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In this study, the steady-state concentrations of HO,*/O,*~ formed from the photocatalysis of immobilized
TiO, were investigated quantitatively by using the kinetic method with a continuous flow injection. In
air-equilibrated water, the concentration of HO,*/0,°~ was typically 1.01 (+0.08) x 10~ M at pH 5.80
in the absence of buffers. The reduction of O, by photo-induced electrons (e, ~) was increased by the
concentration of O, (from 0 to 0.38 mM). However, in the presence of buffer anions the concentration of
HO,*/0,*~ was gradually decreased by increasing pH. This indicates that the suppression of HO2*/0,*~ in
the presence of bufferionsis attributed to the blocking of active sites of the immobilized TiO, photocatalyst
and to certain processes, that is, the reaction between HO,*/0,*~ and *OH (and/or hy,*). Furthermore, the
concentration of HO,*/O,*~ increased with the increasing concentrations of H0, and oxalate, and then
on the further addition of H,0, (>10 mM) and oxalate (>2 mM), the concentration of HO,*/O,*~ reached
steady values. These results strongly suggest that HO,*/0,*~ formed on TiO, photocatalysis migrates into
the water bulk, and this study can contribute significantly to the body of knowledge regarding HO,*/0,*~
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at very low levels.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalytic applications of TiO, have been of major interest
in the area of wastewater treatment, especially when the wastew-
ater contains a wide variety of undesirable pollutants [1-3]. In the
previous studies of the TiO, photolysis, reactive intermediates such
as the hydroxyl radical (*OH) [4-13], the hydroperoxyl/superoxide
anion radical (HO,°*/0,°~) [12-22], singlet oxygen (10,) [17-22],
and hydrogen peroxide (H,0,) [15,20] have been identified and
their formation mechanisms have also been proposed. While the
hydroxyl radicals produced on hydrated TiO, particles are fairly
well investigated in a series of degradation reactions with pollu-
tant molecules [4-13,23,24], much less attention has been paid to
the role of HO,*/0O,°*~. Recently, several studies have paid much
more attention to the behaviors of HO,*/O,*~ produced through
the electron transfer from the TiO, surface to dissolved oxygen (O,),
since the formation of HO,*/0,°*~ is important process to deter-
mine the efficiency of TiO, photocatalytic reactions by means of
the decrease of electron-hole (e~-h*) recombination [15,16,24].
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In view of this point, the physicochemical features on HO,*/0,°~
formation, i.e., migrated (or drift) HO,*/O,*~, are very important
to explore the TiO, photocatalytic activity. In addition, a large
amount of attention has been focused on the potential role of
HO,*/0,°~ in eliminating various pollutants in water including
atrazine, phenols, and chlorophenol [25-29]. Nevertheless, further
investigated is warranted concerning the generation and deacti-
vation of HO,*/0,°~, as well, quantitative information is needed
[15-17,19,24].

Although a number of studies have been conducted to inves-
tigate HO,*/O,*~ formation in the TiO, photolysis, the basic
mechanism is considered to represent the best reaction model for
explaining the fate of HO,*/O,°*~ in an aqueous phase as follows
[12,16,30-35]:

TiO; + hu(< 400nm) — hyy* +eq™ M
H0(orOH™) + hy,™ — °*OH + HT (I
0y teq — Oyt (1)
0,*~ +H*< HO,* (V)
0z*" +hy" > Oy V)

In the aqueous phase, the photolysis of TiO, leads to the formation
of a valence band hole (hy,*) and a conduction band electron (e, ™)
in reaction (I). The hydroxyl radical (*OH) is produced from H,O (or
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OH~) on the hydrated TiO, surface by trapping an h,,* (reaction
(II)). Subsequently, the oxygen molecules adsorbed on the surface
of air-saturated TiO, act as electron scavengers and combine with
e~ to form O,*~ in the reaction (III), which is in an acid-base
equilibrium (reaction (VI); pK; (HO,°*)=4.84+0.1) [36]. The reduc-
tion of O, by ey, (reaction (III)) can exclude the accumulation of
the electrons on the TiO, particles as well as e~-h* recombination.
However, h,;,* remaining on the TiO, surface is reported to elimi-
nate O,°*~ (reaction (V)) [32,33]. Thus, the formation of HO,°*/0,*~
has been considered as an intermediate of the ensuing reactions
of free radicals in air-saturated water during the photolysis of
TiO,.

Thus far, several methods have been developed for the detection
0of HO,*/05*~ formed in illuminated TiO, suspensions. For an exam-
ination of active species produced on TiO, surfaces, the electron
paramagnetic resonance (EPR) technique has been most commonly
used at a very low temperature or at room temperature [5,12,37,38].
However, the EPR technique has only focused on the detection of
HO,°*/0,°~, rather than on the determination of the absolute con-
centration of HO,*/O,*~. Nosaka et al. [14,15] and Hirakawa et al.
[24,33] have recently developed a chemiluminescence (CL) method
to detect reactive oxygen species formed on a TiO, photocatalyst.
They dropped luminol as a specific probe on a TiO, aqueous suspen-
sion or on TiO, film. However, this method has a shortcoming, in
that reactions with various reactive oxygen species without the sep-
aration of HO,*/0,°*~ occur; thus only an estimated (or calculated)
concentration of HO,*/0,*~ is reported. In contrast, Ishibashi et al.
[16,19] applied this method using luminol or MCLA (2-methyl-6-
(p-methoxyphenyl)-3,7-dihydroimidazo-[1,2-a]pyrazin-3-one) as
a specific probe to TiO, film-type photocatalysts in air and in water.
To determine the absolute number of O,*~, the photon emission
standards were measured from the luminol oxidation initiated with
the addition of 0.1% hydrogen peroxide in a standard cell, and the
quantitative number of O,*~ was then estimated by comparing
the photon number from the standard photon emission of lumi-
nol with that emitted from the reaction between photo-generated
0,*~ and luminol [19]. However, there are issues with an inter-
fering effect such as H,0,-induced CL in the presence of metal and
additionally required experimental such as a standard photon emis-
sion. Other issues involve the selectivity of luminol from various
reactive oxygen species during TiO, photolysis [15,19,24,33]. Inter-
estingly, no such steady-state concentration of HO,*/0,°~ formed
at continuous flow injection has been reported to the best of
my knowledge. Thus, information regarding the concentration of
HO,°/0,°~ has been limited in previous studies involving the pho-
tolysis of TiO5.

For an alternative method of determining the HO,°/0,°~
concentration, Kwon et al. [39,40] developed a kinetic method
for the measurement of HO,*/0,*~ in an aqueous solution. In
this method, a calibration procedure using a kinetic half-life
technique is established for determining the concentration of
HO,°/05°~ as produced in the UV/H,0, process. The kinetic
method has shown high sensitivity with a simple calibration sys-
tem.

In this study, the steady-state concentration of HO,*/0,°~ in
an illuminated TiO, film using the kinetic method is quantita-
tively determined. To investigate the generation and deactivation
of HO,*/O,*~ in the photolysis of TiO,, various effects of the
pH using anion buffers, dissolved oxygen, and wavelengths are
examined. In addition, the effects of hydrogen peroxide and
oxalate are examined in the TiO, photolysis. In particular, this
study is the first report of utilizing the continuous flow injec-
tion in the investigation of TiO, photocatalytic reactions on
the generation and deactivation of HO,°/O,*~ to my knowl-
edge.

2. Experimental
2.1. Materials

Anatase TiO, (particle size-325 mesh, 99+%) was obtained from
Aldrich. Ferric ethylenediaminetetra acetate (Fe3*-EDTA), sulfu-
ric acid, sodium hydroxide, benzoic acid (BA), sodium oxalate,
and 3% H,0, were of reagent grade and were purchased from
Sigma-Aldrich. The solution pH was adjusted to the ranges between
5 and 9.5 with a phosphate buffer (Sigma) and a borate buffer
(LabChem Inc.) in addition to H,SO4 and NaOH. The concentration
of the H,0, stock solution was determined through the use of a
KMnOy titration method prior to use. The working H,0, solution
was prepared daily by diluting the H,0, stock solution with the
proper level with high-purity deionized (DI) water. O, saturation in
the DI water was achieved by purging high purity O, gas (>99.995%)
to dissolve molecular oxygen, and N, saturation in the DI water was
achieved through the use of high purity N5 gas (>99.99%) to remove
molecular oxygen. All other chemicals were of analytical grade and
were used as received. All solutions were made with high-purity
(>18 MS2 cm) DI water from the Younglin ultra-purification system
(Korea).

2.2. Preparation of the TiO,-coated quartz coil

TiO, particles were immobilized on the inner surface of a quartz
coil (i.d. 1 mm x length 900 mm; inner surface **area ~2800 mm?).
The quartz coil was pre-cleaned with 1% nitric acid and washed
with pumped DI water by pumping for 2h at 1.00 mL/min. Two
hundred micrograms of TiO, was added into 3 mL methanol, and
this was stirred with a magnetic stirrer. 0.3 mL TiO, suspension
was gradually poured into the quartz coil and it was dried at 40 °C.
This process was repeated 10 times to achieve an even coating. This
coil was subsequently calcined in a furnace at 600°C for 3 h [41].
Following this, the quartz coil with the immobilized TiO, particles
was cooled to room temperature in air. X-ray diffraction (XRD) was
used to analyze the change of crystalline structure of TiO,. Anatase
and rutile TiO, were both present in the calcined powders, but the
main structure was anatase (data not shown).

2.3. HO,*/0,*~ determination in the photolysis of TiO,

A schematic diagram for the HO,*/0,°*~ measurement system is
shown in Fig. 1. The apparatus and the experimental procedures
employed in this study are similar to those of a previous study
[39,40] except the TiO, particles immobilized on the quartz coil.
All solutions were delivered using a peristaltic pump (Ismatec, type
ISM 946) with PTFE tubing (Cole-Parmer, i.d. 1.07 mm).

During the measurement of HO,*/O,*~, DI water was delivered
through Port 1 (P1, 0.43 mL/min) with Valve 1 (V1) opened, while
Valve 2 (V2) and Valve 3 (V3) were closed. Dissolved oxygen (DO) in
the DI water led to the formation of HO,*/0,°~ in the TiO,-coated
quartz coil illuminated with a 4-W low pressure Hg lamp (Sankyo
Denki Co., Japan). H, 0, was added through Port 2 (P2,0.23 mL/min)
and was mixed with a premixed solution containing Fe3*-EDTA
(P3, 0.23mL/min) and BA (P4, 0.23 mL/min). The Fe3*-EDTA was
reduced by HO,*/0,°~ to Fe2*-EDTA with kg =2 x 108 M~1s-1,

Fe3*-EDTA + 0,°~ (HO,*) — Fe?*-EDTA + O,(+H) (V1)

A subsequent Fenton-like reaction between Fe?*-EDTA and H,0,
(k7=(2+1)x 104 M~! s~1)led to the production of the *OH radicals
and to the regeneration of Fe3*-EDTA.

Fe2*-EDTA + H,0, — Fe3*-EDTA + OH~ +°*OH (VID)
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Fig. 1. Schematic diagram and calibration equipment for measuring HO,*/0,*~. PP, peristaltic pump; P1, P2, P3, P4, and P5, solution inlet ports; UV/TiO,, UV light and
immobilized TiO, quartz reactor; V1, V2, and V3, manually operated valves; KTR 1 and KTR 2, knotted tubing reactors; GD, glass debubbler; A/D, A/D converter; FM,

fluorometer; PC, computer.

Following this, the *OH radicals produced OHBA in the pres-
ence of BA with a nearly diffusion-controlled rate constant of
kg =4.3 x 10° M~1s~1 in knotted tubing reactor 2 (KTR 2).

*OH + BA — OHBA (VIII)

0.05N NaOH (P5, 0.23 mL/min) was then added to raise the pH
level above 11 at which the fluorescence signal of OHBA could be
maintained at a maximum level. The mixed solution occasionally
caused the formation of air bubbles in the effluent stream, which
was removed by a glass debubbler (GD) prior to the fluorometer
(FM) in order to prevent noise signals caused by the air bubbles.

The OHBA fluorescence was then measured with a fluorome-
ter (Waters 474 model) equipped with a 16 pL flow-through cell
with Aex =320 nm/Aem =400 nm with slit-width of 40 nm. The flu-
orescence signal was transferred to a data acquisition system,
Auto-chrowin (Younglin, Korea), consisting of an analog-to-digital
converter (A/D) with a personal computer (PC).

2.4. Calibration procedures for HO3*/05*~

The calibration procedure employed in this work is described in
detail in the previous study [39,40] except for the immobilized TiO,
particles in the quartz coil as a self-calibration tool. All working
solutions containing 4-8 mM H;0,, 20-40 wM Fe3*-EDTA, 1 mM
benzoic acid (BA), and 0.05N NaOH were passed through the appro-
priate ports under UV with the lamp-off; as well, the base lines
were monitored. During calibration of the HO,°/O,*~ concentra-
tion, V2 and V3 were open, while V1 was closed, as shown in Fig. 1.
In the absence of additives, HO,*/O,°*~ in knotted tubing reactor
(KTR 1) is disproportionated by the self-reactions according to the
empirically observed pH-dependent rate constant, ks [36]:

HO,* + HO,* — H;0,+0, (IX)

HO,* + 05°~ +H,0 — Hy0, +0, +OH- (X)
0,°~ +05°~ +2H,0 — Hy0, + 0, +20H" (XI)
ko + k1o(Kno, /[H'])
(1 + Ko, /H"])

where at a given pH kg can be calculated using
ko=(8.3£0.7)x 105 M~1571, k19=(9.76 £0.6) x 107 M~1 51,
k11<03M~'s7!, and Kpo, =1.6 x 10°°M~! as recommended
values [36]. The rate of second-order reaction mainly given by the
reactions (IX) and (X) is

Kobs (] )

d[HO,*/05°~
- dH022/02" 1, [HO, /05 @
The solution of Eq. (2) is
[HO2* /02" ], — [HO2*/02° "], Ao — Ac
k t= o =SR = 3
s * £ = [HO," /0,7, x [HO*/0," ], Ad &

The signal ratio (SR) can be defined as (Ao — At)/(Ao x At) where Ao
is the signal intensity of OHBA at KTR 1 of 0 m and A is the signal
intensity of OHBA at KTR 1 of 1 m, 2 m, 3 m, and 4 m, respectively.
Since [HOZ’/OZ"]tU2 is equal to [HO,*/05°"]o/2 at the half-life
(t12), Eq. (3) becomes

1

O/ o = i

(4)
For the second-order reaction, the t;, is inversely proportional to
the initial concentration of HO,*/0,°*~. Thus, the concentration of
HO,°/02*~ can readily be determined from the t;;; of HO»°/02*~
decay in the aqueous solution by calculating ks at a given pH.
The half-life (1)) of HO2*/0y*~ is experimentally measured by
plotting the linear relationship of SR vs. the reaction time based on
each length of KTR 1. As self-reactions (IX)-(XI) occurred in KTR 1,
the concentrations of HO,*/0,*~ were expected to decrease as the
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Fig. 2. Plot of SR vs. reaction time with straight line: pH 5.80, A=254nm,
[BA]=1mM, [H,0,]=4 mM, [Fe**-EDTA] =20 M, and [NaOH]=0.05N.

length of KTR 1 increased. These were step-wise, and varied: 0, 1,
2,3, and 4 m. Hence, the signal intensity of OHBA corresponding to
the concentration of HO,*/O,*~ decreased as the length of KTR 1
increased, and was converted into the reaction time by the constant
flow rate through KTR 1 and the constant volumes. A plot of the SR
vs. reaction time results in a straight line (Fig. 2) as expected, which
produced a pair of slope and intercept at each given pH. From these
slopes and intercepts, the half-life (¢;,;) was derived through the
following:

SRy, = slope x ty, + intercept (5)

Here, SRtI/2 is the SR of the half-life, becoming identical with 1/A, at
t12. Consequently, a given concentration of HO;*/0,°~ was kinet-
ically calculated from Eq. (4), based on the t;; and calculated kqps
at a given pH.

2.5. Measurements of UV light intensity and dissolved oxygen
(DO)

The light intensities of UV-C (A =254 nm) and UV-A (A =365 nm)
were measured with ferrioxalate actinometry [42]. The DO was
measured with YSI model 58 (USA).

3. Results and discussion
3.1. Effects of the pH and buffer

In the previous studies, Nosaka et al. [15] reported that the con-
centration of O,°*~ was estimated to be approximately 5 x 10-13 M
from the CL of luminol dropped on suspended-TiO; (15 mg/3.5 mL)
during illumination using a 150-W xenon lamp at the wave-
length of 387+ 11 nm and under an alkaline solution of pH 11.5
with 0.01 M NaOH. Hirakawa et al. [33] also reported that the
concentration of 0,°~ in the same apparatus and experimental
procedures as those used by Nosaka et al. [15] was estimated to
be about 0.69-0.96 x 10~13 M using an alkaline solution of pH 11.5
with 0.01 M NaOH. In addition, Hirakawa et al. [24] experimen-
tally reported again that the concentration of O,*~ using a similar
apparatus and experimental procedures, as those of Nosaka et al.
[15] and Hirakawa et al. [33], was measured to be approximately
1.2 x 10-6M using an alkaline solution of pH 11.5 with 0.01 M
NaOH, which is inconsistent with the previous results. The cause
of the inconsistency may have resulted from the different meth-
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6.0e-10 4

5.0e-10 4 Borate buffer ———==

Concentration of HO/O, radical, M
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Fig. 3. Dependence of the concentration of HO,*/O,*~ on increasing of pH in
the presence of various buffer ions: A =254nm, [BA]=1mM, [H,0,]=4 mM, [Fe3*-
EDTA] =20 wM, [NaOH]=0.05N, [DO] =0.194 mM, and KTR=0m.

ods of determining the amount of O,°~. In other words, the results
reported by Nosaka et al. [15] and Hirakawa et al. [33] were esti-
mated by calculating a simple model [43], while the concentrations
reported by Hirakawa et al. [24] were based on an experimental
result using an apparatus factor or a standard CL intensity [44].
As the difference between their results is very large by an order
of magnitude of seven under identical experiment, it is necessary
to further investigate the precise amount of 0,°~ through inter-
comparative activities. However, these data are only limited with a
strong alkaline solution (pH ~ 11) as pre-addition or post-addition
of probe reagents. The present result shows the steady-state con-
centrations of HO,*/O,*~ in a continuous flow under a wider range
of pH levels.

Fig. 3 shows that the concentration of HO,*/O,*~ in the photol-
ysis of immobilized TiO, depends significantly on the solution pH.
In this experiment, the solution pH levels were held in a range from
5.6 to 9.1 through the use of phosphate and borate in addition to
NaOH. In the presence of buffers, the concentration of HO,*/05°*~
decreased as the pH increased, ranging from 1.01 (+0.08) x 102 M
(pH 5.6, air-equilibrated DI water) to 0.53 (+0.09) x 10~° M (pH 9.1
using borate buffer and NaOH). The concentration of HO»*/05°*~
formed at pH 5.6 is nearly twice as high as that of HO,*/0,*~ formed
at pH 9.1. This result indicates that added buffers influence the
formation process of HO,*/0,°*~ in the photolysis of immobilized
TiO,.

According to Eq. (1), HO»*/O,°~ at pH 4.8 (pKno,*) disappears
with the highest disproportionation rate, while it slowly disappears
as the pH increases [36]. Hence, the concentration of HO,*/0,°~ at
pH 5.6 should be lower than that of HO,*/O,*~ at pH 9.1 under iden-
tical concentrations of HO,*/0,°*~. However, such a trend was not
observed in the presence of buffer ions as shown in Fig. 3. One pos-
sible explanation for this result is that the TiO, surface caused by
illumination immediately becomes more positively charged [45],
indicating that the anionic buffer ions can be adsorbed onto the illu-
minated TiO, surface. Even though before illumination the anionic
buffer ions cannot be adsorbed easily on the negative TiO, surface
at pH > 7 owing to electrostatic repulsion [46,47], it was experimen-
tally demonstrated that the surface of TiO, particles always shifted
to more positive values during illumination, irrespective of the ini-
tial pH values [45]. For this reason, the available adsorbed O, at the
air-saturated TiO, surface during illumination can be decreased by
adsorbed buffer ions on the TiO, surface, which impedes the elec-
tron transfer to O, producing HO»*/0,*~ through the reaction (III).
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Fig. 4. Dependence of the steady-state concentration of HO,*/O,*~ on DO con-
centration depending on both initial aerated and deaerated conditions: pH 5.80,
A=254nm, [BA]=1mM, [H,0,]=4 mM, [Fe3*-EDTA] =20 uM, and [NaOH] = 0.05N.

Another possible explanation for this experimental result is that
the decay of HO,*/O,*~ formed over the heterogeneous surface of
the TiO, particles may be caused by the rapid reactions (XII) and
(XIII) [48] and by the reaction (V) [24].

0,°~ +°*0H — 0, +OH- (XI1)

HO,* + *OH — 05 +2H,0 (XIII)

In addition, no reactions of buffer ions, i.e., borate and/or phosphate
ions, with e, and/or hy,,* was reported so far, and the HO,*/0,°*~
was mostly unreactive toward buffer ions (<0.02M~1s-1) [36,48].
Thus, the suppression of HO,*/O,*~ in the presence of buffer ions
is attributed to the blocking of active sites of the immobilized TiO,
photocatalyst and to certain processes, that is, the reaction between
HO,°*/0,°~ and *OH (and/or hy},*).

3.2. Effects of oxygen

Although Nosaka et al. [15] and Hirakawa et al. [24,33] reported
a concentration of O,*~ in their studies using a luminol CL tech-
nique, they did not show a measured concentration of O,*~ under
0,- and N;-saturated conditions or acidic and/or neutral pHs. Fur-
thermore, they indicated that the CL from luminol dropped on
each suspended-TiO, can be influenced by interfering effects with
another adsorbed species or the trapped hy,* (or hy*) over the
heterogeneous surface of the TiO, particle [14-16,19,24,33]. The
present result shows the steady-state concentrations of HO»*/0,*~
on the effects of dissolved O, under acidic condition in the photol-
ysis of immobilized TiO,.

Fig. 4 (data in Table 1) shows the O,-dependence of the
HO,*/0,°~ concentration on the photolysis of immobilized TiO,
at pH 5.80 (pure DI water) without buffer ions and A =254nm

Table 1
Dependence of the concentration of HO,*/0,*~ generated in the photolysis of immo-
bilized TiO, particles as function of O, concentration?

[DO], (mM) Concentration of HO,/02°~ (M) Standard deviation (&)
0 - -

0.10 (+0.01) 0.94 x 10 0.65 x 1010

0.12 (£0.01) 1.21x 1079 1.5x 1010
0.35(+0.01) 4.27 x 1072 2.0x10-10

0.38 (+£0.03) 473 x 1079 3.0x 1010

2 All data for Fig. 5.

under three different experimental conditions: air-equilibrated,
0O,-saturated, and Nj-saturated. The differing conditions for air
equilibrium and for O, saturation were achieved by mechanical
mixing and oxygen gas sparging for 30 min, in which O, concen-
trations were measured in the ranges of 0.11 (+0.01)mM to 0.38
(£0.03)mM (see Table 1). The N, saturation for comparison was
achieved by nitrogen sparging for 30 min to remove dissolved O,.

As shown in Fig. 4, the concentrations of HO,*/0,*~ generated
during the illumination of TiO, increase as the dissolved O, con-
centration increases, which shows a reasonable linearity within
the experimental error. The concentrations of HO»*/O,°~ are 1.21
(£0.15) x 10~2 M at air equilibrium and 4.73 (+0.31) x 10~ M at O,
saturation, respectively. In contrast, no measurable signal on the
HO,*/0,°~ formation in the N-saturated condition is shown. This
result indicates that additional available dissolved O, scavenges a
greater amount of e, ~ while reducing the chance of the charged
pair recombination (hy,*-eq, ) [30]. It is evident that the concen-
tration of HO,*/0,°~ increases as the O, concentration increases.
Consequently, the present result shows the quantitatively mea-
sured concentration of O,*~ depending on O, concentrations over
the aqueous bulk solution during the illumination of immobilized
TiO, particles.

3.3. Effects of wavelengths

The effect of the wavelength on the concentration of HO,*/O,*~
was examined through the photolysis of immobilized TiO,
particles. This experiment was conducted at pH 5.8 without
buffer ions under air-equilibrated condition. The concentration
of HO,°/O,*~ in the photolysis of immobilized TiO, shows the
dependence of the wavelength (data not shown). The concentration
(1.02£0.10 x 102 M) of HO,*/0,°~ at A =254 nm is approximately
three times higher than that (0.37 £0.05 x 1072 M) of HO,*/0,*~
at A =365 nm. This dependence follows the absorption spectrum of
TiO, as a function of the wavelength, with a threshold correspond-
ing to the band gap energy (>3.2 eV) of the wavelength (<387 nm)
[1-3]. TiO, generally shows a strong absorbance at measurements
approximately below 300nm, and thereafter the absorbance of
TiO, is decreased [9,49]. In this study, the light intensities of 254
and 365nm in the absence of immobilized TiO, were measured
with a quintuplicate average to be 3.27 (+0.25) x 10~> Einstein/Ls
and 1.55 (+0.29) x 10~ Einstein/Ls, respectively. Consequently, the
light intensity corresponding to absorbance on the immobilized
TiO, is reduced by increasing wavelength, and then the concentra-
tions of the HO,*/0,°~ are decreased.

3.4. Effects of H,05

In previous study, Hirakawa et al. [24] has reported that the
concentration of O,*~ was measured by the CL method from lumi-
nol dropped on each suspended-TiO, in the presence of HyO,
(<0.4mM) under an alkaline pH of 11.5. They observed that the
concentration of 0,°~ was approximately max. 3.35 x 106 M at
0.2mM H;0,, and on a further addition of H,0,, the concentra-
tion of O,*~ decreased and then reached a steady value of nearly
2.3 x 107 M at 0.4 mM H,0,. Nevertheless, those studies were sug-
gested that the CL method using luminol could be influenced by
interfering effects with other adsorbed species or by the trapped
hyp* (hie*) over the heterogeneous surface of the TiO, particle [24].
However, the result of the present study is different from those of
Hirakawa et al. [24].

Fig. 5 shows a plot for the steady-state concentration of
HO,*/0,°~ as a function of the concentration of H,0,. The effect
of Hy,0, (pK;=11.7) [15] was investigated at A=254nm and pH
5.6 without buffer ions. As shown in Fig. 5, the concentration



B.G. Kwon / Journal of Photochemistry and Photobiology A: Chemistry 199 (2008) 112-118 117

1e-7

Concentation of HO /O, radical, M

0 2 4 6 8 10 12 14 16
Concentration of H,O,, mM

Fig. 5. Dependence of the concentration of HO,*/0,*~ on increasing H, 0, concen-
tration with air-equilibrated system: pH 5.8, A =254 nm, [BA] =1 mM, [H,0,] =4 mM,
[Fe3*-EDTA] =20 M, [NaOH]=0.05N, [DO] =0.194 mM, and KTR=0m.

of HO,*/O,*~ linearly increases as the concentration of H,0,
increases at the initial phase, gradually reaching a constant value at
about 10 mM H;O0,. This increase of the HO,*/0,*~ concentration
is attributable to the reactions as follows [9,24,36,48]:

H202 +€ep — *OH + OH™ (XIV)

H,0, +°*OH — HO,* + H,0 (XV)

As the molecular ratio [HO,~]/[H,0;] is 1.58 x 10-6 in the acidic
aqueous solution of pH 5.6, HO, ™ is likely to be negligible in our
study. Although H,0, at A =254 nm is photo-decomposed to pro-
duce *OH [39], the direct decomposition of H, O, at A =254 nm may
be negligible due to that the immobilization of TiO, particles on the
inner surface of the quartz coil blocks the light. Hence, H,0; reacts
with eq,~ to produce *OH (reaction (XIV), k14=1.1 x 1010 M~1s-1)
[48]. Since the surface-bound OH radicals are unlikely to migrate
far from the TiO, surface [19,34], most of the OH radicals at the
surface of TiO, react with HyO, to produce HO,* (reaction (XV),
kis=2.7 x 107 M~1s71) [48]. However, H,0, to form HO,*/0,*~ at
low H,0, concentration would be competed with O, (~0.11 mM)
in terms of eq,~. This is shown in Table 2, in which, with the
addition of 0.1 mM H,0,, the concentration of HO,*/0,°*~ in the
absence of O, is lower by approximately 27 times than that of
HO,°*/0,°~ in the presence of O,. Considering the kinetic ratio (=1.9)
of k3([02]=0.11 mM) to kq4([H20,]=0.10 mM), approximately 66%
of eq,~ reacts with O,, whereas approximately 34% of e, ™ reacts
with H;0,. Thus, reaction (III) (O +e,~) is dominant at a low
concentration of H,O,. However, based on the kinetic ratio as men-
tioned above, 50% of e, at 0.19 mM H,0, can react with H,0,.
With increasing H,0, (>0.19 mM), the reaction (XIV) (H,0, +eq, ™)
is gradually dominant, and then most of the *OH radicals generated
at the surface of TiO, react with H,0, to produce HO,* (reaction

Table 2

1.8e-8

1.6e-8 .

1.4e-8

1.2e-8

1.0e-8-

8.0e-84

6.0e-9

Concentration of HO,/O, radical, M

o
o
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Fig. 6. Dependence of the concentration of HO,*/0,*~ on increasing oxalate con-
centration: pH 5.8, A=254nm, [BA]=1mM, [H,0,]=4mM, [Fe>*-EDTA]=20 uM,
[NaOH]=0.05N, [DO]=0.194 mM, and KTR=0m.

(XV)). Furthermore, after adding 1 mM H,0, the concentration of
HO,*/0,°~ under N, purging is similar to that of HO,*/O,*~ in the
air equilibrium as shown in Table 2. From these observations, H,0,
mainly serves as an e, acceptor that produces further HO»*/05°*~
concentration.

3.5. Effect of oxalate

Fig. 6 shows a plot for the concentration of HO,*/O,*~ as a func-
tion of the concentration of oxalate in the photolysis of immobilized
TiO,. The effect of oxalate was examined at A=254nm and pH 5.6
controlled with a small NaOH. As shown in Fig. 6, the concentration
of HO,* /05~ linearly increases as the concentration of oxalate at
initial step increases. It then reaches its maximum value of 2 mM
oxalate. The increase in the HO,*/0,*~ concentration as the amount
of oxalate increases is attributable to the oxidation of (CO0),2~ by
hyp*, as described by the following reactions [50,51]:

(C00),2~ + hy,t - ~00C-CO0* (XVI)
~00C-C00°*; — CO,*~ +CO, (XVII)
C0,°~ + 03— 0p° +COy (XVIII)
ey +03— 0y (XIX)

Oxalate (pK,1 =1.23 and pK,; =4.19) [52], which is adsorbed onto
the positively charged TiO, surface at pH 5.6, is directly oxi-
dized by hy,* (reaction (XVI)) [50,53]. In the valence band, the
hyp*-mediated oxidation of oxalate leads to the formation of
HO,*/0,°~ with the involvement of O,. As the molecular ratio
{(C00),%~}/{COOH-(CO0)~} is 0.96 in the acidic solution of pH
5.6, the effect of COOH-(COO)~ is likely to be negligible in the
present study. Subsequently, the ~O0C-COO* radical decomposes

Effects of H,0, addition depending on the presence and absence O, in the photolysis of immobilized TiO, particles

Condition [HO2/02° ] (M)

TiO,/UV/H; 0, at air equilibrium?

TiO,/UV/H, 0, at N, purging® UV/H,0; at air equilibrium®

pH 5.6; [H,0,]=0.1 mM 6.51 x 109
pH 5.6; [H,0;]=1mM 1.52x10°8
pH 6.11; [H,0;]=4mM -

2.45 x 1010 -
1.48 x 108 =
- 5.19 x 10~?

2 [DO]=0.1-0.12 mM.
b [DO]~0mM.
¢ Ref. [39].
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into the CO,°*~ radical (reaction (XVII)). Following this, CO,*~ rad-
ical reacts with residual O, (kg =2-4.2 x 109 M~1 s~1) [54], giving
0,°~. Although a conduction band electron, e.,”, competes with
0,, 0,°~ formed by reaction (III) is a minor portion and can thus be
considered insignificant. As oxalate has negligible reactivity with
HO,*/0,°~, k=02M-1s~1 [36], the concentration of HO»*/0,*~
with the addition of 2 mM oxalate is nearly 10 times higher than
that of HO,°/O,°~ in the absence of oxalate. This result has not
been studied thus far. Consequently, the addition of oxalate as a
hole scavenger increases the concentration of HO,*/0,*~ in the
photolysis of immobilized TiO,.

4. Conclusions

In this study, the steady-state concentrations of HO»°*/O,*~
formed from the photocatalysis of immobilized TiO, were inves-
tigated newly over various factors by using the kinetic method
with a continuous flow injection. The concentration of HO,*/05°*~
increased as the O, concentrations increased in the absence
of buffers. This indicates that, during photocatalytic reactions,
photo-generated electron is mainly trapped by adsorbed oxy-
gen molecules resulting in the formation of HO,*/0,*~. However,
the concentration of HO,*/O,*~ gradually decreased as the pH
increased in the presence of buffers, which was restricted by
the available photo-active sites on the immobilized TiO, surface.
Furthermore, the concentration of HO,*/0,°*~ increased with the
increasing concentrations of H,0, and oxalate, and then on the
further addition of H,O, (>10 mM) and oxalate (>2 mM), the con-
centration of HO,*/0,°*~ reached steady values. These results show
that HO,*/O,*~ formed on TiO, photocatalysis migrates into the
water bulk.
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