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Abstract

The photodegradation of carbofuran by excitation of iron(III) aquacomplexes was investigated under UV irradiation. The degradation rate
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as strongly influenced by the pH, and initial concentration of Fe(III). The degradation efficiency of carbofuran at the difference p
ood agreement with the initial concentration of Fe(OH)2+ in the solution. An initial carbofuran concentration of 10 mg L−1 was completel
egraded within 50 min at pH 2.8 with original Fe(III) concentration of 8× 10−4 mol L−1. This degradation reaction was found to foll

he first order kinetics law and the rate constant of 1.60× 10−3 s−1 was observed. The decrease of TOC content was observed dur
hotocatalytic process and the removal percentage obtained was about 70% after 25 h. Furthermore, ammonium ion as an end
etected in the solution. Therefore, this process based on the catalytic reaction of Fe(II, III) is responsible for the continuous pro
ydroxyl radicals in such system. A gas chromatography-mass spectrometry analysis showed the formation of four photoprodu
,2-dimethyl-2,3-dihydro-benzofuran-7-ol, etc., revealing that the carbamate branch, C-3 and C-2 positions in furan ring were att
f hydroxyl radicals. Based on these results, the photocatalytic system could be useful technology for the treatment and the mine
ompounds like carbofuran.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Carbofuran (C12H15NO3) is a broad-spectrum insecti-
ide and nematicide. Formulations of carbofuran are used
n agricultural applications worldwide, and in 1995, more
han five million pounds of carbofuran were applied in the
nited States[1]. The use of carbofuran has received inten-
ive concern[2–4] not only due to its heavy use but also
ue to its high oral toxicity. The oral LD50 for carbofuran is
1 mg kg−1 body weight in rats[5]. As comparison, the LD50

or parathion, which is an extremely toxic organophospho-

∗ Corresponding author. Tel.: +81 59 231 9425;
ax: +81 59 231 9442/9471/9427.

E-mail address:hidek@chem.mie-u.ac.jp (H. Katsumata).

rus pesticide, is 8 mg kg−1 whereas the LD50 for atrazin
which serves as an environmental endocrine disrupto
1300 mg kg−1 [6]. In addition, carbofuran is an active ace
cholinesterase inhibitor[7,8]and is toxic to fish and mamma
[9]. Although in Japan, carbofuran is not registered as
ticide, one is well known to be a metabolite of carbosul
benfuracarb and furathiocarb, which are used in agricul
field. Therefore, it is very important to develop the treatm
technology for carbofuran urgently.

Hydrolysis and microbial degradation of carbofuran
pear to be important pathways in the environment. How
these processes commonly require long times for carbo
in aqueous solutions. Reported half-lives of the compo
in water ranged from 690 days at pH 5 to one week at p
[10]. A variety of effective treatment techniques for aque

010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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carbofuran have been proposed by ultrasonic irradiation[1],
direct photolysis[8], UV irradiation in the presence of ozone
or Fenton reagent[11,12], anodic Fenton treatment (AFT)
[13,14]and TiO2 as a photocatalyst[2,15].

Recently, it has been pointed out the importance of systems
with Fe(III) aquacomplexes for the photogeneration of hy-
droxyl radicals[16,17]. The interesting point in such system,
compared to the photo-Fenton system is that no addition of
hydrogen peroxide is needed. Fe(III) aquacomplexes absorb
a fraction of the available solar light up to 500 nm[18,19],
while TiO2 photocatalysis can use photon with wavelength
close to 380 nm[20]. Therefore, Fe(III)-mediated photogen-
eration process can be expected to an efficient and inexpen-
sive method for wastewater treatment and promotes the rate
of degradation of various organic pollutants. The excitation
of [Fe(OH)(H2O)5]2+, the dominant monomeric species of
aqueous ferric iron in acidic solution, is as follows:

Fe(OH)2+ hν−→ Fe2+ + OH•

Fe2+ hν,O2−→ Fe3+

where Fe(OH)2+ refers to [Fe(OH)(H2O)5]2+. Hydroxyl radi-
cals are known to be reactive species involved in the advanced
oxidation processes and, in most cases, to cause the complete
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ing Fe2(SO4)3·H2O obtained from Nacalai Tesque (Kyoto,
Japan). All other chemicals and solvents were of the purest
grade commercially available and were used without further
purification. All aqueous solutions were prepared with ultra-
pure water, which was purified by an ultrapure water system
(Advantec MFS Inc., Tokyo, Japan) resulting in a resistivity
> 18 M�cm.

2.2. Photodegradation procedure

Photodegradation was conducted in a Pyrex glass cell of
30 mL capacity. The reaction mixture inside the cell, consist-
ing of 20 mL of carbofuran solution and the appropriate con-
centration of Fe(III) solution, was continuously stirred with
a magnetic bar. The pH of the sample solution was adjusted
with H2SO4 and/or NaOH solution. The initial concentra-
tion of carbofuran in all experiments was 10 mg L−1 (4.5×
10−5 mol L−1). In the majority of the experiments, tempera-
ture was kept at 25±1◦C in a water bath. The sample solution
was illuminated with a Xe lamp (990 W, Ushio Electronics
Co., Tokyo, Japan). In this case, the short UV radiation (� <
300 nm) was filtered out by the vessel wall. The intensity of
the light was measured by a UV radiometer (UVR-400, Iuchi
Co., Osaka, Japan).
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ineralization of the pollutants. It has been reported tha
roxyl radicals generated upon excitation of Fe(III) aquac
lexes at low concentration were useful for the degrad
nd mineralization of the organic pollutants[16,17,21–26].
he advantages of the photodegradation process as a

dative treatment are economical, rapid degradation and
le handling. Therefore, the photocatalytic reaction woul
pplied to wastewater treatment works as a new develo
ethodology for reducing levels of pesticides and endo
isrupting chemicals.

In the present study, we have investigated the deg
ion and mineralization of carbofuran in water as a re
f the excitation of Fe(III) aquacomplexes. Many fact
uch as pH value, initial concentration of Fe(III), reac
emperature and light intensity, affected on the degrad
ere evaluated. The progress of mineralization of carbof
as confirmed by the decrease of total organic carbon (T
ontent and the formation of inorganic ions. Furtherm
he photoproducts of carbofuran during this photocata
rocess have been identified by gas chromatography
pectrometry (GC/MS). Based on the formed intermedi
he degradation pathway of carbofuran was proposed.

. Experimental

.1. Reagents

Carbofuran was purchased from Wako Pure Chemica
ustries (Osaka, Japan) and was used as received (
rade > 98%). Iron(III) solution was prepared by diss
-

.3. Analyses

After illumination, the sample solution was filter
hrough a 0.45�m-membrane filter. The decrease of
bsorption was monitored with an UVIDEC-610 doub
eam spectrometer (JASCO Co., Tokyo, Japan). The pro

n the degradation of carbofuran was followed with
PLC (JASCO Co., Tokyo, Japan) equipped with a JAS
VIDEC-100-VI UV detector and a RP-18 GP 150 se

ation column (150 mm× 4.6 mm i.d., Kanto Chemical
okyo, Japan). The elution was monitored at 280 nm.
obile phase was a mixture of acetonitrile and water

/v), and was pumped at a flow rate of 0.7 mL min−1.
Concentration of the most photocatalytic spe

Fe(OH)2+] was determined by using 8-hydroxyquinolin
-sulfonic acid (HQSA) according to the published pro
ure[16,17]. The absorbance of Fe(HQSA)3 complex was
easured at 572 nm (ε572 nm = 5000 L mol−1 cm−1). Con-

entration of Fe(II) formed during the photocatalytic p
ess was determined by the phenanthroline (phen) me
he absorbance of Fe(II)-phen complex was taken at 51
ε510 nm= 1.118× 104 L mol−1 cm−1).

The progress of mineralization of carbofuran was m
ored by measuring the TOC. TOC of the sample solution
easured with a Shimadzu TOC analyzer (TOC-VE) based
n CO2 quantification by non-dispersive infrared analysis

er high-temperature catalytic combustion.
The progress of ammonium ion formation was obtaine

onic chromatography using a Shimadzu LC-10AT VP pu
quipped with a Shimadzu COD-6A conductivity dete
nd a Shodex catonic column (IC YK-421). Similarly, nitr
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ion formation was also analyzed by ionic chromatography
using a Hitachi L-6000 pump equipped with a Hitachi L-3270
conductivity detector and a Hitachi anionic column (#2710-
SK-IC).

The intermediate products during photodegradation of
carbofuran were extracted by the solid-phase extraction (C18
disk, 3 M Empore). A mixture of dichloromethane and ethyl
acetate (1/1, v/v) was used to elute the intermediate prod-
ucts. This solution was concentrated under nitrogen flow for
the analysis of the by-products. A GC/MS (Shimadzu GC-
MS 5050 A) was used for separation and detection of the
intermediate products. The GC was equipped with a HP-5
capillary column (30 m× 0.25 mm i.d.) in helium carrier gas
(1.5 mL min−1) and with splitless injection system. The GC
oven temperature was programmed to hold 80◦C for initial
5 min, to increase from 80 to 210◦C at a rate of 10◦C min−1

and from 210 to 310◦C at a rate of 30◦C min−1 and to hold
at 310◦C for 5 min. The injector and interface temperatures
were 220 and 250◦C, respectively. Mass spectra were ob-
tained by the electron-impact (EI) mode at 70 eV using the
full-scan mode.

3. Results and discussion
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Fig. 1. Effect of pH on carbofuran degradation by Fe(III) aquacomplexes and
on Fe(OH)2+ formation. Initial concentration of Fe(III): 8× 10−4 mol L−1;
light intensity: 2.0 mW cm−2; reaction time: 10 min.

OH• radical production, along with Fe(II) generation, in the
range 280–370 nm[18,19]. Furthermore, it was shown that
the higher initial quantum yield of degradation compounds
was obtained at a higher percentage of Fe(OH)2+ [16,24].
Therefore, the results of pH-dependence obtained in the pho-
tocatalytic degradation of carbofuran by Fe(OH)2+ were rea-
sonable. Consequently, pH 2.8 was selected for the optimum
experimental conditions.

Effect of temperature on the degradation of carbofuran
in the presence of Fe(III) was examined in the range of
10–40◦C. Although the degradation efficiency of carbofu-
ran gradually increased as the temperature increased, the ap-
preciable change was not observed in the temperature range.
Since the photonic activation seems to occur at a considerably
high speed, the photocatalytic system may be not so sensitive
to the temperature[27]. Hence, all subsequent experiments
were performed at 25◦C, considering practical application
and the operating cost for the degradation system.

Influence of light intensity on the photocatalytic de-
composition of carbofuran was carried out in the range of
0–2.5 mW cm−1. The degradation rate of carbofuran rapidly
increased with increasing light intensity up to 1.5 mW cm−1,
and then the rate gradually increased. Ollis[28] reviewed
the effect of light intensity on the kinetics of photocataly-
sis and mentioned that (i) at low light intensities, the rate
w at
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.1. Effect of variables on the degradation of carbofuran

The time courses of the UV absorption spectra of carb
an solution in the photocatalytic degradation by Fe(OH2+

as observed in the range of 0–50 min. The experim
onditions were [Fe(III)]0 = 8.0× 10−4 mol L−1, pH = 2.8
nd light intensity = 2.0 mW cm−2. Other conditions wer
escribed in Section2. The UV spectrum of carbofuran so

ion before illumination presented one absorption maxim
t 280 nm. The disappearance of 280 nm absorption ban
bserved with increasing reaction time. Consequently, it
onfirmed that the monomeric Fe(III), Fe(OH)2+, was effec
ive photocatalyst for the decomposition of carbofuran u
V illumination.
Effect of pH on the degradation of carbofuran by

f Fe(III) aquacomplex as a photocatalyst was investig
ver the pH range of 1.0–4.0 because much precipitatio
e(OH)3 occurred above pH 4.0. These results are show
ig. 1 together with the initial concentration of Fe(OH)2+ at

he different pH. The degradation percentage of carbof
apidly increased with increasing pH value up to 2.8,
reasing at pH above 2.8. Therefore, the rate of carbo
isappearance is strongly affected by the pH-dependen
ther words, its rate is dependent on the initial concentr
f Fe(OH)2+ in the solution as shown inFig. 1. In our ex-
erimental conditions, 75% of Fe(OH)2+ with [Fe(III)total]
8 × 10−4 mol L−1 was formed at pH 2.8, i.e. at the beg

ing of the irradiation [Fe(OH)2+] = 6.0 × 10−4 mol L−1.
hese results are related to the nature of Fe(III) hyd
pecies present in solution, Fe(OH)2+ being the one wit
he largest light absorption coefficient and quantum yield
ould increase linearly with increasing light intensity; (ii)
iddle light intensities, the rate would depend on the sq

oot of the light intensity; and (iii) at high light intensitie
he rate would be independent of light intensity. These
omena were in good agreement with the present resu

he photocatalytic degradation of carbofuran. All subseq
egradation of carbofuran was carried out under light in
ity of 2.0 mW cm−1 corresponding to the intensity of sun
ay.

Fig. 2 shows the effect of Fe(III) concentration on
egradation of carbofuran. The degradation of carbof
carcely occurred within 60 min in the absence of Fe(
n the other hand, the degradation rate of carbofura

reased with increasing initial Fe(III) concentration. Co
lete degradation of carbofuran under these conditions
eached at Fe(III) concentration of above 8× 10−4 mol L−1

ithin 60 min, while low concentration of Fe(III) did n
llow achieving complete degradation in this process.
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Fig. 2. Effect of Fe(III) initial concentration on carbofuran degradation by
Fe(III) aquacomplexes. (�): 0; (�): 0.2; (�); 0.4; (�): 0.8; (�): 1.6 ×
10−3 mol L−1. pH: 2.8; light intensity: 2.0 mW cm−2.

can be explained by the effect of the additionally produced
OH• radicals. At the same time, the concentration of Fe(II)
formed during the process was measured using phenanthro-
line method (Fig. 3). Concentration of Fe(II) increased up
to 1.8× 10−4 mol L−1, a plateau value reached after about
100 min of irradiation, while the degradation of carbofuran
and its photoproducts keeps going on. This plateau can be as-
signed to a photostationary equilibrium between Fe(II) and
Fe(III) that regenerates the absorbing species and gives an in-
teresting catalytic aspect[22,23]. Accordingly, a continuous
formation of OH• radicals is observed allowing the complete
mineralization of carbofuran.

The photocatalytic reaction of carbofuran with Fe(OH)2+

under these experimental conditions presented inFig. 2was
estimated to follow a pseudo first-order kinetic law, according
to the equation,

dCsubs

dt
= −kobsCsubs

whereCsubs is carbofuran concentration and kobs is the ob-
served first-order rate constant. In order to confirm the specu-
lation, ln(C/C0) was plotted as a function of the reaction time.
The calculated results indicated that the first-order model
gives a better fit (data not shown). Therefore, the primary pho-
todegradation dynamics of carbofuran would be pseudo first-
o imes
a furan
c

F ction
o
l

Table 1
Pseudo-first order constant (k), correlation coefficient (R2), half-lives (t1/2)
and 90% degradation (t90%) times of carbofuran degradation

[Fe(III)] 0 k (s−1) R2 t1/2 (s) t90% (s)

2.0× 10−4 4.43× 10−4 0.990 1600 5200
4.0× 10−4 8.32× 10−4 0.960 830 2800
8.0× 10−4 1.60× 10−3 0.954 430 1400
1.6× 10−3 2.12× 10−3 0.944 330 1100

concentration of Fe(III) affected the degradation of carbo-
furan during the photocatalytic reaction as described above.
As seen inTable 1, the increasing of Fe(III) concentration
from 2× 10−4 to 1.6× 10−3 mol L−1 clearly intensified the
degradation of carbofuran. The 90% conversion time for car-
bofuran was shortened by factor 5 (from 5200 to 1100 s) in
the photocatalytic process. Similar phenomena were reported
by many researchers[29–32], who suggested positive effects
on the Fenton and photo-Fenton treatments by the increasing
of Fe(II) and H2O2 concentrations.

Fig. 4 shows a comparison of the degradation of carbo-
furan in both dark and light environment. In the absence of
Fe(III), the degradation of carbofuran was slightly observed
after 60 min of irradiation (<5%). On the other hand, in the
presence of Fe(III) no decrease of carbofuran was observed
in the dark after 60 min. Furthermore, the degradation of car-
bofuran with Fe(III) in the dark was evaluated. For this case,
although about 60% of carbofuran was degraded after 60 min
at pH 2.8, complete degradation was difficult to achieve. This
phenomenon was presumably due to the redox reaction (not
radical reaction) of carbofuran with Fe(III). These results
indicate that the photocatalytic reaction using Fe(III) aqua-
complex is useful for the treatment of wastewater containing
carbofuran.

3

so-
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F not
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i ce

F t con-
d
t :
2

rder kinetics. The substrate half-lives, 90% conversion t
nd first-order rate constant for the degradation of carbo
alculated from the equation are summarized inTable 1. The

ig. 3. Formation of Fe(II) during the photocatalytic process as a fun
f reaction time. Initial concentration of Fe(III): 8× 10−4 mol L−1; pH: 2.8;

ight intensity: 2.0 mW cm−2.
.2. Mineralization

The progress of the mineralization of the carbofuran
ution was monitored by measuring the TOC. As show
ig. 5, the complete mineralization of carbofuran was
chieved after 60 min, although carbofuran was not pre

n the solution after the irradiation time. This differen

ig. 4. Degradation characteristics of carbofuran under dark and ligh
itions. (�): dark; (�): light; (�): dark/Fe(III); (©): light/Fe(III). Ini-

ial concentration of Fe(III): 8× 10−4 mol L−1; pH: 2.8; light intensity
.0 mW cm−2.
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Fig. 5. Time evolution of TOC during irradiation of carbofuran. Ini-
tial concentration of Fe(III): 8× 10−4 mol L−1; pH: 2.8; light intensity:
2.0 mW cm−2.

indicates that intermediate products were produced during
the photocatalytic process. The generated photoproducts are
attacked in their turn by hydroxyl radicals which are formed
in a continuous manner via a homogeneous photocatalytic
process involving Fe(III, II)[23,25]. However, TOC rapidly
decreased with decreasing the reaction time up to 10 h, and
then decreased gradually. TOC remained about 30% after
25 h irradiation. This result indicates the formation of persis-
tent intermediate compounds, which are difficult to degrade
by this photocatalytic system. The complete mineralization of
carbofuran was not achieved by AFT[13] and photo-Fenton
reaction[11]. However, carbofuran might be able to be com-
pletely mineralized by longer irradiation since the decrease
of TOC was continued after 25 h.

The formations of ammonium and nitrate ions during the
photocatalytic process as a function of reaction time are pre-
sented inFig. 6. Tennakone et al.[2] studied the photominer-
alization of carbofuran using TiO2 and found ammonium,
nitrite and nitrate in solution at the termination photoly-
sis. Detection of nitrite and nitrate during sonolysis of car-
bofuran has been reported[1]. This information suggested
that this photocatalytic degradation of carbofuran would also
yield these ions as breakdown products. However, nitrate
ion was not formed from carbofuran in this system within
25 h, as seen inFig. 6. On the other hand, ammonium ion
w 0 h
a .3

F dur-
i -
t :
2

10−5 mol L−1 of ammonium ion was produced, correspond-
ing to ca. 30% of initial nitrogen from carbofuran. Therefore,
a part of nitrogen atoms from carbofuran could be mineral-
ized by this photocatalytic system. This incomplete nitrogen
mass balance has been frequently observed in similar process
[33–35] and indicates that other nitrogen-containing com-
pounds must be present in the solution or evaporated during
the process. The possible explain of alkyl nitrogen, cianno
derivatives[36], carbamic acids and amines could explain
the residual TOC, but the analytical procedures applied to
the samples have not been able to detect them. Other authors
described N2 [37] and/or hydroxylamine[38] evolving from
nitrogen-containing compounds degraded by photocatalysis.

3.3. Identification of photoproducts and degradation
mechanism

The photoproducts formed in this photocatalytic degrada-
tion of carbofuran in the aqueous solution for 20 min were
investigated by GC/MS analysis. Four products were identi-
fied by the molecular ion and mass fragment ions, and also
through comparison with NIST library data.Table 2summa-
rizes the molecular weight obtained for these photoproducts.
The similarities of these compounds to the NIST library data
were more than 85%. By mass spectrum confirmation and the
a to be
c ass
s thyl-
2 e to
t This
p
y

T
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as rapidly formed with increasing reaction time up to 1
nd then it was reached plateau. After 25 h irradiation, 1×

ig. 6. Time evolution of ammonium and nitrate ion concentrations
ng irradiation of carbofuran. (�): nitrate ion; (�): ammonium ion. Ini
ial concentration of Fe(III): 8× 10−4 mol L−1; pH: 2.8; light intensity
.0 mW cm−2.
uthentic standard comparison, the product 5 was found
arbofuran, the parent compound. By interpreting the m
pectrum, the photoproduct 1 was assigned to 2,2-dime
,3-dihydro-benzofuran-7-ol, which was the product du

he cleavage of the carbamate group from carbofuran.
hotoproduct was also detected in the hydrolysis[4], photol-
sis[8], TiO2 photocatalysis[15] and AFT treatment[13] of

able 2
hotoproducts obtained by degradation of carbofuran

roduct no. Retention
time (min)

Molecular
weight (m/z)

Photoproduct

8.26 164

9.72 152

9.93 178

10.50 180

14.18 221
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Scheme 1. Proposed degradation mechanism of carbofuran by Fe(III) aqua-
complexes.

carbofuran. The photoproducts 3 and 4 were identified as 7-
hydroxy-2,2-dimethyl-benzofuran-3-one and 2,2-dimethyl-
2,3-dihydro-benzofuran-3,7-diol, respectively. Both of them
were formed by further oxidizing 2,2-dimethyl-2,3-dihydro-
benzofuran-7-ol (photoproduct 1) on the furan ring. Wang
and Lemley[13] also reported these products as intermediates
of carbofuran by AFT treatment. The photoproduct 2 was at-
tributed to 3-hydroxy-2-methoxy-benzaldehyde, which was
formed by opening the furan ring and demethylation from 7-
hydroxy-2,2-dimethyl-benzofuran-3-one (photoproduct 3).
In addition to these four compounds, other degradation prod-
ucts still possibly exist in the photocatalytic system but were
not detected because of their low concentration, extraction
efficiency and limited sensitivity in GC/MS.

Based on the intermediate products listed inTable 2and
the results obtained by other researchers[8,13], the possible
degradation pathway for carbofuran is proposed inScheme 1.
The first step of the photocatalytic reaction of carbofuran in
water was similar to its base hydrolysis reaction. Namely, the
carbamate group appeared to be the primary attack site by the
hydroxyl radical and the group removed during this process.
At the same time, carbamic acid was formed[8]. The prod-
uct, which is known to be unstable[39], rapidly degraded
to methylamine and carbon dioxide, both of which are gases
at room temperature. It is considered that the nitrogen mass
b In
a an-
7 car-
b

though this compound was not detected in this study. After
the carbamate group removal, the hydroxyl radicals contin-
ued attack by a substituting a hydroxyl group for one of the
H atoms at C-3 position of the furan ring. Further oxidation
eliminated another H atom at C-3 position and a carbonyl
group was formed. The hydroxyl radicals attack at C-2 po-
sition of the furan ring and further lead to the cleavage of
the ring and demethylation. The aromatic intermediate was
presumably further oxidized through ring-rupturing reaction
into aliphatic compounds[40–43]. Based on the decrease of
TOC during the photocatalytic process (Fig. 5), it could be
anticipated that the benzene ring was opened and the miner-
alization reaction to carbon dioxide occurred.

4. Conclusions

The photodegradation of carbofuran in aqueous solution
was investigated by Fe(III) aquacomplex. The degradation
rate was strongly affected by the pH value and the initial con-
centration of Fe(III). The complete degradation was achieved
for carbofuran after 50 min under the optimum conditions. It
was found that the primary photocatalytic decomposition re-
action followed a pseudo first-order kinetic law and the rate
constant,k, was 1.60× 10−3 s−1.

the
p eved
1 or-
m , we
c Fur-
t ucts
o gra-
d n the
i

A

usi-
n

R

. 31

B33

nol.

Bio-

logy,

98)

874.
alance was incompleted (Fig. 6) in order to these facts.
ddition, formic acid 2,2-dimethyl-2,3-dihydro-benzofur
-yl ester, which formed through partial cleavage of the
amate branch, has been found in AFT treatment[13] al-
The disappearance of TOC was observed during
hotocatalytic process and the remaining TOC achi
.8 mg L−1 after 25 h (about 70% mineralization). The f
ation of ammonium ion was also observed. Therefore

ould reach the mineralization of the starting compound.
hermore, we identified four kinds of intermediate prod
f carbofuran during the photocatalytic process. The de
ation pathway of carbofuran was proposed based o

dentified by-products.

cknowledgments

This work was partly performed at Satellite Venture B
ess Laboratory (SVBL), Mie University.

eferences

[1] I. Hua, U. Pfalzer-Thompson, Water Res. 35 (2001) 1445.
[2] K. Tennakone, C.T.K. Tilakaratne, I.R.M. Kottegoda, Wat. Res

(1997) 1909.
[3] A. Sahoo, N. Sethunathan, P.K. Sahoo, J. Environ. Sci. Health

(1998) 369.
[4] J. Wei, G. Furrer, S. Kaufmann, R. Schulin, Environ. Sci. Tech

35 (2001) 2226.
[5] R.J. Kuhr, H.W. Dorough, Carbamate Insecticides: Chemistry,

chemistry, and Toxicology, CRC Press, Cleveland, 1976.
[6] W.J. Hayes Jr., E.R. Laws Jr., Handbook of Pesticide Toxico

Academic Press, New York, 1991.
[7] A.C. Das, D. Mukherjee, Bull. Environ. Contam. Toxicol. 61 (19

709.
[8] J. Bachman, H.H. Patterson, Environ. Sci. Technol. 33 (1999)



H. Katsumata et al. / Journal of Photochemistry and Photobiology A: Chemistry 170 (2005) 239–245 245

[9] S. Bretaud, P. Saglio, C. Saligaut, B. Auperin, Environ. Toxicol.
Chem. 21 (2002) 175.

[10] R.A. Chapman, C.M. Cole, J. Environ. Sci. Health B17 (1982) 487.
[11] P.L. Huston, J.J. Pignatello, Wat. Res. 33 (1999) 1238.
[12] F.J. Benitez, J.L. Acero, F.J. Real, J. Hazard. Mater. B89 (2002) 51.
[13] Q. Wang, A.T. Lemley, J. Hazard. Mater. B98 (2003) 241.
[14] Q. Wang, A.T. Lemley, J. Agric. Food Chem. 51 (2003) 5382.
[15] W.S. Kuo, Y.T. Lin, J. Environ. Sci. Health B35 (2000) 61.
[16] N. Brand, G. Mailhot, M. Bolte, Environ. Sci. Technol. 32 (1998)

2715.
[17] G. Mailhot, M. Astruc, M. Bolte, Appl. Organometal. Chem. 13

(1998) 53.
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