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a b s t r a c t

In this study, a new, low cost and easy method, hydroxyl radical trapping method, was employed to
investigate the photo-activity of UV/TiO2 photocatalytic reaction. The Taguchi method was utilized to
optimize the preparation of titanium dioxide (TiO2) thin-film reactor through the modified chemical
vapor deposition (CVD) method. The optimal yield of hydroxyl radicals was then evaluated by calculating
the conversion ratio of salicylic acid under the optimal conditions. In the experiments, salicylic acid was
eywords:
hemical vapor deposition method
itanium dioxide
alicylic acid
ydroxyl radical
ctivity indicator

used as the free-radical scavenger and the formation of three different intermediates were examined to
shed light on the trend and kinetics of reaction of hydroxyl radical with organic substance under different
operation conditions. The results indicated that the yield of hydroxyl radicals increased with increasing
irradiation intensity and dissolved oxygen level. The optimal experimental conditions obtained in this
study were irradiation with intensity of 2.9 mW cm−2 on salicylic acid at concentration of 250 mg L−1 by
both agitation and aeration processes (dissolved oxygen level = 8.2 mg O2 L−1) at pH 5. Such conditions
could achieve the optimal hydroxyl radical yield of 5.1 × 10−17 M.
. Introduction

In recent years, advanced oxidation processes (AOPs) have been
xtensively utilized for the decomposition of hazardous or recalci-
rant pollutants in the environment. The photocatalytic technology
ombining semiconductors with ultraviolet light is one of the tech-
ologies with the greatest potential. Among the semi-conductive
etal oxides, titanium dioxide (TiO2) is the photocatalyst popu-

arly used in photochemical reactions owing to its low cost, stable
roperties, and high photocatalytic efficiency. In the field of envi-
onmental engineering, many studies on AOPs are closely related to
he applications of free radicals, such as the UV/TiO2 photocatalytic
rocess in this study. Owing to their extremely high reaction rate
k = 107–1010 M−1 s−1) and their exceptionally short presence in the
nvironment, it is not easy to evidence the action of free radicals. In
ecent studies on free radicals, Electron Paramagnetic Resonance
EPR) is applied to measuring the final or immediate products

erived by free radicals reacting with specified materials. However,
heir use is limited by the high cost involved. Therefore, most of the
tudies in environmental engineering have focused on investigat-
ng the relationships between different experimental parameters
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and decomposition of pollutants by AOP-generated free radicals
[1–6]. Moreover, the “radical scavenging or trapping methods” are
newly developed technologies that quantify the free radicals indi-
rectly and are becoming alternative analysis methods. Among the
many tapping reagents, salicylic acid is increasingly applied in the
detection of hydroxyl radicals [7–15], especially in biological or
medical studies. Salicylic acid is a good trapping reagent and it
reacts with hydroxyl radicals to produce three products, namely
2,3-dihydroxybenzoic acid (2,3-DHBA), 2,5-dihydroxybenzoic acid
(2,5-DHBA) and catechol. These hydroxyl compounds can be easily
determined using general instruments, such as High Performance
Liquid Chromatography (HPLC). In view of the above, this study used
salicylic acid as a trapping reagent in combination with HPLC to
quantify the hydroxyl radicals formed in the UV/TiO2 photocatalytic
process.

This study had two objectives. First, the optimal conditions for
preparing the thin-film reactor of the UV/TiO2 photocatalytic pro-
cess were explored using experimental design involving orthogonal
arrays. Second, the effects of dose, pH value, amount of dissolved
oxygen, and irradiation intensity on the formation of hydroxyl rad-

icals during photocatalytic reaction were examined using salicylic
acid as the scavenger [16] of hydroxyl radicals. The reactivities
between each intermediate and hydroxyl radicals were also inves-
tigated from the perspective of reaction kinetics in order to obtain
the yield of hydroxyl radicals in the photocatalytic system of this

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cychang@mdu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.11.092
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salicylic acid. The eight parameters of various levels yield 18 differ-
ent combinations as summarized in the L18 orthogonal array shown
in Table 2.

The different reactors were prepared according to the above-
mentioned combinations and the salicylic acid conversion rate was

Table 1
Parameters employed to control the preparation of catalyst in Table L18.

Factors Designed value of controlled factors

1 2 3

(A) Water-bath temperature (◦C) 60 80 –
(B) Ti(OC3H7)4/H2O ratio 2 4 6
(C) Carrier gas flow rate (mL min−1) 550 1000 1500
(D) Oxidation temperature (◦C) 200 300 400
(E) Oxidation duration (h) 6 8 10
(F) Calcination temperature (◦C) 350 450 550
(G) Spraying speed (rpm) 20 30 40
(H) Furnace linear motion geared

motor speed (cm min−1)
55 75 95

Table 2
L18 orthogonal array.

Number of combinations Parameters

A B C D E F G H

1 1 1 1 1 1 1 1 1
2 1 1 2 2 2 2 2 2
3 1 1 3 3 3 3 3 3
4 1 2 1 1 2 2 3 3
5 1 2 2 2 3 3 1 1
6 1 2 3 3 1 1 2 2
7 1 3 1 2 1 3 2 3
8 1 3 2 3 2 1 3 1
9 1 3 3 1 3 2 1 2

10 2 1 1 3 3 2 2 1
11 2 1 2 1 1 3 3 2
12 2 1 3 2 2 1 1 3
13 2 2 1 2 3 1 3 2
Fig. 1. Schematic diagr

tudy. Our results can enhance the understanding of hydroxyl radi-
als formed in the UV/TiO2 photocatalytic process and the method
sed in this study can also be applied to other AOPs.

. Experimental/Materials and methods

.1. Materials

Tetraisopropyl orthotitanate (Ti(OC3H7)4) (TTIP, >98%, Merck
o.) was used for the preparation of the catalyst by chemical
apor deposition (CVD). Salicylic acid (Riedel-del Haen Co.), 2,3-
ihydroxybenzoic acid (Sigma), 2,5-dihydroxybenzoic acid (Sigma),
atechol (J.T. Baker), and all the other chemicals are of either ana-
ytical or reagent grade. The deionized water (≥18 M� cm−1) used
or preparing the chemical solutions was processed by the Milli-
ltrapure R/O System (Millipore, USA) to ensure the quality of the
repared solution.

.2. Procedure

.2.1. Optimal preparation of photocatalytic reactor
In this study, the TiO2 thin-film reactor was prepared using

he modified chemical vapor deposition method [17] and the
chematic diagram is shown in Fig. 1. First, tetraisopropyl orthoti-
anate (>98%, Merck Co.) solution and deionized water were put
nto two separate aeration bottles. The bottles were then placed
n a water-bath of 60 ◦C and flushed with high-purity nitrogen
as (99.999%, Ho Chun Gas Co.) to carry the gas containing tita-
ium dioxide and water vapor out of the bottles into the reactor
hrough a Teflon tube. The tube was wrapped with heating tape
Glas-Col, made in USA) and heated to 95 ± 5 ◦C to prevent con-
ensation. The reactor to be sprayed with the catalyst was placed

n the tube furnace (Cherng Huei Co. CH-40MF) in order to main-
ain the reaction at the fixed temperature. During the preparation,
he reactor was rotated by a motor to ensure that TiO2 was evenly
prayed on the inner wall of the entire reactor. Finally, the reac-
or underwent high-temperature calcination for 24 h to remove
mpurities, enrich purity of TiO2, and form the anatase crystal struc-
ure.

Table 1 lists the parameters employed to control the preparation

f the catalyst. As can be seen, they include water-bath tempera-
ure (60, 80 ◦C), Ti(OC3H7)4/H2O ratio (2, 4, 6), flow rate of carrier
as (550, 1000, 1500 mL min−1), oxidation temperature (200, 300,
00 ◦C), oxidation duration (6, 8, 10 h), calcination temperature
350, 450, 550 ◦C), rotation speed of furnace (20, 30, 40 rpm), and
TiO2 thin-film reactor.

speed of geared motor (55, 75, 95 cm min−1). They were chosen
according to the work of Qiu [18]. The orthogonal arrays in the
experimental design proposed by Taguchi [19] were adopted to
conduct the multiple-factor experiment and obtain the best combi-
nation of conditions for experimental photocatalytic conversion of
14 2 2 2 3 1 2 1 3
15 2 2 3 1 2 3 2 1
16 2 3 1 3 2 3 1 2
17 2 3 2 1 3 1 2 3
18 2 3 3 2 1 2 3 1
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Fig. 2. Schematic diagram of continuous TiO2 photocatalytic system.

lso obtained in the photocatalytic experiments. In this study, the
esponse level was representative of the conversion effect of sal-
cylic acid under different combination conditions and the main
ffect represented the difference between the maximum and the
inimum value for each variable. In comparison, the larger the
ain effect of variable, the greater its contribution to the conversion

ate of salicylic acid would be.

.2.2. Test of photocatalytic activities – free-radical scavenging
xperiment

The results from the catalyst preparation experiment described
bove were employed to establish the optimal conditions for
reparing the photocatalytic reactor. Dose, pH value, aeration rate,
nd irradiation intensity [20–25] were used as variables for the
eterogeneous photocatalysis experiment (shown as Fig. 2). The
amples collected at different reaction times were analyzed by
he High Performance Liquid Chromatography-Ultraviolet Detec-
or (HPLC-UV, Agilent Co., Model HP1100 Series) equipped with
he LC-8 58297 column (25 cm × 4.6 mm, 5 �m, Supelco Inc.). The
uffer solution (pH 3.3) containing citric acid and acetic acid,
0% methanol solution, 10% acetonitrile solution, and deionized
ater was used as the eluent for HPLC to determine the yields
f products (2,3-DHBA, 2,5-DHBA and catechol) from the reaction
f salicylic acid and hydroxyl radical (optimal absorption wave-
engths at 298, 305, 326 and 275 nm). The residual amount of

alicylic acid was also determined. The yield of hydroxyl radical
uring photocatalysis was evaluated from the yields and decompo-
ition rates of the three major products (2,3-DHBA, 2,5-DHBA and
atechol).

able 3
arameters and levels used in this experiment.

actors Water-bath
temperature
(◦C)

Ti(OC3H7)4/H2O
ratio

Carrier gas flow rate
(mL min−1)

Oxidation
temperature
(◦C)

evel 1 48.33% 53.38% 40.76% 63.39%
evel 2 59.25% 62.99% 68.48% 23.30%
evel 3 – 45.01% 52.13% 74.68%
ain effect 10.92% 17.98% 27.72% 51.38%
s Materials 166 (2009) 897–903 899

3. Results and discussion

3.1. Optimal preparation conditions

The controlling factors, which include oxidation temperature,
calcination temperature, flow rate of carrier gas, rotating speed
of motor were listed in the L18 table. Different reactors were pre-
pared according to different combinations of controlling factors for
conducting the heterogeneous photocatalytic reactions to obtain
the conversion rates of salicylic acid. The salicylic acid conversion
rates thus obtained were then statistically analyzed by the F test to
determine the significance and variability of each factor. The result
showed that oxidation temperature had the greatest effect on con-
version rates of salicylic acid in the photocatalysis system (51.38%)
followed by calcination temperature (43.05%). In general, oxidation
temperature changed the activity of photocatalyst by influencing
the spraying condition, crystal structure, and formation of crystal
during the spraying process. The effect of calcination temperature
was more significant due to its function in removing impurities
and increasing crystal strength. Table 3 shows the contributions
and major effects of different parameters. The optimal preparation
condition of TiO2 thin-film reactor was achieved under water-bath
temperature of 80 ◦C, Ti (OC3H7)4/H2O ratio of 4, carrier gas flow
rate of 1000 mL min−1, catalytic oxidation temperature of 400 ◦C,
oxidation duration of 8 h, calcination temperature of 550 ◦C, spray-
ing speed of 30 rpm and furnace linear motion geared motor speed
of 75 cm min−1. In the subsequent experiments, the photocatalyst
was prepared under the above optimal experimental conditions.

3.2. Hydroxyl radical formation experiment

3.2.1. Scavenger dosing experiment
The present study used salicylic acid as the hydroxyl radical

scavenger. The intermediates formed from the reaction of salicylic
acid and hydroxyl radical, namely 2,3-dihydroxybenzoic acid, 2,5-
dihydroxybenzoic acid, and catechol, were examined to shed light
on the formation of hydroxyl radicals in the photocatalysis system.
Owing to the rapid reaction of hydroxyl radicals, the addition of
salicylic acid at the optimal dose was required for their removal.
The photocatalytic reactions were conducted in the presence of
100–500 ppm of salicylic acid at fixed pH for 8 h. The results showed
that photocatalysis began to slow down after 5–6 h. Therefore, the
reaction time was set to be 5 h for the subsequent hydroxyl radical
formation experiments, which were conducted under the optimal
conditions. The concentrations of salicylic acid and the interme-
diates produced after 5 h of reaction are shown in Fig. 3. As can
be seen, the maximum total yields of the three products: 60% for
2,3-DHBA being the major product, 25% for 2,5-DHBA and 15% for
catechol were achieved in the presence of 250 ppm of salicylic acid.
As a result, 250 ppm of salicylic acid was used in the subsequent
experiments to investigate the factors affecting the formation of
3.2.2. pH experiment
In general, the yield of hydroxyl radicals in the photocatalytic

reaction increases with increasing pH of the aqueous solution.

Oxidation
duration (h)

Calcination
temperature
(◦C)

Spraying
speed (rpm)

Furnace linear motion geared
motor speed (cm min−1)

46.61% 26.94% 43.60% 56.49%
51.93% 69.99% 59.48% 57.75%
62.82% 64.44% 58.29% 47.13%
16.21% 43.05% 15.88% 10.61%
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3.2.5. Optimal combination experiment
The optimal salicylic acid dose (250 ppm), pH value (pH = 5), aer-

ation rate (8.2 mg O2 L−1), and irradiation intensity (2.9 mW cm−2)
obtained in each experiment described above were used for the
ig. 3. Relationship between concentrations of intermediates and doses of salicylic
cid in early photocatalytic reactions at irradiation intensity of 2.0 mW cm−2, and
onstant pH and dissolved oxygen level.

owever, the distribution ratios of the intermediates produced in
he solution were directly related to the pH values. Moreover, the pH
alue alters the electrical behavior on the surface of the photocata-
yst leading to changes in the absorption and desorption properties
nd capabilities of the intermediates produced by the catalyst.
herefore, the control of pH during the operation had significant
mpact on the efficiency of the overall treatment.

The pHzpc value of TiO2 is 6.4. Therefore, the TiO2 surface carries
positive charge at pH below 6.4. However, more and more oxy-

en ions dissociate from the TiO2 surface at pH above 6.4, causing a
egative charge to develop on the catalyst surface. The substances

ormerly attached to the catalyst surface as a result of electrostatic
dsorption begin to leave the catalyst under the influence of electric
epulsion between the substances and the catalyst, thus lowering
he oxidation/reduction rate of the reactants. Therefore, the ionic
eactants are more affected by the pH of the environment due
o electrostatic interaction. The pKa value of salicylic acid is 2.98.

hen the pH value of the solution is higher than its pKa, it exists
ainly in ionic form and is more affected by the electric nature of

he TiO2 surface. More salicylic acid is adsorbed on the TiO2 surface
t pH between the pKa of salicylic acid and the pHzpc of TiO2 due
o electrostatic attraction. The absorption process is the first step
n the photocatalytic reaction mechanism. Therefore, the conver-
ion rate of salicylic acid increases with increasing opportunities
or hydroxyl radicals to attack salicylic acid. However, the amount
f salicylic acid adsorbed decreases due to the increase in nega-
ive charge on the TiO2 surface and the formation of repulsion to
he negatively charged salicylic ions after dissociation at pH higher
han pHzpc. As a consequence, the salicylic ions adsorbed are less
ikely to be attacked by hydroxyl radicals in the photocatalytic reac-
ion, leading to decrease in oxidation intermediates with increasing
H.

Fig. 4 illustrates the concentrations of intermediates produced
fter 5 h of photocatalytic reaction. As can be seen, the yields of 2,3-
HBA, 2,5-DHBA and catechol were higher under acidic to neutral
onditions, with the highest total yield at pH 5. According to the
esults obtained, the yield of hydroxyl radicals was higher at pH 5.
.2.3. Dissolved oxygen experiment
Dissolved oxygen plays an important role in the liquid-phase

hotocatalytic reactions. It captures electrons, thus preventing the
ecombination of electrons and pairs of electron holes. After the
ormation of superoxide free radicals, dissolved oxygen reacts with
s Materials 166 (2009) 897–903

water molecules to generate hydroxyl free radicals and enhances
the oxidation rate of the photocatalytic reaction. The experiment
involved three different dissolved oxygen conditions at 8.2, 6.8
and 4.1 mg O2 L−1 generated by different aeration conditions and
mixing effects of solutions for the photocatalytic reactions. Sali-
cylic acid of 250 ppm was exposed to irradiation with intensity of
2.0 mW cm−2 for 5 h. The conversion rates of salicylic acid at 8.2,
6.8 and 4.1 mg O2 L−1 were 21.6, 20.8 and 14.9%, respectively, thus
confirming the effect of dissolved oxygen on oxidation efficiency of
the photocatalytic reaction. The formation of hydroxyl radicals was
inhibited due to insufficient dissolved oxygen. Therefore, the ability
of salicylic acid in scavenging hydroxyl radicals and forming inter-
mediates was reduced at lower dissolved oxygen levels, leading to
decrease in oxidation efficiency of the entire photocatalytic sys-
tem. The yield of hydroxyl radicals usually increases with increasing
dissolved oxygen level. However, the experimental results were
similar at the dissolved oxygen levels of 8.2 and 6.8 mg O2 L−1,
indicating that the formation of hydroxyl radicals was not signif-
icantly improved even after reaching a certain dissolved oxygen
level. Further aeration to increase the dissolved oxygen level in the
system was not considered necessary as long as adequate mixing
was available to sustain sufficient dissolved level for conducting the
photocatalytic reaction. However, both mixing and aeration were
still used in the subsequent experiment for achieving the highest
dissolved oxygen level in order to obtain the optimal and the highest
yield of hydroxyl radicals.

3.2.4. Irradiation intensity experiment
The theory of photocatalytic reaction indicates that treatment

efficiency is directly proportional to irradiation intensity. As irra-
diation intensity increases, the number of photons received by the
photocatalyst per unit time and unit area also increases. Because
the collision probability between the active reaction sites and the
photons increases, the oxidation efficiency of the photocatalytic
reaction is significantly increased. Fig. 5 illustrates the concentra-
tions of intermediates produced by photocatalytic reaction after
irradiation with intensities of 1.0, 2.0 and 2.9 mW cm−2 for 5 h. The
distribution curves show that the total yield of intermediates is
directly proportional to the intensity of irradiation.
Fig. 4. Concentrations of intermediates produced at various pH under irradiation
intensity of 2.0 mW cm−2 and salicylic acid of 250 ppm.
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ig. 5. Concentration of intermediates produced under different irradiation inten-
ities with salicylic acid of 250 ppm, and constant pH and dissolved oxygen level.

xperiment to identify the conditions for obtaining the optimal
ield of hydroxyl radicals. The concentrations of products after 12-h
hotocatalysis are illustrated in Fig. 6. As can be seen, the concen-
rations of the three major intermediates, 2,3-DHBA, 2,5-DHBA and
atechol, increased with increasing reaction time, but started to
ecrease after 9 h. In the early phase of reaction, the yield of prod-
cts increased with decreasing concentration of salicylic acid. As
result, most of the hydroxyl radicals reacted with salicylic acid,

esulting in higher formation rates of the three products. How-
ver, with increasing reaction time, the amount of products formed
ncreased while the amount of salicylic acid decreased. The forma-
ion rates of products continued to increase till the depletion rates
ould no longer be offset. As a result, the concentrations of products
tarted to decrease with increasing reaction time.

From the above discussion, we also understand that the reac-
ion of salicylic acid with hydroxyl radicals produces 2,5-DHBA,
,3-DHBA and catechol that further react with hydroxyl radicals
o be consumed. The reaction mechanism is illustrated as follows:
(1)

ig. 6. Optimal yield of hydroxyl radicals under salicylic acid of 250 ppm, pH 5,
issolved oxygen level of 8.2 mg O2 L−1 and irradiation intensity of 2.9 mW cm−2.
s Materials 166 (2009) 897–903 901

2, 3-DHBA + •OH
k4−→Malic acid(P4)

2, 5-DHBA+•OH
k5−→Maleyl pyruvate(P5) [26–28]

Catechol + •OH
k6−→Trihydroxycyclohexadienyl radicals(P6)

(2)

where k1, k2 and k3 represent the formation rate constants of 2,3-
DHBA, 2,5-DHBA and catechol; k4, k5 and k6 represent the reaction
rate constants of these products with hydroxyl radical; and P4, P5
and P6 represent the products from the reactions of 2,3-DHBA, 2,5-
DHBA and catechol with hydroxyl radical, respectively. The kinetics
of hydroxyl radical can be expressed as:

−d[S.A.]
dt

= kT [•OH][S.A.] = k1[•OH][S.A.]

+k2[•OH][S.A.] + k3[•OH][S.A.]

kT = k1 + k2 + k3

(3)

−d[Pi]
dt

= kf [•OH][S.A.] − kr[•OH][Pi] (4)

where Pi is the 2,3-DHBA, 2,5-DHBA and catechol (i = 1–3); kT is
the reaction rate constant of salicylic acid; sum of k1, k2 and k3;
kf is the formation rate constants of 2,3-DHBA, 2,5-DHBA and
catechol (f = 1–3); and kr is the consumption rate constants of
2,3-DHBA, 2,5-DHBA and catechol reacting with hydroxyl radicals
(r = 4–6).

Owing to the higher concentration of salicylic acid in the early
phase of reaction, the formation rate of 2,3-DBHA is also higher. As
the reaction proceeds, the amount of 2,3-DHBA formed increases
while that of salicylic acid decreases. Therefore, the formation rate
of 2,3-DHBA decreases as the depletion rate increases till the steady
state where the formation rate equals the depletion rate and the
highest concentrations of products formed are reached. Thereafter,
the concentration of 2,3-DHBA starts to decline. At steady state,
the formation and depletion rates of the product are the same, or
d[Pi]/dt = 0. Therefore, Eq. (4) can be written as:

kf [•OH][S.A.] = kr[•OH][Pi] (5)

[S.A.]
Pi

= kr

kf
(6)

The result of Eq. (6) indicates that the ratio of the formation rate
constant and the depletion rate constant at steady state (after 9 h
of reaction in this study) becomes constant and is equal to the ratio
of the salicylic acid concentration and the product concentration.
Therefore, the ratios of the formation rate constants and the deple-
tion constants of 2,3-DHBA, 2,5-DHBA and catechol at steady state
and different pH values can be derived: k4/k1 = 4.29, k5/k2 = 12.96,
k6/k3 = 35.51. As can be seen, the ratios of the formation rate con-
stants and the depletion rate constants of the three products are all
greater than 1, confirming that the reaction of each product with
hydroxyl radicals at steady state is predominant.

The ratios of rate constants can only shed light on the rela-
tionships between formation and depletion of the three products.
However, the formation of 2,3-DHBA, 2,5-DHBA and catechol occur
at the same time when salicylic acid reacts with hydroxyl radicals.
Therefore, it is very difficult to obtain their formation rate con-
stants (k1, k2 and k3) directly and individually. On the other hand,
their relative formation can be obtained if the actual depletion con-
stants of the products are available. The rate constants (k4, k5 and
k6) of 2,3-DHBA, 2,5-DHBA and catechol, with hydroxyl radicals

can be obtained by allowing each product to react with hydroxyl
radicals individually to determine the reaction orders. The forma-
tion rate constant (k1, k2 and k3) of each product can be derived
from the ratio of the rate constants. In the experiment, the rela-
tionship between product concentration and reaction time was
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nalyzed after allowing 2,3-DHBA, 2,5-DHBA and catechol to react
ith hydroxyl radicals in the photocatalysis system for different
eriods of time. The results revealed a linear relationship between
roduct concentration and reaction time in the plot of the natu-
al log of product concentration (ln[Pi]) vs. reaction time (t). The
tatistical analysis results also showed that the reactions between
he products and hydroxyl radicals are of first order. [•OH] can be
onsidered constant because hydroxyl radicals in the reaction are
onstantly provided by the photocatalytic reaction. Therefore, the
lope of the linear plot of ln[2,5-DHBA] vs. time is the observa-
ional rate constant (k4obs) of the reaction of 2,5-DHBA and hydroxyl
adicals. The equation is derived as follows:

d[Pi]
dt

= −kr[Pi][•OH] (8)

After rearrangement, the integrations on both sides are calcu-
ated as

t

0

d[Pi]
Pi

=
∫ t

0

(−kr[•OH])dt (9)

ln [Pi]t − ln [Pi]0 = −kr[•OH]

ln [Pi]t = −kr[•OH] + ln [Pi]0

(10)

The line plotted by ln[Pi] against reaction time (t) had the slope
f −kr[•OH], which represents the observational consumption rate
onstants (krobs) of 2,3-DHBA, 2,5-DHBA and catechol, and the
bservational formation rate constant (kfobs) will be obtained from
he ratio of kr/kf. According to the data reported by Buxton et al.
29], both the consumption rate constants (kr) and the formation
ate constant (kf) can be derived from the proportional coefficients.

After calculation, k4obs = 2.4 × 10−5, k5obs = 2.7 × 10−5, and
6obs = 1.9 × 10−5. According to the above ratios of depletion rate
onstants, the formation rate constants (kr/kf), the observational
epletion rate constants of the reactions of the three hydrox-
lation products with hydroxyl radicals, and the observational
ormation rate constants of the three products are obtained as
ollows: k1obs = 5.6 × 10−6, k2obs = 2.1 × 10−6, and k3obs = 5.4 × 10−7.
s described previously, the reaction rate constant k of the reaction
f salicylic acid with hydroxyl radical is the sum of k1, k2 and k3
Eq. (4)). Therefore, the observational rate constant of salicylic
cid is obtained as 8.2 × 10−6. From the ratio of the rate constant
= 2.8 × 1011 of the reaction between salicylic acid and hydroxyl

adicals obtained by Buxton et al. [29], the radioactive decomposi-
ion method at pH 5, the observational rate constant of the present
tudy, and the formation rate constants of the three products,
1 = 1.9 × 1011, k2 = 7.1 × 1010, and k3 = 1.8 × 1010, are obtained.

According to the formation rate of each product, the forma-
ion rate constant of 2,3-DHBA is the highest followed by that of
,5-DHBA, and finally that of catechol. This result is consistent
ith the concentration of major products with the optimal yield

f hydroxyl radicals. The concentration of hydroxyl radicals in the
ystem at steady state can be indirectly obtained from the observa-
ional formation rate constant of each product and the formation
ate constant obtained above:

1obs = k1[•OH],k2obs = k2[•OH],k3obs = k3[•OH]

•OH] = 5.1 × 10−17 M

. Conclusions
The conclusions of this study are summarized as follows. The
peed of rotating motor, oxidation temperature, and calcination
emperature are the major influencing factors to be taken into con-
ideration when preparing the photocatalytic thin-film reactor. The
ptimal combination of parameters for preparing the catalyst by
s Materials 166 (2009) 897–903

CVD including water-bath temperature of 80 ◦C, Ti (OC3H7)4/H2O
of 4, carrier gas flow rate of 1000 mL min−1, oxidation temperature
of 400 ◦C, calcination temperature of 450 ◦C, oxidation duration of
8 h, rotation speed of furnace of 30 rpm, and speed of geared motor
of 75 cm min−1 achieved the greatest preparation efficiency. In the
investigation of the yield and formation condition of hydroxyl rad-
icals, 250 mg L−1 of salicylic acid were found to render the best
scavenging effect. In the pH experiment, the yield of hydroxyl
radicals under acidic condition was higher than that under basic
condition due to the favorable electric condition of the catalyst
surface for the adsorption process. In the dissolved oxygen experi-
ment, the yield of hydroxyl radicals was higher in the system with
both aeration (dissolved oxygen level of 8.2 mg O2 L−1) and mix-
ing. However, the yield of such system was not much different
from that of the system with mixing alone. Therefore, the aeration
cost can be saved in practical operation. In the irradiation intensity
experiment, the yield of hydroxyl radicals was found to be propor-
tional to irradiation intensity. The yield of hydroxyl radicals was
higher when irradiated with the intensity of 2.9 mW cm−2. In the
final optimal combination experiment (250 ppm of salicylic acid,
pH at 5, aeration rate at 8.2 mg O2 L−1, and irradiation intensity of
2.9 mW cm−2), the concentration of hydroxyl radicals formed in
the system was found to be 5.1 × 10−17 M, according to the reac-
tion kinetics. Owing to the difficulty involved in the measurement
and analysis of free radicals, expensive and advanced instruments
or procedures, such as spin trapping method, were utilized. Other
available methods were either less sensitive or required additional
treatment. This study used salicylic acid as the hydroxyl radical
scavenger to investigate the formation and reaction rate of hydroxyl
radicals. The experimental results show that the method proposed
in the present study is feasible and can be employed to examine the
formation and control of hydroxyl radicals in other AOPs.
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