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Abstract

The reduction of molecular oxygen is the counter reaction of mostophtilytic reactions proceedjroxidatively on titanium dioxide
particles. We have quantitatively anaid the reductive production of hydrogen pedexand superoxide ion from oxygen in an aqueous
solution containing 2-propanol as the scavenger of positive holes. The rates for the production of hydrogen peroxide and superoxide ion
were determined by colorimetry using iodide and nitroblue tetrazolium, respectively. In addition, the oxidation of 2-propanol to acetone was
monitored. Based on a comparison of these production ratesisitcancluded that the main product from oxygen is hydrogen peroxide
when TiG, powder consisting mainly of anatase-form particles is used, whereas the main product is superoxide ion whpawd&D
consisting mainly of rutile-form péicles is used. The difference in the photocatiahactivity between these powders can be attributed to
the difference between the reduction paths of oxygen on these powders. It was also found that the superoxide ion generated from molecula
oxygen spontaneously reacts with 2-propanol to produce acetone and hydrogen peroxide.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction These electrons and holes are thought to have the respective
abilities to reduce and oxidize chemical species adsorbed on
In recent years, studies of TiQphotocatalytic reactions the surface of TiQ particles. In most photocatalytic reac-
have attracted much attemidoecause these reactions are tions, oxidation processes are utilized for a variety of pur-
useful for the decomposition and mineralization of pollu- poses, and the reduction of molecular oxygen is often used
tants and undesirable compounds in the air and in wasteas a counter reaction. Hence,the field of photocatalysis,
water[1-9]. The TiO; photocatalytic reactions are also inter- most of the research interest has been focused on oxidation
esting from the viewpoint of organic syntheg&8-15] In processes. However, the reduction of molecular oxygen is
addition, the photochmical reactions on Ti@particles and ~ important because it is an essiahpart of the photocatalytic
on TiO; films are of interest due to their potential applica- Processes taking place on TiQarticles. In some cases, the
tion for the conversion of solamergy into chemical energy ~ reduction of molecular oxygen determines the efficiency of
[16—20]and electric energf21,22] In photocatalysis, light ~ the overall photocatalytic retion. This process is also es-
irradiation of TiQ, powder with a photon energy larger than sential because the products from molecular oxygen, i.e.,
the band-gap energy produces electreng @nd holesg™) superoxide ion (@~) [23,24] and hydrogen peroxidg5],

in the conduction band and the valence band, respectively.are considered to participate in subsequent reactions. How-
ever, few studies have focused on the quantitative analysis of

- . these products from molecular oxygen.
EOffénggd'ng aUtthOf- F";K +81'6'65|3(50'5599- . In this paper, we discuss the reduction products from
-mall address: matsu@chem.es.osaka-u.acjp (M. Matsumura). molecular oxygen in aqueous solutions containing 2-pro-
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dayamate, Hirakata, Osaka 573-0128, Japan. panol as the hole scavenger. By using 2-propanol, we can

2 present address: Faculty of Engineering, Kyushu Institute of Technol- N€glect Fhe _OXidative production of hydrogen pero_xidg and
ogy, 1-1 Sensui, Tobata, Kkgushu, Fukuoka 804-8550, Japan. superoxide ions, becauseetholes photogenerated in TiO
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. - . . NO N
particles are efficiently scavenged. In the discussion, the : ©

crystal structure effects of TiDparticles on the reduction

of molecular oxygen are hidjghted. In addition, we show 0y  +
that the high photocatalytic activity of anatase particles is N*H

correlated with the high yield of hydrogen peroxide from ©)\H300 OCH3/©

molecular oxygen on anatase particles.

NO2 NO,
2. Experimental
40
2.1. Materials -NH I!l-lN\ 2
Titanium dioxide powders obtained from the Catalysis ©/LH3CO /k©
Society of Japan (TIO-1, TIO-2, TIO-3), Ishihara Sangyo Formazan
Kaisha, Ltd. (ST-11, ST-21, CR-EL, PT-101), and Toho Ti- Fig. 1. Reaction of NBT with superoxide ions.

tanium Co., Ltd. (NS-90) were used as the photocatalysts.

Table 1summarizes the physical properties of thesezTiO  \yas introduced into the reaction solution at a rate of about
powders. Nitroblue tetrazolium (NBT), which was used for 5 m|/min,

the analysis of the superoxide ion, was obtained from Wako

Pure Chemical as a guaranteed reagent. Potassium supeb 3. Analyses of products

oxide was obtained from Aldrich Chemical Co. All other

chemicals used for this study were purchased from commer-  Acetone generated as a result of the photocatalytic reac-
cial sources as guaranteed-grade reagents and they were aflon was analyzed by gas chromatography (Shimadzu GC-

used without further purification. 6A) using a PEG-1000 column. For the analysis of super-
_ _ oxide ion, the photocatalyti@action was carried out in 4%
2.2. Photocatalytic reactions 2-propanol, to which NBT had been added at a concentra-

tion of 1 mM. Fig. 1 represents the chemical reaction be-
Photocatalytic reactions we carried out in Pyrex glass  tween superoxide ion and NBT. This reaction leads to the

tubes (15 mm i.d.) containing TiOparticles (100 mg) and  formation of purple formazaf26]. Although formazan is
5 ml of a mixed solution (water:2-propansl96:4 by vol-  soluble in aprotic solvents, it is insoluble in aqueous solu-
ume; hereafter referred to as “4% 2-propanol”) at room tem- tions. Hence, when formazan psoduced during photocat-
perature. Some of the experiments were carried out in 2% alytic reactions in agueous solutions, it precipitates on the
2-propanol. A 500 W high-pressure mercury lamp (Wacom, syrface of TiQ particles, rendering them purple. We deter-
BMO-500DY) was used as the light source. The light beam mined the amount of superoxide ion generated as a result of
was passed through a UV34-filter (Kenko Co.) to exclude the photocatalytic reaction byetecting the decreased inten-
the deep UV components. (< 340 nm), and the light in- sty of the absorbance of NBT in the solution. These mea-
tensity was controlled using fine stainless-steel meshes. Thesyrements proceeded as follows: after the TpOwder had
intensity of UV light falling on the reaction tube was ap- peen removed from the solution by centrifugation, the su-
proximately 0.6 mWcn? and the area was approximately pernatant solution was poured into a 1-cm quartz cell. The
4 cn?. During photoirradiation, the TiPparticles were sus-  Uv~-Vis absorption spectra were measured with a Shimadzu
pended in the solution with a magnetic stirrer, and oxygen yv-2500PC spectrophotometer. The amount of hydrogen

peroxide photocatalytically produced was determined by the

Table 1 addition of starch as the indicator, after the addition of 1 ml
Physical properties of some Tj(rowders used in this study of 1 x 1072 M Kl to the photoirradiated solution. The con-
TiOo Anatase component Surface area Purity’ centrations of the aqueous solutions of hydrogen peroxide
powder (%) (m?/g) (%) used for the calibration were standardized by using sodium
NS-90 <10 0.9 >99 thiosulfate. For the analysis of hydrogen peroxide produced
CR-EL <01 71 >99 by the photocatalytic reactn, the reaction was performed
PT-101 <01 25 > 99

in solution at a pH of about 2; the pH level was controlled

TIO-3 <10 48 >99 L )
TI0-2 - 999 18 985 by the addition of a small amount of an aqueous solution of
ST-21 ~ 999 56 95 H2S0O;. It was necessary to maintain alow pH in the reaction
ST-11 >99.9 71 95 solution, otherwise it would have been difficult to quantita-

TIo-1 >99.9 726 95 tively analyze the amount of the concentration of hydrogen

* The purity indicates the weight content of Ti@ the powder and the peroxide, becauset the hyd_mgen perqxidg gradually decom-
remainder is mostly water, except fBlO-2, which contains a total of about ~ posed in the reaction solution, especially in the presence of

0.5 wt% impurities, such as N5 and BOs. the TiQ, particles.
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2.4. Blank testsin the dark 80

The reactivity of the superoxide ion with 2-propanol
was evaluated using potassium superoxide as the reagent.
For the quantitative analysis, potassium superoxide was dis-
solved in dimethyl sulfoxide (DMSO) containing 0.3 M
1,4,7,10,13,16-hexaoxacyclooctadecane (or 18-crown-6) ac-

D
o

Acetone / ymol
5N
o

cording to the reported methd@7], and the solution was 20
added to 4% 2-propanol. In addition, the reactivity of hydro-
gen peroxide with 2-propanol was also measured. 0
0 20 40 60 80
2-Propanol / uymol
3. Results P H
Fig. 2. Relationship between the amount of 2-propanol consumed and ace-
3.1. General properties of the photocatalytic reaction of tone produced by a photocatalytic reaction carried out in 2% 2-propanol for
2—propanol onTiO, particles different time periods using a Tigpowder (ST-21) as the photocatalyst.

80

When molecular oxygen is reduced on the surface of
TiO, particles, the reduction products can be either superox-
ide ions or hydrogen peroxide. Although no experimental re- 60 |
sult has been reported, it is theoretically possible that mole-
cular oxygen is reduced to water. The purpose of the present
study was to quantitatively examine these reduction products
obtained from molecular oxygen in Tiphotocatalyzed re-
actions. For the analysis of the reduction products, the oxida-
tion processes must be considered, because OH radicals may 20 r
be oxidatively produced from hydroxide ions or water, if the
holes are not scavenged. In turn, the OH radicals produce
hydrogen peroxide, interfering in the analysis of hydrogen
peroxide produced reductively from molecular oxygen. In
order to circumvent this problem, we used 2-propanol as the pH
hole scavenger. In the presence of 2-propanol, the generation .

. . S LS Fig. 3. pH dependence of the amount of acetone produced by the photocat-
of hydrogen peroxide in the oxidation process is inhibited alytic reaction in 4% 2-propanol for 1 h. A Tipowder (ST-21) was used

becaus_e _2-propanol is known to capture holes fromaTiO s the photocatalyst, and the pH was controlled by the addition of a small
very efficiently[28]. amount of aqueous $50y solution.

The oxidation product from 2-propanol is acetone, and
the amount of acetone has often been used as a measure @he pH of the solution. We had to use acidic solutions for

the photocatalytic activity of Ti@photocatalysts. However,  the quantitative analysis of hydrogen peroxide, which was

it is known that acetone is finally oxidized to carbon diox- gradually decomposed in neutral and alkaline solutions, es-

ide, if the reaction is allowed to continue for a long period pecially when TiQ was present. On the other hand, the neu-

of time. Hence, we measured the relationship between thetral condition was necessary for the analysis of superoxide

amount of acetone produced and 2-propanol consumed byion using NBT as the colorintec reagent. Hence, we com-

the TiG, photocatalytic reactioparried out under our exper-  pared the reaction rates observed in solutions with different

imental conditions. The results suggested that the producechH values, and we found that the amount of acetone pro-

amount of acetone and the consumed amount of 2-propanoluced after photoirradiation for 60 min showed practically

show good agreement when the conversion of 2-propanolno pH dependence in the pH range from 1.5 to 7, as shown

remained under 4% (50 umol), as shownFiig. 2 In ad- in Fig. 3 This result warrants the comparison of the reac-

dition, we obtained no prodtg other than acetone, such tjon rates determined in acidic and neutral solutions without

as 2,3-dihydroxy-2,3-dimethylbutane. Hence, we concluded taking into account the pH differences.

that the produced amount of acetone could serve as a good

measure of the extent of a photocatalytic reaction ompTiO 3.2, Production rates for acetone using various kinds

provided that the conversion of 2-propanol is lower than 4%. of TiO, powders

In the following experiments, we performed reactions in the

conversion range below 1%. The amount of acetone produced as a result of the photo-
Another important aspect of the properties of the reac- catalytic reaction was nearly proportional to the irradiation

tion of 2-propanol is the dependence of the reaction rate ontime under our experimentaboditions, in which the conver-

40 r

Acetone / umol
o
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Table 2 is the production of hydrogen peroxide from molecular oxy-
Production rates (including dark reams) of acetone, hydrogen peroxide,  gen, as will be discussed later.
and superoxide ion using different Tiowders

TiOz Acetone H20, 02~ 3.4. Qualitative analysis of the production of superoxide

powder (10~ mol/min) (10" mol/min)  (10~7 mol/min) ion

NS-90 10 0.9 10

CR-EL 12 10 09 When NBT is added to an aprotic solution containing su-
Eg:g’ é:g ég 32 peroxide ion, formazan is formedFig. 1) and the solution
ST-21 55 55 0.2 assumes a purple hue. In the agueous suspension ef TiO
ST-11 30 32 05 particles, if superoxide ions are photocatalytically produced

in the solution, the particles are purple due to the deposi-
tion of formazan on these particles. We confirmed from the

) control tests that no formazavas produced by the reaction
sion of 2-propanol to acetone was less than 1% and oxygenyetween NBT and hydrogen peroxide or by the addition of
gas was continuously supplied during the reaction. Hence, NBT to an aqueous suspension of Fi@ the dark. However,

we determined the rate of tiphotocatalytic reaction by di- g, photoirradiating Ti@in 4% 2-propanol containing 1 mMm
viding the amount of acetone lijre irradiation time. The  NBT, some of the Ti@ powders turned purple, as shown in
reaction rates for the production of acetone using different Fig. 4. Generally, rutile powders acquired strong pigmen-
TiO2 powders are shown inthe second columiiafle 2As  tation, whereas the pigmentation of anatase powders was
itis often reported for some photocatalytic reactiff2f 29] weak. However, the anatase powders were also pigmented
anatase powders (TIO-2, ST-21, and ST-11) were associatedfter jrradiation for a prolonged period. These results suggest
with generally higher activity than rutile powders (NS-90, that superoxide ion is produced at a higher rate on rutile par-

* The error range of the data is approximate§.1.

CR-EL, and TIO-3). ticles than on anatase particles. It is important to note that,
even by using rutile powders, the formation of formazan was

3.3. Production rates for hydrogen peroxide using various negligible when nitrogen instead of oxygen was supplied to

kinds of TiO, powders the solution. The productionf dormazan was also negligi-

ble when the TiQ particles were irradiated in the solution

We carried out experiments for the quantitative analysis without 2-propanol. In the absence of 2-propanol, the pro-
of hydrogen peroxide in acidic solution using 2-propanol as duction of hydrogen peroxide was also negligible, indicating
the hole scavenger. The production rates obtained by using 6hat the net reaction proceedasly slightly on photoirradi-
different types of TiQ powder are shown in the third column ated TiQ in the absence of electron donors. This finding is
of Table 2 The same rate was obtained for the production consistent with the fact that the oxidation of water on pho-
of both acetone and hydrogen peroxide in the case of eachtoirradiated TiQ particles is very inefficient without the use
powder, and each rate was dependent on the type of powdebf strong electron acceptof30,31] It should also be noted
used. However, this agreement between the production rateghat when the irradiation time was shorter than 3 min, the
of acetone and hydrogen peroxidees not necessarily indi-  production rate of acetoran photoirradiated Ti@powders
cate that the counterreacticorfthe oxidation of 2-propanol  was only slightly affected by the addition of NBT. When ir-

Rutile Powder Anatase Powder

Fig. 4. Photographs of Ti®powders after photoirradiation in 4% 2gmanol containing 1 mM NBT for 30 s. Thelfowing powders are depicted (left to
right): NS-90, CR-EL, PT-101, TIO-3, TIO-2, ST-21, ST-11, and TIO-1. Thet four powders consist of rutile particles and the latter four powdersistoof
anatase particles.



H. Goto et al. / Journal of Catalysis 225 (2004) 223-229 227

2.0 3.7. Comparison of the production rates of acetone,

hydrogen peroxide, and superoxideion

Irradiation
1.5 Omin ) .
1min The p_rodgctlon rates of ac_cme, hydrogen peroxide, and
§ amin superoxide ion are summarized Tiable 2 It can be seen
8 10 Tomi fro_m these data that the producuon rate of hydrogen per-
g ' m!" oxide is close to the production rate of acetone for all of
2 30min the TiO, powders used as photocatalysts, whereas the ratio

of the production rate of superoxide ion to that of acetone
greatly depends on the powder; i.e., the ratio is close to unity
for rutile powders and is less than 0.2 for anatase powders.
Unexpectedly, the sum of the production rates of hydrogen
peroxide and superoxide ion exceeded the production rate of
300 350 400 450 acetone. Even by taking into account the fact that production
Wavelength / nm of superoxide ion is a one-electron process and the other re-
actions are two-electron processes, their production rates are

0.5

0.0

Fig. 5. Change in the absorption spectra of 1 mM NBT in 4% 2-propanol - . - .
as the photocatalytic reaction continued using Jrf@wder (NS90) as the inconsistent, especially in the case of the rutile powders.

photocatalyst. The photoirradiation times are shown in the figure. Optical The apove ipconsistency amolng th? produption rates can
length of the cell: 1 cm. be explained in terms of reactions in solution that take
place in the dark. Hydrogen peroxide hardly reacted with

radiation continued for longer time periods, the production 2-Propanol under our experimtal conditions in the dark.
rate gradually decreased due to the deposition of formazanOn the other hand, superoxide ion oxidized 2-propanol in

on the particles. the dark. This reaction wasonfirmed by the results of
the reaction between KQand 2-propanol as carried out

3.5. Quantitative analysis of the production of superoxide under dark conditions. More precisely, by the addition of

ion 2.5x 10~° mol of KO, to an aqueous solution of 4% 2-pro-

panol, approximately 1.% 10~° mol (48% of the molar

Since formazan is insoluble in aqueous solutions, the amount of KQ) of acetone and 2.5 10> mol of hydro-
amount of superoxide ion produced by the photocatalytic gen peroxide were obtained. This result indicates that the
reaction was determined from the lowering of the absorp- oxidation of 2-propanol by superoxide ionRdaction (1)
tion spectra of NBT. An example of such a change in the occurs efficiently under thexperimental conditions of the
spectra is shown ifig. 5. The extent of the lowering of the  photocatalytic reaction.
absorption spectra was proportional to the irradiation time
during the initial a few minutes, even in the case of the ru- 2-Propanok-20,~ 4 2H" — acetonet- 2H,0». 1)

tile powders, which were strongtolored as the irradiation |, parallel withReaction (1)the superoxide ions may suffer

proceeded. Hence, the rate of production of superoxide WaSgisproportionation to hvdrogen peroxide and oxvaRadc-
determined from the slope of the relationship between ab- tior?(zg]) [32]: ydrogenp yoRed

sorbance vs irradiation time in the range of the initial 3 min.
The rates determined using different pifowders are sum-  20,~ 4+ 2Ht — H,0, + O,. 2)

marized in the fourth column dfable 2 o _
The above result that nearsgoichiometric amounts of ace-

3.6. Analysis of superoxide ion produced in solution tone and hydrogen peroxide weaxetained by the addition of
without NBT superoxide ion to 4% 2-propanol indicates tRa@action (1)
is faster tharReaction (2)under our experimental condi-

Regarding the rate of production of superoxide ion, the tions. Hence, we concluded that the superoxide ions gen-
possibility must be considered that NBT is directly reduced erated by the photocatalytieaction were mostly consumed
to formazan on photoirradiated TjOIn order to obtain in- by the reaction with 2-propanol in the solution. However,
formation about the reaction with NBT, we carried out the this reaction was preventea ihe presence of NBT, because
photocatalytic reaction in the absence of NBT, and added NBT effectively reacted with th superoxide ions at a rate
NBT to the solution just after stopping photoirradiation. As constant of approximately & 10* M~%s~! [33]. This in-
aresult, we detected a slight coloration of the rutile powders terpretation gains support from the observation that, when
due to the formation of formazan. In addition to this find- KOz was added to the solution of 4% 2-propanol containing
ing, the fact that the formatioof formazan is inhibited by 1 mM NBT, we did not obtain acetone in the solution. Taken
changing the bubbling gas from oxygen to nitrogen strongly together, these findings indicate that the reaction between the
suggests that formazan is formed from NBT not by its direct superoxide ions and NBT took place much faster tRaac-
reduction on TiQ, but by the reaction with superoxide ions. tions (1) and (2under our experim#al conditions.
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The above results also indicate that in order to evaluate Srtstopanol 20

the respective amounts atetone and hydrogen peroxide, 20,
which are photocatalytically produced on Tidt is neces- Acetone +
sary to subtract the amounts produced via superoxide ion by + 2H*
Reaction (1)rom the amounts determined from the analy- 2 H,0,

sis of the products in the photoirradiated solutidable 3

shows the values thus obtained, which were calculated on

the assumption that superoxide ion produces the same mo-

lar amount of hydrogen peroxide, and a half-molar amount

of acetone byReaction (1) ( a)

2 hv

Acetone

+
"
2-propanol 2H

. . 2 0.
4. Discussion 2-propanol ., ; 2 H20;

; 2hv
As shown inTable 3 the rate for the production of ace- % 292'.
tone agreed with the sum of the rate for the production of Lo
X ) Acetone ,~ 2H
hydrogen peroxide and the half-rate for the production of o
superoxide ion, within the error limits. This result indicated 2 H,0,
that the reduction of molecular oxygen, as the counter reac-
tion of the oxidation of 2-propanol, leads to the production
of both hydrogen peroxide and superoxide ions, and that the Acetone
production of water is negligibly small.
The results shown iifable 3also indicate that the prod- (b) 2-propanol ~ 2H’
ucts obtained from molecular oxygen depend on the,;TiO
powder used for the reaction. The chief reaction paths on Fig. 6. Models fgr the photocatalytieaction on a rutile particle (a) and on
photoirradiated rutile and anatase FiParticles are illus- 2" anatase particie (b).
trated inFigs. 6a and 6prespectively. The difference be-
tween rutile and anatase particles is that the main productgen peroxide is assumed to require catalytic activity because
from molecular oxygen on rutile particles was superoxide it is a two-electron process. Since the anatase powders are
ion, and that on anatase particles was hydrogen peroxideproduced at lower temperatures than the rutile powders, the
However, the production of superoxide ion on the anatase presence of a higher density of surface defects is expected
particles could not be negtted; the amount reached 20% of  in the case of the anatase powders. This may be the reason
hydrogen peroxide in some cases, depending on the type ofor the high catalytic activity observed for the production of
powder used. Although the origin of the effect of the crys- hydrogen peroxide on anatase powders.
tal structures on the reaction paths remains to be clarified, |t is known that fine anatase particles are active in many
we consider that the surface atomic arrangements or the surkinds of photocatalytic reactivin which molecular oxygen
face defeCtS, i.e., the kinkS and Steps, are responsible fOI’ tth ut”ized as the e|ectron acceptor_ The Wider band gap of
reaction paths. The standard electrode potential of the reducthe anatase particles than that of the rutile particles has of-
tion of oxygen to hydrogen peroxide is 0.682 V vs NHE (at ten peen considered as the reason for the higher activity of
pH = 0), and that to superoxide ion is0.563 V. Thus, the  anatase particles. However, our results indicated that the dif-
path to hydrogen peroxide is thermodynamically more favor- ference in the activity in terms of the reduction of molecular
able than that to superoxide ion. However, the path to hydro- oxygen also contributes to the high activity of anatase parti-
cles. When the reduction of oxygen is the rate-determining
Table 3 step of the whole reaction process on Tiarticles, the ease
_Estimgted productiqn rates of f\cetohgdrogen peroxide, and superoxide  of oxygen reduction on the anatase surface leads to a highly
lon using different TIQ powders efficient reaction. As regards the activity of rutile powders,

Tiozd Ace“;”e _ Hzog ' 02:7 ' although the reaction of superoxide ion with 2-propanol in-
powder (10" mol/min) (10" "mol/min) (10" " mol/min) creases the efficiency in terms of the production of acetone,
22'2?_ 855 %i’ é-g the activity was still lower than that associated with the
TIO-3 08 a0 16 anatase powders, as showrable 2 This finding was prob-
TIO-2 33 29 04 ably dge to the low activity of rutilg powders in terms of the
ST-21 54 53 0.2 reduction of oxygen. However, rutile powders may be of in-
ST-11 275 27 05 terest from the viewpoint of the syntheses of certain organic
* The error range of the data for acetone and hydrogen peroxide is ap- compouqu produced using S.UperOXide ion as the oxidant
proximately+0.2. [34]. Rutile powders are also important for some photocat-

ke

The calculated value is0.1. alytic reactions in which sting electron acceptors are used
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in place of molecular oxygen. For example, wheiFn

229

[10] T. Ohno, K. Nakabeya, M. Matimura, J. Catal. 176 (1998) 76.

is added to the reaction solution, rutile particles show very [11] T.Ohno, K. Tokieda, S. Higashéd M. Matsumura, Appl. Catal. A 244

high photocatalytic activity and oxidize some compounds,
which cannot be photocatalytically oxidized on anatase par-

ticles[30].

5. Conclusions

We have quantitatively studied the reduction products ob-

tained from molecular oxygen in Ti&photocatalyzed reac-

tions carried out in agueous solutions containing 2-propanol.
It was concluded that the main product is superoxide ion

(2003) 383.

[12] T. Ohno, T. Mitsui, M. Matsumra, J. PhotochenPhotobiol. A 160
(2003) 3.

[13] B. Ohtani, K. lwai, H. Kominami, T. Matsuura, Y. Kera, S. Nishimoto,
Chem. Phys. Lett. 242 (1995) 315.

[14] B. Ohtani, J. Kawaguchi, M. Kawva, Y. Nakaoka, Y. Nosaka, J. Pho-
tochem. Photobiol. A: Chem. 90 (1995) 75.

[15] B. Ohtani, K. Iwai, S. Nishimat, S. Sato, J. Phys. Chem. B 101 (1997)
3349.

[16] K. Fujiwara, T. Ohno, M. Matsumura, J. Chem. Soc., Faraday
Trans. 94 (1998) 3705.

[17] T. Ohno, K. Fujihara, K. Sarukawa, F. Tanigawa, M. Matsumura,
Z. Phys. Chem. 213 (1999) 165.

when rutile particles are used, whereas the main product|ig] z.G. Zou, H. Arakawa, J. Phothem. Photobiol. A: Chem. 158 (2003)

is hydrogen peroxide when anatase particles are used. This

difference is important becauges related to the fact that

145.
[19] R. Abe, K. Sayama, H. Arakawa, Chem. Phys. Lett. 371 (2003) 360.

the photocatalytic activity of anatase powders is higher than [20] J- Ye, Z. Zou, H. Arakawa, M. Oskiri, M. Shimoda, A. Matsushita,

that of rutile powders in manghotocatalytic reactions when
molecular oxygen is used as the electron acceptor.
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