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Photocatalytic degradation of chlorfenapyr in aqueous suspension of TiO2
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Abstract

The direct photolysis and the photocatalytic degradations of chlorfenapyr in TiO2 suspensions with and without the use of hydrogen peroxide
were studied using two different monochromatic UV irradiations (300 and 350 nm). Both the direct photolysis and photocatalytic degradations
of chlorfenapyr follow pseudo-first-order degradation kinetics (Ct =C0 e−kt). Photolysis reactions were slow, and the corresponding photo-
catalysis rates were increased by about 2.5 and 3 times in the presence of TiO2 at 300 and 350 nm of UV, respectively. Photocatalytic rates
were increased with the pH at neutral to alkaline ranges because of the increase of hydroxide ions. However, the reaction was gradually
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etarded at the neutral medium. The half times of degradation (t1/2) were 13.7, 16.2, 16.2, 10.7 and 8.7 min, respectively, at pH 4, 6, 7,
1. The effect of temperature is helpful to the photocatalytic degradation of chlorfenapyr. The photocatalytic degradation rates w

o increase with TiO2 dosages, and the reaction was retarded at higher TiO2 dosages. The fastest degradation occurred when 1200 m−1

iO2 was used, the rate increased slowly with increasing catalyst concentration up to 800 mg L−1 and more rapidly when the concentrat
as increased from 800 to 1200 mg L−1, and decreased at 1600 mg L−1. A much faster degradation rate at lower chlorfenapyr concentra
as achieved. The results of H2O2-assisted photocatalysis experiments showed that a low H2O2 dosage in photocatalysis would enhance
egradation rate of chlorfenapyr, however, an overdose of H2O2 will retard the rate because of the expenditure of hydroxyl radicals.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Semiconductor photocatalysis is an advanced oxidation
rocess to eliminate organic pollutants from water. The semi-
onductor photocatalytic process is based on the combined
se of low-energy UV light and semiconductor photocata-

ysts of which the anatase form of TiO2 is the most suitable
1,2]. TiO2 in the anatase form appears to be the most effi-
ient semiconductor for environmental applications and has
een studied as a photocatalyst for potential use in wastewater

reatment. The use of TiO2 photocatalysts for environmental
leanup has been of interest, because TiO2 is stable, harm-
ess, inexpensive, and solar-activated[3]. Therefore, TiO2
hotocatalysis has been widely established as an alternative
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physical–chemical process for environmental remediatio
the last two decades[4,5]. The use of low-energy UV ligh
and semiconductor photocatalysts such as the anatase f
TiO2, in suspension[6–8]or immobilized[9–12]can degrad
and even mineralize these organic pollutants.

The TiO2 photocatalysis mechanism has been desc
by Robert and Malato[13]. The basic process of photoca
ysis consists of ejecting an electron from the valence ba
the conduction band of the TiO2 semiconductor, creating
hole in the valence band. This is due to UV irradiation of T2
with an energy equal or superior to the bandgap (3.2 eV).
is followed by the formation of reactive radicals at the se
conductor surface and/or a direct oxidation of the pollu
species. The ejected electrons react with electron acce
such as oxygen adsorbed or dissolved in water.

Insecticides are considered cumulative and toxic c
pounds. Their presence as contaminates in aquatic
ronments may cause serious problems to human b
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Fig. 1. The structure of chlorfenapyr.

and other organisms[14–17]. Pesticide photocatalysis with
TiO2 has been conducted with fine TiO2 particles (De-
gussa P-25, mean diameter 30 nm) suspended in an aque-
ous phase, such as powdered TiO2-enhanced photocat-
alytic degradation of propachlor, metobromuron, isopro-
turon, chlortoluron, chlorbromuron, cinosulfuron, triasul-
furon, atrazine, cyanazine, propazine, prometryne, irgarol,
dicamba, MCPA, 2,4-D, 2,4,5-T, 3,4-xylylmethyl-carbamate,
3,5-xylylmethylcarbamate, propanil and molinate[6,18–26].

Chlorfenapyr was developed by American Cyanamid,
IUPAC name: 4-bromo-2-(4-chlorophenyl)-1-ethoxymethyl-
5-(trifluoromethyl)pyrrole-3-carbonitrile, Formula:
C15H11BrClF3N2O, is a white to tan crystalline solid,
belonging to the pyrrole group of pesticides (Fig. 1).
Chlorfenapyr is a novel broad-spectrum insecticide–miticide
currently registered in 19 countries for the control of various
insect and mite pests on cotton, ornamentals and a number
of vegetable crops. This specific acaricide/insecticide has
generally no effect on beneficial insects including preda-
ceous mites and thus offers a desirable reason for its use in
developing new strategies of integrated pest management in
vegetable[27–29].

In this paper, we report the results of the photocatalytic
degradation of chlorfenapyr by TiO2 in aqueous suspension.
The effects of initial concentration of chlorfenapyr and pH
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(Shanghai Experiment Reagent Co. Ltd., China). All solu-
tions were prepared using distilled, deionized water.

2.2. Apparatus

All direct photolysis and photocatalysis experiments were
conducted using an SGY-II photochemical reactor purchased
from Nanjing Stonetech. EEC Ltd., Nanjing, China. A quartz
cylinder (50 mm× 450 mm) filled with 500 ml sample so-
lutions was placed inside the reactor and illuminated with
monochromatic UV lamps and special glass filters restrict-
ing the transmission of wavelengths at either 300 or 350 nm
which are available with the photoreactor. A magnetic stir-
rer was located at the base such that a homogenous TiO2
suspension could be maintained throughout the reaction; a
thermostat was also installed in the reactor to adjust the exper-
imental temperature. HA0.45�m filters were supplied from
Millipore (Bedford, USA).

The HPLC system consisted of a Shimadzu (Kyoto, Japan)
Model LC-10AT pump associated with a 7125 Rheodyne
(Cotati, CA, USA), six-port valve with a 20-�l loop, and a
UV–Vis absorbance detector connected to a Shimadzu Model
C-R6A integrator for data acquisition. The analytical column
was a Kromasil C185�m (250× 4.6 mm I.D.).
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n the degradation rate were investigated because the
aminant concentration and the pH are relevant paramet
astewater treatment. The effects of TiO2 amount, of hydro
en peroxide addition, of radiation source and of temper
ere also examined for enhancement of chlorfenapyr d
ation.

. Materials and methods

.1. Chemicals

An analytical standard of chlorfenapyr was friendly s
lied by American Cyanamid, USA. Titanium dioxide
5), a known mixture of 65% anatase and 35% rutile f
ith an average particle size of 30 nm, nonporous wi

eactive surface area (BET) of 50 m2 g−1, obtained from De
ussa was used in this study. Chlorfenapyr standard so
1294 mg L−1) was prepared in methanol and the solution
uired for preparing a standard curve (0.1294, 0.6470, 1
.235, 6.470 mg L−1) were prepared from the stock solut
y serial dilutions. Methanol was chromatograph reagen
ther solvents and chemicals used were of analytical g
.3. HPLC condition and working curve

Samples taken at different times of irradiation were
ered through 0.45-�m filters to remove TiO2 particles be
ore analyses by HPLC-UV at 260 nm. The mobile ph
as methanol–water (80:20, v/v) with 1 mL min−1 flow rate.
he column oven was kept at 30◦C. The volume of the in

ection was 20�l. External standard method was adop
nder the chosen conditions, chlorfenapyr showed a r

ion time of 14.50 min, allowing a complete separation o
ignal from those of foreign substances present in the
les. Concentrations of chlorfenapyr were determined

he peak areas of the standards were recorded. The slo
ntercept of the calibration graph were obtained by linea
ression of peak area versus concentration:y=ax+b, where
is the slope,b the intercept,x the concentration andy the
eak area. The parameters obtained by the selected chro
raphic conditions for chlorfenapyr calibration corresp

o: y= 2765.3 + 61816x, R2 = 0.9997. The accuracy and p
ision of analytical method were 99.3 and 99.6%, res
ively; the minimum detectable amount of chlorfenapyr
.5× 10−10 g, the minimum detectable concentration w
.0162 mg kg−1.

.4. Statistical analysis

The study was a completely randomized design, with t
eplications per treatment, chlorfenapyr concentrations
t to a pseudo-first-order degradation equationCt =C0 e−kt,
hereCt is the chlorfenapyr concentration at timet, C0 the

nitial concentration of chlorfenapyr,k the degradation ra
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and t the time. To determine the half-lives and degradation
rates from the data, the linear form of the equation was used
as ln(Ct/C0) =−kt, in this form,k is the slope. Analysis of co-
variance of the linearized equations was done within the gen-
eral linear models (GLM) procedure in SAS (Statistical Anal-
ysis Systems, Cary, NC). This procedure was used to deter-
mine slope differences among treatments. To accurately as-
sess slopes, data were truncated after the first instance where
the chlorfenapyr concentration reached zero for a specified
treatment. Estimations oft1/2 were made based on the equa-
tion t1/2 = 0.693/k, wherek is the estimated pseudo-first-order
degradation rate constant determined from the GLM proce-
dure in SAS.

3. Results and discussion

3.1. Direct photolysis and photocatalytic degradation of
chlorfenapyr at different UV wavelengths

The degradation of chlorfenapyr by either 300 or
350 nm UV irradiation, with and without the presence of TiO2
at 25◦C, was investigated. The experiments were designed
as follow: the initial concentrations of TiO2 and chlorfenapyr
were 800 and 50 mg L−1, respectively, pH 6. All the reactions
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Fig. 3. Variation of pseudo-first-order rate constants with initial pH in pho-
tocatalysis reaction at 300 nm. The initial concentrations of chlorfenapyr and
TiO2 were 50 and 800 mg L−1,respectively;T= 25◦C.

tion. Besides, the test of chlorfenapyr degradation in the dark
(with TiO2, but without the exposure to UV light) showed
that variations in chlorfenapyr concentrations during 60 min
of mixing was insignificant, suggesting that the adsorption (or
loss) of chlorfenapyr onto the surface of the TiO2 particles
could be neglected.

3.2. Effect of pH on the photocatalytic degradation of
chlorfenapyr

The effect of different initial pH levels on the photocat-
alytic degradation rates of chlorfenapyr under 300 nm irradi-
ation at 25◦C was also investigated. The experiments were
designed as 3.1 with variation of pH levels. The photocat-
alytic degradation rate (k) was found to increase quickly with
the initial pH, from neutral (pH 7) condition to an alkaline
medium (pH 11), and decrease slowly from an acid condition
(pH 4) to a neutral (pH 7) medium, as shown inFig. 3. The
linear regression equations are described inTable 1. The half
times of degradation (t1/2) were 13.7, 16.2, 16.2, 10.7 and
8.7 min, respectively, at pH 4, 6, 7, 9 and 11. Thus, chlorfe-
napyr was less stable in acid and alkaline environments, but
relatively more stable at neutral conditions. About 58% in-
crease in rate constants were observed as pH increased from
pH 4 to 11. At high initial pH, more hydroxide ions (OH−) in
t cals

T
T tion
r

p

1

T nd
5

ere found to follow a pseudo-first-order kinetic, as sh
n Fig. 2. There was an excellent linear relationship betw
nC (concentration of chlorfenapyr) andt (time). The photo
atalysis rate constants (K) (with TiO2) for 300 and 350 nm
ere 0.0427 and 0.0355 min−1, which were higher than the
orresponding direct photolysis rates (without TiO2) by abou
.5,3 times, respectively. This indicates that the chlorfen

s mainly oxidized by the hydroxyl radicals that are ge
ted through the process of photocatalysis or by h+ through

he direct oxidation. The low direct photolysis rates were
arently due to the low molar absorptivity of chlorfena
t 300 and 350 nm, and the lower energy of the UV irra

ig. 2. Direct photolysis and photocatalytic degradation of chlorfenapy
ng two different monochromatic UV irradiations: 300 and 350 nm.
nitial concentrations of chlorfenapyr and TiO2 were 50 and 800 mg L−1,
espectively; pH 6,T= 25◦C.
he solution induced the generation of hydroxyl free radi

able 1
he effect of different initial pH levels on the photocatalytic degrada

ates of chlorfenapyr

H value Linear regression equation t1/2 (min) R2

4 ln(C/C0) =−0.0507t 13.7 0.9884
6 ln(C/C0) =−0.0427t 16.2 0.9894
7 ln(C/C0) =−0.0428t 16.2 0.9922
9 ln(C/C0) =−0.0647t 10.7 0.9760
1 ln(C/C0) =−0.0797t 8.7 0.9648

he initial concentrations of TiO2 and chlorfenapyr were 800 a
0 mg L−1,respectively;T= 25◦C.
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Fig. 4. Comparison of the photocatalytic degradation of chlorfenapyr at
300 nm of UV at different temperature. The initial concentrations of chlor-
fenapyr and TiO2 were 50 and 800 mgL−1, respectively; pH 6.

(HO•), which came from the photooxidation of OH− by holes
forming on the titanium dioxide surface. Since hydroxyl-free
radical is the dominant oxidizing species in the photocatalytic
process, the photodegradation of chlorfenapyr is therefore ac-
celerated in an alkaline medium. On the other hand, the point
of zero charge (PZC) (pHPZC) for TiO2, or pH at which the
surface of this oxide is uncharged, is around 6.3[30]. Above
and below this value, the catalyst is negatively or positively
charged. Similar reaction has been suggested by a number
of researchers such as Ollis et al.[2], Sánchez et al.[31],
Bianco-Prevot et al.[32] and Wong and Chu[33].

3.3. Effect of temperature on the photocatalytic
degradation of chlorfenapyr

Three groups of experiments were carried out to study the
effect of temperature on photocatalytic degradation of chlor-
fenapyr under pH 6 solution. The experiments were designed
as 3.1 with variation of temperature. In all cases, the degrada-
tion rate of chlorfenapyr increased with temperature (Fig. 4).
The photocatalysis rate constants (K) were 0.0427, 0.0519
and 0.0594 min−1, respectively; the half times of degradation
(t1/2) were 16.2, 13.4 and 11.7 min, respectively, atT= 25,
40, 55◦C. The effect of temperature is helpful to the pho-
tocatalytic degradation of chlorfenapyr. However, the effect
o apyr
w

3

-
c xam-

Fig. 5. The pseudo-first-order photodegradation rates of chlorfenapyr at var-
ious dosages of TiO2, where the initial pH level is 6,the initial concentrations
of chlorfenapyr was 50 mg L−1, T= 25◦C, irradiated by UV 300 nm.

ined. The experiments were designed as 3.1 with variation
of TiO2 dosages. Experiments were carried out varying the
TiO2 amount from 400 to 1600 mg L−1.Fig. 5shows the vari-
ation of pseudo-first-order rate constants with four different
TiO2 dosages at 400, 800, 1200 and 1600 mg L−1 under UV
illumination at 300 nm, in which the photocatalytic degra-
dation rates were found to increase with TiO2 dosages, but
the reaction was retarded at higher TiO2 dosages. The fastest
degradation occurred when 1200 mg L−1 TiO2 was used, the
rate increased slowly with increasing catalyst concentration
up to 800 mg L−1 and more rapidly when the concentration
was increased from 800 to 1200 mg L−1, and decreased at
1600 mg L−1. The increase in the rates is likely due to the
increase in the total surface area (or number of active sites)
available for photocatalytic reaction as the dosage of TiO2
increased. However, when TiO2 was overdosed, the intensity
of incident UV light was attenuated because of the decreased
light penetration and increased light scattering, which em-
bedded the positive effect coming from the dosage increment
and therefore the overall performance reduced.

3.5. Effect of initial chlorfenapyr concentration

The effect of initial chlorfenapyr concentration was in-
vestigated over the range of 10–90 mg L−1. The experiments
w pyr
c a sus-
p -
c own
i rfe-
n the
h rb
m d, the
p ince a
f temperature on photocatalytic degradation of chlorfen
as less than the effect of pH variation.

.4. Effect of TiO2 dosages

The effect of different dosages of TiO2 on the photo
atalytic degradation rates of chlorfenapyr was also e
ere designed as 3.1 with variation of initial chlorfena
oncentration dosages. The rate constants obtained in
ension containing 800 mg L−1 of TiO2 decreased signifi
antly with the increase in initial concentration, as sh
n Fig. 6. A much faster degradation rate at lower chlo
apyr concentrations may be justified by the fact that
igh number of available TiO2 molecules is able to adso
ost of the molecules in suspension. On the other han
rocess is inverted at higher substrate concentrations, s
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Fig. 6. The pseudo-first-order photodegradation rates of chlorfenapyr at var-
ious initial dosages of chlorfenapyr, where the initial pH level is 6,the initial
concentrations of TiO2 was 800 mg L−1,T= 25◦C, irradiated by UV 300 nm.

large number of substrate molecules compete for the adsorp-
tion sites with some intermediates such as carboxylic acids,
aldehydes and aromatics[34]. As a consequence, there is a
decrease in the rate constant because the number of available
active sites is diminished for redox reaction[35,36].

3.6. Effect of H2O2 addition

To investigate the effect of adding H2O2 to the photo-
catalysis of chlorfenapyr, experiments were carried out as
3.1 with adding five different dosages of H2O2 (0, 2, 20,
200 and 2000 mg L−1), and the results are shown inTable 2.
When irradiation was applied only in the presence of H2O2,
the chlorfenapyr did not degrade satisfactorily, whereas in
the presence of the semiconductor the rate increased signif-
icantly. The reaction rate was found to increase with low
levels of H2O2 dosages. At maximum, a 2.1 times rate incre-
ment was achieved at the optimal H2O2 dosage of 200 mg L−1

compared to that of sole photocatalysis without H2O2. Above
this optimal dosage, however, an overdose of H2O2 retards
the chlorfenapyr photocatalytic rates. The rate improvement
at lower H2O2 dosages is probably due to the enhancement of
the initial concentration of hydroxyl radicals[37] produced

Table 2
E ation
r

T

8

8
8
8
8

T
r

by direct photolysis of H2O2 (1) and by reaction with O2•−
(2). In addition, H2O2 can capture one electron of the con-
duction band and produce the hydroxyl radical, hindering
the process of electron–hole recombination and increasing
the rate of the photocatalytic process (3)[38]. In the pres-
ence of 200 and 2000 mg L−1 hydrogen peroxide, it may be
suggested that the hydroperoxyl radical (HO2

•) produced by
the reaction between H2O2 and the OH• radical (4), as well as
the neutral species generated between two radicals, HO2

• and
•OH (5) [39] will contribute to the decrease in degradation
rate. Similar behaviors were obtained for some contaminants
such as organic phosphorus pesticides and 4-chlorobenzoic
acid[40,41].

H2O2 + hν → 2•OH (1)

H2O2 + O2
•− → OH− + •OH + O2 (2)

H2O2 + e− → OH− + •OH (3)

H2O2 + •OH → H2O + HO2
• (4)

HO2
• + •OH → H2O + O2 (5)

4. Conclusion

lytic
d d
w two
d m).
B ns of
c tics
( cor-
r ut 2.5
a ,
r e pH
a f hy-
d rded
a
w H 4,
6 and
a utral
c ho-
t lytic
d ,
a e
f
u con-
c n-
c -
c at
l sults
o hat a
l gra-
d
w oxyl
r

ffect of hydrogen peroxide concentration on the chlorfenapyr degrad
ate constant in the presence or absence of TiO2

iO2 (mg L−1) H2O2 (mg L−1) K (min−1) R2 t1/2 (min)

0 0 0.0035 0.9875 198
00 0 0.0427 0.9894 16.2
0 2000 0.0172 0.9834 40.3

00 2 0.0741 0.9926 9.4
00 20 0.0915 0.9858 7.6
00 200 0.0598 0.9861 11.6
00 2000 0.0482 0.9822 14.4

he initial concentrations of TiO2 and chlorfenapyr were 800 and 50 mg L−1,
espectively;T= 25◦C, pH 6.
In this study, the direct photolysis and the photocata
egradations of chlorfenapyr in TiO2 suspensions with an
ithout the use of hydrogen peroxide were studied using
ifferent monochromatic UV irradiations (300 and 350 n
oth the direct photolysis and photocatalytic degradatio
hlorfenapyr follow pseudo-first-order degradation kine
Ct =C0 e−kt). Photolysis reactions were slow, and the
esponding photocatalysis rates were increased by abo
nd 3 times in the presence of TiO2 at 300 and 350 nm of UV
espectively. Photocatalytic rates were increased with th
t neutral to alkaline ranges because of the increase o
roxide ions. However, the reaction was gradually reta
t the neutral medium. The half times of degradation (t1/2)
ere 13.7, 16.2, 16.2, 10.7 and 8.7 min, respectively, at p
, 7, 9 and 11. Thus, chlorfenapyr was less stable in acid
lkaline environments, and relatively more stable at ne
onditions. The effect of temperature is helpful to the p
ocatalytic degradation of chlorfenapyr. The photocata
egradation rates were found to increase with TiO2 dosages
nd the reaction was retarded at higher TiO2 dosages. Th

astest degradation occurred when 1200 mg L−1 TiO2 was
sed, the rate increased slowly with increasing catalyst
entration up to 800 mg L−1 and more rapidly when the co
entration was increased from 800 to 1200 mg L−1, and de
reased at 1600 mg L−1. A much faster degradation rate

ower chlorfenapyr concentrations was achieved. The re
f H2O2-assisted photocatalysis experiments showed t

ow H2O2 dosage in photocatalysis would enhance the de
ation rate of chlorfenapyr, however, an overdose of H2O2
ill retard the rate because of the expenditure of hydr

adicals.



66 Y. Cao et al. / Journal of Molecular Catalysis A: Chemical 233 (2005) 61–66

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (No. 20377029), and the National High
Technology Research and Development Program of China
(863 Program) (No. 2001AA218041). We thank the support
of materials offered by Shanghai University.

References

[1] B. Detlef, B. Dirk, G. Roland, Sol. Energ. Mater. 24 (1991) 564.
[2] D.F. Ollis, E. Pelizzetti, N. Serpone, Environ. Sci. Technol. 25 (1991)

1522.
[3] S. Bhatkhande Dhananjay, G. Pangarkar Vishwas, A.C.M. Beenack-

ers Anthony, J. Chem. Technol. Biotechnol. 77 (2001) 102.
[4] S. Malato, J. Blanco, C. Richter, B. Milow, M.I. Maldonado, Water

Sci. Technol. 40 (1999) 123.
[5] S. Malato, J. Blanco, A. Vidal, C. Richter, Appl. Catal. B 37 (2002)

1.
[6] E. Vulliet, C. Emmelin, J.-M. Chovelon, C. Guillard, J.-M. Her-

rmann, Appl. Catal. B 38 (2002) 127.
[7] M. Karkmaz, E. Puzenat, C. Guillard, J.M. Herrmann, Appl. Catal.

B 51 (2004) 183.
[8] V.A. Sakkas, I.M. Arabatzis, I.K. Konstantinou, A.D. Dimou, T.A.

Albanis, P. Falaras, Appl. Catal. B 49 (2004) 195.
[9] K. Tennakone, C.T.K. Tilakaratne, I.R.M. Kottegoda, J. Photochem.

Photobiol. A 87 (1995) 77.
[ 53.
[ 261.
[ an-

[
[ ppli-

[ tobiol.

[ 49.
[
[ nis,

[19] A. Bianco-Prevot, D. Fabbi, E. Pramauro, A. Morales-Rubio, M.
Guardia, Chemosphere 44 (2001) 249.

[20] A.J. Chaudhary, S.M. Grimes, M. Hassan, Chemosphere 44 (2001)
1223.
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