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Abstract 

Titanium dioxide films were deposited on aluminum by flame assisted chemical vapour 

deposition.  The photocatalytic performance of these films when the air flow rate to the flame and 

thickness of silicon oxides under-layer were varied, was compared against a film of 

electrophoretically deposited Degussa P25, a titanium dioxide powder.  At a high air flow rate, 

only powder was deposited on the substrate and the films had no measurable photocatalytic 

activity.  When the air flow rate was lower, and the flame cooler, titanium dioxide was 

successfully deposited.  Samples with a silicon oxides under-layer had more titanium dioxide 

deposited than with no undercoating, but titanium dioxide content did not increase as the layer of 

silicon oxides thickness increased.  Films deposited at a low air flow rate, and with a silicon 

oxides under-layer, were shown to act as self-cleaning surfaces through the mineralization of a 

stearic acid film, successfully removed organic compounds from water through the oxidation of 

methylene blue as a model compound, and effectively inactivated Vibrio fischeri in water.  

However, in all cases the performance was found to be moderate when compared to Degussa P25 

films.  The successful use of films produced under these conditions in various applications 

suggests that they may also be effective in an air sterilization unit.   An air sterilization reactor 

system was designed with considerations to reactor geometry, relative humidity and air flow rate.  

Bioaerosol generation and capture experiments were performed while varying pressure supplied 

to a Collison Nebulizer, the nebulizer optical density of Bacillus subtilis, and the sample period 

using a modified AGI-4 impinger.  A model was developed to correlate these parameters to 

expected bacterial capture.  Different methods of assessing cell viability in the capture solution 

were examined, and the use of the Live/Dead assay was recommended over traditional plate 

counts because of lower associated error.  
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Chapter 1 

Introduction 

Titanium dioxide is a semiconductor and photocatalyst that can be activated by UV light 

(< 384 nm) (Carp et al., 2004; Fujishima et al., 2008).   When light with sufficient energy is 

absorbed by titanium dioxide in the presence of oxygen, an electron-hole pair is generated.  The 

valence band electron hole can react with water to produce highly oxidizing hydroxyl radicals, 

while the conduction band electron can react with oxygen to form super oxide species.  These 

radical species are capable of mineralizing most organic compounds.  Titanium dioxide 

photocatalysis can be used for applications such as self-cleaning surfaces, for the removal of 

organic compounds, and the inactivation of biological organisms. 

Recently, there has been much industrial interest in the production of titanium dioxide 

thin films for a range of applications.  Traditional methods of film deposition, such as the sol-gel 

method, are slow and not suited for continuous industrial production of films.  Chemical vapour 

deposition (CVD) or related processes are normally better suited for industrial applications.  

Novelis Inc., a world leader in aluminum rolling and recycling, is in the process of optimizing a 

flame assisted chemical vapour deposition (FACVD) system for the generation of titanium 

dioxide films, with the goal of producing value added products to their existing product lines.  

FACVD has long been recognized by industry as the most cost effective way to produce metal 

oxide powders like titanium oxide, but to the author’s knowledge, no titanium dioxide films have 

been previously deposited using FACVD (Choy, 2003).  Novelis Inc. is interested in developing 

an in-line process for the rapid deposition of mechanically robust titanium dioxide films on 
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aluminum substrate, with specific interest towards the development of photocatalytic films for the 

destruction of bioaerosols. 

 Bioaerosols may consist of bacteria, cellular fragments, fungal spores, viruses, and 

microbial metabolites such as endotoxin.  Exposure to bioaerosols can lead to serious diseases, 

such as influenza, tuberculosis, and meningitis and has been found to be responsible for asthma 

incidences.  Two of the most common technologies used to improve air quality are Ultraviolet 

Germicidal Irradiation (UVGI) and High Efficiency Particulate Air (HEPA) filters.  However, 

each technology has inherent limitations.  For example, neither UVGI nor HEPA filters will 

remove endotoxin (Grinspun et al., 1997).   

 The purpose of this study is to compare the performance of films produced under 

different process conditions by Novelis Inc.’s FACVD process against a standard benchmark 

titanium dioxide film.   The performance of Novelis Inc.’s films as self-cleaning surfaces, for the 

destruction of aqueous phase organic compounds, and for the inactivation of aqueous phase 

microorganisms was tested.  Additionally, a photocatalytic reactor system for bioaerosol 

inactivation was designed to test the performance of the FACVD films.    The thesis was 

organized as follows: 

 A literature review was performed and used to design the experiments in this study 

(Chapter 2). 

 Deposition procedures were described, and the produced films analyzed (Chapter 3). 

 The performance of Novelis Inc.’s films was tested as self-cleaning surfaces, for the 

destruction of aqueous phase organic compounds, and for the inactivation of aqueous 

phase and compared to a standard film (Chapter 4). 
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 A photocatalytic reaction system for the inactivation of bioaerosol was designed.  

Bioaerosol generation and capture procedures were also developed (Chapter 5). 
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Chapter 2 

Literature Review 

2.1 Basic Properties of Titanium Dioxide 

Titanium dioxide is a semiconductor with three main crystal structures: rutile, anatase, 

and brookite (Carp et al., 2004; Fujishima et al., 2008). It has high chemical stability, is non-

toxic, and inexpensive (Carp et al., 2004; Legrini et al., 1993).  When a semiconductor is struck 

with a photon that has a greater energy than the band gap energy, an electron is promoted from 

the valence band to the conduction band forming an electron-hole pair (de Lasa et al., 2005).  The 

band gap energy was found to be 3.0 eV for rutile and 3.2 eV for anatase (Fujishima et al., 2008; 

Mardare et al., 2000).  The maximum wavelength of light needed to promote an electron from the 

valence band to the conduction band is 410 nm and 384 nm respectively (Carp et al., 2004).  

Electron-hole pairs can be used for many applications such as the degradation of organic 

compounds.  The use of light to provide the energy for a reaction to occur in the presence of a 

catalyst is commonly referred to as photocatalysis. 

2.2 Photocatalysis 

Investigation into the photocatalytic use of titanium dioxide began after it was observed 

that pigments were being degraded in paints containing titanium dioxide (Jacobsen, 1949).  Since 

then, much investigation has been done on titanium dioxide photocatalysis and its mechanism.  

The photocatalytic oxidation of organic compounds using light activated titanium dioxide can 

either take place due to indirect oxidation via hydroxyl radicals (Mills and Hoffman, 1993; 

Terzian et al., 1991; Turchi and Ollis, 1990) or by direct interaction with valence band holes 

(Carraway et al., 1994; Draper and Fox, 1990).  Some have suggested that the primary 
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mechanism of oxidation depends on the nature of the substrate (Moa et al., 1991).  The rate of 

oxidation also depends on the crystal phase of titanium dioxide. 

Anatase is the crystal structure that generally shows the greatest photocatalytic activity, 

but the rutile crystal structure is also employed (Ding et al., 2000; Tanaka et al., 1991; Fox et al., 

1993).  In photocatalytic reactions, the interfacial reactions involving the generated electron-hole 

pairs (microseconds to milliseconds) compete with the deactivation process of electron-hole 

recombination (picoseconds to nanoseconds) (Carp et al., 2004; de Lasa et al., 2005; Hoffman et 

al., 1995).   The difference in photocatalytic performance between rutile and anatase has been 

attributed to the higher band gap energy of anatase leading to slower electron-hole recombination 

(Tanaka et al., 1991; Wold, 1993; Bickley et al., 1991; Bessergenev et al., 2006). 

  In order for a photocatalytic reaction to proceed there must be a catalyst surface, an 

oxidizing agent (usually oxygen), and photons of the appropriate wavelength (de Lasa et al., 

2005; Legrini et al., 1993; Hoffman et al., 1995).  A generalized reaction scheme can be 

described as follows (de Lasa et al., 2005; Hoffman et al., 1995): 

Light with a wavelength less than 384 nm (hv>3.2 eV, anatase) strikes the titanium dioxide and 

generates an electron (e
-
)-hole (h

+
) pair: 

 

    
         
               

 

An electron is donated from adsorbed water (H2O), adsorbed hydroxyl ions (OH
-
), or adsorbed 

substrates (A) to fill the valence band hole. 
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Oxygen molecules act as acceptors of electrons to form super-oxide anions which can participate 

in further generation of reactive oxygen species or additional radical species (de Lasa et al., 

2005). 

 

     
          
     

  

 

Previously generated hydroxyl radicals can oxidize substrates near the catalyst surface (de Lasa et 

al., 2005). 

 

     
          
                

 

The general concept provided by this simple mechanism has been applied to various 

applications in both the gaseous and liquid phase.  Such applications include synthesis of organic 

compounds, production of self-cleaning surfaces, removal of organic and inorganic compounds, 

and inactivation of biological organisms (Fujishima et al., 2008; Carp et al., 2004). The 

photocatalytic nature of titanium dioxide can also be used to make light induced superhydrophilic 

(a term often used when talking about titanium dioxide surfaces with near 0
o
 water contact angle) 

surfaces (Fujishima et al., 2008).  Superhydrophilicity is caused when trapped holes weaken the 

bond between titanium and the lattice oxygen, liberating oxygen and producing an oxygen 

vacancy.  Water adsorption at these sites hydroxylates the surface, enhancing the wetting of water 

on the surface (Mills et al., 2003).   

Titanium dioxide photocatalysis is not frequently used for selective organic synthesis.  

However, a variety of chemical compounds can be synthesized including alkanes/alkenes (Ohno 
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et al., 2001), alicyclic hydrocarbons (Maeda et al., 2004), aromatic compounds (Kanno et al., 

2001),   ketones and aldehydes (Mohammed et al., 2002), and many other classes of compounds.  

The other major applications of titanium dioxide photocatalysis will be discussed in detail later in 

the chapter. 

2.3 Titanium Dioxide Films 

2.3.1 Influence of Film Properties on Photocatalytic Performance 

For many commercial applications, the use of titanium dioxide films is more practical 

than the use of powders (Mills et al., 2003).  Many of the factors that determine the efficiency of 

titanium dioxide powders also apply to films, including morphology, crystal phase, specific 

surface area, particle aggregate size, and surface density of OH ions (Mills and Hunte, 1997).  

Film thickness can also affect the efficiency depending on the wavelength used for activation.  

Thin (about <100 nm) titanium dioxide films typically absorb a large amount of the UVC 

spectrum but little of the UVA (Mills et al., 2003).  Thus, thin films typically have a lower 

efficiency in UVA light than UVC light (Mills et al., 2002).   

Substrate-film interactions are another major factor which can affect photocatalytic 

efficiency.  Efficiency can be affected by direct interaction with the substrate, by the migration of 

ions from the substrate, or by changes in deposition mechanism caused by various substrates.  

Direct interaction occurs through chemically bonding with the support material and can cause 

changes in the energy band structure of titanium dioxide, negatively impacting photocatalytic 

activity (Pozzo et al., 1997).   

The migration of sodium, iron/chromium, and aluminum ions can occur under some 

conditions when titanium dioxide films are coated on glass, stainless steel, and aluminum 

respectively (Wantanabe et al., 1999; Evans and Sheel, 2007; Zhu et al., 2001; Ho et al., 2007).  
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The degree of ion migration is related to temperature of film deposition (Evans and Sheel, 2007).  

All of these ions are known to act as charge recombination sites, lowering the life span of 

electron-hole pairs, and decreasing photocatalytic efficiency (Wantanabe et al., 1999; Evans and 

Sheel, 2007; Cho et al., 1994; Ho et al., 2007).  Kwon et al. (1994) showed that as the film 

thickness of titanium dioxide on aluminum substrate increased, the impact of the aluminum 

substrate diminished.  The use of an inert, shielding under-layer, normally SiO2, has been shown 

to block the migration of these detrimental ions, and increase photocatalytic efficiency 

(Wantanabe et al., 1999; Evans and Sheel, 2007).   

Film activity can also be altered by substrate interaction during the film deposition 

process.   Using a specific precursor, when titanium dioxide was deposited on SiO2 coated 

stainless steel, anatase was the primary phase (Evans and Sheel, 2007).  When the same precursor 

and deposition conditions were used, rutile was the primary phase when the coating was done on 

bare stainless steel.  Therefore, the substrate can have an effect on the crystal structure of titanium 

dioxide films.  This study also demonstrated that an undercoating of SiO2 decreased the grain size 

compared to deposition on bare stainless steel by providing more favorable nucleation sites.  It 

can be seen that there are many factors to ensure high photocatalytic activity which must be 

considered when depositing titanium dioxide films. 

2.3.2 Methods of Titanium Dioxide Film Deposition 

Titanium dioxide film deposition can be broadly categorized into methods using 

previously made titanium dioxide powder, and methods where titanium dioxide is generated 

during support coating (Pozzo et al., 1997).  Common films deposition methodologies for each 

category are discussed in the following sections. 
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2.3.3 Powder Deposition 

When films are deposited using a pre-made titanium dioxide powder, the powder of 

choice is most often Degussa P25 (Maness et al., 1999). Degussa P25 particles are produced by 

high temperature hydrolysis of TiCl4 in the presence of hydrogen and oxygen to form a mixture 

of approximately 80% anatase/20% rutile (Mills and Le Hunte, 1997).  Titanium dioxide 

photocatalytic films are normally compared to Degussa P25 because of its high photocatalytic 

activity, which has led to widespread use (Mill and Le Hunte, 1997).  The high photocatalytic 

activity of Degussa P25 is due to slow electron-hole recombination, which is thought to be caused 

by the mixed anatase-rutile structure of Degussa P25 (Hoffman et al., 1995; Bickley et al., 1991).   

The high activity of Degussa P25 is typically independent of the support material partially due to 

the low temperature conditions associated with powder deposition (Byrne et al., 1998). 

 Many methods have been used to coat substrates with powdered titanium dioxide.  Some 

of the most commonly used methods are dip coating, spray coating, wash coating, and 

electrophoretic deposition (Fretwell and Douglas, 2001; Pozzo et al., 1997; Mills and Wang, 

1998; Mills et al., 2002; Byrne et al., 1998; Fernandez et al., 1995; Matthews et al., 1994).  When 

these methods were compared, electrophoretic coating typically resulted in higher photocatalytic 

activity and more reproducible activity (Byrne et al., 1998).   

One major drawback of titanium dioxide films made by powder deposition is their low 

mechanical robustness.  Although there is no clear understanding of the bonding between 

titanium powder and support material, it is thought that electrostatic interactions may play a 

major role, but chemical bonding may also occur (Pozzo et al., 1997).  Powder based films are 

usually not destroyed by washing, but it has been found that mechanical abrasion can easily 

remove the photocatalyst (Mill et al., 2002). 
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2.3.4 Sol-Gel Deposition Method 

The sol-gel process is most frequently used for the deposition of titanium dioxide films 

where a pre-formed powder is not utilized (Mills et al., 2003; Carp et al., 2004).  Most sol-gel 

film deposition methods use titanium alkoxides as precursors (Sivakumar et al., 2002).  Titanium 

ethoxide, titanium isopropoxide, and titanium tert-butoxide are the most common titanium 

alkoxides used in the sol-gel process (Carp et al., 2004; Okudera et al., 2001; Mills et al., 2003).  

Some sol-gel film deposition methods have also used inorganic compounds instead of alkoxides 

(Sivakumar et al., 2002).    

Sol-gel methods can produce films with high purity and homogeneity while exhibiting 

high levels of control over the films produced and can be used to coat large and complex surfaces 

(Carp et al., 2004).  In contrast to powder deposition, the sol-gel process can make films that are 

very mechanically robust and scratch resistant (Fretwell and Douglas, 2001; Mills et al., 2002).  

Many deposition methods have been used with the sol-gel process such as dip coating, spin 

coating, and spray coating  (Fretwell and Douglas, 2001; Byun et al., 2000).  Following 

deposition, the films must be annealed at high temperatures to crystallize the titanium dioxide 

(Byun et al., 2000; Carp et al., 2004).  The sol-gel process typically makes thin films (<100 nm) 

which have high absorbance in the UVC range, but low absorbance in the UVA range (Mills et 

al., 2003).  However, thick films can also be produced, some of which have higher efficiency than 

films made from Degussa P25 (Fretwell and Douglas, 2001). 

2.3.5 Chemical Vapour Deposition of Titanium Dioxide 

Recently, chemical vapour deposition (CVD) methods have been investigated for the 

deposition of titanium dioxide films (Mills et al., 2002; Heft et al., 2006; Evans and Sheel, 2007; 

Bessergenev et al., 2002; Hitchman and Tian, 2002; Kaliwoh et al., 2002).  CVD methods involve 
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the formation of a stable solid product from gas phase reactants in an activated (heat, light, 

plasma) environment (Choy, 2003; Xu and Yan, 2010). Common sources of titanium for CVD 

are TiCl4 and titanium alkoxides such as titanium isopropoxide, titanium tert-butoxide, and 

titanium ethoxide (Ritala et al., 1993).  Water, atmospheric oxygen, and oxygen in the precursor 

can be used to provide the oxygen needed for the generation of titanium dioxide films (Ritala et 

al., 1993).  The crystallinity of films formed using CVD is dependent on the precursors used and 

the substrate material.  For example, the crystallinity of films deposited directly on stainless steel 

by CVD was dependent on the precursor used (Bessergenev et al., 2006; Evans and Sheel, 2007).  

However, when there was a SiO2 under-layer, the films were found to be anatase regardless of the 

precursor (Evans and Sheel, 2007).  Some studies have found that whether deposition was done 

on glass, quartz, or ceramic, the crystal phase was not affected and the results relied solely on the 

precursor (Bessergenev et al., 2006). 

 Advantages to using CVD are the production of uniform films, high adhesion of the 

deposited film to the substrate, controllable crystal structure, easily adjusted deposition rate, 

relatively low deposition temperatures (compared to annealing in the sol-gel process), and the 

ability to coat complex surfaces (Choy et al., 2003; Xu and Yan, 2003).  CVD processes may also 

result in a relatively high rate of film formation compared with other methods because these 

processes do not require any external energy to cause film solidification after deposition (Xu and 

Yan, 2010; Byun et al., 2000).  For these reasons CVD methods, especially variants that occur at 

atmospheric pressure, are often the preferred deposition methods for industrial production of 

films (Mill et al., 2003).. 
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2.3.6 Flame Assisted Chemical Vapour Deposition  

Flame assisted chemical vapour deposition (FACVD), a variant of CVD, has long been 

recognized as one of the most cost effective way to produce metal oxide powders like TiO2 and 

SiO2 (Choy, 2003).  It is a relatively new and innovative method of producing films (Evans and 

Sheel, 2007) and typically produces films in a much shorter  period than traditional CVD 

processes (Choy, 2003).  To the author’s knowledge, no titanium dioxide films have been 

previously deposited using FACVD. However, other studies have used FACVD to deposit an 

under-layer of SiO2 by FACVD before coating the substrate with titanium dioxide using another 

variant of CVD (Evans and Sheel, 2007). 

In FACVD the precursors needed to make the film are mixed with the fuel source, and 

injected into a flame system where they are combusted to form a coating (Xu and Yan, 2010; 

Choy et al., 2003).  In CVD processes, the substrate is often heated to enhance the surface 

mobility on the substrate during deposition (Choy, 2003).  In the FACVD process the flame 

provides the heat required for both the precursor to react and to heat the substrate, which makes it 

more efficient than conventional CVD processes (Choy, 2003).   

In FACVD, there are many factors which determine the crystal structure, morphology, 

and grain size such: flame temperature profile, choice of precursor, residence time in the flame, 

ratio of fuel to precursor and fuel to air, the distance between the substrate and the flame, and the 

cooling of the deposited film (Choy, 2003; Xu and Yan, 2010).  Dopants may also greatly affect 

the properties of the deposited film.  In the production of titanium dioxide powders by FACVD, 

dopants such as silicon and phosphorus can drastically alter the morphology of titanium dioxide 

powders by increasing the extent of aggregation, increasing the specific surface area, decreasing 

the specific particle size, and decreasing the rutile content (Akhtar et al., 1992).  All of these 
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effects typically enhance the photocatalytic activity of titanium dioxide.  However, doping with 

aluminum caused irregular titanium dioxide crystals to form and generated pure rutile (as 

opposed to 90% anatase without aluminum) (Akhtar et al., 1994).   

The major advantages of FACVD is the ability to coat complex substrates, the formation 

of product in a single step without need for annealing, reduced processing time compared to 

conventional CVD, high control of stoichiometry, high deposition rate, and relatively low cost 

compared to other CVD methods (Choy et al., 2003; Xu and Yan, 2010).   

The major drawback of the FACVD method is the large temperature fluctuation in the 

flame source (Choy, 2003).  This makes it difficult to produce uniform, dense thin films, but 

adherent porous coatings can be made (Choy et al., 2003; Choi et al., 1998).  Effort has also been 

made to improve flame stability using various burners such as the counterflow flame burner and 

reduced pressure flat flame burner (Choy, 2003).   Another difficulty associated with many 

FACVD processes is that since the flame temperature is very high, it can lead to a homogeneous 

gas phase reaction and the deposition of powder (Choy, 2003).  To avoid this, the flame 

temperature can be reduced by adjusting factors such as the ratio of fuel to precursor (Choy, 

2003). 

2.4 Applications of Titanium Dioxide Photocatalysis 

Titanium dioxide photocatalysis has many potential applications.  Such applications 

include synthesis of organic compounds, production of self-cleaning surfaces, removal of organic 

and inorganic compounds, and inactivation of biological organisms (Carp et al., 2004). 
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2.4.1 Removal of Organic Compounds from Aqueous Solution 

Titanium dioxide photocatalysis has many potential benefits over conventional methods 

of wastewater and drinking water purification.  Conventional wastewater treatment typically 

involves an activated sludge process which requires high contaminant concentration to ensure 

microbial growth (Carp et al., 2004).  Therefore, conventional methods cannot be applied to treat 

water with low concentrations of organics.  Furthermore, these processes produce a sludge by-

product and risk microbial death due to toxic shock (Carp et al., 2004).  They have also been 

shown to be ineffective in the degradation of some synthetic compounds such as chloroorganics 

(Gogate and Pandit, 2004; Baird and Cann, 2005).  Need exists for an economical and 

environmentally benign process to mineralize organic compounds left behind by conventional 

water treatment methods (Carp et al., 2004).  Titanium dioxide photocatalysis has been shown to 

be a relatively low cost, non-toxic process capable of mineralizing a wide variety of organic 

compounds at near ambient conditions (Bhatkhande et al., 2001; Legrini et al., 1993).  

In aqueous systems, chemical degradation typically occurs through indirect oxidation 

involving the generation of hydroxyl radicals from water or hydroxyl ions adsorbed to the surface 

(Legrini et al., 1993).  Hydroxyl radicals are strong oxidizing species that primarily initiate 

oxidation of organic species through hydrogen abstraction (Legrini et al., 1993).  Oxidation can 

also occur by addition to an atom of a multiple bond or the extraction of an electron from an ion 

(Baird and Cann, 2005).   

The use of titanium dioxide photocatalysis to remediate contaminated water was first 

reported by Carey et al. in 1976. Since then, studies have shown the titanium dioxide 

photocatalytic degradation of many other types of compounds, including: aromatic hydrocarbons 

(Soana et al., 2000), halogenated compounds (Crittenden et al., 1997), hydroxylated compounds 
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(Chen and Ray, 1999), ethers (O’Shea and Cardona, 1994), aldehydes (Parra et al., 2003), organic 

acids (Al-Rasheed and Cardin, 2003), sulfur containing compounds (Liu et al., 2003), oestrogen 

compounds (Coleman et al., 2000), dyes (Ozkan et al., 2004), herbicides (Konstantinou et al., 

2001), and insecticides (Herrmann et al., 1999). A more comprehensive list can be seen in review 

articles (Carp et al., 2004; Legrini et al., 1993; Hoffman et al., 1995; Mills and Le Hunte, 1997). 

In many cases, complete mineralization is reported (Hoffman et al., 1995). 

2.4.1.1 Removal of Organic Compounds from Aqueous Solutions as a Means to Quantify 

Photocatalytic Performance 

A model organic compound is often chosen to evaluate the performance of a 

photocatalyst or a reactor (de Lasa et al., 2005).  Methylene blue, a cationic thiazine dye with a 

maximum absorbance at 660 nm (de Tacconi et al., 1997), is often used as a test substrate (Wang 

et al., 2007; Inagaki et al., 2001; Mills and Wang, 1999; de Lasa et al., 1997) because it absorbs 

little light in the wavelengths between 300 and 400 nm (Mills and Wang, 1999) and its 

disappearance can easily be evaluated using a spectrophotometer (de Lasa et al., 2005).  

 

 

Figure 2.1 Chemical Structure of methylene blue. 

 

Previous studies have determined the likely oxidation pathway of methylene blue 

exposed to light-activated titanium dioxide.  The reaction is initiated by attachment of the cationic 
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functional group of methylene blue to the catalyst surface, followed by the opening of the central 

ring as a result of the attack of the C-S
+
=C functional group by hydroxyl radicals.  This led to the 

mineralization of methylene blue to CO2, NH4
+
, NO3

-
, and SO4

2-
 (Houas et al., 2001).  The overall 

mineralization of methylene blue in the presence of illuminated TiO2 can be expressed by the 

following chemical equation (Mills and Wang, 1999): 

 

            
  

 
  

                 
                                        

 

 Titanium dioxide photocatalysis can also lead to the reduction of methylene blue through 

interaction with conductance band electrons (de Tacconi et al., 1997).  The singly reduced form 

of methylene blue readily disproportionates to form methylene blue and the colourless, twice 

reduced form, leuco-methylene blue (de Tacconi et al., 1997;Karyakin et al., 1993).  The overall 

equation can be summarized as follows (de Tacconi et al., 1997):  

 

         
        

                 
                      

 

Leuco-methylene blue is stable under oxygen limited and acidic conditions, but otherwise the 

reduction reaction is reversible (de Tacconi et al., 1997;Karyakin et al., 1993). 

Many groups have correlated the amount of dye bleaching (i.e. loss of colour) to dye 

mineralization, but this may not always be accurate (Mills and Wang, 1999).  The oxidation 

reaction irreversibly bleaches methylene blue, but the reversible reduction reaction has been 

shown to have a similar effect (Mills and Wang, 1999). Mills and Wang (1999) demonstrated that 

under conditions where the formation of leuco-methylene blue was favorable, such as at low 

oxygen concentrations during photocatalysis, the bleaching process could be reversed in the dark 
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through addition of oxygen.  Therefore, when using methylene blue bleaching to quantify 

photocatalytic activity, it is import to ensure that the reduction reaction has no significant effect 

on the reaction.   

2.4.2 Self-cleaning Surfaces 

Titanium dioxide can be applied to materials as a self-cleaning coating.  Self-cleaning 

surfaces typically take advantage of the ability of titanium dioxide to degrade organic compounds 

and its superhydrophilic properties which allow dirt to be washed away (Carp et al., 2004).  The 

majority of self-cleaning surfaces are designed to use available solar light, or the small amount of 

UV light emitted from fluorescent sources (Fujishima et al., 2008). 

In order to test the self-cleaning properties of photocatalytic surfaces, a variety of test 

compounds can be chosen.  Stearic acid is often used as it provides a good representation of 

organic solid films, and is easily analyzed by transmission FTIR (Mills et al., 2003; Sawunyama 

et al., 1997).  The IR bands at 2960, 2925, and 2850 cm
-1

 measure the C-H stretching in CH3, CH, 

and CH2 respectively (Sawunyama et al., 1997; Minabe et al., 2000).  From CO2 analysis, it was 

found that the disappearance of stearic acid, as measured by FTIR, is a direct measure of 

photocatalytic mineralization of stearic acid (Mills et al., 2003; Minabe et al., 2000).  The overall 

process proceeds in a heterogeneous manner and can be summarized as follows (Mills et al., 

2003; Sawunyama et al., 1997): 
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It has been shown that many other compounds can be mineralized on titanium dioxide 

surfaces including high molecular weight organic compounds and oils (Minabe et al., 2000; 

Heller) as well as liquid and semi-solid films (Minabe et al., 2000).   

In order for a titanium dioxide surface to be self-cleaning, the photocatalytic degradation 

rate must be greater than the deposition rate of organic compounds (Fujishima et al., 2008).  

Studies have shown that some organic contaminants can be degraded at a rate sufficient to keep a 

surface clean under normal conditions (Heller, 1995).  However, when this is not the case, 

titanium dioxide can still perform well as a self-cleaning surface if there is water flow because of 

titanium dioxide’s light-activated superhydrophilic properties (dirt can easily be washed away by 

rain) (Wang et a., 1998).  For this reason it has been suggested that outdoor applications may be 

appropriate for titanium dioxide photocatalytic surfaces (Hashimoto et al., 2005).  Titanium 

dioxide self-cleaning surfaces are already widely used in outdoor applications in Japan and 

gaining popularity elsewhere (Fujishima et al., 2008). 

2.4.3 Photocatalytic Disinfection of Water  

Contamination of water by viable biological microorganisms is a major concern and often 

causes more immediate sickness and death than chemical contamination (Baird and Cann, 2005).  

Additionally, endotoxin from bacterial cells can have negative health impacts even at low 

concentrations (ng per mL in blood) and will remain even after cells are killed (Sunada et al., 

1998).  For this reason it is essential to have water treatment methods that can kill a wide range of 

microorganisms, as well as destroy cellular components. Traditional chemical sterilization 

methods such as chlorination and ozonation are inefficient at the inactivation of certain pathogens 

and may lead to the production of harmful byproducts (Dunlop et al., 2002).  Membrane filters 

can remove the microbial cells, but the process is very energy intensive and endotoxins may still 
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remain (Baird and Cann, 2005; Blake et al., 1999).  Titanium dioxide photocatalysis has neither 

of these limitations, it can potentially kill a wide range of bacteria and destroy the endotoxins. 

Disinfection through photocatalytic oxidation was first demonstrated by Matsunaga et al. 

in 1985.  Since then, titanium dioxide photocatalysis has been shown to be an effective method 

for the complete inactivation of various types of bacteria and spores, as well as the destruction of 

endotoxin and biofilm components (Vohra et al., 2005; Sunada et al., 1998; Wolfrum et al., 

2002).  A comprehensive list can be seen in review articles (Blake et al., 1999).  The complete 

destruction of bacterial cell mass has been shown by TEM (Saito et al., 1992) and total oxidation 

to carbon dioxide (Jacoby et al., 1998). 

The first mechanism of sterilization proposed was the inactivation of cells through the 

destruction of Coenzyme A and the consequent inhibition of cell respiration (Matsunaga et al., 

1985).  It is now generally agreed that microbial inactivation arises from damage to the cellular 

membrane by hydroxyl radicals and subsequent loss of membrane functionality (Sunada et al., 

1998, Saito et al., 1992; Kuhn et al., 2003).  Hydroxyl radicals are strong oxidizers and non-

selectively react with organic matter (Mills and Le Hunte, 1997).  These short lived radicals, 

valence band holes, and other reactive oxygen species produced from titanium dioxide 

photocatalysis first attack the outer surface of the cell (Blake et al., 1999).  More specifically, 

they react with the polyunsaturated phospholipids, a major component of the cell membrane 

(Maness et al., 1999).  Radical attack initiates a chain reaction of lipid peroxidation, destroying 

the membrane’s polyunsaturated phospholipids and other important biological molecules (Maness 

et al., 1999).  Once these molecules are destroyed, the membrane structure is damaged and 

functions such as semipermeability, respiration, and oxidative phosphorylation are diminished 

(Maness et al., 1999).  The leakage of potassium ions and other cellular components reported in 
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the literature is consistent with this reaction mechanism (Saito et al., 1992; Maness et al., 1999).  

Ultimately cell viability is lost and eventually the entire cell mass is mineralized, including 

endotoxins (Saito et al,. 1992; Maness et al; 1999; Sunada et al., 2003; Jacoby et al., 1998).  

2.4.4 Air Disinfection 

 The disinfection of air is another potential application of titanium dioxide photocatalysis.  

Biological contaminants in air are known as bioaerosols which may consist of bacteria, fungi, 

viruses, and cellular components (e.g., cell wall fragments, flagella, and genetic material).  

Bioaerosols may exist as particulates or droplets of different sizes ranging from 0.5 to 30 μm in 

diameter (Pal et al., 2005; Stetzenbach, 1997; Griffiths and DeCosemo, 1994; Henningson et al., 

1990).  

Since the discovery that Legionella pneumophila caused the outbreak of Legionnaires’ 

disease in Philadelphia in 1976, the awareness of diseases caused by bioaerosols has greatly 

increased (Stetzenbach, 1997). It is now generally accepted that microorganisms are directly 

involved in Sick Building Syndrome (Heidelberg et al., 1997).  Many types of airborne 

microorganisms have been documented as infectious airborne pathogens (Jacoby et al., 1998).  

Exposure to these viable pathogens can cause diseases such as tuberculosis, cough and cold, 

mumps, measles, rubella, pneumonia, meningitis, influenza, small pox, and scarlet fever (Pal et 

al., 2005; Lin and Li, 2003b; Jacoby et al., 1998).  Exposure to bioaerosols, whether viable or not, 

can also lead to an allergic or toxic response (Griffiths and DeCosemo, 1990; Jacoby et al., 1998; 

Henningson et al., 1988).  Humans can be exposed to microorganisms through inhalation, 

ingestion, and dermal contact, however, inhalation of bioaerosols is the major pathway resulting 

in adverse health effects (Stetzenbach, 1997; Griffiths and DeCosemo, 1990).   
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Bioaerosols can be generated from a variety of outdoor and indoor sources.  There are 

many natural and human generated outdoor sources such as fresh and marine surface waters, soil, 

plants, and wastewater treatment facilities (Stetzenbach, 1997).  Bacteria are naturally released 

into air through methods such as rain splashing, spray irrigation, or wind or wave action on water 

surfaces (Reponen et al., 1997).  A major source of indoor bioaerosols is human activity such as 

coughing, sneezing, disturbing surfaces, washing, talking, and toilet flushing (Stetzenbach, 1997; 

Kalogerakis et al., 2005).   Buildings components can act as sites of microbial contamination 

including wallboard, ceiling tiles, carpet and vinyl flooring, painted surfaces, upholstery and 

drapery, wallpaper, plastics, wood, cement, and brick (Stetzenbach, 1997).  Heating, ventilation, 

and air conditioning systems can also act as breeding and distribution systems for 

microorganisms (Pal et al., 2005).  As a result, some studies have found that residential indoor 

bioaerosol levels were always higher than outdoor levels (Kalogerakis et al., 2005).  Volatile 

substances generated from biological sources have also been found to accumulate in indoor air to 

levels that cause disease (Burge and Solomon, 1987).  Many energy conservation techniques 

which involve reducing the amount of air exchange between indoors and outdoors have increased 

bioaerosol contamination (Burge and Solomon, 1987).  Due to all the negative health effects 

associated with bioaerosols, numerous methods exist to remove viable microorganisms from air. 

The most common methods of bioaerosol removal or inactivation are filtration, 

ultraviolet germicidal irradiation (UVGI), and ozone sterilization (Lin and Li, 2003; Foarde et al., 

1997; Grinshpun et al., 2007).  However, there are problems associated with each of these 

approaches.  Filtration does not kill bacteria, but instead transfers them to another surface that 

must later be sterilized (Goswami et al., 1997).  High efficiency particulate air (HEPA) filters 

may also become a source of microbes if the trapped microbes proliferate (Chuaybamroong et al., 
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2010; Jankowska et al., 2000).  UVGI is effective at reducing the viability of microbes, but does 

little to remove toxins and allergens present in bacteria (Grinspun et al., 1997).  Additionally, 

UVGI becomes less effective as relative humidity increases above about 50% and has high 

energy costs associated with it (Riley and Kaufman, 1972; Peccia et al., 2001; Grinshpun et al., 

2007).  Ozone generators can effectively inactivate bioaerosols, but the ozone levels required 

significantly exceed health standards (Grinshpun et al., 2007; Foarde et al., 1997).  Due to the 

above limitations of existing methods, recently there have been many studies which test the 

ability of titanium dioxide photocatalysts for sterilizing air (Grinshpun et al., 2007). 

2.4.4.1 Bioaerosol Generation and Capture 

 To test the ability of titanium dioxide films to sterilize air, methods must be developed to 

generate and capture bioaerosols in laboratory settings.  Some common techniques of aerosol 

generation include compressed air nebulizers, ultrasonic nebulizers, fluidized bed aerosol 

generators, vibrating orifice aerosol generators, and many others (Mitchell, 1995).  The main 

methods of aerosol capture include gravitational sedimentation, inertial impactors, centrifugation, 

and filtration (Juozaitis et al., 1994; Burge and Solomon; 1987).  All have limitations, but 

Collison Nebulizers (a compressed air nebulizer) are often used for bioaerosol generation (Stone 

and Johnson, 2002; Reponen et al., 1997; Johnson et al., 1999; Grinshpun et al., 2007; Lin and Li, 

2003) due to stable bioaerosol production rate (Terziva et al., 1996; Juozaitis et al., 1994; Ding 

and Wang, 2001).  All-glass impingers (an inertial impactor) are widely used as aerosol capture 

devices because they have a small cutoff size diameter (Terziva et al., 1996; Jensen et al., 1992; 

Nevalainen et al., 1992; May and Harper, 1957; Grinshpun et al., 1997), are generally accepted as 

a reference sampler (Jensen et al., 1992; Brachman et al., 1964; Ding and Wang, 1997; Ginshpun 

et al., 1997; Henningson et al., 1988; Burge and Solomon, 1987), can sample a wide range of 
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concentrations (Chang et al., 1995; Chang et al., 1994; Buttner and Stetzenbach, 1991; 

Zimmerman et al., 1987; Nevalainen et al., 1992; May and Harper, 1957; Grinshpun et al., 1997), 

can quantify single cells and not aggregates (Jensen et al., 1992; Henningson et al., 1988; May 

and Harper, 1957; Terziva et al., 1996), and a variety of methods can be used to analyze the 

collected suspension (Zimmerman et al., 1987; Terziva et al., 1996; Seshadri et al., 2009; Yoon et 

al., 2010).   

There are many factors that must be considered when generating and capturing 

bioaerosols with Collison Nebulizers and all-glass impingers.  Perhaps the three most critical 

factors are the sampling flow rate, sampling duration, and method of sample analysis as described 

below.   

The sample flow rate can affect the physical and biological collection efficiency of 

impingers.   If the flow rate is too low (below around 6 L/min for a standard AGI-30 or AGI-4) 

then there will not be sufficient force to capture the bioaerosol particles and the physical 

efficiency of the impinger will be low (Willeke et al., 1995; Juozaitis et al., 1994).  As the flow 

rate increases to the recommended level (12.5 L/min for a standard AGI-30 or AGI-4), the air jet 

in the impinger approaches sonic velocity (Jensen et al., 1992; Grinshpun et al., 1997).  This 

increases physical capture efficiency to nearly 100%, but causes shear stress on bacteria and 

subsequent loss of viability (Walter et al., 1990; Stewart et al., 1995; Reponen et al., 1997; Jensen 

et al., 1992; Juozaitis et al., 1994).   The physical efficiency is also affected by re-aerosolization 

of the bacteria due to bubbles forming and bursting in the impinger.  Re-aerosolization occurs in 

impingers at flow rates as low as 5 L/min, but significant re-aerosolization occurred above 10 

L/min (Ding and Wang 2001; Grinshpun et al., 1997; Willeke et al., 1995).   The optimum flow 

rate range for the AGI-4 was found to be 6-10 L/min (Willeke et al., 1995).   
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The sample duration also affects the overall rate of viable bacteria capture.  Long 

impingement times have been shown to reduce the viability of the impinged suspension due to 

stress from impingement and aeration (Terziva et al., 1996; Kesavan et al., 2010).  Extended 

periods of aeration can also cause evaporation of the impingement liquid and significant liquid 

loss can occur within 30 min (Grinshpun et al., 1997).  The capture efficiency can become 

irregular due to bounce effects once the liquid level becomes lower than the recommended level 

(Willeke et al., 1995; Grinshpun et al., 1997; Terziva et al., 1996). 

 The results of an aerosol generation and capture experiment are also significantly affected 

by the method used to analyze the liquid catch (Lembke et al., 1981).  The most common method 

is plate count (Juozaitis et al., 1994; Rule et al., 2009) which is slow (Yoon et al., 2010) and has a 

high variability associated with it.  Zimmerman et al. (1987) have shown that if a capture 

suspension is plated on two different plates, the error could be expected to be as high as 30% and 

Lembke et al. (1981) have reported that the error can increase with higher concentrations.  Plate 

counts also tend to underestimate the total viable bacteria concentration of bioaerosols 

(DeCosemo et al., 1992; Chang et al., 1995).  When cells are aerosolized and exposed to air, they 

may lose their culturability but still remain viable (Colwell et al., 1985; Heidelberg et al., 1997; 

Marthi et al., 1991) and pathogenicity can persist (Colwell et al., 1985).  Therefore, it is important 

to quantify total viable cells and not just total culturable cells. 

 To assess the viable concentration of bioaerosols without culturing, molecular techniques 

can be utilized (Heidelberg et al., 1997).  These assays have a higher minimum detection limit 

than plate count analysis, and this detection limit will be based on the sensitivity of the equipment 

used.  Two assays that have been used in the assessment of bioaerosols are a luciferase assay, that 

quantifies viability based on cellular ATP content, and the BacLight Live/Dead assay, which is 
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based on membrane intactness (Seshardri et al., 2009; Yoon et al, 2010; Terziva et al., 1996).  

ATP analysis is rapid, but the total ATP content must be correlated to cell concentration using a 

different method (Yoon et al., 2010; DeCosemo et al., 1992).  The ATP content also varies based 

on cell type and the state of the cells (Yoon et al., 2010; Seshardri et al., 2009).  The Live/Dead 

assay is also rapid and can be applied as a direct microscopic count or by spectrophotometry 

(Terziva et al, 1996).   However, some cells which may be counted dead because they have 

damaged membranes, can recover and remain viable (Terziva et al., 1996).    

2.4.4.2 Photocatalytic Reactor Design and Operation 

Titanium dioxide photocatalysis has been used to effectively reduce the viability of 

various types of bacteria in air (Grinshpun et al., 2007; Gosawmi et al., 1997; Vohra et al., 2006).  

However, results have been found to be highly dependent on experimental conditions.  Three 

major factors that have been studied are flow rate, reactor design, and relative humidity as 

discussed below. 

For bioaerosols to sufficiently inactivate, they must have time to react with the 

photocatalytic surface.  For this reason, many studies use low flow rates for single-pass 

experiments ranging from about 0.1 to 10 L/min (Keller et al., 2005; Pal et al., 2008; Pal et al., 

2005).  These flow rates result in reactor retention times on the order of minutes.  In recirculating 

systems, it was also found that increased flow rate decreased microbial inactivation (Goswami et 

al., 1997).  Lin and Li (2003) reported that there was no significant inactivation of bacteria at a 

flow rate of 50 L/min, but at the same flow rate, Yu et al. (2008) reported efficient one-pass 

inactivation of bacteria when titanium dioxide photocatalysis was combined with negative air 

ionization.  An annular photocatalytic reactor has been reported to sterilize bioaerosols in a 67 m
3
 

room in under 2 hours when operated at 195 L/min (retention time of under a second) 
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(Paschoalino et al., 2008).  Therefore, low flow rates may not be required in systems where 

single-pass sterilization is not needed.  However, for single-pass experiments, low flow rates must 

be maintained to provide enough contact time between the microorganisms and the catalyst. 

The reactor configuration also greatly affects the bacteria-catalyst contact.  Many 

different reactor configurations have been used such as flat plate, annular, and coated filters 

(Paschoalino et al., 2008; Lin and Li, 2003; Goswami et al., 1997; Yu et al., 2008; Pal et al., 

2008).  However, little work has been done to improve reactor design for efficient removal of 

bioaerosols by photocatalysis (Josset et al., 2000).  Some literature indicates that reactor geometry 

enhanced for optimizing contact between bacteria and photocatalyst is essential (Keller et al., 

2005).  High one-pass bacterial inactivation (up to 90%) was reported at flow rates from 1 to 10 

L/min using a reactor with enhanced tubular geometry, but no significant bacteria inactivation 

was observed when a simple tubular reactor with the same dimensions was used under the same 

conditions (Keller et al., 2005).  However, others have reported that annular reactors can achieve 

high single-pass efficiency at similar flow rates (Pal et al., 2008; Pal et al., 2005).  The main 

difference between the operating conditions was the relative humidity level. 

Relative humidity can greatly affect photocatalytic inactivation of bioaerosols.  In the 

study where no inactivation was seen using a simple reactor design, the relative humidity was low 

(<30%) (Keller et al., 2005).  When high one-pass efficiency was noted with simple annular 

reactors, higher humidity levels were used (Pal et al., 2008; Pal et al., 2005).  At low relative 

humidity levels (<30%), there may not be enough water to generate sufficient hydroxyl radicals 

to inactivate the bacteria (Goswami et al., 1997).  In general, bacterial inactivation due to 

photocatalytic activity increases as relative humidity increases, even though without 

photocatalysis the bacterial survival increases at high humidity (Yu et al., 2008).  However, 
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depending on the bacterial species and operating conditions, bacterial inactivation may increase 

to a maximum and then decrease with increasing relative humidity (normally above 85%) (Yu et 

al., 2008; Goswami et al., 1997; Pal et al., 2008).   

 To summarize, typically the efficiency of bioaerosol inactivation increases as flow rate 

decreases and relative humidity increases.  Enhanced reactor geometry can also increase this 

efficiency.   

2.5 Summary 

A review of the literature has highlighted some important details about titanium dioxide 

photocatalysis: 

 The general photocatalytic reaction mechanism can be used in many applications. 

 The substrate may interact with the titanium dioxide film to affect photocatalytic 

efficiency.  This may be avoided by having a layer of SiO2 between the substrate and the 

photocatalytic film. 

 Film thickness may affect the efficiency of films under UVA light. 

 Degussa P25 powder is the most common reference material. 

 Electrophoretic deposition is a reproducible method to deposit titanium dioxide powder. 

 FACVD methods have many advantages over other deposition methods such as high 

deposition rate and low cost but may result in the deposition of powder under certain 

conditions. 

 No studies were found to use FACVD to produce titanium dioxide films. 
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 Methylene blue is a model organic compound to easily monitor photocatalytic activity.  

However, it must be verified that test conditions do not allow the reduction reaction to 

play a significant role.   

 Stearic acid degradation is commonly used to test the self-cleaning properties of surfaces. 

 Bioaerosols are a significant health concern. 

 The Collison Nebulizer is commonly used for bioaerosol generation.  All-glass impingers 

are often used for bioaerosol capture. 

 Bioaerosol generation and capture are complex and depend on factors such as sampling 

flow rate, sampling duration, and method of sample analysis.  

 Analysis of captured bioaerosols can be done by plate counts, quantification of ATP 

using luciferase, or by using the BacLight Live/Dead assay. 

 When designing a photocatalytic reactor system, the reactor geometry, test flow rate, and 

relative humidity levels are relevant factors to consider. 
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Chapter 3 

Deposition and Characterization of Titanium Dioxide Films 

3.1 Introduction 

In many applications, after photocatalysis occurs the titanium dioxide must be removed, 

and therefore it is convenient to use films instead of powder (Mills et al., 2003).  Methods of 

titanium dioxide film deposition can be broadly categorized as those that use titanium dioxide 

powder, and those that generate titanium dioxide during substrate coating (Pozzo et al., 1997).  

Films coated with Degussa P25 powder are often used as a standard for comparison (Maness et 

al., 1999).  When different coating methods were compared, it was found that electrophoretic 

powder deposition typically produced a higher photocatalytic activity and more reproducible 

results than other powder based methods (Byrne et al., 1998).   

Flame assisted chemical vapour deposition (FACVD), a variant of CVD, is a promising 

method for producing cost effective titanium dioxide films (Choy, 2003).   The many advantages 

of FACVD such as high controllability, low relative cost, high deposition rate, and the ability to 

continuously coat a substrate have not been previously exploited to produce titanium dioxide 

films (Choy et al., 2003; Xu and Yan, 2010).   

This chapter details the electrophoretic deposition of Degussa P25 on aluminum substrate 

for use as a standard film for comparison to FACVD.  Films produced by FACVD are supplied 

by Novelis Inc. and the general deposition method utilized is described in this chapter.  The 

effects of air flow rate during film deposition, and the use of a silicon oxides under-layer on film 

properties are examined.  Analysis of both conventional and Novelis Inc. fabricated films is 
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accomplished by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy 

(EDXS), glow discharge optical emission spectroscopy, and Raman spectroscopy. 

3.2  Experimental 

 Two methods were used to produce of titanium dioxide films.  ―Standard‖ films were 

made by depositing Degussa P25 powder onto aluminum for comparison purpose.  The films to 

be evaluated were provided by Novelis Inc. and made using flame assisted vapour deposition 

(FACVD) to coat the aluminum sheets. 

3.2.1 Electrophoretic Deposition of Degussa P25 

3.2.1.1 System Setup 

An electrophoretic deposition apparatus was constructed using two thin sheets of flame-

cleaned aluminum, approximately 21.5 cm wide and 28 cm long to act as electrodes (Figure 3.1).  

The sheets were aligned vertically and separated by a 1.5 mm thick, rectangular rubber gasket 

with an open space of 13.5 cm x 30 cm.  The top section (width) of the gasket was cut out so that 

a titanium dioxide suspension could be added through the top.  The sheets separated by the gasket 

were clamped tightly using non conductive clamps to avoid leakage.  

3.2.1.2 Deposition Procedure 

A suspension of Degussa P25 (Evonik Degussa) powder was made by sonicating (VWR 

Ultrasonicating Bath) 0.1 grams of powder in 100 mL of dimethylformamide (99% purity, Acros 

Organics) for 30 min.  Approximately 60 mL was added to fill the volume between the two 

aluminum sheets. A potential was applied for 30 seconds by attaching the positive lead of a 9V 

battery to one aluminum sheet using a small wire and alligator clip, and the negative lead to the 

other sheet.   The negatively charged aluminum sheet became coated with the Degussa P25 
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powder.  After the liquid was removed and the system was disassembled, the titanium dioxide 

coated sheet was dried at room temperature, and then exposed to UVA light to remove any 

residual organics. 

 

Figure 3.1 Diagram of electrophoretic deposition setup.  

 

3.2.2 Flame Assisted Chemical Vapour Deposition 

Novelis Inc. supplied films made by FACVD.  Using a moving table, a sheet of cleaned 

aluminum was moved over a flame supplied with fuel (methane) mixed with a titanium dioxide 

precursor stream of titanium ethoxide and a carrier gas (nitrogen) at a fixed rate.   

A variety of factors could be altered to control the deposition conditions and film 

properties including: air and/or methane flow rates, the speed of the moving table, number of 

passes over the flame, flow rate of nitrogen carrier gas, flow rate of precursor, and the substrate 

material.  In this study, the effects of changing the air flow rate (and thus air to fuel ratio) and 
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substrate material were examined.  Two different series of films were provided, the T65 and T68 

series.  For each series, a different air flow rate was used at a fixed flow rate of carrier gas and 

precursor with 20 passes over the flame.  The substrate materials were cleaned aluminum, and 

aluminum coated with a layer of silicon oxides which was used to increase surface area and 

prevent potential interaction between the titanium dioxide film and the aluminum substrate.  

Three different thicknesses of silicon oxides were examined.  A summary of the other run 

conditions is presented in Table 3.1.  

Table 3.1 FACVD run conditions using fixed flow rate of carrier gas and precursor with 20 

passes over the flame. 

 

 

3.2.3 Film Analysis 

 Film analysis was done to determine the surface morphology, elemental composition, 

relative amounts of titanium dioxide, and crystallinity.  Scanning electron microscopy (SEM) 

(Philips XL30 SFEG/SEI) was provided courtesy of Novelis Inc. and was used to determine the 

surface morphology.  No additional sample preparation was needed (films viewed ―as made‖), 

and the images were acquired using a 5 kV accelerating voltage at various magnifications.  
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Elemental analysis of selected regions of the SEM micrographs was done by energy-dispersive 

X-ray spectroscopy (EDS) (Philips XL30 SFEG/EDXS).  EDS spectra was detected using a 80 

mm X-max silicon drift detector (Oxford Instruments) and a 8 kV accelerating voltage. 

The relative amount titanium dioxide was quantified by glow discharge optical emission 

spectroscopy (GD-OES) (Jobin Yvon Horiba GD Profiler).  GD-OES results were provided by 

Pamina Lin and Megan Wright (Novelis Inc.).  Measurements were taken in a 4 mm diameter 

area with an applied voltage of 35 V and a 700 Pa argon atmosphere, over a period of 30 seconds.  

Measurements were performed at a spectral wavelength of 365 nm for the detection of titanium. 

Raman studies were performed to assess the crystallinity of the films using a Jobin-

Yvon/Horiba microRaman Spectrometer (Model: Labram), equipped with a 632 nm He/Ne laser 

source, 1800 1/nm grating and an Olympus BX41 microscope system. Collection of the spectra 

was performed in backscattered mode at room temperature under the following conditions: x100 

microscope objective, 200μm pinhole size, 300 μm slit width, and 1 min exposure time. Each 

spectrum represents the average of two measurements. 

3.3  Results and Discussion 

The properties of the T65 and T68 series were examined and compared against those of 

the Degussa P25 films.  The T68 series was deposited using a lower air flow rate to produce a 

cooler flame. 

3.3.1 Analysis of T65 Series 

3.3.1.1 Surface Morphology and Elemental Composition 

The surface morphology and elemental composition of the Degussa P25 films and the 

T65 series was examined using SEM and EDS.  The SEM micrograph of the Degussa P25 film 
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(Figure 3.2(B)) showed that the surface is entirely coated and had a high surface roughness which 

could provide a large surface area for reaction.  The EDS spectrum (Figure 3.3 (A)) showed the 

presence of titanium, oxygen, and aluminum.  Therefore, the Degussa P25 films likely provided a 

higher surface coverage of titanium dioxide. 

In the SEM micrograph of the T65 film (no undercoating) (Figure 3.2 C), two distinct 

regions were visible, one consisting of white spheres and the other of grey background similar to 

the surface of uncoated aluminum (Figure 3.2 A).  EDS revealed that the white spheres consisted 

mainly of titanium and oxygen, and are therefore likely titanium dioxide powder.  The grey 

background was shown to be aluminum (Figure 3.3 C), with no trace of titanium.  Therefore, it 

appears that titanium dioxide was only deposited as a powder, which is a common problem with 

FACVD processes caused by high flame temperature (Choy, 2003). 

Examination of the SEM micrographs of the T65 film with silicon oxides under-layers 

(T65P1, T65P2, T65P3) (Figure 3.2(D-F)) also showed regions of white titanium dioxide spheres 

and grey aluminum.  A third region of irregular white deposits was also visible, and these 

deposits were most apparent in the film with the thickest silicon oxides under-layer. EDS was 

used to show that these deposits consisted mainly of silicon and oxygen, and were therefore the 

silicon oxides under-layer.  Thus, the rough surface of the silicon oxides layer provided a high 

surface area for titanium dioxide deposition, but only a disperse coating of titanium dioxide 

powder was deposited.     
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Figure 3.2 SEM micrograph of (A) blank aluminum, (B) Degussa P25 film, (C) T65, (D) T65P1, 

(E) T65P2, (F)T65P3.   
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Figure 3.3 EDS spectrum of (A) Degussa film sample, (B) spheres seen on T65, (C) background 

of T65 sample, (D) background of the T65P3 sample.  

 

3.3.1.2 Relative Titanium Dioxide Content 

 The relative amount of titanium dioxide in the Degussa P25 films and T65 series was 

approximated using GD-OES analysis, a technique that combines sputtering and atomic emission.  

It essentially erodes a sample an atomic layer at a time by sputtering using argon plasma 

generated by an applied voltage (Michler et al., 2004).  The elements removed from the sample 

rapidly diffuse into the plasma where they de-excite and emit light at characteristic wavelengths.  

The light intensity emitted at the wavelength corresponding to titanium (365 nm) was measured 

over a period of time, and its integral taken in order to approximate the total titanium dioxide 

content.  The results are displayed in Figure 3.4. 
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Figure 3.4 Integral of light intensity from GD-OES analysis for T65 film series. 

 

The integrated light intensity from GD-OES analysis was much higher for the Degussa 

P25 films than the T65 series, indicating that there was much more titanium dioxide present in the 

case of Degussa P25 films.  This result was expected because the T65 series was shown through 

SEM/EDS analysis to have a coating titanium dioxide powder coating with low surface coverage.  

3.3.1.3 Crystallinity 

The crystallinity of titanium dioxide films can be determined through Raman analysis.  

Raman peaks for anatase have been found to occur at wave numbers of 398 cm
-1

, 515 cm
-1

, and 

639 cm
-1

, and at 446 cm
-1

 and 610 cm
-1

 for rutile (Evans and Sheel, 2007).  Raman analysis was 

performed on the Degussa P25 films and the T65 series, and the results are shown in Figure 3.5.  

The Degussa P25 films (Figure 3.5 (B)) showed the characteristic peaks of anatase.  However, all 

other film samples (Figures 3.5 (C-F)) showed no distinctive peaks, and had similar spectra to 
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uncoated aluminum.  The lack of detectable peaks could be due to low amounts of titanium 

dioxide as shown in the SEM/EDS and GD-OES analysis. 

 

Figure 3.5 Raman spectra of (A) uncoated aluminum, (B) Degussa P25 film, (C) T65, (D) 

T65P1, (E) T65P2, (F) T65P3. 
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3.3.2 Analysis of T68 Series 

3.3.2.1 Surface Morphology and Elemental Composition 

SEM micrographs were taken of the T68 series and can be seen in Figure 3.6.  The T68 

film (no undercoating) (Figure 3.6 (C)) was seen to have two visible regions, one with white 

deposits, and the other with grey background.  The deposits were irregular, and not spherical, 

suggesting that a homogeneous gas phase reaction did not occur and that the visible deposits are 

not powder.  EDS confirmed that the white deposits (Figure 3.7 (A)) contained high amounts of 

titanium and oxygen, and were likely titanium dioxide.  The grey areas (Figure 3.7(B)) were 

found to be aluminum. 

The samples with silicon oxides under-layers (Figure 3.6 (D-F)) also have irregular 

deposits, and can be seen to have more surface coverage than the film without silicon oxides 

under-layer (Figure 3.6 (C)).  As the thickness of the silicon oxides under-layer increased (from 

Figure 3.6(D) to 3.6(F)) surface coverage also increased.  EDS (Figure 3.7 (C)) confirmed that 

the deposits contained high amounts of titanium, silicon, and oxygen and thus consisted of both 

the silicon oxides and titanium dioxide.  The areas without visible deposits (Figure 3.7 (D) were 

found be mainly aluminum with a small amount of silicon.  Therefore, the titanium dioxide was 

seen to preferentially deposit on silicon oxides surfaced as opposed to aluminum.  From the SEM 

and EDS results it is difficult to determine whether more titanium dioxide was deposited as 

silicon oxides thickness increased, or if the observed increase in surface coverage was solely due 

to greater amounts of silicon oxides surface coverage.  
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Figure 3.6 SEM micrograph of (A) uncoated aluminum, (B) Degussa P25 film, (C) T68, (D) 

T68P1, (E) T68P2, (F) T68P3.   
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Figure 3.7 EDS spectrum of (A) white areas of T68 film, (B) grey background on T68 film, (C) 

white area of T68P3 film, (D) grey background of the T68P3 film. 

 

3.3.2.2 Relative Titanium Dioxide Content 

GD-OES was used to compare the amounts of titanium dioxide present in the Degussa 

P25 film and the T68 series and the results can be seen in Figure 3.8.  The integral of light 

intensity measured at the wavelength of titanium was seen to be much higher for the Degussa P25 

film than for the T68 series.  Therefore, there was likely much more titanium dioxide on the 

Degussa P25 films than the T68 series.  To determine if more titanium dioxide was deposited as 

silicon oxides thickness increased or if the observed increase in surface coverage was solely due 

to greater amounts of silicon oxides, triplicate GD-OES measurements were compared (Figure 

3.9).  Statistical comparison of means was done by hypothesis test using Microsoft Excel
TM

, and 

the means are said to be statistically different if the p value is less than 0.05 (Montogomery and 

Runger, 2003).   
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Figure 3.8 Integral of light intensity from GD-OES analysis for T68 film series and Degussa P25 

film. 

 

It was determined that the difference in the integral of light intensity, and thus titanium 

dioxide content, between the T68 film (no undercoating) and the films with an undercoating 

(T68P1, T68P2, T68P3) was statistically significant.  However, the difference was small 

compared to the overall titanium dioxide content with the T68 sample having about 30% less than 

the samples with under-layers.  The difference in titanium dioxide content between the three 

samples with under-layers (T68P1, T68P2, T68P3) was not statistically significant.  Therefore, 

the observed increase in surface coverage as silicon oxides layer thickness increased was due 

solely to silicon oxides and not additional titanium dioxide deposition. 
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Figure 3.9 Integral of light intensity from GD-OES analysis for T68 film series 

 

3.3.2.3 Crystallinity 

The crystallinity of the T68 series was analyzed using Raman spectroscopy and the 

results can be seen in Figure 3.10.  No characteristic peaks of crystalline titanium dioxide were 

present, which may indicate that the structures were amorphous.  However, it is likely that there 

was not enough material present in these films for detection by Raman analysis using the current 

equipment.  This is supported by the low relative amounts of titanium dioxide present in the T68 

series compared to the Degussa P25 films as determined by GD-OES.  
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Figure 3.10 Raman spectra of (A) uncoated aluminum, (B) Degussa P25 film, (C) T68, (D) 

T68P1, (E) T68P2, (F) T68P3. 
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3.4  Conclusions 

Titanium dioxide films were produced by the electrophoretic deposition of Degussa P25 

on aluminum substrate to provide a standard film to compare with films deposited using FACVD 

produced by Novelis Inc. while varying air flow rate and thicknesses of silicon oxides under-

layers.  The Degussa P25 film was shown to have thick coatings of titanium dioxide primarily in 

the anatase form.  The FACVD films series produced with a high air flow rate (T65 series) was 

seen to have an uneven surface coating of titanium dioxide powder.  The films produced at a 

lower air flow rate (T68 series) were seen to have titanium dioxide deposits, however much less 

was present than in the Degussa P25 films, and the crystal structure could not be determined via 

Raman spectroscopy for the FACVD films but could be for the prepared Degussa P25 films.  

Films with silicon oxides under-layers were seen to have more titanium dioxide than with no 

under-layers, but as silicon oxides thickness increased no addition titanium dioxide was 

deposited.   
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Chapter 4 

Analysis of Film Performance for the Degradation of Organic 

Compounds and the Inactivation of Bacteria  

4.1 Introduction 

 The relative photocatalytic activity of titanium dioxide films can be tested in terms of 

performance for different applications, such as self-cleaning surfaces, for the removal of organic 

compounds from water, and inactivation of biological organisms by comparison to films of 

Degussa P25.  Testing the efficacy in each of these areas will determine the potential applicability 

of each film, and can be used to select the films that are likely to be most effective in a 

photocatalytic air sterilization unit.  

A common application of titanium dioxide is in the production of photocatalytic self-

cleaning surfaces, which take advantage of titanium dioxide’s light-induced superhydrophilicity 

(to allow dirt to be washed away) and its ability to degrade deposited organic compounds to stay 

clean.  The majority of self-cleaning surfaces are designed to use UVA light present in solar light, 

or the small amount of UVA light emitted from fluorescent sources (Fujishima et al., 2008).  

Stearic acid is often used in self-cleaning tests as it is a good representative of organic solid films, 

and can be easily analyzed by transmission FTIR (Mills et al., 2003; Sawunyama et al., 1997). 

The use of titanium dioxide photocatalysis for water purification has potential benefits 

over conventional methods.  To assess the ability of titanium dioxide films to degrade organic 

compounds in aqueous solutions, a model compound is often chosen (de Lasa et al., 2005).  

Methylene blue is frequently used because it absorbs little light between 300 and 400 nm (Mills 
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and Wang, 1999) and its disappearance can easily be followed using a spectrophotometer (de 

Lasa et al., 2005). 

Titanium dioxide photocatalysis can also be applied to the disinfection of water.  

Photocatalytic disinfection of water has been shown to be effective against a wide range of 

organisms (Vohra et al., 2005; Sunada et al., 1998; Wolfrum et al., 2002).  A reference bacterial 

species is often chosen to determine the ability of a titanium dioxide film to disinfect water.  

The degradation of some organic compounds has been shown to follow the same trend as 

the inactivation of microorganism when titanium dioxide properties were altered (Jang et al., 

2001). Therefore, the difference in photocatalytic performance of films in one application may be 

similar in other applications.  Thus, simple tests can be designed to evaluate which films will 

likely be the most effective in an air sterilization unit. 

In this chapter, simple tests were developed to evaluate films as self-cleaning surfaces, in 

the degradation of organic compounds and the inactivation of microorganisms in water.  The 

results of these tests were used to determine which films would likely be most effective to use in 

air sterilization. 

4.2 Experimental 

4.2.1 Stearic Acid Degradation 

 Stearic acid was used as a model compound to test the self-cleaning ability of the 

titanium dioxide films.   Stearic acid results were provided by Pamina Lin (courtesy of Novelis 

Inc.). Thin stearic acid films were deposited on the samples using a spin coating technique.  A 

total of 150 μL of 0.02 M stearic acid (Reagent grade, 95% purity, Aldrich) dissolved in methanol 

was added to the middle of a 2 x 2 cm sample.  The sample was then spun at 500 rpm for 10 sec, 

and the methanol allowed to evaporate forming a solid film of stearic acid on the surface.  The 
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initial amount of stearic acid was quantified using transmission FTIR (Thermo Nicolet NEXUS 

470 FT-IR E.S.P.) analysis, measuring bands between 2800 and 3000 cm
-1

.   IR bands at 2960, 

2925, and 2850 cm
-1

 were used to measure the C-H stretching in CH3, CH, and CH2 respectively 

(Sawunyama et al., 1997; Minabe et al., 2000).   Therefore, monitoring this range will measure 

the degree of mineralization of stearic acid.  After the samples were placed 1.5 cm from a 

germicidal UVC light (PURA UVB2 EPCB/SD 120v) and irradiated for two min, the light was 

switched off and the amount of stearic acid remaining was again quantified by FTIR.  This 

process was repeated until the stearic acid film had been fully degraded.   

4.2.2 Methylene Blue Degradation 

 Methylene blue (Acros Organics, Pure, Certified) was used to evaluate the ability of the 

titanium dioxide films to degrade organic compounds in aqueous solution.  A 2.25 x 2.25 cm 

section was cut from each film and placed in the bottom of a round culture dish (3.5 cm diameter, 

1 cm depth).  A 4 mL aliquot of solution containing 0.005 g/L methylene blue in distilled water 

was added to each dish.  The dishes were covered with an optically clear lid and left in the dark 

for three hours to allow adsorption equilibrium to be achieved (Houas et al., 2001).  They were 

then placed below a UVA emitting black-light-blue lamp (Globe, F15, T8, 15 W), so that the 

distance between the lamp and film was approximately 4 cm.  The films were exposed to UVA 

light for the duration of the experiment, with 100 μL samples taken periodically.  The samples 

were added to a black-walled-clear-bottom costar 96 well multiplate and the absorbance read at 

660 nm using a Spectramax M2
e
 Microplate reader.   Triplicate sections from each film were 

tested, as well as sections of uncoated aluminum.  Dark controls were also performed. 
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4.2.3 Microbial Inactivation 

4.2.3.1 Culture Storage and Preparation 

Aqueous phase microbial inactivation was performed using Vibrio fischeri NRRL B-

11177, a Gram negative rod shaped bacteria.  Working cultures were kept on nutrient agar plates 

and transferred to fresh nutrient agar plates monthly.  Every 6 months cultures were refreshed 

from slants.   

 A 100 mL solution of nutrient broth in a 500 mL flask was inoculated with a loopful of 

bacteria taken from a plate, and incubated at 30
o
C and 200 rpm for 8 h before harvesting the 

culture in the exponential growth phase.  The cells were resuspended in 0.9% NaCl after 

centrifugation at 8000 x g for 10 min. After the cells were washed once, they were resuspended in 

0.9% NaCl solution to achieve an optical density of approximately 0.1 at 600 nm (Ultrospec 1000 

UV/visible spectrophotometer, Pharmacia Biotech). 

4.2.3.2 Microbial Inactivation Procedure 

A 2.25 x 2.25 cm section was cut from each film to be tested and placed in the bottom of 

a round culture dish (3.5 cm diameter, 1 cm depth).  A 4 mL aliquot containing the bacterial 

suspension was added to each dish and the dishes were covered with an optically clear lid.  After 

the bacteria were allowed to settle for 5 h, the film sections were transferred into fresh round 

culture dishes (3.5 cm diameter, 1 cm depth) containing 4 mL of sterile 0.9% NaCl solution.  The 

covered dishes were placed below a UVA emitting black-light-blue lamp (Globe, F15, T8, 15 W) 

for 6 h, with the distance between the lamp and film being approximately 4 cm.   

The bacterial viability was assessed using the Live/Dead BacLight
TM

 (Invitrogen) cell 

viability assay which is based on membrane intactness. SYTO 9 (Invitrogen), a green-emitting 

fluorescent nucleic acid stain, labels all bacteria in a population.  Propidium iodide, a red-emitting 
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fluorescent nucleic acid stain, labels the cells with damaged membranes and causes a reduction of 

SYTO 9 fluorescence in cells where both dyes are present.  As a result, cells that are viable will 

fluoresce green and non-viable cells will stain red.  

The Live/Dead assay was prepared by mixing both components of the Live/Dead kit 

L13152 in 5 mL of sterile filtered water to form the working stain solution.  The film section to 

be evaluated was removed from the dish and 100 μL of stain solution was applied to the surface.  

Three different areas of the films sections were then photographed (Canon Rebel Xsi) through the 

ocular of a fluorescent microscope (Nikon Labophot-2).  The number of live and dead bacteria 

were counted and used to calculate the average bacterial survival on each film section.  Dark 

controls and blank aluminum samples were evaluated. 

4.3  Results and Discussion 

 The performance of the T65 and T68 series was evaluated using the stearic acid, 

methylene blue, and microbial inactivation tests and compared to an aluminum sample 

electrophoretically coated with the industry standard, Degussa P25.  Differences in mean 

degradation were statistically compared, and the means were said to be statistically different if the 

p value is less than 0.05 (>95% confidence) (Montogomery and Runger, 2003).   Experiments 

were performed in triplicate only when time and material requirements allowed (single 

experiments done otherwise). 

4.3.1 Performance Testing of T65 Series 

 The oxidation of stearic acid by the T65 series films was monitored by FTIR analysis 

when the samples were irradiated with UVC light.   The results of the stearic acid test can be seen 

in Figure 4.1.    
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Figure 4.1 Oxidation of stearic acid on T65 sample series when exposed to UVC light. 

 

The results of the stearic acid test were seen to be similar to the degradation of methylene 

blue under UVA light (Figure 4.2).  In methylene blue oxidation, all films were tested in 

triplicate, and a dark control was performed for each sample. The electrophoretically deposited 

Degussa P25 films rapidly degraded stearic acid and methylene blue.  Within 12 minutes, over 

90% of the carbon-hydrogen bonds in the stearic acid film had been degraded, and after 38 h of 

exposure to UVA light, over 90% of the methylene blue was oxidized.   All other samples 

showed no activity.  This may be explained by the small amounts of titanium-containing deposits 

present in the T65 series compared to the large surface coverage of the Degussa P25 samples as 

seen in Chapter 3.  Therefore, this test indicated that the T65 series did not have self-cleaning 

potential or the capability of degrading organic compounds in water, and therefore would not be 

0

20

40

60

80

100

120

0 2 4 6 8 10 12

P
e

rc
e

n
t 

R
e

m
ai

n
in

g 
(%

)

Irradiation Time (min)

Degussa P25 Ti65 Ti65P1 Ti65P2 Ti65P3



 

52 

 

effective to use in bioaerosol inactivation experiments.   This test also verifies the activity of the 

Degussa P25 films and supports their use as benchmark films. 

 

Figure 4.2 Degradation of methylene blue in aqueous solution by T65 series films exposed to 

UVA light.  Error bars represent one standard deviation. 

 

To ensure that the reduction in methylene blue concentration was due to photocatalytic 

activity, dark controls were run (Figure 4.3).   It can be seen that the dark control run showed 

essentially no degradation of methylene blue, which confirmed that the activity was 

photocatalytic.   
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Figure 4.3 Comparison of degradation of methylene blue by Degussa P25 films in the light and 

in the dark. Error bars represent one standard deviation. 

 

Although methylene blue bleaching is often directly correlated to mineralization, the 

photocatalytic reduction of methylene blue to leuco-methylene blue in oxygen limiting conditions 

also causes bleaching (Mills and Wang, 1999).  Leuco-methylene blue is only stable at low 

oxygen concentrations, and it reverts back to methylene blue when exposed to oxygen (Tacconi et 

al., 1997; Karyakin et al., 1993).  Therefore, to test for the presence of leuco-methylene, oxygen 

can be re-introduced into a system that has undergone a photocatalytic (oxygen consuming) 

reaction (Mills and Wang, 1999).  Light cycling experiments were performed to determine if the 

setup used in this study produced oxygen limiting conditions when oxygen was consumed during 

the photocatalytic reaction.  A photocatalytic reaction was performed for a certain time interval, 
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then the samples were left in the dark for a period of time to re-introduce oxygen.  The results of 

the test can be seen in Figure 4.4.  

 

Figure 4.4 Degradation of methylene blue in light cycling experiments. 

 

 The results presented in Figure 4.4 show that there was no significant recovery of colour 

under dark conditions when re-oxygenation should occur.  Thus, it was concluded that the current 

set up did not produce oxygen limiting conditions, and the bleaching of methylene blue was due 

to photocatalytic oxidation. 

 The ability of the T65 series and the Degussa P25 films to inactivate microorganisms was 

also tested.  Bacteria in saline solution were allowed to settle and deposit onto the film surface.  

The film sections were then transferred to sterile saline solution where they were exposed to 
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UVA light.  The bacterial viability on the surface was then assessed using the Live/Dead assay.  

The results of this experiment can be seen in Figure 4.5. 

 

Figure 4.5 Inactivation of bacteria settled onto the surface of T65 series films when exposed to 

UVA light.  Error bars represent one standard deviation. 

 

 After exposure to UVA light for 6 hours, it can be seen that less than 30% of the cells 

settled on the Degussa P25 film surface remain viable.  The T65 sample showed more microbial 

inactivation than the samples with a silicon oxides under-layer (T65P1, T65P2, and T65P3).   

However, the level of inactivation of the T65 sample was not significantly different than that of 

the blank aluminum control.  Therefore, it can be concluded that there was no photocatalytic 

activity with the T65 films and any inactivation was likely caused by photolysis.  It can be seen 

that the percent cell survival is higher in the T65P1, T65P2, and T65P3 samples than the uncoated 

aluminum when exposed to UVA light, but the survival in the dark is similar.  This suggests that 
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the layer of silicon oxides is reducing the exposure of the bacteria to UVA light.  This may occur 

through direct shielding from the light, or by reduced reflectivity of the surface.  The results of 

the bacterial inactivation experiments show that the Degussa P25 films can kill bacteria in 

aqueous suspension and would be an appropriate benchmark film to use.  This test also shows 

that the T65 series samples cannot photocatalytically inactivate bacteria in water, and confirms 

the findings of the stearic acid test and methylene blue test.    

In summary, the T65 series samples should not be used in bioaerosol inactivation 

experiments and improvements must be made to the flame coating process to make more 

effective films.  These results are consistent with the SEM photographs (Chapter 3) which show 

that the T65 series samples have small amounts of titanium dioxide powder deposited on them.  

The deposition of powder formed by a gas phase reaction is a difficulty often associated with 

FACVD processes, so this is not an entirely unexpected result (Choy, 2003).     

4.3.2 Performance of T68 Series 

 The T68 series films were produced using a lower air to fuel ratio, and thus a cooler 

flame than the T65 series, to try to improve film deposition and performance.  The stearic acid 

test was performed on these films and the results are shown in Figure 4.6. 
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Figure 4.6 Oxidation of stearic acid on T68 sample series when exposed to UVC light. 

 

 It can be seen that all film samples tested degrade stearic acid very effectively when 

exposed to UVC light.  Within 12 min of irradiation, all samples in the T68 series degraded over 

80% of the stearic acid.   It is clear that lowering the air to fuel ratio in the deposition process has 

significantly improved the effectiveness of the films, however from these results it is difficult to 

determine if the T68 series is more effective than the benchmark.    In order to determine if the 

silicon oxides undercoating is needed, and if thickening the layer improves film performance, 

further experiments must be performed. 

 The methylene blue degradation test was performed to further investigate the 

effectiveness of T68 series compared to the Degussa P25 film.  The test was performed and the 

results can be seen in Figure 4.7. 
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Figure 4.7 Degradation of methylene blue in aqueous solution by T68 series films exposed to 

UVA light.  Error bars represent one standard deviation. 

 

The Degussa P25 films have a higher rate of methylene blue degradation than any other 

sample tested.  After 47 hours of exposure to UVA light, over 95% of the initial methylene blue 

has been degraded.   The samples with a silicon oxides under-layer (T68P3, T68P2, and T68P1) 

have the next highest performance with over 60% (statistically lower than the Degussa P25 

performance) of the methylene blue degraded after 47 hours of exposure to UVA light, and these 

films showed no activity in the dark (Figure 4.8).  The difference in methylene blue degradation 

of these three samples is not statistically significant.  Therefore, it appears that as the thickness of 

the silicon oxides under-layer increases, the films did not become significantly more effective.  

These results were not surprising after the GD-OES results (Chapter 3) indicated that as the 

0

20

40

60

80

100

0 10 20 30 40 50

P
e

rc
e

n
t 

R
e

m
ai

n
in

g 
(%

)

Time (h)

Degussa P25 T65 T65P1 T65P2 T65P3 Uncoated Al

Light On



 

59 

 

silicon oxides undercoating becomes thicker (from T68P1 to T68P3), no additional titanium 

dioxide was deposited.   

 

Figure 4.8 Comparison of degradation of methylene blue by T68 series films in the light and in 

the dark. Error bars represent one standard deviation. 

 

When there was no silicon oxides under-layer present, the film performance is not 

significantly different than that of the uncoated aluminum even though a significant amount of 

titanium dioxide was found to be present (Chapter 3).  Hence, the silicon oxides undercoating 

appears to improve film performance beyond allowing for moderately greater amounts of 

titanium dioxide to be deposited.   

It is likely that the improved performance with the silicon oxides under-layer is caused by 

a change in titanium dioxide-substrate interaction.  It has been shown that aluminum ions act as a 
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charge recombination site for electron hole pairs and lower photocatalytic activity (Ho et al., 

2007; Choi et al., 1994) and ions can migrate into titanium dioxide films, especially during high 

temperature heating (Zhu et al., 2001).  A passive layer of silicon dioxide has been used in past 

studies to block the migration of photocatalytic inhibiting sodium ions during heating processes 

(Watanabe et al., 1999).  Past studies have also demonstrated that when titanium dioxide was 

deposited on SiO2 coated stainless steel, anatase was the primary phase (Evans and Sheel, 2007).  

However, rutile was the primary phase when the coating was done on bare stainless steel (Evans 

and Sheel, 2007).  Therefore, the silicon oxides layer here may be operating in a similar fashion 

and blocking the migration of detrimental aluminum ions and may also affect the crystalline 

structure by altering the deposition process. 

The high activity of the Degussa P25 films without an undercoating can be explained due 

to the greater thickness of these films.  It has been shown that as film thickness increases, the 

effect of aluminum support on the titanium dioxide diminishes and photocatalytic activity 

improves (Kwon et al., 2004).  Also, ion migration is related to the temperature used during the 

deposition process.  The electrophoretic powder deposition is performed at low temperatures, and 

therefore ion migration during film formation should be small.  Past studies have confirmed that 

the activity of Degussa P25 is normally independent of the support material (Byrne et al., 1998). 

 Aqueous based microbial inactivation experiments were performed to further assess the 

performance of the T68 series films.  The results can be seen in Figure 4.9. 
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Figure 4.9 Inactivation of bacteria settled onto the surface in saline of T68 series films when 

exposed to UVA light.  Error bars represent one standard deviation. 

 

 The Degussa P25 had the highest performance with less than 30% cell survival after 6 

hours of exposure to UVA light.  As in the case of the methylene blue experiment, the samples 

with undercoating (T68P3, T68P2, and T68P1) have the next highest performance with 

approximately 50% cell survival (statistically greater than the survival in the case of the Degussa 

P25 film).  The results from these three samples are not statistically different from each other. 

The T68 sample comparatively shows little activity with approximately 85% cell survival, but 

this value is statistically significant.  The results show that the T68 series films can kill bacteria in 

aqueous suspension with a silicon oxides under-layer and support the methylene blue results.  

However these results are different from the stearic acid test which showed that the T68 film with 

no undercoating was also effective. 
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 To elucidate the reason for the difference in results between the stearic acid test and the 

aqueous based experiments, the stearic acid was repeated using the UVA lamps.  The results of 

this experiment can be seen in Figure 4.10. 

 

Figure 4.10 Oxidation of stearic acid on T68 sample series when exposed to UVA light. 

 

 When the stearic acid test was repeated using a UVA light source, the results agreed with 

the aqueous based destruction of methylene blue and inactivation of bacteria.   The Degussa P25 

films showed the highest activity, and the samples T65P3, T65P2, and T65P1 showed moderate 

activity.  The sample without an undercoating showed no significant activity.  It can be seen that 

the samples with the undercoating (T68P3, T68P2, and T68P) had lower activity under UVA light 

than UVC light, whereas the Degussa P25 film had similar activity under both light sources.  This 

result is not unexpected since the GD-OES results in Chapter 3 show that the films made in the 
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FACVD processes were much thinner than the Degussa P25 films, and film thickness can affect 

the efficiency depending on the wavelength used for activation.  Thin titanium dioxide films 

(about <100 nm) typically absorb a large amount of the UVC spectrum but little UVA (Mills et 

al., 2003).  Thus thin films typically have a lower efficiency in UVA light than UVC light (Mills 

et al., 2002).  The negligible activity of the T68 sample can be attributed to substrate-film 

interactions as discussed previously.   

 In summary the T68 series with silicon oxides undercoating (T68P3, T68P2, and T68P1) 

can act as a self-cleaning surface, degrade organic compounds in water, and inactivate bacteria in 

water when exposed to UVA light, with moderate performance when compared to the Degussa 

P25 film.  Since the films are effective in these applications it is possible that they could also be 

successfully used in an air sterilization unit.   

4.4 Conclusions 

A series of tests were performed to screen for film samples that may be effective for air 

sterilization.  The T65 series of films was not effective as self-cleaning surfaces, for the 

destruction of organics in water, or for the inactivation of bacteria in water.  Therefore, it was 

concluded that this film series should not be used in bioaerosol inactivation experiments.    The 

T68 series (produced with a lower air flow rate) was found to be moderately effective under UVA 

light in all tested applications, when a silicon oxides under-layer was present, compared to the 

Degussa P25 film.  The T68 sample without an undercoating showed no activity when exposed to 

UVA light, and this was attributed to potential substrate-film interactions.  From these results, it 

was determined that the T68P3, T68P2, and T68P1 samples may be appropriate for use in 

bioaerosol inactivation experiment. 
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Chapter 5 

Design of Experiments for the Photocatalytic Inactivation of Bioaerosols 

5.1 Introduction 

 Exposure to bioaerosols can lead to serious diseases, such as influenza, tuberculosis, and 

meningitis as well as having been found to be responsible for asthma (Lippmann, 2000).  Due to 

the limitation of air sterilization techniques, interest has recently been growing in the application 

of titanium dioxide photocatalysis to sterilize air (Grinshpun et al., 2007).  To have successful 

bioaerosol inactivation, a number of factors must be considered, such as reactor geometry, air 

flow rate, relative humidity, and production and capture of bioaerosols.  The prediction of 

bioaerosol cell concentration captured is a particularly complex issue affected by many factors (as 

detailed previously detailed in Chapter 2).  

The basic design of a reactor system for the photocatalytic inactivation of bacteria is 

overviewed in this chapter.  Also, aerosol generation and capture experiments were performed 

using plate count analysis and a basic model was generated to correlate to the sampling time, 

nebulizer pressure (flow rate), and nebulizer optical density to the concentration of bacteria 

captured in the impinger.  This model would provide an estimate of the amount of bacteria 

introduced into the air at a given set of input conditions.  Ranges of the control variables were 

chosen to attempt to avoid problems encountered by other groups, such as excessive liquid 

evaporation, particle re-aerosolization, and high shear rate leading to loss of viability as detailed 

in Chapter 2.  Alternative techniques to analyze the impinger catch solution were also examined. 
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5.2 Reactor System Design 

The results of a photocatalytic inactivation experiment depend on the reactor design and 

on the operating conditions.  As mentioned in Chapter 2, the three main aspects to consider are 

the effects of reactor geometry, system flow rate, and relative humidity.  

 In order to have measurable bacterial inactivation, some have shown that reactor 

geometry must be enhanced to increase contact between the bacteria and the photocatalytic 

surface (Keller et al., 2005).  However, it is also possible to use a simple geometry reactor and 

alter operating conditions to increase bacterial inactivation.  Since the purpose of this study was 

to evaluate performance of different film samples, and not necessarily to provide maximum 

bacterial inactivation, simple reactor geometry is preferable.  Reactors with simple annular 

geometry are often used and have been shown to be effective at inactivating microorganisms (Pal 

et al., 2008; Paschoalino et al., 2008; Pal et al., 2005).  Annular reactors are also advantageous for 

the assessment of film performance as the central bulb provides relatively uniform irradiation of 

the photocatalytic surface.  For these reasons, an annular reactor was chosen.   An annular UVGI 

reactor (Sanitron S37C, Atlantic Ultraviolet Corporation) was purchased with a working length of 

81 cm and an outer diameter of 10 cm.  Stainless steel inserts were fabricated to hold titanium 

dioxide coated aluminum.  The ratio of length to width of the reactor in this study was similar to 

other studies using annular reactors, but the overall size was larger (Pal et al., 2005).   

In order for bacterial inactivation to be measurable using a simple geometry reactor, 

process conditions such as humidity must be controlled.  When operating a tubular reactor at a 

low relative humidity (<30%) no bacterial inactivation was reported (Keller et al., 2005).  Using 

similar reactor geometries, others have reported high one-pass efficiency when relative humidity 

levels were increased (Pal et al., 2008; Pal et al., 2005).  It has been found that the level of 
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humidity to obtain maximum bacterial inactivation is highly dependent on the species, but in 

general, higher relative humidity results in higher inactivation which is likely due to higher 

production of hydroxyl radicals (Yu et al., 2008; Goswami et al., 1997; Pal et al., 2008).  

Therefore, control of humidity is essential in bacterial inactivation experiments.  A humidity 

control system was constructed using three mass flow controllers (RK-32907-71, Cole-Parmer) to 

control the flows of streams of dry air, humidified air, and bioaerosol air.  The humidity levels 

were measured using a thermohygrometer (Traceable Hygrometer, 11-661-7B, Fisher Scientific).  

The conceptual layout of this system can be seen in Figure 5.1.  

Air flow rate is another main factor that must be controlled to ensure measurable bacterial 

inactivation.  Lower flow rates can provide a longer time period for bioaerosols to interact with 

the titanium dioxide surface (Goswami et al., 1997).   In most successful single-pass experiments, 

the flow rates were between 0.1-10 L/min, which corresponded to reactor retention times on the 

order of minutes (Keller et al., 2005; Pal et al., 2008; Pal et al., 2005).   To operate at similar flow 

rates, the equipment to generate and capture bioaerosols must be carefully selected.  The Collison 

Nebulizer is widely accepted as a standard bioaerosol generation unit (Stone and Johnson, 2002; 

Reponen et al., 1997; Johnson et al., 1999; Grinshpun et al., 2007; Lin and Li, 2003).  The 3-jet 

Collison Nebulizer (3-jet modified MRE-type Collison Nebulizer, BGI Inc.) was purchased as it 

can produce bioaerosols in the desired range of flow rates.  All-glass impingers are widely 

accepted as a reference sampler (Jensen et al., 1992; Brachman et al., 1964; Ding and Wang, 

1997; Grinshpun et al., 1997; Henningson et al., 1988; Burge and Solomon, 1987).  However, 

most standard impingers operate at flow rates that are on the high end of the desired range.  For 

example, the optimum flow rate range for the AGI-4 was found to be between 6-12.5 L/min 

(Willeke et al., 1995).  However, the modified AGI-4 used was designed to operate at half the 
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flow rate as the standard AGI-4.  Therefore, it may be expected that the optimal flow rate will be 

between 3-6 L/min.  For this reason modified AGI-4 impingers (Ace Glass Inc., 7541 Impinger) 

were chosen as the bioaerosol capture device. 

 

Figure 5.1 Photocatalytic Reactor System Layout. 

 

The overall layout of the reactor system can be seen in Figure 5.1.  Compressed air is fed 

and split into three streams; a dry stream of air, a humidified stream of air, and a bioaerosol 

stream.  The flow rate of the three streams is controlled by individual mass flow controllers.  The 

three streams are mixed and the temperature and humidity are measured using a 

thermohygrometer.  The bioaerosol air stream with controlled humidity then passes through the 

photocatalytic reactor where temperature and humidity can be measured again.  All-glass 
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impingers capture the bioaerosol both before and after the reactor so that microbial inactivation 

can be quantified.   

To obtain reliable results, it is important to be able to control bioaerosol generation and 

have an accurate method of quantifying bioaerosols.  For this reason aerosol generation and 

capture experiments were performed. 

5.3  Bioaerosol Generation and Capture Experiments Using Plate Count Analysis 

 Bioaerosol generation and capture experiments were performed to analyze the feasibility 

of using plate count analysis to quantify bioaerosol concentration.  A regression model was 

generated relative to control variables. 

5.3.1 Experimental 

5.3.1.1 Experimental Setup 

 The experimental setup consisted of a 3-jet Collison Nebulizer (BGI Inc., CN24) and an 

all-glass impinger (Ace Glass Inc., 7541 Impinger) connected using a short 3/8‖ OD silicon tube.  

A compressed air tank and valve with a pressure gauge was attached to the inlet of the nebulizer 

so that the air pressure supplied to the nebulizer could be controlled.  A sterile air filter was 

connected to the impinger outlet to remove any remaining bacteria before venting to a fume hood.  

5.3.1.2 Culture Storage and Preparation 

Bioaerosol generation and capture experiments were performed using Bacillus subtilis 

ATCC 6051, a spore forming gram positive bacteria.  This species is widely used in bioaerosol 

work (Stone and Johnson, 2002) and is found to have a high resistance to the stresses associated 

with aerosolization (Li, 1999).  Working cultures were stored on nutrient agar plates.  Cultures 
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were transferred to fresh nutrient agar plates monthly, and every 6 months cultures were refreshed 

from slants.   

 A loop of bacteria was taken from a plate and inoculated in 200 mL of nutrient broth in a 

1 L flask and incubated at 30
o
C and 200 rpm for 15 h, then harvested in the exponential growth 

phase.  After this period the cells were centrifuged at 8000 x g for 10 minutes.  The supernatant 

was removed, and the cells resuspended in 0.9% NaCl.  The cells were washed once, and then 

resuspended in 0.9% NaCl .  The cells were washed only once as further washing has been shown 

to add additional stress to the bacteria (Marthi et al., 1990).  The resulting bacterial suspension 

was diluted with 0.9% NaCl to achieve the desired optical density measured at 600 nm (Ultrospec 

1000 UV/visible spectrophotometer, Pharmacia Biotech). 

5.3.1.3 Experimental Procedure 

The bacterial suspension of desired optical density was added to the nebulizer chamber.  

Catch solution consisting of 20 mL of 0.9% NaCl in sterile distilled water was added to each 

impinger.  Then compressed air at a specified pressure was supplied to the nebulizer to generate a 

bioaerosol.  The nebulizer was run for at least five minutes prior to attaching the first impinger, to 

avoid error due to the loss of viability in the early stages of nebulization observed by other groups 

(Stone and Johnson, 2002).  After an impinger was attached to the nebulizer, the bioaerosol air 

stream was passed through the silicon tube into the impinger where the bacteria were impinged in 

the capture solution.  The air stream leaving the impinger was filtered through a 0.45 μm sterile 

filter before venting in the chemical hood.   

After the compressed air was continuously supplied to the nebulizer until the desired 

sample duration was achieved it was turned off and the impinger was detached, rinsed with 10 

mL of 0.9% saline solution, and put aside for later analysis.  Another impinger was then attached 
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and the process restarted.  This procedure was repeated until all available impingers (between 2 

and 6) were used, and the experiment completed.  The controlled pressure and sample duration 

were varied for each impinger as desired.   

The three variables examined using this procedure included inlet nebulizer pressure, 

sample duration, and the optical density of the bacterial suspension added to the nebulizer.   The 

maximum inlet nebulizer pressure was dictated by the air flow rate produced at the specified 

pressure, and the impinger’s maximum effective air flow rate of approximately 6L/min 

(manufacturer specification).  The pressure was varied below this value to determine the 

relationship between pressure and total bacteria captured.  A pressure range of 10 to 20 psi was 

chosen, which would produce a flow rate between 4.2 and 6.1 L/min according to manufacturer’s 

specifications.   The range of sample duration was chosen to be between 2.5 and 10 min based on 

the minimum duration required for a detectable signal and experimental time constraints.  The 

range of optical density, measured at 600 nm, was between 0.536 and 2.08, where the higher 

bound represents the maximum optical density attainable using the culture method employed. 

5.3.1.4 Analysis of Impinger Catch Suspension Using Plate Counts 

After experiments were completed, the impinger capture suspension was analyzed by 

plate count.  The impinger catch was diluted in 0.9% NaCl as needed.  The suspensions were 

mixed, and 0.1 mL from each dilution was placed on separate nutrient agar plates.  A flame 

sealed Pasteur pipette, with approximately four centimeters of its end bent at a 90 degree angle, 

was used to evenly spread the suspension on the surface of the nutrient agar.  The tops were 

secured with parafilm paper and incubated for 24 hours at 30
o
C.   The number of visible colonies 

on the plates was recorded.  Only plates that had between 30 and 300 colonies were used to 
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calculate the concentration of viable bacteria in the original suspension using the known volume 

added to the plate and the dilution factor.  

5.3.2 Results and Discussion 

A total of 51 data points were obtained by varying the conditions described in the 

experimental section.  All control variables were coded so that they ranged from -1 to 1.   Figure 

5.2 is a scatter plot matrix showing the relationship between the controlled variables, as well as 

the corresponding concentration of bacteria captured in the impinger.   As seen in the bottom row 

in Figure 5.2 there appears to be a positive trend between the concentration of bacteria captured 

and all of the control variables, the most evident being sample duration (middle plot). 

A least squares linear regression was performed, and inspection of the actual versus 

predicted plot (data not shown) and the normal probability plot shown in Figure 5.3 show this 

model was inadequate to describe the observed data.   The data in the normal probability plot did 

not closely lie on a straight line indicating that the residuals were not normally distributed and 

therefore the model was inadequate.   This lack of normal distribution was thought to be a result 

of the nature of the plate count analysis.   As described in Chapter 3, only plates with counts 

between 30 and 300 colonies per plate were used, and in order to achieve this number the initial 

sample often had to be diluted.   The count was then taken and multiplied by the dilution factor to 

calculate the undiluted concentration.  Therefore, any error that occurred in the plate counts 

would also be multiplied by a factor which increased as the dilutions increased.  Thus, if the 

predominant source of error was caused by the plate count analysis then it would be expected that 

the error be multiplicative and increase as the concentration of bacteria captured increased.   

Others have also noted the need to use the logarithm of plate count analysis from bioaerosol 
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experiments to compensate for the observed increase in variance in higher counts (Lembke et al., 

1981). 

 

Figure 5.2 Scatterplot matrix of bioaerosol generation and capture experiment input and output 

variables. 
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Figure 5.3 Normal probability plot of least squares linear regression. 

 

 To account for possible apparent multiplicative error, the logarithm of the concentration 

was taken, then a least squares linear approximation was performed in the logarithmic space.  As 

seen in Figure 5.4, the data lie fairly well on a straight line which means the data is normally 

distributed, and therefore the model may be adequate. 
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Figure 5.4 Normal probability plot of least squares linear regression in the logarithmic space of 

the concentration of bacteria captured. 

 

 A plot of the actual logarithm of the concentration of bacteria versus the logarithm of the 

concentration of bacteria captured predicted by the regression model, Figure 5.5, has been 

generated as a method to test the validity of the model.    It can be seen that the points are 

scattered fairly evenly around a line of slope 1 indicating that the model is a good average 

representation of the data, and that there is little unmodeled trend.  The points are only 

moderately well clustered around the line, with only about half of the points falling within the 

95% mean confidence interval (region that should contain the regression curve) (Freund et al., 

2003).  This shows the model only provides moderate predictive ability, which may be caused by 

the large error associated with plate count analysis.  Therefore, according to the plot of predicted 
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versus actual, the model appears to be adequate, providing a good average representation of the 

data, and moderate predictive ability. 

 

Figure 5.5 Actual versus predicted plot.  Solid line represents the trend of the plot, the broken 

curves are the 95% confidence intervals of the mean confidence interval, and the horizontal 

broken line is the mean. 

 

 Further quantitative analysis was performed to test the fit of the regression model, and the 

results can be seen in Table 5.1 and Table 5.2.  It can be seen the both the R
2
 value and the 

adjusted R
2
 value are reasonably high suggesting a moderately good fit.   The F value presented 

in Table 5.2 is very high, and therefore according to the mean square regression ratio, the trend 

being modeled is strongly significant.  Both quantitative tests support the previous conclusion that 

the model is an adequate representation of the data set. 
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Table 5.1 Regression statistics of least squares linear regression in the logarithmic space of the 

concentration of bacteria captured. 

 

 

Table 5.2 Analysis of variance table to test the significance of the least squares linear regression 

in the logarithmic space of the concentration of bacteria captured. 

 

 

 To confirm the validity of the model, each regression parameter estimate must be 

evaluated individually.  The predicted parameters of the regression model are displayed in Table 

5.3.   The p-value for all parameters is very small, showing that all regressed parameters are 

strongly significant, and that they should all be kept in the model.  Furthermore, the plots of 

residuals versus the individual parameters show good scatter around the horizontal axis. This 

indicates that there is little unmodeled trend, and therefore the form of the model is appropriate.   

A further regression was performed (data not shown) with date of experiment and order in which 

impingers were used as variables.  Neither of these parameters improved the model, and both 

parameters were found to be insignificant indicating that there was no systematic trend in the 

experiments with time.  The analysis of the parameters provides further evidence for the validity 

of the model and the choice of regression parameters. 

Multiple R 0.893

R Square 0.797

Adjusted R Square 0.784

Standard Error 0.266

Observations 51

Degrees 

of 

Freedom

Sum of 

Squares

Mean 

Square
F Value

Significance 

F

Regression 3 13.02 4.34 61.52 2.65E-16

Residual 47 3.32 0.07

Total 50 16.34



 

77 

 

 

Table 5.3 Parameter estimates and test of significance for parameters estimated using least square 

linear regression in the logarithmic space of the concentration of bacteria captured. 

 

 

 

Figure 5.6 Residual plots by parameters to check for unmodeled trend. (A) residuals of inlet 

nebulizer pressure, (B) residuals of sample duration, (C) residuals of nebulizer optical density.  

 

In summary, bioaerosol generation and capture experiments were completed and the 

analysis was performed via plate counts for the determination of the concentration of viable 

bacteria.  A least squares linear regression model in the logarithmic space of the concentration of 

bacteria capture was generated.  This form of model is appropriate because of the multiplicative 

error associated with plate count analysis.  The estimated parameters in the model were shown to 

be significant and all test statistics indicated that the model provided adequate fit for the data set.  

However, as seen in the plot of actual vs. predicted, the model only provides moderate predictive 

ability because of the high level of error in the data set.  High variability in results was expected 

Coefficients Standard Error t Stat P-value

Intercept 5.474 0.042 130.17 8.89E-62

Inlet Nebulizer Pressure 0.232 0.041 5.67 8.43E-07

Sample Duration 0.452 0.059 7.63 9.28E-10

Nebulizer Optical Density 0.509 0.066 7.72 6.76E-10

Parameter Estimates
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and has been reported by others performing similar experiments (Kesavan et al., 2010; Lembke et 

al., 1981).  A significant fraction of the error is thought to be associated with the plate count 

method (Lembke et al., 1981).  Others have reported that if the same impinger suspension was 

plated twice, the error could be expected to be as high as 30% but often ranged from 10% to 15% 

(Zimmerman et al., 1987).  Therefore, if a different method of analysis was used it may reduce 

the variance of the results and provide a model with better predictive ability.  This would also 

help eliminate some of the previously mentioned problems with plate count analysis of 

bioaerosols including loss of culturability of viable cells (Marthi et al., 1991; Heidelberg., 1997) 

and long sample processing times.  

5.4 Alternate Methods for Determining the Concentration of Viable Bacteria in the 

Impinger Capture Suspension 

 Alternative methods of determining viability of the captured bioaerosol were evaluated in 

an attempt to reduce sampling error and sample processing time. 

5.4.1 Experimental 

5.4.1.1 Alternative Methods for the Evaluation of the Concentration of Viable Bacteria 

Two possible methods of quantifying the concentration of viable bacteria are the 

Live/Dead Baclight assay (Invitrogen) and the BacTiter-Glo
TM

 Microbial Cell Viability Assay 

(Promega Corporation).   

The Live/Dead BacLight
TM

 assay (Invitrogen) quantifies cell viability based on 

membrane intactness.  It is a two-colour fluorescence assay using SYTO 9 (Invitrogen), a green-

fluorescent nucleic acid stain, and propidium iodide, a red nucleic acid stain.  The SYTO 9 stain 

labels all bacteria in a population.  The propidium iodide labels the cells with damaged 
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membranes and causes a reduction of SYTO 9 fluorescence in cells where both dyes are present.  

As a result, cells that are viable will fluoresce green and non-viable cells will stain red. 

 The assay was prepared by mixing both components of the Live/Dead kit L13152 in 5 

mL of sterile filtered water to form the stain solution.  Equal volumes (100 μL) of the stain 

solution and the bacterial suspension were added to a black-walled-clear-bottom costar 96 well 

microplate and mixed by pipetting up and down several times.  The plate was then incubated in a 

Spectramax M2
e
 Microplate Reader (Molecular Devices Inc.), in the dark at 25

o
C for 15 min.  

The excitation wavelength was set at 485 nm and two readings were taken from each well 

centered at 530 nm (green) and 630 nm (red).  The detected fluorescence could then be related to 

cell viability. 

  The BacTiter-Glo
TM

 assay works on the principle that only viable bacteria will produce 

ATP, and correlates cellular ATP to viable bacteria concentration.  The reagent contains a 

proprietary formulation which causes cell lysis and extracts cellular ATP.  The free ATP then 

reacts with a proprietary thermostable luciferase to generate a luminescent signal. 

To perform the BacTiter-Glo
TM

 assay, the reagent was made by adding 100 mL of 

BacTiter-Glo
TM

 buffer to the proprietary substrate to reconstitute the enzyme/substrate.  The 

reagent was mixed and allowed to equilibrate to room temperature.  Equal amounts (100 μL) of 

reagent and the bacterial sample were added to a black-walled-clear-bottom costar 96 well 

microplate.  The plate was then inserted into a Spectramax M2e Microplate Reader (Molecular 

Devices Inc.), where it was mixed and allowed to equilibrate for five minutes.  The luminescent 

signal was then recorded using the full spectral capabilities of the plate reader. 
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5.4.1.2 Determining Detection Limits of Alternative Viable Bacteria Determination Methods 

To determine if the nebulizer capture solution can be effectively analyzed using the 

Live/Dead or BacTiter-Glo
TM

 assay, the detection limits using Bacillus subtilis and the available 

equipment must be assessed.  To determine the detection limit analysis for each assay, a culture 

of Bacillus subtilis was prepared in the same fashion as for the plate count analysis experiments 

and the optical density was measured (Ultrospec 1000 UV/visible spectrophotometer, Pharmacia 

Biotech).   The culture and a series of 10-fold dilutions of it were added in triplicate to a 

microwell plate for either Live/Dead of BacTiter-Glo
TM

 analysis.   The respective fluorescence 

and luminescence was recorded and used to determine the detection limits of the two assays using 

Bacillus subtilis and the available equipment.   

5.4.1.3 Bioaerosol Generation and Capture Experiments to Test Alternative Methods of Catch 

Analysis 

 After the detection limit of each assay was established, the applicable assay was used in a 

series of bioaerosol generation and capture experiments to determine the accuracy and 

repeatability of the method.   The results from these experiments were also compared against the 

plate count experiments to test for consistency and to determine the most appropriate assay to be 

used to analyze impinger catch. 

 The procedure for the general bioaerosol generation and capture experiments was the 

same as described earlier in the chapter, except that the Live/Dead analysis was used to analyze 

impinger catch instead of the plate count method.  The number of experiments performed was far 

less extensive than that of the plate count analysis, with only two sets of experiments performed 

(totaling 10 data points acquired).  These two experiments provided sufficient information on the 

repeatability of this method as well as the correlation with the plate count method.  Sample 
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duration was varied between 2.5, 5, and 10 minutes and was the only variable changed in these 

experiments.  The inlet nebulizer pressure was kept constant at 20 psi and the nebulizer optical 

density constant at 1.5.  

5.4.2 Results and Discussion 

5.4.2.1 Determination of Detection Limits 

Serial dilutions of bacterial suspensions of known optical density were examined using 

the BacTiter-Glo
TM

 and Live/Dead assays to determine the minimum detection limits.  The 

respective luminescence and fluorescence of each well was correlated to viable cell number using 

the measured optical density and the previously generated calibration curve presented in Figure 

5.7.   

 

Figure 5.7 Calibration curve relating optical density of Bacillus subtilis measure at 600 nm to 

viable cell concentration found through plate count analysis. 
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 Plots of approximate viable bacteria concentration versus luminescence, from the 

BacTiter-Glo
TM

 assay, and fluorescence, from the Live/Dead assay, were then generated as seen 

in Figure 5.8 and Figure 5.9.  In both cases a linear trend line showed very strong fit.  The 

resultant equation from the trend line was used to calculate the approximate minimum detection 

limit of each assay.  In the case of the Live/Dead assay only the live results are shown as the dead 

results were found to be far less sensitive and therefore not used. 

 

Figure 5.8 Plot of luminescence produced from the BacTiter-Glo
TM

 assay and the corresponding 

approximate viable bacteria concentration.  The horizontal error bars represent one standard 

deviation. 
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Figure 5.9 Plot of fluorescence produced from the Live/Dead assay and the corresponding 

approximate viable bacteria concentration.  The horizontal error bars represent one standard 

deviation. 

 

 From the equation in Figure 5.8 the approximate minimum detection limit of the 

BacTiter-Glo
TM

 assay was calculated at the blank luminescence value.  Doing so yielded an 

approximate minimum detection value of 1.4 x 10
6
 for the BacTiter-Glo

TM
 assay.    The same was 

done with the equation in Figure 5.9 to produce an approximate detection limit of 1.8 x 10
5
 for 

the Live/Dead assay.  It was therefore concluded that the Live/Dead assay is the more sensitive 

assay, having the lower detection limit.  The detection limits were then compared against the data 

generated in the bioaerosol generation and capture experiments using plate counts.  This 

comparison can be seen in Figure 5.10. 
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Figure 5.10 Comparison of minimum detection limits of BacTiter-Glo
TM

 analysis and Live/Dead 

analysis with the data from the bioaerosol generation and capture experiments using plate counts. 

 

 From Figure 5.10 it can be seen that the minimum detection limit of the BacTiter-Glo
TM

 

assay is higher than the vast majority of the concentrations of viable bacteria captured in the 

previous aerosol generation and capture experiments.  Therefore, if the same range of parameters 

is used in future experiments, then the BacTiter-Glo
TM

 assay will not be able to effectively 

analyze the results using the available equipment.  Others have found similar results, with the 

minimum detection limit occurring at approximately double the bacterial concentration used in 

the bioaerosol generation experiments (Yoon et al., 2010).  However, when a dedicated 

luminometer was used for the BacTiter-Glo
TM

 assay with Bacillus subtilis, the detection limit was 
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found to be 10
5 
cells/mL (Seshadri et al., 2009).  This detection limit is very similar to that of the 

Live/Dead assay determined here. 

From Figure 5.10 it can also be seen that the minimum detection limit of the Live/Dead 

assay falls below the mean value of the data set.  Therefore, this assay is not applicable over the 

entire range of experiments conducted, but may be an effective method of analysis if the upper 

range of parameters is used. 

 The detection limit of methods, alternative to plate counts, was found and the results are 

summarized in Table 5.4.    

Table 5.4 Summary of detection limits for tested methods of determining viable bacteria 

concentrations. 

 

The BacTiter-Glo
TM

 has the highest detection limit, and it was determined that this would 

not be an effective method of analyzing impinger catch without a dedicated luminometer.   

Although the detection limit of the Live/Dead assay is much higher than the theoretical detection 

limit of plate counts, the method was determined to be sufficient to analyze the majority of the 

range of the data set from the bioaerosol generation and capture experiments.    Therefore, the 

Live/Dead test may be an appropriate method of analyzing impinger catch if the experiments with 

high aerosol production are used.   This method of analysis does not require the cells to be 

cultured or diluted and therefore reduces the error associated with this method compared to plate 

Method of Detemining 

Viable Concentration

Approximate Mimimum 

Detection Limit

(CFU/mL)

Plate counts 300*

BacTiter-GloTM assay 1.40E+06

Live/Dead BacLight assay 1.80E+05

*Theoretical value based on procedure described 

earlier in the chapter
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count analysis.  This method also produces results much more quickly than with plate counts 

making it easier to run more experiments in a fixed period of time.  However, this method may 

underestimate total cell number because some cells that do not appear as live using the Live/Dead 

test may be able to recover (Terziva et al., 1996).  The potential advantages of the Live/Dead 

analysis and its moderate detection limit make it a method of catch analysis worth investigating. 

5.4.2.2 Bioaerosol Generation and Capture Experiments Using Live/Dead Analysis 

 Aerosol generation and capture experiments were run as described in the experimental 

section.  The results of the experiments and the predicted results using the fit developed for the 

plate count analysis experiments are presented in Figure 5.11. 

 

Figure 5.11 Results from bioaerosol generation and capture analysis using Live/Dead analysis, 

and comparison to predicted trend from plate count analysis.  The error bars represent 1 standard 

deviation. 

y = 361808x - 743054
R² = 0.9975

-1E+6

-5E+5

0E+0

5E+5

1E+6

2E+6

2E+6

3E+6

3E+6

4E+6

4E+6

2 4 6 8 10

V
ia

b
le

 B
ac

te
ri

a 
C

o
n

ce
n

tr
at

io
n

 (
C

FU
/m

L)

Sample Duration (min)

Live/dead experiments Prediction from plate count experiments



 

87 

 

 

 The trend line in Figure 5.11 shows very strong fit indicating that it is a good prediction 

of the average value of the experimental results.  This fit is much better than that of the plate 

count analysis, and the use of a power function was not needed as the error from the Live/Dead 

analysis is not expected to be multiplicative.   However, it can be seen that the deviation is still 

quite high.  Upon further examination, it was found that the source of deviation was between the 

two experimental runs, and that replicates in the same experimental run showed very little 

deviation.  It was therefore concluded that there is likely little error associated with the Live/Dead 

method, as seen in past results, and that the major source of error came from the experimental 

setup.   

 From Figure 5.11, it can also be seen that the results from the Live/Dead analysis is in 

good agreement with the prediction from the plate count experiments, especially towards the 

lower end of the range tested.  This further confirms the validity of the Live/Dead assay in testing 

the impinger catch.   Even though Live/Dead analysis has a higher minimum detection limit than 

plate count analysis, it has lower associated error and produces results much more quickly.  

Therefore, in cases where a high catch value is expected, the Live/Dead analysis should be used, 

and if possible, experiments should be designed to allow the use of this test.   

5.5 Conclusions 

The basic design of a reactor system for the photocatalytic inactivation of bioaerosols 

was described.  A simple geometry reactor was chosen for ease in assessment of film 

performance and a humidity control method was developed using a stream of dry air, humidified 

air, and a bioaerosol air.  A Collison 3-jet Nebulizer was chosen as the bioaerosol generating 

device, and modified AGI-4 impinger as the capture device.  Bioaerosol generation and capture 
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experiments were completed and analysis was performed via plate counts for the determination of 

the concentration of viable bacteria.  A least squares linear regression model in the logarithmic 

space of the concentration of bacteria captured was generated but high deviation was seen in the 

results.  To attempt to reduce this deviation, different methods of analyzing the impinger catch 

were assessed.  The detection limit of the Live/Dead assay is much higher than the theoretical 

detection limit of plate counts, but the limit was sufficient to analyze the majority of the range of 

the data set from the bioaerosol generation and capture experiments.  Aerosol generation and 

capture experiments were performed using Live/Dead analysis and the results were in good 

agreement with the prediction from the plate count experiments.  The Live/Dead assay is much 

quicker to perform and has less associated variability. Therefore, in cases where a high catch 

value is expected, the Live/Dead analysis should be used, and if possible experimental runs 

should be designed to allow for the use of this test.   
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Chapter 6 

Conclusions and Future Work 

The performance of films produced by Novelis Inc. by a flame assisted chemical vapour 

deposition (FACVD) process was compared with films coated with industry standard Degussa 

P25.   Degussa P25 films were deposited on aluminum substrate by electrophoretic deposition.  

FACVD films were produced by Novelis Inc. and the effects of varying air flow rate and using 

different thicknesses of silicon oxides under-layers were assessed.   

All films were analyzed by scanning electron microscopy (SEM), energy-dispersive X-

ray spectroscopy (EDS), glow discharge optical emission spectroscopy, and Raman spectroscopy.  

The Degussa P25 films were shown to have thick, high surface area coatings of titanium dioxide 

primarily in the anatase form, as determined by Raman spectroscopy.  The FACVD film series 

produced with a high air flow rate (T65 series) had a sparse coating of titanium dioxide powder.   

The films produced at a lower air flow rate (T68 series) had titanium dioxide deposits on all 

films, however more titanium dioxide was present on films that had silicon oxides under-layer.  

The amount of deposited titanium dioxide did not increase as the silicon oxides layer was made 

thicker.  The crystallinity of the T65 and T68 series films could not be confirmed due to the small 

amount of titanium dioxide. 

A series of tests were performed to determine which films may be effective for air 

sterilization.  The performance of the films as self-cleaning surfaces, for the destruction of 

aqueous phase organic compounds, and for the inactivation of aqueous phase microorganisms 

was tested.  The T65 series of films was not effective as self-cleaning surfaces, for the destruction 

of organics in water, or for the inactivation of bacteria in water.  Therefore, it was concluded that 
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this film series should not be used in bioaerosol inactivation experiments.  The Degussa P25 films 

were shown to have high activity in all applications, confirming that it is a good standard for 

comparison.   

When the air flow rate to in the deposition process was lowered (T68 series), the films 

were seen to be active.  However, only films with a silicon oxides under-layer were effective 

under UVA light.  This was attributed to potential substrate-film interactions such as the 

migration of aluminum ions, which can act as electron hole recombination centers and decrease 

photocatalytic activity.  The T68 samples with silicon oxides under-layers showed moderate 

activity when compared to the Degussa P25 films.  When UVC light was used, all samples in the 

T68 series were shown to be as effective as the Degussa P25 film at mineralizing stearic acid.  

The observation of high performance under UVC light and lower performance under UVA light 

is commonly made when thin films are used.  From these results, it was determined that the 

T68P3, T68P2, and T68P1 samples may be appropriate for use in bioaerosol inactivation 

experiment, and that the Degussa P25 films served as an appropriate standard. 

The basic design of a reactor system for the photocatalytic inactivation of bioaerosols 

was described with consideration to reactor geometry, air flow rate, and relative humidity.  A 

simple geometry reactor was chosen for ease of assessment of film performance.  A humidity 

control method was developed using a stream or dry air, humidified air, and bioaerosol 

impregnated air.  A Collison 3-jet Nebulizer was chosen as the bioaerosol generating device, and 

modified AGI-4 impinger as the capture device.  Bioaerosol generation and capture experiments 

were completed and analysis was performed via plate counts for the determination of the 

concentration of viable bacteria.  The model provided adequate prediction of the trend, but there 

was high variation between samples.  To reduce this deviation, different methods of analyzing the 
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impinger catch were assessed.   The detection limit of the BacTiter-Glo
TM

 assay was found to be 

higher and therefore not used.   The detection limit of the Live/Dead assay is much higher than 

the theoretical detection limit of plate counts, but the limit was sufficient to analyze the majority 

of the range of the data set from the bioaerosol generation and capture experiments.  Aerosol 

generation and capture experiments were performed using Live/Dead analysis and the results 

were in good agreement with the prediction from the plate count experiments.  The Live/Dead 

assay is much quicker to perform and has less associated variability and it should therefore be 

used in future bioaerosol testing. 

The FACVD process was improved to produce films with moderate photocatalytic 

activity compared to Degussa P25.   A test system and protocols for bioaerosol testing was 

developed.  Future work should test bioaerosol inactivation ability of Novelis Inc.’s FACVD 

films versus the Degussa P25 films.  Further work should also be done to try and improve the 

film thickness produced by the FACVD system to increase photocatalytic activity in the UVA 

range.   
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