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Abstract

The degradation of chlorpyrifos in water by Fenton (H2O2/Fe2+) and solar photo-Fenton (H2O2/Fe2+/solar light) processes was 
investigated. A laboratory-scale reactor was designed to evaluate and select the optimal oxidation condition. The degrada-
tion rate is strongly dependent on pH, temperature, H2O2 dosing rate, and initial concentrations of the insecticide and Fe2+. 
The kinetics of organic matter decay was evaluated by means of chemical oxygen demand (COD) measurement. Overall 
kinetics can be described by a pseudo-second-order rate equation with respect to COD. The optimum conditions were 
obtained at pH 3, H2O2 dosing rate 120 mg∙min–1, [Fe2+]0 5.0 mM, initial COD 1 330 mg∙ℓ–1 and 35°C for the Fenton process. 
However, in the solar photo-Fenton process, the degradation rate increased significantly. To achieve 90% of COD removal, 
the solar photo-Fenton process needs 50% less time than that used in the Fenton process which translates to a 50% gain of 
H2O2.
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Introduction

The use of insecticides, herbicides, fungicides, etc., grouped 
under the name of pesticides, has led to improved yields and 
diversity of crops to meet the nutritional demand related 
to the increase in world population. However, this use has 
also had indirect and harmful effects on the environment. 
Studies have shown the presence of pesticide residues in food 
(Cunnif, 1995), groundwater and surface water (Di Corcia and 
Marchetti, 1992). Various technologies have been proposed 
for the removal of pesticides from water. Conventional tech-
niques, such as physical methods of mass transfer (flocculation, 
filtration, precipitation, adsorption onto active charcoal, etc.), 
incineration, or the biological pathway, are either ineffective 
in the face of the extent of this pollution, or result in crippling 
costs, or are a source of secondary pollution (sludge formation); 
hence there is a need to seek better alternatives.

In this context, advanced oxidation processes (AOPs) have 
considerable potential for becoming feasible alternatives for the 
remediation of contaminated wastewater. AOPs are based on 
the generation and subsequent reactions of hydroxyl radicals 
(OH•). These are short-lived, powerful oxidising agents, which 
react by second-order kinetics with the majority of organic 
substances with low selectivity (Esplugas et al., 2002). OH• are 
produced in situ by chemical, electrochemical and/or photo-
chemical reactions in AOP systems.

Among many AOPs, Fenton (H2O2/Fe(II)) and solar photo-
Fenton treatment processes (combination of H2O2, Fe(II) and 
solar irradiation) have been proven to be effective in degrada-
tion and mineralisation of single organic toxicants and the 
mixtures of various organic wastes (Xu et al., 2007).

The photo-Fenton process can be divided into the follow-
ing stages (Pignatello, 1992; Bossmann et al., 1998): the first 

step is the so-called Fenton reaction, in which ferrous ions are 
oxidised to ferric ions in acidic aqueous solution, as shown in 
Eq. (1), giving rise to hydroxyl radicals:

	 Fe2+ + H2O2 → Fe3+ + OH− + OH•						      (1)

The ferric ions, represented by the complex Fe(OH)2+, is 
reduced back to Fe2+ by UV-visible irradiation according to  
Eq. (2):

	 Fe(OH)2+ + hν → Fe2+ + OH• (λ < 450 nm)				    (2)

The ferric species can also form complexes with the initial 
organic compounds and/or degradation products, leading to 
photo-reduction back to Fe2+, according to Eq. (3):

	 Fe(RCO2)
2+ + hν → Fe2+ + R• + CO2 (λ < 500 nm)		  (3)

The OH• species formed will then attack the organic substrates 
present in the wastewater. Nevertheless, numerous competitive 
reactions can also occur, namely, the following, which nega-
tively affect the oxidation process (Harber and Weiss, 1934; 
Walling, 1975; Kang and Hwang, 2000):

	 Fe2+ + OH• → Fe3+ + OH−								        (4)
	 H2O2 + OH• → HO2

• + H2O							       (5)

This network of consecutive and parallel reactions results in 
complex reaction kinetics. To overcome these difficulties, most 
of the kinetic studies focused on single component degradation 
or, in the case of complex effluents, the overall kinetics was 
analysed instead.

The use of Fenton and photo-Fenton processes in the treat-
ment of pesticide-containing wastewater is a recent application. 
The degradation of triazine herbicides (Burrows et al., 2002), 
methylparathion (Chiron et al., 1999), fenuron (Acero et al., 
2002) and diuron (Burrows et al., 2002) are known examples.

In this work, the efficiency of AOPs in the remediation of 
wastewater contaminated with the insecticide chlorpyrifos 
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Figure 2
Scheme of the experimental installation. (1) Erlenmeyer flask 

(chlorpyrifos solution); (2) H2O2 solution; (3) solar reactor; 
(4) peristaltic pump; (5) thermostatic bath; (6) magnetic stirrer.

(Fig. 1), employed extensively in agriculture in Tunisia, was 
investigated in a laboratory-scale reactor. The effects of Fe2+ 
and chlorpyrifos concentrations, H2O2 dosing rate, pH and tem-
perature were investigated in the case of the Fenton process and 
the optimum conditions were applied in the case of the solar 
photo-Fenton system. 

It should be noted that the chlorpyrifos oxidation path-
way using different AOPs, such as photo-Fenton (Murillo et 
al., 2010), ozonation (Meng et al., 2010), and electrochemical 
(Samet et al., 2010) AOPs, has been investigated. The main 
identified by-product is chlorpyrifos-oxon.

Experimental

A schematic view of the experimental device used in this work 
is shown in Fig. 2. All experiments were carried out with the 
same equipment. The equipment consisted of an aluminium 
frame (0.5 m length; 0.5 m width and 0.6 m height), which 
supports: (i) A platform of aluminium placed 34°  to the hori-
zontal and on which was fixed a solar reactor consisting of a 
borosilicate glass tube (4.5 m length, an inner diameter of 6 
mm and outer diameter of 8 mm; and snake-shaped); and (ii) an 
Erlenmeyer flask (Pyrex 1 ℓ) in which the chlorpyrifos solution 
was prepared with bi-distilled water. This Erlenmeyer flask 
was immersed in a water bath in order to control the working 
temperature using a thermostat (Julabo Labortechnik GMBH, 
Sellback, Germany). The treated volume was 1 ℓ, and the solu-
tion was circulated through the reactor using a peristaltic pump 
(Cole-Parmer Instrument, Chicago, Illinois 60648 USA) with a 
flow rate of 140 mℓ∙min–1. This pump was simultaneously used 
to generate the flow of the H2O2 solution from the Erlenmeyer 
flask with a constant rate of 0.7 mℓ∙min–1. The  ferrous sulphate 
was introduced into the solution at start-up. The solutions were 
continuously stirred using a magnetic stirrer (Tacussel, France). 

The solar photo-Fenton experiments were performed at 
the Electrochemical and Environmental Laboratory, National 
Engineering School of Sfax (approximately 3 m amsl, lati-
tude: 34° 44′ N, longitude: 10° 45′ E), Tunisia. All tests were 
conducted between 11:00 and 15:00 on sunny days from April 
to June 2010. The global solar radiation intensity was approxi-
mately 850 W∙m−2.

For tests using only the Fenton reagent, the experimental 
device was kept away from solar radiation by covering it with a 
black plastic film and aluminium foil.

Samples (0.5 mℓ) were withdrawn from the reactor at 
selected intervals for COD analysis. COD was measured using 
a spectrophotometer (Shimadzu UV-Mini 1240 UV/Vis 
Spectrophotometer) using a dichromate solution as the oxidant 
in strong acid media (Kolthof  et al., 1969).

Since the residual H2O2 interferes with the measurement 
of COD (Kang et al., 2002), the residual amount of H2O2 was 
also measured, using the permanganate titration. This method 
is suitable for measuring solutions of hydrogen peroxide in the 

range 0.25 to 70% wt (Lin and Lo, 1997). Correction of hydro-
gen peroxide interference was performed to COD analysis.

In this work, all solutions were prepared in the laboratory. 
These solutions contained quantities of chlorpyrifos taken 
from an emulsifiable concentrate (DURSBAN* 4, from Dow 
Agrosciences) containing 480 g∙ℓ–1 (44.6% W/W) chlorpyrifos. 
All of the solutions were freshly prepared with double-distilled 
water. Sulphuric acid of analytical grade was employed for pH 
adjustment. Ferrous sulphate heptahydrate (FeSO4 7H2O) was 
obtained from Riedel-de Haën (Seelze-Hannover, Germany) and 
used as the Fe(II) catalyst. Hydrogen peroxide (35% v/v) and 
sulphuric acid were provided by Merck (Darmstadt, Germany).

All samples were tested in duplicate, and the test was repro-
duced 3 times for each sample, so that the relative errors could 
be minimised. All of the figures show the average values.

Initial conditions (COD0 = 465 mg∙ℓ-1 > 200 mg∙ℓ-1, [Fe2+]0 = 
0.5 mM and H2O2 dosing rate = 30 mg∙min-1) were chosen after 
preliminary tests which lead to quantitative decrease in organic 
matter. A pHof 3 was chosen because Fenton or photo-Fenton 
processes require Fe2+ and Fe3+ ions. These species are more 
stable at this value of pH, as indicated by the Pourbaix diagram. 
At pH>3 Fe3+ will be precipitated to Fe(OH)3. The ambient 
temperature, T, was 25°C.

Results and discussion

Oxidation of chlorpyrifos by the Fenton process

Effect of the dosing rate of hydrogen peroxide

The dosing rate of H2O2 is considered to be one of the most 
important factors which should be considered in the Fenton 
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Figure 1
Chemical structure of chlorpyrifos
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r = 
td

dCOD
  = k [OH•]α COD2 = kapp COD2  

process. The effect of the dosing rate of hydrogen peroxide on 
the efficiency of the oxidation process was investigated under 
the operating conditions (COD0 = 1 330 mg∙ ℓ–1, [Fe2+]0 =  
2 mM, pH = 3 and T = 25°C) (Fig. 3). It was found that COD 
removal efficiency increases with increasing the dosing rate 
of hydrogen peroxide from 30 mg∙min–1 to 180 mg∙min–1. The 
highest per cent removal of COD was attained at 70 min when 
using a H2O2 dosing rate of 120 mg∙min–1, so further addition of 
H2O2 is not necessary. Excessive H2O2 reacts with OH• (Eq. (5)) 
competing with organic pollutants and consequently reducing 
treatment efficiency.

In all tests, the drop in COD was more significant during 
the first few minutes of the reaction, when the concentration of 
organic matter is high. This was clearly observed in the case  
of the 120 mg∙min–1 H2O2 dosing rate. The data presented in 
Fig. 3 clearly indicate that the pseudo-second-order model 
gives better prediction  than the pseudo-first-order model for 
COD removal, as indicated by the higher regression coefficients 
(R2) (Table 1).

It is worth noting that several authors have reported that 
the decaying profile of COD obtained by Fenton oxidation of 
organic molecules can follow pseudo-second-order kinetics 
(Guedes et al., 2003; Ratanatamskul and Auesuntrachun, 2009; 
Argun and Karatas, 2011; Derco et al., 2010).

If we suppose that the hydroxyl radical concentration is 
constant during treatment, the COD removal rate r can be given 
by the following equation:

															               (6)

where:
α is the reaction order related to the hydroxyl radicals
k is the real rate constant 

kapp is the global apparent rate constant for COD removal.
	
Integration of this equation subject to the initial condition COD 
= COD0 at t = 0 leads to the following equation:

															               (7)

In this case, a plot of 1/COD – 1/COD0 versus time in every 
experiment must lead to a straight line, with a slope = kapp.  
For example, Fig. 4 shows this plot related to Fig. 3.

The inset of Fig. 4 shows the variation of the apparent rate 
constant values, at different H2O2 dosing rates, calculated from 
the straight lines obtained when considering a pseudo-second-
order reaction. kapp increased significantly when the dosing rate 
of H2O2 increased, due to the effect of the additional produced 
OH• radicals, but above 120 mg∙min–1 H2O2 dosing rate, the 
improvement was not obvious. Hence, 120 mg∙min–1 H2O2 
appears to be an optimal dosing rate.

Effect of the initial chlorpyrifos concentration

The effect of chlorpyrifos concentration on the degradation 
efficiency was investigated at different initial concentrations 
(COD0: 465, 825 and 1 330 mg∙ℓ–1), as presented in Fig. 5. It can 
be observed that the COD removal decreased with the increase 
of the initial concentration of the pollutant. Almost 90% of 
COD removal was achieved after about 40 and 60 min reaction 
time for COD0 465 and 825 mg∙ℓ–1, respectively. Longer reac-
tion time did not improve the COD per cent removal. However, 
at high chlorpyrifos concentrations the removal of COD 
requires more time and thus greater quantities of H2O2 (e.g. the 
per cent removal of COD is about 77% after 70 min when using 
COD0 = 1 330 mg∙ℓ–1). The reason for this is that when the con-
centration of chlorpyrifos increases, the quantity of hydroxyl 
radicals produced continuously with time does not increase 
accordingly; hence the removal rate decreases. Also, from the 
inset of Fig. 5 it can be seen that kapp decreased with COD0. 
This behaviour was similar to that reported for other studies 
(e.g. Tamimi et al., 2008; Lucas and Peres, 2006; Modirshahla 
et al., 2007).
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Figure 3
 Effect of hydrogen peroxide dosing rate on the trend of 

COD/COD0 ratio during the oxidation of chlorpyrifos solution 
by Fenton process. [Fe2+]0 = 2.0 mM; COD0 = 1 330 mg∙ℓ–1, 

pH = 3 and T = 25°C.

Table 1
Kinetic degradation by Fenton process

H2O2 (mg∙min–1) 30 60 90 120
Pseudo-first-order R2 0.9683 0.9514 0.9342 0.8942
Pseudo-second-order R2 0.9914 0.9927 0.9891 0.9818
kapp x 102 (ℓ∙g–1∙min–1) 0.37 2.46 3.46 4.34 tk  
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Figure 4
Plot of (1/COD – 1/COD0) versus time at different dosing 

rate of hydrogen peroxide. The inset panel shows kapp evolution 
at different dosing rate of H2O2. COD0 = 1 330 mg∙ℓ–1; [Fe2+]0 

= 2.0 mM; pH = 3 and T = 25°C.
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Effect of the initial concentration of ferrous iron

The amount of ferrous ion is one of the main parameters  
which influences the Fenton and photo-Fenton processes.  
In this study, to obtain the optimal initial Fe2+ concentration, 
the investigation was carried out in the range of 0.5-8.0 mM 
Fe2+, at pH 3 and H2O2 dosing rate 120 mg∙min–1. The results  
are shown in Fig. 6.

It can be seen that the removal rate of COD clearly 
increased with the increasing amount of Fe2+, in the range of 
0.5–5.0 mM; kapp increased from 0.018 to 0.056 ℓ∙g–1 min–1.  
It was known that Fe2+ had a catalytic decomposition effect 
on H2O2. When the Fe2+ concentration increased, the catalytic 
effect increased accordingly. However, for Fe2+ doses higher 
than 5.0 mM, the COD per cent removal decreased slightly. 
This decrease was essentially due to competitive consumption 
of OH• radicals (Eq. (4)).

It is worth noting that, in the Fenton process, the amounts 
of Fe2+ ions should be as low as possible for economic and envi-
ronmental reasons; high amounts of Fe2+ ions might produce 
a larger quantity of Fe3+ sludge. The removal/treatment of the 
sludge containing Fe3+ at the end of the wastewater treatment is 
expensive and requires a large amount of chemicals and man-
power (Ramirez et al., 2007). As shown in the inset of Fig. 6, 
5.0 mM Fe2+ can be used as an optimum dosage in this work.

Effect of initial pH

The pH affects the oxidation of organic substances both directly 
and indirectly. The Fenton and photo-Fenton reactions are 
strongly pH-dependent. The pH value influences the generation 
of hydroxyl radicals and thus the oxidation efficiency. The effect 
of pH on the degradation of chlorpyrifos by the Fenton process is 
shown in Fig. 7. The experiments were carried out at a pH within 
the range of 2.5-4.0. The optimum pH was found to be about 3, 
as elucidated by kapp values. The degradation decreased at pH 
values higher than 3.5, because iron precipitated as hydroxide.

Additionally, the oxidation potential of the hydroxyl radical 
was known to decrease with increasing pH (Lucas and Peres, 
2006). Another reason for the inefficient degradation at pH > 
3 is the dissociation and auto-decomposition of H2O2 (Badawy 
et al., 2006). For pH values below 2.5, the reaction of hydrogen 
peroxide with Fe2+ is seriously affected causing reduction in 
hydroxyl radical production, due to hydroxyl-radical scaveng-
ing by H+ ions (Lucas and Peres, 2006).

Effect of temperature

The effect of temperature on the kinetic rate constants, kapp, for 
chlorpyrifos degradation was studied at temperatures of 20, 25, 
30, 35, 40 and 45°C, with other test conditions of COD0 = 1 330 
mg∙ℓ–1, H2O2 dosing rate = 120 mg∙min–1, [Fe2+]0 = 5.0 mM and 
pH = 3. The results obtained are shown in Fig. 8, and clearly 
indicate that kapp is significantly affected by reaction tempera-
ture, increasing with increasing temperature until an optimal 
value of 35°C. The decrease of kapp at temperatures higher than 
40°C is due to the accelerated decomposition of H2O2 into oxy-
gen and water. Similar results were reported by Wang (2008).
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Figure 6
Effect of the initial concentration of Fe2+ on the COD removal by 
Fenton process. The inset panel shows kapp evolution at different 
Fe2+ concentrations. COD0 = 1 330 mg∙ℓ–1; Dosing rate of H2O2 

120 mg∙min–1; pH = 3 and T = 25°C.

Figure 5
Effect of the initial concentration of chlorpyrifos on the COD 
removal by the Fenton process. The inset panel shows kapp 
evolution at different initial COD. Dosing rate of H2O2 120 

mg∙min–1; [Fe2+]0 = 2.0 mM; pH = 3 and T = 25°C.
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Effect of the initial pH on the COD removal by the Fenton 
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The Arrhenius expression, showing the relationship 
between the reaction temperature and kapp is expressed as 
follows:

															               (8)

where: 
A is the pre-exponential (or frequency) factor
Eapp is the apparent global activation energy (J∙mol–1)
R is the ideal gas constant (8.314 J∙mol–1∙K–1)
T is the reaction absolute temperature (K). 

Due to the narrow temperature range employed in this study 
(i.e., 20–35°C), variations of the pre-exponential factors and the 
apparent activation energies of the empirical Arrhenius expres-
sions of the COD removal may be neglected. The variation of 
Ln kapp versus 1/T is plotted in the inset of Fig. 8. Good linear 
relationships exist between the plot of Ln kapp and 1/T because 
the regression coefficient was higher than 0.98. Based on the 
slope (−Eapp/R) and intercepts (Ln A) of the plot in Fig. 8, Eapp 
and A in Arrhenius form (Eq. (8)) are determined, i.e., Eapp = 
14.44 kJ∙mol–1 and A = 19.01 ℓ∙g–1∙min–1.

Oxidation of chlorpyrifos by the solar photo-
Fenton process

In order to improve the reaction rate and COD abatement 
efficiency, solutions were subjected to solar radiation using 
a laboratory-scale reactor (Fig. 2). Fig. 9 shows the trend of 
the COD/COD0 ratio during the treatment of chlorpyrifos 
solution by the 2 processes under the optimum experimental 
conditions found when using the Fenton process (H2O2 = 120 
mg∙min–1, [Fe2+]0 = 5.0 mM, pH = 3 and T = 35°C). It can be 
seen that the solar photo-Fenton system needed less time 
and consequently less H2O2 to reach the same COD per cent 
removal. In fact, under the optimum experimental conditions, 
the solar photo-Fenton process needed a dose of H2O2 50% 
lower than that used in the Fenton process to remove 90% of 
COD. The COD removal rate is higher with the solar photo-
Fenton process as shown by the kapp values in the inset of  
Fig. 9.

Conclusions

The results of this study indicate that dark Fenton and solar 
photo-Fenton processes are powerful methods for the deg-
radation of the insecticide chlorpyrifos, but the solar-photo-
Fenton process is 50% more efficient than the Fenton process. 
The degradation rate by the 2 processes can be expressed as 
a pseudo-second-order reaction with respect to COD. COD 
removal was influenced by the dosing rate of the hydrogen 
peroxide (H2O2 continuously introduced in the solution), the 
initial concentration of chlorpyrifos, the amount of iron salt, 
the pH of solution and the temperature. The optimum condi-
tions were observed at pH 3, with an initial Fe2+ concentration 
of 5.0 mM and H2O2 dosing rate of 120 mg∙min–1. The experi-
ments carried out within the temperature range 20–45°C 
showed an optimum COD removal at 35°C, which allowed  
for computation of the apparent global activation energy 
(14.44 kJ∙mol–1).

The results obtained with this preliminary study suggest 
that solar photo-Fenton is a promising pre-treatment process for 
pesticide-containing wastewater.
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plot of Ln kapp–(1/T). COD0 = 1 330 mg∙ℓ–1; Dosing rate of H2O2 

120 mg∙min–1; [Fe2+]0 = 5.0 mM and pH = 3.
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Figure 9
Trend of COD/COD0 ratio during the oxidation of chlorpyrifos 
solution by Fenton and solar phto-Fenton reactions. The inset 
panel shows the fitting of the experimental data to a second-
order reaction kinetic model for the 2 processes. Dosing rate  
of H2O2 120 mg∙min–1; [Fe2+]0 = 5.0 mM; COD0 = 1 330 mg∙ℓ−1;  

pH = 3 and T = 35°C.
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