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ABSTRACT

This study examined the degradation of pesticide aqueous solution containing chlorpyrifos,
cypermethrin and chlorothalonil by the FeGAC/H,O, process. Under the operating condi-
tions (FeGAC 5 g/L, H,O, concentration 100 mg/L and pH 3), chemical oxygen demand
(COD) and total organic carbon removal were 96.2 and 79.2%, respectively, and biodegrad-
ability (BODs/COD ratio) increased from 0 to 0.40 after 60 min reaction. Complete degrada-
tion of chlorpyrifos, cypermethrin and chlorothalonil pesticides active ingredients occurred
in 1 min. Kinetic models such as pseudo-first-order, pseudo-second-order and intraparticle
diffusion were evaluated. The Fourier transform infrared spectra (treated and untreated pes-
ticide aqueous solutions) also indicated modification and/or degradation of the pesticide
organic bonds. The study showed that FeGAC/H,0, process can be used for the pretreat-
ment of pesticide aqueous solution containing chlorpyrifos, cypermethrin and chlorothalonil

before further treatment by biological process.
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1. Introduction

The presence of highly recalcitrant organic contam-
inants in the hydrosphere due to industrial and inten-
sive agricultural activity is of particular concern for
the freshwater, coastal and marine environment. It is,
therefore, important to develop and promote low-cost
and/or easy-to-handle treatment processes that will
assist in degradation of these contaminants [1]. Waste-
water from agricultural pesticide manufacturing

*Corresponding author.

plants, rinsing and washing of pesticide spray equip-
ment are major sources of pesticides in surface water.
The pesticide concentrations from these sources are
reported to be as high as 500 mg/L [2]. Removal of
pesticide by conventional wastewater treatment plant
especially at low pesticide concentration (sub-ppb to
ppb level) is a serious concern [2,3].

Advanced oxidation process (AOP) produces
hydroxyl radicals (OH") which oxidizes organic con-
taminants in water/wastewater under mild experi-
mental condition [4]. Oxidation with Fenton’s reagent
is based on the reaction between ferrous ions and
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hydrogen peroxide (H,O,) which produces OH" for
the degradation of contaminants in wastewater [5].
Fenton’s reagent has been reported to be effective in
the treatment of recalcitrant wastewater [6-11].

When ferrous/ferric ions and H,O, are used to
generate OH", production of iron sludge is inevitable.
This may cause additional cost in terms of handling
and disposal of the sludge produced. To circumvent
this problem in homogeneous Fenton process and to
comply with environmental regulations [12], alterna-
tive oxidation processes were required. Thus, a modi-
fied Fenton process—Fe-granular-activated carbon/
hydrogen peroxide (FeGAC/H,0,) process has been
proposed [13]. FeGAC has both catalytic and adsorp-
tion properties due to GAC surface and the coating of
iron oxides. Also, the oxidation strength of the process
is enhanced by the addition of H,O,. The application
of FeGAC/H,0O, process for decolourization of Acid
Black 24 at pH 2 was 76% [13], the removal of humic
substances (humic and fulvic acids) in municipal land-
fill leachate at pH 6 was 70% [14] and the degradation
of crystal violet at pH 3 was 71% [15]. The following
reaction mechanism has been suggested for the
FeGAC/H,0; process (Egs. (1)-(7)) [16].

AC + Fe*~* — AC' + Fe** ¢))
Fe’* + H,0, — Fe’* + HOS + H' ()
AC" + H,0, - AC + HOO® +H' ®3)
Fe’* + H,0, — Fe** + OH® + OH™ )
Fe’* + OH® — Fe*" + OH™ 5)
H,0, + OH® — HOO"® + H,0 (6)
HOO® + OH* — H,O + O, )

The characteristics of activated carbon (AC) which
makes it a very resourceful material have been
described elsewhere [16,17]. AC as an electron donor
reduces the ferric ion to ferrous ion in Eq. (1). The
competing reaction during the formation of ferrous
ion is shown in Egs. (1) and (2), and its consumption
is seen in Egs. (4) and (5). The production of hydroxyl
radical (OH") is shown in Egs. (6) and (7). Fenton
mechanism and GAC adsorption is basic for the deg-
radation of contaminants in a typical wastewater
[12,14].

Chlorothalonil and chlorpyrifos were removed by
constructed wetland [18], chlorothalonil was degraded
by the use of endemic bacterial strains [19], anodic
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oxidation at lead dioxide and boron-doped diamond
electrodes were used to degrade chlorpyrifos [20,21],
chlorothalonil was degraded by catalytic bimetallic-
based doped electrode methods [22] and cypermethrin
was degraded by microwave irradiated photo-Fenton
reaction [23]. There has been no study on degradation
of combined chlorpyrifos, cypermethrin and chlorot-
halonil pesticides in aqueous solution by the FeGAC/
H,0O, process.

In our previous study [24], TiO, photocatalytic
process required a long duration for almost complete
mineralization and degradation of the pesticide active
ingredients. In this study, we investigated the operat-
ing conditions of FeGAC/H,0O, process for degrada-
tion of chlorpyrifos, cypermethrin and chlorothalonil
pesticides in aqueous solution. In addition, chemical
oxygen demand (COD) and total organic carbon
(TOC) removal and biodegradability (BODs/COD
ratio) improvement were monitored. Fourier transform
infrared (FTIR) spectroscopy was used to measure
modification and/or degradation of the pesticide
organic bonds. Kinetic models including pseudo-first-
order, pseudo-second-order and intraparticle diffusion
were evaluated. The optimum time required for the
pesticide active ingredients to be degraded was also
monitored.

2. Materials and methods
2.1. Chemicals

Hydrogen peroxide (30%, w/w) and ferric nitrate
(Fe(NO3)3-:9H,0) were purchased from R&M Market-
ing, Essex, UK. Analytical grade of cypermethrin and
chlorothalonil were obtained from Sigma—Aldrich,
while chlorpyrifos was obtained from Dr Ehrenstorfer,
GmbH (Augsburg, Germany). They were used for
analytical determination of pesticide concentrations by
HPLC. The pesticides used were obtained from a com-
mercial source.

2.2. Fe-granular-activated carbon (FeGAC)

Granular-activated carbon (GAC) was obtained
from the Calgon Corporation, Pittsburgh, PA and
ground to a size of 425 pm. FeGAC was prepared by
mixing GAC in a solution of Fe(NO3);-9H,O for 12 h
at 50 mg ferric nitrate/g GAC. This was followed by
drying at 105°C for 3 d. The resulting FeGAC was
washed several times with distilled water, dried at
105°C for another 3d and stored in stopper glass
bottle [13].
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2.3. Analytical methods

COD was determined according to the standard
methods [25]. To reduce interference in COD determi-
nation, pH was increased to above 10 so as to decom-
pose hydrogen peroxide to oxygen and water [26,27].
TOC analyser (Model 1010, O&I analytical) was used
for determining 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 using
five d biochemical oxygen demand (BODs) test accord-
ing to the standard methods [25]. DO was measured
using YSI 5000 dissolved oxygen meter. The seed for
the BODs test was obtained from a municipal wastewa-
ter treatment plant. 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) at wavelength 230 nm.
Chemstation software was installed and used for data
recording. The HPLC detection column was ZORBAX
SB-C18 (3.0 x 250 mm, 5 um). The column temperature
was set at 30°C. Mobile phase was made up of 25% buf-
fer solution (0.001 M KH,PO, in double distilled water)
and 75% acentonitrile. Standard chlorpyrifos, cyper-
methrin and chlorothalonil pesticides were used to pre-
pare stock solutions. About 5 mL of sample (treated/
untreated) was placed inside a 50 mL screw top vial,
followed by the addition of 5 mL of a premixed solution
of 25% buffer solution (0.001 M KH,PO, in double dis-
tilled water) and 75% acentonitrile. The sample was
mixed gently by hand, vortex mixed for 5 min, then
centrifuged at 2,000 rpm for 10 min, and the superna-
tant was removed and transferred to a 20 mL beaker.
Thereafter, an aliquot of the extract was filtered through
a 0.20 pm membrane filter and placed in the HPLC vial
for measurement of chlorpyrifos, cypermethrin
and chlorothalonil pesticides” concentration. The GAC
and FeGAC were analysed by the Brunauer, Emmet
and Teller (BET) method (Micrometrics ASAP 2010).
The morphology of GAC and FeGAC was done by a
scanning electron microscope (Leo Model 1430-VP).

2.4. Pesticide aqueous solution

Pesticide aqueous solution was 400 mg/L of the
pesticides (100 mg/L of chlorpyrifos, 50 mg/L of cy-
permethrin and 250 mg/L of chlorothalonil). It was
prepared in distilled water weekly and stored in a
cold room at 4°C. The pesticide aqueous solution
COD, TOC, NH3-N and NO3; -N concentrations were
1,130, 274.4, 22 and 0.7 mg/L, respectively. Biodegrad-
ability index (BODs/COD ratio) was zero.
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2.5. Experimental procedure

Batch FeGAC/H,O, treatment was performed
using 250 mL Pyrex flasks with 200 mL of the pesti-
cide aqueous solution. The pH was adjusted as
required using 1 M NaOH or 1 M H,50,. Thereafter,
FeGAC and H,O, were added and the flask was
placed on an orbital shaker. At selected reaction time,
the flask was removed from the orbital shaker, and an
aliquot of the supernatant was filtered through
0.45 ym membrane filter for the measurement of COD,
TOC, BODs, and NH3-N and NO; -N concentrations
as required. It was also filtered through 0.20 ym mem-
brane filter for HPLC and FTIR measurement.

3. Results and discussion
3.1. SEM of GAC and FeGAC and characteristics of GAC

The SEM morphology at magnification 5.00 K for
GAC and FeGAC is shown in Fig. 1. The characteris-
tics of GAC and FeGAC are shown in Table 1.
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Fig. 1. SEM of (a) GAC and (b) FeGAC.
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Table 1

Characteristics of GAC and FeGAC

Parameter GAC FeGAC
Surface area (m?/g) 626 745
Micropore area (m*/g) 509 729
Micropore volume (mL/g) 0.23 0.20
Average pore diameter (A) 15.35 23.79
Bulk density (g/mL) 0.52 0.81
Conductivity (uS/cm) 4.00 5.20
pH 5.65 4.80
PHZPC 6.20 5.60

3.2. Effect of FeGAC

The effect of FeGAC concentration on the adsorp-
tion of the pesticide aqueous solution was studied.
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Fig. 2. Effect of FeGAC concentration in terms of COD and
TOC removal. Chlorpyrifos—100 mg/L, cypermethrin—
50mg/L,  chlorothalonil—250 mg/L.  Initial =~ COD
1,130 mg/L and initial TOC 274.4 mg/L.
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The FeGAC concentration varied from 1 to 5g/L.
COD and TOC removal were 56.9 and 38.2% after
60 min reaction time (Fig. 2). The results indicate that
an increase in FeGAC concentration yielded higher
removal efficiency. This may be attributed to high
granular structure and increase in number of sites
available for adsorption of contaminants [16].

3.3. Effect of FeGAC and H,0; addition

The effect of FeGAC concentration and H,0O, addi-
tion was studied. In heterogeneous Fenton or Fenton-
like processes, the reaction between ferrous/ferric ions
and H,O, would occur at the surface of the catalyst
and this depends on the specific area of the catalyst
[16]. On the other hand, FeGAC has been reported to
enhance the oxidation strength of H,O, [13-15]. To
study the effect of H,O, addition, the concentration of
H,0, varied from 10 to 300 mg/L. The COD and TOC
removal efficiency and BODs5/COD ratio increased
with increase in H,O, concentration (Fig. 3). However,
above 100 mg/L, there was no significant degradation
of the pesticide aqueous solution. The decrease in the
process efficiency was probably due to competing
reaction of GAC, OH" and ferrous/ferric ions upon
H,0, degradation. In addition, scavenging of OH" by
excess H,O, decreases the efficiency of the process
[13]. The COD and TOC removals were 96.2 and
79.2%, respectively, and the biodegradability (BODs/
COD ratio) was 0.40 after 60-min reaction The BODs5/
COD ratio of 0.40 indicates that the solution is amena-
ble to biological treatment [28].
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0.15
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0.05

150
H,0, Concentration (mg/L)

Fig. 3. Effect of FeGAC and H,O, addition in terms of COD and TOC removal and BOD5/COD ratio after 60 min
reaction time. Chlorpyrifos—100 mg/L, cypermethrin—50 mg/L, chlorothalonil—250 mg/L. Initial COD 1,130 mg/L and

initial TOC 274.4 mg/L.
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3.4. Effect of pH

The pH is an important parameter in heteroge-
neous Fenton process. Several studies have shown that
pH 3 is usually optimum for Fenton and/or heteroge-
neous Fenton oxidation [23]. The pH of a solution
influences adsorption and dissociation of the substrate.
Other factors include catalyst surface charge, oxidation
potential of the valence band and the physico-chemi-
cal properties of the system [11,29,30]. To determine
the optimum pH, experiments were conducted by
varying the pH in the range 2-8. The effect of pH on
COD and TOC removal and BODs5/COD ratio is
shown in Fig. 4. After 60-min reaction time, COD
removal was 84.1, 96.2, 879, 76.0 and 71.3%; TOC
removal was 73.3, 79.2, 752, 69.2 and 64.1%; and
BOD;5/COD ratio was 0.36, 0.40, 0.38, 0.33 and 0.31 at
pH 2, 3, 4, 5, 6 and 8, respectively. The study indi-
cated that pH 3 was optimum for the process.

3.5. Effect of initial pesticide concentration

The effect of initial pesticide concentration on deg-
radation of the pesticide aqueous solution was stud-
ied. Pesticide concentration varied from 400 to
1,200 mg/L. After 60-min reaction time, COD removal
was 96.2, 93.1 and 90.8%; TOC removal was 79.2, 77.3
and 74.9%; and BODs5/COD ratio was 0.40, 0.37 and
0.35 at 400, 800 and 1,200 mg/L, respectively (figure
not shown). Decrease in the degradation efficiency
was observed with increase in the initial pesticide con-
centration. The presumed reason is that when the ini-
tial concentration of the pesticide increased, the OH"
concentration remains constant for the pesticide
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molecules [31]. The efficiency of the FeGAC/H,0O,
process depends on the formation of OH" and less
scavenging of OH" [32]. Therefore, the concentration
of FeGAC and H,O, are important factors that should
be considered when applying FeGAC/H,0O, process to
the treatment of different pesticide wastewater COD
loadings.

3.6. Degradation of chlorpyrifos, cypermethrin and
chlorothalonil pesticides

To determine the time required for degradation of
the pesticide active ingredients during the treatment
process, an aliquot of the solution being treated was
withdrawn every 1 min and measured by HPLC. The

degradation of chlorpyrifos, cypermethrin and
300
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- 250 ~i— Chlorothalonil (CTN})
S
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Fig. 5. Degradation of chlorpyrifos, cypermethrin and chlo-
rothalonil pesticides. Chlorpyrifos—100 mg/L, cypermeth-
rin—50 mg/L, chlorothalonil—250 mg/L. Initial COD
1,130 mg/L and initial TOC 274.4 mg/L.
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Fig. 4. Effect of pH in terms of COD and TOC removal and BOD5/COD ratio after 60 min reaction time. Chlorpyrifos—
100 mg/L, cypermethrin—50 mg/L, chlorothalonil—250 mg/L. Initial COD 1,130 mg/L and initial TOC 274.4 mg/L.
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chlorothalonil pesticide active ingredients under the
optimum operating conditions (chlorpyrifos—100 mg/L,
cypermethrin—50 mg/L,  chlorothalonil—250 mg/L.
Initial COD 1,130 mg/L and TOC 274.4 mg/L, FeGAC
5g/L, HyO, concentration 100 mg/L and pH 3) is
shown in Fig. 5. Complete degradation of the pesticide
active ingredients occurred in 1 min. This result is
similar to our previous finding in classical Fenton pro-
cess [33].

3.7. Mineralization of degraded pesticides under optimum
operating conditions

Under similar conditions as in section 3.6, mineral-
ization of the degraded pesticides intermediates was
monitored. Ammonia-nitrogen (NH3-N) concentration
decreased from 22 to 2.1 mg/L and nitrate (NO3 -N)
concentration increased from 0.7 to 21.1 mg/L after
60 min reaction time (Fig. 6(a)). Maximum COD and
TOC removals were 96.2 and 79.2%, respectively, and
the corresponding BOD5/COD ratio was 0.40 after
60 min reaction time. Wastewater is considered as bio-
degradable if BODs/COD ratio is 0.40 [28] (Fig. 6(b)).

3.8. FTIR study

The FTIR spectra of the untreated and treated pesti-
cide aqueous solutions are shown in Fig. 7. Cross reac-
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Fig. 6. Degradation under optimum operating conditions (a)
NH;-N reduction and NO;5; -N formation, and (b) COD and
TOC removal and BODs/COD ratio after 60 min reaction
time. Chlorpyrifos—100 mg/L, cypermethrin—50 mg/L,
chlorothalonil—250 mg/L. Initial COD 1,130 mg/L and ini-
tial TOC 274.4 mg/L.
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Fig. 7. FTIR Spectra of untreated and treated pesticide
aqueous solutions. Chlorpyrifos-100 mg/L, cypermethrin
—50mg/L, chlorothalonil—250 mg/L.  Initial COD
1,130 mg/L and initial TOC 274.4 mg/L.

tivity or interference from a mixture of pesticides in
aqueous solution may lead to disappearance of indi-
vidual peaks of each compound [34]. The band which
occurred at 3,458.13 cm ! shifted to 3,365.55 cm ™! in
the treated pesticide aqueous solution. This may indi-
cate the vibration of the hydrogen-bonded hydroxyl
groups and/or absorbed H,O molecules [35,36]. The
stretching vibration of the carbonyl peak in the
untreated solution at band 1,650.95 cm™! broadened in
the treated solution at band 1,634.16 cm™'. This may
suggest the formation of different carbonyl groups
such as aldehydes and carboxylic acids. The band at
1,523.66 cm~! modified and shifted to 1,389.21 cm™!
indicating the weakening of C=C stretching in the chlo-
roalkenes, C—C stretching of phenyl ring and the C=N
stretching due to the pesticide molecule vibration [37].
The band at 1,027.99 cm ™! shifted to 969.04 cm ™! in the
treated pesticide aqueous solutions. This may indicate
isomerization of the pesticide as well as modification
of the Cl-C, P=S stretching and the (C=0)-O- stretch-
ing [37,38]. The difference in FTIR spectrum (untreated
and treated pesticide aqueous solutions) indicates deg-
radation of the pesticides organic bonds.

3.9. Kinetics

To understand the kinetics of degradation of the
pesticide aqueous solution, different kinetic models
including pseudo-first-order, pseudo-second-order and
intraparticle diffusion were evaluated.
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3.9.1. Pseudo-first-order

A general pseudo-first-order reaction rate expres-
sion for kinetics of pesticide aqueous solution degra-
dation has been reported [29]. The presence of GAC in
the FeGAC/H,0O, process acted as an additional cata-
lyst together with the iron oxide. This accelerated the
formation rate of ferrous irons, which is known to be
the rate-limiting constituent in OH" production in
Fenton-like processes. The pseudo-first-order kinetics
is given according to Eq. (8) [16].

In <%> = —k1 X t (8)

o

where C; and C, are the TOC concentrations at time t
and zero, respectively, k; (min™") is the rate constant.
If the kinetics follows the pseudo-first-order, a plot of
In (C;/C,) vs. time is shown in Fig. 8.

3.9.2. Pseudo-second-order

The pseudo-second-order equation is shown in
Eq. (9) [39].

1
&gtk ®

where C; and C, are the TOC concentrations at time ¢t
and zero and k, (min™') is the calculated pseudo-sec-
ond-order rate constant. If the kinetics follows the
pseudo-second-order, a plot of 1/C, vs. time should
be linear (Fig. 9).

3.9.3. Intraparticle diffusion model

The linearized form of intraparticle diffusion equa-
tion is shown in Eq. (10) [40].

1.5

In (C/Cy)

0.5 1

0 1I0 2IU 3I0 4I0 5IU 60
t (min)
Fig. 8. Pseudo-first-order kinetics. Chlorpyrifos—100 mg/

L, cypermethrin—50 mg/L, chlorothalonil—250 mg/L. Ini-
tial COD 1,130 mg/L and initial TOC 274.4 mg/L.
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Fig. 9. Pseudo-second-order kinetics. ~ Chlorpyrifos—
100 mg/L,  cypermethrin—50 mg/L,  chlorothalonil—

250 mg/L. Initial COD 1,130 mg/L and initial TOC
2744 mg/L.

g, = kiat®® + C; (10)
where kq (mg/g min’®) is a measure of the diffusion
coefficient and C; is the intraparticle diffusion constant
(mg/g). If intraparticle diffusion is the rate-limiting
step, a plot of fraction of organics adsorbed g, against
the square root of time (t”°) should be linear, passing
through the origin. kiq and C; are obtained from the
slope and intercept of the graph, respectively (Fig. 10).
C; is directly proportional to the boundary layer thick-
ness.

The kinetic constants and correlation coefficients of
the three kinetic models are shown in Table 2. A high
correlation coefficient indicates how well a model
describes the data obtained from an experiment. The
correlation coefficient from highest to lowest was in
the following order; pseudo—first-order > intraparticle
diffusion model > pseudo-second-order. The pseudo-
first-order model was found to describe the reaction
kinetics most effectively.
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Fig. 10. Intraparticle diffusion model. Chlorpyrifos—
100 mg/L,  cypermethrin—50 mg/L,  chlorothalonil—
250 mg/L. Initial COD 1,130 mg/L and initial TOC
2744 mg/L.
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Table 2
Summary of correlation coefficients and rate constants
Pseudo first order Pseudo second order Intra particle diffusion model
ki (min™") rR? ky (min™") R? kid (mg/g min®?) C; (mg/g) R?
0.017 0.987 0.024 0.937 0.0056 0.0196 0.939

4. Conclusions

FeGAC/H,0O, process has been applied in the
treatment of pesticide aqueous solution containing
chlorpyrifos, cypermethrin and chlorothalonil. Increas-
ing the FeGAC beyond a certain point may cause the
production of iron sludge. The chosen operating con-
ditions were sufficient to ensure that no sludge was
produced at the end of the treatment. Under the opti-
mum operating conditions (FeGAC 5 g/L, H,O, 100
pH 3 and 60 min reaction time), complete degradation
of chlorpyrifos, cypermethrin and chlorothalonil pesti-
cide active ingredients occurred in 1 min, COD and
TOC removals were 96.2 and 79.2%, respectively. Bio-
degradability (BODs/COD ratio) increased from 0 to
0.40. Kinetics of degradation of the pesticide aqueous
solution was obtained and fitted to different kinetics
models. The pseudo-first-order model was found to
describe the reaction kinetics most effectively. The Fe-
GAC/H,0, process can be used for pretreatment of
pesticide aqueous solution containing chlorpyrifos, cy-
permethrin and chlorothalonil before biological treat-
ment may be applied.
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