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Wit::X:M El Reaction dynamics under weak UV illumination 
on TI02 film photocatalyst 
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Preface 

Photocatalytic reactions using Ti02 semiconductor have been stud­
ied intensively as one of the light-energy conversion technologies to solve 
the environmental problems. In the present study, reaction dynamics un­
der weak UV illumination on Ti02 film photocatalyst was treated. This 
is because a unique type of passive-type purification system for indoor 
working and living environments using essentially transparent titanium 
dioxide (Ti02 ) with large area and under daily weak UV light has been 
received much attention recently. Many different types of Ti02-coating 
building materials incorporate deodorizing, antibacterial and self-cleaning 
functions and are also "maintenance free" semi permanently. The combi­
nation of Ti02 and weak UV light is safe for the human body and for 
our environment, a feature which is distinct from other purification tech­
niques, for example, the use of sterilizing lamps and chemical oxidants 
such as ozone, chlorine, and so forth. 

Here, I present the kinetics of the degradation of gaseous organic 
molecules mainly, which were investigated using TI02 film photocatar 
lysts in a batch-type reaction system, and then new types of reaction 
dynamics on the Ti02 surface were examined. The consideration of the 
degradation rate from the standpoint of the relative magnitudes of the 
numbers of absorbed photons and the numbers of adsorbed or impinging 
reactant molecules on the Ti02 surface is an important characteristic of 
this study. This is different to the other research concerning to Ti02 

photocatalyst. Needless to say, other researchers have not paid much at­
tention to such a slow reaction under weak UV light, either experimentally 
or theoretically. However, in the nearly 30 years since the discovery of 
photocatalytic water cleavage on Ti02 electrodes, the reaction dynamics 
and reaction mechanisms on the Ti02 surface were believed so compli­
cated and so difficult to solve that, in fact, the most important factor 



dominating photocatalysis has not been proven yet. 
Chapter 1 is prepared as a general introduction to the present study. 

I describe, here, the principle of Ti02 photocatalysis and the basic view­
points of the quantum yield and the motivation of this study. In order 
to provide background for the necessity to solve the photocatalytic dy­
namics under low-intensity UV light, the previous studies reported for 
the purpose of water and air purification are overviewed in terms of the 
reactant concentration of target molecules and the UV light intensity, and 
the transition for use of Ti02. 

In Chapter 2, the new reaction dynamics on the Ti02 surface un­
der extremely low-intensity UV light illumination are described, which 
was solved out for the first time. Specifically, the quantum yield of 
gaseous 2-propanol decomposition is found to be determined by the ratio 
of the number of absorbed photons to the number of adsorbed reactant 
molecules. From these results, the charge-separation efficiency and the 
diffusion length of ·OH radicals on the Ti02 surface are able to be dis­
cussed for the Ti02 thin film. To help readers in understanding these 
findings easily, the preparing procedure of the Ti02 sample film and its 
characteristics, and the estimation of absorbed photon numbers are ex­
plained in this experimental section. 

In contrast to Chapter 2, the completely mass transport-limited condi­
tions are investigated experimentally when relatively-higher intensity UV 
illumination was employed in Chapter 3. Mass-tranfer of gaseous reac­
tants is influenced by velocity of air-flow. As described in detail in Section 
3.4.1., I compare the mass transport-limited conditions under natural­
and forced-convection flow and the time course of 2-propanol concentra­
tion changes in a 1-liter reactor under mass-transport-limited conditions 
is modeled well using the one-dimensional diffusion equation, considering 
the thickness of the boundary layer. Moreover, as a short summary at 
this stage, I depict these two regions of mass-transport-limi ted conditions 
and of purely light-limited conditions for the photocatalytic degradation 
of gaseous organic molecules as functions of the reactant concentration 
(x-axis) and the UV light intensity (y-a.xis) in Section 3.4.2. From the 
graphical representation, one can estimate the maximum value of light in­
tensity necessary to obtain the maximum reaction rate for a given target 
concentration of reactant. 

I tried applying this new model for the reaction dynamics on the 



Ti02 surface under weak UV light to the degradation of another gaseous 
reactant, acetaldehyde. This is because acetaldehyde is decomposed with 
a radical-chain mechanism (autoxidation mechanism) in air in contrast to 
2-propanol. I discuss the degradation mechanism dependent on the light 
intensity and the reactant concentration, and the chain length of the 
radical reaction for production of acetic acid. These results are described 
in Chapter 4. 

In Chapter 5, anti-bacterial effects are examined in order to determine 
whether they are also dependent on the concentration of E. coli cells and 
light intensity, using Ti02 containing papers . 

I summarized the results of the present dissertation in Chapter 6. 
Finally, the possibility of this unique purification system in the practical 
environments and how to develop a more effective purification system are 
described. 

I have described this dissertation for the degree of Doctor of Philoso­
phy not like enumeration of my innumerable results a.nd efforts but to try 
explaining the procedure of experiments as followers will be able to re­
view them, displaying the meaningful results simply and accurately, and 
discussing them logically as far as possible. Actually, the reaction rate is 
so slow that I spent longer time than nobody can expect. However, by 
showing the reliability of my experimental results and the rationality of 
discussion here , I hope that followers will derive another new finding of 
photocatalysis spending their shorter time than I did, and my work will 
go a long way toward developing the field of photocatalysis. 

iii 
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Chapter 1 

Principle 

1.1 Photocatalytic reaction 

It is well known that when UV light irradiates an-type Ti02 electrode 
using a mercury lamp under a small electrochemical bias, hydrogen (H2) 
gas and oxygen (02) gas are generated from the Pt electrode and from 
the Ti02 electrode, respectively . The redox reaction starts from an 
electron-hole pair generation when photons with energies greater than 
the bandgap are absorbed in Ti02 semiconductor: 

(1.1) 

which electron and hole react with the substrates, H + and H20 at 
the interface, respectively: 

(1.2) 

(1 .3) 

Especially, water decomposition reaction using Ti02 electrodes like 
this is called the Honda-F\.ijishima effect. [2] This important thing is that 
a reaction (H20--> H2 + t02 with the Gibbs energy of 56.7 kcal mol-1) 

can be driven by the assistant energy of photons without beat. As proven 
from above, this" photocatalytic" reaction is to convert the energy of light 
into electrochemical energy. This circuit is called" a photoelectrochemical 
cell" (Figurel.l). 
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The possibility and selectivity of redox reaction depends on the en­
ergy position of their respective energy band edges, the conduction band 
(G.B .) for electrons and the valence band ( V.B.) for holes. Then Band 
edge positions of several semiconductors and oxidation potentials of or­
ganics are shown in Figure 1.2 

Another important term is a space charge layer to influence the charge 
separation efficiency in photocatalysis. The electron-hole pairs are effi­
ciently separated by the energy band bending at the space charge layer 
whose width (d) is given by the following equation, 

d = (2ccofl v) i 
qNo 

(1.4) 

where t.V is the potential drop in the space charge layer, q is the 
elementary charge, N0 is the concentration of the majority charge carriers, 
and e and e0 are the static dielectric constants of the semiconductor and 
the permittivity of vacuum, respectively. As proven by the eq. 1.4, the 
width of space charge layer depends on the donor concentration and the 
height of the band bending. The electrons separated by the band bending 
at the space charge layer move to the counter Pt-electrode by the applied 
bias and are consumed for the hydrogen evolution. Therefore only the 
photogenerated holes can move to the surface to cause oxidative oxygen 
evolution from water as shown in Figurel.1-(1). This redox reactions also 
occur using small particles and thin films of semiconductor as shown in 
Figurel.l- (2). However, for a small particle and a thin film with a size 
(thickness) less than l mm, however, the situation is quite different. If t he 
radius (thickness) is smaller than the thickness of the space charge layer 
formed in the Ti02 electrode (given by the equation 1.4), the potential 
drop in the semiconductor becomes small. Under these conditions all the 

donors are ionized and there are no electrons left in the conduction band. 
The total absence of electrons in the conduction band and the small value 
of potential difference inside the semiconductor has the important feature 
of the small size photocatalyst. In the case of colloidal semiconductors 
the band bending is small and charge separation occurs via diffusion only. 
Applying a random walk model to describe the motion of the charge 
carriers, one obtains for the average transit time from the interior of the 
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particle to the surface the expression 

(1.5) 

, where r 0 is the distance from the center of the particle and D is the 
diffusion coefficient of electrons in Ti.02 (0.02 cm2 s- 1). For colloidal 
semiconductors td is at most a few picoseconds. [3] Thus for colloidal 
Ti02 with a radius of 10 nm, the average transit time of electron is ca. lOO 
ps. On the other hand the time of electron-hole recombination process 
is reported 10 ns inside a semiconductor. [4,5] Then it is reasonable to 
see that recombination reaction can't occur inside the particle of photo­
catalyst. However when the space charge layer given by the equationl.4 
is thick enough, its electric field pushes the electrons back to the bulk of 
the semiconductor. Under these conditions only the holes are consumed 
to oxidize chemical species, but the electrons are not, resulting in the 
accumulation of the electrons in the semiconductor in principle. 

Furthermore, the surface of the Ti02 photocatalysts usually contain a 
lot of coordinatively unsaturated bonds whose energy levels locate in the 
forbidden zone of the ideal semiconductor. These surface states mediate 
the electron transfer from the semiconductor to the solution upward the 
bending of the band. 

Photogenerated electrons and holes, migrated to the surface by the 
mechanism mentioned above, soon recombine as follows, 

(1.6) 

unless the adequate surface traps of the electrons or the holes exist on 
the surface before electrons transfer between the adsorbed subjects and 
Ti02. Reactions on the Ti02 surface trapping process of the electrons 
and the holes is competitive to electron-hole recombination. Therefore, 
retardation of the recombination process by supplying electron captures 
sufficiently [6-8] and by creating surface traps, for example deposited 
metals, [~ 18] is essential for the enhancement of the photocatalytic effi­
ciency to use for air 8Jld water purification. The process of photocatalytic 
reactions can be summarized in Table 1.1. 
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Table 1.1: The process of photocatalytic reactions 

1) production of electron-hole pairs, generated by absorption of light energy 
2) migration of the electrons and the holes to the surface 
3) charge separation of electrons and holes by traps available on the Ti02 surface 
4) a redox process by the separated electrons and holes with species on the surface 
5) desorption of the products and reconstruction of the surface 

1.2 Quantum yield 

The primary tenn of photocatalytic efficiency is the quantum yield 
(QY). Gerischer has discussed the quantum yield in dependence of the 
light intensity, the radius of the semiconductor particles assumed as spher­
ical and the rate constants of the various reactions as follows. [19-21] 

The driving force of photocatalysis by semiconductor particles is the 
excess free energy of electron-hole pairs generated in the particles by light 
absorption. This energy n.p./ NcN., where n. and Ps are the surface con­
centrations of electrons and holes on the irradiated particles, Nc and N. 
are the respective densities of states in the conduction and valence band. 
The quantum yield is determined by the competition between the indi­
vidual reactions of electrons and holes at the surface of the particles and 
their recombination in the bulk or at the surface. The individual reaction 
of electrons are the reduction of the electron acceptors, in practical sys­
tems of oxygen, those of holes the oxidation of electron donors, in practice 
organic or inorganic molecules or ions. 

The quru1tum yield under high intensity W light can be described 
in dependence of the mararneter, m, as follows. The slowest reaction of 
the electronic charge carriers is assumed, then if the competition between 
charge traJ1Sfer reactions Md recombination is characterized like below: 

(1. 7) 

(1.8) 
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where cv is the concentration of donor, cv is the concentration of accep­
tor, R is the radius of the semiconductor. 

. 4 
an electron hole generatwn rate= 3rrlfg (1.9) 

where g is an approximately homogenerous rate electron hole pair 
generation. Then the decisive equation for quantum yield is: 

(1.10) 

(1.11) 

Increasing kc1 reduces m and is very favorable for the yield. Increas­
ing light intensity and light absorption has the opposite influence as also 
increasing R. The influence of R, however, does not exist for the vol­
ume recombination but only for the surface recombination. Besides, the 
smaller particle is better because some primary products such as H02 • is 
difficult to accumulate that induce the reverse reaction (h+ +A- -+A). 

The photogenerated electron-hole pair disappears through (1) the r~ 
action with substrates, (2) the bulk recombination, and (3) surface r~ 
combination. The other considerable factors to influence quantum yield 
are listed in table 1.2. 

The apparent QY values 1 are calculated using the following equation: 

QY= L (atl products) 

X 

(participating h+ number per product) 

number of product molecules 

number of absorbed photons 
(1.12) 

, which means how much effectively the reaction products generate 
by one photone being absorbed. Needless to say, this calculation should 
be based on the reliable reaction mechanism. There is one example to 
calculate of C02 generation from CH3COOH degradation as follows: 

'They usually use the term, "the apparent QY." This is because they usually 
detect the concentration changes in the bulk, not on the surface and because they 
cannot estimate the reverse reactions. It is ideal that the mass of decomposition and 
generation is balancing. However the reaction products often distribute and they 
doesn't desorb to the bulk ·in heterogeneous reaction. 
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Table 1.2: The influencing factors to quantum yield 
1) the energy band for holes and the conduction band for electrons 
2) the concentration of the reaction partners at the interface 
3) reverse reactions for electrons with the oxidation products of holes 
4) reverse reactions for holes with the reduction products of electrons 
5) volume recombination 
6) surface recombination 
7) defects il1 particles 
8) particle size or surface area 
9) depositing metal clusters 
10) reaction rates of substrates 
11) excess charges of particles 
12) desorption of byproducts on particles 
13) slow mass transfer of reactants to particles 

(1.13) 

QY = 4 x number of C02 molecules 
number of absorbed photons 

(1.14) 

which is based on the hypothesis of only hole oxidation. However as I 
demonstrate in Chapter 4, like this estimation includes misunderstanding 
as if photocatalysis is much effective system than other energy conversion 
system. This is why recently it used to be proved that organic molecules 
are decomposed via. some radical chain reactions on Ti02 surface. 

1.3 Reaction mechanism 

As seen from Figure 1.2, Ti02 C3.0 V vs. SCE) has beneficial charac­
teristics of the strong oxidizing power of the photogenerated holes, with 
which almost organic compounds can be oxidized to carbon dioxide at 

ambient temperature and pressure. 
Heterogeneous photocatalytic oxidation of single compound feeds has 

been previously demonstrated for alcohols, [? , 1, 22-48] inorganics, [49-
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51] and bacteria [52-58] There are two oxidation pathways of organic 
molecules via direct oxidation by photogenerated holes thermodynami­
cally and via reaction with ·OH radical produced subsequently. In the 
liquid phase, the order of anordic oxidation rate for organics depends on 
the turn of the electrolytic dissociation, R(CO)OH L H20 i., ROH, RR'O. 
For example, so-called pboto-kolbe reaction of acetic acid is well know as 
follows, 

(1.15) 

In conLTast, the main pathways in degradation of alcohols are discussed 
via ·OH radical reaction, while their direct oxidation appears only in the 
case of high concentration of reactant on the surface. 

So far , the degradation mechanism of organic molecules on the Ti02 
photocatalyst had seemed to be also complicated. However, recently it 
has been proved and acknowledged \videly that not only holes but also 
electrons participate in the oxidation reaction and that molecular oxygen 
has two rules: it accepts the electron generated in a Ti02 crystallite and 
is reduced to a superoxide radical (02-, H02); and it combines with the 
organic radical, generated upon the hole or ·OH radical reaction with the 
reactant, to produce an organoperoxyradical (ROO·) . 

Under the ambient conditions, photocatalytic degradation of organic 

molecules follows the typical reaction mechanism of small hydrocarbons. 
Here I introduce the degradation mechanism of ethanol using Ti02 photo­
catalyst as a typical example to explain my experimental data in Chapter 

2-5. 

Reaction mechanism of ethanol photocatalytic decomposi­

tion 

At first, the photogenerated holes oxidize surface hydroxyl groups or 

adsorbed water as follows, 

(1.16) 

a hydrogen atom is split off from ethanol by an ·OH radical, 

(1.17) 
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Then the ethanol radical can combine with molecular oxygen to pro­
duce an organoperoxy radical, 

(1.18) 

This organoperoxy radical react with other ethanol molecule, produc­
ing an acetaldehyde and I-120 2. Thoroughly the chain reaction, in other 
words, auto-oxidation of ethanol will proceed, 

CI-13CH(OH)OO · +CH3CI-120I-l--+ CR3C-HOH + CR3CH(OH)OOH 
(1.19) 

(1.20) 

Ikeda et a!. observed concentration changes in the photocatalytic 
reaction of ethanol of dissolved 0 2 near the surface of a partially Pd­
covered Ti02 film using microelectrode techniques. It was found that 
dlssolved 0 2 consumed not only over Pd-covered surface (reduction cite) 
but also over the bare Ti02 (oxidation site). [59] In the similar fashion, 
photogenerated H02-radical generated via equations and may also react 
with the CI-IsCH(OH)OO· radical, 

(1.21) 

(1.22) 

CI-I3CH(OH)OO · +R02· --+ CI-13CH(OH)OOOOH (1.23) 

The unstable tetraoxide is decomposed quickly to acetaldehyde and 
H202, 

(1.24) 

These reaction pathways are well-known as the Russel reaction2 that is 
the autoxidation reaction of hydrocarbons in the presence of oxygen as 
shown like below. [6Q-62] This mechru1ism is also able to be applied to 

2Tetraoxides have been widely studied and are accepted intermediates in the rndi­
olysis of aerated aqueous solutions containing organic compounds. 
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2RCH(OO•)R' ---+-
~~-~~ 

RCA"- ( 0 ---+- RCOR' + RCHOHR' + 02 

\:-t. .. t'o( 
R'CHR 

Russel reation 

photocatalytic oxidation of another organic molecules such as aldehydes, 
ketones and so on. Another important reaction pathway exist, which is 
the so-called current-doubling reaction, expressed by 

{1.25) 

The current-doubling reaction tend to occur in photocatalytic degrar 
dation of first- and second-class alcohols, aldehydes, and holmic acid. 
Because the energy level of unstable organic radicals is higher than that 
of the semiconductor conduction band as shown in Figurel.2, unstar 
ble intermediate racticals release one electron into Ti02 via only one­
photogenerated hole oxidation. The apparent QY of this reaction is ap­
proached up to 200%. These degradation pathways of ethanol are sum­
marized to show in Figure 1.3. [63] In this dissertation, 2-propanol was 
chosen as a unique model reactant because a single photon is consid­
ered to participate in the generation of each acetone molecule, and its 
auto-oxidation is negligible in Chapter 2. In contrast , acetaldehyde was 
also chosen as another unique model reactant because of its autoxidar 
tion mechanism in Chapter 4. I summarized these reaction pathways of 
organic compounds in Table 1.3. 

1.4 Kinetics of heterogeneous photocatal­

ysis 

Generally speaking, kinetic study provide a reaction rate constant 
that is useful for both the scientists and the chemical plant designer to 
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Table 1.3: The reaction mechanism of organics in photocatalytic reac­
tions8 

current-doubling reaction 
CH3C-HOH --+ CH3CHO + IJ+ + e- (C.B.) 
alkane 

RCH(OOOOH)R'--+ RCOR' + 02 + H20 
alcohol 

RCOH(OOOOH)R'--+ RCOR' + 02 + H202 
ketone 

RCH2COCH(OOOOH)R'--+ RCHO + R'CHO + C02 + H20 
carbonic acid 
RCI'f.JCOOH + h+(.OH)--+ RCih · +COz + IJ+ 
RCI·h · + 02+ --+ RCHzOO· 
RCH200 · + · OOH --+ RCH2COOOOH 
RCHzCOOOOH + RCH2COOOOH--+ RCHO + RCH20H + HzO + Oz 
hydrocarbon chloride 

Cl· + CH3Cl--+ HCI+ ·CH2Cl 

a from the state of tetraoxides 
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control and conjugate the reaction safety and repeatedly. In heteroge­
neous Ti02 photocatalysis, the popular isotherm and reaction equation 
are Langmuir-type adsorption isotherm and Langmuir Hinshelwood equa­
tion, respectively. Reaction rate on the photocatalyst surface depends on 
not only the band edge position but also the concentration of the reac­
tants at the interface. It is easy to think about the faster surface reaction 
proceeds under the more adsorbed molecules of reactants. However, the 
important thing is that there is the region of experimental condition that 
the reaction rate is purely proportional to only absorbed photons, not 
concerning t he reactant concentration at all. 

1.4.1 Langmuir-type adsorption isotherm 

In a number of the earlier literature, the adsorption isotherm of or­
ganic molecules on the Ti02 surface is well described the Langmuir- type 
isotherm as follows, 

M= JJ.TC 
l +TC 

(1.26) 

, where M is the weight of adsorbed 2-propanol on the Ti02 thin 
film (mg-1), Cis the reactant concentration (mg m- 3) in the bulk, J1. is 
the maximum weight of molecules in an adsorbed monolayer, for a given 
Ti02 sample, and Tis the adsorption binding constant. This equation 
assumes an adsorption state of equilibrium. A standard means of using 
this equation is to demonstrate linearity of the data when plotted as the 
inverse initial rate versus inverse initial concentration, 

1 1 1 
- = - + --
M J1. JJ.TC 

(1.27) 

which requires both a positive slope (= (JJ.T) - 1] and intercept (JJ. - 1) 

as shown in Figure 2.4 in Chapter 2. 

1.4.2 Langmuir Hinshelwood equation 

As proved from above, in the analysis of heterogeneous kinetics of 
photocatalyzed reactions, a number of the earlier literature results were 
fitted by a simple rate equation of t he form: 
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rate= r = ..:k_::Iob~s~o;:I<,:.,C~ 
1+KC 

12 

(1.28) 

, where k is reaction constant, K is adsorption binding constant. r 
is proportional to the amount of adsorbed reactants, [1,39,40,4D-43,45, 
64] , while the value of the exponent power of light intensity Uabs 0 ) in 
this equation is well known in heterogeneous photocatalysis, that, un­
der light-rich conditions, the reaction rate is often characterized by an a 
value of 1/2 due to domination by the second-order-dependent carrier­
recombination process. Since there is negligible recombination at suffi­
ciently lower light intensities, QY value should be close to unity, in other 
words, a= 1. 

I suppose it is difficult fo obtain a single product under sufficiently 
high intensity of light conditions , misleading the evaluation of QY values 
because the photocatalytic decomposition of organic materials is so com­
plicated. For example, ethanol is photooxidized though a multispecies 
network including acetaldehyde, formaldehyde, and carbon dioxide as 
shown previously. Several of the intermediates and products adsorb si­
multaneously on the adsorption site of a given reactant, then the reaction 
equation can be transformed as follows, 

r = klobs ° KG (1.29) 
1 + L(all reactants) K;C; + L(all Intermediates) K;Cj + L I<,C, 

, where K; and C; are binding constant and concentration of i-th 
reactant,K; and C; are those of j-th intermediates, K, and C, are those 
of solvents including 0 2 , water, and other inhibitors, respectively. [65-72] 

From analysis using this equation, three kinds of information are ob­
tained as follows; ( 1) the rate constant and binding constant for a given 
reactant from its initial degradation rate, (2) variety of adsorption site, (3) 
the concentration changes modeling oxidation kinetic networks. Ohtani 
et al. reported the analysis results assuming 2 kinds of adsorption site 
for 2-propanol, one is competitive with water in solution. [69] Ollis et 
al . modeled the ethanol and acetaldehyde photocatalyzed oxidation ki­
netic networks using this Langmuir-Hinshelwood rate forms combined 
with adsorption isotherms for reactant, intermediates, and product C02 , 

as shown for an example in Figure 1.4. [1] 
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r = klobs0
( KG )n 
l + I:( all reactants) K;C; + L:(all intermediate8) K;C; + I: K.C. 

(1.30) 
It is not too much say that the number of absorbed photons are 

rate-determining in photocatalytic reaction. In conventional, almost re­
searchers employed the strong UV light sources for sufficient reaction 
rates to Ti02 . However, available information of reaction dynamics on 
the Ti02 surface dependent on light intensity has not been discussed quite 
well so far. [73--87] 

It should be noted that Nosaka et al. reported that the Langmuir-type 
relationship between the reaction yield and the reactant concentration is 
not applicable at higher photon fluences. [88-92] Transient absorption 
after laser pulse was measured for various methylviologen (MVZ+) con­
centrations at various photon fluences. The fast electron transfer can 
occur only for adsorbed molecules and diffusion of viologen was also re­
ported to control the reaction in the 1-1s-ms range at very high photon 
fluences. [93- 97] For the surface electron transfer at illuminated colloidal 
semiconductor particles in the case of colloidal CdS to MV2+ within 100 
ps in aqueous solution was observed by a picosecond transient absorption 
measurement. [98] The study on the fluorescence quenching with MV2+ 
revealed that the electron transfer is as fast as the rate-determining step 
of the fluorescence or the rate of releasing electrons from the shallowest 
traps which is formed within w- 13 s. [99] It means when the diffusion rate 
is low, the mass-transfer process of reactants, 0 2 and organic molecules, 
could tend to be rate limiting step and one should not be apply the anar 
lytical equation of Langmuir-l-Iinshelwood type. 

The extremely high values of QY of gaseous phase photocatalytic re­

action exceeding 100% have become reported these days. However, those 
estimations include the several factors due to errors of estimation of ab­
sorbed photons, and those of calculation caused by the current doubling 
effect and radical chain reactions. Besides, the number of absorbed pho­
tons is difficult to estimate because of the high refraction factor (2. 7) of 
Ti02 in general. 
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1.5 Motivation 

1.5.1 Background 

The phenomenon of photooxidation was observed and recognized in 
1921 by Renz [100), who oxidized many organic molecules in the presence 
ofTi02 and ultra-violet light. Later, the photocatalyzed reactions on the 
irradiated Ti02 surface have been paid significant attentions since the 
discovery by Honda and Fujishima in 1972. [2] They reported that water 
could be split upon the illuminated Ti02 single-crystal electrode under 
a small electrochemical bias. This observation prompted extensive work 
focusing on efficiently production of hydrogen from the point of solar 
energy conversion. [30, 101- 105] 

Few years after that, it was also shown that the heterogeneously dis­
persed Ti02 semiconductor particles could also activate other molecules, 
whose redox reactions would be beneficial not only for energy storage, 
but also for organic synthesis, detoxification of hazard compounds, water 
purification. Furthermore, Ti02 films, prepared by coating microcrys­
talline Ti02 on the various substrates, have gathered much attention as 
the photocatalysts especially for the degradation of the organic impurities 
and the hazardous compounds using its strong oxidation power in recent 

years. 
Unlike dispersed powders, the film catalysts have the advantages such 

that they can be used repeatedly without problem in terms of separation 
from the solution after treatments. I illustrated the study history of Ti02 
from the point of the transition of employment in Figure 1.5. 

However, the disadvantage of photocatalysis using semiconductor is 
its low photocatalytic efficiency. Recently Bolton el al. reported the QY 
value of 0.04 for ·OH radical generation using Ti02 colloids. (106, 107] 
Traditionally, high pressure mercury and xenon lamps have been used in 
most photocatalytic research for the purpose of high-rate photodecompo­
sition and also to compensate for the low photocatalytic efficiency of Ti02 
itself. In recent years, since Heller et al. reported the oxidative stripping 

of oil sheens from the surface of sea water with buoyant photocatalyst­
coated ceramic microbubbles, [8] the field of environmental purification 
has been devoting increasing attention to photocatalysis using sunlight 
and black-light-type fluorescent lamps as UV light sources, i.e., at the sev-
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era! mW cm- 2 level, which is safe for human exposure. The phenomenon 
that the QY values increase with decreasing UV light intensity has been 
recognized since before, however, its reason is explained irresponsiblely 
that the frequency of recombination reaction of electrton-hole pair inside 
Ti02 decrease with decreasing number of absorbed photons. However any 
scientists have not switched their idea to the new system under weak UV 
light that our group has been proposed as mentioned below. Overview­
log the region of research as a function of light intensity and reactant 
concentration in Figure 1.7, the area which consists of high intensity of 
light and high concentration of reactant is characteristic of their research. 
Even for low concentration of reactant, they used to employ strong UV 
light sources. Then, the dynamics and mechanism of Ti02 photocatalytic 
reaction under strong UV light reported previously are so complicated 
that the most important factor determining the photocatalytic renction 
efficiency bas not been solved by a number of extensive research during 
almost 30 years since the discovery by Honda and Pujishima. 

In contrast, I have been aware of that photocatalytic reaction proceeds 
at a sufficient rate even under weak UV light since 1992 as shown for ex­
amples in Figure 1.6. [108] I directed to construct a new system using 
Ti02-containing building materials with a large area. It is a unique type 
of passive-type purification system for indoor working and living envi­
ronments which incorporates deodorizing, antibacterial and self-cleaning 
functions under lower level illumination from room light. In connection 
with this concept, many different types of Ti02 materials which exhibit 
higher photocatalytic activities than P-25 powder, which is known for its 
highly photocatalytic activity, have been prepared. [33-35, 108-110] For 
example, the QY value of close to 100% have been achieved under 0.5 mW 
cm-2 irradiance for 1000 ppmv gaseous acetaldehyde decomposition using 
Ti02-containing paper and semi-transparent Ti02 thin fllins formed on 
glass. In addition, I have found that E. coli cells can be completely killed 
on Ti02 coated glass tiles even under room light. I illustrate the imaging 
space of the new purification system using these materials in Figure 1.8. 

As seen in Figure 1.7, the region of our research which consists of low 
intensity of light and low concentration of reactant is completely distinct 
from those in many other reports. There is few fundamental research 
of renctions under weak UV light theoretically and experimentally so 
far. However new aspects of photocatalysis can be expected to be dis-
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covered using these materials under weak UV illumination down to n W 
cm-2 levels. Therefore I started kinetic study of degradation of gaseous 
2-propanol molecules using Ti02 film photocatalyst in a batch system 
under weak UV light illumination to discover new reaction dynamics of 
photocatalytic reaction in Chapter 2 and Chapter 3. 2-propanol was well 
known to be decomposed to acetone via simple mechanism as described 
in details in Chapter 2. My unique approach to the region of our research 
is to consider the degradation rate from the relation between numbers of 
absorbed photons and numbers of adsorbed or collided reactants on the 
Ti02 surface. 

1.5.2 Characteristics of Ti02 photocatalyst 

Among several semiconductors, Ti02 photocatalyst is only gathered 
much attention to the practical application for water and air purification 
these days. Many characteristic aspects of Ti02 photocatalyst are pointed 
out in Table . 

ZnO and CdS photocatalysts have been investigated also extensively 
for fundamental research in comparison with Ti02.photocatalyst. [101, 
103,111-114] Especially for the solar energy conversion H2 production us­
ing CdS was expected because its bandgap energy is equivalent to visible 
light with 496 om-wavelength. However, any excellent material beyond 
Ti02 has not found yet. As I know, the values of quantwn yield was 
approximately similar to those semiconductors each other. For example 
using as electrode of photoelectochemical cell, the photocurrent efficien­
cies were reported almost same values of i.O for Ti02, ZnO, and CdS, 
respectively. [102] On the other hand, using photocatalyst, the values 
of quantum yield of H2 production were reported about 0.05. [115, 116] 
The most negligible problem of the other semiconductors than Ti02 is 
unstability via photocorrosion reaction as follows, 

{1.31) 

{1.32) 

{1.33) 
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Table 1.4: Characteristics of Ti02 photocatalysis 

ad van ta.ges dis ad van ta.ges 

(1) strong oxidation power (1) char king 
c 3.0 v VS. SCE) 

(2) no photocorrosion (stable (2) inhibition by some anions 
in gas and liquid phase) (SO;s, Cl-) 

(3) operation at ambient (3) agrigation at medium pH 
temperature and pressure 

(4) heterogeneous reaction (at (4) forbidden three dimensional 
liquid-solid and air-solid interfaces) utility 

(5) safe for human body (5) a low quantum efficiency 
(food additives) 

(6) absorption of UV light (6) useless of visible solar light 
(7) low price (ex. 400 yen kg- 1) (7) high reflectivity due to 
(8) use of oxygen as the oxidant high refractive index (2. 7) 
(9) final oxidation products are 

innocuous (C02 and H20 
etc. ) 

(10) transparency (in principle) 
(11) semipermanent (in principle) 

Especially, CdS and ZnO produce the harmful ions of Zn2+ and Cd2+. 
Therefore the photocatalytic reactions using CdS and ZnO were avoided 
to use practically because of their characteristics of photocorrosion gen­
erating harmful Zn2+ and Cd2+ irons. 
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1) Ti02 electrode 2) Ti02 photocatalyst 

Ox 

Red 

Figure 1.1: Schematic illustration of the energy diagram for a Ti02 
semiconductor electrode and a Ti02 photocatalyst 



Chapter 1 19 

~---------+~/'H2 

~OiO£ 

+3.0 

Figure 1.2: Band edge positions of several semiconductors and oxidation 
potentials of organics 
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semiconductor 

electron injection 
current-daub/in 

solution I on IiOg surface 

H+ 
H3~--, (\• _ \ • ) --* CH3CHO 

C-OH H/u 
radical chain reaction l YC(OH)OO• 

CH3C•OH 

•OH\ 
~~~~r CH3CH20 

20 

Figure 1.3: Schematic representation of mechanism of photocatalytic 
degradation of ethanol 
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Figure 1.4: Predictive model of the concentration changes of photocat­
alytic degradation of ethanol. [1 J 
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~ social problems transition of employment of TJ<l.2_ 

1970' energy 
shortage 

1980' environmental 
I destruction 

1990' on earth 

Hg lamps 

water cleavage 
using Ti02 electrode 

H2 production 

using Ti02 particles 

~lack fluorescent lamps 

removal of 
toxic organic materials 
using Ti02 thin film 

air purification 
using honeycomb 
containing Ti0

2 

Figure 1.5: Transition of employment of Ti02 for air and water purific&­
tion under strong UV Light. 
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(a) 

10-
1

~--------~------~~ 
0 1000 2000 

time(s) 

Figure 1.6: The concentration changes of photocatalytic degradation 
of methylrnelcaptan using different type of light sources; a)dark condi­
tion, b)pink fluorescent Hght, c)white fluorescent light, d) black fluorescent 
light. [108] 
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reactant concentration /ppmv 

Figure 1. 7: Illustration of regions of the previous studies reported for 
the purpose of water and air purification as functions of the reactant 
concentration of target molecules and the UV light intensity. (The regions 
of indoor and outdoor air purification are our target.) 
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our living space 
( Ti02 photocatalyst is coated on Walls, floors, windows etc. 

for deodorizing, anti-bacterial and self-cleaning effects) 

Figure 1.8: Illustration of our proposing system under weak UV light for 
air purification in our living space. 
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Chapter 2 

Photocatalytic reactions under extremely 
low-intensity UV illumination 

2.1 Introduction 

As described in the previous chapter, Ti02 in particular has bene­
ficial characteristics, such as its chemical and physical stability, as well 
as the strong oxidizing power of the photogenerated holes, with which 
most organic compounds can be oxidized to carbon dioxide at ambient 
temperature and pressure. [2, 23, 117] In recent years, since Heller et al. 
reported the oxidative stripping of oil sheens from the surface of sea water 
with buoyant photocatalyst-coated ceramic microbubbles, [8] the field of 
environmental purification has been devoting increasing attention to ph<r 
tocatalysis using sunlight and black-light-type fluorescent lamps as UV 
light sources, i.e., at the several Ji.W cm-2 level, which is safe for human 
exposure. [118- 120] 

In contrast, I have been devoting our attention to a unique type of 
passive-type purification system for indoor working and living environ­
ments. These systems incorporate deodorizing, antibacterial and self­
cleaning functions under lower level illumination from room light. In 
connection with this concept, many different types of Ti02 materials 
which exhibit higher photocatalytic activities than P-25 powder, which 
is known for its highly photocatalytic activity, have been prepared. [32, 
35, 53, 109] For example, quantum yields (QY) of close to 100% have 
been achieved under 0.5 mW cm-2 irradiance for 1000 ppmv gaseous 
acetaldehyde decomposition using Ti02-containing paper [109] and semi-
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transparent Ti02 thin films formed on glass. [32, 35] In addition, I have 
found that E. coli cells can be completely killed on Ti02 coated glass tiles 
even under room light. [53] Using these materials, I can also investigate 
the kinetics of photocatalytic reactions under even lower-intensity W il­
lumination, e.g., at nW cm-2 levels. Using this approach, new aspects of 
photocatalysis, distinct from those associated with the higher-intensity 
UV illumination employed in many other reports, can be expected to be 
discovered. 

In this chapter, I have examined the stationary photocatalytic de­
composition of dilute gas-phase 2-propanol on a Ti02 thin film under 
extremely low-intensity UV illumination, from as little as 10 nW cm-2 

and rru1ging up to 10 mW cm- 2, for the first t ime. I have paid particular 
attention to the dependence of the QY values on the number of absorbed 
photons ([Photon]n~>) and on the number of 2-propanol molecules ([M]a<~) 
adsorbed on the surface of the film. Consequently, I found that the ra­
tio of [Photon]n~>/[M]ad uniquely determines QY, even with a wide rMge 
of different initial concentrations, i.e., 1 - 1000 ppmv. I have discussed 
the diffusion length of ·OH radicals on the Ti02 surface Md the charge­
separation efficiency of the Ti02 film based on these results . 

The reasons that 2-propMol was chosen as a reactant for these exper­
iments were (i) that it is efficiently photodecomposed to acetone, which 
undergoes further reactions at a much slower rate, (ii) acetone can be de­
tect.ed sensitively using gas chromatography (GC), (iii) a single photon is 
considered to participate in the generation of each acetone molecule, Md 
(iv) its self-oxidation is negligible. The latter aspect is distinct from the 
aldehydes, which are decomposed via free radical chain reactions involv­
ing reduced oxygen species [48,59], and therefore, the reaction dyn8lllics 
crumot be accounted for in a simple fashion. It should also be noted that, 
under very low-intensity illumination conditions, the adsorption of the 
reactant on the Ti02 surface is essentially at equilibrium. I 8Jil currently 
examining mass transport effects at higher UV light intensities. 
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2.2 Experimental section 

2.2.1 Preparation of Ti02 thin films 

Ti02 thin films were prepared on soda lime glass by a conventional 
spin coating process, using a commercial Ti02 anatase aqueous sol (Ishi­
hara Sangyo Kaisha, Ltd., STS-21, 20 nm particle diameter, 50 m2 g- 1 

surface area as shown in Figure 2.1). A 7 em x 7 em piece of glass was 
spun at 1500 rpm for 10 s. After air drying, a second coating was ap­
plied in the same manner over the coated gel. The resulting sample was 
calcined at 450°C for 1.5 h in air. The thickness of the semitranspar­
ent film was about 1.7 mm, according to cross-sectional observation by 
atomic force microscopy. The weight of the film was 0.40 mg em - 2. The 
roughness factor of the film was estimated to be about 150 cm2 cm-2, 
by measuring the amount of adsorbed cyanine dye on the sample sur­
face. Scanning electron micrographic observation showed that the film 
consisted of particles with diameters of about 50- 100 nm due to particle 
growth during the sintering step as shown in Figure 2.2. 

2.2.2 Measurement of photocatalytic reaction 

An 0 2 (20%)- N2 gas mixture, which was passed through a l6°C water 
humidifier in order to adjust the relative humidity to 50%, was used to fill 
the 1-L Pyrex glass photocatalytic reaction vessel. For purposes of prepar­
ing the gas mixtures containing various concentrations of 2-propanol, the 
non-humidified 0 2-N2 mixture gas was first saturated with 2-propanol 
(Kosou Ka.gaku Yakuhin) by passage through a 2-propanol liquid reser­
voir at room temperature, resulting in a concentration of 5 vol.%, as 
measured using GC (see below) after dilution. Measured quantities of 
the 2-propanol-saturated gas were then injected into the 1-L vessel using 
a syringe. 

For the photocatalytic decomposition of gaseous 2-propanol, the Ti02 
thin film was illuminated with a Hg-Xe lamp (Hayashi Tokei, Luminar 
Ace 210). To obtain monochromatic UV light, a 365 nm band-pass fil­
ter (FWHM = 2 urn, Kenko, BP-Wl-365) was used. In order to control 
the intensity, polyethylene terephthalate sheets were used as neutral den­
sity filters. The UV intensity was measured using a UV power meter 
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(TOPCON UVR-1) that had previously been corrected against a ther­
mopile meter (No. 30198E6, The Eppley Laboratory, Inc.). Because the 
detection limit of the power meter was 1 mW cm- 2, I used extrapolated 
values below 10 mW cm-2 incident UV light. Illumination was conducted 
at room temperature after equilibrium between gaseous and adsorbed 2-
propanol on the Ti02 thin film was achieved, as evidenced by a constant 
2-propanol concentration. The 2-propanol concentration was measured 
using a GC (Shimadzu Model GC-8A) equipped with a 5 m PEGlOOO 
column and a flame ionization detector, using N2 as the carrier gas. The 
C02 concentration was measured using the same GC, equipped with a. 2 
m Porapak-Q column, with a methanizer and a flame ionization detector, 
aiso using N2 as the carrier gas. The detection limits for both acetone 
and C02 were approximately 0.1 ppmv. 

2.2.3 Estimation of absorbed photons 

All of the data were collected using the same Ti02 thin film in order 
to avoid variations in activity caused by the difference of the surface area 
and thickness. The photocatalytic activity of the film was able to be fully 
regenerated by illumination with 5 mW cm-2 UV light in fresh humid air 
for 120 min. The absorbed photon flux was estimated as shown in Figure 
2.4. The incident photon flux (10) can be expressed as follows; [121] 

lo = l. + l ,+ lr+h (2.1) 

where I. is the intensity of light absorbed in the film, J, is the trans­
mitted intensity, I, is the forward-scattered intensity, and Jb is the back­
scattered intensity. 10 was measured directly using the UV power meter. 
However there was some degree of non-uniformity of intensity over the 
illuminated area because of passage of the UV light though a 1 m glass 
fiber light pipe. Therefore 10 was estimated in a manner analogous to that 
described by Hill eta!. [74] for the measurement of Jb. This involves the 
establishment of a contour map of light intensity and subsequent calcula.­
tion of the average intensity over the illuminated area. The full-strength 
intensity of 10 , after passing through the light pipe, was 45 J.LW cm2 • The 
sum of I, and Ir was determined using a conventional integrating sphere 
(Shimadzu ISR-260). The modified method of Bolton et al. [107] was 
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not used, because Jb was measured separately (see below). The sample 
was placed at the sample position of the integrating sphere with a piece 
of glass plate similar to that used as a support for the Ti02 film as the 
reference. The apparent transmission factor, {I,+ Ic) / 10 , reading of the 
instrument was 0.30 at 365 nm as shown in ?? Ib from the sample was 
estimated using a method similar to that of Hill et al. [74] lb at normal 
incidence was extrapolated by measuring Ib as a function of the incident 
light angle. The factor Ib/ !0 evaluated following this methodology was 
0.05. The factor la/ 10 for the sample Ti02 film was calculated to be 0.65. 
The above procedures are shown in Figure 2.4. The UV absorption by 
2-propanol on the film {365 nm) was considered to be negligible. 

The amount of physically adsorbed water on the Ti02 surface was 
estimated using a differential thermo balance (Shikuu R.iko TGD 7000RH) 
for the Ti02 powder {Ishihara Sangyo Kaisha, Ltd., ST-21 the commercial 
powder corresponding to that dispersed in STS-21 sol, which was used 
after it was subjected to the same heat treatment that was used to prepare 
the film (see above). 

The amount of2-propanol adsorbed on the Ti02 sample was estimated 
by measuring the decrease in the balance of 2-propanol gas concentration 
in the glass vessel containing the Ti02 film sample versus that in a sep­
arate empty glass vessel. The concentrations were measured one hour. 
after a given concentration gas mixture was introduced into each glass 
vessel. 

2.3 Results 

Figure 2.6 shows the experimental data for the adsorption isotherm 
in the form of an inverse plot, the weight of adsorbed 2-propanol on 
the Ti02 thin film (M mg-1) vs. the gaseous 2-propanol concentration 
{C jmg m- 3) . These data were analyzed in terms of a Langmuir-type 
isotherm, which is described as follows, 

1 1 1 - = - + --
M J.L J.LTC 

(2.2) 

where J.L is the maximum weight of molecules in an adsorbed mono­
layer, for a given Ti02 sample, and Tis the adsorption binding constant. 
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The values of m and T were ca. 0.33 mg and 0.00063 m3 mg- 1, respec­
tively. These results will be used in the discussion of the QY values for 
2-propanol decomposition in the next section. 

Figure 2. 7 shows a typical experimental data set for the concentration 
changes of gaseous 2-propanol, acetone, and C02 as a function of time in 
the decomposition of gaseous 2-propanol (incident UV intensity, 45 f.LW 
cm-2

; initial 2-propanol concentration, 100 ppmv). After 60 minutes, 
when equilibrium between gaseous and adsorbed 2-propanol on the Ti02 

thin film had been achieved, UV light illumination was initiated. The 
amount of generated acetone was equivalent to that of the decomposed 
2-propanol and the generation of C02 and other stable intermediates were 
not detected, within experimental error. Under the present experimental 
conditions, i.e., 1 - 1000 ppmv initial 2-propanol concentration and 36 
nW- 45 f.J.W cm-2 incident UV light intensity, only acetone was generated 
stoichiometrically. 

Figure 2.8 shows Jog-log plots of the acetone generation rates (R) 
versus the number of absorbed photons (/). R decreased with decreasing 
I , in essentially a linear fashion, with slopes which were almost constant 
regardless of the initial 2-propanol concentration. The higher the initial 
2-propanol concentration, the higher the value for the same UV intensity. 
The value of the slope, i.e., the exponent a in the R = K /" relation, 
is ca. 0. 7 0.8. It is we!I known in heterogeneous photocatalysis, that, 
under light-rich conditions, the reaction rate is often characterized by an 
a value of 0.5 due to domination by the second-order-dependent carrier­
recombination process. [122, 123] Conversely, the light-limited renction 
rate is represented as a= 1. [31,87] Thus the present experimental regime 
is in a transition region between the two asymptotic values. a values of 
ca. 0.7 were also reported in the photodecomposition of formic acid by 
Hill et a!. [74] and of acetone by Ollis eta!. [39] under several !J.W cm-2 

UV irradiation. For 365 nm light, an incident UV light intensity of 1 f.LW 
cm-2 corresponds to a photon flux of 1.8 x 1012 quanta cm-2 s-1, of which 
the Ti02 film absorbs 1.2 x 1012 quanta cm-2 s-1 . I calculated the initial 
rates using the conventional least squares method over the first one hour 
and used the least squares statistics to calculate the error .ranges, based 
on a 50% confidence level. Only for the plots in which 2-propanol was 
exponentia!Iy decomposed, i.e., at the highest light intensity, the initial 
amount of acetone generated in 15 minutes was used as the initial rate. 
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Figure 2.9 shows semi-log plots of I versus the apparent QY values for 
acetone generation. The apparent QY values were calculated using the 
following equation: 

QY = number of generated acetone molecules 
number of absorbed photons (2·3) 

Error bars associated with the QY values were evaluated based on 
the total error of measuring the acetone concentration and extrapolating 
the value of the UV light intensity. However, good repeatability, within 
7% , was obtained even for the lowest I values. The QY values increased 
gradually with decreasing I and finally saturated for the highest initial 2-
propanol concentration (1000 ppmv) for I less than 4 x 1011 quanta cm-2 

s-t, and thus a purely light-limited condition (0! = 1) was reached, where 
the maximum QY value was 27.8 ± 2.5%. This maximum QY value also 
appeared to be approached for lower initial concentrations. Moreover, 
the curve shapes for the different initial 2-propanol concentrations are 
similar regardless of the initial concentration. For a given QY value, 
increasing the initial 2-propanol concentrations by a factor of ten leads 
to an increased value of I. However, the increases became smaller with 
increasing concentration: 10 times, 6 times, and only 2 times for 1 to 10 
ppmv, 10 to 100 ppmv, and 100 to 1000 ppmv, respectively. 

2.4 Discussion 

The mechanisms for the photocatalytic decomposition of 2-propanol 
to acetone has been described. [59,124] The photocatalytic processes prior 
to the initiation of 2-propanol decomposition are well-known; 

·02 + W _, H02· (2.7) 
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The generated ·OH radical reacts with 2-propanol, abstracting its hy­
drogen atom to form a radical: 

CHaCH(OH)~ + ·OH-> C~C-(OH)CHa + H20 (2.8) 

This CHaC·(OH)CHa radical is decomposed to acetone through sev­
eral reaction pathways. One of these is the so-called current-doubling 
reaction, expressed by 

CHaC·(OH)CHa-> CHaCOCH3 + H+ + e-(c.B.) (2.9) 

where e- (C.B.) represents an electron in the Ti02 conduction band. 
[63] Under ambient conditions, however, 0 2 can attack the radical, pro­
ducing an unstable peroxo radical, which decomposes to acetone: 

In the same manner, H02 · radicals generated via equations [6] and [7] 
may also react with the CH3C-(OH)CH3 radical, 

Note that there is no chain reaction involved in the above processes. 
Overall, only one photon participates in generating one molecule of ace­

tone, and therefore QY values were calculated using equation 2-3. Con­
sidering that no radical chain reactions are involved, the maximum QY 
value obtained (28%) is very high. I have previously reported that QY 
values for the decomposition of gaseous acetaldehyde ranged up to nearly 
100%, [32, 35, 109] but this reaction involves chain reactions. [34] 

In the present experiments, in which very low-intensity UV light was 
used, the frequency of the reaction of each adsorbed molecule with pho­
toproduced reactive species such as -OH is very low. Let us estimate the 
frequency, for example, for the case of a light intensity of 1 m W cm-2 and 
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a gaseous 2-propanol concentration of 1000 ppmv. From the Langmuir 
adsorption isotherm in Figure 2.6, the area occupied by each molecule is 
estimated to be 0.3 nm2

. 1 mW cm-2 of 365 run UV light corresponds 

to 2 x 1012 quanta cm-2 s- 1
• Therefore on the average, each 2-propanol 

molecule can encounter a photogenerated ·OH radical only once every 
103 seconds if a single photon always generates a ·OH radical. Con­
versely, the time scale of one series of photocatalytic processes including 
charge-separation and charge-transfer processes is very short. The time 
scale of electron-hole pair generation is on the order of 100 fs. [4,5] Thus, 
hole-trapping and electron-trapping at the Ti02 surface, in other words, 
the charge-transfer processes to the surface, are completed in the ps-ns 
region. [80, 125] For example, electron migration to the Ti02 surface is es­
timated to be 0.83 ns using D = 0.02 cm2 s- 1 in a 100 nm-Ti02 particle. 

·OH radicals are formed in on the order of 10 n, and 2-propanol oxidation 
occurs in on the order of 100 ns. Electron-hole recombination proceeds 
in the 10 - 100 ns range. [126, 127] Electron transfer to 0 2 molecules is 
usually assumed to proceed more slowly [107, 127] but stiU much faster 
than the time interval of the overall reaction frequency. These processes 
are schematically summarized in Figure 2.10. As seen in Figure 2.10, 
the charge-separation efficiency must be independent of I. Therefore, the 
maximum QY value of 28% can be considered to represent the intrin­
sic charge-separation efficiency of this Ti02 film . The remaining 72% 

must be converted into heat in a charge-recombination process, as shown 
below. 

(2.14) 

On a photoirradiated Ti02 surface, various types of active oxygen 
species exist. These species react with each other, forming stable prod­
ucts, as follows: 

(2.15) 

(2.16) 

Therefore, when the 2-propanol concentration is low, these reactions 
predominate. Conversely, with decreasing light intensity, these recombi­
nation reactions proceed less efficiently, and the QY values for 2-propanol 
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Table 2.1: Correlation of the initial 2-propanol concentration, its ad­
sorbed amount, and absorbed photons at a QY value of 15%. 

initial concentration adsorbed amount absorbed photons 
of 2-propanol of 2-propanol 

fppmv /molecules cm-2 /quanta cm-2 s- 1 

1000 4.4 X 1016 1 X 1013 

100 
10 

9.6 X 1015 

1.1 X 1015 

1.1 X 1Q14 

3 X 1012 

5 X 1011 

5 X 1010 

decomposition increase. Because ·OH radicals are much more reactive 
than H02· radicals, the steady-state ·OH concentration is probably much 

less than that of H02·· Moreover, the reaction rates of ·OH with -H02 

and with ·OH were estimated to be 1.1 x w-10 and 1.8 x w-12 cm3 mol-1 

s- \ respectively. [128j Therefore, I can assume that reaction [15j is the 
main recombination process on the Ti02 surface. 

Next, let us consider the variation of the QY-absorbed photon curves 
on the reactant concentration in Figure 2.9. By decreasing the reactant 
concentration in the gas phase, the curve shifted to the lower light in­
tensity direction. If I assume that both incident photon and reactant 
molecule flux arriving at the Ti02 surface react immediately, the QY 
values should be determined by the ratio of the light intensity to the 
gas concentration. In other words, when the gas concentration increases 
by a factor of ten, the same QY value should be obtained with a fac­
tor of ten higher light intensity. As can be seen in Figure 2.9, however 
the experimental results do not support this model, showing that the 
factor correlating the QY values with the photon flux is not the flux of 
2-propanol molecules under the present experimental conditions. 

It is reasonable to consider that the adsorbed amount of 2-propanol 
is more important in determining the QY values. For example, in Table 
2.1 are shown the initial 2-propanol concentrations (ppmv), the amounts 
of adsorbed 2-propanol molecules on Ti02 (molecules cm- 2), and the 
numbers of absorbed photons (quanta cm- 2 s- 1) at a QY of 15% , as 
determined from Figure 2.9. The adsorbed amounts of 2-propanol were 
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estimated from the Langmuir isotherm in Figure 2.6. A good propor­
tionality between the amount of adsorbed 2-propanol molecules and the 
number of absorbed photons is suggested in this table. Even over the 
wide range of QY values shown in Figure 2.9, this relationship is sat­
isfied. In other words,QY values appear to be determined by the ratio 
between the number of adsorbed 2-propanol molecules ([M]a<t) and the 
number of absorbed photons ([Photon]ab)· 

Here I define the normalized photon number Unorm) as [Photon]ab 
divided by [M]ad and have re-plotted the QY values as a function of Ino<m 

in Figure 2.11. In spite of the wide range of different initial concentrations 
of 2-propanol, the plots fall on the same curve. The value of QY increases 
as Ino<m decreases, and finally becomes constant at 28% for Inorrn values 
below I0-4 (s- 1

). Because (Photon]ab is defined as the number of photons 
being absorbed in one second, Inorm has the dimension of s- 1 in Figure 
2.11. 

This result indicates that either reactive species (-OH) or reactant 
(2-propanol) diffuses on the Ti02 surface and the decomposition reac­
tion efficiency is determined by the collision probability of these species. 
Moreover, it is suggested that the oxidation rate of 2-propanol by ·OH 
(equation 2-7) is much faster than the deactivation rates of ·OH (equa­
tions 2-14 and 2-15). In other words, in the region where the QY value is 
constant whith respect to Inorm 1 the ·OH produced by one photon always 
reacts with 2-propanol not with either H02· or ·OH. From Figure 2.6, for 
1 ppmv , i.e., of the lowest initial 2-propanol concentration in this study, I 
might also expect that QY approaches 28%. Based on this concentration, 
an intermolecular distance of adsorbed 2-propanol of ca. 11 nm can be 
calculated from the adsorption isotherm in Figure 2.6, making use of the 
surface area of this film (roughness factor of 150 crn2 cm-2) Therefore 
the possible diffusion length of either ·OH radicals or 2-propanol may be 
at least 11 nm. However, when the average 2-propanol intermolecular 
distance becomes greater than the ·OH radical diffusion length, the QY 
values can decrease against totally lnocm in Figure 2.11. In the present 
study, I used a pure anatase Ti02 sintered thin film, which has suffi­
cient surface adsorbed water and oxygen [119] for electron-hole pairs to 
transfer at the Ti02 interface. However, some lattice defects or doping 
transition metals exist in the bulk of Ti02. These behave as trapping 
sites or recombination sites for electron-hole pairs. [126, 129, 130] Thus 
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the variable amounts of these in different samples could influence the QY 
values vs. lnorm in Figure 2.11. In addition, the variation of the amounts 
of surface hydroxyl groups, water and oxygen molecules can also influence 
the charge-transfer process at the surface, and thus to the -OH radical 
diffusion distance (Figure 2.12). 

2.5 Conclusions 

From the present kinetic study of the photocatalytic decomposition 
efficiency of gaseous 2-propanol using purely anatase Ti02 sintered thin 
film under very weak UV light, it can be concluded for the first time 
that QY values are determined by the ratio of the number of adsorbed 
2-propanol molecules to the number of absorbed photons. This phe­
nomenon indicates that either -OH radicals or 2-propanol can diffuse on 
the Ti02 surface at least ca. 11 nm. The decrease in QY is attributed 
to increases in the rates of reaction for -OH radicals with H02· radicals 
and ·OH with itself, relative to that with 2-propanol. The maximum 
QY value of 28% represents the intrinsic charge-separation efficiency of 
this sample. It is interesting that I can apply this reaction dynamics for 
such a wide 2-propanol concentration range. I believe that these find­
ings can to become significant models for photocatalysis involving more 
complex reactions, for example, in the case of reactants which are easily 
oxidized via radical chain reactions. At last in Figure 2.12 I illustrated 
the schematic diagram of this new model of reaction dynamics on the 
Ti02 surface under extremely weak UV light illumination. 
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Figure 2.1: 'fransmission electron micrographic observation of the Ti02 
particle. 
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(1) Top view 

(2) Cross section 

Figure 2.2: Scanning electron micrographic observation of the Ti02 
sample film. Tllis sample was prepared on soda lime glass by a con­
ventional spin coating process, using a commercial Ti02 anatase aqueous 
sol (Ishihara Sangyo Kaisha, Ltd., STS-21, 20 nm particle diameter, 50 
m2 g-1 surface area) . The resulting sample was calcined at 450°C for 1.5 
h. 
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Figure 2.3: Transmittance and diffuse transmittance of the Ti02 sample 
films as a function of the thickness of the films. 
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(1) measurement of amount of transmitted light 
and the back-scattered ilight 

(2)measurement of amount of forward-scatteredlight 

1 I UV light flux 

I 

Total reflected light= I.Stln 

41 

Figure 2.4: The estimation of absorbed photon flux in the sample film(!.). 
The incident photon flux (!0 ) can be expressed in eq.2.1, where the trans­
mitted intensity (!,) and the back-scattered intensity(Ib) was measured 
using integrating sphere as shown in (l),the forward-scattered intensity 
(/r) was estimated to establish a contour map of light intensity and sub­
sequent calculation of the average intensity over the illuminated area.as 
shown in (2). 
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Figure 2.5: Chromatogram of gaseous products. detector: FID, carrier 
gas: N2, column:PEGlOOO Sm, gas concentration: acetone, 300 ppbv, 
2-propanol, 10 ppmv. I can detect them with sensitivity of one order 
higher than this experiment( see in Chapter 3). 
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Figure 2.6: Inverse plots of the gaseous concentration (C /mg m- 3) and 
the weight of adsorbed 2-propanol (M /mg) on the Ti02 thin film used 
for analysis of the Langmuir-type isotherm. 
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Figure 2.7: Concentration changes of gaseous 2-propanol, acetone, and 
C02 as a function of time in the decomposition of gaseous 2-propanol 
(incident UV intensity, 45 p.W cm-2 ; initial 2-propanol concentration, 
e ,2-propanol; O,acetone; & ,carbon dioxide). 
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Figure 2.8: Dependence of the acetone generation rate on the absorbed 
photons (initial 2-propanol concentration; e 1000 ppmv 6 100 ppmv, A 
10 ppmv, 0 1 ppmv). 
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Figure 2.9: Dependence of QY on absorbed photons (initial 2-propanol 
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ror bars for 100 ppmv are omitted for clarity. 
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Figure 2.10: Schematic diagram o( a series of photocatalytic processes 
along the time axis. The time interval of excitation by photons in tbis 
figure is assumed to be that for an experimental condition of 1 JLW cm-2 

incident UV intensity and 1000 ppmv initial 2-propanol concentration. 
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Figure 2.11: Plots of QY values vs. log l nonn (/s- 1), a parameter which 
is defined as the ratio of the number of absorbed photons to the number 
of adsorbed 2-propanol molecules. {initial 2-propanol concentration; e 
1000 ppmv L'>-100 ppmv, .AlO ppmv, 01 ppmv). 



Chapter 2 49 

1) the initial 2-propanol concentration of 10 ppmv 

2) the initial 2-propanol concentration of 1 ppmv 

200nm oQH diffusion area 

Figure 2.12: Schematic diagram of the new dynamics of Ti02 

photocatalytic reaction under extremely .low-intensity UV light illu­
mination for the initia.l 2-propanol concentration of 10 pprnv and 1 
pprnv, respectively. The dots inside the square representes the adsorbed 
2-propanol molecu.les. The ratio of the number of absorbed photons to 
the number of adsorbed 2-propanol molecu.les determine the va.lue of QY, 
purely light limited conditions appeares for the value of !norm less than 
w - 4cs- l) . 
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Photocatalytic reaction under mass 
transport-limited conditions 

3.1 Introduction 

50 

Almost researches have been directed towards the larg~scale removal 
of toxic organics in air via the development of Ti02-based photoreactor 
devices. [1, 3, 38--40,49,119,123, 131-134] For example, Suzuki et a! . r~ 
ported the degradation of 20-ppmv acetaldehyde using Ti02-containing 
honeycomb material, with illumination from a 500-W mercury lamp in­
side a 20 L-vessel, with an air-stream velocity of 5 L min- 1• [38] An­
derson and co-workers reported that 99.3% photooxidation of 500 ppmv­
trichloroethylene was achieved using Ti02-containing pellets lining an 
ll-cm tube reactor equipped with four 4-W black light-type bulbs, with 
an air-stream velocity of 300 ml min-1 . [132] 

In contrast, I have been devoting our attention to novel types of pas­
sive purification systems for indoor and outdoor spaces using large area 
Ti02-containing building materials. [135] The use of very low-intensity 
UV light and natural convective air-flows which are normally present in 
living and working environments is one of the key characteristics of this 
approach. For example, a typical UV light intensity level of 1 mW cm-2 

is obtained on the floors of rooms illuminated with white fluorescent­
type light fixtures. Reactants are transported to the surface of the Ti02 

photocatalyst by air currents and concentration gradients. Our group has 
reported interesting self-cleaning, anti-bacterial [53] and deodorizing [136] 
effects under low-intensity UV illumination using Ti02-containing mat~ 
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rials such as ceramic tiles [108] and glass. [32, 34, 35, 110] I have also 
reported the kinetics of the degradation of gas-phase 2-propanol under 
purely light-limited conditions with extremely low-intensity UV light il­
lumination (36 nW cm-2 - 45 11-W cm-2). [137] 

Photocatalytic degradation of gas-phase 2-propanol is a good model 
system, because the initial reaction pathway involves almost exclusively 
the partial oxidation to acetone. In this chapter, a kinetic study of the 
degradation of gas-phase 2-propanol, present at initial concentrations in 
the 0.1-100 ppmv range, was carried out using a Ti02 film photocatalyst 
in a batch-type reactor with comparatively high-intensity UV illurninar 
tion, in the range of 35 11-W cm-2 to 60 mW cm-2 . I estimated the purely 
mass transport-limited conditions for various initial 2-propanol concen­
trations. Moreover, I modeled the concentration changes of 2-propanol 
under mass transport-limited conditions using the on&dimensional dif­
fusion equation, assuming various boundary layer thicknesses. Based on 
these results, I discuss, in terms of a light intensity vs. reactant con­
centration plot, regions of pure mass transport-limiting conditions and 
pure light intensity-limited conditions for the photocatalytic degradation 
of gas-phase organic compounds. 

3.2 Experimental section 

Ti02 thin films were prepared on soda lime glass by a conventional 
spin coating process, using a commercial Ti02 anatase aqueous sol (Ishi­
hara Sangyo Kaisha, Ltd., STS-21, 20 nm particle diameter, 50 m2 g- 1 

surface area). The resulting sample was calcined at 450°C for 1.5 hour 
in air. The thickness of the semitransparent film was approximately 1. 7 
mm. The roughness factor of the film was estimated to be 150 cm2 cm-2 

by measuring the amount of a cyanine dye adsorbed on the sample sur­
face. The sample size used for the experiments was 3.5 x 3.5 cm2• All of 
the data were collected using the same Ti02 thin film in order to avoid 
variations in activity caused by differences in surface area or thickness. 
The photocatalytic activity of the filJn was able to be fully regenerated 
by illumination with 30 mW cm-2 UV light in fresh humid ai r for 60 min. 
This was confirmed by the fact that no further C02 was produced from 
the sample. 
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An 02 (20%)-N2 gas synthetic air mixt-ure, adjusted to a relative hu­
midity of 50 %, was used to fill the 1-L Pyrex glass photocatalytic re­
action vessel. For purposes of preparing gas mixtures containing various 
initial concentrations of 2-propanol, measured quantities of 2-propanol­
saturated gas (approximately 5 vol.% in the dry 0 2-N2 gas mixture), 
which was prepared in a 2-propanolliquid reservoir (Kosou Kagaku Yakuhin), 
were injected into the 1-L reactor using a syringe. 

For the photocatalytic decomposition of gas-phase 2-propanol, the 
Ti02 thin film was illuminated with an Hg-Xe lamp (Hayashi Tokei, Lu­
rninar Ace 210) . To obtain monochromatic UV light, a 365-nm band-pass 
filter (FWHM = 2 nm, Kenko, BP-Wl-365) was used. The UV intensity 
was measured using a UV intensity meter (TOPCON UVR-1) that had 
previously been corrected against a thermopile meter (No. 30198E6, The 
Eppley Laboratory, Inc.). In order to avoid turbulence caused by infrared 
light emitted from the Hg-Xe lamp, an IR-cut-off filter (TOSHIDA IR-25 
) was used. 

The 2-propanol and acetone concentrations were measured using a 
gas-chromatograph (Shimadzu Model GC-8A) equipped with a5 m PEG1000 
column and a flame ionization detector. The C02 concentration was mea.­
sured using the same gas-chromatograph, equipped with a 2 m Porapa.k-Q 
column, with a methanizer and a flame ionization detector. The gas sam­
ples were withdrawn from a sampling port on the side of the vessel and 
injected into the gas chromatograph using a syringe. The detection lim-
its for 2-propanol, acetone and C02 were approximately 1 ppbv, which 
necessitated the use of the highest available purities for the gases used in 
these experiments, i.e., N2 (Suzuki Shokan, 99.99995%) as the GC car­
rier gas, H2 (Suzuki Shokan, 99.99995% ), used in the flame ionization 
detector, and the 02 (20%)- N2 mixture, which was purified by passage 
through activated carbon and silica gel, as synthetic air mixture used in 
the photoreactor. 

The ratio of the photon flux absorbed by the sample Ti02 film to 
the incident photon flux was determined to be approximately 0.65. [137] 
Under static conditions, the average gas velocity caused by the UV illu­
mination was determi.ned by visually exami.ning the gas flow after smoke 
was introduced into the reaction vessel. Forced convection was obtained 
using a miniature electric fan (SHICOH, IC FAN, 3 em diameter), and 
the gas velocity at the sample position was determined to be approxi-
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mately 50 em s- 1 by use of a hybrid anemometer {Hiyoshi, model dp 70). 
All of the measurements were carried out at room temperature. 

3.3 Results 

Figure 3.1 shows a typical experimental data set for the concentration 
changes of gas-phase 2-propanol, acetone, and C02 as a function of time 
with an incident UV light intensity of 8.2 m W em - 2. The UV illumination 
was initiated after equilibrium had been achieved between the gas-phase 
and adsorbed 2-propanol on the Ti02 thin film, as evidenced by the rela.­
tively constant concentration. The percentage conversion of 2-propanol to 
acetone was 93%, while that to C02 was 7%, after a 10-min illumination. 
As I reported previously, in the case of low-intensity UV illumination {36 
n W- 45 m W cm-2), the conversion percentage for acetone was 100%, and 
C02 was undetectable. 1137] In contrast, under the present experimental 
conditions of relatively high-intensity UV illumination, a small amount of 
C02 was generated but no other stable intermediates were detectable in 
the gas phase. In the present work, because I are interested in the influ­
ence of the reactant mass-transport on the Ti02 photocatalytic reaction, 
only the initial degradation rates of 2-propanol, which were determined 
after two minutes, were used. The photodegradation of 2-propanol has 
been examined by several other groups, and all have found that, if initial 
rates are used, it is possible to assume that acetone is the only product 
{see Reference 21 and references therein). 

Figure 3.2 shows log-log plots of the 2-propanol degradation rates 
(R) at different inltial concentrations versus the number of photons (I) 
absorbed by the Ti02 per unit time (s) . As seen from this figure, for 
each initial concentration in the range of 0.1- 100 ppmv, the curves were 
roughly divided into two I regions, a low light intensity region (region 
A) in which R increased linearly with increasing I, with all of the curves 
exhibiting a linear dependence on fl- 7

, and a higher light intensity region 
(region B), in which R was essentially constant. For example, for the 
initial concentration of 1 ppmv, R increased as a function of fl·7(8) but 
became constant at 2.6 x 1012 molecules cm-2 s-1 for I greater than 
approximately 1 x 1015 quanta cm-2 s- 1• The I values for the break 
points {!b), at which mass transport control is reached, increased with 
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increasing initial 2-propanol concentration. However, the rate of increase 
was not proportional to the 2-propanol concentration, as illustrated by the 
shaded regions in the figure. Similarly, the R values in region A (RA) for 
given !values increased with increasing 2-propanol concentration, but also 
not in a linear fashion, as seen by the fact that the curves are increasingly 
close together with increasing concentration. Conversely, the R values in 
region B (RB) increased proportionally to the 2-propanol concentration, 
as seen by the equally spaced curves. These data are summarized in Table 
1, which shows the rates of increase for the various parameters when the 
2-propanol concentration is increased by factors of ten over the whole 
concentration range. 

Similar experiments were carried out under forced-convection condi­
tions for initial concentrations ofO.l ppmv. The velocity of the gas flow at 
the sample position was 50 em s- 1. The results are shown in Figure 3.3. 
The R values obtained with forced convection were greater than those 
obtained with natural convection in region B but were almost the same 
in region A. These data show that, with natural convection at higher light 
intensities, i.e., region B, the adsorbed reactants on the Ti02 surface are 
decomposed relatively quickly, and mass transport to the Ti02 surface be­
comes rate-limiting. It should be aiso noted that the light intensity region 
in which R is proportional to .fl-7 is extended to higher light intensities 
under forced-convection conditions. Moreover, as in the case of natural 
convection, the R reached a plateau under forced convection. However, 
not surprisingly, the plateau was observed at higher I values, greater than 
approximately 1 x 1016 quanta cm-2 s-1 (region C). T he R values in this 
region were correspondingly higher (ca. 2.1 x 1012 molecules cm-2 s- 1). 

3.4 Discussion 

3.4.1 mass-transfer in nat ural air flow 

In region A in Figure 3.2, the overall rate is postulated to be limited 
by the rate of the reaction on the Ti02 surface, whose rate should be pro­
portional to the number of adsorbed reactant molecules. The adsorption 
process on Ti02 has been found to follow Langmuir-type behavior(21), 
and thus, the higher the gas-phase 2-propanol concentration, the more 
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gradual the increase in the number of adsorbed molecules, particularly 
as the saturation point is approached. Therefore, with increasing initial 
2-propanol concentration, the rate of increase of R in region A decreases. 
In contrast, in region B, the overall rate appears to be controlled by mass 
transport to the Ti02 surface. The flux of 2-propanol to the Ti02 surface 
should then be, to a first approximation, proportional to the gas-phase 
concentration. This is consistent with the good proportionality of R to 
the 2-propanol concentration in region B. This is also consistent with 
the fact that, at the higher initial concentrations, the larger numbers of 
absorbed photons are necessary to overcome the increased reactant flux. 

Up to now, most of the research in gas-phase photocatalytic reactions 
has involved flow-type systems, with the aim of destroying air contami­
nants at high rates. However, our orientation is towards novel types of 
passive air purification systems, i.e., not involving forced convection, for 
indoor living and working spaces. In order to facilitate the understanding 
of such systems, a modeling analysis based on fluid dynamics was carried 
out. 

Because the R values in region B are proportional to the initial gas­
phase concentration, it is reasonable to assume that the effect of natural 
convection in the reactor on the 2-propanol degradation dynamics is es­
sentially independent of concentration in that region. Therefore, I have 
attempted to model the time dependence of the 2-propanol concentration 
inside the reactor under mass transport-limited conditions. In order to 
simplify the model, I have carried out experimental measurements of 2-
propanol decomposition with the whole floor of the glass reactor covered 
with Ti02 thin film, so that I could employ a one-dimensional mass­
transport modeL 

At first, I use the one-dimensional form of the diffusion equation3.1 
under the assumption that no convective gas flow exists inside the reactor 
and that the reactant transport is simply due to a concentration gradient. 

(3.1) 

where D [cm2 s- 1] is the diffusion coefficient (2-propanol: D = 0.099 cm2 

s-1), C[mol cm-3] is the 2-propanol concentration, x [em] is the distance 
from the substrate, and t is the UV irradiation time. This equation is 
converted to a dimensionless form using the definition of the dimension­
less diffusion coefficient (D = (dx) 2 (dt)-1 D') and solved using the finite 
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difference method: 

C(x', t'+1) = C(x',t')+D'[C(x' + 1, t)- C(x', t')+C(x' -1, t)- C(x', t')J 

(3.2) 
where x' and t' are dimensionless distance (xjdx) and dimensionless 

time (tfdt), respectively. The initial condition is C(x =f 0,0) = C0 ; 

however, the concentration on the Ti02 surface is assumed to be zero 
during UV illumination: C(O, t') = 0. At the top of the reactor (x = z) 
the 2-propanol concentration is described as follows : 

C(z', t' + 1) = C(z' , f)+ D'C(z' -1, t)- C(z', t') (3.3) 

where z' is dimensionless distance (z/dx) between the substrate and 
the top of the reactor. 

The calculated results are shown as curve A in Figure 3.4. However 
tbe actual degradation rates were approximately 4 5 times faster than the 
calculated one, indicating that natural convection cannot be neglected. 

In fact, a natural gas-flow pattern was visually observed inside the 
reactor, as indicated by the shaded arrow in Figure 3.5. Its average 
velocity (V) was observed to be approximately 1 em s- 1. This type of 
flow pattern was approximately treated as a laminar flow with a Reynolds 
number (Re) of 27 (Re = LV/ n, V = 1 em s- 1, L = 4 em was the 
estimated cross-sectional width of the gas stream, and n = 0.15 cm2 s-1 

is the kinematic viscosity). Theoretically, the concentration distribution 
in this stream takes on a parabolic shape convex to the direction of the 
stream. The boundary layer can be approximated by the half-width of 
the gas stream. [138] 

Then, I calculated the 2-propanol concentration as a function of time 
based on a model considering the thickness of the boundary layer (k [em]) 
as follows. In the boundary layer, the reactant molecules are transferred 
by the concentration gradient. Therefore C(x', t') (0 :<::; x' < k') follows 
eq. 2. Here k' is the dimensionless thickness of the boundary layer (k/ dx). 
The concentration decrease in the boundary layer is compensated by sup­
p ly of reactant from the bulk gas phase. Therefore the concentration at 
the boundary is expressed as 

C(k', t' + 1) = C(k', t') + D'C(k' -1, t)- C(k', t' )/(i- k') (3.4) 
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The concentration in the gas phase outside the boundary layer (k' ~ 
x' ~ z') decreases, but it can be assumed to be constant: C(k' + 1, t') = 

C(k' + 2, t') = ... = C(z', t'). Our treatment of the convection is meant 
to be as simple as possible. The mass transport model basically involves 
a coupling of diffusion within a boundary layer and a flat concentration 
profile outside the layer. The only aspect which might involve an over­
simplification is the assumption of flat concentration profile in the case of 
non-forced convection. Of course, in the case of forced convection, there 
is no oversimplification. However, under the present experimental condi­
tions, i.e., a relatively small cubic space, this assumption appears not to 

be critical. The time dependence of the concentration depends strongly 
on the thickness of the boundary layer. Curves B, C and D in Fig. 4 
were obtained with thicknesses of 2.0 em, 1.5 em and 1.0 ern, respec­
tively. Comparison of these curves with the experimental data indicates 
that the latter is consistent with a boundary layer thickness of approxi­
mately 1.5 em under the present conditions. Interestingly, the fact that 
the experimental concentration vs. time behavior can be well simulated 
by such a diffusion model implies that the reactant is completely con­
sumed at the photocatalyst surface, and thus that the active sites of the 
photocatalyst are occupied by reactant molecules to a negligible extent. 
In other words, the photocatalyst surface is highly active. 

Similar experiments were done for the degradation of acetaldehyde 
instead of 2-propanol. Mass transport-limited conditions appeared at 
almost the same light intensity and the degradation rate was also es­
sentially the same as that for 2-propanol. This is because the diffusion 
coefficients of gas-phase molecules in a given atmosphere are almost the 
same regardless of the species. [139] Under forced convection conditions, 
the saturation R value was ca. 7 times larger than that under natural 
convection. This factor agrees well with the ratio of the square roots of 
the gas flow velocities (= Jso em s- 1/ 1 em s- 1 ). Simi larly the boundary 
layer thickness under forced convection conditions was estimated to be 
0.21 em, since it is inversely proportional to the square root of the ve­
locity. This value is consistent with that determined using a quantitative 
flow visualization technique. (24) 1 

1 In this paper, the thickness of an air boundary layer on a flat plate at a flow rate 
of 50 em s- 1 was estimated to be ca. 0.42 em at a point 4.2 em away from the edge of 
a plate facing the convection source. In the present work, the conversion source was 
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nm m2 s - 1 

103 3 x w-6 

102 2 x w-6 

101 s x w-7 

100 s x w-8 

" effective diffusion coefficiency: D. = ~: e is and r is . 

Table 3.2: Diffusion coefficiency (272-299 °C) 
compounds diffusion coefficiency diffusion coefficiency 

(air) cm2 s-1 (water) cm2 s- 1 

2-propanol 0.099 
acetone 0.099 1.2s x w-5 

metane 0.2190 
metanol 0.132 1.2s x w-5 

benzene 0.0962 
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Summarizing, the support for our simplified mass transport model 
includes the following: 1) direct visual observation of the flow pattern, 
2) the fact that the ratio of the saturation R values is quite close to the 
square root of the ratio of the gas velocities (comparing the forced and 
non-forced convection cases), and 3) the fact that a good fit was obtained 
to the experimental data (Fig. 4). Additional support for the value of the 
boundary layer thickness obtained in the forced convection case has been 
obtained using quantitative flow visualization techniques, as discussed 
above [140]. 

3.4.2 Regions of mass-transpot limited condition 

and light-limited condision 

I reported previously on measurements of the photocatalytic decom­
position of 2-propanol under pure Light intensity-limited conditions for 
various initial concentrations, [137] while I have examined purely mass 
transport-limited conclitions in the present work. I have depicted these 
two limiting conditions as functions of the reactant concentration (x-axis) 
and the UV light intensity (y-axis) in Figure 3.9. Curve A, the boundary 
of the mass transport-limited region, and curve B, the boundary of the 
purely light-limited region, are characterized by different characteristic 
shapes. The slope of curve A increased but that of curve B decreased 
with increasing reactant concentration. Interestingly, the shape of curve 
B is similar to that of the Langmuir isotherm, because it turns out that 
the y-axis of Figure 3.9 represents the relative amounts of adsorbed re­
actants for curve B, as reported previously. This is because pure light 
intensity-limited conditions for different initial 2-propanol concentrations 
were reached at the same ratio of adsorbed reactants to absorbed pho­
tons. [137] Moreover, because the reaction rate on the surface is propor­
tional to the numbers of adsorbed reactant molecules, they-axis for curve 
B also represents the overall reaction rate R on the Ti02 surface. 

Conversely, curve A represents the boundary of the mass transport­
limited region. As shown in Table 1, the light intensity Ib at the break 
point increases with increasing reactant concentration. This is due to the 

adjacent to the no. film, so tbnt the average distaoce from the edge wns 1.75 em. 
Thus, the boundary layer would be expected to be correspondingly smaller, i.e., on 
the order of one-half, in agreement with the value obtained {0.21 em). 
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fact that in region A (Figure 3.2) R is not proportional to the reactant 
concentration in the gas phase, while in region B R is proportional. In 
region A, R is consistent with a Langmuir-Hinshelwood model. In other 
words, the gradually increasing slope of curve A with increasing reactant 
concentration is also reflected by the Langmuir isotherm. 

As seen from Figure 3.9, for gas concentrations lower than 1 ppmv 
and natural convection, a mass transport-limited condition is obtained at 
the relatively low 1 mW cm-2 level. This means that, for air purification 
employing Ti02-containing materials outdoors in summer in the northern 
hemisphere (UV intensity: 3 m W cm-2), the degradation of toxic organic 
compounds is expected to be under mass transport control. In other 
words, no increase of the degradation rate is expected even if higher 
intensity UV illumination is employed. 

From this figure, I can estimate both the maximum value of effective 
light intensity and the time necessary to remove the reactants. For ex­
ample, let us consider the 99% degradation of a 100-ppbv reactant using 
a Ti02 film covering all of the wall area in a. 27-m3 cubic space. With a 
natural convective flow of 1 em s-1 , the maximum value of effective light 
intensity would be 0.5 mW cm- 2, as seen from curve A in Figure 3.9, and 
the conversion time would be approximately 1 hour,2 if the thickness of 
the boundary layer is assumed to be 1.5 em. When a forced convective 
flow of 100 em s- 1 exists on all of the walls, the thickness of the boundary 
layer becomes 0.15 em. In this case, R increases by a factor of 10, and the 
degradation time is estimated to be only 6 minutes. The maximum value 
of effective light intensity, however, increases to 14 roW cm- 2 , based on 
the result that R is proportional to fl· 7 , as seen in Figure 3.3. Thus, for 
this particular gas flow velocity, curve A shifts up to curve A', as shown 
in Figure 3.9. As seen from these examples, this type of figure could be 

2The estimation of the removal time for a gas-phase compound in air in a 27-m3 

cubic space of was carried out using the following assumptions. Initially, the time 
necessary to remove the reactant byrneans of a photocatalytic reaction on one of the 
walls was calculated on the basis of a one-dimensional mass-transport model, using 
eqs. 2 and 4 with z = 3 m. This time was then divided by a factor of 6 due to the 
present'e of 6 walls. The concentration decrease in the boundary layer was assumed to 
be compensated by the supply of the comt>ound from the bulk of the gas phase, and 
the dilution ratio in the bulk phase was assumed to be proportional to the distance 
from the substrate. However, the circulation time outside the boundary layer for 
dilution was not considered. 
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useful in the design of practical photocatalytic devices for air purification. 
It should be emphasized that this type of figure will be most useful in 

a generic sense, since the precise details of the placement of the various 
regions will depend upon the particular experimental conditions. For 
example, the R values obtained for a given Ti02 surface will depend 
on the thickness of the sample film and its surface area. The R values 
will also be influenced by the relative humidity and oxygen concentration 
of the gas phase. The boundary values for I for both of the limiting 
conditions also depend to some extent on these parameters. However, 
there are intrinsic limitations: 1) the maximum value of the quantum 
yield is determined only by the charge-separation efficiency under light­
limited conditions, as discussed in a separate paper; [137] and 2) the 
degradation rate is ultimately limited by the diffusion coefficient under 
pure mass transport-limited conditions. 

It has long been recognized that, under intense ill urnination condi­
tions, photocatalytic reaction rates can be mass-transport limited. In the 
present work, I can now more precisely determine where the transitions 
are between pure mass transport control, mixed control, and light in­
tensity control. This will help other workers to more clearly understand 
the influence of mass transport and thus to better interpret their kinetic 
results. Because I are providing a simple, straightforward analysis of 
mass-transport for a relatively simple physical system, I are purposefully 
using the simplest possible model as a first step. I ru·e also using one 
of the simplest possible physical systems, i.e., a very flat photocatalyst 
thin layer, which in fact allows us to use such a simple mass transport 
.model, because I can effectively ignore the mass transport within the pho­
tocatalyst layer itself and treat only that in the bulk gas phase, which is 
not possible in the case of conventional packed-bed reactors using Ti02 
powder. [39, 119, 134] 

3.5 Conclusions 

Based on the quru1titative modeling of this system, which is simple 
both from kinetic and physical viewpoints, I have been able to map out 
a vast range of experimental conditions, covering six orders of magnitude 
of reactant concentration and eight orders of magnitude of light intensity, 
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in terms of mass-transport vs light-intensity control. This unified view 
of photocatalysis, here provided for this simple system, could provide a 
starting point for other studies of more complex systems and a conceptual 
framework for both fundamental and applied studies. From the graphical 
representation (intensity vs. concentration), I can estimate the maximum 
value of light intensity necessary to obtain the maximum reaction rate for 
a given target concentration of reactant. 

I consider the possibility of a new environmental purification sys­
tem employing many different types of Ti02-containing building mate­
rials with high photocatalytic activities and large surface areas under 
low-intensity UV light and natural convection. Even under extremely 
low-intensity UV illumination, OH radicals are generated on the Ti~ 
photocatalyst surface, and photocatalytic reactions can occur at measur­
able rates. [137] However, under some conditions, the removal rate may 
be too low for practical indoor air purification under low-intensity UV 
light. In such cases, it is suggested that this type of system can be used 
in conjunction with relatively intense UV light sources, particularly for 
small closed spaces, particularly considering the requirement that no ad­
ditional noxious compounds be generated as intermediates. The present 
work may also be useful in the design of equipment employing Ti02 and 
UV light sources for air purification. 
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Figure 3.1: Concentration changes of gas-phase 2-propanol, acetone, and 
C02 as a function of time during the photodecomposition of 2-propanol 
(incident UV intensity, 8.2 mW cm-2 ; initial 2-propanol concentration, 
100 ppmv, e ,2-propanol; O,acetone; .A,carbon dioxide). 
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Figure 3.2: Dependence of the 2-propanol degradation rate on the number 
of photons absorbed per unit time (s). The initial 2-propanol concentrar 
tions were: ..t. ,lOO ppmv;L:>.,lO ppmv; 0,1 ppmv; . ,0.1 ppmv. In all 
cases, the error bars were smaller than the plot symbols. For each of the 
curves, the corresponding region B (pure mass transport-limited condi­
tions) is shown as a gray shade, with darker shading corresponding to 
hlgher initial concentration. 
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Table 3.3: Increase factors8 for various photocatalytic reaction rate pa­
rameters for gas-phase 2-propanot.b 

Range of 
initial reactantc m (higher cone.) ~(hlgher cone.) R~(hlgher cone.) 
concentration RA(lower cone.) Jb(lower cone.) RB(Jower cone.) 

100 pprnv /10 ppmv 3 8 10 
10 ppmv/1 pprnv 6 3 10 
1 pprnv/0. 1 ppmv 9 2 10 

a the increase factor is defmed as the ratio of the value for the parameter 
in question at a higher initial reactant concentration to the value at a 
lower initial concentration. 
b based on the data in Figure 3.2 
c2-propanol. 

ddecomposition rates (RA) in region A. 
enumber of absorbed photons per second at the onset of the mass 
transport-controlled region (Ib) · 
r, R8 values in region B, the mass transport-control region. 
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Figure 3.3: Comparison of the dependence of the 2-propanol degradation 
rate on the number of photons absorbed per unit time (s) under forced vs. 
natural convection (initial 2-propanol concentration, 0.1 ppmv; O,forced 
convection, with a gas-flow velocity of 50 em s-1 at the sample position; 
.,natural convection). 
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Figure 3.4: Model calculations, based on Eqs. 2-4, of 2-propanol concen­
trations as a function of time during degradation in the 1-L glass reactor 
under mass transport-limited conditions (diffusion coefficient D = 0.099 
cm2 s- 1

; boundary layer thickness: curve A, 8.0 em; curve B, 2.0 em; 
curve C, 1.5 em; curve D, 1.0 em). The data points shown in the plot 
represent the actual rates determined by the experiments (the respective 
initial 2-propanol concentrations and UV light intensities were: L'>., 10 
ppmv and 12 mW cm-2 ; 0, 1 ppmv and 3 mW cm-2 ; and .,0.1 ppmv 
and 3 mW cm- 2). 
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Figure 3.5: Schematic illustration of the gas flow inside the 1-L glass 
photoreactor. The slow circulating gas stream (velocity, 1 em s- 1), which 
was visually observed after smoke was introduced into the reactor, is 
designated by the shaded arrow. No thermally-generated gas streams, 
i.e., due to heat generated by the sample, were observed, even under the 
highest intensity illuntination, 60 m W cm-2 . 
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Figure 3.6: Adsorption isotherm of this Ti02 sample film measured by 
Asap 2000 (Micrometrix) . 
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Figure 3.8: Expanding Image of photocatalytic reaction on Ti02 thin 
flim. Reactants can diffuse in this porous sample unless the diffusion rate 
changes because the porous size is more than 10 nm (meso-porous).(Ti0 2 

particles are covered with reactants, ·; some parts are omitted; the reac­
tant concentration is about 1 ppmv) 
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Figure 3.9: Illustration of regions of pure mass transport-limiting con­
ditions and pure light intensity-limited conditions in the photocatalytic 
degradation of gas-phase organics on a plot of light intensity vs. initial re­
actant concentration: curve A: boundary of the mass transport-limiting 
region with natural convection; curve A': boundary of the mass t rans­
port-limiting region with forced convection (100 em s- 1

); curve B: bound­
ary of the pure light intensity-limiting region). 
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Chapter 4 

Autoxidation of acetaldehyde on Ti02 

photocatalyst under weak UV illumination 

4.1 Introduction 

Destruction of organic compounds by Ti02 photocatalysis has been 
studied extensively for the purpose of water [6, 64, 74,141, 142] and air [1, 
38, 39, 41, 44, 45, 47, 69, 133, 143- 147] purilication. The photogenerated 
holes in Ti02 photocatalysis have strong oxidizing power ( 3.0 V vs. 
SHE), at whlch potential nearly all types of toxic organic compounds, as 
well as other harmful agents such as pathogenic bacteria, can be oxidized 
and removed. In both liquid-solid and gas-solid photocatalytic systems, 
oxygen molecules play important roles in photocatalysis, i.e., one being to 
prevent carrier recombination by trapping photogenerated electrons, [8, 
107, 148] and a second being to participate in the radical chain reac­
tions that are known to be involved in the photocatalytic degradation of 
organic compounds. [48, 59] However, due to the higher mass-transport 
rates for oxygen in the gas-phase, the gas-solid-type photocatalytic reac­
tions proceed in general more efficiently. For example, Anderson et al. 
reported apparent quantum yields (QY) ranging from 0.4 to 0.9 for the 
photocatalytic degradation of trichloroethylene. [132] Raupp et a!. re­
ported QY values ranging from 1 to 3 for the photocatalytic degradation 
of acetone and methyl-t-butyl ether. [119] However, the factors that de­
termine photocatalytic efficiency have not yet been definitely established 
in conventional photocatalytic studies using strong UV light sources, such 
as mercury lamps and blacklight bulbs. 
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In contrast, I have been focusing attention on effective Ti02 photocatalytic 
reactions under very weak UV illumination, e.g., at levels such as that of 
ordinary indoor room light (on the 11-W cm-2 order) . [32- 35,53,108-llO, 
136] These types of reactions hold great promise in the realization of 
unique practical applications of photocatalysis for deodorizing, anti bact~ 
rial and self-cleaning systems by using various Ti02 coated or coating ma­
terials, such as paper, [109] tiles, [108] glass (32,34,35,110] and paints. (33] 
I have already reported that those materials serve as very effective pho­
tocatalysts for the decomposition of gas-phase acetaldehyde. [32- 35,109, 
110] However, I have also reported that QY values are determined by the 
ratio of the number of absorbed photons to the number of adsorbed reac­
tant molecules, based on a kinetic study of the photocatalytic degradation 
efficiency of gas-phase 2-propanol using a Ti02 film photocatalyst under 
36 n W- 45 J.L W cm-2 intensity UV illumination. [137] This work indicated 
that ·OR radicals can diffuse and react with relatively low coverages of 
adsorbed 2-propanol on t he Ti02 surface. 

In this chapter, I have carried out a similar analysis using acetaldehyde 
instead of 2-propanol. This is because acetaldehyde may be decomposed 
with a radical-chain mechanism (autoxidation mechanism (48, 59,62,149-
151] in air in contrast to 2-propanol. Moreover, the decomposition of 
acetaldehyde is important from the viewpoint of practical applications, 
because it is known to be one of the principal odor causing gases in indoor 
air, particularly in cigarette smoke. [152- 154] I have utilized the initial 
concentrations of acetaldehyde from 1 to 1000 ppmv and incident UV 

intensities from 1 11-W cm-2 to 1 mW cm- 2 • I monitored the reaction 
products (C02 , formaldehyde, acetic acid) both in the gas phase and on 
the Ti02 surface. Based on these results, I will discuss the chain length 
of the radical reaction for acetaldehyde degradation on the Ti02 surface. 

4.2 Experimental section 

Ti02 anatase thin films were prepared on soda lime glass. The thick­
ness of the semitransparent film was about 1. 7 mm. The roughness factor 
of the film was about 150 cm2 cm-2 . [137] The sample size used for ex­
periments was 7 7 em. All of the experimental data were collected using 
the same Ti02 thin film in order to avoid variations in activity caused by 
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the difference of thickness and surface area. Details of the preparation 
and regeneration of the film have been described previously. [137] 

All of the photocatalytic degradation of gas-phase acetaldehyde was 
carried out at room temperature. An 0 2 (20%)- N2 gas mixture adjusted 
to a relative humidity of 50% was used to fill the 1-liter Pyrex glass pho­
tocatalytic reaction vessel. For purposes of preparing the gas mixtures 
containing various concentrations of acetaldehyde, measured quantities 
of acetaldehyde (Takachiho, 5 val.% in N2 ) were injected into the 1-liter 
reactor using a syringe. The Ti02 thin film was illuminated with a Hg-Xe 
lamp (Hayashi Tokei, Luminar Ace 210). To obtain monochromatic UV 
light, a 365 nm band-pass filter (FWHM = 2 nm, Kenko, BP-Wl-365) was 
used. In order to control the intensity, polyethylene terephthalate sheets 
were used as neutral density filters. The UV intensity was measured using 
a UV intensity meter (TOPCON UVR-1) that had previously been cali­
brated using a thermopile meter (No. 30198E6, The Eppley Laboratory, 
Inc.). The incident light, which was transferred from the light source 
using a 1-m liquid fiber Hght pipe (Hayashi Tokei, RLGB1-5L1000), uni­
formly irradiated the whole area of the fLim. The fraction of the incident 
photon flux (365 nm) absorbed by the sample Ti02 film was determined to 
be 0.65. Details concerning the determination of this factor have been de­
scribed previously. [137] The acetaldehyde and C02 concentrations were 
measured using a gas chromatograph (Shimadzu Model GC-8A) equipped 
with a 2 m Porapak-Q column, a methanizer and a flame ionization de­
tector, using N2 as the carrier gas. The reaction products existing on the 
Ti02 film were extracted into 0.01 M NaOH solution and were measured 
using a liquid chromatograph (TOYOSODA HPLC system, with a UV-
8010 optical detector and a Shodex (Ionpak KC- 811) column). 

The amount of adsorbed acetaldehyde on the Ti02 sample was esti­
mated by measuring the gas phase acetaldehyde concentration and sub­
tracting the total amount in the gas phase from the total initial amount 
injected into the chamber. This was also corrected by the amount ad­
sorbed on the chamber walls by carrying out similar measurements on 
a chamber with no film. The concentrations were measured 1 h after a 
given concentration gas mixture was introduced into each glass vessel.(47) 
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4.3 Results 

The acetaldehyde adsorption isotherm was measured at room temper­
ature with 50% relative humidity. The amounts of adsorbed acetaldehyde 
were analyzed in terms of the Langmuir-type isotherm, 

1 1 1 
- = -+-­
M tt ttTC 

(4.1) 

where M is the weight of adsorbed acetaldehyde on the Ti02 thin 
film (mg), Cis the gas-phase acetaldehyde concentration (mg m-3), m is 
the maximum weight of molecules in an adsorbed monolayer for a given 
Ti02 sample, and Tis the adsorption equilibrium constant. Figure 4.1 
shows the experimental data for the adsorption isotherm in the form of 
an inverse plot of M vs. C. The values of m and T were approximately 
0.13 mg and 0.00078 m3 mg- 1

, respectively. These results will be used in 
the discussion of the QY values for acetaldehyde degradation in the next 
section. 

Figure 4.2 shows typical experimental data for the changes of gas­
phase acetaldehyde and generated C02 concentrations, and amounts of 
acetic acid on the sample film as a function of time in the degradation 
of gas-phase acetaldehyde (incident UV intensity, 100 ttW cm- 2 ; initial 
acetaldehyde concentration, 100 ppmv). The vertical axis corresponds to 
the amounts of each compound expressed as mmol of carbon. At equilib­
rium, the amount of adsorbed acetaldehyde on the sample was only 6% 
of the gas-phase acetaldehyde in the 1-liter glass vessel. Illumination was 
conducted at room temperature after equilibrium between gas-phase and 
adsorbed acetaldehyde on the Ti02 thin film was achieved, as evidenced 
by a constant acetaldehyde concentration. The amount of generated C02 

was not equivalent to that of the decomposed acetaldehyde. The dashed 
line in the figure represents the calculated difference between the amounts 
of decomposed acetaldehyde and generated C02. The amounts of acetic 
acid extracted from the photocatalyst surface fell precisely on this curve, 
indicating that C02 and acetic acid were the only reaction products. In 
fact, no other stable intermediates were detected either in the gas phase 
or on the photocatalyst film under these experimental conditions. 

As seen in Figure 4.2, the generation of C02 was preceded by the 
generation of relatively large amounts of acetic acid, and therefore I as-
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sumed that acetaldehyde is first decomposed to acetic acid, followed by 
the generation of C02. The apparent QY values, without considering 
radical chain reactions, were calculated using the following equations: 

1 number of generated acetic acid molecules 
QY CilaCOOH = -

2 
X ----7---:-.,-----:-~~:.__:...:.::.:..:..::_.::..:.:.:::. 

number of absorbed photons 

Qy _ (
1 

1) number of generated C02 molecules 
CO, - -f- - X ---..,--'='---::--:--:---:-'7---:.__:.___..:. 

2 number of absorbed photons 

QY,otai = QY co, + QY cH3coon 

(4.2) 

(4.3) 

(4.4) 

where QY cu3cooH and QY co, are QY values corresponding to gener­
ated acetic acid and C02, respectively. The initial amounts of acetic acid 
and C02 generated, which were determined after 5 min. illumination, 
were used in order to discuss the QY dependence on the initial reactant 
concentration and the number of absorbed photons. 1 The factors of 1/2 
and (1-t-1/2) in eqs. 4.2 and 4.3, respectively, will be explained by con­
sidering the reaction mechanisms in the next section. Figure 4.3 shows 
log-log plots of the apparent total QY value (QY,otal) versus the num­
ber of absorbed photons (I) . The QY values increased with decreasing 
I, reaching 180% for the highest initial acetaldehyde concentration (1000 
ppmv) for an I value of 1 x 1012 quanta cm-2 s-1. The QY values also 
increased with increasing initial concentration. The QY plots for the var­
ious initial concentrations were found to be approximately linear, with 
similar slopes. 

1 This time is required to ensure that the aliquot of relatively highly concentrated (5 
vol. %) acetaldehyde has time to mix thoroughly with the air in the 1-L reaction cham­
ber and to reach equilibrium with the Ti02 film. After the illumination is initiated, 
however, particularly during the fu:st five minutes, at which point the initial rates 
were measured, the relatively small changes in the gas-solid equilibrium conditions 
were achieved quickly. It was also confirmed that there was no mass transport effect 
at light intensities below 1 mW em-• under the present experimental conditions by 
observing that there was no measurable effect of forced convection, which was induced 
by a miniature electric fan (IC-type fan, 3 em diameter, Shicoh).(37) The sampling 
time of 5 minutes after the start of illumination was a compromise value that was 
selected in order to accommodate results from the wide range of light intensities and 
initial acetaldehyde concentrations. 
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4.4 Discussion 

The initial steps in the photocatalytic process, prior to the initiation 
of acetaldehyde degradation, are well-known: 

·02 + W ----> H02· (4.8) 

where (s) denotes a surface species. The degradation of alcohols and 
aldehydes in the presence of 0 2 is known to proceed via radical chain 
reactions on the Ti02 surface. [48,59] Either the photogenerated hole or 
the ·OH radical reacts with acetaldehyde [155] 2 , abstracting a hydrogen 
atom to form a CH3C·O radical: 

(4.9) 

Next, 0 2 attacks the radical under ambient conditions, producing an 
unstable peroxo radical: 

(4.10) 

This CH3(CO)OO· radical reacts with another acetaldehyde, subse­
quently generating acetic acid and the CH3C.O radical, [156] 

CH3 (CO)OOH+ CihCI-10--+ 2CI·h(CO)OH (4.12) 

0 The question of whether photogenerated holes or ·OH radicals react with organic 
compounds has still not been completely settled (see, e.g., [119, 132]. However, in the 
present paper, I still assume that the reacting species is the ·OH radical. 
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Overall, only 0.5 photons participate in generating one molecule of 
acetic acid: 

Therefore, the QY ca3 cooH values were calculated using eq. 4.2. In 
addition, this set of reactions also constitutes a chain reaction mechanism, 
so that CHaC-O is recycled back to eq. 4.10. Subsequently, C02 is 
generated from acetic acid as follows: [48] 

(4.14) 

In eqs. 4.9-4.12 , a total of 1.5 photons participate in reactions in­
volving C02 generation. I therefore calculated the QY co, values using 
eq. 4.3. It should be stressed that, if the radical chain process (eqs. 4.10-
4.12) proceeds, the observed QY values, i.e., QYcH3cooH and QYtotah 
can exceed 100%. In fact, QY,otal exceeded 100% for the 1000-ppmv ini­
tial concentration and the 1 x 1012 quanta cm-2 s- 1 level of absorbed 
photon flux, indicating that chain reactions do in fact proceed. It is be­
ing assumed that the concentrations of organic intermediate species are 
relatively low, as is the ·OH (or hole) concentration, so that I can safely 
ignore the contribution of reactions involving the attack of intermediates 
by these species (·OH, h+). 

In order to better understand the relatively high (> 100%) observed 
QY values, it is useful to put them into the context of the QY values 
obtained under the same conditions with 2-propanol, for which the pho­
tocatalytic oxidation process is comparatively simple, i.e., involving only 
the equivalent of a single absorbed photon, producing acetone, with neg­
ligible contribution from chain reactions: 

CH3CH(OH)CH3 + -OH =!:! CHaC·(OH)CHa -=!:!; CH3COCHa + e­
(4 .1 5) 

where the CH3C-(OH)CH3 radical is decomposed either via the so­
called current-doubling reaction or via reaction with other oxygen species. 
For this simple system, it was found that a maximum, limiting value of 
the QY was obtained at low light intensities. [137] In the very low light 
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intensity region, the QY values were found to be essentially independent 
of the light intensity. Consequently, the reaction rate was dependent only 
upon the light intensity and not the reactant concentration, i.e., light­
limited conditions. This is similar to the result of Egerton, et al., [87] 
who also studied the photocatalytic oxidation of 2-propanol at low light 
intensities. Although their experimental conditions were different from 
ours, i.e., pure 2-propanol suspension, they also found the reaction rate 
to depend linearly upon the light intensity, and they found a constant 
QY value of 0.67 over the range of 2 x 1013 to 2 x 1015 quanta s-1, for 
a Ti02 powder photocatalyst. This type of maximum QY value can 
vary somewhat depending upon various factors, such as the Ti02 particle 
size [125] and the presence of bulk defects and bulk impurities. It was 
found to be 28% for the particular Ti02 film used in this work. The 
behavior of the QY has been little studied at very low light intensities, and 
thus the concept of an intensity-independent QY is unfamiliar. However, 
the idea is that the number of photons being absorbed is so small that each 
absorption event is essentially independent. [137] An additional important 
point to be made with respect to the maximum QY values obtained for 
2-propanol is that such values were obtained even for surface coverages 
of 2-propanol substantially less than unity. In our previous work, it was 
concluded that the active species, e.g. , -OH, has a long enough lifetime 
on the Ti02 surface that it can diffuse a non-negligible distance (> 11 
nm) before reacting with the organic molecule. [137] 

At either higher relative light intensities or lower relative 2-propanol 
coverages, the QY values were found to decrease. This was explained 
on the basis of the competition between the reaction of the hydroxyl 
radical with the organic molecule and reactions of this radical with other 
species, leading to "non-prod uctive" side reactions. The latter can inc! ude 
reactions of -OR either with itself or with I-!02 • (generated via eq.4.8) . 
The surface coverages of both of these species are expected to be light 
intensity-dependent. Thus, as the ·OR radical diffuses along the surface, 
the probability that it will react with an organic molecule decreases as the 
distance between molecules increases and as the light intensity increases. 
Indeed, I concluded that the QY values were determined by the ratio of 
the number of absorbed photons to the number of adsorbed 2-propanol 
molecules. In fact, our experimental results were that, for a remarkably 
wide range of 2-propanol coverages and light intensities (although still in a 
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range that is generally considered to be relatively low intensity), a depen­
dence of the QY on the ratio of absorbed photons to adsorbed molecules 
was observed. l have termed this ratio the "normalized light intensity" or 
lnonn · This dependence also indicated that there was negligible influence 
of the type of bulk recombination process normally associated with high 
light intensity, because otherwise the QY values would have then been 
dependent on the absolute rather than relative light intensities. [137]In 
the present work, I have also plotted QY values for acetaldehyde degrar 

dation (QYtotal), as a function of Inonn (Figure 4.4) in the same fashion 
as done previously in the analysis of 2-propanol degradation. [137] I have 
also included the curves for 2-propanol degradation for comparison. Sur­
prisingly, the curves for both acetaldehyde and 2-propanol coincided over 
a wide range of Inorm values. This coincidence is proposed to exist for two 
reasons: 1) the reactivity of the ·OH radical is so great that it can react 
rather unselectively with many different types of organic compounds; and 
2) in both cases, the downward slope of the curve is related to the compe­
tition between reactions of .QH with the organic molecule and reactions 
of ·OH with either itself or with H02• radical, i.e., "non-productive" reac­
tions. Regarding the first point, the rate constants for proton abtraction 
by ·OH from 2-propanol (eq.4.15) and acetaldehyde (eq. 4.9) in bulk so­
lution were 5.6 x w- 12 and 1.6 x w-11 cm3 molecule-1 s-I, respectively, 

which indeed are rather similar. [128] Moreover, when the QY cH3 coott 
values and QY co2 values were plotted separately in Figure 4.5, the plots 
also followed the same general path. These observations indicate that 
not only the reaction rate but also the reaction pathway of acetaldehyde 

degradation is dependent upon Inonn· The fact that there was no obvious 
break in the essentially linear curves for QYtotal (Fig. 4) or QY cn3cooH 
(Fig. 5) at Inocm values of ~10-4 s-1 due to a change in the contri­
butions of the respective pathways is puzzling. However, the changes 
in the respective contributions are clearly shown in Figure 4.5 as being 

self-consistent. 
In Figure 4.4, the limiting QY value of 28% for 2-propanol photodegrar 

dation to acetone can clearly be seen at low Inonn values. In contrast, 
however, in the region of I.onn below 10-4 s- 1, the QY values for ac­

etaldehyde degradation continued to increase with decreasing InOI'm and 
reached 180% for the value of I.ocm of 3 X w-s s- 1. This value indicates 
the involvement of the radical chain pathway. The maximum QY value of 



Chapter 4 82 

28% observed for 2-propanol, for which there is negligible involvement of 
chain-type reactions, is proposed to be due to intrinsic losses, e.g., trap­
ping of holes by bulk defects and impurities. Thus, normalizing to this 
value more clearly indicates the involvement of the chain type pathway 
in acetaldehyde degradation. The idea that the major reaction pathway 
in the very low light intensity region is that producing acetic acid (eqs. 
4.9-4.11) is evidenced by the fact that the QY CH,coo11 value is approx­
imately a factor of 5 greater than QY co. at Inorm = 3 X w-5 s-1 ' as 
seen in Figure 4.5. Taking the QY CH,coo11 value at this point (150%) in­
dicates that there was significant involvement of the chain-type process. 

Taking into account the intrinsic loss factor (28%), the chain length could 
reasonably be considered to be as high as 5. Another recent example of 
a radical chain mechanism being involved with a photocatalytic process 
on Ti02 was reported by Sauer et al. for the photodegradation of mix­
tures of toluene and perchloroethylene. [41] However, to our knowledge, 
the present work represents the first report of the estimation of a radical 
chain length in a Ti02 photocatalytic process. 

Returning to Figure 4.4, in the region of Inocm above lQ-4 s- 1, the 
QY values for both acetaldehyde degradation and 2-propanol degrader 
tion decreased monotonically with increasing Inorm, taking on similar val­
ues. This result indicates that the expected radical chain reactions do 
not proceed to a significant extent on the Ti02 surface in the acetalde­
hyde degradation process at moderate relative UV light intensities Unorm 
,_,lQ- 1

). The chain reaction step (eq. 4.11) is favored by higher relative 
surface concentrations of acetaldehyde, which would be the case for lower 
Inorm values. For higher Inorm values, this relative surface concentration 
would be lower. The amount of adsorbed acetaldehyde is at most ca. 1 
molecule nm-2 at the highest initial concentration (1000 ppmv) used in 
this study. Moreover, the contribution of termination reactions (see be­
low) is favored by higher relative concentrations of radical species, which 
would be the case for higher lnorm values. For example, greater numbers 
of CH3CQQ. radicals are produced at higher Inonn values. In this case, 
the radical chain reactions may be terminated by radical coupling reac­
tions as shown below. Because ·OH and CH3 (CO)QQ. radicals are much 
more reactive than the H02· radicals generated via eq.4.8 , the steady­
state concentrations of -OH and CH3 (CO)OO· are probably much lower 
than that of H02 •• Therefore, the CH3 (CO)QQ. radical would be ex-
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pected to react with the H02· radical in the moderate l range (l < 
10

_3): [
157

] t norm norm 

CH3(CO)OO· + H02· ----> CH3(CO)OOOOH (4.16) 

CH3(CO)OOOOH----> CH3(CO)OOH + 0 2 (4.17) 

Therefore, this may be the main termination pathway in this range. 
However, with much larger Inorm values Unorm ~10-1 ), other termination 
reactions (eqs. 4.18 and 4.21) begin to produce acetic acid, formaldehyde, 
and C02 as follows: [62, 149, 150] 

2CH3(CO)OO· ----> CH3(CO)OOOO(CO)CH3 (4.18) 

CH3(CO)OOOO(CO)CH3 --> 2CH3· + 2002 + 02 (4.19) 

Clh- + 02 --> CH300· (4.20) 

CH300· + CH3(CO)OO· --> CH30000(CO)CH3 (4.21) 

CH30000(CO)CH3 --> CH20 + CH3 (CO)OH + 0 2 (4.22) 

The homogeneous reaction rates for eqs.4.16,4.18, and 4.20 were es­
timated to be on the order of 1.4 X IQ-ll 1 1.6 X IQ- ll, and 5.5 X IQ- 12 

cm3 molecuJe- 1 s- 1 , respectively. [158, 159] It should also be stressed that 
this pathway is particularly important for relatively high coverages of 
the organic compounds and high-intensity UV illumination. This well­
known pathway also involves a chain-type mechanistic pathway, with the 
chain-propagat ing steps (eqs.4.19 and 4.20) , leading to the complete min­
eralization of acetaldehyde. 

In Figure 4.5, for the highest lnorm values, it can be seen that C02 is 
the major product. This results either from the pathway just discussed 
(eqs. 4.18-4.22) or that previously discussed (eq.4.15) . I have argued that 
over most of the Inorm range discussed here, C02 generation occurs via 
the latter step. However, with increasing UV intensity, the contribution 
of the former becomes more important. 
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Table 4.1: Reaction rate coefficiency of -OH radical with organics 
Reaction k/cm3 molecule- 1s- 1 

·OH + CH3CHO -> H20 + CH3CO 1.6 x 10 11 

·OH + ~H6CHO---> products 2.0 X w-11 

·OR+ (CHOh---> products 1.1 X w-1! 
·OR+ i - C3JirOH ---> products 5.6 X w-'2 

4.5 Conclusions 

Thus, the simple model of reaction dynamics on the Ti02 surface, in 
which QY values are determined by the ratio of the number of absorbed 
photons to the number of adsorbed reactant molecules (normalized light 
intensity or lno.-m) can be applied to the degradation of a compound such 
as acetaldehyde, for which there is the possible involvement of radical 
chain reactions. By comparing the QY values for acetone production 
from 2-propanol, a process in which no chain reactions exist, to those 
for acetic acid production from acetaldehyde at very low Inorm, I have 
estimated the chain length to be ca. 5 for acetic acid production. At 
higher lno.-m values, the involvement of radical chain reactions vanishes 
due to the increasing importance of termination reactions. In this range, 
interestingly, the dependence of QY CH,COOH on Ino.-m was almost the same 
as that previously found for 2-propanol oxidation to acetone, indicating 
the similarity of the proposed competition of the organic compound with 
other species (H02· and -OH itself) for ·OH radicals. I believe that the 
simple model presented provides a basic framework for the analysis of 
these complicated reaction factors . 
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Figure 4.1: Inverse plots of the gas-phase acetaldehyde concentration ( C 
/mg m- 3) and the weight of adsorbed acetaldehyde (M /mg) on the Ti02 

thin film used for analysis of the Langmuir-type isotherm. 
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Figure 4.2: Experimental data for acetaldehyde photocatalytic degradar 
tion in the 1-L glass vessel, including intermediates and product evolution 
(incident W intensity, 100 mW cm-2 ; initial acetaldehyde concentration, 
100 ppmv; e aceta!dehyde, .A. acetic acid, Ocarbon dioxide; the dashed 
line indicates the carbon balance in the gas phase (see text)). 
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Figure 4.3: Dependence of QY,otal on absorbed photons (initial acetalde­
hyde concentration, e 1000 ppmv .6.100 ppmv, Al. lO ppmv, 01 ppmv). 
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Figure 4.4: Plots of QY total values vs. log l norm (s-1), defined as the ratio 
of the number of absorbed photons to the number of adsorbed acetalde­
hyde molecules (initial acetaldehyde concentration, e woo ppmv 1:::. 100 
ppmv, .6 10 ppmv, 0 1 ppmv; the dashed li ne indicates the QY-Inorm 
curve for 2-propanol degradation, as reported previously [136]). 
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Figure 4.5: Log-log plots of QY CHaCOOH values and QY co, values vs . 
lnorm (s- 1) (initial acetaldehyde concentrations used for the determination 

of QY cn3 coon, e 1000 ppmv, .A. 100 ppmv, • 10 ppmv, T 1 ppmv; those 
used for the QY co, values, 0 1000 ppmv, ,0,. 100 ppmv, D 10 ppmv, V' 

1 ppmv) . 
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Photokilling effect of titanium dioxide 
containing papers 

5.1 Introduction 

90 

Recently, the anti-bacterial effect has been paid much attention eigher 
in medical field and in our daily life, for example the food poisoning of 
0-157 bacteria and the infection of Staphylococcus in the hospitals. So 
far, some groups have reported that using suspension of Ti02 powder 
bacteria was sterilized efficiently under UV light illumination for water 
treatment. [?,52, 54-56,58, 160] However, there are few quantitative re­
ports using the immobilized Ti02 not only in liquid phase but also in 
gaseous phase especially us.ing Ti02 containing building materials. Using 
our passive-type air purification system, not only the deodorizing function 
but also the antibacterial function is expected to be incorporated under 
lower level illuminat ion from room light. More recently TOTO Co. Ltd. 
collaborating with this laboratory commercialized the tile coated with 
titanium dioxide (Ti02 ) and a trace of Ag and Cu metals exibitng effi­
ciently antibacterial function. In this Chapter, I examine anti-bacterial 
effects in order to determine whether they are also dependent on the 
concentration of E. coli cells and light intensity, using Ti02 containing 

papers as a model of gaseous phase reaction. [109] 
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5.2 Experim ent al section 

The Ti02 containing paper was prepared by the following method. 
[109] A mixture of a softwood kraft pulp (NBKP) and Ti02 aqueous sol 
(STS-01, 7 nm in diameter, Ishihara Sangyo Kaisha, Ltd.), coagulated 
on Al(OH)J in aqueous suspension, was flocculated with polycrylamide 
and polyamine binder. The amount of add Ti02 was 10 wt% based on 
the weight of the pulp. The Ti02-containing paper sheets were made 
using a Tappi standard sheet machine. The sheets were dried by press­
drying at 115 °0 for 3 min. The basis weight of the pulp was 100 g 
cm-2. Ti02-containing papers were sterilized in an oven at 70 °0. E. 
coli cells (IFO 3301 strain) were grown aerobically in 2.5 mL of nutrient 
broth ("Daigo", Nippon Seiyaku) at 30 °0 for 16i8 h. The cells were cen­
trifuged at 4000 rpm and suspended in sterilized water with appropriate 
dilution. E. coli cell suspension (150 mL,2 x 105 cells mL-1, totally 3x 104 

cells) was pi petted onto the T i0 2-containing paper and sandwiched with 
two sterilized glasses. The pipetted suspension was sinked into the pa.­
pers. The samples were illuminated with 15-W black fluorescent lamps 
(FL15 W, FL15 BL-B, National) and white fluorescent lam.ps; the light 
intensities were 1.0 mW em - 2 and 40 mW em - 2 , respectively, which 
was measured using a UV radiometer (UVR-36, TOP CON) at the sample 
position. After illumination, the sample paper was dipped into 0.15 mol 
L-1 aqueous sodium chloride solution and the cells were removed by shak­
ing it hardly. However, the removing ratio is approximately 60 %either 
pulp sheets and Ti02 containing papers. Tllis solution was spread onto 
nutrient agar medium (Standard Method Agar "Nissui", Nissui Seiyaku) 
and incubated for 24 h in order to determine the number of viable cells 
in terms of colony-forming units. 

5.3 Results and discussion 

The time course change of the surviving ratio of E. coli cell is shown in 
Figure 5.1. The surviving ratio was initialized by the number of removed 
E. coli cells under no illumination. The E. coli cells on the Ti0 2-papers 
were sterilized approximately 95% within 1.5 h under illumination with 
black fluorescent light (1.0 mW cm-2), 60% with white fluorescent light 
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(0.3 mW cm-2
), IIJld 40% even under dark conditions. The sterilizing ra.­

tio of E. coli cells using Ti02-papers are summarized using different type 
of UV light source as comparing with that using the pulp sheets in Figure 
5.2. Using pulp sheets, any E. coli cells were not sterilized under dark con­
ditions, but sterilized approximately 25 % under UV light illumination. 
This is supposed to be due to drying IIJld thermal effect. Therefore the 
net sterilization ratio was ca. 55% and 20% under black fluorescent light 
and white fluorescent light illumination respectively. The reason why the 
sterilization ratio of 40 % using Ti02-paper under dark conditions are 
not well-known at this stage. It is noteworthy that the increasing quan­
tum yield with decreasing light intensity seems to be higher thi!Jl that 
of degradation reaction of gaseous organic molecules, that is the value of 
the slope, i.e., the exponent a in the R = /( [ 0 relation, is approximately 
ca. 0.3 from Figure 2. If the sterilization using Ti02 containing materials 
is more effective under the low-intensity UV light illumination thi!Jl the 
degradation reaction of gaseous organic molecules, a different reaction 
mechanism from the degradation reaction of gaseous organic molecules 
with ·OH radicals is considered for sterilization. Recently Kikuchi et al. 
proposed that the actual lethal agent for the photokilling effect using 
Ti02 materials is H2 0 2 , subsequently produced from ·OH Md 02-. [53] 
Oxygen is reduced to superoxide Mion (02-), which is less reactive itself 
but produces more highly toxic species described as follows, 

(5.1) 

Under these ambient conditions, 02 molecules is to sufficient to supply 
on the Ti02 surface that the photokilling effect by OH radical and H202 
simulti!Jleously also occur in this case. In the future, I try to examine pho­
tokilling effect dependence on the light intensity IIJld cell concentration 
for their wide ranges more intensively. 
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fluorescent light (0.3 mW cm-2) ; and e,dark condi tions; ini tial concen­
tration 1.2 x 103 cells cm-2 . 
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Chapter 6 

Summary and further study 

6.1 Summary 

A new simple model of the reaction dynamics of the photocatalytic de­
composition of gaseous organic molecules on the Ti02 surface is concluded 
for the first time in the present study through the use of pure anatase 
Ti02 sintered thin films under low-intensity UV light. This model consid­
ers t he reaction rates and quantum efficiency as a function of the number 
of adsorbed reactant molecules and the number of absorbed photons. f 
summarize the findings below, distributing them roughly into two regions 
of light intensity: (1) extremely low-intensity UV light (down to 34 nW 
cm-2), and (2) comparatively strong UV light (up to 60 mW cm-2). As 
a results, the regions of light intensity and reactant concentration cov­
ered approximately 6 orders of magnitude and 5 orders of magnitude, 
respectively. As described in Section 2.2., all the data were supported 
by the reliable experimental procedures, such as the rigorous estimation 
of adsorbed light intensity of the sample film, the detection of reactants 
with so high sensitivity that the detection limits was achieved down to 1 
ppbv using gas chromatography, and so forth. 

ft can be concluded that the quantum yield (QY) values for the photo­
catalytic decomposition of gaseous 2-propanol are determined by the ratio 
of the number of absorbed photons to the number of adsorbed 2-propanol 
molecules (i.e., a normalized light intensity, lnorml under extremely low­
intensity UV light illumination (36 nW - 45 p.W cm-2). Under such 
low-intensity UV illumination, the QY values increase gradually with de­
creasing nwnbers of absorbed photons and finally saturate (28%) for lnorm 
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less than I0- 4 s-1
• These types of reaction dynamics are observed for a 

wide range of 2-propanol concentrations (1-1000 ppmv). On the basis 
of these results, it is estimated that either ·OH radicals or 2-propanol 
molecules can diffuse stably on the Ti02 surface at least ca. 11 run in 
order to react with each other. The decrease in QY is attributed to in­
creases in the rates of reaction for ·OH radicals with H02 · radicals and 
·OH with itself, relative to that with 2-propanol. The maximum QY 
value of 28% represents the intrinsic charge-separation efficiency of this 
particular Ti02 thin film sample. 

The photocatalytic decomposition efficiency of gas-phase acetaldehyde 
was studied using a titanium dioxide thin film under weak UV illumina­
tion. Acetic acid and carbon dioxide were detected as the main reaction 
products. It was found that the apparent quantum yields (QY) for ac­
etaldehyde degradation are determined by the normalized absorbed pho­
ton number Unarm /s- 1) . This result is similar to that for 2-propanol 
degradation. However, although the QY values for 2-propanol degra­
dation reached a constant value (ca. 28%) for very low relative light 
intensity (in the !norm region less than 10- 4 s- 1) , those for acetaldehyde 
degradation continued to increase with decreasing Inocm and reached 180% 
for an initial concentration of 1000 ppmv, at an !norm value of 3 x 10-5 

s- 1 . This discrepancy is due to the existence of radical chain reactions for 
the latter reaction. Compared to the maximum QY yield for 2-propanol 
decomposition (28%), which involves no chain-type reactions, the max­
imum QY for acetaldehyde conversion to acetic acid ( 150%) implies a 
radical chain-type process with a chain length of approximately five. This 
is because the frequeocy of radical chain-type decomposition reactions 
for acetaldehyde increases with decreasing numbers of absorbed photons, 
thus reducing the frequency of termination reactions. It was confirmed 
that the new simple model of the reaction dynamics is capable of being 
applied also to reactants such as acetaldehyde which are decomposed via 
complex radical chain reactions on the Ti02 surface. 

On the other hand, as a result of the degradation of gaseous 2-propanol 
under comparatively high-intensity UV light (35 p.W cm-2 

- 60 mW 
cm- 2), the degradation rates initially increased with increasing numbers 
of absorbed photons, then tending to saturate, and finally mass transport­
limited conditions were reached. The values of the numbers of absorbed 
photons at which mass-transport-limited conditions began to be observed 
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varied for different initial concentrations, with the number of absorbed 
photons increasing drastically with increasing initial concentration. This 
can be explained by saying that, for the higher initial concentrations, 
larger numbers of absorbed photons are necessary for the photodegrad~~r 
tion reaction proportional to the number of adsorbed reactant molecules, 
following the Langmuir-type isotherm on the Ti02 surface, in order to 
overcome the increasing rates of reactant flux. The flux of gaseous reac­
tant molecules fo r 1 ppmv under mass-transport limited conditions was 
shown to be 2.6 x 1012 molecules cm-2 s-1. I was able to model the 
time course of changes of gaseous 2-propanol concentrations under mass­
transport-limited conditions using the one-dimensional diffusion equ~~r 
tion, assuming the thickness of the boundary layer to be 1.5 em under a 
natural convective flow of 1 em s- 1• In a similar fashion, an examination 
of the degradation reaction of acetaldehyde was carried out, and mass­
transport-limited conditions appeared at almost the same value of light 
intensity as that for 2-propanol, and the degradation rate for acetaldehyde 
was also the same as that for 2-propanol under mass transport-limited 
conditions. 

Based on these results, I succeeded in demonstrating a region of mass­
transport-limited conditions and a region of purely light-limited condi­
tions for the degradation reactions of gaseous organic componnds in terms 
of the reactant concentration and light intensity. From a plot of the lat­
ter two variables, one can estimate the maximum value of effective light 
intensity and the conversion time at the maximum removal rate for ac­

tual problematic reactants at ppbv levels. Assuming that the diffusion 
coefficient D = 0.1 crn2 s- 1 and that the degradation rate constant does 
not depend greatly on the type of gaseous organic reactant, the estima­
tion of mass-transport-limited conditions can be applied to many kinds 
of organic reactants. 

6.2 Further study 

Many unknown factors to influence the quantum yield has been re­
maining to solve. 

The first point is the maximum diffusion length of -OH radical on 
Ti02 surface. 1n this study as described in Chapter 2, the maximum QY 
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value under purely light-limited conditions was all the same for different 
initial concentrations between 1-1000 ppmv. However, according to the 
data obtained for 100 ppbv in Chapter 3, at the break points (!b), at 
which mass transport control is reached, the QY values for 100 ppbv are 
different, less than that for 1 ppmv. The amount of adsorbed molecule 
was one tenth of 1 ppmv, then it should be the same as 1 ppmv because 
the RA and RB will be also ten times each. It means that 30 run might 
be the limitation to diffuse on Ti02 surface for ·OH radical. 

The second point is that the type of adsorption, physisorbed or chem­
sorbed, hasn't been confirmed in this study. This term is a very funda.­
mental one to solve which can diffuse longer, ·OH or reactant. There are 
many reports about the state of adsorption on Ti02 surface. [161-165] 
Moreover the influence of adsorbed water to the photocatalysis like this 
study should be also solved in the future. [166, 167] 

The third point is the influence of surface area (roughness) and poros­
ity to Figure 3.9. In fact the photocatalysis is catalysis in one sense. It 
is influenced by both the surface area and the light intensity fundamen­
tally. If the absorbed light intensity is the same, the higher the surface 
area is , the higher the reaction rate could be obtained. [74] Therefore the 
curves A and B in Figure 3.9 could be shifted dependent on the factor. 
There was supposed to be no influence of porosity in this study because 
of its meso-porosity. In general, there might be no influence in air-solid 
photocatalysis because the diffusion rate is high, but conversely, using an 
apparent flat type thin film including microporous leads to misestimating 
of reaction rate as higher light intensity. To regularize Figure 3.9, I have 
to use a different sample that is easy to modify the surface area. 

To study further this reaction dynamics, I raise three options here: 
(I) using transparent thin film and measurement of photocatalysis by an 
optical method, (2)using the partial metal depositing film [57, 168] or 
adsorbent supported film, [120, 169-172] (3)detection of the amount of 
·OH radical and H02· radical. 

Regarding to (1), Mr. Kenzo Takahashi is efforting to investigate the 
in-situ observation of surface reaction using dye (malachite green) ad­
sorbed on Ti02 surface. [173] The same QY curve dependence on lnorm 

is confrrmed. Moreover in the different humidity, the QY curve is drasti­
cally changed and shifted. The higher humidity condition, the maximum 
QY value raises, on the other hand, the lower the value of Inocm at which 
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QY value start to decrease. This phenomenon is apparently depending 
on the diffusion process of ·OH radical. 

Regarding to (2), due to separation of the oxidation site and the re­
duction site, [could obtain more critical information about surface recom­
bination step. In this study, bared Ti02 film was used and I concluded 
that the reason why the QY value decrease is the surface recombination 
reaction of ·OH radical and H02 • radical .. In the case of (2), the point at 
the QY value decrease should indicate the surface recombination reaction 
of ·OH radical each other, not with H02 · radical. 

All of the advancement of this study are concerning (3). Recently, 
Mr. Ishibashi at KAST starts to study of detection of surface radical. [?] 
Using luminor,which is famous for the reaction with oxide radical, one 
can detect how much the surface radicals exist on Ti02 surface. At this 
stage, there seems many problem, but in the future, it is definitely neces­
sary to combine with this system to define the surface reaction dynamics 
quantitatively. 

Reviewing the present work, I consider the possibility of a new envi­
ronmental purification system employing many different types of Ti02-

containing building materials with high photocatalytic activities and large 
surface areas under low-intensity UV light and natural (i.e., not forced) 
convection. Even under extremely low-intensity UV illumination, ·OH 
radicals are generated on the Ti02 photocatalyst surface, and some re­
actions always occur. However, practically speaking, the removal rate 
is too slow for indoor air purification under low-intensity UV light. In 
this case, it is suggested to use this system in conjunction with compara­
tively strong UV light sources, particularly for small closed spaces, while 
generating no additional noxious compounds as intermediates. 

However, the reaction mechanisms for the self-cleaning effect and for 
the anti-bacterial effect are distinct from that for the degradation of 
gaseous reactants. At the present time, surface hydrophiiicity is regarded 
as the most important factor in the self-cleaning effect, while the pres­
ence of H20 2 and H02• radicals is regarded as the most important factor 
in the anti-bacterial effect, based on research carried out in this labora.­
tory. It seems that the charge separation efficiency and flux of reactant 
do not necessarily have an influence. Even though the mechanisms of 
photocatalytic reactions are quite complicated, it is expected that the 
relative importances of the various factors for these effects ,vi[] be esti-
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mated correctly by comparison with gaseous molecule degradation, as I 
have attempted to describe in this thesis. 

It is the author's hope that the present study not only contributes to 
the progress of Ti02 photocatalysis, both fundamentally and practicaliy, 
but also helps researchers in other basic fields as an important foundation. 



101 

List of publications 

1) Y. Ohko, K. Hashimoto, and A. F\Jjishima, 
" Kinetics of photocatalytic reactions under extremely low-intensity UV 
illumination on titanium dioxide thin films," 
J. Phys. Chem. A 1997, 101(43), 8053-8058. (Chapter 2) 

2) Y. Ohko, K. Hashimoto, and A. F\Jjishima, 
"Kinetic analysis of photocatalytic degradation of gaseous 2-propanol 
under mass-transfer-limited conditions with Ti02 film photocatalyst," 
J. Phys. Chem., in press. (Chapter 3) 

3) Y. Ohko, D. A. Thyk, K. Hashimoto, and A. F\Jjishima, 
"Autoxidation of acetaldehyde initiated by Ti02 photocatalysis under 
weak UV illumination," 
J. Phys. Chem., accepted. (Chapter 4) 

(4) Y. Ohko, K. Matsubara, K. Hashimoto, and A. F\Jjishima, 
"Photokilling effect of titanium dioxide containing papers," 
in preparation. (Chapter 5) 

(5) Y. Ohko, M. Watanabe, K. Hashimoto, and A. Fujishima, 
"Effects of cations coexisting in water on Ti02 photocatalysis," 
in preparation. 



102 

Acknowledgments 

I was able to finish writing this dissertation thanks to assistance of 
many people. First of all, I would like to thank Professor Akira Fu­

jishirna and Associate Professor Kazuhito Hashimoto (present belonging 
to Research Center for Advanced Science and Technology (RCAST), The 
University of Tokyo as a professor) for their helpful guidance, discussions, 
and continuous encouragement. 

I would also like to thank the reviewers, Professor M. Mison6, Pro­
fessor T. Kudo and Associate Professor M. Miyayarna for their valuable 
comments and suggestions. 

I express gratitude to the staffs in this laboratory, Dr. D. A. Tryk, Dr. 
R. Baba (present belonging to Tokyo University of Mercantile Marine), 
Dr. T. Miwa, and Dr. I. Yagi for their helpful advices, and Ms. Y. 
Takahashi for her constant help in official matters. In particular, I had 
Dr. D. A. Tryk spend much time to read and revise my three submitted 
manuscripts so carefully that they were all succeeded in being accepted 
to the Journal of Physical Chemistry. 

I gratefully acknowledge the Mini..~try of Education, Science, and Cul­
ture of Japan for financial support for three years since July in 1995. 

My elders, friends and juniors in this laboratory supported me so 
kindly and encouraged me so much that my curiosity has driven forward 
and I could have achieved my own work. In particular, I would like to 
thank Dr. 0. Sato (present belonging to Hashimoto Project at Kaoagawa 
Academy of Science and Technology (KAST) laboratory in University of 
Tokyo Institute of Polytechnics) Dr. T. Saeki (present belonging to Hi­
tachi Ltd.), Dr. H. Sakai (present belonging to Science University of 
Tokyo), Dr. K. Ajito (present belonging to NTT Basic Research Lab.), 



103 

Dr. H. Yoshik.i {present belonging to The Institute of Physical and Chem­
ical Research), Mr. H. Hagiwara {present belonging to Toppan Printing 
Co., Ltd.), Mr. T. Tanabu {present belonging to Japanese Patent Office), 
Mr. K. Ikeda (present belonging to Fujikura Ltd.), Mr.Y. Morisaki, Mr. 
K. Nakayama, Mr. M. Yana.gisawa, Ms. H. Fujii and Ms. F. Hosono. 

It has been a great pleasure to spend my time with the 042 roommates, 
Dr. X. M. Yang, Dr. J. J . Kim {present belonging to LG Electronics 
Inc. ), Mr. A. Murarnatsu {present belonging to Sumitomo 3M Ltd.), Mr. 
Koichiro Takahashi (present belonging to Showa Denko K.K.), Mr. K. 
Hirota, Mr. Tetsuro Noguchi, Mr. Kenzo Takahashi, Mr. T. Yamamoto, 
Mr. Mitsutoshi Noguchi (present belonging to TOTO Ltd.), and Mr. K. 
Kunikane {I never forget his pleasant leading at the beginning of this 
research). It has also been a special pleasure to be collaborated eagerly 
with Mr. Y. Yoshida {present belonging to FUJITSU Ltd.), Mr. T. 
Noguchi, Mr. Kenzo Takahashi, Mr. Y. Wakatabi (present belonging 
to Da.inichseika. Color & Chemicals Mfg. Co., Ltd .), Mr. H. Matsubara 
{Gifu Prefectural Paper Research Institute), Mr. M. Watanabe (Ishihara 
Sangyo Ka.isha), Mr. N. Naka.da (YKK Co.), Mr. F. Suna.da (Nissek.i Co. 
Ltd .), and Mr. K. Ta.karni (Ube Nitto-Kasei Co. Ltd.) . 

I received good and vigorous incentive from many researchers at KAST. 
In particular, Professor K. lyoda (present belonging to Tokyo Metropoli­
tan Univeristy), Dr. N. Neghishi (present belonging to National Institute 
for Resources and Environment), Dr. Y. Kikuchi (present belonging to 
CANON Inc. ), Mr. Tagawa (Hokuto Denko Co.), Mr. S. Fuka.yarna (Nip­
pon Soda Co. Ltd.), Mr. T. Kawasaki {Tokyo Gas Co. Ltd.), Dr. S. 
FUjita, Ms. K. Suna.da, Dr. S. Ohkoshi (present belonging to RCAST of 
Tokyo University), Dr. K. Nagai, Dr. L. Jiang, Dr. R. Wang, and Mr. 
Y. Einaga. 

Every year, many great scientists visit to this laboratory. Among 
them, I would like to thank Professor Adam Heller (Texas University1) 

and Professor Marc A. Anderson (Wisconsin University) for their fruitful 
discussions. 

Besides, I would like to thank Professor Y. Ujihira (retired last year), 
Dr. A. Uedono (present belonging to Tsukuba University), Dr. S. Watauchi 

1 I visited to his laboratory on the way to the 189th Meeting of the Electrochemical 
Society (Los Angeles) in May, 1996. 



104 

(present belonging to Yarnanashi University) with whom I studied positron 

annihilation technique during 1991-1994, which was my precious experi­
ence. 

I never forget the final interview I had last summer. It was memorable 
because almost all of abov&-mentioned people came to attend as audience 
and to watch me affectionately. However, unfortunately, I couldn't reply 
a few of the reviewer's comments promptly and accurately. I've thought 
it shameful to have fallen in such a situation in front of these guys. I 
repented this complete failure due to shortages of my preparation and 
capability. Even though, Professor Fujishima gave me a big chance to 

work in Osaka University as an assistant, which is, needless to say, one 
of best positions, scarcely in Japan. Therefore, I would like to swear 
my continuous e.fforts day by day ,that, I believe, make my dream of 
becoming a great professor come true. 

Finally, I express my deep gratitude to my family and my best friends 
whose loves ask nothing in return. With listening to the cinema song, 
Hercules. 

I have often dreamed 

Of a far-off place 
Where a great warm welcome 

Will be waiting for me 
Where the crowds will cheer 

When they see my face 

And a voice keeps saying 
This is where I'm meant to be 

I will find my way 

I can go the distance 
I 'II be there someday 

If I can be strong 

I know every mile 
Will be worth. my while 

I would go most anywhere to feel like I belong 



105 

February 1998 
Tokyo, Japan 

K 11 :+ 7"--
Yoshihisa OHKO 



Bibliography 

[1] Sauer, M. 1 .; Ollis, D. F. J. Catal. 1996, 158, 570. 

[2] Fujishima, A.; Honda, K. Nature 1972, 238, 37. 

[3] Gratzel, M.; Wiley-Interscience: Amsterdam, 1989. 

[4] Colombo, D. P.; Roussel, K. A.; Sae, J .; Skinner, D.; ; Cavaleri, 
J. J. ; Bowman, R. M. Chem.Phys. Lett. 1995, 232, 207. 

[5] Skinner, D. E.; Colombo, D.P.; Cavaleri, J. J .; Bowman, R. M. J. 
Phys. Chern. 1995, 99, 7853. 

[6] J ackson, N. B.; Wang, C. M.; Luo, Z.; Schwitzgebel, J .; Ekerdt, 
J. G.; Brock, J . R.; Heller, A. J. Electrochem. Soc. 1991, 138, 
3660-3664. 

[7] Wang, C. M.; Heller, A.; Gerischer, H. J. Am. Chern. Soc. 1992, 
11.4, 5230. 

[8] Rosenberg, I.; Brock, J. R. ; Heller, A. J. Phys. Chern. 1992, 96, 
3423. 

[9] Gao, Y. W.; Shen, H.; Dwight, K.; Wold, A. Mater. Res. Bull. 
1992, 27, 1023. 

[10] Albert, W.; Gao, Y. W.; Toft, D.; Dwight, K. ; Wold, A. Mater. 
Res. Bull. 1992, 27, 961. 

[llj Lee, W.; Do, Y.; Dwight, K. ; Wold, A. Mater. Res. Bull. 1993, 
28, 1127. 

[12] Lee, W.; Shen, H. ; Dwight, K. ; Wold, A. J. Solid State Chern. 
1993, 106, 288. 

106 



107 

[13] Wold, A. Chern. Mater. 1993, 5, 280- 283. 

[14] Papp, J.; Shen, H.; Kershaw, R.; Dwight, K.; Wold, A. Chern. 
Mater. 1993, 5, 284. 

[15) Cui, H.; Shen, H.; Dwight, K.; Wold, A. Mater. Res. Bull. 1993, 
28, 195. 

[16] Papp, J.; Soled, S.; Dwight, K.; Wold, A. Chern. Mater. 1994, 6, 
496. 

[17] Do, Y.; Lee, W.; Dwight, K.; Wold, A. J. Solid. State. Chern. 
1994, 108, 198. 

[18) Cui, H.; Dwight, K.; Soled, S.; Wold, A. J. Solid. State. Chern. 
1995, 115, 187-191. 

[19] Gerischer, H.; Heller, A. J. Electrochern. Soc. 1992, 139, 113. 

[20] Gerischer, H.; Heller, A. J. Phys. Chern. 1991, 95, 5261. 

[21] Gerischer, H. J. Phys. Chern. 1991, 95, 1356. 

[22] Filimonov, V. N. Dokl. Akad. Nau.k SSSR 1964, 15..{, 922. 

[23] Bickley, R. I.; Stone, F. S. J. Catal. 1973, 31, 389. 

[24] Goodeve, C. F.; Kithchener, J. A. Trans. Famday Soc. 1938, 34, 
570. 

[25] Jacobsen, A. Ind. Eng. Chern. 1949, 41, 25. 

[26] Gravelle, P.; Juillet, F.; Meriaudeau, P.; Teichner, S. J. Discuss. 
Famday Soc. 1971, 52, 140. 

[27] Munuera, G.; Stone, F. S. Discuss. Famday Soc. 1971, 52, 205. 

[28) Cunningham, J.; Meriaudeau, P. Discuss. Famday Chern. Soc. 
1975, 58, 1499. 

[29) Cunningham, J.; Meriaudeau, P. Discuss. Famday Chern. Soc. 
1975, 58, 1495. 



108 

[30] Ohnishi, T.; Nakato, Y.; Tsubomura, H. Ber. Bunsenges. Phys. 
Chem. 1975, 79, 523. 

[31) Okamoto, K.; Yamamoto, Y.; Taneka, H.; Itaya, A. Bull. Chern. 
Soc. Jpn. 1985, 58, 2023. 

[32] Sopyan, 1.; Watanabe, M.; Murasawa, S.; Hashimoto, K.; Fu­

jishima, A. Chern. Lett. 1996, 69. 

[33] Sopyan, I.; Watanabe, M.; Murasawa, S.; Hashimoto, K.; Fu­
jishima, A. J. Electroanal. Chem 1996, 415, 183. 

[34] Sopyan, I.; Watanabe, M.; Murasawa, S.; Hashimoto, K.; Fu­
jishima, A. J. Photochem. Photobiol. A: Chern. 1996, 98, 79. 

[35] Sopyan, I.; Murasawa, S.; Hashimoto, K.; Fujishima, A. Chem. 
Lett. 1994, 723. 

[36] Yamashita, H.; Ichihashi, Y.; Harada, M.; Stewart, G.; Fox, M.A.; 
Anpo, M. J. Catal. 1996, 158, 97. 

[37] Hidaka, H.; Zhao, J.; Satoh, Y.; Nohara, K.; Pelizzetti, E.; Serpone, 
N. J. Mol. Catal. 1994, 88, 239-248. 

[38] Suzuki, K.; Satoh, S.; Yoshida, T. Denki Kagaku 1991, 59(6}, 521. 

[39] Peral, J.; Ollis, D. J. Catal. 1992, 136, 554. 

[40] Ollis, D. E.; Al-Ekabi, H., Eds. Photocatalytic Purification and 
Treatment of Water and Air; Elsevier: Amsterdam, 1993. 

[41] Sauer, M.; Hale, M.; Ollis, D. J. Photochem, Photobiol, A Chern. 
1995, 88, 169. 

[42] Sauer, M.; Ollis, D. J. Catal. 1994, 1../9, 81. 

[43] Upadhya, S.; Ollis, D. F. J. Phys. Chern. 1997, 101, 2625- 2631. 

(44] Peral, J.; Ollis, D. F. J. Mol. Catal. A Chem. 1997, 115, 347. 

[45] Luo, Y.; Ollis, D. F. J. Catal. 1996, 163, 1-11. 

(46] Heller, A. Ace. Chern. Res. 1995, 28, 503. 



109 

[47] Paz, Y.; Luo, Z.; Rabenberg, L.; Heller, A. J. Mater. Res. 1995, 
10, 2842. 

[48] Schwitzgebel, J .; Ekerdt, J. G.; Gerischer, H.; Heller, A. J. Phys. 
Chem. 1995, 99, 5633. 

(49] Ibusuki, T .; Takeuchi, K. J. Mol. Catal. 1994, 88, 93. 

[50] Zhang, S.; Kobayashi, T.; Nosaka, Y.; Fujii, N. Denki Kagol--u 
1995, 63, 927-931. 

[51] Zafra, A.; Garcia, J. ; Mill, A.; Domenech, X. J. Mol. Catal. 1991, 
70, 343. 

[52] Matsunaga, T. ; Tomoda, R.; Nakajima, T.; Nakamura, N.; Komine, 
T . Appl. Environ. Microbial. 1988, 42, 1330. 

[53] Kikuchi, Y.; Sunada, K.; Iyoda, T.; Hashimoto, K. ; FUjishima, A. 
J. Photochem. Photobiol. A Chem. 1997, 106, 51. 

[54] Richardson, S. D.; Thruston, A. D.; Collette, T. W.; Patterson, 
K. 8.; Lykins, B. W.; Ireland, J. C. Environ. Sci. Techno!. 1996, 
30, 3327- 3334. 

[55] Ireland, J. C.; Klostermann, P.; Rice, W. ; Clark, R. M. Appl. 
Environ. Microbial. 1993, 59, 1668. 

[56] Wei, C.; Lin, W. Y.; Zaiinal, Z.; Williams, N. E.; Zhu, K. ; Kruzic, 
A. P.; 1., 8. R.; Rajeshwar. Environ. Sci. Techno!. 1994, 28, 934. 

[57] Sakai, H. ; Baba, R.; Hashimoto, K.; Fujishima, A. J. Electroanal. 
Chem. 1994, 379, 199-205. 

[58] Cai, R.; Hashimoto, K.; FUjishima, A.; Kubota, Y. J. Electroanal. 
Chem. 1992, 326, 345. 

[59] Ikeda, K.; Sakai , H.; Baba, R.; Hashimoto, K.; Fujishima, A. J. 

Phys. Chem. 1997, 101, 2617-2620. 

[60] Russel, G. A. J. Am. Chem. Soc. 1957, 79, 3871. 

[61] Bolland, J. 1.; Cooper, H. H.. Proc. R. Soc.(London) 1954, A255, 
405. 



110 

[62] Clinton, N. A.; Kenley, R. A.; 'fraylor, T. G. J. Am. Chem. Soc. 
1975, 97, 3746. 

[63] Yamagata, S. - - - - 1989, - , Ph.D. Thesis. 

[64] Pruden, A. 1.; OUis, D. F. J. Catal. 1983, 82, 404. 

[65] Bravo, A.; Garcia, J.; Domenech, X.; Peral, J. J. Chem. Res. 1993, 
(9) l 376-377. 

[66) Brezova, V.; Stasko, A.; Biskupic, S.; Blazkova, A.; Halinova, B. J. 
Phys. Chem. 1994, 98, 8977. 

[67) Blazkova, A.; Brezova, V.; Soldanova, Z.; Stasko, A.; Soldan, M.; 
Ceppan, M. J. Mater. Sci. 1995, 30, 729. 

[68] Ohtani, B.; Kakimoto, M.; Nishimoto, S.; Kagiya, T. J Photochem 
Photobiol A-Chem 1993, 70, 265-272. 

[69) Ohtani, B.; Nishimoto, S. J. Phys. Chern. 1993, 97, 920. 

[70) Kominami, H.; Matsuura, T.; lwai, K.; Ohtani, B.; Nishimoto, S.; 
Kera, Y. Chem. Lett. 1995, (8), 693-694. 

[71] Korninarni, H.; Kato, J. 1.; Kohno, M.; Kera, Y.; Ohtani, B. Chem. 
Lett. 1996, (12), 1051-1052. 

[72] Ohtani, B.; Goto, Y.; Nishimoto, S.; [nui, T. J. Chem. Soc. Faraday 

Trans. 1996, 92, 4291-4295. 

[73] Cunningham, J.; Sedlak, P. J. Photochem. Photobiol. A:Chem. 
1994, 77, 255-263. 

[74] Aguado, M.A.; Anderson, M.A.; Hill, C. G. J. Mol. Catal. 1994, 
89, 165. 

[75] Kormann, C.; Bahnemann, D. W.; Hoffmann, M. R. Environ. Sci. 
Techno[. 1991, 25, 494. 

[76] Hoffman, A. J.; Yee,I-1.; Mllls, G.; Hoffmann, M. R. J. Phys. Chem. 

1992, 96, 5540. 



111 

[77] Hoffman, A. J .; Mills, G.; Yee, H.; Hoffmann, M. R. J. Phys. Chern. 
1992, 96, 5546. 

[78) Hoffmann, A. J.; Carraway, E. R.; Hoffmann, M. R. Environ. Sci. 
Tedmol. 1994, 28, 776. 

[79) Trillas, M.; PeraJ, J.; Domenech, X. A7Jpl. Catal. B-Environ. 1993, 
3, 45-53. 

[80] Lepore, G. P.; Langford, C. H.; Vichova, J.; Vlcek, A. J . J. Pho­
tochern. Photobiol. A: Chem. 1993, 75, 67. 

[81) Lepore, G.; Pant, B.; Langford, C. Can. J. Chem. 1993, 71, 2051. 

[82J Bideau, M.; Claude!, B.; faure, L.; Kazouan, H. J. Photochem. 
Photobiol. A Chern. 1991, 61, 269. 

[83] Lai, C. W.; Kim, Y. I.; Wang, C. M.; Mallouk, T. E. J. Org. Chem. 
1993, 58, 1393. 

[84] Shiragami, T .; Ankyu, H.; Fukami, S. ; Pac, C.; Yanagida, S.; Mori, 
H.; Fujita, H. J. Chem. Soc. Faraday Trans. 1995, 88, 1055. 

[85) Shiragami, T.; Fu.kami, S.; Wada, Y. J.; Yanagida, S. J. Phys. 
Chem. 1993, 97, 12882. 

[86] Harvey, P.; Rudham, R. J. Chem. Soc., Faraday Trans. I 1988, 
84, 4181. 

[87] Egerton, T. A.; King, C. J. J. OilCol. Chern. Assoc. 1979, 62, 386. 

[88] Nosaka, Y.; Nakaoka, Y. Langmuir 1995, 11, 1170. 

[89) Nosaka, Y.; Fox, M.A. J. Phys. Chem. 1986, 90, 6521. 

[90) Nosaka, Y.; Fox, M. A. J. Phys. Chem. 1988, 92, 1893. 

[91] Nosaka, Y.; Ohta, N.; Miyama, H. J. Phys. Chem. 1990, 94, 3752. 

[92] Nosaka, Y.; Fox, M. A. Langmuir 1987, 3, 1147. 

[93] Arbery, W. J.; Bartlett, P. N.; Wilde, C. P.; Darwent, J. R. J. Am. 

Chem. Soc. 1985, 107, 1854. 



112 

[94] Brawn, G. T.; Darwent, J. R.; Fletcher, P. D. I. J. Am. Chern.. Soc. 
1985, 107, 6466. 

[95] Mulvaney, P.; Swayarnbunathan, V.; Grieser, F.; Meisel, D. J. 
Phys. Chem. 1988, 92, 6732. 

[96] Green, A.; Mills, A. J. Photochem.. Photobiol. A:Chem 1992, 64, 
211. 

[97] Bedja, I.; Hotchandani, S.; Karnat, P. V. J. Phys. Chem. 1993, 
91, 11064. 

[98] Nosaka, Y.; Miyarna, H. ; Terauchi, M.; Kobayashi, T. J. Phys. 
Chem. 1988, 92, 255. 

[99] Hasselbarth, A.; Eychmueller, A.; Weller, H. Chem. Phys. Lett. 
1993, 203, 271. 

[100] Renz, C. Helv. Chim. Acta 1921, 4, 961. 

[101) Gerischer, H. J. E.ectroanal. Chern. 1975, 58, 263. 

[102] F\Jjishima, A.; Kobayakawa, K.; Honda, K. Bull. Chem. Soc. Jpn. 
1975, 48, 1041. 

[103] Ellis, A. B.; Kaiser, S. W.; Wrington, M. S. J. Am. Chern. Soc. 
1976, 98, 9418. 

[104) Yoneyarna, H. ; Sakamoto, H.; Tamura, H. Electrochim. Acta. 1975, 
20, 341. 

[105] Laser, D.; Bard, A. J. J. Electrochem.Soc. 1976, 123, 1027. 

[106] illegal, G.; Bolton, J . R. J. Phys. Chern. 1995, 99, 4215. 

[107] Sun, L. Z.; Bolton, J. R. J. Phys. Chem. 1996, 100, 4127. 

[108] Watanabe, T.; Ki tamura, A.; Kojima, E.; Nakayama, C.; 
Hashimoto, K.; F\Jjishima, A.; In Photocatalytic Purification and 
'ITeatment of Water and Air; Ollis, D. E.; Al-Ekabi, H., Eds.; Else­
vier: Amsterdam, 1993; p 747. 



113 

[109] Matsubara, H.; Takada, M.; Koyama, S.; Hashimoto, K. ; Pujishima, 
A. Chern. Lett. 1995, 9, 767. 

[110] Negishi, N.; Iyoda, T .; Hashimoto, K. ; FUjishima, A. Chem. Lett. 
1995, 841. 

[111] Pujishima, A.; Sugiyama, E.; Honda, K. Bvll. Chem. Soc. Jpn. 
1971, 44,. 

[112] Miller, B.; Heller, A. Nature 1976, 262, 680. 

[113] Noufi, R.; J., F. A.; Nozik, A. J. J. Am. Chern. Soc. 1981, 103, 
1849. 

[114] Nakato, Y.; Ohnishi, T.; Tsubomura, H. Chem. Lett. 1974, 883. 

[115] Buhler, N.; Meier, K. ; Reber, J. F. J. Phys. Chern. 1984, 88, 3261. 

[116] Reber, J. F.; Rusek, M. J. Phys. Chern. 1986, 90, 824. 

[117] Izumi, I.; Dunn, W. W.; Wilbourn, K. 0.; Fan, F. F.; Bard, A. J . 
J. Phys. Chem. 1980, 84, 3207. 

[11 8] Aguado, M. A.; Anderson, M. A. Sol. Energy Mater. Sol. Cell3 
1993, 28, 345. 

[119] Raupp, G. R. ; Junio, C. T. Appl. Surf. Sci. 1993, 72, 321. 

[120] Takeda, N.; Torimoto, T.; Sampath, S.; fwabata, S.; Yoneyama, H. 
J. Phys. Chem. B 1995, 99, 9986-9991. 

[121] Augugllaro, V.; Palmisano, L. ; Schiavello, M. A!ChE. J. 1991, 37, 
1096. 

[122] D?Oleivera, J. ; AI-Sayyed, G.; Pichat, P. Enviton. Sci. Tee/mol. 
1990, 24, 990. 

[123] Sitkiewitz, S.; Heller, A. New J. Chem. 1996, 20, 233. 

[124] Harvey, P. R; Rudham, R.; Ward, S. J. Chem. Soc. Faraday Trans. 
1983, 1, 1381. 



114 

[125] Serpone, N.; Lawless, D.; Khairutdinov, R.; Pelizzetti, E. J. Phys. 
Chem. 1995, 99, 16655. 

[126] Martin, S.; Herrmann, I-I.; Choi, W.; Hoffmann, M. J. C1Lem. Soc. 
Faraday Trans. 1994, 90, 3315. 

[127] Martin, S.; Herrmann, H.; Hoffmann, M. J. Chem. Soc. Faraday 
Trans. 1994, 90, 3323. 

[128] Atkinson, R.; Baulch, D. L.; Cox, R. A.; Hampson, R. F. J.; Kerr, 
J. A.; Tore, J. J. Phys. Chem. Ref. Data 1989, 18, p.932. 

[129] Sclafani, A.; Palmisano, L. ; Davi , E. J. Photochem. Photobiol. A: 
Chem. 1991, 56, 113. 

[130] Palmisano, L.; Augugliaro, V.; Sclafani, A.; Schiavello, M. J. Phys. 
Chem. 1988, 92, 6710. 

[131] The International Conference on Ti(h Photocatalytic Purification 
and Treatment of Air and Water. London, Ontario, Canada, 1993-
6. 

[132] Yamazaki-Nishida, S. ; Nagano, K. J.; Phillips, L.A.; Cerveramarch, 
S.; Anderson, M. A. J. Photochem. Photobiol. A Chem. 1993, 70, 
95- 99. 

[133] Nimlos, M. R.; Wolfrum, E. J.; Brewer, M. L.; Fennell, J . A.; Bint­
ner, G. Environ. Sci. Techno[. 1996, 30, 3102. 

[134] Raupp, G. R.; Dibble, L. A. Environ. Sci. Techno/. 1992, 26{3}, 
492. 

[135] Fujishima, A.; ln The International Conference on Ti(h 
Photocatalytic Purification and Treatment of Air and Water. Lon­

don, Ontario, Canada, 1993; p 98. 

[136] Hashimoto, K.; Ohko, Y.; Watanabe, M.; Fujishima, A.; In 189th 
Meeting of the Electrochemical Society (Extended Abstracts}: Los 
Angeles, California, May 5-10 1996; p 697. 

[137] Ohko, Y.; Hashimoto, K. ; Fujishima, A. J. Phys. Chem. A 1997, 
101, 8053. 



115 

[138) Sherwood, T. K.; Pigford, R. L.; Wilke, C. R. Mass transfer; 
McGraw-Hill: New york, 1975. 

[139] FUller, E. N.; Schettler, R. D.; Gidding, J. C. Ind. Eng. Chern. 
1966, 58(5}, 19. 

[140] Torii, K. Proceedings of the 3rd Symposium on Flow Visualization: 
Univ. of Tokyo, July 17-18 1975; p 5. 

[141] Matthews, R. W. J. Phys. Chern. 1987, 91, 3328. 

[142] Matthews, R.; Mcevoy, S. J. Photochem. Photobiol. A Chem 1992, 
64, 231. 

[143] Obee, T. N.; Brown, R T. Environ. Sci. Techno!. 1995, 29, 1223. 

[144] Schwitzgebel, J.; Ekerdt, J . G.; Sunada, F.; Lindquist, S.; Heller, 
A. J. Phys. Chern. B 1997, 101, 2621. 

[145) Vorontsov, A. V.; Bararmik, G. B.; Snegurenko, 0. I.; Savil1ov, 
E. N.; Parmon, V. N. Kinet. Catal. 1997, 38, 84. 

[1 46] Pichat, P. Catal. Today 1994, 19, 313. 

[147] Shin, E. M.; Senthurchelvan, R.; Munoz, J .; Basak, S.; Rajeshwar, 
K.; Benglassrnith, G.; Howell, B. C. J. Electrochem. Soc. 1996, 
143, 1562. 

[148] Hoffmann, M. R.; Martin, S. T.; Choi, W. Y.; Balmemann, D. W. 
Chem. Rev. 1995, 95, 69. 

[149] Clinton, N. A.; Kenley, R. A.; 'fraylor, T. G. J. Am. Chern. Soc. 
1975, 97, 3452. 

[150] Clinton, N. A.; Kenley, R. A.; Thaylor, T. G. J. Am. Chem. Soc. 
1975, 97, 3757. 

[151] 'fraylor, T. G.; Russel, C. A. J. Am. Chern. Soc. 1965, 87, 3698. 

[152) Leonardos, G.; Kendall, D.; Barnard, N. J. Air. Pollut. Control. 
Assoic. 1969, 19, 91. 



116 

[153] Harke, H. P.; Baars, A.; Frahm, B.; Peters, H.; Schults, C. Int. 
Arch. Arbeitsrned. 1972, 29, 323-339. 

[154] Wakeham, H. Recent trends in tobacco smoke research; Plenum 
Press: New York, 1972. 

[155] Goldstein, S.; Czapski, G.; Rabani, J . J. Phys. Chern. 1994, 98, 
6586. 

[156] Phillips, B.; Frostick Jr., F. C.; Starcher, P. S. J. Arn. Chern. Soc. 
1957, 79, 5982. 

[157] Schuchmann, M. N.; Sonntag, C. V. J. Phys. Chern. 1979, 99, 780. 

[158] Moortgat, G.; Veyret, B.; Lesclaux, R. J. Phys. Chern. 1989, 93, 
2362. 

[159] Moortgat, G.; Veyret, B. ; Lesclaux, R. Chern. Phys. Lett. 1989, 
160, 443. 

[160] Watts, R. J.; Kong, S.; Orr, M. P.; Miller, G. C.; Henry, B. E. 
Water Res. 1995, 29, 95. 

[161] Carrizosa, I.; Munuera, G. J. Catal. 1977, 49, 174. 

[162] Carrizosa, I.; Munuera, G. J. Catal. 1977, 49, 189. 

[163] Walker, A.; Formenti, M.; Meriaudeau, P.; Teichner, S. J. J. Catal. 
1977, 50, 237. 

[164] Miyata, H.; Wakamiya, M.; Kubokawa, Y. J. Catal. 1974, .']4, 117. 

[165] Nakajima, T.; Miyata, H.; Kubokawa, Y. Bull. Chern. Soc. Jpn. 
1982, 55, 609. 

[166] Morimoto, T.; Nagao, M.; Tokuda, F. Bull. Chern. Soc. Jpn. 1968, 
41, 1533. 

[167] Omori, T.; Imai, J.; Nagao, M.; Morimoto, T. Bull. Chem Soc. 
Jpn. 1969, 42, 2198. 

[168] Sukharev, V.; Wold, A.; Gao, Y. M.; Dweight, K. J. Solid State 
Chern. 1995, 119, 339. 



117 

[169] Takeda, N.; Ohtani, M. ; Torimoto, T.; Kuwabata, S.; Yoneyama, 
H. J. Phys. Chern. B 1997, 101, 2644. 

[170] Torimoto, T.; Ito, S.; Kuwabata, S.; Yoneyama, H. Environ. Sci. 
and Tee/mol. 1996, 30, 1275. 

[171] Sampath, S.; Uchida, H.; Yoneyama, H. J. Catal. 1994, 149, 189. 

[172] Uchida, H.; Itob, S.; Yoneyama, H. Chem. Lett. 1995, 1995. 

[173] Takahashi, K. ; Hashimoto, K.; Fujishima, A. Proceedings of the 

4th Symposium on Recent Development of Photocatalysis: Univ. of 
Tokyo, Dec. 17 1997; p 80. 





K
odak C

olor C
ontrol P

atches 
·
~
.
,
·
~
 

B
lue 

C
yan 

G
reen 

Y
ellow

 
R

ed 
W

hite 
3/COJor 

B
liitl 

K
odak·G

ray$cale 
A

1
a
s

·
4

s
.

s 


