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Summary: The degradation of malathion was investigated under various conditions, including
ultrasound (US) irradiation, ultraviolet (UV) irradiation, and the combination of US/UV, UV/ZnO,
UV/H;0,, and US/UV/ZnO/H,0,. In addition, the effect of the operational parameters, such as the
initial concentration of the catalyst, the initial malathion concentration, the initial salt concentration
(NaHCOj; and Na,S0O,), and pH, were studied. Analyses were performed by a gas chromatography-
mass spectroscopy instrument. The k values were in the following order: US/UV/H,0,/ZnO >
US/UV > UV/ZnO> UV/H,0, > UV > US. ZnO concentration of 100 mg/l, malathion initial
concentration of 200 pg/l, H,O, concentration of 30 mg/l, pH of 9, and irradiation time of 105 min
were the optimum conditions for degrading malathion by the US/UV/H,0,/ZnO system.
Additionally, the optimized parameters were also tested for the treatment of an actual water sample
containing the pesticide. As a result, the efficiency of the US/UV/H,0,/ZnO system was higher in
the distilled water sample than in the actual water sample.
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Introduction

Malathion, an organophosphorus pesticide
for a large variety of pests, has been widely used in
agriculture [1]. The metabolism and toxicology of
malathion in mammals have been intensively studied
and reviewed; this pesticide is a potent inhibitor of
acethylcholinesterase ~ (AChE) [2]. In the
environment, the thiophosphoryl bonds(P=S) of
malathion can be oxidized to their corresponding
(P=0) oxon by different oxidizing agents such as
ultraviolet  irradiation, ultrasound irradiation,
hydrogen peroxide, and zinc oxide [3]. There have
been conducted extensive studies for the removal of
malathion in the environment, such as ozonation [3],
TiO, nanotube film (Au-Pd-TiO;) [4], the
heterogeneous reactions of nitrate (NO;) radicals [5],
dinitrogen tetraoxide and nitric acid [6], and using of
photo-Fenton’s process [7]. Advanced oxidation
processes (AOP;) have also been extensively
investigated for treating water and aqueous solutions;
these processes could be applied as the sole treatment
or as the pretreatment for removing pesticides [8, 9].
Several reports have proven that AOP, are promising
and attractive alternatives for the treatment of organic
pollutants that are either toxic or persistent to the
biological treatments [10-12]. AOP; mainly rely on
the generation of highly oxidative free radicals; in
most cases, the hydroxyl radical °OH with an
electropotential of 2.8 ev [13]. A variety of effective
treatment methods, such as ultrasonic irradiation,
direct photolysis, ultra-violet (UV) irradiation in the
presence of TiO,, ozone, and Fenton reagent, have
been applied for degrading pesticides in
contaminated waters [14, 15].

No studies have so far been reported on the
nanosonophotocatalysis or the nanosonophoto-
chemical process for removing malathion, and a
detailed study of the nanosonophotocatalysis
degradation process might provide useful information
for optimizing the overall nanosonophotodegradation
system. This investigation has the following
objectives:

(i) to evaluate the effects of US in the
UV/US system; (ii) to determine the effects of ZnO
in the UV/ZnO system; (iii) to determine the effects
of ZnO dosage in the UV/ZnO system; (iv) to
determine the effects of H,O, dosage in the UV/H,0,
system; (v) to measure the effects of adding radical
scavengers (sulphate and bicarbonate) to the
US/UV/H,0,/Zn0 system; (vi) to evaluate the impact
of pH, initial malathion concentration, and time in the
US/UV/H,0,/Zn0O system; and (vii) to determine the
optimum conditions in the US/UV/H,0,/Zn0O system.

Experimental
Reagents

The ZnO catalyst was purchased from
FLUKA. The diameter specific surface area and band
gap energy of ZnO were 14 nm, 10 m>.g”, and 2.92
ev respectively. The tested compounds in this study
were malathion (from supellco), NaOH, and HNO3
(obtained from Merck co., Germany). The reaction
solutions were sodium bicarbonate (NaHCOj3, Merck)
and sodium sulphate (Na,SO,, Merck). The initial
concentration of H,O, was obtained by adding a pre —
determined amount of the stock solution prepared
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from a 30% H,0, solution (Merck). Hydrogen-
peroxide-assisted degradation was conducted using
10 and 30 mgL'1 H,0, from a 30% stock solution.

Procedures

The concentration of malathion in samples
was 200, 400, and 600 pg.L", which were prepared
using a 30% insecticides. The samples were adjusted
in the reactor in 5 detention times (60, 90, 120, 150,
and 180 S). The pH of the sample solutions of
malathion were 3, 7, and 9, and reaction temperature
was kept at 25 + 1°C. For all of the systems, study
samples were synthesized from deionized water. For
the photodegradation of malathion, a solution
containing a known concentration of the pesticide
and ZnO nanopowder was prepared and was allowed
to equilibrate for 30 min in the darkness; then, 50 ml
of the prepared suspension was transferred to a 8§00
ml Pyrex reactor. Irradiation was carried out with a
125 W medium pressure mercury lamp (Philips,
Holland), which was placed above the batch photo
reactor. The distance between the solution and the
UV source was constantly kept at 3.75 cm for all
experiments. In the surface of the solution, the light
intensity was 80 Wm? measured by a Hanger —
Detector (EC1- UV-C, Swede). For the
sonophotolysis of malathion, a solution containing
pesticide and double distilled water was used. Then,
800 ml of the prepared suspension was transferred to
a 800 ml Pyrex reactor. Irradiation was carried out
with a 150 W medium pressure mercury lamp, which
was placed above the batch photoreactor. After that,
the lamp was switched on to initiate the reaction.
During irradiation, agitation was maintained by
magnetic stirrer (IKA, werke , Germany) to keep the
suspension homogeneous, and the suspension was
sampled after an appropriate illumination time.
Temperature was kept at 25+ 1°C by circulating
water in a double jacket cooling array. The ultrasonic
instrument used in this study was model (T1-H-5,
Germany): capacity 3.7 lit, dimensions L = 30 cm, W
=25 cm, H= 32 cm, flow type batch, altered number
2. The 800 ml malathion solution was irradiated
using an ultrasound operating at 130 kHz working
frequency and 500 W power at a temperature of 25

+ 1°C kept constant by circulating water in a

double jacket cooling array. The samples were
adjusted in the reactor in 5 detention times (30, 45,
60, 90, 105 min). The sonication time was monitored
with a stop watch. The pH of the reaction was
adjusted using HNO3 or NaOH and then the pH
values were measured with a pH meter (Sartorius,
Germany). Dispersive liquid — liquid microextration
(DLLME) techniques were used for the extraction of
malathion [16].
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5 ml of the sample (water + analyte) was
mixed with 500 ml of the extraction solution (2 ml
internal standard: chlorpyrifos 1000 mgL'l, 10 ml
chloroform with 100 ml acetone). The mixture was
then centrifuged for 5 min at 3500 rpm. After this
process, the upper aqueous phase was collected by
pipette, the droplets were sedimented at the bottom of
the conical test tube, and 1 ml of it was injected into a
GC/MS instrument. Analyses were performed by a
gas chromatography-mass spectroscopy (GC-MS)
instrument. For identification, 1 ml samples were
injected into the GC-MS instrument (Varian CP-3800
GC with MS trap detector Varian Saturn 2200, run in
EI mode). Injector temperature was 270 °C, and the
analysis was done using a capillary column (Varian
DB-5 column; 30m 250pm L.D., film thickness 0.25
um). The method was started at 150 °C , which was
held for 2 min, then ramped to 120 °C at a rate of 25
°C/ min, followed by an increase to 270 °C (held for 2
min). The method used a split ratio of 1:10. Helium
(99.999%) was used as the carrier gas at 1 ml/min.
Data were analyzed using T — test and one-way
ANOVA test.

Results and Discussion

Removal in the US/UV system
Effect of pH

The changes of removal percentage of
malathion with pH are shown in Fig. 1 and Table-1 It
was observed that the pesticide removal was
significantly influenced with increasing pH, and the
highest removal efficiency was achieved at pH 9. The
results indicated that the degree of sonophotolysis
increased with increasing pH. The reason for this
phenomenon was that OH ions with an elevated
concentration ~ would  increasingly = scavenge
ultrasonic-generated holes that concurrently yielded
highly oxidative °OH species [17].
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Fig. 1: Comparison of removal percentage for

US/UV process at different pH of malathion,
[malathion]0=600 pgL-1
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Table-1: Reaction rate constants and correlation
coefficients of various system [malathion]0=200
pgl-1, H202=30 mgL-1 and ZnO= 100mgL-1.

Systems K(min-1) r2
US(pH3) 0.0001 0.9913
US(pH7) 0.0075 0.9312
US(pHY) 0.0088 0.9610
UV(pH3) 0.0131 0.9551
UV(pH7) 0.0151 0.9810
UV(pH9) 0.0171 0. 9900
US/UV(pH3) 0.0271 0.8782
US/UV(pH7) 0.0197 0.9345
US/UV(pH9) 0.0341 0.9781
UV/ZnO(pH3) 0.0182 0.9441
UV/ZnO(pH7) 0.0195 0.9910
UV/ZnO(pHY9) 0.0311 0.9924
UV/H202(pH3) 0.0161 0.9510
UV/ H202 (pH7) 0.0181 0.9869
UV/ H202 (pH9) 0.0197 0.9855

Effect of initial Malathion Concentration

The effect of the initial pesticide
concentration on the sonophotolysis is presented in
Table-2. The degree of sonophotolysis decreased with
increased initial pesticide concentration. In general,
the decomposition percentage decreased as the initial
concentration of contaminant increased under
ultrasonic treatment [18].

Assuming that the production of hydroxyl
radical  concentration is  constant, radical
recombination reactions would dominate at low
concentrations of the pesticide, which increase the
degradation. Similar results have also been reported
by previous studies [19-21].

Effect of synergetic US/UV

The effect of the synergy on the
sonophotolysis was studied and the obtained results
are illustrated in Fig. 2 and 3. The degree of
decomposition by sonophotolysis was more than that
by sonolysis. The reason for the observed
enhancement in the rate may be due to increased
generation of highly reactive free radicals such as

hydroxyl (° OH), hydrogen (H°), and hydroperoxy
(HO,’). These reactive radicals are the main

species that degrade pesticide [12]. Various
researches reported that sonophotolysis was more
effective than the individual sonolysis for the
removal of organic pollutants from aqueous
solutions. For example, the decolorization efficiency
of US/UV was higher than that of US [22]. In
addition, the degradation of dimethoate by synergetic
sonophotolysis [23].
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Fig.2: Effect of UV and usS on
sonophotodegradation of malathion.
[malathion] 0=400pgL-1; pH neutral
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Fig.3: Comparison of removal percentage for

different processes of malathion [malathion]
0=600 pgl-1,pH=9.

Removal in the UV/ZnO system
Effects of ZnO level

Comparisons of removal percentage in
UV/ZnO system of malathion at different catalyst
dose in Fig.4. As the concentration of ZnO increased,
the removed percentage increased. The highest
removal percentage was observed when 100 mgL™" of
ZnO was used. The results indicated that the degree
of photodegradation increases with catalyst loading
and then decreases at higher values, mainly because
of high scattering and screening effects. The
tendency towards agglomeration (particle — particle
interaction) also increases at high  solids
concentrations, which results in a reduction in the
catalyst surface area available for light absorption
and, hence, a drop in the photocatalytic degradation
rate. Although the number of active sites in the
solution will increase with catalyst loading, a point
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appears to be reached where light penetration is
compromised because of excessive particle
concentration. A further increase in the catalyst
loading beyond the optimum will result in a non-
uniform light intensity distribution, so that the
reaction rate would indeed be lower with increased
catalyst dosage. Generally, the amount of
photocatalyst to be used should maintain a balance
between these two opposing effects in order to ensure
efficient absorption of photons and to avoid excess
catalyst, so the photocatalytic reactor should be
operated at optimum catalyst loading. Consistently
similar results have been reported for degradation of
metamitron [24], terepthalic acid [25], and 2-4-
dinitrophenol [26] .

Effect of pH

The K values of UV/ZnO system was
determined at pH 3, 7, and 9 (Table-1). The K values
for the UV/ZnO system increased with pH (Table-1).

The results indicated that the degree of
photodegradation increased with increasing pH.
Generally, the characteristics of the organic
pollutants in the aqueous solution differ greatly is
several parameters, particularly in their speciation
behavior, solubility in water, and hydrophobicity.
This variation can also significantly influence their
photocatalytic degradation behavior [27]. The pH at
which the surface of an oxide is uncharged is defined
as the zero point charge (pHzpc). The surface of the
catalyst is positive below pH 9.0 [28]. Optimal
conditions were found at which the positively
charged ZnO and negatively charged insecticide
molecules should readily attract each other.
Therefore, the pH of the solution can play a vital role
in the adsorption and photocatalytic oxidation of
pollutants. Similar observation have also been
reported for the degradation of methamidophos [29],
carbofuran [30], and thiram [31].

Effect of initial Malathion concentration

The influence of initial Malathion
concentration on the photocatalytic degradation is an
important aspect of the study. The results are given in
Table-2. The degree of photodegradation decreased
with increasing of initial concentration of pesticide
[27, 32, 33]. An increase in the substrate
concentration can lead to the generation of
intermediates, which may be adsorbed on the surface
of the catalyst. Slow diffusion of the generated
intermediates from the catalyst surface can result in
the deactivation of active sites on the photocatalyst
and result in a reduction in the degradation rate.
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Table-2: Comparsion of removal
Malathion at different process

percentage of

Initial concentration

Systems (ugl-1) MeantSD
200 53.33119.29
Us 400 43.25122.31
600 38.41115.97
200 75.93112.15
uv 400 72.64118.61
600 69.69129
200 80.21+17.73
Uv/US 400 80.02126.87
600 74.35123.55
200 78.31115.89
UV/ZnO 400 77.14£17.91
600 75.20118.10
200 81.54+15.70
UZ/H202 400 71.54122.10
600 69.47124.06

Removal in the UV/H,0, system

Effects of pH

The highest removal efficiency was
achieved at pH 9, as shown in Table-1. The reason for

this phenomenon was that OH ions with elevated
concentrations would increasingly scavenge yielded
highly oxidative °OH species [34].

Effect of H,O, concentration

The results in Fig. 5 show that the mean
removal percentage of pesticide is higher at 30 mgL'1
H,0O, concentration than at 10 mgL'l. Addition of
hydrogen peroxide increased the UV degradation
rates of malathion, mainly due to the formation of
hydroxyl radicals through the photolysis of H,O,
[22].

Removal in the US/ UV/H,0,/Zn0O system
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Fig. 4: Comparisons of removal percentage in

UV/ZnO system of Malathion at different
catalyst dose. [malathion]0=200 pgL-1,
pH=7.
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Fig. 5: Comparison of decomposition mean
percentage pesticides with UV/ H202

process at different hydrogen peroxide
concentration. [diazinon]0=600 pglL-1,pH=9

The results in Fig. 6 show that the mean
removal percentage of pesticide is higher in the UV/
US system than in other systems. Moreover, in all
systems, the degradation rate was higher at pH 9 than
at pH 3 or 7. In addition, in all systems, the
degradation rate decreased with increasing of initial
concentration of pesticide (Table-2).

90 4
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comparison to the reactions without salts. The
decrease in the reaction rate in the presence of salts is
due to the hydroxyl scavenger property of sulfate and
bicarbonate ions.
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Fig. 7: Comparison of removal percentage for
degradation of malathion in the presence of
bicarbonate.[H202]=30 mgL-1,[ ZnO] =100

mgL-1, pH=9, irradiation time =105 min.

The effects of salts are compared in Figs 7
and 8. It can be seen that sodium bicarbonate was the
most powerful inhibitor studied, while sodium sulfate
was the weakest one.
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70 - 90 -
X3
é 50 g 60 -
g 40 S 5 -
& £
30 L 40
20 4 m 30 -
10 - 20 -
0 ‘ ‘ ‘ ‘ 10 -
(% us UV/US  UV/H202  UV/ZnO 0 - ! ! ' ! '
Process 0 50 100 200 300 400
S04 (mg/L)
Fig. 6: Comparison of removal percentage malathion at
different processes. Fig. 8: Comparison of removal percentage for degradation
of malathion in the presence of sulfate.[H202]=3
Salt Effect mgL-1,[ ZnO] =100 mgL-1, pH=9, irradiation time
=105 min.
The effect of salt on the

nanosonophotodegradation of malathion was studied
using sodium bicarbonate and sodium sulfate. The
influence of different concentrations of the salts (50 —
400 mgL") on the nanosonophotodegradation of
malathion is presented in Figs. 7 and 8. Nano
sonophotodegradation in the presence of sodium
bicarbonate and sodium sulfate was slower in

Degradation of malathion in an actual water sample

The actual water samples were obtained
from the drinking water of Tehran and Babolrood
river in Mazandaran , Iran. The results are shown in
Fig. 3, which illustrate that the
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nanosonophotodegradation rate was higher in the
distilled water than in the natural water (tap and river
waters). Nanosonophotodegradation rate followed the
following order: distilled water> tap water> river
water. This inhibition is undoubtedly due to their
ability to act as hydroxyl radicals scavengers by the
following reaction: [24, 35].

SO4* + °0OH — S04” + OH" (1)
HCO3+°0H — CO3°+H,0 )

This may be due to the presence of organic
carbon in natural water, which inhibits the
degradation rate of the pesticide. These organic
matters absorb most of the photons emitted there by
slowing down the degradation reaction of pesticides
[36]. Finally, under the studied conditions, the
optimum conditions for the degradation of malathion
by US/UV/H,0,/ZnO system were: a ZnO
concentration of 100 mgL"' , a malathion initial
concentration 200 ugL'l, a H,0, concentration 30
mgL'l, pH=9, and an irradiation time 105 min.

Conclusion
The present study investigated the
nanosonophotodegradation ~ of  malathion and

evaluated the removal efficiency of US, UV, US/UV,
UV/ZnO, UV/H,0,, and US/UV/H,0,/ZnO systems
for its removal.

The k values of US, UV, US/UV, UV/H,0,,
and US/UV/H,0,/ZnO systems all increased with
increasing of pH. The k values followed the order:
US/UV/H,0,/Zn0 > US/UV > UV/ZnO > UV/H,0,
> UV > US. There was a decrease in the removal
efficiency of malathion in all processes with
increasing initial malathion concentration. We also
observed that the optimal amount of the catalyst was
100 mgL"'. Adding sodium bicarbonate and sodium
sulfate decreased the removal efficiency of the
US/UV/H,0,/Zn0O system. It was found that sodium
bicarbonate was the most powerful inhibitor. Finally,
the rate of nanosonophotodegradation was higher in
the distilled water than in the natural water.

Acknowledgments

This research was supported by Shahrekord

University of Medical Sciences.
References

1. S. A. Budischak, L. K. Belden and W. A.
Hopkins, Relative toxicity of malathion to

10.

11.

12.

13.

14.

J.Chem.Soc.Pak., Vol. 37, No. 01, 2015 44

trematode-infected and noninfected Rana
palustris tadpoles, Arch. Environ. Contam.
Toxicol., 56, 123 (2009).

J. Jauregui, B. Valderrama, A. Albores and R.
Vazquez-Duhalt,Microsomal transformation of
organophosphorus pesticides by white rot fungi,
Biodegradation, 14, 397 (2003).

J. Meng, B. Yang, Y. Zhang, X. Dong and J.
Shu, Heterogeneous ozonation of suspended
malathion and chlorpyrifos particles,
Chemosphere, 79, 394 (2010).

H. Yu, X. Wang, H. Sun and M. Huo, J. Hazard.
Mater, 184, 753 (2010).

C. Liu, B. Yang, J. Gan, Y. Zhang, M. Liang, X.
Shu and J. Shu, Photocatalytic degradation of
malathion in aqueous solution using an Au-Pd-
TiO2 nanotube film, Chemosphere, 87, 470
(2012).

T. Lazarevic-Pasti, M. Colovic, J. Savic, T.
Momic and V. Vasic, Oxidation of diazinon and
malathion by myeloperoxidase, Pestic. Biochem.
Physiol, 100, 140 (2011).

K. Tkehata and M. G. El-Din, Aqueous pesticide
degradation by hydrogen peroxide/ultraviolet
irradiation and Fenton-type advanced oxidation
processes: a review, J. Environ. Eng. Sci., S, 81
(2006).

C. Comninellis, A. Kapalka, S. Malato, S. A.

Parsons, 1. Poulios and D. Mantzavinos,
Advanced oxidation processes for water
treatment: advances and trends for R&D,

J.Chem. Technol. Biotechnol, 83, 769 (2008).

H. Coleman, V. Vimonses, G. Leslie, R. Amal,
A. Vogelpohl, M. Sievers and S. GeiBen
Removal of contaminants of concern in water
using advanced oxidation techniques, (IWA
Publishing, Alliance House 12 Caxton Street
London SW 1 H 0 QS UK, p. 301 (2007).

M. Klavarioti, D. Mantzavinos, and D. Kassinos,
Removal of residual pharmaceuticals from
aqueous systems by advanced oxidation
processes, Environ. Int., 35, 402 (2009).

P. Chowdhury and T. Viraraghavan,
Sonochemical degradation of chlorinated organic
compounds, phenolic compounds and organic
dyes-A review, Sci. Total. Environ., 407, 2474
(2009).

C. G. Joseph, G. Li Puma, A. Bono and D.
Krishnaiah, Sonophotocatalysis in advanced
oxidation process: A short review, Ultrason.
Sonochem., 16, 583 (2009).

E. Evgenidou, K. Fytianos and I. Poulios,
Applied Catalysis B: Environmental, 59, 81
(2005).

J. L. Acero, F. J. Real, F. Javier Benitez and A.
Gonzélez, Oxidation of chlorfenvinphos in



Abdolmajid Fadaei and Mahdi Kargar

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

ultrapure and natural waters by ozonation and
photochemical processes, Water. Resh, 42, 3198
(2008).

M. Badawy, M. Y. Ghaly,and T. A. Gad-Allah,
Advanced oxidation processes for the removal of
organophosphorus pesticides from wastewater,
Desalination, 194, 166 (2006).

M. A. Farajzadeh, S. E. Seyedi, M. S.
Shalamzari and M. Bamorowat, Dispersive
liquid-liquid microextraction using extraction
solvent lighter than water, J. Sep. Sci., 32, 3191
(2009).

P. Li, E. Swanson and F. Gobas, Diazinon and its
degradation products in agricultural water
courses in British Columbia, Canada, Bull.
Environ. Contam. Toxicol., 69, 59 (2002).

Y. Zhang, Z. Xiao, F. Chen, Y. Ge, J. Wu and X.
Hu Y, Degradation behavior and products of
malathion and chlorpyrifos spiked in apple juice
by ultrasonic treatment, Ultrason. Sonochem.,
17,72 (2010).

R. Pourata, A. Khataee, S. Aber and N.
Daneshvar, Removal of the herbicide Bentazon
from contaminated water in the presence of
synthesized nanocrystalline TiO2 powders under
irradiation of UV-C light, Desalination, 249, 301
(2009).

J. Wang, Z. Pan, Z. Zhang, X. Zhang, F. Wen, T.
Ma, Y. Jiang, L. Wang, L. Xu and P. Kang,
Sonocatalytic degradation of methyl parathion in
the presence of nanometer and ordinary anatase
titanium dioxide catalysts and comparison of
their sonocatalytic abilities, Ultrason.
Sonochem., 13, 493 (2006).

S. Dobaradaran, R. Nabizadeh, A. Mahvi, A.
Mesdaghinia, K. Naddafi, M. Yunesian, N.
Rastkari and S. Nazmara, Survey on degradation
rates of trichloroethylene in aqueous solutions by
ultrasound, /ranian J. Environ. Health Sci. Eng.,
7,307 (2010).

C. Wu, H. Shemer and K. G. Linden,
Photodegradation of metolachlor applying UV
and UV/H202, J. Agri. Food. Chem., 55, 4059
(2007).

J. Q. Chen, D. Wang, M. X. Zhu and C. J. Gao,
Photocatalytic degradation of dimethoate using
nanosized TiO, powder, Desalination., 207, 87
(2007).

D. Mijin, M. Savic, P. Snezana, A. Smiljanic, O.
Glavaski, M. Jovanovic and S. Petrovic, A study
of the photocatalytic degradation of metamitron
in ZnO water suspensions, Desalination ., 249,
286 (2009).

A. Shafaei, M. Nikazar and M. Arami,
Photocatalytic degradation of terephthalic acid

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

J.Chem.Soc.Pak., Vol. 37, No. 01, 2015 45

using titania and zinc oxide photocatalysts:
Comparative study, Desalination., 252, 8 (2010).
J. Vora, S. Chauhan, K. Parmar, S. Vasava, S.
Sharma and L. Bhutadiya, Kinetic study of
application of ZnO as a photocatalyst in
heterogeneous medium, E-J. Chem, 6, 531
(2009).

W. Bahnemann, M. Muneer and M. Haque,
Titanium  dioxide-mediated  photocatalysed
degradation of few selected organic pollutants in
aqueous suspensions, Catal. Today, 124, 133
(2007).

S. Navarro, J. Fenoll, N. Vela, E. Ruiz and G.
Navarro, Photocatalytic degradation of eight
pesticides in leaching water by use of ZnO under
natural sunlight, J. Hazard. Mater., 172, 1303
(2009).

L. Wei, C. Shifu, Z. Wei, Z. Sujuan, Titanium
dioxide mediated photocatalytic degradation of
methamidophos in aqueous phase, J. Hazard.
Mater., 164, 154 (2009).

M. Mahalakshmi, B.  Arabindoo, M.
Palanichamy and V. Murugesan, Photocatalytic
degradation of carbofuran using semiconductor
oxides, J. Hazard. Mater., 143, 240 (2007).

S. Kaneco, N. Li, K. Itoh, H. Katsumata, T.
Suzuki and K. Ohta, Titanium dioxide mediated
solar photocatalytic degradation of thiram in
aqueous solution: Kinetics and mineralization,
Chem. Eng. J, 148, 50 (2009).

S. Pardeshi and A. Patil, Effect of morphology
and crystallite size on solar photocatalytic
activity of zinc oxide synthesized by solution
free mechanochemical method, J. Mol. Catal. A:
Chem., 308, 32 (2009).

A. Nageswara Rao, B. Sivasankar and V.
Sadasivam, Kinetic study on the photocatalytic
degradation of salicylic acid using ZnO catalyst,
J. Hazard. Mater, 166, 1357 (2009).

C. Liu, B. Xiao, A. Dauta, G. Peng, S. Liu and Z.
Hu,Effect of low power ultrasonic radiation on
anaerobic biodegradability of sewage sludge
Bioresour.Technol, 100, 6217 (2009).

B. Neppolian, H. Choi, S. Sakthivel, B.
Arabindoo and V. Murugesan, Solar light
induced and TiO2 assisted degradation of textile
dye reactive blue 4, Chemosphere, 46, 1173
(2002).

A. M. Shiller, S. Duan, P. van Erp and T. S.
Bianchi, Photo-oxidation of dissolved organic
matter in river water and its effect on trace
element speciation, Limnol. Oceanogr, 51, 1716
(2006).



