed within a dark period of 24 h.  

Effective disinfection time (EDT24) (Time required for total inactivation of bacteria 

without regrowth within 24 h after phototreatment) was 40 min for UV-vis/TiO2 system, 

20 min for UV-vis/TiO2/ H2O2 system.  Melian et al. (2000) studied regrowth of coliform 

after photocatalytic inactivation, bacterial CFU increment was not observed 2 h later but 

found 24 and 48 h later.   

Several investigators have found optimum concentrations for titania powders in 

aqueous systems, ranging from 0.0025 mg/mL to 2 mg/mL (Table 2-1).  This is 

reasonable, since no photocatalysis can take place in the absence of titania, but at some 
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point, shading of microbes and adsorbed titania by additional titania in suspension could 

have a protective effect. 

The optimum UV wavelength for microbial activation in the absence of 

photocatalyst has been found to be 250-260 nm (Block 2001) and, in fact, UV radiation 

in this wavelength band is referred to as “germicidal” UV.  Jacoby et al. (1998) have 

explored the effect of UV wavelength on microbe inactivation in the presence of 

photocatalyst.  They compared morphology of Escherichia coli after a 75 hour period in 

five different systems: (1) no UV, no photocatalyst, (2) 254 nm UV, no photocatalyst, (3) 

356 nm UV, no photocatalyst, (4) 356 nm UV plus photocatalyst, and (5) 254 nm UV 

plus photocatalyst.  UV at the 356 nm wavelength had no effect without catalyst, whereas 

E. coli was decomposed partially under 254 nm UV irradiation without catalyst.  In the 

presence of TiO2, E. coli was almost completely decomposed under either 356 nm or 254 

nm UV irradiation.  In comparison, there was no apparent deterioration of E. coli with no 

UV and no photocatalyst.  Kersters et al. (1998) compared disinfection capability of 254 

nm UV with 370 nm irradiated TiO2. Inactivation percentage of Aeromonas hydrophila in 

254 nm UV treated water is more than 20 times photoactivated TiO2 treated water.  Tests 

conducted outdoors showed same specific inactivation rate for water exposed to natural 

sunlight with and without TiO2.  However, Dillert et al. (1998) observed decreased 

disinfection rate of E. coli with TiO2 compared with TiO2-free system when exposed to 

UV-C (<280 nm) irradiation.  They attributed this effect to shadowing of bacteria by 

catalyst particles. 
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2.3.1.2 Oxygen 

Oxygen was found to be an important factor in the rate of photocatalytic 

degradation of organic chemicals (Gerischer and Heller 1991; Gerischer and Heller 1992; 

Wang et al. 1992).   

Oxygen acts as a scavenger of electrons; if the rate of electron transfer to oxygen is 

too slow, electrons accumulate and the recombination of electrons with holes is favored 

(Hoffmann et al. 1995).  In the case of photocatalysis with ZnO, Hoffman et al. (1994) 

demonstrated that oxygen was the precursor to hydrogen peroxide.  Wei (1994) showed 

substantial increase of bactericidal activity of irradiated TiO2 when the composition of 

gas flowing in the bacteria suspension was increased from 100% N2 to 100% O2.   

Killing efficiency increased with the increase of total oxygen percentage in the gas.  

At 100% N2, no bactericidal effect was detected.  Li et al. (1996) observed enhanced 

destruction percentage of E. coli when DO concentration is increased to 4-5 mg/L.  With 

the further increase of DO, destruction percentage reached maximum at 5 mg/L and kept 

constant.  Sun et al. (2003) found that photomineralization rate of E. coli in a membrane 

photocatalytic oxidation reactor followed pseudo-first-order kinetics with respect to the 

dissolved oxygen concentration.  Interestingly, the reaction rate was maximized at a 

dissolved oxygen concentration of 21 mg/L and decreased somewhat at a concentration 

of 25 mg/L.  They hypothesized that extensive hydroxylation of the TiO2 at the highest 

dissolved oxygen concentration could have inhibited adsorption of E. coli.  Cho et al. 

(2004) compared three different dissolved oxygen conditions on photocatalytic 

inactivation of E. coli: air equilibrium; O2 saturation and N2 saturation.  Results showed a 

higher inactivation rate under O2 saturation than under air equilibrium.  No inactivation 

was observed in the absence of oxygen (N2 saturation).  They suggested that 
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recombination of electrons and holes were favored when no electron scavenger (e.g., 

oxygen) was available, therefore decreasing the production of hydroxyl radicals and 

reactive oxygen species.  Liu and Yang (2003) compared photocatalytic inactivation rates 

with air and nitrogen purging.  Higher bactericidal activity was observed using air as a 

purging gas.  They considered that a more oxidizing environment led to higher generation 

of superoxide radical (•O2
-) and hence higher bactericidal activity.  Rincon and Pulgarin 

(2005) studied effect of oxygen in the disinfection process in a coaxial photocatalytic 

reactor using titania as photocatalyst.  A dissolved oxygen concentration of higher than 8 

mg/L can enhance bactericidal activity of photocatalyst.  Sun et al. (2003) investigated 

mineralization of Escherichia coliform using TiO2-Fe2O3 membrane photocatalytic 

oxidation reactor.  It was found the DO affected the removal efficiency.  The ultimate 

removal efficiency was 99% at DO of 21.34 mg/L and bacterial concentration at 109 

CFU/mL.  It was proposed that increased DO would probably reduce the electron-hole 

recombination rate, which in turn improved the overall quantum-yield efficiency of the 

reactor.  At a higher DO level than 21.34 mg/L, a decreased of reaction rate constant was 

deduced.  They suggested that this phenomenon was attributed by the fact that the titania 

surface become highly hydroxylated to the extent of inhibiting the bacterial adsorption at 

the active sites for initiating or participating in reactions. 

2.3.1.3 Microorganism load and species 

Pham et al. (1995) observed that specific inactivation rate increased as the 

microorganism load became greater.  The authors explained this effect on the basis of the 

probability of interactions between hydroxyl radicals and spores.  At higher spore 

concentrations, spores are more likely to collide with radicals and thus to be inactivated.  
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At lower concentrations, interaction probability is decreased, and the specific inactivation 

also decreased.  Bekbolet (1997) found that photocatalytic inactivation rate decreased 

with increased initial cell concentration at a Degussa P25 titania load of 1 mg/mL.  No 

explanation was given.  Rincon and Pulgarin (2004a) observed that initial photocatalytic 

inactivation rate of E. coli increased with initial bacterial concentration.  Shiraishi et al. 

(1999) plotted initial cell inactivation rate vs. initial cell concentration in the reactor, the 

relationship was expressed by a straight line for cell concentration lower than 8.8 × 10 9 

CFU/mL.  

Ibanez et al. (2003) compared photocatalytic inactivation resistance of several 

representative gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa, 

Salmonella typhimurium, Enterobacter cloacae).  E. coloacae was found to be most 

resistant.  Escherichia coli and S. typhimurium were slightly less resistant than E. 

cloacae, whereas P. aeruginosa was much less resistant.  Kuhn et al. (2003) tested the 

resistance of one species of yeast (Candida albicans) and several bacterial species to the 

photocatalytic activity of TiO2.  They found the order of resistance to be: Candiada 

albicans > Enterococcus faecium > Staphylococcus aureus > Pseudomonas aeruginosa > 

Escherichia coli.  Butterfield et al. (1997) tested spores of Clostridium perfringens and 

Escherichia coli.  A 3-log10 reduction of E. coli was achieved within 25 min., compared 

to a 2-log10 reduction of Clostridium perfringens under the same conditions.  Rincon and 

Pulgarin (2005) found the sensitivity of bacteria to photocatalytic treatment was different 

for each specific group of the microbial community in wastewater.  E. coli was the most 

sensitive species, Enterococcus sp. was the second, all coliforms excluding E. coli was 

the third and total Gram-negative sp. (other than coliform) was the most resistant to 



19 

 

photocatalytic inactivation.  Lonnen et al. (2005) tested inactivation ability of solar and 

photocatalytic disinfection batch-process reactor on protozoan (Acanthamoeba 

polyphaga), fungi (Candida albicans, Fusarium solani) and bacterial microbes 

(Pseudomonas aeruginosa, Escherichia coli).  Both reactors achieved at least a 4 log 

reduction of protozoa, fungi and bacteria.  But only 1.7 log reduction was achieved for 

spores of B. subtilis and no effect on cyst stage of A. polyphaga.   

Seven et al. (2004) compared photocatalytic disinfection efficiency against 

different microbes: Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, 

Saccharomyces cerevisiae, Candida albicans, Aspergillius niger using TiO2 and ZnO.  It 

was found all these selected bacteria and fungi were inactivated in a short period under 

sodium lamp in the presence of TiO2 or ZnO.  The three stains of bacteria were 

inactivated faster than the two strains of fungi.  No inactivation of A. niger by 

photocatalytic activity was observed.   

Sun et al. (2003) found initial photocatalytic inactivation rate increased 2.4 fold for 

Escherichia coliform from low concentration of 4.9 × 108 CFU/mL to high concentration 

of 1.38 × 109 CFU/mL.  It was explained that an increase of probability for surface 

interaction at higher bacterial concentration would increase the relative adsorption 

availability on photocatalyst TiO2-Fe2O3 surface.    

Otaki et al. (2000) tested disinfection of three microbes (E. coli, bacteriophage Qβ, 

Cryptosporidium parvum) in a immobilized titania reactor where germicidal UV lamp or 

black light lamp were used.  It was observed titiania did not enhance inactivation of E. 

coli, but promoted Cryptosporidium parvum inactivation under both germicidal UV and 

black light irradiation.  For bacteriophage Qβ, improved photocatalysis efficiency was 
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observed under black light irradiation rather than germicidal UV irradiation.  Therefore, it 

was considered that titania can improve inactivation of relatively irradiation-resistant 

microorganisms, especially Cryptosporidium parvum.   

Rincon and Pulgarin (2004a) observed that Enterococcus sp. was less sensitive than 

coliforms and other Gram-negative bacteria in wastewater sample to photocatalytic 

inactivation.  Melian et al. (2000) compared photocatalytic disinfection on two microbial 

groups: total coliforms and Streptoccocus faecalis.  Deactivation of both microbes was 

similar under UV irradiation in the presence or absence of titania. 

2.3.1.4 Hydrogen ion activity and solutes 

Hydrogen ion activity can influence electrostatic forces between microbes, as well 

as aqueous phase chemistry.  Block et al. (1997) used sulfuric acid or sodium hydroxide 

to adjust initial pH of titania in distilled water to a range of 3.5–8.6.  Results showed 

similar inactivation of Serratia marcescens by TiO2 under solar UV illumination at initial 

pH of 3.5, 5.5 and 6.9.  At initial pH of 8.6, the inactivation rate was decreased.  Kikuchi 

et al. (1997) observed a higher bacterial survival ratio at initial pH of 7.4 compared to 

initial pH of 4–5.  They hypothesized that slower inactivation at the higher pH was due to 

slower production of hydrogen peroxide. The significance of proton availability on 

hydrogen peroxide formation can be seen from the reactions below: 

+ - +-
2

+

+H O ,H+e - •
2 2 2 2-H

O O HOO H O⎯⎯⎯→⎯⎯→ ⎯⎯⎯→←⎯⎯⎯                                                       (2-9)  

 
Koizumi and Taya (2002b) investigated the disinfection rate of phage MS2 in the 

initial pH range of 3–10 (adjusted by HCl or NaOH).  Specific inactivation rate of MS2 

showed a convex feature.  At pH 6, maximum specific inactivation rate was observed.  

Coincidentally, maximum adsorption of MS2 to titania was found at this same pH.  Watts 
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et al. (1995) observed that the photocatalytic inactivation rate of coliform bacteria was 

unchanged at initial pH between 5 and 8.  Cho et al. (2004) adjusted the initial pH of 

phosphate-buffered titania suspensions to values of 5.6, 7.1, and 8.2.  No difference in the 

rate of photocatalytic inactivation of E. coli was found over this range of pH.  The 

authors suggested that electrostatic interactions between microbe surfaces and titania was 

insignificant in determining photocatalytic activity.  Rincon and Pulgarin (2004b) 

modified initial pH between 4.0 to 9.0, inactivation rate was not affected in the absence 

or presence of titania.  This phenomenon was linked to the sensibility of bacteria to low 

or high pH environments and titania agglomeration state, which is a function of pH.  

Acid-adapted cells can increase tolerance towards osmotic stress was given as a 

supplementary reason to the no influence of initial pH on E. coli photocatalytic 

inactivation.  They also found that addition of H2O2 enhanced photocatalytic inactivation 

because H2O2 presented as additional electron acceptor accelerate photocatalytic 

inactivation rate.  Gumy et al. (2006) found inactivation of E. coli by Degussa P25 titania 

under UV irradiation was not affected by initial pH (4.5–8.5) of the suspension.  This is 

explained by the observation that the initial pH of solution at 6.0 and 8.5 dropped 5.2 and 

5.9 respectively as photocatalytic reaction started.  Thus, the titania surface becomes 

positively charged and E. coli was negative charged, the electrostatic attraction was 

favored and inactivation rate was not affected by the initial high pH value.  By comparing 

different commercialized titania powder, a relationship between isoelectric point (IEP) 

and inactivation activity was investigated.   The lower the IEP of titania, the lower the 

bactericidal activity, which can be explained by electrostatic attraction between cells and 

photocatalyst. 
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Block et al. (1997) reported that the presence of inorganic solutes (phosphate, 

calcium, magnesium, sodium, potassium) and organic solutes (amino acids) in water 

decreased the bactericidal activity of titania in the presence of solar UV illumination.  

The authors implied that competition between the inorganic salts and microbes for titania 

adsorption sites could be responsible for this effect, whereas photoreaction of titania with 

organic compounds could explain the decrease in bactericidal effect in the presence of 

amino acids.  Koizumi and Taya (2002b) investigated effect of various inorganic ions on 

photocatalytic inactivation rate of phage MS2 in titania suspension.  It was found that 

coexistence of NO3
-, SO4

2-, PO4
3-, K+ each at 10–100 mM decreased the rate constant for 

phage inactivation, whereas Cl-, Br- or Na+ did not decrease rate constant.  Ions were 

considered to block adsorption of phage on titania surface, which decreased 

photocatalytic activity in microbial disinfection.  This inhibitory effect can be explained 

from the direct proportionality between inactivation rate constants and quantities of the 

phage particles adsorbed on titania surface irrespective the kinds of ionic species.  Rincon 

and Pulgarin (2004b) studied inorganic ions (HCO3
-, HPO4

2-, Cl-, NO3
-, SO4

2-) and 

organic substance (dihydroxybenzenes) naturally present in water on photocatalytic 

disinfection.  Addition of HCO3
- and HPO4

2- decreased photocatalytic inactivation ability 

while Cl-, NO3
-, SO4

2- has a week effect.  These species prefer to retard bacterial 

inactivation by competing for oxidizing radicals or by blocking active site of titania.  

Dihydroxybenzenes had negative effect on photocatalytic disinfection due to competing 

for oxidation site on titania.  Rincon and Pulgarin (2006) fount that natural water 

promoted photocatalytic inactivation of E. coli than deionized water due to chemical 

matrix of water.  Photosensitizers presented in natural water excited the substances that 
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reacted with oxygen to form reactive oxygen species, which promoted photocatalytic 

inactivation.  Addition of H2O2 in UV-vis/TiO2 system was observed to enhance 

photocatalytic disinfection since H2O2 is a more efficient electron acceptor than oxygen, 

which prevents the electron-hole recombination. 

2.3.1.5 Microstructure, size, and immobilization 

Important crystalline forms of titania are anatase, brookite, and rutile.  Li et al. 

(2003) determined that anatase has superior photocatalytic activity based on 

decomposition of methylene blue.  Rana et al. (2005) synthesized TiO2-NiFe2O4 

composite nanoparticles and compared photocatalytic inactivation ability of anatase-

titania-coated nickel ferrite with brookite-titania-coated nickel ferrite against E. coli.  

They found the bacterial concentration decreased more in anatase-titania-coated nickel 

ferrite system than in brookite-titania-coated nickel ferrite system under UV irradiation.   

Sato and Taya (2006) investigated effect of crystalline structure of titania on bactericidal 

activity.  Mixture of different ratio of anatase- and rutile-type titania particles was used 

against Phage MS-2.  Maximum specific inactivation rate was observed at anatase to 

rutile ratio of 70 wt%.  This was caused by an increase in generation of reactive oxygen 

species and quantity of phage adsorbed on titania.  It was also found that close contact of 

both type of titania, which enabled exchange of photo-excited electrons and holes 

between the particles with the balanced acceleration of oxidation and reduction rate, 

enhanced quantum yield and increased generation of reactive oxygen species. 

Trapalis et al. (2003) measured bacterial destruction rates in the presence of thin 

TiO2 films and concluded that an increase of anatase crystalline structure improved 

bactericidal effect.  Rincon and Pulgarin (2003) compared three different forms of TiO2 

(rutile, anatase, Degussa P-25) of similar size (approximately 21 nm) immobilized on 
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glass.  The P-25, which has an approximate composition of 80% anatase and 20% rutile, 

had the highest specific inactivation rate for E. coli.  Dunlop et al. (2002) compared 

Degussa P25 to Aldrich titania powder of similar size that consisted of 99.9% anatase.  

Both powders were coated on electrodes.  The P25 was found to have the higher 

inactivation rate for E. coli.  Hoffman et al. (1995) showed that P25 has one of the 

highest quantum efficiencies of commercial TiO2 samples tested.  They attributed the 

high efficiency to slow recombination of electrons and holes.  Bickley et al. (1991) 

suggested that the anatase/rutile structure of P25 promotes charge-pair separation and 

inhibits recombination.   

Size and microstructure have been identified as important characteristics of titania 

with regard to photocatalytic activity on the basis of physicochemical measurements 

(Anpo et al. 1987; van Grieken et al. 2002).  However, the effect of size on antimicrobial 

activity of titania has not been systematically studied.  Nakagawa et al. (1997) observed 

that ultra-fine particles (Degussa P25, average size 21 nm) was the most potent 

photogenotoxic in vitro genotoxicity assays when compared with another three kinds of 

titania with higher particle size (anatase, average size 255 nm; rutile, average size 255 nm 

and rutile, average size 420 nm).  But no explanation was presented.  Allen et al. (2005) 

found the nano anatase (5-10 nm) showed somewhat greater antibacterial activity on E. 

coli than normal anatase titania (0.24 µm).  However, no comment was given for this 

phenomenon.  

Immobilized TiO2 was introduced to overcome the difficulty of separating 

suspended TiO2 from water.  A thorough review about the supporting material and 

coating methods for supported titania as a photocatalyst in water decontamination was 
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reported by Pozzo et al. (1997).   Yu et al. (2002) compared photocatalytic activity of 

transparent anatase titania thin film on glass prepared by reverse micelle method and sol-

gel method.  Both films showed significant bactericidal activity against E. coli.  Titania 

film prepared by reverse micelle method is better than the film prepared by sol-gel 

method in gaseous phase oxidation but same in aqueous phase, this is due to the large cell 

size which is hard to diffuse into porous structure of reverse micelle prepared titania film, 

thus, do not favor degradation of large species.  McLoughlin et al. (2004b) coated titania 

on Pyrex rod fixed within the reactor.  Very slight improvement of E. coli inactivation 

was observed by photocatalyst compared to the inactivation under sunlight alone.  It was 

explained that the titania loading was not high enough to promote much photocatalytic 

disinfection with respect to a dominant solar UV disinfection mechanism.  Duffy et al. 

(2004) coated titania powder on a flexible plastic sheet and glass bottle side.  It was 

shown the borosilicate glass and PET plastic batch-process solar disinfection reactor (SO-

DIS) fitted with the TiO2 coated plastic sheet demonstrated 20% and 25% more effective 

than standard SO-DIS reactor in E. coli inactivation.  However, titania coated on glass 

bottle required 20% more time for complete inactivation than solar UV alone.  No 

explanation was given for this low efficiency.  Coronado et al. (2005) imbedded TiO2 

into SiO2 fibers and applied them in continuous-operation photoreactors for bacterial 

inactivation.  TiO2/SiO2 fibers showed high inactivation rate than under UV alone.  Kim 

and Lee (2005) coated titania on Pyrex hollow glass beads which is used for 

photocatalytic inactivation of selected algae, Anabaena, Melosira and Microcystis.  

Complete photocatalytic inactivation of Anabaena Microcystis and was achieved in 30 

min, whereas photocatalytic inactivation efficiency for Melosira was lower than the other 
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two.  It was believed that the presence of the inorganic siliceous wall around the Melosira 

cell contributed their resistance to photocatalytic disinfection.  Fernandez et al. (2005) 

coated Degussa P25 powder on glass fiber paper using an inorganic binder and fixed the 

paper in the photoreactor.  It was found that immobilized TiO2 has lower efficiency than 

slurry TiO2 for bacterial inactivation.  However, no explanation was given.  Horie et al. 

(1998a) immobilized titania on activated charcoal granules (T/AC).  The sterilization rate 

was found to be dependent on the temperature, which affecting amount of adsorbed cells 

on T/AC.  The specific inactivation rate constant was correlated with T/AC concentration 

which related to adsorption of cells to T/AC granules. 

Comparative studies indicate that the antimicrobial activity of TiO2 in films is 

substantially less than that of TiO2 powders (Rincon and Pulgarin 2003; Salih 2002).  

One explanation for this effect is the decreased interaction between TiO2 and microbes 

because of the localization of titania on the film surface (Salih 2002).  Rincon and 

Pulgarin (2003) attributed lower E. coli destruction by immobilized TiO2 compared to 

suspended TiO2 to several factors, including less access of catalyst surface to light and 

microbes, enhanced electron hole recombination by TiO2 support, limited oxygen 

diffusion into TiO2 catalyst, less exposure to chiral and friction forces that could avoid 

deactivation of TiO2, increase of mean distance between bacteria and TiO2, and inability 

of immobilized TiO2 to penetrate into bacteria. 

2.3.1.6 Dopants, admixtures, and soluble iron  

Dopants have been used to modify the microstructure of titania and improve its 

photocatalytic activity.  Trapalis et al. (2003) achieved a higher inactivation rate of E. 

coli using a Fe3+ doped titania coating, in comparison to undoped coating.  However, 

Amezaga et al. (2002) found that undoped titania films caused higher growth inhibition 
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of Pseudomonas aeruginosa than copper or aluminum doped titania films.  Sokmen et al. 

(2001) compared photocatalytic disinfection of E. coli by titania and silver-loaded titania 

particles.  It was found the silver loading dramatically decreased irradiation period for 

complete inactivation.  Silver loading possibly increased reaction by trapping the 

conduction band electrons besides reducing the band gap energy of titania. 

Admixtures of titania and other powders have been evaluated in terms of 

photocatalytic activity.  Matsunaga et al. (1985) ground titania (P25, Japan Aerosil) and 

platinum powder together to form a 10:1 (by weight) admixture.  The admixture was 

more effective than TiO2 powder alone for inactivation of Saccharomyces cerevisiae.   

Sjogren and Sierka (1994) found that addition of 2µM ferrous sulfate to a titania 

suspension increased the inactivation of phage (MS2).  The authors suggested that Fenton 

reaction enhancement could be responsible for the improved phage inactivation.  Rincon 

and Pulgarin (2006) found that addition of Fe3+ ions in UV-vis/TiO2 system at titania 

concentration of 0.5 g/L did not affect photocatalytic bactericidal activity, but enhanced 

photocatalytic disinfection at a lower titania concentration.  Fe3+  behaved as an electron 

scavenger, preventing the recombination of electron-hole pairs, thus favor photocatalytic 

inactivation.  At a higher titania concentration, light absorbance of Fe3+ was screened by 

titania and thus no beneficial effect was elucidated.   

2.3.1.7 Synthesized photocatalyst nanocomposite 

Several newly invented nano-structured photocatalysts, where titania was coated on 

the nano structure or pure titania nanotube was produced, has been introduced, their 

efficiency on microbial inactivation was investigated.  Sun et al. (2003) used TiO2-Fe2O3 

nanocomposite for photocatalytic inactivation of E. coliform in photocatalytic reactor.  
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99% removal efficiency was achieved at DO of 21.34 mg/L and bacterial concentration at 

109 CFU/mL in the reactor.  No comparison of TiO2-Fe2O3 nanocomposite with other 

photocatalyst was made.  Lee et al. (2005) compared TiO2-multiwallnanotube (MWCT) 

nanocomposites synthesized by wet chemistry and heat treatment with Degussa P-25 on 

photocatalytic inactivation of B. cereus spores under solar UV.  TiO2-MWCT doubled 

inactivation efficiency than Degussa P-25, which show no significant increase of 

disinfection activity than under UV alone.   Rana and Misra (2005) synthesized TiO2-

NiFe2O4 composite nanoparticles by reverse micelle method.  They found TiO2-NiFe2O4 

composite nanoparticles was more efficient in inactivation of E. coli in the present of UV 

than UV irradiation alone.  Rana  (2005) compared bactericidal activity of anatase-

titania-coated nickel ferrite with brookite-titania-coated nickel ferrite, the previous shows 

higher inactivation activity than the latter.  Joo et al. (2005) synthesized TiO2 nanorods, 

which demonstrated higher inactivation rate than Degussa P-25 as photocatalyst against E. 

coli, which is contributed by the high surface area, large amount of hydroxyl radicals and 

larger band gap of TiO2 nanorods. 

2.1.3.8 Physiological state and generation of microbes 

Rincon and Pulgarin (2004a) found photocatalytic inactivation rate of E. coli was 

affected by physiological state and generation.  Bacteria collected at stationary phase 

were more resistant to photocatalytic inactivation than at exponential growth phase.  This 

is due to the synthesis of a set of proteins, conferring E. coli cells resistance to several 

stress conditions, at stationary-phase stage.  Bacteria harvested at the third generation of 

culture were resistant than seventh generation to irradiation.  This was explained by 

mutation when successive cultures are made, these mutations were believed to make 

bacteria more sensitive to photocatalytic attack by their study. 
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2.3.2. Systems with Air as the Continuous Phase 

Photocatalytic inactivation of microbes in systems with air as the continuous phase 

has received much less attention than the systems with water as the continuous phase.  

This relative lack of attention can be gaged by the number of peer reviewed journal 

articles in the two areas, 103 and 12, respectively.  Consequently, a comprehensive list of 

the parameters important to the action of photocatalysts in systems with air as a 

continuous phase has not yet been assembled.  However, we can present a partial list 

based on the research to date.   

Since formation of aqueous chemical species such as hydroxyl radicals and 

hydrogen peroxide through photocatalysis is believed responsible for degradation of 

chemicals and microbes, it would seem that humidity would be an important variable 

when photocatalysis is carried out with air as the continuous phase.  Goswami (1997) 

found that 50% relative humidity was better than either 30% or 85% for inactivation of 

Serratia marcescens on TiO2-coated fibre glass air filter under 350 nm UV illumination. 

The lower relative humidity was thought to limit availability of water for transfer of 

hydroxyl free radicals to the bacteria.  Possible explanations for the poorer performance 

at 85% relative humidity include reactivation of bacteria (Riley and Kaufman 1972), 

hindrance of photoreaction (Dibble and Raupp 1990), or competition between water 

molecules and other molecules for TiO2 active sites.  Wolfrum et al. (2002) applied 

bacteria to titania covered disks and measured the amounts of CO2 evolved when the 

disks was exposed to UV irradiation.  They found faster mineralization of several 

microbes (Escherichia coli, Micrococcus luteus, Bacillus subtilis, Aspergillus niger 

spores, Bacillus subtilis spores) at 50% relative humidity than at 0% relative humidity.  

The greatest effect was observed for Bacillus subtilis spores. 
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Goswami (1997)  also investigated the effect of air velocity on disinfection rate 

obtained using the titania coated fibreglass air filter.  They observed higher disinfection 

rate at lower air velocities.  The author suggested that increased retention time of bacteria 

(on the filter) at lower air velocity contributed to the higher disinfection rate.    

Sato et al. (2003) investigated photocatalytic deactivation of airborne microbial 

cells on titania-loaded plate.  The titania solution was spread on the plates first and 

illuminated with the lamps.  The cells suspension was sprayed on the surface by 

nebulizer.  A model was established which is in fair agreement with experimental data of 

E. coli deactivation. 

Lin and Li (2003b) studied inactivation of B. subtilis spores on photocatalytic 

surfaces in air.  They compared inactivation rate with and without titania under UVA 

irradiation.  It was observed that survival fractions of spores on the slide with and without 

titania under black light irradiation were not statistically significant different.  However, 

no explanation was given.  Existence of titania did not show enhanced disinfection rate 

under UVA compared with under UVA alone without photocatalyst, this was also 

observed by Melian et al. (2000) and Lee et al. (2005) in the water system.  Thus, a 

controversy exists whether titania contributes inactivation of microorganisms on surface 

under solar UV irradiation since an improvement of disinfection by contacting with 

titania under solar UV irradiation was indicated in other researches.  It was found that 

different light intensities were used in these studies; this may explain why contribution by 

photocatalysis is different in these studies. 

Vohra (2005) studied enhancement of photocatalytic inactivation on the metal and 

fabric surface by coating silver-doped titanium dioxide on.  B. cereus spores were dried 
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on the surface.  A complete inactivation of B. cereus spores were observed on the surface 

with enhanced photocatalyst, whereas inactivation rate of B. cereus spores on surface 

with titania was lower.  Details of the approach for coating enhanced photocatalyst and 

titania on the surface was not described.  Surface sampling efficiency was not 

investigated.  Effect of variables, such as light intensity, titania loading, etc on spore 

inactivation was not studied.  Kinetics and modeling of photocatalytic disinfection was 

not presented. 

Pal et al. (2005) studied inactivation of vegetative cells (E. coli, B. subtilis, 

Microbacterium sp.) on membrane surface and in continuous flow reactor.  On the 

membrane surface, 50 mL titania solution was filtered onto the cellulose acetate filter 

membrane followed by filtration of 50 mL vegetative cells suspension and then exposed 

to UV irradiation immediately.  An irradiation period ranged from 0 – 20 min.  Thus, 

vegetative cells may still in wet state instead of dry state.  Distribution quality of 

vegetative cells was not mentioned.  Agar contact method was used for the surface 

sampling, which limited the applied initial amount of spores on the membrane.  

Efficiency and consistency of this sampling method for viable microbes on the membrane 

was not studied.  For more detail regarding microbial distribution and surface sampling 

method, refer to Chapter 5 and 6.  Although effect of titania loading (mg/m2) and UV 

light intensity on microbial inactivation was studied, influence of relative titania to spore 

ratio on bacterial inactivation was not investigated, which maybe the key factors on 

surface disinfection by photocatalyst.  Profile of survival ratio of bacteria with the time in 

the absence of UV light was not reported, thus, decrease of viable vegetative cells may be 

caused by a loss in microbial viability during this dark period since it has been found 
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some species were not able to tolerate dry conditions after 1 h drying (Moore and Griffith 

2002).  Kinetics was given based on Chick’s law (1st order kinetics), but no model was 

proposed to relate inactivation rate with light intensity and titania loading.  In the 

continuous flow reactor, bacterial aerosol was generated by bioaerosol nebulizing 

generator.  A polyethersuolfone membrane disc filter coated with titania by conventional 

dipping method was wrapped on a steel frame and inserted in the reactor in the annual 

space between UV lamps and the outer cylinder.  Air at the outlet and inlet of the reactor 

was sampled by a single stage impactor.  For both batch and continuous reactor, 

inactivation rate of microbes increased in the present of titania compared with UV alone.  

Inactivation rate for E. coli are higher than Bacillus subtilis and Microbacterium sp.  It 

was found that inactivation rate in continuous reactor are higher than on the membrane 

surface due to unaccounted loss of bacteria via adsorption and settling on the reactor 

walls in the flow system.   

2.4 Mechanisms of Photocatalytic Inactivation of Microbes 

In TiO2 photocatalytic inactivation of microbes, the consensus of investigators is 

that active oxygen species including superoxide anion (O2
−), perhydroxyl radicals 

(HOO•), hydrogen peroxide (H2O2) and hydroxyl radicals (OH•) are responsible for 

microbe destruction.  However, the relative significance of these chemical species has 

been subject of debate.  

Matsunaga et al. (1985) concluded that direct oxidation of bacteria by TiO2/Pt 

particles was a possible mechanism of cell inactivation.  They based this conclusion on 

the observation that no bacteria were inactivated when the bacteria were separated from 

TiO2/Pt particles by a dialysis membrane.  In addition, they proposed that toxic substance 
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such as hydrogen peroxide and free radicals formed by photocatalytic activity were not 

responsible for microbial inactivation because they did not find the change of cell 

viability in the presence of catalase (albumin and cysteine).  They attributed the killing 

action of the photocatalyst to the inhibition of respiration caused by decrease of 

Coenzyme A and formation of its dimer. 

Saito (1992) observed the rapid leakage of potassium ions and slow release of DNA 

and protein in streptococci exposed to UV (300nm–400nm) in the presence of TiO2,  

They proposed that the death of bacteria is caused by the reactive oxygen species that 

damage the cell membrane.  Recently, the microorganism inactivation was attributed to 

peroxidation of lipid membrane, including membrane disorder, with consequent loss of 

necessary cell functions and death (Dunlop et al. 2002; Maness et al. 1999; Wei et al. 

1994).  Huang (2000) found that in photocatalytic disinfection, cell wall damage occurred 

first, followed by cytoplasmic membrane damage, which led to direct intracellular 

damage.  They found the smaller TiO2 particle could cause quicker intracellular damage.  

They also observed that photocatalytic bactericidal activity of TiO2 continued for some 

time after the UV illumination was terminated.   

Many studies simply attributed the killing effect to hydroxyl radicals without 

further investigation (Ali et al. 1999; Block et al. 1997; Butterfield et al. 1997; Cooper et 

al. 1998; Lee et al. 1997; Pham et al. 1995).  Kikuchi et al. (1997) did a thorough study 

on the role of oxygen species in photocatalytic bactericidal effect.  They proposed 

hydrogen peroxide has a long-range bactericidal effect, and that other oxygen species 

play a cooperative effect.  This is based on their observation that increased pH decreased 

inactivation efficiency.  According to equation (2-9), increased pH causes a decrease of 
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H2O2 production, which would correlate with the observed decrease of killing efficiency.  

This was further confirmed by an experiment in which E. coli was separated from titania 

by a 50 mm thick porous membrane, which would deactivate free radicals before they 

could reach the bacterial surface, but allow diffusion of hydrogen peroxide into the 

bacterial suspension.  The inactivation efficiency observed in this configuration was 

similar to that obtained when E. coli and titania were mixed together.  However, mannitol 

(a hydroxyl radical scavenger) increased the bacteria survival ratio, which would indicate 

that OH• also contribute to the inactivation of microbes.  Salih (2002) found 

photocatalytic activity on microbial inactivation was inhibited when hydroxyl radical 

scavengers (dimethyl sulphoxide and cysteamine) were applied.  Therefore, he suggested 

that hydrogen peroxide and radicals are the germicidal agents.  Kuhn et al. (2003) 

observed same result using dimethyl sulfoxide as a scavenger.  Cho et al. (2005) found 

that biocidal mode of reactive oxygen species depends on the microorganism involved.  

MS-2 phage was mainly inactivated by free hydroxyl radical in the solution bulk while E. 

coli is inactivated by both the free and the surface-bound hydroxyl radicals.  E. coli might 

also be inactivated by other reactive oxygen species, such as O2
•− and H2O2.   

Jacoby (1998) proved that cells could be mineralized via photocatalysis by using 

14C-labeled E. coli, which demonstrated that the carbon content of microbes is oxidized 

to form carbon dioxide with substantial closure of the carbon mass balance.  Dillert 

(1998) observed the mineralization of E. coli by measuring the change of total organic 

carbon in bacteria suspension before and after treatment.   

Kashige (2001) proposed that steps in the inactivation of Lactobacillus casei phage 

PL-1 by black-light-catalytic TiO2 film are damage to the capsid protein first, followed 
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by fragmentation of DNA, and eventually destruction of the virus. Active oxygen species 

produced by the irradiated TiO2 film are responsible for the inactivation.  

Sokmen et al. (2001) proposed that possible killing mechanism by photocatalyst  is 

lipid peroxidation  occurred which produced malondialdehyde, it was further degraded to 

harmless products. 

Sunada et al. (2003) investigated inactivation of E. coli on Cu/TiO2 film under 

week UV illumination.  Two steps inactivation mechanism was provided.  The first is the 

partial decomposition of the outer membrane in the cell envelope by the photocatalytic 

process followed by permeation of copper ions in to the cytoplasmic membrane.  The 

second step is the disorder of the membrane caused by copper ions resulting in loss of 

cell’s integrity. 

Sun et al. (2003) proposed that photo mineralization of Escherichia coliform 

undergoes a combined UV photolysis breakdown upon cell lysis and a dual-site 

Langmuir-Hinshelwood mechanism, which involves the surface controlled adsorption of 

oxygen and cleavage of cells on electron-rich and positive vacant sites respectively. 

Coronado et al. (2005) explained inactivation of Legionella pneumophila by UV 

irradiated TiO2/SiO2 fibers was due the activation of bacteria secretion systems when 

contacting the anatase surface, which could facilitate the access of photogenerated 

radicals to key components of the secreting system without disrupting outer membrane 

first.  Thus, an irreversible damage in the secretion systems of bacteria occurred, 

seriously impact the cell viability. 

Gogniat et al. (2006) suggested adsorption of cells onto aggregated titania followed 

by loss of membrane integrity is crucial to bactericidal effect of titania photocatalysis.  
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This is based on the observation that adsorption was positively related with reduction or 

loss of cell membrane integrity by analyzing bactericidal effect of illuminated titania in 

NaCl-KCl or sodium phosphate solution.  Immediate cell adsorption on catalyst occurred 

in NaCl-KCl solution, where most E. coli was killed within minutes of illumination.  Cell 

adsorption on catalyst in sodium phosphate solution was delayed, where a delayed 

inactivation was observed. 

2.4.1 Diffusion of TiO2 or ROS into the Cell  

Montgomery (1985) proposed two important properties of disinfectant that 

influence their biocidal ability: (1) oxidation or damage of cell wall and/or membrane 

results in the disintegration of cell. (2) Diffusion of disinfectant into the cell to interfere 

with protein synthesis, inhibit enzymes, and destruct intracellular components.  Hydroxyl 

radical, considered one of the main products of photocatalysis of TiO2, has a high 

standard oxidation potential at 2.7V compared to ozone (2.07 V).  However, results 

(Watts et al. 1995) showed ozone has significantly high inactivation rate on coliform 

bacteria and poliovirus than TiO2 photocatalysis under the same contact time.  Therefore, 

the diffusion of either TiO2 or free hydroxyl radicals into the microorganism is important.  

This is consistent with the findings of Dorfman and Adams (1973) that the reaction rate 

of hydroxyl radical with most biological molecules occurred at diffusion-controlled rates.  

Saito (1992) proposed the adsorption of TiO2 onto the bacterial cells might be 

necessary for photocatalytic bactericidal action of TiO2 because the photocatalytic 

reaction occurs on the surface of TiO2 and the low lifetime of reactive oxygen species.  

Koizumi’s (2002a) test shows the enhancement of the bactericidal effect of TiO2 by 

increase the adsorption of phage on TiO2 particles, i.e. increase the diffusion rate. 



37 

 

2.4.2 Disinfection Action of TiO2 is a Combination Action 

Photocatalytic disinfection of TiO2 is a combination action of both direct action UV 

on microorganisms and indirect photocatalytic action of TiO2.  

UV-B (Eladhami et al. 1994) does not greatly affect the cell respiration, RNA, 

DNA synthesis.  Inhibition of protein synthesis and killing of bacteria were observed 

under UV-B irradiation.  Experiment results suggested free radicals mediate the effect of 

UV-B on bacteria. 

Lethal UV-A dose (Fernandez and Pizarro 1996) will cause direct inactivation of 

bacteria by the damage to the DNA.  Sublethal dose of UV-A combined with TiO2 

enhance the bactericidal efficiency of UV-A itself.  Photocatalytic action of TiO2 causes 

membrane oxidative by the production of ROS.  They penetrate into the cell, oxide the 

protein, lipid, or nucleic acid resulting in inhibition of respiration or growth of the 

microorganism. 

Maness (1999) concluded the death of E. coli under the photocatalysis of 

illuminated TiO2 is due to the promoted peroxidation of the polyunsaturated phospholipid 

component of the lipid membrane followed by destruction of membrane.  As a result, 

critical functions, such as respiratory activity dependent on the integrity of the membrane 

were lost and the cell was killed.  

2.5 Kinetics and Modeling of Photocatalytic Disinfection 

Several studies have evaluated kinetics of photocatalytic inactivation of titania 

against microorganisms.  Wei et al. (1994) demonstrated that the initial inactivation rate 

of cells is a first order reaction with respect to initial cell concentration  

iir kc=                                                                                                                 (2-10) 
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where ri is the initial rate of cell inactivation, k is the first order rate constant and ci 

is the initial cell concentration.  Based on data from experiment carried at different light 

intensity and titania concentrations, they found that the specific inactivation rate (k) was 

linearly related to the square root of the concentration of titania in the range of 0–1g/L 

and was also linearly related to the incident light intensity in the range 180–1660 µE s-1 

m-2.   

Horie et al. (1996) modeled the kinetics of cell inactivation by photocatalysis using 

a series-event model, where death of a cell results from a number of reactions 

1 1 1
OX OX OX OX

o i i i nM M M M M M death− +⎯⎯→ ⎯⎯→ ⎯⎯→ ⎯⎯→ →L             (2-11) 
where Mi is cell concentration at each event level i and OX is oxidative radical.  Each of 

the reactions in this model was assumed to obey second-order kinetics with respect to the 

concentrations of microbial cells and oxidative radicals generated by photocatalysis of 

titania.   

/   OXdN dt kC N= −                                                                                       (2-12) 

where N = number concentration of cells at time t, COX = concentration of oxidative 

radicals and  k = sterilization rate constant.  The concentration of oxidative radicals was 

assumed to be constant under quasi-steady state conditions.  Based on mass balance on 

number of viable cells and the concepts expressed in equations (2-11) and (2-12), the 

following expression for number of viable cells as a function of time was derived 
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= = −∑ ∑                                                             (2-13) 

where Ni is cell concentration of Mi and k’ is the apparent sterilization rate constant.  

     '
OXk kC=                                                                                                         (2-14)  
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Experimental results for photocatalytic inactivation of E. coli showed that data 

were fit by a series reaction model with 8 steps.  However, inactivation data for 

Saccharomyces cerevisiae demonstrated a single reaction step, which fits single-hit 

multitarget model.  

'

0

1 {1 exp( )}Lt

t

N k t
N =

= − − −                                                                              (2-15) 

where L is the number of organisms per clump, k’ is the specific rate constant. 

The apparent sterilization rate constant for photocatalytic inactivation for E. coli 

and Saccharomyces cerevisiae was found to vary in linear fashion with light intensity at a 

constant titania concentration, whereas the relationship between sterilization rate constant 

and titania concentration was nonlinear.  A model considering quantum efficiency of 

titania photocatalyst and adsorption of the photocatalyst to bacterial cells was successful 

in fitting the collected experimental data.  

Pham et al. (1997) performed a quantitative analysis of photocatalytic inactivation 

based on probability theory.  The model assumes that hydroxyl radicals are the primary 

inactivating species. There are two parts to the model.  One is the probability of 

interaction between hydroxyl radicals and spores, the other is the probability of 

inactivation of a spore after interacting with a hydroxyl radical.   The product of these 

two parts represents probabilities of spore inactivation.  The value calculated from model 

fits the experiment data.   

Horie et al. (1998a) determined specific inactivation rate constant of immobilized 

titania on activated charcoal granules (T/AC) against E. coli based on series-event model.  

The constant was related with photocatalyst concentration and light intensity by 

considering the adsorption of cells to the photocatalyst. 
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where k” is apparent sterilization rate constant, obsI  is average light intensity, α” is a 

function of kinetic parameters in terms of the generation, decomposition and cell 

deactivation, A is light entrance area of test solution in reactor, qc is amount of cells 

adsorbed to T/AC granules, CT/AC  concentration of a T/AC granule, Nt=0 is initial 

concentration of viable cells, VT/AC is volume of a T/AC granule.   

Horie et al. (1998b) related sterilization rate constant with light quantities absorbed 

by titania slurry, which are evaluated by considering both the dependency of absorbance 

of titania slurry on light wavelengths and the spectral distributions of light rays from the 

respective lamps.  The rate constant was determined on the basis of a series-event model.   

From the results obtained in experiments using different light source, time profile of E. 

coli inactivation under sunlight can be predicted.  

Koizumi and Taya (2002a) found that the relationship between survival of phage 

MS2 exposed to titania under black light and reaction time was:   

'exp( )A

T

N k t
N

= −                                                                                             (2-17) 

where k’ is inactivation rate constant with respect to microbial concentration, NA is the 

concentration of virus at reaction time t, NT is the initial virus concentration.  A linear 

relationship was found between the inactivation rate constant and light intensity. 

Although the relationship between inactivation rate constant and titania concentration 

was nonlinear, the relationship became linear when the amount of phage adsorbed on 

titania particles was taken into account.  The authors derived a model relating the 
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inactivation rate constant to light intensity, titania concentration and adsorbed phage as 

shown below. 

' ( )TO obs
T

TO L T

AC Ik q
d V N

α=                                                                                               (2-18) 

where α is a coefficient, A is entrance area of light rays into reactor, CTO is concentration 

of titania, obsI  is average light intensity, dTO is mean diameter of titania particles,  VL is 

reaction volume, NT is total concentration of virus in reactor and qT is total amount of 

virus adsorbed on titania surface. 

Koizumi and Taya (2002b) found a proportional relationship between inactivation 

rate constant and phage quantities adsorbed on the titania surface, which was used to 

explain inhibitory activity of photocatalytic inactivation by kinds of ions.  The 

inactivation rate constant and quantity of MS2 adsorbed on titania particles was 

calculated by the following equation. 

)exp( 'tk
N
N

o

A −=                                                                                                   (2-19) 

Where N0 and NA are the titer values at the onset and a given irradiation time, k’ is the 

inactivation rate constant and t is irradiation time. 

TOeFV CNNq /)( ,0 −=                                                                                       (2-20) 
Where qV is the quantity of MS2 adsorbed on titania particles, NF,e is the titer of MS2 in 

the supernatant after adsorption equilibrium and CTO is the titania concentration in the 

suspension. 

Koizumi et al. (2002) analyzed the bacterial inactivation with photocatalytic 

reaction time based on series-event model (see equation 2-13).  The value of n was found 

to increase with increased initial superoxide dismutase (SOD) activity.  Transition of 
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intracellular SOD activity expressed was in agreement with the observed data based on 

the model where considering the changes in bacterial populations with varied SOD 

activities. 

Investigators studying degradation of organic compounds have used the Langmuir-

Hinshelwood relationship because it is applicable for the adsorption of organic 

compounds on catalyst surfaces.  Rincon and Pulgarin (2003) observed that the kinetics 

of photocatalytic inactivation of E. coli could be described by the Langmuir-Hinshelwood 

relationship at titania concentrations in the range 0.025-0.25g/L, but not over the range of 

0.025-1.5g/L.   

Sato et al. (2003) studied deactivation of E. coli IM303 using titania-loaded quartz 

glass plates placed in air.  E. coli IM303 (a superoxide dismutase –deficient mutant) was 

used because the deactivation of the cells was found to follow a simple first-order 

kinetics in terms of viable cell numbers during photocatalytic inactivation.  Mixture of 

spores and titania suspension were deposited on quartz plate to determine deactivation 

rate.  A series-event model was used to calculate apparent deactivation rate constant.  It 

was found that the apparent deactivation rate constant kept constant in the range of initial 

cell number from 106–109 cells/m2.  Then deactivation profile of cells falling on titania-

loaded plate was modeled by combining the empirical equation with the series-event 

model.  The calculated result was in fair agreement with experimental data. 
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where rF is accumulation rate of viable cells falling on titania loaded plate, rD is 

deactivation rate of viable cells on titania loaded plate, max
,FVN  is maximum number of 

viable cells falling on titania loaded plate, σ and m were determined by matching the 
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empirical equation to experimental data using the non-linear squares method, t is the 

process time, k’ is apparent deactivation rate constant, NV(t) is the number of viable cells 

on titania loaded plate at time t. 

Sun et al. (2003) investigate photomineralization of bacteria using TiO2-Fe2O3 

membrane photocatalytic oxidation reactor.  The experiment results revealed that 

photomineralization rate of E. coliform in the reactor followed pseudo-first-order kinetics 

by the role of dissolved oxygen.  An empirical model was derived according the pseudo-

first-order kinetic: 
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HRTkC

HRTk
=

+−
−

+ )1(
ln

)1(
1

0

0                                                            (2-22) 

Where C0 is initial concentration of microbe, HRT hydraulic retention time, k is pseudo-

first-order rate constant and t is the photocatalytic oxidation reaction time. 

Cho et al. (2004) used the delayed Chick-Watson model because it is able to depict 

the shoulder and tailing of the plot of E. coli concentration versus time when E. coli were 

exposed to titania under UV-A irradiation and because it uses CT as the independent 

variable, allowing it to be compared with CT values published for other disinfectants.  

The delayed Chick-Watson model is given by  
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where N0 is the initial cell concentration, N is the cell concentration at time t, C is the 

hydroxyl radical concentration, k is the inactivation rate constant, 
0

t
C Cdt t= ∫  is the 
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time-average hydroxyl radical concentration and lagCT  is the x-intercept of the plot of 

N/No versus CT .  The delayed Chick-Watson model gave good fits to experimental data.   

Tao et al. (2004) adopted acoustic wave impedance analysis to study the effect of 

immobilized titania photocatalyst on the growth of E. coli.  A impedance response model 

was established by relating motional resistance variation (∆R) to Gopertz model.  Thus, a 

relationship between ∆R and three growth kinetic parameters (lag time, maximum 

specific growth rate and asymptote) are found. 

⎩
⎨
⎧

⎭
⎬
⎫
⎥⎦

⎤
⎢⎣

⎡ +−−=∆ 1)(expexp'
1 t

A
e

AR m λ
µ

                                                              (2-24) 

Where t is the culture time, A is asymptote, mµ  is maximum specific growth rate and λ is 

lag time.   

Coronado et al. (2005) found relationship between outlet and inlet cell 

concentrations inside the continuous plug flow photoreactor (CPR).  Two main 

assumptions were made: a) Langmuir-Hinshelwood kinetics describes the cell 

inactivation rate on catalyst surface; b) specific cell inactivation rate follows a first order 

kinetics with respect to the fractional coverage of photocatalyst surface by cells.  The 

relationship was as following: 
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Where 0
aC  is cell concentration at the photoreactor outlet just after starting the irradiation, 

CPRτ  is continuous plug flow photoreactor spatial time, NRTτ  is NRT spatial time, S is 

catalyst surface, V is suspension volume, k is first order rate constant, K is equilibrium 

adsorption constant of cells and t is time.
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Figure 2-1.  Structure of a typical bacterial spore (image redrawn from  
www.bmb.leeds.ac.uk/mbiology/ug/ugtech/icu8/ 
mages/introduction/spore.gif)  
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Figure 2-2. Stages of sporulation (Redrawn from www.bact.wisc.edu/.../inclusions.html) 
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Figure 2-3.  Primary steps for photoelectrochemical mechanism (redrawn from Hoffmann 

et al. 1995).  1 - formation of charge-carriers by interaction of a photon with 
titania; 2 - recombination of charge-carriers, producing heat; 3 - reaction of 
valence-band hole with electron donor; 4 - reaction of conduction-band 
electron with electron acceptor; 5 - further thermal reactions to mineralize 
reactant; 6 - conduction-band electron trapped on TiO2 surface; 7 - valence-
band hole trapped on TiOH group at TiO2 surface 
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Figure 2-4.  Time scales for photoelectrochemical mechanisms.  Valence-band holes can 

be trapped by surface TiOH or recombine with trapped conduction-band 
electron on the order of 10 ns.  Trapped holes can oxidize reductant or 
recombine with conduction-band electrons on the order of 100 ns.  Trapping 
of conduction-band electrons takes place on the order of ps, whereas reduction 
of oxidant by conduction-band electrons occurs on the order of ms.  Redrawn 
from Hoffmann et al. (1995) 
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Table 2-1.  Optimum TiO2 concentrations in aqueous system 
Microbes TiO2 conc. 

(mg/mL) 
Form of TiO2 Conditions Reference 

Escherichia coli 0.0025 Aerosil P-25a Diffuse-light emitting 
optical fibers (DLEOF) 

Matsunaga and 
Okochi (1995) 

Escherichia coli 1 anatase TiO2 Sunlight Salih (2002) 

Escherichia coli 1 Degussa P25g Black light 
λPI = 356 nm 
I = 8 W/m2 

Maness et al. (1999) 

Escherichia coli 1 Degussa P25b Black light λ = 300 ~ 
400 nm 
λPI = 360 nm 

Bekbolet and Araz 
(1996) 

Escherichia coli 0.1 Aerosil P-25a High-pressure mercury 
lamp 
λPI = 365 nm; 405 nm 

Horie et al. (1996) 

Serratia marcescens 0.1 Degussa P25c UV low pressure 
mercury lamp 
λPI = 350 nm 

Block et al. (1997) 

Streptococcus 
sobrinus AHT 

1 Degussa P25d Near-UV light 
λ = 300-400 nm; λPI = 
352 nm 

Saito et al. (1992) 

Vibrio 
parahaemolyticus 

1 Aerosil TiO2
e UV lamp 

λPI = 360 nm; I = 4 
W/m2 

Kim et al. (2003) 

Bacillus pumilus 
Spores 

2 no specific 
information 

λPI = 365 nm 
I = 22 W/m2 

Pham et al. (1995) 

a anatase, Nippon Aerosil Ltd, Tokyo, Japan 
b anatase type, average size 30 nm, BET surface area 55 m2/g 
c mainly composed of anatase, BET surface area 50 m2/g, average size 21nm 
d mean particle size 21nm, 70% anatase, 30% rutile; pI 6.6; P25, Nippon, Aerosil, Japan 
e from Yakuri pure chemical company, Osaka, Japan 
f from Sandia National Lab., Albuquerque, NM, deduced from the context, TiO2 is powder 
g Degussa, 75% anatase, 25% rutile, surface area 50 m2/g 
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CHAPTER 3 
GOAL, HYPOTHESES AND RATIONALE, AND SCIENTIFIC MERIT 

As reviewed in this proposal, there are 115 studies conducted on the photocatalytic 

inactivation of microbes.  Among them, 81 papers reported on bacterial inactivation, 15 

on viral inactivation, 6 on fungal inactivation, and 15 on inactivation of other microbes 

such as protozoa, mammalian cells and microalgae.  Out of the 81 papers on bacterial 

inactivation, only 11 addressed inactivation of bacterial endospores by semiconductor 

photocatalysis.  Of these 11, only 5 papers dealt with photocatalytic inactivation against 

spores with air as the continuous phase.  Finally, only 3 studies have addressed the 

activity of a dry photocatalytic powder against dry endospores.  One paper reported that 

on one surface, inactivation of spores was not improved by contact with titania under 

UVA, whereas on a different surface, photocatalysis contributed significant to 

inactivation.  Data in a second paper also showed a significant contribution of 

photocatalysis to bacterial inactivation.  It was found different light intensities were 

applied in these two papers.  

The gap in knowledge identified in this review is very important for the practical 

application of photocatalytic powders against biohazardous agents.  Simply put, no one 

knows if a photocatalytic powder could be effective in destroying a biohazardous agent 

that is dispersed throughout the living environment.  Scientifically, information about the 

interactions between photocatalytic powders and biohazardous particles in the dry state 

could aid in developing models of photocatalytic disinfection that take into account such 

factors as light intensity, surface loading, and microbe characteristics.  A summary of 
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important parameters for testing a dry system for microbe inactivation by photocatalytic 

powders is given in Table 3-1. 

3.1 Goal 

Up to now, the effectiveness of photocatalytic powders against microbes in the dry 

state was rarely investigated.  Influences of factors such as light intensity on the 

contribution of photocatalysis to inactivation of spores on dry surfaces have not been 

determined.  Accordingly, the goal of the proposed research is to determine the influence 

of light intensity on the effectiveness of titania powders against bacterial endospores in 

the dry state under solar UV irradiation.   

3.2 Hypotheses and Objectives 

Specific Hypothesis 1.  The rate of inactivation of bacterial endospores in dry state 

under solar UV irradiation can be increased by contact with titania nanoparticles 

(Degussa P25). 

A number of studies have demonstrated enhanced inactivation of microbes in dry 

state under solar UV irradiation when placed on photocatalytic surfaces.  Thus, it is 

expected that photocatalytic nanoparticles, in contact with microbes in dry state, would 

have a similar effect.  Thus, Research Objective 1 was to compare inactivation of 

irradiated spores in contact with titania nanoparticles to inactivation of irradiated spores 

without titania.   

Specific Hypothesis 2.   There exists a light intensity at which the contribution of 

photocatalysis to spore inactivation is maximized.   

Some studies (including those on aqueous systems) have failed to demonstrate a 

contribution of photocatalysis to spore inactivation whereas other studies show a 

significant enhancement by photocatalysis.  A notable difference between these studies is 
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the light intensity used in these studies.  Thus, it is expected the relative contribution of 

photocatalysis to inactivation will change depending on light intensity.  Research 

Objective 2 was, accordingly, to compare inactivation rates measured in the absence of 

photocatalyst (i.e., photolytic rates) to the rates measured in the presence of photocatalyst 

(i.e., combined rates of photolysis and photocatalysis), over a range of light intensities. 

3.3 Scientific Merit of Proposed Research 

Up to now, there has been no systematic investigation of the factors that influence 

inactivation of microorganisms by photocatalytic particles in a dry state.  Among these 

factors, light intensity stands out because of its fundamental role in photocatalysis and the 

general failure to recognize the significance of light intensity in determining the potential 

contribution of photocatalysis to photo-induced disinfection.  This relationship must be 

understood in order to appropriately deploy photocatalytic systems for protecting human 

health.  

 

Table 3-1. Important parameters for testing photocatalytic inactivation of dry endospores  

 

Parameter Reason 

Light intensity Light intensity quantifies the available energy 

Surface loading Tradeoff exists between quantity of photocatalyst and 
self-shading by photocatalytic particles 

Particle size Affects quantum efficiency of photocatalyst and 
adsorption to microbes 

Purity of spore suspension High purity (low vegetative cells) is needed to obtain 
representative results 

Distribution quality Good distribution is necessary to obtain reproducible 
results 

Recovery of spores from 
surfaces for enumeration 

A high and consistent recovery of spores from surfaces 
is necessary to obtain reproducible results 
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CHAPTER 4 
EVALUATION OF BACTERIAL ENDOSPORE PURIFICATION METHODS 

4.1 Introduction 

Considerable research into methods for inactivating bacterial endospores that are 

released in buildings or distributed in the environment has recently been carried out 

(Hamouda et al. 1999; Larson and Marinas 2003; Lee et al. 2005; Lei et al. 2005; Rice et 

al. 2005; Vohra et al. 2005).  Furthermore, contamination of food, animal feeds, and 

hospitals by bacterial spores is a health concern (Bohnel and Gessler 2004; Christiansson 

et al. 1999; Ehling-Schulz et al. 2004; Rosenquist et al. 2005; Schoeni and Wong 2005).  

Bacterial endospores have a complex shell structure—not present in vegetative cells—

that imparts resistance to disinfection techniques that rely on heat, chemicals or radiation 

(Block 2001).  Spores of certain bacteria (such as B. cereus) also have surface 

appendages—the exosporium and filaments (Hachisuka et al. 1984; Hachisuka and Kuno 

1976).  Studies of spore inactivation methods, particularly those that degrade organic 

materials, consequently require highly pure spore suspensions (containing few vegetative 

cells) in order to achieve representative results. 

Spores are produced by vegetative cells of certain bacteria (e.g., Bacillus, 

Clostridium).  Hence, presence of vegetative cells in spore suspensions is unavoidable.  

The general approaches for purifying spore suspensions are to repeatedly wash the 

suspension in order to remove vegetative cells or to apply disinfectants that kill the 

vegetative cells while minimally harming the spores.  Variations of these approaches 
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have been applied to spores from a number of bacterial species, including B. subtilis, B. 

cereus and B. anthracis, as shown in Table 4-1. 

Few comparisons of the various purification methodologies have been carried out.  

Nicholson and Setlow described several spore purification methods and potential 

problems of these treatments (Harwood 1990).  They mentioned that each of the methods 

could give suspensions containing at least 98% free spores.  Other than the single value 

for purity, no quantitative data were provided.  Nicholson and Galeano (2003) compared 

heat treatment alone to lysozyme treatment followed by heat shock for Bacillus 

anthracis.  They mentioned that lysozyme treatment was effective in removing from 

suspension the vegetative cells of Bacillus anthracis (which differs from Bacillus cereus 

only in the genes encoding toxin components (Ivanova et al. 2003; Read et al. 2003)).  

Based on phase-contrast micrographs, they concluded that the lysozyme followed by heat 

treatment gave higher purity than heat shock alone.  No quantitative data were provided.   

Dragon and Rennie (2001) compared effectiveness of heat shock and ethanol 

treatment.  They demonstrated that both treatments were equally bactericidal against 

vegetative stocks of B. cereus and did not reduce the viability of B. anthracis spore stock.  

However, no data regarding purity of spore suspensions achieved were reported.   

Based on the very limited database of comparative information, it has up to now 

been impossible for researchers to rationally select a spore purification method that 

would enable them to achieve their research objectives.  Accordingly, the overall goal of 

the present study was to compare the major techniques for purifying suspensions of 

bacterial endospores.  Given the increasing popularity of B. cereus as a surrogate for B. 

anthracis (Beuchat et al. 2005; Blatchley et al. 2005; Ivanova et al. 2003; Read et al. 
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2003; Rice et al. 2005), this organism was chosen as the model for the present research.  

As seen from Table 1, the most widely used techniques are ethanol, heat shock, daily 

water washes and lysozyme.  Hence, these methods were evaluated in the present 

research.   

The first objective was to classify methods according to efficacy, which was 

considered to include purity, yield (which is used here to indicate the number of spores 

successfully harvested relative to the number of spores and cells in the original culture), 

and time and effort required to carry out the purification.  The second objective was to 

assess the effect of the methods on the integrity of treated spores, since it is plausible that 

disinfectants used during purification could damage spores and, hence, alter their 

resistance.  

4.2 Materials and Methods 

4.2.1 Chemicals 

All chemicals were obtained from Fisher Scientific, except as noted. 

4.2.2 Preparation and Storage of Agar Plates 

Plates were made by pouring autoclaved tryptic soy agar (DifcoTM prepared 

according to manufacturer’s direction) into 100×15 mm sterile plastic Petri dishes (Fisher 

Scientific) and air dried in a laminar flow hood (LABCONCO purifier class 2 safe 

cabinet, cat. no. 36209-000 R) for 24 hours.  The dried agar plates were used immediately 

or stored in refrigerator at 4 °C until use. 

4.2.3 Storage and Inoculation of Test Strains 

Bacillus cereus (ATCC 2) was provided by Dr. Jerzy Lukasik, Depatment of 

Microbiology and Cell Science, University of Florida.  For long-term storage (more than 

one year), B. cereus was stored in media containing 8% glycerol at -70 °C(Sambrook et 
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al. 1989).  A single bacterial colony was inoculated into 10 mL liquid growth media 

using a sterile metal loop and incubated overnight at 35 ± 2°C on an orbital incubator-

shaker (Model C24, New Brunswick Scientific) at 250 rev/min.  The procedure for liquid 

growth media preparation is described in the next section.  After incubation overnight, 

850 µL of culture was transferred to a sterile vial containing 85 µL sterile 80% glycerol.  

(The 80% glycerol was made by mixing 8 mL glycerol (Sigma-Aldrich) and 2 mL 

deionized water and sterilizing the mixed solution.)  The vial was capped and then the 

contents of the vial were mixed thoroughly by vortexing.  The vials were then immersed 

for 5 sec in liquid nitrogen and transferred to a -70°C deep freezer.  Recovery of bacteria 

from deep freezer was by scratching the frozen culture using sterile wooden stick 

(Fisherbrand, Cat. # 01-340) and inoculating into 10 mL liquid growth media.  The 

inoculated media was incubated overnight at 35 ± 2°C on the orbital incubator-shaker.  

According to the concentration of cultured media, suspension was diluted and plated on a 

sterile plastic Petri dish.  The Petri dish was inverted and incubated at 35 ± 2°C in an 

incubator (Fisher Isotemp incubator, Model 303) and then stored in refrigerator at 4°C.  

New plates were streaked every two weeks using biomass from old plates.  The culture 

was renewed from frozen stock at three-month intervals.  

4.2.4 Bacterial Culture 

Culture media was prepared according to the American Society for Testing and 

Materials (ASTM) E2111-00 standard using Difco Columbia broth powder.  A volume of 

10 mL of Columbia broth was prepared by adding 0.35 g of Columbia broth powder to 10 

mL deionized water in a 125 mL Erlenmeyer flask.  A volume of 10 mL of 10 mmol/L 

MnSO4 was made by adding 0.0169 g MnSO4•H2O to 10 mL deionized water in a 125 
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mL Erlenmeyer flask.  These two solutions were autoclaved.  Under the laminar flow 

hood, the 10 ml autoclaved Columbia broth was diluted to one-tenth strength by adding 

90 mL autoclaved deionized water in it.  Finally, 1 mL of autoclaved 10 mmol/L MnSO4 

was added to 99 mL of 1/10 strength Columbia broth.  Under the laminar flow hood, a 

loop of colony was inoculated in 100 mL of prepared liquid growth media contained in 

500 mL Erlenmeyer flasks.  The flasks were capped with foam plugs to allow air 

exchange between the flask and the atmosphere.  The media contained 0.1 mM MnSO4, 

which improves sporulation efficiency and spore stability (Atrih and Foster 2001; 

Rabinovi and Dasilva 1973).  The inoculated growth media was incubated at 35±2°C on 

an orbital incubator-shaker (Model C24, New Brunswick Scientific) at 250 rev/min for 3 

days (ASTM, 2001) or 10 days.  The vegetative cells and spores were then harvested and 

the spores were purified as described in the following. 

4.2.5 Spore Purification 

  Suspensions were analyzed immediately after completing the purification 

procedures.  Samples for TEM analysis were stored in deionized water at 4°C for a period 

less than 48 hr.  

ASTM. ASTM treatment followed the E2111-00 standard.  A suspension of spores 

and vegetative cells was harvested by transferring 70 mL of culture to an 85 mL 

centrifuge tube and then was centrifuged at 10,000×g for 10 min at 4°C using a Marathon 

21000R centrifuge.  The supernatant was poured off and the pellet was resuspended in 20 

mL of sterile deionized water by vortexing for 20 sec.  The suspension was centrifuged 

and the pellet resuspended as before.  This washing procedure was repeated two 

additional times.   
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Ethanol. Culture was harvested and the pellet was washed once with sterile 

deionized water as before.  The pellet was resuspended in 20 mL of 1:1 sterile deionized 

water and ethanol.  The centrifuge tube was capped and incubated at 22°C for 12 hr on an 

orbital shaker (Lab Line) at 100 rev/min (3-day culture) or for 2 hr at 200 rev/min (10-

day culture).  The suspension was then washed twice with sterile deionized water.    

Heat shock.  The heat shock method was modified from Peng et al. (Peng et al. 

2001).  Culture was harvested as before and resuspended in 20 mL sterile deionized 

water.  The suspension was washed three times with sterile deionized water and then was 

transferred to a 125 mL Erlenmeyer flask, which was immersed in an 80 ± 2°C water 

bath for 15 min.  The flask was transferred immediately to an ice water bath.  The spores 

were then washed three times with sterile deionized water.   

Daily water washes.  In the daily water washes procedure, the 3-day culture was 

harvested as before and washed three times in 20 mL sterile deionized water (Harwood 

1990).  The suspension was then placed in ice and agitated at 100 rev/min on the orbital 

shaker.  The suspension was washed once daily with ice cold sterile deionized water over 

a period of 7 days.  The 10-day culture was heat shocked at 80 ± 2°C for 15 min after 

three water washes.  Daily water washes were repeated under the same conditions applied 

to the 3-day culture except that the agitation speed was 40 rev/min and the period in 

which washes were carried out was 15 days.   

Lysozyme.  The lysozyme method was carried out according to Xue and Nicholson 

(1996).  Lysozyme and phenylmethylsulfonyl fluoride (PMSF) were stored at 4°C and 

prepared fresh from powder for each use.  Because of its low solubility, PMSF was 
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dissolved in the minimum possible volume of ethanol (< 2 mL) before adding to the 

mixture.   

Spore suspensions purified by the alternative methods were stored in the dark at 

4°C.  Each purification method beginning with culture of bacteria was repeated three 

times for the 10-day culture period and once for 3-day culture period. 

4.2.6 Spore Analysis 

  Counting.  Serial dilution tubes were prepared by pipetting a volume of 3.0 mL 

sterile phosphate buffered saline (PBS; pH 7.2) containing 2 mM sodium dodecyl sulfate 

(SDS) into 13×100mm glass tubes.  (The PBS/SDS solution was made by adding 1.236 g 

Na2HPO4, 0.18 g NaH2PO4, 8.5 g NaCl, and 0.57 g SDS to 1 L deionized water.)  The 

tubes were capped and then autoclaved. 

Serial dilution and pour plating procedures were carried out under a laminar flow 

hood. The culture was serially diluted by adding 0.33 mL of sample to a volume of 3.0 

mL sterile PBS/SDS.  Each dilution tube was vortexed for 10 sec. immediately before 

subsampling for further serial dilutions or to inoculate spread plates.  Each pour plate was 

prepared by pipetting 0.1 mL diluted culture to a sterile Petri dish and then pouring sterile 

liquid tryptic soy agar (held at a temperature of 40-50°C) into the Petri dish.  The mixture 

of liquid agar and diluted culture were swirled gently by hand and then set down on the 

benchtop.  Three dilutions of each culture were plated and each dilution was plated in 

quadruplicate, unless noted otherwise.  The plated dishes were air dried in laminar hood, 

inverted, and then incubated at 35°C. An incubation time of 12 hr was used to allow 

visualization of colonies while avoiding overgrowth.  Colonies formed on each dish were 
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counted.  Count numbers between 30 and 300 on a plate were preferred (Madigan et al. 

2000).  Numbers of colonies below 30 were accepted for the lowest dilutions. 

It was also found that dilution with D.I. water does not introduce spore 

agglomeration.  Thus, D.I. water can be used as an alternative to PBS/SDS for dilution of 

spore suspensions, then counted by pour plating.   

Image analysis.  A 20 µL drop of purified spore suspension was smeared onto a 

clean glass slide and air dried in a laminar flow hood.  Samples were imaged under an 

Olympus BX60 optical microscope using a 50× objective lens.  Four images were taken 

per slide (one from each quadrant) and the counts were averaged.  A SPOT digital camera 

(DIAGNOSTIC instruments, Inc. USA) was used with bright field illumination in 

transmission mode.  Images were digitized by SPOT Advanced Version 4.0.9 software, 

which allowed capture of 1600×1200 pixel JEPG images at 8 bits per pixel monochrome.   

Digital images were analyzed using Image-Pro Plus 4.0/4.1 software (Media 

Cybernetics).  Pixels with a grey level less than the critical threshold were considered as 

particle pixels because particles (spores and vegetative cells) were darker than the 

background.  The critical threshold was set to maximize the number of particles 

successfully identified by the software.  The counts by image analysis were within an 

average of 4% of counts by visual observation. 

Vegetative cells were relatively scarce and easily distinguishable from spores by 

their shape and thus could be counted manually.  The number of spores on each image 

was found as the difference between the total particle count and the number of vegetative 

cells.   
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4.2.7 Data Analysis 

Purity of the final suspension was calculated as the ratio of the number of spores to 

the total number of spores and cells.  The yield of spores was calculated as the 

concentration of spores in the purified suspension divided by the total concentration of 

vegetative cells and spores in the culture before purification.  (The 3.5x factor due to 

harvesting 70 mL of culture and resuspending in a 20 mL volume was taken into account 

in these calculations.)  Data were analyzed by one-way ANOVA (Sokal 1994) and 

Tukey’s post-hoc test (Berthouex 1994).   

4.2.8 TEM Sample Preparation 

Transmission electron microscopy was carried out with a Hitachi H-7000 TEM.  

Specimens were prepared on a 300 mesh carbon coated copper grid with formavar film 

(EMS, Hatfield, PA).  A 10 µL drop of spore suspension was pipetted onto the grid.  

After one minute, the drop was blotted with filter paper. Specimens were subsequently 

stained with 10 µL of 1% uranyl acetate for 30 sec, followed by blotting.  

4.3 Results 

4.3.1 Purity and Yield 

Figure 4-1 shows a typical optical image of a purified spore suspension used in 

enumerating the total number of spores and vegetative cells.  Spores were spherical or 

oval in shape with an average size (longest dimension) of 1 µm, whereas vegetative cells 

were rod shaped with a length of 3-4 µm and diameter of 1 µm and often occurred in 

short filaments.   

Ethanol, daily water wash and lysozyme treatments gave the best purities (97–99%) 

for 3-day cultures (Fig. 4-2).  Heat shock treatment provided the least purity (67%) and 
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ASTM showed intermediate performance.  All the methods gave mean purities of at least 

93% when applied to the 10-day cultures (Fig. 4-3).  Lysozyme treatment achieved the 

highest purity (99%), ASTM was intermediate, and ethanol, daily water wash and heat 

shock were lowest.   

Using 3-day culture, the highest yields (20–28%) were achieved with the ASTM 

and ethanol methods (Fig. 4-2).  At the other extreme, a yield of less than 1% was 

attained with lysozyme treatment.  Intermediate yields (5–10%) were achieved with the 

heat shock and water washes methods.  The ASTM and ethanol treatments also gave the 

highest yields (39%) when applied to 10-day culture, whereas heat shock, daily water 

washes and lysozyme provided yields of 4% or less (Fig. 4-3).   

4.3.2 Storage Time 

The effect of storage time on relative purity (final purity/initial purity) was 

investigated at storage times of 2, 3 and 4 mo (Fig. 4-4).  The relative purity of spore 

suspensions from all of the treatments evaluated was 1.0 or higher after 2 mo of storage.  

Some degradation of relative purity was observed at longer storage times, particularly in 

suspensions treated by the heat shock method.  There was no significant change in 

relative purity with respect to storage time of suspensions treated by lysozyme.  

4.3.3 Spore Integrity.   

The spore morphology for ASTM, ethanol, heat shock and daily water washes 

showed exosporium and, to a lesser extent, filaments.  Representative images of spores 

treated by these methods are shown in Figure 4-5 and 4-6.  The lysozyme treatment 

substantially altered spore morphology, as shown in Figure 4-7. 
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4.3.4 Time Investment and Complexity 

Characteristics of the four purification methods in terms of time investment and 

complexity are shown in Table 2.  Technician time and complexity followed similar 

general trends, with the simplest method (ASTM) requiring the least technician time and 

the most complex method (lysozyme treatment) requiring the longest technician time.  

When the total time required to obtain the purified suspension is considered, the daily 

water wash method is most time consuming.   

4.4 Discussion 

4.4.1 Purity and Yield 

Yield of purification techniques has never been reported (qualitatively or 

quantitatively) to our knowledge, while purity is sometimes mentioned based on 

optical/phase contrast microscopy.  According to Nicholson and Setlow, water wash, 

french press, lysozyme treatment and urografin gradients can give >98% spore purity 

(Harwood 1990).  This conclusion is consistent with our experimental results for 

lysozyme and daily water wash treatments.  Since sporulation becomes more complete 

with time, it can be presumed that longer culture times will lead to higher purity.  This 

has been implied (Harwood 1990) but not substantiated in literature.  The presumption is 

supported by our data.   

  The two methods that involve numerous washes (daily water wash, lysozyme), 

together with heat shock, had the lowest yields.  The washing procedure includes 

centrifuging the spore suspension with subsequent decantation of supernatant and 

resuspension of spore pellet in fresh diluent by vortexing.  Some spores (as well as 

vegetative cells) are lost in each decantation.  Thus, the higher the number of washes, the 

lower the final concentration of spores.  
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4.4.2 Spore Integrity 

Prior investigators (Hamouda et al. 1999; Jorge De Lara 2002; Nicholson and 

Galeano 2003) found that only vegetative cells are damaged during purification.  The 

ASTM, ethanol, heat shock and daily water washes treatments in the present research had 

negligible effects on spores, consistent with the literature.  However, the lysozyme 

treatment caused substantial alteration of spore morphology.  Lysozyme is an enzyme 

known to attack peptidoglycan, which makes up the spore cortex (Waites et al. 1976).  

Bacillus spores have proteinaceous inner and outer coats protecting the cortex from 

lysozyme.  However, the resistance of the spore coats of different species varies (Waites 

et al. 1976).  Suzuki et al. have shown that certain spores can be damaged by lysozyme, 

and postulated this effect was dependent on the nature of the spore coats (Suzuki and 

Rode 1969).  Thus, specific testing of susceptibility of spores to lysozyme should be 

prerequisite to use of lysozyme treatment for spore purification.   

4.5 Conclusions 

The ethanol treatment method applied to 3-day culture could be considered optimal 

on the basis of time investment and complexity as well as purification efficiency and 

yield.  However, if a longer total time is acceptable, the ASTM method applied to 10-day 

culture becomes most attractive.  Although the lysozyme treatment achieves a 

consistently high purification efficiency, its high complexity and time investment, low 

yield, and damage to spores make this method least attractive.   
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Figure 4-1.  Optical micrograph of spore suspension after heat shock treatment (bright 

field illumination; 500×); scale bar is 10 µm. 
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Figure 4-2.  Purity and yield of spore suspensions purified after 3 days of culture 
incubation.  Means shown with the same letters are not significantly different 
at α = 0.01.  Standard deviations for most points are too small to be visible. 
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Figure 4-3.  Purity and yield of spore suspensions purified after 10 days of culture 
incubation.  Means shown with the same letters are not significantly different 
at α = 0.01.  Standard deviations for most points are too small to be visible. 
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Figure 4-4.  Effect of storage time on relative purity of treated spore suspensions.  Means 
shown with the same letters are not significantly different at α = 0.01. 
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Figure 4-5. Transmission electron microscopy (TEM) image of spores from suspension 
purified by ASTM method 

 

 

Figure 4-6.  TEM image of spore from suspension purified by daily water wash method 
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Figure 4-7.  TEM image of spores from suspension purified by lysozyme method 
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Table 4-1. Variation of spore purification methods 
Spore Purification 
Methodology 

Variation Reference 

60 minutes (Dragon and Rennie 
2001) 

2 hours (Hamouda et al. 1999) 

50 % Ethanol  

Overnight (Hamouda et al. 2002), 
(Couvert et al. 1999), 
(Gaillard et al. 1998) 

63°C, 20 minutes (Dragon and Rennie 
2001) 

3 washes, 65°C, 30 minutes (Ireland and Hanna 
2002) 

Multiple washes, 70°C, 30 minutes (Setlow et al. 2001) 
No wash, 80°C, 30 minutes (Fujii et al. 2002) 
One wash, 80°C, 10 minutes (Zs. Cserhalmia 2002) 
3 washes, 80°C, 12 minutes (Larson and Marinas 

2003) 
3 washes, 80°C, 20 minutes (Son et al. 2005) 
6 washes, 80°C, 10 minutes (Peng et al. 2001) 

Heat Shock 

Multiple washes, 80°C, 10 minutes (Riesenman and 
Nicholson 2000) 

Number of washes not mentioned (Schiza et al. 2005), 
(Vaid and Bishop 
1998), (Setlow et al. 
2001) 

Daily water wash, 4-7 days (Paidhungat et al. 2002) 
2500×g – 15 minutes, 4 times (Jorge De Lara 2002), 

(Fernandez et al. 2001) 
4000×g – 30 minutes, 5-6 times (Leuschner et al. 2000) 
10,000×g – 15 minutes, 8-10 times (Bailey-Smith et al. 

2005) 

Daily Water Wash 

12,000×g – 10 minutes, 5 times (Zhang et al. 2005) 
Sonication  Multiple wash followed by sonication for 0.5-1 

minutes 
(Setlow et al. 2003) 

Lysozyme treatment  (Vohra et al. 2005) Lysozyme treatment 
Lysozyme treatment followed by heat shock at 
80°C for 10 minutes 

(Nicholson and Galeano 
2003), (Xue and 
Nicholson 1996), 
(Nicholson and 
Schuerger 2005), (Lee 
et al. 2005), (Link et al. 
2004) 

Urografin gradient  (Rice et al. 2005) 
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Table 4-2. Time investment and complexity of spore purification methods 
Method Technician time 

for purification* 
Total time for 3-day 
culture** 

Total time for 10-
day culture** Complexity 

ASTM 1.5 hr 73.5 hr 241.5 hr Low 

Ethanol 3 hr 90 hr 258 hr Moderate 

Heat shock 3 hr 75 hr 243 hr Moderate 

Daily water 
washes 7 hr 247 hr 415 hr Moderate 

Lysozyme 11 hr 83 hr 251 hr Very high 

*Includes reagent preparation time, but not culturing period time.  
**Time from beginning of culture to collection of purified spores 
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CHAPTER 5 
EFFECTS OF SURFACE TYPE, APPLICATION METHOD AND OTHER FACTORS 

ON SURFICIAL PARTICLE DISTRIBUTIONS 

5.1 Introduction 

A uniform distribution of spores or mixture of spores and nanotitania is a 

prerequisite for study of photocatalytic inactivation of spores on dry surfaces.  A non-

uniform distribution is undesirable because it will decrease consistency and reliability of 

experimental results.  

Spreading of microorganisms on surfaces has received little attention in the 

literature.  Only one paper was found that explored the performance of alternative 

approaches for dispersing microbes on surfaces.  Typically, methods for bacterial 

dispersion on surfaces were used without quantification of their effectiveness.  Since 

direct guidance on dispersion of spores or nanotitania on dry surfaces is virtually non-

existent, it was necessary in the present study to find a suitable method of uniformly 

dispersing spores or mixtures of spores and nanotitania on surfaces.  

Based on the literature review, it is apparent that the nature of the surface to which 

the spores or mixture of spores and titania are applied has a strong influence on their 

distribution.  The most commonly used surfaces (glass, plastic, quartz, and membrane 

filters) were chosen for investigation.  Surface modifications (sodium dodecyl sulfate, 

polyvinyl alcohol and platinum/gold sputter coating) of glass and plastic surfaces were 

also tested.  Selection of sodium dodecyl sulfate (SDS) as pre-coating was due to its 

hydrophilic and hydrophobic groups which can change surface properties.  Selection of 
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polyvinyl alcohol (PVA) and platinum/gold pre-coating on glass surface was to decrease 

adhesion forces between spores and the surfaces in order to improve recovery of spores, 

as reported in Chapter 6.   The spore application methods of dipping and pipetting have 

been commonly used and were therefore investigated.  Filtration was reported to achieve 

good dispersions of spores on membrane filters and was therefore also investigated.  

Other factors, such as concentration of particulate material (spores, nanotitania, mixtures 

of spore and nanotitania) and surface temperature were also evaluated.  A summary of the 

factors tested and levels at which they were tested is given in Table 5-1.   

5.2 Background  

Several approaches were used to apply microbes to surfaces.  They are pipetting 

method with or without further spreading, immersion and filtration methods.  Other 

methods were also applied but no information on application of spores on surface was 

given.  Only one paper quantitatively assessed spore distribution quality and consistency 

of the sample preparation, however, no further quantitatively or qualitatively comparison 

of spore distribution quality and sample reproducibility was given for different surfaces 

by the same spore application method. 

5.2.1 Pipetting 

Jacoby et al. (1998) studied mineralization of bacteria deposited on titanium 

dioxide coated surface by photocatalytic inactivation.  They dispersed E. coli by directly 

pipetting the bacterial suspension onto fritted-glass disk coated with titania and dried 

under a stream of nitrogen gas.  Alternatively, they pipetted 1 mL of titania suspension to 

a 250 mL gas sampling tube followed by 1 mL E. coli suspension, then dried with house 

air and moderate heating.  An irregular film on the side of the sampling tube was 

observed.  But no comment was given for their distribution on the surface.   
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Moore and Griffith (2002) applied bacteria suspension on the surface by pipetting 

and spreading the suspension evenly over the surface using a “hockey stick’ shape 

spreader.  However, no image or description was presented on microbe distribution on 

the surface. 

Lin and Li (2003) tested inactivation of microbes on photocatalytic surface 

(commercial titania filter (DAIKIN, Japan) and titania coated glass slide) in air.  Spore 

suspension of Penicillium citrinum was directly pipetted onto the center of the surface 

containing titania and dried.  For the control (no photocatalyst), suspension was pipetted 

onto nine points uniformly distributed on the surface.  Difference in spore application 

method on tested surfaces and control surface may be due to different surface property, 

where titania coated filter favored uniform spreading of bacteria suspension while control 

did not.  This is mentioned by the authors that spreading of suspension on the 

photocatalytic surface was uniform because titania is hydrophilic.  However, no further 

information about dispersion quality of spores after the spore suspension was dried was 

given.   

Galeano et al. (2003) spotted bacteria suspension directly on the center of the 

stainless steel coupons coated with antimicrobial substrate to study the inactivation 

activity of the surface.  Samples were placed within humidity chamber to prevent from 

drying.  They also provided no information about distribution performance of spores on 

the surface. 

Kuhn et al. (2003) pipetted bacterial suspension onto titania coated Plexiglas 

surface, then exposed to UVA light for 60 min.  Bacterial suspension was not dried and 

distribution of bacteria on the surface was not investigated. 
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Foschino et al. (2003) applied appropriate bacterial suspension by dripping them 

onto stainless steel surface, and then withdrew 640 µL from the suspension with an 8-

channel Finnpipette to disperse in 64 droplets of 10 µL each to achieve approximately 1-

10 cells/cm2.  The surface was dried under a biosafety cabinet.  No assessment of 

microbe distribution was conducted. 

5.2.2 Immersion  

Faille et al. (2002) investigated adhesion ability and strength of Bacillus spores and 

E. coli to inert surfaces.  Six material (glass, stainless steel, polyethylene high density, 

polyamide-6, polyvinyl chloride and Teflon) and three microbes (B. cereus and B. subtilis 

and E. coli) were tested.  Bacillus spores were applied to surfaces by vertical immersion 

for 2 hr in a saline spore suspension and then quickly immersed into sterile deionized 

water to remove loosely attached microbes.  No more detail on microbial distribution on 

surfaces was described. 

5.2.3 Filtration 

Schiza et al. (2005) demonstrated that spore dispersion on surface can be improved 

by filtration method compared with the commonly used dropping method. Spore 

agglomeration was typically observed (image and quantitative analysis not shown in the 

paper) when spore suspension was dropped onto a gold-coated glass slide and air dried, 

whereas spores were observed primarily distributed as individuals (unaggregated) on the 

gold-coated porous alumina membrane by filtration method.  Sonicated Bacillus subtilis 

spore suspension was vacuum filtered onto the surface and oven dried.  The purpose of 

sonication was to break up spore aggregates, which were previously lyophilized and 

stored dry.  The vacuum applied to filtration was to obtain even distribution of individual 
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spores throughout the membrane surface.  Relative standard deviation (RSD) of spore 

count from each sample was found to be 0.037, 0.0037 and 0.061.  This is calculated 

based on counts from ten images taken at random location on each sample.  The RSD 

was 0.026 for the average spore counts from the triplcate samples.  Number of spores on 

each image was counted by a LabVIEW (version 7.0, National Instruments, Austin, 

Texas) in-house software program.  Good spore distribution was shown from SEM 

images, which are in consistent with the low RSD.  The distribution quality was not only 

qualified, also quantified by the author, which was not presented in other research papers. 

Pat et al. (2005) filtered titania solution on the cellulose acetate filter membrane 

first followed by filtration of vegetative cells.  SEM images were shown to prove that the 

bacteria can be remained on the surface and might not penetrate a great distance into the 

membrane.  However, no quantitative and qualitative investigation on bacteria 

distribution on the surface was carried on. 

5.2.4 Nebulizing 

Sato et al. (2003) used nebulizer to spray E. coli onto a titania-loaded plate.  The 

cell suspension was poured into nebulizer and then sprayed for 4 min to yield mists in a 

chamber where quartz glass plates were fixed at a certain distance from nebulizer.  

However, the consistency and distribution quality of cells on the surface was not 

mentioned. 

5.2.5 Other Methods 

Lindberg and Horneck (1991) conducted research on UV (200–300 nm) 

inactivation of B. subtilis on surface in dry state.  They applied B. subtilis spore 

suspension on a quartz disc and dry.  No information was given how the suspension was 
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transferred to the surface.  An equation was given in the paper to calculate the fraction of 

unshaded spores on the surface by UV irradiation 

 Fraction of unshaded spores = m

m

e
em
−

−

−
×

1
                        (5-1) 

where m is the ratio of the area covered by spores to the total area of exposure. 

No reference was given for the equation.  They applied 105 CFU spores on a quartz 

disc with a diameter of 7 mm and calculated a 3% (we cannot get this number from the 

equation 5-1) overlapping spores on the surface by assuming a projected spore surface 

area of 1 µm2.  Also dry spores were irradiated at a density of 2.6×108 spores per 13 cm2 

area of glass support, which resulted in a shading effect of 10% (This number was same 

as our calculation based on equation 5-1).  However, no image and explanation were 

presented to demonstrate.  

Horneck et al. (2001) tested B. subtilis inactivation in space.  They mentioned a 

fairly homogeneous distribution of the spores was achieved by transferring spore 

suspension onto silanized quartz plates, but no image was presented and no detail was 

given about the production of plates and transferring of the suspension.   

Vohr et al. (2005; Vohra, Goswami et al. 2005) studied photocatalytic inactivation 

of bacterial spores on surfaces (metal and fabric substrates coated with silver-doped 

titaniaum dioxide).  It was described that a volume of 0.1 mL B. cereus spore suspension 

were spread uniformly on the surface using a sterilized (alcohol and a flame) glass rod.  

However, the approach that the spore suspension was transferred on the surface was not 

mentioned.  In addition, no image was shown how uniform the distribution is and no 

further assessment for distribution quality of spores on the surface and quantification of 

distribution was carried out. 
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5.2.6 Summary  

The effects of application methods on microbial distributions on surfaces is 

summarized in Table 5-2.  Among all the reviewed approaches for spreading microbes on 

the surface, filtration method applied by Schiza et al. (2005) appeared to be the most 

promising method.  A very uniform distribution of bacterial endospores on the gold-

coated alumina membrane using vacuum filtration method was demonstrated by SEM 

image, which other literatures didn’t show images to illustrate distribution quality.  

Although Horneck et al. (2001) claimed a homogeneous distribution of spores was 

obtained on quartz surface, details on how to spread spores on the surface were not 

presented in the paper, in addition, no images were shown and no quantitative analysis 

were given to prove the distribution quality.  Other papers simply used methods for 

application of microbes on surface without investigation on distribution performance of 

the microbes. 

Schiza et al. (2005) are the only investigators to quantitatively assess spore 

distributions on surface. Other investigators either mentioned the distribution quality 

without giving any detailed information or simply ignored distribution quality.  Schiza et 

al. (2005) also investigated reproducibility and consistency of the filtration method for 

distributing spores on membranes.  A good reproducibility and consistency of distribution 

quality was achieved by filtration method.  Relative standard deviation of spore counts 

from ten images taken at random location of sample was used to quantify spore 

distribution quality.  The obtained low standard deviation in counting matches well with 

the uniform distribution observed from SEM image. 
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5.3 Materials and Methods  

The procedures that were applied to several aspects of testing are described in the 

present section.  Materials and methods that are specific to a particular investigated 

parameter are given together with the results of the investigation. 

5.3.1 Washing of Cover Slips and Glass Slides 

Glass, plastic cover slip (22×22 mm) and glass slide (76.2×25.4mm) were 

purchased from Fisher.  Surfaces were washed with detergent (Sparkleen 1, Fisher), 

rinsed thoroughly with deionized water, and then blow dried under an air stream from an 

air cylinder.  Thereafter, the surfaces were rinsed three times with ethanol followed by 

three rinses with deionized water.  Finally, they were air dried under a laminar flow hood 

(LABCONCO purifier class 2 safe cabinet, cat. no. 36209-000 R) at room temperature.   

5.3.2 Preparation of Suspensions of Spores, Nanotitania and Mixtures of Spores and 
Nanotitania  

Spore suspension of B. cereus applied on tested surfaces other than filter membrane 

was treated by lysozyme method.  Spore suspension applied on filter membrane was 

treated by ASTM (10-d culture) (see Chapter 4 for methodology).  A suspension of 

lysozyme treated Bacillus cereus spores was vortexed for 30 s before application to a 

surface.  The maximum concentration of lysozyme purified spore suspension was on the 

order of 106 CFU/mL.  To achieve lower spore concentrations, the initial spore 

suspension was diluted with deionized water and then vortexed.  To achieve higher spore 

concentrations, aliquots of the original spore suspension was centrifuged at 20,000 rcf for 

10 min using an Eppendorf 5417C centrifuge, the supernatants were discarded, and the 

pellets were combined and vortexed for 30 s.   
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Nanotitania suspension was prepared by adding Degussa P25 titania powder into a 

sterile flask containing sterile deionized water.  The suspension was sonicated for 30 min 

in an ice water bath sonicator (Cole-Parmer 8890).  Another sonicatior (Sonicator 3000) 

was used for the titania suspension applied on the membrane, where a intensity level of 

5.0 and a sonication period of 10 min was used.  Lower concentrations of nanotitania 

were obtained by diluting the sonicated suspension with deionized water.  The suspension 

was vortexed for 30 s before transferring to a surface or mixing with a spore suspension.   

A mixture of spores and nanotitania was prepared by adding equal volumes of 

spore suspension and nanotitania suspension to sterile deionized water.  The mixture was 

vortexed for 30 s before application to a surface. 

5.3.3 Suspension Application Methods on Glass, Quartz, Plastic and Modified Glass 
and Plastic Surfaces 

5.3.3.1 Dipping method 

A surface was immersed in a suspension.  For a spore suspension and a mixture of 

spores and titania, a surfaces was immersed for 30 s.  For other suspensions, immersion 

time varied, as noted.  Then the surface was taken out using sterile forceps and dried 

overnight in a laminar flow hood.   

5.3.3.2 Pipetting method 

A volume of 20 µL suspension was pipetted onto a surface and dried overnight in a 

laminar flow hood at room temperature.  Suspension was applied to plastic cover slips at 

four different points with 20 µL at each point.  Suspension was applied to all other 

surfaces at a single point.  Due to hydrophobilic property of plastic cover slip, spreading 

size of droplet on the surface is small.  Thus, four droplets were able to be applied on the 

same surface without overlapping.  For the other surfaces, surface area was not large 
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enough to accommodate four droplets because of the larger droplets spreading size on 

surfaces than on plastic cover slip.  Therefore, one droplet per surface was used. 

5.3.4 Filtration Method 

Four filter membranes, 0.4 µm Metricel membrane (GN-6, Gelman Sciences, Inc., 

ann Arbor, MI), 0.2 µm polycarbonate membrane (Poretics Corporation), 0.22µm nylon 

membrane (MSI Micron Separations Inc.), 0.02 µm Anodisc 25 (Whatman, Fisher 

Scientific), were tested.  All the membranes have the diameter of 25 mm.  The filter 

membranes were transferred to a vacuum filtration system with a holder for 25 mm filters 

(Model FH225V, Hoefer Scientific Instruments, Piscataway, NJ, USA).  Suspension was 

vortexed for 30 s and then added to vacuum filtration system.  Volume of the suspension 

applied on membrane, as noted, was adjusted according to experimental requirement.  If 

necessary, the suspension was diluted to obtain a higher filtration volume to achieve a 

better distribution.  The vacuum was then applied in order to achieve even distribution of 

particles over the membrane surface.  Applied vacuum was adjusted and an optimum 

vacuum pressure was chosen to obtain good distribution of particles on membrane.  After 

filtration, the membrane was transferred to Petri dish and dried under laminar flow hood 

at room temperature overnight.   

5.3.5 Image Analysis 

The surface with particles was imaged under an Olympus BX60 optical microscope 

using a 50× objective lens.  A SPOT digital camera (DIAGNOSTIC instruments, Inc. 

USA) under bright field illumination in transmission or refractive mode, depending on 

membranes, was used to capture the image.  The image was then digitized by The SPOT 

Advanced Version 4.0.9 software and analyzed by Image-Pro Plus 4.0/4.1 software 
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(Media Cybernetics).  Spore count based on a 314 × 235 µm sample area was measured 

and used for evaluation of distribution quality of spores on the surfaces. 

At higher magnification, the dried membrane was imaged under a scanning electron 

microscope (SEM) (JEOL JSM-6400, MA, USA).  Samples were mounted on a metal 

stub with carbon tape and carbon glue, then they were coated under vacuum with a thin 

gold film for 30s in the chamber of a ion coater (Eiko IB-2, EIKO Engineering, Ibaraki, 

Japan) to avoid charging when imaged under SEM.  The image was captured and 

digitized by imaging software (Link ISIS, Oxford Instruments, England).  Image-Pro Plus 

4.0/4.1 software was also used to count the bacterial endospores in SEM images.  A total 

of six SEM images were taken at locations along the diameter of the membrane on each 

filter sample. 

5.3.6 Assessment of Distribution Quality 

Distribution quality of spores, nanotitania and mixtures of spores and 

nanotitaniawas rated on a scale of 3- to 1- and 1+ to 3+, where 3- indicates the poorest 

quality distribution and 3+ indicates the highest quality distribution.  The distribution was 

graded on the basis of visual observation.  Examples of grading of distribution quality are 

given in the results section. 

Image analysis was used to quantitatively evaluate distribution quality.  Counts of 

spores at different locations on each sample were obtained by image analysis, standard 

deviation was calculated, which was used as one of the criteria to evaluate uniformity of 

distribution of spores on surface.  For the mixture, surface coverage by particles were 

calculated by image analysis at different locations on each sample, standard deviation 

was obtained and used to evaluate the distribution quality.  
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5.4 Results and Discussion  

5.4.1 Effect of Spore Suspension Drying Process on Germination of Spores 

Under favorable conditions, spores may germinate and outgrow into vegetative 

cells.  Existence of germinating spores and vegetative cells on a surface is undesirable at 

the present study because these cells have a much lower resistance to disinfectants than 

spores.  Therefore, investigation on whether spores will germinate on the surface during 

the air drying process was carried out. 

Two surfaces, plastic and glass cover slip, were tested.  Pipetting method was used 

to apply spores with concentration of 106 CFU/mL to the surface.  Spores on the surface 

were checked twice using phase-contrast optical microscopy: once immediately after 

drying of spore suspension on the surface, and again after the spore suspension was air 

dried overnight.   

Spore suspension on glass cover slip took 2.5 hr to dry, whereas longer drying time 

was required on plastic cover slip (4 hr).  No germination was observed on either glass or 

plastic cover slip when they were examined immediately after drying was complete.  

Furthermore, germination was not detected after allowing the spores remain on cover slip 

overnight in the laminar flow hood.  Thus, it may be concluded that the drying process 

does not induce spore germination. 

5.4.2 Examples of Assessment of Quality of Particle Distributions  

Six examples of the grading used to qualitatively assess the quality of distributions 

of spores, titania and spore/titania mixtures on surfaces are summarized in Table 5-3.  For 

glass, plastic and modified glass and plastic surface, the suspension was applied on the 

surfaces by pipetting method.  For membrane, the suspension was applied by filtration 

method.  Assessment of distribution quality was based on comprehensive observation of 
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particle distribution at both high and low magnification.  Figure 5-1 gave the example for 

particle distribution quality assessment, images at both low and high magnification were 

shown for each sample.  Figure 5-1 a) and b) shows distribution of spores on the Anodisc 

membrane surface at magnification 100× and 1000× respectively, where a volume of 1 

mL spore suspension with the concentration of 107 CFU/mL was diluted in 4 mL D.I. 

water and then the total of 5 mL diluted spore suspension was applied onto the 

membrane.  A highest grading of 3+ was given, indicating the best distribution was 

achieved compared to the other studied surface.  A very uniform distribution of spores on 

the surface was demonstrated in the figure, which was in consistent with result that a low 

variance of spore counts analyzed by image analysis was achieved.  A Coefficient of 

Variance (CV) of only 10% was obtained based on the counts from six different locations 

on the membrane.  Figure 5-1 c) and d) shows distribution of a mixture with applied 

spore concentration 106 CFU/mL and titania concentration 0.01% on glass cover slip dip 

coated with PVA at magnification 50× and 200× respectively.  A uniform distribution 

was observed, but many of small agglomerates can be easily observed.  Thus, it was 

graded 2+.  Figure 5-1 e) and f) is the spore distribution with applied concentration of 106 

CFU/mL on plastic cover slip coated with SDS at magnification 50× and 500× 

respectively.  Distribution of spores was not uniform.  Spores were less densely packed 

outside layer of droplet than inside of droplet as seen in image.  Dried droplet forms a 

round shape outline.  Agglomeration was obvious in the dense area of droplet.  Therefore, 

a grading of 1+ was given.  Figure 5-1 g) and h) gives the distribution of a mixture with 

applied spore concentration of 1.5×105 CFU/mL and titania concentration of 0.0001% on 

plastic surface at magnification 50× and 500× respectively, which was graded 1-.  
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Particles are well dispersed, however, a big agglomerate was observed in the right hand 

portion of the image.  Figure 5-1 i) and j) is the mixture of spore and titania with applied 

spore concentration of 1.5×104 CFU/mL and titania concentration of 0.0001% on plastic 

surface at magnification 50× and 500× respectively with graded 2-.  As we can see, 

spread area of droplet is obvious smaller than the above samples.  Distribution of 

particles varies significantly from area to area, aggregates exists both inside the droplet 

and at outer edge.  Particle distribution is worse than the above samples based on 

distribution uniformity, spread size of droplet, thus, a grading of 2- was given.  Figure 5-

1 k) and l) shows the distribution of a mixture (spore, 106 CFU/mL; titania, 0.01%) on 

plastic cover slip coated with SDS and rinse at magnification 50× and 500× respectively, 

with a grading of 3-, indicating the worst distribution observed in our study.  A large 

aggregate was observed in the center of image, heavier agglomeration observed at the left 

portion of the big aggregate.  There are some particles dispersed well outside the big 

aggregate.  However, considering the big aggregate, we evaluate the particle distribution 

was the worst. 

5.4.3 Spore or Mixtures of Spore and Titania Distribution on Glass Surfaces 

Spore and mixture suspension was applied on the glass surface by pipetting method.  

Figure 5-2 a) and b) shows spore distribution on glass surface with applied spore 

concentration of 106 CFU/mL.  Figure 5-2 c) and d) shows titania distribution on glass 

surface with applied concentration of 0.01.  Figure 5-2 e) and f) shows mixture 

distribution on glass surface with applied spore concentration of 1.3 × 106CFU/mL and 

titania concentration of 0.01%.  A uniform distribution was observed on glass surface for 

both spore and titania distribution with some agglomeration.  A grading of 2+ was given.  
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A lot of agglomeration was observed on mixture distribution, 1+ was graded for the 

distribution. 

Distribution of titania on glass surface was also studied to help understand the 

titania concentration effect on their distribution.  A volume 20 µL titania suspensions 

with concentration from 0.0001% to 0.1%were applied onto glass cover slip by pipetting 

method.  An optimum dispersion was observed at titania concentration with 0.01% as 

shown in Figure 5-2 c).  Titania particles distributed uniformly.  A grading of 2+ was 

given.  However, distribution of titania particles at other concentration was not uniform.  

Very irregular distribution of nanotitania was observed at the applied titania 

concentration of 0.0001% and 0.001% with strips formed by piled up particles and little 

or no particles in some area.  Heavy agglomeration was observed for the titania applied at 

concentration of 0.1%.  A grading of 2- was given.  Concentration of titania applied on 

the glass surface demonstrated a significant effect on their distribution on the glass 

surface. 

5.4.4 Spore or Mixtures of Spore and Titania Distribution on Quartz Surfaces 

Similar distribution quality of spores or mixture on quartz surface was observed as 

on glass surface (a grading of 2+ was given).  It is reasonable because quartz and glass 

has similar surface property.   

5.4.5 Spore or Mixtures of Spore and Titania Distribution on Plastic Surfaces 

5.4.5.1 Effect of spore concentration on distribution of spores 

Concentration of spore suspension applied on the surface was considered to be an 

important factor affecting dispersion of spores in dry state on the plastic cover slip.  In 

our present study, spore suspension with concentration at the level of 106, 105, 104, 103 

CFU/mL were applied on the plastic cover slip by pipetting method.  A comparison of 
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spore dispersion for different applied spore concentrations is summarized in Table 5-4.  

Spore suspension with a concentration level at 105 and 106 CFU/mL demonstrated a 

better dispersion than the lower concentration (104 and 103 CFU/mL).  Spores were 

distributed uniform except the agglomeration at outer edge with spore concentration 

applied at 106 CFU/mL as shown in Figure 5-3 a), which turned out to be the optimum 

spore distribution on plastic cover slip among the evaluated spore concentration.  At low 

concentration of 104 and 103 CFU/mL, it was hard to tell spores and agglomeration built 

up in the middle as well as outer edge.  Droplet size with applied higher concentration at 

105 and 106 CFU/mL is larger than 104 and 103 CFU/mL.  Distribution area of spores 

were large at a high applied concentration (105 and 106 CFU/mL), whereas spores were 

concentrated in small area when a lower concentration (104 and 103 CFU/mL) was 

applied.  Distribution of spores on plastic cover slip is generally not uniform, which is 

demonstrated by a high CV of 53% counts from three different locations by image 

analysis on plastic cover slip applied with 105 CFU/mL.   

In some cases, droplets were applied on plastic cover slip on two successive days.  

First, spore suspension with concentration of 106 CFU/mL was pipetted onto a plastic 

coverslip and allowed to dry overnight under a laminar flow hood.  Then other spore 

suspensions with concentration of 106 or 105 CFU/mL were transferred to the area where 

the first droplet was and dried overnight.  It was hypothesized that the variance of spore 

distribution on the first droplet could be improved by applying the second droplet on the 

dried first droplet.  Thus, this approach was tested to check the distribution quality.  

Figures 5.3 b) shows spore distribution applied with two droplets daily on the same area 

with the second droplet concentration of 106.   As shown in Figure 5-3, two droplets with 
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concentration of 106 CFU/mL did not perfectly overlap, and addition did not improve the 

uniformity of the spore dispersion.  Same phenomena were observed with the second 

applied droplet with a concentration of 105 CFU/mL shows the same phenomenon as 

Figure 5-17.  Thus, addition of the second droplet does not improve spore dispersion on 

the plastic surface. 

The optimum dispersion of spores on plastic cover slips was achieved at applied 

spore suspension concentrations of 106 CFU/mL (Table 5-4).  However, there was spore 

agglomeration at the outer edge of the droplet.  Appling a second droplet to the first 

droplet was expected to compensate the imbalance of spore distribution density on the 

surface, but even worse agglomeration was observed.  As demonstrated in the figures, 

concentrations of spore suspension applied on the surface is an important factor affecting 

dispersion of spores in dry state on the plastic cover slip.     

5.4.5.2 Effect of spore application method on distribution of spores 

Dipping. Plastic cover slip was dipped into spore suspension at a concentration of 

105, 104, 103 CFU/mL respectively.  Figure 5.4 shows spore distribution on the plastic 

cover slip by dipping method with applied spore concentration of 105 CFU/mL.  A very 

small amount of spores spore particles are observed on the surface.  Spores were well 

distributed without agglomeration.  For the spore distribution at the dipping concentration 

of 104 CFU/mL, only one or two spores can be detected from each image taken under 

microscopy at magnification of 500×.  For plastic cover slip dipped into 8.5 × 102 

CFU/mL spore suspension, no spores were observed on the plastic surface. 

Spores were very well dispersed by dipping method, no agglomeration exists on the 

plastic surface.  However, number of spores on the surface is very low under the 
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condition used.  Longer dipping time or higher spore suspension concentration may give 

higher surface concentration.  

Pipetting. Agglomeration can be observed within all tested spore concentration 

(106 to 103 CFU/mL) applied on plastic surface by pipetting method.  Even at the 

optimum concentration of 106 CFU/mL where best spore distribution quality was 

observed, agglomeration still existed at the outer edge.  

Compared to the dipping method, spores applied on the surface by pipetting (Fig.5-

4) are more concentrated.  Spore dispersion obtained by pipetting is generally worse than 

by dipping method and are more prone to agglomeration. 

5.4.5.3 Effect of surface temperature on distribution of spores 

In our experiment, it was found when spore suspension was pipetted to a glass 

cover slip surface right after the surface is preheated at alcohol burner flame (Fisher 

Scientific), contact angle of droplet on the glass surface decreased and spreading area of 

droplet increased dramatically compared with suspension applied on the glass cover slip 

without heating.  Therefore, temperature of the surface may be a factor affecting spore 

dispersion on the surface.  Our hypothesis is that increase surface temperature of plastic 

cover slip could decrease contact angle of spore suspension and increase spreading area 

of spore suspension, thus, improve spore dispersion on the surface. 

Plastic cover slips were placed into incubator (Fisher Scientific) at a temperature of 

60± 1°C and 80± 1°C for 2h, respectively.  Spore suspension with a concentration of 106 

CFU/mL was applied on the plastic cover slip by pipetting method immediately after the 

slips were taken out of incubator and put in laminar flow hood.  The suspension was 

dried overnight at a laminar flow hood.  Control was prepared by pipetting spore 
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suspension on plastic cover slip in laminar flow hood at room temperature and dried 

overnight.  Two samples for each condition were prepared.   

Droplet size on plastic cover slip pre-heated at 60°C is bigger than control, but 

distribution of spores was not uniform, aggregates can be detected, a grading of 1- was 

given.  A worse distribution of spores was found on plastic cover which was pre-heated at 

80°C (a grading of 2- ) compared with cover slip preheated at 60°C.  An agglomeration 

was observed in the middle of image and very un-uniform distribution of spores on the 

surface.  Temperatures higher than 80°C could not be tested since they deformed the 

plastic cover slip.   

No improvement of spore dispersion on the plastic surface was observed at high 

temperature.  Agglomerates still existed and distributions of spores were not uniform.  

Therefore, temperature was not a main factor affecting spore dispersion on plastic cover 

slip.  

5.4.5.4 Effect of titania concentration on distribution of titania 

As found in section 5.4.5 a), spore concentration influence spore distribution on 

plastic surface.  It was hypothesized that titania concentration will also influence their 

distribution on surfaces.  Therefore, effect of titania concentration on their distribution 

over plastic cover slip was investigated. 

A volume 20 µL titania suspensions with concentration from 0.000,01% to 0.01% 

were applied onto plastic cover slip by pipetting method.  Bad distribution of titania on 

the surface was observed, a grade of 2- to 3- was given.  For titania distribution with 

applied concentration of 0.000,01%, dried droplet forms an irregular outline and 

distribution was not uniform.  For titania distribution with applied concentration of 
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0.0001%, a better distribution was observed than titania distribution with applied 

concentration of 0.000,01%.  Similar droplet sized was observed.  Still distribution of 

titania on the surface was not uniform.  Dried droplet forms a circle outline.  For titania 

distribution with applied concentration of 0.001%, aggregates can be observed on the side 

of the image.  Spore distribution was not uniform.  Droplet size is larger than the above 

image at a lower titania concentration.  For titania distribution with applied concentration 

of 0.01%, a heavy agglomeration was observed at the outer edge and portion of the image.  

As a result, agglomeration can be observed at all the applied titania concentration level, 

distribution of particles were not uniform.   

Dispersion of titania on the glass cover slip is much better than on plastic cover slip.  

Observed agglomeration at different applied titania concentration is due to higher surface 

area of nanostructure of Degussa P-25 titania, which has higher potential to agglomerate.  

5.4.5.5 Effect of titania concentration on distribution of spore/titania mixtures 

Both titania and spore concentrations affect their distribution on surfaces.  The 

effect of titania concentration on the distribution of spore/titania mixtures on surfaces is 

discussed in the present section.  The effect of spore concentration is presented in 

the following section. 

A 20 µL volume of the mixture was pipetted onto a plastic cover slip and dried 

under laminar flow hood overnight.  Table 5-5 shows five combinations of titania and 

spores and their distribution quality.  None of the above combinations achieved uniform 

distribution; in addition, agglomeration was observed at all the levels.  Grades from 1- to 

3- were given.  For the mixture with an applied spore concentration of 104 CFU/mL and 

titania concentration of 0.0001%, agglomeration occurred both inside and along the outer 
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edge of the droplet.  For the mixture with applied spore concentration of 104 CFU/mL 

and titania concentration of 0.001%, same distribution quality was observed as the 

mixture with applied spore concentration of 104 CFU/mL and titania concentration of 

0.0001%.  Agglomeration still existed both inside and outer edge of the droplet.  Mixture 

with applied spore concentration of 105 CFU/mL and titania concentration of 0.0001% 

achieved a better distribution than the above two combinations.  But aggregates were 

observed at the side of image.  Mixture with applied spore concentration of 105 CFU/mL 

and titania concentration of 0.001%, aggregates were observed at thecorner of image.  

For mixture with applied spore concentration of 106 CFU/mL and titania concentration of 

0.01%, heavy agglomeration was observed in the middle of droplet.   

Dispersion of the five combinations on plastic cover slip is not satisfactory.  For a 

given spore concentration, increasing the titania concentration makes the distribution less 

uniform. 

5.4.5.6 Effect of spore concentration on distribution of spore/titania mixtures 

Mixture with final spore concentration of 105 CFU/mL shows better dispersion than 

final spore at 104 CFU/mL.  Same trend was observed at spore dispersion on the plastic 

cover slip with increased spore concentration when spores alone were applied on the 

surface.  Increasing spore concentrations improves dispersion of the mixture.  Effect of 

spore concentration on mixture distribution is more significant than titania concentration 

on mixture. 

5.4.6 Spore or Mixtures of Spore and Titania Distribution on Modified Glass and 
Plastic Surfaces 

Our previous results demonstrated different dispersion quality of particles at 

different surfaces.  Therefore, surface was modified to improve particles distribution.  
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Pre-coating was to apply the coating on the surface before transferring particles to the 

surface. 

5.4.6.1 Glass cover slips Pre-coated with PVA 

PVA solutions were obtained from Sigma (P8136-250G) and Celanese, Ltd. 

(Celvol 165, Unisize HA-70, Dallas, TX).  PVA was prepared by adding a measured 

amount PVA powder into deionized water and then the suspension was autoclaved.  

Dissolution of PVA in water was achieved by autoclaving the mixture of PVA powder 

and deionized water.  Particles were applied on the surface by pipetting method.   

Dipping method. Our hypothesis is that making PVA pre-coating thinner would 

favor spore or mixture distribution on PVA pre-coated glass cover slip.  The thinning of 

PVA coating was achieved by rinsing the glass cover slip immediately after it was taken 

out from PVA solution, then dry the glass cover slip to finish coating.  Distribution of 

spores or mixture on rinsed PVA pre-coated glass cover slip is expected to be better than 

no rinsed PVA pre-coated glass cover slip.   

Washed glass cover slip was dipped into sterile PVA solution for a period from 5 s 

to 10 min, then removed with sterile metal forceps and placed in plastic Petri dish.  The 

pre-coated glass cover slip was air dried overnight in laminar flow hood.  The thinning of 

PVA coating was achieved by rinsing the glass cover slip immediately after it was taken 

out from PVA solution, then dry glass cover slip to finish coating.  Spore suspension with 

concentration of 106 CFU/mL or mixture of spore and titania with final concentration of 

106 CFU/mL and 0.01% respectively was applied on the surface.  Distribution of spores 

and mixture on glass cover slip without coating is used as control. 

Mixtures distribution on the following PVA pre-coated glass cover slip were 

compared:  glass cover slip dip coated in 5% PVA (Sigma) for 10 min without rinse, 
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glass cover slip dip coated in 5% PVA (Sigma) for 10 min and subsequently rinsed by 

deionized water and glass cover slip.  The best distribution was observed on the surface 

with subsequent rinse (Figure 5-5).  Mixture on PVA (Sigma) pre-coating without rinse 

shows worst dispersion.  This observation is in consistent with our hypothesis.  

Distribution of mixture is uniform with some small agglomeration observed at higher 

magnification.  A grade of 2+ was given.  Dried droplet size on the control surface is the 

largest, whereas on PVA pre-coating surface without rinse is the smallest. 

Distribution of spore distribution or mixture of spores and titania on glass cover 

slip pre-coated in 5% PVA (Celvol 165) by dipping method was also studied.  Both spore 

and mixture distribution on the surface was not uniform.  A concentrated dot at the center 

of the dried droplet was observed on both spore and mixture distribution images, area 

around the concentrated center showed good distribution for mixture but bad for spores.  

A grade of 1- was given to mixture and 2- was given to spores. 

Mixture on glass cover slip coated with PVA (5% Sigma for 10 min) pre-coating 

(with rinse) demonstrates the bette dispersion than on PVA (5% Celvol 165) pre-coated 

glass cover slip.  This may be caused by the change of surface property after PVA pre-

coating and different property of PVA pre-coating. 

Spreading method. Distribution of spores and mixtures on nine different 

combinations of PVA pre-coating by spreading method were shown in Table 5-6.  

Sufficient volume of PVA solution was applied to a glass cover slip and spread by sliding 

an edge of a second glass cover slip from one side of the first glass cover slip to the other 

side.  The coating was then allowed to dry overnight under a laminar flow hood.  A 

volume of 20 µL spore suspension (106 CFU/mL) or mixture of spore and titania 



94 

 

suspension with final concentration of 106 CFU/mL and 0.01% was pipetted on the 

different PVA pre-coated surface and dried overnight.  All dry droplets on PVA pre-

coated glass cover slip are circle shape, whereas the droplet shape is irregular on glass 

cover slip.  Based on visual observation, uniform distribution was observed on coating 

with 10% and 15% Celvol 165, 15% Sigma.   

A very uniform spore distribution was obtained for spores (106 CFU/mL) applied 

on glass cover slip spread pre-coated with 10% Celvol 165 PVA.  Figure 5-6 a) and b) 

show spore distribution on 10% Celvol 165 PVA spread pre-coated glass cover slip.  

Very few aggregates can be detected.  A grade of 2+ was given.  Distribution of mixture 

(spore 106 CFU/mL, titania 0.01%) on glass cover slip spread coated with 10% Celvol 

165 PVA were good but with some obvious aggregates, thus, a grade of 1+ was given. 

Spore (106 CFU/mL) on glass cover slip spread pre-coated with 15% Celvol 165 

PVA were distributed well but with some aggregates.  A grade of 1+ was given.  For the 

mixture (spore 106 CFU/mL, titania 0.01%) on 15% Celvol 165 PVA pre-coated glass 

cover slip, many aggregates all over the surface can be detected although distribution is 

good.  A grade of 1- was given. 

A good distribution of particles was obtained for the mixture (spore 106 CFU/mL, 

titania 0.01%) applied on glass cover slip spread pre-coated with 15% Sigma PVA.  Little 

agglomeration was detected (Figure 5-6 c and d).  A grade of 2+ was given.  However, 

for spore distribution on 15% Sigma pre-coated glass cover slip, it was hard to detect the 

spore under optical microscopy.An interesting phenomenon was observed when the spore 

suspension was pipetted onto the glass cover slip pre-coated with Celvol 165 PVA.  The 

contact angle of the droplet on 5% Celvol 165 PVA pre-coated glass cover slip (dipping 
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method) is the largest, and on non-coating glass cover slip is the smallest.  The contact 

angle of the droplet on 10% Celvol 165 PVA pre-coated glass cover slip (spreading 

method) was intermediate. 

A relation was found for the dried droplet size with PVA coating.  For Celvol 165 

coating, droplet size increase with increased PVA concentration.  15% Celvol 165 

coating has largest droplet size within Celvol pre-coating.  For Sigma coating, the trend is 

on the opposite way, 5% Sigma PVA pre-coating has biggest droplet size.   

In terms of uniformity, droplet size, 10% Celvol 165 was found to be an optimum 

pre-coating agent.  Therefore, glass cover slip pre-coated with PVA affects particles 

distribution on their surface compared with on glass cover slip. 

5.4.6.2 Glass cover slips Pre-coated with PVA and SDS 

Enough volume of 10% Celvol 165 PVA was applied to the surface of a glass cover 

slip and spread with a sterile plastic inoculation loop to evenly coat the cover slip.  The 

coated cover slip was dried for 80 min at 65°C.  A volume of 0.1 mL 0.05% SDS was 

then spread over the cover slip using a sterile plastic inoculation loop.  The coated cover 

slip was dried overnight under a laminar flow hood at room temperature.   

Spore (106 CFU/mL) distribution on glass cover slip pre-coated with PVA/SDS 

was not uniform.  A very bad distribution was observed with heavy agglomeration both at 

the outer edge and inside.  A grade of 3- was given.  SDS may partially dissolve the PVA 

pre-coating when the SDS suspension was applied onto PVA pre-coating surface, which 

increased the heterogeneity of the modified surface.  Mixture (spore 106 CFU/mL, titania 

0.01%) distribution on glass cover slip pre-coated with PVA/SDS was dispersed well, 

with aggregated in the middle.  A denser area was in the center, area near the edge is less 
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concentrated.  But in both areas, a good uniformity was obtained.  Dispersion of mixture 

is better than spores on the PVA/SDS pre-coated glass cover slip, a grade of 1+ was 

given.   

5.4.6.3 Glass Pre-sputter coated by a platinum/gold mixture 

Dry glass cover slips were surface modified by pre-sputter coating for 45 sec in the 

chamber of a Desk II denton vacuum sputtering system (Denton Vacuum Inc., 

Moorestown, NJ, Model No. Carb on Rod Acc) prior to application of suspensions.  

Subsequently, the spores or mixture of spores and titania was applied on the coated 

surface and dried.  The surface with dried spore, nanotitania or spore/titania was imaged 

under SEM directly.   

Dry glass cover slips with spores, titatina or spore/titania mixture dried on their 

surface was post-sputter coated 30 sec for imaging by SEM.  Post-coating was to apply 

the coating on the surface after transferring particles to the surface.  Using of post-coating 

is to avoid charging problem under SEM. 

Figure 5-7 is SEM image of spore distribution on pre-sputter coated glass cover slip 

and control (post-sputter coated glass cover slip).  A better spore distribution on sputter 

coated surface was observed than control.  But agglomeration can be observed at high 

magnification.  Thus, a grade of 2+ was given.  Distribution of mixture on pre-sputter 

coated glass cover slip was same as on control.  Although the distribution of particles was 

good, agglomeration can be observed all over the surface.  No improvement was 

observed with pre-sputter coating.  A grade of 1- was given. 

5.4.6.4 Plastic cover slips Pre-coated with SDS 

Pre-coating plastic cover slip with SDS is expected to improve dispersion of spores 

or mixture on the plastic cover slip due to property of SDS.  Hydrophobic tail of SDS 
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would stay on the surface of plastic cover slip, while polar tail of SDS would points to the 

air.  Thus, surface of coated plastic cover slip is hydrophilic, which favors distribution of 

suspension.   

Therefore, distribution of spores on SDS pre-coated plastic cover slip was tested.  

Concentration of SDS and dipping time of plastic cover slip in SDS solution was thought 

to be major coating parameters.   

A volume 20 µL spore suspension with a concentration of 106 CFU/mL was 

applied on the coated surface by pipetting method.  Mixture of spore and titania with final 

concentration of 106 CFU/mL and 0.01% respectively on plastic cover slip pre-coated 

with 10% SDS for 10 min. 

No rinse. Table 5-7 shows spore distribution quality on SDS pre-coated plastic 

cover slip, where SDS with different concentration and dipping time was used for pre-

coating.  Plastic cover slips were dipped into autoclaved SDS solution with a 

concentration of 0.05% to 10%.  The immersion time ranged between 5 seconds and 10 

min.  The plastic cover slips were then taken out from the SDS solution and placed in a 

sterile plastic Petri dish.  The surfaces were air dried at room temperature in a laminar 

flow hood.  However, improvement of spore dispersion by SDS pre-coating to plastic 

cover slip is not obvious compared with spore dispersion on plastic cover slip without 

coating.  Dispersion of spore on plastic cover slip coated with 0.1% SDS for 30 s and 10 

min and 10% SDS for 5 and 10 min turned out to be optimum.  Distribution performance 

of spores on the above optimum coating conditions was same as shown in Figure 5-4.  

Spores are well distributed with some agglomeration.  A grade of 1+ was given. 
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Interestingly, mixture of spore and titania with final concentration of 106 CFU/mL 

and 0.01% respectively on plastic cover slip coated with 10% SDS for 10 min (Figure 5-8) 

showed a better distribution than spores alone applied on the same surface (Figure 5-1 e 

and f).  Particles were distributed uniformly as shown in Figure 5-8.  Droplet spread more 

on plastic cover slip coated with 10% SDS for 10 min than on plastic cover slip without 

coating as compared Figure 5-8 with Figure 5-1 e) and f).  Mixture distribution on plastic 

cover slip can be improved by SDS pre-coating on plastic cover slip. 

With rinse. Plastic cover slips were dipped into SDS solution as before and then 

rinsed with D.I. water before being placed in the Petri dish and air dried.  The purpose to 

rinse SDS is to reduce the heavy residue of SDS on the plastic cover slip after dry. 

Distribution of mixture on plastic cover slip pre-coated with 10% SDS for 10 min 

followed by rinse was observed.  Particles distribution was not uniform, with heavy 

aggregates at the corner of the image.  With the rinse, dispersion of mixture becomes 

worse than on plastic cover slip without coating.  A grade of 3- was given. 

As a result, mixture dispersion on SDS pre-coating without rinse is much better 

than SDS coating with rinse.  This may be caused by too much removal of SDS on the 

plastic surface in the process of rinse.  Surface property for pre-coating with rinse is close 

to plastic, where a bad mixture distribution was found before, thus, a worse distribution 

for mixture was observed on pre-coating with rinse than the pre-coating without rinse.   

5.4.7 Spore or Mixtures of Spore and Titania Distribution on Filter Membrane 
Applied by Filtration Method 

5.4.7.1 Preliminary investigation on factors affecting spore distribution on 
membranes 

Filter membrane type. Three types of membrane, GN-6 Gelman, polycarbonate 

and MSI, were first tried to test the performance of spore distribution on the surfaces.  A 
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volume of 1 mL spores suspension with concentration of 1.4×107 CFU/mL was filtered 

on each type of membrane and dried overnight.  Each sample was duplicate.  

Distributions of spores on the membrane were checked under optical microscopy.  Spores 

cannot be detected on all the three types of membrane under the optical microscope.   

It was hypothesized that a too low total spore amount on the membrane contributed 

the difficulty of detection.  To test this hypothesis, a volume of 10 mL spore suspension 

was applied to achieve a total amount of 1.4×108 CFU spores on the membrane.  Only 

spores on polycarbonate membranes can be detected when the three types of membranes 

were checked under optical microscopy.  Thus, the observation didn’t support the 

hypothesis, that is, too less spores on the membrane.  Also, if spore distributed uniformly, 

there will be an average of one spore per 2 × 2 µm area calculated on the basis of the 

applied spore amount.  Since spores were spherical or oval in shape with an average size 

of 1 µm, the applied amount should be large enough to be detected.  Thus, the hypothesis 

was rejected. 

Another possible explanation is that the structures of membrane cause the 

difference of spore distribution on the surface of membrane.  Membrane from Gelman 

and MSI is made of metricel and nylon respectively.  Although enough amount spores 

have been applied onto the membrane in order to be detected under microscopy, spores 

may pass through the surface of the membrane and be captured within the membrane 

instead on the surface because their interwoven structure.  For polycarbonate membrane, 

the pores were etched by laser, spores were able to be detent at the surface of membrane.  

Because the spores were able to be trapped on the surface of polycarbonate membrane, 

they can be detected under microscope other than the other two membrane surfaces.   
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Since membrane structure plays important role on spore distribution on the surfaces, 

another type membrane with a honeydew structure membrane, Anodisc 25, were tested 

also.  As calculated, a volume of 5 mL spore suspension was required for filtration to 

obtain one spore per 9 µm2.  Thus, a volume of 5 mL spore suspension  (total spore 

amount 7×107CFU) was filtered through Anodisc 25 and dried overnight.  Sample was 

imaged under both optical microscopy and SEM.  When the sample was analyzed under 

SEM directly, image was blurry due to the surface charging.  Thus, sample was post-

coated with platinum/gold before SEM imaging to avoid charging.  Figure 5-9 shows 

SEM image of spore distribution on Anodisc 25 at 100× and 1500× magnification 

respectively.  A uniform distribution was achieved on the surface.   

An optimum spore distribution was observed on the Anodisc membrane among the 

four alternative membranes.  Polycarbonate membrane was the medium, while MSI and 

Gelman membrane demonstrated the worst distribution (no spore observed on surface).  

Membrane structure was found to be the main factors contribute to spore distribution on 

the membrane surfaces. 

Comparison of spore distribution on membranes with modified condition. In 

order to further evaluate spore distribution on the membrane surface, a 1 mL filtration 

volume of spore suspension (1.4×107 CFU/mL) was used to obtain a lower amount of 

spores on the surface than observed with 5 mL filtration volume (Fig. 5-9).  Another two 

membranes were tested at the same time, one is polycarbonate because it was expected a 

good image can be obtained under optical microscope due to its flat surface, one is gold 

pre-coated Anodisc 25 membrane which was reported to achieve a good distribution for 

spore dispersion on its surface.  For the gold pre-coated Anodisc membrane, the 
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membrane was sputter coated for 30 s in the chamber of a Desk II denton vacuum 

sputtering system (Denton Vacuum Inc., Moorestown, NJ, Model No. Carb on Rod Acc) 

prior to application of suspensions.  Subsequently, the surface was filtered with spore 

suspension and dried overnight, then the sample was ready for image analysis.  Duplicate 

samples were prepared on each type of membrane surface, one is for optical microscopy 

analysis, and the other is for SEM analysis. 

Figure 5-10 shows optical image of spore distribution on Anodisc, gold pre-coated 

Anodisc and polycarbonate membrane at magnification of 50× and 500×.  Optical image 

for spores on Anodisc and gold pre-coated Anodisc membrane was taken under bright 

field using transmission light; image for spores on polycarbonate was taken under bright 

field using reflective light.  At a higher magnification of 500×, a uniform spore 

distribution was observed on Anodisc and gold pre-coated Anodisc membrane, whereas 

spore distribution on polycarbonate didn’t show uniform distribution instead with a 

certain pattern.  At a lower magnification of 50×, it can also be found that spores on 

Anodisc, gold pre-coated Anodisc achieved uniform distribution.  However, some blank 

area on Anodisc membrane and very less blank area on gold pre-coated Anodisc 

membrane were observed.  This maybe caused by low filtration volume (1 mL).  It was 

observed that a volume of 1 mL spore suspension was not enough to cover the whole 

membrane when the spore suspension was filtered.  Thus, some areas may be lack of 

spores.  Two modifications to the filtration condition were made to improve this defect in 

the following filtration.  One is to dilute spore suspension to a total volume of 4 mL or 5 

mL from 1 mL original spore suspension to ensure the whole membrane area was 

covered under filtration.  Second is to immerse the filter membranes into sterile D.I. 
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water for 5 sec to wet the membrane surface to avoid blank spot.  Spore distribution on 

polycarbonate membrane shows the pattern which is in accordance with the filter holder 

structure as shown in Fig. 5.10 e) and f).  Spores exist at the places of filter holes where 

the support drained the water.  This may be caused by material property of polycarbonate 

membrane.  Due to its flexibility and flat surface nature, polycarbonate membrane 

attached to the filter support under vacuum pressure. Thus, no spore suspension can be 

drained elsewhere except at holes.  Spores were mostly detained at the location of filter 

holes.  This phenomenon was not observed on Anodisc membrane.  Because the Anodisc 

membrane surface is not flat and the material is stiff, water can go though all over the 

membrane.  Thus, a pad was tried under polycarbonate filter membrane when spore 

suspension was filtered in order to improve spore distribution in the following study.  

Two types of pad: Anodisc 25 and separator coming with the polycarbonate membrane in 

the box.  The pad was placed under the polycarbonate membrane to make sure all the 

spore suspension can drain through the whole membrane, thus, to achieve a uniform 

spore distribution on the membrane.  Even distribution of spores was not observed with 

either Anodisc 25 or separate as pad.  Distribution was not improved by application of 

pad.  However, filtration time was increased when separator was used as pad, a filtration 

time of 20 min was required to drain all the water.   

SEM images of spore distribution on Anodisc, gold pre-coated Anodisc and 

polycarbonate membrane were also taken.  All the samples were sputter coated with 

Pt/Au for 30 s in the chamber of a Desk II denton vacuum sputtering system to avoid 

charging issue under SEM analysis.  Performance of spore distribution on three 

alternative membrane surfaces is consistent with observation from optical microscopy.  
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Uniform spore distribution was observed on Anodisc 25 membrane and gold coated 

Anodisc 25 membrane.  Spore distribution on polycarbonate membrane shows the pattern 

which is in accordance with the filter holder structure.  However, spore density (number 

of spores per area) on Anodisc membrane is lower than on gold pre-coated Anodisc 

membrane observed SEM image which is not observed under optical microscopy.  This 

may be caused by the error when preparing the sample as found in the following images 

that a similar spore density was achieved.   

Quantitative comparison of spore distribution on membranes. It has been 

qualitatively compared in the previous section that spores on Anodisc and gold pre-

coated Anodisc membrane can achieve the best distribution.  Therefore, Anodisc was 

chosen as membrane surface for spore distribution.  Although a uniform spore 

distribution can also be achieved on gold pre-coated Anodisc membrane, more steps will 

be involved to prepare sample, thus, Anodisc was used where the same spore distribution 

performance can be achieved.  In order to further prove spores on Anodisc can achieve 

the best distribution, spore distribution on Anodisc, polycarbonate with Anodisc as pad, 

polycarbonate with separator as pad were quantitatively compared.  A volume of 5 mL 

spore suspension with total amount of 1.2×107 CFU spores were applied on the 

membrane surface.  Samples were duplicate on each membrane except the polycarbonate 

with separator as pad.  For each sample, six images at six different locations on the 

membrane were taken using SEM.  Numbers of spores were calculated by image analysis 

software.  Average spore count was calculated based on the numbers obtained from six 

locations. 
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Table 5-8 shows the count result of polycarbonate membrane with Anodisc 25 and 

separater as pad.  A high CV ranged from 30 to 85% was obtained, which means a high 

variation of spore numbers at different location of the membrane.  Thus, spore 

distribution on the polycarbonate membrane with either Anodisc 25 or separater as 

filtration pad was not uniform.  This result is consistent with our observation that spores 

were concentrated in some area while there is little spores in other area.  

Table 5-9 shows count result from Anodisc membrane.  Sample SEM images were 

taken at 1000× magnification.  A relative low CV (10-38%) was achieved than spore 

distribution on polycarbonate membrane with pad.  This is also in consistent with the 

image shown in Figure 5.9 a).  Therefore, a uniform distribution of spores was achieved 

on Anodisc membrane by filtration method. 

From quantitative comparison, together qualitative assessment from the spore 

distribution images, distribution of spores on Anodisc membrane demonstrated a very 

uniform distribution, whereas spore distribution showed a bad distribution quality (a 

grade of 2- ).  The quantitative results were consistent with the visual observation for the 

spore distribution quality. 

5.4.7.2 Mixtures of spore and titania distribution on Anodisc membrane 

Since a uniform spore distribution was achieved on Anodisc membrane, 

distribution of mixture of spores and titania was investigated.  0.1% titania suspension 

was prepared by adding 0.01g titania powder into sterile 20 mL vials containing 10 mL 

sterile D.I. water.  The titania suspension was sonicated for 10 min at intensity of 5.0 

using Sonicator 3000.  A certain amount of titania suspension and spore suspension was 

added to 150 mL Pyrex beaker containing sterile D.I. water.  The mixture of titania and 
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spores are stirred on a magnetic stirrer (Nuova II, Thermolyne) with the mixing speed = 

#5, a volume of 4 mL mixture was pipetted onto the membrane for filtration using 

Brinkmann Eppendor Repeater Pipetter (Fisher Scientific).  After filtration, samples were 

dried under laminar flow hood.  Before SEM analysis, samples were post-sputter coated 

with gold to avoid charging under the microscopy.   

Three mixture combinations based on same spore to titania ratio were applied on 

Anodisc membrane and their distribution quality was observed.  They are: 106 CFU for 

spores and 0.1 mg for titania, 105 CFU for spores and 0.01 mg for titania, 104 CFU for 

spores and 0.001 mg for titania.  Figure 5.11 shows image of mixture distribution of the 

three combinations at magnification of 5,000×.  A uniform distribution can be observed 

on all these three combinations.  The surface was almost fully covered by the mixture for 

the combination of 106 CFU spores and 0.1 mg titania.  Highest surface coverage by the 

mixture was observed for the combination.  It was reasonable because the combination 

applied largest amount of spores and titania on the membrane.  Mixture applied with 105 

CFU spores and 0.01 mg titania has medium surface coverage.  While only few particles 

were detected for the combination of 104 CFU spores and 0.001 mg titania on each 

image.   

Another combination with 5×106 CFU spores and 0.05 mg for titania was tested.  

Distribution of the mixture on the membrane was shown in Figure 5-12.  The distribution 

of mixture in this combination was worse than the above three combinations.  This may 

be affected by the spore to titania ratio. 

Application of mixtures of spores and titania directly on the Anodisc membrane 

demonstrated a good distribution.  Another sample preparing procedure was tried and the 
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mixture distribution quality on the Anodisc membrane was observed.  This method is to 

apply the titania particles on the membrane first followed by application of spores on the 

membrane instead of applying mixture directly on the membrane.  A volume of 4 mL 

titania suspension with 0.01 mg titania was first applied on the Anodisc membrane and 

filtered, then a volume of 4 mL spore suspension with a total of 5×106 CFU spores was 

applied and filtered.  Membrane was dried over night under laminar flow hood.  Sample 

was post-sputter coated with gold, and then image was checked under SEM.  A good 

distribution was observed.  Titania agglomeration can be observed.  Spores are dispersed 

on the titania particles.  A distribution grade of 2+ was given. 

Good distribution of mixture of spores and titania on Anodisc membrane can be 

achieved by either directly application of mixture or application of titania first followed 

by spores.  Spore to titania ratio may be an important factor affecting mixture distribution 

uniformity on the Anodisc membrane when mixture was applied directly on the 

membrane. 

5.4.8 Comparison of Spore or Mixture Distribution on Glass Surface with an 
Anodisc Filter Membrane Surface 

Distribution of spores or mixture on the glass surface was found to be the best 

among the alternative surfaces other than membrane surface.  For the membrane surface, 

best spore or mixture distribution was observed on Anodisc membrane surface.  

Therefore, the spore or mixture distribution on these two surfaces was compared.   

For spore distribution on the surfaces, their performance was compared 

quantitatively.  For each sample, 6 or 4 different locations on each sample were imaged 

and amount of spores on each image were calculated by image analysis.  Then the 

average spore count on each image was obtained, standard deviation and CV was 
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compared for the two different surfaces.  Table 5-10 shows average count of spores on 

glass cover slip from images taken under optical microscopy at magnification 500×.  

Amount of spores on the glass was counted by visual observation because image analysis 

cannot tell all the individual spores in the agglomeration.  Compared with results for 

spore count on Anodisc membrane in Table 5-9, there is no statistic significance for 

variance of count between glass cover slip and Anodisc membrane based on F test at 

α=0.05.  However, less agglomeration of spores was observed on Anodisc membrane 

than on glass cover slip.  Therefore, spore distribution on Anodisc membrane is better 

than on glass cover slip.   

A better distribution of mixture was also observed on Anodisc membrane than on 

glass surface from SEM images.  In order to quantitatively compare the distribution 

quality of mixture on these two surfaces, surface coverage by the mixture on the two 

surfaces were calculated, standard deviation and CV was shown in the Table 5-11.  

Mixture combination demonstrated optimum distribution on individual surfaces was 

chosen to apply on the surfaces.  For the membrane, a total amount of 0.01 mg and 105 

CFU spores were applied on the membrane surface.  Images were taken using SEM at 

magnification 500×.  A total of five random locations on the membrane were imaged and 

surface coverage was analyzed using image analysis software.  For the glass surface, a 

total amount of 0.002 mg and 2×104 CFU spores were pipetted on the surface.  Images 

were taken using optical microscopy magnification 500×.  A total of eight random 

locations on the membrane were imaged and surface coverage was analyzed using image 

analysis software.  Although a lower CV obtained from Anodisc membrane surface, their 

variance on the surface coverage was not statistically difference based on F-test at α=0.05.  
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In other words, distribution quality of mixture on membrane and glass are same.  

Therefore, both spore and mixture distribution on Anodisc surface demonstrated an 

optimum performance than on glass cover slip. 

5.5 Summary 

Since our study is to investigate spore inactivation by photocatalyst, distribution of 

spore and mixture is our concern.  Thus, Nanotitania distribution was only checked on 

glass/plastic surface without modification.  For other surfaces (modified glass/plastic 

surface, quartz and membrane surface), only spore and mixture of spores and titania 

distribution were studied. 

The distribution performance for spores alone which can be best achieved on 

alternative surfaces is shown in Table 5-12.  Distribution of spores on glass cover slip and 

Anodisc 25 membrane filter generally showed the best distribution among all the surfaces 

tested.  Distribution of spores on PVA/SDS pre-coated glass demonstrated the worst 

distribution.  Overall, spore distribution on surfaces except PVA/SDS pre-coating was 

graded positive.  Table 5-13 shows quantitative analysis of spore distribution by 

calculating standard deviation and CV of spore counts at several different locations on 

the surface.  Spore counts were normalized because different initial spore amount was 

applied on the surfaces.  F-test was used to analyze variance of normalized spore count 

data between every two groups.  The result showed that variance of spore count on plastic 

surface was significantly higher than on Anodisc membrane and glass surface at α=0.05.  

No significant difference was found between variance of spore count on glass and 

Anodisc membrane at α=0.05.  This statistical result proved that spore distribution on 

plastic surface was less uniform than on glass and Anodisc surface, which was consistent 
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with qualitative observations.  No difference was found for distribution uniformity on 

glass and Anodisc membrane surface based on statistical analysis.  However, a better 

distribution can be observed on Anodisc membrane surface than on glass from images 

observed under optical microscopy and SEM.  This also matches with calculated CV 

value, where CV was 18 for spore count on glass surface and only 11 for Anodisc 

membrane.  Table 5-14 shows the mixture distribution performance on the surfaces 

which can be best achieved on alternative surfaces.  The average mixture distribution on 

the Anodisc 25 membrane was the best, whereas on the plastic cover slip was the worst.  

Only distribution of mixture on plastic cover slip was graded negative.  Interestingly, 

distribution of the mixture on PVA pre-coated glass and PVA/SDS pre-coated glass are 

better than spore distribution on the same surfaces. 

Distribution of spores and mixture on the same surface has different effect on their 

distribution quality.  Distribution of spores and mixtures on glass, quartz, Pt/Au sputter 

coated glass, PVA pre-coated glass, SDS pre-coated glass surface and membrane 

demonstrated similar distribution quality.  Distribution of mixtures on PVA/SDS pre-

coated glass showed better quality than their spore distribution, whereas distribution of 

mixture on plastic cover slip gave worse quality than spores on the plastic surface.  This 

different trend of mixture distribution with spore distribution on different surface was 

probably caused by both surface property of applied particles and the surfaces. 

Pre-coating glass surface with PVA, PVA/SDS and platinum/gold didn’t improve 

either spore or mixture distribution, whereas pre-coating plastic surface with SDS 

improved mixture distribution.  This maybe mostly contributed by different surface 

property of glass and plastic surfaces.  Since a good particle distribution on glass surface 
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and a bad particle distribution on plastic surface were observed, particles prefers to a 

hydrophilic surface for a good distribution.  Modification of glass surface with PVA, 

PVA/SDS and platinum/gold make it less hydrophilic, thus, no improve was observed.  

Modification of plastic surface with SDS makes it more hydrophilic, thus, help the 

distribution of particles. 

In the investigation of the selected factors on particle distribution, it was found that 

particle concentration, application method and surface modification pre-coated by PVA, 

SDS or platinum/gold influence particles distribution on surfaces, whereas surface 

temperature does not change the distribution of particles on a surface.  Particle 

distribution also varied with the nature of the particles, that is, spores, nanotitania or 

mixtures of spores and nanotitania demonstrate different distribution performance on the 

same surface. 

Filtration method gave a uniform distribution of spores on the filter whereas other 

methods showed agglomeration to some extent on the alternative surfaces.  Moreover, 

viable count from filter membrane proved to be the most efficient among the alternative 

surfaces (Details in Chapter 6).  Therefore, Anodisc filter membrane was selected as our 

testing surface. 

 
5.6 Conclusion 

Among the investigated surface, spore distribution quality on glass and Anodisc 

membrane surface was the best, whereas on the PVA/SDS pre-coated glass cover slip 

was the worst.  Best distribution quality of mixture of spores and titania was observed on 

membrane surface.  Therefore, Anodics membrane surface is the optimum surface for 

spore or mixture of spores and titania distribution. 



Figure 5-1. Examples of assessm
a) and b): quality of distribution

Anodisc membrane a
c) and  d): quality of distribution

CFU/mL， titania, 0.0
(Sigma) for 10 min (
200×. 

e) and f): quality of distribution 
CFU/mL) on plastic 
(bright field illumina

g) and h): quality of distribution
CFU/mL, titania 0.00
illumination) at magn

i) and j): quality of distribution =
CFU/mL, titania 0.00
illumination) at magn

k) and l): quality of distribution 
CFU/mL; titania, 0.0
magnification 50× an

 

111 

 

 

 

ent of particle distributions quality: 
 = 3+.  SEM of spore (107 CFU/mL) dispersion 
t magnification 100× and 1000×. 
 =2+.  Optical micrograph of mixture (spore 10
1%) on glass cover slip dip pre-coated with 5%

bright field illumination) at magnification 50× a

= 1+.  Optical micrograph of spore dispersion (1
cover slip pre-coated with 10% SDS for 10 min
tion) at magnification 50× and 500×. 
 =1-.  Optical micrograph of mixture (spore 1.5×
01%) distribution on plastic surface (bright fiel
ification 50× and 500×. 
 2-.  Optical micrograph of mixture (spore 1.5×
01%) distribution on plastic surface (bright fiel
ification 50× and 500×. 

= 3-.  Optical micrograph of mixture (spore,106

1%) on plastic cover slip (bright field illuminati
d at 500×. 

a

c

b

 

 

on 

6 
 PVA 
nd 

06 
 

105 
d 

104 
d 

 
on) at 

d



112 

 

 

 

 

 

 

 

Figure 5-1. Continued 
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Figure 5-2. Optical micrograph of spore, nanotitania and mixture on glass cover slip 
(bright field illumination): a) and b) Spore (106CFU/mL) dispersion on 
glass cover slip at magnification 50× and 500×, quality of distribution = 2+, 
c) and d) Titania (0.01%) dispersion on glass cover slip at magnification 
50× and 500×, quality of distribution = 2+, e) and f) Mixture (spore, 1.3 × 
106CFU/mL; titania, 0.01%) on glass cover slip at magnification 50× and 
500×, quality of distribution = 1+. 
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Figure 5-3. Optical micrograph of spore distribution on plastic cover slip (bright field 
illumination; 50×): a) Spore (1.3×106CFU/mL) distribution on plastic 
surface, quality of distribution = 1+ and b) Spore (1.3×106 + 1.3×106 
CFU/mL) distribution on plastic surface, quality of distribution = 2-.  

 
 
 

 
Figure 5-4. Optical micrograph of spore (105 CFU/mL) distribution on plastic surface 

by dipping method (bright field illumination; 500×) (quality of distribution 
= 2+) 

 
 
 
 

b a
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Figure 5-5. Optical micrograph of mix
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Figure 5-6. Optical micrograph of spore and mixture distribution on PVA spread pre-
coated glass cover slip (bright field illumination): a) and b) Spore (106 
CFU/mL) distribution on glass cover slip spread pre-coated with 10% 
Celvol 165 PVA at magnification 50× and 500×, quality of distribution = 
2+, c) and d) Mixture (spore 106 CFU/mL, titania 0.01%) distribution on 
glass cover slip spread pre-coated with 15% Sigma PVA, quality of 
distribution = 2+.   
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Figure 5-7. Scanning electron microsc
distribution on glass cover
distribution = 2+, a) and b)
(Control) 
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Figure 5-8. Optical micrograph of mixture (spore, 106CFU/mL; titania, 0.01%) on 

plastic cover slip pre-coated with 10% SDS for 10 min (bright field 
illumination), quality of distribution = 2+. a) at magnification 50×, and b) 
at magnification 500× 

 
 
 

   

b a

a b
 

Figure 5-9. SEM images of Bacillus cereus endospores (7×107 CFU) dispersed on
Anodisc 25 membrane, quality of distribution = 3+.  a) Magnification
100×, and b) Magnification was 1500×. 
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Figure 5-10. Optical images of Bacillus cereus endospores (1.4×107 CFU) dispersed 

on Anodisc 25, gold pre-coated Anodisc and polycarbonate membrane:  a) 
and b) on Anodisc 25 at magnification 50× and 500×, quality of 
distribution = 3+, c) and d) on gold precoated Anodisc membrane at 
magnification 50× and 500×, quality of distribution = 2+, e) and f) on 
polycarbonate membrane at magnification 50× and 500×, quality of 
distribution = 1-. 
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Figure 5-11. SEM images of mixture of spores and titania on Anodisc membrane (spore 
to titania ratio is same): a) and b) Mixture of spores (106 CFU) and titania (0.1 
mg) on Anodisc membrane at magnification 1,000× and 10,000×, quality of 
distribution = 2+.  c) and d) Mixture of spores (105 CFU) and titania (0.01 mg) 
on Anodisc membrane at magnification 1,000× and 1,000×, quality of 
distribution = 2+.  e) and f) SEM images of mixture of spores (104 CFU) and 
titania (0.001 mg) on Anodisc membrane at magnification 1,000× and 4,000×, 
quality of distribution = 1-.   
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Figure 5-12. SEM images of mixture of spores and titania on Anodisc membrane. a) and 

b) Mixture of spores (5×106 CFU) and titania (0.05 mg) on Anodisc 
membrane at magnification at magnification 500× and 5,000×, quality of 
distribution = 1-. 

a b 
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Table 5-1. Factors and levels tested in this chapter 
Surface Factors Level 
Glass Titania concentration 0.1% – 0.0001% 
Quartz   

Spore concentration 103–106 CFU/mL 

Spore application method Dipping method and pipetting method 

Temperature 25°C,60°C, 80°C 

Plastic 

Titania concentration 0.1% – 0.000,01% 

PVA type Sigma, Celvol 165, Unisize 
PVA coating method Dipping method and spreading method 

PVA pre-coated glass 

PVA concentration 5% – 20% 
PVA/SDS pre-coated glass   

Pt/Au pre-sputter coated 
glass   

SDS concentration 0.05% – 10% 
Soaking time 5 s – 10 min 

SDS pre-coated plastic 

±Rinse  

Type of membrane Gelman GN-6, MSI, Polycarbonate, 
Anodisc 25 

Membrane 

Modification to filtration 
condition  
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Table 5-2. Approaches for application of microbes on surfaces 
Approaches Microbes Surfaces Result/Conclusion Ref. 

                                Bacterial spores 

Bacillus. subtilis Titania coated filter and filter 
Titania coated filter favored uniform spreading 
of bacteria suspension while filter without 
coating did not 

6 

Bacillus anthracis, B. 
subtilis and Bacillus 

cereus  
Stainless steel coupons -- 3 

Pipetting  

Aspergillus. Niger Stainless steel -- 2 

Filtration  

B. subtilis 
Gold coated alumina 

membrane 
Gold coated glass slide 

An even distribution was achieved on gold 
coated alumina membrane 
Spore agglomeration and non-uniform 
distribution observed on gold-coated glass slide 
by depositing a drop 

11 

B. subtilis spores Quartz and glass 
3% overlapping spores on the surface was 
calculated by assuming a projected spore surface 
area of 1 µm2 

7 
Others 

B. cereus 
metal and fabric substrates 
coated with silver-doped 

titaniaum dioxide 
-- 12 

                         Bacterial vegetative cells 
E. coli Titania coated surface -- 4 Pipetting 

Coliform Stainless steel table -- 8 
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Table 5-2.  Continued 
Approaches Microbes Surfaces Result/Conclusion Ref. 

E. coli, Pseudomonas 
aeruginosa, 

Sraphylococcus aureus, 
Enterococcus faecium 
and Candida albicans 

Titania coated plexiglas -- 5 

 

E. coli Stainless steel -- 2 

Immersion 

E. coli 

Glass, stainless steel, 
polyethylene high density, 

polyamide-6, polyvinyl 
chloride and Teflon 

-- 1 

Filtration E. coli Cellulose acetate filter 
membrane 

SEM image shown to prove that bacteria can be 
remained on the surface 9 

Nebulizing E. coli Titania loaded plate -- 10 
1–Faille et al. (2002), 2–Foschino (2003), 3–Galeano et al. (2003), 4–Jacoby et al. (1998), 5–Kuhn et al. (2003), 6–Lin and Li (2003), 7–Lindberg and 
Horneck (1991) and (2001), 8–Moore and Griffith (2002), 9–Pat et al. (2005), 10–Sato et al. (2003), 11–Schiza et al. (2005), 12–Vohr et al. (2005)   
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Table 5-3. Examples of grading of distribution quality 

Figure Particles and surfaces Grade 

5-1 a,b Spore (107CFU/mL) on Anodisc membrane 3+ 
5-1 c,d Mixture (spore,106CFU/mL; titania, 0.01%) on glass cover slip dip pre-coated with PVA 2+ 

5-1 e,f Spore (106CFU/mL) on SDS pre-coated plastic cover slip 1+ 

5-1 g,h Mixture (spore 1.5×105 CFU/mL, titania 0.0001%) on plastic surface 1- 

5-1 i,j Mixture (spore 1.5×104 CFU/mL, titania 0.0001%) on plastic surface 2- 

5-1 k,l Mixture (spore,106CFU/mL; titania, 0.01%) on plastic cover slip 3- 

 
 
 
Table 5-4. Effect of spore concentration on their distribution on plastic cover slip surface 

Suspension Concentration 
(CFU/mL) Grade Comment 

106 1+ Spores mostly well dispersed; agglomerates present at outer edge 

105 1- Spores well dispersed in both edge and center except a disordered  
Distribution (less spore density) at the left area of image  

104 2- 
The distribution much worse than 106 and 105 CFU/mL and droplet size is 

much smaller than droplets with applied spore concentration of 105 and 
106 CFU/mL, hard to tell spores located on surface. 

103 3- Spores not uniformly dispersed, worse than 104 CFU/mL  

106+106* 2- Spores in most area well dispersed, large amount of agglomeration 
observed at the edge 

106+105* 2- Spores in most area well dispersed, large amount of agglomeration 
observed at the edge 

* A single droplet was applied on two successive days  
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Table 5-5. Effect of mixture concentration of spore and titania their distribution on plastic cover slip surface 

Titania (%) Spore Concentration 
(CFU/mL) Grade 

0.0001 2-  

0.001 
1.5 × 104 

2-  

0.0001 1- 

0.001 
1.5 × 105 

1- 

0.01 1.3 × 106 3- 

* Data means final concentration in the mixture 

 
Table 5-6. Distribution of spores and mixtures on glass cover slip pre-coated by (polyvinyl alcohol) PVA using spreading method 

Grade PVA coating type Spores Mixture 
5% (Celvo165) 1+ 1+ 
10% (Celvo165) 2+ 1+ 
15% (Celvo165) 1+ 1- 

5% (Sigma) 1- 1- 
10% (Sigma) 1- 1- 
15% (Sigma) 1+ 2+ 
20% (Sigma) 1+ 1+ 

5% (Unsized HA-70) 2- 2- 
10% (Unsized HA-70) 2- 2- 
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Table 5-7. Effect of sodium dodecyl sulfate (SDS) coating condition for plastic cover slip on spore distribution 
SDS Dipping Time Grade (Spore dispersion quality) 

0.025% 30 s 1- 
10 s 1- 

30 s 1- 

1 m 1- 
0.05% 

10 m 1- 

30 s 1+ 
0.1% 

10 m 1+ 

2.5% 10 m 1- 

5% 10 m 1- 

5 m 1+ 
10% 

10 m 1+ 
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 Table 5-8. Scanning electronic microscopy (SEM) bacterial endospore count on three polycarbonate membranes using Anodisc and 
separate as pad 

Sample Spore average 
count (N = 6) 

Standard 
deviation 

CV = 100 × 
Standard 
Deviation/Me
an 

1 128 108 85 
2 161 47 29 
3* 11 9 80 

* The third sample used separate as pad, sample 1 and 2 were using Anodisc as pad 
 

Table 5-9. SEM bacterial endospore count on two Anodisc membranes 
Filter Spore average 

count (N = 6) 
Standard 
deviation 

CV = 100 × 
Standard 
Deviation/Me
an 

1 428 163 38 
2 566 60 10 

 
 

Table 5-10. Optical microscopy bacterial endospore count on one glass cover slip 
Sample Spore average count 

(N = 5) 
Standard deviation CV = 100 × 

Standard 
Deviation/Me
an 

1 437 77 18 
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Table 5-11. Surface coverage by mixture of spores and titania on glass cover slip and membrane surfaces 

Surfaces Surface 
coverage (%) 

Standard 
deviation 
(%) 

CV (%) = 100 × 
Standard 
Deviation/Mean

Normalized 
surface coverage 

Standard deviation of 
normalized surface 
coverage (%) 

Normalized 
CV (%) 

No. of 
images

Glass 4.09 0.85 20.7 1 0.2 21 8 
Anodisc membrane 11.2 1.6 14 1 0.14 14 5 
 
Table 5-12 Distribution performance of spores alone on surfaces 

Surfaces Distribution Quality 

Anodisc 25 membrane 3+ 
Glass 3+ 

Pt/Au pre-sputter coated glass 2+ 
Quartz 2+ 
Plastic 1+ 

PVA pre-coated glass cover slip 1+ 
SDS pre-coated plastic cover slip 1+ 

PVA/SDS pre-coated glass cover slip 3- 
 

Table 5-13 Bacterial endospores count on surfaces by image analysis  

Surfaces1 Spore average 
count S.D. 

CV = 100 × 
Standard 
Deviation/Mean

Normalized spore 
average count2 

S.D.of 
normalized 
spore count 

Normalized CV No. of 
images 

Plastic 155 82 53 1a 0.53 52 3 
Glass 437 77 18 1b 0.18 18 5 
Anodisc membrane 566 60 10 1b 0.11 11 6 
   1F-test for were conducted based on normalized spore count (spore count/mean) between two groups 

 2 Normalized means followed by different letters are significantly different from each other at α = 0.05 
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Table 5-14 Distribution performance of mixtures on surfaces  

Surfaces Distribution Quality 

Anodisc 25 membrane 3+ 
Glass 2+ 

PVA pre-coated glass cover slip 2+ 
Quartz 2+ 

PVA/SDS pre-coated glass 1+ 
Pt/Au pre-sputter coated glass 1+ 

SDS pre-coated plastic cover slip 1+ 
Plastic 2- 
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CHAPTER 6 
ENUMERATION OF VIABLE SPORES ON SURFACES   

6.1 Introduction  

Sampling of the viable spores on surfaces is one of the key techniques to study 

photocatalytic inactivation of bacterial endospores on surfaces.  In this chapter, methods 

for recovering viable spores from surfaces are assessed. 

As revealed by the literature review, nineteen papers discussed and compared the 

efficiency of sampling methods for microbes on dry surfaces.  Thirteen of the papers 

dealt with bacterial and fungal spores.  Most of the papers focused on removing the 

microbes from the surface for viable counting.  The PVA method appeared to be the most 

promising in terms of recovery percentage.  A 100% recovery of Bacillus subtilis from 

the quartz surface by PVA method was reported by Horneck et al. (2001b) and 

approximately 100% recovery of E. coli from steel surface was achieved by Foschino 

(2003) using Rodac plate, whereas a lower recovery percentage was obtained by other 

methods achieved.  Thus, PVA method was used as a main approach to enumerate 

Bacillus cereus spores from surfaces in the present research.  For the Rodac plate, a long 

contact time (4 h) was required and a relatively low recovery of spores (67%) was 

observed.  This method was not tested.  Factors affecting efficiency of PVA method on 

enumeration of Bacillus cereus spores, such as PVA source, PVA concentration, PVA 

volume, PVA drying temperature and spore concentration, were discussed.  Although 

only one reference mentioned the sonication as sampling method, it is a widely used 

cleaning and material disrupting method; hence, it was tested.  Immersion method was 



132 

 

used as an alternative method to recapture viable spores on the surfaces since it was 

applied by Kuhn et al. (2003) and Lin and Li (2003).  Table 6-1 summarizes the factors 

and levels tested in this Chapter. 

6.2 Background    

Methods for enumeration of viable spores on surfaces generally fall into two 

categories in terms of literature reviewed: recovery of microbes from the surface for 

viable counting and imaging for viable counts.   

6.2.1 Swab/Wiping Based  

Bredholt et al. (1999) swab bacteria from unsoiled and soiled cold-rolled stainless 

steel surface and vortexing the swab in dilution to release cell in suspension for spread 

plating.  It was found conventional cultivation has a low viable cells counting on the 

surface (data not shown in literature).  It was considered to be caused by agglomeration 

of microbes on the surface.  A thorough scraping of the surface followed by rigorous 

mechanical shaking and/or ultrasonication of the cotton swab tip to disperse the 

aggregates was suggested to overcome the underestimation of total CFU due to 

aggregates.  Although error bar was presented in the microbial count, reproducibility of 

sampling method was not discussed. 

Buttner et al. (2001) compared efficiency of three surface sampling methods: a 

swab kit, a sponge swipe, a cotton swab.  They showed same efficiency (70%) of all 

sampling methods for spores (Bacillus subtilis) on a glass surface, corresponding to an 

overall loss around 30%.  It was found that the majority of losses (24%) occurred during 

processing step (vortexing or hand mixing) rather than sampling loss (7%).  Data of 

standard errors for spore count were given for alternative sampling method, but no detail 

discussion. 
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Moore and Griffith (2002) compared efficiency of several surface sampling 

methods for detecting coliforms on food contact surfaces: traditional hygiene swabs, 

dipslides, sampling sponges and newly developed swab-based techniques.  They declared 

that reliability and reproducibility of methods for enumeration of microbes on the surface 

was affected by manual skills of operators and the method of recapture, especially at low 

cell number on surface.  But no data was given for the sampling reproducibility.  Swab 

method (minimum detection limit 100 CFU/cm-2) was not efficient in detecting bacteria 

on surface which relies on both the ability of the swab to remove the bacteria from the 

surface and removal of bacteria from the swab.  It was found all sampling methods 

resulted in an obvious decrease in detection of bacteria when the inoculated suspension 

was allowed to dry.  Minimum bacterial detection limits for dried microbe suspension on 

the surface was more than 104 CFU/mL whereas less than 102 CFU/mL with microbe 

suspension on the surface.  Increased adhesion of bacteria to the surfaces during dry 

process was suggested to be a reason for the reduction in sampling sensitivity. 

Sanderson et al. (2002) investigated effective of sampling methods for collecting 

Bacillus anthracis spores from contaminated nonporous surface.  These sampling 

methods were: wipe, wet and dry swab, and HEPA vacuum sock samples.  Results from 

HEPA vacuum is consistent with wipe methods, but in great difference from swab 

method.  Dry swabs detected 75% of the number of spores that were detected by wipe 

and HEPA vacuum methods.  None of the above methods was able to completely remove 

spores from the surface.  Sampling reproducibility was not given since the sampling 

location was chosen randomly. 
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Foschino (2003) used swabbing technique by streaking surface with sterile wet 

cotton wool, then placing the wool in dilution to resuspend the bacteria for plating.  

Swabbing technique only had an average of 1% recapture for E. coli and a 26% recovery 

of A. niger spores.  It was claimed that swabbing method was not suitable for low number 

detection of spores or bacteria on the surface.  Also an extreme variability in counts by 

swabbing method occurred among the replicates where E. coli was applied on the 

surface, which values of standard deviation exceeded the means. 

Galeano et al. (2003) sampled the vegetative cell suspension on the stainless steel 

coupons by adding PBS directly onto the coupon and resuspended the spores by 

swabbing the coupon extensively with a sterile inoculation loop.  Then the suspension 

was plated and counted.  Neither the efficiency of spore removal from the surface nor the 

sampling reproducibility was described. 

6.2.2 Immersion  

Faille et al. (2002) investigated adhesion ability and strength of Bacillus spores and 

Escherichia coli to inert surfaces.  Six material (glass, stainless steel, polyethylene high 

density, polyamide-6, polyvinyl chloride and Teflon) and three microbes (B. cereus and 

B. subtilis and E. coli) were tested.  Bacillus spores were applied on coupons by vertical 

immersion for 2 h in a saline spore suspension and quickly immersed in sterile water to 

remove loosely attached spores.  Number of adhering spores were determined by dipping 

the surface into tube containing Tween solution and sonicated for 5 min (Ultrasonic bath, 

Deltasonic, France, 40 kHz).  Then, the detached spores were enumerated on agar.  No 

comment was given on the recovery efficiency and reproducibility of this sampling 

method for spores.  They concluded that adhesion ability of microbes and their resistance 

to cleaning procedure (adhesion strength) were determined by both the microorganisms 
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and the substrata.  It was found that the amount of adhering B. cereus hydrophobic spores 

and their adhesion strength were 10 times greater than B. subtilis hydrophilic spores, 

while E.coli was the easiest to be removed from surface.  Moreover, adhesion strength of 

B. cereus and B. subtilis spores was substantially affected by the surface.  Hydrophobicity 

of material seemed to be an important factor on spore adhesion.  Spores of B. cereus have 

stronger adhesion strength on hydrophobic surface than hydrophilic surface although 

inconsistent results were reported by Busscher et al. (1990) and Boulange Petermann et 

al. (1993) that microbes preferred to adhere to high wettability surface.  It was also 

suggested that spore exosporium plays a role in spore adhesion, but the mechanism was 

not clear. 

Gorny et al. (2003) determined the initial spore concentration on surface 

contaminated with Streptomyces albus by cutting a 2-cm2 piece of the surface and 

suspending it in a test tube with 25 mL D.I. water.  Then the spores were extracted by 

vortexing the tube for 10 min.  Concentration of spores in the suspension was obtained 

using brightline hemacytometer (Model Labophot 2A, Nikon, Tokyo, Japan).  Recovery 

efficiency of viable spores from the surface by this method was not mentioned. 

Kuhn et al. (2003) harvested bacterial suspension (Escherichia coli, Pseudomonas 

aeruginosa, Sraphylococcus aureus, Enterococcus faecium and Candida albicans) on 

titania (P25, Degussa-Hüls AG)) coated surface by placing the sample in sterile cup with 

0.9% NaCl and shaking for 10min, then plated.  No comment was given on effectiveness 

of this method on spore viable counts from the surface and sampling reproducibility.    

Lin and Li (2003) extracted spores on surface was by immersion of surface into 

solution containing 0.1% peptone and 0.01% Tween 80 and vortexing for 60 sec.  The 
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solution was then diluted and plated.  However, effectiveness of this method on spore 

removal from the surface and sampling consistency was not presented by the author. 

Sato et al. (2003) spayed E. coli on titani-loaded quartz surface using nebulizer.  

The number falling on the plates were obtained by immersing the surface into a 

prescribed volume of saline solution and plating.  No information was given on the 

recovery percentage and sampling reproducibility by this method. 

Vohr et al. (2005) studied photocatalytic inactivation of bacterial spores on surfaces 

(metal and fabric substrates coated with silver-doped titaniaum dioxide).  Metal surface 

was sandblasted aluminum and fabric surface was polyester.  Each of the surface was 50 

× 50 mm.  Spores of B. cereus were dried on the surfaces and exposed to UV-A light.  

After irradiation, the spores on fabric substrate were collected by vortexing the substrate 

in about 3 mL sterilezed water, then the water was plated on agar.  No comment was 

given on the recovery percentage of spores and sampling consistency by the vortex 

process. 

6.2.3 PVA  

Baltschukat and Horneck (1991) mentioned the use of polyvinylalcohol (PVA) for 

spore enumeration on surface.  They covered dry spore layer on the glass plates with 10% 

polyvinylalcohol (PVA, Kalle) solution, then dry PVA solution.  After drying, the PVA 

film with the spores was stripped off from the glass plates and resuspended in distilled 

water, a recovery of spore >95% recovery was claimed.  However, no detail was given 

about the resource of this datum.  They mentioned a detail description of this technique is 

presented in the dissertation by Baltschukat (1986).  But still no detail was found in the 

dissertation which is written in German.  Horneck et al. (2001a) also used PVA method 
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for viable spore counts, however, no further study on application of PVA for enumerate 

spores on the surface was carried out by the author.  Sampling consistency by PVA 

method was not presented in the paper.  Horneck et al. (Horneck et al. 2001b) listed a 

table, the recovery percentage can be analyzed from the data in the table.  Although the 

author didn’t discuss the sampling reproducibility, 100% recovery by PVA method was 

achieved and the result was consistent based on the information given in the table. 

6.2.4 Crushing  

Horneck et al. (2001b) enumerate viable dry spores of Bacillus subtilis from the 

quartz surface by crushing the quartz plates into fragment and shaking with glass beads in 

distilled water followed by ultrasound treatment to release the spores on the surface.  

Then the spores in suspension were plated.  Results were compared with PVA method.  A 

recovery of 20.4% and 53.5% were achieved by crushing method while a 100% recovery 

of spores from surface was claimed using PVA method by comparing the counting 

obtained from PVA film with the initial applied spore amounts.  It was found that the 

spore counts by crushing method from two parallel samples varied by more than 1 order 

of magnitude (3.25× 101 vs. 5.4 × 102 CFU), the author explained that a certain 

proportion of spores remained on the fragments cause the incomplete recovery of spores 

from the surface, therefore, a bad consistency for spore counts by this sampling method. 

6.2.5 Agar Contact  

Bredholt et al. (1999) poured 2,3,5-triphenyltetrazolium chloride (TTC) agar 

directly on the unsoiled and soiled cold-rolled stainless steel surface in the sterile Petri 

dish, then incubate the agar overnight.  Then agar was removed from the test surface and 

placed with the contact-surface uppermost in a sterile Petri dish, and incubated for 24 h 

for viable counting.  Results (data not shown in literature) from TTC agar overlays are 
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difficult to be explained compared with the result of alternative methods (swab, image 

analysis) used.  Reproducibility of sampling was not mentioned. 

Moore and Griffith (2002) used dipslides to enumerate viable coliforms on food 

contact surfaces.  Dipslides are similar to contact plates, which are pressed directly onto 

the sampled surface.  Microbes on the surface will contaminate the agar and grow.  Both 

sides of the dipslide (VRBL, Dimanco Ltd, Henlow, UK) were pressed firmly on the 

surface before incubation at 37° C for 24-48 h.  Use of dipslides was the most effective 

method for detecting the dry bacteria on the surface compared with other methods 

applied (traditional hygiene swabs, sampling sponges and newly developed swab-based 

techniques).  However, dipslides method become less sensitive in the detection of 

microbes when the bacterial suspension was dried on surface (minimum detection limits 

for E. coli 3.3×102 CFU/ cm2) than the suspension was not dried (<1 E. coli CFU/cm2).  

In their research, microbial detection effectiveness by dipslide method was conducted, 

but sampling recovery and reproducibility was not carried out. 

Foschino (2003) used Rodac plate technique for surface sampling.  Rodac plate (a 

plate with grid) (Bibby Sterilin Ltd, UK) containing agar medium was first prepared by 

pouring selected agar into Rodac plate.  The agar was solidified after cool down and the 

meniscus of agar surface was formed.  Then, the entire agar meniscus was pressed 

carefully to the contaminated surface for an appropriate time.  After contacting, the plates 

were incubated for counting.  TSA (Difco Laboratories, Detroit, USA) was used for the 

capture of E. coli and Rose Bengal Chloramphenicol agar (Unipath Ltd., Bakingstock, 

UK) was used for recover of Aspergillus niger spores.  They found Rodac plate can 

achieve an average 80% recapture for E. coli on steel surfaces with eight different 
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finishes.  A lower recovery percentage (67%) for Aspergilus niger spores than E. coli was 

achieved by Rodac plate.  It was found that contact time of agar with surface, type of agar 

and microbes have large affect on the recovery of microbes from the surface.  

Recuperation can be approximately to 100% for E. coli and 85% for A. niger from steel 

surface finished according to European standard 2B (2B glazed by cold rolling) after a 

contact time of 4 h.  It was found that no significant difference between mean value of the 

control and the mean value of recapture with Roadc plate when a controlled bacterial 

cells at low number (102 – 103 CFU per 42.25 cm2 area) applied on hard surface.  

Standard deviation of counts was low.  However, this technique is not industry acceptable 

since 4 h contact time was required before incubation. 

Pal et al. (2005) enumerated bacteria on cellulose acetate membrane by placing the 

membrane face-down on Eosin Methylene Blue agar to grow E. coli or Tryptic Soy Agar 

to grow Bacillus subtilis and Microbacterium sp.  The agar plates were incubated for 

counting.  No information was given on the bacteria recovery percentage and consistency 

for this sampling method. 

Vohr et al. (2005) dried spores on metal (aluminum) surface with photocatalyst.  

Enumeration of spores on the surface was by placing the metal in the bottom of sterile 

Petri dish and then pouring liquid agar over the sample.  The liquid agar was shaken for 

20 s in order to transfer the spores on the substrate into the agar.  Then, the metal 

substrate was taken out from the agar by lifting them with a sterile needle.  The Petri dish 

was incubated for counting.  Whether spores on the surface were completely transferred 

to the agar during shaking process was not mentioned.  Spore recovery was not indicated.  

Reproducibility of sampling was not discussed.  Also, a limitation to the initial test spore 
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number was inferred in the paper in order to have a reasonable colony counts on agar 

plates.  Agglomeration often occurred on the plates as talked with the author, although 

this problem was not mentioned in the paper.  Moreover, spore recovery percentage and 

consistency was not indicated. 

6.2.6 Release of Spores and Cell Fragments to Air Currents 

Gorny et al. (2003) studied the release of Streptomyces albus propagules from 

contaminated agar and ceiling tile surface in a newly developed aerosolization chamber.  

The spores on the surfaces were released by air flow over the surface.  The concentration 

and size distribution of the released Streptomyces albus propagules were measured with 

an optical particle counter (Model 1.108, Grimm Technologies, Inc., douglasville, GA).  

This device can measure the concentration of particles in the optical equivalent size range 

of 0.3-20 µm based on lighter scattering, while S. albus propagules were present in a 

particle size range of 0.3-30 µm (optical equivalent diameter).  Thus, the released spores 

from the surfaces can be calculated.  They showed that propagules in the fine particle size 

range can be released in large amounts from contaminated surfaces (104 CFU/cm-2 

released from surface with initial inoculated amount of 104 CFU/cm-2) and concluded that 

measurement of S. albus amount in the vicinity of contaminated surface appeared to be a 

promising method as an alternative to surface sampling.  However, only a maximum 1% 

spores was released by air current from the surfaces during a 30-min experimental 

duration.  Therefore, air release was not an efficient way to recovery the spores from 

surfaces for viable counting.  Standard deviation for counting was plotted but sampling 

consistency was not discussed.  
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6.2.7 Sonication  

Venkateswaran et al. (2004) placed coupons with spores into sterile water and 

sonicated 2 min, then the aliquots were transferred into Petri dish for pour plating. They 

found it was hard to detect the spore at surface because low level of spores (5.8 × 103) on 

the surface.  Sampling reproducibility by sonication method was not discussed. 

6.2.8 Mineralization  

Jacoby et al. (1998) measured the amount of CO2 produced by mineralization of E. 

coli dried on titanium dioxide coated surface as an indicator of disinfection efficiency 

instead of counts of viable bacteria, combined another two techniques (scanning electron 

microscopy and 14C radioisotope labeling).  The same parameter was used by Lopez and 

Jacoby (2002) in their research on titania dioxide coated microfibrous mesh.  This 

method required SEM and radioisotope label, increased complex of operation.  

Reproducibility of sampling method was not given. 

6.2.9 Image Analysis of Spores on Surfaces 

Venkateswaran et al. (2004) filter the suspension with spores onto a 0.2 µm 

nitrocellulose filter and stained for image analysis to enumerate the amount of spores. 

It was found to be difficult because the filtration methods required a minimum of 

105 spores to visualize spores under oil immersion (×2,000 magnification) microscopy.  

The ability to distinguish viable and non-viable spore was not mentioned, besides, 

sampling reproducibility was not discussed. 

Schiza et al. (2005) used SEM (ESEM FEI Quanta200, FEI, Hillsboro, OR) to 

enumerate B. subtilis spores on surfaces.  Counting of spores on the surface was largely 

affected by spore agglomeration and non-uniform dispersion.  Thus, a gold-coated 
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alumina filtration membrane was used as the surface where an even spore distribution can 

be achieved by filtration method.  With uniform distribution, image analysis program 

based on SEM images can give precise quantification of bacterial endospores.  Sample 

reproducibility was high based on the data shown in the paper.  However, the viability of 

spore cannot be detected under the microscopy if no significant morphology change 

occurred. 

6.2.10 Summary  

Methods for enumeration of viable microbes on surface and their efficiency are 

summarized in Table 6-2.  PVA method demonstrates the best recovery efficiency based 

on the available data, a recovery percentage of 100% was achieved for B. subtilis spores 

on quartz and glass surface by PVA method.  Agar contact method shows to be the 

second best, an 80% recovery was observed for E. coli from steel surfaces with eight 

different finishes.  However, a limitation exits for applied bacterial amount on surface in 

order to have a detectable colony count on agar plate. 

Recovery percentage achieved by swab/wiping based method are relatively low and 

varied largely from 1% to 70% depending on microbial species, surface and other factors.  

For other methods, such as immersion, sonication and image analysis, no quantitative 

data was shown on recovery efficiency. 

PVA method achieved a good sampling reproducibility based on the data provided 

in the paper.  Image analysis for enumeration of B. subtilis spores on gold-coated 

membrane also achieved a very good reproducibility based on analysis of relative 

standard deviation of spore counts from triplicate samples.  A very low relative standard 

deviation was obtained.  However, it is still not feasible to distinguish viable and non-

viable spores by image analysis.  In the study of swab/wiping and crushing sampling 
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method, a poor sampling reproducibility was pointed out.  Other sampling methods were 

simply applied by researchers without further investigation for their sampling 

consistency. 

6.3 Materials and Methods 

6.3.1 Washing of Cover Slips, Glass Slides and Quartz Slides 

Glass cover slip (18 × 18 mm; 22 × 22 mm; 24 × 60 mm), plastic cover slip (22× 22 

mm), glass slide (76.2 × 25.4mm) and quartz slide (22 × 22 mm) were purchased from 

Fisher.  Size different from the above will be mentioned specifically in the context.  

Surfaces were washed with detergent (Sparkleen 1, Fisher), rinsed thoroughly with 

deionized water, and then blow dried under an air stream from an air cylinder.  

Thereafter, the surfaces were rinsed three times with ethanol followed by three rinses 

with deionized water.  Finally, they were air dried under a laminar flow hood 

(LABCONCO purifier class 2 safe cabinet, cat. no. 36209-000 R) at room temperature.   

6.3.2 Preparation of PVA Suspension 

PVA suspension was prepared by adding PVA powders (Sigma, Celvol 165, 

Unisize HA-70, Celanese, Ltd. ) into a 20 mL glass scintillation vials (Fisherbrand) 

containing deionized water.  The suspension was then autoclaved at 121°C for 20 min. 

6.3.3 Removal of Spores from Surfaces for Viable Counts by PVA Sampling Method 

The surface was previously dispersed with dried spores, titania or mixture of spores 

and titania by pipetting method as described detail in Chapter 6.  Sterilized PVA 

suspension with appropriated type, volume and concentration was pipetted to the surface 

and spread over the entire surface using sterile plastic loop under a laminar flow hood.  

The suspension with the surface was placed in incubator (Fisher Science) and dried at 

37°C, otherwise as noted.  As soon as the PVA suspension dried, the surface was taken 
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out the incubator.  The PVA film was peeled off the surface using sterile metal forceps.  

Then, the peeled PVA film and attached spores was dissolved into 3 mL of sterile 

PBS/SDS by vortexing for 2 min, and serial diluted as needed.  Two dilutions of each 

culture were plated and each dilution was plated in triplicate.  The numbers of viable 

spores were determined by pour plating (Chapt. 3).   

6.3.4 Preparation of Titania Suspension 

Nanotitania suspension was prepared by adding 0.01 g Degussa P25 titania powder 

into a sterile flask containing 100 mL sterile deionized water.  The suspension was 

sonicated for 30 min in an ice water bath sonicator (Cole-Parmer 8890).  Lower 

concentrations of nanotitania were obtained by diluting the sonicated suspension using 

deionized water.  Nanotitania suspension was vortexed for 30 s before transferring to a 

surface or mixing with spore suspension. 

6.3.5 Preparation of Spore Suspension 

B. cereus spore suspension applied on tested surfaces other than filter membrane 

was treated by lysozyme method, as detail in Chapter 4.  Spore suspension applied on 

filter membrane was treated by ASTM (10-d culture).  

6.3.6 Spore, Nanotitania and Spore/Nanotitania Suspension Application Methods on 
Glass, Quartz, Plastic and Modified Glass and Plastic Surface 

A volume of 20 µL suspension was pipetted onto a surface and dried overnight in a 

laminar flow hood at room temperature.  Suspension was applied to plastic cover slips at 

four different points.  Suspension was applied to all other surfaces at a single point.  

Otherwise is as noted. 
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6.3.7 Pre-coating Glass Cover Slips with SDS 

In our research, both coating was applied before and after the particles were 

applied.  Pre-coating was to coat a surface before application of particles suspensions on 

the surface.  Post-coating was to coat a surface after the particles have been applied on 

the surface.   

6.3.7.1 Dipping 

Glass cover slips were immersed in a 0.05% SDS suspension for 30 s, and then the 

cover slip was removed using sterile forceps and dried overnight in a laminar flow hood. 

6.3.7.2 Spreading 

Enough 0.05% SDS suspension to cover the whole surface was pipetted onto the 

glass cover slip and spread evenly using sterile inoculating loop, then dried overnight in a 

laminar flow hood at room temperature.     

6.3.8 Pre-coating Glass Cover Slip with PVA  

Three types of PVA were used, one is purchased from Sigma, another two (Celvol 

165 and Unisize HA-70 from Celanese, Ltd., Dallas, Texas) were provided by Dr. EI-

Midany, Particle Engineering Research Center, University of Florida.  PVA was prepared 

by adding a measured amount PVA powder into deionized water, then the suspension 

was autoclaved.  PVA is hard to dissolve at high concentration under room temperature.  

Sterilization at higher temperature helps PVA dissolving.  PVA solution was ready for 

use after autoclaving. 

6.3.8.1 Dipping  

Washed glass cover slip was dipped into sterile PVA solution for a period from 5 s 

to 10 m, then pulled out by sterile metal forceps and placed in plastic Petri dish.  The pre-

coated glass cover slip was air dried overnight in laminar flow hood.  PVA pre-coating 
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with rinse undergoes same procedure except that plastic cover slips pre-coated with PVA 

were rinsed by deionized water before placed in Petri dish. 

6.3.8.2 Spreading  

Enough volume of PVA solution was dropped on a glass cover slip and spread by 

moping through the whole area using one edge of another glass cover slip.  Then, the pre-

coating was allowed to dry overnight under a laminar flow hood. 

6.3.9 Pre-coating Glass Cover Slip with PVA and SDS 

Enough 10% Celvol 165 PVA suspension to cover the glass cover slip was dropped 

on the surface of glass cover slip and spread with a sterile plastic inoculation loop to 

evenly coat the cover slip.  The pre-coated cover slip was dried for 80 m at 65°C.  

Enough volume of 0.05% SDS suspension was then spread over the cover slip using a 

sterile plastic inoculation loop.  The pre-coated cover slip was then dried overnight under 

a laminar flow hood at room temperature.   

6.3.10 Pre-sputter Coating of Glass Cover Slips with Pt/Au  

A dry glass cover slip was placed in the chamber of a Desk II denton vacuum 

sputter (Denton Vacuum Inc. Model No. Carb on Rod Acc) and was coated for 40 

seconds.  The pre-coated glass cover slip was taken out the chamber and ready for use. 

6.3.11 Pre-coating Plastic Cover Slips with SDS 

Plastic cover slip was immersed into SDS solution with different concentration for 

different period of time, and then the surface was taken out using sterile forceps and dried 

overnight in a laminar flow hood. 

6.3.12 Filtration  

Anodisc 25 with pore size 0.02 µm and diameter of 25 mm (Whatman, Fisher 

Scientific) was used as filtration membrane.  The filter membranes were immersed into 
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sterile D.I. water for 5 sec to wet the membrane surface to avoid blank spot after 

filtration.  Then they were transferred to a vacuum filtration system with a holder for 25 

mm filters (Model FH225V, Hoefer Scientific Instruments, Piscataway, NJ, USA) using a 

sterile forceps.  Suspension was vortexed for 30 s and then added to vacuum filtration 

system.  Volume of the suspension varied from 4 mL to 5 mL, as noted.  The vacuum 

was then applied in order to achieve even distribution of particles over the membrane 

surface.  Applied vacuum was adjusted and an optimum vacuum pressure was chosen to 

obtain good distribution of particles on membrane.  After filtration, the membrane was 

transferred to Petri dish and dried under laminar flow hood at room temperature 

overnight.   

6.3.13 Enumeration of Spores on Glass Surfaces by Sonication  

Surfaces with dried spores were immersed into 40 mL sterile PBS solution 

containing 2 mM SDS in 100 mL sterile plastic container.  The container with solution 

and cover slip was sonicated for a period of 5 to 15 min at level 1.5 in Misonix Sonictor 

3000, depending on spore recovery.  The sonicated cover slip was then taken out of the 

solution using sterile metal forceps, rinsed with deionized water, and observed visually or 

under phase-contrast microscope. 

6.3.14 Enumeration of Spores on Glass Surfaces and Carbon or Pt/Au Pre-Sputter 
Coated Glass Surface by Immersion  

The surfaces with dried spores were immersed into 40 mL sterile PBS solution 

containing 2 mM SDS or 40 mL sterile D.I. water in 100 mL sterile plastic container.  

The container with the solution and glass cover slip was put in a cooler with frozen ice 

bags to maintain a temperature at 4°C.  The cooler was fixed to an orbital shaker (Lab 

Line) and agitated at 100 rev/min overnight.  The glass cover slip was taken out using 
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sterile forceps and rinsed with D.I. water.  The residue on glass cover slip was scrubbed 

using sterile plastic loop.  Then, the glass cover slip was checked under phase-contrast 

microscopy. 

6.4 Results and Discussion  

6.4.1 Recovery of Spores From Glass Surfaces  

6.4.1.1 Polyvinyl alcohol sampling methods 

Due to its excellent adhesive property, PVA was used to remove the dry spores 

from surfaces.  The spores adhered to PVA film was resuspended when the film was 

dissolved in dilution solution.  A high efficiency of spore recovery from the surface was 

essential to obtain a reliable and reproducible spore inactivation result.  Factors affecting 

the enumeration of spores on glass surface using PVA method were studied. 

Experience with glass surfaces from different sources. Table 6-3 compared the 

difficulty of peeling PVA film from glass cover slip and glass slide surface when only 

PVA solution was applied on the surface.  No spores or mixture of spores and titania was 

pipetted on the surface previously.  Glass cover slips (22 ×22 mm; 24 × 60 mm) and glass 

slide (76.2 × 25.4mm) were used to test effect of glass from different sources on PVA 

film removal.  PVA solution was spread out to cover the whole area of glass cover slip 

with size of 22 ×22 mm.  PVA suspension spread area on glass cover slip with size 24 × 

60 mm and glass slide was same as glass cover slip with size of 22 ×22 mm.  No 

difference was found on two different sizes of glass cover slips in terms of easy to peel 

PVA film.  Difference was observed between glass cover slips and glass slides in terms 

of easy to peel PVA film when using 0.1 mL 5% Celvol 165 PVA solution.  It was found 

that the dried PVA film has less affinity with glass cover slip than glass slide, which 
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makes PVA film on glass cover slip is easier to be peeled off than from glass slide.  Thus, 

glass cover slip is chosen as glass surface in following research.   

In order to further investigate the effect of glass from different sources on viable 

spore count by PVA method quantitatively, another glass cover slip with the size of 18 × 

18 mm were compared with the previous glass cover slip with the size of 22 ×22 mm for 

enumeration study.  Each glass cover slip was marked 4 points which was located by 

evenly dividing the cover slip into 9 equal area using 4 lines, the cross points of lines 

were marked as drop points.  At each drop point, a volume of 20 µL spore suspension 

with concentration 106 CFU/mL was pipetted on.  The sample was then dried under 

laminar flow hood overnight.  In each trial, samples were at least triplicate.  For each 

surface, two trials were run.  A volume of 100 µL 10% PVA (Sigma) solution was used 

and spread out to cover the whole area of 18 × 18 mm to achieve 30.9µL PVA volume 

per cm2 area.  Control was made by plating spore suspension from original purified spore 

solution and the amount of spore was calculated.  Result is shown in Table 6-4.  

Recovery percentages of spores from the two glass cover slip surfaces are statistically 

insignificant analyzed by t-test at α = 0.05.  A low recovery range from 23 to 57% and a 

higher coefficient of variation than 26% was achieved.  This low recovery and high 

variance of the results were consistent with the observation that PVA film was brittle and 

easy to break in the process of peeling PVA film, also strong affinity between PVA film 

and glass cover slip surface applied with spores existed.  Thus, PVA film was hard to be 

removed thoroughly, which resulted in the lower recovery efficiency of spores on the 

glass cover slip and high variance in recovery results. 
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Effect of PVA characteristics. Three parameters, PVA volume, type, 

concentration, were considered in order to find an optimum PVA condition to remove 

viable spores from glass surfaces for enumeration.   

Glass cover slips (22 × 22 mm) were used as the testing surface for the study of 

PVA source and concentration on spore viable counting by PVA method.  The surface 

was dispersed with spores or mixture of spores and titaina by pipetting method.  

Concentration of applied spore suspension is 1.8×106 CFU/mL, and mixture has 

concentration of 1.8×106 CFU/mL (spores) and 0.01% (titania).  For the study of PVA 

volume effect on PVA method, both glass cover slips and glass slides were used as the 

testing surface, but no substance was applied on the surfaces.  The results are shown on 

Table 6-3.  Effects of PVA source and PVA concentration on PVA method is shown in 

Table 6-5.   

For PVA volume, it was found that increasing applied PVA volume compensated 

the worse performance of PVA film peeling from glass slide (Table 6-3).  No particles 

were dispersed on the surface in Table 6-3.  As we compared 0.15 mL with 0.1 mL 5% 

PVA (Celvol 165) or 10% PVA (Sigma), an improvement for peeling was observed with 

increased PVA volume.  The main reason is that increasing drop volume reduced very 

thin area of dried PVA film, which makes the film easy to be peeled.  However, the 

corresponding dry time was increased from 40 min with 0.1 mL PVA solution to 90 min 

with 0.15 mL PVA solution.  It was also consistent with our previous finding that the 

PVA film formed from 200µL 10% PVA (Sigma) solution was easier to be peeled than 

from 100µL same PVA solution from glass cover slip, but a long dry time (240 min) was 

required with PVA volume at 200 µL than at 100 µL (40 min).   
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As found in Table 6-5, for PVA source, Celvol 165 formed film was generally the 

easiest to be peeled from glass cover slip among the entire three alternatives in terms of 

easy of peeling PVA film.  Film formed from PVA (Sigma) at the concentration 5% and 

10% as well as PVA (Unsize HA-70) at 5% are brittle and thin, therefore, hard to be 

peeled off the glass surface.   

For PVA concentration, it was observed that PVA suspension become more 

viscous with the increase of PVA concentration.  Thus, more volume of PVA suspension 

was required to cover the entire glass cover slip surface with higher concentration, 

correspondingly, a longer dry time was used. 

It was hypothesized longer dry time at room temperature will favor spore removal 

from the glass cover slip than shorter dry time at 37°C.  Therefore, one more condition, 

PVA solution dry temperature, was also tested.  Two different temperatures, 37°C and 

room temperature, were adopted.  Two type of PVA suspension, 20% (Sigma) and 10% 

(Celvo165), were individually dried at 37°C and room temperature on the glass cover slip 

applied with particles.   Results of PVA film on spore removal were compared.  For both 

type of PVA, spores still can be observed after PVA film dried at room temperature was 

removed.  No improvement on spore enumeration at room temperature than 37°C was 

observed.  Thus, PVA dry temperature is not a main factor affecting spore enumeration. 

In terms of the criteria of difficulty to peel, dry time and easy of use, PVA of 

Celvol 165 with the concentration of 5% and the volume of 0.1 mL was found to be an 

optimum choice for PVA method to spore recovery from glass cover slip.  Although 0.1 

mL 10% Celvol 165 can remove more substance on glass cover slip than 5% Celvol 165, 

the PVA solution is highly viscous, which made the suspension hard to be transferred and 
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took long time to dry.  However, surprisingly, no combination in Table 6-5 can 

thoroughly remove the substance (either mixture or spores) from the glass cover slip.  

The substance left on the glass cover slip was obvious by visual observation.  This is 

probably due to the hydrophilic property of glass, that B. cereus spores has strong 

adhesion on it as mentioned by Busscher et al. (1990) and Boulange Petermann et al. 

(1993).  This makes it difficult for PVA film to detach the spores from glass surface and 

remove them.   

Effect of spore concentration. Spore concentration applied on the surface was 

expected to affect their enumeration by PVA method.  All the previous study applied 

spore suspension with a concentration of 106 CFU/mL on the glass surfaces, other 

concentration was not considered.  Thus, effect of spore concentration on spore recovery 

from the surface was studied. 

Glass cover slips were applied with spore concentration at 1×10, 1×102, 1×103, 

1×104, 1×105, 1×106, 1×107 CFU/mL by pipetting method, respectively.  Spore 

suspension was diluted by sterile deionized water or sterile PBS/SDS solution.  Samples 

at same concentration order were duplicated.  0.1 mL 5% PVA (Celvol) was chosen and 

used due to its good performance in removing spore from surface as discussed in the 

above section.  Image of glass cover slip after PVA peeling was checked under 

microscopy for the quick detection of enumeration effectiveness.   

It was found recovery percentage of spore from the surface varied not only with 

spore concentration applied on the surface, but also the dilution solution.  For a range of 

spore concentration from 10 to 105 CFU/mL diluted by sterile deionized water, spores 

can be removed thoroughly from glass cover slip by PVA film.   No spores can be 
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detected under optical microscopy.  At a high spore concentration of 106, 107 CFU/mL, 

some spores remained on the glass cover slip which can be detected by visual and 

microscopy observation.  For spore suspension diluted by sterile PBS/SDS solution, 

spore with concentration from 10 to 103 CFU/mL totally come off with PVA film.  For 

the higher concentration from 104 to 107 CFU/mL, a small amount of spores were 

detected to be on the glass cover slip under phase-contrast microscopy.   

Effect of titania concentration . Effect of titania concentration on removal of 

titania by PVA method is summarized in Table 6-6.  Titania suspension with 

concentration at 0.1%, 0.01%, 0.001%, 0.0001% were dispersed on the glass cover slip 

surfaces by pipetting method.  Sample with same concentration was duplicated.  A 

volume of 0.1 mL 5% PVA (Celvol) was used to recover the titania from glass cover slip.  

It was observed that with the decrease of concentration applied on surface, fewer particles 

left on the surface; however, PVA method cannot remove thoroughly the titania particles 

from the glass cover slip surface for all these applied titania concentration.  Thus, titania 

particle was harder to be removed by PVA than spores on the glass cover slip.  Mixing 

titania with spore in the mixture may impact recovery of spores from the surface by PVA 

method.   

6.4.1.2 Sonication method 

Since the spore recovery percentage from glass cover slip achieved by PVA method 

was only ranged from 23-57%, the alternative method, sonication method, was tried.   

Spore suspension with a concentration of 106 CFU/mL was applied onto glass 

cover slip.  The recovery ability of the sonication to the spores from glass cover slip was 

observed under intermittent sonication and continuous sonication.  For the intermittent 

sonication, sonication was “on” a period of 5 min., each followed by a 1 min “off” 
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period.  A total time of 15 min was used for the “on” period.  During each 1 min “off” 

period, the glass surface was rinsed and checked for the residue on the surface.  After the 

first 5 min sonication, spore residue can be easily detected to remain on glass cover slip 

by visual observation.  After the second 5 min sonication, Spores left on glass cover slip 

still can be visually observed.  No spores left on surface can be observed by visual 

observation but was detected under optical microscopy after third 5 min sonication.  

For the continuous sonication, sonication was turned on for 15 min.  Spores still 

can be observed to remain on the glass surface and did not come off thoroughly by 

rinsing.  No improvement was observed for the spore removal from the glass surface 

compared with intermittent sonication.   

6.4.1.3 Immersion method 

Spore suspension with a concentration of 106 CFU/mL was applied onto glass 

cover slip.  Spores were observed to remain on the glass surface after overnight 

immersion in both PBS/SDS solution and D.I. water.  Scrub and rinse cannot thoroughly 

remove spores from the glass surface.  Same phenomena were observed on glass cover 

slip pre-coated with Carbon or Pt/Au.  The carbon pre-coating can be easily removed 

after immersion whereas Pt/Au kept stable. 

Results from PVA, sonication and immersion method used to recovery spores from 

glass surface demonstrated that none of them can thoroughly remove the spores from the 

surface, thus, none of them can achieve 100% recovery.  In the following section, 

alternative recovery methods and surfaces were tested. 

6.4.2 Recovery of Spores from Quartz Surfaces by PVA Sampling Method 

A volume of 0.1mL 5% PVA (Celvol 165) was used to recover spores with 

application concentration of 106 CFU/mL on each quartz slide.  Same phenomenon was 
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observed as on glass cover slip, spores were left on surface after PVA film was peeled 

off.  PVA method didn’t show better recovery ability for spores on quartz slide than on 

glass cover slip. 

6.4.3 Recovery of Spores from Plastic Surface by PVA Sampling Method 

A volume of 0.1 mL 10% PVA (Sigma) was used to recover spores from plastic 

cover slip with the size of 22 ×22 mm.  Each plastic cover slip was marked 4 points 

which was located by evenly dividing the cover slip into 9 equal area using 4 lines, the 

cross points of lines were marked as drop points.  At each drop point, a volume of 20 µL 

spore suspension with concentration 106 CFU/mL was pipetted on.  The sample was then 

dried under laminar flow hood for overnight.  Sample was at least triplicate in each trial.  

Three trials were run.  Result is shown in Table 6-7.  An average spore recovery range of 

70.53% to 83.41% spores was achieved.  Coefficient of variation of plastic cover slip is 

lower than 25.21%.  It was observed that the PVA film was easier to be peeled off from 

the plastic surface than on glass and quartz surfaces.  No spores were detected by visual 

observation after the film was removed from plastic surface. 

Spore recovery percentage from plastic cover slip is significantly higher than on 

glass cover slip analyzed by t-test at α = 0.05.  Difference in recovery performance by the 

same PVA agent is due to the different surface properties between glass cover slip and 

plastic cover slip.  Surface of plastic cover slip is hydrophobic and glass cover slip is 

hydrophilic.  Spore suspension are more affinity to glass cover slip than plastic cover slip 

and harder to be removed from glass cover slip surface, which corresponds to the low 

recovery from glass surface.  Therefore, plastic surface is a promising surface for 

photocatalytic inactivation test from aspect of enumeration of viable spores on surface.  
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However, as studied in Chapter 6, poor dispersion quality of spores on plastic surface 

becomes an issue. 

6.4.4 Recovery of spores from modified glass and plastic surface by PVA based 
method 

6.4.4.1 Glass cover slip Pre-coated with PVA 

Pre-coating glass cover slip with PVA is based on the hypothesis that PVA pre-

coating will avoid strong affinity between glass cover slip surface and the PVA post-

coating which was used to sample the spore from the glass surface.  Therefore, the spore 

recovery from the surface by PVA sampling method can be improved.   

In our initial test, 10% Celvol 165 was pre-coated on glass cover slip by spreading 

method.  5% Celvol 165 was pre-coated on glass cover slip by dipping method.  Then, 

spore suspension with applied spore concentration of 106 CFU/ml or mixture of spores 

and titania with final concentration of 106 CFU/ml and 0.01% was applied on the two 

pre-coated surfaces.  PVA sampling method was not applied.  It was found that 10% 

Celvol 165 PVA pre-coat on glass by spread method can be easily removed together with 

dried spores or mixture.  However, 5% Celvol 165 PVA pre-coating on glass cover slip 

by dipping method is not easy to be peeled off thoroughly from the surface because the 

film was too thin.  In this case, PVA sampling method was applied.  A volume of 0.2 mL 

5% Celvol 165 PVA was used as sampling agent and spread coating on the glass cover 

slip.  It was observed that the post-coating PVA film can be peeled thoroughly together 

with dried particles and the pre-coat.  Thus, the removal of spores from PVA pre-coated 

surface can be achieved by using PVA sampling method in the situation that direct 

removal of pre-coat was not feasible. 
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Since it was found that with appropriate PVA pre-coat, all dried spores or mixture 

on the pre-coated glass cover slip can be direct removed with pre-coat.  This turns out to 

be a promising method for spore recovery from the surface.  Thus, PVA solution used for 

glass cover slip pre-coat was studied in order to find out an optimum PVA pre-coat for 

spore viable count on the surfaces.  Three factors for pre-coating, PVA coating 

application method, PVA type and concentration, were considered to cause main effect 

on the difficulty for direct removal of PVA pre-coat together with the particles on it from 

the glass surface.  For the coating application method, spreading and dipping method 

were used in our study.  Spreading method will cover enough PVA solution on the glass 

cover slip, which make thicker film than dipping method.  Thus, pre-coat film is easier to 

be peeled.  A spreading method was used for the PVA pre-coating.  In Table 6-8, effect 

of nine different combinations of PVA pre-coating on the ease of direct PVA pre-coating 

peeling is shown.  Spread method was used for PVA pre-coating.  Spore suspension (106 

CFU/mL) or mixture of spore and titania suspension with final concentration of 106 

CFU/mL and 0.01% was applied onto PVA pre-coated glass cover slip by pipetting 

method.  No PVA sampling method was used.  A higher concentration makes the PVA 

pre-coat easier to be peeled among the same type of PVA.  Pre-coat made from Celvol 

165 and Unisize PVA was generally easier to be direct removed from the glass cover slip 

than Sigma PVA.   

For the pre-coat made by 10% and 15% Sigma PVA, the pre-coat was hard to be 

peel totally from the glass surface because the film is too thin.  Hence, PVA sampling 

method was used to help recover the spores from the pre-coated surface.  A volume of 0.1 

mL 5% Celvol 165 PVA was used as PVA sampling agent.  It was observed that both 
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post and pre-coating PVA film together with dried particle can be peeled off for 10% 

Sigma PVA pre-coated sample, whereas direct removal of pre-coat was hard when 5% 

Sigma PVA was used for pre-coating because the pre-coated film was too thin.   

Celvol 165 with a concentration of 10% was found to be an optimum pre-coating 

agent in terms of uniformity of particle distribution, droplet spread size when the particle 

suspension was applied on the surface and difficulty to peel PVA-pre coating.  

Information about particle distribution and droplet spread size was discussed in detail in 

Chapter 6. 

Pre-coating PVA on glass cover slip improved spore recovery from the glass 

surface.  However, distribution of spore or mixture of spores and titania dispersion on the 

surface was worsen by PVA pre-coating.  This may be because that PVA pre-coating on 

the surface decrease the hydrophility of glass cover slip and distribution of particle 

suspension the surface was impacted.  Also, PVA may dissolve in a liquid with spores 

when the spores were applied on PVA-precoated surfaces.  This could be undesirable 

because PVA could coat the spores and protect them from photocatalysis, thus, giving 

misleading results and introducing difficulty in the subsequent photocatalytic activity 

testing. 

6.4.4.2 Glass cover slip Pre-coated with SDS 

Pre-coating SDS on glass cover slip was based on the hypothesis that SDS coating 

can reduce affinity between glass cover slip and dried spores, then improve enumeration 

on glass cover slip by PVA method.  A volume of 0.15 mL 5% PVA (Celvol 165) was 

used to sample the spores on surface.  Spore concentration applied on each SDS pre-

coated glass cover slip was 106 CFU/mL. 
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It was hard to peel the PVA film from SDS dipping pre-coated surface.  SDS 

spread pre-coated surface was easier than dipping pre-coated surface to be recovered by 

PVA film, but still it was difficult to peel all the spores off the coated glass surface. 

Glass cover slip pre-coated with SDS didn’t show significant improvement to spore 

enumeration.  Strong affinity still exists between spores and the surface. 

6.4.4.3 Glass cover slip Pre-coated with PVA and SDS 

Result from glass cover slip pre-coated with SDS showed there is no significant 

improvement to spore enumeration by PVA sampling method.  Strong affinity still exists 

between spores and surface.  It was expected that by pre-coating PVA on glass cover slip, 

interaction between spores dried on pre-coated glass cover slip and the coated surface can 

be decreased.  Pre-coating SDS on PVA coating may improve mixture distribution on the 

surface.  Both mixture distribution and enumeration can be optimized by pre-coating 

PVA followed by SDS coating. 

The concentration of applied spore suspension is 106 CFU/mL and mixture of 

spores and titania with final concentration of 106 CFU/mL and 0.01%.  PVA sampling 

method was not applied.  It was found the direct removal of PVA pre-coat can peel the 

spores and titania off together with the pre-coat. 

6.4.4.4 Presputter Pre-coated glass with plantinum and gold 

A volume of 0.1 mL 5% Celvol 165 PVA was used as agent to recover the spores 

on the surface.  Spore concentration applied on the surface is 106 CFU/mL.  Not all 

spores can be removed from the surface by PVA sampling method. 

6.4.4.5 Plastic cover slip Pre-coated with SDS 

Table 6-9 shows effect of SDS used for plastic cover slip pre-coating on viable 

spore count by PVA sampling method.  Recovery performance was rated on a scale of 3- 
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to 1- and 1+ to 3+, where 3+ indicate the highest recovery, while 3- indicate the poorest 

recovery.  A volume of 0.1 mL 5% PVA (Celvol 165) was used to recovery spores from 

the pre-coated plastic surfaces.  Recovery of spores from the SDS pre-coated plastic 

surface by PVA sampling method was observed to have same performance as from 

plastic cover slip.  Thus, plastic cover slip pre-coated with SDS was a good surface for 

spore enumeration by PVA sampling method.  However, introduction of SDS on the 

plastic cover slip may cause other concern for photocatalytic test discussed in the next 

chapter. 

6.4.5 Recovery of Spores from Anodisc Filter Membrane Surface 

6.4.5.1 Preliminary investigation of alternative methods for spore recovery 

Four alternative sampling methods were used to count viable spores on the filter 

membrane surface.  They are: Polyvinyl alcohol sampling method, sonication method, 

manual disruption method and agar pour plating method.  The spore recovery ability by 

these four alternative methods was compared.  A volume of 1 mL spore suspension with 

the concentration of 1.2×107 CFU/mL was added to 4 mL sterile D.I. water in dilution 

tube, then this total amount of 5 mL diluted spore suspension were poured onto a 

membrane for filtration.  The purpose to dilute spore suspension and filtration a higher 

volume (>1 mL) is to achieve a better distribution of spores on the membrane.  Therefore, 

a total amount of 1.2×107 CFU spores were applied on each membrane except the one 

used for testing of agar pour plating method, which a total number of 1.2×107 CFU were 

applied.  One membrane applied with spores was prepared for each condition of sampling 

method.  This initial spore application number on the membrane is used as control for the 

calculation of recovery percentage by alternative methods. 
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For Polyvinyl alcohol sampling method, 0.1 mL and 0.15 mL 5% Celvol 165 was 

used to recover spores from filter membrane.  Membrane was fixed on Petri dish by 

carbon tape to prevent the moving when peeling the post-coated PVA from the 

membrane.  Peeled PVA film was dissolved in dilution tube for plating.  Membrane after 

PVA recovery was incubated with agar to see any leftover on the surface. 

For sonication method, sample was immersed into 10 mL sterile D.I. water in 50 

mL beaker and sonicated for 20 min in an ice water bath sonicator (Cole-Parmer 8890).  

Then the sample was diluted and plated. 

For manual disruption method, sample was immersed into sterile 10 mL sterile D.I. 

water in 50 mL beaker and disintegrated with sterile forcepts.  The membrane was easy to 

be broken down because the fragile property of Anodisc membrane.  The sample was 

stirred for 10 min.  The suspension was diluted and plated. 

For agar pour plating method, two membranes were tested.  Each membrane was 

placed on a sterile plastic Petri dish.  Liquid agar (tryptic soy) was poured directly onto 

membrane with spores and swirled for 5 s.  One membrane was taken out of the agar, 

which was incubated with agar again to see any spores left on the membrane.  The other 

one was leaved inside the agar.  The agar was solidated under laminar hood and 

transferred to incubator.  After 12 hr incubation, the colonies number was counted.   

Table 6-10 shows spore viable counting results from these four counting methods.  

Recovery by sonication achieved highest (87%), whereas disintegration obtained lowest 

recovery percentage (21%).  Results from PVA sampling method differed in different 

PVA applied volume.  A higher recovery (30%) was achieved by applied 0.1mL PVA 

solution than a lower recovery (18%) by 0.15 mL same PVA.  It is consistent with the 
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observation in experiment process that, for 0.1 mL PVA solution applied on the 

membrane, the whole film was peeled off.  While the film was peeled in several pieces 

and eventually all come off the surface for applied 0.15 mL PVA solution.  Results from 

pour agar plating were not accurate because agglomeration existed.  It was also found 

that membrane after pour agar plating and PVA post-coating, some spores were left on 

the surface of membrane as observed from growth in agar plates.  This is consistent with 

the recovery results, that is, none of the method achieved 100% recovery.   

6.4.5.2 Sonication method 

Among the above four alternative spore recovery methods, sonication demonstrated 

highest recovery (87%).  Therefore, sonication conditions were further investigated in 

order to achieve a better viable spore recovery from membrane surface. Joyce et al. 

(2003) demonstrated intensity and time have an important effect on spore viable 

counting.  Thus, sonication intensity was tested.  It was found that sonication time of 1 

min is good enough to recovery spores from the membrane, therefore, sonication time 

was fixed at 1 min.  Other experimental conditions (i.e. way to sonicate membrane, use of 

spacer) were also adjusted correspondingly based on experimental results.  Sonicator 

3000 (Misonix Inc., NY, USA) was used for sonication.  Membrane applied with spores 

or mixture of spores and titania was inserted into 10 mL sterile D.I. water in 20 mL 

Scintillation vial (Fisherbrand, Fisher Scientific) with sterile forceps.  Each vial contained 

one membrane.  The vial was shaken to make the membrane immerse into bottom of the 

vials.  Then the vial was fixed at the center of sonicator water bath, a spacer was used to 

set the distance between vial bottom and horn of sonicator at 5 mm.  For all the trials, 

samples were tested triplicate at each intensity level for 1 min.  After sonication, spore 
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suspension was plated and counted.  Recovery percentage was calculated by counting 

results divided by control. 

Effect of sonication intensity. A total of four trials were carried out to study the 

effect of sonication intensity on spore recovery from membrane surface where only 

spores were applied on the membrane.  A volume of 0.2 mL spore suspension with 

concentration of 5×107CFU/mL was diluted in sterile 4 mL D.I. water in dilution tube, 

then the diluted suspension was poured onto the membrane for filtration.  Experimental 

condition of these four trials has slight difference: a) Spacer was used in all the trials 

except in the trial 1; b) Only one vial containing sample was sonicated in the sonicator 

every time for all the trials except in the trial 1, where three vials with one membrane in 

each vial were taped together and inserted in sonicator for sonication at each intensity 

level; c) In trial 1 and 2, control is calculated based on spore volume and concentration 

applied at filtration membrane, in trial 3 and 4, control is from results using appropriate 

experiment.  Table 6-11 shows spore recovery results by sonication.   

As seen in trial 1, intensity level at 2.0, 3.0, 4.0, 5.0 and 6.0 were tested.  Spore 

recovery ranged from 6-87%.  At intensity 6.0, the highest recovery percentage was 

achieved.  However, a large variation of viable spore counts on membrane was observed 

at intensity of 2.0, 5.0 and 6.0.  This may be caused by unfamiliar with the operation 

steps and inappropriate operation in the procedure arrangement.  Statistical analysis was 

not conducted on trial 1 due to this high variance.  To minimize this variation, in the 

following sonication, two conditions were modified.  One is to put one vial in water bath 

at each sonication instead three vials in the trail 1.  Second is to using a spacer to make 

sure the distance between the vial and the horn of sonicator same at each operation.  
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In trail 2, a significant improvement of spore recovery and variation of viable spore 

counts on membrane was achieved compared with trial 1.  At intensity level of 2.0, spore 

recovery was increased from 47% to 62%.  At intensity level of 5.0, spore recovery was 

increased from 49% to 99%.  The standard deviation varies from 9.3-20.2% at intensity 

of 2.0, 5.0 and 6.0, whereas a much higher variation observed from trial 1 (23.9%-

46.6%).  It was also realized, during the application on filtration membrane, where 0.2 

mL spore suspension was diluted in sterile 4 mL D.I. water in dilution tube and poured 

onto membrane.  There are small volume of spore suspension was left.  A correction was 

calculated based on the volume left in dilution tube.  Results shown in Table 6-11 for trail 

1 and trial 2 are both corrected.  A 99% recovery was achieved at intensity 5.0.  Spore 

recovery at intensity 2.0, 4.0 and 5.0 are significantly different based on ANOVA test at 

α = 0.05.  Among them, spore recovery at intensity 5.0 achieved a significantly higher 

percentage than at 2.0, but others are not significant different based on Tukey post hoc 

test at α = 0.05. 

In trail 3, in order to further explore the optimum intensity level for spore recovery, 

sonication intensity at 6.0 in addition to 4.0 and 5.0 was tested.  Control was made by 

adding 0.2 mL spore suspension with concentration of 5×107CFU/mL into sterile 20 mL 

vial containing 4 mL D.I. water, then adding 5.8 mL sterile D.I. water to the vial to a total 

volume of 10 mL.  The vial was sonicated at intensity of 5.0 and the suspension was 

diluted and plated.  Control was duplicated.  Also, the droplet left in dilution tube was 

pipetted out and add to the membrane to avoid result error.  As a result, a decrease in 

standard deviation (<12%) for spore viable counting was observed compared to trial 1 

(<48%) and 2 (<21%).  A highest recovery was observed at intensity of 4.0.  Spore 
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recovery at 4.0, 5.0 and 6.0 are not statistically significant based on ANOVA test at α = 

0.05. 

In trial 4, same control as trial 3 was used.  Spore recovery only at sonication 

intensity of 5.0 was tested.  The droplet left in dilution tube was also pipetted out.  A 

98.88% spore recovery was achieved at intensity of 5.0. 

Figure 6.1 shows spore recovery results from all the trails except trial 1, sonication 

intensity of 5.0 was found to be the optimum condition for spore recovery from the 

membrane only dispersed with spores in terms of recovery percentage.   

For the situation that the membrane applied with mixture of spores and titania, 

different sonication intensity condition may require to achieve an optimum spore 

recovery.  After an optimum intensity condition was obtained, the safety of the optimum 

intensity used for spore recovery was tested, that is, at the obtained optimum intensity 

level, whether the spores will be partially or totally inactivated by sonication. 

Effect of sonication intensity on spore recovery from the membrane applied with 

mixture of spores and nanotitania was also investigated.  0.1% titania suspension was 

prepared by adding 0.01g titania powder into sterile 20 mL vials containing 10 mL sterile 

D.I. water.  The titania suspension was sonicated for 10 min at intensity of 5.0 using 

Sonicator 3000.  A certain amount of titania suspension and spore suspension was added 

to 150 mL Pyrex beaker containing sterile D.I. water.  The mixture of titania and spores 

are stirred on a magnetic stirrer (Nuova II, Thermolyne) with the mixing speed = #5, a 

volume of 4 mL mixture was pipetted onto the membrane for filtration using Brinkmann 

Eppendor Repeater Pipetter (Fisher Scientific).  The total amount applied on each 

membrane is 106 CFU for spores and 0.1 mg for titania.  This combination was 
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commonly used in photocatalytic test.  Two trials were run.  Control in each trial was 

duplicated.  Control in trial 1 was not sonicated and sonicated in trial 2.  Samples at each 

tested intensity were triplicates.  Table 6-12 shows spore recovery results from 

membranes applied with mixture at different intensity level.  In trial 1, only one intensity 

level at 5.0 was tested.  Control was made by adding 4 mL mixture into 20 mL vials 

containing 6 mL D.I. water, then the suspension was diluted and plated.  A recovery 

percentage of 92.59±12.92 was achieved.  In trial 2, intensity at 5.0, 6.0 and 7.0 were 

tested on spore recovery.  Control was made by adding 4 mL mixture into 20 mL vials 

containing 6 mL D.I. water and sonicated at intensity of 6.0 for 1 min, then the 

suspension was diluted and plated.  Recovery percentage was calculated by counting 

results divided by control results.  A 92% recovery percentage was achieved at intensity 

of 5.0.  A 100% recovery percentage was observed at intensity of 6.0.  At a higher 

intensity of 7.0, recovery percentage decreased.  Sonicate mixture on the membrane at 

intensity of 6.0 is promising as a 100% recovery achieved.  Recovery percentage at 

intensity of 5.0, 6.0 and 7.0 shows no significant difference based on ANOVA test at 

α=0.05.   

In order to check the safety of intensity 6.0 to the viability of spores, control with 

and without sonication was compared at intensity of 5.0 and 6.0.  Control was prepared 

same as trial 2 of mixture and duplicated at each intensity level.  Results were shown in 

Figure 6-2.  Spore counts from control with and without sonication shows no significant 

difference based on t-test at α=0.05 for both sonication intensity level of 5.0 and 6.0.  

Application of sonication to count viable spores on the membrane at intensity level of 5.0 

and 6.0 does not inactivate spores, therefore, cause no misleading understanding to the 
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photocatalytic test conducted later.  A sonication intensity of 6.0 was chosen for spore 

viable counting on the membrane 

Effect of spore application method. In previous spore application method 

(method A), spore suspension was diluted in the dilution tube and poured onto membrane 

for filtration.  Leftover in diluting tube after pouring spore suspension was need to be 

empted to improve experimental accuracy.  Another method (method B) was tried to 

avoid this additional step and results were compared with the original spore application 

method.  In method B, 2 mL spore with concentration of 5×107CFU/mL was added into 

40 mL sterile D.I. water, then vortexted.  A volume of 4.2 mL mixture was pipetted onto 

each membrane for filtration using Eppendorf Maxipettor (Fisher).  The following 

sonication and plating methods are same as method A.  A sonication intensity at level of 

5.0 was used.  Each sample was triplicated.  A recovery percentage of 98.88±7.10 was 

obtained with method A while 100.33±12.58 was achieved by method B.  No significant 

difference between these two methods in terms of t-test at α=0.05, thus, the modified 

method (method B) was chosen in the following experiment since fewer steps involved 

for spore application on membrane. 

In summary, sonication condition was decided for the following photocatalytic 

study.  One vial was placed in sonicator at each sonication time.  Spacer was used to 

locate distance and center the vials.  An intensity level of 5.0 and spore application 

method B were chosen as a recovery of 100% was achieved. 

6.4.6 Comparison of Spore Recovery from Plastic and Glass Surface by PVA 
Method and from Anodisc Filter Membrane Surface by Sonication Method  

Sonication method can achieve 100% recovery for the spores on the Anodisc 

membrane.  It was also found that recovery for the spores on plastic surface by PVA 
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method was the best among the other alternative surface and method studied.  Therefore, 

the performance of these two recovery method was compared. 

Results are shown in Table 6-13.  A total amount of 2×104 CFU spores were 

applied on the plastic cover slip.  Spore recovery percentage for plastic cover slip by 

PVA method ranged from 51% to 86%.  Same amount of spores as glass cover slip was 

applied on glass cover slip.  Spore recovery percentage varied from 17% to 70%.  A total 

amount of spores applied on the membrane is 106 CFU spores.  Average spore recovery 

percentage for membrane by sonication method at intensity level of 5.0 ranged from 96% 

to 100%.  A 100% recovery percentage was achieved when modified spore application 

method was used.  Results of spore recovery from plastic, glass by PVA method and 

membrane surface by sonication method are significant different from each other based 

on ANOVA and post-hoc test at α=0.05.  Spores on membrane surface recovered by 

sonication method demonstrated best recovery performance whereas spores on glass 

surface recovered by PVA method shows worst recovery percentage, recovery percentage 

for spores on plastic surface by PVA method was medium.  This is consistent with our 

observation that PVA was harder to be peeled off from glass cover slip than from plastic 

cover slip, this difficulty in peeling cause the low recovery of spores from glass surface 

for agar plating, thus, a low recovery percentage was observed.  Sonication method 

applied on recovery of spores from Anodisc filter membrane gave the best performance 

in all the tested spore recovery methods. 

6.5 Summary 

Recovery of spores from different surfaces (glass, quartz, plastic, modified surfaces 

and Anodisc membrane) by different methods was compared and their performance is 
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shown in Table 6-14.  3+ means the best recovery performance, 3- means the poorest 

recovery performance. 

None of the tested recovery methods, that is, PVA, sonication and immersion 

method can totally remove the spores from glass surfaces.  Same phenomenon was 

observed from quartz surface by PVA sampling method.  A low spore recovery (23-57%) 

was achieved by PVA sampling method on the glass surface, although a higher spore 

recovery percentage (>95%) from the glass plate by PVA method claimed by Baltschukat 

and Horneck (1991).  This may contribute to the difference in species we are using.  

Spores of B. subtilis were applied in Baltschukat’s reseach while spores of B. cereus were 

used in our study.  Different surface property of B. subtilis hydrophilic spores and B. 

cereus hydrophobic spores may be the main reason.  Exosporium of B. cereus spores (not 

around B. subtilis) may also play a role in spore adhesion on the glass surface.  It was 

concluded by Faille et al. (2002) that the adhesion strength (resistance to be cleaned) of 

microorganism on surfaces relied on the surface property of both the spores and the 

substrata.  Also Busscher et al. (1990) and Boulange Petermann et al. (1993) 

demonstrated that microorganisms prefer to adhere to substrata of high wettability.  This 

may explain why a higher recovery of spores from the glass surfaces was not achieved by 

us. 

A better spore recovery from plastic surface by PVA sampling method was 

observed.  A recovery range at 70-84% was obtained, which is higher than spore recovery 

from glass surface by the same sampling method. 

Different recovery performance from modified surfaces by different sampling 

method was observed.  PVA sampling method for spores on the glass cover slip pre-
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coated with SDS and Platinum/gold presputter-coated glass showed poor recovery.  Also, 

recovery of spores on gold and Plantinum presputter-coated glass immersion method was 

bad.  Both PVA sampling method and direct removal of PVA pre-coat method 

demonstrated good recovery for spores from PVA pre-coated glass.  Spore recovery from 

PVA/SDS pre-coated glass surface and SDS pre-coated plastic surface by PVA post 

sampling method was also good.  However, distribution of spores or mixture of spores 

and titania on these modified surface was unfavored as detail discussed in Chapter 5. 

The best recovery was observed from Anodisc membrane by sonication method.  

Although the other alternative sampling method (PVA, disintegration and agar pour 

plating) demonstrated a bad recovery of spores on the membrane surface.  Optimum 

sonication condition for spore recovery from the membrane was investigated.  A 100% 

recovery of spores from the surface was achieved.  This study has not been reported and 

no quantitative data on the viable recovery of spores from the membrane by sonication 

method has been published. 

A comprehensive comparison of spore distribution quality and recovery 

performance for all the surfaces and methods investigated is shown in Table 6-15.  

Spores applied on Anodisc membrane by filtration method and on glass surface by 

pipetting achieved the best distribution among all the spore application methods and 

tested surfaces, while spore distribution on glass pre-coated with PVA and SDS had the 

worst performance.  Recovery of spores from Anodisc membrane by sonication method 

demonstrated the best performance.  Application of spores on Anodisc membrane by 

filtration method and recovery of the spores by sonication method gave the best 

performance on both distribution quality and recovery performance. 
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6.6 Conclusions   

The Anodisc filter membrane surface, together with corresponding spore 

application and recovery method: filtration and sonication method, was the optimum on 

spore distribution quality and spore recovery in all the tested surfaces and methods.  

Although spore distribution on glass surface by pipetting method achieved same good 

quality as on Anodisc filter membrane by filtration method, the poor recovery 

performance from the glass surface makes its application on photocatalytic inactivation 

study on surface less attractive.   
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Figure 6-1. Effect of sonication intensity on viable spore counts from membrane surface 
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Figure 6-2. Effect of sonication intensity at 5.0 and 6.0 on viable spore counts in mixtures 

of spores and titania 
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Table 6-1. Factors and levels tested in this chapter 
Surface Methods Factors Level 

Concentration of PVA 5% – 20% 

PVA volume 0.1 – 0.3 mL 

PVA type 
Sigma, Celvol 165, 

Unisize 

Spore concentration 10 – 107 CFU/mL 

PVA sampling 

Titania concentration 0.1 – 0.0001% 

Intensity 1.5 

Sonication 
on/off pattern 

Continuous, 

intermittent 

Glass 

Immersion   
Quartz PVA sampling   
Plastic PVA sampling   

PVA type Sigma, Celvol 165, 
Unisize Direct removal 

of pre-coat PVA concentration 5% – 20% 

PVA pre-coated 
glass 

PVA sampling   
Immersion time in SDS 30s, 1m, 10m SDS pre-coated 

glass PVA sampling SDS concentration 0.025-10% 
PVA/SDS pre-

coated glass 
Direct removal 

of pre-coat   

PVA sampling   Pt/Au pre-sputter 
coated glass Immersion   

SDS pre-coated 
plastic PVA sampling   

PVA sampling PVA volume 0.1, 0.15 mL 
Manual 

disruption   

Agar pour 
plating   

Intensity 2.0 – 7.0 

Alumina (Anodisc) 
membrane 

Sonication Spore application 
method 

Individual dilution, 
combined dilution 
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Table 6-2. Enumeration of viable microbes on surfaces 
Methods Microbes Recovery 

percentage Result/Conclusion Ref. 

Bacterial spores 

Bacillus subtilis subsp. niger 70% Overall sampling efficiency by swab kit, cotton swab and sponge 
swipe were not significant different 3 

Bacillus thuringiensis -- Total viable cells on surfaces were underestimated in the order of 
102 – 103 CFU by swab method compared with image analysis 2 

Bacillus anthracis -- Cannot sample all the spores on the surface 14 
Aspergillus. niger  1% Swab is not suitable to detect surface with low number microbes 5 

Swab/wiping 

B. anthracis, B. subtilis and Bacillus 
cereus -- -- 6 

B. cereus and B. subtilis -- -- 4 
Streptomyces albus -- -- 7 

B. subtilis -- -- 11 

Immersion 

B. cereus -- -- 18 
B. subtilis > 95% -- 1 PVA  
B. subtilis 100 % Sampling consistency is high 8 

Crushing B. subtilis 20.4% and 
53.5% Variability of sampling is high 8 

Agar contact B. cereus -- -- 18 

Release of spores and cell 
fragments to air currents Streptomyces albus 1% Air release was not efficient to recover spores and cell from 

surface 7 

Sonication  B. subtilis -- Hard to detect spores on surface due to low level of spores  17 

B. subtilis -- a minimum of 105 spores was required to be imaged under oil 
microscopy 17 Image analysis 

B. subtilis -- Enumeration was affected by spore agglomeration  16 
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Table 6-2.  Continued 
Methods Microbes Recovery 

percentage Result/Conclusion Ref. 

Bacterial vegetative cells 
Pseudomonas fragi and Listeria 

monocytogenes  -- Total viable cells on surfaces were underestimated in the order of 
102 – 103 CFU by swab method compared with image analysis 2 

Coliform -- 
Minimum detection limit was 100 CFU/cm-2, spore suspension 
allowed to dry on the surface was harder to be sampled than the 

one without drying 
12 

Swab/wiping based 

E. coli 26% Variability in counts was high 5 

E. coli -- -- 4 

E. coli, Pseudomonas aeruginosa, 
Sraphylococcus aureus, Enterococcus 

faecium and Candida albicans 
-- -- 10 

Immersion 

E. coli -- -- 15 
Pseudomonas fragi and Listeria 

monocytogenes -- Results were hard to be explained (data not shown in the paper) 2 

Coliform -- The most efficient method compared with swab and swab-based 
sampling method 12 

E. coli 80% Contact time of agar with surface, type of agar and microbes affect 
microbial recovery from the surface 5 

Agar contact 

E. coli -- -- 13 
Mineralization E. coli -- -- 9 

1–Baltschukat and Horneck (1991), 2–Bredholt et al. (1999), 3–Buttner et al. (2001), 4–Faille et al. (2002), 5–Foschino (2003), 6–Galeano et al. (2003), 7–Gorny et al. 
(2003), 8–Horneck et al. (2001b), 9–Jacoby et al. (1998), 10–Kuhn et al. (2003), 11–Lin and Li (2003), 12–Moore and Griffith (2002), 13–Pal et al. (2005), 14–Sanderson et 
al. (2002), 15–Sato et al. (2003), 16–Schiza et al. (2005), 17–Venkateswaran et al. (2004), 18–Vohr et al. (2005) 
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Table 6-3. Effect of PVA source and PVA volume on difficulty of peeling PVA film 
from glass cover slips and glass slides 

PVA source PVA volume 
(mL) Surfaces 

Ease of 
peeling PVA 

film 
Comment 

Glass cover 
slip (22 ×22 

mm) 
Easy PVA film very thin, 

not sticky to glass 

Glass cover 
slip (24 ×60 

mm) 
Easy PVA film very thin, 

not sticky to glass 
0.1 

Glass slide Hard PVA film too thin 
and sticky to glass 

Glass cover 
slip (22 ×22 

mm) 
Easy PVA film less affinity 

to glass 

5% Celvol 
165 

0.15 

Glass slide Easy PVA film easy to peel 
except thin edge 

Glass cover 
slip (22 ×22 

mm) 
Hard PVA film too thin 

and sticky to glass 
0.1 

Glass slide Hard 
PVA film too thin 
and very sticky to 

glass 
Glass cover 
slip (22 ×22 

mm) 
-- -- 

10% Sigma 

0.15 

Glass slide Moderate PVA film very sticky 
to glass 

* No spore/titania/mixture applied. 
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Table 6-4. Recovery percentage of spores from glass  

Surface 1,2 Trial Average Recovery 
(%) 

No. of 
Samples 

1 --3 -- Glass cover slip (18 
× 18 mm) 2 37.8 ± 16.04 3 

1 56.7 ± 14.7 3 Glass cover slip (22 
× 22 mm)5 2 22.8 ± 5.7 3 

1A volume of 100 µL 10% PVA (Sigma) was used to recover spores from surfaces 
2 PVA volume/area = 30.9 µL/cm2, for the larger size of cover slip, a PVA covering area was applied to be 
same as the smaller cover slip. 
3 Only a small part of PVA film was able to be peeled from the surface. 
4 mean ± 1.0 S.D.  
5 The high variation of data for spore recovery from glass cover slip is due to the difficulty to peel the 
whole PVA film on the surface off 
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Table 6-5. Effect of PVA source and PVA concentration on PVA method applied on 
glass cover slip 

PVA 
source 

PVA 
concentratio

n 

PVA 
volume / 

area 
(µL/cm2) 

Applied 
particles 

Ease of peeling 
PVA film Comment 

Spores Hard 5% 20.7, 31.0 
Mixture1 Hard 
Spores Hard 

10% 31.0 Mixture Hard 

PVA film was 
thin 

Spores Easy 15% 31.0 
Mixture Easy 

PVA film was 
elastic 

Spores Easy 

Sigma 

20%2 31.0 Mixture Easy 
PVA film was 

very elastic 
Spores Easy  5% 20.7, 41.3 
Mixture Easy  
Spores Easy  10%2 62.0 Mixture Easy  
Spores Easy  

Celvol 
165 

15% Spread 
enough Mixture Easy  

Spores Hard 5% 20.7 
Mixture Moderate 
Spores Moderate 

Unisize 
HA-70 

10% 31.0 Mixture Easy 

PVA film was 
thin 

1 means mixture of spores and titania 
2 PVA was dried both at 37°C and room temperature; others were dried at 37°C 
3 None of the above PVA film can remove all the particles from the glass surface 
4Glass cover slip is 22 × 22 mm 
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Table 6-6. Recovery of different titania concentration from glass cover slips by PVA 
methods 

Applied titania 
concentration (%) Result 

0.1 Moderate recovery1 
0.01 Moderate recovery  
0.001 Moderate recovery  
0.0001 High recovery  

1 Moderate recovery means that some particles remained on the surface; high recovery means that very 
little particles left on the surface after PVA recovery 

 
 
Table 6-7. Recovery percentage of spores from plastic  

Surface 1,2 Trial Average Recovery 
(%) 

No. of 
Samples 

1 70.5 ± 16.2 3 4 
2 83.1 ± 21.0 3 

Plastic cover slip 
(22× 22 mm) 

3 84 ± 16.0 4 
1A volume of 100 µL 10% PVA (Sigma) was used to recover spores from surfaces 
2 PVA volume/area = 30.9µL/cm2 (PVA solution was spread on a 18×18 mm area on the cover slip) 
3 mean ± 1.0 S.D.  

 

 

Table 6-8. Effect of modified glass surface (PVA pre-coating) on particle removal by 
peeling PVA pre-coating directly 

PVA pre-coating 
source 

PVA pre-coating 
concentration 

Ease of pealing 
PVA pre-coating Comment 

5% Easy Easy to peel pre-coating 
together with particles 

10% Very easy a little affinity between film 
and glass cover slip(GCS)) 

Celvo165 

15% Easy strong affinity between film 
and GCS 

5% Moderate PVA film is thin 
10% Moderate PVA film is thin 

15% Easy 
PVA film is hard not elastic, 
feel affinity between film and 

GCS 

Sigma 

20% Easy Less affinity between film and 
GCS than 15% Sigma film 

5% Very easy -- Unisized HA-70 

10% Very easy -- 
*Spores or mixture of spores and titania was applied on the pre-coating 
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Table 6-9. Effect of SDS coating of plastic cover slip on spore recovery by PVA 
sampling method 

SDS Immersion time Spore recovery 

0.025% 30 s 2+ 
10 s 2+ 

30 s 2+ 

1 m 2+ 

0.05% 

10 m 2+ 

30 s 2+ 0.1% 

10 m 2+ 

2.5% 10 m 2+ 

5% 10 m 2+ 

10% 10 m 2+ 
* 2+ means a good recovery by PVA sampling method (Recovery performance was rated on a scale of 3- to 
1- and 1+ to 3+, where 3+ indicate the highest recovery, while 3- indicate the poorest recovery) 
 
 
 
Table 6-10. Viable count results from Anodisc 25 by four sampling method 

Sampling 
method 

Level 
Counts 
(CFU) 

Recovery percentage 
(%)  

0.1 mL PVA 3.7×106 30.12  PVA sampling 5% Celvol 
165 0.15 mL PVA 2.2×106 18.32  

Sonication  1.1×106 87.30  
Manual 

disruption 
 2.5×106 20.57 

Control  1.2×107  
a1 326 26.72  Pour agar 

plating b2 N/A ---3 
Control  1.2×103  

1Membrane was taken out 
2Membrane was not taken out 
3A lot of agglomeration fails to count 
4A variance of recovery percentage for PVA method is due to difficulty in peel the PVA film 
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Table 6-11. Effect of sonication intensity on percentage recoveries of viable spores from 
Anodisc 25 membrane 

Intensity level 
Trial 

2.0 3.0 4.0 5.0 6.0 
11,3,4,7 47.71±48.32 6.44±8.80 85.36±10.47 49.97±36.02 87.10±24.94 

26 62.11±9.71 b -- 85.54±8.65 a/b 99.24±21.04 a --5 

3 -- -- 104.19±6.05 a 96.82±12.37 a 
94.97±12.04 

a 
4 -- -- -- 98.88±7.10 -- 

1 Control in trial 1 and 2 is calculated by multipling the applied spore volume with the spore 
concentration.  Control in trials 3 and 4 is from results using appropriate experiment.  

2mean ± 1.0 S.D. (N = 3) 
3 Three vials with one sample in each vial were taped together and sonicated once in trail 1.  In the 

following trails, one vial with one sample was sonicated each time. 
4 No spacer used in the trial 1, but used in all the other trials 
5 experiment under that condition was not carried out. 
6 means followed by different letters are significantly different from each other at α = 0.05 
7 Statistical analysis was not conducted on trial 1 due to the unreliability of the experimental data 
 
 

Table 6-12. Effect of sonication intensity on percentage recoveries of viable spores from 
mixtures of spores and titania applied to Anodisc 25 surfaces  

Intensity level 
 

5.0 6.0 7.0 

Spore 
recovery %1 

92.77±11.112 100.16±11.94 91.35±10.88

1 means are not significantly different from each other at α = 0.05 
2 mean ± 1.0 S.D. (N = 6) at intensity level 5.0, N=3 at intensity level 6.0 and 7.0  
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Table 6-13. Comparison of spore recovery from plastic and glass cover slip by PVA 
method with that from membrane by sonication method  

Surfaces 1 
(corresponding spore recovery method) 

Recovery percentage (%)2,4 

Glass cover slip (PVA sampling method) 39.12 ± 18.51 a  
Plastic cover slip 

(PVA sampling method) 
79.69 ± 15.44 b 

Anodiscs memebrane3 
(sonication method) 

98.3 ± 8.20 c 

1Only spores were applied on the surfaces 
2 Mean ± 1.0 S.D. 
3Spore application method on filter membrane is method A 
4means followed by different letters are significantly different from each other at α = 0.05 
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Table 6-14. Evaluation of spore recovery performance for all the surfaces and methods 
investigated 

Surfaces  
corresponding spore recovery 

method 
Spore 

Recovery1 
PVA sampling 1- 

Sonication 1- 
Glass 

Immersion  1- 
Quartz PVA sampling  1- 
Plastic PVA sampling 2+ 
Glass cover slip pre-

coated with SDS 
PVA sampling 1- 

Post-coating PVA sampling 2+ Glass cover slip pre-
coated with PVA Direct removal of pre-coated 2+ 
Glass pre-coated 

with PVA and SDS 
Direct removal of pre-coated  2+ 

PVA sampling  1- Presputter pre-coated 
glass with plantinum 

and gold 
Immersion  1- 

Modified 
Surfaces 

Plastic cover slip 
pre-coated with SDS 

PVA sampling  2+ 

PVA sampling  1- 
Manual disruption 1- 
Agar pour plating  1- 

Anodisc memebrane 

sonication  3+ 
1Recovery performance was rated on a scale of 3- to 1- and 1+ to 3+, where 3+ indicate the highest 
recovery, while 3- indicate the poorest recovery 
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Table 6-15. Spore distribution quality versus recovery performance for all the surfaces 

and methods investigated 

Surfaces1  
Corresponding Spore 

Recovery Method 
Spore 

Distribution2 
Spore 

Recovery3 
Glass PVA sampling/ 

Sonication/ Immersion 
3+ 1- 

Quartz PVA sampling  2+ 1- 
Plastic PVA sampling 1+ 2+ 

Glass cover slip pre-
coated with SDS 

PVA sampling 1+ 1- 

Glass cover slip pre-
coated with PVA 

Post-coating PVA 
sampling/ Direct 

removal of pre-coated 
1+ 2+ 

Glass pre-coated with 
PVA and SDS 

Direct removal of pre-
coated  

3- 2+ 

Presputter pre-coated 
glass with plantinum 

and gold 

PVA sampling/ 
Immersion 

2+ 1- 

Modified 
Surfaces 

Plastic cover slip pre-
coated with SDS 

PVA sampling 1+ 2+ 

PVA sampling/ 
Manual disruption/ 
Agar pour plating 

3+ 1- 
Anodisc membrane 

sonication  3+ 3+ 
1Corresponding spore application method for Anodiscs membrane is filtration, for other surfaces is 
pipetting method 
2 Distribution performance was rated on a scale of 3- to 1- and 1+ to 3+, where 3+ indicate the best 
distribution, while 3- indicate the p worst distribution 
3 Recovery performance was rated on a scale of 3- to 1- and 1+ to 3+, where 3+ indicate the highest 
recovery, while 3- indicate the poorest recovery 
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CHAPTER 7 
EFFECT OF TITANIA POWDER AGAINST B. CEREUS ENDOSPORES ON 

MEMBRANE SURFACE UNDER 350 NM UV IRRADIATION IN DRY STATE   

7.1 Introduction 

As shown in literature review, a total of 10 papers investigated bacterial endospore 

inactivation by titania.  Five of them studied photocatalytic inactivation against spores in 

systems with air as the continuous phase, whereas the other five investigated the 

photocatalytic inactivation of spores in aqueous media.  Among the five that investigated 

spores with air as continuous phase, one paper (Lin and Li 2003a) tested photocatalytic 

activity against spores by introducing aerosolized spore suspension into photoreactor.   

One paper (Goswami 2003) applied spore suspension on the photocatalyst coating and 

qualitatively evaluated photocatalytic activity by visualizing spore morphology changes 

using scanning electron microscopy (SEM).  Another three papers (Lin and Li 2003b; 

Vohra et al. 2005; Wolfrum et al. 2002) dealt with photocatalytic inactivation of spores 

by drying spores on surfaces coated with titania.  Further discussion of the papers dealing 

with photocatalytic inactivation spores with air as continuous phase is provided below. 

Wolfrum et al. (2002) applied bacteria suspension to quartz disks pre-coated with 

titania (Degussa P25).  After the bacterial suspension was dried in air stream, the disks 

was exposed to solar (300-400 nm) UV irradiation at intensity of 104 W/m2 for 24 h and 

the amounts of CO2 evolved was measured.  They found that mineralization of several 

microbes (Escherichia coli, Micrococcus luteus, Bacillus subtilis, Aspergillus niger 

spores, Bacillus subtilis spores) was faster at 50% relative humidity than at 0% relative 
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humidity.  Significant effect of humidity on microbial inactivation was observed for 

Micrococcus luteus and Bacillus subtilis cells and spores.  A range of 70–90% of the 

expected CO2 is produced at 50% relative humidity whereas 30–50% the expected CO2 is 

produced at 0% relative humidity after 12 h exposure to UVA irradiation in the presence 

of titania.  However, no results were shown on evolution of CO2 exposed to solar UV at 

absence of titania coating.  Thus, it was unknown whether inactivation of spores was 

improved by the presence of titania under UVA irradiation compared with UVA 

irradiation alone 

Goswami (2003) qualitative observed the destruction of Bacillus subtilis and 

Aspergillus niger spores using SEM.  Purified spore suspension was applied to 

photocatalyst-coated aluminum disks, and then exposed to UVA.  Spores began to show 

morphology change by 11.75 hr when the spores were exposed to UVA irradiation in the 

presence of photocatalyst, and by 36 hr all the spores showing some morphological 

change.  No images were given on morphology change of spores with time when spores 

were exposed to UVA irradiation in the absence of photocatalyst.  Thus, inactivation 

activity of photocatalyst was unknown under their studied condition. 

Lin and Li (2003a) aerosolized spores of B. subtilis into photoreactor using a 

collision nebulizer.  A commercial titania filter was used as the photocatalyst in the 

photoreactor.  A sampling chamber was located at the downstream of the photoreactor.  A 

one-stage viable sampler was used for bioaerosol sampling and counting.  Fluorescent 

black lights were used as photon sources.  The filter surface was exposed to the light 

intensity of 74 or 318 W/m2.  Three different values of relative humidity–35%, 55% and 

85%–were tested.  The effective of photocatalytic activity against spores was evaluated 
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by calculating the bioaerosol penetration through the filter.  The penetration of 

bioaerosols is calculated as the ratio of the bioaerosol concentration in the absence of the 

filter to the bioaerosol concentration downstream of the filter.  There were no statistically 

significant differences of spore penetrations among the three tested levels of relative 

humidity.  Under the two tested intensity (74 and 318 W/m2), no significant difference 

was found for the filter penetration with and without UVA irradiation.  Since there is no 

improvement in limiting penetration with the UVA on, it follows that the contribution of 

photocatalysis to inactivation of aerosolized microbes was negligible. 

Lin and Li (2003b) investigated inactivation of B. subtilis spores on photocatalytic 

surfaces in air.  Spore suspension was pipetted onto a glass slide with titania coating or 

onto a commercial titania filter surface, and then the suspension was dried.  The sample 

was tested at four intensity levels of 2.4, 7.4, 14 and 21 W/m2 for an irradiation period of 

4 h.  Enumeration of spores on the surface was by immersing filter or slide into extraction 

solution containing 0.1% peptone, 0.01% Tween 80 and plated onto agar plates.  It was 

found that the survival fraction of spores declined exponentially with the light intensity 

increase.  A higher intensity resulted in higher inactivation rate.  The inactivation rate of 

B. subtilis spores on the titania-coated slide was higher than that on the titania filter under 

UVA irradiation.  However, survival fractions for the slide with and without titania under 

black light irradiation were not statistically significant different based on multiple 

regression analysis.  The inactivation rate constant for the filter with titania was 

significantly greater than the constant for the filter without titania, where both received 

UVA irradiation.   
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Vohra et al.(2005) tested inactivation activity of a dry photocatalytic powder 

against dry spores under UVA irradiation.  Titania was coated on metal (aluminum) and 

fabric (polyester) surface by applying slurry of photocatalyst onto the surface and drying.  

Spore suspension was spread onto the coated surfaces by a sterilized glass rod and dried 

in dark for 12 h.  The sample was exposed to 350 nm UVA light at intensity of 50 W/m2
 

for 24 h.  Enumeration of spores on aluminum substrate was by pouring agar on the 

samples placed in the bottom of Petri dish and incubating for count.  Enumeration of 

spores on fabric was by immersing the surface in water and plating the water in plate 

count agar.  For spores on metal substrate, 76% B. cereus spores was destructed in 4 h in 

the presence of titania under UVA irradiation, whereas only 22% spores was inactivated 

after 4 h in the absence of titania under UVA irradiation.  After 24 h exposure to UVA, 

99% of spores were inactivated in the presence of titania, whereas only 55% spores was 

inactivated in the absence of titania.  For spores on fabric surface, a destruction of spores 

to 96% in 24 hr were observed in the presence of photocatalyst under UVA irradiation, 

whereas only 56% spores was inactivated after 24 h exposure to UVA irradiation without 

titania.  During the investigation of photocatalyst activity against spores, important 

techniques, such as surface sampling effectiveness was not mentioned by the author.  

Furthermore, the effects of variables such as titania loading and titania surface coverage 

were not studied.  

As shown in the review above, only two papers to date have compared 

effectiveness of bacterial endospore inactivation on surfaces in the presence and absence 

of photocatalyst under UVA irradiation.  Lin and Li (2003b) observed no difference for 

inactivation of B. subtilis spores on glass slide with or without photocatalyst in the 
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presence of UVA, whereas Vohra (2005) found increased inactivation efficiency by 

applying photocatalyst under UVA irradiation for B. cereus spores on metal and fabric 

surfaces.  Since little is known about the inactivation ability of photocatalytic powder 

against dry spores, the photocatalytic activity of titania powder against dry B. cereus 

spores was tested in the present study.  Because of the limitation on allowable UVA 

irradiation intensities in the indoor environment (Lin and Li, 2003), the effect of light 

intensity on photocatalysis is important, and was therefore studied as independent 

variable in the work. 

7.2 Effect of Light Intensity on Photolysis and Photocatalysis 

Kinetic studies on the destruction of chemicals or microbes in the presence of 

photocatalyst under UVA irradiation were reviewed, as summarized in Table 7-1.  

Possible relationships between reaction rate coefficients and light intensity are linear, 

power and other.  Many studies have found either linear or power relationships.  Other 

studies have found that the relationship depends on the range of light intensity: linear at 

low light intensities, non-linear (power relationship) at medium light intensities and 

independent of intensity at high light intensities. 

7.3 Materials and Methods 

7.3.1 Spore Cultivation 

Bacillus cereus was inoculated in liquid media and incubated for 10 days as detail 

described in chapter 4.  The vegetative cells and spores were then harvested and purified.  

7.3.2 Spore Harvesting and Purification 

The culture was harvested by transferring to a 85 mL Nalgene Oak Ridge 

polycarbonate centrifuge tube and then was centrifuged at 10,000×g for 10 min at 4°C 

using a Beckman J2-HS centrifuge.  Then the pellets were resuspended in 20 mL sterile 
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deionized water.  The suspension was washed three times with sterile deionized water 

and then was transferred to a 150 mL Pyrex beaker, which was immersed in an 80± 2°C 

water bath for 15 min.  The spore suspensions were centrifuged and then the spores were 

washed once with sterile deionized water.  The purified spore suspension was stored at 

4°C in the refrigerator.   

7.3.3 Surface 

Anodisc filter membrane (Whatman, Fisher Scientific) was chosen as surface 

where spores or titania and spores were applied.  The Anodisc used were 25 mm in 

diameter with 0.02 µm pore size. 

7.3.4 Filtration 

The Anodisc membranes were immersed into sterile D.I. water for 5 sec to wet the 

membrane surface to avoid blank spot in the process of filtration and then transferred to a 

vacuum filtration system with a holder for 25 mm filter (Model FH225V, Hoefer 

Scientific Instruments, Piscataway, NJ, USA) using a sterile forceps.  A volume of 4 mL 

titania suspension was added to each membrane in the vacuum filtration system using 

Brinkmann Eppendorf Repeater pipetter to achieve 1 mg titania on each membrane 

surface.  A vacuum of 6 inches of Hg was applied in order to achieve even distribution of 

particles over the membrane surface.  After 4 min. filtration, vacuum was turned off and 

the membrane was transferred to sterile 60×15 mm plastic Petri dish (Fisher Scientific). 

7.3.4 Titania Coating on the Membrane  

Titania suspension was prepared by adding required amount of titania (Degussa 

P25) into beaker containing sterile D.I. water, and sonicated for 10 min at level of 5.0 

(Misonix Sonictor 3000).  Then the titania suspension was applied on the membrane by 
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filtration as described detail in section 7.3.3.  A magnetic stirrer (Nuova II, Thermolyne) 

with the mixing speed = #5 on magnetic stirrer was used to keep mixing the remaining 

titania suspension before the titania suspension was applied onto the membrane.  The 

samples were covered using alumina foil to avoid illumination by indoor fluorescence 

light and dried under laminar flow hood at room temperature overnight.   

7.3.5 Application of Spores on Titania Coating on the Membrane  

The purified spore suspension was sonicated for 2 min at level of 6.0.  Afterwards, 

the spore suspension was pipetted on 10 spots on titania coating on the membrane, with 

20 µL at each spots.  The eight spots were previous marked by equally dividing the 

perimeter of membrane into eight pieces; the nine spots were marked in between any two 

adjacent marks, the tenth spot is the center of membrane.  The spore droplets were dried 

under laminar flow hood at room temperature for 2 hr.  During the drying process, the 

samples were covered using alumina foil to avoid illumination by indoor fluorescence 

light.  Then, the membrane with dried spores on titania coating were used for UVA and 

photocatalytic test immediately. 

7.3.6 Application of Spores on the Membrane  

Application of spores on the membrane is same as section 7.3.5 except no titania 

coating was previously applied on the membrane. 

7.3.7 Experimental Setup and Procedure 

The UVA and photocatalytic inactivation studies were carried out in a UVA 

chamber (Figure 7-1) with 16 solar UV lamps (Southern New England Ultra Violet 

Company, Branford, Connecticut) with peak intensity at 350 nm.  Samples were placed 

on vertically adjustable platform.  By adjusting distance between lamp and samples, 

UVA intensity applied on the samples can be changed.  The UVA intensity at which the 
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samples located (for distance between lamp array bottom and sample surface at 5 and 10 

cm) was measured using a radiometer (Model 30526, Eppley Laboratories Inc.) 

periodically.  The intensity was calculated using the voltage read from a multimeter and a 

conversion factor of 1.56 mV/(mWcm-2)  (Vijayaraghavan and Goswami 2002).  An 

intensity at which the samples were located at 10 cm was 104.5 W/m2 and at 5 cm was 

129.5 W/m2.  Intensities at distance of 20, 30, 40 and 50 were calculated in terms of 

intensity measured at 10 cm.  This calculation is based on the assumption that light 

intensity was in reverse proportional with square of distance.  First, light intensity of each 

lamp at 10 cm distance was assumed, the sample is assumed to be placed at a distance of 

10 cm from the center of UV array to sample surface.  Then intensity applied on the 

sample from each individual lamp was calculated and summed up.  The distance between 

the lamp and the sample surface can be calculated based on geometry of the lamp since 

the distance between lamp and center of array can be measured and the distance between 

array bottom and sample surface was 10 cm.  The total light intensities obtained by 

adding the intensities from 16 lamps should equal the measured intensity at a distance 

between lamp array and sample surface of 10 cm.  By solving this equation, the light 

intensity of each lamp at 10 cm distance was obtained.  With this data, the light intensity 

from UV array at other distance can be calculated by the same method, that is, adding up 

the intensities contributed from each individual lamp.  A fan with ice pack around was 

used to pass cooled air over the Petri dish to limit the heating of the membrane surface.  

UVA lights were turned on for 30 min before experiment to obtain stable intensity.  

Then the UVA lights were turned off.  A total of 6 sterile 60×15 mm plastic Petri dishes 

were placed on the platform.  The Petri dishes were symmetrically placed from the 
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middle of the light with 3 Petri dishes on each side.  This arrangement is to make sure all 

the samples in the Petri dishes are exposed to same intensity.  Each Petri dish contains 3 

membranes applied with spores or spores and titania particles.  Samples on one array 

were used as control where only spores are applied on the membrane, whereas samples 

another array were applied both spores and titania.  All the samples were placed under 

UVA chamber except the samples used for initial counts at time zero.  No cover was 

applied on Petri dish.  At each sampling time, the two symmetric Petri dishes containing 

three samples each were taken out and viable spores on the samples were counted.  

Sampling intervals were adjusted depending on trials.   

The UVA light was on continuously until the experiment is over.  The distance 

between membrane and the bottom of solar UV lamp was adjusted to 10, 20, 30, 40 and 

50 cm.  A Fisherbrand traceable humidity/temperature pen was used and placed near the 

sample to monitor the humidity and temperature in the chamber.  The 

humidity/temperature also displays highest and lowest readings during experimental 

period. 

7.3.8 Viable Counting of Spores on the Membrane Surface 

Each sample was immersed into 20 mL sterile Scintillation vial with 10 mL sterile 

D.I. water using sterile forceps.  The suspension with membrane was sonicated for 1 min 

at level 6.0 using Sonicator 3000.  After sonication, the suspension was diluted, if 

necessary, and plated duplicate at appropriate dilution order as detail in Chapter 4.  Count 

of spores on membrane was mean of two plates. 

7.3.9 Data Analysis 

Log(Survival ratio) vs. time under UVA and UVA+P25 at each light intensity was 

plotted based on experimental results.  Each data point in Log (Survival ratio) vs. time 
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figure was derived from mean of three samples.  Error bars indicate ±1 S.D.  Linear 

regression line was derived based on the data point excluding data point time zero in the 

figure.  In this region, time period required for a 1.0 log10 reduction in survival is the D 

value.  Slope of the linear regression line is defined as inactivation rate.  The length of 

exposure time, starting at time zero, required to inactivate 90% of the spores is termed the 

LD90.  The difference between slopes of regression lines for the UVA and UVA+P25 test 

were analyzed by F-test using GraphPad Prism 4 for Windows software (GraphPad 

software, Inc).  Experiment results at different light intensities were integrated by plotting 

inactivation rate under UVA and UVA+P25 vs. light intensity.  The relationship between 

inactivation rate under UVA and UVA+P25 was modeled. 

7.4 Results and Discussion 

A series of preliminary experiments was carried out to determine the results of 

irradiating spores or mixtures of spores and titania on surfaces that were partially or fully 

coated with titania.  Titania loading, spore preparation, and two levels of UVA intensity 

were also evaluated.  The results of these experiments are summarized in Appendix B.  

Experimental parameters for final testing effect of light intensity on photolysis and 

photolysis of spores on surfaces was determined as follows: target microbes are B. cereus 

spores, culture incubation time is 10 days, culture purification method is ASTM and heat 

shock;  surfaces are Anodisc membrane; application methods for spores are pipetting 

method and for titania were filtration method; applied titania concentration on the 

membrane is 2µg/mm2 and spore concentration on membrane is 2×103 CFU/mm2; 

recovery of spores is sonication methods.   
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Results of UVA intensity on the inactivation of spores lying atop either on a bare 

membrane filter surface or titania-coated membrane filter surface are presented in the 

following.  

Effect of light intensity on photolysis and photocatalysis of spores on surfaces.  

The kinetics of spore inactivation was characterized using a semi-log plot of survival 

ratio vs. time, as shown in Figure 7.2.  The exposure time to achieve 90% inactivation of 

the spores is the LD90.  The time required for 1 log reduction of survival ratio in the 

region of the plot in which the log survival vs. exposure time relationship is 

approximately linear is the D value.  The slope of this linear trend gives the inactivation 

rate coefficient. 

Figures 7.3–7.8 show the spore inactivation results over a range of light intensities.  

The D value and LD90 of each trial, in addition to the parameters varied in the trials, are 

summarized in Table 7-2.  

Figure 7-3 is the experimental result of trial 1, in which the distance between 

sample and light is 10 cm.  A total of 90% spores were inactivated in around 120 min 

with UVA alone and UVA+P25.  A D value of 127 and 176 min was achieved for UVA 

and UVA+P25 respectively.  Based on the F-test at α = 0.05, results from solar UVA and 

UVA +P25 was not statistically significant different.  Trial 2 was the repeat of trial 1.  

Results were shown in Fig. 7-4.  Based on F-test at α = 0.05, results from UVA and UVA 

+P25 were not statistically significant different. 

In trial 3 (Figure 7-5), the distance between lamp and sample was increased to 20 

cm.  Slopes of trendlines under UV and UV+P25 was not statistically significant different 
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based on F-test at α = 0.05.  Therefore, the inactivation rate of UVA and UVA+P25 was 

not significant different at this light intensity. 

In trials 4, 5, 6, the distance was increased to 30, 40 and 50 cm respectively.  In 

each of these trials, the inactivation rate coefficient with UVA+P25 was significantly 

greater than inactivation rate coefficient with UVA alone.  Furthermore, the ratio of 

inactivation rate coefficients progressively increased as the distance was increased. 

Figure 7-9 summarizes inactivation rate coefficients at different light intensities.  

For the lower light intensities (distances of 30, 40 and 50 cm), inactivation rate 

coefficients were averaged and plotted.  As shown in the figure, at a lower light intensity 

less than 20 W/m2, inactivation rate coefficient by UVA+P25 is higher than UVA.  The 

difference of inactivation rate coefficients by UVA+P25 and UVA is significant based on 

F-test at α = 0.05.  At a medium light intensity, inactivation rate coefficient by UVA is 

almost same as UVA+P25.  The inactivation rate coefficient is not significant different 

based on F-test at α = 0.05.  At a light intensity range from 35 to 110 W/m2, inactivation 

rate coefficient in the presence of titania is lower than in the absence of titania under 

UVA.  Based on F-test at α = 0.05, there is no significant difference for the inactivation 

rate coefficient with and without titania under UVA irradiation.   

For UVA alone, inactivation rate coefficients increased with increased light 

intensities.  A linear relationship was observed between inactivation rate coefficient and 

light intensity giving a R2=0.99.  For UVA + P25, an increase of inactivation rate 

coefficient at low light intensity was observed with the decrease of light intensities. 

At a lower light intensity (< 20 W/m2), the significant higher inactivation rate 

coefficient achieved by UVA+P25 than UV indicates a greater contribution from 
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photocatalyst.  At medium and high intensities, no significant difference in inactivation 

rate coefficients by UVA and UVA+P25, indicating a negligible contribution by 

photocatalysis.  In addition, the observed lower inactivation rate coefficient in the 

presence of titania than in the absence of titania under UVA at higher light intensities (35 

to 110 W/m2) may be contributed by shading effect due to agglomeration of spores on 

titania coating.  As shown in Figure 7-11 and 7-12, which shows distribution of spores on 

titania coated membrane and bare membrane respectively, agglomerations were observed 

for spores on titania coated membrane, whereas spores on bare membrane were 

uniformly distributed.  Thus, spores on titania coated membrane are shaded from UVA 

irradiation due to agglomeration, resulting in a decreased inactivation rate coefficients 

than spores on bare membrane under UVA.  Furthermore, this shading effect may be 

greater than the contribution by photocatalysis activity, therefore, the inactivation rate 

coefficients by UVA+P25 is lower than UVA. 

The linear relationship between inactivation rate coefficient and light intensity 

under UVA observed in the study is consistent with that reported in literatures.  Increased 

inactivation rate coefficient at low light intensity by UVA+P25 may be caused by weaken 

of spore resistance due to long-term storage of spore suspensions.  

Difference in inactivation rate coefficients by UVA and UVA+P25 varies with the 

light intensities.  This phenomenon is explained by the model illustrated in Figure 7-10. 

Distribution of spores on bare membrane is uniform, thus the inactivation of spores on 

bare membrane surfaces under UVA is by photolysis without shading effect.  The 

relationship between inactivation rate coefficients and light intensities is represented by 

pink solid line (photolysis without shading).  Photolysis is in linear relationship with 
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increased light intensity.  Spore agglomerations were observed on titania coating, thus, 

photolysis of spores on titania coated membrane is lower than spores on bare membrane 

due to shading effect.  Performance of spore inactivation on titania coating under UVA 

over a range of light intensities is the combined activity by photolysis (with shading) and 

photocatalysis, which is represented by pink dashed line and blue dashed line 

respectively.  For the photolysis (with shading), the linear relationship between 

inactivation rate coefficient and light intensities is assumed.  For the photocatalysis, it is 

assumed that the inactivation rate coefficients increases with increased light intensities 

and saturated at a certain point in terms of Langmuir-Hinshelwood mechanism.  

Pink square dots shows inactivation results of spores on bare membrane surface 

under UVA at certain light intensities, which is the photolysis without shading effect.  

Blue round dots demonstrate inactivation results of spores on titania coated membrane 

surface under UVA by adding the photolysis and photocatalysis (with shading) at the 

certain light intensities.  At higher intensity, contribution by photocatalysis is traded off 

by the shading effect of photolysis, no significant difference can be observed for spore 

inactivation with and without titania under UVA.  At lower intensity, contribution of 

photocatalysis is much higher than the shading effect of photolysis, thus, significant 

contribution of photocatalysis to spore inactivation on titania coated membrane surface is 

observed.  Results of this model match well with experimental result.   

7.4 Summary and Conclusions 

Inactivation rate of B. cereus spores under UVA irradiation alone increased with 

increase of light intensity.  Difference for inactivation rate in the presence and absence of 

titania under UVA irradiation was significantly affected by light intensity.  At higher 

light intensity, photocatalysis contribution is negligible, inactivation rate with and 
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without titania under light irradiation was not statistically significant different.  Whereas 

at lower intensity, photocatalysis contribution is significant, this is relevant for indoor 

application.   

At higher light intensity, increase of titania amount in the mixture of spores and 

titania didn’t show improvement in spore inactivation under UVA irradiation compared 

with UVA in the absence of titania.  Instead, obvious shading effect observed with 

increased titania amount.  For the spore application method that depositing B. cereus 

spores on titania coating, although shading effect was eliminated, no significant 

difference in spore inactivation rate was observed between UVA and UV+P25.  The high 

light intensity was thought to contribute this insignificant difference for UVA irradiation 

system with and without photocatalyst.  The high inactivation rate by UVA irradiation 

alone makes contribution by photocatalysis negligible.   
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Figure 7-1. Photocatalytic experiment test facility 
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Figure 7-2. Determination of LD90, D value and inactivation rate coefficient from 

relationship between spore survival ratio and time (Inactivation of B. cereus 
by UV+P25) 
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Figure 7-3. Inactivation of B. cereus spores by UV alone and UV+P25 in trial 1.  
Inactivation rate coefficients for UVA and UVA+P25 were not statistically 
different at α = 0.05.  
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Figure 7-4. Inactivation of B. cereus spores by UV alone and UV+P25 in trial 2.  
Inactivation rate coefficients for UVA and UVA+P25 were not statistically different at α 
= 0.05. 
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Figure 7-5. Inactivation of B. cereus spores by UV alone and UV+P25 in Trial 3.  
Inactivation rate coefficients for UVA and UVA+P25 were not statistically 
different at α = 0.05. 
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Figure 7-6. Inactivation of B. cereus spores by UV alone and UV+P25 in trial 4.  
Inactivation rate coefficients for UVA and UVA+P25 were statistically 
different at α = 0.05.
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Figure 7-7. Inactivation of B. cereus spores by UV alone and UV+P25 in trial 5.  
Inactivation rate coefficients for UVA and UVA+P25 were statistically 
different at α = 0.05.  
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Figure 7-8. Inactivation of B. cereus spores by UV alone and UV+P25 in trial 6.  
Inactivation rate coefficients for UVA and UVA+P25 were statistically 
different at α = 0.05.  
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Figure 7-9. Inactivation of B. cereus spores by UV alone and UV+P25 at different light intensity  
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Figure 7-10. Models on effect of UVA light intensity on photocatalysis contribution to spore inactivation on surfaces in dry state 
under UVA irradiation  
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Figure 7-11. Distribution of spores on membrane surface 

 

 

Figure 7-12. Distribution of spores on titania coated membrane surface  
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Table 7-1. Effect of light intensity on photolysis and photocatalysis 
Reaction rate coefficient dependence on 

light intensity 
Reference 

Continuous phase = water 

Linear 

Daneshvar et al. (2004); Dionysiou et al. (2002); El-Dein et al. (2003); 
Emeline et al. (2000); Haeger et al. (2004a); Kundu et al. (2005); Mills et 
al. (2006); Ollis (2005); Sauer et al. (2002); Tokumura et al. (2006); 
Uyguner and Bekbolet (2004); Wu et al. (2006); Wu and Chern (2006); 
Yamazaki et al. (1999) 

Power (exponent < 1.0) 

Behnajady et al. (2006); Chen and Ray (1999); Fu et al. (2006); Hwang et 
al. (2003); Inel and Okte (1996); Mehrotra et al. (2003); Mehrotra et al. 
(2005); Meng et al. (2002); Mills et al. (2006); Ollis (2005); Shang et al. 
(2002) and Yatmaz et al. (2004)  

Linear at low light intensity 

Square root of light intensity at medium 
light intensity 

Independent at high light intensity 

Muruganandham and Swaminathan (2006) and Ollis et al. (1991) 

Continuous phase = gas 

Linear Demeestere et al. (2004); Haeger et al. (2004a); Haeger et al. (2004b) and 
Ollis 2005 

Power (exponent < 1.0) Hwang et al. (2003); Ollis (2005) and Wang et al. (1999) 

aThe magnitudes of “low”, “medium” and “high” intensity were not specified  
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Table 7-2. Inactivation of B. cereus spores by UV alone and UV+P25 

Trial1 T(°C) Relative 
Humidity (%) 

Distance
(cm) System LD90 (min) D Value (min) Ratio of 

LD90 
Ratio of 
D value

UV 120 127 
1 26-30 42-50 10 

UV + P25 125 176 
0.96 0.72 

UV 70 195 
2 25-27 52-65 10 

UV + P25 112 228 
0.62 0.86 

UV 431 339 
3 24-28 43-61 20 

UV + P25 241 384 
1.79 0.88 

UV 921 959 
4 23-30 42-68 30 

UV + P25 336 349 
2.74 2.75 

UV 827 768 
5 25-29 38-54 40 

UV + P25 375 329 
2.20 2.33 

UV 1854 1771 
6 25-29 46-67 50 

UV + P25 329 248 
5.64 7.15 

1 Titania quantity = 1.0 mg 
2Slope refers to slope of regression line from UV and UV+P25 inactivation result 
 



 

 

APPENDIX A 
EFFECT OF VARIABLES ON PHOTOCATALYTIC INACTIVATION OF 

MICROORGANISMS  
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Table A-1. Photocatalytic inactivation of microorganisms by TiO2 and other materials 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Bacterial spores 
TiO2

f 

TiO2-multiwallnanotube 
(MWCT) 
nanocomposites 

UV lamp 
λPI = 350 nm 
I = 92 W/m2 
Cont. phase = 
water 

Degussa P25 didn’t enhance spore inactivation 
than UV alone 
TiO2-MWCT nanocomposites doubled 
inactivation efficiency than UV alone 

Lee et al. (2005) Bacillus cereus Spores 

Aluminum coated with 
silver-doped titanium 
dioxide 
Fabric (polyester) coated 
with silver-doped 
titanium dioxide 
TiO2

e 

UV-A lamp 
λPI = 350 nm 
I = 50 W/m2 
Cont. phase = 
air 

Enhanced spore inactivation was observed on 
aluminum and fabric coated with silver-doped 
titanium dioxide than TiO2 (Degussa P25) 
photocatalysis and UV alone 

Vohra et al. (2005) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other experimental 

conditions 
Result/Conclusion Reference 

Bacillus pumilus Sporesa TiO2
b λPI = 365 nm 

I = 22 W/m2 
Cont. phase = water 

Viability of spores decreased exponentially with 
time 
No reduction of spores occurred in the dark or 
in the absence of TiO2 
Intermittent illumination gave higher specific 
inactivation rates than continuous irradiation 
Maximum specific inactivation rate of spores 
was observed at 2 mg/mL TiO2  
Higher initial spore concentrations resulted in 
higher specific inactivation rates 

Pham et al. (1995) 

Degussa P25 
coated quartz disk 

Low-pressure near-
UV lamp 
λPI = 365 nm 
Cont. phase = air 

Higher relative humidity increased spore 
oxidation rate, as measured by production rate 
of CO2 

Wolfrum et al. 
(2002) 

Photocatalyst-
coated aluminum 
disk 

UV-A 
Disinfection of the 
bacteria in the air 
Cont. phase = air 

Photocatalytic technology showed disinfection 
activity 

Goswami (2003) 

Bacillus subtilis Spores 

Commercial TiO2 
filterc 

Black light 
λPI = 365 nm 
I = 7.1 mW/cm2 
I = 31.8 mW/cm2 
Cont. phase = air 

Germicidal capability for airborne 
microorganism was almost zero for TiO2 
photocatalyst filter media 

Lin and Li (2003 
a) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other experimental 

conditions 
Result/Conclusion Reference 

Bacillus subtilis Spores TiO2
i immobilized 

on acetate sheet 
Xenon arc solar 
simulating lamp 
I = 870 W/m2 (300 
nm – 10 µm) 
Cont. phase = water 

Both solar and solar photocatalytic disinfection 
batch process reactor achieved 1.7 log reduction 
in 8 h 

Lonnen et al. 
(2005) 

Bacillus subtilis Sporesa TiO2 dispersed in 
activated carbons 

Black light 
Cont. phase = water 

99% spore killed in 15 min.  
High crystallinity of TiO2 gave high 
photocatalytic inactivation  

Tamai et al. (2002) 

Clostridium 
perfringens 

Sporesa 1 mm thick TiO2 
film on titanium 
plate 

UV-B lamp 
Electric field 
enhancement 
applied 
Cont. phase = water 

2 log10 reduction achieved in 25 min. Butterfield et al. 
(1997) 

Bacterial vegetative cells 

Aeromonas 
hydrophila 
AWWX1 

Veg. 
cell 

TiO2 pellet Low mercury 
fluorescent lamp 
λ = 300 ~ 460 nm 
λPI = 365 nm 
Cont. phase = water 

4 log 10 reduction observed within 50 min. when 
exposed to mercury lamp 
Addition of titania to solar irradiated water did 
not improve inactivation activity 

Kersters et al. 
(1998) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Actinomyces 
viscosus 

Veg. 
cell 

TiO2
d Fluorescent lamp 

λPI = 578 nm 
Cont. phase = 
water 

Viability decreased when TiO2 exposed to light Nagame et al. 
(1989) 

Bacillus pumilus Veg. 
cell 

TiO2 coated on 
stainless steel  

UV lamp 
I = 630 µm/cm2 
λPI = 365 nm 
Cont. phase = air 

50% inactivation observed within 100 min. Yu et al. (2003) 

Bacillus subtilis Veg. 
cell 

Membrane filtered 
with TiO2

r (batch 
inactivation) 
Polyethersulfone 
membrane disc 
filter coated with 
TiO2

r (continuous 
flow reactor) 
 

UV-A lamp 
I = 1.82, 4.28, 
6.28 mW/cm2  
λPI = 365 nm 
Cont. phase = air 

Significant bacterial inactivation occurred under 
UV alone (without titania) 
Enhanced inactivation rate was observed in the 
presence of titania 
Inactivation rate in the continuous system were 
higher than in batch reactor 

Pal et al. (2005) 

Coliform bacteria Veg. 
cells 

Anatase TiO2 
(Fisher Scientific) 

Sunlight 
Black light 
Cont. phase = 
water 

2 log10 reduction of Poliovirus 1 achieved in 120 
min. 
No difference for disinfection detected among the 
pH 5-8 

Watts et al. (1995) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Coliform bacteria Veg. 
cells 

Degussa P25 UV lamp 
Solar light 
Cont. phase = 
water 

Solar disinfection results are similar to those 
obtained with UV lamp 
Similar inactivation yields observed as 
Streptococci faecalis 
TiO2 enhance inactivation only at pH 5 
Bacteria regrowthed after stop irradiation 

Melian et al. 
(2000) 

Deinococcus 
radiophilus 

Veg. 
cells 

Degussa P25 UV lamp 
I = 7 mW/cm2 
λPI = 350 nm 
Cont. phase = 
water 

1-log10 reduction observed within 40 min. Laot and Narkis 
(1999) 

Enterobacter 
cloacae 

Veg. 
cells 

Degussa P-25e UVA light 
λPI = 365 nm 
I = 5.5 mW/cm2 
Cont. phase = 
water 

4 log10 reduction observed after 40 min. 
irradiation 

Ibanez et al. 
(2003) 

Enterococcus 
faecium 

Veg. 
cells 

Degussa P25 
coated on Plexiglas 

UVA light 
λPI = 356 nm 
Cont. phase = 
water 

6-log10 reduction observed in 60 min. 
Inactivation of bacteria suggested to be damage of 
cell wall caused by hydroxyl free radicals 

Kuhn et al. (2003) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

TiO2-NiFe2O4 
nanocomposite 

UV 
spectrophotomete
r 
λ = 270 nm 
Cont. phase = 
water 

Bacterial inactivation is more efficient under UV 
and TiO2-NiFe2O4 composite nanoparticles than 
UV light alone 

Rana and Misra  
(2005) 

TiO2-NiFe2O4 
nanocomposite 

UV 
spectrophotomete
r 
λ = 270 nm 
Cont. phase = 
water 

Anatase-titania-coated nickel ferrite is superios to 
brookite-titania-coated nickel ferrite in bacterial 
inactivation under UV 

Rana et al. (2005) 

Escherichia coli Veg. 
cells 

Membrane filtered 
with TiO2

r (batch 
inactivation) 
Polyethersulfone 
membrane disc 
filter coated with 
TiO2

r (continuous 
flow reactor) 
 

UV-A lamp 
I = 1.82, 4.28, 
6.28 mW/cm2  
λPI = 365 nm 
Cont. phase = air 

Significant bacterial inactivation occurred under 
UV alone (without titania) 
Enhanced inactivation rate was observed in the 
presence of titania 
Inactivation rate in the continuous system were 
higher than in batch reactor 

Pal et al. (2005) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

TiO2
i immobilized 

on acetate sheet 
Xenon arc solar 
simulating lamp 
I = 870 W/m2 
(300 nm – 10 µm) 
Cont. phase = 
water 

Solar disinfection batch process reactor achieved 
5.4 log inactivation in 2.5 hr 
Photocatalytic disinfection batch process reactor 
achieved 5.4 log inactivation in 1.5hr 
 

Lonnen et al. 
(2005) 

Degussa P25  Black light 
λ = 300-420 nm 
I = 7.9 µE/L/s 
Cont. phase = 
water 

Inactivation is by both the free and the surface-
bound hydroxyl radicals, may also be inactivated 
by other reactive oxygen species 

Cho et al. (2005) 

Degussa P25, 
ZnO 
Sahara desert dust 

Sodium lamp 
Cont. phase = 
water 

Complete inactivation occurred in 40 min 
Sahara desert dust has no microbicidal effect 
under photolysis 

Seven et al. (2004) 

Escherichia coli Veg. 
cells 

Copper deposited 
titania thin film 

White fluorescent 
light bulb 
I = 40, 7, 1  
µW/cm2 
Cont. phase = 
water 

A decrease survival rate was observed with a very 
weak UV intensity (1 µW/cm2) on Cu/TiO2 film 

Sunada et al. 
(2003) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

SbTPP/SiO2 fluorescent lamp 
I = 21  µW/cm2 
Cont. phase = 
water 

SbTPP/SiO2 showed much superior bactericidal 
activity to the commercially available TiO2 

Yokoi et al. (2003) 

TiO2 Natural sunlight 
collected by 
compound 
parabolic 
collector 
Cont. phase = 
water 

Addition of TiO2 enhanced bacterial inactivation 
only at 3 mg/L dose 

McLoughlin et al. 
(2004a) 

Escherichia coli Veg. 
cells 

Degussa P25 Hanau Suntest 
lamp 
Cont. phase = 
water 

Present of TiO2 accelerate inactivation action of 
light 
Bacterial recovery was not observed during 24 hr 
after stopping sunlight exposure in the presence 
of TiO2 but occurred in the absence of TiO2 

Rincon and 
Pulgarin (2004c) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Degussa P25 Hanau Suntest 
lamp 
Cont. phase = 
water 

Inactivation rate was affected by physiological 
state, generation and initial concentration of 
bacteria 
Initial inactivation rate increased as initial 
bacterial concentration increased 
Enterococcus sp. was less sensitive than 
coliforms and other Gram-negative bacteria in 
wastewater 
Wastewater samples from two different date 
showed different response to photocatalytic 
treatment 

Rincon and 
Pulgarin (2004a) 

Escherichia coli Veg. 
cells 

Degussa P25 Hanau Suntest 
lamp 
Cont. phase = 
water 

Initial pH between 4.0 to 9.0 does not affect 
inactivation rate in the absence or presence of 
titania 
Addition of H2O2 increase inactivation rate 
Addition of inorganic has different affect on 
inactivation rate 
Dihydroxybenzenes impacted photocatalytic 
inactivation 

Rincon and 
Pulgarin (2004b) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

TiO2 electrode UVA lamps 
λ = 300-475 nm 
I = 8 × 10-10 Ein/s 

.cm2 
Cont. phase = 
water 

Application of a small potential bias can 
significantly increased bacteria photocatalytic 
disinfection rate 
Nature of titania electrode affected disinfection 
rate and order of the reaction 
Catalytic activity per unit surface area of catalyst 
is many orders of magnitude greater than titania 
slurries 

Harper et al. 
(2001) 

Degussa P25 Black light 
λ = 320-420 nm 
I = 67.9 µE/s .m2 
Cont. phase = 
water 

Complete inactivation observed within 60 min.  
Optimum TiO2 concentration was 1 mg/mL 
Increased light intensity increase inactivation 
activity 

Bekbolet (1997) 

Degussa P-25f Black light λ = 
300 ~ 400 nm 
λPI = 360 nm 
Cont. phase = 
water 

Optimum TiO2 concentration for bacteria 
inactivation is 1 mg/mL. 
Complete inactivation achieved in 60 min.  

Bekbolet and Araz 
(1996) 

Escherichia coli Veg. 
cells 

Immobilized 
Degussa P25 layer 

UV lamp 
λ = 300-400 nm 
I = 0.9-6.2×10-9 

Einstein/cm2. s2 
Cont. phase = 
water 

99.6% bacteria was inactivated within 6hr. at 
maximum light intensity 
Salts found to decrease inactivation rate. 
Microbe viability was directly proportional to the 
initial microbe concentration 
Increased intensity improved inactivation activity 

Belhacova et al. 
(1999) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

1 mm thick TiO2 
film on titanium 
plate 

UV-B lamp 
Electric field 
enhancement 
applied 
Cont. phase = 
water 

Over 3 log10 reduction achieved in 25 min. Butterfield et al. 
(1997) 

Degussa P25 Black light 
λ = 300- 420 nm 
Cont. phase = 
water 

OH radicals is found to be the main agent for the 
bacteria inactivation 
Concentration of OH radicals was quantitative 
demonstrated to be linearly related to bacteria 
inactivation 

Cho et al. (2004) 

Escherichia coli Veg. 
cells 

TiO2-Fe2O3 
membrane 

UV lamp 
Cont. phase = 
water 

Photomineralization rate followed pseudo-first-
order kinetics with respect to dissolved oxygen 
concentration 
Surface interaction between adsorbed cleavage 
bacterial cells and hydroxyl radicals considered to 
be rate-controlling step 
99% removal percentage observed at high 
concentration 

Darren et al. 
(2003) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Degussa P-25 Mercury high-
pressure lamp 
TQ718-Z4g 
Mercury high-
pressure lamp 
TQ718h 
Cont. phase = 
water 

5-log10 reduction of bacteria observed in1 hr. 
irradiation by TQ 718 lamp. 
TQ718-Z4 showed lower specific inactivation 
rate. 

Dillert et al. (1998)   

TiO2 electrode 
(Degussa P25i ; 
Aldrichj) 

Xenon arc lamp 
Electric field 
enhancement 
applied 
Cont. phase = 
water 

Disinfection was not observed in the absence of 
UVA and/or TiO2. 
Percentage killing rate increased with increase 
light intensity. 
Percentage killing rate increased with increased 
initial cell density. 
99.996% inactivation achieved after 120 min. 
irradiation 
Regrowth of bacteria not detected 
Degussa P25 electrode showed higher percentage 
killing rate than Aldrich electrode 
Electric field enhanced photocatalysis increased 
40% percentage killing rate than Degussa P25 
electrode alone and 80% than Aldrich electrode 
alone. 

Dunlop et al. 
(2002) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Aerosil P25k High-pressure 
mercury lamp 
λPI = 365 nm; 
405 nm 
Cont. phase = 
water 

Specific inactivation rate increased with increased 
light intensity 
Optimum TiO2 concentration for disinfection is 
0.1kg/m3 

Horie et al. (1996) 

TiO2 particle (10 
nm) and TiO2 film 

Sunshine 
Cont. phase = air 

No inactivation observed in the absence of TiO2 
Cell viability decreased monotonically with TiO2 
concentration increase 
Cell viability decreased monotonically with light 
intensity 

Huang et al. 
(1998) 

Degussa P25l Black light 
λPI = 365 nm 
I = 8 W/m2 
Cont. phase = 
water 

12% survival achieved within 20 min.  
Intermittent illumination resulted same survival 
rate as continuous illumination within 60 min. 
TiO2 has continued bactericidal activity after UV 
irradiation terminated.  

Huang et al. 
(2000) 

  

TiO2 coated 
fiberglass mesh 

UV lamp with 
coaxially 
wrapped TiO2 
coated fiberglass 
mesh 
λ =300 - 400 nm 
Cont. phase = 
water 

Little or no inactivation observed in thiosulfate 
system 
9 to 10 log10 reduction achieved in system 
without thiosulfate 

Ireland et al. 
(1993) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

TiO2 (Degussa P-
25) film 

UV (λ = 254nm) 
Near UV (λ = 356 
nm) 
Cont. phase = 
water 

No bactericidal effect of TiO2 observed without 
irradiation 
Inactivation of bacteria observed with UV alone 
No bactericidal effect of TiO2 observed with Near 
UV alone 
CO2 evolution observed due to the photocatalytic 
oxidation of bacteria under irradiation 

Jacoby et al. 
(1998) 

TiO2 nanoparticles Fluorescent light 
Cont. phase = 
water 

Inactivation of bacteria was proportional to the 
anatase mass fraction of TiO2 and inversely to the 
particle size. 

Jang et al. (2001) 

  

Silver coated 
TiO2

m 
Preparation of 
Ag-coated TiO2 
made by exposure 
to λ = 354 nm for 
2hr. 
Inactivation 
experiment done 
without light 
Cont. phase = 
water 

Minimum inhibitory concentration (MIC) for Ag-
coated TiO2 was 6.4 µg/mL. 
MIC for Ag metal was 2500 µg/mL. 
MIC for AgNO3 was 3.9 µg/mL. 

Keleher et al. 
(2002) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

0.4 µm thick TiO2 
film on glass plate 

Black light 
λPI = 360 nm 
I = 1.0 mW/cm2 
Cont. phase = 
water 

50% reduction observed in 4 hr. irradiation (UV 
alone) 
LD90 = 0.5 hr. in mixture system (bacteria and 
TiO2 film mixed and I = 1 mW/cm2)  
LD90 = 3.5 hr. for separated system (bacteria and 
TiO2 separated by membrane and I = 0.4 
mW/cm2) 
Mannitol (Hydroxyl radical scavenger) decreased 
bacteria killing percentage in the mixture system. 
It didn’t affect killing percentage in separated 
system. 
Hydrogen peroxide thought to be the main agent 
for bacteria killing 
That bacteria survival ratio at pH 7.4 higher that 
at pH 4-5 thought to be caused by the slow 
production of hydrogen peroxide. 

Kikuchi et al. 
(1997) 

  

TiO2 (Degussa 
P25) coated 
Plexiglas 

UVA light 
λPI = 356 nm 
Cont. phase = 
water 

6-log10 reduction observed in 60 min. irradiation 
Inactivation of bacteria suggested to be the result 
of cell wall damage caused by hydroxyl free 
radicals 

Kuhn et al. (2003) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

TiO2
n Black light 

λPI = 350 nm 
Cont. phase = 
water 

Inactivation rate affected by DO, pH, 
temperature, light intensity and irradiation time 
Light intensity was proportional to bacteria 
destruction rate 
Increased DO increased specific inactivation rate 
and reached an optimum concentration range 4-5 
mg/L 
Lower cell loading has higher removal percentage 

Li et al. (1996) 

TiO2 powder 
ZnO powder 

UV light 
λPI = 365 nm 
I = 20 W/m2 
Cont. phase = 
water 

ZnO found to be effective on bacteria inactivation 
than TiO2 under similar experimental conditions 
Inactivation efficiency with air as purging gas 
higher than nitrogen as purging gas 

Liu and Yang 
(2003) 

Commercial TiO2 
filterc 

Black light 
λPI = 365 nm 
I = 7.1 mW/cm2 
I = 31.8 mW/cm2 
Cont. phase = air 

Germicidal capability for airborne microorganism 
was almost zero for TiO2 photocatalyst filter 
media 

Lin and Li (2003 
a) 

  

Nickel 
microfibrous mesh 
coated with TiO2 

λPI = 365 nm 
I =11 mW/cm2 

Cont. phase = air 

Microfibrous mesh coated with titania used to 
filter bacteria.  
Coated mesh recovered by exposing to UV. 

Lopez and Jacoby 
(2002) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

TiO2 coated glass 
slide 

High-pressure 
mercury lamp 
λ > 300 nm 
I = 0.7 mW/cm2 
Cont. phase = 
water 

Potassium ion (K+) was observed 
Cell wall and cell membrane decomposition 
observed 

Lu et al. 2003 

Degussa P25o Black light 
λPI = 356 nm 
I = 8 W/m2 
Cont. phase = 
water 

TiO2 optimum concentration is 1 mg/ml 
TiO2 photocatalysis was considered to promote 
peroxidation of the polyunsaturated phospholipid 
component of lipid membrane and induce 
membrane disorder, thus, cause the cell death 

Maness et al. 
(1999) 

Plantium-loaded 
titania (TiO2/Pt)p 

Metal halide lamp 
I = 
4600µEinstein/(m
⋅s) 
Cont. phase = 
water 

20% survived after 60 min illumination 
Bacteria sterilized in 120 min. irradiation with 
initial concentration 103 CFU/mL 
Direct photochemical oxidation of CoA thought 
responsible for the death of bacteria 

Matsunaga et al. 
(1985) 

  

TiO2 immobilized 
membrane 

Mercury lamp 
I = 1100 
microeinsteins/m2

⋅s 
Cont. phase = 
water 

Bacteria (102 cells/ml) inactivated to less than 1% 
for within 16 min. residence time 
Surviving ratio decreased with increased light 
intensity 
Surviving ratio decreased with increased TiO2 
amount 

Matsunaga et al. 
(1988) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Aerosil P-25q Diffuse-light 
emitting optical 
fibers (DLEOF) 
Cont. phase = 
water 

TiO2 itself was nontoxic to the bacteria. 
Bacteria with concentration 2×103 CFU/mL 
disinfected in 2 hr. 
Optimum TiO2 concentration for disinfection was 
2.5 µg/mL. 
Survival ratio decreased with increased light 
intensity. 
Light supply showed to be the limiting for the 
disinfection at high TiO2 concentration 
Cell percentage killing by DLEOFs increased four 
times as the conventional optical fibers at high 
TiO2 concentration (250 µg/mL). 

Matsunaga and 
Okochi (1995) 

  

Degussa P-25 Suntest lamp 
I = 80 mW/cm2 
Cont. phase = 
water 

7 log10 reduction observed within 20 min by 
photocatalytic inactivation. 
7 log10 reduction observed within 70 min by UV 
alone. 

Rincon et al. 
(2001) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

  Degussa P25r; 
Degussa P25 
coated Nafion 
membrane;  
Degussa P25 
immobilized on 
Pyrex glass; 
TiO2 (Bayer, 
Germany); 
TiO2 (Aldrich)  

Lamp 
approximating 
solar spectrums 
I = 400-1000 
W/m2 
Cont. phase = 
water 

No disinfection detected without irradiation. 
Decreased specific inactivation rate observed 
under intermittent illumination compared to 
continuous illumination 
No bacterial regrowth observed after stopping 
irradiation 
Specific inactivation rate of bacteria increased 
with increased light intensity 
Specific inactivation rate of Gram-positive 

bacteria increased with increased temperature. 
Specific inactivation rate of Gram-negative 
bacteria decreased with increased temperature. 
Water turbidity decreased specific bacteria 
removal rate. 
Higher specific inactivation rate for suspended 
TiO2 than fixed TiO2 
Degussa P25 achieved the highest specific 
inactivation rate among three commercial TiO2 

Rincon and 
Pulgarin (2003) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Anatase TiO2 
powder (Sigma-
Aldrich); 
Immobilized TiO2 
on glass slide 

Sunlight 
Cont. phase = 
water 

Immobilized TiO2 showed lower specific 
inactivation rate than suspended TiO2. 
Optimum TiO2 concentration for disinfection is 
1mg/mL. 
Cell percentage killing increased at high 
concentration of TiO2. 
Dimethyl sulphoxide and cysteamine, hydroxyl 
radical scavengers, eliminated bactericidal of 
TiO2. 
Free radicals considered to be involved in the 
inactivation of bacteria 

Salih (2002)   

Degussa P25 Fluorescent lamp 
I = 270 µE/s⋅m2 
Cont. phase = 
water 

50% inactivation achieved within 60 min. in 
recirculation reactor with combined photocatalytis 
and sonolysis 
50% inactivation achieved within 24 min. in 
reactor with static solution under combined 
photocatalytis and sonolysis 
Sonolysis found to enhance photocatalytic 
inactivation of microbe 
Improvement by sonolysis was more modest for 
batch recirculation reactor than reactor with static 
solution 

Stevenson et al. 
(1997) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

0.4 µm thickness 
TiO2 film 

Black light 
I = 0.4 mW/cm2 
Cont. phase = 
water 

Complete inactivation occurred within 2 hr.  Sunada et al. 
(1998) 

TiO2 film I = 1.0 mW/cm2 
Cont. phase = 
water 

Inactivation of bacteria was observed to be an 
initial lower rate photokilling step followed by a 
higher rate one 
Cell wall is considered to be major barrier to 
photocatalytic inactivation 

Sunada et al. 
(2003) 

TiO2-Fe2O3 
membrane 

UV lamp 
λPI = 253.7 nm  
Cont. phase = 
water 

photomineralization rate followed pseudo-first-
order kinetics with respect to the dissolved 
oxygen concentration 
Maximum inactivation rate observed at dissolved 
oxygen concentration of 21 mg/L  

Sun et al. (2003) 

TiO2 based 
nanostructured 
Fe3+ doped coating 

Mercury lamp 
Cont. phase = 
water 

Appearance of rutile structure in coating showed 
decrease of bacteria inactivation 
Single layer coating has lower inactivation 
activity than double layer 

Trapalis et al. 
(2003) 

TiO2 dispersed in 
activated carbons 

Black light 
Cont. phase = 
water 

99% bacteria killed in 15 min.  
High crystallinity of TiO2 gave high 
photocatalytic inactivation  

Tamai et al. (2002) 

  

Charged TiO2-
WO3 film 

UV light (used to 
charge TiO2-WO3 
film) 
Cont. phase = air 

Survival ratio for charged film was 25%. 
Survival ratio for discharged film was 58% 

Tatsuma et al. 
(2003) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Ti(IV) doped 
hydroxyapatite 
film 

Black light 
I =1 mW/cm2 
λPI = 360 nm 
Cont. phase = 
water 

TiO2 itself showed no inactivation activity in 
dark 
Ti (IV) doped hydroxyapatite had bactericidal 
activity in the dark. Inactivation activity enhanced 
under the irradiation of UV. 

Wakamura et al. 
(2003) 

Degussa P-25t Fluorescent lamp 
and halide lamp 
Cont. phase = 
water 

Oxygen found to be a prerequisite for the TiO2 
disinfection. 
Complete killing observed within 30 min. 

Wei et al. (1994) 

Degussa P-25 Black lamp 
Cont. phase = 
water 

4 log10 reduction of bacteria achieved with 1.5 h 
irradiation 
Bacteria concentration for nature water increased 
24 h after termination of irradiation. 
Bacteria concentration for distilled water showed 
no increase 24 h after termination of irradiation. 
TiO2 lack of residue for the disinfection 

Wist et al. (2002) 

Degussa P25 
coated quartz disk  

Low-pressure 
near-UV lamp 
λPI = 365 nm 
Cont. phase = air 

Higher relative humidity increased the cell 
oxidation rate, as measured by CO2 production 

Wolfrum et al. 
(2002) 

  

P25 coated glass 
spring 

Black light 
λPI = 365nm 
Cont. phase = 
water 

1 log10 reduction achieved within 30 min. Zeng et al. (2003) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Silver-loaded TiO2 Low pressure 
mercury lamp 
λPI = 294 nm 
I =5.8W/m2  
Cont. phase = 
water 

Silver loading (1%, w/w) dramatically decreased 
irradiation period for complete inactivation. 

Sokmen et al. 
(2001) 

Anatase titania 
films coated on 
glass 

UVlamp 
λPI = 365 nm 
I = 0.63 mW/cm2  
Cont. phase = 
water 

Film showed significant bactericidal activity 
toward the bacteria 
Titania film prepared by reverse micelle method 
is better than the film prepared by sol-gel method 
in gaseous phase oxidation but same in aqueous 
phase 

Yu et al. (2002) 

  

TiO2 immobilized 
at reactor bottom 

Germicidal lamp 
Black light lamp 
I = 0.2 mW/cm2 
(for germicidal 
UV at 254 nm) 
I = 7.0 mW/cm2 
(for black light at 
360 nm) 
Cont. phase = 
water 

No significant difference in E. coli inactivation 
with and without titania under either UV or black 
light irradiation 

Otaki et al. (2000) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

TiO2 coated Pyrex 
rod 

Real sunlight 
Cont. phase = 
water 

Compound parabolic reflector in the reactor 
promoted inactivation than the parabolic and V-
groove profiles used in the photolysis reactor 
Using TiO2 coated Pyrex rod in the reactor 
yielded a slight enhancement in the compound 
parabolic reactor but no improvement in either the 
parabolic or V-groove reactors 

McLoughlin et al. 
(2004b) 

TiO2 coated plastic 
sheet 

Natural sunlight 
Cont. phase = 
water 

Borosilicate glass and PET plastic bactch-process 
solar disinfection reactor (SO-DIS) fitted with 
flexible TiO2 coated plastic sheet showed to be 
20% and 25% more effective than standard SO-
DIS reactor 

Duffy et al. (2004) 

TiO2 Solar irradiation 
I = 25W-UV 
global/m2 
Cont. phase = 
water 

4-log reduction was achieved in a low-cost 
compound parabolic concentrator prototype with 
0.05% (w/w) titania particles 

Vidal et al. (1999) 

  

TiO2 Xenon lamp 
I = 550 W/m2 
λPI = 310 – 800 
nm 
Cont. phase = 
water 

Bactericidal effect of titania photocatalysis 
involves adsorption of cells onto aggregated 
titania followed by loss of membrane integrity 
Bacterial adsorption was influenced by solution 
composition and illumination period 

Gogniat et al. 
(2006) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

13 commercialized 
TiO2 

Suntest solar light 
simulator 
I = 70, 100, 140 
W/m2 
Cont. phase = 
water 

Surface charge of titania significantly affected 
inactivation kinetics 
Degussa P25 particles in suspension are in partial 
contact with cell walls 
The lower isoelectric point of titania, the lower 
the bactericidal activity 
Inactivation rate increased with light intensity 

Gumy et al. (2006)   

Degussa P25 Suntest solar light 
simulator 
Cont. phase = 
water 

Addition of titania was more efficient in bacterial 
inactivation than solar light alone 
Addition of H2O2 in UV-vis/TiO2 system 
enhanced photocatalytic disinfection 
Addition of Fe3+ ions in UV-vis/TiO2 system with 
low titania concentration enhanced photocatalytic 
disinfection 
Effective disinfection time was 40 min for UV-
vis/TiO2 system, 20 min for UV-vis/TiO2/ H2O2 
system 
Natural water promoted photocatalytic 
inactivation than deionized water due to chemical 
matrix of water 

Rincon and 
Pulgarin (2006) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

TiO2 nanorods Black light blue 
lamps 
I =7.9×10-6 
Einstein/L. s 
Cont. phase = 
water 

Inactivation rate using TiO2 nanorods was higher 
than Degussa P-25 as photocatalyst 

Joo et al. (2005) 

Degussa P-25 
TiO2 immobilized 
on inert matrix of 
reactor 

Natural solar light 
Cont. phase = 
water 

Immobilized TiO2 has lower efficiency than 
slurry TiO2 for bacterial inactivation 

Fernandez et al. 
(2005) 

TiO2
af Black light 

fluorescent lamp 
I =4-14 W/m2 
Cont. phase = 
water 

Viability of superoxide dismutase (SOD)-
deficient mutant decreased linearly with 
photoreaction time, Viability of wild-type strain 
showed a curved form 
Bacterial viability with time were analyzed on 
series-event model 

Koizumi et al. 
(2002) 

  

TiO2 immobilized 
activated charcoal 
granules (T/AC) 

Black light 
fluorescent lamp 
I = 23 W/m2 
Cont. phase = 
water 

Sterilization rate depends on temperature 
Magnitude of sterilization rates corresponds to the 
order of absorbed amount of cells to the granules 
Specific inactivation rate constant decided on the 
basis of the series-event model can be related to 
T/AC concentration 

Horie et al. 
(1998a) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

TiO2 film on glass 
tube 

Germicidal lamp 
λ = 254 nm 
Cont. phase = 
water 

Location of titania film in reactor affected 
inactivation efficiency 
Inactivation of microbe depended on circulation 
rate of the solution in the reactor 
Initial inactivation rate was in positively linear 
relationship with initial cell concentration 

Shiraishi et al. 
(1999) 

Aerosil P-25k Black light 
fluorescent lamp 
I = 0 – 23W/m2 
Blue actinic 
fluorescent lamp 
I = 0 – 15 W/m2 
Daylight 
fluorescent lamp 
I = 0 – 1.2 W/m2 

Sunlight 
I = 15, 25 W/m2 
Cont. phase = 
water 

Inactivation rate increased with light intensity 
Apparent sterilization rate constants decided from 
series-event model can be related with light 
quantity absorbed by titania slurry 
Time profiles of cell inactivation by sunlight can 
be predicted using relationship between rate 
constant and light quantity absorbed by the titania 
slurry 

Horie et al. 
(1998b) 

  

Anatase normalah 
Nano anataseai 
Degussa P-25 

High pressure Hg 
lamp 
Cont. phase = 
water 

Degussa P-25 achieved highest destruction 
activity, whereas Anatase normal showed small 
effect.  Nano anatase showed medium 
inactivation activity 

Allen et al. (2005) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Escherichia coliaj Veg. 
cells 

TiO2
ag Black light 

fluorescent lamp 
I =15W/m2 
Cont. phase = 
water 

Apparent rate constant for cell deactivation was 
constant at 0.526 min-1 for the initial cell density 
range of 106-109 cells/m2 

Sato et al. (2003) 

Escherichia coli 
and Bacillus sp. 

Veg. 
cells 

TiO2
r Black actinic light 

λPI = 366nm 
Cont. phase = 
water 

E. coli is more sensitive than Bacillus sp. to 
photocatalytic inactivation in a mixture of E. coli 
and Bacillus sp. 
Bacterial inactivation depended on organic matter 
and dissolved oxygen 
Presence of oxygen enhanced inactivation of the 
mixed culture 
E. coli was the most sensitive to photocatalytic 
treatment compared to other bacteria groups 
(Enterococcus sp., total Gram-negative and other 
coliforms) 
No bacterial recovery was observed during the 
subsequent 24 h in the dark 

Rincon and 
Pulgarin (2005) 

Escherichia 
coliform 

Veg. 
cells 

TiO2-Fe2O3 
nanocomposite 

Low-presure 
mercury light 
λ = 600nm 
Ev = 500 Lux 
Cont. phase = 
water 

Dissolved oxygen, hydraulic retention time and 
bacterial concentrate affected photocatalytic 
inactivation efficiency in reactor 
Photomineralization rate followed pseudo-first-
order kinetics by the role of dissolved oxygen 
Derived empirical modes were consistent with the 
proposed reaction pathways 

Sun et al. (2003) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Lactobacillus 
acidophilus 

Veg. 
cells 

Plantium-loaded 
titania (TiO2/Pt) p 

Metal halide lamp 
I = 
4600µEinstein/(m
⋅s) 
Cont. phase = 
water 

Bacteria sterilized under metal halide lamp 
illumination for 60min.  
Decrease of coenzyme A (CoA) in cell observed 
under irradiation 
Direct photochemical oxidation of CoA thought 
responsible for the death of bacteria 

Matsunaga et al. 
(1985) 

Lactobacillus 
helveticus 

Veg. 
cells 

TiO2 powder 
ZnO powder 

UV light 
λPI = 365 nm 
I = 20 W/m2 
Cont. phase = 
water 

ZnO found to be effective on bacteria inactivation 
than TiO2 under similar experimental conditions 
Inactivation efficiency with air as purging gas 
higher than nitrogen as purging gas 

Liu and Yang 
(2003) 

TiO2 filter UV germicidal 
light (UVGL) 
λPI = 253.7 nm 
Black light 
λPI = 365 nm 
I = 7.4 mW/cm2 
Cont. phase = air 

5 log10 reduction achieved with UV germicidal 
irradiation dose 289 to 860 µW sec/cm2 for 
UVGL alone 
Bacteria penetration was 0.1 with black light 
irradiation and relative humidity 55% 

Li et al. (2003) Legionella 
pneumophila 

Veg. 
cells 

TiO2 / SiO2 fiber Low-pressure Hg 
lamp 
λPI = 254 nm 
I = 100 W/m2 
Cont. phase = 
water 

Viable microbes were not detected after 3 h 
irradiation with TiO2 / SiO2 fiber while 91.4% 
bacteria survived after 7 h irradiation with UV 
light alone 

Coronado et al. 
(2005) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Listeria 
monocytogenes 

Veg. 
cells 

Aerosil TiO2
u UV lamp 

λPI = 360 nm 
I = 4 W/m2 
Cont. phase = 
water 

87% reduction of bacteria achieved after 3h 
irradiation 

Kim et al. (2003) 

Microbacterium 
sp. 

Veg. 
cells 

Membrane filtered 
with TiO2

r (batch 
inactivation) 
Polyethersulfone 
membrane disc 
filter coated with 
TiO2

r (continuous 
flow reactor) 
 

UV-A lamp 
I = 1.82, 4.28, 
6.28 mW/cm2  
λPI = 365 nm 
Cont. phase = air 

Significant bacterial inactivation occurred under 
UV alone (without titania) 
Enhanced inactivation rate was observed in the 
presence of titania 
Inactivation rate in the continuous system were 
higher than in batch reactor 

Pal et al. (2005) 

Micrococcus 
Iuteus 

Veg. 
cells 

Degussa P25 
coated on quartz 
disk (3.8 cm) 

Low-pressure 
near-UV lamp 
λPI = 365 nm 
Cont. phase = air 

Higher relative humidity increased the cell 
oxidation rate, as measured by CO2 production 

Wolfrum et al. 
(2002) 

Pseudomonas 
aeruginosa 

Veg. 
cells 

TiO2 (Degussa 
P25) coated 
Plexiglas 

UVA light 
λPI = 356 nm 
Cont. phase = 
water 

6-log10 reduction observed in 60 min. irradiation 
Inactivation of bacteria suggested to be the result 
of cell wall damage caused by hydroxyl free 
radicals 

Kuhn et al. (2003) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Undoped TiO2; 
Cu doped TiO2; 
Al doped TiO2; 

Black light lamp 
λPI = 356 nm 
Cont. phase = 
water 

Cell percentage killing ranged from 28% to 96% 
for different film. 

Amezaga et al. 
(2002) 

Degussa P-25e UVA light 
λPI = 365 nm 
I = 1.4 mW/cm2 
Cont. phase = 
water 

3 log10 reduction observed after 40 min. 
irradiation 

Ibanez et al. 
(2003) 

98 nm thick TiO2 
film 
192 nm TiO2 thick 
film 

UV light 
λPI = 365 nm 
Cont. phase = air 

32% inactivation observed within 120min. Amezaga-Madrid 
et al. (2003) 

TiO2 nanoparticles Fluorescent light 
Cont. phase = 
water 

Inactivation of bacteria was proportional to the 
anatase mass fraction of TiO2, and inversely to 
the particle size. 

Jang et al. (2001) 

TiO2 coated glass UVC light 
Cont. phase = 
water 

TiO2 coated glass reduced adhesion of bacteria 
onto the slides 
Bacteria was inactivated when exposed to TiO2 
coated glass with UVC light 

Ali et al. (1999) 

  

Degussa P25 UV low pressure 
mercury lamp 
I = 29 W/m2 
Cont. phase = 
water 

Disinfection achieved in 4 hr. at 0.01% TiO2   Cooper et al. 
(1998) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

TiO2
i immobilized 

on acetate sheet 
Xenon arc solar 
simulating lamp 
I = 870 W/m2 
(300 nm – 10 µm) 
Cont. phase = 
water 

Total inactivation occurred at 2 h in both solar 
and photocatalytic disinfection batch process 
reactor  

Lonnen et al. 
(2005) 

  

Degussa P25, 
ZnO 
Sahara desert dust 

Sodium lamp 
Cont. phase = 
water 

Complete inactivation occurred in 40 min 
Sahara desert dust has no microbicidal effect 
under photolysis 

Seven et al. (2004) 

Pseudomonas 
fluorescens R2f 

Veg. 
cell 

TiO2 pellet Low mercury 
fluorescent lamp 
λ = 300 ~ 460 nm 
λPI = 365 nm 

1 log10 reduction observed within 60 min. when 
exposed to mercury lamp 
4 log 10 reduction observed within 50 min. when 
exposed to mercury lamp 
Addition of titania to solar irradiated water did 
not improve inactivation activity 

Kersters et al. 
(1998) 

Pseudomonas 
stutzeri 

Veg. 
cells 

TiO2
v Black light 

λPI = 370 nm 
I = 8.1 W/m2 

Specific inactivation rate increased with increased 
titania concentraion 

Biguzzi and 
Shama (1994) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Salmonella 
choleraesuis 
subsp. 

Veg. 
cells 

Aerosil TiO2
u UV lamp 

λPI = 360 nm 
I = 4W/m2 
Cont. phase = 
water 

Complete killing achieved in3 h irradiation. Kim et al. (2003) 

Degussa P-25e UVA light 
λPI = 365 nm 
I = 5.5 mW/cm2 
Cont. phase = 
water 

4 log10 reduction observed after 40 min. 
irradiation 

Ibanez et al. 
(2003) 

Salmonella 
typhimurium 

Veg. 
cells 

21 nm anatase (P-
25) w 

255 nm anatase 
(WA)x 
255 nm rutile 
(WR)y 
420 nm rutile (TP-
3)z 

Sunlight 
simulator with 
filter that allows 
50% transmission 
at λ = 335 nm. 
UVA: UVB = 
25:1 
Intensity = 
0.2,0.4, 0.8, 1.6 
mW/cm2 
Cont. phase = 
water 

TiO2 showed no or weak genotoxicity without 
irradiation. 
TiO2 exhibited strong genotoxicity under UV 
illumination. 
WR shows no inactivation on the cells. Other two 
anatase and one rutile form exhibited photo-
enhanced damage to the cell. 
P-25 gave the highest cell percentage killing 

Nakagawa et al. 
(1997) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Degussa P25aa UV low pressure 
mercury lamp 
λPI = 350 nm 
Cont. phase = 
water 

TiO2 had no bactericidal effect without UV light. 
Optimum concentration of TiO2 for killing 
bacteria is 0.01% 
Stirring increased inactivation rate. 
Alkaline solution reduced the bactericidal activity 
of TiO2. 

Block et al. (1997) 

Degussa P25 UV low pressure 
mercury lamp 
I = 29 W/m2 
Cont. phase = 
water 

Disinfection achieved in 4 hr. at 0.01% TiO2  Cooper et al. 
(1998) 

Degussa P25aa Low-pressure 
mercury lamp 
λPI = 350 nm 
Disinfection of 
the bacteria in the 
air 
Cont. phase = 
water 

Relative humidity < 30% or > 85% showed lower 
percentage killing rate.  
Relative humidity of 50%, complete inactivation 
was observed. 
High UV radiation intensity caused high 
percentage killing rate 

Goswami et al. 
(1997 a) 

Serratia 
marcescens 

Veg. 
cells 

Immobilized TiO2 UV light 
λ = 300 - 400 nm 
λPI = 365 nm 
Cont. phase = air 

99.9% bacteria destruction occurred within 3 min 
in a recirculation loop.  

Goswami et al. 
(1997 b) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

  Photocatalyst-
coated aluminum 
disk 

UV-A 
Disinfection of 
the bacteria in the 
air 
Cont. phase = air 

Photocatalytic technology showed disinfection 
activity 

Goswami (2003) 

Silver coated 
TiO2

ab 
Preparation of 
Ag-coated TiO2 
made by exposure 
to λ = 354 nm for 
2hr. 
Inactivation 
experiment done 
without light 
Cont. phase = 
water 

MIC for Ag-coated TiO2 was 3.9 µg/mL. 
MIC for Ag metal was 4900 µg/mL. 
MIC for AgNO3 was 2.5 µg/mL. 
 

Keleher et al. 
(2002) 

Degussa P25 
coated Plexiglas 

UVA light 
λPI = 356 nm 
Cont. phase = 
water 

6-log10 reduction observed in 60 min. irradiation 
Inactivation of bacteria suggested to be damage of 
cell wall caused by hydroxyl free radicals 

Kuhn et al. (2003) 

Staphylococcus 
aureus 

Veg. 
cells 

Degussa P25, 
ZnO 
Sahara desert dust 

Sodium lamp 
Cont. phase = 
water 

Complete inactivation occurred in 120 min 
Sahara desert dust has no microbicidal effect 
under photolysis 

Seven et al. (2004) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Streptococcus 
cricetus HS-6 

Veg. 
cell 

TiO2
d Fluorescent lamp 

λPI = 578 nm 
Cont. phase = 
water 

Viability decreased when TiO2 exposed to light 
Optimum inactivation concentration of   TiO2 was 
0.1% (w/v) 

Nagame et al. 
(1989) 

Streptoccocus 
faecalis 

Veg. 
cell 

Degussa P25 UV lamp 
Solar light 
Cont. phase = 
water 

Solar disinfection results are similar to those 
obtained with UV lamp 
Similar inactivation yields observed as E. coli 
Bacteria regrowthed after stop irradiation 

Melian et al. 
(2000) 

Streptococcus 
rattus BHT 

Veg. 
cell 

TiO2
d Fluorescent lamp 

λPI = 578 nm 
Cont. phase = 
water 

TiO2 did not affect bacteria viability in both dark 
and light. 

Nagame et al. 
(1989) 

Streptococcus 
rattus FA-1 

Veg. 
cell 

TiO2
d Fluorescent lamp 

λPI = 578 nm 
Cont. phase = 
water 

Viability of bacteria affected equally by TiO2 in 
both dark and light. 

Nagame et al. 
(1989) 

Streptococcus 
mutans 

Veg. 
cells 

TiO2
ac Mercury lamp 99.9% bacteria inactivated within 80 min.  

TiO2 dispersed by ultrasonic oscillation  
inactivated 99.9% bacteria within 20 min.  

Morioka et al. 
(1988) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Streptococcus 
sobrinus AHT 

Veg. 
cells 

TiO2
ad Near-UV light 

λ = 300-400 nm 
λPI = 352 nm 
Cont. phase = 
water 

Concentration of TiO2 was considered one of the 
important factors that decided the photocatalytic 
bactericidal action of TiO2. 
Co-aggregation of bacteria at high bacterial initial 
concentration and TiO2 observed. 
Co-aggregation decreased with irradiation. 
pH of the spore and TiO2 mixture decreased to 4.5 
after 120min irradiation. 
Destruction of bacteria observed under TEM after 
reaction time 60 min. 
1 mg/mL TiO2 is the optimum concentration for 
the inactivation of bacteria 
105 CFU/mL cells killed completely within 1 min. 
Leakage of potassium ions from the bacteria 
happened parallel to inactivation of bacteria. 

Saito et al. (1992) 

Vibrio 
parahaemolyticus 

Veg. 
cells 

Aerosil TiO2
u UV lamp 

λPI = 360 nm 
I = 4W/m2 
Cont. phase = 
water 

Complete killing achieved in 3 hr. irradiation. 
Optimum concentration of TiO2 was 1mg/mL. 

Kim et al. (2003) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Viruses 
Bacteroides 
fragilis 
bacteriophages 

Virus Degussa P25 UV lamp 
I = 7 mW/cm2 
λPI = 350 nm 
Cont. phase = 
water 

Inactivation rate was similar under either 
continuous or intermittent illumination 

Laot and Narkis 
(1999) 

Bacteriophage 
λNM 1149 

Virus Immobilized 
Degussa P25 layer 

UV lamp 
λ = 300-400 nm 
I = 0.9-6.2×10-9 
Einstein/cm2. s2 
Cont. phase = 
water 

Bacteriophage was inactivated to below detection 
limit (<10 PFU) after 3 hr.  
Salts found to decrease inactivation rate. 
Microbe viability was directly proportional to the 
initial microbe concentration 
Increased intensity improved inactivation activity 

Belhacova et al. 
(1999) 

Lactobacillus 
casei Phage PL-1 

Virus 100 nm thick TiO2 
(primary anatase) 
film 

Black light 
I = 1.9-2.0 W/m2 
λPI = 365 nm 
Cont. phase = 
water 

Genome DNA inside the phage fragmented by the 
photocatalytic action of TiO2 
That Active oxygen species caused damage to the 
capsid protein, then the DNA inside the phage 
was thought to be the mechanism. 

Kashige et al. 
(2001) 

Lactobacillus 
phage PL-1 

Virus Silica sand coated 
with mixture of 
SiO2, Al2O3, TiO2 
and Ag 

Fluorescent lamp 
Cont. phase = 
water 

Inactivation of phage showed first-order reaction 
kinetics. 
Dose of coated silica sand increased the 
inactivation rate. 

Kakita et al. 
(1997) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Degussa P25 UV lamp 
I = 7 mW/cm2 
λPI = 350 nm 
Cont. phase = 
water 

Inactivation rate was more effective under 
intermittent illumination than continuous 
irradiation 

Laot and Narkis 
(1999) 

Degussa P25  Black light 
λ = 300-420 nm 
I = 7.9 µE/L/s 
Cont. phase = 
water 

MS-2 phage is mainly inactivated by free 
hydroxyl radical in solution bulk 

Cho et al. (2005) 

TiO2 P25af Black light 
fluorescent lamp 
I = 23 W/m2 
Cont. phase = 
water 

Coexistence of NO3
-, SO4

2-, PO4
3-, K+ each at 10-

100 mM decreased the rate constant for phage 
inactivation, whereas Cl-, Br- or Na+ did not 
decrease rate constant 
Inhibitory effects of ions was elucidated by the 
relation between the rate constants and quantities 
of phage on titania regardless the kinds of existing 
ions 

Koizumi and Taya 
(2002b) 

MS2 Virus 

Mixture of anatase 
and rutile-type 
TiO2 

Black light 
fluorescent lamp 
I = 14, 23 W/m2 
Cont. phase = 
water 

Specific inactivation rate was maximized at 
anatase ratio of 70 wt% 
Close contact of both type of titania enhanced 
quantum yield and increased generation of 
reactive oxygen species 

Sato and Taya 
(2006) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

TiO2 P25 ae Black light 
I = 8,14,23 W/m2 
Cont. phase = 
water 

Viability of phage MS2 decreased linearly with 
irradiation time. 
Specific inactivation rate proportional to the light 
intensity and concentration of TiO2 
Specific inactivate rate of MS2 showed a convex 
feature in the initial pH range of  3-10. 

Koizumi and Taya 
(2002 a ) 

TiO2 P25 af Black light 
I =23 W/m2 
Cont. phase = 
water 

Coexistence of NO3
-, SO4

2-, PO4
3-, K+ or Ca 2+ 

decreased photocatalytic inactivation rate of MS2.
Koizumi and Taya 
(2002 b ) 

  

Mixture of TiO2 
(P25) and iron 
(FeSO4⋅7H20) 

UV lamp 
λPI = 365 nm 
I = 2 mW/cm2 
Cont. phase = 
water 

90% inactivation of Phage MS2 increased to 
99.9% after the addition of 2µm ferrous sulfate. 
Hydroxyl radical oxidation and Fenton reaction 
enhancement was thought the probably agent for 
the inactivation of virus. 

Sjogren and sierka 
(1994) 

Phage Qβ Virus TiO2 coated tile Near-UV black 
light (I = 3.6×10-3 

W/m2 , λ = 300-
400 nm); 
Germicidal lamp 
(λPI = 254 nm) 
Cont. phase = 
water 

2.2-log10 reduction achieved in1 hr. 
Specific inactivation rate constant is proportional 
to the light intensity 

Lee et al. (1997) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Degussa P25 UV lamp 
λPI = 254 nm 
I = 0.4 mW/cm2 
Cont. phase = 
water 

3.5 log10 reduction achieved within 2 min. by 
photocatalytic activation 
2 log10 reduction achieved within 2 min. by UV 
alone 

Lee et al. (1998)   

TiO2 immobilized 
at reactor bottom 

Germicidal lamp 
Black light lamp 
I = 0.2 mW/cm2 
(for germicidal 
UV at 254 nm) 
I = 7.0 mW/cm2 
(for black light at 
360 nm) 
Cont. phase = 
water 

No significant difference in phage inactivation 
with and without titania under germicidal UV 
irradiation 
Inactivation was enhanced by titania under  black 
light irradiation 

Otaki et al. (2000) 

Poliovirus 1 Virus Anatase TiO2 
(Fisher Scientific) 

Sunlight 
Black light 
Cont. phase = 
water 

2 log10 reduction of Poliovirus 1 achieved in 30 
min. 
No difference between disinfection for pH 5~8 
Specific inactivation rate by sunlight were lower 
than Black light 

Watts et al. (1995) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Other microbes 
Acanthamoeba 
polyphaga 

Tropho
zoite 
stage, 
cyst 
stage 

TiO2
i immobilized 

on acetate sheet 
Xenon arc solar 
simulating lamp 
I = 870 W/m2 
(300 nm – 10 µm) 
Cont. phase = 
water 

Both solar and solar photocatalytic disinfection 
can achieved at least 4-log reduction in viability 
of the trophozoite stage of A. polyphaga 
Both solar and solar photocatalytic disinfection 
were not effective against cyst stage of A. 
polyphaga.  

Lonnen et al. 
(2005) 

Airborne 
microorganism 

 TiO2 UV 
Cont. phase = air 

98% destruction achieved using combination of 
TiO2/UV compared 30% inactivation by UV 
alone 

Kondo et al. 
(2003) 

Anabaena Veg. 
cells 

TiO2 coated pyrex 
hollow glass beads 

Black light UV 
lamp 
λPI = 370 nm 
I = 0.6 mW/cm2 
Cont. phase = 
water 

String of cells was completely separated into 
individual spherical one, and most of them lost 
photosynthetic activity 
Complete photocatalytic inactivation was 
achieved in 30 min 

Kim and Lee 
(2005) 

Artemia salina plankto
n 

TiO2 Black light 
λPI = 365 nm 
I = 2 mW/cm2 
Cont. phase = 
water 

A. salina stopped moving and the body was fully 
covered by titania powder after 1 hr irradiation 

Matsuo et al. 
(2001) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Degussa P25 
coated quartz disk 

Low-pressure 
near-UV lamp 
λ at peak 
intensity (λPI) = 
365 nm 
Cont. phase = air 

Higher relative humidity increased the spore 
oxidation rate, as measured by CO2 production 

Wolfrum et al. 
(2002) 

Aspergillus niger Sporesa 

Degussa P25, 
ZnO 
Sahara desert dust 

Sodium lamp 
Cont. phase = 
water 

Inactivation was not occur under either Degussa 
P25 or ZnO 
Sahara desert dust has no microbicidal effect 
under photolysis 

Seven et al. (2004) 

Aspergillus niger Spores Photocatalyst-
coated aluminum 
disk 

UV-A 
Disinfection of 
the bacteria in the 
air 
Cont. phase = air 

Photocatalytic technology showed disinfection 
activity 

Goswami (2003) 

Bacteria/Fungi Veg. 
cells 

TiO2 plasma air 
cleaning filter 

Pulsed discharge 
plasma 
λ = 310-380 nm 
Cont. phase = air 

Bacteria and fungi removed rapidly in airtight 
room 

Lee (2003) 

Bacteria Veg. 
cells 

TiO2 UV lamp and 
electrolysis 
system 
λPI = 253.7 nm 
Cont. phase = 
water 

90% bacteria inactivated within 5 min.  Chen et al. (2003) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Veg. 
cells 

Degussa P25 
coated Plexiglas 

UVA light 
λPI = 356 nm 
Cont. phase = 
water 

2-log10 reduction observed in 60 min. irradiation 
Inactivation of yeast suggested to be damage of 
cell wall caused by hydroxyl free radicals 
Resistance to the photocatalytic activity of TiO2 
was in the order: Candida albicans > 
Enterococcus faecium > Staphylococcus aureus > 
Pseudomonas aeruginosa > Escherichia coli 

Kuhn et al. (2003) 

Veg. 
cell 

TiO2
d Fluorescent lamp 

λPI = 578 nm 
Cont. phase = 
water 

TiO2 did not affect bacteria viability in both dark 
and light. 

Nagame et al. 
(1989) 

Veg. 
cells 

TiO2
i immobilized 

on acetate sheet 
Xenon arc solar 
simulating lamp 
I = 870 W/m2 
(300 nm – 10 µm) 
Cont. phase = 
water 

Total inactivation occurred at 4 h in 
photocatalytic disinfection batch process reactor 
and at 6 h in solar disinfection batch process 
reactor 

Lonnen et al. 
(2005) 

Candida albicans 

Veg. 
cells 

Degussa P25, 
ZnO 
Sahara desert dust 

Sodium lamp 
Cont. phase = 
water 

Complete inactivation occurred in 120 min 
Sahara desert dust has no microbicidal effect 
under photolysis 

Seven et al. (2004) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Candida famata 
var. flareri 

Veg. 
cells 

Commercial TiO2 
filterc 

Black light 
λPI = 365 nm 
I = 7.1 mW/cm2 
I = 31.8 mW/cm2 
Cont. phase = air 

Germicidal capability for airborne microorganism 
was almost zero for TiO2 photocatalyst filter 
media 

Lin and Li (2003 
a) 

Chattonella 
antiqua 

flagellat
e 

TiO2 Black light 
λPI = 365 nm 
I = 2 mW/cm2 
Cont. phase = 
water 

Deformation of the body was induced in 20 min 
irradiation, cells burst and came to annihilation 
after prolonged UV irradiation 

Matsuo et al. 
(2001) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Chinese hamster 
CHL/IU cells 

Veg. 
cells 

21 nm anatase (P-
25) w 

255 nm anatase 
(WA)x 
255 nm rutile 
(WR)y 
420 nm rutile (TP-
3)z 

Sunlight 
simulator with 
filter that allows 
50% transmission 
at λ = 335 nm 
UVA:UVB= 25:1 
Intensity = 0.2, 
0.4, 0.8 ,1.6 
mW/cm2 

Cont. phase = 
water 

TiO2 showed no or weak genotoxicity without 
irradiation 
TiO2 exhibited strong genotoxicity under UV 
illumination 
Three of the four materials tested caused photo-
enhanced damage to cells.  WR did not inactivate 
cells. 
P-25 gave the highest cell percentage killing 

Nakagawa et al. 
(1997) 

Chlorella vulgaris Veg. 
cells 

Plantium-loaded 
titania (TiO2/Pt)p 

Metal halide lamp 
I = 
4600µEinstein/(m
⋅s) 
Cont. phase = 
water 

85% algae survived after 60 min. illumination. 
55% algae survived after 120 min. irradiation. 
Decrease of coenzyme A (CoA) in cell observed 
under irradiation 
Direct photochemical oxidation of CoA thought 
responsible for the death of microbe 

Matsunaga et al. 
(1985) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Cryptosporidium 
parvum 

oocytes TiO2 immobilized 
at reactor bottom 

Germicidal lamp 
Black light lamp 
I = 0.2 mW/cm2 
(for germicidal 
UV at 254 nm) 
I = 7.0 mW/cm2 
(for black light at 
360 nm) 
Cont. phase = 
water 

Inactivation was enhanced by titania under  both 
germicidal UV and black light irradiation 

Otaki et al. (2000) 

Fusarium solani Fungi TiO2
i immobilized 

on acetate sheet 
Xenon arc solar 
simulating lamp 
I = 870 W/m2 
(300 nm – 10 µm) 
Cont. phase = 
water 

Total inactivation occurred at 4 h in 
photocatalytic disinfection batch process reactor 
and at 8 h in solar disinfection batch process 
reactor 

Lonnen et al. 
(2005) 

Hansenula 
polymorpha  

Veg. 
cells 

Degussa P25 Fluorescent lamp 
I = 270 µE/s⋅m2 
Cont. phase = 
water 

50% inactivation achieved within 120 min. in 
reactor with static solution 
Sonolysis found to enhance photocatalytic 
inactivation of microbe  
Improvement by sonolysis was more modest for 
batch recirculation reactor than reactor with static 
solution 

Stevenson et al. 
(1997) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Human bladder 
cell 24 

Veg. 
cells 

30 nm anatase (P-
25) ag  

Xenon lamp 
Cont. phase = 
water 

Increase of Ca2+ concentration in cell observed at 
irradiation 4 min., followed by second elevation 
at irradiation 6 min.   
Distribution of TiO2 in T24 cell observed with 
TEM 

Sakai et al. (1994) 

Microcystis Veg. 
cells 

TiO2 coated pyrex 
hollow glass beads 

Black light UV 
lamp 
λPI = 370 nm 
I = 0.6 mW/cm2 
Cont. phase = 
water 

Colonies of cells was completely separated into 
individual spherical one, and most of them lost 
photosynthetic activity 
Complete photocatalytic inactivation was 
achieved in 30 min 

Kim and Lee 
(2005) 

Melosira Veg. 
cells 

TiO2 coated pyrex 
hollow glass beads 

Black light UV 
lamp 
λPI = 370 nm 
I = 0.6 mW/cm2 
Cont. phase = 
water 

Photocatalytic inactivation efficiency was lower 
for Melosira than Anabaena and Microcystis 

Kim and Lee 
(2005) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Mouse lymphoma 
L5178Y cells 

Veg. 
cells 

21 nm anatase (P-
25) w 

255 nm anatase 
(WA)x 
255 nm rutile 
(WR)y 
420 nm rutile (TP-
3)z 

Sunlight 
simulator with 
filter that allows 
50% transmission 
at λ = 335 nm. 
UVA:UVB = 
25:1 
Intensity = 
0.2,0.4, 0.8 ,1.6 
mW/cm2 
Cont. phase = 
water 

TiO2 showed no or weak genotoxicity without 
irradiation. 
TiO2 exhibited strong genotoxicity under UV 
illumination. 
WR shows no inactivation on the cells. Other two 
anatase and one rutile form exhibited photo-
enhanced damage to the cell. 
P-25 gave the highest cell percentage killing 

Nakagawa et al. 
(1997) 

Black light 
λPI = 365 nm 
I = 7.1 mW/cm2 
I = 31.8 mW/cm2 
Cont. phase = air 

Germicidal capability for airborne microorganism 
was almost zero for TiO2 photocatalyst filter 
media 

Lin and Li (2003 
a) 

Penicillium 
citrinum 

Spores Commercial TiO2 
filterc 

Fluorescent black 
light 
λPI = 365 nm 
I = 240 µW/cm2 
I = 740 µW/cm2 
I = 1400 µW/cm2 
I = 2100 µW/cm2 
Cont. phase = air 

Increased light intensity increased inactivation 
efficiency 
90% inactivation achieved in 8.35 hr. under light 
intensity of 740 µW/cm2 

Lin and Li (2003 
b) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

Photosynthetic 
bacteria 

Veg. 
cells 

TiO2 film Low-pressure 
mercury lamp 
Fluorescent lamp 
Cont. phase = air 

Cell density decreased with increase of UV-
dosage 

Hong and Otaki 
(2003) 

Saccharomyces 
cerevisiae 

Veg. 
cells 

Plantium-loaded 
titania (TiO2/Pt)p 

Metal halide lamp 
Xenon lamp 
White fluorescent 
lamp 
Cont. phase = 
water 

Bacteria sterilized under xenon lamp illumination 
in 120min. with initial concentration 103 CFU/mL 
Inactivation of bacteria not observed under 
illumination without TiO2/Pt. 
Specific inactivation rate increased with the 
increase of the light intensity for metal halide and 
xenon lamps 
pH value of the solution did not change during the 
irradiation. 
Destruction of cell wall not observed. 
Result suggested hydrogen peroxide and free 
radicals were not responsible for the inactivation 
of bacteria. 
Decrease of coenzyme A (CoA) in cell observed 
under irradiation 
Direct photochemical oxidation of CoA thought 
responsible for the death of bacteria 

Matsunaga et al. 
(1985) 
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Table A-1. Continued 
Microbe Type Photocatalyst Other 

experimental 
conditions 

Result/Conclusion Reference 

  Degussa P25, 
ZnO 
Sahara desert dust 

Sodium lamp 
Cont. phase = 
water 

Complete inactivation occurred in 120 min with 
Degussa P25 and 40 min with ZnO 
Sahara desert dust has no microbicidal effect 
under photolysis 

Seven et al. (2004) 

Strongyloides 
Stercolaris 

Veg. 
cells 

TiO2 Low pressure 
mercury vapor 
lamp 
λ = 254 nm. 
Cont. phase = 
water 

Complete inactivation was achieved in UV/TiO2 
process. 

Al-Bastaki (2004) 

Viable cell Veg. 
cells 

TiO2 and apatite 
coated fibrous 
ceramics 

Black light 
I = 1.0 mW/cm2 
Cont. phase = 
water 

57% was inactivated within 6 hr.  Nonami et al. 
(2003) 

Specific inactivation rate  = dN 1
dt N

⋅ , where N = number concentration of cells and t = time  
aNot clear from reference whether a purified suspension of spores or a mixture of spores and vegetative cells was used 
bFrom Sandia National Lab., Albuquerque, NM, deduced from the context, TiO2 is powder 
cTiO2 filter: DAIKIN, Air filter no. 1119589, Japan 
d99.98% rutile, particle size 1.44µm, specific gravity 4.2, Kobe Steel Co. Japan 
eDegussaP25: 80% anatase, 20% rutile from experimental analysis; Degussa A. G. Germany 
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fDegussa P25: anatase type, average size 30 nm, BET surface area 55 m2/g 
gQ718-Z4 lamp: sheathed by Jena glass (approximate photon flux: 0.2mmol/h<280nm, 18 mmol/h 280-315 nm, 390 mmol/h 315-380nm) 
hTQ718 lamp: sheathed by Solidex glass (approximate photon flux: 5mmol/h<280nm, 150 mmol/h 280-315 nm, 220 mmol/h 315-380nm) 
iDegussa P25: 70% anatase, 30% rutile 
jAldrich: 99.9% anatase 
kP25: anatase form, average size 0.021µm, Nippon-Aerosil, Tokyo, Japan 
lDegussa AG, Germany, surface area 50  m2/g, primary particle size 20 nm 
mDegussa P25: anatase P25, average size 30 nm, BET surface area 50±15m2/g, Degussa Corp.; Preparation of Ag-coated TiO2 made by exposure 
to λ = 354 nm for 2h.  
nfrom BDH with the grade of GPR 
oDegussa, 75% anatase, 25% rutile, surface area 50 m2/g  
pTiO2/Pt: made by mixing TiO2 and Pt, grounding in a mortar. TiO2, P-25, 99.99% anatase, Aerosil, Japan; Pt black (Nakarai Chemicals) Weight 
ratio TiO2/Pt = 10:1 
qanatase, Nippon Aerosil Ltd, Tokyo, Japan 
rDegussaP25: primary anatase, specific surface are 50 m2/g  
s0.5% emitted photons at λ < 300 nm, 7% emitted photons at λ = 300 nm ~ 400 nm, emission at λ = 400 nm ~ 800 nm follows the solar 

spectrum. 
tDegussa P25: 75% anatase, 25% rutile, specific surface area 60 m2/g , Degussa A. G. Germany 
ufrom Yakuri pure chemical company, Osaka, Japan 

vGrade NP92, comprising principally the anatase from, from Tioxide specialities Ltd, Billingham Cleveland 
wP25: anatase form, average size 0.021µm, Nippon-Aerosil, Tokyo, Japan 
xWA: anatase form, average size 0.255µm, Wako, Tokyo, Japan 
yWR: rutile form, average size 0.255µm, Wako 
zTP-3: rutile form, average size 0.42µm, Fuji titan, Kanagawa, Japan 
aaDegussa P25: mainly composed of anatase, BET surface area 50 m2/g, average size 21nm 
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abDegussa P25: anatase P25, average size 30 nm, BET surface area 50±15m2/g, Degussa Corp.; Preparation of Ag-coated TiO2 made by exposure 
to λ = 354 nm for 2hr. 

ac99.98% rutile, particle size 1.48 µm, Fujichitan Co., Osaka, Japan 
admean particle size 21nm, 70% anatase, 30% rutile; pI 6.6; P25, Nippon, Aerosil, Japan 
aeDegussaP25: mainly composed of anatase, BET surface area 50 m2/g, average size 21nm  

afanatase to rutile: 70 to 30; mean diameter 21 nm, from Japan Aerojil Co., Japan 
aganatase, Nippon Aerosil Ltd, Tokyo, Japan 
ah anatase, particle size 0.24 µm, BET surface area 10.1 m2/g 
ai anatase, particle size 5-10 nm, BET surface area 329.1 
aj Mutant strain of E. coli, E. coli IM303 (a superoxide dismutase-deficient mutant) was used because the deactivation profile of the cells follows 
a simple first-order kinetics in terms of viable cell number during the photoreaction in titania suspension. 
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APPENDIX B 
PRELIMINARY RESULTS OF EFFECT OF TITANIA POWDER AGAINST B. 
CEREUS ENDOSPORES ON MEMBRANE SURFACE UNDER 350 NM UV 

IRRADIATION IN DRY STATE   

Spores were applied on the membrane in two ways: spores were mixed with titania 

followed by filtration of mixture on membrane, or spores were applied on the membrane 

pre-applied with titania coating.  Inactivation of B. cereus spores on membrane surface 

by titania and solar UV was studied respectively for these two different spore application 

methods. 

B.1 Inactivation of B. cereus spores on Membrane Surface by Applying Mixture of 
Spores and Titania on the Surface 

In trial 1, mixture with the combination of 5×106CFU spores and 0.05 mg titania 

was filtered onto the membrane surface.  This combination of titania and spore amount 

selected in the 1st trial is based on the SEM images taken from different combination 

described in Chapter 5.  Figure B-1 shows distribution of a mixture of 106 CFU spores 

and 0.1 mg titania on Anodisc membrane.  Figure B-2 is the distribution of a mixture of 

105CFU spores and 0.01 mg titania on Anodisc membrane.  Figure B-3 shows 

distribution of a mixture 104CFU spores and 0.001 mg titania on Anodisc membrane.  A 

uniform distribution can be observed on all these three combinations.  However, surface 

coverage by titania was very high for the mixture of 106CFU spores and 0.1 mg titania in 

Figure B-1, besides, only 6-7 spores can observed at a 5000× magnification.  For the 

mixture of 104CFU spores and 0.001 mg titania (Figure B-3), a very low surface coverage 

by mixture of spores and titania powder was achieved, and spores were hard to be 
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detected.  Figure B-2 gives medium titaina coverage on the membrane surface among the 

three combinations; still, spores were hard to be detected.  Thus, in order to obtain an 

appropriate titania coverage on the membrane, at the same time, to ensure an enough 

contact between titania powder and spores, a relative higher spore to titania ratio than the 

ratio of the above three combinations was chosen: a mixture with a total amount of 5×106 

CFU spores and 0.05 mg titania (Figure B-4) was used for UV and photocatalytic 

inactivation test.  As shown in Figure B-4, a medium surface coverage was achieved and 

spores are contacting well with titania powder, which matches our expectation.  Because 

no results were reported on photocatalytic inactivation of B. cereus spores on membrane 

surface by Degussa P25 under solar UV, an irradiation period of 24 hr was used to make 

sure that inactivation activity of Degussa P25 and solar UV against B. cereus spores on 

membrane surface can be observed.  Samples were taken every 8 hr.    

Result is shown in Table B-1.  It can be found that the temperature in chamber 

remained stable and as low as room temperature, which was contributed by the running 

of cooling fan.  Data under the dilution order means it was the spore counts observed 

after the viable spores on membrane was diluted the corresponding order.  An at least 3-

log reduction after 8 hr and a complete inactivation after 24 hr exposure to UVA light 

was achieved in the presence of titania (Figure B-5).  The test was repeated and 

experiment conditions such as irradiation time, titania amount were adjusted in the 

following trials. 

In trial 2, same condition was duplicated as in the trial 1 except the irradiation 

period was shortened to 6 hr since a rapid inactivation was observed, which facilitate 

observation of detailed inactivation information.  Starting from trial 2, control that only 
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spores were applied on membrane and exposed to solar UV irradiation was run at the 

same time.  In the control, a total amount of 5×106CFU spores were distributed on each 

Anodisc membrane by filtration and dry overnight, then the samples were exposed to 

solar UV irradiation.  For photocatalytic test, a mixture of 0.05 mg titania and 5× 106 

CFU spores were filtered on the membrane surface. Samples were taken every 2 hr. 

Figure B-6 shows spore survival ratio vs. time for both UV and UV+P25 inactivation in 

trial 2.  After 120 min irradiation, more than 90% spores were inactivated under both 

solar UV and UV+P25 system.  A LD 90 of 98 min and 71 min and D value of 128 and 

132 were achieved by UV in the presence of titania and UV inactivation respectively 

(Table B-2).  Slopes between two linear regression line (Figure B-6) derived from UV 

and UV+P25 test respectively are not significant different based on F-test at α = 0.05.  

Thus, inactivation results against B. cereus spores with and without titania under solar 

UV irradiation are not statistically significant. 

Trial 3 is the repeat of trial 2.  Figure B-7 shows spore survival ratio vs. time under 

UVA irradiation in the presence and absence of titania in trial 2.  The result was 

summarized in Table B-2.  A LD 90 of 126 min and D value of 70 min were achieved by 

UVA irradiation in the presence of titania, whereas a less LD 90 (93 min) and D (62 min) 

value were observed under solar UV alone.  Same trend was observed in trial 2.  A less 

LD 90 and D value were observed under solar UV alone than in the presence of titania 

powder.  Based on F-test at α = 0.05, inactivation result under solar UV with and without 

titania for both two trials are statistically not significant.  In another word, in the present 

condition, the presence of titania particle under solar UV didn’t improve spore 
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inactivation.  A trade off between shielding of light by titania particle and photocatalytic 

activity of titania could be a possible reason. 

We hypothesized that the rate of inactivation of bacterial endospores in dry state 

under solar UV irradiation can be increased by adding titania nanoparticles (Degussa 

P25).  But no improvement was observed from the above three trials.  Thus, conditions 

were adjusted to test this hypothesis.   

One idea is to adjust UV intensity, which is one of the important factors in cell 

inactivation kinetics.  In trial 4, the distance between UV lamp and sample was shortened 

from 10 cm to 5 cm, corresponding to an increase of light intensity from 104.5 W/m2 to 

129.5 W/m2. Other conditions were kept same as the trial 2 and 3.  Inactivation of B. 

cereus spores by UV+P25 and UV alone was tested.  Results were shown in Fig. A-8.  A 

rapid destruction of B. cereus spores were observed, more than 1 log reduction was 

achieved after 120 min irradiation for both with and without titania on the membrane 

surface.  Inactivation rate by UV+P25 is statistically insignificant from by UV alone 

based on F-test at α = 0.05.  Possible reason is that shading effect by titania was large, 

photocatalytic activity of titania was still compromised although a higher intensity was 

applied. 

Another idea is to increase applied titania amount in the mixture.  An increase of 

contacting possibility between spores and titania was expected by increased titania 

amount, thus, inactivation activity may be improved.  In trial 5, Titania amount was 

increased from 0.05 mg to 0.1 mg, other condition keeps same as trial 2 and 3.  Figure B-

4 and B-9 shows SEM image of mixture distribution with applied titania amount of 0.05 

mg and 0.1 mg respectively, applied spore amount is 5×106CFU.  As observed from Fig. 
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B-4 and B-9, a complete surface coverage was achieved when 0.1 mg titania was applied 

on the surface, where only a partial coverage was achieved when 0.005 mg titania was 

used in the mixture.  Thus, contact area between spore and titania was increased, which 

may favor photocatalytic inactivation.  An LD90 of 90 min and a D value of 70 min were 

obtained for UV alone and an LD90 of 120 min and a D value of 82 min were obtained for 

UV and photocatalyst (Fig. A-10).  There is no significant difference for the inactivation 

activity between solar UV alone and titania with solar UV based on F-test at α = 0.05.  

This result was same as the previous trials.  No improvement was observed by the 

presence of titania under UV compared to UV irradiation alone.  A maximum contacting 

area between spores and titania may have been reached in the combination tested in trial 

1, 2 and 3, thus, increasing titania amount in the mixture in this trial didn’t show any 

improvement for inactivation of B. cereus spores by photocatalyst compared that without 

photocatalyst when irradiated to solar UV light. 

Results of inactivation of B. cereus spores by UV alone and UV+P25 by applying 

mixture of spores and titania to membrane surface are summarized in Table B-2, data 

under temperature and relative humidity represents the range monitored during the 

inactivation test.  It can be found the temperature and relative humidity keeps stable for 

each trial.  For all the five trials, no statistically difference was found for the results of 

inactivation of B. cereus spores from UV (control) and UV+P25 in each trial based on F-

test.  The possible reason is that photocatalytic activity of titania was traded off by 

shading effect of titania. 

In terms of LD90 and D value, a shorter time was observed when inactivation of dry 

spores on membrane was tested at a higher intensity under UV and UV+P25 in trial 4.  
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Lin and Li (2003b) also found that higher intensity resulted in higher inactivation rate for 

B. subtilis spores under UVA irradiation in the presence photocatalyst on both glass slide 

and filter surface, where the spores were applied on titania coating on the slide and filter 

surface.  No difference was found for trial 5 with trial 1, 2 and 3, although double amount 

of titania was applied in the mixture.  It’s possible that increased contacting area by 

adding more titania was balanced by increased shading effect of titania.  Also, it could be 

maximum contacting area of spores and titania have been met before increasing titania 

amount, thus, increase in titania amount did not promote photocatalytic activity.   

B.2 Inactivation of B. cereus spores on membrane surface by applying spores on 
titania coating 

Enough titania powder was applied on membrane by filtration in order to achieve a 

complete coverage on membrane.  Then, deposition of spores on the filter precoated by 

titania was checked.  A total amount of 10 mg and 50 mg titania particles were tested on 

the membrane respectively, corresponding to a filtration time of 8 min and 30 min.  For 

further filtration of spore suspension through the membrane pre-filtered with titania, a 

filtration time of 5 min was required for 10 mg titania particle loading, whereas spore 

suspension didn’t go through totally after 30 min fitration for 50 mg titania particle 

loading.  Thus, a total amount of 10 mg titania particles was chosen to filter on the 

membrane surface followed by filtering 5×106 CFU spores on the titania coating.  Only a 

total amount 5×106 CFU spores was filtered on the membrane for control (UV alone). 

Result of trial 6 is shown in Figure B-11.  For UV alone, spore survival ratio 

decreased to 0.1 within 86 min.  After 1 log reduction, spore survival ratio decreased to 

0.01 in 53 min.  For UV+P25, 1-log reduction of spores was achieved in 59 min, then 

spore survival ratio continued to decrease rapidly to the level of 0.03 in 120 min, but the 
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survival ratio at 240 min of exposure time rose up to approximately 0.05.  With the 

further increase of exposure time, the survival ratio decreased again to the level of 0.001 

after 360 min irradiation.  Inactivation activity of solar UV alone and photocatalyst with 

UV against spores are statistically significant analyzed by F-test at α = 0.05.  The shading 

effect of spores by titaina particles may contribute to this phenomenon.  Since the spores 

were filtered though membrane right after the titania solution was filtered, the titania 

layer may be disturbed by the application of spore suspension, thus, some spores may be 

imbedded under the titania particles.  This matches our observation that titania coating 

with 10 mg titania loading on surface resuspended in the D.I. water when the surface was 

immersed into the water.  This amount loading of titania made a loose titana coating.  To 

avoid this possibility, three approaches were used in the following trials.  One is to dry 

the titania coating under laminar flow hood for 3 h after filtration to achieve a firm titania 

coating. The second is to apply as thin as possible titania coating layer as long as 

complete surface coverage can be achieved.  The purpose was same as the first one, to 

achieve a firm titania coating.  The third is to pipette spore suspension at 10 spots on the 

titania coating so the spores are sitting on the top of coating, then dry under laminar flow 

hood for 2 h.   

For the second approach, SEM image of titania coating was taken to decide 

appropriate titania amount applied on the membrane surface.  The membrane surface was 

applied with titania amount of 2.5 mg and 1 mg respectively, SEM image was taken and 

compared.  Figure B-12 is SEM image of titania coating with applied titania amount of 1 

mg.  Figure B-13 is SEM image of titania coating with applied titania amount of 2.5 mg.  
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Both images show good distribution and complete surface coverage, thus, 1 mg was 

chosen as titania coating load in the following trials. 

For the third approach, sonication of spore suspension for 2 min at level 6.0 was 

tried in order to achieve a better distribution.  Fig. A-14 shows SEM image of spore 

distribution without sonication and b) shows SEM image of spore distribution with 

sonication.  A total of 1 mg titania was applied on the membrane surface by filtration and 

dry, then the spore suspension was pipetted on the titania coating and dry.  A better 

distribution was observed for the spore suspension sonicated before pipetting on the 

membrane.  Sonication helps break spore agglomeration, thus, sonication was used before 

pipetting spores on the titania coating.  Start from trial 7, this spore application method 

used in third approach was adopted and run in the subsequent trials.  

Figure B-15 shows experimental results for trial 7.  As mentioned above, sample 

was prepared by filtering 1 mg titania on the Anodsic membrane, then spore suspension 

was pipetted at 10 spots (20 µL/spot) on the titania coating to a total spore amount of 5× 

106 CFU spores and dry.  Samples were then exposed to solar UV irradiation for 240 min.  

Control was prepared by pipetting only spore on the surface.  Results were shown in Fig. 

A-15.  90% spores were inactivated in around 120 min under UV and UV+P25.  A D 

value of 127 and 176 was achieved for UV and UV+P25 respectively.  Based on F-test α 

= 0.05, results from solar UV and UV +P25 was not statistically significant different. 

Trial 8 was the repeat of trial 7 except that the spore suspension was heat shock and 

washed once with sterile D.I. water right before inactivation test, although the heat shock 

and water wash has been done in the purification process.  The purpose for the heat shock 

and water wash right before test is to make sure that the effect of vegetative cells and 
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germinating spores was eliminated.  Results were shown in Fig. A-16.  Based on F-test at 

α = 0.05, results from solar UV and UV +P25 was not statistically significant different. 

In trial 7 and 8, no significant difference was observed for inactivation efficiency 

by UV and UV+P25. Thus, condition was further adjusted.   

Results of inactivation of B. cereus spores by UV alone and UV+P25 by adding 

spores after application of titania to membrane surface (trial 6-8) were summarized in 

Table B-3.  Distance was measured from the bottom of UV light to the surface of sample.  

For trial 6, inactivation activity of UV is significant higher than UV+P25, which 

indicated a large shading effect based on F-test at α = 0.05.  For trial 7 and 8, there is no 

significant difference between UV and UV+P25 inactivation results.  The shading effect 

in these two trials was avoided by modification of spore application method.  The 

insignificance between UV and UV+P25 inactivation activity is probably due to the high 

intensity applied in the test.  The high inactivation efficiency by UV alone may make 

photocatalytic activity become negligible.  Vohra et al. (2005) found that inactivation rate 

was improved by the adding of titania under solar UV irradiation.  A destruction of 22% 

spores on fabric or metal surface were inactivated by solar UV irradiation alone was 

observed after 4 hr irradiation, whereas 76% and 80% destruction of B. cereus spores 

were achieved on metal and fabric surface with titania coating respectively.  At an 

irradiation period of 24 hr, 55% spores were inactivated by solar UV alone, whereas 99% 

and 96% B. cereus on metal and fabric surface were destructed by UV in the presence of 

photocatalyst.  In Vohra’s research, a much lower intensity (50 W/m2) was used as 

compared with our research (104.5 W/m2, 129.5 W/m2).  However, at a very low 

intensity (7.4 W/m2), Lin and Li (2003b) observed no difference between UV and 
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UV+P25 for inactivation of B. subtilis.  Thus, an appropriate UV intensity may require 

for photocatalysis to achieve its optimum activity on bacterial endospore inactivation.   

Also, a 10 wt% titania slurry (not mentioned in paper, communicated with author) 

was painted on the surface by Vohra et al. (2005) whereas a total of 1 mL 0.1 wt% titania 

solution was filtered on the membrane in our research.  This may contribute to an obvious 

photocatalytic activity.   

Surface can also be a factor affecting photocatalytic inactivation of spores under 

UV irradiation.  As found by Lin and Li (2003b), no significant difference was found for 

inactivation of B. subtilis spores on glass slides under UV and UV+P25, whereas 

inactivation rate constant is higher for inactivation of B. subtilis spores on titania filter 

than on filter without photocatalyst under UV irradiation.   

B.3 Summary 

Results of preliminary experiments indicate that light intensity is important factor 

affecting photocatalytic contribution to spore inactivation rate.  Titania loading plays 

important role on the shading effect in spore inactivation on surfaces. 



273 

 

 
Figure B-1. SEM image of a mixture of 106 CFU spores and 0.1 mg titania on Anodisc 

membrane 

 

 
Figure B-2. SEM image of a mixture of 105 CFU spores and 0.01 mg titania on Anodisc 

membrane 
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Figure B-3. SEM image of a mixture of 104 CFU spores and 0.001 mg titania on Anodisc 

membrane 

 

   
Figure B-4. SEM image of a mixture of 5×106 CFU spores and 0.05 mg titania on 

Anodisc membrane at a) 5000× magnification and b) 250× magnification 

 

a b 
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Figure B-5. Inactivation of B. cereus spores by UV+P25.  The spores and titania were 

mixed before application to membrane. (Trial 1)  
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Figure B-6. Inactivation of B. cereus spores by UV and UV+P25.  The spores and titania 

were mixed before application to membrane. (Trial 2) 
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Figure B-7. Inactivation of B. cereus spores by UV and UV+P25.  The spores and titania 

were mixed before application to membrane. (Trial 3, repeat of trial 2) 
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Figure B-8. Inactivation of B. cereus spores by UV and UV+P25.  The spores and titania 

were mixed before application to membrane. (Trial 4) 

 

 

   
Figure B-9. SEM image of a mixture of 5×106CFU spores and 0.1 mg titania on Anodisc 

membrane a) 5000× magnification and b) 250× magnification 

a b 
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Figure B-10. Inactivation of B. cereus spores by UV and UV+P25.  The spores and 
titania were mixed before application to membrane. (Trial 5) 
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Figure B-11. Inactivation of B. cereus spores by UV alone and UV+P25.  Spores were 

added after application of titania to the membrane. (Trial 6)  
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Figure B-12. SEM image membrane pre-coated with 2.5 mg 1 mg titania at a) 5000× 
magnification and b) 250× magnification 

 

       
Figure B-13. SEM image membrane pre-coated 1 mg titania at a) 5000× magnification 

and b) 250× magnification 

a b 

a b 
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Figure B-14. SEM image of 106CFU spores distribution on membrane pre-coated with 1 
mg titania a) spore suspension was pipetted on titania coating directly b) spore 
suspension was sonicated before pipetting on titania coating 

a b 
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Figure B-15. Inactivation of B. cereus spores by UV alone and UV+P25.  Spores were 
added after application of titania to the membrane. (Trial 7)  
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Figure B-16. Inactivation of B. cereus spores by UV alone and UV+P25.  Spores were 

added after application of titania to the membrane. (Trial 8)  
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Table B-1. Inactivation of B. cereus spores by UV+P25.  Mixture of spores and titania 
were applied to membrane surface. (trial 1)  

Average viable spores on membrane Time 
(hr) T(°C) Sample 

No. 10-1 
dilution 

10-2 
dilution

10-3 
dilution

10-4 
dilution

10-5 
dilution 

10-6 
dilution 

0 22.6 3    276.7 39.8 4 
8 25.4 3   0.3 0 0  
16 25.0 3  0.5 0 0   
24 26.0 3 0.2 0 0 0   
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Table B-2. Inactivation of B. cereus spores by UV alone and UV+P25 by applying mixture of spores and titania to membrane surface  

Trial System T(°C) 
Relative 
humidity 

(%) 

Distance
(cm) 

Total 
amount 
titania 
(mg) 

LD90 
(min) 

Ratio of 
LD90 

D Value 
(min) 

Ratio of 
D value

Significance 
difference in 

slopes1 

1 UV + Degussa 
P25 TiO2 

22-26 -- 10 0.05 237 -- 490 -- -- 

UV 71 132 
2 UV + Degussa 

P25 TiO2 
24-26 -- 10 0.05 

98 
0.72 

128 
1.03 Insignificant

UV 93 62 
3 UV + Degussa 

P25 TiO2 
25-26 34-40 10 0.05 

126 
0.74 

70 
0.89 Insignificant

UV 42 33 
4 UV + Degussa 

P25 TiO2 
25-29 44-57 5 0.05 

80 
0.53 

60 
0.55 Insignificant

UV 90 70 
5 UV + Degussa 

P25 TiO2 
22-24 66-76 10 0.1 

120 
0.75 

82 
0.85 Significant 

1 Slope refers to slope of regression line from UV and UV+P25 inactivation result 
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Table B-3. Inactivation of B. cereus spores by UV alone and UV+P25 by adding spores after application of titania to the membrane 

Trial System T(°C) 
Relative 
Humidity 

(%) 

Distance
(cm) 

Total 
amount 
titania 
(mg) 

LD90 (min) Ratio of 
LD90 

D Value 
(min) 

Ratio of D 
value 

Significance 
difference in 

slopes1 

UV 86 53 
61 UV + Degussa 

P25 TiO2 
34-35 48-57 10 10 

59 
1.46 

204 
0.26 Significant 

UV 120 127 
7 UV + Degussa 

P25 TiO2 
26-30 42-50 10 1 

125 
0.96 

176 
0.72 Insignificant 

UV 70 195 
83 UV + Degussa 

P25 TiO2 
25-27 52-65 10 1 

112 
0.62 

228 
0.86 Insignificant 

1 Slope refers to slope of regression line from UV and UV+P25 inactivation result 

2 Spores were filtered on the membrane in trial 6, where spore suspension was pipetted on membrane in trial 7 and 8.  Titania coating 
in trial 6 was not dried while dried in trial 7 and 8 
3 Spores were heat shocked and washed with sterile D.I. water once right before UV inactivation test 
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