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Abstract

Organic dyes and pesticides, i.e. methylene blue and chlorpyrifos are the most frequently used in the various fields in
everyday life for the different purpose. The presence of organic dyes and pesticides within the aquatic environment
causes serious problems to the both types ecosystems. The aim of this study, to evaluate the photocatalytic degradation
of methylene blue and chlorpyrifos in aqueous solution using a-Bi,O; nanoparticles (NPs). The a-Bi,O; NPs were suc-
cessfully synthesized by sol-gel method and characterized by XRD, SEM, TEM, EDX and FTIR techniques. Moreover, the
photocatalytic degradation of methylene blue and chlorpyrifos was investigated by optimizing the various parameters
like pH, an initial concentration of the solution, irradiation time and photocatalyst dose, etc. The photocatalytic efficiency
of a-Bi,O; NPs was measured using a UV-visible double beam spectrophotometer. The results show that the a-Bi,O; NPs
have an average crystallite size of 32.47 nm with a highly rough and porous surface area. The optimized condition for the
photocatalytic degradation was obtained at pH =2 and pH =5, the initial concentration of solution 10 mg/L and irradia-
tion time 90 min for methylene blue and chlorpyrifos respectively. Besides this, the kinetics of photocatalytic degrada-
tion were investigated and the results indicate that the photocatalytic degradation of methylene blue and chlorpyrifos
follows the pseudo-first order kinetics.
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1 Introduction

In India the majority of peoples totally rely on agricultural
production because it is the main occupation of most of
the Indian villagers. Agriculture is a standout amongst the
most essential factors in the Indian economy and contrib-
utes 18% to the GDP. Which ensuring the nourishment,
security for more than 1.37 billions of Indian populations
with the diminishing cultivable land resource is a Hercu-
lean task. India is the second largest producer of agricul-
tural products. India accounts for 7.39% of the total global
agricultural output. In the process of accomplishing the
target pesticides play an important role in Indian farm-
ing. Pesticides are the agrochemicals, one of the invalu-
able inputs in sustaining agricultural production as sub-
stantial food production is lost due to insect pests, plant
pathogens, weeds, etc. However, since the green revolu-
tion (1966) has been begun in India, the application of
these chemicals expanded in excess of multiple times and
causing tremendous loss to the environment and human
health. Internationally big effort is made to safe use of
chemicals. In India nearly 65% of the workforce derives
a livelihood from agriculture and are therefore exposed
to chemical pesticides. The rampant use of pesticides has
played havoc with living beings and the environment as
these chemicals persists and seep into the environment for
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along time because of more water solubility, tendency to
adsorb to the soil (soil adsorption) and more half-life that
tends to persist in the environment.

Chlorpyrifos, 0,0-diethyl O-(3,5,6-trichloro-2-pyridyl)
phosphorothioate [C4H,,ClI;NO;PS] (CPS), is a well-known
organophosphorothioate pesticide that is widely used in
agricultural and nonagricultural fields [1]. The Indian gov-
ernment has restricted various chlorinated hydrocarbons
pesticides such as Aldrin, DDT and Chlordane etc., and the
use of CPS has increased as an alternate option [2]. Expo-
sure to CPS and its metabolites has been related to a vari-
ety of nerve disorders in humans. CPS shows a wide spec-
trum of biological activity and is used to control a range
of insects, pests as well as soil-dwelling grubs, rootworms,
borers and subterranean termites. The contamination has
been found up to about 24 km from the site of application.
Symptoms of acute poisoning include headache, nausea,
muscle twitching and convulsions and in some extreme
cases even death. A human birth defects have also been
associated with exposure to CPS and its products. It also
affects the male reproductive system. CPS is toxic to a
variety of beneficial arthropods, including bees, ladybird
beetles and parasitic wasps. It kills fish at concentrations
as low as a few parts per trillion [3-5]. Therefore, the deg-
radation of CPS present in the environment has become
a public concern.



SN Applied Sciences (2019) 1:762 | https://doi.org/10.1007/542452-019-0761-4

Research Article

7-(dimethylamino)phenothiazin-3-ylidene]-dimethylazanium;chloride

(Methylene Blue)
Fig. 1 3D structures of a methylene blue, b chlorpyrifos

Nanotechnology is imperative with regards to environ-
mental remediation [6, 7]. Photocatalytic degradation has
been proved to be a promising method for the treatment
of wastewater contaminated with organic and inorganic
pollutants. In recent years, advanced oxidation processes
(AOPs) have been proposed as innovative water treat-
ment technologies. The prominent feature of these AOPs
is based on the in situ generations of active species (i.e.,
H,0,, HO', 027, and O;) for the mineralization of refractory
organic compounds, water pathogens and disinfection by
products [8-14]. Heterogeneous photocatalysis, which
accelerating the photoreaction by a catalyst, an attractive
and efficient method for the degradation of environmental
pollutants or non-biodegradable toxics present in domes-
tic sewage, industrial or agricultural effluents [15]. Among
various semiconductors a p-type Bi,O; heterogeneous
semiconductor was considered as one of the most profi-
cient photocatalysts and important in modern solid state
because of its unique structures and physical character-
istics like high refractive index, high oxygen-ion conduc-
tivity, dielectric permittivity and thermal stability, Bi,O; is
inert towards neutral water and possess band gap energy
in the visible region (~2.9 eV) can oxidise water and pro-
duce highly reactive species for initiating oxidation reac-
tion for degradation of pesticides and dyes [15, 16]. Pure
Bi,O; exists five polymorphisms: a-Bi,O;, B-Bi, 05, y-Bi, 03,
6-Bi, 05, €-Bi,0O5 [17]. a-Bi,0O5 transforms into 6-Bi,05at
729 °C, upon cooling 6-Bi, 05 transfer into 3-Bi,O; at 650 °C
[17,18]. Among them, high-temperature 6-phase and the
low-temperature a-phase are stable, whereas 3-Bi,0;,
y-Bi,O;3 and &-Bi, 05 forms are metastable [17]. Among
all phases the band gap of the low-temperature a phase
is 2.8 eV and therefore found to be active in the visible
region [19, 20].

Methylene blue (MB) is a severe pollutant since it is
widely used as a colorant in various industries for the dif-
ferent purpose. It is harmful and carcinogenic to human
beings [21, 22]. Therefore, it is necessary to remove
such hazardous dyes and pesticides from natural water
bodies. In this study, we first time report a study on the

0,0-Diethyl 0-3,5,6-trichloropyridin-2-yl phosphorothioate
(Chlorpyrifos)

photocatalytic degradation of CPS and MB independently
using a-Bi,O; NPs fabricated by the sol-gel method.

2 Experimental
2.1 Materials and methods

All the chemicals used in the present study are of
A.R.grade. Bismuth nitrate pentahydrated [Bi(NO;);-5H,0],
Citric acid, Polyethylene glycol 600 (PEG600), Sodium
hydroxide (NaOH), Methylene blue and nitric acid were
purchased from S. D. Fine Chemicals, Mumbai, India and
Chlorpyrifos were purchased from local markets and used
without any purification. The 3D structures of Methylene
blue and chlorpyrifos are as shown in Fig. 1a, b.

2.2 Preparation of dye and pesticide solutions

The stock solution (100 mg/L) of MB and CPS was prepared
using deionized water. The experimental solution of the
desired concentration of MB and CPS (10, 15, and 20 mg/L)
was prepared by further dilution of the stock solution with
deionized water.

2.3 Synthesis of a-Bi,0; nanoparticles

0.1 M of Bi (NO3);.5H,0 was dissolved in 100 ml of nitric
acid solution (1:5, HNO;: H,0) and mixed with 2 gm of cit-
ric acid. In order to prevent agglomeration, a small amount
of PEG600 was added as a surfactant. The pH of the solu-
tion was adjusting 3 by adding NaOH and the above solu-
tion was stirred for 2 h, then a sol formed. The sol solution
was heated to 80 °C for 3 h to form a yellowish gel. This
gel was decomposed at 140 °C in oven. The gel initially
started to swell and filled the beaker producing a foamy
precursor. This foam consists of homogeneous flakes of
very small particle size.
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Fig.2 aThe XRD patterns of a-Bi,O; NPs, b particle size distribution from SEM images of a-Bi,O; NPs

2.4 Photocatalytic degradation experiments

The photocatalytic degradation of MB and CPS were car-
ried out in a photocatalytic reactor (Photocatalytic reac-
tor, Lelesil Innovative System, Mumbai) under the UV vis-
ible light irradiation with the help of 160 W mercury lamp
(wavelength range 200-690 nm). The synthesized a-Bi,O;
NPs was added in 50 ml of an aqueous solution of MB and
CPS.Then the solution is kept in the photocatalytic reactor
with continuous stirring to ensure that the suspensions
of the catalyst were uniform over the span of reaction. At
regular intervals, adequate amount of sample solution was
removed and centrifuged for 10 min to separate a-Bi,O;
NPs. After that the supernatant solution was analyzed
with the help of UV-visible double beam spectropho-
tometer at the wavelength of absorbance maximum (for
MB A,.x=663 nm and CPS A, =308 nm) to obtain the
concentration of MB and CPS in solution. The percentage
of degradation of dye has been calculated by using Eq. 1.

-C)

, (G
%Degradation = ——
C.O

% 100 1
where C is the initial concentration and C, is the concen-
tration after time t.

2.5 Characterizations

The synthesized a-Bi,O; NPs was characterized by scan-
ning electron microscopy (SEM Hitachi S-4800 Japan),
Transmission electron microscopy (TEM), X-ray diffraction
(XRD-Bruker D 8 Advance X-ray diffractometer Germany),
electron dispersive X-ray spectroscopy (EDX-Bruker X Flash
5030), Fourier-transform infrared spectroscopy (Shimadzu
FTIR-8400) techniques and the photocatalytic activity was
performed by a UV-Vis spectrophotometer (Systronics
2203 India).
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3 Results and discussion
3.1 X-ray diffraction analysis

The X-ray diffraction analysis of synthesized a-Bi,O; NPs
are as shows in Fig. 2a. The diffraction patterns of a-Bi, 04
were (121), (202), (212), (113), (041) and (241) reflection
planes at 28.55, 30.92, 34.55, 38.15, 47.06, 54.77 and 55.64,
26 position enlightening the monoclinic crystal structure
of a-Bi,0; in accordance with JCPDS card No. 00-041-1449,
Confirming the phase purity of synthesized a-Bi,O; NPS.
The high intensity peak of (121), (113) and (041) peaks
were suggested the better growth of a-Bi,O; NPs. The inset
of Fig. 2a shows the magnified image of a plane (121) at
28.55 20 position. Figure 2b shows the particle size dis-
tribution obtained from SEM images. The results clearly
indicated the synthesized a-Bi,O; NPs have a particle size
under the 20 nm and the maximum particle has a diameter
in the range of 2-4 nm.

Table 1 shows the lattice parameters and the average
crystallite size of a-Bi,O; NPs, which were calculated from
FWHM of XRD peaks at 28.55, 30.92, 34.55, 38.15, 47.06,
54.77 and 55.64, 20 position using Scherer formula given
in Eq. 2 [23].

0.944
D=
pCoso

()

where D is the average crystalline size, A is a wavelength
in A%, (3 is the FWHM in radian and 6 is diffraction angle
in degree. The average crystallite size of the a-Bi,O; NPS
were 32.47 nm.

3.2 UV-visible absorption spectra

The UV-visible absorption spectra of a-Bi,O; NPs is as
shown in Fig. 3. The absorption data further utilized to
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Table 1 The lattice parameters

Catalyst
of a-Bi,0; NPs y

Lattice parameters (A%

20 Degree (hkl)Planes FWHM (B) Crystallite size

a b d

(nm)

Bi,O3 58510 8.1324

7.5321

0.24892
0.34969
0.22676

34.42
24.64
38.35
3247

28.55
30.92 202
34.55 212
Average crystalline size
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Fig.3 UV-visible absorption spectra of a-Bi,O; NPs and inset
image is the Tauc’s plot

calculate the band gap energy, obtained by plotting the
graph between (ahv)? Vs hv as shown in inset of Fig. 3.
Where h, aand v represent the Planck constant, absorption

Fig.4 a, b SEMimages of
a-Bi,0; NPs, ¢, d TEM images of
a-Bi,O3; NPs

coefficient, and the incident light frequency respectively.
Based on the Tauc’s plot the direct band gap (E,) of a-Bi, O
Nps are 2.91 eV which shows the good agreement with
previous literature [24] and indicating the high absorption
of a-Bi, 05 Nps in the visible as well as in UV region.

3.3 Morphology

To achieve the information regarding the particle mor-
phology, the synthesized a-Bi,O; NPs were examined by
scanning electron microscopy (SEM). The SEM results of
a-Bi,O;NPs revealed a large number of small, intercon-
nected spherical grains with a high rough and porous
surface Fig. 4a, b. The nanoporous surface of a-Bi,O; pho-
tocatalyst enables the electrolyte to permeate into the
surface, react with photogenerated holes directly on the
particle surface. So, the porous surface of the photocata-
lyst could potentially promote the charge transfer process
[24, 25] and eventually enhance the photocatalytic effi-
ciency. Also, a confirmation of morphology and crystallite
size was carried out by Transmission electron microscopy
(TEM) analysis. The TEM images of a-Bi,O; NPs shows that
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Fig.6 FTIR spectra of a-Bi,O; NPs

the a-Bi,O; NPs were spherical grains with porous mor-
phology and crystallite size in the range of 1-100 nm as
shown in Fig. 4c, d.

3.4 Energy-depressive X-ray spectroscopy (EDS)

The formation of a-Bi,O; NPs is also confirmed by EDX
analysis and the results are shown in Fig. 5. The energy
dispersive X-ray spectroscopy of a a-Bi,O; indicate the
sharp peaks of Bismuth and oxygen at 10.8 keV and 0.5 keV
respectively, whereas the a-Bi,0O; consisted of 55% bis-
muth and 45% oxygen. No other impurity was detected in
sample spectrum, which confirms the purity of the a-Bi, 04
NPs.

3.5 Functional group analysis (FTIR)

For the determination of functional group present in the
synthesized NPS, Fourier-transform infrared spectroscopy
(FTIR) analysis was carried out. Figure 6 shows the FT-IR
spectra of a-Bi,O; NPs. The absorption band at 3427 and
1577 cm™' is due to the —OH stretching and bending vibra-
tions [26]. The band at 1377 cm™' is the characteristic peak
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of the interlayer nitrate. The absorption peak at 1106 cm™

is due to the —OH group stretching vibration of the H,O
molecule in a-Bi,0; lattice [27]. In general, metal oxide
shows the absorption band below 1000 cm™! therefore,
the absorption band at 889 and 665 cm™" is typical bis-
muth oxygen bond stretching and bending vibrations.

3.6 Photocatalytic studies
3.6.1 Effect of pH of solution

In photocatalytic degradation, the pH of the sample
solution is very important because it influences the
degradation efficiency and states about the surface
charge properties of the photocatalyst. To study the
effect of pH solution was carried out in the range of pH
2-10 at a constant initial concentration of MB and CPS
(10 mg/L) with catalyst dose 0.1 gm/L. The zero point of
charge (pHzpc) of a-Bi, 05 is 6.3 which indicates that at
pH < pHpc catalyst surface is positively charged while at
pH > pHzpc negatively charged respectively. In the case
of MB dye, it shows the maximum degradation at pH 2
although it is a cationic dye. At pH 2 catalyst surface is
positively charged, and the redox potential of the pho-
togenerated valence band holes is sufficiently positive to
generate hydroxyl radicals. Also, the positive hole plays
vital role to trap the MB molecule and leads to the direct
oxidation of MB dye and degrade up to 72% in 60 min
Fig. 7. [28].

For the CPS, the Pk, value is 4.6 therefore, at pH the
pH < Pk, value positively charged protonated CPS pre-
dominates, while at pH > Pk, value negatively charged
CPS anions predominates. Hence shows the maximum
degradation at pH 5 i.e. greater than the Pk, of CPS. At this
pH the positively charged surface of photocatalyst elec-
trostatically attracts the negatively charge CPS anions and
leads to the maximum degradation up to 67% in 60 min
Fig. 7.[29].
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Fig.7 Effect of pH on photocatalytic degradation of MB and CPS,
at, conditions: pH=2-10, dye concentration 10 mg/L and catalyst
dose 0.1 gm/L for the irradiation time 60 min

3.6.2 Effect of initial concentration

The influence of initial concentration of MB and CPS on
degradation efficiency of a-Bi,O; NPs were studied by
varying the initial concentration of MB and CPS from 10
to 20 mg/L at optimized pH of both and the catalyst doses
0.1 gm/L for 60 min. The results are as shown in Fig. 8a, b,
the photocatalytic degradation efficiency of a-Bi,O; NPS
are decreasing with an increase in the initial concentra-
tion of MB and CPS solution from 10 mg/L to 20 mg/L.
The photocatalytic degradation is completely depends
on the generation of hydroxyl radicals and positive holes.
But as the initial concentration of MB and CPS increases,
the generated of hydroxyl radicals and positive holes will
be reduced. Hence the degradation efficiency of a-Bi,O;
NPs is decreasing as the initial concentration of MB and
CPS increases [30].

3.6.3 Effect of irradiation time
The effect of irradiation time on the photocatalytic effi-

ciency of the catalyst was examined by keeping the other
parameter constant. The results are as shown in Fig. 9. It
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Fig.9 Effect of irradiation time on photocatalytic degradation of
MB, conditions pH=10, dye concentration 10 mg/L and catalyst
dose 0.1 gm/L irradiation time 120 min. and for CPS conditions:
pH=5 CPS concentration 10 mg/L and catalyst dose 0.1 gm/L irra-
diation time 120 min

indicates that the photocatalytic efficiency of the catalyst
increase with irradiation time up to 90 min. As seen in
Fig. 8. When the irradiation time was longer than 90 min,
the photocatalytic efficiency is not increased. Because
large numbers of small molecules are generated by the
photocatalytic degradation process as the irradiation time
too long and these small molecules were adsorbed on the
catalyst surface, results in the decreased in the formation
of hydroxyl radical that degrade the MB and CPS. Hence
the increase in the irradiation time does not lead to the
maximum degradation [31].

3.6.4 Effect of catalyst dose

The effect of photocatalyst dose was studied at the opti-
mized condition of MB and a CPS by varying the catalyst
dose from 0.2 to 1.0 gm/L. The results are as shown in
Fig. 10. It shows that the photocatalytic efficiency were
increased with catalyst dose for both MB and CPS, this is

Fig. 8 Effect of initial dye con- aq 100 - b 100
centration on the photocata- 90{ —— 10 mg/L 904 —— 10 mg/L
lytic degradation a MB, condi- 804 . 15 mg/L 80 4 15 mg/L
tions pH=2, dye concentration = 704 = 704
10, 15, 20 mg/L and catalyst 2 60-ﬂ £ 60_¢mg/L
dose 0.1 gm/L for irradiation _g _g
time 60 min. b CPS, conditions: s S04 s 504
pH=5, CPS concentration 10, gn 40 1 qb)n 40 1
15,20 mg/L and catalyst dose a 304 a 304
0.1 gm/L for irradiation time e 20 & 20
60 min 710 10
0 T T T T T T 0 T T T T T T
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Time (Min) Time (Min)
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Scheme 1 Mechanism of photocatalytic degradation of MB and
CPS

because of as we know that the photocatalytic efficiency
completely based on the hydroxyl radical and positive
hole generation. Therefore, as the catalyst dose increases
the surface area also increases, which leads to the greater
number of hydroxyl radical and positive holes were gen-
erated. Hence the photocatalytic efficiency, enhanced
as the catalyst dose increased [32]. Based on the above
study the possible mechanism for the photocatalytic
degradation of MB and CPS can be explained by the
Scheme 1.

3.6.5 Kinetics study

3.6.5.1 Pseudo first order kinetics To study the kinetics of
photocatalytic degradation of the MB and CPS in aqueous
suspension, the experiment was performed at the opti-
mized condition of both MB and CPS. The photocatalytic
degradation of both follows the pseudo first order kinet-
ics Fig. 11a, b. The pseudo first order kinetics can be repre-
sented as shown in Eq. 3. [33].

G
Ct

In —= =kt (3)
where k is rate constant, C, is the initial concentration
and C, is the concentration at time t. From Fig. 11a, b, it
is clearly seen that the In Cy/C, is directly proportional to
the irradiation time. The rate constant k was determined
from the slope of the straight line. The rate constant for
MB is 0.01842 and 0.02993 min~" respectively, and having
a good correlation with linear regression coefficient (R?).

4 Conclusion

In the present study, a-Bi,O5; NPs were successfully synthe-
sized by sol-gel method and characterized by XRD, SEM,
TEM, EDX and FTIR techniques. The results of XRD, SEM
and TEM confirmed that the a-Bi,O; NPs are present in

Fig. 11 Pseudo first order a 1.2 b 1.2
kinetics for photocatalytic
degradation of a MB, condi- 1.0 1.07  y=0.013x - 0.09 ;
tions pH=2, dye concentration 2
10 mg/L and catalyst dose 1 0.8 0.8 R“=0.966 s
gm/L irradiation time 90 min C)-' (j ]
b CPS, conditions: pH=5 CPS = 0.6 = 0.6
concentration 10 mg/L and (@) - &) ]
catalyst dose 1 gm/L irradia- = 0.4+ y= 0.008x + 0.272 = 04
tion time 90 min 0.2 R2 = 0.969 02| ]
0.0 T T T T T T 0.0 T T T T T T
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Time (Min) Time (Min)
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monoclinic phase with crystalline size below the 1-100 nm
and having spherical grains with porous surface morphol-
ogy. The synthesized a-Bi,O; NPs were utilized as a photo-
catalyst for the degradation of MB and CPS. To the best of
author knowledge, this is the first time report on the pho-
tocatalytic degradation of dye and pesticide. The photo-
catalytic degradation efficiency of photocatalyst increases
with the increase in the irradiation time up to 90 min after
that it attains the equilibrium. The maximum degradation
was obtained with photocatalyst dose 1 mg/L at pH-2 for
MB and pH-5 for CPS with 10 mg/L initial concentration of
both MB and CPS solution respectively. The photocatalytic
degradation of MB and CPS follows the pseudo first kinet-
ics with rate constant is 0.01842 and 0.02993 min~". Thus
the synthesized a-Bi,O; NPs shows the excellent photo-
catalytic efficiency against the MB dye as compared to the
CPS pesticide under UV-visible irradiation.
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