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ABSTRACT

Chlorpyrifos (CPF) is an organophosphate that has strong recalcitrant properties and may not fully
degrade in the conventional industrial wastewater treatment plant. The visible light photocatalyst is
one of the emerging methods proposed to enhance the biodegradability of pesticide wastewater. This
study investigated the application of visible-light photocatalyst (Ag/AgBr/TiO,) for the degradation
of CPF pesticide wastewater. Experiments were designed and optimized using the central composite
design of the response surface methodology. The effects of three independent parameters including
dosage of Ag/AgBr/TiO,, pH and reaction time were studied. The maximum chemical oxygen demand
(COD) removal predicted was 78.3% and the actual or experimental COD reduction was up to 75.8%.
The predicted and actual COD removal was in close range and acceptable. The optimum operating
condition of pH =10, Ag/AgBr/TiO, dosage = 10 g L™ and reaction time of 70 min was obtained. This
study showed that prepared visible light catalyst was efficient in the degradation of CPF contaminated
wastewater.

Keywords: Visible light photocatalysis; Chlorpyrifos wastewater; Central composite design (CCD);

Optimization; Modeling; Chemical oxygen demand (COD)

1. Introduction

Chlorpyrifos (CPF) was first introduced to the market
in 1965 and it became the most widely used pesticide in
the world. It was registered for use in more than 900 vari-
ous pesticide formulations including the emulsified concen-
trate, granule, wet powder, and dispersible granule [1,2]. It
is widely used to control different insects in agriculture [2].
It is toxic to non-target organisms, including humans and
may damage the lungs and central nervous system, causing
autoimmune disorders, and also retard mental development
[2]. In addition, CPF has been detected in rivers [3] due to
improper handling of organophosphate insecticide by large—
scale pesticide manufacturing industries and has resulted
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in the deaths of mammals [4]. Low-to-medium concentra-
tion CPF pesticide in water (<500 mg L™) may cause adverse
effects on human health [5]. Due to its recalcitrant properties,
it is difficult to decompose naturally in water.

Over the past few decades, various wastewater reme-
diation has been introduced to degrade water pollutants,
including biological treatment [6], coagulation/flocculation
[7] and advance oxidation processes (AOPs). AOPs are rec-
ognized as an environmentally friendly technology where
powerful oxidants such as hydroxyl radicals (OH) are pro-
duced and enable the conversion of the water pollutants into
less harmful end products such as carbon dioxide, water and
inorganic species [8]. Photocatalyst can be activated by free
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and abundant solar irradiation and has been widely studied
in recent years as it can oxidize the pollutants effectively at
low energy cost [9,10].

Semiconductor photocatalyst is getting increased atten-
tion due to their great potential in solving environmental
and energy issues ranging from decomposing organic pol-
lutants, water splitting and artificial photosynthesis by har-
vesting the solar light energy [11]. Titanium dioxide was
chosen as the primary photocatalyst because the anatase
form of TiO, is most active to the photon, non-toxic and
highly active [12]. Due to the wide bandgap of TiO, (3.2 eV),
it only absorbs light in the ultraviolet (UV) region with a
wavelength of less than 400 nm [13-15] and that is only 5%
of the solar spectrum [16] and thus limits its photocatalytic
efficiency. Thus, lots of efforts are being done to enhance the
photoreactivity of TiO,.

Nobel metals such as silver, gold, and platinum are used
as dopant to modify the surface of TiO, due to their sur-
face plasmon resonance (SPR) [17,18] as they can improve
the absorption of light in the visible light region and form
the Schottky barrier on the surface of TiO, to suppress the
recombination of electron-hole pairs as noble metals acts
as an electron trapper [19,20]. Silver/silver halide compos-
ite photocatalysts have been recognized as promising and
stable photocatalytic under visible light [19,21]. For exam-
ple, Ag/AgBr/TiO, has been applied to degrade dye such
as methylene blue [22]. The study reported that the photo-
degradation properties of Ag/AgBr/TiO, were better than
bare TiO, nanopowder and Ag/AgBr powder. Besides, the
recycling runs experiment showed the photocatalytic sta-
bility of Ag/AgBr/TiO, The method used in the preparation
of Ag/AgBr/TiO, was the Sol-Gel method and was there-
after applied in the photodegradation of methyl orange.
It was found that the performance of modified TiO, was bet-
ter than mesoporous TiO, and commercial TiO, [23]. Another
photo degradative properties of Ag/AgBr/TiO, was tested
on methyl orange where 162.4% Ag/AgBr/TiO, exhibited the
highest dye removal [24]. Other than dyes, Ag/AgBr/TiO, has
been applied in the decomposition of Escherichia coli in water
and it was reported that reactive radicals such as *OH, O%,
holes and Br’ caused the bacteria to die [25].

The design of experiment is used to study the relation-
ships between factors affecting a process and obtain the
results of the experiment. One factor at a time is the tradi-
tional experimental and analytical method. This is done by
changing one parameter while others are kept constant. It is
very time consuming, incurs high costs as it requires a large
number of experiments and it does not study the interactive
effects among the selected parameters [26]. Response sur-
face methodology (RSM) was developed as a combination
of mathematical and statistical methods to design experi-
ments, develop models with the interactions of parameters
and optimize the process [27-29]. RSM has been successfully
employed to optimize the removal of various pesticides in
wastewater such as methyl parathion [7], profenofos [30],
abamectin [31], acetamiprid [32], and malathion [33].

There is no reported work on the RSM optimization of
CPF for chemical oxygen demand (COD) removal by visible
light-activated Ag/AgBr/TiO, This study focused on photo-
degradation of CPF using Ag/AgBr/TiO, and the effects of
different parameters: such as catalyst load, initial pH and

reaction time on the reduction of COD and CPF concentration
was optimized by using the central composite design (CCD).

2. Experimental setup
2.1. Materials

Silver nitrate (AgNO,) was purchased from Bendosen,
potassium bromide (KBr) was purchased from BDH (England)
and titanium(IV) oxide was purchased from Merck Company
(Germany). CPF with concentration 38.7% w/w was pur-
chased from a local agriculture store (Bintangor, Sarawak).

2.2. Preparation of Ag/AgBr/TiO,

Impregnation—precipitation—photoreduction [9] was
selected to prepare the composite Ag/AgBr/TiO,. 1 g of TiO,
powder was impregnated in 20 mL of 0.0053 mol AgNO, for
30 min. Thereafter, 20 mL of 0.006 mol KBr with a concentra-
tion greater than AgNO, was added drop by drop to the mix-
ture and stirred continuously for the range 60 min to induce
the precipitation of deposited AgNO, into AgBr. The reduc-
tion of AgBr was carried out via irradiation by visible light
(420 nm < A <780 nm) for 90 min. Finally, the mixture was
washed several times with distilled water and dried in a vac-
uum oven at 70°C [22]. The prepared samples were denoted
by weight ratio Ag/AgBr/TiO,. The catalyst was prepared at
a 1:1 weight ratio of Ag:TiO,, which was calculated assuming
that all of the AgBr was reduced to Ag, for simplicity.

2.3. Characterization of Ag/AgBr/TiO,

The surface morphology of Ag/AgBr/TiO, was analyzed
by scanning electron microscopy (SEM) (JEOL-6010PLUS/
LV, Japan) and the atomic composition of Ag/AgBr/TiO, was
analyzed by energy-dispersive X-ray spectrometer (EDS)
was carried out. X-ray diffractometer (XRD) with D8 Bruker,
(Germany) operating at 40 kV and 40 mA using Cu Ka
radiation (k = 1.5418 A) were used to characterize the crystal
structure of photocatalyst.

2.4. Experiment

CPF pesticide wastewater was prepared using distilled
water a fixed concentration of 200 mg L™ [34] with some mod-
ification. The wastewater was selected by adding a mixture of
200 mg L™ of CPF, starch (0.25 g L), sodium acetate (0.25 g L),
ammonium chloride, NH,Cl (0.08 g L™), potassium dihydro-
gen phosphate, KH PO, (0.12 g L), dipotassium hydrogen
phosphate, K,.HPO, (0.29 g L"), calcium chloride dihydrate,
CaCl,-2H,0 (0.035 g L"), magnesium sulphate heptahydrate,
MgSO,'7H,0O (0.045 g L) and peptone (0.01 g L). About
100 mL of the wastewater was put in a 250 mL beaker. The
characteristic of CPF wastewater is shown in (Table 1). The
pH of the solution was adjusted by adding either drops of
1 Molar sulphuric acid, H,SO, or sodium hydroxide, NaOH.
Thereafter, a certain amount of Ag/AgBr/TiO, was added to
the CPF wastewater and stirred for a certain time to ensure
uniform mixing of the photocatalyst in the solution. The
reaction mixture was carried out under room temperature of
about 25°C + 0.5°C and in the visible light condition.
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Table 1
Characteristics of CPF wastewater

Table 2
Central composite design (CCD)

Parameters Amount
pH 7.2
Chemical oxygen demand (COD) (mg L) 1,270
Chlorpyrifos (mg L™) 200

2.5. Analytical methods

At the desired time, 10 ml of CPF wastewater was taken
out and centrifuged to immediately separate the treated CPF
wastewater and Ag/AgBr/TiO,. COD was used to analyze
the reduction organics based on the Standard Methods [35]
and the changes in the concentration of CPF fractions was
analyzed by Agilent (USA) high-performance liquid chro-
matography (HPLC) using C18 column acetonitrile and
HPLC water (70:30, v/v) was used as a mobile phase at a flow
rate of 0.2 mL min™. The peak was observed at 220 nm.

2.6. Experimental design

Experiments were designed at low (-1), middle (0) and
high levels (+1) of the process. Three parameters were the
independent facts of the process. These were contact time,
pH and photocatalyst dosage required to study the kinetic of
the photodegradation of CPF wastewater as shown in Table 2.

3. Results and discussion
3.1. Characterization of Ag/AgBr/TiO,

The X-ray diffraction (XRD) patterns of pure TiO, and
Ag/AgBr/TiO, was obtained from 1 g of AgBr dopant son-
icated with TiO, under 60 min precipitation time followed
by 90 min irradiation time is shown in Fig. 1 In the XRD
image, except the peaks of anatase in the TiO,, the peaks
at 26.7°, 31.1°, 44.5°, 55.1°, 64.6°, and 73.4° were formed at
(200), (202), (222), and (420) reflection of AgBr [24,36,37].
Ideally, the peaks of Ag should be detected at 38.1°, 44.3°,
64.5°, and 77.4°. In this study, the only detected peaks were
44.5° and 64.6° which could be assigned as Ag and AgBr,
respectively. The pure peak of Ag was difficult to see as it
may have overlapped the anatase phase at 38.7° [38]. Other
diffraction peaks of Ag could not be shown. This may be
because of the low content of Ag, tiny particle size, poor
crystalline structure and high dispersion [39]. The XRD
illustrates clearly the presence of AgBr and TiO, but not Ag
in the modified TiO, photocatalyst. Nevertheless, the exis-
tence of metallic Ag was further demonstrated by SEM-EDX
analysis shown in Fig. 2.

In Fig. 2, the irregular and dented surface of pure TiO,
were irregular sizes during agglomeration. The agglomer-
ates and the dents were diminished and replaced with reg-
ular powder formed surfaces. This may be due to the pres-
ence of Ag on the irregular surface of TiO, and decreased
its specific surface area [24]. With the aid of EDS analysis,
TiO, and O were the dominant elements that were found in
TiO, with an estimated weight of 39.9% and 48.96%, respec-
tively. The C element is attributed to the calibration carbon
[13] and Zr peaks with a small amount were observed in the
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Fig. 1. XRD pattern for (a) pure TiO, and (b) Ag/AgBr/TiO,.

EDS pattern, as the impurities found in the TiO, powder.
EDX of Ag/AgBr/TiO, revealed that the samples consisted
of Ag with a 14.46% weight. Since the weight percentage of
Br was not showed, the mass ratio of Ag/AgBr/TiO, obtained
was not comparable with the theoretically calculated value
of Ag/AgBr:TiO, (1:1).

3.2. Model fitting and analysis

A total of 28 experiments were conducted based on the
design expert (Table 3). Two replications were carried out for
factorial points, one replication of axial point and six repli-
cations of the center point. Table 3 shows the independent
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Fig. 2. SEM and EDX analysis for (a) pure TiO, and (b) Ag/AgBr/
TiO,.

variables and experimental results of the CPF wastewa-
ter degradation by CCD. The design summary suggested
that the 2FI model is the best-fitted model (Table 4). The
model adequacy was further validated by analysis of vari-
ance (Table 5). The model F-value of 8.68 implied that the
model was significant. There was only a 0.01% chance that
an F-value this large could occur due to noise. The P-value
of the model was less than 0.0001 indicates that the model
was significant. The lack of fit value of 2.45 implied that the
lack of fit is not significant relative to the pure error when
P-value = 0.0732, which was more than 0.05. This indicated
good predictability. Furthermore, the 2FI model had a low
standard deviation of 1.54 and the predicted R* value 0.4469 is
in reasonable agreement with the Adj R? value 0.6305. Based
on (Table 6), the coefficient of the model for the response was
estimated using multiple regression analysis techniques and
the 2FI model was obtained. In terms of actual factors Eq. (1)
expresses the COD removal with the effects of input factors,
A, B,and C.

COD removal (%) = 81.03 — 1.51A + 0.65B — 0.054C + 1.27AB +
0.34AC - 1.41BC 1)

The significance of the parameter coefficients could be
seen from Table 6. The coefficient is significant if the P-value

Table 3
Experiment design matrix and results for COD removal by CCD
Run pH Contact time ~ Ag dosage COD
(min) (g) removal (%)

1 4.5 70 25 84.5
2 7.25 125 1.75 80.2
3 7.25 125 1.75 80
4 10 70 1 779
5 7.25 125 1.75 79

6 10 180 2.5 80.2
7 12.75 125 1.75 79.1
8 7.25 125 1.75 80.6
9 10 70 2.5 80.5
10 1.75 125 1.75 83.2
11 10 70 1 76
12 10 180 1 82.7
13 4.5 180 1 83
14 10 180 1 80.5
15 7.25 235 1.75 85.2
16 45 180 1 78
17 45 70 1 83.1
18 10 70 2.5 78.6
19 7.25 15 1.75 78.6
20 7.25 125 3.25 80
21 45 180 1 85.5
22 7.25 125 1.75 80.4
23 45 70 1 82.7
24 45 180 2.5 81.7
25 45 70 2.5 86.9
26 7.25 125 1.75 79.5
27 7.25 125 0.25 80.2
28 10 180 1 80.9

is less than 0.05. “A” term (pH) was only significant model
terms. Although the “B” term (contact time) has a P-value
(0.0533) which was slightly greater than 0.05, it was kept as
a relevant correlation because it had significant coeffects on
COD removal when paired with other factors. The influence
of the contact time and catalyst dosage had the highest signif-
icance with an F-value of 13.26 and a P-value of 0.0015.

3.3. Effects of the input factors on the photodegradation

This section describes the effect of the input factors such
as pH and Ag/AgBr/TiO, dose on the COD removal.

3.4. Effect of the pH at different contact time

The effects of the pH were conducted as one of the factors
that could affect the degradation of CPF wastewater. The pH
was ranging from 4.5 to 10 and Ag/AgBr/TiO, was kept fixed
at 1 g. From Fig. 3a COD removal was significant in the acidic
medium and declined when the pH shifted to an alkaline
medium. This indicates that the COD removal was favored in
acidic condition. This agrees with work by Amalraj and Pius
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Table 4

Sequential model fitting for CPF wastewater treatment
Source Sum of squares Degree of freedom Mean square F-value P-value Remark

Sequential model sum of squares
Mean 1.838e +5 1 1.838e +5
Linear 64.98 3 21.66 4.75 0.0097
2F1 59.29 3 19.76 8.28 0.0008 Suggested
Quadratic 10.20 3 3.40 1.53 0.2401
Cubic 17.43 4 4.36 2.71 0.0730 Aliased
Residual 22.49 14 161
Total 1.840e +5 28 6571.28
Lack of fit tests
Linear 89.41 11 8.13 5.28 0.0030
2F1 30.12 8 3.77 2.45 0.0732 Suggested
Quadratic 19.92 5 3.98 2.59 0.0775
Cubic 2.49 1 2.49 1.62 0.2259 Aliased
Pure error 20.00 13 1.54
Source Standard deviation R? Adj R? Predicted R? PRESS Remarks
Model summary statistics

Linear 2.14 0.3726 0.2942 0.1150 154.33
2F1 1.54 0.7126 0.6305 0.4469 96.47 Suggested
Quadratic 1.49 0.7711 0.6566 0.2642 128.33
Cubic 1.27 0.8711 0.7513 -0.3287 231.72

Table 5

ANOVA for response surface 2FI model
Source Sum of squares  Degree of freedom  Mean squares F-value P-value
Model 124.27 6 20.71 8.68 <0.0001 Significant
Residual 50.12 21 2.39
Lack of fit 30.12 8 3.77 2.45 0.0732 Not significant
Pure error 20.00 13 1.54
Corr. total 174.39 27

Table 6

Coefficient of the regression model and their significance
Factor Coefficient Degree of Standard F-value  95% confidence 95% confidence P-value

estimate freedom error interval low interval high

Intercept 81.03 1 0.29 - 80.42 81.63 -
A-pH -1.51 1 0.32 23.00 -2.17 -0.86 <0.0001
B-time 0.65 1 0.32 4.19 —-9.976e-3 1.30 0.0533
C-catalyst dosage —0.054 1 0.32 0.030 -0.71 0.60 0.8653
AB 1.27 1 0.39 10.79 0.47 2.07 0.0035
AC 0.34 1 0.39 0.79 -0.46 1.15 0.3835
BC -1.41 1 0.39 13.26 -2.21 -0.60 0.0015

[40]. In alkaline medium, COD removal increased with time.  3.5. Effect of Ag/AgBr/TiO, dose

This was due to the generation of hydroxyl radical [41] in the

The effects of the photocatalyst dose on the degradation

alkaline medium and attracted the contaminant with positive ¢t CPF wastewater were studied ranging from 0 to 2.5 g in
charge [42—44]. This indicates that the effectiveness of the COD 100 ml of the CPF wastewater. From Fig. 3b, COD removal
removal can be achieved by elongating the reaction time.

increased with increasing photocatalyst dosage and contact
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Fig. 3. Effects of catalyst dosage, pH and time on the percentage
of COD removal. (a) Catalyst dosage was kept constant at 1 g and
(b) pH was kept constant at 4.5.

time. This was because the increasing photocatalyst pro-
vided a larger surface area of contact with CPF wastewater.
Meanwhile, the formation of the electron-hole pairs and reac-
tive hydroxyl radical particles increased when Ag/AgBr was
doped on the surface of TiO,. However, COD removal slightly
dropped (80%) when 3.25 g of the photocatalyst was used in
the reaction. This may due to the agglomeration of the photo-
catalyst which hindered the active side of the photocatalyst.
Otherwise, an excess amount of photocatalyst increased the
turbidity of the CPF wastewater and thus inhibited the light
to reach the CPF solution [34].

3.6. Optimization and validation of CPF wastewater
photodegradation

In order to optimize the operating conditions of CPF
wastewater degradation, the design expert selected the most
desirable conditions for COD removal. The model predicted
that 82.1% of COD would be removed with about 1.0 g of
Ag/AgBr/TiO,, at pH 4.5 and 70 min stirring time. In order to
confirm the predicted COD removal efficiency, experiments
were conducted in duplicates under the optimum condition
and the results revealed that the average COD removal was
78.5%, corresponding well to the predicted result (Table 7).

3.7. High-performance liquid chromatography

Based on the HPLC study, the concentration of CPF active
ingredient in the wastewater was degraded up to 52.9%
under optimized conditions. It was noticed that the peak

Table 7
Predicted and experimental values of the responses at optimum
conditions

Optimum conditions COD removal (%)
pH Contact Agdosage Experimental Predicted
(min) time (min) (g)

4.5 70 1 79 82.1
45 70 1 78 82.1

Average: 78.5 82.1

(3.931) for the standard grade of CPF was similar to the peak
(3.918) of commercial CPF (concentration = 38.7 w/w%). It
was observed that the height of the peak of commercial CPF
and another unknown peak (2.415) reduced after the pho-
tocatalytic test showing that the Ag/AgBr/TiO, performed
well as a photocatalyst which was activated using visible
light (Fig. 4). The area of the commercial CPF 1990.05 was
reduced to 936.25 and the concentration of commercial CPF
was degraded to 52.9% indicating that CPF was degraded.

3.8. Kinetic study

The pseudo-first-order kinetic was obtained by plotting
the graph of In(C /C) vs. time as shown in Fig. 5. The reaction
rate constant (k) determined from the slope of the graph [45]
was 0.0051 min™ while the R* was 0.6454.

The low R? value obtained from the pseudo-second-order
as shown in Fig. 6 indicated that pseudo-second-order reac-
tion was not well suited to describe the rate of degradation
of CPF wastewater by Ag/AgBr/TiO,. Pseudo-second-order
reaction did not occur as there were no two active sides for a
catalyst to absorb one adsorbate molecule [46]. The summary
of the kinetic parameter and coefficient of determination (R?)
from the pseudo-first-order and pseudo-second-order mod-
els are shown in Table 8. The rate of degradation of CPF with
Ag/AgBr/TiO, fit better to the pseudo-first-order reaction in
comparison to the pseudo-second-order reaction.

3.9. Stability and reusability of Ag/AgBr/TiO, catalyst

The stability and reusability of the photocatalyst are
important as they can reduce the operation cost. To study
the stability of Ag/AgBr, the experimental processes were
carried out three times. Ag/AgBr/TiO, was settled, filtered
with distilled water and dried in the oven before each treat-
ment. Fig. 7 shows that the Ag/AgBr/TiO, was stable during
the photocatalytic process as the spectra were nearly identi-
cal. The first, second and third efficiency were 78.5%, 75.5%,
and 72.8%, respectively when reused for treatment.

3.10. Mechanism of the photocatalytic process

Ag and AgBr were the photoactive species, photoexcited
under visible light produced electrons and holes. The dipolar
characteristic of the SPR of Ag made it decay into charge car-
riers, electrons, and holes by photoinduction plasmons on the
surface of Ag. The generated electron of Ag possibly flowed
to the conduction band (CB) of TiO, as the position of its CB
was lower than TiO, [22,23]. The oxygen gas on the surface
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Table 8
Pseudo-first-order and pseudo-second-order model constants
for the COD removal

Pseudo-second-order
k (L min™) R?
0.000006 0.4379

Pseudo-first-order
k (L min™) R?
0.0051 0.6454

79 78.5
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COD removal (%)

Run1 Run2 Run3

Recycle times

Fig. 7. Reusability of Ag/AgBr/TiO, for degradation of CPF
wastewater.
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of the TiO, reacted with the electrons to form O; and further
formed *OH [39,47]. Simultaneously, plasmon-induced holes
from Ag and AgBr trapped on the surface of AgBr particles
consequently led to the charge separation in Ag particles. The
photoinduced holes on the surface of AgBr furthered oxi-
dized the Br- to Br?, another reactive radical which oxidized
CPF directly and it reduced to Br~ after the reaction [22,23].
Egs. (2)—(11) shows the relevant reactions occurring at the
surface of Ag-AgBr/TiO,.

AgBr+hv — AgBr(e” +h") )
Ag+hv > Ag* 3)
Ag*+TiO, > TiO, (e )+ Ag’ )
AgBr(e” +h")+TiO, - AgBr(h")+TiO, (e") )
TiO, (e )+0, >0, +TiO, (6)
O, +H' - HO; @)
HO; +TiO, (e )+ H" > H,0, + TiO, @)
H,0, +TiO, (e") > "OH+OH +TiO, ©)

Ag'/AgBr(h")+Br- — Ag/AgBr+Br’ (10)

Br’,"OH,O, ,h" + CPF wastewater — mineralisation products (11)

4. Conclusion

The Ag/AgBr/TiO, at a ratio of 1:1 (Ag:TiO,) produced
by impregnation-precipitation—photoreduction was used to
treat the CPF pesticide wastewater. Statistical optimization
was done using RSM with CCD tool and the results indicated
that the 2FI model was significant for Ag/AgBr/TiO, in the
treatment of CPF wastewater. Parameters such as pH, contact
time and catalyst dose were studied and the model showed
that only pH input factor affected the removal efficiency as
its P-value was less than 0.0001. However, the interaction of
pH and contact time and interaction of pH and catalyst dose
showed significant effects in the degradation of the CPF pes-
ticide. The prepared photocatalyst could be used as much
as three times lowering material separation cost. This study
showed that titanium dioxide activation by UV light could be
replaced by visible light to help reduce operating costs.
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