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ABSTRACT

The parathion degradation under ultrasonic irradiation in aqueous solution was investigated. The results
indicate that at the conditions in question, degradation rate of parathion decreased with increasing initial
concentration and decreasing power. The optimal frequency for parathion degradation was 600 kHz. The
free radical reactions predominate in the sonochemical degradation of parathion and the reaction zones
are predominately at the bubble interface and, to a much lesser extent, in bulk solution. The gas/liquid
interfacial regions are the real effective reaction sites for sonochemical degradation of parathion. The
reaction can be well described as a gas/liquid heterogeneous reaction which obeys a kinetic model based
on Langmuir-Hinshelwood model. The main pathways of parathion degradation by ultrasonic irradiation
were also proposed by qualitative and quantitative analysis of organic and inorganic byproducts. It is
indicated that the N; in air takes part in the parathion degradation through the formation of *NO, under
ultrasonic irradiation. Parathion is decomposed into paraoxon and 4-nitrophenol in the first step via
two different pathways, respectively, which is in agreement with the theoretical molecular orbital (MO)
calculations.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Organophosphorus pesticides (OPs) are widely applied for plant
and crop protection and frequently detected in surface water and
groundwater with concentrations at ng/L to pg/L levels [1,2]. The
toxicity of OPs is due to the non-specific inhibition of enzyme
acetylcholinesterase (AChE) in the nervous system. Most OPs con-
taining P=S double bonds. When parathionis applied in agricultural
activities or transports into surface water, it is readily oxidized
to paraoxon (P=0), a more potent AChE inhibitor [3,4]. Moreover,
the oxidation is even more efficient during disinfection of potable
water when chlorine is used [5,6]. For this reason, there is a great
interest in research for OPs degradation and their pathways.

Recently, ultrasonic irradiation as a potential advanced oxida-
tion process has received increasing attentions for the degradation
of various organic pollutants commonly found in water, such
as pesticide [7,8], dye [9,10], endocrine disrupter compounds
[11,12], POPs [13,14], perfluorinated chemicals [15,16], odor-
causing compound [17], pharmaceuticals [18,19] and microcystins
[20].Sonolytic degradation of pollutants occurs as a result of contin-
uous formation and collapse of cavitation bubbles on a microsecond
time scale. Accompanied with the bubble collapse, hot nucleus is
formed, characterized with extremely high temperatures (thou-
sands of degrees) and pressure (hundreds of atmospheres). In
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aqueous solution under ultrasonic irradiation, three different reac-
tion zones have been postulated [21-23]: (i) interiors of collapsing
cavities where water vapor is pyrolyzed to hydroxyl radicals (*OH)
and hydrogen atoms (*H), as shown in Eq. (1), and where gas-
phase pyrolysis and/or combustion reactions of volatile substances
dissolved in water occur.

Ultrasonic Irradiation
— H*

H,0 +°*OH (1)

(ii) Interfacial regions between cavitational bubbles and the bulk
solution. Though the temperature here is lower than one within
the bubbles, an adequately high temperature with a high gradi-
ent exists in these regions, and locally condensed *OH has been
reported to be formed here [24]. (iii) Bulk solution at ambient tem-
perature where reactions with *OH or *H that migrates from the
interface occur.

However, as a kind of typical organophosphorus pesticides,
there are little literatures about the mechanism and kinetics
of parathion degradation under ultrasonic irradiation. Sonolysis
of parathion was reported first by Kotronarou et al. [25] who
identified the final products and proposed a simple degradation
pathway. Wang et al. [26-28] focused on the research about sono-
catalytic degradation of parathion and methyl parathion under
low frequency ultrasonic irradiation in the presence of nanometer
materials, but did not propose the detailed degradation pathways
and kinetics.

In this study, sonochemical degradation of parathion is inves-
tigated. The objectives of this study are to: (i) evaluate the effect
of operational parameters on parathion degradation; (ii) propose
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the degradation pathways and kinetics and (iii) explain the initial
pathways by the molecular orbital theory.

2. Experimental
2.1. Chemicals

Parathion (99%, purity), paraoxon (99%, purity) and triethyl
phosphate (99%, purity) were from Dr. Ehrenstorfer (German).
Acetonitrile (HPLC), benzoquinone (99%), dichloromethane (PES-
TANAL), 2,4-dinitrophenol standard solution, methanol (HPLC),
4-nitrophenol standard solution and triphenylphosphate (>99%) as
internal standard (I.S.) obtained from Sigma-Aldrich (USA). All the
other reagents are analytical grade and used without further treat-
ment. All solutions used were prepared daily with water purified
by Milli-Q Gradient water purification system.

2.2. Experiments

Sonochemical reactions were conducted with a series of ultra-
sonic generators which operated with a fixed frequency of 200,
400, 600 and 800 kHz, respectively. Electric power outputs are up
to 100 W (Institute of Acoustics, Chinese Academy of Sciences).
The reactions were carried out in an open cylindrical stainless
steel reaction vessel (diameter: 100 mm, height: 200 mm), which is
directly connected to the ultrasonic transducer (diameter: 80 mm)
with flanges and a flexible Teflon O-ring for seal. The vessel is
immersed in a water bath, which is connected to a temperature
control unit. All tests were performed at 25.0+1.0°C and under
atmospheric pressure. In all experiments, 300.0 mL of parathion
solution were prepared on the spot and then put into the reaction
vessel. The pH value of the original parathion solution was adjusted
to 7.00 (£0.05) with 1.0M HCI and 1.0M NaOH, and remained
uncontrolled during the ultrasonic irradiation, except in the experi-
ments to investigate the effect of HCO3;~ in which the initial pH was
not adjusted. Each experiment repeated three times. The standard
deviations of triplicate experiments were less than 5%.

2.3. Analysis

In order to identify parathion degradation byproducts, the
solid-phase extraction (SPE) method was applied for the sam-
ples extraction. 50.0mL samples after sonochemical treatment
were extracted by using Supelclean LC-18 cartridge (500 mg/3 mL).
Prior to the extraction, the samples were acidified to pH 2.0 with
1M HCL The cartridges were conditioned by 5.0 mL acetonitrile,

5.0mL methanol and then 10.0mL water (pH 2). After the pas-
sage of the samples, the cartridges were vacuum dried for 30.0 min.
The cartridges were then washed twice with 5.0 mL methanol.
The extracts were evaporated to dryness and re-dissolved in
1.0 mL dichloromethane before being analyzed by gas chromatog-
raphy/electron impact mass spectrometry (GC/EI-MS). A Shimadzu
GC/MS-QP2010 gas chromatograph-mass spectrometer equipped
with a 30m RTX-5MX column (thickness: 0.25um, diameter:
0.25mm) was used to identify degradation byproducts. Helium
(>99.999%) was used as the carrier gas, with a flow rate of
1.5mL/min. The GC oven temperature program was: initial tem-
perature at 35.0°C for 1 min, 8.0°Cmin~! gradient until 190.0°C,
2.0°Cmin~! until 220.0°C, 20 min~! until 280.0°C for 5 min. The
identification of the byproducts was confirmed by comparing
retention time as well as mass spectra of available standard sam-
ples and the interpretation of mass spectra of unknowns through
NIST 02 mass spectral library searches.

In the parathion and paraoxon quantification experiments,
samples after sonochemical treatment were extracted by
dichloromethane. Internal standards were added in samples
prior to extraction. A Shimadzu GC/MS-QP2010 mentioned above
was used in simultaneous quantification of parathion and paraoxon
with SIM mode. The GC oven temperature program was: initial
temperature at 35°C, hold for 1 min, 25.0°Cmin~! gradient until
200.0°C, 10.0°Cmin~! until 220.0°C, 30 min~! until 270.0°C, and
hold for 3 min.

The ionic byproducts were analyzed using an ICS1000 ion
chromatograph (Dionex Corporations, USA), equipped with an
IonPacAS11 anion column and suppressed EDC detector using
20 mmol/L potassium hydroxide eluent.

4-Nitrophenol and 2,4-dinitrophenol were analyzed by a Shi-
madzu LC-2010AHT HPLC equipped with a VP-ODS column
(250 mm x 4.6 mm) and ultraviolet detector setting wavelength of
318 nm. Elution was performed with a mobile phase composed of
acetonitrile/water/acetic acid (50:49.6:0.4, v/v/v).

In order to verify the actual ultrasonic power, the energy dis-
sipated by the transducer of ultrasonic device into solutions was
calibrated by standard calorimetric procedures [29,30].

3. Results and discussions

3.1. Effect of ultrasonic frequency, power and initial
concentration on parathion degradation

Ultrasonic frequency, power and initial concentration are three
important parameters for sonochemical degradation of parathion.

Table 1
Pseudo-first-order rate constants for the sonochemical degradation of parathion under different operational condition and radical scavenger additions.

Frequency (kHz) Initial concentration (M) Ultrasonic power (W) TBA (M) HCO3;~ (M) kapp (min—1) R?

200 29 45 - - 0.0771 0.996
400 29 45 - - 0.133 0.998
600 29 45 - - 0.150 0.996
800 29 45 - - 0.0968 0.995
600 0.8 55.2 - - 0.254 0.995
600 0.8 37.8 - - 0.154 0.990
600 0.8 17.4 - - 0.0660 0.996
600 2.9 55.2 - - 0.192 0.998
600 29 37.8 - - 0.102 0.996
600 29 17.4 - - 0.0537 0.989
600 52 55.2 - - 0.169 0.997
600 52 37.8 - - 0.0808 0.993
600 52 17.4 - - 0.0438 0.994
600 29 55.2 0.001 - 0.142 0.989
600 2.9 55.2 0.01 - 0.0195 0.985
600 29 55.2 0.1 - 0.0124 0.991
600 29 55.2 - 0.001 0.172 0.999
600 2.9 55.2 - 0.01 0.166 0.999
600 2.9 55.2 - 0.1 0.140 0.996
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Fig. 1. Effect of ultrasonic frequency, power and initial concentration on parathion degradation. ((a) Parathion: 2.9 wM, ultrasonic power: 45.0 W; (b) parathion: 0.8 uM,
ultrasonic frequency: 600 kHz; (c) parathion: 2.9 wM, ultrasonic frequency: 600 kHz; (d) parathion: 5.2 wM, ultrasonic frequency: 600 kHz.)

In order to evaluate the effect of operational parameters on
parathion degradation, the pseudo-first-order kinetic model was
used.

Ct
In = = —kappt
Co

(2)
where kapp is an apparent rate constant, and ¢y and ¢; is parathion
concentration at time 0 and t.

Based on Eq. (2), plots of In(ct/co) versus irradiation time (t)
were prepared as shown in Fig. 1(a)-(d) according to data obtained
with different operating conditions. The pseudo-first-order rate
constants, kapp, of parathion under different conditions are summa-
rizedinTable 1.In the experiments to discuss the effect of ultrasonic
frequency on parathion degradation, the same ultrasonic power
determined by standard calorimetric process, 45 W, was applied at
each run to ensure comparative ultrasonic conditions at the differ-
ent frequencies. kapp increased from 0.0771 to 0.150 min—! with the
increasing ultrasonic frequency from 200 to 600 kHz. However, kapp
decreased to 0.0968 when the frequency went up to 800 kHz. The
optimal frequency for parathion degradation was 600 kHz. In gen-
eral, when the ultrasonic frequency increases, the resonant radius
of the cavitation bubbles decreases to cause less violent bubble
collapse and thus decreases the amounts of hydroxyl radicals in
each collapse. However, the decreasing sizes of bubbles with the
increasing frequency shorten the collapse duration, so that more
collapses occur in a unit time and thus augment the overall amount
of radicals [21]. Nevertheless, at very high frequencies, the cavita-
tional effect is reduced because either the rarefaction cycle of the

sound wave produces a negative pressure which is insufficient in its
duration and/or intensity to initiate cavitation or the compression
cycle occurs faster than the time for the microbubble to collapse
[31]. Therefore, the optimal frequency can be found to produce the
highest net concentration of free radicals. Previous research found
that the *OH radical yield at different frequencies followed the
order 354>620>803>206> 1062 kHz [32]. Moreover, the higher
frequency leads to a more efficient mass transfer owing to the faster
flux of active radical species and bulk reactive solute toward the
cavitation bubble interface [31]. Pétrier and Francony [33] com-
pared the reaction rates of phenol (a nonvolatile and hydrophilic
solute), and carbon tetrachloride (volatile and hydrophobic solute)
in aqueous solutions at 20, 200, 500, and 800kHz. The results
showed that phenol degradation reached a maximum at 200 kHz,
while the degradation rate of carbon tetrachloride increased with
increasing frequency. However, Lesko et al. [34] found that the
degradation of phenol was faster at 358 kHz than at 205, 618,
or 1071 kHz and attributed this to the optimal *OH radical yield
at 358 kHz. Hung and Hoffmann [35] investigated the degrada-
tion of carbon tetrachloride over a similar frequency range and
observed the highest degradation rate at 618 kHz and attributed
this to a more efficient mass transfer of reactive solute from the
liquid phase to the vapor phase. Recently, Yang et al. [32] found
that the optimal frequency for another nonvolatile solute, octyl-
benzene sulfonic acid (OBS), was 620 kHz at the frequency range of
206-1062 kHz and attributed this to the changes in the amount of
OBS that can accumulate at the gas/liquid surface of cavitation bub-
bles in unit time. These results indicate that frequency effects are
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dependent on the nature of the molecules and the reaction localiza-
tion. As a nonvolatile and hydrophobic compound, parathion tends
to migrate towards the bubble interface due to its lower water solu-
bility (11 mg/L) [36] and higher octanol-water partition coefficient
(logKow =3.83)[36]. Therefore, the optimal frequency for parathion
degradation is not only determined by the optimal *OH radicals
yield but also the efficient mass transfer of molecule from the liquid
phase to the gas/liquid interface.

kapp increased with the ultrasonic power increasing in the stud-
ied power range and initial concentration range. The beneficial
effect of power on degradation rates is due to increased cavitational
activity at higher levels of power. With power and the number
of collapsing cavities increasing, degradation rates increase. It is
noticed that kjpp decreased with increasing initial solute concen-
tration, which indicates that kapp is still a function of parathion
concentration. Therefore, sonochemical degradation of parathion
does not obey a real first-order kinetic model, just a pseudo one.
Moreover, these same results are also obtained in the sonolytic
degradation of pesticide [37], dyes [38], humic substances [39],
chlorophenol [40], phenol [41] and surfactants [42].

3.2. Effect of hydroxyl radical scavengers on parathion
degradation

Radical scavenger additions are often used to confirm the exis-
tent of a free radical mechanism. It can be concluded that a free
radical reaction is involved if the degradation rates of chemicals
considerably decrease in the presence of these scavengers. Tert-
butyl alcohol (TBA) was applied as a free radicals scavenger for
the gaseous regions and/or interfacial regions of the cavitation
bubbles [20], and sodium bicarbonate was also chosen as a free
radicals scavenger for bulk solution [43]. As the concentration of
hydroxyl radical accumulated at a bubble interface tobe 4 x 103 M
[24], the scavengers were added in all the experiments with mM
level.

Based on Eq.(2), plots of In(ct/cy) versus irradiation time (t) were
prepared as shown in Fig. 2(a) and (b). The pseudo-first-order rate
constants of parathion degradation with different radical scavenger
additions are summarized in Table 1.1t is clearly indicated that kapp
decreased and then reached stable situation with the concentration
of TBA increasing. kapp with 0.01 M TBA addition was only one tenth
of that without TBA. However, kapp decreased alittle in the presence
of bicarbonate ions with the concentration from 0.001 to 0.1 M. It is
indicated that free radical reactions predominate in the parathion
degradation under ultrasonic irradiation and the reaction zones are
predominately at the interfacial regions between cavitation bub-
bles and bulk solution and, to a much lesser extent, in bulk solution.
Meanwhile, hydrolysis commonly for ester at the interfacial regions
is also involved. Previous researches [44-46] indicated ultrasonic
can enhanced the hydrolysis of ester because a layer of hot water
shell exists at the cavitation bubble interface and contributes to the
accelerated hydrolysis.

3.3. Kinetics of parathion degradation under ultrasonic
irradiation

According to the conclusions drawn from the above studies,
the gas/liquid interfacial regions are the real effective reaction
sites for sonochemical degradation of parathion. Therefore, the
reaction can be described as a gas/liquid heterogeneous reaction.
Langmuir-Hinshelwood (L-H) model which often applied to a
kinetic analysis of heterogeneous gas/solid catalytic reactions can
be introduced to simulate the reaction kinetics [37-40,42,47]. How-
ever, the model in the present studies has a different explanation
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Fig. 2. Effect of hydroxyl radical scavengers on parathion degradation under ultra-
sonicirradiation. (Parathion: 2.9 wM; ultrasonic power: 55.2 W; frequency: 600 kHz.
(a) TBA ; (b) HCO3™.)

from L-H model [38].

_dc_r_ kK-
dt —  1+Kc

(3)

where k (M~15s) is an observed rate constant, ¢ (M~1) is parathion
concentration and K (M~1) is the equilibrium absorption constant
of parathion toward the effective reaction site before the moment
of bubble collapse.

Bases on the Eq. (3), plots of 1/initial r versus 1/initial parathion
concentration are drawn as shown in Fig. 3.The data were well
fitted by L-H based model, which further confirmed that the degra-
dation of parathion occurs at the interfacial regions. The k value
obtained at 600 kHz (2.141 x 10-8 M~15s) is 2.00 times higher than
that at 200kHz (1.071 x 10-8 M~15s). It is attributed to the much
higher *OH yield at 600 kHz than 200 kHz [32]. However, the Kvalue
obtained at 200 kHz (160,239 M) is 1.39 times higher than that
at 600kHz (115,630M~1). It is attributed to the delayed growth
and long collapse duration of cavitation bubbles resulting in more
solute accumulation at the bubble interface in a cavitational cycle.

When the chemical concentration c is a macromolar solution,
namely, K. « 1, the equation can be simplified to a pseudo-first-
order equation:

dc
ik kKc = kappc (4)
Therefore, sonochemical degradation of parathion does not obey
simple first-order kinetic model, but pseudo-first-order-kinetic
model based on the heterogeneous reaction kinetic model.
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concentration (ultrasonic power: 45.0 W; frequency: 600 kHz).

3.4. Byproducts analysis of sonochemical degradation of
parathion

Up to 10 transformation products have been identified using
GC-MS-EI detection (shown in Table 2). 4-Nitrophenol and 2,4-
dinitrophenol were quantified by HPLC, while paraoxon by GC-MS
(shown in Fig. 4(a)). At the beginning of degradation reaction,
paraoxon was one of the major byproducts with the highest con-
centration accounting for 10% of decayed parathion via the replace
of sulfur by oxygen in the P=S bond. Paraoxon is more potent
AChE inhibitors than its parent compounds. Therefore, formation
and degradation of paraoxon is an essential point in evaluating
the effectiveness of toxicity reduction during the degradation of
parathion. In the same reaction, 4-nitrophenol was the most abun-
dant organic byproduct with the highest concentration accounting
for 20% of the parent parathion. 2,4-Dinitrophenol was another
important byproduct with the highest concentration accounting
for 3.9% of the parent parathion. It is noticed that 2,4-dinitrophenol
has never been detected in both photocatalysis and photolysis of
parathion or methyl parathion [48-50].

The concentration of SO42~, PO43~, NO3;~ and NO,~ were mon-
itored during the sonochemical degradation process. As shown in
Fig. 4(b), the concentration of SO42~ increased rapidly in the first
45 min and then stabilized, which corresponds to the degradation
curve of parathion (shown in Fig. 4(a)). On the other hand, about
76% of the total sulfur initially present in the parathion was con-
verted to SO42~ after 120 min. It was confirmed that the oxidation
of parathion to paraoxon with formation of SO42- is one of the first

Table 2

GC-MS-EI retention time and spectral characteristics of parathion identified byproducts.
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Fig. 4. Degradation of parathion and formation of main byproducts (ultrasonic
power: 55.2W; frequency: 600 kHz. (a) Organic byproducts; (b) inorganic byprod-
ucts.)

steps in the reaction pathway. Similar phenomena has also been
reported in the TiO, photocatalysis of parathion due to the attack
of the *OH on the P=S bond [51]. The formation of PO43~ was also
observed after 5 min.The concentration of PO43~ increased steadily
and finally about 27% of the total phosphorus initially present in
the parathion was converted to PO43~ in the end. At the same
reaction, an amount of NO3~ and NO,~ were also detected. The
concentration of NO, ~ increased initially and up to a peak value of
162 wmol wL-1 around 45 min but then decreased, while the con-
centration of NO3~ increased steadily and reached a concentration
of approximately 1016 wmol L~! after 120 min. However, the total
nitrogen of both NO3~ and NO,~ exceed that initially present in
parathion. Air is another nitrogen source responsible for NO3~ and
NO,~ ions formations in solution [52,53].

No. Compounds name CAS no. Retention time (min) Similarity (%) Main characteristic ions (m/z)
12 p-Benzoquinone 106-51-4 6.95 100 50, 54, 82, 108

2 Diethyl phosphite 762-04-9 7.733 95 45, 47, 65, 83,93, 95,109, 111
32 Triethyl phosphate 78-40-0 11.117 100 81,99, 109, 127, 155

4 0,0,0-triethyl thiophosphate 126-68-1 11.700 80 65,81, 97,109, 115, 121, 198

5 0,0,S-triethyl phosphorothioate 1186-09-0 13.975 86 45, 81,109,111, 138, 154, 170, 198
6 1-Ethoxy-4-nitro-benzene 100-29-8 17.050 80 65, 81,93, 109, 139, 167

e 2,4-Dinitrophenol 51-28-5 17.633 100 53, 63,91, 107, 154, 184

8 4-Nitrophenol 100-02-7 17.983 100 65, 81, 93, 109, 139

9 4-Nitrocatechol 3316-09-4 18.967 85 52,81, 109, 125, 155

10? Paraoxon 311-45-5 24.150 100 81,109, 127, 139, 149, 247, 275
112 Parathion 56-38-2 25.750 100 65,97, 109, 125, 139, 155, 291

2 Identified with standard samples.
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identificd by standard sample

| identified by NIST 02 mass spectral library

Fig. 5. Proposed main parathion degradation pathways under ultrasonic irradiation.

3.5. Mechanism of parathion degradation under ultrasonic
irradiation

Based on the studies above, main parathion degradation path-
ways are proposed as shown in Fig. 5. The first step of parathion
degradation under ultrasonic irradiation included: (1) the oxida-
tive attack by *OH on the P=S bond, which results in the formation
of paraoxon (compound 10) and SO42~; (2) the oxidative attack by
*OH on P-0 bond which connects the thiophosphate group to the
aromatic ring or the decomposition of p-nitrophenoxy caused by
hydrolysis results in the formation of corresponding 4-nitrophenol
(compound 8) and O, O-diethyl phosphorothioate.

The continuous attack of *OH on P-0 bond of paraoxon and the
hydrolysis of paraoxon results in the formation of the 4-nitrophenol
(compound 8) and O, O-diethyl phosphonic ester.

0,0,0-triethyl thiophosphate (compound 4) and 0,0,S-triethyl
phosphorothioate (compound 5) could be formed through sec-
ondary ethylation of O, O-diethyl phosphorothioate. The sources of
ethyl groups could come from decomposition of the small molec-
ular organic acids or intermediates containing alcohol functional
groups under ultrasonic irradiation. These byproducts were also
reported in the photocatalytic and photolytic parathion degrada-
tions [50]. 0,0,0-triethyl phosphate (compound 3) could come
from the oxidation of 0,0,0-triethyl thiophosphate (compound 4)
or ethylation of O, O-diethyl phosphonic ester.

Due to the existent of abundant *H, O, O-diethyl phosphonic
ester could be reduce to form diethyl phosphite (compound 2) [54].

The continuous attack of *OH on the benzene ring of
4-nitrophenol (compound 8) results in the formation of 4-
nitrocatechol (compound 9) and 4-benzoquinone (compound 1),
whereas the attack of *NO, could lead to the formation of 2,4-
dinitrophenol. Its existent indicates that the N, in air may take
part in the reaction through the conversion to *NO, under ultra-
sonic irradiation in presence of O, [52,53]. Therefore, the potential

increase of inorganic even organic nitrogen caused by ultrasonic
irradiation should be taken into account in the treatment process.

1-Ethoxy-4-nitro-benzene (compound 6) is formed by the
attack of ethyl radical on OH group in 4-nitrophenol.

To support our conclusion that the sonochemical degradation
of parathion is initiated with the thiophosphate-moiety oxidation,
MO calculations were carried out by using Gaussian 03 program
for the parathion molecule. Structures were optimized with the 6-
31G(d) basis set at the level of the B3LYP, and then the frontier
electron densities (FEDs) of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) were
calculated. The evaluated FEDs are listed in Table 3.The atom serial
number of parathion molecule is shown in Fig. 5.

Table 3
Frontier electron densities (FED) and point charge on heavy atoms of parathion.

No. Atom FEDZ oMo FED? o0 Point charge
1 C 0.001 0.004 0.024
2 C 0.004 0.076 0.029
3 C 0.001 0.057 0.284
4 C 0.003 0.075 0.027
5 C 0.004 0.004 0.016
6 C 0.001 0.099 0.366
7 N 0.000 0.260 0.376
8 (0} 0.050 0.012 -0.584
9 P 0.043 0.017 0.967

10 S 0.577 0.005 —0.395

11 (0} 0.012 0.000 —0.504

12 O 0.043 0.001 —0.495

13 C 0.003 0.000 0.304

14 C 0.000 0.000 0.036

15 C 0.002 0.000 0.301

16 C 0.000 0.000 0.036

17 0 0.000 0.189 —0.395

18 O 0.001 0.189 -0.394
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On the basis of FEDZyo Vvalues, the HOMO is located in thio-
phosphate moiety of parathion, while LUMO in the p-nitrophenoxy
moiety. The position of 08, P9, 012, and S12 in thiophosphate moi-
ety of parathion is electron-rich and most likely to be attacked by
oxidants, especially for S10 with the value 10 times higher than the
other three. Therefore, P=S bond is most readily attacked by *OH
[55]. It is consistent with our conclusion the formation of paraoxon
is the first and a main step of the parathion degradation. O8 and
012 are anther attacked positions of parathion by *OH. The attack
of P-O8 band results in the formation of 4-nitrophenol, which is
also in line with our conclusion the formation of 4-nitrophenol is
the first but less main step. However, the byproducts formed by the
attack of P-O12 were not detected in the GC-MS analysis.

The other pathway of parathion degradation is as a result of
hydrolysis. The water molecules nucleophilically attack P atom
which has the highest point charge to form a transition state
and then the p-nitrophenoxy anion decomposed from parathion
because the acidity of 4-nitrophenol is much strong than ethanol.
This hydrolysis process can be enhanced under the ultrasonic irra-
diation.

4. Conclusion

1. At the conditions in question, degradation rate of parathion
decreased with increasing initial concentration and decreasing
power. The optimal frequency for parathion degradation was
600 kHz.

2. The free radical reactions predominate in the sonochemical
degradation of parathion and the reaction zones are predom-
inately at the interfacial regions between bubbles and bulk
solution and, to a much lesser extent, in bulk solution.

3. The gas/liquid interfacial regions are the real effective reaction
sites for sonochemical degradation of parathion. The reaction can
be well described as a gas/liquid heterogeneous reaction which
obeys a kinetic model based on Langmuir-Hinshelwood model.

4, The main pathways of parathion degradation by ultrasonic
irradiation were also proposed. The N, in air takes part in
the parathion reaction through the formation of *NO, under
ultrasonic irradiation. Parathion is decomposed into paraoxon
and 4-nitrophenol in the first step via two different path-
ways, respectively, which is in agreement with the theoretical
molecular orbital calculation. However, the potential increase of
inorganic even organic nitrogen caused by ultrasonic irradiation
should be taken into account when ultrasonic applied in water
treatment.
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