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Abstract

We proposed a novel method to analyze photocatalytic reaction of TiO, suspension by measuring the consumption process of dissolved oxygen
(DO). The decay rates for DO consumption could be analyzed with Langmuir—Hinshelwood (L—H) kinetics as the effects of reactants such as
ethanol and iso-propanol. Two parameters in the L—H kinetics, the maximum consumption rate 7y, and adsorption equilibrium constant K were
obtained. The rate constants, &, and kp, which express O, consumption and O, reproduction, respectively, could be estimated from dependence of
Fmax ON eXcitation intensity. Participation of O,°~ in the decomposition of alcohols was examined by measuring the amount of O,°~. An increase
of O,°~ concentration was observed by the addition of a small amount of the reactants, and a decrease was observed for the reactant concentration
of more than few mM. Based on these results, we analyzed the DO consumption process and suggested the applicability that the DO consumption
efficiency can be used as a relative photonic efficiency to compare the differences in the photocatalytic activities and in the stabilities of reactants.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

TiO, photocatalysis is developing into a popular technol-
ogy to decompose and mineralize undesirable compound and
pollutant in our surroundings [1]. On these decomposition and
mineralization, TiO, photocatalysis consumes O;. In earlier
study on photocatalysis, this O, consumption was studied as
“photo-adsorption” of O, [2]. The photo-adsorption of O, has
been a general term of the consumption of O, by photocat-
alytic reaction. Actually, photocatalytic reaction should proceed
simultaneously by reduction and oxidation. In general photo-
catalysis, O in air is reduced to give O*~, while organic
compounds are oxidized to form organic radicals which con-
sume O3 as well for further oxidation [3-5].
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The formation of O,°~ contributes to improving the pho-
tocatalytic activity to promote e —h* charge separation [6,7].
The details of the behavior of O,*~ have been studied by
luminol chemiluminescent (CL) probe method [8,9] and ESR
spectroscopy [10]. According to the studies, the produced O,* ™~
is adsorbed at the surface of TiO» and it becomes a steady amount
during the irradiation [8,9]. The lifetime of O,* ™~ after stopping
UV irradiation was few seconds in air and several hundred sec-
onds in water [8e, 9a,b] Some of the O,°~ decay processes in
different pH solution were observed by MIR-IR spectroscopy
technique [11].

On disproportionation of O>*~ and/or further reduction of
0,°7, H,0O; is produced from O in the TiO, photocatalysis
[7-14]. In addition, H,O, can be also produced by a chain
reaction of O, with the intermediate radicals of alcohol [3,4].
Details of the formation and reaction processes of H>O» in TiO»
photocatalysis have been studied more extensively than the
behavior of Oy and O*~. The produced H,0O» is oxidized to
form O,°~ and reduced to OH®. Although H>O; has relatively
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high reactivity, OH® is likely more considerable species to
oxidize organic compounds [7,8,10,12—15].

As introduced above, despite we know that O; is necessary
species as an electron donor to promote charge separation and
as an oxidant to decompose organic molecules in TiO; photo-
catalysis, the behavior of Oy has not been correlated with the
photocatalytic activity of TiO, suspension. Although, oxygen
consumption focusing on O reduction was kinetically stud-
ied [16], the study on the kinetics of O, consumption process
under whole photocatalysis with a reactant has not been fully
carried out yet. In addition, since the behavior of active oxygen
species in the photocatalytic oxidation with a reactant has not
been analyzed from the quantitative points of view, the detailed
reaction mechanism involving O, and active oxygen species in
photocatalysis carries still unclear points.

In the present study, the amount of dissolved oxygen (DO)
in TiO; photocatalytic system with a reactant is kinetically ana-
lyzed to obtain the information of reaction mechanism including
O;. Furthermore, we also report here the reaction of O2*~ with
the organic reactant as one of the DO consumption processes by
observing the amount of O,°~ produced in the TiO, photocatal-
ysis. As model organic compounds, we employed ethanol and
iso-propanol because the reaction mechanism of these alcohols
has been widely studied [17-21] and their oxidation processes
are different; ethanol oxidation process contains a chain reaction
with O;, whereas no chain reaction takes place in iso-propanol
decomposition process [3,17-21].

2. Photocatalytic reaction model for oxygen
consumption

The DO decay process in TiO, photocatalysis with a reactant
was considered to obey the following reaction steps as illustrated
in Scheme 1. Firstly, conduction band electron (e™) and valence
band hole (h*) are induced by UV-light excitation (reaction (1)).
Though some of them recombine each other in a TiO; particle
(reaction (2)), the produced e~ and h* react with O, (reaction
(3)) and alcohols (ROH) (reaction (4)), respectively:

TiOy + hv— Ti*F(e™) + h' 1)
Ti**(e™) + ht — hv (heat) ()
0, +Ti*T(e™) — Ti*T-0,°" (3)
h* +ROH — R°*OH )

where R®*OH is an intermediate radical of the reactant and reacts
with Oy to produce oxygenated radical intermediate, ROO®
(reaction (5.1)) [2-5]. Though a lot of researchers consider so-
called OH radical reaction path, the formation of OH® radical
was not supported from EPR [22,23], and IR measurements
[24]. We have also discussed the detection method of OH® rad-
icals previously [25]. Then we think that in TiO, photocatalytic
reactions, OH® radical is minor oxidative reaction species, and
instead, valence band hole and trapped hole are major oxidative
reaction species, especially, in the present condition as ethanol
adsorption at the surface of TiO,.

DO Consumption Processes under Photocatalysis
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Scheme 1. DO consumption processes under photocatalysis.

It has been suggested that the reaction of O2*~ with ROH is
relatively disregarded. However, the O2*~ produced by reaction
(3) can react with R*OH directly (reaction (5.2)) as has been
reported [2-5]:

R°OH + O; — ROO* 5.1
R°OH + 0;°*~
— ROO?® or other oxygenated radical intermediate ~ (5.2)

Actually, radical intermediates R*OH on TiO; photocatalytic
oxidation of ethanol and iso-propanol produce CH3(CH®*)OH
and (CH3),C*OH, respectively [3,17-26]. The reaction rate
of these radical intermediates with O (reaction (5.1)) is
very fast. That is, the bi-molecular rate constants are of
diffusion limit; k (*CH,OH+0,)=4.9 x 10°M~'s~! and &
((CH3),C*OH+0,)=4.2 x 10° M~ !s~! [26]. This reaction
may compete with an electron injection into TiO; solid as
expressed by reaction (6):

R*OH + TiO; - R=0 4+ HT +TiO1 (ecg ™) (6)

The redox potential E/; for CH;CH®*OH and (CH3)>,C*OH)
are —0.94 and —1.06 V (versus NHE: at pH 7) [27], respectively,
while the potential of the conduction band of TiO; is —0.81 V
(versus NHE) calculated from —0.13 to 0.059 pH with a pH of
11.5[28]. Then, the radical intermediates could inject an electron
to the conduction band. The electron injection from intermediate
radical is much faster than the reaction with O, since the surface
of photocatalysts locates near the radical. In the present study, we
supposed that the injected electrons increase the reduction of O;
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because there is no any other electron acceptor in the system.
Thus, the reaction (6) produces TiO, (ecp™) which becomes
Ti**(e™) in reactions (2) and (3). This process corresponds to
the current doubling effect in photo-electrochemistry [29].

In addition, the ROO?® radical formed from R®OH can induce
R*OH as reaction (7). That is, a chain reaction takes place [3],
and O; is consumed with producing H>O;:

ROO* + ROH — R=0 + R*OH + H,0, @)

H,0;, (HO,7) is also produced by further reduction of O>°*~
(reactions (8) and (9)) [7-14]:

0,*” +0,*” +2HT — H,0,+0; (®)
02 " +Ti*T(e") + 2HT —> H,0, )

Although the chain reaction originated from H,O, has been
suggested [3,4,7,12-16,21], we assume in the present stage that
the chain reaction has no contribution to the decomposition
because HyO, diffuse from TiO, surface to the bulk solution
[30]. However, some HyO», which is produced from adsorbed
O; as reactions (8) and (9) at the surface, might produce OH®
(reaction (10)) by the photocatalytic reduction. Then, this OH®
might react with the reactant and the intermediate (reaction (11))
[7-15].

H,0, + Ti*T(e”) + Ht — OH® + H,0 (10)

OH® + reactant (and the intermediate)

— further decomposition (11

As mentioned above, the consumption of DO on photocatalytic
reaction arises from a series of the reactions from (1) to (11).
Notice here that the intermediate radicals ROO® produced in
reaction (5) and the intermediates produced by further decom-
position (reaction (11)) have to be decomposed to CO; (reaction

(12)):

ROO® + active oxygen/h™ ande™

— CO; + other intermediate (12)

Against to the consumption, O, molecule could be repro-
duced in TiO; photocatalysis according to reactions (13) and
(14) [3-91:

Ti**-0,*" +h* (and trappedh®) — O, + Ti*+ (13)
ROO®* — 0O; + intermediate 14)

This reaction (13) would be the main reaction to deactivate O»°®~
in the TiO, photocatalysis. To confirm the presence of reaction
(13),itis necessary to analyze O,° ™. Based on the reactions from
(1) to (14), which are shown in Scheme 1, the DO consumption
process in TiO, photocatalysis with the reactant was kinetically
analyzed in the present study.

3. Experimental
3.1. Materials and properties

P25 (Nippon Aerosil) TiO;, was used as a photocatalyst in the
present study. In order to remove the organic contaminates, TiO»
photocatalyst was thinly placed on glass plate and exposed to a
black light lamp at 354 nm for 120 h under ambient condition.
After the treatment, TiO, powder was stocked in glass bottle
under dark condition. MilliQ-water was used to prepare aque-
ous suspension. Every chemical reagent was used as received
without further purification.

Adsorption coefficient @ of TiO, suspensions was measured
by UV-vis—NIR spectrophotometer (Shimadzu, UV-3600)
equipped with integrating sphere assembly (Shimadzu, ISR-
3100), which contains BaSO4 as a reflectance reference. A
1 cm quartz cell of 1-mm path length was used according to
the method reported by Bolton and co-worker [15].

3.2. Monitoring the consumption of dissolved oxygen (DO)

The behavior of DO under photocatalysis of TiO, suspen-
sion was monitored with a DO sensor (Central Kagaku Co.,
UC-12-SOL), which was connected to a computer. One hun-
dred milliliters of long colorimetric bottle (as-one) was used to
effectively irradiate UV-light to TiO; suspension.

Experimental procedure is as follows. TiO, suspension was
prepared in 100 mL of 0.01 M NaOH solution (pH 11.5) in a
flask. This suspension was sonicated for 10 min, and then trans-
ferred to the colorimetric bottle and was stirred vigorously for
30 min under ambient condition to attain an equilibrium DO con-
dition. The DO sensor was then immersed into the suspension.
The suspension was sealed by using a silicon cap. Since the sus-
pension occupies fully the bottle, there is no space for air. This
suspension was stirred vigorously during the experiment. UV-
irradiation was carried out with four black light bulbs (Toshiba,
FL10B). The light intensity up to 2.8 mW cm™2 was changed by
changing the number of UV-lamps. An electric fan was used to
prevent the suspension from the temperature increase, and the
bottle temperature was kept at 295-300 K.

3.3. Luminol chemiluminescent (CL) probe method

The formation of O,°~ was observed by using luminol
CL probe method with photon-counting system. Fifteen mil-
ligrams of TiO, powder was added into 3.5mL of 0.01M
NaOH (4.3 gL~!) solution of pH 11.5. This suspension was
stirred vigorously for 10 min before UV irradiation and this stir-
ring was continued during the UV irradiation. A Hd—Cd Laser
(KIMMON, IK5652R-G) of a 30-mW specified power at the
wavelength of 325 nm was used as an excitation light source.
The laser beam was guided to the side face of the cell. After 10's
of laser irradiation, 50 pL. of 7mM luminol solution (0.01 M
NaOH) was immediately injected by a micro syringe into the
irradiated TiO; suspension. The CL intensity was measured with
a photomultiplier tube which was mounted in a Peltier cooling
box. The concentration of O,°~ was estimated from the CL
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intensity, which was calibrated with KO, by the following pro-
cedure. DMSO solution of 18-crown-6-ether and KO, in the
concentration ratio of 1.5:1 was injected into 3.5 mL of TiO,
suspension containing 0.1 mM luminol under the dark. The tem-
perature of the DMSO solution was tightly held to 296 K using
water bath. Other details in the CL measurements have been
described elsewhere [8].

4. Results
4.1. Effect of reactants on DO consumption

Fig. 1 shows decay of DO on photocatalytic decomposition
of ethanol for various concentrations. The DO decay process
obeyed zero-order reaction kinetics since the rate was constant
during the decay. The DO decay rate, rpo, was increased with
increasing the concentration of ethanol added. When ethanol
concentration was 5SmM, the DO was completely consumed
in 20 min. The similar experiments were carried out for iso-
propanol as a reactant. The decay process is composed of
the reaction (5)-(14) as O, consumption and reproduction
process.

In Fig. 2, the rpp was plotted as a function of the concentra-
tion of each reactant added. The obtained data apparently obeyed
the Langmuir—Hinshelwood (L-H) kinetics (Eq. (15)):

1 1 1

P 15
DO Tmax + rmax Kp[Reactant] (15)

Two parameters, maximum consumption rate (rmax) and an
adsorption equilibrium constant (Kp) could be calculated by
using the inverse plot of rpo against the inverse of the reac-
tant concentration as shown at the inset in Fig. 2. The rpax
and Kp obtained were 20 pM min~! and 6424 M~! for ethanol,
22 uM min~! and 4684 M~! for iso-propanol, respectively. By
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Fig. 1. Dissolved oxygen consumption during P25 photocatalysis in aqueous
suspension containing ethanol. The 0.1 gL~" of TiO, was suspended in 0.01 M

NaOH solution at 11.5 of pH. Before UV-irradiation, TiO, suspension was kept
for 5 min in the dark condition under stirring.
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Fig. 2. Consumption rate of dissolved oxygen rpo obtained from photocatalysis
with ethanol (O) and iso-propanol ((J) were plotted as a function of the reactant
concentration added. The broken and dashed curves were calculated by using
rmax and Kp obtained from the inverse plots shown in the inset. 0.1 gL_' of
TiO; in 0.01 M NaOH solution at pH 11.5.

using these parameters, rpo are calculated and shown by curves
in Fig. 2. The rpax obtained from each reactant showed almost
similar values. In contrast to the similarity of rmax, the Kp
obtained on the ethanol addition was slightly larger than that for
iso-propanol. This may be attributable to an individual oxidation
mechanism with each reactant.

4.2. Effect of photon flux on the DO consumption

Because the photocatalytic activity is influenced by the
photon flux adsorbed, a dependency of light intensity was exam-
ined. The light intensity was changed from 2.8 to 1.2 and
0.54 mW cm~2. The experimental results were plotted for 1/rpo
against 1/[ethanol] and 1/[i-PrOH] in Fig. 3(A and B), respec-
tively. From these figures, we can see that rpp is increased
with increasing the light intensity. In Fig. 4(A and B), the L-H
parameters, rmax and Kp, were plotted as a function of the light
intensity, respectively. These parameters obtained were aver-
aged values for the measurements of two to three times. As seen
in Fig. 4(A), the dependence of the rmax on the light intensity
was almost the same for ethanol (open circle) and iso-propanol
(open diamond), but not a linear dependence. The reason for the
non-linear increase will be discussed later as the increase of net
recombination process.

In contrast to the rmax, the Kp shows different dependence
on light-intensity for each reactant. In the case of ethanol addi-
tion, the Kp was increased with increasing the light intensity,
while in the case of iso-propanol addition an opposite ten-
dency was observed. Since equilibrium constant is generally
un-changed during the irradiation in a certain reaction mecha-
nism, the change of Kp indicates that the consumption of DO
consists of some reaction pathways and the contribution of each
pathway changed with the light intensity.



62 T. Hirakawa et al. / Journal of Photochemistry and Photobiology A: Chemistry 190 (2007) 5868

(A) Ethanol P25: 0.1g L
300 | Water : pH 11.5 s
-7 A

-
-

-
A - .
-~ 0.54mWe+cm2_ . - -0

-
-

-

// -
/A ‘_-'

200 /A
-
-

.- 12mWeem?

111y, 1/ mMe min-!

100 | -
3 -
gl 2.8 mW + cm?

1/ [EtOH], 1/ mM

300
(B) Iso-propanol

200 | TAY _
e o

122mWeem? .

S et
O™ T
100 <>""'.O ,.""’

P25: 0.1g L
Water : pH 11.5

@‘GOOM

0 2 4 6 8 10
1/[iPrOH], 1/ mM

-

.’-

1/ rpg, 1/ mMe min-

2.8 mW + cm?

Fig. 3. Dependence of light intensity on rpo~! were plotted as a function of

[reactant]~'. The light intensity was 0.54 (A), 1.22 (¢) and 2.8 (O) mW cm 2.
(A) Ethanol addition; (B) iso-propanol addition.

4.3. Measurements of absorption coefficient of TiO»
suspension

For quantitative analysis of reaction kinetics, the light absorp-
tion coefficient (o) at 365 nm of TiO; suspension was evaluated
by spectroscopic method using an integrated sphere and a 1-
mm quartz cell for several amount of P25 in 0.01 M NaOH
solution. Since the absorbance below 0.01 gL~! showed the
Lambert—Beer behavior as the inset in Fig. 5, the o of TiO» sus-
pension was calculated to be 9.0 x 10* cm? g~! from the slope.

4.4. Effect of reactants on the O*~ formation

In the photocatalytic oxidation, the chain reaction with O2°®~
as reaction (5.2) is also carried out. Since this chain reaction
might accelerate the whole DO consumption, the reaction of
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Fig. 4. Light-intensity dependence of (A) rmax and (B) Kp obtained from plot of
rpo~ ! vs. [reactant]~!. The sin gle and double dashed lines in (A) were calculated
by using Eq. (23). Each data in the plot was average of two to three measurements.

0,°*~ with alcohols was studied to observe whether O,°~ par-
ticipates in alcohol oxidation. The behavior of O,°*~ in the
photocatalysis was monitored by the luminol CL probe method
which is proved to be useful in the previous studies [8,9]. In the
present study, the CL intensity observed was converted into the
amount of O2°*~ by using KO, as a standard. The integrated num-
ber of photons (INP) counted for the CL intensity is plotted in
Fig. 6 as a function of the concentration of KO, added into TiO»
suspension containing 0.1 mM luminol without UV-irradiation.
In our experimental setup, the concentration of O2*~ (WM unit)
was calculated by (INP)/(9 x 10°) based on the calibration plot
in Fig. 6.

In Fig. 7(A), the concentration of O,*~ which is produced in
the TiO, photocatalysis on 10-s laser irradiation was plotted as
a function of the concentration of ethanol. Ethanol was added
in TiO, suspension before the UV-irradiation to equilibrate the
surface adsorption. The concentration of O»°®~ increased with
up to 1 mM of ethanol addition and decreased with a higher
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concentration. The decrease of the concentration of O,°~ was
observed up to 20 mM of ethanol.

Fig. 7(B) shows the change of the O,°*~ concentration by iso-
propanol addition. The maximum concentration of O2*~ was
approximately 40 wM, which is similar to the case of ethanol.
However, the increase of O;® ~occurs at low concentration of
iso-propanol and the decrease was observed at a higher concen-
tration than the case of ethanol. Although the direct reaction of
0,°*~ with iso-propanol was actually reported [30], the chain
reaction as reaction (5.2) is deemed to be unlikely for iso-
propanol.
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irradiation. Suspension temperature and KO, solution was kept at 295 K.
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5. Discussion
5.1. Zero-order reaction kinetics of DO consumption

We showed that the DO consumption process in TiO; photo-
catalytic reaction of alcohols obeyed zero-order reaction (Fig. 1)
and could be analyzed as L—H kinetics (Figs. 2 and 3). The zero-
order reaction rate kinetics by adding ethanol indicates that the
amount of ethanol was larger than that of the photo-induced
active site of TiO; particle. We could confirm this quantitatively
as follows. The amount of ethanol adsorbed on the surface of
TiO, in water is reported at around 3.3 nm~2 [17,18a—c], which
corresponds to that the ratio of water displacement on P25 is
50% [18a]. In 0.1 mM ethanol solution, the number of ethanol
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molecules is 6.02 x 10'° L. Since the specific surface area of
P25 is 499m? g~ !, 12.3 ethanol molecules in average are ready
to be adsorbed per nm? for 0.1 gL~! TiO,. Then, above 0.1 mM
of ethanol addition, the number of ethanol is enough to occupy
the adsorption sites. The number of ethanol molecules adsorbed
per one TiO; particle is calculated from the diameter of 32 nm to
be about 5000. On the other hand, the number of photons irradi-
ated on TiO; particle could be calculated as follows. When the
light intensity at 354 nm is 2.8 mW cm~2, the number of photons
are 5.4 x 10 cm™2s~!. Then 36.1 photons s~! in average are
absorbed by one TiO; particle. Therefore, even when all the pho-
tons are absorbed in TiO» particle and the quantum efficiency is
assumed to be unity, the number of active species for the pho-
tocatalytic reaction is much lower than the number of ethanol
molecules adsorbed. Thus, the photocatalytic reaction rate is
determined by the rate of light absorption, which explains the
results of the zero-order reaction kinetics for DO consumption
(Fig. 1).

5.2. L-H kinetics model for DO consumption

The DO consumption rate rpo in TiO; photocatalysis could
be fitted by L—H kinetics for the reactant concentration as shown
in Figs. 2 and 3. We will interpret here the r,x and Kp by consid-
ering the details of the photocatalytic DO consumption process
described in the previous section. Because the L-H kinetics is
based on the adsorption of the reactant molecules on the surface
of the catalyst, we assume simply the adsorption equilibrium of
reactant molecules as Eq. (16).

TiO; + Reactant <> TiO,—Reactant,q (16)

Considering that the O, consumption is controlled by the adsorp-
tion of the reactant on the TiO; surface, we can lead Eq. (17) for
equilibrium constant Kp:

_ [TiO,—Reactant,g]
" [TiO,][Reactant]

17)

Here, [TiO>—Reactant,q] represents the concentration of adsorp-
tion sites occupied with the reactants and [TiO;] defines the
concentration of residual adsorption sites. When [TiOz]g is the
initial concentration of the adsorption site of TiO, on which alco-
hol can be adsorbed, [TiO3] is expressed by [TiO,] =[TiO2]o —
[TiO,—Reactant,q]. Then the amount of [TiO,—Reactant,q] is
given by the following simple equation (Eq. (18)):

[TiO, — Reactant,y] = p[TiOz]p[Reactant]
1 + Kp[Reactant]

(18)

Since the observed DO consumption rate, rpo, would be pro-
portional to the amount of reactant adsorbed, [TiO,—Reactant,q],
Eq. (15') is given:
rmax Kp[Reactant]
1 + Kp[Reactant]

Do = (15"
where rmax 1S 'po When the adsorption site was fully occupied
by the reactant. By taking the reciprocals of both terms, this Eq.
(15”) becomes Eq. (15). Since the experimental result in Fig. 2

showed that the observed rpo fits to Eq. (15), the presumption
of equilibrium 16 is verified.

5.3. Effect of light intensity on the L-H parameters

Generally, the rate R of photocatalytic reaction for adsorbed
molecules can be represented by three parameters; light inten-
sity (1), absorption coefficient («), and quantum efficiency (®).
Namely, R =al®. In photocatalytic reactions, ¢ depends on the
light intensity as expressed by Eq. (19) [31]:

-9 keal
@2 kpke[Daal[Aad]

where ky, ke and k; are oxidation, reduction, and recombi-
nation rate constants, and D,y and A,q are a donor and an
acceptor adsorbed at the surface of TiO;, respectively. This
equation is based on the reaction rate equations: d[e™ |/dt = ol —
kele™1[Aaa] — kc[e~1[h*] and d[h*}/dt=al — kn[h*][Daal —
ke[e~][h*] and @ = ([h*]/dr)/(al) [32].

Since the @ of TiO, photocatalysis is usually much smaller
than 1 (@ « 1), the photocatalytic reaction rate R given by
R =al® could be calculated with the following Eq. (20):

R {khke[Dad][Aad]al) }0'5
— -

19

(20)

By applying the steady state approximation for the concentra-
tions of e~ and h*, [e ] is equal to [h*], and ke[Aaq] = kn[Dag] is
obtained. This relationship simplifies Eq. (20) to give Eq. (21):

al 0.5
R= khwad]{} 1)

kr
Although Eq. (21) is for photocatalytic oxidation, the similar
equation for reduction can be obtained by replacing kp[Dyq] with
ke[Aagl. Since the total photocatalytic reaction rate R; concerns
both reduction and oxidation, Eq. (22) is obtained:

7103
R = (kn + ke)[TiO2—Reactant,q] { (z} (22)
T
By substituting Eq. (18) for [TiO>—Reactant,q], Eq. (22) could be
comparable with Eq. (15) which shows the simple L-H kinetics
equation for DO consumption. Then, rm,x in Eq. (15’) can be
expressed by Eq. (23):

al )0
'max = kt[TiOZ]O{ T } (23)
kp
where k¢ and k;, correspond to kp + ke and k; in Eq. (22), respec-
tively. Notice here that in the present L-H model, the &y and k.
do not simply mean the reaction rate constants for (h* + reactant)
and (e” + O»), respectively, but the k, and k. include a whole
DO consumption processes observed under steady state UV-
light condition as exhibited in Scheme 1. Then, the &y, in Eq.
(22) corresponds the sum of the reaction rate constants which
concern with the oxidation processes; k4 as the reaction of the
valence band h* with the reactant (reaction (4)), k5.1 and k55 as
the reaction of the intermediate of the reactant (reaction (5.1)
and (5.2)). In addition, k11 and ki, of reaction (11) and (12)
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which includes several oxidation steps have to be added when
we assume that the produced ROO*® is decomposed to CO; with-
out producing Oj. Therefore, ky =ka + ks.1 + ks + ki1 +ki2. In
the case of ethanol, the radical transfer reaction (reaction (7))
should also be added to ky,. On the other hand, the k. is com-
posed of several reactions such as k3 of reaction (3), kso of
reaction (5.2), kg or/and kg of reaction (8) and (9), k19, k11 and
k12 of reaction (10)—(12) as shown in Scheme 1. Therefore,
ke =k3 + ks + kg (or/and ko) +kjo+ki1 + k2. In a word, k¢ as
the sum of ky, and ke can be defined by the DO consumption rate
constant. Though k; in Eq. (22) means originally the reaction
rate constant for charge recombination between e~ and h*, kp in
Eq. (23) contains the reproduction of O; and any other reaction
against O, consumption. Notice here that k» as the direct charge
recombination can be disregarded since k> is usually induced
within s time scale. Then k, would be composed of k12 +k13.

Eq. (19) has usually been employed for analyzing the results
of laser flash photolysis with a high photon density [31,32]. As
seen in Fig. 4(A), the data obtained from the L-H kinetics of
DO decay could be fitted by Eq. (23), which is based on Eq.
(19). In our experimental conditions, since the photon flux is
too small to excite TiO, more than one pair of e”~h* at some
instance, Eq. (19) seems not to be adoptable. However, the indi-
rect charge recombination processes that stem from the long
lifetime of trapped e~ or O,*~ strongly influence the TiO, pho-
tocatalysis under steady state UV light. Actually, the lifetime
of trapped e~ was reported to be 500 ms as half-life time when
alcohol reacted as sacrificial reagent [16]. Even without alco-
hol, long lifetime of about 1 s was indicated from our previous
report [33]. By current doubling effect, the injected e™ can also
have long life as trapped e™. In addition, O,*~ produced at the
surface of TiO; has also long lifetime of 17s [8a] to hundred
seconds [8e] for P25 suspension. Since 36 photons per second
are absorbed by a particle, TiO2(e™) and O>*~ can be oxidized
back to TiO, and Oy, respectively, with the h* produced by the
photons absorbed in the same particle later. By taking these net
recombination reactions into account of the e”—h* recombina-
tion, Eq. (19) could be applied for the continuous light excitation.
Notice here that the indirect charge recombination as O,°~ with
h* can be counted for kj, but recombination as trapped e~ cannot
be in the present study of DO consumption.

5.4. Analysis of photocatalytic DO consumption process
using L-H model

Based on Eq. (23), the values of k¢ and kp, were evaluated from
Fig. 4(A). In TiO; photocatalysis with ethanol, the k; and &, were
5.1 %1073 and 11 x 107357, respectively. While those with
iso-propanol were 2.1 x 1073 and 0.5 x 1073 s~!, respectively.
The k;, for ethanol is approximately 20 times higher than that
for iso-propanol, while the k; is approximately twice higher.
This result can be interpreted by considering a difference in the
decomposition mechanisms of ethanol and iso-propanol.

On the ethanol oxidation, reaction of O, by a radical chain
reaction is well known (reaction (5)) [3b,c]. This O, consump-
tion of ethanol is much larger than iso-propanol because no
radical chain reaction is brought about in the case of first

oxidation process of iso-propanol [3b,c,19-21]. As the oxida-
tion intermediate acetaldehyde and acetone are produced from
ethanol and iso-propanol, respectively [17-21]. It has known
that the Oy consumption in acetone decomposition process is
smaller than acetaldehyde [3b,c,21]. Based on this interpreta-
tion, the larger k; of ethanol oxidation could be explained [34].
The reason for the larger k, of ethanol addition can be also
interpreted by O, reproduction from the chain reaction, while
no O reproduction process could be assumed in the first oxi-
dation process of iso-propanol. Thus, the O, reproduction on
iso-propanol oxidation could reflect the smaller k;,. This means
that the measured rpo exactly is composed of the balance of &
and kp. We have to notice here that &, include charge recombi-
nation by trapped e . Therefore, the propriety of the scale of k,
could not be verified in the present stage.

In the L-H kinetics model for DO consumption, the Kp
represents the ratio of forward and backward rate constants of
reaction (16), that is, Kp =k16k—16 L. Since the Kp reflects the
irreversible O, consumption processes on the alcohol decom-
position, it is not simply defined by the adsorption equilibrium
of the reactant but influenced by the adsorption equilibrium of
O;. The Kp shown in Fig. 4(B) is appreciably larger than the
adsorption coefficient K reported for alcohol decomposition. For
instance, the reported K for iso-propanol is 87 and 1.8 M~! at
pH 6 and 2, respectively [20c—e]. By using P25 suspension,
K for ethanol and iso-propanol at pH 3.6 are reported to be
47.6 and 28.6 M~ !, respectively [4b]. Although the value of Kp
includes the consumption of O, by chain reactions, the larger
Kp is presumable for the case of ethanol.

With increasing the light intensity, the Kp of ethanol addition
was increased, while it was decreased in the case of iso-propanol
addition as shown in Fig. 4(B). The increase in Kp is attributed
to the increase of the intermediate reactants with the light inten-
sity. The intermediates such as acetaldehyde and acetone are
produced and are also oxidized to consume O;. The amount
of adsorption of acetaldehyde is 3-fold higher than acetone at
the surface of TiO; and the water displacement ratio is 70%
for acetaldehyde and 30% for acetone [18,19,35]. Furthermore,
acetaldehyde adsorption is stronger than acetone adsorption on
the surface of P25 [35a]. Therefore, at a higher light intensity,
the larger Kp of ethanol addition is attributable to larger adsorp-
tion of acetaldehyde. At a lower light intensity, the Kp varied
widely. Especially, the data were fluctuated largely at the higher
alcohol concentration. Thus, we are now supposing that Kp of
iso-propanol addition may be independent on the light intensity.
Besides, we are planning to employ some carbon hydrates those
have much different adsorption properties and decomposition
rates.

5.5. Reactant dependence of the amount of O~

Since O is first converted to O,°~ in photocatalysis, moni-
toring of O,°*~ is important to understand the DO consumption
mechanism. The steady state concentration of O,° ™ in TiO; pho-
tocatalysis without reactant may be determined by the reactions
(2), (3), (8), (9) and (13). Shortly, the concentration of O°*~ on
the steady state depend mainly on the reaction of O,*~ with h*.
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As seen in Fig. 7(A), the concentration of O,*~ had an
apex at | mM of ethanol addition, though the amount of ethanol
adsorbed was calculated to be abundant as stated above. Approx-
imately 40 uM of steady state concentration of O,°~ observed
at 1 mM ethanol addition, which was four times higher than
that without ethanol addition. Since this large increase in the
amount of O»°*~ cannot be explained by the current doubling
effect via reactions (4), (6) and (3), the other reason for the
increase has to be marked. Reaction of alcohol with h* causes
the decreases in the direct recombination of e~ and h* (Eq. (2))
and the oxidation of O,°*~ by h* (Eq. (13)). Since the quantum
yield of O2°*~ formation under very weak light is very high [9],
the direct recombination could be of minor process in the case
of continuous light irradiation. Therefore, we may conclude that
the increase of the steady state concentration of O,°*~ with alco-
hol addition is attributed to the synergy effect of current doubling
effect and the decrease of the indirect recombination between
0,* and h'.

Asseen in Fig. 7(A), the decrease of the steady concentration
of O,°*~ by adding ethanol has apparently two phases. One phase
is rapid decrease until 5-10 mM ethanol addition and other one
is slow decrease above 5—10 mM. To explain the rapid decrease
inthe O2°*~ concentration, two possible reasons could be consid-
ered. First one is the decrease of the O, molecules adsorbed at the
surface because O is adsorbed at the same Ti** site as alcohol
[10,17-20]. If the number of O, adsorbed were decreased with
the ethanol adsorption, the amount of O,*~ produced should be
decreased with increasing the concentration of ethanol. How-
ever, the amount of O2*~ in the presence of 5 mM ethanol is
twice of that without ethanol. The similar tendency was observed
from iso-propanol addition as shown in Fig. 7(B). Therefore, the
desorption of Oy by the alcohol will be ruled out to explain the
decrease of O>°*~. Instead, we can suggest here that the chain
reaction as reaction (5.2) might be carried out at the high ethanol
adsorption because an effective TiO; photocatalytic oxidation of
ethanol attained (reaction (4)). In fact, as seen in Fig. 7(A), the
decrease of the concentration of O,® ~ was observed above 1 mM
of ethanol, where a large amount of ethanol is adsorbed. Thus,
the plausible process on the decrease in the O2°®~ concentration
is the chain reaction route as reaction (5.2) in Scheme 1 [3],
because the lifetime of O,®~ is 17 to several hundred second as
stated above.

Above 10 mM of ethanol addition, there may be two candi-
dates as the cause for decreasing the steady state concentration
of O,*~. First possible cause is a diminution of CL intensity of
luminol with increasing the concentration of ethanol. However,
in separate blank experiments using KO», ethanol in TiO; sus-
pension did not decrease the luminol CL intensity, then, this
is not the cause of the decrease. Second possible cause is a
decrease of an adsorbed O at the surface of TiO; by increasing
the amount of ethanol adsorption. Although some effort to elu-
cidate the role of O, is reported under gas phase, the adsorption
equilibrium of O, with TiO, surface has not been established
yet under aqueous phase [17—19]. Therefore, the precise rea-
son for the slow decrease above 10 mM of ethanol addition is
unclear in the present stage. However, the luminol CL probe
method employed to elucidate the amount of O,°*~ for the reac-

tion intermediate of O; has been successfully used to understand
the photocatalytic reaction mechanism with organic compound.

5.6. Estimation of photocatalytic efficiency from the DO
consumption rate

Based on the results of the L—H plot (Fig. 3) obtained from the
DO consumption, we could know that the rpo was composed of
rmax and Kp. From these parameters, the photocatalytic activity
for alcohol decomposition could be estimated. In this section,
from the view point of DO consumption, the photocatalytic
efficiency for the decomposition of alcohol is discussed.

Quantum efficiency (@po) for DO consumption is calculated
by Eq. (24):

Ppo = —+ (24)
al

Here, o/ stands for the excitation rate. The values of @pg for the
excitation with 0.54, 1.22, and 2.80 mW cm~2 were 0.67, 0.54,
and 0.42% with ethanol and 0.75, 0.55, and 0.42% with iso-
propanol, respectively. The ®po was increased with decreasing
I for both ethanol and iso-propanol. This increase is consistent
with that obtained from laser photolysis and so on [32,36].

Eq. (24) gives Eq. (25) by using Eqs. (15) and (17). Where
Dax 1s the maximum efficiency obtained with the maximum
DO, OF Pmax = Fmax/(al):

1 I 1 [TiO,]
= + : 25)
®po DPmax Dmax / [TiO—Reactant,q]

As shown in Fig. 8, the plot of 1/®pg as a function of I shows
a straight line. This experimental result indicates that, in Eq.
(25), following relationship (Eq. (26)) holds:

. 0.5
[TiO2] ( 1 ) 26)
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Fig. 8. The inverse of quantum efficiency of oxygen consumption ®@po was
plotted as a function of 1% for the photocatalytic decomposition with ethanol
and iso-propanol.
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The value of Iy corresponds to the light intensity at which half of
the adsorption site of TiO, surface is occupied by reaction inter-
mediates and reactant alcohols. From Fig. 8, the @« is 2.4%
with Io=0.12mW cm™2 for ethanol addition and 1.8% with
Ip=0.24mW cm™2 for iso-propanol addition. The @,y is com-
parable to @ for the decomposition of ethanol and iso-propanol,
which have been reported to 2.8 and 1.2%, respectively, at pH
3.5 [4b]. Then we may conclude in the present study that the
relative photonic efficiency @po for DO consumption is suit-
able as a convenient parameter to compare photocatalysts and
reactants [37].

6. Conclusions

In the present study, we could demonstrate that the mea-
surement of DO consumption is a powerful method to obtain
much information of photocatalytic reaction and to estimate the
photocatalytic activity.

By adopting the L-H kinetics model for the DO consumption
rate with various amounts of reactants, ethanol and iso-propanol,
two parameters rmax and Kp were evaluated. We found that the
dependence of ryyx on the light intensity (/) obeyed the term
of {(()t[)/lcp],~0'5 and could estimate two rate constants, k; and
kp, which were defined for the DO consumption and the O3
reproduction. Though this analysis originated from on the high
e —h* recombination rate with a high photon density such as
laser flash photolysis, it could be formally applicable because the
trapped e~ and O,*~ having a long lifetime cause a slow charge
recombination with the h* produced by the photons absorbed in
the same particle later.

The values of Kp obtained for ethanol and iso-propanol
showed quite different tendency with increasing the light inten-
sity. Change of Kp with increasing the light intensity stems from
the different photocatalytic oxidation rate of the produced inter-
mediates. In the present study, though the Kp was defined by the
oxygen uptake from the solution, it is exactly influenced by the
association constant of the reactant on the photocatalysts. We
suggested here the Kp can be used as one of the index to estimate
the progress level on photocatalytic reaction with a reactant.

The reaction of alcohol and intermediate with O,° ™~ produced
in photocatalysis was detected by means of luminol chemilu-
minescence (CL) method. The quantitative observation of the
behavior of O2*™ in a TiO, photocatalysis with alcohol concen-
tration is first reported as far as we know. With increasing the
concentration of alcohol addition, the steady state concentration
of O,°~ was increased as the result of a synergy effect of the
current doubling effect and the prolonged lifetime of O>°*~ with
the decrease of the h* oxidation. Decrease of O,®~ at a higher
concentration of reactants suggested that radical intermediates
react with O2°*~ (Eq. (5.2)).

We suggested also that the relative photonic efficiency ®po
for DO consumption can be used as an convenient parameter to
compare photocatalysts and reactants.

References

[1] (a) M. Kaneko, I. Okura (Eds.), Photocatalysis: Science and Technology,
Kodansha-Scientific, Tokyo, 2002, pp. 109-182;

(b) A. Fujishima, T.N. Rao, D.A. Tryk, J. Photochem. Photobiol. C: Pho-
tochem. Rev. 1 (2000) 1;
(c) A. Fujishima, K. Hashimoto, T. Watanabe, Photocatalysis, BKC Inc.,
Tokyo, 1999;
(d) A. Mills, L.S. Hunte, J. Photochem. Photobiol. A: Chem. 108 (1997) 1.
[2] (a) D.R. Kennedy, M. Ritche, J. Mackenzie, Trans. Farad. Soc. 54 (1958)
119;
(b) LS. Mclintock, M. Ritchie, Trans. Farad. Soc. 61 (1965) 1007,
(c) R.I. Bickley, E.S. Stone, J. Catal. 31 (1973) 389;
(d) A.H. Boonstra, A.H.A.C. Mutsaers, J. Phys. Chem. 79 (1975) 1694.
[3] (a) J. Schwitzgebel, J.G. Ekerdt, H. Gerishcer, A. Heller, J. Phys. Chem.
99 (1995) 5633,
(b) K. Ikeda, H. Sakai, R. Baba, K. Hashimoto, A. Fujishima, J. Phys.
Chem. B 101 (1997) 2617,
(c) K. Ikeda, K. Hashimoto, A. Fujishima, J. Electroanal. Chem. 437 (1997)
241.
[4] (a) D.E. Ollis, C.-Y. Hsiao, L. Budiman, C.-L. Lee, J. Catal. 88 (1984) 89;
(b) W.R. Matthews, J. Catal. 111 (1988) 264;
(c) I. Sopyan, M. Watanabe, S. Murasawa, K. Hashimoto, A. Fujishima, J.
Photochem. Photobiol. A: Chem. 98 (1996) 79;
(d) J. Schwitzgebel, G.J. Ekerdt, F. Sunada, S.-E. Lindquest, A. Heller, J.
Phys. Chem. B 101 (1997) 2621;
(¢) M.M. Kosanic, J. Photochem. Photobiol. A: Chem. 119 (1998)
119;
(f) L.-F. Liao, W.-C. Wu, C.-Y. Chen, J.-L. Lin, J. Phys. Chem. B 105
(2001) 7678,
(g) L. Hykrdova, J. Jirkovsky, G. Mailhot, M. Bolte, J. Photochem. Photo-
biol. A: Chem. 151 (2002) 181;
(h) C. Guillard, P. Theron, P. Pichat, C. Petrier, C. Water Res. 36 (2002)
4263.
[5] A.L. Attwood, J.L.. Edwards, C.C. Rowlands, D.M. Murphy, J. Phys. Chem.
A 107 (2003) 1779.
[6] (a) C.-M. Wang, A. Heller, H. Gericher, J. Am. Chem. Soc. 114 (1992)
5230;
(b) B. Kraeutler, A.J. Bard, J. Am. Chem. Soc. 78 (1978) 5985.
[7] M.R. Hoffmann, T.S. Martin, W. Choi, D.W. Bahnemann, Chem. Rev. 95
(1995) 69.
[8] (a) Y. Nosaka, H. Fukuyama, Chem. Lett. (1997) 383;
(b) Y. Nosaka, Y. Yamashita, H. Fukuyama, J. Phys. Chem. B 101 (1997)
5822;
(c) T. Hirakawa, Y. Nakaoka, J. Nishino, Y. Nosaka, J. Phys. Chem. B 103
(1999) 4399,
(d) T. Hirakawa, H. Kominami, B. Ohtani, Y. Nosaka, J. Phys. Chem. B
105 (2001) 6993;
(e) T. Hirakawa, Y. Nosaka, Langmuir 18 (2002) 3247.
[9] (a) K. Ishibashi, Y. Nosaka, K. Hashimoto, A. Fujishima, J. Phys. Chem.
B 102 (1998) 2177,
(b) K. Ishibashi, A. Fujishima, T. Watanabe, K. Hashimoto, J. Photochem.
Photobiol. A: Chem. 134 (2000) 139;
(c) K. Ishibashi, A. Fujishima, T. Watanabe, K. Hashimoto, Electrochem.
Commun. 2 (2000) 207.
[10] (a) A.A. Davydov, M.P. Komarova, V.F. Anufrienko, G.N. Maksimov,
Kinet. Catal. 14 (1973) 1342;
(b) A.P. Griva, V.V. Nilisha, B.N. Shelimov, V.B. Kazanskii, Kinet. Catal.
15 (1974) 86;
(c) A.M. Volodin, A.E. Cherkashin, V.S. Zakharenko, React. Kinet. Catal.
Lett. 11 (1979) 235;
(d) A.M. Volodin, A.E. Cherkashin, V.S. Zakharenko, React. Kinet. Catal.
Lett. 11 (1979) 277,
(e) ER. Howe, M. Gratzel, J. Phys. Chem. 91 (1987) 3906,
(f) Y. Nakaoka, Y. Nosaka, J. Photochem. Photobiol. A: Chem. 110 (1997)
299;
(g) C. Murata, H. Yoshida, I. Kumagai, T. Hattori, J. Phys. Chem. B 107
(2003) 4364.
[11] R. Nakamura, A. Imanishi, K. Murakoshi, Y. Nakato, J. Am. Chem. Soc.
125 (2003) 7443.
[12] (a) R. Cai, K. Hashimoto, A. Fujishima, J. Electoanal. Chem. 236 (1992)
345;



68 T. Hirakawa et al. / Journal of Photochemistry and Photobiology A: Chemistry 190 (2007) 5868

(b) R. Cai, R. Baba, K. Hashimoto, Y. Kubota, A. Fujishima, J. Electoanal.
Chem. 360 (1993) 237,
(c) K. Ishibashi, A. Fujishima, T. Watanabe, K. Hashimoto, Electrochem-
istry 69 (2001) 160.

[13] (a) C. Kormann, D.W. Bahnemann, M.R. Hoffmann, Environ. Sci. Technol.
22 (1988) 798;
(b) A.J. Hoffman, E.R. Carraway, M.R. Hoffmann, Environ. Sci. Technol.
28 (1994) 776.

[14] (a) R.-A. Doong, W.-H. Chang, J. Photochem. Photobiol. A: Chem. 107
(1997) 239;
(b) T.-F. Chen, W.-H. Doong, W.-G. Lei, Water Sci. Technol. 37 (1998)
187.

[15] L. Sun, R.J. Bolton, J. Phys. Chem. 100 (1996) 4127.

[16] Li. Xiao-e, M.N.A. Green, S.A. Haque, A. Mills, J.R. Durrant, J. Pho-
tochem. Photobiol. A: Chem. 162 (2004) 253.

[17] (a) V.S. Lisvardi, M.A. Barteau, W.E. Farneth, J. Catal. 153 (1995) 41;
(b) S.K. Kim, M.A. Barteau, W.E. Farneth, Langmuir 4 (1988) 533;
() Y. Suda, T. Morimoto, M. Nagao, Langmuir 3 (1987) 99;
(d) I. Carrizosa, G. Munuera, J. Catal. 49 (1977) 174,
(e) L. Carrizosa, G. Munuera, J. Catal. 49 (1977) 189.

[18] (a) D.S. Muggli, K.H. Lowery, J.L. Falconer, J. Catal. 180 (1998) 111;
(b) D.S. Muggli, J.T. McCue, J.L. Falconer, J. Catal. 173 (1998) 470;
(c) D.S. Muggli, S.A. Larson, J.L. Falconer, J. Phys. Chem. 100 (1996)
15886;
(d) V.S. Lusvardi, M.A. Barteau, W.R. Dolinger, W.E. Farneth, J. Phys.
Chem. 100 (1996) 18183.

[19] (a) R.I. Bickley, E.S. Stone, J. Catal. 31 (1973) 398;
(b) S.A. Larson, J.A. Widegren, J.L. Falconer, J. Catal. 157 (1995) 611;
(c) D. Brinkley, T. Engel, J. Phys. Chem. B 102 (1998) 7596,
(d) W. Xu, D. Raftery, J. Phys. Chem. B 105 (2001) 4343.

[20] (a) S. Pilkenton, S.-J. Hwang, D. Raftery, J. Phys. Chem. B 103 (1999)
11152;
(b) O.A. Semenikhin, V.E. Kazarinov, L. Jiang, K. Hashimoto, A.
Fujishima, Langmuir 15 (1999) 3731;
(c) B. Ohtani, M. Kakimoto, T. Kagiya, J. Photochem. Photobiol. A: Chem.
70 (1993) 265;
(d) B. Ohtani, S. Nishimoto, J. Phys. Chem. 97 (1993) 920;
(e) B. Ohtani, M. Kakimoto, H. Miyadzu, S. Nishimoto, T. Kagiya, J. Phys.
Chem. 92 (1988) 5773.

[21] (a) Y. Ohko, K. Hashimoto, A. Fujishima, J. Phys. Chem. A 101 (1997)
8057;
(b) Y. Ohko, D.A. Tryk, K. Hashimoto, A. Fujishima, J. Phys. Chem. B
102 (1998) 2699.

[22] O.I. Micic, Y. Zhang, K.R. Cromack, A.D. Trifunac, M.C. Thurnauer, J.
Phys. Chem. 97 (1993) 7277.

[23] M.A. Grela, E.J. Coronel, A.J. Colussi, J. Phys. Chem. 100 (1996) 16940.

[24] R. Nakamura, Y. Nakato, J. Am. Chem. Soc. 126 (2004) 1290.

[25] Y. Nosaka, S. Komori, K. Yawata, T. Hirakawa, A.Y. Nosaka, Phys. Chem.
Chem. Phys. 5 (2003) 4731.

[26] W. Choi, M.R. Hoffmann, Environ. Sci. Technol. 29 (1995) 1646.

[27] V.. Lilie, G. Beck, A. Henglein, Ber. Bunsen-Ges. Phys. Chem. 75 (1971)
458.

[28] D. Duonghong, J. Ramsden, M. Graetzel, J. Am. Chem. Soc. 104 (1982)
2977.

[29] (a) H. Gerischer, Surf. Sci. 13 (1969) 265;

(b) B. Kraeutler, A.J. Bard, J. Am. Chem. Soc. 100 (1978) 5985;

(¢) Y. Harima, R. Morrison, J. Electroanal. Chem. 220 (1987) 173;

(d) K. Itoh, A. Fujishima, Chem. Phys. Lett. 135 (1987) 521;

(e) T. Ohno, S. Izumi, K. Fujihara, Y. Masaki, M. Matsumura, J. Phys.
Chem. B 104 (2000) 6801.

[30] H. Goto, Y. Hanada, T. Ohno, M. Matsumura, J. Catal. 225 (2004) 223.

[31] Y. Nosaka, Y. Nakaoka, Langmuir 11 (1995) 1170.

[32] (a) Y. Nosaka, M.A. Fox, J. Phys. Chem. 90 (1986) 6521;

(b) Y. Nosaka, M.A. Fox, J. Phys. Chem. 92 (1988) 1893;
(c) Y. Nosaka, N. Ohta, H. Miyama, J. Phys. Chem. 94 (1990) 3752.

[33] Y. Nosaka, M. Nakamura, T. Hirakawa, Phys. Chem. Chem. Phys. 4 (2002)
1088.

[34] Notice here that the O, consumption reported is focused on the chain
reaction at the first oxidation process but not on the total amount of DO
consumption. From its chemical structure, iso-propanol consumes higher
amount of O than ethanol to achieve the complete decomposition into
CO; and H,O. Hence, total DO consumption for complete decomposition
of iso-propanol might be higher than ethanol.

[35] (a) S. Luo, J.L. Falconer, J. Catal. 185 (1999) 393;

(b) D.S. Muggli, J.L. Falconer, J. Catal. 175 (1998) 213.

[36] (a) Y. Du, J. Rabani, J. Phys. Chem. B 107 (2003) 11970;

(b) C.-y. Wang, J. Rabani, D.W. Bahnemann, J.K. Dohrmann, J. Photochem.
Photobiol. A: Chem. 148 (2002) 169.

[37] (a) T. Halima, N. Serpone, L.-van M. Raymond, J. Photochem. Photobiol.
A: Chem. 93 (1996) 199;

(b) N. Serpone, S. Genevieve, K. Ralf, T. Halima, P. Pichat, P. Paola,
E. Pelizzetti, H. Hidaka, J. Photochem. Photobiol. A: Chem. 94 (1996)
191;

(c) N. Serpone, J. Photochem. Photobiol. A: Chem. 104 (1997) 1.



	An approach to estimating photocatalytic activity of TiO2 suspension by monitoring dissolved oxygen and superoxide ion on decomposing organic compounds
	Introduction
	Photocatalytic reaction model for oxygen consumption
	Experimental
	Materials and properties
	Monitoring the consumption of dissolved oxygen (DO)
	Luminol chemiluminescent (CL) probe method

	Results
	Effect of reactants on DO consumption
	Effect of photon flux on the DO consumption
	Measurements of absorption coefficient of TiO2 suspension
	Effect of reactants on the O2- formation

	Discussion
	Zero-order reaction kinetics of DO consumption
	L-H kinetics model for DO consumption
	Effect of light intensity on the L-H parameters
	Analysis of photocatalytic DO consumption process using L-H model
	Reactant dependence of the amount of O2-
	Estimation of photocatalytic efficiency from the DO consumption rate

	Conclusions
	References


