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Abstract 

A semitransparent Tie2 film with extraordinarily high photocatalylic activity was prepared oil a glass substrate by sinterinB a Tie2 sol at 
450 °C. Crystallographic analysis by X-ray diffraction and Raman spectroscopy showed that the film was purely anatase. The photocatalytic 
properties of the film were investigated by measuring the photodegradative oxidation of gaseous acetaldehyde at various concentrations under 
strong, and weak UV light irradiation conditions. The photocatalytic activity of the film was higher than that of one of the most active 
commercial Tie2 powders, Degussa P-25. The kinetics of acetaldehyde degradation as catalyzed by the Tie2 film as well as by P-25 powder 
were analyzed in terms of the Langmuir-Hinshelwood model. It is shown that the number of adsorption sites per unit true surface area is 
larger with the Tie2 film, as analyzed in the powder form, than with P-25 powder. Meanwhile, the first-order reaction rate ~onstant is also 
much larger with the film than with P-25 powder. Moreover, under most experimental conditions, particularly with high concentrations of 
acetaldehyde and weak UV illumination intensity, the quantum efficiency was found to exceed 100% on an absorbed-photon basis, assuming 
that only photo-generated holes play a major role in the reaction. This leads to the conclusion that the photodegradative oxidation of 
acetaldehyde is not mediated solely by hydroxyl radicals, generated via hole capture by surface hydroxyl ions or water molecules, but also by 
photocatalytically generated superoxide ion, which can be generated by the reduction of adsorbed oxygen with photogenerated electrons. 
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1. Introduction 

The photo-oxidative decomposition of organic compounds 
in colloidal and particulate semiconduct~,~ catalyst suspen- 
sions has been well studied. This proee,,~s is based on Ihe 
strong oxidative power of photogenerated holes on the pho- 
tocatalyst surface [1-3].  However, several practical prob- 
lems with using powders in photochemical processing are 
apparent: ( 1 ) separation of the catalyst from the suspension 
after the reaction is difficult, (2) the suspended particles tend 
to aggregate, especially when they are present at high con- 
centrations, and (3) particulate suspem'ons are not easily 
applicable to continuous flow systems. In order to avoid these 
technical problems, several approaches have been taken. For 
example: ( 1 ) powder-type photocatalysts have been immo- 
bilized on various supports, including glasses [4 ], silica [ 5 ], 
polymers [5-9], clays [ 10], sufactant vesicles [ 11,12], and 
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micelles [ 13]; and (2) catalysts were prepared in film form 
[4,14-27]. Although these approaches have not been com- 
pletely successful, the development of immobilized photo- 
catalysts with high activity is still of great technological 
importance. However, film-type photocatalysts normally 
have lower surface areas than powdered ones, and the intrin- 
sic photocatalytic activity of films is usually smaller than that 
of powders. 

Recently we have developed a procedure for the prepara- 
tion of Tie2 thin films with high photocatalytic activity. We 
found that a Tie2 film coated on a flat substrate by sintering 
an anatase sol exhibited efficient photocatalytic decomposi- 
tion of acetaldehyde even with room light illumination. Sur- 
prisingly, it was observed that the film showed much higher 
photocatalytic activity than that of one of the most active 
commercial Tie2 powders, Degussa P-25 [28]. 

This paper addresses the detailed characterization and 
investigation of the photocatalytie activity of this extraordi- 
narily active Tie2 film, and includes comparisons with P-25 
powder. The photoactivities were measured as the photode- 
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composition rates of gaseous acetaldehyde as a function of 
the UV light intensity and the reactant concentrations. The 
adsorption of acetaldehyde in the dark is examined in terms 
of the Langmuir isotherm, and the kinetics of the photolytic 
reactions are examined in terms of the Langmuir-Hinshel- 
wood (L-H) model. Finally, several reasonable reaction 
mechanisms are proposed that are consistent with the meas- 
ured quantum yields. 

7.. Experimental details 

2. !, Mamriais 

All of the chemicals used were reagent-grade. Acetalde- 
hyde was purchased from Merck Japan Co. Ltd. For purposes 
of comparison, Tie2 powder catalyst. Degussa P25 (anatase. 
Nippon Aerosil Co.. Tokyo), with an average particle size of 
30 nm and BET surface ~ a  of 50 m 2 g" * were used as 
received, The light source used was a 500 W high-pressure 
Hg lamp (Ushio Co.Ltd., Model USH.500D), together with 
a band-pass filter at 365 nm (Melles-Griot 03FIMO28), 
which had a transmission bandwidth at half-maximum of 4.5 
nm, The UV intensity was controlled by using neutral-density 
filters. 

The preparation procedure for the Tie2 thin film has been 
previously reported [ 28]. It involves the preparation of a 
titanic acid sol via the thermal hydrolysis of an aqueous titanyl 
sulfate solution 

TiOSO4 + nH~O ~ TiO~. (n - ! )H,.O+ H~SO4 ( I ) 

followed by dispersion with nitric acid to form the titanic 
acid sol. In order to enhance its ~rystallinity, this sol was then 
autoclaved at 180 ~:: for 30 rain. The autoclaved TiO~ sol is 
now commercially available (lshihara Sangyo Kaisha Ltd., 
ST- I i ), The BET surface ~ of the TiO~ powder obtained 
by drying the sol was 64 m ~ 8 ~ *, Hereafter, the TiO~ powder 
oblair~! is r e f ~  ~ as "TiO~ powder A", A coating of the 
TiO~ sol was applied to a fused silica plate substrate (6 cm x 8 
cm X I ram) followed by sintering at4$0 °C in air for 30 min. 
An X-ray diffraction pattern of the film on the gless substrate 
was obtained for 20 diffraction angles between 20 and 60 Q 
using a Rigaku Denki Model RINT-2400, The Raman spec- 
trum was recorded on a Renishaw Ramascope using an argon. 
ion Inset (514,5 rim) as the light source, with an exposure 
time of I0,0 s, Scanning electron microscopic (SEM) exam- 
ination of the film was carded out on a Hitachi Co, Ltd. Model 
S-$30, 

2,2, d~orp~ion isotherm a,a(vsis 

The ~on-<lesocption eq,dl;bdum of acetaldehyde in 
the dark on the TiOa film and P. 25 powder was ©xamincd by 
i~]ecting saturated gaseous acetaldehyde vapor into a sealed, 
air-filled container, and the decrease in acetaldehyde concen- 
tration via adsorption omo both the photecatalysts was meas- 

ured gas-chromatographically on a Shimadzu Model GC-gA 
equipped with two 2 m Porapak-Q Columns, both with flame 
ionization detectors and one with an additional methanizer 
(see below), with nitrogen as the carrier gas. It should be 
noted that the adsorption measurements were carried out 
using the TiO~, powder (referred to as TiO2 powder A) from 
which the film was prepared, and not the Tie2 film itself, 
because the total true surface area of the film was too small 
to be able to obtain precise adsorption parameters. Equilib- 
rium was achieved at times of about 40-60 rain after sample 
injection. The "adsorbed concentration" Cads Was calculated 
by subtracting the equilibrium concentration C,,,q from the 
initiai concentration Co, From an adsorption isotherm-tyl:~ 
plot ( I/C,j~ vs, I tC~), Langmuir adsorption parameters 
were calculated. 

2.3. Photeutecomposition studies 

The photocatalytic activity of the film was evaluated by 
measuring the change in concentration of acetaldehyde and 
evolved CO: as a function of irradiation time. The photo- 
reactor vessel was made of Pyrex glass, with a volume of 
1000 cm s. On the side exposed to the UV light, a transparent 
silica glass plate window (transmission 95% for UV light of 
wavelengths greater than 260 nm) was used. The distance of 
the TiO~ film to the light source was about 25 cm, and a 
4.5 × 4.5 cm square (about 20 cm" area) ofthe film was used. 
The UV intensity at the film surface was varied from 0.4 to 
2,7 mW cm-~, Similar experiments using Tie2 powder A 
and commercial Tie.,. powder (Degussa P25, Nippon Aerosil 
Co. Ltd.) were also carried out. In this case, about 0.8 g of 
TiO~ powder A and 0.25 g of P-25 powder were spread evenly 
on the bottom of a plastic dish (about 20 cm 2 area), and this 
was placed in the reaction vessel described above. 

Saturated gaseous acetaldehyde was injected into the ves- 
sel so that the cencentration was in the range of 300-2400 
ppmv. Initially the vessel contained ambient air at a relative 
humdity of about 30-35%. The irradiations were conducted 
at room ten,Fcrature after equilibrium between the gaseous 
and adsorbed acetaldehyde was reached (as ascertained by 
monitoring the concentration chromatographically about 
every 10 min). After starting the irradiation, the decrease in 
acetaldehyde concentration was also measured using the gas 
chromatograph, as described above. At the same time. the 
amount of gaseous carbon dioxide evolved was analyzed 
using the t ic  column which was equipped with the methan- 
izer (Shimazu, Model MTN-I), which was operated at a 
temperature of 400 °C. 

The calculation of the quantum yields for the Tie2 fih~l as 
well as for P-25 powder was based on the number of absorbed 
photons within the photocatalyst layer. In this case. the light 
intensity absorbed in the layer is obtained by subtracting the 
transmitted light intensity (corrected for the absorbance of 
the fused silica substrate) from the incident light intensity. 
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3. Results qnd discussion 

3. !. Structural properties 

A relatively smooth, semi-transparent Tie2 thin film, with 
a thickness of about I 0/.tin, was prepared on a glass substrate. 
SEM images are shown in Figs. 1 (a) and 1 (b), which show 
top and cross-sectional views, respectively. It can clearly be 
seen that, although the surface is relatively rough, the particles 
are well sintered. The film consists of small crystalline par- 
ticles with an average diameter of aabout 50 nm. Because the 
average particle size in the sol was about 20 nm, it is assumed 
that the particles aggregated slightly during the heat treat- 
ment. The crystallographic characteristics were examined 
using X-ray diffraction and Raman spectroscopy, shown in 
Figs, 2 and 3, respectively. In the 20 range from 20 ° to 60 °, 
five peaks were observed: 25.2, 38.5, 48.0, 53.9 and 55.2. All 
of these peaks can be attributed to anatase [29]. No peaks 
other than those attributable to anatase were observed. The 
Raman spectroscopy also exhibited only bands that were 
attributable to anatase: 146, 397, 519 and 641 cm-~ [30]. 
These observations show that, within the detection limits of 
the measurements, the film consisted of only anatase. 

Fig. I. SEM photomicrographs of (a) top and (b) cross-sectional views of 
the TiO~ fihn, 
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Fig. 3, Ram0n spectrum of the TiO~ film, 

3.2. Adsorption measurements 

The adsorption properties of gas-phase acetaldehyde on 

Tie2  powder A and P-25 powder were analyzed in terms of 
the Langnmir isotherm 

O= " = - -  (2) 
Cm~ 1 +KC~ 

where O is the surface coverage, Cads is the surface concen- 
tration of adsorbed molecules, Cm~ is the maximum surface 
concentration available for the adsorbate, K is the adsoq)tion 
equilibrium constant, and C~ is the equilibrium gas-phase 
concentration of the adsorbing species. Fig. 4 presents plots 
of the reciprocal of the "surface concentration" C,as- ~ vs. 
the reciprocal of the equilibrium concentration C~- ~ for Tie2 
powder A and Degussa P-25 powder. The Langmuir isotherm 
parameters C,~ and K were obtaine(~! using linear least- 
squares analysis and were found to be 100/~mol dm ~ 3 and 
0.016 dm 3/.tmol- ~, respectively, for Tie2 powder A, and 17 

. . . . . . . . . . . . . .  I ! | ............. ! 

20 30 40 50 60 

20 / deg 
Fig. 2. X-Ray diffraction patterns of the Tie= film, 
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Fig, 4, tamgmair plots of the C~  ° ' vs. C,.~ ° t for the adsorption of acetal- 
dehyde gas on Tt02 powder A and P°25 powder, 

btmol dm ~ ~ and 0.030 dm ~ #reel ° i ,  respectively, for the P- 
25 powder. Considering the Bf~T surface areas of TiO~ pow- 
der A, 64 m: g = t and po25 powder, 50 m 2 g ool. as well as 
the weights of the TiO~. powder (0.8 g) and P-25 powder 
(0.25 g) used, we obtained the maximum surface concentra- 
tions of acetaldehyde as 1.2 molecules nm ° 2 and 0.8 mole- 
cules nm == for Tie2 powder A and P-25 powder, 
respectively i. This result indicates that the adsorbability for 
gaseous acetaldehyde is slightly higher for Tie2 powder A 
than for 1>-25 powder. 

3.3, P!wtocatalytic reaction 

Representative plots describing the decrease in the con- 
centration of acetaldehyde (semilogarithmic plot) and the 
increase in the concentration of CO~ (linear plot) as a func- 
tion of time me shown in Figs, 5(a) and 5(b), resi~ctively, 
These ate results for photodegradation of 300 ppmv gaseous 
acetaldehyde in contact with the thin film, TiO~ powder A 
and P,25 powder, with a U~ intensity of 0,4 raw cm = ~, 
About $0 rain after the injection of the reactant gas into the 
~ssel, adsorption equilibrium was reached, and then the irra- 
diation was started, 

The initial decreases in the acetaldehyde concentrations 
showed apparent exponential decay, thus indicating first= 
order kinetics, It is clear from the figure that the Tie= fihn 
showed a higher photocatalytie activity than did the Po25 
powder, The activity of the film was also somewhat higher 
than that of'rio= powder A, It should be noted, however, that 
although the apparent area of each catalyst was the same (20 
em ~) the weight of film used was approximately 40 times 
less than that of powder A, Thus it is clear that the activity of 
the film is also significantly higher than that of powder A, 
Similar results were also found for CO2 production rates, as 
shown in Fig, 5(b), 

For the calc~l~ion method of the maximum surface concentration, see, 
for ~ Ref. 1311. 

3.3.1. Kinetic analysis of the photodegradation of  
acetaldehyde 

In order to elucidate the reasons for the high activity of the 
Tie2 film, a Langmuir-Hinshelwood (L-H) kinetic model 
was used. The L-H model has been shown to provide a 
quantitative kinetic treatment of many solid-gas phase reac- 
tions [ 32 ]. This model includes the assumption that the Lang- 
muir adsorption isotherm is valid for the surface reaction. The 
rate R of a unimolecular surface reaction will obey the fol- 
lowing equation 

R = k ~ =  kKC~.. (3) 
I + KCcq 

where k is the apparent first-order reaction rate constant. 
Fig, 6 shows plots of the reciprocal of the initial degrada- 

tion rate R = i vs, the reciprocal of the equilibrium concentra- 
tion of acetaldehyde C~a- i for degradation of acetaldehyde, 
The rate, R (reel dm ~ 3 rain = t ), was calculated for the initial 
20 rain photo-irradiation time. The catalysts used were the 
Tie2 thin film, TiO~ powder A and Dogussa P-25 powder, 
with a light intensity of 0.4 mW cm- :. The plots are linear, 
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Fig, ~, Plots of (a) the decrease in acetaldehyde concentration and (b) the 
increase in C02 concentration vs. irradiation time during the photodegra- 
d~ion of 300 ppmv acetaldehyde gas in contact with the Tie2 film, Tie 2 
powder A, and P-25 powder under UV irradiation of0A mW cm-= intensity. 
The apparent a~ea of each catalyst was the same (20 cm2), with the weights 
used were 0.02 g, 0.8 g, and 0.25 g for the Tie= film. Tie2 powder A and 
P-25 powder, respectively. 
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Fig. 6. Langmuir-Hinshelwood plots of R" t vs. C, m + t for the degradation 
of acetaldehyde in contact with the TiO~ fihn, 'rio2 powder A and P°25 
powder under UV illmnination of 0A mW cm~ 2 intensity. 

indicating that the treatment using the L+H model is appro- 
priate for the photocatalytic acetalddlyde oxidatior in contact 
with the three photocatalysts. 

Ana!~,m of the plot for the film provided L+H parameters 
of 1.50 pmol dm+ 3 rain + ~ and 0.0034 dm 3/~mol +° ~ for k and 
£, respectively. The L-H parameters for powder A were 1.00 
/.tmol dm -3 rain -I and 0.012 dm 3 pmol -I  for k and K, 
respectively. Again, as discussed in connection with Fig. 5, 
although the rate constants are similar, the amount of Tie2 in 
the film was a factor of 40 times less than that in the powder 
A sample used. Thus, if the rate constant is normalized to the 
weight of catalyst, the value for the film will be a factor of 
about 60 times higher than that for powder A. For P-25 
powder, the k and K values were 0.30/.tmol dm-  3 rain - t and 
0.028 dm "~/~mol- I, respectively. It is also important to note 
that the values for the adsorption equilibrium constant for 
Tie2 powder A (0.012 dm 3 /~mol - t )  and P-25 powder 
(0.028 dm 3 p~mol- t ) obtained from the kinetic analysis are 
in good agreement with those obtained from the adsorption 
analysis (0.016 dm "~ p~mol - I for Tie2 powder A and 0.030 
dm 3/zmol- t for P-25 powder), thus confirming the validity 
of the L-H fitting. 

The reasons for the high photocatalytic activity of the ana- 
tase film have not been fully elucidated yet. However, one of 
the possible reasons is that, in addition to the relatively high 
surface area, the film may also have fewer defects (higher 
crysgallinity) as a result of annealing at high temperature (450 
°(2). With a higher crystallinity, the number of electron-hole 
recombination centers would decrease. In this connection, it 
is also important to note that, in general, the crystallization 
of anatase causes a drastic decrease in the surface area [ 33 ]. 
However, in the case of our Tie2 film, the heat treatment at 
4.50 °C appears to have produced a surface with higher crys- 
tallinity but without a marked decrease in surface area. The 
autoclaving of the anatase sol at a relatively low temperature 
(180 °C) is considered to play a major role in this process 
by facilitating the subsequent crystallization. 

Other possible reasons for the high activity of the film 
include differences in the efficiency for charge separation 
within the Tie2 itself and in the efficiency for hole trapping 
by adsorbed reactants and intermediates. Other processes may 
also be involved, based on the possible reaction mechanisms 
(discussed later). 

3.3.2. Dependences o f  quantum yield on light intensity and 
initial reactant concentration 

The manner in which the quantum yields (QY) for acet- 
aldehyde degradation were evaluated will now be described 
in detail. In the QY calculation, it should be noted that initial 
rates (after 10 rain) of acetaldehyde disappearance and CO2 
production are used. 

The oxidative photodegradation of acetaldehyde with a 
Tie2 photocatalyst in principle proceeds as follows "+: 

CH+CHO(ads) + H+O + 2h + 

CH~COOH(ads) + 2H + (4) 

and 

CHeeriO(ads) + 3H20+ 10h + ~ 2CO2+ 10H + (5) 

When the number of molecules on the Tie2 surface is much 
larger than the number of incident photons, most of the 
adsorbed acetaldehyde molecules should be oxidized to acetic 
acid (Eq. (4)) .  However, when the number of the holes 
photoproduced on the Tie2 surface is much larger than the 
number of acetaldehyde molecules adsorbed, the proportion 
of direct oxidative conversion to CO2 (Eq. (5)) might 
increase. Indeed, for a given set of experimental conditions, 
particularly a combination of low initial concentration of 
acetaldehyde and high UV intensity, the acetaldehyde deg- 
radation rate has been shown to parallel the CO2 production 
rate, and it was also found that a stoichiometric yield of CO2 
could be obtained after tile reaction was complete [34]. 
Suzuki also reported the same result using P-25 powder as 
the photovatalyst [35]. However, under the conditions 
reported here, the rate of CO2 formation was lower than that 
of acetaldehyde degradation. This slower CO2 formation 
compared to the acetaldehyde disappearance can be attributed 
to the relatively rapid formation of acetic acid as an int~+, - 
mediate, which subsequently oxidizes to CO: as shown in 
Eq. ( 6 ) .  

CH3COOH(ads) + 2H20 + 8h + - - ~  2CO2 + 8H + (6) 

It is known that, in a deaerated aqueous solution, acetic 
acid converts to CO2 and CH4 in the presence of a TiO~ 
photocatalyst via the so-called "photo-Kolbe reaction" 

2 Under the present experi~mtal conditions, it was estimated and also 
found experimentally that the arqount of water pnment in the ambient air 
was in at least a tenfold excess with respect to the amount needed to oxidize 
the acetaldehyde to CO2 according to Fig. 5, Per example, for an initial 
relative humidity of 32%, the relative humidity was found to decrease only 
by 2-5% relativ~ humidity when the photocatalytic reaction was allowed to 
go essentially to completion, 
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Table I 
Quantum yields (QY) for photodegradation of gaseous acetaldehyde with 
the Tie2 film and P-25 powder photocatalysts 

Initial cenc. UV intensity QY (%) 
( ppmv ) (mW cm 2 ) 

CO2 CH3COOH 

Total 

1500" OA 68 50 118 
1500 * 2.7 93 23 I 16 
300" 0.4 56 16 72 
600 a 0.4 50 6 56 

1000 6 0.4 47 12 59 
2400 1 0.4 98 26 ! 24 

600 ~' 0.4 9 12 21 
2~00 b 0,4 18 27 45 

' For the TiO~ film. 
*' For P-2S powder, 

[36]. However, under the present conditions (ambient air), 
O2 was present and can accept a conduction-band electron: 

O~(ads) +ec. 2 (7) 

Thus the photo-Kolbe reaction scarcely occurs. Actually 
we did not observe C ~  formation at all. The amounts of both 
acetic acid and CO2 produced have to be known f~r the 
calculation of quantum yield. However, the quantitati'~e anal- 
ysis of acetic acid formation is difficult, because the acid may 
exist not only in the gas phase but also on the photocatalyst 
surface and on the reactor vessel walls. Therefore, the amount 
of acetic acid produced was estimated from the amount of 
acetaldehyde that had disappeared and the amount of evolved 
CO~ "~. Under the assumption that only holes formed in the 
Tie2 bulk were responsible for the formation of acetic acid 
and CO2, the quantum yields for the reactions can be 
expresged as follows 

~ll~(~OOtl 

2 × (number of CH~COOH produced) 
number of photons absorbed on the catalyst surface 

( 8 )  

Oco~ 

_ _  5 × ( number of CO~ pr~luced) 
number of photons absorbed on the catalyst surface 

(9) 

and the total quantum yield is the sum of both. 
Table I shows the relevant quantum yields for the photo- 

degradation of acetaldehyde on the UV-illuminated Tie2 film 
and 1)-2.5 powder photocatalysts, with different light inten- 
sities and initial reactant concentrations. It is clear from this 
table that the film showed higher photocat~ytic activity than 

Cmbon dioxide can also be produced via photodegntd~on of acetic 
ecid, but this process will be neglected bemuse, as shown in Table I, espe- 
cially for the deWadatioa by the film the quantum yields for C02 production 
me mech higher thM thase f~r acetic acid lmxluction. 

P-25 nowder, as indicated by higher total quantum yields. 
Furthermore, the higher photoactivity of the film led to the 
observation that the quantum yields for CO2 production were 
much higher than those for acetic acid production. Con- 
versely, for the less active P-25 powder, the quantum yields 
for acetic acid production were higher than those for CO2 
production. 

As expected on the basis of the preceding discussion, there 
was a tendency that the quantum yield for acetic acid for- 
mation decreased and that of CO2 formation increased with 
increasing UV mteuslty at constant initial concentration. With 
a constant UV intensity of 0.4 mW cm-2  the total quantum 
yield for the film ranged from 72 to 124% when the initial 
concentration was varied from 300 to 2400 ppmv. It is nec- 
essary to recall that these values were obtained by assuming 
that only photogenerated holes were responsible for the deg- 
radation of acetaldehyde. The values of the total quantum 
yield, which are greater than unity, indicate that the catalytic 
photo-oxidation did not proceed only via the simple initiation 
steps as assumed. 

3.4. Mechanism of acetaldehyde photodegradation 

It has been established that, when the TiO~ semiconductor 
is irradiated with UV light of wavelength shorter than 380 
nm, highly mobile electron-hole pairs can be created. These 
carriers, after migrating to the surface, can in turn be trapped 
by surface-adsorbed molecules at different sites, leading to 
oxidation and reduction processes. The hydroxyl radical is 
implicated as a reactive species in the photocatalyzed degra- 
dative oxidation of many organic compounds in liquid-solid 
systems as well as in gaseous phase systems. It is considered 
that the highly active radicals are formed through the capture 
of holes by surface water molecules and/or hydroxyl ions. 
At the same time free electrons, constantly generated in the 
conduction band by illumination, can be trapped by adsorbed 
oxygen, as shown in Eq. (7), forming 02"-. We have pre- 
viously suggested [ 28] that ',he hydroxyl radicals generated 
solely by holes play a major role in the catalytic photodegra- 
darien of gaseous acetaldehyde. As widely recognized, the 
majority of the hydroxyl radicals formed in heterogeneous 
photocatalysis are derived from water [ 37 ], and therefore the 
reaction sequence of acetaldehyde oxidation can be described 
through the following equations 

H20 + h + - - :  • OH + H + (10) 

CH3CHO + .  OH ~ CH3CO" + H 2 0  (11) 

CH3CO" +" OH---* CH3COOH (12) 

The net reaction is expressed in Eq. (4). Under strong UV 
irradiation, acetic acid formed will undergo further oxidation 
to CO2, as described in Eq. (6). As was described in the 
previous section, however, the quantum yield calculated with 
Eqs. (4) and (5) exceeded 100%. Raupp and Junio [38] 
also reported that, in the photodegradative oxidation of gas- 
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eous-phase acetone and MTBE using P-25 powder in the 
presence of 02, the apparent quantum yields were greater 
than 100%. (It should be noted that their calculation was 
based on incident light intensity, while ours was based on the 
absorbed intensity, but since, in our case, most of the light 
was absorbed by the film, the difference is not large.) These 
results imply that the acetaldehyde oxidation reactions are 
not exclusively mediated by hole-generated hydroxyl radi- 
cals. These authors [ 38 ] also observed the effect of increas- 
ing the O, concentration on the oxidation rates of gaseous 
reactants, although the effect became negligible for O2 con- 
centrations over 10 mol.%. One of the possible pathways is 
the direct oxidation of intermediate species by oxygen, as 
suggested by Schwitzgebel et al. for aqueous systems [39]. 

CH,~CO. + O2 -~ CH~COOO. (13) 

CH3COOO. + CH~CHO 

CH~COOOH + CHACO. (14) 

CHjCOOOH 4- CH3CHO ---)  2CHjCOr)H (15) 

The total reaction is 

3CH~CHO + 02 + h + 

2CHjCOOH + CHjCO • 4" H + (16) 

Therefore, one hole oxidizes three acetaldehyde molecules, 
producing two acetic acid molecules and reactive radical 
CH3CO' .  Then the carbonyl radical is considered to play a 
main role in propagation of chain reactions. 

An additional possibility i~ that the superoxide ion created 
by the conduction-band electron through Eq. (7) takes part 
in the oxidation reactions. For example, it is considered that 
H202 iS formed from 02.- as follows [40]: 

O2"- + H + ~ H%" (17) 

HO2' 4" e -  + H + ~ H202 (18) 

Actually, we have confirmed the production of H202 by 
the reduction of 02 using a microelectrode technique [41 ]. 
Hydrogen peroxide production is subsequently followed by 
hydroxyl radical-forming reactions such as Eqs. (19) [42] 
and (20) [43] 

Ti 3 + + H202 ~ Ti + + + • OH + OH- (19) 

H2024" 02. -  ~ ' OH 4" OH - 4" 02 (20) 

or via direct photolysis [44], 

H202 4-hi' ~ 2"OH (21) 

The resultant . OH radicals again play a major role in 
oxidizing acetaldehyde, as in Eqs. (11) and (12). 

The superoxide radical itself has been suggested as being 
capable of reacting directly with adsorbed organic species on 
the TiO2 surface, in the gaseous phase [45,46] as well as in 

the aqueous phase [42 ]. Assuming the occurrence of direct 
contact between superoxide radicals and acetaldehyde mol- 
ecules in the adsorbed state, the following reaction can be 
considered: 

CH3CHO + O 2 -  - ' - ' )  CH3CO" ' HO 2- (22) 

CH3CHO 4- HO2- ~ CH3CO- + H202 (23) 

H202 + CH3CO' ~ CHjCOOH + • OH (24) 

CH3CO- + • OH ~ CH3COOH + e -  (25) 

The total reaction is 

2CHjCHO + 02 ~ 2CH3COOH (26) 

Under strong illumination, further oxidation proceeds 
similarly. 

2CH +COOH + 402 ~ 4CO2 + 4H20 (27) 

We believe that all of these reaction sequences can con- 
tribute to quantum efficiencies larger than unity as calculated 
by Eqs. (8) and (9). Further investigation is in progress to 
estimate the proportions of hole-generated direct oxidation 
and of chain-reaction-contributed oxidation. 

4. Summary 

A glass-supported TiO2 filrn with a particularly high pho- 
tocatalytic effect was prepped by sintering an anatase sol at 
450 *(2. The film was relatively smooth and semitransparent. 
The photocatalytic activity of the film was investigated in 
terms of the photodegradative oxidation of gaseous acetal- 
dehyde as a function of the UV light intensity. The TiO2 film 
showed much higher photoactivity than Degussa P-25 TiO2 
powder, which is one of the most active known photocata- 
lysts. The higher photocatalytic activity of the film can be 
attributed to a much higher-efficiency charge separation. The 
quantum yields, calculated on the basis of the number of 
absorbed photon,s and under the assumptio, that only pho- 
togenerated holes took part in the oxidative decomposition 
of the acetaldehyde, exceeded unity. Thus it is concluded that 
the acetaldehyde oxidation is not exclusively mediated by 
photogenerated holes but also by adsorbed oxygen, superox- 
ide radicals and/or hydrogen peroxide. In addition, the oxi- 
dation process may involve a carbonyi-radical-mediated 
chain-reaction mechanism. 

Acknowledgements 

We express gratitude to Dr. D.A. Tryk for valuable dis- 
cussions and careful reading of the manuscript. This work 
was supported by a Grant-in-Aid for Scientific Research from 
the Ministry of Education, Science and Culture of Japan. 



86 L Sopyan et al. I Journal of Photochemistry and Photobiology A: Chemistry 98 (1996) 79-86 

References 

[ I ] A. Mills, R.H. Davies and D. Worsley, Chem. Sac. Rev., 22 (1993) 
417. 

[21 R.X. Ca[, K. Hashin~oto, Y. Kubota and A. Fujishima, Chem. Let[. 
(1992) 427. 

[31 M.A. Fox, CHEMTECH, l i  (1992) 680. 
[4l R.W. Matthew, 5ol. Energy, 38 (1987) 405. 
[5] N. Kakula, K.H. Park, MF. Finlayson, A. Ueno, AJ. Bard, A. 

Campion, M.A. Fox, S.E. Webber and J.M. White, J. Phys. Chem., 89 
(1985) 1732. 

[61 D. Meismer. R. Memming and B. Kastening. Chem Phys. l, an.. 96 
(1983) 34. 

[7] M. Krishnan, J.M. White. M.A. Fox and AJ. Bard. J. Am. Chem. Sac.. 
i05 (1983) 7002. 

[g] A,W,H, Mau, C.B, Huang, N, Kakuta, A,J, Bard, A, Campion, M,A. 
FOX, J,M, While and S,E, Weber, ,!. Am, Chem, Sac., 106 (1984) 6537. 

[9] E. Borgamllo, N, Sefpone, P. Ltska, W, Btbs, M. Gratzel and E. 
Petizxetti, Oa~, CAlm Ital,, I15 (1985) 599, 

[10] O. Bn~ and A,J, Bard, J. Phys, Chest. 90 (1986) 301, 
[ ! I ] Y,M, Tricot and J,H, Fendler, J, Am, Chem, Sac,, 106 (1984) 2475. 
[ 12] Y.M, Tricot and J.H. Fendler. J. Am. Chem. Sac.. 106 (1984) 7359. 
113] M. Meyer. C. Wallberg. K. Kutihara and J.H. Fendler. J. Chem. Sac.. 

Chem, Commun.. (1980) 90. 
[ 14] N, Setpone, E, Borgatello, R. Harris, P. Cahill and M. Borgatello, Sol. 

Energy Mater.. 14 (1986) 121. 
[ IS] RW, Matthew, J, Phys, Chem,, 91 (1987) 3328. 
[16] R,W. Matthew, J. Ca[at.. ! ! !  (1988)64. 
[17] S, Tunesi and M,A. Anderson, J. Phys, Chem,. 95 ( 1991 ) 3399, 
[ 18] J. Sabate, M,A. Anderson. H. Kikkawa. M, Edwards and C.G. Hill, J. 

Catal.. 127 ( 1991 ) 167. 
[ 19] J. Sabate, M.A, Anderson, H, Kikkawa, Q. Xu, S. CerveraoMarch and 

C.G. Hill, J. Coral.. 134 (1992) 36, 
[20] W. Lee, Y,M, Gao, K, Dwight and A, Wold, Mat, Re,f. Bull., 27 (1992) 

685. 
[21 ] YM, Gao, H,S, Shen, R,K. Dwight a1~d s,, Wold, Mat, Res. B~II,. 27 

(1993) 1023. 
[22] A, Wold, Chem, Mater,. 5 (1993) 280, 
[23] J, Papp, H,S, Shen, R,K, Dwight and A, Wold, Chem, Mater.. $ [ 1993) 

284, 

[241 

[25] 

[26] 

[271 

[28] 

[29] 

[301 
[31) 

I32) 

[33] 

[341 

I351 
I361 

[37] 
[3S1 
1391 

[401 
1411 

1421 

I431 

I441 
1451 
1461 

M.A. Aguardo and M.A. Anderson, Sol. Energy Mater. Sol, Cell. 28 
(1993) 345, 
H. Cut, H.S. Shen, YM. Gao, K. Dwight and A. Wold, Mat, ICes. Bull,. 
28 (1993) 195. 
K. Vinodgopal, S. Hotchand,'mi and P.V. Kamat, J, Phys, Chem,. 97 
(1993) 9040. 
H.S. Shen, Y. Gao, K. Dwight and A. Wold, 3. SolidS[ate Chem., 106 
(199~I) 288. 
I, Sopyan. S. Murasawa, K, Hashimoto and A, Fujishima, Chem, Let[.. 
(1994) 723. 
Y.H, Chee, R,P. Cooney, R,F, Howe and P.A,W, van der Heide, 3. 
Raman Spectrosc., 23 (1992) 161. 
GJ. Exarcos and N.J. Hess, Thin Solid Films, 220 (1992) 254. 
J. Cunningham and G, AI-Sayyed, J, Chem, Sac,, Faraday Trans,, 86 
(1990) 3935, 
P. Pichat and J.M. Herfmann, in N. Serpone and E, Pelizzetti (eds,), 
Photocata!ysis, Fundamentals and Applications, Wiley, New York, 
1989, p. 217. 
I.A. Montoja, T. Vivel-os, JM. Domingues, L.A, Canales and I. 
Schtfmr, Catal. Le#., 15 ( 1992 ) 207. 
I, Sopyan, S. Murasawa, K. Hashlmoto and A, Fujishima, unpublished 
resulls. 
K. Suzuki, Trance. Met, Environ, 3 (1992) 421, 
T. Sakata. in N. Serpone and E, Pelizzetti (eds,), Phomcamlysi, v. 
Fundamental~ at:dAIJplications, Wiley, New York, 1989, p. 328. 
L.A, Dibble and G.B, Raupp, Catal, Leu,, 4 (1990) 345, 
G,B. Raupp and C,T. Junto, ApFI, Su~ Sci,. 72 (1993) 321, 
J. Schwilzgebel, J,G, Ekerdt, H, Geriseber and Heller, J, Pity,f, Chem.. 
99 (1995) 5633. 
J.R. Harbour, J, Tromp and M.L, Hair, Can, 3. Chem.. 63 (1985) 204. 
H, Sakai, R, Baba, K. Hashimoto and A, Fujishima, Trace Met, 
Envirm,.. 3 (1993) 651, 
I,M, Fraser and J,R, MacCallum, J, Chem, Sac,. Faraday ?tans, i. 82 
(1965) 2747, 
M, Fujihira, Y. Sarah and T. Osa, Bull. Chem. Sac, Jim, 55 (1982) 
666, 
A,B. Ross,./. Phys. Chem. Ref. Data, 14 (1985) 1041. 
R,I. Bickley and F.S. Stone, J. Catal,, 31 (1973) 389. 
B. Ohtanl, Y, Ueda, S, Ntshimoto, T. Kagiya and H. Hachisuka, 3. 
Chem. So¢., Perkin Trans,, 2 (1990) 1955. 


