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Photocatalytic degradation of pesticide pyridaben on TiO2 particles
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Abstract

The TiO2 photoassisted degradation of pesticide pyridaben has been examined in acetonitrile/water suspensions under UV light irradiation
m photolytic
a
a the direct
p ion
k degradation
r the process
w l with those
d as of the
c performed
t al and
k yridaben in
t
©

K

1

h
w
i
d
o
h
w

d to

ern,
tra-

mic
bles,
e,
orig-

ed it
oto-

n un-
n

1
d

ainly at wavelength longer than 360 nm. To distinguish from the accompanying photolytic phenomenon, the kinetics of direct
nd photocatalytic degradation of pyridaben in TiO2 suspensions were studied by two different UV wavelength irradiations (λ ≥ 300 nm
ndλ ≥ 360 nm). The results manifested that the photolysis or photocatalysis of pyridaben followed pseudo-first-order kinetics,
hotolysis was dominant atλ ≥ 300 nm, and the higher photocatalytic efficiency was obtained atλ ≥ 360 nm. The photocatalytic degradat
inetics were studied under different conditions such as water content, pH, catalyst concentration as well as radiant flux, and the
ates were found to be strongly influenced by these parameters. A qualitative study of the degradation products generated during
as performed by GC–MS. Up to fifteen compounds were detected as degradation intermediates, many of which were identica
etected previously atλ ≥ 300 nm. We also analyzed the evolution of the degradation products semiquantitatively by plotting are
orresponding GC peaks as functions of irradiation time. Moreover, a complementary study using molecular model calculation was
o forecast pyridaben’s adsorption point on TiO2 particles and its weak position of molecular cleavage. On the basis of the analytic
inetic results, a degradation mechanism was proposed. This work is significant to understand the photochemistry of pesticide p
he environmental treatment.
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. Introduction

In recent two decades, heterogeneous photocatalysis
as emerged as an efficient technology to purify air and
ater [1–4]. This technique is based upon the use of UV

rradiated semiconductors, generally titanium dioxide, to
estroy various organic pollutants. Through a large number
f reported studies the basic mechanism of photocatalysis
as been well established, i.e., organic molecules react
ith the light-induced holes or with the radicals coming

∗ Corresponding author. Tel.: +86 25 83794310; fax: +86 25 83793091.
E-mail address:zhuxinle@seu.edu.cn (X. Zhu).

from water or from the adsorbed oxygen to be oxidize
inorganic compounds as CO2 and H2O [1–6].

Among the organic compounds of insecticide conc
pyridaben is used as an effective substitute for some
ditional pesticides for the control of a range of agrono
pests, particularly lepidoptera, in cereals, fruits, vegeta
and other crops[7–9], (Fig. 1). Due to its high recalcitranc
there presents a remediation challenge in wastewaters
inated from the pesticide industry. Therefore, we select
as the model compound to investigate the behavior of ph
catalytic degradation.

In our previous research, the degradation of pyridabe
der UV lamp atλ ≥ 300 nm using suspended TiO2 has bee

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.11.010
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Fig. 1. Molecular structure of pyridaben.

reported, with main attention devoted to the identification of
the intermediates and reaction pathways[10]. In the present,
we performed the investigation atλ ≥ 360 nm wavelength
irradiation. Attention was focused on the determination
of optimal operation parameters such as solvent effect,
pH, catalyst loading and flux radiant. Another objective
was to demonstrate that the truly photocatalytic behavior
depended on the irradiation wavelength, which was derived
by comparing the photodecay behavior of pyridaben at
λ ≥ 300 nm with that atλ ≥ 360 nm. On mechanism study,
the intermediate identification as well as the formation and
the fate of aromatic products were investigated by GC–MS.
The characteristic bell-shaped behavior of intermediates
was depicted as functions of the corresponding peak area
as irradiation time, upon which the photodegradation
mechanism of pyridaben has been further verified. The mea-
surement of the degradation processes will permit us to bring
solutions to remediate water pollution of pesticide industries
efficiently.

2. Experiment

2.1. Materials
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Fig. 2. The emission spectrum of UV-lamp and those through different filters
as well as the UV–vis spectrum of pyridaben.

reactor was wrapped with aluminum foil to shield against
other laboratory light sources. All experiments were per-
formed with TiO2 powder (2.5 g/L), kept for 60 min in the
dark to equilibrate and studied at natural pH (6.0) unless oth-
erwise stated.

2.3. General procedure and analysis

In kinetic experiments, a known amount of pyridaben was
dissolved in 20 ml solvent (CH3CN/H2O = 80/20) in the pho-
toreactor, resulting in a solution with concentration of 40 ppm
(C0 = 0.1097 mM). Samples were taken at regular irradiation
time intervals, centrifuged and filtered with 0.22�m Milli-
pore filter to remove TiO2 particle. The amounts of pyridaben
in the test solutions were evaluated with HPLC analysis (996
photodiode array detector and a waters 510 pump). The eluent
was a methanol–water mixture (85/15, v/v).

In intermediate identification and evolution processes,
the solution with concentration of 120 ppm (0.3292 mM)
was stopped at the desired time of irradiation, and then the
whole volume of the suspension was collected and filtered
to allow for qualitative and semiquantitative determination.
Preparation of samples and methods employed for GC–MS
measurements has been described in detail elsewhere
[10].
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Pyridaben was obtained from Jiangsu Red Sun Co.
nd used with purification to 99.92%. The semicondu
mployed as photocatalyst was commercial titanium dio
Degussa P25), with a crystallographic mode of 80% an
nd 20% rutile according to the manufacturer’s specificat
PLC-grade acetonitrile and methanol were purchased
edia Company Inc. Water used was Ultra-Pure water
iangsu Bote purified Water Co. Ltd. All other reagents
ized were of analytical purity.

.2. Photoreactor and light source

The UV-light source was a 350 W medium-pressure m
ury lamp (Institute of Electric Light Source, Beijing) w
ain emission wavelength at 365 nm, as shown inFig. 2,
hich was positioned inside a cylindrical quartz vessel
as surrounded by a circulating water jacket to cool

amp. The optical filters were placed outside the quartz ja
o ensure complete removal of radiation below 360 nm
00 nm, respectively, the corresponding spectral distribu
eing displayed inFig. 2. The intensity of the irradiation
≥ 300 nm orλ ≥ 360 nm was regulated to 7.8 mW/cm2. The
.4. Computer simulation

The optimal geometry conformation and the lowest
rgy of pyridaben molecule were obtained at PM3 level
alculating the values of the point charge and bond le
e predicted the adsorption sites on TiO2 particles and th
eak position of the molecule in the initial reaction p
ess. Calculations were carried out using Hyperchem, ve
.0.
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Table 1
Kinetic parameters of photodecay processes in different wavelengths

Photolysis≥ 300 nm Photocatalysis≥ 300 nm Photolysis≥ 360 nm Photocatalysis≥ 360 nm

k (min−1) 0.0759 0.0673 0.0034 0.0343
t1/2 (min) 9.13 10.30 203.82 20.20
R (%) 98.75 99.43 99.29 97.81

3. Results and discussion

Identification of the optimal conditions for pyridaben,
such as irradiation wavelengths, catalyst concentration, pH,
solvent effect and light intensity, will be discussed as
follows.

3.1. The effect of photolysis and photocatalysis

Since the photodegradation of pyridaben involves direct
photolysis and photocatalysis, it is necessary to understand its
decay behavior under corresponding conditions.Fig. 2 dis-
plays the emission spectrum of UV lamp and those through
300 nm and 360 nm optical filters as well as the UV ab-
sorption spectrum of pyridaben. We observed that pyrid-
aben molecule presents a measurable absorption tailing up to
300 nm, whereas atλ ≥ 360 nm is far below the limit, there-
fore at λ ≥ 300 nm wavelength irradiation, the photolytic
degradation reaction should not be neglected.

To verify this assumption, experiments were made in
the absence (neat photolytic regime) and presence of TiO2
with two different kinds of optical filters. As indicated in
Fig. 3, the total disappearance of pyridaben in photocataly-
sis was achieved within 60 min and 140 min byλ ≥ 300 nm
and λ ≥ 360 nm irradiation, respectively. The pseudo-first-
o are
g av-

F r the
p
i

ior of ln(C0/C) as a function of irradiation time. The kinetic
parameters are listed inTable 1.

By λ ≥ 300 nm irradiation, the reaction rate of photolysis
is faster than that of photocatalysis, which suggests that the
photodecay of pyridaben be dominated by direct photolysis.
Pyridaben has a feature of absorption around 300 nm wave-
length; therefore, it would be excited by absorbing corre-
sponding UV light with sufficient energy, resulting in higher
photolytic rate. Nevertheless, the presence of catalyst parti-
cles in the suspension reduces the absorption of UV photon
(300 nm <λ < 350 nm) by pyridaben; consequently, the reac-
tion rate decreases. Hu et al. have studied the TiO2-mediated
photocatalytic oxidation of phenol, indicated that UV light in
the range of 200 nm <λ < 300 nm played a somewhat detri-
mental role in the photodegradation of phenol[11]. Similar
reaction have been obtained by Wong and Chun that the pho-
tolysis were dominant at 254 nm in degradation of alachlor
even if TiO2 was present in the solution[12].

Illuminating pyridaben solution with UV light at
λ ≥ 360 nm, in the presence of TiO2, results in the decom-
position of the substrate about 10 times faster than that in
the absence of catalyst, indicating that the application of a
TiO2-mediated photocatalytic nature is confirmed. As shown
in Fig. 2, there is almost no absorption of pyridaben in the
range of wavelength≥360 nm, so that this illumination is ca-
p y
p lysis,

F daben
b .
rder kinetics linear transforms of photodecay pyridaben
iven in Fig. 4, which are confirmed by the linear beh

ig. 3. Plots of the normalized concentration as of irradiation time fo
hotolysis and photocatalysis of pyridaben atλ ≥ 360 nm orλ ≥ 300 nm

rradiation.
able of photoexciting TiO2 but not significantly absorbed b
yridaben. In other words, there occurs the photocata

ig. 4. Pseudo-first-order linear transforms of disappearance of pyri
y the photolysis and photocatalysis atλ ≥ 300 nm orλ ≥ 360 nm irradiation
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Fig. 5. Influence of titania concentration on the initial reaction rate of pyrid-
aben.

but the photolytic reaction would not come into play. Since
irradiation wavelength atλ ≥ 360 nm is among the best for
pyridaben photocatalytic degradation, in what follows, it will
be used systematically.

3.2. Determination of the optimum concentration of
titania

Experiments were carried out with TiO2 concentrations
ranging from 0 to 5 g/L to determine the optimum cat-
alyst loading. Fig. 5 displays the variation of the ini-
tial rates of degradation versus photocatalyst loading for
experiments with an initial pyridaben concentration of
1.0974× 10−4 mol/L.

As expected, at low photocatalyst loadings, the curve of
removal of organic compounds exhibits a linear increasing
until 2.5 g/L TiO2 is used, which indicates that the reaction
rate is proportional to the total surface exposed. As the con-
centration of TiO2 increases, the plot shows a maximum in
initial reaction rate around from 2.5 g/L to 3.5 g/L TiO2, sug-
gesting a progressive saturation of the photonic absorption
for a given radiant flux. However, as the TiO2 concentra-
tion increases continuously the reaction rate decreases. This
is due to the shielding of incident light by TiO2 particles, in
other words, increased turbidity of the suspension reduces the
l ring
w olu-
t he
a alyst
a dy.
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Fig. 6. Influence of pH on the kinetic rate constant of pyridaben photocat-
alytic disappearance.

between pH 3 and pH 11, altered by HCl or NaOH solutions.
The kinetic rate constant for the degradation of pyridaben
(0.1097 mM) as a function of reaction pH is shown inFig. 6.
As reported, the pH of the suspension appears to have lit-
tle effect on the rate of disappearance of pyridaben between
pH 4.5 and pH 6.5 and gradually decreases upon increas-
ing the pH from pH 7.0 to pH 11.0. The most outstanding
is that the marked increase in the rate occurs when pH is
decreased below 4.0. Control experiments demonstrated that
the hydrolysis or photolysis of pyridaben was negligible with
respect to the photocatalytic decomposition at the initial pH
3.0, evidencing that a true photocatalytic process is operable.

The zero point of charge (zpc) of semiconductor par-
ticles is defined as the pH at which the concentrations
of protonated and deprotonated group are equal, i.e. pH
zpc = 1/2(pK1 + pK2). The pH zpc of TiO2 is 6.25, so its sur-
face is predominately positively charged below pH zpc, i.e.
Ti OH + H+ � TiOH2

+ and negatively charged above, i.e.
Ti OH + OH− � TiO− + H2O. Therefore, pH value will
have a significant effect on the adsorption/desorption prop-
erties at the catalyst’s surface[1,14,15].

At natural pH value (pH 6.0), TiO2 surface carries a
weakly positive charge, while pyridaben is primarily neu-
trally charged, which could facilitate the adsorption of the
substrate and promote better photocatalytic degradation. In
o ode
o d-
u ns of
P
a in
T rge
i e
u sur-
f the
T s, as
p ion
i

ight transmission. Furthermore, increase of light scatte
ould also reduce the photonic flux within the irradiated s

ion [1,3,13]. Evidently, the maximum photoactivity from t
vailable light is achieved when the concentration of cat
ttains to 2.5 g/L, which will be used for the rest of this stu

.3. Effect of pH

The real effluent stuff of pesticide can be discharge
ifferent pH, therefore the effect of pH on the rate of ph
atalytic degradation of pyridaben was studied in the r
rder to further predict some details of the adsorption m
f pyridaben on the TiO2 surface, point charges of all indivi
al atoms in pyridaben molecule were calculated by mea
M3 method, which has been reported by Guillard et al.[16],
nd Horikoshi et al.[17,18]. The results are summarized
able 3. Information indicates that a strong negative cha

s located on the oxygen atom ofO=C group, therefor
nder the natural condition (pH 6.0), the photocatalyst

ace is positively charged and attractive force between
i (OH2)+ surface groups and the pyridaben molecule
resented inFig. 12, is operable. By contrast, the adsorpt

s inhibited by high pH values.
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Fig. 7. Effect of water content on the initial reaction rates of photocatalytic
degradation of pyridaben.

Under pH 3.0 to pH 4.0 the substrate molecule could be
in disfavor of adsorption on TiO2 surface in positive ionic
form, which seems to conflict with the experimental results.
However, as suggested by several authors[19–21], the pH
and the anions of the solution would also affect the formation
of hydroxyl free radicals, the agglomerated effective particle
size, and the band edge positions of TiO2. These factors would
have an effect upon the photocatalytic reaction.

3.4. The solvent effect

The model compound is poorly soluble in water and its
direct detection in aqueous solution is limited with our Waters
PDA system also. Therefore, we conducted the photocatalytic
oxidation using acetonitrile as a co-solvent system.

We have studied the reactivities of pyridaben in ace-
tonitrile solutions containing 0%, 5%, 10%, 20%, 30%,
40% and 50% of redistilled water, and calculated the ini-
tial reaction rate using the equation,r0 = C0 × k. Fig. 7
shows the initial reaction rates of pyridaben disappear-
ance in different water content solvents. The initial reac-
tion rates follow the sequence: acetonitrile/H2O (80/20) >
(90/10) > (70/30) > (60/40) > (95/5) > (50/50) > (100/0). This
order may be strongly related to hydroxyl radicals generated
and the solubility of pyridaben in different cases. In general,
m wa-
t uce
t %,
1 was
n ls to
p

-
t ivity.
T oing
f
t -

taining 30% water. When more water is present, for example
40% and 50% content (the latter attains the saturation solu-
bility of pyridaben), the initial rate values become relatively
low. Because the solubility of pyridaben decreases with in-
creasing water, we deduce that the overdose water in the solu-
tion would reduce the possibility of contact of substrate with
TiO2 surface[22,23]. In addition, the solubility of oxygen
in acetonitrile solution decreases with increasing water con-
tent. Matsuzawa et al. obtained a similar result in case of the
study on photocatalysis of sulfur compounds[24]. Of course,
the above results need to be further verified by electron spin
resonance (ESR).

For application of this work, studies on the photocatalytic
degradation of trace pyridaben in aqueous solution are in
progress by using solid-phase extraction (SPE) techniques in
our laboratory. The result will be reported and be contributive
to the treatment of polluted water in pesticide industries.

3.5. Effect of light intensity

Experiments have been made corresponding to radiant
fluxes (ϕ) varying from 2.8 to 8.8 mW/cm2 in the range of
our UV lamp being regulated. As represented inFig. 8, the
photocatalytic efficiency increases as the radiant fluxes of the
lamp is increased; in other words, the reaction rate is propor-
t lytic
r are
e gra-
d uce
t een
o

3

nic
i hanis-
t n by
ore•OH groups may be photo-produced as the ratio of
er increases if the water content is very limited. We ded
hat the content of•OH increases in the order of 0%, 5
0% and 20% water content. Therefore, sufficient water
eeded in organic solvent to generate hydroxyl radica
articipate in the photocatalytic reaction.

However, continuously increasing H2O content in ace
onitrile to a certain extent could decrease the react
he initial rate decreases in the presence of water, g

rom 4.158× 10−6 mol/L min−1 in acetonitrile/H2O (80/20)
o 3.285× 10−6 mol/L min−1 in acetonitrile solution con
ional to ϕ and the process works in a good photocata
egime. This finding indicates that the incident photons
fficiently converted into active species that act in the de
ation mechanism. Thus, the higher intensities will prod

he higher rates without losing efficiency, which has b
bserved by many research groups[3,25].

.6. Identification of transient photoproducts

More investigations aiming at identification of all orga
ntermediates would be necessary before a detailed mec
ic scheme can be proposed for the oxidation of pyridabe

Fig. 8. Dependence of rate constant on light intensity.
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Fig. 9. Gas chromatogram of pyridaben and intermediates in photocatalysis
for 340 min.

TiO2 photocatalysis.Fig. 9shows the total ion chromatogram
obtained by GC–MS analysis of pyridaben suspension af-
ter irradiation for 340 min. Up to 15 compounds could be
detected as possible degradation intermediates. Six of them
were reported in the previous work (compound I to compound
VI) [10]. Products (VIII, IX, X, XI, XII, XIII, XIV and XV
were identified by comparing GC–MS spectra with those re-
ported in the Nist and/or Willey library with a fit value higher
than 90% in all cases. Aliphatic intermediates XIV and XV

were presumed as the result of phenyl ring opening. Com-
pounds found attR 4.80 min and 7.55 min were detected as
unknownsU1 andU2, respectively, which were not identified
but could be regarded as DPs (degradation products) because
their concentration increased and decreased as a function of
the reaction time. The mass spectrum ofU1 manifests the
character of phenyl ring and that ofU2 shows common ions
related with pyridazine compound.

The molecular ion and mass spectrometric fragmentation
peaks along with their relative intensities for different prod-
ucts are given inTable 2.

The compound appears intR 4.5 min was deduced as VII.
The molecular ion and mass spectrometric fragmentation
peaks along with their relative intensities are given inFig. 10
and the MS interpretation inFig. 11. The molecular ion and
basic peak of double signals 220/222 and 165/167 appear
to be in a ratio of 3:1 due to the natural ratio of the iso-
topes of chloride 35/37. According to this, the product can
be confirmed containing chloride. In addition, fragments at
m/z135 (M+ C4H7 COH2), 72 (M+ C4H8 N2 CO HCl),
57 (+C4H9), 56 (C4H8) are presented, which exhibit the iden-
tical loss with previously synthesized compound. Upon iden-
tified intermediates, a degradation pathway of photocatalysis
of pyridaben has been proposed inFig. 12.

Table 2
GC–MS–EI retention times (Rt) and spectrum characteristics of pyridaben and

Insecticide photoproducts Rt (min) EI–MS spectru

Pyridaben 16.83 364(M+) (5), 30 7 (3)
(VII) 2- tert-Butyl-4-chloro-6-mercapto-

2,3-dihydropyridazin-3-ol
4.50 220(M+) (2), 22 ), 55

(3), 56 (13), 57
(VIII) 2,5-di-tert-Butylaniline 7.75 205(50,M+), 20 ), 74

(2), 57 (5)
(IX) 1-tert-Butyl-4-ethoxybenzene 4.20 164(14,M+), 16
(X) 2-tert-Butyl-4-methylphenol 5.25 164(22,M+), 16
(XI) Terephthalaldehyde 2.83 134(100, M+), 1
(XII) 4-Acetylbenzonitrile 3.18 145(15,M+), 13
(XIII) 1-(3,4-Dimethylphenyl) ethanone 3.42 148(12,M+), 14
(XIV) Succinonitrile 1.97 80(8,M+), 79 (7
(XV) Methylmalononitrile 1.88 80(11,M+),79 (8
(U1) 4.80 202(3,M+), 204 8)
(U2) 7.55 243(3,M+), 245 2)

T
P l

A ength

C
C
C
C
C
C C −0.159 N C 1.3121
C
C
C
C
C
S

able 3
oint charge and bond length on atoms of pyridaben at the PM3 leve

toms Point charge Bond Bond length
1 −0.108 C1 C2 1.1012
2 −0.075 C2 C3 1.3889
3 −0.098 C3 C4 1.3966
4 −0.0088 C4 C5 1.3878
5 −0.0106 C5 C6 1.3968
6 −0.056 C6 C1 1.3964

7 0.003 C6 C7 1.516
8 −0.119 C7 C8 1.5279
9 −0.119 C7 C9 1.5309
10 −0.0113 C7 C10 1.5296
11 −0.116 C3 C11 1.4867
12 0.115 C11 S12 1.8325
its major photoproducts

m ions (m/z) (% abundance)

9 (20), 311 (4), 217 (3), 147 (100), 132 (5), 117 (6), 55 (6), 56 (17), 5
2(1), 164 (11), 166 (4), 165 (100), 167 (45), 135 (7), 136 (2), 107 (2
(12)

6 (5), 190 (100), 162 (4), 148 (30), 131 (26), 130 (3), 106 (40), 91 (5

5 (10), 149 (100), 150 (50), 135 (5), 121 (22), 91 (5), 65 (10)
5 (2), 149 (100), 121 (67), 91 (3), 76 (5), 65 (22), 43 (8)
33 (95), 105 (55), 77 (35), 51 (20)
0 (100), 132 (22), 102 (25), 43 (5)
9 (2), 133 (100), 105 (33), 77 (14)
9), 53 (100), 52 (6), 40 (5)
2), 77 (4), 53 (100), 52 (8), 51 (5), 40 (8)
(1), 160 (73), 159 (18), 145 (13), 131 (100), 115 (31), 117 (17), 91 (5
(1), 191 (2), 190 (14), 188 (100), 187 (5), 130 (3), 57 (9), 56 (7), 55 (

Atoms Point charge Bond Bond l

C13 −0.162 S12 C13 1.7502
C14 −0.235 C13 C14 1.3644
C15 0.0276 C14 C15 1.4735
N16 0.063 C15 N16 1.4449
N17 −0.052 N16 N17 1.3568
18 17 18
C19 0.038 C18 C13 1.4416
C20 −0.122 C16 C19 1.5335
C21 −0.144 C19 C20 1.5357
C22 −0.145 C19 C21 1.5326
O23 −0.357 C19 C22 1.5328
Cl24 0.177 C15 O23 1.2226

C15 Cl24 1.6661
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Fig. 10. Mass spectrum of compound (VIII).

3.7. Mechanism study

Irradiation of TiO2 particles under UV light (<380 nm)
that carries energy greater than the band gap (3.2 eV) in-
duces electrons (e−) and positive holes (h+). These charged
species can generate oxidizing species (•OH, H2O2, HOO•

and O2
•−) in water. The detailed mechanism of such transfor-

mation has been discussed previously in literatures[3–6] and
briefly summarized here. Active species and positive holes
have been recognized as the primary oxidizing agents in pho-
tocatalysis, which can in turn attack and degrade organic sub-
strates allowing in most cases their complete mineralization.

TiO2
hv−→ e− + h+ (1)

h+ + e− → N + energy (2)

h+ + H2Oad→ •OHad+ H+ (3)

h+ + OH− → •OH (4)

e− + O2 → O2
•− (5)

O2
− + H2O → HOO• + OH− (6)

2HOO• → H2O2 + O2 (7)

H2O2 + e− → •OH + OH− (8)

Under natural conditions (pH 6.0), the positively charged
surface of TiO2 in pyridaben/TiO2 system permits model
molecules to be chemisorbed on TiO2 particles by electro-
static interaction. The most negative point charge of the pyrid-
Fig. 11. MS interpretation
 of compound (VII).
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Fig. 12. Proposed photocatalytic d
egradation route for pyridaben.
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aben structure is located at the oxygen atom O23 so that the
adsorption involves the negative carbonyl group, which is
also evidenced by the influence of pH. The point charge cal-
culation is reported inTable 3and the adsorption model is
established inFig. 12.

It is generally accepted that the substrate adsorption on the
surface of semiconductors plays an important role in photo-
catalytic oxidation[3,26,27], therefore the following photo-
catalytic degradation process could be better rationalized by
two kinds of oxidative agents: the positive holes mainly in-
volved in the direct charge transfer of adsorbed pyridaben
and the hydroxyl radicals, which are known as strongly ac-
tive and degrading agents in indirect addition/substitution re-
action[1,14]. Firstly, the scission of CS functional group
between phenyl ring and heterocyclic group in pyridaben
molecule is considered to involve positive holes’ attacking,
i.e. the result of direct oxidation effect. As reported earlier
[10], C S bond should be an attacking site of pyridaben un-
der the examined photocatalytic conditions. In this work, by
calculating the length of CS bond 1.8325̊A, as represented
in Table 3, we confirm that it possesses less stability and is
easier to cleave.

1-tert-Butyl-4-methylbenzene radicals, the fragment of
C S bond cleavage react with•Cl, •CH3 or •OH radicals,
leading to the formation of observed products II, III and IV,
r ero-
c ycle
i -
t n of
• vent
m s of
t

n the
a

xy-
l
a
r le in-
v
g from
t

su-
a ions

and is often found in industrial wastewaters. Davit et al.[28]
and Lichtin and Avudaithai[29] reported the feasibility of
the photocatalytic oxidation of acetonitrile in liquid phase.
They found that CH3CN could occur hemolytic dissociation
of the C C bond to generate•CH3 and•CN radicals, which
suggested that the interaction of holes and electrons cause
the dissociation of CH3CN. Furthermore, Zhuang et al.[30]
studied TiO2 photooxidation acetonitrile and indicated that
the final oxidation products were CO2 and H2O, and ammo-
nia was also checked as one of the photoreaction products
[28]. Therefore, the total degradation chart of•CN radicals
could be understood briefly as following:
•CN + e− → CN−

CN− TiO2,hv−→ CNO− TiO2,hv−→ NH2OH + HCO3
−/CO3

2−

TiO2,hv−→ NH3 + N2 + NO + N2O + H2O + CO2

In our experiments, the presence of compounds X, IV, XV
and XII is further confirmed the formation of•CN radicals.

•OH and•CH3 radicals are primary responsible for the
successive oxidation elimination, substitution and decar-
boxylation processes, leading to a series of compounds IX,
X, XI and XIII.

Aliphatic intermediates XIV and XV were proposed by
o ub-
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r files
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for the
espectively.•Cl radicals are regarded as fission from het
yclic compounds, of which the dechlorination of heteroc
s due either to the substitution of•Cl by •OH or the reduc
ion by electrons of the conduction band. The formatio
CH3 radicals may be attributed to the cleavage of sol
olecules or Photo–Kolbe reaction of short-chain acid

he ring-opened compounds, such as,

CH3COOH
COOH−→

Photo-Kolbe

•CH3

The above intermediates could be further attacked o
liphatic chain by•OH radicals to form compound VI.

As previously observed, compound VI could decarbo
ate via Photo–Kolbe reaction, followed by addition of•C4H7
nd•NH2 radicals to give compound VIII (Fig. 13). Isobutyl
adicals were suggested from phenyl group or heterocyc
olved positive holes’ attack. Whereas,•NH2 radicals were
enerated from the photodegradation of acetonitrile or

he photomineralization of heterocyclic group.
Acetonitrile is an extremely stable molecule. It is u

lly used as a solvent in photocatalytic oxidation react

Fig. 13. Proposed reaction scheme
pening of the aromatic ring or heterocycle, followed by s
titution of •CN radicals from CH3CN solution. The abov
onsideration leads us to postulate the reaction mecha
or the photocatalytic degradation of pesticide pyridabe
≥ 360 nm irradiation, shown inFig. 12.
Based on the GC–MS spectra obtained from pyrida

olutions collected at different time intervals, a semiqua
ative evaluation of the mainly aromatic compounds du
he course of the experiment was carried out by expre
he areas of the corresponding GC peak as function
rradiation time. The evolutions of pyridaben and mos
ntermediates are depicted up to 450 min inFigs. 14–17,
espectively. By describing the typical bell-shaped pro
n most of the cases, we clearly observed the change i
istribution of each intermediate during the photocata
egradation of pyridaben. It is indicated that during the
00 min of the photoreaction, several compounds inclu

, II, II, IV and VII appear in maximum amount. The
ompounds may be considered as degradation produ
he first step, originating from oxidative cleavage of the CS
ond of the substrate molecule.

formation of transformation product VIII.
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Fig. 14. Disappearance of pyridanben.

According to the data ofFig. 15, compounds I, III and
IV were formed, reaching their maximum concentration at
200 min and then disappeared, when the abatement of pyrid-
aben is about 50%. Compound VI was present at lower con-
centrations, but it was considered as main intermediates, be-
cause it was abundantly detected at 310 min irradiation. The
successive appearance of the maximal quantity of above two
kinds of intermediates indicates the dealkylation paths by ox-
idation side chains adjacent to the phenyl ring to be a stepwise
process.

Fig. 16shows a comparison between the kinetic curves of
heterocyclic compounds. Smaller amount intermediates such
as I and VII appear almost together with the early phenyl
pieces, while V appears with a delay. By comparing these
curves, it seems that the desulfonylation via the pyridazine
ring is more efficient and confirms the conversion for
compound I to compound V. The photocatalytic kinetics of
intermediate VII is nearly as same as compound I, but it forms
by a larger extent. The conditions of the analysis did not
allow for the detection of small-ring fragment compounds.

F en
p

Fig. 16. Evolution of photoproducts I, IV and VII during pyridaben photo-
catalytic degradation.

Fig. 17suggests compound VI be further oxidized to form
dealkylation compounds. After irradiation of 310 min, com-
pounds XI and XIII, the intermediates before phenyl ring
cleavage, were detected at appreciable concentrations. Com-
pound XIII corresponds to further attacked on the isobutanyl
chain by•OH radicals, and then decarboxylates into CO2 via
Photo–Kolbe reaction, attaining a maximum concentration at
400 min. Fragment VIII appears already in small quantities at
the beginning of the reaction. Its concentration increases with
time of irradiation and goes through maximum at 380 min.

Another question of interest is the detection of the critical
oxidative steps throughout the process. Compounds II and
VI may be considered as the main process DPs, as shown
in Fig. 15, due to their high concentration compared with
other main intermediates detected, but they also disappear
gradually. The results imply that these compounds be not
resistant to degradation during photocatalysis.

F en
p

ig. 15. Evolution of photoproducts II, III, IV and VI during pyridab
hotocatalytic degradation.
ig. 17. Formation of intermediates VIII, XI and XIII during pyridab
hotocatalytic degradation.
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The great number of compounds during the degradation
of pyridaben shows the complexity of the photocatalytic pro-
cess. Based on the results of the present study, mechanistic
information can be extracted with respect to the steps in-
volved in the photoreaction, from adsorption of the substrate
on the photocatalyst surface to the formation of intermediates
and final products in the solution. It can also be concluded
that none of the DPs formed limits the reaction kinetics.

4. Conclusions

The photocatalytic degradation of pyridaben solutions has
been examined with the use of UV-irradiated TiO2 catalyst.
The direct photolysis and heterogeneous photocatalysis
were studied by shorter (λ ≥ 300 nm) and longer wave-
length (λ ≥ 360 nm) irradiation. Photocatalytic degradation
of pyridaben was more dominant atλ ≥ 360 nm than at
λ ≥ 300 nm irradiation, in other words, the use of TiO2 for
photocatalysis at UV≥ 300 nm is not an effective process.
Therefore, it is important to properly choose the irradiation
wavelength in photocatalytic degradation.

On kinetic study, the effect of the dose of the semi-
conductor in the photocatalytic reaction has suggested that
the degradation rate of pyridaben increase with the dosages
of TiO2, while an overdose of catalyst would retard the
r di-
a that
t hese
f

the
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c rated
b ved
t ary
r steps
l ki-
n the
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