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Solar Photo-Fenton Induced Degradation of Combined
Chlorpyrifos, Cypermethrin and Chlorothalonil Pesticides

In Aqueous Solution

Augustine Chioma Affam, Shamsul Rahman M. Kutty and Maay Chaudhuri

Abstract—The feasibility of employing solar radiation for
enhanced Fenton process in degradation of combined chlorpyrifos,
cypermethrin and chlorothalonil pesticides was examined. The effect
of various operating conditions of the process on biodegradability
improvement and mineralization of the pesticides were also
evaluated. The optimum operating conditions for treatment of
agueous solution containing 100, 50 and 250 mg L™ chlorpyrifos
cypermethrin and chlorothalonil, respectively were observed to be
H,0,/COD molar ratio 2, H,0,/F&** molar ratio 25 and pH 3. Under
the optimum operating conditions, complete degradation of the
pesticides occurred in 1 min. Biodegradability (BODs/COD)
increased from zero to 0.36 in 60 min, and COD and TOC removal
were 7419 and 58.32%, respectively in 60 min. Due to
mineralization of organic carbon, decrease in ammonia-nitrogen from
22 to 4.3 mg L™ and increase in nitrate from 0.7 to 18.1 mg L™ in
60 min were recorded. The study indicated that solar photo-Fenton
process can be used for pretreatment of chlorpyrifos, cypermethrin
and chlorothalonil pesticides in aqueous solution for further
biological treatment.
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|. INTRODUCTION

HE application of pesticide in agriculture during the last

few decades has caused large scale development and
increase in agrochemical industries [1]. During and after
spraying in the field, pesticides can be adsorbed on stagnant,
airborne surfaces or may dissolve in natural water due to their
high solubility. As a result, they are deposited on vegetation,
soil or may evaporate and remain on other surfaces. Deposits
on soil remain in the top few centimeters, where they degrade
or become adsorbed on the soil and inorganic particles.
However, pesticide misuse, spillage, and/or inappropriate
storage, handling and disposal, has been estimated to be
responsible, in many cases, for water contamination at high
concentration levels. More importantly, only a very minor
fraction contaminates surface water and groundwater sources
which are of concern in aguatic toxicology and drinking water
quality [2]. Advanced oxidation process (AOP) such as Fenton
has been proposed as an dternative for the treatment of water
contaminated with pesticides.
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This process is characterized by the production of hydroxyl
radicas (OH") by cataytic decomposition of hydrogen
peroxide (H,O,) in reaction with ferrous ions (Fe*") (Eq.1) [3].
Additional reactions occur in the presence of light that
produce hydroxyl radicals or increase the production rate of
hydroxyl radicals [4] as seen in Eq.(2)[5]. These radicals are
extraordinarily reactive (oxidation potentia 2.8 V) and attack
most organic molecules. The obtained Fe** or its complexes
subsequently act as the light absorbing species that produces
another radical while the initial Fe** is regenerated as seen in
Eq. (2- 3) [5].

Fe*+H,0, — Fe*+O0H+OH (2)
Fe* + H,0,+ hv — F&*+H" + OH’ )
[Fe + L) +hv — [Fe" + L +L ©)

It is noteworthy that in Eq. (3), which involves organic
ligands, L (e.g. RCOO", RO", RNH" etc.) is more efficient
than the oxidation of organic substrates via OH'.
The application of solar-radiation reduces the energy
consumption required to generate UV radiation [6].

Removal of chlorpyrifos, cypermethrin and chlorothalonil
from natura water and wastewater has been reported
[71-14]. There is no study on degradation of combined
chlorpyrifos, cypermethrin and chlorothaonil pesticides in
aqueous solution by the solar photo-Fenton process. The
tendency to combine a given number of chemicaly active but
different pesticides indicates the need of treatment
(degradation) of combined pesticides.

This study examined the optimized reaction conditions of
the solar-Fenton process for chemical oxygen demand (COD)
and total organic carbon (TOC) removal and biodegradability
(BODs/COD) ratio improvement in treatment of combined
chlorpyrifos, cypermethrin and chlorothalonil pesticides in
aqueous solution. High performance liquid chromatography
(HPLC) and Fourier transform infrared (FTIR) spectroscopy
were used to estimate pesticide concentration and degradation
of organic bonds in treatment.

Il. MATERIALS AND METHODS

A. Chemicals and Pesticides

Hydrogen peroxide (30%, w/w) and ferrous sulphate
heptahydrate (FeSO,-7H,O) were purchased from R&M
Marketing, Essex, U.K. Anaytical grade of chlorpyrifos was
obtained from Dr. Ehrenstorfer, Germany and cypermethrin
and chlorothadonil were obtained from Sigma-Aldrich,
Germany. They were used for anaytical identification and
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determination of pesticide concentration by HPLC. The
pesticides used to prepare aqueous solution were obtained
from a commercial source and were used as received. Fig. 1
shows the chemical structure of the pesticides.
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Fig. 1 Chemical structure of (a) chlorpyrifos) (b) cypermethrin and
(c) chlorotha onil

B. Analytical Methods

Pesticide concentration in treated samples was determined
by HPLC (Agilent 1100 Series) equipped with micro-vacuum
degasser (Agilent 1100 Series), quaternary pumps, diode array
and multiple wavelength detector (DAD) a wavelength
230 nm. Chemstation software was installed and used for data
recording. The HPLC detection column was ZORBAX
SB-C18 (3.0 mmx250mm, 5um). The column temperature
was set at 30°C. Mobile phase was made up of 25% buffer
solution (0.001M KH,PO, in double distilled water) and 75%
acentonitrile.

Chemical oxygen demand (COD) was determined
according to the Standard Methods [15]. When the sample
contained hydrogen peroxide (H,O,), to reduce interference in
COD determination pH was increased to above 10 so as to
decompose hydrogen peroxide to oxygen and water [16], [17].

TOC analyzer (Model 1010, O & | analytical) was used for
determining total organic carbon (TOC). pH measurement was
done using a pH meter (HACH sension 4) and a pH probe
(HACH platinum series pH electrode model 51910, HACH
Company, USA). Biodegradability was measured by 5-day

biochemical oxygen demand (BODs) test according to the
Standard Methods [15]. DO was measured by YSI 5000
dissolved oxygen meter. The seed for BODs test was obtained
from a municipa wastewater treatment plant. Fourier
transform infrared (FTIR) spectrum was taken by FTIR-
8400S, SHIMADZU. Luzchem Solsm v1.2, (intensity
approximately AML1.5 solar spectrum) provided simulated
solar radiation, with a 300 W ceramic xenon lamp, wavelength
280-800 nm and maximum power 1.5 kW/m? It was preset
to 0.85 kW/m? for the study. A hand held solar radiometer
model 776E Dodge product, USA was used for measuring
solar intensity and subsequent simulation of the reactor
radiation.

C. Pesticide Aqueous Solution

Pesticide aqueous solution was 400 mg L™ of pesticides
(100 mg L™ of chlorpyrifos (CPF), 50 mg L™ of cypermethrin
(CPT) and 250 mg L™ of chlorothaonil (CTN)) in distilled
water. It was prepared weekly and stored at 4 °C. The
pesticide agueous solution had a COD of 1130 mg L™.

D. Experimental Procedure

Batch experiments were carried out in Luzchem Solsim
v1.2 reactor with 600 mL beaker containing 500 mL of the
pesticide agueous solution. A hand held portable solar
radiation meter was used to measure the average daily
irradiation and simulated in the reactor accordingly. The
required amount of iron (FeSO,7H,0) was added to the
aqueous solution and mixed by a magnetic stirrer to ensure
complete homogeneity during reaction. Thereafter, the pH was
adjusted to the required value using sulfuric acid (H,SO,) and
then necessary amount of H,O, was added. Duration of
experiment was monitored by an inbuilt automatic timer.
Samples were filtered througha  0.45 pm membrane filter
for COD, BODs and TOC measurement, and filtered through a
0.20 pm membrane filter for HPLC and FTIR spectra.

I11. RESULTS AND DISCcuUsSION

A. Solar Irradiation

The photolysis of the pesticide agueous solution due to
simulated solar irradiation was studied. The experiment was
conducted at pH 3.0, with pesticide aqueous solution of COD
1130 mg L% There were 3.21, 5.13 and 8.95% removal of
COD in 1, 2 and 3 h, respectively. The photolysis alone was
not sufficient for complete degradation of the pesticides in
aqueous solution (Fig. 2). Degradation does not proceed
significantly under direct irradiation without a catalyst [18].
This is because the process depends on the adsorptive
properties of the organic compound based on its chemical
structure and also, the presence of dissolved organic matter
(DOM) which may lead to competition in the energy
absorption [19-20]. As a basic distinction, photodegradation
reactions can be classified as being of direct or indirect nature.
In the former, the compound is directly excited by absorbing
energy from solar radiation (290-800 nm), while indirect
photodegradation proceeds through the generation of reactive
intermediates from matrix components which subsequently
interact with the substrate [20-21].
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Fig. 2 COD removal during solar irradiation of peste aqueous
solution at 1, 2 and 3 h duration Time (min)

B. Effect of H,O,/COD Molar Ratio

To obtain the optimum }¥0,/COD molar ratio, initial HO, 1
concentration was varied in the range 35.31-128158 at
inittal COD 1130 mg L* (35.31mM). The corresponding
H,O,/COD molar ratios were 1, 1.5, 2, 25, 3 and 3Be T
other operating conditions were pH 3 angOwFe?* molar
ratio 25. Fig. 3 (a)—(c) shows the effect ofG¥COD molar
ratio on pesticidedegradation in terms of COD and TOC
removal and BOBPCOD ratio. The COD removal after
60 min reaction time was 39.03, 51.35, 72.08, 544617
and 35.93% at p0,/COD molar ratio 1, 1.5, 2, 2.5, 3 and 3.5, N
respectively. The TOC removal after 60 min reactiore was _ et
25.15, 34.27, 57.56, 39.96, 33.27 and 28.38% A,IGOD Fig. 3 'E(E)e‘;tggfg’é’g\f;m?j'agcgagg&‘é? oD removal
molar ratio 1, 1.5, 2, 2.5, 3 and 3.5, respectivée8{OD;/COD
ratio after 60 min reaction time was 0.25, 0.3%30.0.29, C. Effect of H,0,/Fe** Molar Ratio
0.23, 0.19 and 0.14 at,8,/COD molar ratio 1, 1.5, 2, 2.5, 3  The effect of ferrous ion concentration was studiedrder
and 3.5, respectively. to obtain the optimum }0,/F€* molar ratio for degradation

The results indicate that the pesticide deg'raddncreased of the combined pesticide aqueous solution. 2+ Fe
with increasing concentration of,8, but the degradation did concentration was varied from 0.94 to 28.25 mM unde
not improve above D,/COD molar ratio 2. This may be duegperating conditions of pH 3,,8,/COD molar ratio 2 and

COD remaval (%)

TOC removal (%)
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BOD./CODratio

-—-r"'"ff .

c]

a 10 20 30 40 50 60

to scavenging of OHby H,0; as in Eq. (4) [22]. initial COD 1130ng L. Fig.3 (a)-(c) indicates that
) . COD and TOC removal efficiency and B@DOD ratio
OH + H,0;, — H,0 + HO, (4)  improvement increased with increasing?Fepncentration up

to H,O./FE* molar ratio 25. Further addition of elid not
Maximum COD and TOC removal and biodegradabilityncrease removal. This maybe due to direct reaatib®H
(BOD5/COD ratio) improvement was achieved a{0HCOD  radical with metal ions at high concentration of s seen in
molar ratio 2. reaction (5) [23].
80

701 FE* + OH — Fe* +HO 5)
60 +
50 4
40

After 60 min reaction time, COD removal was 32.48.39,
61.47, 74.19, 41.86, 34.88 and 30.31% aO}Fe’* molar
ratio 2, 5, 10, 25, 50, 100 and 150, respectivélye TOC
removal was 27.33, 33.27, 47.87, 58.32, 38.85, B@&8d
107 23.8% at HO,/F€" molar ratio 5, 10, 25, 50, 100 and 150,
¢ Y 1'0 ,_'3 3'0 4‘3 5'0 5'3 respectively. The BOECOD ratio after 60 min reaction time

) Time {min) was 0.19, 0.24, 0.31, 0.35, 0.24, 0.19 and 0.1A,@L/Fe*
' molar ratio 2, 5, 10, 25, 50, 100 and 150, respelsti The
H,O,/F€#* molar ratio 25 was obtained as optimum to achieve
maximum degradation of the pesticides aqueousisnlut

30 4

COD removal (%)

20
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Fig. 4 Effect of HO,/F€" molar ratio on (a) COD removal (b)
TOC removal and (c) BOICOD ratio

D. Effect of pH

The solution pH is an important variable in ghealuation
of aqueous phase mediated photocatalytic reactidrespH of
the solution influences adsorption and dissociatainthe
substrate, catalyst surface charge, oxidation piateaf the
valence band and other physico-chemical propediethe
system [20]24. To obtain the optimum pH, experiraenere
conducted by varying the pH in the range 2-6. Thigero
operating conditions were,8,/COD molar ratio 2, KO,/FE?
molar ratio 25 and initial COD 113fg L™ Fig. 5 (a)—(c)
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Fig. 5 Effect of pH on (a) COD removal (b) TOC reraband
(c) BODs/COD ratio

E. Effect of Initial Pesticide Concentration

The investigation of the effect of initial pestieid
concentration was conducted by using 400, 800 and
1200 mg L' combined pesticides concentrations with
equivalent COD of 1130, 2150 and 328 L™, respectively.
The optimum operating conditions used wergOM¥COD
molar ratio 2, HO/F€' molar rato 25 and pH 3.
Fig.6 (a)-(c) shows the effect of initial pestigde
concentration on COD and TOC removal and B@ODD
ratio. After 60 min reaction time, COD removal w24.19,
72.24 and 71.57%, TOC removal was 58.32, 56.98 and
55.01%, and BOBCOD ratio was 0.35, 0.34 and 0.33 at

shows the effect of pH on COD and TOC removal anghitial pesticide concentration 400, 800 and 12 LY
BODs/COD ratio. The COD removal after 60 min reactiomespectively. At low concentration of substrateréh was

time was 65.11, 74.19, 50.04, 41.23 and 32.39%1a2,18, 4,
5 and 6, respectively. The TOC removal after 60 raaction
time was 45.47, 58.32, 48.87, 38.45 and 33.29%1a2,8, 4,

5 and 6, respectively. BQICOD ratio after 60 min reaction |ess.

time was 0.27, 0.35, 0.29, 0.26 and 0.23 at pH 2, 3 and 6,

respectively. From the experiment, the optimum pbt f (OH) concentrations remain constant for all

degradation of the pesticides in aqueous solutiag 3.0.

improved efficiency (high percentage degradatioRyen
though at high initial substrate concentration, aegradation
was more but percentage degradation of the substpgteared
The presumed reason is that when the initial
concentration of the pesticide increased, the hgydrmadical
pesticide
molecules [25]. The efficiency of the Fenton pracdspends

on the formation of hydroxyl radicals and less stming of
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hydroxyl radicals occurs as initid organic substrate
concentration increases [26]. The optimum operating
condition H,O,/COD molar ratio 2, H,O./Fe”* molar ratio 25
and pH 3 were adequate to degrade the pesticides in aqueous
solution.
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Fig. 6 Effect of initial concentration on (a) COD removal (b) TOC
removal and (c) BODs/COD ratio

F.FTIR Spectra

In the Fourier transform infrared (FTIR) process, a tiny
proportion of the photons incident on the agueous solution
interacts with vibrations in the pesticide and it is eventually
scattered a higher or lower energy to represent the spectra.
Untreated and solar-Fenton treated pesticide agueous solution
were analyzed by FTIR spectroscopy to check for presence of
organic bonds. Identified tangentid C-C stretching in
benzene and hexasubstituted benzene derivatives of
chlorothalonil was observed in the range of 1548 and 1265
cm® [27]. The cypermethrin spectrum showed absorption
bands from 1742 to 1076 cm* due to carbonyl stretching,
C=C stretching in chloroalkenes, ring vibration of benzene,

BOD./COD ratio

CH, deformation in R—CH,—CN structure and (C=0)-O-
stretching, whereas the absorption bands of chlorpyrifos were
located between 1549 to 968 cm* due to C=N stretching,
pyridine stretching, ring vibration, ring breathing, CI-C
stretching, trigona ring breathing and P=S stretching [28]. In
the present study, the band at 1650.95 cm™ and 1448.44 cm
in the untreated aqueous solution in Fig. 7 (a) was modified as
seenin Fig.7 (b), indicating degradation of the pesticides.
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v
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|
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Wavenumbers (crm-1)

Fig. 7 FTIR spectra of (a) untreated and (b) treated pesticide
aqueous solution

G. Effect of Incident Solar Radaition Intensity

The effect of solar radiation intensity was investigated for
250, 500, 750 and 1000 W/m? as seen in Fig. 8 (a—b).
Radiation intensity distribution within the reactor invariably
determines the overall pesticide conversion and degradation
efficiency [29]. The rate of initiation of photocatalysis and
electron-hole formation in the photochemica reaction is
strongly dependent on the light intensity [30]. While
increasing the intensity of incident light, the probabilities of
excitation of electrons as well as the re-excitation of
recombined electrons increase. Hence, increase in the
degradation is observed with increase in the intensity of
incident light [31]. The dependency of pollutant degradation
rate on light intensity has been studied for various organic
pollutants. In some cases, the reaction rate exhibited a square
root dependency on the light intensity; others observed alinear
relationship between the two variables [32, 33]. In this study,
1000 W/m? showed the highest COD and TOC removal
efficiency of 81.05 and 60.11%, respectively.

85

——350W,/m2 500 W,/ m2z
&0 - —— 750 W,/ m2 %1333'»‘4‘_;‘]1"2
= 75 A
g
=
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g
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Time (min}
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Fig. 8 Effect of incident solar radiation intensity (a) COD
removal and (b) TOC removal

H.Degradation of Pesticide in Aqueous Solution under the
Optimum Operating Conditions

Fig. 9 shows the degradation of chlorpyrifogpermethrin
and chlorothalonil pesticides in aqueous solutionar the

optimum operating conditions ¢B8,/COD molar ratio 2,

IV. CONCLUSIONS

Solar photo-Fenton process is effective in thetineat
(degradation)  of  chlorpyrifos,  cypermethrin, and
chlorothalonil pesticides in aqueous solution. Undke
optimum operating conditions, complete degradatiérthe
pesticides occurred in 1 min. Biodegradability gesed from
zero to 0.36 in 60 min, and COD and TOC removalewer
74.19 and 58.32%, respectively. Mineralization @§amic
carbon led to a decrease in ammonia-nitrogen coratem
from 22 to 4.3mg L and an increase in nitrate
concentration from 0.7 to 18riig L™ in 60 min. Solar photo-
Fenton process can be used for pretreatment of icechb
chlorpyrifos, cypermethrin and chlorothalonil pestes in
aqueous solution or wastewater for biologicalttresnt.
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