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ABSTRACT

Herein, we report the synthesis of a novel nano-structured photo catalyst BagsKo.4BiO3 by Pechini
method. Prepared catalyst is characterized using simultaneous thermogravimetric differential thermal
analysis (TG-DTA), ray diffraction (XRD), Scanning electron microscopy (SEM), Ultra Violet
Diffuse reflectance spectroscopy (UV-DRS) and Fourier-transform infrared spectroscopy (FT-IR).
The XRD pattern suggests that Bag¢Ko4BiO3 crystallizes in the cubic structure. The formation of
perovskite phase can be confirmed by the presence of metal-oxygen band in the FTIR spectrum. SEM
image reveals the nano sized plate like structure of Bao sKo.4BiO3 with particle size in the range of 10-
45 nm. The band gap is calculated from the DRS and is found to be 1.8eV. The band gap and crystalline
nature suggest that this material can be used as a photo catalyst. The photo catalytic activity of
BaysKo.4BiOs is evaluated for degradation of Malachite Green dye under visible light irradiation. The
results reveal that 0.75 gL BageKo4BiOs with initial concentration of Malachite Green 40 mgL™
irradiated for 30 minutes shows the highest photo catalytic activity. According to Langmuir-
Hinshelwood kinetic model, the photo catalytic degradation of Malachite green dye follows pseudo-

first-order Kinetics.

doi: 10.5829/idosi.ijee.2016.07.04.08

INTRODUCTION

Today, the top global issues are concerned with ensuring
a clean environment and a sustainable supply of clean
energy at reasonable cost. For these reasons many
researchers are studying advanced materials and
processes for the removal of waste or photocatalytic
cracking of toxic wastes efficiently at low cost and with
less energy consumption and advanced materials. These
processes for the production of clean and renewable
energy are used for  photocatalytic  and
photoelectrocatalytic water splitting, and also the
photocatalytic reduction of organic waste material.
Malachite  green chloride ( N-[4-[[4-
(dimethylamino) phenyl]phenylmethylene]-2,5-
cyclohexadien-1-ylidene]-N-methylmethaminium
chloride, is a triphenyl methane dye worldwide used in
aquaculture. It is extensively used as biocide in the global
aquaculture industry, and is highly effective against
important protozoan and fungal infections. It is also used
as a food colouring agent, food additive, medical
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disinfectant and anthelminthic as well as a dye in the silk,
wool, jute, leather, cotton, paper and acrylic industries [1-
2]. The US Food and Drug Administration has nominated
malachite green (MG) as a priority chemical for
carcinogenicity test. There is a concern about the fate of
MG and its reduced form, leucomalachite green in
aquatic and terrestrial ecosystem science, as they occur
as contaminants and are potential human health hazards
[3-4]. Considering the potential adverse effects of MG, it
should be removed from the environment. Although the
use of MG has been banned in several countries; it is still
being used in many parts of the world due to some
benefits like low cost, ready availability and appreciable
efficacy. Photocatalytic degradation of dyes and organic
pollutants is of fundamental importance in waste water
treatment and other related problems of environmental
interest.  Recently many new perovskite-based
semiconductor materials are being used as visible-light-
active photocatalysts [5-6]. Several features associated
with oxygen deficiency like band gap energy, cation
vacancy and surface area influence the performance of
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material used in photo catalytic degradation. When
semiconductor is irradiated with the photons whose
energy is greater than or equal to the band gap energy of
the semiconductor; the hole-electron pairs are generated.
These hole-electron pairs are responsible for generation
of other reactive oxidising species like O, HOO®°, HOO"
, HO® etc. which further react with adsorbed dye
molecule, leading to the formation of dye radical anions
and finally the degradation of the dye occurs [7-8].

The perovskite type oxides ABOsz own special
physical and chemical features because of their stable
crystal structure, electromagnetic behaviour, magneto
resistive properties and high catalytic activity. They have
been applied in environmental protection and industrial
catalysis [9-10]. Most of the metal cations are known to
be stably incorporated in the perovskite structure. One of
the major characteristics of perovskites is the possibility
for substitutions at the position of cations. As a result,
there are large groups of compounds with different
cations in A position {AyA’1.yBOs} [11-12] and with
different cations in B position {AByB’1.,O3} [13-14] and
with substitution in positions of both the cations {AxA’1.
xByB’1403} [15-16]. Potassium doped BaBiOs perovskite
semiconductor material was discovered by Mattheiss et
al. in 1988 [17]. Conventionally, potassium doped
BaBiO3; powders have been prepared by a traditional
solid state reaction [18] and powder sintering technique
[19] which needs high temperature and may lead to the
presence of impure phases like Bi;O3 in the prepared
catalyst [18]. In order to overcome these disadvantages,
we used Pechini method (sol-gel technique) [20] which
is simple and economical, low processing temperature
and wide range of possibility to change the properties by
varying the composition of the solution [21].

In the present study, Bao.s Ko.4BiOs nano structured
material is prepared by Pechini method and the structural
properties of BaosKo4BiOs are examined by various
characterization techniques. The photo catalytic activity
of thus prepared material is evaluated by the degradation
of MG using Langmuir-Hinshelwood kinetic model [22-
23]. To the best of our knowledge BaosKo4BiOs has
never been used as a photo catalyst.

MATERIAL AND METHODS

Materials

Barium nitrate, bismuth nitrate, potassium nitrate, citric
acid and ethylene glycol are purchased from Merck
(India). The MG dye is purchased from SDS Fine Chem.
(P) Ltd., India. Deionised water further purified with a
milli-Q-water ion exchange system (Millipore Co.) is
used throughout the study. Chemical structure of MG dye
is shown in Fig. 1. All chemicals are of analytical grade
and are used as received.
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Figure 1. Molecular structure of Malachite Green dye
(Amax=620nm).

Preparation of Bao.sKo.4BiOs perovskite

Pechini method,?° which is used to prepare mixed metal
oxide powders, it is used here to synthesize Baos
Ko4BiOs. This process is based on metallic citrate
polymerization with the use of ethylene glycol. A hydro
carboxylic acid (such as citric acid), is used to chelate
cations in aqueous solution. Polymerization is promoted
by heating the mixture, and it results in the formation of
homogeneous resin in which metal ions are uniformly
distributed.? There are some complicating factors
experienced during other conventional methods some of
which have been discussed in our previous research
work.22 |n the present study, for the preparation of Bag s
Ko.4BiO3 particles, barium nitrate, potassium nitrate and
bismuth nitrate are used as starting materials. Atomic
ratio of barium nitrate, potassium nitrate and bismuth
nitrate is 3:2:5. First, barium nitrate and potassium nitrate
are dissolved in deionised water under stirring condition.
Bismuth nitrate is separately dissolved in minimum
amount of dilute HNO3 to avoid precipitation of Bi ions;
then, it is added dropwise to the barium nitrate and
potassium nitrate solution. Citric acid is then added
proportionally to the above metal solution, followed by
the addition of ethylene glycol as a chelating agent. The
citric acid/ethylene glycol ratio is kept at 3:2. The
solution thus prepared, while being stirred with a
magnetic stirrer, is heated up to 90°C to remove excess
water and subsequently to accelerate poly esterification
reaction between citric acid and ethylene glycol. During
the evaporation of solvent, reddish brown gas
corresponding to NO, comes out of the solution. This
produces a viscous, bubbly mass that forms a resin upon
cooling. This precursor is burned at 350°C for 2 hours.
Further, to fully evaporate highly combustion species in
the mass and to burn down most of the organic
constituents, the powder is calcined in a furnace at
different temperatures (6 hours at 650°C and 12 hours at
720°C). The calcination removes most of the residual
carbon and thus cubic phase perovskite is finally
obtained. Experimental conditions for catalyst loading
0.75gL™%, pH 5.5 (natural pH), absorbance is recorded at
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M= 620 nm, light intensity 137 mWcm2, continuous
stirring, temperature 35°C.

Characterization

To determine the best calcination temperature,
simultaneous thermogravimetric (TG) and differential
thermoanalytic (DTA) measurements are achieved in
flowing air (200mL/Min.) with heating rate of 5°C/min
upto 900 °C using a Netzsch STA449 system. The
structural characterization is done by X-ray diffraction
using a X-ray diffractrometer [Siemens D500] equipped
with a high intensity CuKoa radiation, and operated at
45kV and 40mA accelerating voltage and the applied
current, respectively. A scan rate of 5%/min was used for
0°-90° two-theta values. The morphology and particle
size are analyzed using Scanning electron microscope
[HitachiX650, Japan]. Fourier transform infrared (FTIR)
[Spectrum 100, Perkin Elmer] is utilized to identify
chemical bonds existing in the powder. UV-DRS spectra
is carried out wusing Schimadzu Lambda 900
spectrophotometer. The spectra is recorded at 240-800
nm wavelength.

Photocatalytic activity

The photocatalytic degradation is performed using a
cylindrical glass reactor, accommodating a central glass
tube in  which an 500W Xe arc lamp
(intensity=137mWcm?) is placed to irradiate the dye
solution. At the bottom of the reactor, a magnetic stirrer
is placed for homogenization of reaction solution. The
visible light illumination is started following a dark
period (without light illumination) of 15 minutes to attain
an adsorption equilibrium  between dye and
photocatalyst. Blank experiment (without Baogs Ko.4BiO3
photocatalyst) is also carried out. The samples are
collected at regular time interval and subsequently
analyzed for the residual concentration using a UV-VIS
spectrophotometer at the wavelength of 620nm. Finally,
the photocatalytic activities are determined using the
following relation:

Degradation % = Co — Ct/ Co (1)
where, C, (mgL?) and C (mgL?) are the initial
concentration and concentration after photocatalytic
degradation, respectively. A series of experiments are
carried out to study the effect of the amount of
photocatalyst and initial dye concentration on the
photocatalytic degradation of MG dye at natural pH (5.5)
and 35°C temperature.

RESULTS AND DISCUSSION
Simultaneous TG and DTA investigations are carried out

to evaluate the crystallization temperature. Fig. 2 shows
DTA-TGA curve of polymeric resin for BagsKo4BiO3
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indicating evolution of perovskite phase with increasing
temperature. TGA curve shows a four step
decomposition of resin precursor to form the perovskite
material. We observed a slight weight loss of ~ 6% upto
200°C accompanied by a weak exothermic peak at
190°C. This weight loss is caused by elimination of
residual water adsorbed due to the storage of the
preheated sample in ambient atmosphere. The second
weight loss region (42%) is observed in the range of 210-
300°C is because of combustion of light organic matter
and acetates as indicated by an exothermic peak around
240°C in DTA curve. The third weight loss around 23%
in the temperature range of 310-580°C corresponds to
decomposition of the nitrates and nitrites residue. This
observation is supported by the well resolved exothermic
peak at 550°C in DTA curve. The final small weight loss
on the TGA curve observed above 560°C to 900°C
corresponds to the crystallization and formation of
perovskite phase (at 720°C) which is also confirmed by
XRD (Fig. 3) and FTIR (Fig. 4) analysis. The total weight
loss of this powder is 72.51%.
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Figure 2. TGA/DTA curves showing thérhél
decomposition of precursor to a stable Bag sKo.4BiOs.

Fig. 3 shows the XRD patterns of the Bags Ko.4BiO3
compound. The patterns reveal that the sample burned at
350°C is amorphous in nature. Upon calcination at 650°C
the sample becomes more crystalline (inset of Fig. 3).
The sample calcined at 720°C is highly crystalline with
predominantly perovskite structure. Though, its JCPDS
card is not available, it could be seen that the diffraction
peaks can be well indexed to cubic phase BagsKo.4BiOs3
(pm3m space group and lattice parameter of 4.284A)
which are in accordance with the earlier studies reported
by Flemming et al. [18]. In the Fig. 3 main diffraction
peaks are observed at 20.53°, 29.33°, 36.66°,42.74°,
51.33°, 60.41°,68.280°, 76.04°and 83.37° which can be
assigned to 100, 110, 111,200, 201, 220, 310 and 321
planes, respectively. Diffraction peak related to Bi,Os are
not observed in XRD pattern confirming the purity of the
synthesized compound.
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Figure 3. XRD pattern of BaoeKo4BiO3

calcined at 720°C for 12h. The inset shows the XRD
pattern of precalcined samples.

Fig. 4 shows the FTIR spectra of BaosKo.4BiOs. The
band at nearly 465cm is related to Bi-O bending mode
vibrations. The strong peak at 615cm™ is related to
anisotropic oxygen motions, which depends on the
potassium ion distribution in the crystal lattice [26]. For
the Pechini method, as ethylene glycol is used for
polyesterification with citric acid to form a rigid polymer
network, a strong band around 1105cm™ is attributed to
the C-C-O structure confirming the polymerisation
process [27]. The FTIR results thus confirms that
complex formation between citric acid and metallic ions
occurred in the sol-gel route and that polyesterification of
ethylene glycol and citric acid and complexation with
metallic ions occurred in the Pechini Method. It is seen
from the Fig. 2 that the peak at 1425c¢m™ is attributed to
Ba-O bending vibrations [28]. Thus, the bands at 615cm-
Land 1425cm ! are due to creation of new active sites in
the photocatalyst, which results in the higher activity of
Bag 6K0.4BiO3 photocatalyst.
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Figure 4. FTIR spectra for Bag sKo.4BiOs.

As shown in Fig. 5 the prepared BaosKo4BiOs
sample is sensitive to visible light and can absorb a wide
range of light irradiation up to maximum 663 nm, almost
covering the region from UV through all strong visible
light under indoor lamp irradiation. This indicates that
the prepared BapsKo4BiO3 sample can be utilized as
visible light active catalyst for degrading the dye
pollutants. The band edge calculations verifying the
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oxidative potential of prepared photocatalyst done by
using E=hc/A where h, ¢ and A are Planks constant (Joule-
sec), speed of light (meter/sec) and cut of wavelength
(meters) respectively. During the band gap energy
calculations 1eV=1.6x10"° joules are taken as
conversion factor. The optical band is estimated to be
1.87eV, which is in good agreement with reported value
[29] of 1.4eV for cubic BagsKo.4BiOs.
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Figure 5.
of Bao,eK0.4BiO3.

UV-vis diffuse reflectance spectra

Fig. 6 is the SEM micrograph of BaosKo4BiOs
powder as prepared at 720°C. SEM shows well packed
plate-like layered grains of variable sizes. The layered
plate-like morphology is a characteristic feature of the
bismuth containing compounds [30]. The encircled area
in Fig. 4 shows weakly bound agglomeration process,
which is attributed to VVander-Waals forces. In order to
reduce the surface energy, the primary particles tend to
form agglomerates with a minimum surface to volume
ratio. This type of structure is common in oxides, ferrites,
and titanate ceramics prepared by sol gel procedure
[22,31]. The nanoparticles have an average size in the
range of 45-101 nm
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Figure 6. SEM micrograph of Bao,6K0,4Bi03

The effect of initial concentration of dye on
degradation rate can be determined by varying the initial
concentration from 20 mgL™ to 60 mgL™ at constant
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catalyst loading (0.75gL™). As seen in Fig. 7, degradation
efficiency increases with increase in the dye
concentration up to 40 mgL™? after this the degradation
efficiency decreases. This effect can be explained as
follows; as the dye concentration increased, more
molecules of dye are available for excitation and
degradation. Above optimum concentration, the dye
starts acting like a filter for the incident light.
Considering the Beer-Lambert law, at higher
concentration of dye, the path length of photons entering
the solution decreases, resulting in the lower photon
adsorption on catalyst particles and consequently,
lowering the photo degradation rate. The observation is
consistent with previous studies done by Chen et al. [5,
32-33].
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Figure 7. Effect of initial dye concentration
on photochemical degradation of MG following dark
adsorption with BagsKo4BiOs under visible light
irradiation. Inset shows the plot of —LnCo/C; versus
irradiation time.

From both mechanistic and application point of
view, studying the dependence of the photocatalytic
reaction rate on amount of the BagsKo4BiO3 in the MG
dye degradation is important. Hence, the effect of
photocatalyst concentration on the photodegradation rate
of the MG dye is studied by varying the catalyst loading
from 0.5gL! to 1.0gL! with initial dye concentration
40mgL. As shown in Fig. 8, dye degradation is faster
for catalyst dose of 0.75gL* than 0.5gL* and 1.0gL™. At
lower catalyst loading number of active site are lesser so,
initially when the amount of catalyst increases, the
number of active sites increase which further increases
the degradation rate. After exceeding the optimal catalyst
loading, the suspended catalyst reduces the penetration of
the light in the solution and decrease in the rate of
photocatalytic degradation of dye is observed.

The overall rate of the photocatalytic degradation
can be represented as R=Ri+R », where R, R;and R are
net degradation, rate of photolysis and rate of photo
catalysis, respectively. Though, it should be noted that no
dye degradation is observed in the blank experiments,
this reveals that there is a negligible effect with the
visible light alone. Accordingly, the decrease in the
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concentration of dye is due to the effect of both the
catalyst and visible light [34].
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Figure 8. Influence of the catalyst
concentration on the photodegradation of MG. Inset
shows the plot of —LnCt/Co versus irradiation time.

Heterogeneous photo catalysis process, takes place
over the catalyst surface. Therefore, reactant adsorption
on catalyst surface is regarded as an important initial
process. Fig. 7 also shows adsorption of MG on
Bao sKo.4BiO3 surface as a function of time. The result
indicates that concentration of MG is decreased by 3%.
The concentration of the dye after the 15 minutes dark
adsorption is taken as the initial concentration (C,).

The photocatalytic degradation of MG dye on the
surface of BaosKo.4BiO3 nanoparticles follows a pseudo-
first-order kinetic law and can be expressed by equation

LnCo/Ct = Kapp * t 2

The curves of - LnC,/C; against ‘t’ are recorded and
fitted linearly; the value of pseudo-first order rate
constant (Kapp) is extracted from the slope of the straight
line (inset of Fig. 7). Thus obtained Kapp. is multiplied by
respective initial dye concentration to calculate initial
reaction rate (Ro).According to numerous works, the
kinetics of the photocatalytic degradation is described by
using the Langmuir-Hinshelwood (LH) model [22-23].
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Figure 9. Langmuir-Hinshelwood plot  of

visible light degradation of MG in BagsKo4BiO3
suspension.

The linear form of LH model is given by the
following expression:

1/Ro = 1/kr + 1/kr.KLH. Co 3)
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here, k. and K.n are the reaction rate constant and
adsorption constant (Langmuir-Hinshelwood constant),
respectively. Fig. 9 shows the graph between R, and Cy
1 giving a straight line, with a slope of (k..Ky+)* and
intercept of kiL. Ky ang Kip values are 0.011 mgLmin?,
2.475 Lmg™?, respectively.

CONCLUSION

BagsKo4BiO3 nanostructured powder is prepared by
Pechini method. The X-ray pattern indicates the cubic
structure for the prepared catalyst. SEM image of
calcined powder shows plate like nanostructured grain in
range of 45-101 nm. The diffuse reflectance spectrum
shows that the catalyst has a broad absorbance around
663nm with band gap of 1.8eV. Due to the low band gap,
the catalyst is tested for the photo catalytic activity in the
visible light exposure. The study confirms that the
degradation of MG dye can be achieved by photo
catalysis in the presence of an aqueous suspension of
BagsKo4BiO3 . The degradation process is strongly
influenced by the initial dye concentration and catalyst
dose. The best degradation results are obtained at catalyst
loading 0.75gL! and initial concentration of the dye
solution of 40mgL? at natural pH (5.5) and 35°C
temperature. Moreover, degradation kinetics of MG dye
can be well described by Langmuir-Hinshelwood model
and this process follows pseudo-first-order Kinetics.
Finally, it is concluded that the BagsKo.4BiOs
nanoparticle can be utilized as photo catalyst for the
degradation of wastewater containing dyes and other
organic compounds.
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