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bstract

The photocatalytic degradation of O,O-dimethyl O-p-nitrophenyl phosphorothioate (common name methyl parathion) in aqueous TiO2 sus-
ensions is reported in this study. The aim of this article is to identify the intermediate organic reaction products using a number of analytical
echniques, such as UV–vis, HPLC, GC–MS and 1H NMR. Total organic carbon (TOC) and the concentration of inorganic ions in the reaction

ixture, as a function of reaction time, are also measured to monitor the mineralization of organic chemical species. Under both, acidic and basic
onditions, the primary product is methyl paraoxon, which eventually is degraded to 4-nitrophenol. This aromatic compound is mainly transformed
nto hydroquinone, which is later oxidized to 1,2,4-benzenetriol. GC–MS studies show that this aromatic triol is preferentially converted via
n oxidative pathway into 5-hydroxymethyl-5H-furfuran-2-one. Under basic conditions, methyl parathion is converted via a reaction pathway

nvolving methyl paraoxon, 4-nitrophenol, hydroquinone and aliphatic acids with the resulting species being refractory to be further oxidized and

ineralized. On the other hand, under controlled acidic conditions, methyl parathion and various intermediates quickly degrade in a rather fast
xidation process.

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

Photocatalysis on a semiconductor is an advanced oxidation
rocess used to remove organic pollutants from water. In the last
ew years, there have been a number of studies and reviews about
his process [1–3]. Photocatalytic oxidation is based on the use
f UV light and a semiconductor. Titanium dioxide has become
he most studied and used photocatalyst. TiO2 is easily available,
hemically robust and durable. It can be used to degrade, via
hotocatalysis, a wide range of organic compounds [4–9].

Photocatalytic oxidation reactions are initiated when a pho-
on of energy higher or equal to the bandgap energy is absorbed

y a semiconductor catalyst promoting an electron (e−) from
he valence band to the conduction band with simultaneous gen-
ration of a positive hole (h+) in the valence band [1–3]. Most of
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he e− and h+ recombine in a few nanoseconds and the energy
s dissipated as heat. Only a few of the electrons (e−) and holes
h+) migrate to the surface of the catalyst where they initiate
xidation and reduction reactions. In an aqueous suspension,
ositive holes (h+) react with adsorbed water and OH− groups
o give strong oxidizing HO• radicals. In addition, the free elec-
rons (e−) react with adsorbed molecular O2 to produce O2

•−
uperoxide anions that may also contribute to the production of
O• radicals through the formation of HO2

• radicals and H2O2.
t is believed that the reaction of the HO• radicals with organic
ollutants is a key reaction step leading to mineralization of
hese compounds [10]. Indeed electron spin resonance studies
ave demonstrated that HO• is the most abundant radical species
n aqueous TiO2 suspensions [11]. Thus, the above-mentioned
hotocatalytic oxidation of organic pollutants can be described
ia the following reaction sequence [1–3,11]:
iO2
hν−→(e−) + (h+) (1)

e−) + (h+) → heat (2)
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h+) + H2Oads → HO• + H+ (3)

h+) + 2HO−
ads → HO• + HO− (4)

e−) + O2ads → O2
•− (5)

2
•− + H+ → HO2

• (6)

2
•− + HO2

• + H+ → O2 + H2O2 (7)

2O2 + H+ + (e−) → HO• + H2O (8)

rganic compound + HO• → intermediate organic products

(9)

ntermediate organic products + HO• → CO2 + H2O (10)

any publications on photocatalysis focus on the practical
spects of this technique for the clean up of contaminated waters
1,3,8]. Others are more concerned with the effect of experimen-
al parameters on the initial rate of disappearance or the total
ineralization rate of organic pollutants [5,7]. Finally, there is
group of studies addressing the more fundamental aspects of

eaction mechanisms and the pathways by which organic pollu-
ants are degraded to CO2 and H2O [6,8–18].

Organophosphorous compounds OPC are organic pollutants
xtensively used as insecticides since they are known to inhibit
cetylcholinesterase [19]. Most of them are highly toxic for
uman beings and mammals [20]. In the environment, they are
lowly hydrolyzed to other toxic chemical species [21] but they
re quite persistent in water solution [22].

There are several methods to remove OPC from water but
ach method has its shortcomings [23]. Chemical oxidation
s expensive and leads to the contamination of water with
ther toxic pollutants. Biodegradation can only be used with
iluted wastewaters. Therefore, photocatalysis on semiconduc-
ors seems to be an ideal method for removal of pesticides since
t is rapid and non-selective.

Methyl parathion MP and ethyl parathion EP are non-
ystemic OPC insecticides and acaricides. Despite their high
egree of toxicity, they are the most commonly used pes-
icides. Roques [24] reported that EP in aqueous solution
an be mineralized by ozonation. However, In order to
chieve complete oxidation a high concentration of ozone is
equired.

The photochemical degradation of EP in aqueous solu-
ions under different reaction conditions has been investigated
25–27]. It was reported that light from a xenon arc lamp
240 < λ < 320 nm) is required to induce the photochemical reac-
ions. Furthermore, the rate of degradation increases with pH.
ignatello and Sun [28] reported the complete oxidation of MP in
ater using the UV photoassisted Fenton reaction in an aqueous

olution containing MP, Fe3+ and H2O2. Under these condi-
ions, MP yields quantitatively HNO3, H2SO4 and H3PO4, with

xalic acid, 4-nitrophenol and dimethylphosphoric acid being
he organic identified intermediate species.

O’Shea et al. [29] demonstrated that TiO2 photocatalytic
egradation of an OPC type insecticide, dimethyl methyl

e
D
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M
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hosphonate (DMMP), can be accomplished in oxygenated
queous solutions. Final products of the DMMP degradation
re phosphoric acid and CO2. On the other hand, Malato
t al. [30] demonstrated that TiO2 photocatalyzed mineral-
zation of methamidophos occurs in aqueous solutions under
olar irradiation. Total organic carbon (TOC) and PO4

3−
ontents were analyzed to confirm the extent of minerali-
ation.

Doong and Chang [31] studied the photooxidation of several
PC such as methamidophos, malathion and diazion using UV-
iO2, UV-H2O2, and UV-TiO2–H2O2 mixtures. The addition of
2O2 to the reaction mixture resulted in a more efficient pho-

ocatalytic degradation process. Even more, Kerzhentsev et al.
32] analyzed the photocatalytic oxidation of fenitrothion using
iO2 suspensions. They detected several intermediate organic
ompounds that were completely mineralized to CO2, H2PO4

−,
O4

2− and NO3
−.

Konstantinou et al. [33] investigated the photocatalytic oxi-
ation of several other OPC (ethyl parathion, methyl parathion,
ichlorofenthion and ethyl bromophos) in aqueous TiO2 sus-
ensions. Some of the major intermediate products of pho-
odegradation were identified by means of MS. In a more
ecent study, Sakkas et al. [34] reported the application of
olid-phase microextraction for monitoring the photocatalytic
ecomposition of EP in aqueous TiO2 suspensions. Some
f the intermediate organic reaction products were success-
ully extracted with this technique and identified by combined
C–MS.
Sanjuán et al. [35] described the use of 2,4,6-

riphenylpyrylium ion encapsulated within Y zeolite as a
hotocatalyst for the photodegradation of methyl parathion in
queous suspensions. Encapsulation stabilizes the pyrylium
on leading to degradation efficiencies comparable to those
btained with TiO2. It was suggested that radical intermediates
re involved in the degradation process.

The photocatalytic degradation of various aromatic com-
ounds has been previously carried out in our laboratories with
he aim of evaluating the efficiency of the process and determin-
ng the factors that modify this reaction [1,5,7]. Our research
roup has reported preliminary mechanistic studies concerning
he TiO2 photocatalytic degradation of methyl parathion [36,37].
n spite of the several publications available in the literature,
here is still the need of the determination of a comprehen-
ive reaction mechanism for the photocatalytic mineralization of
ethyl parathion using as a basis the experimentally detectable

hemical species. In the present study, the photocatalytic degra-
ation of MP was monitored using different complementary
nalytical techniques to identify the organic intermediates and
o follow their evolution. Total organic carbon (TOC) and con-
entration of inorganic ions present in the reaction mixture were
lso measured to obtain information about the progress of the
eaction and the extent of mineralization. To accomplish these
oals, combined UV and NMR identification techniques were

mployed performing the photocatalytic degradation of MP in
2O. To the best of our knowledge, this is the first comprehen-

ive study providing detailed insights and understanding of the
P degradation reaction pathways.



y and

2

2

B
t
4
f
e
s
m
T
k
a
r
e
H
w
w
(

2

p
u
e
c
o
a
0
w
d
t
h
a
w
p
5

a
A
w
s
b
a
o
s
f
(
1
t
r
p
s
c

s
d
s
t
b
t
6
n
o
a
u
t
(
d

2

a
[
t
P
m
t
s
a
o
4
e
f
d
O
t
y
(

o
c
w
w
F
t
T
fi
e
v

t
d
O
p
a

E. Moctezuma et al. / Journal of Photochemistr

. Experimental

.1. Materials

Methyl parathion technical grade (79.4% purity) donated by
ayer was used in the present studies without further purifica-

ion. Phenol, 4-nitrocatechol, 1,2,4-benzenetriol, 4-nitroanisole,
-nitrophenol, hydroquinone and benzoquinone were purchased
rom Aldrich and methyl paraoxon from Riedel-de Haen. Sev-
ral organic and inorganic acids and salts used in the product
tudies were purchased from J.T. Baker. Spectroscopic and chro-
atographic grade solvents were purchased from Mallinckrodt.
itanium dioxide (Degussa P25), provided by Degussa Co., a
nown mixture of 80% anatase and 20% rutile with a 30 nm
verage particle size, a non-porous material with a 50.10 m2/g
eactive area was used as received for the photodegradation
xperiments. Double distilled water, filtered through 0.45 �m
A cellulose acetate membranes (Millipore Corp. Bedford, MA)
as used throughout. Before analysis, all the reaction mixtures
ere filtered through 0.22 �m GV cellulose acetate membranes

Millipore Corp. Bedford, MA).

.2. Analytical methods

For the determination of MP and intermediate organic com-
ounds, the samples were analyzed by high performance liq-
id chromatography (HPLC) in a 600E Waters instrument
quipped with a UV Waters 490 detector. A Supelco C-18
olumn (150 mm × 3.9 mm × 5.0 �m) was used for separation
f reactant and product intermediates. The mobile phase was
mixture of acetonitrile and water (60/40) filtered through a

.22 �m HA cellulose acetate Millipore membrane. The elute
as delivered at a rate of 1.5 mL/min and the wavelength of
etection was 276 nm. For these operating conditions, the reten-
ion times for methyl parathion, methyl paraoxon, 4-nitrophenol,
ydroquinone and aliphatic acids were 3.3, 1.54, 1.39, 1.24
nd 0.78 min, respectively. The analytical error was controlled
ithin 5%. The total organic carbon (TOC) in some sam-
les was measured with a Shimadzu carbon analyzer model
000 A.

For the determination of inorganic anions, the samples were
nalyzed by HPLC in a 526 Alltech instrument with a 550
lltech conductivity detector using an Allsep ion 7u column
ith an ERIS 1000 HP precolumn. The mobile phase was a

olution of sodium bicarbonate (0.85 mM) and sodium car-
onate (0.90 mM) filtered through a 0.22 �m HA cellulose
cetate Millipore membrane. The elute was delivered at a rate
f 1.2 mL/min. A certified Alltech kit of anions was used as
tandard. For these operating conditions, the retention times for
ormate (HCOO−), nitrite (NO2

−), nitrate (NO3
−), phosphate

PO4
3−) and sulfate (SO4

2−) were 3.06, 5.21, 8.6, 12.05, and
3.65 min, respectively. For quantitative studies, standard solu-
ions and calibration curves for each ion were prepared in the

ange from 2 to 50 ppm. In order to study the adsorption of phos-
hate ions (PO4

3−) on the catalyst surface, some of the reaction
amples were pre-treated with a NaOH solution (3N) before
hemical analysis.

c
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d
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Some of the reaction mixtures were monitored via UV–vis
pectroscopy in a Shimadzu UV-2401 PC instrument in stan-
ard quartz cells. Other samples were analyzed by 1H NMR
pectroscopy in a Bruker NMR model AC 200. To identify
he intermediate organic species, some samples were analyzed
y GC–MS in a HP 6890 instrument with a HP 5973 detec-
or. A capillary HP-5MS column (5% phenylmethylsiloxane,
0 m × 250 �m × 0.25 �m) was used to separate the compo-
ents of the mixture. The carrier gas used was Helium at a rate
f 25 mL/min. The system was operated with initial temper-
ture of 50 ◦C, then the temperature was increased 8 ◦C/min
p to 234 ◦C, then the temperature was increased 5 ◦C/min up
o 320 ◦C. Before analysis, an aliquot of the reaction mixture
5 mL) was extracted with ethyl acetate (5 mL), dried over anhy-
rous sodium sulfate and filtered.

.3. Photoreactor and photodegradation experiments

Photocatalytic degradation experiments were carried out in
reactor system already described in previous publications

36,38,39]. This unit is configured with a Pyrex glass tube reac-
or (200 mL) irradiated with four 15 W UV light lamps (Cole-
armer E-09815-55, λmax = 365 nm). For each set of experi-
ents, 100 mL of a MP standard solution were placed inside

he glass reactor and slurried with 0.2 g of TiO2. This suspen-
ion was mixed with a magnetic stirrer and pure oxygen, air or
n inert gas was bubbled through the system at a constant rate
f 100 mL/min. A standard solution was prepared by mixing
0.8 �L of MP (ρ = 1.223 g/mL) in 1 L of water. Prior to the
xperiments, the suspension was agitated in an ultrasonic bath
or 15 min under dark to dissolve all the MP. Under these con-
itions, the initial pH of the solution measured using a 710A
rion pH meter was 4.5 ± 0.2. Samples were taken from time to

ime to monitor the progress of the photoreaction. Before anal-
sis, each sample was filtered with a Millipore GV membrane
0.22 �m of pore diameter).

Furthermore and in order to unambiguously identify the
rganic reaction intermediate species, NMR analysis, a spe-
ial feature of this study versus previous contributions [34,35],
as effected. Two MP solutions (300 and 50 ppm) in deuterated
ater were photolyzed using 0.2 g of TiO2 per 100 mL of D2O.
or the first experiment, aliquots (5 mL) were taken at different

ime intervals and extracted with deuterated chloroform (5 mL).
he organic phase was dried over anhydrous sodium sulfate,
ltered and placed in a NMR tube for analysis. For the second
xperiment, samples of 1 mL were taken at different time inter-
als, filtered and analyzed by UV–vis spectroscopy and HPLC.

Regarding experiments with deuterated water, it is expected
hat D2O may reduce OH• availability. Thus, the rates of the MP
egradation steps, later described in this study and all of them
H• promoted, are influenced by the use of D2O. It is antici-
ated however, that these changes in OH• concentrations while
ffecting various step rates do not alter the sequence of chemical

hanges in the network. As a result, the MP photodegradation in
2O provides a valuable approach for the establishment of the

eaction network via the identification of both organic interme-
iates and inorganic anion species.
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Fig. 2. Photocatalytic degradation of methyl parathion under different reaction
conditions. (V = 100 mL, C0 = 50 ppm). (�) Inert gas flow + near UV light, (©)
airflow + near UV light, (�) air saturated + near UV light + TiO2 Degussa P25,
(
l

a
i
s
a
a
s
b
i
w
h
o
t
t
n
t
a
o
p
a
t
n
s

e
e
e

ig. 1. Photocatalytic degradation of methyl parathion with TiO2 and UV light.
V = 100 mL, C0 = 50 ppm, TiO2 = 0.2 g/100 mL, four UV lamps, λmax = 365 nm,
xygen flow = 100 mL/min.)

. Results and discussion

.1. TOC and HPLC studies

A preliminary experiment was carried out to study the pho-
ocatalytic degradation of MP in aqueous solution (50 ppm)
ith TiO2 (0.2 g/100 mL of solution), UV light and a flow
f 100 mL/min of pure oxygen. The composition changes in
he reaction mixture were monitored by both HPLC and TOC
Fig. 1). Experimental HPLC results show that MP is quickly
xidized into other organic compounds. TOC results also show
hat the intermediate organic species remain in the solution for
everal hours and are eventually mineralized into CO2 and H2O.
omparing HPLC and TOC curves it is apparent that the organic

ntermediate species degrade at a much slower rate than methyl
arathion.

.2. Influence of operating parameters on the
hotocatalytic degradation of MP

Various parameters such as, amount of catalyst, concentration
f dissolved oxygen and pH have a strong effect on the photo-
atalytic degradation rate of organic compounds [1,8]. The pho-
ocatalytic oxidation of MP in aqueous solution (50 ppm) with
ifferent TiO2 catalyst concentrations (0.1, 0.2 or 0.4 g/100 mL
f solution) was investigated. In the range studied, the effect
f TiO2 concentration was quite small and within experimen-
al error (5%). Since the main interest on the present study is to
onitor the intermediate species generated in this photocatalytic
rocess with the aim of unveiling the photoreaction mechanism,
t was decided to keep the amount of catalyst at a constant value
0.2 g/100 mL) during all the experiments performed.

a
fl
i
d

�) airflow + near UV light + TiO2 Degussa P25, (�) oxygen flow + near UV
ight + TiO2 Degussa P25).

The degradation of MP (50 ppm) in aqueous solution was
lso studied under several reaction conditions: (a) inert gas flow,
rradiated solution and no TiO2 addition, (b) airflow, irradiated
olution and no TiO2 addition, (c) TiO2 added, irradiated and
ir saturated water solution, (d) airflow, TiO2 added and irradi-
ted solution and (e) oxygen flow, catalyst added and irradiated
olution (Fig. 2). It was observed that while nitrogen gas was
ubbled in water solution under near-UV light (λmax = 365 nm)
llumination no reaction was observed. In contrast, when the
ater solution was saturated with air, the dissolved oxygen
elped achieve up to 48% conversion showing that molecular
xygen plays an essential role in photochemical transforma-
ions. These results are consistent with previous reports on
he photochemical degradation of EP to ethyl paraoxon and 4-
itrophenol under UV irradiation [25–27]. It is hypothesized
hat this photodegradation involves an excited MP* molecule
s a key intermediate, with intermediates undergoing further
xidative transformation to methanol, sulfate, phosphate, methyl
araoxon and 4-nitrophenol (Scheme 1). MP or EP absorbs radi-
tion with wavelengths shorter than 320 nm. Consistent with
his, low conversion of MP ( < 50%) was obtained under the
ear-UV irradiation provided by the lamps used in the present
tudy (λmax = 365 nm).

As expected for a photocatalytic process (Fig. 2), a strong
nhancement in the oxidation reaction was observed in the pres-
nce of TiO2 (0.2 g/100 mL). However, the photocatalytic min-
ralization of MP is arrested unless enough dissolved oxygen is
vailable in the solution. To accomplish this, a constant oxygen

ow rate of 100 mL/min was used during the experiments. Sim-

lar degradation rates were observed when the degradation was
one employing a constant airflow instead of an oxygen flow.
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Scheme 1. Photochemical

Regarding the pH effect, a small influence if any was observed
n the photocatalytic degradation of MP monitored by HPLC in
he range studied (pH between 3 and 9). On the other hand, the
H had a strong influence on the TOC conversion (Fig. 3). At
cidic pH (2–4), a large TOC conversion (90%) was noticed
ndicating that MP and intermediate species were both miner-
lized. However, at basic pH (9), only 60% TOC conversion
as attained suggesting that intermediate reaction products are
nly partially oxidized. The photocatalytic degradation of MP
t the pH of 4.5 and 9.0 was monitored by HPLC (Figs. 4 and 5)
o determine the presence of some of the organic intermedi-

te reaction products. It was then noticed that under highly
cidic conditions, methyl parathion and intermediate com-
ounds undergo fast degradation. On the other hand, under basic
onditions, the MP degradation is still allowed with the degrada-

ig. 3. Effect of pH on the conversion of total organic carbon for the photo-
atalytic degradation of methyl parathion after 6 h of reaction. (V = 100 mL,

0 = 50 ppm, TiO2 = 0.2 g/100 mL, four UV lamps, λmax = 365 nm, oxygen
ow = 100 mL/min.)

h
c
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t

F
t
(
λ

tion of methyl parathion.

ion rate of the formed intermediate species being significantly
educed.

One of the most fundamental questions in photocatalytic
egradation, regarding the nature of substrate–catalyst interac-
ions, is whether reactions occur in the homogeneous bulk phase
r at the surface of the catalyst. Some investigators have indi-
ated that most reactions occur at the surface [40]. However,
ince it was observed an inverse relationship between the degra-
ation rate and amount of adsorbed material, it has been argued
hat degradation at higher initial pH occurs in the bulk water
41]. In other recent publications, it has been suggested that
ydroxyl-like chemistry may occur at or near the surface of the

atalyst, but it may have less rigorous requirements for specific
dsorption modes or sites of adsorption than a classical electron
ransfer between a substrate and TiO2 surface [42].

ig. 4. Photocatalytic degradation of methyl parathion and subsequent forma-
ion and disappearance of intermediate organic products as a function of time.
Initial pH 4.5, V = 100 mL, C0 = 50 ppm, TiO2 = 0.2 g/100 mL, two UV lamps,

max = 365 nm, oxygen flow = 100 mL/min.)
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Fig. 5. Photocatalytic degradation of methyl parathion and subsequent forma-
tion and disappearance of intermediate organic products as a function of time.
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Therefore, it is concluded that MP is first oxidized to methyl
Initial pH 9, V = 100 mL, C0 = 50 ppm, TiO2 = 0.2 g/100 mL, two UV lamps,

max = 365 nm, oxygen flow = 100 mL/min.)

The experimental results of this study also demonstrate that
ethyl paraoxon is slowly degraded under basic conditions.

hese results do not agree with previous experimental reports

n which the rate of photocatalytic degradation of dimethyl
ethylphosphonate increased at high pH [29]. It is hypothe-

p
(
o

Scheme 2. Proposed overall reaction mechanism for th
Photobiology A: Chemistry 186 (2007) 71–84

ized that the strength of attractive interactions between TiO2
urface and a given phosphonate is modified by its chemical
tructure. In the case of this study and due to the presence of a
arge aromatic substituent in paraoxon, one might expect weaker
ttractive interactions between this organic compound and the
urface of TiO2.

.3. MP degradation reaction network

The main objective of the present study is to establish, on
he basis of the experimentally identified intermediate species, a
uitable reaction mechanism for the degradation of MP. This is
reaction proceeding in the first few steps in series (conversion
f the MP into MPO and NP) and later on via two simultaneous
equence of reactions leading in one hand to the mineralization
f organic intermediates forming CO2 and on the other hand to
he formation of inorganic SO4

2−, PO4
3+ and NO3

− anions. A
eaction network is presented in Scheme 2 based on the experi-
ental data of this study.
Monitoring the intermediate organic species produced on the

iO2 photocatalytic degradation of MP at pH 4.5 (Fig. 4) it was
bserved that MP is first oxidized to methyl paraoxon (MPO). In
he same reaction mixture, other intermediate compounds, such
s 4-nitrophenol (NP) and hydroquinone (HQ) were produced
nd consumed. Small amounts of aliphatic acids (AA) were also
etected in the reaction mixture. These acids are most likely pro-
uced by subsequent degradation of aromatic species [12,13].
araoxon (Step 1 in Scheme 2) with MPO being oxidized later
Step 2) to 4-nitrophenol with NP undergoing eventually further
xidation (Steps 3a and 4).

e photocatalytic oxidation of methyl parathion.
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Fig. 6. Formation and disappearance of inorganic anions during the pho-
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Fig. 7. Formation and disappearance of inorganic anions during the pho-
tocatalytic degradation of methyl parathion. Reaction samples were treated
with a NaOH solution before analysis. (Initial pH 4.5, V = 100 mL,
C
fl
a

t
t
tion samples were pre-treated with a sodium hydroxide solution
(Section 2.2). This alkali promoted phosphate anions desorption
prior to the HPLC anion analysis (Fig. 7). This method allowed
ocatalytic degradation of methyl parathion. (Initial pH 4.5, V = 100 mL,

0 = 50 ppm, TiO2 = 0.2 g/100 mL, two UV lamps, λmax = 365 nm, oxygen
ow = 100 mL/min.)

An alternative approach for tracking the progress of the TiO2
hotocatalytic degradation of MP at pH 4.5 (Fig. 6) is to monitor
he sulfate anions (SO4

2−) formed in the solution. It is con-
rmed, in this manner, that there is a quick oxidation of methyl
arathion to methyl paraoxon (Step 1 in Scheme 2) with SO4

2−
eing also formed as a result of this first step of the reaction
athway.

The experiments of this study showed trace amounts of 4-
itrocatechol (NC) and 1,2,4-benzenetriol (BT) only. These find-
ngs are consistent with a direct (not sensitized) photocatalytic
athway in which the oxidative degradation of an organic com-
ound is attributed to the reaction with HO• radicals [43,44]. In
pite of the disagreement with a recent theoretical study arguing
hat 4-nitrocatechol is the most probable primary intermediate
n nitrophenol decomposition [45], the experimental data of this
tudy support the postulated Step 3 of Scheme 2 with NP being
onverted to hydroquinone.

It should also be noticed that nitrogen is given into the solu-
ion as nitrite anions (NO2

−), which are eventually oxidized to
he more stable nitrate anions (NO3

−). Formation of both nitrite
nions (NO2

−) and nitrate anions (NO3
−) provides additional

upport to Step 3a of Scheme 2 where NP is converted to HQ.
Even more, the photocatalytic conversion of phenolic com-

ounds in photocatalytic reactors into carboxylic acids (Step
of Scheme 2) is also confirmed in the present study via the

ormation of small amounts of formate anions (HCOO−).
Phosphate anions (PO4

3−), as shown in Fig. 6, were also
bserved. These results support Step 3b of Scheme 2 that

escribes the decomposition of di-methyl phosphoric acid. How-
ver, phosphate anions were only detected after 3 h of reaction.
his delayed increase of phosphate anions concentration is con-
istent with the findings of other researchers [46] and shows

F
T
o
U

0 = 50 ppm, TiO2 = 0.2 g/100 mL, two UV lamps, λmax = 365 nm, oxygen
ow = 100 mL/min, reaction samples were treated with a NaOH solution before
nalysis.)

hat phosphate anions are strongly adsorbed on TiO2. In order
o eliminate the bias of phosphate anions adsorption, the reac-
ig. 8. Photocatalytic degradation of a methyl parathion solution in D2O using
iO2 as catalysts. Samples for UV analysis were taken at 0, 1, 2, 4, 6 and 8 h
f reaction. (Initial pH 8.0, V = 100 mL, C0 = 50 ppm, TiO2 = 0.2 g/100 mL, two
V lamps, λmax = 365 nm, oxygen flow = 100 mL/min.)
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etection of phosphate anions (PO4
3−) concentration up to the

evel consistent with other photoconversion changes taking place
t the early stages of the photodegradation.

.4. Investigation of MP reaction pathways by means of
ifferent analytical techniques

.4.1. UV–vis spectroscopy
In order to investigate the formation and eventual disappear-

nce of intermediate compounds in the reaction mixture, the
hotocatalytic reaction of MP dissolved in deuterated water was

onitored using UV–vis spectroscopy as a function of time

Fig. 8). The characteristic 4-nitrophenol absorption band at
99 nm [47] was observed to increase upon short time photoly-
is between 0.5 and 2.0 h. However, upon extended photolysis

ig. 9. Photocatalytic degradation of a methyl parathion solution in D2O using
iO2 as catalysts. Samples for NMR analysis were taken at 0, 1 and 9.5 h of
eaction. (Initial pH 8.0, V = 100 mL, C0 = 300 ppm, TiO2 = 0.2 g/100 mL, two
V lamps, λmax = 365 nm, oxygen flow = 100 mL/min.)
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2.0–8.0 h) this same band decreased in intensity and eventu-
lly disappeared. Mineralization of aromatic compounds in the
eaction mixture was apparent on the UV–vis spectrum of the
ample with most of the characteristic absorption bands disap-
earing after several hours of irradiation.

.4.2. NMR spectroscopy
NMR was a key analytical tool used in this study to get valu-

ble insights on the structure of intermediate compounds formed
n the photocatalytic oxidation of MP. In order to accomplish
his, photocatalytic MP degradation experiments were devel-
ped using deuterated water with reaction mixture samples being
nalyzed by NMR. At different reaction times, 5 mL aliquots
ere removed, extracted with chloroform (5 mL), dried, filtered

nd placed in tubes to get a 1H NMR spectrum. Changes in
he chemical structure of the components of the reaction mix-
ure were monitored as the photocatalytic degradation reaction
roceeded.

At the onset of the experiment (non-irradiated or dark period),
amples of a MP (300 ppm) solution displayed the charac-
eristic 1H NMR signals of this aromatic organophosphorous
ster compound. Two signals (J = 8 Hz) at 8.24 ppm and 7.32
ue to the aromatic hydrogen atoms and two singlet signals
t 3.93 and 3.86 ppm due to the two types of methyl hydro-
en atoms present in methyl parathion were observed. Since the
romatic signals in the region from 7 to 9 ppm on the NMR

pectrum are rather small, Fig. 9a displays the NMR signals
n the region from 0.5 to 4.5 ppm only. At room temperature,
wo strong signals of methyl hydrogen atoms are observed
ue to the rotation of the phosphate group. Hydrogen atoms

ig. 10. Photocatalytic degradation of a methyl parathion solution in D2O and
ubsequent formation and disappearance of intermediate organic products as a
unction of time. (Initial pH 8, V = 100 mL, C0 = 50 ppm, TiO2 = 0.2 g/100 mL,
wo UV lamps, λmax = 365 nm, oxygen flow = 100 mL/min.)
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n carbon atoms attached to oxygen (like in R–O–CH3) are
trongly deshielded due to the electronegativity of the oxygen
tom.

After 1 h of photolysis, the formation of methyl paraoxon
as observed in the reaction mixture. This was evidenced by

hanges in two regions of the 1H NMR spectrum. In the aro-
atic region, four small signals (J = 8 Hz) at 8.28, 8.24, 7.36,

nd 7.32 ppm were observed due to the presence of four types
f aromatic hydrogen atoms. In addition to this, four different
inglet signals (Fig. 9b) were also observed at 3.94, 3.93, 3.88
nd 3.86 ppm due to the presence of four R–O–CH3 groups, two
or methyl parathion and two for methyl paraoxon. Furthermore,
trong singlet signals at 1.59 and 1.57 ppm were also detected
nd evidenced the presence of other C–H groups in the reac-
ion mixture. Signals in this range are characteristic of methyl
r methylene groups [47] connected with unsaturated carbon

toms (like H3C–C C). A small singlet signal is also observed
t 2.2. It was assigned to a methyl group next to a carbonyl group
H3C–C O) in the reaction mixture.

r
b
i

able 1
C–MS retention times (tR) and spectral characteristics of identified intermediate rea

tructure tR (min)

30.75

29.48

25.22

24.44

23.29

20.70

19.43

14.87
Photobiology A: Chemistry 186 (2007) 71–84 79

After 9.5 h of reaction, the sample presented several NMR
ignals in the aromatic region from 7 to 9 ppm most likely due
o the presence of the several aromatic hydrogen atoms in MP,

PO and NP. The four signals assigned to R–O–CH3 decreased
n intensity while the other two signals assigned to C–H groups
ncreased (Fig. 9c). Furthermore, the singlet signal assigned
o a methyl group next to a carbonyl group (H3C–C O) was
lso persistent in the reaction mixture. Upon extended irradia-
ion time, the intensity of the aromatic signals (between 7 and
ppm) decreased and they eventually disappeared. These results
re indicative that the first steps of the photocatalytic reaction
echanism are several non-destructive modifications of the aro-
atic ring, which is eventually broken into smaller molecules.
During 1H NMR analysis, it was also observed that photo-

atalytic reactions in deuterated water are considerably slower
eaction of a solution of MP (50 ppm) in deuterated water. It can
e noticed that at least 5 h are required for 95% MP conversion
n D2O while this can be accomplished in only 3 h in H2O. The

ction products of the photocatalytic degradation of methyl parathion

Characteristic ions (m/z)

[M]+ = 263, 233, 216, 200, 139, 125 methyl parathion, MP

[M]+ = 247, 230, 215, 185, 170 methyl paraoxon, MPO

[M]+ = l39, 125, 109, 93, 81 4-nitrophenol, NP

[M]+ = 126,110, 81, 55 1, 2, 4-benzenetriol, BT

[M]+ = 153, 123, 95, 77 4-nitroanisol, NA

[M] = 110, 82, 81, 55 hydroquinone, HQ

[M] = 128, 100, 65, 50 aliphatic acid, AA

[M] = 94, 66, 65, 51 phenol, PH
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Fig. 11. GC–MS chromatograms obtained for: (a) ethyl acetate extract of a
methyl parathion solution (V = 100 mL, C0 = 50 ppm) irradiated for 1 h with two
UV light lamps (λmax = 365 nm) in the presence of TiO2 (0.2 g/100 mL), (b)
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lower decay of methyl parathion MP is expected given the dif-
erent role of H2O and D2O in the production of the reactive
ydroxyl radicals Eqs. (3) and (4).

.4.3. GC–MS analysis
In order to further identify the intermediate organic com-

ounds produced in the photocatalytic degradation of methyl
arathion, reaction samples were analyzed by GC–MS. This
dentification was based on the analysis of standards and by
nterpretation of fragment ions. Blank analysis helped to dis-
ard those peaks coming from the sample handling procedure or
ormulating agents (when a commercial product was employed).
tructures, retention times (tR), and basic ions of the major inter-
ediate compounds detected by GC–MS are given in Table 1.
otal ion chromatogram of a sample of the reaction mixture
btained after 1 h of reaction is shown in Fig. 11a. This particu-
ar chromatogram shows the presence of methyl parathion (MP),

ethyl paraoxon (MPO), 4-nitrophenol (NP), 1,2,4-benzenetriol
BT), 4-nitroanisole (NA), and an aliphatic acid (AA) in the
eaction mixture. Hydroquinone (HQ) and phenol (PH) in small
uantities were also detected by GC–MS analysis in some of
eaction mixtures.

Since the photocatalytic degradation of methyl parathion
MP) gives methyl paraoxon (MPO) as an intermediate species,
he photocatalytic degradation of MPO under the same reac-
ion conditions was also followed via GC–MS. Total ion chro-

atogram of a sample withdrawn after 3 h of reaction (Fig. 11b)
hows that MPO generates the same intermediate products
s methyl parathion (MP) with a strong peak due to low
olecular weight aliphatic acid, derived from the oxidation

f 1,2,4-benzenetriol. This strong peak was assigned to 5-
ydroxymethyl-5H-furfuran-2-one taking as a basis its mass
pectrometry pattern. This stable intermediate compound has
een previously reported in the photocatalytic degradation of
-chlorophenol [12].

.5. Methyl parathion photocatalytic degradation

echanism and overall pathway

Conduction band electrons (e−) and valence band holes
h+) are generated in an irradiated TiO2 suspension when

d
z
c
d

Scheme 3. Oxidation of methyl pa
thyl acetate extract of a methyl paraoxon solution (V = 100 mL, C0 = 59 ppm)
rradiated for 3.5 h with two UV light lamps (λmax = 365 nm) in the presence of
iO2 (0.2 g/100 mL).

hoton energy is larger than its band gap Eq. (1). On this
asis, the two possible strong and non-selective oxidating
gents result: the photogene rated holes (h+) and the resulting
ydroxyl radicals (HO•). These radicals are generated via oxi-
ation of water by holes or by reaction of hydrogen peroxide
qs. (3), (4) and (8).

Comparative studies on TiO2-mediated photocatalytic degra-

ation of several highly methoxylated and hydroxylated ben-
enes have been reported in literature [42]. The methoxylated
ompounds give products resulting from hydroxylations and
emethylations usually attributed to hydroxyl radical (HO•) type

rathion to methyl paraoxon.
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Scheme 4. Oxidation of me

hemistry. Quite different oxidation products are obtained in the
ase of hydroxylated compounds. It is suggested that hydroxy-
ated compounds are first bound to the TiO2 surface facilitating
lectron transfer and subsequent ring-opening oxidation. In the
eaction conditions of this study, HO• radical degradation is
xpected for most of the reactions involved in the photocat-
lytic degradation of methyl parathion. However, in the case
f some intermediate compounds like 1,2,4-benzenetriol, which
an adsorb on TiO2 surface, an electron transfer mechanism is
xpected.
Since the first step in the photocatalytic degradation of methyl
arathion is the formation of methyl paraoxon, the most probable
athway must be the addition of HO• radicals to the phosphorous
tom and subsequent elimination of sulfur (Scheme 3). Consis-

b
n
i
a

Scheme 5. Oxidation of 4-nitrophenol to
araoxon to 4-nitrophenol.

ent with this mechanism, sulfate ions (SO4
2−) were observed to

e the first ones produced in the oxidation reaction. In addition,
he formation and slow degradation of methyl paraoxon was also
oticed. These finding are in clear contrast with the photo Fenton
xidation of methyl parathion, reaction yielding trace amounts
f methyl paraoxon only [28]. This distinctive difference can be
ssigned to the much larger concentrations of HO• radicals in
he Fenton type oxidation.

The formation of 4-nitrophenol from methyl paraoxon is
xpected after addition of hydroxyl radical (HO•) to P O

ond followed by the elimination of the highly stabilized 4-
itrophenoxy radical (Scheme 4). This mechanism also results
n the formation of esters and eventually phosphates that are
lways present in the product mixture.

hydroquinone and 4-nitroanisol.
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ring cleavage to produce low molecular weight acids [12]. This
Scheme 6. Oxidation of hyd

The mechanistic pathway for the degradation of para-
ubstituted phenols has been described in a number of contribu-
ions [5,43–45]. More specifically, the photocatalytic degrada-
ion of 4-chlorophenol leads to significant number of interme-
iates species [12,13]. In this respect, several parallel reaction
athways were proposed for the oxidation of this aromatic com-
ound. All previous reports have shown that there are two major
hemical transformations that compete in the degradation of
-nitrophenol; hydroxyl radical HO• substitution to form hydro-
uinone and hydroxylation to form 4-nitrocathecol. Under the
eaction conditions studied, the dominant formation of hydro-
uinone with trace amounts of 4-nitrocatechol was observed.
he aromatic compound, 4-nitroanisol, was also detected by
C–MS analysis during the photocatalytic degradation of both

P and MPO. This intermediate compound could be also

ormed via a reaction mechanism (Scheme 5) involving radi-
al intermediates [12,13,42].

e
t
T

Scheme 7. Oxidation of 1,2,4-benzenetriol to
none to 1,2,4-benzenetriol.

Studies in the photocatalytic degradation of hydroquinone by
everal researchers [12,13] and now ourselves clearly seem to
ndicate that benzoquinone may not be an important intermedi-
te since it is not a detectable species. Furthermore, oxidation
f hydroquinone to 1,2,4-benzenetriol is believed to occur by
ddition of HO• with subsequent reaction with O2 and elimina-
ion of the HOO• radical [12] as described in Scheme 6. Only a
mall amount of hydroquinone has been shown to undergo ring
pening and subsequent hydroxylation appears to be by far the
ajor path of degradation.
In the case of 1,2,4-benzenetriol, it has been proposed that

ts photocatalytic degradation proceeds by electron transfer to
ive a radical cation that undergoes subsequent oxidation with
lectron transfer mechanism is facilitated by initial adsorp-
ion of this triol on the surface of the TiO2 catalyst [48,49].
he photocatalytic degradation of both, methyl parathion and

5-hydroxymethyl-5H-furfuran-2-one.
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ethyl paraoxon, gave a simple degradation pattern monitored
y GC–MS. It is interesting to realize that a particular low molec-
lar weight carboxylic acid, 5-hydroxymethyl-5H-furfuran-2-
ne, was preferentially formed in the oxidation of both organic
ompounds. These experimental results show that the photo-
atalytic oxidation of 1,2,4-benzenetriol favored a particular
athway (Scheme 7) in contrast to previous observations in
hich this triol was considered to follow several other oxida-

ion steps [12,13].

. Conclusions

The results of the present study clearly indicate that the
rst step of the photocatalytic degradation of methyl parathion
MP) is its oxidation to methyl paraoxon (MPO). This first step
nvolves weakly adsorbed MP species not affected by the pH of
he water solution. On the other hand, the photocatalytic oxida-
ion of methyl paraoxon is strongly influenced by the acidity of
he solution. Therefore, the overall conversion of total organic
arbon is also affected by pH. Under alkaline conditions, only
0% of the TOC is converted to CO2 after 6 h of reaction. At
ow pH, 90% of TOC is converted to CO2 in the same time.

The observed reaction mechanism, as evidenced by GC–MS,
nvolves methyl paraoxon species transformed into hydro-
uinone further oxidized to benzenetriol with these species
ndergoing selective oxidation to a low molecular weight
liphatic acid, 5-hydroxymethyl-5H-furfuran-2-one. Aliphatic
cids are further degraded to lower molecular weight carboxylic
cids transformed in the final step into CO2. Considering all
acts described above and given major organic intermediate com-
ounds and inorganic ions identified during the photocatalytic
egradation of methyl parathion one can confirm the mechanis-
ic degradation pathway presented in Scheme 2 of this study.

In addition, it is confirmed that the photocatalytic degradation
f MP in deuterated water takes place at slower rates indicating
hat water is indeed involved in the production of hydroxyl rad-
cals and that DO• radicals are generated at a slower pace than
O• radicals.
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Chem. 146 (2002) 189–197.
46] K.L. Hadjivanov, D.G. Kissurk, A. Davidov, J. Catal. 116 (2) (1989)

498–505.

[

[

Photobiology A: Chemistry 186 (2007) 71–84

47] D.L. Pavia, G.M. Lampman, G.S. Kriz, Introduction to Spectroscopy, Har-
48] J. Cunningham, P. Sedlak, J. Photochem. Photobiol. A: Chem. 77 (1994)
255–263.

49] A. Mills, S. Morris, J. Photochem. Photobiol. A: Chem. 71 (1993)
75–83.


	Photocatalytic degradation of methyl parathion: Reaction pathways and intermediate reaction products
	Introduction
	Experimental
	Materials
	Analytical methods
	Photoreactor and photodegradation experiments

	Results and discussion
	TOC and HPLC studies
	Influence of operating parameters on the photocatalytic degradation of MP
	MP degradation reaction network
	Investigation of MP reaction pathways by means of different analytical techniques
	UV-vis spectroscopy
	NMR spectroscopy
	GC-MS analysis

	Methyl parathion photocatalytic degradation mechanism and overall pathway

	Conclusions
	Acknowledgements
	References


