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ABSTRACTABSTRACTABSTRACTABSTRACT    
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1. INTRODUCTION1. INTRODUCTION1. INTRODUCTION1. INTRODUCTION    

Organophosphorus (OP) pesticides 

thioesters of phosphoric acid and are widely used for 

agricultural, industrial and domestic purposes 

throughout the world [1]. They are indispensable in 

modern agriculture and rank among the most widely 

used in the United States and are used extensively 

worldwide [2]. OPs are used as alternative to their 

more persistent organochlorines counterpart; 

however there is growing concern about thei

longevity in the environment because of increased 

cases of detection in various environmental 

compartments.  

They are present in environmental media, often well 

removed from the initial site of application
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Organophosphorus (OP) pesticides are esters and 

thioesters of phosphoric acid and are widely used for 

agricultural, industrial and domestic purposes 

They are indispensable in 

modern agriculture and rank among the most widely 

used in the United States and are used extensively 

. OPs are used as alternative to their 

more persistent organochlorines counterpart; 

however there is growing concern about their 

longevity in the environment because of increased 

various environmental 

are present in environmental media, often well 

removed from the initial site of application with 

evidence that some of these chemicals 

long range transport and have been observed to be 

present in remote locations like 

Residues of these chemicals have been detected

sediments and soil [9-14], atmosphere 

crops and surface waters [

[18] in homes in the US detected chlorpyrifos and 

diazinon in 78% and 35% respectively, of the samples 

collected, raising more concern about their fate and 

human exposure. Consequently, there is an urgent

need to better understand their

once released.  

Chlorpyrifos (O,O, -diethyl  O

-phosphorothioate) (Figure 1) 

organophosphorus pesticide, 
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, organophosphorus pesticide, nitrate ion 

some of these chemicals can undergo 

long range transport and have been observed to be 

present in remote locations like the Arctic [3-8]. 

Residues of these chemicals have been detected in 

, atmosphere [15], and in 

[9, 16, 17]. A recent study 

in homes in the US detected chlorpyrifos and 

diazinon in 78% and 35% respectively, of the samples 

collected, raising more concern about their fate and 

Consequently, there is an urgent 

their degradation processes 

yl  O-[3, 5, 6- trichloropyridyl] 

(Figure 1) is a non-systemic 

organophosphorus pesticide, commonly used for 
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household and agricultural purposes until its ban for 

household use in 2000 [19]. Despite its restriction, 

chlorpyrifos is still one of the most widely used 

insecticide in agriculture with an estimated 8 – 10 

million kg applied in the US [2, 20]. The crops with the 

most intense chlorpyrifos use are cotton, corns, 

almonds and fruit trees (e.g. oranges and apples). Like 

all organophosphorus pesticides, it elicits its toxicity 

by inhibiting the enzyme acetyl cholinesterase which 

is responsible for neural transmission [21]. There also 

exists the risks of exposure to non – target organisms 

e.g. humans and other biota. OPs fate in the 

environment is affected by transport, chemical, and 

biological processes, the rate of which are largely 

unknown. Direct and indirect photochemical 

processes are the methods involved in the photo-

degradation of pesticides in aquatic environment [22]. 

Direct absorption of sunlight by the pollutants is 

accompanied by chemical reactions in a process called 

direct photolysis, while the indirect photolysis is 

sometimes initiated through light absorption by 

natural substances. Direct photolysis plays a key role 

in the degradation of some pollutants in the aquatic 

environment [23]. 

Several studies on the photolysis and hydrolysis of 

organophosphorus pesticides had been reported [24-

26], and a few studies have studied photo-

transformation of chlorpyrifos [27-30]. However, 

these studies were carried out under simulated light 

conditions and the light intensities not as strong as to 

what is prevalent in Africa in general and Nigeria in 

particular.  

This objective of this study was to investigate the 

photodegradation of chlorpyrifos under sunlight in 

Benin City, Southern Nigeria and compare it with the 

half lives for the hydrolysis of chlorpyrifos to ascertain 

which process is more effective for its removal in 

aqueous systems. The application of this research 

would be in risk assessment as well as in 

water/wastewater treatment plants.  

 

2.2.2.2.    MATERIALS AND METHOD MATERIALS AND METHOD MATERIALS AND METHOD MATERIALS AND METHOD  

2.1 2.1 2.1 2.1 ChemicalsChemicalsChemicalsChemicals    

Analytical Anhydrous potassium hydrogen phosphate 

phthalate (C8H5KO4), Ascorbic Acid,  concentrated 

sulphuric acid (H2SO4), hydrochloric acid (HCl), 

sodium hydroxide (NaOH),  potassium nitrate (KNO3),  

ammonium molybdate [(NH4)2MoO4], sodium 

hydrogen orthophosphate (NaHPO4), chlorpyrifos 

were purchased from Sigma Aldrich (UK), All 

solutions were prepared in distilled water unless 

otherwise stated. Buffers solutions to pH 4, 7, 9 and 11 

were prepared using USEPA guidelines for buffer 

preparation [32]. 
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Figure 1: Chemical Structure of chlorpyrifos (O,O, -

diethyl O-[3, 5, 6- trichloropyridyl] -phosphorothioate); 

Mol. wt = 350.59gmol-1; log KOW  = 4.96 (25 °C); vapour 

pressure = 2.50 mPa; Solubility = 1.39mg L-1. (Source: 

[31]) 

    

2.2 2.2 2.2 2.2 Preparation of ReagentsPreparation of ReagentsPreparation of ReagentsPreparation of Reagents    

2.2.1 2.2.1 2.2.1 2.2.1 Buffer solutionsBuffer solutionsBuffer solutionsBuffer solutions: : : : Buffer solutions were prepared 

according to standard procedures as set by USEPA 

[32] as shown below: 

pH 4pH 4pH 4pH 4: 50 ml of 0.1M potassium hydroxide phthalate 

was added to 0.1 ml of 0.1 M sodium hydroxide 

(NaOH) and the volume adjusted to 100 ml with 

distilled water. 

pH 7pH 7pH 7pH 7: 50 ml of 0.1 M potassium dihydrogen phosphate 

was added to 29 ml of 0.1 M NaOH and made up to the 

100 ml mark using distilled water. 

pH 9pH 9pH 9pH 9: 50 ml of 0.025 M borax (Na2B4O7) was added to 

4.6 ml of 0.1 M hydrochloric acid (HCl) and made up 

to mark with distilled water 

pH 11pH 11pH 11pH 11: 50 ml of 0.05 M sodium bicarbonate was added 

to 22.6 ml of 0.1 M NaOH and the volume adjusted to 

100 ml with distilled water. 

    

2.2.2 2.2.2 2.2.2 2.2.2 Ammonium molybdate solutionAmmonium molybdate solutionAmmonium molybdate solutionAmmonium molybdate solution: : : : A 250 ml of 

concentrated sulphuric acid was added to 500 ml of 

distilled water in a beaker placed in a cool water bath. 

25 g of ammonium molybdate was then added and 

stirred until fully dissolved; it was then made up to 

mark with distilled water.    

    

2.2.3 2.2.3 2.2.3 2.2.3 Ascorbic acidAscorbic acidAscorbic acidAscorbic acid: : : : 25 g of ascorbic powder was 

weighed and dissolved in water. The solution was 
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transferred into a 100 ml flask and diluted to the mark 

with distilled water. 

    

2.3 2.3 2.3 2.3 Standard preparationStandard preparationStandard preparationStandard preparation    

A seven – point calibration curve was developed with 

a concentration range of 1 µg/ ml to 20 µg/ml for the 

effective determination of phosphate in water.  

    

2.4 2.4 2.4 2.4 Hydrolysis experimentHydrolysis experimentHydrolysis experimentHydrolysis experiment    

Hydrolysis studies were carried out using set methods 

by USEPA [32], 10 mg/l chlorpyrifos was prepared in 

distilled water into a 500 ml amber vessel (to exclude 

degradation due to photolysis) and transferred into a 

water bath and maintained at the set temperature. 

There was no need to shake the reaction vessel 

continuously as previous studies had reported that 

continuous vigorous stirring has only a minimal effect 

on hydrolysis rate [1, 33] 

For the buffer solutions, freshly prepared buffers were 

used in place of distilled water to prepare the 

solutions. Triplicate samples were taken at different 

time intervals and absorbance readings were taken in 

a UV Spectrophotometer. 3 ml of sample was taken 

from the experimental vessel and transferred into a 10 

ml volumetric flask, 2 ml of ammonium molybdate 

solution was then added and shaken vigorously. 1 ml 

of the ascorbic solution was added and the blue colour 

was allowed to develop for ~10 minutes before 

reading.  Phosphate formation was monitored as an 

indication of degradation of the OP.  

    

2.4.1 2.4.1 2.4.1 2.4.1 PhotolysisPhotolysisPhotolysisPhotolysis: : : : A 1 mg/l chlorpyrifos was prepared 

and exposed to direct sunlight in the presence 

(0.1mg/l) and absence of potassium nitrate over a 

period of seven days. Dark samples were kept in 

amber vials covered with tin foil to account for loss 

through other processes.  

    

2.4.2 2.4.2 2.4.2 2.4.2 Chemical kineticsChemical kineticsChemical kineticsChemical kinetics: : : : The degradation can be 

described as a pseudo first order degradation curve 

with an expression: 

Ct = C0 e-kt     (1)  

Taking the natural logarithm of both sides equation 

(1) becomes 

ln
ST

SU
=  −WX      (2) 

where Ct is the concentration of the chlorpyrifos at 

time t; C0 is its initial concentration and k is the rate 

constant. A plot of ln C0/Ct against time will give a 

straight line graph with rate (k) calculated from slope. 

The half-life corresponds to the time at which the 

pesticide concentration is equal to half of its initial 

concentration given by the equation below: 

W =
Y.Z[\

]^/_

                                                                             (3)        

    

2.4.3 2.4.3 2.4.3 2.4.3 Spectrophotometric Analysis of SampleSpectrophotometric Analysis of SampleSpectrophotometric Analysis of SampleSpectrophotometric Analysis of Sample: Analysis 

for the amount of parent compound remaining was 

performed by employing spectrophotometer. 3 ml 

aliquot of the samples was added to 2 ml of 

ammonium molybdate. 1 ml of the freshly prepared 

ascorbic acid solution was then added and the 

solution shaken. This produced a blue colour which 

was due to the formation of molybdenum blue. The 

intensity of the blue colour corresponds to phosphate 

concentration after the hydrolysis reaction was being 

minimized or quenched. The absorbance of the blue 

solution was measured with a spectrophotometer at 

660 nm against a blank consisting of 2 ml ammonium 

molybdate, 1 ml ascorbic acid and 1 ml de-ionized 

water. From the prepared calibration curve, 

concentration of chlorpyrifos corresponding to the 

measured absorbance was read at each time intervals. 

The same procedure was done for all samples. 

    

2.5 2.5 2.5 2.5 Statistical analysisStatistical analysisStatistical analysisStatistical analysis: : : :     

Data obtained were analyzed using Microsoft Excel, 

SigmaPlot® and SigmaStat 

    

3. 3. 3. 3. RESULTS AND DISCUSSIONRESULTS AND DISCUSSIONRESULTS AND DISCUSSIONRESULTS AND DISCUSSION    

The chemical hydrolysis of chlorpyrifos in solutions 

buffered to pHs 4, 7, 9 and 11 at 30oC was studied. 

Figure 2 shows the rate of hydrolysis of chlorpyrifos 

as obtained for the different pH solutions. Chlorpyrifos 

loss is described by a linear regression with the 

assumption that the initial chlorpyrifos concentration 

at time 0 was 100%. A plot of the logarithm of the 

concentration as a function of the reaction time gave a 

straight line graph indicative of a pseudo first order 

degradation kinetics based on a nominal 

concentration of ~1 mg/l (see Figure 3). 

All the plots of ln (Ct/C0) (C0 is the reactant 

concentration at t = 0, C is the reactant concentration 

at various times) versus time were found to be linear 

for all the pH studied (see Fig. 3). The hydrolysis rate 

of chlorpyrifos (Fig. 2) revealed its relative stability of 

at pH 4 (kpH4 = 1.54 x 10-3 hr-1; half life 449.52 hr) the 

stability was then observed to decrease with 

increasing pH thus pH 7 (kpH7 = 4.63 x 10-3 hr-1; half – 

life 149.76 hr), pH 9 (kpH9 = 9.21 x 10-3 hr-1; half – life 

75.63 hr) and pH 11 (kpH11 = 2.56 x 10-2 hr-1; half – life 

27.12 hr) .  The rates were found to be in the order: 
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kpH4 < kpH7 < kpH9 < kpH11 showing that chlorpyrifos is 

more susceptible to alkaline – driven hydrolysis.  
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Figure 2: Hydrolysis of chlorpyrifos at pHs 4, 7, 9 and 11 

kept in a thermostated water bath at ~30oC 
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Figure 3: Kinetic data for the hydrolysis of chlorpyrifos 

under the different pH conditions studied. 

 

Chlorpyrifos was found to degrade significantly over 

the experimental period in solution buffered to pHs 7, 

9 and 11 but not so significantly at pH 4 (Fig. 2). A 

possible explanation for this was due to the fact that 

OH- groups react readily with the chlorpyrifos 

molecules and break the molecules into two parts; an 

evidence for alkaline-driven (OH-) hydrolysis. The rate 

constants were found to be reproducible with a 

relative error less than 2.5%. It is difficult to compare 

half lives values obtained here with literature as half 

lives values reported for chlorpyrifos has been found 

to vary from a few hours up to 210 days [31]. 

Chlorpyrifos possess three ester bonds that are 

candidates for hydrolytic cleavage; two tertiary alkyl 

ester bonds and one phosphate ester (pyridyl) bond 

[1]. Proposed hydrolysis pathway via alkaline driven 

hydrolysis would involve a cleavage of the P-O ester 

bond in the thiophosphoric ester with the formation of 

3,5,6 – trichloropyridinol (TCP) and diethyl 

thiophosphate (DETP) as the main metabolites (Fig. 

4). The phosphorus atom is electron deficient and 

nucleophilic attack is the first step in the hydrolytic 

reaction [34] 

For the photodegradation experiment, chlorpyrifos 

was chosen as a model chemical because it absorbs 

strongly in the UV region (>290nm) and thus is 

susceptible to direct photolysis. Comparison was also 

done to assess if it is susceptible to photosensitized/ 

indirect photolysis as a result of the presence of 

certain species (nitrate ion) that could further 

enhance its degradation. Figure 5 shows degradation 

of chlorpyrifos in different aqueous systems. The 

decay rate of chlorpyrifos in a nitrate solution (kNO3
-) 

was calculated to be 1.25 x 10-2 hr-1 with a 

corresponding half life of 55.44 hrs. However, in 

solutions without the nitrate ion, chlorpyrifos was 

found to have a degradation rate (k) of 7.08 x 10-4 hr-1 

with corresponding half life of 978.35 hrs. Thus the 

light induced degradation of chlorpyrifos was 

observed to be significantly higher in solutions with 

nitrate ions present when compared with solutions of 

chlorpyrifos in distilled water (Fig. 5). There was no 

observed significant degradation in the control 

experiment indicating photolysis as the main pathway 

of degradation.  

The degradation of chlorpyrifos without a nitrate salt 

was found to proceeds via a first order reaction while 

degradation of chlorpyrifos in the presence of a nitrate 

salt was observed to proceed via a pseudo first order 

reaction.  

Comparison of the two pathways of degradation 

revealed that hydrolysis at elevated pH (pH 11) was 

the most important process for chlorpyrifos loss in 

aqueous systems. This findings are similar to what 

Racke [35] observed for hydrolysis of 

organophosphorus pesticides in aqueous systems. 

    

4. 4. 4. 4. CONCLUSIONCONCLUSIONCONCLUSIONCONCLUSIONSSSS    

Chlorpyrifos was found to undergo direct 

photodegradation relatively slowly compared with 

solutions with possible photosensitizers (nitrate 

ions). Nitrate ion presence in polluted water and tidal 

zones where chlorpyrifos have been applied would 

significantly enhance its breakdown. Chlorpyrifos 

hydrolysis in aqueous medium is dependent on the pH 

of the medium with significantly decay observed at 

elevated pHs. These results are particularly relevant 

for water/wastewater treatment application. 

  



PPPPHOTODEGRADATION AND HOTODEGRADATION AND HOTODEGRADATION AND HOTODEGRADATION AND HHHHYDROLYSIS OF YDROLYSIS OF YDROLYSIS OF YDROLYSIS OF CCCCHLORPYRIFOS IN HLORPYRIFOS IN HLORPYRIFOS IN HLORPYRIFOS IN AAAAQUEOUS QUEOUS QUEOUS QUEOUS SSSSYSTEMS     YSTEMS     YSTEMS     YSTEMS                     J. E. UkpeborJ. E. UkpeborJ. E. UkpeborJ. E. Ukpebor, , , , et alet alet alet al    

 

Nigerian Journal of Technology,   Vol. 33, No. 4, October 2014          557 

  

N

O Cl

ClCl

P

O

S

OH3CH2C

N

HO Cl

ClCl

+

P

O

S

O

CH2CH3

H3CH2C

CH2CH3

Chlorpyrifos
diethylthiophosphate

3,5,6- trichloro-2- 

pyridinol (TCP)

OH
OH-

 
Figure 4: Proposed hydrolysis pathway for chlorpyrifos 
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Figure 5: Photodegradation of chlorpyrifos in 

solutions with and without nitrate at ~ 30oC 

    

5. 5. 5. 5. REFERENCEREFERENCEREFERENCEREFERENCESSSS    

[1] B. Liu, L. L. McConnell and A. Torrents,"Hydrolysis 

of chlorpyrifos in natural waters of the Chesapeake 

Bay": Chemosphere 44 (6), 1315-1323 (2001). 

[2] M. E. Karpuzcu, D. L. Sedlak and W. T. 

Stringfellow,"Biotransformation of chlorpyrifos in 

riparian wetlands in agricultural watersheds: 

Implications for wetland management": Journal of 
Hazardous Materials 244–245 (0), 111-120 (2013). 

[3] S. M. Chernyak, C. P. Rice and L. L. 

Mcconnell,"Evidence of Currently-Used Pesticides 

in Air, Ice, Fog, Seawater and Surface  Microlayer in 

the Bering and Chukchi Seas": Marine Pollution 
Bulletin 32 (5), 410-419 (1996). 

[4] M. H. Hermanson, E. H. Isaksson, C. Teixeira, D. C. G. 

Muir, K. M. Compher, Y. F. Li, I. Igarashi and K. 

Kamiyama,"Current-use and legacy pesticide 

history in the Austfonna ice cap, Svalbard, Norway": 

Environmental Science & Technology 39 (21), 

8163-8169 (2005). 

[5] M. Grynkiewicz, Z. Polkowska, T. Górecki and J. 

Namiesnik,"Pesticides in precipitation in the 

Gdansk region (Poland)": Chemosphere 43 (3), 

303-312 (2001). 

[6] D. J. Gregor, in Book "Deposition and Accumulation 
of selected agricultural pesticides in Canadian 
Arctic snow", edited by D. A. Kurtz (Lewis 

Publishers, Chelsea, Mich., 1990). 

[7] L. Hoferkamp, M. H. Hermanson and D. C. G. 

Muir,"Current use pesticides in Arctic media; 2000-

2007": Science of the Total Environment 408 (15), 

2985-2994 (2010). 

[8] R. W. Macdonald, L. A. Barrie, T. F. Bidleman, M. L. 

Diamond, D. J. Gregor, R. G. Semkin, W. M. J. 

Strachan, Y. F. Li, F. Wania, M. Alaee, L. B. Alexeeva, 

S. M. Backus, R. Bailey, J. M. Bewers, C. Gobeil, C. J. 

Halsall, T. Harner, J. T. Hoff, L. M. M. Jantunen, W. L. 

Lockhart, D. Mackay, D. C. G. Muir, J. Pudykiewicz, K. 

J. Reimer, J. N. Smith, G. A. Stern, W. H. Schroeder, R. 

Wagemann and M. B. Yunker,"Contaminants in the 

Canadian Arctic: 5 years of progress in 

understanding sources, occurrence and pathways": 

Science of the Total Environment 254 (2-3), 93-234 

(2000). 

[9] J. A. A. Castilho, N. Fenzl, S. M. Guillen and F. S. 

Nascimento,"Organochlorine and 

organophosphorus pesticide residues in the Atoya 

river basin, Chinandega, Nicaragua": Environmental 
Pollution 110 (3), 523-533 (2000). 

[10] J. Kjølholt,"Occurrence of organophosphorus 

compounds in polluted marine sediments near a 

pesticide manufacturing plant": Chemosphere 14 

(11-12), 1763-1770 (1985). 

[11] Y. Sapozhnikova, O. Bawardi and D. 

Schlenk,"Pesticides and PCBs in sediments and fish 

from the Salton Sea, California, USA": Chemosphere 
55 (6), 797-809 (2004). 

[12] C. H. Sujatha and J. Chacko,"Malathion sorption by 

sediments from a tropical estuary": Chemosphere 

23 (2), 167-180 (1991). 



PPPPHOTODEGRADATION AND HOTODEGRADATION AND HOTODEGRADATION AND HOTODEGRADATION AND HHHHYDROLYSIS OF YDROLYSIS OF YDROLYSIS OF YDROLYSIS OF CCCCHLORPYRIFOS IN HLORPYRIFOS IN HLORPYRIFOS IN HLORPYRIFOS IN AAAAQUEOUS QUEOUS QUEOUS QUEOUS SSSSYSTEMS     YSTEMS     YSTEMS     YSTEMS                     J. E. UkpeborJ. E. UkpeborJ. E. UkpeborJ. E. Ukpebor, , , , et alet alet alet al    

 

Nigerian Journal of Technology,   Vol. 33, No. 4, October 2014          558 

[13] J. Villaverde, A. Hildebrandt, E. Martinez, S. Lacorte, 

E. Morillo, C. Maqueda, P. Viana and D. 

Barcelo,"Priority pesticides and their degradation 

products in river sediments from Portugal": Science 
of the Total Environment 390 (2-3), 507-513 

(2008). 

[14] L. G. Wang, Z. H. Zhao, X. Jiang, J. S. Wu and D. 

Martens,"Assessment of pesticide residues in two 

arable soils from the semi arid and subtropical 

regions of China": Environmental Monitoring and 
Assessment 109, 317-328 (2005). 

[15] R. Raina, P. Hall and S. Sun,"Occurrence and 

relationship of organophosphorus insecticides and 

their degradation products in the atmosphere in 

Western Canada agricultural regions": 

Environmental Science & Technology 44 (22), 

8541-8546 (2010). 

[16] R. Brunetto, M. Burguera and J. L. 

Burguera,"Organophosphorus pesticide residues in 

some watercourses from Mérida, Venezuela": 

Science of he Total Environment 114, 195-204 

(1992). 

[17] R. J. Gilliom, J. E. Barbash, C. G. Grawford, P. A. 

Hamilton, J. D. Martin, N. Nakagaki, L. H. Nowell, J. C. 

Scott, P. E. Stackelberg, G. P. Thelin and D. M. 

Wolock, Pesticides in the nation's stream and 
ground water 1992-2001, USGS, (2006). 

[18] D. M. Stout II, K. D. Bradham, P. P. Egeghy, P. A. 

Jones, C. W. Croghan, P. A. Ashley, E. Pinzer, W. 

Friedman, M. C. Brinkman, M. G. Nishioka and D. C. 

Cox,"American healthy homes survey: A national 

study of residential pesticides measured from floor 

wipes": Environmental Science & Technology 43, 

4294-4300 (2009). 

[19] USEPA, Reregistration eligibility science 
chapter for chlorpyrifos fate and Environmental 
Risk Assessment Chapter, Washington DC, (2000). 

[20] USEPA, Pesticide industry sales and usage 

report, Washington DC, (2011). 

[21] G. J. Smith, "Toxicology and pesticide use in 
relation to wildlife: organophosphorus and 
carbamate compounds". (CRC Press, (1992). 

[22] W. M. Draper and D. G. Crosby,"The 

Photochemical Generation of Hydrogen-Peroxide in 

Natural-Waters": Archives of Environmental 
Contamination and Toxicology 12 (1), 121-126 

(1983). 

[23] N. Mikami, K. Imanishi, H. Yamada and J. 

Miyamoto,"Photodegradation of fenitrothion in 

water and on soil surface and its hydrolysis in 

water": Journal of Pesticide Science 10, 263-272 

(1985). 

[24] G. Durand, M. Mansour and D. 

Barcelo,"Identification and determination of 

fenitrothion photolysis products in water-methanol 

by gas-chromatography mass-spectrometry": 

Analytica Chimica Acta 262 (1), 167-178 (1992). 

[25] T. Katagi,"Molecular orbital approaches to the 

photolysis of organophosphorus insecticide 

fenitrothion": Journal of Agricultural and Food 
Chemistry 37 (4), 1124-1130 (1989). 

[26] M. Mansour, S. Thaller and F. Korte,"Action of 

sunlight on parathion": Bulletin of Environmental 
Contamination and Toxicology 30, 358-364 (1983). 

[27] D. Barcelo, G. Durand and N. D. 

Bertrand,"Photodegradation of the 

organophosphorus pesticides chlorpyrifos, 

fenamiphos and vamidothion in water": 

Toxicological and Environmental Chemistry 38, 

183-199 (1993). 

[28] W. L. Dilling, L. C. Lickly, T. D. Lickly, P. G. Murphy 

and R. L. McKellar,"Organic photochemistry. 19. 

Quantum yields for O, O-diethyl O-(3,5,6-trichloro-

2-pyridinyl)phosphorothioate (chlorpyrifos) and 

3,5,6-trichloro-2-pyridinol in dilute aqueous 

solutions and their environmental 

phototransformation rates": Environmental Science 
& Technology 18, 540-543 (1984). 

[29] T. M. Sakellarides, M. G. Siskos and T. A. 

Albanis,"Photodegradation of selected 

organophosphorus insecticides under sunlight in 

different natural waters and soils": International 
Journal of Environmental Analytical Chemistry 83 

(1), 33-50 (2003). 

[30] H. B. Wan, M. K. Wong and C. Y. Mok,"Comparative 

study on the quantum yields of direct photolysis of 

organophosphorus pesticides in aqueous solution": 

Journal of Agricultural and Food Chemistry 42, 

2625-2630 (1994). 

[31] K. D. Racke,"Environmental Fate of Chlorpyrifos": 

Reviews of Environmental Contamination and 
Toxicology 131, 1-150 (1993). 

[32] USEPA, Fate, transport and transformation test 
guidelines - Hydrolysis, (2008). 

[33] J. A. Noblet, I. A. Smith and J. H. Suffet,"Influence of 

natural dissolved organic matter, temperature and 

mixing on the abiotic hydrolysis of atrazine and 

organophosphorus pesticides.": Journal of 
Agricultural and Food Chemistry 44, 3685-3693 

(1996). 

[34] W. W. Bowerman, D. A. Best, T. G. Grubb, J. G. 

Sikarskie and J. P. Giesy,"Assessment of 

environmental endocrine disruptors in bald eagles 

of the Great Lakes": Chemosphere 41, 1569-1574 

(2000). 

[35] K. D. Racke, "Degradation of organophosphorus 
insecticides in environmental matrices". (Academic 

Press, San Diego, (1992). 

    


