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Abstract

The photocatalytic degradation of triazophos in aqueous TiO, suspension has been studied in a photoreactor operating with simulated solar
radiation. The decrease in triazophos concentration followed first-order kinetics with a half-life of 4.76 &+ 0.42 h at a TiO, suspension concentration
of 10 mg/L. Seventeen degradation products were identified using HPLC-UV, HPLC/MS/MS, GC/MS/MS and IC, and by comparing retention
times and spectra with commercially available authentic standards. On the basis of the observed transformation products, two routes were proposed,
one based on the initial oxidative cleavage of P=S bond to P=0 bond, and the other on initial cleavage of the ester P-O bonds. Photocatalysis

holds promise for the solar treatment of pesticide-contaminated waters.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Triazophos is the common name for O,0-diethyl-O-1-
phenyl-1H-1,2,4-triazol-3-yl phosphorothioate (Fig. 1). It is
used on various crops such as cotton and rice to control aphids,
fruit borers, leave hoppers and cut worms. It is a moderately toxic
and broad spectrum, nonsystemic organophosphorus pesticide
[1-2] and is used in large quantities throughout the world.

Previous research has shown that triazophos undergoes
degradation through a variety of conditions [3-5]. Triazophos
in canal water (pH 8.3) degraded with a half-life of approxi-
mately 25.44 days [3]. Triazophos degraded more rapidly in a
photo-Fenton system to a series of degradation products and
five major products, for example, O,0-diethyl phosphoroth-
ioic acid, monoethyl phophorothioic acid, phosphorothioic acid,
1-phenyl-3-hydroxy-1,2,4-triazole and phenyl semicarbazide
were identified as their corresponding trimethylsilyl derivatives
with gas chromatography—mass spectrometry [4]. Two different
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hydrolysis pathways in acid and neutral solutions, and in basic
solution were proposed [5].

Although photolysis and hydrolysis eventually result in loss
of triazophos, the reactions are relatively slow and are unlikely
to be useful in the treatment of pesticide-contaminated water.
Degradation of triazophos by sunlight in the presence of tita-
nium dioxide may provide a cost-effective treatment method for
triazophos-contaminated water. Photocatalysis with TiO» has
been studied for over 20 years and has been used for a number
of water treatment applications [6]. The technology is attrac-
tive as solar energy is an inexpensive, renewable energy source
and is particularly relevant for agricultural countries like Thai-
land where it may be necessary to treat water in the absence of
a reliable electricity source. Furthermore, it can lead to com-
plete mineralization [7-9], thereby eliminating potential effects
associated with toxic intermediates. Although there have been
reports on degradation of pesticides [8—13] in polluted waters,
the efficiency of the process is heavily dependent on the chem-
ical nature of the pesticides being treated. The present work
aims to study the kinetics, to identify intermediates and to pro-
pose degradation mechanism of photocatalytic degradation of
triazophos using simulated solar radiation.
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Fig. 1. Structure of triazophos.

2. Experimental
2.1. Materials

Triazophos (97%), 1-phenyl semicarbazide (99%) and ace-
tonitrile (HPLC grade) were obtained from Dr. Ehrensdorfer,
Aldrich and J T Baker, respectively. Titanium dioxide P-25
(mainly anatase ca. S0m?g~! nonporous) was a gift from
Degussa (Frankfurt, Germany). High purity water was obtained
from a Maxima water purification system (USF-Elga, High
Wycombo, Bucko, UK). Other chemicals are of analytical
reagent grade.

2.2. Synthesis of 1-phenyl-3-hydroxy-1,2,4-triazole

The synthesis was carried out as reported previously [14] with
some modification. Concentrated hydrochloric acid (0.121 g)
was carefully added to a solution of 1-phenyl semicarbazide
(0.121 g) in 85% formic acid (0.448 g) and water (0.213 mL).
The mixture was heated for 4h at 95°C, after which time
the mixture was diluted with water (10mL), and the result-
ing precipitate filtered off under suction. The filter cake was
washed neutral with water and dried with stream of air. Crude
1-phenyl-3-hydroxy-1,2,4-triazole was purified by column chro-
matography using dichloromethane as an eluent to yield pure
1-phenyl-3-hydroxy-1,2,4-triazole (0.025 g) having a melting
point of 284-286°C. 'H NMR (400 MHz, MeOH-d4, ppm):
Su 8.77 (s, H-5), 7.71 (br d, J=8.4Hz, H-2/, H-6), 7.50 (br
t,J=8.1Hz, H-3/, H-5'), 7.37 (br t, J=7.4 Hz, H-4"). 3C-NMR
(100 MHz, MeOH-d4, ppm): §c 167.5 (C-3), 140.8 (C-5), 138.4
(C-1"), 130.9 (C-3/, C-5), 129.1 (C-4), 119.9 (C-2/, C-6). 'H
and 3C NMR spectra were obtained with a Bruker AVANCE
400 MHz spectrometer with solvent signal as internal reference.

2.3. Photocatalytic degradation studies

Irradiation was performed in Pyrex cylindrical cells using a
Suntest apparatus from Heraeus (Hanau, Germany) equipped
with a Xenon lamp with a flux of 550 W/m? and a special filter
that eliminates the light with wavelength shorter than 290 nm.
The 500mL of triazophos (20mgL~!) solution containing
10mgL~! of TiO, was magnetically stirred before illumina-
tion for at least half an hour in the dark in order to achieve
the maximum adsorption of the triazophos onto semiconduc-
tor surface. During experiment, the solution was magnetically
stirred and sparged with air at the rate of 5.7 Lmin~! and each
SmL portion of samples was collected at specific time inter-
vals. The degradation products were analyzed by HPLC-UV, IC,

LC/MS/MS and GC/MS/MS. During the photocatalytic degra-
dation of triazophos, the pH decreased from 6.9 to 4.9 because
of the formation of acidic products.

2.4. Sample extraction for GC/MS/MS analysis

Aliquots of 5.0 mL were taken at each specific interval and
filtered using a cellulose acetate membrane (0.20 pm) to remove
TiO,. The filtrate was extracted in dichloromethane (5 mL)
and the extract was then evaporated under a gentle stream of
nitrogen to dryness. The residue was redissolved in 200 pL in
dichloromethane prior to injection to GC/MS/MS.

2.5. Separation of O,0-diethyl-O-1-phenyl-1H-1,
2,4-triazol-3-yl phosphoric acid
(oxon derivative of triazophos)

To isolate the oxon derivative of triazophos (compound 2) the
photodegradation experiment was carried out as described above
except that 25 mg/L triazophos was irradiated for 20 h. The irra-
diated aqueous solution was extracted with dichloromethane
(500 mL). The extract was then evaporated to 2 mL, filtered using
a nylon membrane (0.2 wm) and injected on a semipreparative
column (PRP1, 7mm x 305 mm, 10 pwm, Hamilton) with a gra-
dient elution of acetonitrile and water. The gradient started at
60% acetonitrile and increased linearly to 100% in 10 min, and
held for further 10 min. The flow rate was set at | mL min~!, the
eluate was monitored at 250 nm, and the injection volume was
20 pL. Triazophos oxon fraction was collected at aretention time
of 12.1 min. This experiment was repeated eight times. The com-
bined eluate was extracted with dichloromethane. The extract
was then evaporated to dryness. The product obtained was iden-
tified by NMR and mass spectroscopy. 'H NMR (400 MHz,
CDCl3, ppm): &y 8.30 (s, H-3), 7.60 (d, J=8.2Hz, H-2/, H-
6, 7.48 (t, J=7.9Hz, H-3', H-5'), 7.38 (t, J=7.9Hz, H-4)),
4.37(q, J=7.1Hz, H-1"), 1.41 (t, J=7.1 Hz, H-2"); 3C-NMR
(100 MHz, CDCl3, ppm): §c 162.0 (C-3), 140.0 (C-5), 136.6
(C-1"),129.3 (C-3/, C-5"), 127.5 (C-4), 119.5 (C-2/, C-6), 65.5
(C-1"), 16.0 (C-2"). Mass spectral data: m/z at 298[M + H]*
(100), 270 (32), 242 (5), 162 (14).

2.6. Analytical measurements

2.6.1. HPLC-UV

HPLC analyses were carried out using a Perkin Elmer
equipped with a Perkin Elmer series 200 IC pump, an Advanced
LC Sample Processor ISS 200 and a Diode array 235 C (Welles-
ley, MA, USA). Data were processed using Navigator Version
4.0. A LiChrospher®lOO RP 18 column (4.6 mm x 250 mm,
5 pm, Merck) was used in a gradient elution of acetonitrile and
water. The gradient started at 50% acetonitrile, linearly increased
to 90% acetonitrile in 10 min at a flow rate of 1 mLmin~!,
The eluate was monitored at 250 nm. The injection volume was
20 pL.

2.6.2. LC/MS/MS
The mass spectrometric detection was carried out using an
Applied Biosystem API 2000 Triple quadrupole instrument
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Table 1
Optimized parameter for MS/MS transition of triazophos and degradation products in the PI and NI modes?
Compound MS/MS transition DP (V) FP (V) EP (V) CEP (V) CE (V) CXP (V)
Positive ionization mode
Triazophos, O0,0-diethyl-O-1-phenyl-1H- 314/162 25 350 -10 30 20 20
1,2,4-triazol-3-yl phosphorothioic acid
()]
314/119 25 350 —10 30 40 20
Triazophos oxon, O,0-diethyl-O-1-phenyl- 298/270 25 350 —10 30 20 15
1H-1,2,4-triazol-3-yl phophoric acid
()]
298/242 25 350 —10 30 20 14
298/162 25 350 -10 30 30 7
O-Ethyl-O-1-phenyl-1H-1,2,4-triazol-3-yl 286/162 25 350 —10 30 40 15
phosphorothioic acid (3)
286/178 25 350 —10 30 30 15
286/240 25 350 —10 30 20 15
1-Phenyl-3-hydroxy-1,2,4-triazole (4) 162/119 45 350 —10 28 25 16
162/92 20 350 —10 28 30 10
O-Ethyl-O-1-phenyl-1H-1,2,4-triazol-3-yl 270/162 25 350 —10 30 25 7
phosphoric acid (6)
270/242 25 350 —10 30 20 7
N-Phenyl formamide (7) 121/121 40 350 —10 28 5 10
121/93 40 350 —10 28 22 15
93/66 40 350 —10 28 20 10
Carbonic acid amide (8) 61/61 40 350 —10 26 5 10
61/44 40 350 —10 26 30 10
Aniline (9) 94/94 45 350 —10 27 5 7
94/77 40 350 —10 27 20 10
Unknown 121/103 40 350 —10 27 28 15
121/93 40 350 -10 27 22 15
Negative ionization mode
0,0-Diethyl phosphorothioic acid (5) 169/169 —15 —350 10 —31 =5 —6
169/141 —15 —350 10 -31 —20 —6
169/95 —25 —350 10 —31 -20 —6
O-Ethyl phosphorothioic acid (10) 141/95 —15 —350 10 -32 -25 —6
141/141 -20 —350 10 —32 =5 —6
0,0-Diethyl phosphoric acid (11) 153/79 -25 —350 10 -32 —20 —6
153/125 —15 —350 10 —32 —22 —6
O-Ethyl phosphoric acid (12) 125/79 —20 —350 10 —33 —25 —6
125/125 —20 —350 10 —33 =5 —6
Phosphoric acid (13) 97/97 —15 —350 10 —-32 —22 -6
97/79 —15 —350 10 -32 —15 —6

2Source parameter: curtain gas 45 psi, collision activated dissociation gas 3, ion spray voltage 1100 V (PI mode), —1100 V (NI mode), nebulizer gas 50 psi, heater
gas 60 psi, temperature 350 °C.

(Thornhill, Toronto, Canada) equipped with a TurbolonSpray

source. The Analyst software (1.1 version) was used for the

system control and data acquisition. The optimized parameters ~ Table2 .

for MS/MS are summarized in Table 1. The chromatographic ~ Retention times (ir) and parameters used in GC/MS/MS

separation was performed on a Synergi MAX-RP C12 column Compound MS/MS R (min)  CE (V)
(Phenomenex, 4.6 mm x 150 mmi.d., 4 pm particle size). The transition

mobile phase was methanol: 0.01% formic acid in 5 mM ammo- Aniline (9) 93/66 .83 ~10
nium formate and the gradient elution for positive ionization N-Phenyl formamide (7) 121/66 14.02 —20
mode started from 20% methanol and then increased linearly ]T‘?heny}:'3'hydf0’;y4’2’44“310‘6 @ ;g;j }gz ;ggz —;8
to 100% in 10 min then held for 5 min. The column was equi- ngzgghgz E’lx)on( ) 213161 et 0

librated under the initial condition for 5 min prior to the next
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Fig. 2. The disappearance of triazophos under different conditions.

injection, at a flow rate of 0.3 mL min~!. The gradient elution
for negative ionization mode started from 30% methanol and
then increased linearly to 50% in 5 min, to 100% in 1 min and
then held for 9 min. The column was equilibrated under the ini-
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tial condition for 7 min prior to the next injection, at a flow rate
of 0.3 mL min~!. Injection volume was 20 L.

2.6.3. GC/MS/MS

A Varian 1200L Quadrupole GC/MS/MS (Walnut, Creek,
USA) was employed. It consists of a Varian CP-3800 gas chro-
matograph with CP 8410 auto injector and coupled with a 1200L
Quadrupole MS/MS detector. A Varian MS workstation version
6 was used for the system control and data acquisition. The
optimized parameters for MS/MS are summarized in Table 2.
Separations were performed on a capillary column (VF-5ms,
5% phenyl 95% dimethylpolysiloxane, 60 m x 0.32 mmi.d.,
0.25 pm film thickness). The carrier gas was 99.999% helium
at a flow rate of 1.0 mL min~'. The injector temperature was set
at 200 °C and 1.0 p.L sample was injected in the split mode with
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e 1(314/162)
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—1(314/119)

4(162/119)

2(298/242)

9(94/94)
\
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Time, min

1 = triazophos, 2 = triazophos oxon, 3 = O-ethyl-O-1-phenyl-1H-1,2 4-triazol-3-yl phosphorothioic acid,
4 =1-phenyl-3-hydroxy-1,2,4-triazole, 6 = O-ethyl-O-1-phenyl-1H-1,2 4-triazol-3-yl phosphoric acid,
7 =N-phenyl formamide, 8 = carbonic acid amide, and 9 = aniline.

Fig. 3. Typical total ion chromatogram (MRM) of triazophos and its degradation products after 8 h of irradiation in positive ionization mode (LC/MS/MS). Numbers

in parentheses are MRM transitions refer to Table 1.
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5= 0,0-diethyl phosphorothioic acid, 10 = O-¢thyl phosphorothioic acid, 11 = 0,0-diethy] phosphoric acid,12 = O-thyl phosphoric acid,

and 13 = phosphoric acid.

Fig. 4. Typical total ion chromatogram (MRM) of degradation products of triazophos 8 h of irradiation in negative ionization mode (LC/MS/MS). Numbers in

parentheses are MRM transitions refer to Table 1.

a split ratio of 5:1. Samples were analyzed using the following
temperature program with solvent delay time of 7 min, initial
temperature of 50 °C increased by 10°C min~! to 250 °C, and
to 270°C by 2°Cmin~!. The source and transfer line temper-
atures were 200 and 250 °C, respectively. The emission current
of the ionization filament was set to 50 LA generating electrons
with 70 eV.

2.6.4. lon chromatography

A Dionex 500ion chromatograph, equipped with an Ion
Pac®AS11-HC (2mm x 250 mm) column, an automated potas-
sium hydroxide eluent generator (EG40) and suppressed
conductivity detector was employed to analyze inorganic degra-
dation products. The potassium hydroxide gradients from 12 to
20 mM in 13 min and increase to 40 mM in 0.1 min then held for
20 min. The column was equilibrated under the initial condition
for 15 min prior to the next injection. The flow rate and injection
volume were 0.10 mL min~! and 10 pL, respectively.

3. Results and discussion
3.1. Kinetic studies

To compare the rate of photolysis and photocatalytic degra-
dation of triazophos, three sets of experiments were performed
(Fig. 2). The dark control experiment was performed with tria-
zophos and titanium dioxide in the absence of light, the second
set by exposing triazophos to light, and the third set with tria-
zophos and titanium dioxide in the presence of light.

The dark control experiment showed that no triazophos con-
centration change after 30 h while the exposure of triazophos in
the absence of TiO, showed slow degradation with initial rate
of 0.0137h~!. In the presence of light and TiO», the loss of tri-
azophos was approximately ten times faster than that observed
in the absence of TiO;. The difference in the rate may be due
to the production of oxidants by the irradiated TiO, catalyst
[11,15-16].



T. Aungpradit et al. / Journal of Hazardous Materials 146 (2007) 204-213 209

kCounts+

7.5

5.0 4

2.5 1

|

2 —

|| LV S Lo N

MdLA A

7
|

LI B

20 25 30

L L LI B L L B L L L L

minutes

Fig. 5. Typical total ion chromatogram (MRM) of triazophos and its degradation products after 24 h of irradiation in EI mode (GC/MS/MS). Peak numbers: (1)
triazophos, (2) triazophos oxon, (4) 1-phenyl-3-hydroxy-1,2,4-triazole, (7) N-phenyl formamide, and (9) aniline.

To assess the reproducibility of the method, experiments were
repeated three times. The degradation rates were reproducible
with 72 values for plots of the natural log of triazophos con-
centration versus time exceeding 0.98 in every case. Under the
conditions studied, the rate constant of photocatalytic degrada-
tion of triazophos at 20 ppm in the presence of 10mgL~" TiO,
was 0.146 £ 0.013h~! and T}, was 4.67 £0.42h.

3.2. Intermediate studies

The products generated during the photocatalytic process
were analyzed by LC/MS/MS, GC/MS/MS and IC. The inter-
mediates were identified by comparison with commercially
available authentic standards, by matching against a mass spec-
tra library (GC/MS), and by interpretation of fragment ions
obtained from QI and product ion scan, additionally in oxon
case, identified by MS, 'H and '3C NMR spectroscopic data.

A full scan of TurbolonSpray-MS spectra obtained for all
organic intermediate compounds showed [M*], [M +H]*, and
[M — H]™ detected in positive and negative ionization modes,
respectively. At the selected molecular ion or quasimolecular
ion, the product ion scan was performed and collision activated
dissociation gas (CAD) was switched on so that fragmenta-

tion of the chosen precursor ion could occur. Either one or two
most abundant product ions were chosen followed by manual
optimization of collision energy (CE) and collision cell exit
potential (CXP) for each of the two MS/MS transitions. The

7.00
5.00 4
sulphate
3.751
0
3.
2.50
phosphate
acetate
1.25 \\&
00+ 7 T T
0.0 5.0 10.0 15.0 20.0 25.0 31.0

min

Fig. 6. Typical ion chromatogram of degradation products of triazophos 8 h
irradiation.
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Fig. 7. Degradation of triazophos and the subsequent formation and disappear-
ance of products as a function of irradiation time during TiO, photocatalysis.
The solid lines refer to the left ordinate and profiles of triazophos and its degra-
dation products detected in positive ionization mode. The dotted lines refer to
the right ordinate and profiles of degradation products of triazophos detected in
negative ionization mode.

time profile of triazophos and its degradation products were
then monitored in multireaction monitoring (MRM) mode as
it provides much higher sensitivity than both Q1 scan and prod-
uct ion scan modes. Typical total ion chromatograms (MRM)
of triazophos and degradation products in positive and negative
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—s— formate
= 0.2000 —a— nitrate
E —x— sulphate
.E 0.1500 —#— phosphate
—
[+]
-
15
£ 0.1000
o
5
¢ 0.0500 -
0.0000 - . : : : |
0 10 20 30 0 = o
Time(hr.)

Fig. 8. Evolution of low molecular weight organic acid and mineral acid anions
from triazophos after 8 h of irradiation.

ionization modes are as shown in Figs. 3 and 4, respectively.
Aniline and N-phenyl formamide, 3-hydroxy-1-phenyl-1,2,4-
triazole, triazophos oxon and triazophos were also detected by
GC/MS/MS (Fig. 5). N-Phenyl formamide was also identified
using the identification program of NIST library with R match
of 844 and F match of 805. The match of not very high score
may be due to the coelution of an unknown compound, which
was evident by LC/MS/MS (Fig. 3). Formate, acetate, nitrate,
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H,N H-
-~ H 8
9
o>f 7
S
O O ol
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N’N N'PEN + e
S > —_— > 5
e Mg TR,
F~o7 TN HO™ N
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Scheme 1. Various detected degradation products of triazophos.
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Table 3
Retention times (fr) and MS characteristics of intermediates detected by LC/MS
Compound tr (min) MS data (m/z)
Positive ionization mode
Triazophos (1) 17.44 314 [M+H]*, 286 [M+H—C,H4]*,178 [CgHgN3S], 162 [CsHgN30]*,119 [162-CNOH]*
Triazophos oxon (2) 16.22 298 [M +H]*, 270 [M + H-C,H4]%,242 [M + H-2 C;Hy ], 162 [CgHgN3O]*
0O-Ethyl-O-1-phenyl-1H-1,2,4-triazol-3-yl- 15.90 286 [M +H]*, 258 [M + H-C,H4]*, 240 [M + H-C,HsOH]*, 178 [CgHgN3S]*, 162 [CsHgN3O]*
phosphorothioic acid
3
1-Phenyl-3-hydroxy-1,2,4-triazole (4) 12.75 162 [M+H]*, 119 [M +H-CNOH]*, 92 [M-C,H,N,O]*, 77 [CcHs]*
0O-Ethyl-O-1-phenyl-1H-1,2,4-triazol-3-yl 14.87 270 [M +H]*, 242 [M + H-C,H4]*,223 [M—C,HsOH]*, 162 [CsHgN3 O]+
phosphoric acid (6)
N-Phenyl formamide (7) 6.93 121 [M]*, 93[M—CO], 66 [CsHg]*
Carbonic acid amide (8) 5.43 61 [M+H]*, 44 [M +H-NH3]*
Aniline (9) 11.98 94 [M+H]*, 77 [C¢Hs]*
Unknown 9.43 121, 103, 93, 66
Negative ionization mode
0,0-Diethyl phosphorothioic acid (5) 11.56 169 [M—H]~, 141 [M—H-C,H4]~,113[M—H-2C,Hy4]~, 95[M—H-C,H4-C,HsOH] ™~
O-Ethyl phosphorothioic acid (10) 11.56 141 [M—H]~, 113 [M—H-C;H4]~,95 [M—H-C,HsOH]~
0,0-Diethyl phosphoric acid (11) 9.20 153 [M—H]~, 125 [M—H-C,H4]~, 79 [M—H-C,H4-C,HsOH]
O-Ethyl phosphoric acid (12) 9.20 125 [M—H]~, 79 [M—H-C,H50H]~
Phosphoric acid (13) 5.28 97 [IM—H]~, 79 [M—H,0]~

Addition of the O,"~ radical anion
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Scheme 2. Proposed photocatalytic transformations of triazophos in aqueous solution.
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sulphate and phosphate were detected by ion chromatography
(Fig. 6). The remarkable increase of the baseline during reten-
tion time 25-30 min could be due to the carbonate ion formed
from carbon dioxide present in the sample and hydroxide mobile
phase and due to the gradient elution. The details of spectral data
are shown in Table 3.

Atleast two MRM transitions were used to monitor the degra-
dation of triazophos and its products whenever it is possible.
This made the time profile obtained accurate since detection by
MRM mode is very selective. The time profile for the disappear-
ance of triazophos and the formation of the organic products and
phosphate during photocatalysis is illustrated in Fig. 7.

Compounds were regarded as intermediate products provided
that their concentrations initially increased and subsequently
decreased after prolonged irradiation. The formation of the tri-
azophos oxon (compound 2) suggests that it is an intermediate
in the degradation that in turn was further transformed into new
photoproducts as described in Schemes 1 and 2. This is consis-
tent with the hypotheses that sulfate is produced by an oxidative
attack of the hydroxyl radical or a similar oxidizing species on
the P=S bond [17]. As shown in Fig. 7, phosphate (compound 13)
evolution coincides with triazophos (compound 1) degradation.

A complete degradation of an organic molecule by photocat-
alysts normally leads to the conversion of all its carbon atoms
to gaseous carbon dioxide [7], and the hetero atoms into inor-
ganic anions, that is nitrate, sulphate and phosphate that remain
in solutions as shown in Fig. 8.

In the later stage of the reaction, acetic acid was likely pro-
duced by oxidation of ethanol formed after ester bond cleavage.
At 24 h irradiation time, a mass balance between the triazophos
consumed and sulphate evolved was found to be 53% and
increased to 100% at 50 h of total irradiation time. This confirms
the hypotheses that the transformation products could occur
via two routes (see Schemes 1 and 2). The ca. 100% sulphate
mass balance occurs at much longer illumination time than the
disappearance of triazophos.

3.3. Proposed photocatalytic degradation pathways

Various degradation products of triazophos were detected as
shown in Scheme 1.

Formation of oxon (2) from triazophos (1), and hydrolytic
cleavage of any of the P—O bonds in either 1 or 2 that can lead
to several intermediates were proposed to arise by attack of the
0,"~ radical anion at the phosphorus atom of 1 as shown in
Scheme 2. Hydrogen sulphide, although not detectable, was
proposed as one of possible intermediates that can be further
transformed to sulphate. Another addition—elimination mecha-
nism in which the hydroxyl radical adds to the phosphorus atom,
followed by the elimination of ethoxy or alkoxy group can also
be one of the probable pathway [18]. Cleavage of the triazole
ring, as evident from the detections of 7 and 9, was proposed from
oxidation at the N atom bearing higher partial negative charge,
N-2, which led to N-1-N-2 bond scission and resulting in the for-
mation of intermediate I-1 [19]. Attack of the hydroxy radical at
C-5 in I-1 with subsequent rearrangement, could cause C-5-N-4
bond cleavage leading to formic acid amide (7), carbonic acid

amide (8) and nitrate. Further transformation of amides gave the
corresponding acids, ammonia and aniline (9). None of phenyl
semicarbazide, phenyl hydrazine, phenol and urea was detected
in this study.

4. Conclusions

The photocatalytic degradation of triazophos in aqueous TiO»
suspension has been studied by using simulated sunlight. The
degradation rate of triazophos followed first-order kinetics at a
rate that was much faster than that of direct photolysis. Seventeen
degradation products were identified and transformation routes
of the photocatalytic degradation of triazophos were proposed.
Photocatalytic degradation of triazophos shows great promise
as a cost-effective treatment technology. Additional research is
needed to assess the effect of natural water constituents (e.g.,
humic substances) on the rate of triazophos degradation as well
as the economics of the treatment system.
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