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ABSTRACT

In this study, advanced oxidation processes utilizing Fenton’s and solar photo-Fenton’s
reactions were investigated for the degradation of dimethoate, an organophosphorus
insecticide extensively applied in agriculture. Effect of Fe**, H,O,, pH, and temperature on
the degradation of this insecticide was studied. The kinetic rate constants (k,pp) for COD
removal were determined. The test results show that the degradation of dimethoate
proceeded rapidly at pH value of 3.0. k,pp enhanced with the increase of initial Fe®* concen-
tration and H,O, dosing rate. However, higher levels of Fe?* and H,0, also inhibited the
reaction kinetics. kapp decreased with the increase of initial dimethoate concentration, but
increased with the increase of temperature. The activation energy for COD removal by
Fenton oxidation, derived from the empirical Arrhenius expression, is 21.38Kk] mol .
A noticeable k., increase (~50%) was obtained when using the solar photo-Fenton process,
which means about 50% gain of H,O,.
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1. Introduction

Exposure to chemical pesticides causes a range of
human health problems. It is estimated that nearly
10,000 deaths occur annually due to the excessive use
of synthetic pesticides worldwide, with about three-
fourths of these occurring in developing countries
[1-3]. These chemicals can enter the aquatic environ-
ment through runoff from treated fields, from spillage,
or from accidental discharge during production,
packaging, storage, and waste disposal.

Dimethoate (Fig. 1) is a kind of high-effective
pesticide that is extensively applied in agriculture;
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however, its residues have a negative effect on the
environment, even on the health of people because of
its toxicity and stability [4]. Dimethoate is one of the
most frequently detected pesticides in surface and
grounds waters [4,5]. Therefore, the innovative tech-
nologies for effectively and completely decomposing
all organic pollutants are imperatively required.

In recent years, advanced oxidation processes
(AOPs) have been intensively investigated for the
treatment of waters and wastewaters. Such processes
are based on the generation of the highly reactive
hydroxyl radicals (HO®), which oxidize the organic
matter in solution and, in favorable cases, convert it
completely into water, carbon dioxide, and inorganic
compounds.
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Fig. 1. Chemical structure of dimethoate.

The main reactions taking place between hydroxyl
radicals and organic compounds in solution may
involve hydrogen abstraction Eq. (1) [6-8], or hydro-
xyl addition Eq. (2) [7].

RH + HO" — R+ H,O — Products

1
ki =107 (L mol ™' s7) M

R+HO — HOR' — Products

ky =107 (L mol ' s71) @
HO" are produced in situ by chemical [9,10], ultra-
sonic irradiation [11], electrochemical [12-14], and/or
photochemical [15] reactions. In the Fenton process,
this is attained by the reaction between H,O, and fer-
rous ions:

Fe’* + H,0 — Fe** + HO + OH™

3
ks =63 (L mol ' s71) ®)
The slow regeneration of Fe** to Fe** by hydrogen
peroxide (Eq. (4)) is the rate-determining step of the
overall reaction:

Fe’" + H,0, — Fe’" + HO, + H*

ky =0.01 (L mol ™' s71) @
4 .

In the photo-Fenton process, however, the rate of
Fe’* regeneration is significantly increased by the
interaction of light and complexes in solution, produc-
ing additional hydroxyl radicals, as represented by
Eq. (5):

Fe*" + H,0, + hv — HO + Fe*" + H' (5)

In recent years, a number of papers have appeared
in the literature describing the application of the
photo-Fenton process to the photodegradation of
aqueous solutions containing different organic
compounds [16-18]. The main disadvantage of the
photo-Fenton process, represented by the energy
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consumption by electrical UV lamps, can be overcome
by using sunlight [19-21].

The degradation of dimethoate was studied using
different processes. The sonolytic degradation of aque-
ous solutions of dimethoate was examined by Yao
et al. [22]. Optimal degradation rates were obtained at
619kHz for continuous sonolysis and 406kHz for
pulse sonolysis. The primary pathways for degrada-
tion include hydroxyl radical oxidation, hydrolysis,
and pyrolysis on collapsing cavitation bubble inter-
faces. More than 90% toxicity of dimethoate was
reduced within 45 min ultrasonic irradiation.

Evgenidou et al. [23] studied the photocatalytic
degradation of dimethoate using the photo-assisted
Fenton reaction under different conditions. The UV
irradiation experiments were carried out in a 500 mL
Pyrex UV reactor equipped with a diving Philips HPK
125W high-pressure mercury lamp. This system
achieved high degradation rates. Three by-products
were identified (O,0O-dimethyl phosphonic ester,
O,0,5-trimethylphosphorothioate, and omethoate or
dimethoxon (O,0-dimethyl-S-methylcarbamoylmethyl
phosphorothioate)). Chen et al. [24] investigated the
photocatalytic mineralization of dimethoate in aque-
ous solutions using nanosized TiO, powder at differ-
ent conditions. Four possible by-products such as
omethoate were identified by means of GC-MS.

Previous solar photo-Fenton degradation of
dimethoate has been performed [25]. The pH was
adjusted to 2.7-2.9 with sulfuric acid in order to avoid
iron hydroxide precipitation. The total dose of hydro-
gen peroxide was always added at the beginning after
pH adjustment. However, the effect of several experi-
mental parameters such as initial concentration of
dimethoate, iron, and H,O, doses, temperature, and
pH were not investigated.

In addition, no research has been focused specifi-
cally in solar photo-Fenton degradation of this pesti-
cide using a continuous addition of H,O, in the
reactor. So that this work evaluates the degradation of
dimethoate by solar photo-Fenton process at different
experimental parameters including H,O, dosing rate,
initial concentrations of dimethoate and Fe?*, tempera-
ture, and pH. Benefits of solar radiations on the oxida-
tion reaction efficiency were also exhibited.

2. Experimental
2.1. Reagents

All solutions were prepared in the laboratory.
These solutions contain quantities of dimethoate taken
from an emulsifiable concentrate (Biomat 40 EC from
Arysta Lifescience) containing 400g L~' dimethoate.
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All the solutions were freshly prepared with double
distilled water. Ferrous sulfate heptahydrate (FeSO,4
7H,0) was obtained from Riedel-de Haén (Seelze-
Hannover, Germany) and used as the Fe(Il) catalyst.
Hydrogen peroxide (35% v/v) and sulfuric acid were
provided by Merck (Darmstadt, Germany).

2.2. Experimental design and methodology

The experiments were done in an experimental
device, whose scheme is shown in (Fig. 2). The instal-
lation consists of: (1) an Erlenmeyer flask at which the
pesticide solution was prepared. This Erlenmeyer
flask was immersed in water bath to control the work-
ing temperature by a thermostat (Julabo Labortechnik
GMBH, Sellback, Germany). The treated volume was
1 L; the solution was circulated through the reactor
using a peristaltic pump (Cole-Parmer Instrument,
Chicago, Illinois 60648 USA) with a flow rate of
140mL min~". This pump is simultaneously used to
introduce H,O, solution in the Erlenmeyer flask at a
flow rate of 0.7 mLmin '. The quantity of the ferrous
sulfate was introduced into the solution at startup.
The pH values were adjusted using a prepared 1M
sulfuric acid solution and measured using a pH meter
(PHM multi-parameter analyzer, pH/mV Belgium
Kingdom). The solutions were continuously stirred
using a magnetic stirrer (Tacussel, France). (2) Solar
reactor; this prototype was designed based on a com-
pound parabolic collector. The reactor consists of a
borosilicate glass tube (4.5m length, an inner diameter
of 6mm, and outer diameter of 8 mm) snake-shaped
placed 34 degrees to the horizontal.

The solar photo-Fenton experiments were per-
formed at the National Engineering School of Sfax
(approximately 3m above sea level, latitude: 34° 44°
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Fig. 2. Scheme of the experimental installation.
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N, longitude: 10° 45” E), Tunisia. All tests were con-
ducted between 11:00 a.m. and 3:00 p.m. on the sunny
days from April to June 2010. The global solar radia-
tion intensity was approximately 850 W/m?.

For tests using dark Fenton reagent, the experi-
mental device was kept away from solar radiation by
covering with a black plastic film and an aluminum
foil.

2.3. Analysis

Samples (0.5mL) were withdrawn from the reactor
at selected intervals for COD analysis. COD was mea-
sured using a spectrophotometer (Shimadzu UV-Mini
1240 UV/Vis Spectrophotometer) using a dichromate
solution as the oxidant in strong acid media [26].

Since the residual H,O, interferes with the mea-
surement of COD [27], the residual amount of H,O,
was also measured using the permanganate titration.
This method is suitable for measuring solutions of
hydrogen peroxide in the range 0.25-70% wt [28].
Correction of hydrogen peroxide interference was per-
formed to COD analysis.

3. Results and discussion
3.1. Oxidation of dimethoate by Fenton process
3.1.1. Effect of the initial concentration of ferrous ion

To evaluate the effect of ferrous ion, the experi-
ments were conducted on various amounts of ferrous
ion as shown in Fig. 3. Initial conditions were
930mg L' COD,, 40 mg min ! hydrogen peroxide
dosing rate, temperature 25°C, and pH 3.0. In all tests,

104 [Fe"], (mM),

0.8 4

0.6

COD/COD,

0.4 4

0.2 4

0.0

T T T
0 20 40 60 80
Time (min)

Fig. 3. Effect of initial Fe** concentration on the COD
removal by Fenton process. The inset panel shows k.
evolution ~at different Fe?* concentrations. COD,=
930 mgLfl; H,0, dosing rate=40 mgmin’l; pH=3.0; and
T=25C.
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Table 1
Kinetic degradation of dimethoate by Fenton process
[Fe**]y (mM) 0.5 1.0 2.0 3.0 4.0
Pseudo-first-order R? 0.9623 0.9544 0.9642 0.9472 0.9472
Pseudo-second-order R? 0.9956 0.9874 0.9967 0.9966 0.9975
Kapp x 10 (Lg ™' min ") 0.391 0.842 2.676 2.455 0.225
the drop in COD was more significant during the first Fe’" + HO" — Fe’" + OH~ (8)

minutes of reaction where the concentration of organic
matter is high. This observation is clearly observed in
the case of 2mM ferrous ion. The data taken from
Fig. 3 clearly indicate that the pseudo-second-order
model gives better prediction rather than the pseudo-
first-order for COD removal as indicated by the
higher regression coefficients (R®) values (Table 1). It
is worth noting that several authors reported that the
decaying profile of COD obtained by Fenton oxidation
of organic molecules can follow pseudo-second-order
kinetics [29,30].

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

~ dcop
dt

= k[HO)"COD? = k,,, COD? (6)

o is the reaction order related to the hydroxyl radicals,
k is the real rate constant, and k,, is the global appar-
ent rate constant for COD removal.

Integration of this equation subject to the initial
condition COD=CODy at t=0 leads to the following
equation:

1/COD — 1/CODy = kypp ¢ (7)

In this case, a plot of 1/COD—1/COD, vs. time in
every experiment must lead to a straight line whose
slopes are k., values. For example, Fig. 4 shows this
plot related to Fig. 3.

It can be seen from Fig. 5 that increasing the Fe**
concentration from 0.5 to 2mM enhanced k,p, values.
It results in the multiplication of the k,p,, by factors of
7 when [Fe2+]0 increases from 0.5 to 2mM. So, the
highest removal efficiency of COD was achieved when
Fe®* concentration of 2mM was applied.

It was known that Fe** had a catalytic decomposi-
tion effect on H,O,. When Fe** concentration
increased, the catalytic effect also accordingly
increased. However, for Fe®* doses higher than
20mM, the k,pp, values decreased slightly. This
decrease is essentially due to competitive consump-
tion of HO" radicals (Eq. (8)).

It is worth noting that, in the Fenton process,
the amounts of Fe** ions should be as low as possible
for economic and environmental reasons; high
amounts of Fe®" ions might produce a larger quantity
of Fe®* sludge. The removal/treatment of the
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Fig. 4. Plot of (1/COD-1/CODy)—t at different initial Fe?*

concentration. CODy=930mg L H0, dosing rate=
40mgmin~'; pH=3.0; and T=25°C.
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Fig. 5. kapp evolution at different initial Fe®* concentration.
CODp=930mgL""; H,O, dosing rate=40mgmin ’;
pH=3.0; and T=25"C.
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sludge-containing Fe®* at the end of the wastewater
treatment is expensive and needs large amount of
chemicals and manpower [31].

3.1.2. Effect of hydrogen peroxide dosing rate

The dosing rate of H>O, is considered as one of
the most important factor which should be considered
in the Fenton process. The effect of the dosing rate of
hydrogen peroxide on the efficiency of the oxidation
process was investigated under the operating condi-
tions (CODy=930mg L7}, [Fe*]p=2mM, pH=3.0, and
T=25C) (Fig. 6). It was found that COD removal effi-
ciency increases with increasing the dosing rate of
hydrogen peroxide from 10 to 50mgmin ' and
decreased for higher dosing rate of H,O,. Excessive
H,O, reacts with HO® (Eq. (9)) competing with
organic pollutants and consequently reducing treat-
ment efficiency.

Moreover, the inset of Fig. 6 shows the variation of
the apparent rate constants values, at different H,O,
dosing rate calculated from the straight lines consider-
ing a pseudo-second-order reaction. K, increased sig-
nificantly when the dosing rate of H,O, increased
until 50mgmin~', due to the effect of the additional
produced HO® radicals, but for HyO, dosing rate
higher than 50mgmin ', k.p, decreased. Hence,
50mg min~' H,O, appears as an optimal dosing rate.

3.1.3. Effect of the initial dimethoate concentration

The effect of dimethoate concentration on the deg-
radation efficiency was investigated at different initial

H O, (mg min’l)
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Fig. 6. Effect of HO, dosing rate on the trend of COD/
CODy ratio during the oxidation of chlorpyrifos solution
by Fenton process. [Fe?*]y=2.0mM; COD,=930 mg LY,
pH=3.0; and T=25C.
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Fig. 7. Effect of initial chlorpyrifos concentration on the
COD removal by the Fenton process. The inset panel
shows k,p, evolution at different initial COD. H,O, dosing
rate =40 mg min~ % [Fe**]y=2.0mM; pH=3.0; and T=25C.

concentrations (CODy: 564, 930, and 1,289 mg LY and
presented in Fig. 7. It can be observed that the COD
removal decreased with the increase of the initial con-
centration of the pollutant. Almost 90% of COD
removal was achieved after about 50 min time of reac-
tion for COD, 564 and 930mgL~'. Higher time did
not improve the COD percent removal. However, at
high dimethoate concentration, the removal of COD
needs more time and so more quantity of H,O, (e.g.
the percent removal of COD is about 75% after 70 min
when using COD;=1,289mgL""). This is because
when the concentration of dimethoate increases, the
quantity of hydroxyl radicals produced continuously
with time does not increase accordingly and hence the
removal rate decreases. Also, from the inset of Fig. 7,
it can be seen that k,,, decreased with CODy. This
behavior was similar to those reported by many
researchers [32-34].

3.1.4. Effect of the initial pH

It is well known that the optimum pH in Fenton
reaction is between 2.5 and 4.0 [35]. In this work, the
effect of initial pH of pesticide solution on the degra-
dation of dimethoate by Fenton process was carried
out in the pH range between 2.5 and 4.0. The results
are shown in Fig. 8. It is found that COD removal rate
is maximum at pH 3.0. This is also elucidated by k,pp
values. Indeed, below pH 2.5, three mechanisms will
decrease the efficiency of the reaction: (i) ferrous com-
plex formation; (ii) inhibition of the reaction between
Fe®* and H,0, [36]; and (iii) enhancement of hydroxyl
radical scavenging by H" at low pH [33].

kipp decreased at pH values higher than 3.0,
because ferric ions precipitate as iron hydroxide
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Fig. 8. Effect of initial pH on the COD removal by the
Fenton process. The inset panel shows k,,, evolution at
different pH. H,O, dosing rate=40mgmin"1; [Fe**],=
2.0mM; CODy=930mgL'; and T=25C.

Fe(OH);. This precipitate is very stable (K,=10""%),
the reduction of Fe’* in Fe’* is very slow, and the
regeneration of Fe’”, as an initiator of HO® radical
production, becomes the rate-limiting step of the pro-
cess. Moreover, at pH above 3.0, the concentration of
hydroperoxyl anions (HO,™ conjugate base of H,O,)
increases. The hydroperoxyl anions formed reduced
the concentration of H,O, and HO® radical (Egs. (10)
and (11)).

H,0, + HO; — H,0 + 0, + HO™ (10)

HO +HO, — H,O+0O;,— (11)

3.1.5. Effect of the temperature

It is well known that an increase in the tempera-
ture of a reaction medium leads to an acceleration in
the rate of the reaction. The effect of temperature on
the oxidative degradation of dimethoate was assessed
by running Fenton reaction within a temperature
range of 20-45°C at pH 3.0, H,O, dosing rate
40mgmin ', [Fe*'], 2.0mM, and COD, 930mg L
The results are shown in Fig. 9. It was found that k,pp
is significantly affected by reaction temperature and
increased with the raising of temperature with an
optimal value of 40°C. The decrease of k,p,, at temper-
ature higher than 40°C is due to the accelerated
decomposition of H,O, into oxygen and water as it
has been reported by [37].

The temperature dependence of the kinetic param-
eters of Fenton treatment was calculated by Eq. (12).
[38]. The Gibbs free energy (AG), the enthalpy (AH),

6789
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Fig. 9. Evolution of k.pp at different temperatures. The
inset shows the plot of Ln k,p,—(1/T). CODy =930 mg L7}
H,O, dosing rate=40 mgminfl; [Fe®"]o=2.0mM; and
pH=3..

and the entropy (AS) for the Fenton process were also
obtained using Eqs. (13) and (14).

Ink,,p =InA — (E,/RT) (12)
AG = —RT Ink,p, (13)
Ink,pp = (AS/R) — (AH/RT) (14)

where k,p, is the global apparent rate constant for
COD removal, A is the Arrhenius constant, E, is the
activation energy, R is the ideal gas constant
(8.314Jmol™" K™'), and T is the reaction absolute
temperature.

Due to the narrow temperature range employed in
this study (i.e. 20-40°C), variations of the Arrhenius
constant and the activation energy of the empirical
Arrhenius expressions of the COD removal may be
neglected. The variation of Ink,,, vs. 1/T is plotted in
the inset of Fig. 9. Good linear relationships exist
between the plot of Ink,p, and 1/T (regression coeffi-
cient was higher than 0.97). The results of the thermo-
dynamic calculations are shown in Table 2.

The negative value for the Gibbs free energy
showed that the Fenton process was spontaneous in
nature and that the degree of spontaneity of the reac-
tion decreased by increasing temperature.

3.2. Oxidation of dimethoate by solar photo-Fenton process

In order to improve the reaction rate and COD
abatement efficiency, solutions were subjected to solar
radiation. Fig. 10 shows the trend of the COD/COD,
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Table 2
Thermodynamic parameters for COD removal by Fenton
process

T (K) In kapp AG AH AS E,
(kJmol™) (kfmol™") mol™ K (kfjmol™?)

293 —-1.703 —4.141 21.38 59.06 21.38
298 —1.489 —3.683
303 —1.336 —3.360
308 —1.280 —3.272
313 —-1.269 —-3.297
1.0 & 4 Fenton _l/;
O Solar photo-Fenton = y=0.1961 x
0.8 g o
4
S 06 a y=0.1026 x
=} o
% L 20 40
S 047 Time (min)
&}
0.2 4
0.0 : . : . : : : :
0 10 20 30 40
Time (min)

Fig. 10. Trend of COD/COD, 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 two processes. H,O, dosing rate=50mgmin ';

[Fe’*]p=2.0mM; CODy=1,300mgL"'; pH=3.0; and
T=40°C.

ratio during the treatment of dimethoate solution by
the two processes under the optimum experimental
conditions already found when using Fenton process
(H,0,=50mgmin ', [Fe**]y=2.0mM, pH=3.0, and
T=40°C). It can be seen that the solar photo-Fenton
system needed less time and consequently less quan-
tity of H,O, to reach the same COD recent removal.
In fact, under the optimum experimental conditions,
the solar photo-Fenton process need a dose of H,O,
50% lower than that used in the Fenton process to
remove 85% of COD. The inset of Fig. 10 shows that
kapp in solar photo-Fenton process is almost twice as
high as in Fenton process.

The results obtained with this preliminary study
suggest that solar photo-Fenton is a promising pre-
treatment process for pesticides wastewater.

4. Conclusion

In this study, the results showed that dark Fenton
and solar photo-Fenton processes are powerful
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methods for the degradation of the insecticide dimeth-
oate, but the solar photo-Fenton process is 50% more
efficient than Fenton process. The degradation rate by
the two 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, the initial concentration of
dimethoate, the amount of iron salt, the pH of solu-
tion, and the temperature. The optimum conditions

were observed at pH 3, with an initial Fe?* concentra-

tion of 2.0mM and H,O, dosing rate of 50 mgmin .

The experiments carried out at the temperature range
20-45°C showed an optimum COD removal at 40°C
and allowed computation of the apparent activation
energy (21.38kJ mol ).
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